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Summary        I 

 

Summary 

Fuel cells and electrolyzers are key aspects for the storage and conversion of renewable energy. 

Due to the kinetic hindered oxygen reactions at the cathode or anode of fuel cells and electro-

lyzers, respectively, the improvement of those Pt and Ir based nanoparticle (NP) based catalysts 

is crucial for their application. In a first step an understanding of the NP synthesis including a 

size control is necessary, then the investigation of the activity and stability of the catalysts. 

Therefore, this dissertation deals with “Electrocatalysts for Fuel Cells and Water Electrolyzers: 

From Synthesis to Performance Evaluation at Realistic Reaction Conditions”. 

The polyol process enables the synthesis of “surfactant-free” NPs with tailored catalyst proper-

ties like the control of the particle size. A mechanistic investigation of the Pt NP synthesis in 

the polyol process can be achieved by slowing down the reduction process inducing the particle 

formation process by visible light. The particle size control by the OH-/Pt ratio as described 

previously in the polyol process can be confirmed in the visible-light-induced reduction. By 

systematically reducing different precursors in presence of the bases NaOH or Na(acac) it can 

be shown that the size of Pt NPs can be controlled additionally by the acac-/Pt ratio reaching a 

comparable size control at the respective OH-/Pt ratio. Besides the control by the anion/Pt ratio 

the character of the precursor seems to determine the particle size. 

The gas diffusion electrode (GDE) setup is presented as a straightforward testing device ena-

bling the performance of accelerated stress tests (ASTs) of Pt/C catalysts under realistic condi-

tions with respect to catalyst loading and temperature close to the conditions applied in fuel 

cells. The coupling to ex situ small angle X-ray scattering (SAXS) enables degradation studies 

comparing the change of the particle size and the electrochemically active surface area (ECSA) 

during the ASTs. Applying ASTs on catalysts with different initial particle sizes revealed sim-

ilar end-of-treatment sizes. For a deeper understanding of the degradation mechanism, oper-

ando SAXS is performed during the application of ASTs. One of the main challenges in cou-

pling SAXS to ASTs is the recording of a suitable background. In this work, the background 

measurement in transmission configuration is achieved by the vertical movement of the cell of 

the gas diffusion layer (GDL) experiencing the same electrochemical treatment. Thus, a bi-

modal catalyst consisting of two size populations, so that the electrochemical Ostwald ripening 

should be induced, could be studied. The same bimodal catalyst was investigated at a synchro-

tron in an operando SAXS study in grazing incidence configuration enabling the establishment 

of a depth profile of the degradation within the catalyst layer. Surprisingly, both studies are not 

clearly evidencing the expected electrochemical Ostwald ripening. 

 “Surfactant-free” Ir NPs were synthesized with the colloidal so-called Co4Cat process per-

formed in low boiling point solvents. These Ir NPs can be used as potential electrolyzer cata-

lysts. Efforts to control the obtained particle size were performed by adjusting different synthe-

sis parameters such as the temperature or water content. 

Furthermore, the GDE setup was adjusted to obtain a straightforward performance testing setup 

for electrolyzer catalysts reaching comparable results as compared to the rotating disk electrode 

(RDE) method, which is currently the standard testing device in basic research. It is shown that 

the used carbon based GDL is stable enough to perform performance tests. In addition, a 

straightforward way to prepare catalyst films on top of titanium based porous transport layers 



II        Summary 

(PTLs) typically used in electrolyzers was developed. Using a simple hot-pressing of a Nafion 

membrane to the catalyst layer leads to comparable activity results as generated using a GDL. 

Kinetic studies assuming Arrhenius behavior enabled the determination of the electrochemical 

activation energy and the estimation of the exchange current density. 



List of Publications        III 

 

List of Publications 

Publications Included in the Thesis 

The same numbering as in the discussion of the manuscripts appended to this dissertation is 

used. 

I. J. Schröder, S. Neumann, S. Kunz, Visible-Light-Induced Synthesis of “Surfactant-

Free” Pt Nanoparticles in Ethylene Glycol as a Synthetic Approach for Mechanistic 

Studies on Nanoparticle Formation, J. Phys. Chem. C, 2020, 124, 21798-21809. 

https://doi.org/10.1021/acs.jpcc.0c06361  

II. J. Schröder, S. Neumann, J. Quinson, M. Arenz, S. Kunz, Anion Dependent Particle 

Size Control of Platinum Nanoparticles Synthesized in Ethylene Glycol, Nanomaterials, 

2021, 11, 2092. 

https://doi.org/10.3390/nano11082092 (Open Access) 

III. J. Schröder, J. Quinson, J. K. Mathiesen, J. J. K. Kirkensgaard, S. Alinejad, V. A. Mints, 

K. M. Ø. Jensen, M. Arenz, A new approach to probe the degradation of fuel cell cata-

lysts under realistic conditions: combining tests in a gas diffusion electrode setup with 

small angle X-ray scattering, J. Electrochem. Soc., 2020, 167, 134515. 

https://doi.org/10.1149/1945-7111/abbdd2 

https://doi.org/10.26434/chemrxiv.12263804.v2 (Open Access Preprint) 

IV. J. Schröder,* J. Quinson,* J. J. K. Kirkensgaard, M. Arenz, Operando SAXS Study of a 

Pt/C Fuel Cell Catalyst with an X-ray Laboratory Source, J. Phys. D: Appl. Phys, 2021, 

54, 294004. *equally contributing. 

https://doi.org/10.1088/1361-6463/abfa39  

https://doi.org/10.26434/chemrxiv.14283788.v1 (Open Access Preprint) 

V. J. Schröder, R. K. Pittkowski, I. Martens, R. Chattot, J. Drnec, J. Quinson, J. J. K. 

Kirkensgaard, M. Arenz, Tracking the Catalyst Layer Depth-Dependent Electrochemi-

cal Degradation of a Bimodal Pt/C Fuel Cell Catalyst: A Combined Operando Small- 

and Wide-Angle X-Ray Scattering Study, 2021, in preparation. 

VI. J. Quinson, L. Kacenauskaite, J. Schröder, S. B. Simonsen, L. Theil Kuhn, T. Vosch, 

M. Arenz, UV-induced syntheses of surfactant-free precious metal nanoparticles in al-

kaline methanol and ethanol, Nanoscale Adv., 2020, 2, 2288-2292. 

https://doi.org/10.1039/D0NA00218F (Open Access) 

VII. J. Schröder, V. A. Mints, A. Bornet, E. Berner, M. Fathi Tovini, J. Quinson, G. K. H. 

Wiberg, F. Bizzotto, H. A. El-Sayed, M. Arenz, The Gas Diffusion Electrode Setup as 

Straightforward Testing Device for Proton Exchange Membrane Water Electrolyzer 

Catalysts, JACS Au, 2021, 1, 247-251. 

https://doi.org/10.1021/jacsau.1c00015 (Open Access)  

 

https://doi.org/10.1021/acs.jpcc.0c06361
https://doi.org/10.3390/nano11082092
https://doi.org/10.1149/1945-7111/abbdd2
https://doi.org/10.26434/chemrxiv.12263804.v2
https://doi.org/10.1088/1361-6463/abfa39
https://doi.org/10.26434/chemrxiv.14283788.v1
https://doi.org/10.1039/D0NA00218F
https://doi.org/10.1021/jacsau.1c00015


IV        List of Publications 

Publications Not Included in the Thesis 

The numbering is following the publication times. 

i. S. Neumann, J. Schröder, F. Bizzotto, M. Arenz, A. Dworzak, M. Oezaslan, M. Bäumer, 

S. Kunz, Halide-Induced Leaching of Pt Nanoparticles – Manipulation of Particle Size 

by Controlled Ostwald Ripening, ChemNanoMat, 2019, 5, 462-471. 

https://doi.org/10.1002/cnma.201800550  

ii. S. Alinejad, M. Inaba, J. Schröder, J. Du, J. Quinson, A. Zana, M. Arenz, Testing fuel 

cell catalysts under more realistic reaction conditions: accelerated stress tests in a gas 

diffusion electrode setup, JPhys Energy, 2020, 2, 024003. 

https://doi.org/10.1088/2515-7655/ab67e2 (Open Access) 

iii. J. Quinson, J. K. Mathiesen, J. Schröder, A. Dworzak, F. Bizzotto, A. Zana, S. B. Si-

monsen, L. Thiel Kuhn, M. Oezaslan, K. M. Ø. Jensen, M. Arenz, Teaching old precur-

sors new tricks: Fast room temperature synthesis of surfactant-free colloidal platinum 

nanoparticles, J. Colloid Interface Sci., 2020, 577, 319-328. 

https://doi.org/10.1016/j.jcis.2020.05.078  

iv. S. Alinejad, J. Quinson, J. Schröder, J. J. K. Kirkensgaard, M. Arenz, Carbon-supported 

platinum electrocatalysts probed in a gas diffusion setup with alkaline environment: 

How particle size and mesoscopic environment influence the degradation mechanism, 

ACS Catal., 2020, 10, 13040-13049. 

https://doi.org/10.1021/acscatal.0c03184 

https://doi.org/10.26434/chemrxiv.13047710.v2 (Open Access Preprint) 

v. J. K. Mathiesen, J. Quinson, A. Dworzak, T. Vosch, M. Juelsholt, E. T. S. Kjær, J. 

Schröder, J. J. K. Kirkensgaard, M. Oezaslan, M. Arenz, K. M. Ø. Jensen, Insights from 

In Situ Studies on the Early Stages of Platinum Nanoparticle Formation, J. Phys. Chem. 

Lett., 2021, 12, 3224-3231. 

https://doi.org/10.1021/acs.jpclett.1c00241  

vi. F. Bizzotto, J. Quinson, J. Schröder, A. Zana, M. Arenz, Surfactant-Free Colloidal Strat-

egies for Highly Dispersed and Active Supported IrO2 Catalysts: Synthesis and Perfor-

mance Evaluation for the Oxygen Evolution Reaction, J. Catal., 2021, in press. 

https://doi.org/10.1016/j.jcat.2021.07.004 (Open Access) 

https://doi.org/10.26434/chemrxiv.13643807.v1 (Open Access Preprint)  

 

https://doi.org/10.1002/cnma.201800550
https://doi.org/10.1088/2515-7655/ab67e2
https://doi.org/10.1016/j.jcis.2020.05.078
https://doi.org/10.1021/acscatal.0c03184
https://doi.org/10.26434/chemrxiv.13047710.v2
https://doi.org/10.1021/acs.jpclett.1c00241
https://doi.org/10.1016/j.jcat.2021.07.004
https://doi.org/10.26434/chemrxiv.13643807.v1


List of Abbreviations        V 

 

List of Abbreviations 

acac- Acetylacetonate anion 

Al2O3 Aluminum oxide, alumina 

Ar Argon 

AEC Alkaline electrolysis cell 

AST Accelerated stress test 

Br- Bromide anion 

C Carbon 

CCM Catalyst coated membrane 

CE Counter electrode 

Cl- Chloride anion 

CO Carbon monoxide 

CS+ Cesium cation 

CV Cyclic voltammogram/voltammetry 

e- Electron 

ECSA Electrochemical active surface area 

ESRF European Synchrotron Radiation Facility 

EDS Energy-dispersive X-ray spectroscopy 

EG Ethylene glycol 

FCCJ Fuel cell commercialization conference of Japan 

FTIR Fourier transform infrared spectroscopy 

GDE Gas diffusion electrode 

GDL Gas diffusion layer 

H+ Proton 

H2
 Hydrogen molecule 

H2O Water molecule 

HClO4 Perchloric acid 

HER Hydrogen evolution reaction 

HOR Hydrogen oxidation reaction 

Hupd Hydrogen under potential deposition 

IL-TEM Identical location transmission electron microscopy 

Ir Iridium 

K+ Potassium cation 

Li+ Lithium cation 

MEA Membrane electrode assembly 

MPL Microporous layer 

Na+ Sodium cation 

NP Nanoparticle 

O2 Oxygen molecule 

OER Oxygen evolution reaction 

OH- Hydroxide anion 

ORR Oxygen reduction reaction 

PEMFC Proton exchange membrane fuel cell 

PEMWE Proton exchange membrane water electrolyzer 



VI        List of Abbreviations 

PCTFE Polychlorotrifluoroethylene 

PGM Platinum group metal 

PTFE Polytetrafluoroethylene 

Pt Platinum 

PTL Porous transport layer 

RDE Rotating disk electrode 

RE Reference electrode 

RHE Reversible hydrogen electrode 

SAXS Small angle X-ray scattering 

SEM Scanning electron microscopy 

SiO2 Silicon dioxide, silica 

TEM Transmission electron microscopy 

Ti Titanium 

TiO2 Titanium dioxide, titania 

UV Ultraviolet 

Vis visible 

WAXS Wide angle X-ray scattering 

WE Working electrode 

XAS X-ray absorption spectroscopy 

 

 



List of Contents        VII 

 

List of Contents 

Summary .................................................................................................................................... I 

List of Publications ................................................................................................................ III 

Publications Included in the Thesis ...................................................................................... III 

Publications Not Included in the Thesis ............................................................................... IV 

List of Abbreviations ............................................................................................................... V 

List of Contents ..................................................................................................................... VII 

1. Introduction and Outline of the Thesis ........................................................................... 1 

1.1. Introduction ................................................................................................................. 1 

1.2. Outline of the Thesis.................................................................................................... 2 

2. Experimental Methods ..................................................................................................... 4 

2.1. “Surfactant-Free” Nanoparticle Synthesis ................................................................... 5 

2.1.1. Polyol Synthesis ................................................................................................... 5 

2.1.2. Synthesis in Low Boiling Point Solvents ............................................................. 6 

2.1.3. LaMer Growth Model and Seed Mediated Growth ............................................. 7 

2.2. Gas Diffusion Electrode Setup .................................................................................... 8 

2.2.1. Gas Diffusion Electrode Preparation .................................................................. 10 

2.2.2. ORR Degradation Protocols and Degradation Mechanisms .............................. 11 

2.2.3. OER Activity Protocol ....................................................................................... 12 

2.3. Electrochemical Characterization and Characterization Techniques ........................ 13 

2.3.1. ECSA Determination of Pt Based ORR Catalysts ............................................. 13 

2.3.2. OER Activity Determination .............................................................................. 13 

2.3.3. UV/vis Spectroscopy .......................................................................................... 13 

2.3.4. Transmission and Scanning Electron Microscopy ............................................. 14 

2.3.5. Small Angle X-Ray Scattering (SAXS) ............................................................. 15 

3. Discussion of Appended Manuscripts ........................................................................... 18 

3.1. Manuscript I:.............................................................................................................. 19 

Description ........................................................................................................................ 20 

Contribution to the Work .................................................................................................. 20 

Most Important Findings ................................................................................................... 20 

3.2. Manuscript II: ............................................................................................................ 27 

Description ........................................................................................................................ 28 

Contribution to the Work .................................................................................................. 28 

Most Important Findings ................................................................................................... 28 

3.3. Manuscript III: ........................................................................................................... 34 

Description ........................................................................................................................ 35 



VIII        List of Contents 

Contribution to the Work .................................................................................................. 36 

Most Important Findings ................................................................................................... 36 

3.4. Manuscript IV: ........................................................................................................... 40 

Description ........................................................................................................................ 41 

Contribution to the Work .................................................................................................. 41 

Most Important Findings ................................................................................................... 42 

3.5. Manuscript V: ............................................................................................................ 44 

Description ........................................................................................................................ 45 

Contribution to the Work .................................................................................................. 45 

Most Important Findings ................................................................................................... 46 

3.6. Manuscript VI: ........................................................................................................... 52 

Description ........................................................................................................................ 53 

Contribution to the Work .................................................................................................. 53 

Most Important Findings ................................................................................................... 53 

3.7. Manuscript VII: ......................................................................................................... 55 

Description ........................................................................................................................ 56 

Contribution to the Work .................................................................................................. 56 

Most Important Findings ................................................................................................... 57 

4. Conclusions and Perspectives ........................................................................................ 60 

4.1. Conclusions ............................................................................................................... 60 

4.1.1. Pt Nanoparticle Synthesis by the Polyol Approach ........................................... 60 

4.1.2. Degradation Studies of Fuel Cell Catalysts........................................................ 60 

4.1.3. Ir Nanoparticle Synthesis by the Co4Cat Process .............................................. 61 

4.1.4. Testing of Electrolyzer Catalysts in a GDE Setup ............................................. 61 

4.2. Perspectives ............................................................................................................... 62 

4.2.1. Synthesis and Degradation Studies of Fuel Cell Catalysts ................................ 62 

4.2.2. Synthesis of Electrolyzer Catalysts .................................................................... 62 

4.2.3. Testing of Electrolyzer Catalysts in a GDE Setup ............................................. 63 

5. Acknowledgement ........................................................................................................... 64 

6. References ........................................................................................................................ 65 

7. Appended Manuscripts .................................................................................................. 79 

 

 



1        Introduction and Outline of the Thesis 

 

1. Introduction and Outline of the Thesis 

1.1. Introduction 

For future energy storage and renewable energy conversion electrolyzers and fuel cells are 

playing a key role. The excess of electricity produced from renewable energy carriers can be 

used for the splitting of water (electrolysis). The formed oxygen and hydrogen can then be 

recombined in fuel cells via the opposite reaction by regenerating water, e.g., as alternative to 

combustion engines in vehicles.1,2  

The two devices, electrolyzers and fuel cells are operated under alkaline or acidic conditions.3,4 

Under acidic conditions proton exchange membrane are used. The devices are then called pro-

ton exchange membrane water electrolyzers (PEMWEs)3 and proton exchange membrane fuel 

cells (PEMFCs)4. In PEMWEs and PEMFCs higher power densities can be reached than in 

alkaline electrolyzers3 and fuel cells5 and the nowadays often used Nafion® membranes are very 

stable.5  However, the catalyst materials are mostly limited to precious metals, i.e., Pt group 

metals (PGM).6 In alkaline environment non-precious metals (non-PGMs), can be used as cat-

alysts for the oxygen reaction,7 however the employment of liquid electrolyte is necessary3 due 

to limitations of alkaline membranes.6,8 Furthermore, the durability of the PGM9 and non-PGM 

catalysts under alkaline conditions is limited.10 

The water splitting process in PEMWEs consists of the oxygen evolution reaction (OER) and 

H+ formation at the anode:11 

H2O → 
1

2
 O2 + 2 H+ + 2 e- (1) 

The H+ is passing through the membrane and hydrogen is evolved, i.e., the hydrogen evolution 

reaction (HER), at the cathode11 via  

2 H+ + 2 e- → H2 (2) 

In the PEMFCs the hydrogen is split into H+, i.e., the hydrogen oxidation reaction (HOR, the 

reversed direction of reaction (2)), at the anode.4 H+ is passing the membrane and forms water 

by the reduction of oxygen, i.e., the oxygen reduction reaction (ORR, the reversed of reaction 

(1)), at the cathode.4 The oxygen reduction and oxidation are kinetically hindered, while the 

hydrogen reduction and evolution are very fast.12–14 Due to the poor kinetics of the oxygen half-

cell reactions, ORR and OER, a large overpotential is necessary to reach high currents.14 There-

fore, the conversion efficiency of electrolyzers or fuel cells is limited by the sluggish OER or 

ORR, respectively, and the research focuses on the improvement of catalysts for those oxygen 

reactions.14,15  

The catalysts used in electrolyzers and fuel cells consist of nanoparticles (NPs) as a small size 

of 1-5 nm enormously increases the surface area to volume ratio as compared to bulk material16 

and hence less material is needed. The electrode material for the HER or HOR is typically Pt 

showing however limitations in the use of impure gas as by CO poisining.5 Despite the rareness 

of Ir, the OER is performed using Ir NPs and alloys with, e.g., Ru due to the compromise of 

low overpotential and stability.17,18 For the ORR Pt NPs and its alloys are the most active cata-

lysts19 according to the volcano plot, i.e., the catalyst activity is plotted depending on the oxygen 

binding energy.20 Thereby, it is tried to form alloys with less rare and less expensive metals for 
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the catalysts of OER and ORR to reduce the amount of precious metals needed.19 The NPs are 

usually supported to avoid agglomeration and to increase the dispersion of the particles and 

hence to ensure a high surface area.21,22 Supports used in fuel cells are high-surface area carbons 

(C) due to their good electric conductivity.5 In electrolyzers alternatively, e.g., titanium oxide 

(TiO2) is used to obtain high stability at high potentials.23 The supported catalysts are, e.g., 

sprayed on the proton exchange membrane, i.e., catalyst coated membrane (CCM), and then 

hot-pressed on C or Ti based substrates, in fuel cells15 or electrolyzers23, respectively. 

Due to the sluggish oxygen reactions and thus the research focus on the investigation of the 

ORR or OER, electrochemical setups investigating only the half-cell reaction of fuel cells or 

electrolyzers, i.e. ORR or OER, respectively, are often used.14,15 The standard testing device is 

the rotating disk electrode (RDE) setup.24 Because of mass transport limitations in a RDE setup 

for ORR testing, Zalitis et al.25 designed a floating electrode. The recently introduced gas dif-

fusion electrode setup simulates additionally conditions close to the fuel cell.26–28 (I was in-

volved in the work of reference 28 that I repeatedly refer to in the introduction. In order to 

highlight such cases of "self-reference", in the following such cases are marked without inter-

rupting the flow for the reader.) Therefore, setups simulating realistic conditions but being 

straightforward in handling are preferentially used for catalyst testing.28,29 Due to the long time 

research focus on activity improvement, many highly active catalysts were developed.30,31 

However, besides a high activity additionally a decent stability of the catalysts is equally im-

portant for the applications.32,33 To increase the catalyst degradation simulating application con-

ditions accelerated stress tests (ASTs) are performed.34–36 Hence, the combination of AST pro-

tocols in gas diffusion electrode (GDE) setups seems to be reasonable or even evident.28 Un-

fortunately, the analysis of the catalyst layer in the GDE setup, i.e., gas diffusion electrode layer 

(GDL), is at the moment often limited to ex situ measurements. Coupling of a GDE setup to an 

ICP-MS presented recently by Ehelebe et al.37 to measure the metal dissolution is hence from 

outstanding importance. Operando techniques enable the understanding of degradation mech-

anisms to thus deduce considerations for improved catalyst design.  

 

1.2. Outline of the Thesis 

In the following second chapter the experimental methods that I used are discussed and com-

pared to literature.  

1. The “surfactant-free” NP syntheses approaches for Pt and Ir NPs are discussed. 

2. Concerning the gas diffusion electrode setup, it is pointed out why this electrocatalytic 

testing device simulates realistic conditions close to PEMFCs and PEMWEs in contrast 

to the RDE setup, the standard testing tool.  

3. The electrochemical characterization methods and characterization techniques I was 

working with are presented and used characterization protocols are discussed as compared 

to literature. 

Afterwards in the third chapter the seven appended manuscripts are discussed. During my PhD 

I was focusing on the nanoparticle formation mechanisms and degradation studies of fuel cell 

catalysts. Therefore, I start to discuss the manuscripts I to V related to the topic of fuel cell 
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catalysts.  

I. The synthesis mechanism of Pt NPs as a potential cathode material for fuel cells based on 

a visible light induced reduction in the polyol process is discussed.  

II. The influence of precursor anions and the base anions in the size control of Pt NPs syn-

thesized in the polyol process are shown. 

III. Degradation studies of fuel cell catalysts under realistic conditions in a GDE setup per-

forming ex situ small angle X-ray scattering (SAXS) analysis are presented. 

IV. The manuscript is about degradation studies by performed operando SAXS using a lab 

X-ray source. 

V. In this manuscript a degradation study coupling operando SAXS and wide-angle X-ray 

scattering (WAXS) at a synchrotron source is presented. 

At the end of my PhD time, I was working on the topic of electrolysis, discussed in the manu-

scripts VI and VII.  

VI. UV-light induced Ir NP synthesis as potential anode material for PEMWEs is shown. 

VII. The manuscript deals with the performance testing of an Ir catalyst under realistic condi-

tions of a PEMWE in a GDE setup. 

 



Experimental Methods        4 

2. Experimental Methods 

In the second chapter the important experimental methods I used for the preparation of the 

results from the appended manuscripts (based on their descriptions from the experimental sec-

tions) are discussed and compared to literature. 

1. Discussion of the “surfactant-free” NP syntheses approaches for Pt and Ir NPs. 

2. Presentation of the gas diffusion electrode setup by pointing out why realistic conditions 

close to PEMFCs and PEMWEs are simulated in contrast to commonly used testing de-

vices as the RDE setup.  

3. Presentation of the electrochemical characterization methods and characterization tech-

niques I was working with and discussion of used characterization protocols. 
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2.1. “Surfactant-Free” Nanoparticle Synthesis 

Standard colloidal methods need polymers as “surfactants” (e.g., PVP) to obtain small and 

stable colloids.38–40 Their removal demands harsh conditions as high temperature41 or ozone 

treatment that might alter the catalyst, the NP size, and the support.42 As alternative two dif-

ferent “surfactant-free” nanoparticle synthesis approaches were studied. 

 

2.1.1. Polyol Synthesis 

The ethylene glycol (EG) based synthesis of NPs under alkaline conditions (i.e., polyol synthe-

sis) enables the preparation of “surfactant-free” colloids with narrow particle size distribu-

tions.43,44 As tailoring of physical properties (i.e., particle size, particle loading, and support) of 

the NPs and the catalyst is possible, the approach is very attractive for the preparation of cata-

lysts.45  

In general in the polyol synthesis, the metal precursor (e.g., H2PtCl6, H2BrCl6) is reduced in 

alkaline EG to form colloids, while the solvent EG is oxidized.44 By changing the precursors, 

besides Pt NPs additionally Ir, Ru, and Rh NPs can be formed (I was involved in one of the 

cited studies).46–48 As most investigations were done about Pt NPs and during my PhD time I 

synthesized only Pt NPs with the polyol process, I focus on details about the Pt particle synthe-

sis. The reduction of the metal salt can be induced thermally (by a heated oil bath or microwave 

radiation) or UV light.44,49–51 In the reduction process the solvent EG is oxidized to glycolalde-

hyde, glycol acid, oxalaldehyde, and/or oxalic acid. Additionally, EG can degrade by forming 

two CO molecules absorbing to the Pt NP surface.44,52 The protons formed during the reduction 

of the metal precursor and the oxidation of the EG are reacting with the OH-, that is present due 

to the alkaline conditions, to form water.49 For the stabilization of the formed NPs an excess of 

OH- is needed.44,50 However, due to the high viscosity and boiling point of the synthesis media 

EG, it needs to be removed for further processing of the NPs. By lowering the pH adding HCl 

the NPs can be flocculated and redispersed in several organic solvents with high vapor pressures 

(as isopropanol, ethanol, acetone), while maintaining the particle size.53 Afterwards, those NPs 

can be used for the preparation of heterogeneous catalysts by deposition of the particles onto 

support material (e.g., alumina (Al2O3), silica (SiO2), carbon (C)). The polyol approach can 

therefore be used to prepare catalysts for heterogenous catalysis as CO oxidation (I was in-

volved in one of the cited studies, that I frequently refer to in this chapter)54,55 or as fuel cell 

cathode material.50,56 After flocculation the NPs are merely covered by CO, but no organic 

residuals can be identified.44 In solid-state NMR spectroscopy this finding was further con-

firmed for supported catalysts prepared from such colloids.55 In contrast to the surfactants as 

polymers that are typically used in colloidal chemistry,57 CO coverage in supported NPs can be 

easily replaced by OH- by adding alkaline water.53  

Furthermore, it was shown in different studies that OH- is not only important to stabilize the 

NPs but also that the particle size is determined by the amount of OH- during the reduction, i.e., 

the particle size increases reducing the OH- amount.44,50 Quinson et al.58 showed that in the 

polyol approach the use of the cations of lithium (Li+), sodium (Na+), potassium (K+), and 

cesium (Cs+) in the hydroxide base do not influence neither the particle size nor the stability. 

In the thermal reduction of H2PtCl6 or H2PtBr6 in presence of NaOH the NP size can be 
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increased additionally due to halide induced leaching (i.e., the halides from the precursors) and 

subsequent Ostwald ripening during a time period for 17 h at 150 °C. Reducing H2PtBr6 instead 

of H2PtCl6, the higher leaching ability of bromide as compared to chloride results thereby in 

larger particles.54 In the same work Neumann et al.54 showed that the thermal reduction of the 

halide-free precursor Pt(acac)2 (acac- abbreviation for acetylacetonate anion) in presence of 

NaOH leads even at the long time period of 17 h to a constant large NP size of 3 nm. The 

missing aspect regarding the size control is a closer investigation of the anion influence of the 

precursor and the base that is discussed in manuscript II, see chapter 3.2. 

The several reports discussed above show that the polyol process is thoroughly investigated and 

demonstrate that independent of the user reproducible results concerning the size control can 

be generated in different laboratories. Therefore, it was surprising that, when I started my PhD, 

mechanistic investigations about the polyol approach were still missing. Quinson et al.50 pro-

posed the ratio of OH- to Pt surface atoms as size determining aspect in the synthesis and the 

interrupting of the growth process due to OH- without a further discussion of the NP formation 

mechanism. In the discussion of manuscript I, see chapter 3.1, details are found about a pro-

posed particle formation mechanism based on the precursor reduction induced by visible light.  

In the polyol approach for further processing the solvent EG, due to its high viscosity and high 

boiling point, needs to be removed. This is normally done by flocculating the particles by add-

ing HCl and redispersing the particles in solvents with lower boiling points as, e.g., acetone.44,50 

Chloride is however a well-known leaching agent for Pt NPs, especially in electrochemistry, 

and hence it should be avoided in the preparation of electrocatalysts (I was involved in one of 

the cited studies).54,59 

 

2.1.2. Synthesis in Low Boiling Point Solvents 

An alternative synthesis approach is the so-called Co4Cat method60 being performed in the low-

boiling point solvents methanol or ethanol where the flocculation step of the polyol process is 

redundant.61 Therefore processing of the particles formed by the Co4Cat process is much faster 

while narrow size distributions are obtained as known from the polyol process.61  

In the Co4Cat technology Pt or Ir NPs can be synthesized by reducing metal precursors as 

H2PtCl6 or IrCl3 in alkaline low boiling point solvents. While the Pt NP formation process was 

thoroughly investigated (I was involved in two of the cited studies, I refer to again in this chap-

ter),58,61–65 only few reports are found about Ir NPs (I was involved in one of the cited studies, 

I refer to again in this chapter).61,66 In literature different aspects to understand the Pt NP for-

mation mechanism are investigated inducing the reduction thermally (heated oil bath or micro-

wave based) or by UV-light.62 However, the use of methanol or ethanol as compared to EG 

changes the particle properties and behavior. It is shown that a size control of Pt NPs in MeOH 

can be generated by adding water.61,62 A size increase from ca. 2 to ca. 5 nm can be obtained in 

the reduction of H2PtCl6 in alkaline aqueous methanol (75 % water, 25 % methanol) by de-

creasing the NaOH/Pt ratio from 100 to 5, respectively.62 The change of the cation of the base 

leads to less stable Pt NPs in the order Li+ ≫ Na+ > K+ > Cs+ in methanol while in EG no 

impact is observed.58 The use of an aged H2PtCl6 precursor solution in methanol by daylight 

shows a substantial faster reduction due to the presence of Pt(II) complexes.63 The investigation 
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of the reduction of H2PtCl6 in ethanol or methanol combining several analysis techniques re-

vealed in ethanol a fast reduction from Pt(IV) to Pt(II) followed by the nucleation and a strong 

growth process or sintering with less surface bonded CO. In methanol only moderate growth is 

observed while a strong CO band in the Fourier transform infrared spectroscopy (FTIR) spec-

trum showing that many CO is bond to the particle surface.64 In situ studies of the H2PtCl6 

reduction revealed polynuclear PtxClyOz complexes were the coordination number of Pt-Cl de-

creases when the reduction is proceeding.65  

In the few reports about Ir NP synthesis61,66 a size control and the reduction induced by UV-

light are still missing. The tries of a size control in the Ir NP synthesis induced by UV-light is 

discussed in manuscript VI, see chapter 3.6. 

 

2.1.3. LaMer Growth Model and Seed Mediated Growth 

The NP formation is usually proposed to follow the kinetic LaMer model and its suitability was 

shown for specific systems.67–70 In the LaMer model first monomers are formed by the reduc-

tion of the dissolved metal precursor. Small, instable nuclei are formed when supersaturation is 

achieved. At a critical concentration due to further increase of the monomer concentration large 

enough nuclei are formed that remain stable under the given conditions. When the monomer 

concentration falls below the nucleation threshold this continuous nucleation is stopped and the 

deposition of the monomers on stable nuclei leads to particle growth.71,72 According to the 

LaMer model it is possible to generate seed mediated growth when NPs are exposed to a mon-

omer solution with a concentration that is low enough not to induce nucleation as competitive 

reaction pathway.73 In kinetic studies at ambient temperature Kunz et al.74 showed an size in-

crease of AuPd NPs by adding different amounts of Au precursor solution to Pd NPs. The par-

ticle size increase was predicted by assuming that the initial size distribution of the Pd clusters 

is changing evenly by adding the same amount of Au precursor in a given time period. In the 

work of Kunz et al.74 the particle size predictions based on a pure seed-mediated mechanism 

are in good agreement with the measured NP sizes. The same approach of seed-mediated 

growth by exposing NPs to a more noble precursor solution74 is presented by Hwang et al.75 for 

RuPt NPs. 

Such seed-mediated growth experiments were tried in the polyol process by adding a partially 

reduced H2PtCl6 solution as monomer, i.e., irradiation of H2PtCl6 in alkaline EG with 400 nm 

for 4 h resulting in a colorless solution, to thermally formed Pt NPs. Thermally formed Pt NPs 

were used (a) as-prepared, (b) redispersed in EG, or (c) supported on C (the two latter to reduce 

the amount of OH-) and exposed to room light and room temperature for a week. (d) The reac-

tion mixture of (a) was exposed to 500 nm for 3 h at room temperature. The seed-mediated 

growth experiments of Pt NPs in the polyol process tried to be induced by irradiation with 

500 nm are discussed in manuscript I in chapter 3.1.  

Additionally, seed-mediated growth experiments in the Co4Cat process adding monomers of 

IrCl3 (obtained by short UV treatment) to Ir NPs (formation induced by UV light or micro-

waves) were tried at 40 °C for 6 h. The seed-mediated growth experiments of Ir NPs in the 

Co4Cat process tried to be induced in reducing (hydrogen) atmosphere and under UV light are 

discussed in manuscript VI in chapter 3.6. 
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2.2. Gas Diffusion Electrode Setup 

To investigate catalysts for PEMFCs or PEMWEs the most realistic way would be the use of 

membrane electrode assemblies (MEAs) in proper device. However, special equipment is 

needed for the assembling and due to the complexity of the setup as well as the film preparation 

of the MEAs, several repeats are rarely performed. Additionally, typically a few grams of cat-

alyst material are required for the testing under realistic fuel cell conditions.76 Last but not least, 

a separate analysis of both catalyst layers (cathode and anode) and the separation of the side 

reaction is difficult. Therefore, testing devices only focusing on the half-cell reaction are pre-

ferred that require a limited amount of catalyst material and are straightforward to perform. As 

alternative to MEA setups, traditionally RDE setups are used for the initial catalyst testing, 

compare Figure 1, as only a small amount of catalyst is necessary. However, in a RDE setup 

the conditions of the catalyst testing are often far away from realistic conditions.76 Furthermore, 

reproducibility of the catalyst films is barely controlled (due to catalyst drop casting, see chapter 

2.2.1) and still the rotator as special equipment is necessary.  

 

Figure 1. In-house developed gas diffusion electrode (GDE) setups for the a) ORR degradation studies and b) OER 

activity measurements as compared to the rotating disk electrode (RDE) setup (top left), proton exchange mem-

brane fuel cells (PEMFCs), and water electrolyzers (PEMWEs) (top right). Reprinted with permission from JACS 

Au 2021, 1, 247-251. Copyright 2021 The Authors. Published by American Chemical Society. 

A new half-cell that fills the gap between basic research testing, i.e., RDE, and the realistic but 

complicated MEA testing, is the recently presented GDE setup for the ORR (I was involved in 

one of the cited studies, that I frequently refer to within the discussion of this chapter)26–28, see 
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Figure 1a. Two further advantages of the GDE setup in the ORR are the reduced mass transport 

limitation and the possibility to reach higher current densities as compared to the standard RDE 

setup.37 The design of the GDE setup presented in Figure 1a is described in the following: A 

Nafion® membrane is placed on a catalyst layer that is deposited on a GDL, i.e. working elec-

trode (WE), as used in MEAs.28 The Nafion® membrane is additionally avoiding the leaking of 

the electrolyte into the GDE. The reactant oxygen (O2) gas can pass the GDL reaching the 

catalyst and forming together with protons from the electrolyte water according to the back 

reaction of equation (1). The gas needs to be humidified to guarantee a humidification of the 

Nafion®.27,28 The upper cell part above the Nafion® membrane is made of polytetrafluoroeth-

ylene (PTFE). A platinum (Pt) wire is used as a counter electrode (CE) and a hydrogen trapped 

reference electrode (RE), i.e., reversible hydrogen electrode (RHE). The CE is placed inside a 

glass capillary with a glass frit on the bottom to avoid the trapping of gas bubbles from the 

counter reaction in the hole of the Teflon cell, prevent an interaction of the CE products with 

the WE, and hence help to improve the reproducibility of the measurement.28 All potentials in 

the studies of manuscript III are referred to the RHE potential and perchloric acid (HClO4, 

10 mL, 4 M) was used as electrolyte. For a controlled temperature (30 or 50 °C) during the 

subsequent electrochemical measurements a fan in an isolated Faraday cage was used. 

An alternative GDE setup design was presented by Pinaud et al.76 that was adjusted by Ehelebe 

et al.29,37 The principle between all three setups is the same, i.e. a catalyst layer is deposited on 

a GDL and the O2 gas (reactant for ORR) is flowing through the GDL reaching the catalyst that 

is in contact with the electrolyte. In the cell design there are however some differences. The 

GDE cell of Pinaud et al.76 is placed in a beaker of electrolyte, that is increasing the amount of 

electrolyte. The WE is arranged vertically and the gas is introduced from the top of the cell, 

that is free of electrolyte. A catalyst layer of 3 cm2 is necessary, hence the performance of 

professional hot pressing seems to be unavoidable to guarantee the contact between membrane 

and catalyst layer. The high amount of catalyst leads to high currents of 1.5 A/cm2 but this 

necessitates an exact determination of the iR drop as this determines the measurement error. 

Therefore, an iR correction cannot be performed based on cell resistance measurements at a 

constant frequency.76 In the adapted GDE cell of Ehelebe et al.29,37 the WE assembly is located 

next to the electrolyte reservoir, a catalyst layer of 4 cm2, and again a large amount of electrolyte 

are used. Both cells of Pinaud et al.76 and Ehelebe et al.29,37 were so fare surprisingly only used 

for measurements at room temperature. 

For OER studies the stainless-steel body from the ORR measurement was replaced by poly-

chlorotrifluoroethylene (PCTFE) for enhanced chemical stability at high voltages (see Figure 

1b). The GDE was placed on top of the flow field with the Nafion® membrane upwards as 

before for ORR testing. In the GDE setup for the OER two Au pins were placed vertical inside 

the cell body and a plastic disc as pedestal was screwed into the cell body to push the Au pins 

into the GDE. In the ORR setup the contacting to the WE was obtained via the stainless-steel 

body. The upper cell part (Teflon) with the electrolyte (15 ml 4 M HClO4) had a hole in the 

same size as the WE (Ø 3 mm). The induced gas, e.g., O2, was transported the reactant water 

that reacted according to equation (1). In manuscript VII the GDE setup was used for OER 

activity tests with the same assembly of the CE and RHE as described before for the ORR AST 

in the GDE setup. The temperature control (30, 40, 50, or 60 °C) in the subsequent electro-

chemical measurements was reached by placing the cell in a metal box on top of a heating plate. 
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2.2.1. Gas Diffusion Electrode Preparation 

The preparation of the GDE consist of firstly the deposition of the catalyst film onto a substrate 

and secondly attaching a Nafion® membrane. In the following, the procedures for the use of a 

C based GDL or a Ti based porous transport layer (PTL) as substrates are discussed. 

 

Catalyst film preparation with C based GDL 

The catalyst films on a GDL for electrocatalytic investigations in GDE setups can be done by 

drop casting, spray coating, or vacuum filtration. Prior to the film preparation, a catalyst ink 

dispersion needs to be prepared. Drop casting of a catalyst dispersion is typically done to pre-

pare catalyst films for electrocatalytic measurements in RDE setups66,77 using stable and well 

dispersed catalysts with carbon support in a mixture of H2O to isopropanol of 3:1.77 Comparable 

to the catalyst films for RDE measurements drop casting could be a possibility for the prepara-

tion of GDEs. However, drop casting can lead to varying film qualities in repeating measure-

ments. Therefore, Inaba et al.27 and Alinejad et al.28 prepared catalyst films for measurements 

in the GDE setup via spray coating of GDLs generating loadings as used in RDE testing. With 

drop casting or the spray coating method the reached loadings are however far away from real-

istic loadings of 0.2 mgPt cm−2
geo

 in fuel cells78 or 1.0 mgPt cm−2
geo in electrolyzers79.  

The vacuum filtration method introduced by Yarlagadda et al.80 enables the preparation of cat-

alyst films deposited on a GDL with realistic catalyst loadings. Furthermore, various samples 

can be punched out to obtain reproducible catalyst films for repeatable measurements. In the 

ink for the vacuum filtration Nafion® was added to ensure proton conductivity in the catalyst 

layer.27 The vacuum filtration was used to prepare catalyst films for the manuscripts III to V 

and VII, see chapters 3.3 to 3.5 and 3.7. 

 

Nafion® membrane activation 

Before attaching the Nafion® membrane to the catalyst layer the membrane was first activated: 

The Nafion® membrane (stored in water and cut in the right circle size) was cleaned from or-

ganic impurities81 by a treatment in 5 wt.% H2O2 (30 min, 80 °C). After treating in Milli-Q 

water (30 min, 80 °C) to remove the H2O2 the cutoff membranes were protonated81 by a treat-

ment in 8 wt.% H2SO4 (30 min, 80 °C). After final rinsing of the cutoff membranes with Milli-

Q water, they were kept in a glass vial filled with Milli-Q water. This procedure was used for 

the Nafion® membrane activation in the manuscripts III and VII, see chapter 3.3 and 3.7. 

 

Pressing of GDL with Nafion® membrane 

The attaching of the Nafion® membrane was necessary by pressing in a pellet press as otherwise 

sometimes a bubble during the assembly of the GDE setup was formed and hence the electrical 

contact during the electrochemical testing was lost. The Nafion® membrane was pressed on top 

of the GDE, see Figure 2, by placing a Teflon or paper sheet on top of a Teflon block and 

afterwards the GDL (Ø 2 cm with a hole of Ø 3 mm) and the catalyst deposited on the GDL 

obtained by the vacuum filtration (Ø 3 mm) in the hole. A Nafion® membrane was rinsed with 
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Milli-Q water and placed on top of the GDL, followed by a second Teflon or paper sheet and a 

second Teflon block. Everything was placed between two metal blocks and the pressing was 

performed at 2 tons for 10 min. This pressing procedure was used in the manuscripts III and 

VII. 

 

Figure 2. Preparation of the WE by placing the catalyst layer deposited by vacuum filtration onto a GDL (Ø 3 mm) 

into the hole (Ø 3 mm) of a GDL (Ø 2 cm) and pressing a Nafion® membrane onto it by applying 2 t for 10 min 

between two Teflon or paper sheets, two Teflon blocks, and two metal blocks. 

 

Catalyst film preparation and hot-pressing with Ti based PTL 

Instead of a Nafion® membrane pressed to a catalyst layer that was deposited on a carbon based 

GDL, a catalyst layer on top of a Nafion® membrane (CCMs) pressed to a Ti based substrate, 

i.e., PTL, are used in PEMWEs.23,82 However, for the CCM preparation special equipment is 

needed, that is not accessible in all laboratories for catalyst testing experiments. The highly 

porous PTL makes the performance of vacuum filtration or drop casting of the isopropanol-

water ink, as used in the GDL preparation described above, impossible. A simple alternative to 

the fabrication of CCMs is the use of a glycerol-based catalyst ink due to the substantial higher 

viscosity of glycerol as compared to water and isopropanol. However, drop casting the glycerol-

based ink does not completely avoid the permeation of the ink into the PTL. Comparing the 

structure of the PTL to the one of the GDL it becomes apparent that the hydrophobicity of the 

GDL is generated by the Teflon containing microporous layer (MPL). Therefore, Teflon was 

sprayed on top of the PTL before the drop casting to prevent the permeation of the glycerol-

based ink into the PTL.  

To avoid after the assembling of the GDE cell a poor electric connection between the PTL and 

the Nafion® membrane resulting sometimes in high resistances of several hundred ohms, the 

temperature during pressing needed to be increased by performing a simple hot-pressing. This 

approach of hot-pressing of the Nafion® membrane (activated as described in the previous par-

agraph) to the PTL (with glycerol-based ink deposited onto it) was performed for the PTL prep-

aration in manuscript VII, see chapter 3.7. 

 

2.2.2. ORR Degradation Protocols and Degradation Mechanisms 

Stability investigations of fuel cell catalysts are done simulating the catalyst use under realistic 

conditions and simultaneously accelerating the catalyst degradation by performing ASTs. 

Alinejad et al.28 simulated (1) load-cycles, (2) start-up/shutdown conditions, and (3) a combi-

nation of both of PEMFCs in vehicles by stress test protocols recommended by the Fuel Cell 
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Commercialization Conference of Japan (FCCJ)83,84 in the gas diffusion electrode setup. The 

three protocols consist in details of the following procedure:  

1. In the load-cycle conditions the potential is stepped between 0.6 and 1.0 VRHE, e.g., hold-

ing each potential for 3 s. In manuscript III in ex situ SAXS analysis after degradation 

measurements in a GDE setup 9000 cycles at 25 °C or 5000 cycles at 50 °C under load-

cycle conditions were performed, see chapter 3.3 for details. The temperature was con-

trolled by a fan in an isolated Faraday cage to reach 30 or 50 °C (as in manuscript III, see 

chapter 3.3). Furthermore, those load-cycle conditions were performed in manuscript IV 

and V in operando SAXS studies at room temperature, see chapter 3.4 and 3.5, respec-

tively.  

2. Alinejad et al.28 showed that under start-up/shutdown conditions, performing cyclic volt-

ammograms between the potentials 1.0 and 1.5 VRHE, in the GDE setup a strong carbon 

corrosion of the investigated Pt/C catalyst occurs. This makes an analysis of the electro-

chemical active surface area (ECSA, see chapter 2.3.1) questionable leading to ambiguous 

conclusions concerning the degradation of the Pt NPs. 

3. In the combination protocol, e.g., 500 load-cycles are applied holding each potential for 

3 s, followed by 10 cycles of start-up/shutdown conditions.28 Between the three presented 

protocols the combination protocol is simulating the most realistic driving conditions of 

fuel cell vehicles. 

During the AST the NPs (a) can migrate followed by a coalescence and potentially sintering, 

(b) dissolve as metal ions, (c) experience electrochemical Ostwald ripening, i.e., large particles 

grow at the expense of small ones, and (d) detach from the support.85 The degradation mecha-

nisms (a)-(d) reduce the ECSA of the catalyst and (a)-(c) change the particle size. 

 

2.2.3. OER Activity Protocol 

In RDE testing normally cyclic voltammetry is performed as a protocol to test catalyst activi-

ties86–88 although PEMWEs are used in galvanostatic mode.11 In addition, in potentiodynamic 

or potentiostatic modes the catalyst comparison is complicated as both the measured current 

and due to iR correction the applied potential change. Therefore, a galvanostatic protocol was 

chosen for the performance testing including the holding of different mass specific current den-

sities for 2 min.  

To measure reasonable activity data a good temperature control is necessary. This was done in 

a metal box placed on top of a heating plate to work at 30, 40, 50, or 60 °C (as in manuscript 

VII, see chapter 3.7). After assembling the setup, it was allowed enough time to reach the de-

sired temperature before starting any experiment. The successful assembling of the cell was 

verified by recording one cyclic voltammogram while purging the electrode with humidified 

gas, O2 or Ar, (with a scan rate of 10 mV s-1, 1.2-1.6 VRHE). Bizzotto et al.66 showed that the 

homemade IrO2/C is only partially oxidized after the NP synthesis. Hence for guaranteeing the 

complete oxidation of the Ir based catalyst the electrode potential was hold at 1.6 VRHE
 for 

5 min. The resistance during the measurement was determined online using an AC signal 

(5 kHz, 5 mV) as during the activity measurements the applied current densities were below 

200 mA mgIr
-1.89  
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2.3. Electrochemical Characterization and Characterization Techniques 

2.3.1. ECSA Determination of Pt Based ORR Catalysts 

The ECSA can be determined by CO stripping due to the chemical adsorption of CO on Pt 

atoms.90 By subtracting the cyclic voltammogram (CV) performed in Argon (Ar) and using a 

baseline correction between the chosen peak limits as shown by Inaba et al.91 any influence of 

capacitive currents from the carbon support can be avoided. The change in surface area, i.e., 

the surface loss during the AST, together with the knowledge of the change in particle size 

allows to draw conclusions about the degradation mechanism. The determination of ECSA was 

used in the degradation studies performed in a gas diffusion electrode setup discussed in man-

uscript III in chapter 3.3. 

 

2.3.2. OER Activity Determination 

The activity in OER catalyst testing performed in the GDE setup was analyzed of the iR cor-

rected data averaging the potential of the last 60 s of each current step, see chapter 2.2.3 for 

details. The potential was not used of the 2 min in total of the galvanostatic measurement as it 

was not from the begin on constant. Each measurement was repeated three times preparing a 

new WE from the same catalyst film obtained by vacuum filtration, see chapter 2.2.1 for details. 

The determination of the OER activity was used in performance testing of a commercial OER 

catalyst in a gas diffusion electrode setup discussed in manuscript VII in chapter 3.7. 

 

2.3.3. UV/vis Spectroscopy 

UV/vis spectroscopy can be used to identify compounds, e.g., in a reaction mixture. Exposing 

the sample to ultraviolet and visible light, the intensity of the transmitted light through the sam-

ple I is compared to the reference (background) spectrum I0. When the ground state of a com-

pound in the sample is excited by the induced UV/vis light of a certain wavelength the intensity 

of the transmitted light is reduced as compared to the reference spectrum. At that certain wave-

length is then an absorbance maximum found based on Lambert-Beer’s law with the absorbance 

A, the transmission T, the molar decadic extinction coefficient ε, the concentration of the ab-

sorbing compound c, and the pathlength of the sample:92,93
 

A = - log(T) = - log (
I

I0

) = ε c d (3) 

When the sample is enough diluted to enable the light transmission, those absorbance maxima 

can be assigned to certain compounds of the sample (but not every time unambiguously).  

To trace the reduction of the reaction mixture and identify intermediates in the polyol process 

UV/vis spectroscopy was used in manuscript I, see chapter 3.1. The measurement was done in 

a Quartz cuvette using the solvent EG as background spectrum and for the dilution of the sam-

ple. 

 



Experimental Methods        14 

2.3.4. Transmission and Scanning Electron Microscopy 

Different techniques to analyze the particle size are used in the field of heterogenous (elec-

tro)catalysis. In the electron microscopy an electron beam is induced and the interaction of the 

electrons with the sample (electron scattering) is displayed.94 In general it is distinguished be-

tween the two different setups of transmission and scanning electron microscopes. 

 

Transmission electron microscopy (TEM) 

The most common technique is TEM. Metal NPs or metal particles supported on carbon are 

deposited onto a carbon film of a TEM grid.95 Due to the higher mass of the metal particles as 

compared to the carbon, more electrons are scattered, hence a less intense electron beam reaches 

the image plane and the metal particles are seen darker than the carbon areas.94 The particle size 

of spherical particles can be determined by measuring the diameters of the dark spots on the 

TEM images. A statistical evaluation is often done by measuring typically at least 200 particles 

(I was involved in one of the cited studies).9,63,96 TEM was intensely used for particle size de-

terminations in the manuscripts I and II in chapter 3.1 and 3.2, and in the manuscripts III and 

V, see chapter 3.3 and 3.5, to show the particle size for the pristine catalysts as compared to 

SAXS results.  

Additionally identical location (IL) TEM of electrocatalysts is performed in literature to inves-

tigate particle size changes of certain particles on so called finder grids, i.e., the grid is marked 

with letters, in electrochemical studies.97,98 The TEM grid is used as WE and the particles on 

the marked spots are analyzed before and after the electrochemical treatment. Thereby, the deg-

radation mechanisms, that the NPs on the marked spots of the electrocatalysts experience, can 

be identified (I was involved in one of the cited studies).28,35,99–103  

There are serval limitations found in TEM imaging as particle size analysis technique: The 3D 

catalyst film are shown as a 2D image, so thin films are needed transmitting enough electrons.94 

Such thin films are reached, e.g., by intense dilution of a NP dispersion or catalyst ink. In addi-

tion, it is only possible to investigate very small parts of the sample, hence TEM is a very local 

technique,56,94,101 and the selection of the images of the NPs or catalyst being analyzed is user 

dependent. Furthermore, depending on the quality of the TEM images, i.e., contrast and reso-

lution, as well as the user measuring the particles sizes, the results of the particle diameters can 

variate. 

 

Scanning electron microscopy (SEM) 

SEM by comparison achieves less resolution than TEM, hence size measurements of small NPs 

is not possible. However, 3D microscopic imagining is possible.94 In SEM different phenomena 

of electron interactions with the sample as secondary or backscattering electrons scattering 

through large angles are used to change, e.g., the contrast or surface-sensitivity on the image 

by using different detectors.94,104 As the higher mass of elements leads to higher yields of 

backscattering electrons, lighter spots as compared to lighter elements are seen on the SEM 

image when the detector for backscattering electrons is used. On the contrary, the contrast in 

images yielding from secondary electrons cannot be clearly interpretated.104  
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Additionally, it is often possible to perform energy-dispersive X-ray spectroscopy (EDS) in an 

SEM instrument. The electron beam injects electrons from the inner shells. By filling that hole 

with an electron from an upper shell an X-ray with a characteristic energy per element according 

to the energy difference of the two orbitals from the different shells is emitted.104 In manuscript 

VII EDS element mapping of a SEM cross-section of an Ir catalyst film deposited onto the C 

based GDL is investigated, see chapter 3.7. 

 

2.3.5. Small Angle X-Ray Scattering (SAXS) 

While TEM is a local technique, SAXS permits the particle size analysis over the whole cata-

lyst,56,101 thus SAXS was established as analysis technique in the last years.28,50,77,101 In SAXS 

the scattering intensity of the sample in a certain range of the scattering vector q (unit Å-1) is 

detected. Before an analysis of those scattering data is possible after sample preparation, a cal-

ibration of the SAXS instrument, and a proper background subtraction are required. 

 

Sample preparation and calibration 

As compared to TEM a larger amount of sample is needed. The catalyst films prepared by 

vacuum filtration as described in chapter 2.2.1 with a realistic PEMFC loading78 of 0.2 mgPt 

cm-2 can be used as-prepared for SAXS measurements. In manuscript III it is shown that it is 

even possible to measure ex situ SAXS with the Nafion® membrane on top of the catalyst film. 

Before starting the measurement the sample-detector distance needs to be calibrated that is typ-

ically done by using silver behenate as it is scattering strongly with defined spacings between 

the diffraction peaks105,106 as presented for the first time by Huang et al.107 Additionally, an 

important step is the scaling of the intensity to enable the extraction of information about the 

volume fractions, the surface area, or the number of particles.108 The scaling can be done by a 

direct calibration or using, e.g., glassy carbon as secondary calibration standard.108,109 The ob-

tained calibration factor is then multiplied with the measured intensity to generate the intensity 

in absolute units.109 

 

Background subtraction 

For SAXS measurements, a crucial aspect is the background subtraction and hence the back-

ground measurement. At synchrotron facilities anomalous SAXS110 or measurements in the 

grazing incidence configuration111–113 (as used in manuscript V, see chapter 3.5) can be per-

formed operando. However, those techniques are not available at all SAXS synchrotron beam-

lines and not at laboratory X-ray sources. Alternatively, background measurements can be done 

in a separate experiment leading often to difficulties in data normalization.110  

A new WE design enables that the catalyst layer and substrate are experiencing the same AST 

treatment. This spot on the substrate can be measured as background by operando SAXS, see 

Figure 3. By preparing a catalyst film by vacuum filtration homogenous catalyst films are gen-

erated, where punchouts with defined catalyst amounts can be used in electrochemical testing, 

as described in chapter 2.2.1. Such a punchout consisting of a catalyst layer deposited on a GDL 
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was placed in the middle of a frame of catalyst free GDL and both were glued to Kapton tape, 

see Figure 3. Next to the catalyst layer metal free spots experience the same AST protocol in 

the operando cell presented by Binninger et al.114 By moving the cell this metal-free spots can 

be moved into the beam for operando background measurements. This technique was presented 

and used in manuscript IV in operando SAXS measurements at a laboratory X-ray source but 

can also be used in synchrotron studies especially when anomalous SAXS and the grazing in-

cidence mode are not possible. 

 

Figure 3. Sketch of the new designed WE (diameter 5 mm) with a Pt/C catalyst deposited on a GDL placed in the 

middle of a GDL that were glued to Kapton tape enabling background measurements of a spot experiencing the 

same treatment as the sample, e.g., at an X-ray lab source. © IOP Publishing. Reproduced with permission from 

J. Phys. D: Appl. Phys., 2021, 54, 294004. All rights reserved. 

 

Fitting of scattering data 

After background correction the SAXS data are fitted, e.g., by a model of polydisperse spheres 

where it is assumed that the total volume of particles of a certain size is log-normal distributed, 

i.e., the distribution is volume-weighted. Based on that model for a bimodal catalyst consisting 

of two distinguishable size population the fitting is done according to 

I(q) = A·q-n + C1 ∫ PS1(q, R) V1(R) D1(R) dR + C2 ∫ PS1(q, R) V2(R) D2(R) dR (4) 

I(q) is the radially averaged intensity as a function of the scattering vector q that is defined with 

the wavelength λ and the scattering angle 2θ as115 

q = 4π ∙ sin(θ) / λ (5) 

The free parameters A, n, R1, R2, σ1, σ2, C1, C2 from equation (4) used in the fitting of the model 

of two polydisperse spheres and volume-weighted log-normal distributions are discussed in 

detail in the following: 

1. The term A·q-n is the power law to consider the behavior at low q values (i.e, large particle 

sizes) with A and n as free parameters and the scattering vector q.116 

2. C1 and C2 are scaling constants. 

3. PS1 and PS1 are the hard-sphere form factors117–119 normalized by the particle volume V1 

or V2 defined by 
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Ps(q,R)= (3
sin(qR)-qRcos(qR) 

(qR)3
)

2

 (6) 

4. D1 and D2 are the log-normal distributions of the two polydisperse spheres120,121: 

D(R)=
1

Rσ√2π
exp (-

1

2
(

ln(R) -ln(R0)

σ
)

2

) (7) 

5. σ2 is the variance of the log-normal distribution121: 

σ2=(exp(σ2)-1) exp(2 ln(R0) +σ2) (8) 

6. R0 is the geometric mean radius of the log-normal distribution121 (in Å): 

R0= exp (ln(R0)+
σ2

2
) (9) 

To determine the mean particle size, i.e., diameter, and standard deviation σ = √σ2 in nm 

a factor of 0.2 needs to be multiplied to the equations (8) and (9). 

The use of two individual populations for the fitting of the background subtracted SAXS data 

of the bimodal catalyst (with two distinguishable particle sizes) necessitates a weighting of the 

scaling factors of the two populations to obtain a merged probability density. Depending on this 

weighting, e.g., by the surface contribution of the two size populations the electrochemical con-

tribution of the populations is pointed out in the intensities of the probability densities. 
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3. Discussion of Appended Manuscripts 

In the third chapter seven manuscripts, I was involved in, that are appended to this dissertation, 

are discussed starting with a description, followed by specifying my contribution to the work, 

and finally presenting the most important findings. 

Manuscript I to V are about the topic of PEMFCs. 

• Manuscript I is discussing the synthesis mechanism of Pt NPs in the polyol process as a 

potential cathode material for fuel cells based on a visible light induced reduction.  

• Manuscript II is studying the precursor and base anion influence on the particle size 

control in the polyol synthesis of Pt NPs. 

• Manuscript III deals with degradation studies of fuel cell catalysts under realistic condi-

tions in a GDE setup performing ex situ SAXS analysis. 

• Manuscript IV and V are about degradation studies by operando SAXS using a lab X-

ray source or coupled to operando WAXS at a synchrotron, respectively. 

Manuscript VI and VII deal with the topic of electrolysis. 

• Manuscript VI is about UV-light induced Ir NP synthesis as potential anode material for 

PEMWEs.  

• Manuscript VII deals with the performance testing of an Ir catalyst under realistic con-

ditions of a PEMWE in a GDE setup.  
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3.1. Manuscript I: 

 

The results shown in this chapter are excerpts from the publication 

 

J. Schröder, S. Neumann, S. Kunz 

 

Visible-Light-Induced Synthesis of “Surfactant-Free” Pt Nanopar-

ticles in Ethylene Glycol as a Synthetic Approach for Mechanistic 

Studies on Nanoparticle Formation 

 

J. Phys. Chem. C, 2020, 124, 21798-21809. 

 

https://doi.org/10.1021/acs.jpcc.0c06361 

Articles on request author-directed link 

 

 

 

 

https://doi.org/10.1021/acs.jpcc.0c06361
http://pubs.acs.org/articlesonrequest/AOR-JIIZBEVDZUSZZFNCGGNW
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Description 

The preparation of “surfactant-free” Pt NPs by the polyol process in alkaline conditions induced 

thermally (in a heated oil bath or by microwaves), or by UV-light was thoroughly investi-

gated.44,49,50,58 Schrader et al.44 and Quinson et al.50 reported a size control of the Pt NPs by 

varying the amount of OH-. Additionally, the stability and size influences due to the cations of 

the base was investigated by Quinson et al.58 Despite many reports and the great potential for 

catalytic applications43,122–124 the mechanism of the Pt NP formation in the polyol process is 

poorly understood.72 Usually NP formation is proposed to follow the LaMer model as described 

in chapter 2.1.3.67–70 Reducing the dissolved metal precursors leads to the so-called monomers. 

The simple kinetic LaMer model is suitably describing specific systems.67–70 However, reports 

question its validity for the polyol process.50 Quinson et al.50 described that the OH- does not 

only stabilize the “surfactant-free” Pt NPs, but the authors suggest that it also stops the growth 

process during the synthesis. The formation mechanism was in that study not further discussed 

but the ratio of OH- to Pt surface atoms seem to be constant.50 This indicated that rather the OH-

/Pt ratio determines the final particle size than the kinetics as in the LaMer model. However, a 

clear understanding of the determining factor for the particle size is still missing.  

Due to the indication that the particle size is not controlled by kinetics a slowing down of the 

particle formation would be beneficial to investigate intermediates during the synthesis. Previ-

ous reports showed that the reduction by UV-light is slowing down the formation process (to 

ca. 2 h)49 as compared to the thermal- or microwave-induced synthesis (ca. 3 min)44. Those 

reports were proposing that the NP formation is induced by UV light as part of the daylight as 

the absorbance maximum of the used precursor H2PtCl6 is found in the UV light region (at ca. 

265 nm).51 Showing that visual light can be used to induce Pt NP formation, a reduction and 

particle growth mechanism for the polyol synthesis using H2PtCl6 and H2PtBr6 as metal precur-

sors is proposed. 

 

Contribution to the Work 

I synthesized the Pt NPs and designed the experiments together with S. Kunz. I performed the 

UV/vis and FTIR spectroscopy and prepared the TEM samples. I analyzed the TEM images 

that were taken by S. Neumann. I analyzed mass spectroscopy data that were taken by the spec-

trometry services at the University of Bremen (Institute of Organic and Analytical Chemistry) 

and University of Bern (Department of Chemistry and Biochemistry). S. Kunz and I wrote the 

first draft of the manuscript, which was read and commented by all authors. 

 

Most Important Findings 

Visible-light-induced reduction of H2PtCl6 under varying wavelength 

Exposing H2PtCl6 in presence of NaOH in EG with different wavelengths (400-650 nm) shows 

that NP formation is possible over a long range of visible light despite previous reports.49,51 

This is unexpected as the precursor has an absorbance maximum in the UV range at 265 nm.51 

As compared to UV light induced syntheses49 the reduction takes up to 24 h. The observed NP 

formation rate changes depending on the wavelength of the exposed light with a maximum at 
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500 nm, see Figure 4. In the reduction of H2PtCl6 the irradiation after 24 h with wavelengths of 

600 and 650 or 400 nm does not lead to NPs or not enough to process, respectively. The optical 

analysis of the reaction mixture during the reduction shows three distinguishable reduction 

phases: The yellow precursor solution (bordered in yellow in Figure 4) is first reduced to a 

colorless solution (bordered in blue) before the brown dispersion indicating the NP formation 

is reached. The NP formation can be followed by UV/vis spectroscopy as the absorbance max-

imum of the precursor solution is at 265 nm51, while the formed intermediate is not showing a 

UV/vis absorbance, and due to the scattering of the NPs a substantial increase of absorbance is 

seen after particle formation, see Figure 5. The particle size of 1.3 ± 0.5 nm after exposure with 

500 nm for 24 h is comparable to thermally formed NPs44. 

 

Figure 4. Photos of the reaction mixtures of H2PtCl6 in EG using an OH-/Pt ratio of 24.4 after exposure with 400, 

450, 500, 550, 600, and 650 nm for 3, 4, 5, 6, and 24 h. The yellow precursor solution (bordered in yellow) is 

reduced to a colorless intermediate (bordered in blue) before the brown NP dispersion is formed. Reprinted with 

permission from J. Phys Chem. C 2020, 124 (39), 21798-21809. Copyright 2020 American Chemical Society. 

 

Figure 5. UV/vis spectra of the reaction mixtures of H2PtCl6 in EG and an OH-/Pt ratio of 24.4 after exposure with 

400, 450, 500, 550, 600, and 650 nm for 24 h. Reprinted with permission from J. Phys Chem. C 2020, 124 (39), 

21798-21809. Copyright 2020 American Chemical Society. 

 

Visible-light-induced reduction of H2PtBr6 under varying wavelength 

Reducing H2PtBr6 by visible light using wavelengths between 400 and 600 nm leads to stable 
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NP dispersions after 24 h. The maximum reduction rate is found again at a wavelength of 450 

or 500 nm. Although the reduction rate in the visible light induced reduction of H2PtBr6 is in-

creased as compared to the reduction of H2PtCl6, the particle sizes are comparable (between 

1.4 ± 0.3 and 1.6 ± 0.4 nm as compared to 1.3 ± 0.5 nm for the reduction of H2PtBr6 as com-

pared to H2PtCl6, respectively). Therefore, the particle formation is halide independent although 

the particle formation rate (the intermediate reduction) is precursor dependent. As discussed in 

chapter 2.1.3 the LaMer model is a kinetic model, hence if the particle formation is following 

the LaMer model, only kinetics determines the final particle size. According to the LaMer 

model, at a low reduction rate, as in the visible light induced synthesis, the monomer concen-

tration is only slowly increasing. Thus, the consumption rate of the monomer due to nucleation 

should be higher as the monomer formation rate resulting in a rapid fall of the monomer con-

centration below the nucleation threshold. The LaMer model therefore predicts small particle 

for high reduction rates and large particle at a low reduction rate. However, despite different 

time scales (24 h in visible light induced reduction) the particle sizes are comparable to NPs 

prepared by a thermal (90 min)44 or microwave based (3 min)50 reduction. Hence, it seems that 

the LaMer model does not correctly describe the reduction mechanism for the polyol process. 

 

Figure 6. Photos of the reaction mixtures of H2PtBr6 in EG using an OH-/Pt ratio of 24.4 after exposure with 400, 

450, 500, 550, 600, and 650 nm for 3, 4, 5, 6, and 24 h. Reprinted with permission from J. Phys Chem. C 2020, 

124 (39), 21798-21809. Copyright 2020 American Chemical Society. 

 

Visible-light-induced reduction of H2PtCl6 at different OH-/Pt ratios 

Additionally, the change of OH-/Pt ratio in the reduction of H2PtCl6 influences the NP formation 

rate in visible light induced NP synthesis. Decreasing the OH-/Pt ratio from 24.4 to 5.3 in the 

reduction of H2PtCl6 leads to a decrease of the reduction rate, see Figure 7. In previous inves-

tigations in the thermal reduction of H2PtCl6 no particle formation was observed below an OH-

/Pt ratio of six.44 This ratio is necessary to neutralize the OH- formed during the reaction. There-

fore, the use of OH-/Pt ratios above six led to the expected alkaline pH after the reduction re-

sulting in stable particle for several weeks. At an OH-/Pt ratio of 3.0 no NPs are formed, hence 

a certain amount of OH- seems to be necessary to initiate the nucleation. However, at OH-/Pt 

ratios of 4.6 and 5.3 stable particles are formed showing that the visible light induced reduction 

enables the NP formation at low OH-/Pt ratios that are not accessible in thermal reduction.44  
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Figure 7. Photos of the reaction mixtures of H2PtCl6 in EG after exposure with 500 nm for 3, 4, 5, 6, and 24 h 

using OH-/Pt ratios of 24.4, 12.2. 9.1, 6.1, 5.3, 4.6, and 3.0. Reprinted with permission from J. Phys Chem. C 2020, 

124 (39), 21798-21809. Copyright 2020 American Chemical Society. 

 

Figure 8. Representative TEM images, averaged NP sizes, and size distributions after exposure with 500 nm for 

24 h using OH-/Pt ratios of (a) 12.2, (b) 9.1, (c) 6.1, (d) 5.3, and (e) 4.6. The TEM images (d) and (e) show particle 

agglomeration. Reprinted with permission from J. Phys Chem. C 2020, 124 (39), 21798-21809. Copyright 2020 

American Chemical Society. 

The visible light induced synthesis leads to a particle size increase from 1.3 ± 0.5 nm to 

2.0 ± 0.4 nm decreasing the OH-/Pt ratio from 24.4 to 6.1, see Figure 8. Interestingly, the same 

trend is observed in the thermal (oil bath44 or microwave50) and UV light induced49 reduction 

of H2PtCl6. The same size control despite different time scales indicates again that the LaMer 

model is not suitable to describe the polyol process. 
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Visible-light-induced reduction of H2PtBr6 at different OH-/Pt ratios 

 

Figure 9. Photos of the reaction mixtures of H2PtCl6 in EG after exposure with 500 nm for 3, 4, 5, 6, and 24 h 

using OH-/Pt ratios of 24.4, 12.2. 9.1, 6.1, and 5.3. Reprinted with permission from J. Phys Chem. C 2020, 124 

(39), 21798-21809. Copyright 2020 American Chemical Society. 

 

Figure 10. Representative TEM images, averaged NP sizes, and size distributions after exposure with 500 nm for 

24 h using OH-/Pt ratios of (a) 12.2, (b) 9.1, (c) 6.1, (d) 5.3, and (e) 5.3 after 3 h of irradiation. Reprinted with 

permission from J. Phys Chem. C 2020, 124 (39), 21798-21809. Copyright 2020 American Chemical Society. 

In the visible light induced reduction of H2PtBr6 the change of the OH-/Pt ratio influences the 

NP formation rate as well. Decreasing the OH-/Pt ratio from 24.4 to 6.1 shows again a decrease 

in the reduction rate, see Figure 9. The strongly increased formation rate is observed at the OH-

/Pt ratio of 5.3 as compared to the reduction of H2PtCl6. Interestingly, despite different for-

mation rates of the reduction of H2PtBr6 as compared to H2PtCl6 in the visible-light-induced 

synthesis and different time scales as compared to a thermal or microwave-based reduction the 

decreased OH- amount results in a comparable size control, see Figure 10.50 
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Proposed NP formation mechanism 

This work supports the work of Quinson et al.50 proposing that the particle size is determined 

by the ratio of OH- to Pt surface atoms. However, the finding of this work that the particle size 

control is independent of the reduction rate, i.e., kinetics, cannot be explained by the LaMer 

model. Therefore, a new NP formation mechanism is proposed, see Figure 11. As no particles 

or not stable particles are formed without49 or at very low NaOH concentrations44, OH- seems 

to play a crucial role.  

(I) In a first step the halide ligands from the precursor are probably exchanged by OH- 

forming halide hydroxy mixed platinum complexes. Not Ostwald ripening (this oc-

curs at higher temperatures, i.e., 150 °C, after 17 h (a study I was involved in is 

cited)54) but other thermodynamic aspects depending on the hydroxide concentra-

tion determine the finial particle size. Already the first formed Pt0 are supposed to 

be influenced by this dependency of OH- to Pt surface atoms.  

(II) It is assumed that the halide hydroxy platinum complex is reduced to form the mon-

omers. It is shown in the time-dependent UV/vis spectra that at room temperature 

under exposure to visible light the intermediate is fast formed, while the complete 

reduction to NPs takes a long time. Additionally, the UV/vis absorption maximum 

of the intermediate in the reduction of H2PtBr6 is observable for a long time (6 h) 

(noted that the intermediate in the reduction of H2PtCl6 is not visible in UV/vis spec-

troscopy). As the formation step of the monomer is slow as compared to the inter-

mediate, the monomer formation (fully reduced precursor) seems to be the kinet-

ically relevant step and not the intermediate formation (partially formed precursor). 

Furthermore, the monomer formation seems to preferentially occur under light ex-

posure with a wavelength of 500 nm. 

(III) Freshly formed single Pt atoms try to bind further Pt atoms or ligands instead if no 

Pt is available. OH- binds facile to Pt in alkaline solutions.125 During the begin of 

the reduction a few monomers are expressed to a high OH- concentration, hence 

enough OH- is present to stabilize the monomers. Afterwards, the formed Pt mono-

mers can according to the equilibrium reaction react back to the intermediate or co-

alesce with other Pt atoms stabilized by OH- forming dimers, trimers, etc. The for-

mation to Pt bulk is thermodynamically preferred to the oxidation forming the in-

termediate as Pt is a noble metal. Therefore, the monomers favorably form NPs 

which size is limited by the ratio of OH- to Pt surface atoms. Although it was shown 

before that CO is additionally bonding to the Pt surface44,50 it is not understood when 

this starts to happen. The strong CO band in FTIR spectroscopy above 2000 cm-2 

known from the thermal reduction,44 is not observable for the Pt NPs synthesized by 

visible light. The stabilization by CO seems hence only be happing at high temper-

atures. 

Besides the size control due to OH- the amount of OH- is also stabilizing the NPs. 

As in the thermal reduction of H2PtCl6 at low OH- concentrations no stable particles 

can be formed, CO alone does not seem to sufficiently stabilizes particles.44 Bro-

mide on the other hand seems to stabilize NPs additionally being in line with the 

stronger bonding of bromide to Pt as compared to chloride.125 Therefore, the 
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proposed NP formation mechanism is not valid at low OH- concentrations. 

The unsuccessful seed-mediated growth experiments performed for this study, see chapter 2.1.3 

for experimental details, are explainable within the proposed mechanism. At high OH-/Pt ratios 

it is assumed that no seed growth but reduction of the precursor forming particles with a size 

determined by the amount of OH- is occurring. At low enough OH-/Pt ratios that should allow 

particle growth, the missing growing of the NPs is explainable by the lack of free OH- in the 

reaction mixture. The OH- added by the as-prepared NP dispersion is bond to the particles and 

hence not accessible to form the reactive intermediate. Consequently, based on the suggested 

reduction mechanism the reaction is stopped and again no particle size increase is observed. 

 

Figure 11. Proposed NP formation mechanism by (I) forming an intermediate by a partial substitution of the halides 

by hydroxide ions, (II) further reduction to Pt0 atoms stabilized by hydroxide, and (III) dimer and trimer formation 

of Pt0 leading to the final NPs with a size determined by the ratio of hydroxide to Pt surface atoms. Reprinted with 

permission from J. Phys Chem. C 2020, 124 (39), 21798-21809. Copyright 2020 American Chemical Society. 
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3.2. Manuscript II: 

 

The results shown in this chapter are excerpts from the publication 

 

J. Schröder, S. Neumann, J. Quinson, M. Arenz, S. Kunz 

 

Anion Dependent Particle Size Control of Platinum Nanoparticles 

Synthesized in Ethylene Glycol 

 

Nanomaterials, 2021, 11, 2092. 

https://doi.org/10.3390/nano11082092 (Open Access) 

 

https://doi.org/10.3390/nano11082092
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Description 

The versatile polyol approach enables the synthesis of “surfactant-free” Pt NPs to prepare tai-

lored53,122,124 CO oxidation (I was involved in one of the cited studies, that I frequently refer to 

in the discussion of manuscript II)54,55 or fuel cell50,56 catalysts. While the metal salt (i.e., pre-

cursor, as H2PtCl6) is reduced in presence of a base (e.g., NaOH) the solvent EG oxidates form-

ing glycolaldehyde, glycol acid, oxalaldehyde, and oxalic acid or two CO molecules that adsorb 

to the Pt NP surface.44,52 The protons formed during the reduction are neutralized by OH- form-

ing water.49 The importance of OH- stabilizing and determining the NP size in the reduction of 

the precursor H2PtCl6 in EG was shown by Schrader et al.44 and Quinson et al.50. Additionally, 

it is shown in literature that the Li+, Na+, K+, or Cs+ cations in the hydroxide base do not affect 

the size or stability of the particles in EG.58 However, the thermal reduction of H2PtCl6 or 

H2PtBr6 for a time period of 17 h (NaOH as base, 150 °C) leads to an increase in particle size 

due to halide induced leaching and subsequent Ostwald ripening. The size of the NPs synthe-

sized from the halide-free precursor Pt(acac)2 (acac- is the abbreviation of the acetylacetonate 

anion) remains constant during the same period.54 The higher leaching ability of bromide as 

compared to chloride leads to a larger particle size in the thermal reduction of H2PtBr6, but the 

halide-free Pt(acac)2 results in particles with a size of 3 nm.54 In manuscript I, see chapter 3.1, 

the reduction of H2PtCl6 or H2PtBr6 in the visible light induced reduction at room temperature 

in presence of NaOH, where Ostwald ripening is excluded, a comparable size control depending 

on the OH-/Pt ratio is observed that was used for mechanistic investigations of the polyol ap-

proach. Both results together can be seen as an indication for particle size control by the base 

anion in the polyol method. The NP size control in the reduction of the precursors H2PtCl6
44,50 

(and Manuscript I) or Pt(acac)2
54 in presence of NaOH was studied before. As compared to 

those results the reduction of the precursors H2PtCl6 or Pt(acac)2 in presence of different 

amounts of the base Na(acac) is investigated in the presently discussed manuscript. Further-

more, another halide-free precursor H2Pt(OH)6 is reduced in presence of different amounts of 

the bases NaOH or Na(acac). 

 

Contribution to the Work 

I designed the experiments together with S. Kunz. S. Neumann and J. Quinson took TEM im-

ages that I analyzed. S. Kunz and M. Arenz supervised the research. S. Kunz and I wrote the 

first draft of the manuscript, that was read, and commented by all authors. 

 

Most Important Findings 

Thermal reduction in presence of NaOH 

The size control by OH- was so far studied in the presence of varying cations58 or halides.54 

Therefore, in the discussed manuscript the reduction of the halide free precursor H2Pt(OH)6 is 

investigated in presence of varying amounts of OH- to see if the size is again controlled by the 

OH-/Pt ratio. Unfortunately, the dissolution and reduction steps of H2Pt(OH)6 cannot be sepa-

rated as the turbid reaction mixture changed in color from white to yellow and further to brown 

before obtaining the brown NP dispersion. Nevertheless, it is tried to use a comparable protocol 

as in the thermal reduction of H2PtCl6 and H2PtBr6 by stirring H2Pt(OH)6 in presence of NaOH 
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in EG in a preheated oil bath at 150 °C. The amount of OH- is thereby considered in the calcu-

lation of the to be added amount of NaOH to generate the wanted OH-/Pt ratios. Using an OH-

/Pt ratio of 48.8 does not lead to a stable NP dispersion as observed before in the thermal re-

duction of H2PtCl6.
44 Reducing H2Pt(OH)6 thermally the OH-/Pt ratio of 24.4 shows after 25-

90 min of heating at 150 °C a few flocculated NPs while the majority remains stable after three 

days of storage. In contrast the NPs using OH-/Pt ratios of 12.2 (10-90 min of heating), 9.2 and 

7.6 (5-90 min of heating) remain stable during storing. While in the thermal reduction of 

H2PtCl6 the particle formation, i.e., the color change to dark brown, is independent of the OH-

/Pt ratio observed after ca. 3 min,44,50 it occurs faster the lower the OH-/Pt ratio in the reduction 

of H2Pt(OH)6, e.g., after ca. 25 min or ca. 1 min at an OH-/Pt ratio of 24.4 or 7.6, respectively. 

The different reduction behavior might indicate that in the absence of halides an alternative 

mechanism to the one proposed in manuscript I for the polyol approach. After a short heating 

period of 5-10 min narrow size distributions with a constant averaged particle size between 

1.2 ± 0.4 or 1.4 ± 0.3 nm for the OH-/Pt ratios between 12.2 and 7.6 are obtained, see Figure 

12.  

 

Figure 12. TEM images, particle size distributions, and averaged sizes with standard deviations of the thermally 

formed Pt NPs in the reduction of H2Pt(OH)6 in presence of varying OH-/Pt ratios of a) 12.2 (10 min of heating at 

150 °C), b) 9.2 (5 min), and c) 7.6 (5 min). Reprinted with permission from Nanomaterials, 2021, 11, 2092. 

Continuing heating the reaction mixtures for 90 min in total leads to an increase in particle size 

and quite large size distributions, see Figure 13. The particle size of 1.6 ± 0.4 nm observed at 

an OH-/Pt ratio of 24.4 is comparable to size results reported before (also in manuscript I) in 

other polyol syntheses at the same OH-/Pt ratio.44,50,54,58 Decreasing the OH-/Pt ratio to 12.2 

results in a NP size of 2.0 ± 0.7 nm being larger as compared to 1.4 ± 0.3 nm (OH-/Pt ratio of 

12.5) described for the reduction of H2PtCl6 by Quinson et al.50 Below an OH-/Pt ratio of 9.2 a 

constant particle size of around 2.5 is reached, while in the chloride containing system particle 

sizes of 2.1 ± 0.6 and 2.5 ± 0.3 for OH-/Pt ratios of 10 and 6.3 are observed, respectively.50 The 

larger standard deviations of the size distributions and the slightly different particle size results 

might be explainable by the absence of chloride leading to a reduced amount of leached Pt 

species54 or the missing separation of the dissolving and reducing steps of H2Pt(OH)6.  

To sum up, in the thermal reduction of H2Pt(OH)6 in presence of NaOH a size control depending 

on the OH-/Pt ratios can be reached that is slightly differing as compared to the before de-

scribed44,50,54,58 chloride containing system. The change of the precursor anion from chloride to 

OH- is hence only little influencing the size. In contrast, the use of acac- as precursor anion, i.e., 

the precursor Pt(acac)2, is according to Neumann et al.54 substantially increasing the particle 

size to ca. 3 nm. The comparison of the NP size results observed in the reduction of the three 
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different precursors H2PtCl6, H2Pt(OH)6, and Pt(acac)2 in presence of NaOH might be an indi-

cation that the reduction process is influenced by the precursor anion. 

 

Figure 13. TEM images, particle size distributions, and averaged sizes with standard deviations of the thermally 

formed Pt NPs in the reduction of H2Pt(OH)6 in presence of varying OH-/Pt ratios of a) 24.4, b) 12.2, c) 9.2, and 

d) 7.6 after 90 min of heating at 150 °C in total. Reprinted with permission from Nanomaterials, 2021, 11, 2092. 

 

Thermal reduction in presence of Na(acac) 

The anion acac- in the precursor Pt(acac)2, that is an organic anion and substantial larger as 

compared to OH- or chloride, results in larger particle sizes of ca. 3 nm as describe before.54
 

Based on the different character of the anion it could be assumed that the presence of the anion 

acac- leads to the size increase. Therefore, in the second part of the manuscript the thermal 

reduction of the three precursors H2PtCl6, H2Pt(OH)6, and Pt(acac)2 in presence of Na(acac) as 

base (instead of NaOH) is investigated. The question is if the amount of the base anion acac- 

leads to comparable trends in particle size depending on the precursor anion as observed for 

OH- or if comparable large NPs are obtained as observe in the reduction of Pt(acac)2 in presence 

of NaOH due to the presence of acac-.  

The thermal reduction of H2PtCl6 in presence of Na(acac) is substantially faster (ca. 1 min) as 

compared to NaOH (ca. 3 min44,50) and after more than 20 min of synthesis time sintering and 

flocculation of the particles are observed. Based on these different observations it seems that 

the stabilization role of OH- cannot be taken over by acac- and chloride. Based on that, the 

assumption could be that the NPs are less protected against a chloride attack leading to Ostwald 

ripening and hence larger particles as compared to the reaction mixture in presence of NaOH. 

However, after 10 min of reduction for acac-/Pt ratios between 5.4-48.8 stable particles with a 

size between 1.4-1.9 nm are obtained, see Figure 14, while after longer reduction periods the 

NPs are sintering. Using acac-/Pt ratios below 5.4 result in sintered NPs already during the 

synthesis, while the high acac-/Pt ratio of 48.8 leads to particles that are stable for several days. 
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Although, in the reduction of H2PtCl6 the presence of Na(acac) as compared to NaOH is influ-

encing the rate and the stability, a comparable particle size without Ostwald ripening is seen in 

presence of the base Na(acac) as compared to reduction when NaOH is present. This could be 

explained by a possible chloride induced leaching without the following Ostwald ripening that 

was described after long heating periods by Neumann et al.54   

 

Figure 14. TEM images, particle size distributions, and averaged sizes with standard deviations of the thermally 

formed Pt NPs in the reduction of H2PtCl6 in presence of varying acac-/Pt ratios of a) 48.8, b) 24.4, c) 12.2, d) 9.2, 

e) 6.1, and f) 5.4 after 10 min of heating at 150 °C. Reprinted with permission from Nanomaterials, 2021, 11, 

2092. 

 

Figure 15. TEM images, particle size distributions, and averaged sizes with standard deviations of the thermally 

formed Pt NPs in the reduction of H2Pt(OH)6 in presence of varying acac-/Pt ratios of a) 48.8, b) 24.4, c) 12.2, d) 

9.2, e) 6.1, and f) 4.6 after 90 min of heating at 150 °C. Reprinted with permission from Nanomaterials, 2021, 11, 

2092. 
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The thermal reduction of H2Pt(OH)6 in presence of Na(acac) results in stable NPs after 90 min 

using acac-/Pt ratios between 4.6 and 48.8. At high acac-/Pt ratios of 48.8 and 24.4 a constant 

particle size of 1.7 ± 0.5 and 1.7 ± 0.4 nm is obtained, see Figure 15. The decrease of the acac-

/Pt ratio to 4.6 leads to a size increase to 2.2 ± 0.7 nm. This size increase is comparable to the 

results observed in the first part of the manuscript in the reduction of H2Pt(OH)6 in presence of 

NaOH. There might be a slight trend reaching smaller particles at a certain acac-/Pt ratio as 

compared to the same OH-/Pt ratio. The same amount of OH- is used by changing the acac-/Pt 

ratio, hence the slightly smaller particles could be explained by the “ligand” interaction of acac- 

and OH- that are stabilizing the particle surface. 

 

Figure 16. TEM images, particle size distributions, and averaged sizes with standard deviations of the thermally 

formed Pt NPs in the reduction of Pt(acac)2 in presence of varying acac-/Pt ratios of a) 24.4, b) 12.2, c) 9.1, d) 6.1, 

e) 5.4, and f) 4.6 after 150 min of heating at 150 °C. Reprinted with permission from Nanomaterials, 2021, 11, 

2092. 

The thermal reduction of Pt(acac)2 in the presence of Na(acac) results in NPs that remain stable 

for several hours, although particle agglomeration is seen on the TEM images, see Figure 16. 

Most of the samples show after a day of storage yellow to light brown solids precipitated on the 

wall and bottom of the glass vials that is without further characterization assumed to contain 

organic compounds as acac- that are insoluble in EG at room temperature. While at an acac-/Pt 

ratio of 48.9 no stable particles can be obtained, in the range between acac-/Pt ratios of 24.4 and 

4.6 the NP size is found to be between 2.9 ± 0.4 and 3.7 ± 0.7 nm (at acac-/Pt ratios of 5.4 and 

6.1, respectively). To reach particle sizes above 3 nm in the reduction of H2PtCl6 in presence 

of NaOH Quinson et al.50 show that substantial reduced OH-/Pt ratios of 5.5 or lower are nec-

essary leading to agglomeration on the TEM grid. This difference might be originated in the 

larger size of acac- as compared to OH- as less acac- anions are located on the surface of the Pt 

particles due to their sterically hindering. Therefore, the particle surface is even at high acac- 

concentrations fast saturated with substantial less anions leading to less negative charge situated 

on the particle surface that reduces the Coulomb repulsion between the particles and hence 

increase the probability of agglomeration.  
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The large particle sizes generated by reducing Pt(acac)2 in presence of Na(acac) are in agree-

ment with 3.0 ± 0.3 nm reported by Neumann et al.54 for the reduction of Pt(acac)2 in presence 

of NaOH as base. Therefore, the large particle sizes are obtained independent of the amount of 

the base anion and only due to the use of the precursor Pt(acac)2. Comparing the results of the 

six before discussed combinations of the precursors H2PtCl6, H2Pt(OH)6, and Pt(acac)2 in pres-

ence of the bases NaOH or Na(acac), the particle sizes seem to be controlled by the character 

of the precursor while the base anion seem to be less important. The character of the precursor 

is expected to be only at the beginning of the NP formation process important, so the size control 

by the precursor could be explained as follows. The reduction rate is influenced by the Pt salt, 

i.e., the required time for a “ligand” exchange with the base anion or the Pt reduction. The rate 

of the “ligand” exchange is determined by the anion equilibrium and the binding strength of the 

anions (OH-, acac-, or chloride) to the Pt surface. Because of the expected location of the anions 

on or binding to the surface the bond properties of the anions are important in the continuing 

reduction and growth process. The experimental observations are that smaller NPs are obtained 

when smaller anions (i.e., OH-) are present while larger particles arise from less small or large 

anions (i.e., OH- or acac-, respectively). When larger ligands are used, less of them can be lo-

cated at or bond to the Pt surface. Therefore, even at high anion concentrations of the sterically 

demanding acac- ligands their availability to stabilize the NPs is reduced due to less present 

charge on the surface resulting in larger particles. The same large particles are obtained inde-

pendent of the amount of NaOH or Na(acac) in the reduction of Pt(acac)2, hence acac- (from 

the precursor) seem to bind strongly to the Pt and determines the particle size independent of 

the present anions. Consequently, not the bonding length but the shielding of the acac- seem to 

be the size determining step by reducing the amount of bound acac- to the Pt surface or prevent-

ing a ligand exchange by OH- in the presence of the base NaOH. 
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3.3. Manuscript III: 

 

The results shown in this chapter are excerpts from the publication 

 

J. Schröder, J. Quinson, J. K. Mathiesen, J. J. K. Kirkensgaard, S. Alinejad, V. A. Mints, K. M. 

Ø. Jensen, M. Arenz 

 

A new Approach to Probe the Degradation of Fuel Cell Catalysts 

under Realistic Conditions: Combining Tests in a Gas Diffusion 

Electrode Setup with Small Angle X-Ray Scattering 

 

J. Electrochem. Soc., 2020, 167, 134515. 

 

https: doi.org/10.1149/1945-7111/abbdd2 

https://doi.org/10.26434/chemrxiv.12263804.v2 (Open Access Preprint) 

 

https://iopscience.iop.org/article/10.1149/1945-7111/abbdd2
https://doi.org/10.26434/chemrxiv.12263804.v2
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Description 

As a promising alternative to replace combustion engines in vehicles, PEMFCs using Pt al-

loys126,127 as catalysts, e.g., PtCo in the Mirai automobile from Toyota,1 supported on high sur-

face carbon, are developed.33,128 The research was focusing for a long time on the development 

of highly active fuel cell catalysts129 but stability is equally important.32,33 Thereby, it is desired 

to perform stability tests under realistic conditions that are based on statistical statements. The 

catalyst use under realistic conditions and the acceleration of the degradation is simulated by 

performing ASTs (a study I was involved in is cited that I frequently refer to in the discussion 

of manuscript III),28,130 e.g., following protocols recommended by the Fuel Cell Commerciali-

zation Conference of Japan (FCCJ).83,84 Such AST measurements are usually done in classical 

RDE setups131 or in MEAs.132 Although a fast screening is possible in RDE measurements, 

unrealistic conditions as liquid electrolyte are applied. Due to small catalyst amounts in RDE 

measurements many repeats are necessary to obtain enough material for a SAXS analysis. 

MEAs on the other hand are used under realistic conditions but substantially more advanced 

equipment is required. Furthermore, the time consuming MEA testing is rarely performed with 

several repeats of a sample nor different catalysts are compared. A new approach to combine 

the advantages of both cell types for stability tests under realistic conditions is a GDE setup.27,28 

Alinejad et al.28 investigated the loss in surface area depending on the AST protocol in a GDE 

setup and the catalyst, i.e., 2-3 nm and 4-5 nm Pt/C. 

 

Figure 17. Scheme describing the structure of the used GDE setup where the O2 is passing the GDL, reaching the 

Pt catalyst, and reacting with the protons from the HClO4 electrolyte that are passing the Nafion® membrane and 

the electrons to water (left side) and the performance of ex situ SAXS on the cutouts of the GDE consisting of the 

catalyst layer and the Nafion® membrane (right side) after the performed accelerated stress tests. 

In the following discussed manuscript the GDE approach presented before27,28 is combined with 

the analysis of the particle size by SAXS before and after the AST, see Figure 17. Load-cycle 

conditions, i.e., steps between 0.6 and 1.0 VRHE, as described in chapter 2.2.2 are applied. Three 

different commercial Tanaka Pt/C catalysts that are often used as benchmark catalysts in RDE 

studies133 are investigated, i.e., 1-2 nm, 2-3 nm, and 4-5 nm Pt/C. The suitability of the GDE 

setup for AST studies was shown before using loadings comparable to RDE measurements but 

fare from realistic loadings in fuel cells.28 The use of vacuum filtration, see chapter 2.2.1, ena-

bles the repeat of several measurements with equal catalyst film quality and realistic fuel cell 

loadings in contrast to RDE measurements. Comparing the loss of ECSA obtained in electro-

chemical measurements, see chapter 2.3.1, and the changes of particle size via SAXS enables 

conclusions about the degradation mechanism depending on the operation temperature. Addi-

tionally, due to the investigation of the PEMWE half-cell reaction in the GDE setup, the SAXS 

analysis is possible without further disassembling of the GDE, i.e., the Nafion® membrane does 
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not need to be removed while MEAs do not allow a simple separation of the catalyst films of 

anode and cathode. Therefore, this manuscript demonstrates the GDE setup as a straightforward 

and fast testing device under realistic conditions enabling mechanistic insights by the coupling 

to SAXS, see Figure 17. 

 

Contribution to the Work 

M. Arenz and I designed the electrochemical experiments, which were prepared and performed 

by me. I prepared the samples for SAXS measurements and participated in the SAXS data 

analysis. J. Quinson performed the TEM and SAXS measurements and analysis. J. J. K. 

Kirkensgaard supervised the SAXS data acquisition and analysis. S. Alinejad gave advice for 

the GDE preparation, provided surface area data for low loading GDE and participated in the 

discussion of the GDE results. V. Mints gave advice for the vacuum filtration and the GDE 

preparation. J. Quinson and J. K. Mathiesen collected the X-ray total scattering data which were 

analyzed by J. K. Mathiesen. M. Arenz and K. M. Ø. Jensen supervised the research. M. Arenz 

and I wrote the first draft of the manuscript, which was read and commented by all authors. 

 

Most Important Findings 

The ECSA determined from the CO stripping curves before and after the AST are compared, 

see Figure 18. Before AST the smaller NPs are leading as expected to higher ECSAs of 109 ± 4, 

81 ± 1, and 57 ± 1 for the 1-2 nm, 2-3 nm, and 4-5 nm Pt/C catalysts at 25 °C, respectively, see 

Table 1. The ECSA is comparable to results obtained by RDE measurements133 confirming a 

full utilization of the catalyst layer. At 50 °C as compared to 25 °C the CO stripping peak po-

tential is shifting to lower potentials, see Figure 18, and the ECSA is slightly reduced, see Table 

1. This is expected due to the reduced CO equilibrium coverage and the facilitated CO oxidation 

at higher temperature.134 The catalyst with small NPs has not only a higher ECSA before the 

AST but additionally experiences a higher surface loss by the AST of 43 ± 1 and 34 ± 1 % for 

4-5 nm and 2-3 nm Pt/C as compared to 4 ± 1 % of 1-2 nm Pt/C at 25 °C. Increasing the tem-

perature to 50 °C leads to higher surface loss, although the number of potential steps during the 

AST is reduced from 9000 to 5000. Interestingly, the 4-5 nm Pt/C is rather stable, i.e., a surface 

loss below 5 % at 25 °C and at 50 °C the surface loss is increased but still substantially less as 

observed for the two other catalysts with smaller particle size.  

Comparing the surface loss at 25 °C to data generated by Alinejad et al.28 in a GDL setup using 

lower loadings typical for RDE studies,77 i.e., ca. 8 vs 200 µg cm-2
geo, showed interestingly 

substantial higher ECSA losses: 48 ± 2 and 18 ± 1 % at lower loading for the 2-3 nm and 4-

5 Pt/C catalysts, respectively, as compared to 34 ± 1 and 4 ± 1 % in this study. Such a degrada-

tion depending on the catalyst film thickness was observed before in SFC measurements cou-

pled to ICP-MS.135,136 The change in Pt dissolution depending on the catalyst layer thickness 

was explained by varying redeposition probabilities of the Pt ions.135 This catalyst loading de-

pendent surface loss, although an equal trend between the different catalysts is observed, is 

pointing out the importance of ASTs under realistic conditions.  
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Figure 18. Representative CO stripping curves (solid lines) and Ar backgrounds (dashed lines) before (black lines) 

and after the AST (red lines) applying potential steps between 0.6 and 1.0 VRHE (2 s holding per potential) at 25 °C 

((a)-(c), 9000 steps) and 50 °C ((a)-(c), 5000 steps). © The Electrochemical Society. Reproduced with permission 

from J. Electrochem. Soc., 2020, 167, 134515. All rights reserved. 

The electrochemical characterization of the ECSA is combined with ex situ SAXS data analysis 

to investigate the particle size changes after the ASTs. Figure 19 shows representative proba-

bility densities obtained by SAXS. The particles size described in the following is the average 

particle diameter (calculated from the mean particle sizes of three repeated measurements) and 

the error is the standard deviations relative to this average particle size. It is important to notice 

that unlike size histograms generated from TEM, small changes in the SAXS fitting parameters, 

based on the fitting model used in this study, result in relatively large deviations in the log-

normal distributions. This can be mistaken as large size deviations between repeating 
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measurements despite comparable average particle sizes. The applied AST protocol at 25 and 

50 °C leads to consistent repeated measurements of comparable average diameters and devia-

tions with only one exception for a repeat of the 2-3 nm Pt/C catalyst at 50 °C.  

Table 1. ECSA determined from the CO stripping curves before and after the AST (9000 or 5000 steps between 

0.6 and 1.0 VRHE at 25 or 50 °C, respectively, in oxygen) and ECSA loss with the standard deviations of three 

reproducible repeats. © The Electrochemical Society. Reproduced with permission from J. Electrochem. Soc., 

2020, 167, 134515. All rights reserved. 

T / ° C 
Pt/C  

Catalysts 

ECSA / m2 g-1
Pt Surface loss  

/ % 
Before AST After AST 

25 

1-2 nm 109 ± 4 62 ± 3 43 ± 1 

2-3 nm 81 ± 1 54 ± 1 34 ± 1 

4-5 nm 57 ± 1 55 ± 1 4 ± 1 

50 

1-2 nm 90 ± 2 43 ± 2 53 ± 1 

2-3 nm 67 ± 4 35 ± 3 48 ± 2 

4-5 nm 50 ± 2 42 ± 1 16 ± 1 

 

Applying the AST protocol leads to an increase in average diameter as expected from the CO 

stripping results showing a loss of ECSA. The most substantial size increase from 2.08 ± 0.04 

to 4.86 ± 0.43 (AST in O2 at 25 °C) and to 6.06 ± 0.54 nm (AST in O2 at 50 °C) is observed for 

the 1-2 nm Pt/C catalyst. The 2-3 nm Pt/C catalyst shows an increase from 2.97 ± 0.09 to 

5.24 ± 0.02 (25 °C) and to 5.58 ± 1.67 nm (50 °C) while for the 4-5 nm Pt/C catalyst the in-

crease is only moderate from 5.88 ± 0.13 to 6.25 ± 0.47 (25 °C) and to 6.63 ± 0.03 nm (50 °C). 

As expected, the most dramatic degradation is experienced by the small particles.137 After the 

AST at 50 °C interestingly an equal “end of treatment” size is found in the range between 5.6-

6.6 nm. A comparison of the obtained size changes to literature is unfortunately difficult due to 

differing applied protocols. Kocha et al.138 or Mayrhofer et al.139 applied potential scanning on 

a 2-3 nm Pt/C catalyst on Vulcan C (0.025-1.0 VRHE) or Ketjen black (0.4-1.4 VRHE), 

respectively. Load cycle conditions following the FCCJ protocols using a homemade catalyst 

were applied by Speder et al.101,140 or Zana et al.35 by performing IL-TEM. Yano et al.141 ob-

served after load cycles performed in MEA a comparable size increase from 2.2 ± 0.5 to 

6.5 ± 2.3 nm, while Tamaki et al.142 were reporting an increase from 3.2 ± 0.8 to 7.9 ± 4.6 nm 

after 10,000 cycles. 

In the discussed study in the GDE setup, the same “end of treatment” size of around 6 nm 

independent of the initial particle size but temperature dependent is observed. The result of 

comparable size distributions after the applied AST protocol at 50 °C for all three catalysts is 

important regarding the aim of increasing the power density for mobile PEMFC applications. 

At high current densities (< 1 A cm-2) currently high performance losses are observed and the 

oxygen mass transport resistance is suggested to be reduced by increasing the ECSA and 
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improving the catalyst dispersion, i.e., using small NPs.78 Based on the presented results the 

strategy of particle size decrease will only be successful when a way to avoid the size increase 

is found. 

 

Figure 19. Representative SAXS probability densities for the 1-2 nm, 2-3 nm, and 4-5 nm Pt/C catalysts. Before 

after the AST protocol after 25 and 50 °C. © The Electrochemical Society. Reproduced with permission from J. 

Electrochem. Soc., 2020, 167, 134515. All rights reserved. 

Discussing the degradation mechanism first the particles size increase after AST, see Figure 19, 

is consistent with the observed loss in ECSA, see Table 1. The surface loss could be a conse-

quence of all four degradation mechanisms, i.e., migration/coalescence, particle dissolution, 

electrochemical Ostwald ripening, NP detachment, see chapter 2.2.2. However, the particle size 

increase is only explainable by coalescence of NPs or Ostwald ripening. Due to the ECSA loss 

depending on catalyst layer thickness Ostwald ripening seems essentially contribute to the cat-

alyst degradation but coalescence cannot be excluded. The 4-5 nm Pt/C catalyst might experi-

ence some NP detachment as the ECSA is decreased maintaining an almost constant particle 

size as reported by Mayrhofer at al.139 for the same catalyst performing IL-TEM. However, the 

presented results in the GDE setup cannot clearly show particle detachment. The last degrada-

tion mechanism of NP dissolution would result in a particle size decrease in the case that no 

following redeposition of dissolved Pt ions is happening. In MEAs such a redeposition in the 

Nafion® membrane occurs due to hydrogen crossover through the membrane. As in the GDE 

setup the electrolyte is not purged with hydrogen and the gas flow rates measured at the gas 

inlet and outlet are comparable, a hydrogen crossover and hence redeposition are unlikely. 
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3.4. Manuscript IV: 

 

The results shown in this chapter are excerpts from the publication 

 

J. Schröder,* J. Quinson,* J. J. K Kirkensgaard, M. Arenz 

*equally contributing 

 

Operando SAXS Study of a Pt/C Fuel Cell Catalyst with an X-ray 

Laboratory Source 

 

J. Phys. D: Appl. Phys., 2021, 54, 294004. 

 

https://doi.org/10.1088/1361-6463/abfa39 

https://doi.org/10.26434/chemrxiv.14283788.v1 (Open Access Preprint) 

 

https://doi.org/10.1088/1361-6463/abfa39
https://doi.org/10.26434/chemrxiv.14283788.v1
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Description 

The catalysts with Pt or Pt alloy NPs1,2 used in PEMFCs, e.g., as alternative to combustion 

engines for large vehicles,143–145 require not only a high activity but also sufficient stability. 

Therefore, the degradation of catalysts is investigated in ASTs. Recently, ASTs in a GDE setup 

were performed (a study I was involved in is cited)28 (see also manuscript III) comparing the 

effect of simulated load-cycle and start-stop conditions recommended by the FCCJ83,84 on com-

mercial Pt catalysts. To investigate the change in particle size over the whole catalyst layer, 

SAXS can be performed as shown in manuscript III. Ex situ measurements as performed in 

manuscript III however lead to a poor time resolution as only a few points, i.e., pristine and 

end-of-treatment size, can be collected. For a complete understanding of the degradation mech-

anism the number of ex situ sampled would need to be strongly increased. A higher time-reso-

lution without an enormously number of samples can be generated by performing in situ146–148 

or operando SAXS114,116,149 measurements. Such studies are often done at synchrotron X-ray 

sources. However, beamtime at synchrotrons for operando SAXS measurements is limited, i.e., 

proposals are challenging to get accepted, and granting of proposal typically takes time. Addi-

tionally, equipment shipment can lead to challenges in cost and logistic and makes measure-

ments quite inflexible. Due to travel restrictions during the Covid-19 pandemic, synchrotron 

measurements were postponed or performed in even more challenging remote operation. How-

ever, operando studies at lab X-ray source have some general advantages also under normal 

situations. Travel and research costs can be saved, experiments can be better designed, and 

measurements can be faster repeated while it can take month at synchrotrons. 

In the following manuscript an operando cell introduced before for X-ray absorption spectros-

copy (XAS) measurements150 is used at a laboratory X-ray source. The change of particle size 

of a bimodal catalyst with two distinguishable size populations after performing ASTs is ana-

lyzed. For generating reasonable SAXS data the background subtraction is a crucial aspect. 

Usually the background measurements at laboratory X-ray source is done in a separate experi-

ment leading often to difficulties in data normalization.110 At synchrotrons alternatively anom-

alous SAXS110 or measurements in the grazing incidence mode111–113 are performed that are not 

available at laboratory X-ray sources. In the discussion of this manuscript, a new WE design is 

presented where catalyst layer and substrate are experiencing the same AST treatment, thus a 

suitable background measurement by operando SAXS is enabled, see Figure 3. This new tech-

nique allows not only the performance of suitable operando SAXS measurements at laboratory 

X-ray source, but it can also be used in operando studies at synchrotrons.  

 

Contribution to the Work 

M. Arenz, J. Quinson, and I designed the electrochemical experiments, which were prepared 

(catalyst films, assembling the cell) and performed by me. J. J. K. Kirkensgaard and J. Quinson 

were setting up the installation of the SAXS instrument. J. Quinson and I performed the SAXS 

measurements and J. Quinson the SAXS analysis. J. J. K. Kirkensgaard supervised the SAXS 

data acquisition and analysis. M. Arenz and I wrote the first draft of the manuscript, which was 

read and commented by all authors. 
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Most Important Findings 

A proper background subtraction for operando SAXS measurement is challenging at laboratory 

X-ray sources as often separate background measurements are performed.110 In this manuscript 

the background is measured from a metal-free spot next to the catalyst film experiencing the 

same AST protocol as the sample by moving the cell, see chapter 2.3.5 for details. This ap-

proach is tested analyzing the particle size change of a bimodal catalyst consisting of a mixture 

of two commercial Pt NP/C catalysts with two distinguishable size populations. Reports about 

dissolution rates151,152 or degradation mechanisms153 depending on the NP size are found. With 

such a bimodal catalyst the effect of the presented background subtraction of a range of NP size 

can be studied. Furthermore, in the bimodal catalyst Ostwald ripening, i.e., the growth of small 

particles at the expense of large one,154 is expected to be the preferred degradation mechanism. 

 

Figure 20. Intensity differences between different backgrounds (1) without electrolyte (red), with electrolyte (2) 

before (blue) and (3) after (black) the applied AST protocol. © IOP Publishing. Reproduced with permission from 

J. Phys. D: Appl. Phys., 2021, 54, 294004. All rights reserved. 

In the described design of the WE different background measurements were performed without 

electrolyte inside the cell (red line), after filling the cell with electrolyte (blue line), and after 

the applied AST protocol (black line) with potential steps between 0.6 and 1.0 VRHE (3 s hold-

ing), see Figure 20. Subtracting the different backgrounds has a substantial influence on the 

probability density of the particle size distributions of the bimodal Pt catalyst, see Figure 21. 

Using the background recorded before the AST with electrolyte in the cell shows the two dis-

tinguishable size populations, see Figure 21a. However, the probability density of the pristine 

catalyst is strongly differing from the sample before the AST after introducing electrolyte in-

cluding a substantial increase of the mean particle size of the small population. Explanations 

could be that a steady state of the electrolyte was not reached or that the spot for the background 

measurement was not chosen properly. As the SAXS intensity increases with the square of the 

NP volume, the sensitivity of smaller particles to additional scattering or absorption by the 

added electrolyte is higher. Consequently, the particle size of the NPs is erroneously estimated 

(using the background before AST), see Figure 21a, and the probability density of the large 

population seems to be increased at the expense of the small one in presence of the electrolyte 

(using the background after AST), see Figure 21b. Additionally, in contrast to the observations 

in manuscript III, see Figure 19 in chapter 3.3, the particle sizes of both populations seem to 

remain rather constant, see Figure 21a. 

The use of the background measurement taken after the AST, see Figure 21b, leads to the same 

mean particle size for the pristine catalyst and after adding the electrolyte before the AST. After 
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contact to the electrolyte the probability density of the small population increases at the expense 

of the large particles that could be explained by NP dissolution and subsequent Ostwald ripen-

ing. Inductively coupled plasma mass spectrometry measurements in scanning flow cells re-

vealed indeed Pt dissolution of Pt/C catalysts after contact to electrolyte.36,155 During the AST 

the size of the large size population is remaining constant at 5.0 ± 1.4 before and 5.0 ± 1.1 nm 

after 900 AST steps, while the small population is growing in size from 2.0 ± 0.5 to 

2.6 ± 0.6 nm. The size increase of the 1-2 nm Pt/C catalyst and stable 4-5 nm Pt/C catalyst is 

seen before in manuscript III in Figure 19, see chapter 3.3, where the degradation mechanisms 

of Pt dissolution with followed Ostwald repining and NP coalescence could not be distin-

guished. Comparing both results, i.e., ex situ measurements in a GDE setup in manuscript III 

and in situ SAXS in an operando cell in the presently discussed manuscript, seem to reveal that 

the adding of a second size population is not affecting the degradation mechanism. Due to the 

continuous size increase and decrease of the probability density of the small NPs as well as a 

continuous increase of the probability density of the large population in operando SAXS, par-

ticle dissolution seems to be more likely than particle coalescence.  

 

Figure 21. Probability density functions obtained by SAXS using scattering data as background with electrolyte 

(a) before and (b) after the AST. © IOP Publishing. Reproduced with permission from J. Phys. D: Appl. Phys., 

2021, 54, 294004. All rights reserved.
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3.5. Manuscript V: 

 

The results shown in this chapter are excerpts from the publication 

 

J. Schröder, R. K. Pittkowski, I. Martens, R. Chattot, J. Drnec, J. Quinson, J. J. K. Kirkensgaard, 

M. Arenz 

 

Tracking the Catalyst Layer Depth Dependent Electrochemical 

Degradation of a Bimodal Pt/C Fuel Cell Catalyst: A Combined 

Operando Small- and Wide-Angle X-Ray Scattering Study 

 

In preparation. 
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Description 

As discussed before PEMFCs require besides a high activity sufficient stability.32,33 ASTs are 

performed for investigations of the electrochemical degradation mechanisms (a study I was 

involved in is cited that I repeatedly refer to in the description of manuscript V)28,130 that are all 

affecting the NP size of the catalyst.85,156 As mentioned before to investigate the particle size of 

the whole catalyst layer and not only locally as in (S)TEM PEMFC catalysts were analyzed in 

the last years by SAXS.28,50,77,101 Despite many AST studies, the degradation mechanism of 

Ostwald ripening could not be clearly identified by (S)TEM nor SAXS.139,157 In the following 

study as for manuscript IV, see chapter 3.4, a bimodal catalyst of two distinguishable Pt particle 

size distributions that should be favored for Ostwald ripening154 is investigated. The bimodal 

catalyst is prepared by mixing two commercial Pt/C catalysts locating the distinguishable size 

populations on different C flakes. As AST protocol load cycle conditions of PEMFEs, as rec-

ommended by the Fuel Cell Commercialization Conference of Japan (FCCJ),83,84 are simulated. 

While in manuscript IV the bimodal catalyst was investigated in an operando cell in transmis-

sion mode at an X-ray laboratory source, in the presently discussed manuscript the bimodal 

catalyst is studies in an operando cell using grazing incidence configuration at the European 

Synchrotron Radiation Facility (ESRF) in Grenoble. As in manuscript IV the mean particle size 

of both populations can be determined by operando SAXS but the quantification of the ratios 

of the two size populations is difficult.  

Therefore, in the present manuscript additionally WAXS data are analyzed. Using the crystallite 

size and the phase fraction as free parameters for the Rietveld refinement of the WAXS data 

results in a single population with an average coherent domain size. The combination of SAXS 

and WAXS analysis instead enables the determination of the phase fractions of the two popu-

lation by using the mean particle sizes determined via SAXS as input values for the crystallite 

size during the Rietveld refinement. Furthermore, due to performed grazing incidence mode in 

the present manuscript the degradation depending on the depth profile of the catalyst layer can 

be investigated. This approach of the combination of operando SAXS and WAXS is used to 

investigate the catalyst layer depth dependence of the degradation. Cyclic voltammetry is per-

formed between AST cycles for an overview of the status of degradation by comparing the 

hydrogen under potential deposition (Hupd) peak. As expected, the determined mean particle 

sizes obtained by SAXS are not affected by the CV, thus the change of the NP size is originated 

in the AST. Comparing the particle size at two different positions (at the same depth) on the 

catalyst layer shows that the change of NP size is position independent and hence data repre-

sentative for the catalyst layer are analyzed. Finally, the combination of operando SAXS and 

WAXS, i.e., the comparison on the mean NP size and the phase fractions of the crystallite sizes 

of the two size populations, enables the observation of different degradation phenomena de-

pending on the depth in the catalyst layer. 

 

Contribution to the Work 

M. Arenz and I designed the electrochemical experiments. I prepared the catalyst film. Due to 

the COVID restrictions the measurements at the synchrotron were performed in remote mode 

by I. Martens, R. Chattot, and J. Drnec in discussion with M. Arenz, J. Quinson and me. The 

SAXS data analysis was done by me, some initial analysis was done by J. Quinson. The WAXS 
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data analysis was performed by R. Pittkowski supported by I. Martens. J. J. K. Kirkensgaard 

supervised the SAXS data acquisition and analysis. M. Arenz and I wrote the first draft of the 

manuscript, which was send to all authors to be read and commented. 

 

Most Important Findings 

 

Figure 22. a) Calculated probability density function of the as-prepared bimodal Pt/C catalyst obtained from SAXS 

data in a depth close to the electrolyte-catalyst-interface together with the individual probability densities of the 

two size populations (dashed red and blue of the smaller and larger size population, respectively). b) Individual 

TEM images and size histograms of the two commercial Pt/C catalysts that were mixed to generate the bimodal 

catalyst. 

 

Figure 23. a) Background subtracted SAXS scattering data and b) corresponding WAXS diffractograms in a depth 

close to the electrolyte-catalyst interface: initial (grey), after catalyst cleaning (black), after 2500 AST cycles (red), 

and after 5000 AST cycles (blue). To improve visibility the different datasets are presented with a vertical offset. 

The two size populations, in the following referred to as “smaller” and “larger” population, can 

be well distinguished via SAXS as shown in the calculated probability density function of the 

particle sizes of the bimodal catalyst before the AST protocol, see Figure 22. The bimodal cat-

alyst should favor the degradation mechanism of electrochemical Ostwald ripening, i.e., the 

growth of the large particles at the expense of the small ones.154 Due to the performed grazing 
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incidence mode a selection of different spots on and different depths within the catalyst layer 

by performing z-scans158 is possible allowing to study the degradation depending on the dis-

tance to the electrolyte-catalyst interface.  

Before discussing the influence of the AST protocol on the catalyst particles, the approach of 

the combination of SAXS and WAXS analysis is introduced investigating the pristine catalyst 

in a depth (z-direction) close to the electrolyte-catalyst interface, see scattering and diffraction 

data in grey in Figure 23. The mean particle sizes and phase fractions of the two populations in 

the bimodal Pt/C catalyst can be compared to the “expected values” as the bimodal catalyst is 

a mixture of two individually characterized Pt/C catalysts (in a known metal ratio of 0.4:0.6).  

It is possible to determine the mean particle sizes by SAXS but quantification of the relative 

number of particles in the two populations is difficult. The mean particle sizes and their standard 

deviations of the long-normal distributions determined via SAXS are 1.7 ± 0.5 and 5.5 ± 1.5 

nm, see Figure 22a and Figure 24a. The retrieved particle diameters are in good agreement with 

the averaged particle sizes obtained from the individual catalysts via TEM of ca. 2 and ca. 5 nm, 

see Figure 23b. The expected relative number of particles should be theoretical accessible based 

on the SAXS data, however simulations of such a bimodal catalyst showed that there is no one-

to-one correspondence regarding the intensity of the scattering data and the fitting. Thus, while 

the relative number of particles could not be determined during the simulations, the mean par-

ticle size remained similar even when bimodal catalyst with different phase fractions were sim-

ulated.  

The analysis of the operando WAXS data should remedy this limitation. The peaks of the Pt 

fcc phase can be clearly seen in the WAXS diffraction patters in Figure 23b. The fraction of the 

two populations is estimated by refining the full pattern (starting from 6° 2θ) with two Pt phases 

of different domain size as structural model. However, the Rietveld refinement of both the frac-

tion and particle size as free parameters for the two populations results in a single population 

with an average coherent domain size due to the interdependence of both parameters. Using 

only WAXS analysis hence is also not enough for the determination of the mean crystallite size 

and the phase fractions. Hence, the mean particle sizes of the two populations from operando 

SAXS were used in the Rietveld refinement of the operando WAXS data as input values for 

the crystallite sizes as the two parameters are although not identical closely related159 allowing 

to estimate the phase fractions of the two populations. The approach is based on the assumptions 

of negligibility of the instrument profile on the diffraction pattern and that the peak boarding is 

not a result of strain effects.22 Using this approach phase fractions of 0.44:0.56 of the smaller 

to the larger populations in the pristine sample close to electrolyte-catalyst interface were ob-

tained that are in good agreement with the theoretical mass ratio of 0.4:0.6. Therefore, the com-

bination of operando SAXS and WAXS enables the simultaneous investigation of the progres-

sion of the particle size and phase fractions, i.e., mass ratios, of the two Pt/C populations during 

the AST protocol. 

Before Pt/C catalysts are used in electrochemical experiments they typically need to be cleaned 

by electrode potential cycling. The insertion of the electrolyte into the cell and performance of  

the potential cycles for catalyst cleaning slightly change the starting conditions of the catalyst. 

This is seen in the fraction increase of the smaller NP size populations from 0.44:0.56 to 

0.48:0.52 with respect to the larger NPs, see Figure 24b, while the mean particle sizes from the 

SAXS fitting remain similar, see Figure 24a. Preferential dissolution and particle loss could 
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explain this result. Pizzutilo et al.36 described Pt dissolution after electrochemical contacting by 

coupling scanning flow cells (SFC) with ICP-MS. Unexpectedly, the phase fraction results in-

dicate a phenomenon including a preferred loss of the larger particles. A mechanism of prefer-

ential detachment of the large particles due to support oxidation was proposed before for the 

exact same catalyst as used in manuscript V.99,139 Figure 24a confirms that after electrolyte 

contact and the typically performed Pt/C catalyst cleaning no substantial change in particle size 

occurs. In addition, the overlap of the blue filled circles (after CV) and the blue open circles in 

Figure 24a show that no change in particle size is observed after applying CVs (to confirm 

electrochemical contact) periodically subsequent to the AST cycles. Thus, the changes observed 

during the measurement are related to the performed AST. 

The discussion of the effect of the AST protocol on the catalyst NPs is done first in a depth 

close to the electrolyte-catalyst interface. Figure 23 shows representative operando SAXS and 

WAXS data of the initial Pt/C catalyst, after catalyst cleaning, after 2500, and after 5000 AST 

cycles. The changes of the mean particle sizes allow three main observations at a depth close 

to the electrolyte-catalyst interface, see Figure 24a: 

1. The size of both populations increases. 

2. The size increase is more pronounced at the beginning of the AST. 

3. The size increase of the smaller particle population is more pronounced from 1.76 ± 

0.48 to 2.42 ± 0.79 (size increase of around 50 %) as compared to the increase of the 

larger population from 5.48 ± 1.45 to 5.87 ± 1.61 nm (size increase of around 7 %). 

The observation that the size increase is more pronounced at the beginning of the AST treatment 

is in agreement with previous findings.32,35,36 The size increase of both populations is unex-

pected and not obviously in line with electrochemical Ostwald ripening. In the case of Ostwald 

ripening occurring between the two size populations based on a preferential dissolving of the 

small particles, a size decrease of the smaller population would be expected. The increase in 

mean particle size of the smaller population could be explained by a phenomenon of a prefer-

ential dissolution of the smaller particles within that population. On the other hand, the increase 

in size of the larger population is explainable by electrochemical Ostwald ripening or the de-

scribed phenomenon of a preferential dissolution of the smaller particles within the larger pop-

ulation. Hence, a dissolution of the small particles followed by Ostwald ripening seems to hap-

pen within the two populations and not between them. The phenomenon of Ostwald ripening is 

a local process in the nanometer scale without redepositing of dissolved Pt ions on neighboring 

catalyst flakes that is in agreement with a mechanism of mobile Pt special on the support as 

described by Ferreira et al.132  

Ostwald ripening between the two populations would lead to a substantial change of the relative 

particle numbers of both populations. The analyzed phase fractions show indeed the decrease 

of the phase fraction of the smaller population. As the change of the phase fractions is relatively 

small the preferential dissolution of the smaller particles within both populations seems to be 

more likely. This phenomenon would additionally explain the increase of the mean particle 

sizes of both populations. To better understand the described phenomenon the change in particle 

sizes and phase fractions is furthermore analyzed in a “middle depth” with respect to the elec-

trolyte-catalyst interface. 
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Figure 24. a) Mean particle size and standard deviation of a long-normal distribution obtained by operando SAXS 

of the bimodal Pt/C catalyst in a depth close to the electrolyte-catalyst interface applying load cycle conditions as 

AST protocol in an operando cell after the AST cycles (blue empty circles) and after the subsequent CVs (blue 

filled cycles). b) Phase fractions of the smaller and larger population (shown as small and large circles, respec-

tively) of the bimodal catalyst in the middle catalyst layer obtained via Rietveld refinement from the WAXS data 

using the SAXS mean particle sizes as input values for the crystallite size. 

The increase of the mean size of the two populations in both depths (close and in a middle depth 

with respect to the electrolyte-catalyst interface) during the AST treatment confirms the elec-

trochemical connection of the complete catalyst layer. Based on the change in particle size four 

similarities are found for the two analyzed depths:  

1. The particle sizes and changes within the larger populations are similar during the AST 

in both depths. 

2. The size increase of the smaller population is more pronounced as compared to the in-

crease of the larger population (from 2.43 ± 0.67 to 3.52 ± 0.68 nm (size increase of 

around 45 %) and from 5.50 ± 1.17 to 5.99 ± 1.15 nm (size increase of around 9 %) in 

the middle catalyst layer depth). 

3. Comparable relative size increases in both depths of 7 and 50 % for the smaller and 

larger population close to the electrolyte-catalyst interface and 9 and 45 % in the middle 

of the catalyst layer are seen. 

4. The particle size change of the larger population seems to be depth independent. 

A strong difference between both depths is the slightly smaller particle size of the smaller pop-

ulation in the depth closer to the electrolyte-catalyst interface (already before the start of the 

AST). 

The determined ratio of 0.46:0.54 of the smaller to larger population in the pristine sample in 

the middle catalyst depths, see Figure 25b, is in good agreement with the theoretical ratio of 

0.4:0.6. After the electrolyte contact and the cleaning CVs the ratio increases to 0.51:0.49 while 

the mean particle sizes do not change. This observation reminds of the phenomenon described 

in the depths close to the electrolyte-catalyst interface. However, in the middle depth the phase 

fraction of the smaller population continues to increase during the AST reaching a ratio of 

0.6:04 at the end of treatment, see Figure 25b, while the particle size of both populations is 

increasing, see Figure 25a. 
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Figure 25. a) Mean particle size and standard deviation of a long-normal distribution obtained by operando SAXS 

of the bimodal Pt/C catalyst in an operando cell after the load cycle conditions as AST protocol (circles) and after 

the subsequent CVs (filled cycles) close to the electrolyte (blue), in the middle (black), and deeper inside the 

catalyst layer (red). Phase fractions of the smaller and larger population (shown as small and large circles, respec-

tively) of the bimodal catalyst obtained via Rietveld refinement from the WAXS data using the SAXS mean par-

ticle sizes as input values for the crystallite size b) at a middle depth of the catalyst layer (black) and close to the 

electrolyte (blue), c) at a middle depth of the (black) and deeper inside the catalyst layer (red) (due to an overlap 

of the red and black filled circles, the red are placed in front of the black ones). 

This observation in the middle depth is unexpected. Therefore, a third depth (different z-direc-

tion) even deeper inside the catalyst layer was analyzed showing the same unexpected results 

in change of the particle size and phase fraction as seen in the middle depths, see Figure 25a. 

As the crystallite size of the Rietveld refinement are not identical (but closely related) to the 

mean particle sizes, in addition, the influence of slight changes of the input values of the smaller 

population (shifted by ± 0.5 nm) was studied, see Figure 26a. It was confirmed that the observed 

trends of the phase fraction changes are not artifacts originated from the mean particle sizes, 

see Figure 26b and c. 

The described observations can be explained by different degradation mechanisms. However, 

enhanced dissolving of the particles of the larger population and the migration of the smaller 

particles from the upper catalyst layer seem to be unlikely. A mechanism of preferential detach-

ment of the particles from the larger population due to the oxidation of the support as described 

before of the same catalyst as used in manuscript V99,139 could explain the observations. 
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For interpretating the observed results of an increase in phase fraction and size of the small 

population, it needs to be pointed out that the determined phase fractions are relative and not 

absolute values. An increase of the fraction of the smaller population can therefore result from 

an absolute increase in number of the same particles or a decrease in number of the larger pop-

ulation that would be observed in the case of preferred particle loss of the larger NPs. Mayrhofer 

et al.139 and Hartl et al.99 observed such a particle detachment with a subsequent particle disso-

lution without redeposition in an RDE setup via IL-TEM of the large particles of the exact same 

catalyst as used in manuscript V. Based on a larger contact area of larger particles a stronger 

support-particle interaction could be suggested and thus no preferred detachment from the sup-

port.160 However, the support-particle interaction is not only size dependent but also determined 

by the graphitization degree of the carbon support of a catalyst.161 The preferred detachment of 

the large particles observed in the results of manuscript V indicates degradation scenarios de-

pending on both the particle and the support property. The large NPs that are assumed to pref-

erably detach from the support (due to a weaker anchoring) have during their pathway through 

the pores of the catalyst layer a certain redeposition probability, leading to a decrease of the 

large population within the catalyst layer but an increase closer to the electrolyte. Via electro-

chemical Ostwald ripening the small particles are dissolving and redepositing onto the small 

and large NPs, hence a large size increase of the small population is observed that is limited 

close to the electrolyte due to a decreased redeposition probability.  

 

Figure 26. a) The change of the mean particle sizes of the smaller population (+ 0.5 nm (blue), – 0.5 nm (red)) 

obtained by SAXS as input values for the crystallite size during the Rietveld refinement and corresponding phase 

fractions for the depth b) closest to the electrolyte and c) in the middle of the catalyst layer.  
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3.6. Manuscript VI: 

 

The results shown in this chapter are excerpts from the publication 

 

J. Quinson, L. Kacenauskaite, J. Schröder, S. B. Simonsen, L. Theil Kuhn, T. Vosch, M. Arenz 

 

UV-Induced Syntheses of Surfactant-Free Precious Metal Nano-

particles in Alkaline Methanol and Ethanol 

 

Nanoscale Advances, 2020, 2, 2288-2292. 

 

https://doi.org/10.1039/D0NA00218F (Open Access) 

 

https://doi.org/10.1039/D0NA00218F
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Description 

The synthesis of “surfactant-free” Pt NPs introduced by Wang et al.43 as catalyst for PEMFCs 

was thoroughly investigated in EG (I was involved in one of the cited studies)44,50,53,54,162 and 

by the Co4Cat process in low boiling points solvents like ethanol and methanol (I was involved 

in one of the cited studies)58,61–63,148,162. The Pt NPs were mostly synthesized by a thermal or 

microwave based reduction and only few reports are found about light induced synthesis limited 

to EG.49,51 Concerning “surfactant-free” Ir NP syntheses for PEMWE catalysts only a few re-

ports are found, which are limited to a thermal or microwave-based reduction.61,66 The Ir NP 

syntheses are leading independent of the used solvent, i.e., EG, methanol, or ethanol, to small 

particles with a particle size of about 1 nm. The question about a size control via the Co4Cat 

for Ir NPs as reported for Pt61 came up. As for the Co4Cat process light induced synthesis were 

not reported, the discussion of manuscript V fills up this gab of UV-light-induced particle syn-

thesis. The focus is on the discussion of the Ir NP synthesis and the misleading tries of a size 

control including seed-mediated growth experiments as that is my contribution to the manu-

script VI. The results are compared to the Pt NP synthesis generated by Dr. J. Quinson and L. 

Kacenauskaite. 

 

Contribution to the Work 

I did not perform the synthesis nor the analysis of the UV-light-induced Pt NPs. I performed 

the Ir NP synthesis of the H2IrCl6 precursor shown in Figure 27 (in the SI in the manuscript). I 

supervised and planed the experiments of the Ir NP synthesis that were mostly performed by N. 

Schären. J. Quinson took the TEM images of the TEM samples prepared by N. Schären and 

me. J. Quinson and I analyzed the TEM images. M. Arenz supervised the research. J. Quinson 

and I wrote the first draft of Ir chapter of the manuscript, the whole manuscript was read and 

commented by all authors.  

 

Most Important Findings 

The UV-light-induced synthesis is a suitable procedure to form very small Ir NPs. Changing 

different synthesis parameters as the precursor (Na2IrCl6, H2IrCl6, or IrCl3), solvent (EtOH, 

MeOH, H2O), amounts of water (10-25 % in volume), NaOH concentration (0-44 mM), tem-

perature (10-40 °C), times of synthesis (up to 24 h) and gas atmosphere (air, 5 % H2 in Ar, Ar, 

CO) lead to Ir particle sizes in the same range of 1.0-1.7 nm, see Figure 27 for some examples. 

Different seed-mediated growth approaches were not successful but resulted in small Ir NP 

sizes. Despite comparable particle sizes, different particle formation rates are observed. The NP 

formation rate in ethanol is often substantially increased as compared to methanol. Adding 

NaOH leads to a slightly and in Ar gas atmospheres a substantially faster NP formation, while 

a CO atmosphere slows down the NP formation. Independent of the NP formation kinetics, i.e., 

different time scales, and the change of reaction parameters NPs in the same size range are 

generated. Hence, also the UV-light-induced reduction cannot solve the challenge of size con-

trol of Ir NPs but is presented as an excellent approach to generate small Ir NPs independent of 

the tested synthesis conditions. 
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Figure 27. The synthesis mixture after different times in the reduction of the precursor H2IrCl6 in ethanol and 

methanol by irradiation with UV-C light. Reproduced from Nanoscale Adv. 2020, 2 (6), 2288-2292 with permis-

sion from the Royal Society of Chemistry. 

In contrast the UV-induced reduction of H2PtCl6 is behaving differently in methanol as com-

pared to ethanol. While also in ethanol no size control is possible by changing the NaOH con-

tent, in methanol the increase to a NaOH/Pt content of 25 leads to an increase in particle size to 

3.3 ± 1.1 nm. The change of water content to at least 50 % during the Pt NP synthesis leads 

only to a fine size control. 

Due to the different behavior in particle size in the synthesis of Ir as compared to Pt NPs reach-

ing comparable small Ir particles sizes independent of the reduction conditions is even more 

astonishing. When the reduction of the Ir precursors to NPs is induced by UV-light the Co4Cat 

process seem to be basically infallible. Such a lack of error prone can be seen as an advantage 

and strength of the Co4Cat process but it still remains poorly understood. 
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3.7. Manuscript VII: 

 

The results shown in this chapter are excerpts from the publication 

 

J. Schröder, V. A. Mints, A. Bornet, E. Berner, M. Fathi Tovini, J. Quinson, G. K. H. Wiberg, 

F. Bizzotto, H. A. El-Sayed, M. Arenz 

 

The Gas Diffusion Electrode Setup as Straightforward Testing De-

vice for Proton Exchange Membrane Water Electrolyzer Catalysts 

 

JACS Au, 2021, 1, 247-251. 

 

https://pubs.acs.org/doi/10.1021/jacsau.1c00015 (Open Access) 

 

 

https://pubs.acs.org/doi/10.1021/jacsau.1c00015
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Description 

The coupling of PEMWEs to renewable energy sources, e.g., wind, solar, is a promising tech-

nology for energy conversion and long-term storage. Thereby the use of PEMWEs enables 

higher current densities and in contrast to alkaline electrolysis cells (AECs) no liquid electrolyte 

is needed.3,6,11 The preferred anode materials for PEMWEs are Ir and Ir alloys due to the com-

promise between activity and stability of IrO2.
17,18,163 Performance testing of OER catalysts for 

PEMWEs is normally done in RDE measurements66,86,164 or a MEA assembled as PEMWE.165–

167 However, using the RDE as compared to MEA it is challenging to measure at high temper-

atures close to operation temperature. Additionally, only thin catalyst films and an aqueous 

electrolyte can be used in RDE setups. Measuring under realistic conditions in MEAs on the 

other hand is time consuming to assembly and special equipment is needed: the preparation of 

catalyst films on the membrane (CCMs), hot-pressing of the membrane to the porous Ti based 

substrate, i.e., PTL, and the MEA operation. Additionally, performance contradictions in sta-

bility tests of RDE as compared to MEA measurements were described.168,169 Therefore, a de-

vice filling the gap between RDE and MEA testing is desired. After successful establishing of 

the GDE setup in ORR studies under realistic fuel cell conditions (I was involved in one of the 

cited studies)27,28 (see also discussion of manuscript IV, chapter 3.4) the question was if it is 

possible to test OER catalysts with the GDE approach.  

In the following discussion the GDE setup is presented the first time for OER screening exper-

iments. In the presented manuscript the reactant, i.e., water, is introduced to the GDE by hu-

midified gas. Therefore, it was important that it could be shown that the reaction rate is inde-

pendent over a large range of the gas flow rate. As the data obtained in the GDE setup are 

comparable to RDE measurements, the GDE approach can be seen as a straightforward testing 

device much easier to operate than an MEA. The investigation of the gas atmosphere (Ar versus 

O2) shows the impact of the O2 pressure in the Nernst equation. The possibility of using a Ti 

PTL instead of a carbon GDL confirms the realistic PEMWE testing conditions as compared to 

RDE measurements. Due to the high costs of PTLs and the difficulties in mechanical and elec-

trochemical processing, the use of PTLs for screening experiments is questionable. Instead, the 

use of GDLs should be recommended. The short-term stability of the GDL in the presented 

activity measurements and the possibility of the catalyst film preparation by vacuum filtration 

supports the approach of using GDLs for performance tests. Finally, the presented opportunity 

to perform kinetic studies enabling the estimation the exchange current density j0 and the elec-

trochemical activation energy EA complete the testing possibilities in the GDE as compared to 

the RDE setup. 

 

Contribution to the Work 

G. K. H. Wiberg designed the GDE setup for the OER measurements. M. Arenz, H. A. El-

Sayed, and I designed the electrochemical experiments in the GDE setup, prepared and per-

formed by me. V. A. Mints performed the RDE measurements. I prepared the samples for TEM 

and XPS measurements. J. Quinson performed TEM and M. Fathi Tovini XPS measurements 

and analysis. E. Berner did the SEM and EDS measurements. A. Bornet did initial tests on the 

hot-pressing. F. Bizzotto did initial OER tests in the GDE setup. H. A. El-Sayed and M. Arenz 

supervised the research. M. Arenz and I wrote the first draft of the manuscript, that was read, 
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and commented by all authors. 

 

Most Important Findings 

The catalyst film used in the GDE measurements is a commercial IrO2 catalyst deposited by 

vacuum filtration as introduced by Yarlagadda et al.80 on top of the MPL of the GDL. Perform-

ing EDS element mapping of a SEM cross-section shows a clear separation of the deposited 

catalyst film, the carbon containing MPL, and the carbon fibers of the GDL, see Figure 28. 

Hence the vacuum filtration is a suitable technique for the preparation of reproducible films 

with catalyst loading comparable to PEMWEs.24,81 

 

Figure 28. EDS element mapping of a SEM cross-section of an active IrO2 catalyst prepared by vacuum filtration 

on top of a GDL: iridium (Ir, red), oxygen (O, yellow), and carbon (C, blue). The clear separation of the catalyst 

film deposited on the carbon containing MPL, and the carbon fibers of the GDL are apparent. Reprinted with 

permission from JACS Au 2021, 1, 247-251. Copyright 2021 The Authors. Published by American Chemical So-

ciety. 

The influence of different parameters as the gas flow rate, gas atmosphere (Ar, O2), substrate 

(GDL, PTL), and the temperature (30-60 °C) on the OER catalyst performance are investigated 

in the GDL setup to establish a measurement protocol. The use of humidified Ar as reactant gas 

reveals an independence in Tafel slope of 41.4 ± 0.9 mV dec-1 by changing the gas flow rate 

over a wide range between 40-190 mL min-1. Only a low flow rate (10 ml min-1) leads to a 

nonlinear Tafel slope behavior indicating mass transport limitations as the lack of water trans-

ported to the catalyst or difficulties to remove the formed O2 from the catalyst surface.  

A measurement protocol for the OER catalyst testing applying current steps, normalized to the 

mass of the precious metal amount, is established in the GDE setup. The performance test in 

the GDE setup is compared to the conventional OER catalyst testing device, the RDE setup. 

The comparison of data at 30 °C between both setups reveals comparable results in activity, 

i.e., 4.3 and 4.9 mA mgIr
-1 at 1.48 VRHE in galvanostatic GDE as compared to potentiostatic 

RDE measurements, respectively, see Figure 29a. Those activities are compared to data re-

ported by Alia et al.86,170 At 60 °C the catalyst is slightly less active in the GDE as compared to 

the RDE setup, see Figure 29b. However, substantial deviations in the current density j are 
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observed in the RDE measurement. These deviations can be explained by a possible catalyst 

degradation, e.g., catalyst detachment, as during the performance of CV a clear deactivation 

could be observed. Performing the GDE measurements at 60 °C in Ar as compared to O2 leads 

to an apparent higher activity at lower current densities, see Figure 29b, due to the influence of 

the O2 partial pressure in the Nernst equation. This effect also explains the substantial increase 

in Tafel slope at higher current densities due to O2 bubble formation87,88 resulting in an apparent 

deactivation in Ar at higher current densities, and thus an approaching to the activity measured 

in O2.  

 

Figure 29. Tafel plots of OER mass activity j of the commercial IrO2 catalyst. Comparison of measurements gen-

erated in the RDE as compared to the GDE setup (a) at 30 °C using a GDL in O2 and (b) at 60 °C using a GDL in 

O2 or Ar and a PTL in O2. Reprinted with permission from JACS Au 2021, 1, 247-251. Copyright 2021 The Au-

thors. Published by American Chemical Society. 

 

Figure 30. Stability test of three repeats of IrO2/GDL applying 10 mA mgIr
-1 for 1 h. Reprinted with permission 

from JACS Au 2021, 1, 247-251. Copyright 2021 American Chemical Society. 

Performing the activity test protocol in the GDE setup with a catalyst film deposited onto a Ti 

PTL instead of the carbon GDL interestingly generate comparable results. Ti PTLs are usually 

used in PEMWEs due to long-term stability problems of carbon. However, the preparation of 

the PTL is substantial more complex as the GDL, see chapter 2.2.1 for preparation details. This 

presents the performance of the GDE setup with the GDL as a substantially less complex testing 

approach of PEMWE catalysts as compared to MEAs. To confirm that carbon corrosion is not 
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affecting the activity measurements in the GDE setup the current density was increased step-

wise from 1 to 10 mA mgIr
-1 and kept constant at 10 mA mgIr

-1 for 1 h. The three independent 

repeats of the IrO2 catalyst deposited on a GDL in Figure 30 shows that it is possible to perform 

stability studies as suggested by Spöri et al.171 Although the potential increase in repeat 2 might 

be traced back to bubble formation or carbon degradation, the GDL substrate is suitable for 

screening tests. To perform long-term stability investigations under harsher conditions the use 

of CCMs pressed to PTLs might be necessary.23,82 

 

Figure 31. (a) Tafel plot of OER mass activity j of the commercial IrO2 catalyst applying current steps at the 

temperatures of 30, 40, 50, and 60 °C generated in a GDE setup. (b) The corresponding Arrhenius plot at an 

overpotential ηOER of 0.25 V. Reprinted with permission from JACS Au 2021, 1, 247-251. Copyright 2021 The 

Authors. Published by American Chemical Society. 

Finally, the temperature influence is investigated by applying the temperatures 30, 40, 50, and 

60 °C) consecutively (measuring three independent samples). The Tafel plot shows as expected 

an increase in the OER rate with temperature.172 The linear and parallel Tafel slopes at low 

current densities indicate that the OER reaction mechanism in the investigated temperature 

range is the same. Due to the precise Tafel slopes the linear fits can be extrapolated to the 

exchange current densities j0 and the electrochemical activation energy EA can be estimated 

assuming Arrhenius behavior, see Figure 31b. For the determination of j0 and EA the tempera-

ture dependance of the reversible potential according to an equation of Parthasarathy at al.173 

is considered. The obtained j0 of 10.6 ± 6.0, 3.5 ± 1.8, 2.1 ± 1.2, and 7.2 ± 3.8 × 10−9 A mgIr
−1 

for 30, 40, 50, and 60 °C, respectively, are comparable to 7.3 × 10-9 A mgIr
−1 calculated from 

Lu et al.174 The increase of j0 from 50 to 60 °C shows the limitation of the extrapolation. From 

the linear fit of the Arrhenius plot at an overpotential of 0.25 V, see Figure 31, EA of 

28.5 ± 6.6 kJ mol−1 can be determined. The difference to 47 kJ mol−1 reported by Suermann et 

al.167 in a PEMWE mainly results from the measurement at 30 °C. Although measurements at 

four temperatures only allows a rough estimation, the GDE setup is presented as straightforward 

approach for kinetic studies. 
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4. Conclusions and Perspectives 

4.1. Conclusions 

4.1.1. Pt Nanoparticle Synthesis by the Polyol Approach 

In manuscript I the visible-light-induced NP synthesis enabled mechanistic investigations of 

the reduction of the H2PtCl6 and H2PtBr6 precursors in the polyol process. Reducing H2PtCl6 

or H2PtBr6 in presence of NaOH led to comparable particle sizes at a constant OH-/Pt ratio of 

24.4 independent of the wavelength of the exposed visible light. Despite the slowing down of 

the reduction process (to 24 h) as compared to the thermally induced reduction (by microwaves 

(3 min) or in a heated oil bath (90 min)) comparable results in particle size were obtained in the 

reduction of H2PtCl6 by reducing the OH-/Pt ratio. The conditions used in the visible-light-

induced reduction at room temperature were showing that in absence of Ostwald ripening, also 

the reduction of H2PtBr6 results in a comparable size control as compared to the use of the 

precursor H2PtCl6. The same particle size results despite different reduction conditions leading 

to different reduction rates were in contradiction to the kinetic LaMer model that is typically 

used to explain the NP formation process. The visibility of the reduction intermediates due to 

different colors by the slowing down of the NP synthesis enabled the proposition of a new 

reduction and NP formation mechanism. 

The size control by the OH-/Pt ratio could be confirmed using a H2Pt(OH)6 as precursor in the 

thermal reduction in EG (manuscript II). This observation of a size control could be extended 

to the acac-/Pt in the reductions of H2PtCl6 or H2Pt(OH)6 in presence of the base Na(acac) as 

compared to the regular used NaOH. The use of the precursor Pt(acac)2 in the thermal reduction 

resulted in the polyol process in substantial larger particles independent of the amount of the 

bases NaOH or Na(acac) used during the synthesis. Those results revealed that the size control 

is strongly depending on the character of the precursor and its anion before the OH-/Pt or acac-

/Pt are determining the size. 

 

4.1.2. Degradation Studies of Fuel Cell Catalysts 

The straightforward handling of the GDE setup was once more confirmed by the coupling to ex 

situ SAXS measurements to determine the particle size changes during ASTs (manuscript III). 

AST protocols were applied in the GDE setup using catalyst films that were prepared via vac-

uum filtration to generate similar loadings as common in fuel cells. This straightforward way 

of film preparation together with the performance of ASTs at 50 °C demonstrated the GDE 

setup as a testing device working close to realistic fuel cell application conditions. The combi-

nation of ECSA loss and the particle size change analyzed by SAXS were used to investigate 

the degradation mechanisms during the AST (simulating load cycle conditions) depending on 

the initial particle size and temperature. The results showed that despite different initial particle 

sizes a similar end of treatment size was obtained. Those results are questioning the strategy to 

use smaller particles to reach higher currents densities due to the higher surface area and hence 

decreasing the amount of used precision metals.  

For a deeper understanding of the degradation mechanism a continuous observation of the par-

ticle size is desired. As ex situ SAXS would have enormously increased the number of samples, 
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SAXS was performed in operando using realistic fuel cell loadings generated again by vacuum 

filtration and stimulating load cycle conditions by an AST protocol. The results of manuscript 

IV were generated at an X-ray lab source performing the crucial aspect of a suitable background 

measurements by vertical moving of the operando cell to a GDL spot that was experiencing the 

same AST protocol as the catalyst. A bimodal catalyst consisting of a mixture of two commer-

cial catalysts with distinguishable size populations was used that should favor electrochemical 

Ostwald ripening as degradation mechanism, i.e., the growth of the large particles at the expense 

of the small ones. The analysis of the mean particle sizes revealed a growth of the small popu-

lation while the size of the large particles remained similar. This is in agreement with the ex-

situ SAXS observations after performing ASTs in the GDE setup showing that the smaller par-

ticles experienced a substantial more pronounced size increase as compared to the large NPs. 

Operando measurements at the ESRF (manuscript V) of the bimodal catalyst simulating load 

cycle conditions were performed in grazing incidence mode enabling the investigation of the 

degradation depending on the depth profile of the catalyst layer. The combination of operando 

SAXS with WAXS made it possible to easily estimate the phase fractions of the two populations 

using the mean particle size obtained by SAXS as input for the crystallite size. Despite the 

bimodal system that should be favored for electrochemical Ostwald ripening this degradation 

mechanism was once more not clearly identified in both manuscript IV and V. 

 

4.1.3. Ir Nanoparticle Synthesis by the Co4Cat Process 

UV-light-induced synthesis parameters and conditions as precursor, solvent, gas atmosphere, 

temperature, base concentration, and water content were varied as well as seed-mediated growth 

experiments were performed trying without success to change and control the particle size of 

the Ir NPs by the Co4Cat process in manuscript VI. 

 

4.1.4. Testing of Electrolyzer Catalysts in a GDE Setup 

The GDE setup was presented in manuscript VII as a straightforward performance testing de-

vice of electrolyzer catalysts using realistic catalyst loadings reached by vacuum filtration. As 

the reactant water was introduced by humidified gas it was important to show the independence 

of catalyst performance over a large range of gas flow rate as soon as it is high enough. In 

addition, it could be shown that at 30 °C the GDE setup is showing a comparable performance 

as in the RDE setup, while differences at 60 °C are assumed to occur due to catalyst degrada-

tion. Therefore, the GDE setup can be presented as straightforward techniques enabling perfor-

mance testing under a realistic temperature as used in PEMWEs. Investigating the influence of 

the gas atmosphere revealed that at lower current densities a lower activity is observed in Ar as 

compared to O2 atmosphere. Due to the O2 partial pressure in the Nernst equation the activity 

in Ar atmosphere increases to a comparable performance as working in an O2 atmosphere. In 

the performance tests in manuscript VII the activity is tested using C based GDLs that show 

stability limitations at high potentials and hence the performance of the investigated catalysts 

could be influenced. The GDL stability during the time of the performance measurements could 

be confirmed, hence the use of the GDL is demonstrated to be suitable for the activity testing. 

In addition, it is shown that even the use of a Ti based PTL as typically used in PEMWEs is 
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possible in a GDE setup. Increasing the ink viscosity using glycerol and increasing the hydro-

phobicity by spraying Teflon on top of the Ti PTL enables the preparation of a catalyst film 

without permeation of the catalyst into the PTL. After performing a simple hot-pressing electric 

contact was guaranteed and an activity comparable to the results obtained using a C GDL was 

reached. Finally, a kinetic study between 30 and 60 °C was performed allowing the determina-

tion of the electrochemical activation energy assuming Arrhenius behavior and the estimation 

of the exchange current density at a certain overpotential. 

 

4.2. Perspectives 

4.2.1. Synthesis and Degradation Studies of Fuel Cell Catalysts 

To further understand the NP formation mechanism and differences in reduction between the 

precursors, in situ studies would be necessary as done by Mathiesen et al. (a study I was in-

volved in is cited)65 for Pt NPs prepared by the Co4Cat process. For a comparable study, high 

concentrations of about 50 mM Pt (double the concentration used in manuscript I and II) would 

be necessary. In addition, during in situ experiments it is important to exclude the interaction 

of the analysis technique with the sample. Unfortunately, in the case of EG as solvent and re-

ducing agent X-ray beam induced reduction occurs leading to very different size results175 as 

compared to the before observed size control depending on the OH-/Pt ratio.44,49,50 Therefore, a 

further investigation of NP formation process seems to be challenging by the common tech-

niques. 

However, the polyol process as a colloidal approach has its strength to control the particle size 

and the support independent of each other. Therefore, the polyol process could be used to syn-

thesis a homemade bimodal catalyst enabling to investigate the degradation mechanism de-

pending on the used supports instead of working with a commercial catalyst mixture with un-

known synthesis and treatment conditions. Investigating the catalyst by performing ASTs 

should be done operando but under more realistic conditions than in a flow cell in liquid elec-

trolyte as it was done in manuscript IV and V. I would suggest using a gas diffusion electrode 

setup and implementing the option of using a Nafion® membrane as the environment of the 

catalyst is expected to strongly affect its degradation. The analysis of the operando SAXS data 

to investigate the particle size changes during AST protocols should be adjusted by not anymore 

assuming a model with spheric particle shapes nor a log-normal size distribution of the degraded 

particles. The combination of operando SAXS and WAXS for bimodal systems (not only two 

Pt populations but also composite catalysts with reduced amount of precious metals) is from 

my point of view very helpful to get not only information about size changes but also the phase 

fractions. The possibility to investigate fuel cell catalysts is in general unlimited to all systems. 

However, a next step would be from my point of view comparing different degradation proto-

cols of the Pt/C bimodal catalyst in operando studies. 

 

4.2.2. Synthesis of Electrolyzer Catalysts 

A last idea trying to control the particle size of Ir NPs in the Co4Cat process would be the use 

of surfactants. But a next step is clearly trying to understand the particle formation mechanism, 
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thereby in situ studies are indispensable. A study combining different in situ X-ray techniques 

as done by Mathiesen et al.65 is in progress, where I was involved in data collection. Based on 

those results, it is hoped to get new insights, e.g., in the intermediates, to systematically adjust 

the reduction parameters that might enable a size control. 

 

4.2.3. Testing of Electrolyzer Catalysts in a GDE Setup 

The next step for testing of electrolyzer catalysts in a GDE setup is from my point of view to 

establish this technique as testing device. It is therefore inevitable to enable long-time stability 

measurements with Ti based PTLs. Another topic would be the flushing of water instead of 

humidified gas through the GDE setup. Due to the lack of hydrophobicity and hence an ex-

pected flooding of the uncoated lower part of the GDE, also in the experiment of flushing water 

through the cell a Ti PTL should be used. A last aspect would be to enable the use of CCMs 

pressed to Ti PTLs in the GDE setup. For all future experiments, the optimization of the hot-

pressing procedure used in manuscript VII is necessary that might include a collaboration to 

perform professional hot-pressing as done for MEA testing. 
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ABSTRACT: The alkaline polyol synthesis of “surfactant-free” Pt nanoparticles (NPs) is a
straightforward approach to synthesize NPs as colloids. Even challenges such as size control have
been successfully addressed in the recent past, but the reduction mechanism remains poorly
understood. This work shows that the reduction of the precursors H2PtCl6 and H2PtBr6 can be
performed at low reaction rates using visible light even though neither the precursor nor the solvent
exhibits any detectable absorption in the visible range. The possibility of a slowed down visible-light-
induced reduction was used for mechanistic investigation on the alkaline polyol approach and
compared with other energy sources (thermal, microwaves, and ultraviolet light) to induce the
reaction. The obtained insensitivity of the resulting particle size on the reaction kinetics presented
here as well as in previous studies demonstrates a clear dependence on the ratio of free OH− to Pt
precursors revealing strong indications that the well-known LaMer model is not a valid mechanistic
picture for the polyol process.

1. INTRODUCTION
Ethylene glycol (EG)-based synthesis of nanoparticles (NPs)
under alkaline conditions allows for the preparation of
“surfactant-free” colloids with narrow particle size distribu-
tions.1,2 Not only thermal energy but also microwave radiation
or ultraviolet (UV) light can be applied to induce the
reaction.2−5 The major advantage of the EG-based synthesis
compared to other colloidal methods is that no “surfactants”
are needed to obtain small, stable colloids. This makes the
approach very attractive for the preparation of model catalysts,
and it allows tailoring of the physical properties (particle size,
particle loading, and support) of the catalysts.6 The colloids are
formed in alkaline EG by metal precursor (e.g., H2PtCl6 and
H2BrCl6) reduction, while the solvent EG is oxidized. Different
oxidation pathways have been discussed for EG. It can be
oxidized to glycolaldehyde and glycol acid or to oxalaldehyde
and oxalic acid. In addition, EG can degrade by forming two
CO molecules that absorb to the NP surface.2,7 OH−, which is
present in the reaction mixture under alkaline conditions,
reacts to form water with the protons that are generated by
reduction of the metal precursor.3 The monomers then form
NPs, which are finely dispersed within the reaction medium.
An excess of OH− is needed to stabilize the formed NPs as
colloids.2,4 These NPs can be precipitated by lowering the pH
and be redispersed in several organic solvents with high vapor
pressures while maintaining the particle size. Consequently,
such NPs can be used for coatings, in particular to coat support
materials (e.g., Al2O3, SiO2, and carbon) for the preparation of
heterogeneous catalysts. Schrader et al. demonstrated that after
precipitation, NPs are merely covered by CO, but no organic

residuals could be identified.2 This finding was further
confirmed recently for supported catalysts prepared from
such colloids using solid-state nuclear magnetic resonance
spectroscopy.8 While surfactants such as polymers (e.g., PVP)
that are typically used in colloidal chemistry9 require harsh
conditions to be removed after supporting,10 CO coverage in
supported NPs can be easily replaced by OH− by adding
alkaline water.11

Recently, it has been shown that the size of NPs in the
polyol synthesis can be controlled by changing the OH−/Pt
ratio.2−4 However, despite the great potential of the polyol
process for catalytic applications1,12−14 and achievements in
terms of size control, the mechanism of NP formation and the
control of their size still remain poorly understood.15 NP
formation is usually proposed to follow the LaMer model:16−19

The dissolved metal precursors are reduced to form the so-
called monomers. After reaching supersaturation, small but
instable nuclei are formed. As the monomer concentration
increases further, a critical concentration is reached where
nuclei become large enough to remain stable under the given
conditions. This nucleation continues until the concentration
of the monomer falls below this nucleation threshold. Below
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the threshold, the monomers are deposited on the stable nuclei
resulting in particle growth.3,15,20 The LaMer model is a simple
kinetic model, and several examples have shown its suitability
for the specific systems.16−19 However, evidence has been
reported that allows questioning its validity to correctly reflect
NP formation in the alkaline polyol synthesis.4 Quinson et al.4

described for “surfactant-free” Pt NPs that OH− not only
stabilizes the particles but proposed that it further stops the
growth process during the particle formation. Without
discussing the formation mechanism, Quinson et al. showed
that the ratio of the surface atoms of OH−/Pt seems to be
constant. This indicates that the final particle size is rather
determined by the OH−/Pt ratio than by any kinetic
considerations such as the LaMer model.4 Despite this
indication, an improved understanding of what determines
the particle size is still missing.15 As the particle formation and
the final particle size seem not to be controlled by kinetics, a
slowdown of the NP formation kinetics would be beneficial to
gain further insights into relevant mechanistic aspects such as
intermediates, etc. Previous reports showed that UV-light-
induced NP formation is slower (ca. 2 h) than thermal- or
microwave-based reduction (ca. 3 min) but the same
mechanisms of EG oxidation were found using the EG
method.3,5 Hence, light-induced NP formation provides an
opportunity for further detailed investigations on the NP
formation. As the absorbance maximum of the precursor
H2PtCl6 is found in the UV light region (at ca. 265 nm), the
abovementioned reports proposed that UV light as a part of
daylight induces NP formation.3,5 However, in this work we
show that NP synthesis does not require UV light. In contrast,
it is possible to drive the alkaline polyol process with visible
light in the range of 500 nm even though neither the precursor
nor the solvent shows any significant absorption in this range.
In addition, despite the slowdown of the precursor reduction
(to 24 h), the obtained NP sizes are comparable to the particle
sizes of the thermal or UV-light-induced reduction. The slow
visible-light-induced synthesis enables studying the different
metal reduction states and hence the mechanism with respect
to the applied metal salt (H2PtCl6 and H2PtBr6) and the
irradiated wavelength. Furthermore, the similar particle sizes
obtained despite the use of different energy sources (temper-
ature, microwave, and light) and completely different time-
scales for the NP formation in the different reduction methods
raises questions on the validity of the LaMer model for the
alkaline polyol method.

2. EXPERIMENTAL SECTION
2.1. NP Synthesis. 2.1.1. Synthesis of “Surfactant-Free”

Pt NPs with Visible Light. “Surfactant-free” Pt NPs were
synthesized following the alkaline EG approach described by
Wang et al.1 In a standard procedure, the metal precursor (0.04
g of H2PtCl6 xH2O (40% Pt, CHEMPUR) or 0.0685 g of H2PtBr6
xH2O (23.35% Pt, CHEMPUR)) was dissolved in 4 mL of EG
(99.8%, VWR). 0.5 M NaOH (VWR) (4 mL) in EG was
added. In this way, a starting concentration of 0.25 M NaOH
was obtained. The OH− starting concentration describes the
NaOH concentration in 8 mL of the reaction mixture before
the irradiation. Different OH− concentrations were obtained
respectively by dilution of a 0.5 M NaOH stock solution in EG
with EG. The total volume was kept constant at 8 mL. The
mixture was filled in a quartz reactor with a cooling jacket. The
temperature was kept at 27 °C by using a thermostat to flow
water at a constant temperature through the cooling jacket.

The reaction mixture was stirred at 600 rpm during irradiation
with visible light. A xenon arc lamp (300 W, LOT QUANTUMDE-

SIGN) with different filters (LOT QUANTUMDESIGN) was used to
achieve irradiation maxima at about 400, 450, 500, 550, 600,
and 650 nm. Samples were taken after 2, 3, 4, 5, 6, and 24 h.
The lamp spectrum and the filter transmission spectra of the

used filters are shown in Figures S19−S22, respectively. The
irradiated lamp spectrum is more or less constant over the total
range of wavelength used in the present study. However, some
spikes are visible at around 450−500 nm. Additionally, the
used filters generate transmissions between 65 and 75%.
Therefore, the naming of the wavelength is meant as a guide
for the experimental setting, as no direct correlation between
the wavelength and the energy input can be assumed.

2.1.2. Synthesis of “Surfactant-Free” Pt NPs by Thermal
Reduction. In a standard procedure, a metal precursor (0.04 g
of H2PtCl6 xH2O (40% Pt, CHEMPUR or ALPHA AESAR)) was
dissolved in 4 mL of EG in a 50 mL round bottom flask. 0.5 M
NaOH (4 mL) in EG was added to obtain a OH− starting
concentration of 0.25 M. Different base concentrations were
obtained respectively by dilution of 0.5 M NaOH stock
solution in EG with pure EG, but the total volume of 8 mL was
kept constant. For the reduction with KOH, 2.050 mL of 40
mM H2PtCl6 xH2O was mixed with 1.945 mL of EG and 4.000
mL of 0.5 mL KOH (SIGMA-ALDRICH) stock solution in EG.
The flask of the thermal reduction with NaOH was equipped
with a reflux condenser. The mixture was vigorously stirred at
150 °C using a preheated oil bath and kept at this temperature
for 90 min. The yellow precursor solution turned dark brown
after about 5 min, indicating the nanoparticle formation. After
heating for 90 min, the reaction mixture was cooled to ambient
temperature. During the thermal reduction in the absence of
any light, the described procedure was performed in the same
way, but the flakes were covered with aluminum foil to exclude
absorption of light by the reaction mixture.

2.1.3. Cleaning of “Surfactant-Free” NPs. Pt NPs were
cleaned by precipitating the “as-prepared” NP dispersion with
two aliquots of 1 M aqueous HCl (VWR). The precipitated
particles were separated by centrifugation, and the supernatant
was removed. The particles were washed once by suspending
them in two aliquots of 1 M aqueous HCl. After a second
centrifugation, the supernatant was removed again, and the
NPs were redispersed in different organic solvents.

2.1.4. NP Deposition on Carbon. A carbon support
(CARBOT, VXC72R) was dispersed in acetone (VWR). The
Pt NPs were cleaned and redispersed in acetone (see Section
2.1.3) and added to the suspension of the carbon support. The
solvent was vaporized with a rotary evaporator. Afterward, the
carbon deposited NPs were washed with water and acetone to
remove solvent residues.

2.1.5. Seed-Mediated Growth Experiments. Different seed-
mediated growth experiments were performed by adding
(reduced) precursor solutions to different thermally formed Pt
NPs. Reduced precursor solutions were obtained by irradiation
of a solution of H2PtCl6 in alkaline EG (see the standard
procedure in Section 2.1.1) with 400 nm for 4 h. For the
synthesis of thermally formed Pt NPs, see Section 2.1.2.

2.1.5.1. Exposure of the as-Prepared Thermally Formed Pt
NPs to Reduced Precursor Solutions. Reduced H2PtCl6
precursor solutions (0.6, 1.2, and 3.0 mL) were added to 0.6
mL of the as-prepared thermally formed Pt NPs to obtain
ratios of 1:1, 1:2, and 1:5 with 0.25 M of OH−. The mixtures

The Journal of Physical Chemistry C pubs.acs.org/JPCC Article

https://dx.doi.org/10.1021/acs.jpcc.0c06361
J. Phys. Chem. C 2020, 124, 21798−21809

21799

http://pubs.acs.org/doi/suppl/10.1021/acs.jpcc.0c06361/suppl_file/jp0c06361_si_001.pdf
pubs.acs.org/JPCC?ref=pdf
https://dx.doi.org/10.1021/acs.jpcc.0c06361?ref=pdf


were stirred for 5 and 7 days at room light and in the absence
of light (covered with aluminum foil).
2.1.5.2. Exposure of Thermally Formed Pt NPs Redis-

persed in EG to Reduced Precursor Solutions. Reduced
H2PtCl6 precursors (0.5, 1.0, and 2.5 mL) were added to 0.5
mL of Pt NPs formed by thermal reduction and redispersed in
pure EG (see Section 2.1.3) to obtain ratios of 1:1, 1:2, and
1:5. The “pH” is still alkaline in these experiments with a final
OH− concentration of about 0.125, 0.167, and 0.208 M. The
mixtures were stirred for 7 days at room light.
2.1.5.3. Exposure of Carbon-Supported Pt NPs to Reduced

Precursor Solutions. A dispersion of thermally formed Pt NPs
(24 mL) was precipitated and redispersed in acetone (see
Section 2.1.3). The NPs were deposited onto 0.433 g of carbon
(see Section 2.1.4, carbon was dispersed in 10 mL of acetone).
A theoretical loading of about 10 wt % of Pt was obtained. The
deposited NPs were washed with water and acetone. After
supporting the carbon stick together, a mortar was used to
reobtain a fine powder of the NPs supported on carbon. The
deposited Pt NPs (0.0997 or 0.0503 g) were dispersed in 1 mL
of EG. Reduced H2PtCl6 precursor solutions (8 mL) were
added to obtain OH−/Pt ratios of 15.0 and 18.6. The mixture
was stirred for 1 week. Afterward, the mixture was centrifuged
twice to separate the carbon supported NPs, and the
supernatant was removed. The supported NPs were washed
with 8 mL of deionized water, and the supernatant was
removed. The NPs supported on carbon were dried in an oven
at 120 °C for several days to remove any liquid residues.
2.1.5.4. Irradiation of the as-Prepared Thermally Formed

Pt NPs Exposed to Precursor Solutions. The as-prepared
thermally formed NPs (1 mL) were added to different
amounts of 10.25 mM H2PtCl6 xH2O in EG (without
additional OH−). By using 2.2 or 3.0 mL of precursor solution,
OH− concentrations of 0.078 M and 0.063 M NaOH were
obtained, respectively, considering the 0.25 M OH− starting
concentration of the thermally formed NPs. The mixtures were
irradiated with 500 nm for 3 h and stirred at 27 °C.
2.2. Characterization of NPs. 2.2.1. UV/vis Spectrosco-

py. For UV/vis measurements, a CARY 50 SCAN UV/vis
spectrophotometer from VARIAN and a UV-1600 PC
spectrophotometer from VWR were used. NP dispersions
(80 μL) were diluted in 4 mL of EG. The quartz cuvette was
cleaned with about 1.5 mL of diluted dispersion. About 2.5 mL
of diluted dispersion was used for UV/vis measurement. The
spectra were recorded with the empty quartz cuvette as the
baseline.
2.2.2. Fourier Transform Infrared Spectroscopy. For

Fourier transform infrared (FTIR) spectroscopy, a THERMO

NICOLET AVATAR 370 was used with a resolution of 4 cm−1.
FTIR spectra from the NP dispersions were recorded in
attenuated total reflection mode with a SMART PERFORMER ATR

unit on a ZnSe crystal plate by taking 16 scans. EG on the
ZnSe crystal was used as the background.
2.2.3. Transmission Electron Spectroscopy. Transmission

electron spectroscopy (TEM) was performed with a TECNAI

F20 S-TWIN MICROSCOPE (FEI) using an acceleration voltage of
200 kV and a magnification of 150 k. For the measurement of
liquid samples, 0.25 or 0.5 mL of the as-prepared NP
dispersions were precipitated with two aliquots of 1 M HCl
and were redispersed in one aliquot of acetone (see Section
2.1.3). Then, three drops (for lower NP concentrations up to
six drops) of that dispersion were diluted with 1 mL of
acetone. Afterward, three drops of the diluted acetone

dispersions were drop-cast onto the carbon side of the TEM
grid (ultrathin Carbon Support Film, QUANTIFOIL, Cu 200
mesh). For the measurement of carbon support samples, the
carbon was crushed in a mortar and the TEM grid was covered
three times with the NPs supported on carbon. The averaged
particle sizes and particle size distributions were determined
using ImageJ, counting at least 200 particles.

2.2.4. Mass Spectrometry. A BRUKER ESQUIRE-LC ion trap
mass spectrometer was used to perform electrospray ionization
mass spectrometry (ESI-MS) measurements (synthesis with
NaOH), and nano electrospray ionization was performed using
a LTQ Orbitrap XL from THERMO (synthesis with KOH). For
the sample preparation, 1 mL of the NP dispersion was
precipitated and redispersed in EG (see Section 2.1.3) to
obtain a metal free system for the mass spectrometry (MS)
investigations. The pH of the obtained solution was buffered
by adding NaHCO3 (RIEDEL-DE HAËN, synthesis with NaOH)
or KHCO3 (A.C.S. REAGENT, ALDRICH, 99.7%, synthesis with
KOH). For the MS measurements, the samples synthesized
with NaOH were diluted with methanol (VWR) in a ratio of
1:100. The spectra were recorded in the positive ion mode.

3. RESULTS AND DISCUSSION
3.1. Thermal Reduction of H2PtCl6 in the Absence of

Light. By using the EG method according to Wang et al.,1

“surfactant-free” Pt NPs are synthesized by thermal reduction
of H2PtCl6 in EG in the presence of NaOH. The Pt NPs are
stable for several months.1 Kacenauskaite et al.5 showed that
storage of an alkaline H2PtCl6 solution in EG does not lead to
NP formation, when the solution is not exposed to light. This
implies the importance of light for the reaction under ambient
conditions. What has not been investigated so far is the
thermal reduction of H2PtCl6 in the absence of any light to
clarify whether the presence of light is a prerequisite for the
reaction to occur. We found that thermal reduction of H2PtCl6
in the dark at 150 °C for 90 min leads to stable NPs. After
precipitation of the NPs, the supernatant was analyzed to
determine if the oxidation production of EG is the same as for
a thermal reduction in the presence of light. Glycolic acid (m/z
= 77, 121, 143), glycolaldehyde (m/z = 83, 105), oxalic acid
(m/z = 135, 157), and oxalaldehyde (m/z = 81) besides EG
(m/z = 63, 85, 107, 129) were found in the supernatant in the
mass spectrum (Figure S1). These species are the same organic
oxidation products of EG that are formed in the normal
thermal EG method in the presence of light.7 No significant
change in particle size was found when the thermal reduction is
performed in the absence of light (Figure 1). We hence
conclude that light induction seems not to be the driving force
for the NP formation at 150 °C, unlike the thermal energy.
Quinson et al. describes that the thermal reduction of

H2PtCl6 with KOH leads to stable NPs but, at a high base
concentration, a cation effect is observed.21 The synthesized
NPs at 2.5 M KOH (the same base concentration as used
before in the thermal reduction) are only stable for several
minutes. The mass spectrum of the supernatant after
precipitation of the NPs reveals the same oxidation production
of EG (m/z = 153) as for NaOH. Glycol acid (m/z = 109,
113), glycolaldehyde (m/z = 97, 115, 169, 205), oxalic acid
(m/z = 155), and oxalaldehyde (m/z = 95) were observed.
Because of different stabilization effects of the cations (K+ as
compared to Na+) at the high base concentrations, the two
systems are similar but not equivalent. However, the same
oxidation mechanism of the organic solvents occurs.
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3.2. Reduction of H2PtCl6 by Visible Light. In the
literature, light-induced NP synthesis studies on the alkaline
polyol approach are rare and mainly limited to the use of UV
light.3,5 Earlier studies proposed that UV light as part of
daylight induces NP formation.5 This proposal seems
reasonable considering that neither EG nor the precursors
reveal an absorption band in the visible range. However, as
shown in Figure 2, it is possible to form NPs with use of visible

light, but the process is slow (24 h) as compared to the
thermal synthesis (ca. 3 min). Mass spectrometric inves-
tigations of the supernatant after precipitation of the NPs (24
h, 500 nm) were performed to explore if for the visible-light-
induced reduction the same EG oxidation mechanism occurs
as for the other reduction methods (thermally,2 UV light5).
The data reveal the same organic oxidation products for EG as
formed by the thermal EG method in the presence and
absence of light (glycolic acid, glycolaldehyde, oxalic acid, and
oxalaldehyde, see Figure S2).7 Therefore, the same mechanism
for EG oxidation as for thermally2 and UV-light-induced NP
formation5 seems to hold for the visible-light-induced
reduction. Further investigations of an alkaline EG solution
(without Pt) that has been aged for some weeks at room
temperature reveal that small amounts of glycolic acid and
glycolaldehyde or acetic acid can be found (see Figure S3).
This can be related to EG oxidation by oxygen from air.22,23

After thermal treatment of such an aged alkaline EG solution
(stirring for 90 min at 150 °C, the temperature of thermal
reduction), oxalic acid is also found (see Figure S4). As the
visible-light-induced NP formation was performed at room
temperature, the oxalic acid must be traced back to the parallel

Pt reduction during the NP synthesis (as no thermal reduction
was performed). Consequently, the oxalic acid formed during
the light-induced-NP synthesis at room temperature is present
because of the NP formation and not the prior solvent
oxidation.
Quinson et al.24 investigated recently the NP synthesis in

low boiling point solvents such as ethanol and methanol under
UV light. In different studies with those low boiling point
solvents, Quinson et al. showed different size effects for
hydroxides of different cations (Li+, Na+, K+, and Cs+) and
their concentration as compared to EG21,24 and a solvent
dependent reduction mechanism of ethanol as compared to
methanol.25 Although the reduction of ethanol, methanol, and
EG leads to “surfactant-free” Pt NPs, a quite differing
mechanism is observed for each of these solvents.
The formation rate for the visible-light-induced reduction

shows a clear dependence on the applied wavelength of the
light source. After 24 h of irradiation of H2PtCl6 (with NaOH
as the base), NPs were formed with 400, 450, 500, and 550 nm
(Figure 2), but the change of color from yellow (precursor
solution) to brown (NPs) (see Figure 2) and the UV/vis
absorption intensities after 24 h of reduction (see Figure 3)

imply that the reaction is the fastest for a wavelength of 500
nm. We hence conclude that the absorption maximum of the
precursor H2PtCl6 at about 265 nm

5 does not necessarily need
to be excited to induce the reduction. Irradiation with 500 nm
was the only wavelength that led to NP yields high enough to
allow for precipitation by adding HCl, and the supernatant was
colorless. As only the complete reduction to NPs allows for
complete precipitation and hence obtaining a colorless
supernatant, it can be concluded that the H2PtCl6 reduction
is completed after 24 h irradiation with 500 nm. This reaction
time, when using visible light, is clearly much longer than those
required for a thermal- or microwave-induced reduction.2,4

The irradiation with 600 and 650 nm did not lead to NPs but
probably to a reduced precursor (Figure S5f), as the yellow
solution has turned colorless (see Figure 2).
The precursor reduction and NP formation lead to color

changes of the solution/dispersion that can be captured
optically (Figure 2) and by UV/vis spectroscopy (Figure S5).
H2PtCl6 dissolved in 0.25 M NaOH in EG exhibits an
absorption peak at about 265 nm (Figure S5e) corresponding
to the yellow [PtCl6]

2− complex (Figure 2).5,26 This
absorption peak of [PtCl6]

2− decreases with longer irradiation
time (Figure S5e,f). When NPs are formed, an absorption peak
above 300 nm arises (Figure S5a−d). The time-dependent
monitoring of the synthesis reveals an almost colorless

Figure 1. TEM images of Pt NPs, averaged particle sizes, and NP size
distributions of NPs generated by thermal reduction of H2PtCl6 at
150 °C (a) in the dark and (b) under room light.

Figure 2. Photos of the time-dependent reduction of H2PtCl6 in EG
after 3, 4, 5, 6, and 24 h of irradiation with 400, 450, 500, 550, 600,
and 650 nm using 0.25 M OH− as the starting concentration. The
solutions that are presumed to be the solved precursor (in yellow)
and reduced precursor (in blue) are bordered.

Figure 3. Comparing the UV/vis spectra of NP dispersions after 24 h
of irradiation with 400, 450, 500, 550, 600, and 650 nm of H2PtCl6 in
EG using 0.25 M as the OH− starting concentration.
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intermediate state between the initial yellow solution of the
precursor ([PtCl6]

2−) and the brown NP dispersion (Figure 2,
highlighted in yellow). This colorless state refers presumably to
the reduced precursor27,28 (monomer based on the LaMer
model). As even low NP concentrations lead to significant
increases of the baseline,29 the colorless solution can be
concluded to be almost completely free of NPs.27,28,30 In
addition, according to the Mie theory, the absorption of such
small NPs is higher than their ability to scatter light.31 So, this
reduced precursor could be Pt2+-complexes (as [PtCl4]

2−,
[Pt(OH)4]

2−, or [PtClx(OH)y]
2−) or even Pt0. Note that at

high OH− concentrations, no particle formation occurs.2 It
seems hence very unlikely that complexes that exclusively
coordinate OH− act as a reactive species for the particle
formation process discussed here. It has been described by
Harada et al.29 that in aqueous ethanol solutions at low pH,
NPs are formed by light-induced reduction of [PtCl6]

2− to
[PtCl4]

2−. According to Wang et al.32 at high pH levels (in the
presence of OH−) in an alkaline solution, the chlorides in
[PtCl6]

2− are substituted by hydroxides, so different hydroxide
chloride species up to [Pt(OH)6]

2− are formed. However,
Hwang et al.33 described that in EG at high pH first [PtCl4]

2−

is formed from [PtCl6]
2− and heating the mixture for 5 min at

80 °C leads to [Pt(OH)4]
2−. The obtained [Pt(OH)4]

2−

complexes could be used to deposit Pt onto Ru NPs to form
core−shell particles.33 Generally, depending on the concen-
tration, the exchange of chloride by OH− must be expected to
proceed at least partially as OH− forms more stable platinum
complexes than chloride.34,35 Considering the results of Hwang
et al.,33 it seems that the exchange of Cl− with OH− is fast at
80 °C, leading to a fast NP formation at high temperatures
compared to room temperature. This transition of the different
intermediates should be visible in the UV/vis spectra. Using
highly diluted solutions of the reduced precursor, a small
shoulder at about 225 nm may imply the absorbance of an
intermediate (Figure S5e,f). According to the literature, the
UV/vis absorbance maximum of [PtCl4]

2− in (acidic) aqueous
solutions was found in this area (at 217 nm and about 230 nm
(shoulder),36 215 nm and 225 nm (shoulder),37 233 nm,38

222−236 nm39). There are not many reports about UV/vis
data of the hydroxo platinum complexes: One example is the
absorbance maximum of [Pt(OH)6]

2− in alkaline water at 200
nm.40 Although the UV/vis spectra indicate different steps in
the NP formation that can also be observed optically (see
Figure 2), it cannot be concluded which intermediate is
actually formed, but we assume it to be a [PtClxOHy]

2−

complex. As the different suitable intermediates are complexes
of Pt(II), we will refer to the intermediate as the reduced
precursor here onward. Despite the different kinetics compared
to thermally prepared NPs,1,2 the size was found to be very
similar for both preparation methods (1.4 ± 0.3 nm (Figure
1a) to 1.3 ± 0.5 nm (Figure S11)).
To sum up, the same particle sizes as in thermally,2 UV

light-,3 or microwave4-induced reductions at a constant OH−/
Pt ratio are obtained. Furthermore, during the reduction of
[PtCl4]

2−, a colorless intermediate is formed that is assumed to
be [PtClxOHy]

2−.
3.3. Reduction of H2PtBr6 by Visible Light. The NP

formation by thermal reduction of H2PtBr6, indicated by the
color change from yellow to dark brown, occurs faster (30 s)
than that for H2PtCl6 (5 min).41 The change in the thermal
reduction is accompanied by a change in particle size of 1.9 ±
0.2 nm for H2PtBr6 in less than 30 min as compared to 1.2 ±

0.2 nm for H2PtCl6 after 90 min.41 The use of H2PtBr6 was
hence also investigated for visible-light-induced reaction. After
24 h of irradiation of H2PtBr6 with 400, 450, 500, and 550 nm,
the formed NPs could be precipitated, with 600 nm only
partially. Thus, the reaction can be concluded to proceed faster
with this precursor. Again the absorption maximums of the
precursor H2PtBr6 at about 315 and 375 nm36 do not have to
be excited to induce the reduction. The NP formation rate has
again a maximum at about 450 to 500 nm (Figures 4 and 5) as
observed by the visible-light-induced reduction of H2PtCl6
(Figure 3).

Because of the faster NP formation with the bromide
compared to the chloride containing precursor, an influence on
the NP size was expected. However, the particle size at 500 nm
(1.6 ± 0.3 nm (Figure S12c)) is in good agreement with the
results of Neumann et al. in the thermally induced reduction of
H2PtBr6 after 1−10 min (1.3 ± 0.2 nm) and of H2PtCl6 ( 1.2
± 0.2 nm).41 The particle sizes at 400−600 nm were
comparable within the error of the TEM analysis (Figure
S12), only after 24 h of irradiation; with 600 nm, not enough
NPs were formed for further investigations. In the light-
induced NP formation, the particle size does not differ strongly
when H2PtBr6 is used instead of H2PtCl6 at an OH− starting
concentration of 0.25 M NaOH in EG (Figures S11 and S12).
Therefore, the halide does not seem to influence the NP size
for the slow visible-light-induced NP formation. However, the
halide determines the rate of NP formation. The obtained NP
size seems independent of the wavelength of the exposed light
as long as enough energy is provided to induce the NP
formation. The wavelength cannot be directly correlated to the
total energy input. However, from the expected different
energy input because of the combination of the wavelength-

Figure 4. Photos of the time-dependent reduction of H2PtBr6 in EG
after 3, 4, 5, 6, and 24 h of irradiation with 400, 450, 500, 550, and
600 nm using 0.250 M OH− as the starting concentration and the
corresponding average of the NP diameter after 24 h.

Figure 5. Comparing UV/vis spectra of NP dispersions after 24 h of
irradiation with 400, 450, 500, 550, 600, and 650 nm of H2PtBr6 in
EG using 0.250 M as the OH− starting concentration.
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dependent photon energy, the lamp spectrum, and the filter
transmission spectra per applied wavelength, it can be
concluded that the NP size does not depend on the total
energy input as long as enough energy is applied to form
particles.
The reduction of H2PtBr6 is not only faster than that of

H2PtCl6. During the reduction of H2PtBr6, a distinctive
absorption maximum at 270 nm is observed (Figure S7) that
is not found during the reduction of H2PtCl6. The intensity of
the absorption maximum of this intermediate is high, while in
the H2PtCl6 reduction, the absorbance decreases during the
intermediate formation. The maximum is not related to the
dissolved precursor in the reaction mixture. The H2PtBr6
precursor dissolved in the reaction mixture (0.25 M NaOH
in EG) shows an absorption maximum at about 315 and 375
nm in the UV/vis spectrum (Figure S7). This is in accordance
to the absorbance of [PtBr6]

2−.36 According to Wyk et al.,36

the [PtBr4]
2− complex shows an absorbance maximum at 270

nm.
If the intermediate during the reduction of [PtBr6]

2−

corresponded to a halide-free hydroxo platinum complex,
where the halide is completely substituted by hydroxide,32 the
same absorption maximum should be seen as during the
reduction of [PtCl6]

2−. As UV/vis spectroscopy reveals the
presence of different intermediates formed during the
precursor reduction of H2PtCl6 and H2PtBr6, we conclude
that the intermediate must partially coordinate the halide.
Hence, the intermediate is neither only a Pt ion exclusively
coordinating hydroxides nor only a halide containing Pt
complex. The intermediates are hence described in the
following as [PtClxOHy]

2− and [PtBrxOHy]
2−. The results of

this work show different formation rates for the two different
reductions: Reducing [PtBr6]

2− with the intermediate
[PtBrxOHy]

2− is much faster than the reduction of [PtCl6]
2−

with the intermediate [PtClxOHy]
2−. However, despite the

Figure 6. Photos of time-dependent reduction of H2PtCl6 in EG after 3, 4, 5, 6, and 24 h of irradiation with 500 nm using 0.250, 0.125, 0.094,
0.063, 0.055, 0.047, and 0.031 M as OH− starting concentrations. The c(NaOH)/c(Pt) values describe the ratio before the synthesis using the
OH− starting concentration.

Figure 7. TEM images, averaged particle sizes, and NP size distributions of NPs after exposure of H2PtCl6 with 500 nm for 24 h using a NaOH
starting concentration of (a) 0.125 M, (b) 0.094 M, (c) 0.063 M, (d) 0.055 M, and (e) 0.047 M. (d) and (e) show agglomeration of NPs on the
TEM grid.
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different kinetics, surprisingly no significant changes in particle
size are obtained (see Figures S11 and S12). Although the
formation of the intermediate and the formation rate of the
NPs (reduction of the intermediate) are dependent on the
precursor, the NP formation is halide independent. The LaMer
model is a kinetic model, while particle growth by Ostwald
ripening is a thermodynamic process. Hence, if the particle
formation proceeds via the LaMer model, the final particle size
is determined only by kinetics. In the LaMer model, the metal
precursors are reduced to form what is referred to as
monomers. When supersaturation is reached, nuclei start to
form. These are however too small to be stable and redissolve.
As a critical concentration is reached, the nuclei become large
enough to be stable and the system turns to be heterogeneous
(phase 1). Nucleation occurs until the concentration of
monomers falls below the nucleation threshold, where the
rate of nucleation rapidly decreases to almost zero (phase 2).
When the concentration of monomers drops below the
nucleation threshold, the stable nuclei act as seeds that grow
by deposition of monomers onto the particle surface (phase
3).42 When the reduction occurs at lower rates, as in the case
of the light-induced reduction, the concentration of monomers
increases only slowly. The monomer concentration should
rapidly fall below the nucleation threshold because the rate of
monomer formation cannot keep up with the rate of monomer
consumption via nucleation. As a result, a short nucleation
period is expected and a long growth phase, which in turn
means that large particles are expected. LaMer hence proposes
small particles for a fast reaction (thermal reduction) and large
NPs for a slow reaction (light-induced). As this proposal
cannot be supported by the here presented results, we
conclude that the LaMer model is not able to correctly reflect
the formation process of the here discussed NPs.
3.4. Reduction of H2PtCl6 by Visible Light with

Varying OH− Starting Concentrations. Previous reports
demonstrated the influence of the OH− concentration on the
NP size;2−4 we hence also explored different NaOH/Pt ratios
in the reduction of H2PtCl6 with NaOH for irradiation with
500 nm. All Pt NP dispersions could be precipitated
completely after 24 h, and the supernatant was colorless
(0.047−0.25 M NaOH). This indicates a complete reduction
of H2PtCl6. By lowering the NaOH concentration from 0.250
to 0.063 M NaOH, the rate of NP formation decreases, while
the NP size increases from 1.3 ± 0.5 nm to 2.0 ± 0.4 nm
(Figures 6 and 7). This finding is basically in agreement with
the LaMer model. However, the same trend is also observed by
thermally,2 microwave-,4 and UV-light-induced Pt NP syn-
thesis,3 where the reduction occurs at completely different time
scales. Considering the above discussion on the LaMer model

and the expected effect of temperature on the particle size, the
here presented results further support the hypothesis that the
LaMer model is not suitable to describe the particle formation
for the alkaline EG approach.
Previous results of thermally induced NP formation showed

that no stable NPs are formed below a concentration of 0.063
M NaOH.2 This is explainable by the number of OH− ions
needed to neutralize the formed protons during the reduction.2

For a concentration of 0.01025 M Pt precursor, 0.0615 M
OH− ions are needed for the neutralization. Hence, the use of
OH− starting concentrations higher than 0.0615 M in the
visible-light-induced NP formation leads to the expected basic
pH conditions even after several weeks, and hence, the NPs
remain stable during that time. At 0.031 M, there is no
nucleation, and hence, no NP formation is observed within 24
h, although a color change (the yellow color of the PtCl6

−

complex disappeared) after 3 h indicates a change of the
precursor (Figure 6). Hence, it seems that a certain amount of
NaOH is needed to exchange the Cl− in the Pt complex to
initiate nucleation. For 0.055 M NaOH (NaOH/Pt = 5.3) and
0.047 M NaOH (NaOH/Pt = 4.6), NPs are formed, but
considering what has been reported for thermal reduction, the
NPs are expected to precipitate as the OH− concentration is
too low to achieve NP stabilization.2 However, after irradiation
for 24 h, the NPs with 0.055 M and 0.047 M NaOH seem to
be stable. Using 0.055 M NaOH compared to 0.063 M NaOH
shows a decrease in the rate of the NP formation and an
increase of the NP size to 2.7 ± 0.5 nm (Figure 7). The formed
particles could be precipitated completely with HCl (colorless
supernatant) after the synthesis.2 Hence, as proposed by
Quinson et al.,4 larger NPs can be formed by decreasing the
OH− concentration in the reaction mixture. However,
agglomeration is seen on the TEM grid as there is not enough
OH− to stabilize the particles. To conclude, using the visible-
light-induced reduction enables forming NPs in a range of
NaOH/Pt ratios where no stable dispersions can be formed by
thermal synthesis.2 At high temperatures, the particle mobility
is higher compared to room temperature and the solvent
viscosity is lower. We assume that the use of light allows
reaching a state that is only kinetically but not thermodynami-
cally stable. Using 0.047 M NaOH, a dark dispersion is already
formed after 4 h. The determined NP size is comparable to
0.055 M, but the NPs are agglomerated (Figure 7d). During
precipitation of the NPs in 0.047 M NaOH, a dark supernatant
is obtained, indicating that precipitation cannot be fully
accomplished. The particles could not be redispersed even by
adding 0.5 M NaOH. So the sintering of the particles seems to
be primarily inhibited by diffusion limitation at room
temperature.43,44 The thermodynamic instability at low base

Figure 8. Photos of time-dependent reduction of H2PtBr6 in EG after 3, 4, 5, 6, and 24 h of irradiation with 500 nm using 0.250, 0.125, 0.094,
0.063, and 0.055 M as the OH− starting concentration. The c(NaOH)/c(Pt) values describe the ratio before the synthesis using the OH− starting
concentration.
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concentrations allows us to explain why depending on the
reaction control larger NP sizes (e.g., 4−5 nm of microwave-
induced NPs below NaOH/Pt of 54) can be formed but not
stabilized.
3.5. Reduction of H2PtBr6 by Visible Light with

Varying OH− Starting Concentrations. The results of
this work show that, at a constant OH−/Pt ratio, the NP
formation is faster with the bromide-based precursor, but the
NP size is the same as that using the Cl-based precursor. The
question is if the variation of the OH−/Pt ratio by using the
bromide-based precursor shows the same change of the NP
size as that using H2PtCl6. This is expected when the halide
and the resulting difference in particle formation rates do not
influence the particle size. After 24 h of irradiation of H2PtBr6
with 500 nm and different NaOH starting concentrations
(between 0.055 and 0.250 M NaOH) all Pt NP dispersions
could be precipitated (Figure 8).
The time-dependent UV/vis spectra (Figure S9) during the

H2PtBr6 reduction by varying the OH− starting concentration
show as mentioned above by varying the irradiated wavelength
(Figure S8) an absorbance maximum at 270 nm that is
assumed to be an intermediate. This intermediate is hence
even at low OH− concentration formed and not rapidly
consumed. The comparison of the UV/vis absorbance after 24
h with varying OH− starting concentrations is shown in Figure
S10, and the reaction time dependent changes are shown in
Figure S8. The rate of NP formation decreases from 0.250 to
0.094 M NaOH and increases by lowering the concentration to
0.063 and 0.055 M (Figure 8, Figure S10); this change is
similar to the results obtained for H2PtCl6 (see Figure 6,
Figure S7). In the concentration range where the NP
formation rate is decreased, the particle size remains constant
within the size error at 1.6−1.7 nm (Figure S12c and Figure
9a,b). In the range where the formation rate is increased (by
continuing lowering of the concentration), the particle sizes

increase to 2.3−2.4 nm (Figure 9c,d). The particle size
increases (for H2PtBr6 from 1.6 to 2.4 nm) are comparable to
the results of the reduction of H2PtCl6 (from 1.3 to 2.7 nm)
with varying OH− starting concentrations (Figures 7 and 9).
Using a concentration of 0.055 M shows already after 3 h of
irradiation a dark-brown dispersion, and the NPs can be
completely precipitated (Figure 8). This is in agreement with
the only small changes of the UV/vis absorption spectra
(Figure S8d) and the constant particle sizes after 3 h of
irradiation (2.3 ± 0.7 nm, Figure 9e) as compared to 24 h (2.4
± 0.7 nm). For NaOH concentrations below 0.0615 M,
instable dispersion should be formed as previously seen for
H2PtCl6. However, using 0.055 M NaOH with the H2PtBr6
precursor led to stable NPs for several weeks. So, it could be
assumed that when not enough OH− is found in the system,
the particles are stabilized by the halide. As bromide shows a
stronger interaction with Pt than chloride,45 the differences
between chloride and bromide lead to the assumption that
bromide stabilizes the surface better than chloride.
In summary, using H2PtBr6 instead of H2PtCl6 as the

precursor for visible-light-induced reduction at room temper-
ature leads to an equivalent increase of NP size with a smaller
OH−/Pt ratio. This particle size control by the OH−/Pt ratio is
also reported in thermally,2 UV light-3 and microwave-
induced reduction.4 The increase of NP size by lowering the
OH− content cannot be explained by Ostwald ripening as
according to Neumann et al. this process proceeds at higher
temperatures (150 °C, after 17 h).41 Thus, the choice of the
metal precursor does not influence the particle size if the
reaction is performed in a range, where changes due to
Ostwald ripening can be excluded. The formation of the
intermediates during the reduction can be observed
spectroscopically and leads to the assumption that the halides
are partially exchanged with OH−. The different halide
hydroxo complexes lead to the precursor-dependent NP

Figure 9. TEM images, averaged particle sizes, and NP size distributions of NPs after exposure of H2PBr6 with 500 nm for 24 h using a NaOH
starting concentration of (a) 0.125, (b) 0.094, (c) 0.063, (d) 0.055 M, and (e) 0.055 M after 3 h of irradiation.
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formation rates that however do not determine the final
particle size.
3.6. Seed-Mediated Growth Experiments. To further

investigate the relevance of the LaMer model, the possibility of
seed-mediated growth was tested. According to LaMer, it is
possible to let particles grow by exposing NPs to a solution of
monomers, low enough in concentration that no nucleation
can occur as a competitive reaction pathway.46 Kunz et al.47

showed in kinetic studies that the particle size of bimetallic
AuPd NPs could be increased by adding different amounts of
Au precursor solution to Pd NPs at ambient temperature. In
calculations, assuming that the size of all clusters is increased
by the same amount within a given time period, the initial size
distribution of the Pd clusters is changed by the added Au
precursor. The measured particle size increase is in good
agreement with predictions based on a pure seed-mediated
growth model. This way of seed-mediated growth by exposing
NPs to a more noble precursor solution47 is also shown for
bimetallic RuPt NPs by Hwang et al.33 However, reducing the
more noble metal ions in the presence of less noble clusters is
thermodynamically restricted.47

In the present study, we tried to deposit the reduced
precursor of H2PtCl6 in several ways and under different
conditions onto thermally formed Pt NPs (also by reducing the
NaOH concentration) at room temperature in the absence and
presence of light (a to c, see Figures S13−S16) over 1 week or
under irradiation with 500 nm for 3 h (d, see Figure S17). To
exclude diffusion limitations in EG at room temperature,
mixtures were vigorously stirred. The thermally formed Pt NPs
were used in different ways as seeds: Pt NPs were used as-
prepared (a, see Figures S13 and S14, 1.5−1.8 nm),
precipitated with HCl and then redispersed in EG (b, see
Figure S15, 1.1−1.7 nm), and as carbon supported Pt NPs
dispersed in EG (c, see Figure S16, 1.7−1.8 nm). Based on the
calculations for the particle growth as per Kunz et al.,47 NP
sizes of 1.8−2.6 nm would be expected (for further
information see the Supporting Information). The comparison
of the expected particle sizes to those obtained by TEM shows
that none of these trails led to a successful seed-mediated
growth. The starting OH− concentration of the seed-mediated
growth experiments was in most cases not below 0.125 M. As
in this concentration range, the particle size does not change
significantly with the OH− concentration (see Figure 7), and
the unsuccessful particle growth is in agreement with the
previous OH−-dependent syntheses. In the seed-mediated
growth experiment under irradiation with 500 nm (d), the
OH− concentration was below 0.125 M. The wavelength of
500 nm in the experiments should lead after 2 hours of the
exposure to reduction of the precursor (Figure 2). However,
the expected particle size of 2.1−2.3 nm was also here not
reached (see Figure S17, 1.3−1.4 nm).
Hence, the unsuccessful seed-mediated growth experiments

of this work give a further indication that the kinetic LaMer
model does not seem to describe sufficiently the particle
formation process in the EG method. Instead, the process
seems thermodynamically controlled.
3.7. Proposed Growth Model. Quinson et al.4 recently

showed that the ratio of OH− to the number of Pt surface
atoms determines the particle size. The here presented results
further support this proposal, as the particle size seems merely
to depend on the OH−/Pt ratio independent of different
kinetics. In contrast, any proposal for the change in particle
size based on the LaMer model fails to explain the here

presented results as well as previous studies on thermally,
microwave-, and UV-light-induced syntheses. Some conclu-
sions can be drawn from recent reports on the alkaline polyol
approach that all seem to support the relevance of the OH−/Pt
ratio for the resulting particle size in combination with the here
discussed findings. Based on all these experimental results, we
propose the following mechanisms (see Figure 10): NPs

synthesized without3 or with very low NaOH concentrations2

do not give stable colloidal dispersions, or no particles are
formed at all. (I) Hence, probably an intermediate is formed
from the precursors where the halide ligands have been
partially substituted by OH−, leading to a halide hydroxo
mixed platinum complex as active species. The final particle
size is not determined by Ostwald ripening as this process
proceeds at higher temperatures (150 °C, after 17 h)41 but
because of other thermodynamic aspects that are controlled by
the hydroxide concentration. This dependency of OH− to Pt
surface atoms is supposed to influence already the first formed
Pt0. (II) We assume that the monomers are formed by the
reduction of the halide hydroxo platinum complex. The time-
dependent UV/vis investigation shows that the intermediate is
formed rapidly, but the complete NP formation takes a long
time at room temperature under visible light exposure. In
addition, during the reduction of H2PtBr6, the UV/vis
absorption maximum of the intermediate is observable for a
quite long time (6 h) (the intermediate of the reduction of
H2PtCl6 is UV/vis spectroscopically not visible). The
monomer formation step is slow compared to the intermediate
formation. Hence, it seems that not the reduction of the
precursor to the intermediate but the monomer formation
(fully reduced precursor) from the intermediate (partially
reduced precursor) is the kinetically relevant step. In addition,
the monomer formation seems to occur preferentially under
exposure to visible light with a wavelength of 500 nm. (III) A

Figure 10. Proposed NP formation mechanism with (I) an
intermediate formation by a partial substitution of the halides by
hydroxide ions, (II) further reduction to Pt0 atoms that are stabilized
by hydroxide, and (III) dimer and trimer formation of Pt0 leading to
the final NPs with the size determined by the ratio of hydroxide to Pt
surface atoms.
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freshly formed single atom tries to bind further Pt atoms. If no
Pt is available, it will coordinate ligands. Pt is known to bind
OH− quite strongly.45 At the beginning of the reaction, a
higher concentration of OH− is present for only a few
monomers. Thus, the monomers can be stabilized by OH−

coordination. Subsequently formed Pt monomers can either
react backward to the intermediate or coalesce with Pt atoms
stabilized by OH− to form dimers, trimers, etc. Such a
simultaneous nucleation and growth is in agreement with the
Finke−Watzky two-step mechanism.20,48,49 Since Pt is a noble
metal, the formation of a Pt bulk phase is thermodynamically
favored over the formation of the intermediate by oxidation.
So, the monomers react preferentially to form particles, and
their size becomes limited finally by the ratio of OH− to Pt
surface atoms. It was shown before that besides OH−

additionally CO is bound to the surface of the NPs.2,4

However it is not clear, when the CO starts to appear as a
surface binding species. After the visible-light-induced NP
synthesis, there was no strong CO absorption band above 2000
cm−2 seen in FTIR spectroscopy as compared to the strong
signal in the thermal synthesis (see Figure S18).2 Therefore,
only at high temperatures (150 °C), a significant CO amount
seems to be present on the Pt surface to stabilize the NPs.
The OH− amount is not only responsible for the size control

but also for stabilizing the NPs.2 When the chloride-containing
precursor is used at a low OH− concentration, no stable
particles could be formed.2 So, it seems that CO alone cannot
sufficiently stabilize the NPs.2 In the case of bromide, it seems
that bromide is additionally stabilizing the particles. This is in
line with the fact that bromide can interact stronger with Pt
than chloride.45 Consequently, when not enough OH− is
present in the system to stabilize the NPs, the proposed model
is not valid.
The above discussed unsuccessful seed-mediated growth

experiments are in agreement with the proposed NP formation
mechanism. When the OH concentration is high (seed-
mediated growth experiments a to c, Figures S13−S15), no
growth of the seeds is expected. Instead, it is assumed that the
precursor is reduced and form NPs whose size depends on the
ratio of the OH− to the Pt surface atoms. In the last seed-
mediated growth experiment (d, Figure S16), the ratio of OH−

to Pt should basically allow NP growth. However, no growth
has occurred. Although OH− is within the system, there is not
enough free OH− in the solution since OH− supports the
stabilization the NPs (i.e., the seeds) that if otherwise only
being covered by CO would aggregate. The OH− is bound
stronger to the NPs; hence, there is not enough free OH− to
form the reactive intermediate. Therefore, the reaction based
on our suggested growth mechanism stops and the particle size
does not change.

4. CONCLUSIONS
In summary, using the EG method to synthesize NPs by visible
light at room temperature leads to the same mechanism of EG
oxidation as thermally, microwave-, or UV-light-induced
reduction. At a constant OH−/Pt ratio, the same particle
sizes were obtained irrespective of the presence of halides of
different metal precursors, the energy source by variation of the
wavelength, and the reduction time. Reducing the OH−/Pt
ratio leads to similar particle size increases independent of the
presence of halides as long as the reaction proceeds outside a
range where Ostwald ripening is known to occur. Because of
the same result in particle size despite different timescales and

conditions, as well as the unsuccessful seed-mediated growth
experiments, the LaMer model seems to be invalid. Instead, we
proposed a mechanism assuming that NPs are generated by the
agglomeration/sintering of clusters that are formed by the
reduction of halide hydroxo platinum complexes.
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Figure S1: ESI-MS spectrum of the supernatant solvent after precipitating the NPs synthesized 

by thermal reduction of H2PtCl6 a) in the dark using NaOH and b) under room light using KOH. 

The pH was shifted to alkaline by adding a) NaHCO3 and b) KHCO3. The spectrum was recorded 

in positive ion mode. The solved species M are detected as quasimolecular ions [M+H]+ or a) 

[M+Na]+ and b) [M+K]+, [M+(MeOH)x+H]+, [M+(KOH)x+H]+, [M+(KOH) x+K]+. 
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Figure S2: ESI-MS spectrum of the supernatant solvent after precipitating the NPs synthesized 

by irradiation of H2PtCl6 with 500 nm for 24 h. The pH was shifted to alkaline by adding 

NaHCO3. The spectrum was recorded in positive ion mode. The solved species M are detected as 

quasimolecular ions [M+H]+ or [M+Na]+. 
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Figure S3: ESI-MS spectrum of 0.25 M NaOH in EG stored in the dark. The spectrum was 

recorded in positive ion mode. The solved species M are detected as quasimolecular ions [M+H]+ 

or [M+Na]+. 
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Figure S4: ESI-MS spectrum of 0.25 M NaOH in EG stirred for 1.5 h at 150°C in a preheated oil 

bath. The spectrum was recorded in positive ion mode. The solved species M are detected as 

quasimolecular ions [M+H]+ or [M+Na]+. 
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UV/vis Spectra 

 

 

Figure S5: Time-dependent UV/vis spectra of NP dispersions after 2, 3, 4, 5, 6, and 24 h of 

irradiation with a 400, b 450, c 500, d/e 550, and f 600 nm of H2PtCl6 in EG using 0.250 M as 

OH- starting concentration. 
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Figure S6: Time-dependent UV/vis spectra of NP dispersions after 2, 3, 4, 5, 6, and 24 h of 

irradiation with 500 nm of H2PtCl6 in EG using a 0.125, b 0.094, c 0.063, d 0.055, e 0.047, and f 

0.031 M as OH- starting concentration. 

 

250 300 350 400 450
0.0

0.2

0.4

0.6

0.8

 

 

0.125 M NaOH
A

b
s
o
rb

a
n
c
e

Wavelength / nm

 3h

 4h

 5h

 6h

 24h

a 

250 300 350 400 450
0.0

0.2

0.4

0.6

0.8
0.094 M NaOH

 

 

A
b
s
o
rb

a
n
c
e

Wavelength / nm

 3h

 4h

 5h

 6h

 24h

b 

250 300 350 400 450
0.0

0.2

0.4

0.6

0.8
0.063 M NaOH

 

 

A
b
s
o
rb

a
n
c
e

Wavelength / nm

 3h

 4h

 5h

 6h

 24h

c 

250 300 350 400 450
0.0

0.2

0.4

0.6

0.8
0.055 M NaOH

 

 

A
b
s
o
rb

a
n
c
e

Wavelength / nm

 3h

 4h

 5h

 6h

 24h

d 

250 300 350 400 450
0.0

0.2

0.4

0.6

0.8
0.047 M NaOH

 

 

A
b
s
o
rb

a
n
c
e

Wavelength / nm

 3h

 4h

 5h

 6h

 24h

e 

250 300 350 400 450
0.0

0.2

0.4

0.6

0.8
0.031 M NaOH

 

 

A
b
s
o
rb

a
n
c
e

Wavelength / nm

 3h

 4h

 5h

 6h

 24h

f 



S8 

 

Figure S7: Comparing UV/vis spectra of NP dispersions after 24 h of irradiation with 500 of 

H2PtCl6 in EG using 0.250, 0.125, 0.094, 0.063, 0.055, 0.047, and 0.031 M as OH- starting 

concentration. 
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Figure S8: Time-dependent UV/vis spectra of NP dispersions after 2, 3, 4, 5, 6, and 24 h of 

irradiation with a 400, b 450, c 500, d 550, and e 600 nm of H2PtBr6 in EG using 0.250 M as OH- 

starting concentration. The specifications of 8 or 80 µL is related to the dilutions of the sample 

for UV/vis measurements (s. chapter 2.2.1) 
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Figure S9: Time-dependent UV/vis spectra of NP dispersions after 2, 3, 4, 5, 6, and 24 h of 

irradiation with 500 nm of H2PtBr6 in EG using a 0.125, b 0.094, c 0.063, and d 0.055 M as OH- 

starting concentration. 

 

 

Figure S10: Comparing UV/vis spectra of NP dispersions after 24 h of irradiation with 500 of 

H2PtBr6 in EG using 0.250, 0.063, and 0.055 M as OH- starting concentration. 
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TEM Images 

 

Figure S11: TEM images, averaged particle sizes and NP size distributions of NPs after 24 h of 

irradiation of H2PtCl6 with 500 nm. 

 

 

Figure S12: TEM images, averaged particle sizes and NP size distributions of NPs after 24 h of 

irradiation of H2PtBr6 with a 400, b 450, c 500, and d 550 nm. 
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Seed-Mediated Growth Experiments 

a) Exposure of as-prepared thermally formed Pt NPs to reduced precursor solutions  

First, the reduced precursor solution and the thermally formed Pt NPs were stirred together for 5 

or 7 days at room light (Figure S13) and in the dark (Figure S14). Both were used as-prepared 

and synthesized with 0.25 M NaOH in EG. So, the same (constant) OH-/Pt ratio was used. 

Adding the reduced precursor solution to thermal formed Pt NPs leads to the same averaged 

particle sizes within the error range (1.5-1.8 nm, Figure S13 and Figure S14). It is assumed that 

OH-/Pt ratio determines the particle size. So, this constant OH-/Pt ratio would explain the 

constant particle size within the error range and that no seed-mediated growth could be generated. 

1:1 1:2 1:5 

   

   

Figure S13: TEM images, averaged particle sizes and NP size distributions of NPs of seed-

mediated growth experiments under room light stirring ratios of 1:1, 1:2, 1:5 of reduced H2PtCl6 

to as-prepared thermally formed Pt NPs for 5 (a, b, c) or 7 (d, e, f) days.  

 

 

 

 

a b c 

d e f 
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1:1 1:2 1:5 

   

   

Figure S14: TEM images, averaged particle sizes and NP size distributions of NPs of seed-

mediated growth experiments in the dark stirring ratios of 1:1, 1:2, 1:5 of reduced H2PtCl6 to as-

prepared thermally formed Pt NPs for 5 (a, b, c) or 7 (d, e, f) days.  

 

b) Exposure of thermally formed Pt NPs redispersed in EG to reduced precursor solutions  

Then the NaOH concentration was decreased (compared to the standard of 0.25 M) but without 

obtaining leaching of NPs. Thermally synthesized Pt NPs were precipitated with HCl, it was tried 

to remove most of the supernatant and NPs were redispersed in EG. Generally, that would be a 

medium for leaching.1 However, the reduced precursor solution is in a basic media (0.25 M 

NaOH in EG as starting concentration), hence leaching should be prevented. Assuming that all 

HCl was removed after precipitating theoretical OH- concentrations of about 0.125, 0.167, and 

0.208 M were obtained. The particles sizes of 1.1 ± 0.4 (0.125 M NaOH), 1.4 ± 0.3 (0.167 M), 

and 1.7 ± 0.4 nm (0.208 M) were determined after 7 days of stirring (Figure S15). This means 

that the particle sizes still remained constant within the diameter error. 

a b c 

d e f 



S14 

   

Figure S15: TEM images, averaged particle sizes and NP size distributions of NPs of seed 

mediated growth experiments of adding different amounts of reduced H2PtCl6 to thermally 

formed Pt NPs redispersed in EG obtaining OH- concentrations of a 0.125, b 0.167, and c 

0.208 M.  

 

c) Exposure of carbon supported Pt NPs to reduced precursor solutions  

In the next try thermally synthesized Pt NPs deposited on carbon and dispersed in EG were used 

as seeds. The deposited NPs were washed by water and acetone to remove residuals of NaCl or 

NaOH, hence leaching should be prevented again. The deposited Pt NPs (before seed-mediated 

growth experiments) are showing a particle size of 1.4 ± 0.3 nm. By adding different amounts of 

reduced precursor solution theoretical OH-/Pt ratios of 15.0 and 18.6 were obtained. This 

corresponds to the range of 0.125 to 0.25 M OH- (Figure 8). The obtained particle sizes after one 

week of stirring were 1.7 ± 0.3 (OH-/Pt of 15.0) and 1.8 ± 0.4 nm (OH-/Pt of 18.6) (Figure S16). 

However, the missing growth of both above mentioned experiments is not surprising. All OH- 

concentrations were in a range of 0.125 to 0.25 M OH-. In this range no significant change of NP 

size is observed (Figure 8, section 3.4). Under the assumption that the OH-/Pt ratio determines 

the particle size the last two experiments are showing the expected missing of seed-mediated 

growth. 

 

 

a b c 
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Figure S16: TEM images, averaged particle sizes and NP size distributions of NPs of seed-

mediated growth experiments of adding different amounts of reduced H2PtCl6 to thermally 

formed Pt NPs deposited on carbon (a) obtaining OH-/Pt ratios of  b 15.0  and c 18.6.  

 

d) Irradiation of as-prepared thermally formed Pt NPs exposed to precursor solutions 

Therefore, the OH- concentration was reduced below 0.125 M to work in a range of significant 

particle size (Figure 8). A precursor solution in EG was irradiated and stirred with as-prepared 

thermally synthesized NPs to accelerate the reduction of the precursor at 0.063 and 0.078 M 

NaOH. The particles sized after 3 h of irritation with 500 nm were 1.4 ± 0.3 (0.063 M OH-) and 

1.3 ± 0.3 nm (0.078 M) (Figure S17). The performed irradiation time of the thermally 

synthesized NPs (as seeds) with the reduced precursor should introduce enough energy to the 

system to generate seed-mediated growth if it is possible. However, no seed-mediated growth is 

observable (Figure S17), although a range of OH- concentration was used that leads to significant 

particle growth during the synthesis  (Figure 8). Therefore, seed-mediated growth in in the 

polyol preocess does not seem to be possible. 

   

 

Figure S17: TEM images, averaged particle sizes and NP size distributions of NPs of seed-

mediated growth experiments by irradiation of different amount of reduced H2PtCl6 with as-

prepared thermally formed Pt NPs obtaining OH- concentrations of a 0.063 and b 0.078 M.  

a b c 

a b 
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Expected particle size  

For the above described seed-mediated growth experiments the expected particle size was 

calculated based on Kunz et al.2 assuming that the particles are spherical and the diameter of all 

seeds is changing by the same value Δd (see Table S1). Calculations with the starting particle 

size distributions as well as the average starting particle size of 1.4 nm (Figure 1b) were done. 

Using the size distributions lead only to an increase of the expected NP size of 0.1 nm as 

compared to the use of the average of the particle size. Consequently, the faster calculation with 

the average of the particle size is shown here. 

In the synthesis of the “seeds” a Pt concentration of 0.01025 mol L-1 was used. So, the amount of 

Pt per experiment (seed-mediated growth experiments a, b, and d) could be obtained by 

n(seeds) = 0.01025 mol L-1 × V(solvent seeds) 

The total Pt volume of the seeds (in nm3) could be estimated by multiplying the Pt amount and 

the atomic volume: 

V(Pt seeds) = n(seeds) × 9.1 × 10
21

 nm3 mol
-1

 

The number of atoms in the seeds could be obtained dividing the total volume of the seeds by the 

volume of 1 atom using the empiric radius of 1 Pt atom of 0.135 nm: 

N(atoms seeds) = 
V(Pt seeds)

V(1 atom)
 = 

V(Pt seeds)

4
3

π×r(1 atom)
3
 

The number of seed is determined by the ratio of the total number of atoms in the seeds and the 

number of atoms in 1 seed. The number of atoms in 1 seed can be determined by the ratio of the 

volume of 1 seed and the volume of 1 atom. The volume of 1 seed is calculated using the 

diameter of 1.4 nm (assuming a spherical particle) and the packing density of 74 % in the 

centered cubic packing of the NPs: 

N(seeds) = 
N(atoms seeds)

N(atoms 1 seed)
 = 

N(atoms seeds) × V(1 atom)

V(1 seed)
 = 

N(atoms seeds) × V(1 atom)

1
6

π × d(1 seed)
3 × 0.74

 

The total number of atoms in the precursor is calculated in the same way as the total number of 

atoms in the seeds: 

N(atoms precursor) = 
V(Pt precursor)

4
3

π × r(1 atom)
3

  

= 
0.01025 mol L-1 × V(solvent precursor) × 9.1 × 10

21
 nm3 mol

-1

4
3

π × r(1 atom)
3
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The new number of atoms in 1 NP after a successful seed-mediated growth experiments was 

calculated by 

N(atoms 1 NP after) = N(atoms 1 seed) + 
N(atoms precursor)

N(seeds)
 

The volume was determined by  

V(1 NP after) = N(atoms 1 NP after) × V(1 atom) 

and the averaged diameter of the NPs after the growth considering again the packing density of 

74 % in the centered cubic packing of the NPs was determined by 

d(1 NP after) = √
6 × V(1 NP after)

π × 0.74

3

 

In the seed-mediated growth experiment d on carbon support NPs were used as seeds. The 

N(atoms precursor) was calculated with the equation above. The “volume of the seeds” used in 

one experiments was obtained by ratio of mass used in the experiments and the total mass of the 

synthesized catalyst multiplied with the total volume of solvent used for the catalyst synthesis 

using the concentration of 0.002 g
Pt

 mL-1 in the NP dispersions:  

V(solvent seed)=
m(used catalyst)×24 mL

m(total catalyst)
=

m(used catalyst)×24 mL

m(Pt)+m(carbon)
 

=
m(used catalyst)×24 mL

(0.002 g
Pt

 mL-1×24 mL)+m(carbon)
 

The N(seeds), N(atoms precursor) and d(1 NP after) were determined as before. 
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Table S1: The calculated total number of atoms N(atoms seeds), the number of seeds N(seeds), 

the total number of atoms in the precursor N(atoms precursor) and in 1 NP after a theoretical 

successful deposition of the precursor onto the seeds N(atoms 1 NP after), as well as the 

following volume V(1 NP after) and the final diameter of d(1 NP after). 

Experiments  a   b  c d 

N(atoms seeds) / 1018  5.4   4.5  45 23 9.1 

N(seeds) / 1016  5.3   4.4  44 22 8.8 

N(atoms precursor) / 1018 5.4 11 27 4.5 9.1 23 72 20 27 

N(atoms 1 NP after)  206 309 619 206 346 655 305 468 330 449 

V(1 NP after) / nm3 2.1 3.2 6.4 2.1 3.6 6.8 3.1 4.8 3.4 4.6 

d(1 NP after) / nm 1.8 2.0 2.5 1.8 2.1 2.6 2.0 2.3 2.1 2.3 
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FTIR Data 

 

Figure S18: CO absorption bands in the FTIR spectra of as-prepared NPs synthesized in 0.25 M 

NaOH: the thermal reduction of H2PtCl6 performed in the dark for 1.5 h at 150°C (black), after 

irradiation of H2PtCl6 for 24 h at 27°C with 500 nm (blue), and after irradiation of H2PtBr6 for 24 

h at 27°C with 450, 500, and 550 nm (green). 
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Spectrum of 300 W xenon arc lamp 

The lamp spectrum of the used 300 W xenon arc lamp is provided online by LOT QUANTUM 

DESIGN in the document “Lamp spectra and irradiance data – Data sheet”.3 

 

Figure S19: Lamp spectrum of the wavelength dependent irradiance of the used 300 W Xe arc 

lamp online provided by LOT QUANTUM DESIGN.3 
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Transmission Spectra of the Filters 

The transmission spectra of the filters used with a 300 W Xe arc lamp was provided by LOT 

QUANTUM DESIGN. 

 

 

Figure S20: Transmission spectra of two different filters used during the NP synthesis to obtain a 

wavelength of the irradiated light about 400 and 450 nm. 
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wavelength of the irradiated light about 500 and 550 nm. 
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Figure S22: Transmission spectra of two different filters used during the NP synthesis to obtain a 

wavelength of the irradiated light about 400 and 450 nm. 
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Abstract: The polyol synthesis is a well-established method to form so-called “surfactant-free”
nanoparticles (NPs). In the present study, the NP size resulting from the thermal reduction of the
precursors H2PtCl6, H2Pt(OH)6, or Pt(acac)2 in presence of the bases NaOH or Na(acac) at different
concentrations is studied. It is shown that the size control depends more strongly on the nature
of the precursor (metal salt) than on the anion present in the base. The latter is surprising as the
concentration of the base anion is often an important factor to achieve a size control. The reduction
of H2PtCl6 or H2Pt(OH)6 in presence of NaOH and Na(acac) confirm the observation that the NP
size is determined by the OH−/Pt molar ratio and expands it to the base anion/Pt molar ratio. In
contrast, the reduction of Pt(acac)2 in presence of the bases NaOH (previous reports) or Na(acac)
(shown in the present work) leads to larger NPs of ca. 3 nm, independent of the concentration of
the base anions. Hence, the anion effect observed here seems to originate predominantly from the
nature of the precursor (precursor anion dependence) and only for certain precursors as H2PtCl6 or
H2Pt(OH)6 the size control depends on the base anion/Pt molar ratio.

Keywords: “surfactant-free” Pt nanoparticle synthesis; polyol process; anion dependent particle
size control

1. Introduction

The polyol method performed in alkaline ethylene glycol (EG) is a versatile approach
to synthesize “surfactant-free” Pt nanoparticle (NP) based tailored catalysts [1–3] for in-
stance for CO oxidation [4,5] or fuel cell studies [6,7]. If desired, the “surfactant-free”
particles can subsequently be functionalized with organic surfactants such as different
amino acids, e.g., L-proline, to increase the catalytic activity [8] or to control the enan-
tiomeric selectivity of hydrogenation reactions [9–11]. In the “surfactant-free” NP synthesis
a Pt precursor (metal salt, e.g., H2PtCl6) is reduced in presence of a base like NaOH while
the solvent EG is oxidized. The oxidation mechanisms of EG to form glycolaldehyde,
glycol acid, oxalaldehyde, and oxalic acid have been described and additionally two CO
molecules absorbing to the NP surface are formed [12,13]. The OH− of the base is neutral-
ized by the protons formed during the reduction of the metal precursor to form water, as
shown in Figure 1 [14].

The influence of the anion OH− as additive within the reaction mixture on the stability
and size control was mentioned before in different studies [7,13,15]. Quinson et al. [16]
investigated the influence of the cations Li+, Na+, K+, and Cs+ in the hydroxide base
and showed that the particle size and stability is not affected in EG. Neumann et al. [4]
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observed that the presence of halides in the precursors H2PtCl6 and H2PtBr6 induces
leaching leading to a size increase during the thermal reduction in presence of NaOH at
150 ◦C during 17 h. In contrast, the size of the halide free precursor Pt(acac)2 (acac− as
abbreviation for the acetylacetonate anion) remains constant [4]. Due to the larger leaching
ability of bromide as compared to chloride, the thermal reduction of H2PtBr6 (as compared
to H2PtCl6) results in a larger particle size for prolonged reaction times. Furthermore, the
use of the halide-free precursor Pt(acac)2 leads to substantially larger particles of about
3 nm [4]. Schröder et al. [15] showed that the use of the precursors H2PtCl6 or H2PtBr6
in presence of NaOH under conditions where Ostwald ripening can be excluded, i.e.,
reduction induced by visible light at room temperature, results in a comparable size control
by the OH−/Pt ratio. The results of Neumann et al. [4] and Schröder et al. [15] indicate an
influence of the precursor anions on the particle size. The size resulting of the reduction of
the precursors H2PtCl6 [7,13,15] or Pt(acac)6 [4] in the presence of NaOH were investigated
before.

Figure 1. Scheme of the thermally induced polyol process: (a) the precursor with the anion A− is reduced in presence of the
base anion B− in EG at 150 ◦C to form NPs. For instance, during the reduction of [Pt(OH)6]2− the anions are A− = B− = OH;
(b) different oxidation mechanisms of EG.

In the present study, the precursors H2PtCl6 or Pt(acac)2, were reduced in presence of
the base Na(acac), and H2Pt(OH)6 in presence of the bases NaOH or Na(acac). By doing so,
the influence of the nature of the base anion of NaOH or Na(acac) and its concentration
on the particle size in the reduction of the precursors H2PtCl6, H2Pt(OH)6, or Pt(acac)2
are compared. It is observed that, as mentioned by Quinson et al. [7], the size control by
tuning the OH−/Pt ratio seems to be applicable to the base anion/Pt molar ratio for the
precursors H2PtCl6 and H2Pt(OH)6. In contrast, a comparable large particle size of ca. 3 nm
is obtained here in the reduction of Pt(acac)2 in presence of Na(acac) or in the reduction
of Pt(acac)2 in presence of NaOH as shown by Neumann et al. [4]. This clearly shows the
importance of the careful selection of the nature of the precursor (the precursor anion)
compared to the nature of the base anion in order to achieve size control in ‘’surfactant-free”
NP synthesis.

2. Experimental Section
2.1. NP Synthesis

In general, for the polyol process, a metal salt (precursor) is reduced in presence
of a base in EG. The thermal reduction is performed in a preheated oil bath at 150 ◦C,
see Figure 1 [4,7,13]. In the present study H2PtCl6, H2Pt(OH)6, or Pt(acac)2 were used as
precursors and NaOH or Na(acac) as bases. Details about the syntheses are found in the
following.
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2.1.1. Synthesis of “Surfactant-Free” Pt NPs by Thermal Reduction of H2PtCl6 in Presence
of Na(acac)

H2PtCl6 xH2O (0.04 g, 40% Pt, Chempur, Karlsruhe, Germany, or AlphaAesar, Haver-
hill, MA, USA) was dissolved in 4 mL of EG (99.8%, VWR, Radnor, PA, USA) in a 50 mL
round bottom flask. 4 mL of 0.5 M Na(acac) (C5H7NaO2 xH2O, 95%, AlphaAesar, Haverhill,
MA, USA) in EG was added to obtain an acac− starting concentration of 0.25 M, i.e., an
acac−/Pt ratio of 24.4. Because of the impurities in the base (only a purity of 95%) propor-
tionately more Na(acac) was dissolved in EG. During dissolution overnight, the solution
turned light yellow. Different base concentrations between 0.055 and 0.5 M were obtained
by diluting 0.5 M Na(acac) in EG leading to acac−/Pt ratios between 5.4 and 48.8. As the
total volume of the added base was kept constant at 4 mL, the reaction mixture was in
total 8 mL. The flasks were equipped with a reflux condenser. The mixture was vigorously
stirred at 150 ◦C for 10 min using a preheated oil bath. The precursor solution turned dark
brown after about 1–2 min indicating the NP formation. Previously unpublished results
showed that at lower Na(acac) amounts the particles became instable even after keeping
the synthesis temperature at 150 ◦C for 20 min. After the heating procedure, the reaction
mixture was cooled to ambient temperature.

2.1.2. Synthesis of “Surfactant-Free” Pt NPs by Thermal Reduction of H2Pt(OH)6 in
Presence of NaOH or Na(acac)

For the reduction in presence of NaOH the precursor H2Pt(OH)6 (0.0286 g, 56% Pt,
ChemPur, Karlsruhe, Germany) was dissolved in 4 mL of EG. To obtain the desired base
starting concentrations the amount of OH− in the precursor was considered and the
0.5 M NaOH (VWR, Radnor, PA, USA) stock solution in EG was diluted with EG to a
total volume of 4 mL. The applied Pt concentration of 10.25 mM in the total volume of
8 mL led to an OH− concentration of around 0.072 M for H2Pt(OH)6. Therefore, OH−

concentrations between 0.078 and 0.5 M were used for thermal reduction of H2Pt(OH)6,
leading to OH−/Pt ratios of 7.6 to 48.8, respectively.

For the reduction in presence of Na(acac) the precursor H2Pt(OH)6 (0.0138 g, 57.94%
Pt, ChemPur, Karlsruhe, Germany) was dissolved in 4 mL of EG. The 0.5 M Na(acac) stock
solution was diluted by EG. Because of the impurity of the base (only a purity of 95%)
proportionately more Na(acac) was dissolved in EG. During dissolution overnight, the
solvent turned light yellow. For example, 4 mL of 0.5 M Na(acac) in EG was added to
obtain an acac− starting concentration of 0.25 M, leading to an acac−/Pt ratio of 48.8.

As the total volume of the added bases was kept constant at 4 mL, the volume of the
reaction mixtures in both synthesis approaches with the two different bases was in total
8 mL. The flask was equipped with a reflux condenser. H2Pt(OH)6 is insoluble at room
temperature in EG, it stays turbid even after one week of stirring in the dark. The solution
and reduction step of H2Pt(OH)6 in EG could not be separated from each other as the white
turbidity changed first to yellow and then brown turbidity before the brown dispersions
were obtained by heating up. Therefore, the turbid mixture was vigorously stirred at 150 ◦C
for 90 min using a preheated oil bath. The precursor solution of H2Pt(OH)6 in presence
of NaOH turned dark brown after about 1 to 25 min (the lower the OH− concentration,
the faster the reduction) indicating NP formation. The precursor solution of H2Pt(OH)6 in
presence of Na(acac) turned dark brown after about 90–120 s. After the heating procedure,
the reaction mixture was cooled to ambient temperature.

2.1.3. Synthesis of “Surfactant-Free” Pt NPs by Thermal Reduction of Pt(acac)2 in Presence
of Na(acac)

Pt(acac)2 (0.0161 g, 49.6% Pt, FluoroChem, Hadfield, United Kingdom) was dissolved
in 4 mL of EG. To obtain the desired Na(acac) starting concentrations the amount of acac− in
the precursor was considered and 0.5 M Na(acac) stock solution in EG was diluted with EG
to a total volume of 4 mL. The applied Pt concentration of 10.24 mM in 4 mL led to an acac−

concentration of around 20.48 mM in Pt(acac)2. Therefore, OH− concentrations between
0.047 and 0.5 M were used for the thermal reduction of Pt(acac)2 leading to acac−/Pt ratios
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of 4.6 to 48.9, respectively. As the total volume of the added base was kept constant at 4 mL,
the reaction mixture was in total 8 mL. The flask was equipped with a reflux condenser.
The Pt(acac)2 precursor was dissolved at 100 ◦C for 20 min, resulting in a yellow solution.
The mixture was vigorously stirred at 150 ◦C for 150 min using a preheated oil bath. The
precursor solution turned dark brown after about 50 min. After the heating procedure, the
reaction mixture was cooled to ambient temperature.

2.1.4. Cleaning of “Surfactant-Free” NPs

Pt NPs were cleaned flocculating the “as-prepared” NP dispersion with two aliquots
of 1 M aqueous HCl (VWR, Radnor, PA, USA). The flocculated particles were separated
by centrifugation. The supernatant was removed. The particles were washed once by
suspending them in 2 aliquots of 1 M aqueous HCl. After a second centrifugation, the
supernatant was removed again. The NP were redispersed in acetone for further analysis.

2.2. Characterization of Nanoparticles
Transmission Electron Spectroscopy (TEM)

TEM was performed with a Tecnai F20 S-Twin Microscope (Fei, Hillsboro, OR, USA)
using an acceleration voltage of 200 kV and a magnification of 150 k or with a Jeol 2100
microscope (Jeol Ltd. Akishima, Japan) operated at 200 kV (the latter only for particles
synthesized by the reduction of H2Pt(OH)6 in presence of Na(acac)). For the measurement
of liquid NP samples, 0.25 or 0.5 mL of as-prepared NP dispersions were flocculated
with 2 aliquots of 1 M HCl and redispersed in 1 aliquots of acetone (see Section 2.1.4).
3 drops of that dispersion were diluted with 1 mL acetone and 3 drops of the diluted
acetone dispersions were drop-casted onto the carbon side of the TEM grid (ultrathin
Carbon Support Film, Cu 200 mesh, Quantifoil, Großlöbichau, Germany). The averaged
particle sizes, the standard deviation, and histograms of the particle sizes distributions
were determined using ImageJ counting at least 200 particles.

3. Results and Discussion
3.1. Thermal Reduction of Pt Precursors with Varying OH− Concentrations

Schrader et al. [13] and Quinson et al. [7] showed the importance of OH− in the
reduction of the precursor H2PtCl6 to obtain stable colloids and to determine the size of
NPs in the “surfactant-free” Pt NP synthesis in EG. Recently, the size control by OH− in
the reduction of H2PtCl6 and H2PtBr6 was used for mechanistic investigations [5]. So far,
the size control by OH− in the reduction of H2PtCl6 was only investigated in the presence
of different cations [16] or halides [4,15]. In the present work a halide-free precursor
H2Pt(OH)6 was reduced in presence of NaOH to investigate if in a halide-free system
the NP size is still controlled by a certain OH−/Pt ratio as reported before [7,13,15]. The
solution and reduction step of the precursor H2Pt(OH)6 used in the present study could
not be separated from each other as by heating up the white turbidity changed first to
yellow and then brown turbidity before brown dispersions were obtained. Nevertheless, it
has been attempted to perform an equivalent procedure to the standard thermal reduction
of H2PtCl6 and H2PtBr6 [4,13]. H2Pt(OH)6 and NaOH in EG were stirred at 150 ◦C in a
preheated oil bath adjusting the amount of added NaOH in EG with respect to the amount
of OH− of the precursor to obtain the desired OH−/Pt ratios (see the experimental section
for more details).

The particles obtained in the reduction of H2Pt(OH)6 in presence of NaOH at a
OH−/Pt ratio of 48.8 were not stable, they already sintered and as a consequence flocculated
after less than 10 min during the synthesis as observed before in the reduction of H2PtCl6
in presence of NaOH [13]. The reaction mixtures of H2Pt(OH)6 after 25, 30, 35, and 90 min
of synthesis using an OH−/Pt ratio of 24.4 showed after 3 days of storage some particle
flocculation, but the majority of the NPs remained dispersed in the solution. The NP
dispersions with an OH−/Pt ratio of 12.2 (after 10, 15, 20, 90 min synthesis time), 9.2,
and 7.6 (after 5, 10, 15, 90 min synthesis time) remained stable. The thermal reduction
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observable by the color change from yellow to brown becomes faster as the OH−/Pt ratio
decreases (24.4: after about 25 min, 12.2: about 8 min, 9.2: about 1.5 min, 7.6: about 1 min).
In the thermal reduction of H2PtCl6 in the presence of NaOH also at high OH−/Pt ratios
the color change to dark brown indicating the NP formation occurs after ca. 3 min [7,13].
This different behavior in reduction time implies that in the absence of halides a different
mechanism may occur in the polyol process as compared to the one proposed recently [15].
It seems that in the thermal reduction the halide plays a decisive role to initiate the reduction.
After a short time of synthesis, when the NPs have been formed indicated by the color
change to a dark dispersion, narrow size distributions were obtained. The particle sizes
remained the same between the OH−/Pt ratios of 7.6 and 9.2, i.e., 1.4 ± 0.3 nm, after 5 min
and also for an OH−/Pt ratio of 12.2 after 10 min, see Figure 2.

Figure 2. TEM micrographs of averaged particle sizes together with the standard deviation and NP size distributions of
thermally formed Pt NPs by using H2Pt(OH)6 as precursor in presence of NaOH with different OH−/Pt ratios of: (a) 12.2
(after 10 min of synthesis), (b) 9.2 (after 5 min), and (c) 7.6 (after 5 min).

The particles continued to grow, and quite broad particle size distributions were
obtained after 90 min, see Figure 3. At an OH−/Pt ratio of 24.4 the particle size of
1.6 ± 0.4 nm is comparable to the other polyol syntheses at an equal OH− starting
concentration [4,7,13,15,16]. The particle size increase by lowering the OH− concentra-
tion is comparable to previous observations [7,15]. At an OH−/Pt ratio of 12.2 the size
of 2.0 ± 0.7 nm is however slightly larger as compared to 1.4 ± 0.3 nm (OH−/Pt ratio
of 12.5) that was described before by Quinson et al. [7] in a chloride containing system.
Additionally, at an OH−/Pt ratio of 9.2 the particle size remained constant at a diameter
of about 2.5 nm while in the chloride containing system with OH−/Pt ratios of 6.3 and
10 particle sizes of 2.5 ± 0.3 and 2.1 ± 0.6 nm were reached, respectively [7]. The slightly
different particle size together with the larger standard deviation in size could be explained
by the lack of chloride that limits the amount of leached Pt species during the reduction
and/or the low solubility of H2Pt(OH)6 in the EG that leads to entangled dissolution and
reduction in the NP synthesis.

In summary, at 150 ◦C in the absence of halides when H2Pt(OH)6 is used as precursor
and NaOH as base, an influence of the OH−/Pt ratio to the NP size is shown (see a
summary of the size results in Table S1). This behavior is similar to what is observed in
the reduction of H2PtCl6 in presence of NaOH [4,7,13,15,16]. However, the particle sizes
in the reduction of H2Pt(OH)6 are slightly larger as compared to the halide containing
systems using H2PtCl6. Therefore, changing the precursor anion from Cl− to OH− has
only a modest effect on the particle size. In contrast, Neumann et al. [4] showed that the
precursor anion acac− leads to a substantial size increase in the presence of the base anion
OH−, as the thermal reduction of the precursor Pt(acac)2 in presence of NaOH resulted in
particle sizes of ca. 3 nm. This may indicate an influence of the precursor anion within the
reduction process. This effect is investigated further in the next section.
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Figure 3. TEM micrographs of averaged particle size together with the standard deviation and NP
size distribution of thermally formed Pt NPs by using H2Pt(OH)6 as precursor in presence of NaOH
with different OH−/Pt ratios of: (a) 24.4, (b) 12.2, (c) 9.2, and (d) 7.6 after 90 min of synthesis.

3.2. Thermal Reduction of Pt Precursors with Varying Acac− Concentrations

In the previous section a slightly different behavior depending on the precursor was
shown and hence the precursor anions in the reduction mixture seem to affect the particle
size as well. It is now investigated whether a different base anion shows a comparable
trend in size control depending on the precursor or if the base anion/Pt molar ratio control
the size as it is the case in the previous results. As the precursor Pt(acac)2 contains the
organic anion acac− that is substantially larger as compared to the inorganic and small
OH− anion, Na(acac) was used as base for the reduction of the three precursors H2PtCl6,
H2Pt(OH)6, Pt(acac)2.

By changing the base from inorganic NaOH to organic Na(acac) the thermal reduction
of H2PtCl6 occurred substantially faster (about 1 min of reduction) and heating periods
longer than 20 min led to sintering and flocculation of the NPs. This is different to the
previous experiments. The presence of acac− and chloride anions seem not to be able to
take over the stabilizing role that OH− fulfills in the experiments using H2PtCl6 or H2PtBr6
as precursors. Therefore, it can be assumed that the NPs might be less protected against
an attack by chloride resulting in Ostwald ripening as discussed by Neumann et al. [4]
or coalescence. While the NPs sintered during longer reduction times, after 10 min the
acac−/Pt ratios of 48.8, 24.4, 12.2, 9.2, 6.1 and 5.4 led to stable NPs with sizes within the
size error of 1.4–1.9 nm determined by TEM analysis, see Figure 4. The obtained particle
sizes in Figure 4 were slightly smaller at low OH−/Pt as compared to the size reported
for the reduction of H2PtCl6 in presence of NaOH [7]. Using an acac−/Pt ratio of 4.6 and
2.4 did not lead to stable NPs. The NPs already sintered during the thermal reduction,
but at the higher acac− concentrations the dispersions remained stable for several days.
Interestingly, although the reduction rate and stability are affected using Na(acac), in the
reduction of H2PtCl6 the particle size was comparable to the system with NaOH as base
and no Ostwald ripening was observed. Hence, the smaller NPs might be obtained due to
leaching induced by chloride without a following Ostwald ripening, which was observed
also by Neumann et al. [4] only after longer reaction times.
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Figure 4. TEM micrographs of averaged particle size together with the standard deviation and NP size distribution of
thermally formed Pt NPs by using H2PtCl6 as precursor in presence of Na(acac) with different acac−/Pt ratios of: (a) 48.8,
(b) 24.4, (c) 12.2, (d) 9.2, (e) 6.1, and (f) 5.4 after 10 min of synthesis.

The reduction of H2Pt(OH)6 in presence of Na(acac) led to stable particles after 90 min
at 150 ◦C between acac−/Pt ratios of 4.6 and 48.8. At acac−/Pt ratios of 28.8 and 24.4
the particle size was constant at 1.7 ± 0.5 and 1.7 ± 0.4 nm, respectively, see Figure 5.
Decreasing the acac−/Pt ratio led to an increase in size to 2.2 ± 0.7 nm at an acac−/Pt
ratio of 4.6. The size increase in Figure 5 was comparable to the reduction of H2Pt(OH)6
in presence of NaOH, see Figure 3, but the results suggest that slightly smaller particle
sizes are reached. In conclusion, the presence of Na(acac) in the reduction of H2Pt(OH)6
leads to slightly smaller particles in comparison to the use of NaOH, compare Figure 5 to
Figure 3. As compared to the reduction of H2PtCl6 no chloride was present that could
induce leaching. Hence, the smaller particles must be explained by an interaction of acac−

and OH− as “ligands” stabilizing the Pt NP surface against coalescence.
Reducing Pt(acac)2 in the presence of Na(acac) leads after 150 min of synthesis to

NP dispersions that remained stable for several hours, but the TEM analysis showed a
fast particles agglomeration, see Figure 6. In addition, after one day in most samples
a yellow to light brown solid was found depositing on the wall and the bottom of the
glass vials. The solid is probably an organic based compound that might contain acac−

and precipitates as it is not anymore soluble in EG at room temperature. The acac−/Pt
ratio of 48.9 did not lead to stable particles. The NP size at an acac−/Pt ratio of 24.4 was
3.1 ± 0.6 nm, see Figure 6. In the range of an acac−/Pt ratio between 4.6 and 24.4 the
particle size varied between 2.9 ± 0.4 and 3.7 ± 0.7 nm at an acac−/Pt ratio of 5.4 and
6.1, respectively. At a particle size of above 3 nm, NPs also synthesized by H2PtCl6 in
presence of NaOH by Quinson et al. [7] showed aggregation on the TEM grid. Interestingly,
to reach such sizes substantially lower OH−/Pt ratios of 5.5 or lower were necessary [7].
This might be explainable by the substantially larger size of the acac− as compared to the
OH− anion, as less acac− can be located on the Pt NP surface due to sterically hindering
of the “ligands”. Hence, even at higher acac− concentration substantially less anions are
needed to completely saturate the surface resulting in less negative charge located on the
surface. Due to the less negative charge density the Coulomb repulsion between the NPs is
reduced, which increases the probability of agglomeration.
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Figure 5. TEM micrographs of averaged particle size together with the standard deviation and NP size distributions of
thermally formed Pt NPs by using H2Pt(OH)6 as precursor in presence of Na(acac) with different acac−/Pt ratios of: (a)
48.8, (b) 24.4, (c) 12.2, (d) 9.2, (e) 6.1, and (f) 4.6 after 90 min of synthesis.

Figure 6. TEM micrographs of averaged particle size together with the standard deviation and NP size distribution of
thermally formed Pt NPs by using Pt(acac)2 as precursor in presence of Na(acac) with different acac−/Pt ratios of: (a) 24.4,
(b) 12.2, (c) 9.1, (d) 6.1, (e) 5.4, and (f) 4.6 after 150 min of synthesis.

The size of the particles obtained from the reduction of Pt(acac)2 in presence of
Na(acac) are consistent with the sizes obtained by Neumann et al. [4] of 3.0 ± 0.3 nm for
reducing Pt(acac)2 in presence of NaOH as base in EG. Consequently, it seems that it is
not the presence of acac− but the use of the Pt(acac)2 precursor that leads to a substantial
particle increase. Considering the previous experiments, the base anion seems to be less
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important for the particle size but mainly the nature of the precursor (oxidation state,
bonding strength, etc.) determines the size control. The nature of the precursor itself
would be expected to be only important in the first step of the reduction mechanism.
Assuming a size control determined by the Pt salt could be explained by the following:
The Pt precursor influences the reduction rate, i.e., how fast the coordinated Pt can be
reduced or how fast the “ligands” are exchanged with base anions. The latter depends on
the ligand properties and in particular on the binding properties of the discussed anions
(OH−, acac−, or chloride) to Pt. This is important for the (further) reduction and growth
process as the precursor anions are expected to be located or to be bond to the surface
during the particle formation. Small precursor anions (OH−) lead to smaller particles,
see Figure 3 to Figure 5, while larger precursor anions (acac−) lead to larger particles, see
Figure 6 and a summary of the size results in Table S1. Using larger anions, less “ligands”
can be located at or adsorbed to the Pt surface. As a result, less charge is present at the
particle surface to stabilize even at higher anion concentrations thus larger NPs are formed.
As the use of Pt(acac)2 independent of the amount of NaOH or Na(acac) led to the same
large particles, the sterically demanding acac− (from the precursor) seems to bind strongly
to the Pt, determining the size independent of other anions present within the reaction
medium. Therefore, the size determining step seems to be the shielding of the acac−

limiting the number of bound acac− “ligands” to the Pt, hence leading to a size increase, or,
e.g., hindering the “ligand” exchange by OH− when NaOH is used as base.

4. Conclusions

Comparison of the NP sizes obtained in thermal reduction of the precursors H2PtCl6,
H2Pt(OH)6, and Pt(acac)2 in presence of NaOH or Na(acac) in EG revealed that the nature
of base anions does not substantially influence the size. Instead, the precursor anion
or the nature of the metal salt seem to play a more important role in the particle size
control. Interestingly, the thermal reduction of Pt(acac)2 leads to large particles of about
3 nm independent of the NaOH or Na(acac) concentration in EG, while the size control of
H2PtCl6 and H2Pt(OH)6 depends on the OH−/Pt or acac−/Pt ratio.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11082092/s1. Table S1. Overview of the averaged particle sizes and standard deviations
determined from TEM images reducing different precursors in presence of the bases NaOH and
Na(acac) depending on the ratio of the anion of the base to Pt. * When the precursor contains the
same anion as the base the amount is considered in the anion/Pt ratio. # Some base anion/Pt ratios
led to instable particles.
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Table S1. Overview of the averaged particle sizes and standard deviations determined 

from TEM images reducing different precursors in presence of the bases NaOH and 

Na(acac) depending on the ratio of the anion of the base to Pt. * When the precursor 

contains the same anion as the base the amount is considered in the anion/Pt ratio. # Some 

base anion/Pt ratios led to instable particles.  

Precursor  H2Pt(OH)6  H2PtCl6 Pt(acac)2 

Base NaOH * Na(acac) Na(acac) Na(acac) * 

Reduction time 10 min 90 min 90 min 10 min 150 min 

base 

anion/

Pt 

molar 

ratio * 

48.8 - - 1.7 ± 0.5 1.4 ± 0.3 - # 

24.4 - # 1.6 ± 0.4 1.7 ± 0.4 1.5 ± 0.3 3.1 ± 0.6 

12.2 1.2 ± 0.4 2.0 ± 0.7 1.8 ± 0.6 1.7 ± 0.4 3.0 ± 0.4 

9.2 1.4 ± 0.3 2.5 ± 0.6 1.9 ± 0.5 1.6 ± 0.3 3.5 ± 0.9 

7.6 1.4 ± 0.3 2.4 ± 0.3 - - - 

6.1 - - 2.0 ± 0.6 1.4 ± 0.4 3.7 ± 0.7 

5.4 - - 2.2 ± 0.7 - 2.9 ± 0.4 

4.6 - - - # 1.9 ± 0.4 3.0 ± 0.4 

2.4 - - - # - - 
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A new approach for efficiently investigating the degradation of fuel cell catalysts under realistic conditions is presented combining
accelerated stress tests (ASTs) in a gas diffusion electrode (GDE) setup with small angle X-ray scattering (SAXS). GDE setups
were recently introduced as a novel testing tool combining the advantages of classical electrochemical cells with a three-electrode
setup and membrane electrode assemblies (MEAs). SAXS characterization of the catalyst layer enables an evaluation of the particle
size distribution of the catalyst and its changes upon applying an AST. The straight-forward approach not only enables stability
testing of fuel cell catalysts in a comparative and reproducible manner, it also allows mechanistic insights into the degradation
mechanism. Typical metal loadings for proton exchange membrane fuel cells (PEMFCs), i.e. 0.2 mgPt cm

−2
geo, are applied in the

GDE and the degradation of the overall (whole) catalyst layer is probed. For the first time, realistic degradation tests can be
performed comparing a set of catalysts with several repeats within reasonable time. It is demonstrated that independent of the initial
particle size in the pristine catalyst, for ASTs simulating load cycle conditions in a PEMFC, all catalysts degrade to a similar
particle size distribution.
© 2020 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/1945-7111/
abbdd2]
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Proton exchange membrane fuel cells (PEMFCs) are a promising
alternative to replace combustion engines1–3 with the development
of fuel-cells vehicles. A key component of this technology are using
nanoparticles (NPs), nowadays typically Pt-alloys (e.g. PtCo in the
Mirai automobile from Toyota),4–6 supported on high surface carbon
as catalysts.3 For a long time, the main research focus was to
improve the catalyst activity leading to the development of several
different types of highly active catalysts.7 More recently, the
performance at high current densities and the effect of high oxygen
mass transfer resistances has gained increasing attention.8 It was
established that the oxygen mass transfer resistance decreases by
increasing the metal dispersion on the support material, i.e. the
decrease in particle size of the catalyst.8 However, besides a high
activity, a sufficient stability of the catalysts is required for
applications.1,9 Today, most degradation studies are either per-
formed under idealized conditions, or they lack statistics and
comparative character. Hence an efficient, i.e. fast and realistic,
testing of fuel cell catalysts is needed to bridge catalyst development
to their application in fuel cells. Ideally the testing is not of pure
descriptive behavior, but also mechanistic insights are provided.

To simulate the use of catalysts under realistic conditions and at
the same time accelerate their degradation, stability investigations
are performed using accelerated stress tests (AST), e.g. following
protocols recommended by the Fuel Cell Commercialization
Conference of Japan (FCCJ).10,11 Usually such measurements are
either performed in classical electrochemical cells with a three-
electrode setup12 or in membrane electrode assemblies (MEAs).13

Both approaches have advantages and disadvantages. Classic elec-
trochemical cells enable relatively fast screening at the expense of a
somewhat unrealistic “environment” (e.g. liquid electrolyte). MEAs
offer a more realistic “environment” but require significantly more
advanced facilities such as a complete hydrogen infrastructure in the
laboratory. In addition, MEA testing is very time consuming and
therefore usually not combined with spectroscopic tools in a

comparative manner, i.e. comparing different catalysts and showing
several repeats for each sample. A powerful methodology to
combine the advantages of both approaches for an efficient testing
fuel cell catalysts under realistic conditions is the gas diffusion
electrode (GDE) setup.14,15 Alinejad et al.15 recently presented the
benefits to perform AST protocols in gas diffusion setups by
following the loss in catalyst active surface area as function of the
electrochemical treatment.

In the here presented work, a significant advancement of this
approach is achieved by using realistic catalyst layers applied in
MEA testing and by combining such tests with the analysis of the
catalyst layer via small angle X-ray scattering (SAXS). The known
electrochemical degradation mechanisms of (1) migration of parti-
cles followed by coalescence and potentially sintering, (2) metal
dissolution, (3) electrochemical Ostwald ripening, where large
particles grow at the expense of small ones, and (4) particle
detachment from the support16 have a direct effect on the particle
size distribution of the catalysts. The understanding of the degrada-
tion mechanism is key to propose and develop mitigation strategies.
Commonly, the determination of the particle size is done by
(scanning) transmission electron microscopy ((S)TEM) and to
observe the change of selected particles before and after the
treatment identical location (IL) (S)TEM is performed using rotating
disk electrode (RDE)16–18 or GDE setups.15 However, while (S)
TEM is a local method, SAXS offers the benefits to analyze the
particle size distribution after performing the AST in the whole
catalyst layer19,20 and even without further dismantling of the GDE
as we demonstrate in the present study. In the present work, load-
cycle conditions were simulated in an AST protocol by applying
potential steps between 0.6 and 1.0 VRHE in oxygen saturated
atmosphere at 25 °C and 50 °C in a GDE setup. The combination of
electrochemical measurements and SAXS analysis allows to deter-
mine the loss in active surface area and to relate it to a change in
particle size as function of operation temperature and initial NP size
distribution. We demonstrate with this study that the combination of
GDE and SAXS is an efficient way to test fuel cell catalysts in a
comparative manner under realistic conditions and enable mechan-
istic insights into the catalyst degradation.zE-mail: matthias.arenz@dcb.unibe.ch
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Experimental

Chemicals, materials, and gases.—Ultrapure Milli-Q water
(resistivity > 18.2 MΩ·cm, total organic carbon (TOC) < 5 ppb)
from a Millipore system was used for catalyst ink formation, diluting
the acid, and the cleaning of the GDE cell. For preparing the
catalysts ink isopropanol (IPA, 99.7 + %, Alfa Aesar), commercial
Pt/C catalysts (TEC10E20A (1–2 nm Pt/C, 19.4 wt% Pt),
TEC10E50E (2–3 nm Pt/C, 46.0 wt% Pt), TEC10E50E-HT
(4–5 nm Pt/C, 50.6 wt% Pt), Tanaka kikinzoku kogyo), and Nafion
dispersion (D1021, 10 wt.%, EW 1100, Fuel Cell Store) was used.

The GDE was prepared using a Nafion membrane (Nafion 117,
183 μm thick, Fuel Cell Store), two gas diffusion layers (GDL)
(Sigracet 39AA, 280 μm thick, Fuel Cell Store; with a microporous
layer (MPL): Sigracet 39BC, 325 μm thick, Fuel Cell Store). In this
study the Nafion membrane was always pretreated. Circles with a
diameter of 2 cm were cut from a sheet of Nafion membrane. Those
cutoff membranes were treated in 5 wt.% H2O2 (Hänseler, 30 min,
80 °C), rinsed with Milli-Q water, treated in Milli-Q water (30 min,
80 °C), rinsed again with Milli-Q water, and treated in 8 wt.%
H2SO4 (30 min, 80 °C). After final rinsing of the cutoff membranes
with Milli-Q water, they were kept in a glass vial filled with Milli-Q
water.

Diluted 70% perchloric acid (HClO4, 99.999% trace metals basis,
Sigma Aldrich) as electrolyte and the gases Ar (99.999%), O2

(99.999%), and CO (99.97%) from Air Liquide were used in the
electrochemical measurements.

Gas diffusion electrode setup.—An in-house gas diffusion
electrode setup as described before14,15 was used in the electro-
chemical measurements. The GDE was placed on top of the flow
field in the stainless-steel cell body with the Nafion membrane
upwards. The upper cell part above the Nafion membrane is made of
polytetrafluoroethylene (PTFE). A platinum wire was used as a
counter electrode (CE) and a reversible hydrogen electrode (RHE) as
a reference electrode (RE). The CE was placed inside a glass
capillary with a glass frit on the bottom to avoid the trapping of gas
bubbles in the hole of the Teflon cell and hence helping to improve
the reproducibility of the measurement. All potentials in this study
are referred to the RHE potential.

In an initial cleaning the Teflon upperpart was soaked in acid
(H2SO4:HNO3 = 1:1, v:v) overnight. After rinsing it with ultrapure
water, it was boiled twice in ultrapure water. Between the measure-
ments the Teflon upper part, the RE, and the glass capillary were
boiled once in ultrapure water.

Catalyst synthesis and ink formation.—Three commercial
Tanaka catalysts with different particle sizes and metal loadings
were used. The ink was formed by dispersing the catalysts in a
mixture of Milli-Q water and IPA (water/IPA ratio of 3:1) to obtain
about 5 ml of ink with a Pt concentration of 0.5 mg ml−1. The
mixture was sonicated for 5 min in a sonication bath to get a suitable
dispersion. 23–98 μl of Nafion was added (Nafion/carbon mass ratio
of 1). The dispersion was again sonicated for 5 min in a sonication
bath.

Vacuum filtration and pressing of GDE.—The Sigracet 39BC
gas diffusion layer (GDL) was placed in a vacuum filtration setup
between a glass funnel and a sand core filter. All this was placed on a
collecting bottle as described by Yarlagadda et al.21 4 ml of the inks
were diluted with 7 ml of Milli-Q water and 29 ml of IPA (water-
IPA ratio of 1:3, Pt concentration of 0.05 mg l−1). The mixture was
sonicated for 1 min. The 40 ml diluted ink were filled in a funnel. A
jet water pump was used to deposit the catalyst on top of the GDL.
When the collected solvent was not colorless it was refilled into the
funnel and the vacuum filtration was started again. Afterwards, the
GDE was dried at least overnight on air. By this procedure a
theoretical Pt loading of 0.208 mgPt cm

−2
geo was generated.

The Nafion membrane was pressed on top of the GDE. Therefore,
a Teflon sheet was placed on top of a Teflon block and afterwards
the GDL without MPL (∅ 2 cm), GDL with MPL (∅ 2 cm with hole
of ∅ 3 mm) and the catalyst on the GDL from the vacuum filtration
(∅ 3 mm) in the hole. A Nafion membrane (to avoid later the leaking
of the electrolyte into the GDE) was rinsed with Milli-Q water, dried
and followed by a second Teflon sheet and a second Teflon block
placed on top. Everything was placed between two metal blocks and
the pressing was performed at 2 tons for 10 min.

Electrochemical measurement.—The electrochemical measure-
ments were performed with a computer controlled parallel potentio-
stat (ECi-242, NordicElectrochemistry). Two measurements could
be performed in parallel by splitting the gas inlet after humidification
of the gas. Hence the gas inlet of two GDE setups was connected to
the same bubbler. 4 M HClO4 aqueous solution in the upper Teflon
compartment of the GDE setup was used as electrolyte and different
temperatures (25 °C or 50 °C) were applied using a fan in an isolated
Faraday cage. Before performing the AST protocols first 20 cyclic
voltammograms (CVs) in Argon (Ar, with a scan rate of
500 mV s−1, 0.06–1.1 VRHE) were performed to assess if the
assembling of the cell was successful. For cleaning the surface,
afterwards CVs in oxygen (O2) were performed: 20 CVs with
500 mV s−1, then ca. 50 CVs with 50 mV s−1 until a stable CV was
obtained. The resistance between the working electrode (WE) and
RE (ca. 10 Ω) was compensated to around 2 Ω by using the analog
positive feedback scheme of the potentiostat. The resistance was
determined online using an AC signal (5 kHz, 5 mV)22 Before
starting the measurement, to make sure that the O2 was completely
replaced, CVs in Ar (50 CVs, 500 mV s−1) were done. The wished
temperature for the following AST was adjusted.

To investigate the degradation mechanism(s) of the Pt/C electro-
catalysts, ASTs as reported by Alinejad et al.15 were used. The
applied electrode potential was stepped between 0.6 and 1.0 VRHE

and hold for three seconds, respectively to simulate the load-cycle
conditions. The surface loss of the catalysts during the AST was
determined by comparing the ECSA obtained from the CO stripping
voltammetry before and after the AST of at least three reproducible
measurements. The ECSA values in m2 gPt

−1 were determined using
the theoretical Pt loading of 0.208 mgPt cm

−2
geo and the surface area

(in cm2) determined by CO stripping. The CO stripping was
performed by subtracting the Ar background and using a baseline
correction between the chosen peak limits to avoid any influence of
capacitive currents from the carbon support as shown by Inaba et
al.23 ASTs were performed in O2 with 9000 steps at 25 °C or 5000
steps at 50 °C.

SAXS analysis.—A SAXSLab instrument (Niels Bohr Institute,
University of Copenhagen, Denmark) equipped with a 100XL +
micro-focus sealed X-ray tube (Rigaku) producing a photon beam
with a wavelength of 1.54 Å was used for SAXS data
acquisition.20,24 A 2D 300 K Pilatus detector from Dectris was
used to record the scattering patterns and the samples did not show
anisotropy. The two-dimensional scattering data were azimuthally
averaged, normalized by the incident radiation intensity, the sample
exposure time and the transmission using the Saxsgui software. Data
were then corrected for background and detector inhomogeneities
using standard reduction software. Samples were sealed between two
5–7 μm thick mica windows in dedicated sample cells and
measurements performed in vacuum. The background measurement
was made with a GDL Sigracet 39BC without NPs.

The radially averaged intensity I(q) is given as a function of the
scattering vector q = 4π·sin(θ)/λ, where λ is the wavelength and 2θ
is the scattering angle. The background corrected scattering data
were fitted using a power law to take into account the behavior at
low q value and a model of polydisperse spheres described by a
volume-weighted log-normal distribution. This model leads to
satisfying results for 13 samples out of 36 samples. The remaining
data were then best fitted by adding a second model of polydisperse
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spheres also described by a volume-weighted log-normal distribu-
tion (for 11 samples out of 36). A structure factor contribution was
sometimes needed to properly model the data for the 2 polydisperse
sphere models (6 samples out of 36). We employed a hard-sphere
structure factor F(R,η) as described in Ref. 25. The scattering data
are fitted to the following general expression:

( ) · · ( ) · ( ) ( ) ( )

( ) ( ) ( )

ò
ò

h= +

+

-I q A q C F R , P q, R V R D R dR
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parameters; C1 and C2 are scaling constants, Ps1 and Ps2 the sphere
form factors, V1 and V2 the particle volumes and D1 and D2 the log-
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where σ is the variance and R0 the geometric mean of the log-normal
distribution. The fitting was done using home written MATLAB
code. The free parameters in the model are: A, n, R1, R2, σ1, σ2, C1,
C2, η1. The values obtained for these parameters are reported in
Table SI. In 13 out 36 samples, only 5 free parameters where needed,
and a one population model was enough to describe the sample. For
3 samples a model adding a structure factor with 6 free parameters
gave a better fit. After ASTs however and in particular for the
initially 1–2 nm Pt/C catalysts, better fits were obtained with 8 free
parameters considering 2 spheres populations. In 3 cases a better fit
was obtained with 9 free parameters. In order to account for the two
populations, the reported probability density functions were
weighted by the relative surface contribution of the spheres as
detailed in SI. The scattering data and corresponding fits are reported
in Figs. S1–S4 (available online at stacks.iop.org/JES/167/134515/
mmedia) and Table SI. In the discussion, we refer to the average
diameter of the particle and use the standard deviation relative to the
evaluation of this average diameter based on three independent
measurements as error to compare the catalyst sizes. In other words,
the values quoted in the manuscript read as 〈d〉 ± σ〈d〉 where 〈d〉 is
the average diameter retrieved from three independent measure-
ments and σ〈d〉 a measure of how reproducible this estimation of 〈d〉
is from three independent measurements. The relative deviation
relative to 〈d〉 (σd), i.e. how broad the distribution is around the
value 〈d〉, was between 10 and 30%, see details in Table SI.

The “starting size” was analyzed from three samples of 3 mm
diameter punched from catalyst film on the GDL after vacuum
filtration. Three samples with reproducible ECSAs after the AST
were analyzed by punching a circle with a diameter of 5 mm around
the GDE (of 3 mm) with the Nafion membrane on top. The
background sample was obtained by performing the AST protocol
on a catalyst free “GDE” by using a circle with a diameter of 3 mm
Sigracet 39BC as “GDE” (pressing was performed the same way as
before).

TEM analysis.—TEM micrographs were obtained using a Jeol
2100 operated at 200 kV. Samples were characterized by imaging at
least 5 different areas of the TEM grid at minimum 3 different
magnifications. The size (diameter) of the NPs was estimated using
the imageJ software and considering at least 200 NPs. The samples

Pt/C were diluted in ethanol before being drop casted onto a holey
carbon support film of Cu 300 mesh grids (Quantifoil).

Pair distribution function (PDF) analysis.—Data acquisition:
X-ray total scattering data were obtained at beamline 11-ID-B,
Advanced Photon Source (APS), Argonne National Laboratory,
USA. The samples were mounted on a flat plate sample holder, so
that data were collected in transmission geometry using a Perkin-
Elmer flat panel detector with a pixel size of 200 × 200 μm in the
RA-PDF setup.28 A wavelength of 0.2115 Å was used, and the
sample-to-detector distance was calibrated using a CeO2 standard.
Fit2D was used to calibrate the experimental geometry parameters
and azimuthally integrate the scattering intensities to 1D scattering
patterns.29,30

PDF modelling: X-ray total scattering data were Fourier trans-
formed with xPDFsuite to obtain PDFs using the Q-range from 0.9 Å
−1 to 22.0 Å−1.31 The scattering signal from the carbon substrate
and Nafion membrane was subtracted before the Fourier transform.
The scattering signal from the carbon substrate was measured
independently, while that from the MEA membrane was determined
from the data obtained from the largest nanoparticles after O2

exposure by subtracting out the well-known Pt contribution in
reciprocal space. Analysis and refinement of the obtained PDFs
was performed using PDFgui, in which a least-square optimization
procedure is performed between a theoretical PDF and the experi-
mental PDF from a model.32 The refined parameters included the
unit cell, d2-parameter describing local correlated atomic movement,
scale factor, a spherical particle diameter and the atomic displace-
ment parameters (ADPs) for Pt.

Results and Discussion

An efficient catalyst testing must be fast, performed under
realistic conditions, and conducted to allow several repeats for
each catalyst sample. To assess the Pt NP size evolution in Pt/C
catalysts, SAXS is so far mainly used in combination with RDE
testing in addition to the local technique (S)TEM.19,20 Although
single RDE measurements are fast, the testing conditions are far
from the ones in fuel cell devices14,15; a liquid electrolyte is
employed, which respective type of anions33–35 and pH values36,37

influence Pt dissolution while the catalyst film thickness (loading on
the glassy carbon tip) is significantly lower than in a fuel cell.
Furthermore, to reach sufficient signal to noise ratios for the SAXS
analysis, the catalyst layer must be collected from several RDE
measurements. This renders the study of the effect of stability tests
on the NP size impractical and time consuming. The conditions in
MEA testing are realistic but time consuming and rarely performed
with several repeats of different catalysts. Among the very few
in situ SAXS studies reported, most require exposure of the
electrocatalyst to liquid electrolyte flow or are performed in a
MEA.38–44 In setups exposing the catalyst to liquid electrolyte flow
the risk of a mechanical delamination and incomplete catalyst
utilization is given. For an analysis of the catalyst layers in MEA,
a dismantling is necessary to avoid probing anode and cathode
catalyst at the same time. Due to the complexity of the experiments
and the limited measurement time at Synchrotron beamlines, to the
best of our knowledge in no in situ SAXS study statistical data
concerning the reproducibility of the measurements is tested by
performing three repeats per sample. These limitations call for
further improvement.

In contrast, the GDE setup provides more realistic conditions
than the RDE method but is at the same time a more simple and
faster methodology than flow cell or MEA measurements.14,15

Several repeats of the measurements can be performed and their
reproducibility be discussed. Therefore, in this work, a GDE setup is
used to investigate the degradation of three commercial Tanaka Pt/C
catalysts with different NP size distributions ranging from 1–2 to
4–5 nm (hereafter denoted as 1–2 nm Pt/C, 2–3 nm Pt/C, and 4–5 nm
Pt/C) that are often used as benchmark catalysts in RDE testing.45
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TEM micrographs of the three catalyst powders are displayed in
Fig. 1. In a recent work we showed that ASTs can be performed in
our GDE setup but the used catalyst loading was comparable to
loadings for RDE measurements and hence far from realistic fuel
cell loadings.15 In the present work, the catalyst film on the GDL (
i.e. the GDE) is prepared by vacuum filtration as described by
Yarlagadda et al.21 to reach typical catalyst loadings for fuel cells in
cars of 0.2 mgPt cm

−2
geo.

8 ASTs are performed at 25 °C (9000 steps
in O2 between 0.6 and 1.0 VRHE, 3 s holding) and additionally at 50 °
C (with a reduced number of degradation steps to 5000 to reach a
comparable loss in surface area) to generate more realistic fuel cell
conditions.4 In the SI it is demonstrated that with the established
procedure, reproducible particle size distributions of the different Pt/
C catalysts could be determined before (Fig. S5) as well as after the
ASTs (Fig. S6). The same reproducibility is observed for the
determined values of the electrochemically active surface area
(ECSA), see relatively low standard deviations from the measure-
ments of three catalyst films in Table I. By analyzing the electro-
chemical measurements recorded in the GDE setup, (Fig. 2 and
Table I) and comparing the ECSA values of the catalysts with the
ones reported from RDE measurements in literature it is further
confirmed that the catalyst layer is fully utilized.45 This is of utmost
importance for the SAXS analysis, which otherwise would be
misleading as parts of the catalyst layer that were not be under
electrochemical control would not be subjected to any degradation
and hence would not show any change in the particle size
distributions. In addition, it is observed that going from 25 °C to
50 °C, the peak potential of the CO stripping is shifted to lower
electrode potentials and the established initial ECSA is slightly
reduced (see Fig. 2 and Table I). This finding is in agreement with
the expected effect of higher temperature reducing the equilibrium
coverage of adsorbents and facilitating the oxidation of CO.46 Based
on the average of the mean particle sizes obtained from SAXS data
analyses “theoretical” surface areas before the AST can be calcu-
lated (see Table SIII in SI). Comparing the experimental ECSA
established by the CO stripping and “theoretical” surface areas
uncovers that although large NPs have in total less surface area, a

higher fraction of the surface area is accessible for catalytic reactions
as compared to the small NPs.

As prepared, the catalysts with the smaller NPs exhibit higher
initial ECSA than the catalyst with larger NPs (see Table I). At the
same time, the smaller NPs experience a larger ECSA loss upon
applying the AST: 43 ± 1 and 34 ± 1% for 1–2 and 2–3 nm Pt/C,
respectively as compared to 4 ± 1% for 4–5 nm Pt/C at 25 °C. An
increase in temperature accelerates the loss in ECSA considerably
(AST duration of 10 h at 50 °C as compared to 16 h 40 at 25 °C).
Interestingly, the 4–5 nm Pt/C catalyst is very stable. Its ECSA loss
upon applying the AST is very small, i.e. after more than 16 h of
AST at 25 °C it is less than 5% and thus almost negligible.
Increasing the temperature to 50 °C, the ECSA loss increases to
16% (note that the testing time was shorter, i.e. 10 h), but is still
minor as compared to the ECSA loss of the 1–2 and 2–3 Pt/C
catalysts of 53 ± 1 and 48 ± 2%, respectively. Another highly
important observation results from a comparison of the ECSA loss at
25 °C (see Fig. 2). In our previous study by Alinejad et al.,15 we used
the same AST protocol but significantly lower catalyst loadings on
the GDL. With catalyst loadings typical for RDE testing47 (i.e. ca.
8 μg cm−2geo vs 0.2 mg cm−2geo here), significantly higher ECSA
losses are observed, i.e. 48 ± 2% with lower loading as compared to
34 ± 1% in this study for the 2–3 nm Pt/C catalyst and 18 ± 1% with
lower loading as compared to 4 ± 1% here for the 4–5 nm Pt/C
catalyst (see Table I and Figs. S5–S6). Such dependence of the
degradation on the film thickness was observed previously in our
laboratory in RDE measurements (not published) as well as in Pt
dissolution measurements determined via scanning flow cell (SFC)
measurements coupled to inductively coupled plasma mass spectro-
metry (ICP-MS).48,49 The influence of the catalyst film thickness on
the observed Pt dissolutions rates was assigned to differences in the
probability of re-deposition of the Pt ions.48 The influence of
different iR-drops for different catalyst loadings is considered to
be small. An active compensation scheme of the potentiostat allows
to limit the uncompensated resistance to similar, reproducible values
(see electrochemical measurements in experimental part). However,
as larger currents are obtained with a thicker catalyst layer, the same

Figure 1. TEM micrographs and size distributions of the commercial 1–2 nm (a), (d), 2–3 nm (b), (e), and 4–5 nm (c), (f) Pt/C catalyst powders.
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uncompensated resistance leads to larger deviations between “ap-
plied and real potential.” Nevertheless, the effect should be minor for
the upper potential (1.0 V) in the AST as no ORR takes place at this
potential. The lower potential (0.6 V), however, should be affected.
Consequently, it is difficult to disregard any influence of the
uncompensated resistance.

Comparing the GDE studies with different catalyst loading,
typically resulting in different film thickness, it can be concluded
that although identical trends in stability of the two different
catalysts are observed, an extrapolation of the results to fuel cell
conditions is more difficult if very thin catalyst films are used since
phenomena such as re-deposition of Pt ions do not occur. Therefore,
the here presented results highlight the importance of realistic
conditions for degradation studies.

Further, crucial mechanistic information concerning the change
in the NP size distribution after applying the AST can be extracted
from the SAXS data. Representative size distributions are shown in
Fig. 3 and repeats in the SI. In the following we refer to the average
diameter of the particle and use the standard deviation relative to the
evaluation of this average diameter based on three independent
measurements as error to compare the catalyst sizes (see Table SI). It
should be noticed that in contrast to size histograms plotted in a
TEM analysis, minor changes in the fitting parameters lead to
deviations in the log-normal plots that might suggest large deviations
between the individual measurements. However, we observed that
for a given set of conditions, the three individual repeats were
consistent: a comparable average diameter and deviation with only
small variations between the repeated measurements was observed.
For one of the catalyst samples (2–3 nm Pt/C at 50 °C) larger
deviations between the individual repeats are observed.

As a result of the AST treatments (at 25 °C or 50 °C) the size
distribution (established by SAXS) of all catalysts increases as it is
expected from the ECSA loss determined in the CO stripping
measurements. For the 1–2 nm Pt/C catalyst the increase in size is
most dramatic, an increase from 2.08 ± 0.04 to 4.86 ± 0.43 (AST in
O2 at 25 °C) and 6.06 ± 0.54 nm (AST in O2 at 50 °C) is determined,
while for the 2–3 nm Pt/C catalyst an increase from 2.97 ± 0.09 to
5.24 ± 0.02 (25 °C) and 5.58 ± 1.67 nm (50 °C) is observed. Only the
4–5 nm Pt/C catalyst shows a relative moderate increase in particle
size, i.e. from 5.88 ± 0.13 to 6.25 ± 0.47 (25 °C) and 6.63 ± 0.03 nm
(50 °C) in line with the very moderate ECSA loss. The size increase
of the smaller Pt NPs after the AST is furthermore confirmed by
applying PDF analysis (see SI). Interestingly, after applying the AST
at 50 °C the “end of treatment” particle sizes of all three Pt/C
catalysts are very similar, i.e. they are all in the range of 5.6–6.6 nm.
The results demonstrate that, as expected, the degradation and the
particle growth are more significant for catalysts with small NPs.50

The obtained results are unfortunately difficult to compare to
literature as there still no common procedure for AST protocols in
RDE measurements, e.g. potential scanning not following the FCCJ

protocols was performed on the 2–3 nm Pt /C catalyst on Vulcan C
by Kocha et al.51 (0.025–1.0 VRHE) and on Ketjen black by
Mayrhofer et al.52 (0.4–1.4 VRHE). Speder et al.19,53 applied load
cycles but also on homemade catalysts and Zana et al.18 performed
IL-TEM on homemade catalysts. For MEA measurements the
following results are reported: Based on a TEM analysis Yano et
al.54 report that after load cycles in MEA a comparable particle size
increase from 2.2 ± 0.5 nm to 6.5 ± 2.3 nm occurs for the
2–3 nm C−1 catalyst. Tamaki et al.55 reported after 10,000 cycles a
particle size increase from 3.2 ± 0.8 nm to 7.9 ± 4.6 nm.

In our GDE study, we document for the first time to the best of
our knowledge that the “end of treatment” particle size of around
6 nm is rather independent from the “starting size” but depends on
the temperature, i.e. after the AST protocol under realistic conditions
at 50 °C all three catalysts exhibit more or less the same size
distribution. This is an important finding considering that increasing
the power density in PEMFCs for mobile applications is of high
priority.8 Currently a large performance loss is observed at high-
current density (>1 A cm−2) and it is proposed that a resistive
oxygen mass transfer term can be addressed among others through
high and stable Pt dispersion (i.e. small NPs).8 Our results indicate a
serious limitation for such efforts to decrease oxygen mass transfer
resistances by increasing the catalyst dispersion (i.e. NP size) unless
strategies are found and successfully implemented to inhibit the
growth in particle size under operation. At the same time the
presented GDE methodology provides an easy means to screen test
the behavior of different catalysts under realistic conditions.

Focusing on the degradation mechanism, the observed particle
size distribution after degradation reported in Fig. 3 is consistent
with the established loss in surface area (see Table I). While the
surface loss could be in general a consequence of all degradation
mechanisms (migration/coalescence, metal dissolution, Ostwald
ripening, particle detachment), the observed increase in particle
size can occur due to electrochemical Ostwald ripening and particle
coalescence. The dependence of the degradation (ECSA loss) on the
catalyst layer thickness (catalyst loading on GDL) indicates a
significant contribution of electrochemical Ostwald ripening.
However, the tail of the size distributions to large sizes (maximum
at small size) after the AST at 25 °C could be an indication for
coalescence,56 while tailing to small NP sizes (maximum at large
size) after the AST at 50 °C could signify Ostwald ripening.57,58 The
shoulder in the particle size distribution after the AST at 25 °C for
2–3 nm Pt/C, consistent with the “end of treatment size” after the
AST at 50 °C, on the other hand might be an indication for
coalescence followed by Ostwald ripening into spherical particles
under the AST treatment and therefore coalescence might be difficult
to detect in the “end of treatment” catalyst. Such a simultaneous
occurrence of both growth mechanisms complicates the interpreta-
tion of the tailed size distributions13 and the results do not allow an
unambiguous separation of Ostwald ripening and coalescence. To
sum up, the strong dependency of the ECSA loss on the catalyst
layer thickness makes Ostwald ripening more likely, but coalescence
cannot be excluded. Particle detachment, by comparison, leads to a
loss in surface area while maintaining the size distribution52; a
scenario that would best fit to the behavior of the 4–5 nm Pt/C
catalyst, but certainly not for the other two catalysts. Mayrhofer et
al.52 showed in IL-TEM that the main degradation mechanism of the
4–5 nm Pt/C catalyst at room temperature and exposure to liquid
electrolyte is particle detachment. However, at this point the
occurrence of particle detachment in the GDE setup cannot be
proven. Metal dissolution (without re-deposition) would lead to a
decrease in particle size and is not observed in any of the Pt/C
catalysts, i.e. the determined size distributions exhibit very low
probability towards small particle sizes. A deposition of the
dissolved Pt-ions in the Nafion membrane as observed in MEA
measurements seems unlikely, as in the MEA the process is caused
by the hydrogen gas crossover.13 In the GDE measurements, a
hydrogen gas crossover through the Nafion membrane is not
expected as the measured gas flow at the gas inlet and outlet are

Table I. Experimental ECSA before and after AST of commercial

Pt/C catalysts at T = 25 °C (9000 steps between 0.6 and 1.0 VRHE) and

50 °C (5000 steps between 0.6 and 1.0 VRHE) in oxygen and
determined ECSA loss after the AST of three reproducible repeats.

The error indicates the standard deviation of the three measure-

ments.

T/°C Pt/C Catalysts
ECSA/m2 g−1Pt

surface loss/%
before AST after AST

25 1–2 nm 109 ± 4 62 ± 3 43 ± 1
2–3 nm 81 ± 1 54 ± 1 34 ± 1
4–5 nm 57 ± 1 55 ± 1 4 ± 1

50 1–2 nm 90 ± 2 43 ± 2 53 ± 1
2–3 nm 67 ± 4 35 ± 3 48 ± 2
4–5 nm 50 ± 2 42 ± 1 16 ± 2
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constant and the electrolyte above the membrane is not purged with
hydrogen. Therefore, more likely this observation might be related to
a (small) component of loss in surface area due to particle
detachment.

Conclusions

In summary, in the present work we demonstrate the strength of
the application of GDE setups—as compared to classical electro-
chemical cells or MEAs—for the investigation of catalyst degrada-
tion under realistic conditions. In the GDE setup, only one half-cell
reaction of a fuel cell, e.g. the oxygen reduction reaction (ORR), is
investigated, thus separating anode and cathode degradation.
Without further disassembling (as opposed to MEA measurements)
or sample collection (in contrast to RDE measurements), the catalyst

layer can be investigated by SAXS measurements even without
removing the Nafion membrane.

Applying conditions close to MEA testing (regarding the setup,15

loading,8 and temperature4) the degradation mechanism can be
analyzed based on the change in the size distribution and the
ECSA obtained by CO stripping. It is found that after applying the
ASTs, catalysts with small NPs exhibit significant degradation and
particle growth. While this is an expected result, comparing the
investigations with previous ones, it is found that the amount of
degradation depends on the film thickness; thin films exhibit more
degradation than thicker films. The main mechanism seems particle
growth based on either coalescence and/or electrochemical Ostwald
ripening whereas only for the 4–5 Pt/C catalyst there is a weak
indication of particle loss at the applied conditions. The here
introduced combination of GDE and SAXS offers a straight-forward

Figure 2. Representative CO stripping curves (solid lines) and subsequent cyclic voltammograms in Ar (dash lines) of commercial 1–2 nm (a), (d), 2–3 nm (b),
(e), and 4–5 nm (c), (f) Pt/C catalysts before (black lines) and after (red lines) ASTs in O2 at 25 °C ((a)–(c) 9000 steps between 0.6 and 1.0 VRHE, 3 s holding) or
50 °C ((d)–(f) 5000 steps between 0.6 and 1.0 VRHE, 3 s holding).
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way for comparative studies of the degradation of several different
fuel cell catalysts allowing several repeats. The approach therefore
offers significant advantages over RDE and MEA measurements and
thus will aid the quest for developing improved PEMFC catalysts.
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SAXS data 

The average volume of nanoparticle from population 1 and from population 2, <V>1 and <V>2 

respectively, lead to define volume fraction of population 1, ႴV1, and volume fraction of population 

2, ႴV2, as: 

 ႴV1 =
N1<V>1

N1<V>1+N2<V>2 
 = 1 −  ႴV2 

ႴV1

ႴV2 
=  

N1 < V >1

N2 < V >2 
 

N1

N2 
=  
ႴV1  < V >2 

ႴV2   < V >1
  

where N1 and N2 are the number of nanoparticles in the population 1 or 2 respectively. 

From the SAXS data acquisition we have the relationship between the retrieved coefficient C1 and C2 

given by Ci = k. Ⴔvi. <V>i where i=1 or 2 and k is a constant. 

k =
C1

 ႴV1 < V >1 
=

C2

 ႴV2 < V >2 
=  

C2

 (1 − ႴV1) < V >2 
 

ႴV1

1 − ႴV1 
=

C1 < V >2

 C2 < V >1 
  

ႴV1 =
1

1 +  
C2 < V >1

 C1 < V >2 

 

In order to weight the probability density function by the area or surface fractions we consider <A>1 

and <A>2  as  the average area of the nanoparticles from population 1 and 2, respectively: 

 ႴA1 =
N1<A>1

N1<A>1+N2<A>2 
 = 1 − ႴA2 =  

1

1+
N2<A>2
N1<A>1

 
 

ႴA1 =
1

1 +
ႴV2 < V >1< A >2 
ႴV1 < V >2< A >1

 
 

ႴA1 =
1

1 +
𝐶2 (< V >1)2 < A >2 
𝐶1(< V >2)2 < A >1
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Figure S1: (a) Examples of SAXS measurements for different Pt/C catalyst with Pt NP size of 1-2 

nm, 2-3 nm or 4.5 nm as indicated. The small error bars for the intensities on the Y axis indicate the 

quality of the data. At high q values the deviation increased since fewer pixels contribute to each q-

value as the pixel are closer to the detector edges. The background measured is in dark. (b) Example 

of background subtraction.  

 

The clear shift of the ‘bump’ in the SAXS measurements towards higher q values is consistent with 

a larger NP size for the samples with an increasing size order 1-2 nm <  2-3 nm < 4-5 nm Pt/C. For 

background subtraction the background and sample intensities were corrected to overlap at high q 

values. 
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Figure S2: SAXS data fitting for the commercial 1-2 nm Pt/C catalyst before AST (a, b, c), after AST 

at 25 °C (d, e, f, 9000 steps between 0.6 and 1.0 VRHE, 3 s holding) and 50 °C (g, h, i, 5000 steps): 

data (black circles), power law (cyan dash line), spheres 1 (blue dash line), sphere 2 (green dash line), 

fit (red line). 
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Figure S3: SAXS data fitting for the commercial 2-3 nm Pt/C catalyst before AST (a, b, c), after AST 

at 25 °C (d, e, f, 9000 steps between 0.6 and 1.0 VRHE, 3 s holding) and 50 °C (g, h, i, 5000 steps): 

data (black circles), power law (cyan dash line), spheres 1 (blue dash line), sphere 2 (green dash line), 

fit (red line). 
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Figure S4. SAXS data fitting for  the commercial 4-5 nm Pt/C catalyst before AST (a, b, c), after 

AST at 25 °C (d, e, f, 9000 steps between 0.6 and 1.0 VRHE, 3 s holding) and 50 °C (g, h, i, 5000 

steps): data (black circles), power law (cyan dash line), spheres 1 (blue dash line), sphere 2 (green 

dash line), fit (red line). 
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Table S1: Fitting parameters for SAXS data. The testing conditions are detailed in the text and Figure S1-S4 (the number of steps correspond to 

step between 0.6 and 1.0 VRHE, 3 s holding). The determined size and distribution are based on the mean particle diameter. 

    Power law 1st population 2nd population Size and distribution 

  Sample 
Figure 

S 

A  

x 106 
n R1 σ1 C1 η1 R2 σ2 C2 

dsample
A 

/ nm 

σsample
B 

/ nm 

Average 

diameter: 

<d>C / nm 

Average 

deviation of 

σsample:  

<σ>D / nm 

Standard 

deviation of 

<d>: 

 σd-a,b,c
E / nm 

Standard 

deviation of 

<d>: 

σ<d>
F / nm 

1-2 

nm 

Before 

AST 

1a 5a-A 370 3.0 10.3 0.14 0.006 - - - - 2.08 0.29 

2.08 0.26 0.15 0.04 1b 5a-B 300 3.1 10.1 0.13 0.005 - - - - 2.04 0.27 

1c 5a-C 300 3.0 10.5 0.11 0.004 - - - - 2.11 0.23 

25 °C 

9000 

steps 

1d 5b-A 8.5 3.8 25.0 0.30 0.014 - - - - 5.23 1.61 

4.86 1.14 0.70 0.43 1e 5b-B 7.0 3.8 20.0 0.14 0.006 - 33 0.23 0.005 4.39 0.54 

1f 5b-C 18 3.8 24.0 0.25 0.018 - - - - 4.95 1.26 

50 °C 

5000 

steps 

1g 5c-A 4 3.8 19.0 0.50 0.004 0.28 32 0.22 0.013 5.96 1.23 

6.06 1.42 0.84 0.54 1h 5c-B 15 3.8 17.5 0.20 0.001 0.32 31 0.26 0.016 5.57 1.21 

1i 5c-C 5 4.0 32.0 0.27 0.017 - - - - 6.64 1.83 

2-3 

nm 

Before 

AST 

2a 

6a 

25 3.5 15.0 0.12 0.006 - 20 0.80 0.006 3.05 0.36 

2.97 0.40 0.23 0.09 2b 30 3.5 13.5 0.17 0.006 - 19 0.50 0.008 2.88 0.48 

2c 16 3.2 13.5 0.10 0.004 - 18 0.30 0.006 2.99 0.37 

25 °C 

9000 

steps 

2d 

6b 

20 3.5 24.0 0.10 0.005 - 32 0.30 0.006 5.24 0.59 

5.24 0.54 0.31 0.02 2e 30 3.5 24.0 0.10 0.006 - 31 0.30 0.007 5.22 0.60 

1f 1 4.0 25.0 0.08 0.007 - 31 0.25 0.004 5.25 0.43 

50 °C 

5000 

steps 

2g 

6c 

0 3.7 18.5 0.30 0.003 0.35 34 0.30 0.017 5.42 1.21 

5.58 1.55 0.94 1.67 2h 0.9 4.0 14.0 0.25 0.001 - 28 0.50 0.014 4.00 1.19 

2i 2 3.7 35 .0 0.30 0.017 - - - - 7.32 2.25 

4-5 

nm 

Before 

AST 

3a 

7a 

13 3.8 29.0 0.28 0.032 0.05 - - - 6.03 1.72 

5.88 1.68 0.97 0.13 3b 13 3.7 28.0 0.27 0.030 0.04 - - - 5.81 1.60 

3c 12 3.8 27.8 0.289 0.034 0.04 - - - 5.80 1.71 

25 °C 

9000 

steps 

3d 

7b 

8 3.8 28.5 0.25 0.020 - - - - 5.88 1.49 

6.25 1.59 0.92 0.47 3e 5 4.0 29.5 0.25 0.020 - - - - 6.09 1.55 

3f 2 4.0 32.8 0.25 0.015 - - - - 6.77 1.72 

50 °C 

5000 

steps 

3g 

7c 

1 4.0 32.0 0.28 0.014 - - - - 6.66 1.90 

6.63 1.78 1.03 0.03 3h 32 3.4 32.0 0.26 0.014 - - - - 6.62 1.75 

3i 30 3.4 32.0 0.25 0.022 - - - - 6.60 1.68 
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(A) evaluated as dsample = 0.2 𝑒(𝑙𝑛(𝑅)+
𝜎2

2
)
 for a one size population, evaluated as dsample = 0.2 𝜑A1. 𝑒

(ln(𝑅1)+
𝜎1

2

2
)

+  0.2 𝜑A2. 𝑒
(ln(𝑅2)+

𝜎2
2

2
)
   for a 2 sizes population 

(B) evaluated as  σsample = 0.2 √(𝑒𝜎2
− 1)𝑒(2 ln(𝑅)+𝜎2)  for a one size population, evaluated as σsample = 0.2 √𝜑A1

2. [(𝑒𝜎1
2

− 1)𝑒(2 ln(𝑅1)+𝜎1
2)] + 𝜑A2

2. [(𝑒𝜎2
2

− 1)𝑒(2 ln(𝑅2)+𝜎2
2)] 

(C)  evaluated as the mean value for 3 measurement <d> =  
𝑑𝑎+ 𝑑𝑏+ 𝑑𝑐

3
 

(D) evaluated as the mean value for 3 measurements <σ> = 
𝜎𝑎+ 𝜎𝑏+ 𝜎𝑐

3
 

(E) evaluated  as σd-a,b,c = 
1

3
  √𝜎𝑎

2 + 𝜎𝑏
2 + 𝜎𝑐

2
  

(F) evaluated as the deviation relative to the mean value diameter estimation from 3 measurements 
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Figure S5: Particle size distributions obtained from SAXS data analysis for the commercial 1-2 nm 

(a), 2-3 nm (b), and 4-5 nm (c) Pt/C catalysts before AST. A, B, and C are independent repeats of the 

same condition. 
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Figure S6: Particle size distributions obtained from SAXS data analysis for the commercial 1-2 nm 

(a), 2-3 nm (b), and 4-5 nm (c) Pt/C catalysts before and after AST in O2 at 25 °C (9000 steps between 

0.6 and 1.0 VRHE, 3 s holding) or 50 °C (5000 steps between 0.6 and 1.0 VRHE, 3 s holding) with 

three independent  repeats for each AST condition. 
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Calculation of ESCA for low catalyst loading  

In the previous work by Alinejad et al. 1 the exact Pt loading could not be directly controlled due to 

the limitations in the spray coating procedure for the preparation of the working electrode. The 

theoretical Pt loading of 0.208 mgPt cm-2
geo and the absolute surface area (in cm2) determined by CO 

stripping for this work can be used to estimate (by the rule of three) the loading by comparison with 

the minimum and maximum absolute surface area of the 2-3 and 4-5 nm Pt/C catalysts reported by 

Alinejad et al. 1. Based on the absolute values of the Pt surface area, the loading is estimated to vary 

between 6.2 and 7.7 µg cm-2
geo (see Table S2) without any influence on the observed ECSA loss. 

 

Table S2: Comparison of the measured surface area by CO stripping and the ECSA for low and high 

catalyst loadings on the GDL of 2-3 nm and 4-5 Pt/C in the GDE setup. 

Pt/C catalysts 

Low loading on GDL from 

reference 1 
High loading on GDL (this work) 

Surface area Loading Surface area Loading 

/ cm2 / µgPt cm-2
geo / cm2 / mgPt cm-2

geo 

2-3 nm 
0.42 7.3 

11.9 ± 0.2 0.208 
0.44 7.7 

4-5 nm 
0.25 6.2 

8.4 ± 0.3 0.208 
0.28 6.9 

 

 

Calculation of theoretical surface area 

The theoretical Pt loading is 0.208 mgPt cm-2
geo and the area of a GDE 𝐴𝐺𝐷𝐸  is 0.07 cm2 (diameter of 

3 mm). This leads to a Pt amount 𝑚𝑃𝑡 𝐺𝐷𝐸  of 1.47∙10-5 gPt per experiment. This Pt amount has a total 

volume 𝑉𝑃𝑡 𝐺𝐷𝐸 of 6.85∙10-7 cm3. Based on the particle sizes of Table S3 the volume of one Pt NP 

𝑉𝑃𝑡 𝑁𝑃 (assumed to be spherical) can be calculated. The number of particles per catalysts 𝑁𝑁𝑃 𝑡𝑜𝑡𝑎𝑙 

are calculated by: 

𝑁𝑁𝑃 𝑡𝑜𝑡𝑎𝑙 =
𝑉𝑃𝑡 𝐺𝐷𝐸

𝑉𝑃𝑡 𝑁𝑃
 

Multiplying the surface area 𝐴𝑃𝑡 𝑁𝑃 of one Pt NP by 𝑁𝑁𝑃 𝑡𝑜𝑡𝑎𝑙 leads to the total theoretical surface 

area per catalyst 𝐴𝑃𝑡 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 . By considering the theoretical Pt loading 0.208 mgPt cm-2
geo the 

theoretical surface area 𝐴𝑃𝑡 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡 in mgPt cm-2
geo and hence the difference between experimentally 

obtained ECSA and theoretical surface area ∆𝐴 can be determined. 
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Table S3: Averages of mean particle sizes obtained from the SAXS data analysis. Volumes of one 

NP based on the averages of the mean particle sizes and the total number of NPs based on the ratio 

of the Pt volume in the GDE and the volume of one Pt NP. Surface areas of one NP and of all NPs in 

the whole catalyst based on the averages of the mean particle sizes. Theoretical surface of the Pt NPs 

per catalysts and the difference between experimental ECSA and theoretical surface area. 

Pt/C 

catalysts 

𝑑𝑃𝑡 𝑁𝑃  

/ nm 

𝑉𝑃𝑡 𝑁𝑃  

/ nm3 

𝑁𝑁𝑃 𝑡𝑜𝑡𝑎𝑙  

/ 1012 

𝐴𝑃𝑡 𝑁𝑃  

/ 10-17 m2 

𝐴𝑃𝑡 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡  

/ 10-4 m2 

𝐴𝑃𝑡 𝑐𝑎𝑡𝑎𝑙𝑦𝑠𝑡  

/ m2
 g

-1
Pt 

∆𝐴 

/ m2
 g

-1
Pt 

1-2 nm 2.1 5 150 1.3 20 135 -26 

2-3 nm 2.8 11 60 2.5 15 100 -19 

4-5 nm 5.7 95 7.2 10 7.3 49 8 
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Analysis of X-ray total scattering data 

 

Figure S7: X-ray scattering data in reciprocal space, I(Q), of A-B) pristine supported Pt NPs and C-

D) supported Pt NPs after the AST at 25°C.  

 

Figure S7 shows the total scattering data obtained from the samples before and after O2 degradation. 

The data show a significant background signal from the carbon support and membrane, but a 

scattering signal from Pt NPs can also be identified. The size of the NPs is reflected in the width of 

the Pt Bragg peaks, where broad peaks indicate small NPs. As seen in  

Figure S7B, the peaks arising from Pt (highlighted in red) are broader for the smallest Pt NPs (i.e. 1-

2 nm and 2-3 nm), than for the 4-5 nm Pt NPs, as expected. However, after the AST, the width of Pt 

peaks (highlighted) in the smallest Pt NPs are found to become narrower showing growth of the Pt 

NPs ( 

Figure S7C and D). Similar peak widths are observed for all three Pt samples after the AST, and the 

width of the 4-5 nm Pt NPs appears uninfluenced by the degradation step.  

 

The data from the samples after the AST were analyzed in real-space by modelling the reduced PDFs, 

G(r). The PDFs were modelling using a fcc Pt model assuming a spherical crystallite size. The results 
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from the modelling is given in Figure S8 and Table S4. The Pt crystallite size refined to approx. 4 

nm for all three samples (Figure S8 and Table S4). 

 

Figure S8: PDF refinements of Pt/C catalysts after the AST at 25°C.  

 

Table S4: Refined values obtained from the PDF refinement after the AST at 25°C. 

Pt/C catalysts Cell / Å d / Å d / nm Rw 

1-2 nm 3.935 44 4.4 0.37 

2-3 nm 3.932 42 4.2 0.28 

4-5 nm 3.931 40 4.0 0.23 
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Abstract

Small-angle X-ray scattering (SAXS) is a powerful technique to investigate the degradation of
catalyst materials. Ideally such investigations are performed operando, i.e. during a catalytic
reaction. An example of operando measurements is to observe the degradation of fuel cell
catalysts during an accelerated stress test (AST). Fuel cell catalysts consist of Pt or Pt alloy
nanoparticles (NPs) supported on a high surface area carbon. A key challenge of operando
SAXS measurements is a proper background subtraction of the carbon support to extract the
information of the size distribution of the Pt NPs as a function of the AST treatment. Typically,
such operando studies require the use of synchrotron facilities. The background measurement
can then be performed by anomalous SAXS or in a grazing incidence configuration. In this
work we present a proof-of-concept study demonstrating the use of a laboratory X-ray
diffractometer for operando SAXS. Data acquisition of operando SAXS with a laboratory
X-ray diffractometer is desirable due to the general challenging and limited accessibility of
synchrotron facilities. They become even more crucial under the ongoing and foreseen
restrictions related to the COVID-19 pandemic. Although, it is not the aim to completely
replace synchrotron-based studies, it is shown that the background subtraction can be achieved
by a simple experimental consideration in the setup that can ultimately facilitate operando
SAXS measurements at a synchrotron facility.

Supplementary material for this article is available online

Keywords: operando spectroscopy, small-angle X-ray scattering, fuel cell catalyst, degradation

(Some figures may appear in color only in the online journal)

1. Introduction

Proton exchange membrane fuel cells (PEMFCs) are seen as
an important renewable alternative of combustion engines,
especially for large vehicles and heavy duty trucks [1–4]. For
an efficient conversion of the hydrogen fuel to electric power,
highly active catalysts are required. PEMFC catalysts are often

5 Equally contributing authors.
∗

Authors to whom any correspondence should be addressed.

composed of Pt or Pt alloy nanoparticles (NPs) [5, 6]. Besides
a high catalytic activity, efficient catalysts also require suffi-
cient stability [2, 7]. The stability of catalysts is often investig-
ated by performing accelerated stress tests (ASTs) to decrease
the testing time [8, 9]. Such ASTs were recently performed
on commercial Pt catalysts in gas diffusion electrode (GDE)
setups [10–12] simulating load cycles and start-stop condi-
tions as recommended by the Fuel Cell Commercialization
Conference of Japan [13, 14] under realistic mass transport
conditions. To determine changes in particle size as result
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of the AST protocol the measurements in the GDE setup
were coupled to ex situ small-angle X-ray scattering (SAXS)
[11, 12]. However, ex situmeasurements provide only the pos-
sibility to determine the particle size at few points in time (i.e.
at the beginning and the end of treatment). To establish a time-
resolved picture of catalyst degradation the number of samples
would need to be enormously increased.

To obtain a deeper insight into time-resolved phenom-
ena, in situ [15–17] or operando [18–20] SAXS is necessary,
which is typically performed at synchrotron X-ray sources.
Beamtime for operando SAXS measurements at a synchro-
tron facility to investigate time-resolved degradation mechan-
isms is unfortunately limited, challenging to get granted, and
typically requires a long time until the proposals are accepted,
and the measurements can be performed. Furthermore, plan-
ning a beamtime at a synchrotron can be costly and logist-
ically challenging. For instance, equipment must be shipped
to the synchrotron facility, making the measurements rather
inflexible already under normal circumstances. The COVID-
19 pandemic made planned travelling basically impossible in
2020 and currently restricts most measurements at synchro-
trons to remote operation which is even more challenging.
Being able to study the time resolved degradation of catalysts
with operando SAXS using a laboratory X-ray source would
not be only at the moment but also for the future very helpful;
it is resource-efficient to reduce travelling and research costs.
Additionally, the use of a laboratory source gives the possib-
ility for better designed experiments, e.g. more and more reli-
able repeats. At a synchrotron repeating measurements and
checking the reproducibility of measurements is often limited
due to the scarce beamtime. It can take months before experi-
ments can be repeated.

In this work an operando SAXS andX-ray absorption spec-
troscopy cell was used with some adjustments to the firstly
introduced version by Binninger et al [18] for measurements
at synchrotron X-ray sources. This operando cell was used
in this study in a laboratory X-ray source to perform elec-
trochemical ASTs and investigate the time resolved degrad-
ation of a Pt NP catalyst with two distinguishable size popula-
tions by SAXS. An important point to obtain reasonable data
for the particle size probability densities retrieved from SAXS
measurements is a proper background subtraction, implying
a careful background measurement. Using laboratory X-ray
sources, the background measurement usually requires a sep-
arate experiment leading often to difficulties in normaliza-
tion of the curves [21]. At synchrotron facilities anomalous
SAXS can be performed by tuning the X-ray energy to subtract
elemental scattering energies [21]. Alternatively the measure-
ments can be performed in grazing incidence [22–24]. These
two choices, however, are not available for measurements at
laboratory X-ray sources. Tillier et al [19] thus measured the
background ex situ on a Pt-free carbon electrode performing
the same degradation protocol as on the sample which led to
the measurement of a suitable background.

Here we present a new design of the working electrode
in the operando cell. In this study, the catalyst film as well
as a catalyst-free part of the substrate (i.e. the background)

experience the same electrochemical treatment during the
AST, enabling an operando SAXS background measurement.
It is demonstrated that with such a design operando studies of
catalyst degradation can be performed even with less powerful
X-ray sources. The same technique can also be used to facilit-
ate operando SAXS measurements at a synchrotron facility.

2. Experimental

2.1. Chemicals and materials

For the catalyst ink formation and the cleaning of the cell
ultrapure Milli-Q water (resistivity >18.2 MΩ cm, total
organic carbon <5 ppb) from aMillipore systemwas used. The
catalysts ink was prepared with isopropanol (IPA, 99.7+ %,
Alfa Aesar), commercial Pt/C catalysts (TEC10E20A (1–
2 nm Pt/C, 19.4 wt% Pt) and TEC10E50E-HT (4–5 nm Pt/C,
50.6 wt% Pt), Tanaka kikinzoku kogyo), and Nafion disper-
sion (D1021, 10 wt. %, EW 1100, Fuel Cell Store). The work-
ing electrode (WE) was prepared by a gas diffusion layer
(GDL) with a microporous layer (MPL) on top (Freudenberg
H23C8, 0.230 µm thick) and a leather punching tool (Takagi
Co., 4 907 052 141 636, diameter of 3 mm) was used to cut the
GDL to the desired size. In the electrochemical measurements
0.1 M HClO4 prepared from 70% perchloric acid (HClO4,
Suprapur®, Merck) was used as electrolyte.

2.2. Catalyst synthesis

The catalyst mixture with two size populations on dif-
ferent carbon flakes was obtained by mixing 10.31 mg
TEC10E20A and 5.97 mg TEC10E50E-HT (Pt mass ratio
of 40:60 (small:large NPs)). The ink with a Pt concentra-
tion of 0.5 mg ml−1 was formed by dispersing the catalysts
in 10 ml of a mixture of Milli-Q water and IPA (water/IPA
ratio of 3:1) as described before [11]. The mixture was sonic-
ated for 10 min in a sonication bath to get a good dispersion.
53 µL of Nafion was added (Nafion/carbon mass ratio of 0.5).
The dispersion was again sonicated for 10 min in a sonication
bath.

2.3. Catalyst film preparation

The Freudenberg GDL was placed in a vacuum filtration setup
between a glass funnel and a sand core filter. All this was
placed on a collecting bottle as described by Yarlagadda et al
[25]. 4 mL of the inks were diluted with 7 ml of Milli-Q water
and 29 ml of IPA (water-IPA ratio of 1:3, Pt concentration
of 0.05 mg l−1). The mixture was sonicated for 1 min. The
diluted ink was then filled in a funnel. A diaphragm vacuum
pump (Vacuubrand, MZ 2C, max. 1.7 m3 h−1 and 9.0 mbar)
was used to deposit the catalyst on top of the GDL (duration
for the filtering was ca. 4 h). Afterwards, the GDE was dried
and stored in air. By this procedure a theoretical Pt loading
of 0.208 mg cm−2

geo, typically used for commercial fuel cells
[26] is obtained.
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Figure 1. Sketch of the WE (diameter of 5 mm) consist of the Pt
catalyst on a GDL with a MPL placed in the middle of a GDL and
glued to Kapton tape.

2.4. Degradation study in operando cell

The cell used for operando SAXS is adapted from the one
reported by Binninger et al [18]. As counter electrode (CE)
the Freudenberg GDL was used and as reference electrode an
Ag wire. To prepare the WE a circle (diameter of 5 mm) was
punched inside a rectangle of the Freudenberg GDL. This rect-
angle was fixed on a Kapton tape (MPL was placed upside).
A circle (diameter of 5 mm) of the catalyst film deposited
on the GDL by vacuum filtration was placed in the hole, see
figure 1. The electrolyte (0.1 M HClO4) exposed to air was
manually pulled through the cell before and after an electro-
chemical measurement by drawing up a 50 ml syringe. For the
AST measurement the potential was stepped between 0.6 and
1.0 VRHE with 3 s holding time at each potential. The applied
potential was adjusted to the open circuit potential of the cell:
0.422 V (steps between 0.12 and 0.52 VAg), 0.415 V (0.11 and
0.51 VAg), 0.406 V (0.10 and 0.50 VAg), 0.394 V (0.09 and
0.49 VAg), and 0.406 (0.10 and 0.50 VAg). The resistance dur-
ing the measurement was determined online using an AC sig-
nal (5 kHz, 5 × 10−5 A) [27]. Details about the AST protocol
and data are found in the SI, see figures S1 and S2 (available
online at stacks.iop.org/JPD/54/294004/mmedia).

2.5. SAXS

The size change of NPs supported on carbon was assessed by
SAXS measurements as previously reported [11, 12]. SAXS
measurementswere performed at theNiels Bohr Institute, Uni-
versity of Copenhagen, Denmark, on a Ganesha instrument
(SAXSLab). The Ganesha is equipped with a 100XL+micro-
focus sealed X-ray tube (Rigaku), producing a photon beam
with a wavelength of 1.54 Å, and a two-dimensional (2D)
300 K Pilatus detector (Dectris). The detector is situated inside
a large continuous vacuum chamber, where it can be moved
to adjust the distance between sample and detector. For the
present experiment, the sample detector distance was set to
cover a q-range of 0.0159–0.7428 Å−1 calibrated using silver
behenate. Motorized scatterless slits allow to tune the collima-
tion and for the present study a two-slit configuration was used
with 0.9 mm and 0.4 mm squares as first and second pinholes,
respectively, resulting in a beamwith ca. 10M photons/second

hitting the sample. The 2D scattering data were azimuthally
averaged, normalized by the incident radiation intensity, the
sample exposure time, and the transmission. Using a standard
SAXSGUI reduction software, the data were then corrected
for the background and detector inhomogeneities. The samples
consisting of the NPs on the GDLwere placed in the operando
cell and the cell exposed to the beam produced by the lab
source. The cell itself was not under vacuum, but the detector
was placed in a chamber under vacuum (on the left of the
image in figure 2). The background was measured next to the
Pt catalyst (see figure 1) by manually moving the operando
cell. A fast SAXS measurement of 15 s was performed to con-
firm that a metal-free spot was subjected to the beam.

The data analysis after background subtraction (acquired
in a part of the sample without Pt NPs) was performed
as described previously [11, 12, 28, 29] using a poly-
disperse spheres model. The radially averaged intensity
I(q) is expressed as a function of the scattering vector
q= 4π·sin(θ)/λ, where λ is the wavelength, and 2θ is the scat-
tering angle. The background-corrected scattering data were
fitted using a power law to consider the behavior at low q value
and a model of one or two polydisperse spheres described by a
volume-weighted log-normal distribution. The scattering data
are fitted to the following expression:

I(q) = A · q−n+C1 ·
ˆ

Ps1 (q, R)V1 (R)D1 (R)dR

+C2 ·
ˆ

Ps2 (q, R)V2 (R)D2 (R)dR

where A·q−n corresponds to the power law with A and n as
free parameters, C1 and C2 are scaling constants, Ps1 and Ps2

the sphere form factors, V1 and V2 the particle volumes and
D1 and D2 the log-normal size distribution. The sphere form
factor is given by [30, 31]:

Ps(q,R) =

(

3
sin(qR)− qRcos(qR)

(qR)3

)2

and the log-normal distribution by:

D(R) =
1

Rσ
√
2π

emp







−
[

ln
(

R
R0

)]2

2σ2







where σ is the variance and R0 (evaluated in Å) the geomet-
ric mean of the log-normal distribution. The fitting was done
using a home written MATLAB code. The free parameters
in the model are A, n, C1, R1, σ1, C2, R2, σ2. The values
obtained for these parameters are reported in table S1. In order
to account for the two populations, the reported probability
density functions were weighted by the relative surface con-
tribution of the spheres as detailed in the SI. The scattering
data and corresponding fits are reported in figures S3–S6.

The scattering intensities were recorded for 15 min per
measurement, with and without electrolyte in the operando
cell, before theAST and after 150, 300, 450, 600, and 900 steps
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Figure 2. Experimental setup of the operand cell placed in the beam made by the SAXS lab source. Different from the picture a silver wire
was used as reference electrode (RE).

of electrochemical treatments, as detailed below and indicated
in the different figures.

3. Results and discussion

As discussed in the introduction, establishing a proper back-
ground using a laboratory X-ray source for SAXS is often
difficult due to the need for separate (ex situ) measurements
of the background and sample scattering data [21]. In this
study, we demonstrate a simple design that enables to record
the background data by moving the cell slightly horizontally
to switch between the beam spot hitting the catalyst or the
catalyst-free GDL next to the catalyst sample (i.e. operando),
respectively. With the help of the specific WE configuration,
see also the experimental part and figure 1, the catalyst and
the ‘blank’ WE on which the background data are recorded,
receive the same electrochemical treatment.

To prove the concept, two commercial Pt NP catalysts sup-
ported on carbon (Pt/C) consisting of two distinguishable size
populations were mixed together. This mixed catalyst powder
enables to investigate the influence of background subtrac-
tion over a range of particle sizes. Additionally, particle size
dependent dissolution rates [32, 33] or degradation mechan-
isms [34] were reported before. Due to the two size pop-
ulations the degradation mechanism of Ostwald ripening is
expected to be favored, i.e. that the small particles grow at the
expense of large ones [35].

Figure 3 compares different background scattering data that
were measured in the described assembly before subjecting
the WE to the electrolyte (red line), after introducing electro-
lyte to the SAXS cell (blue line), and after the electrochemical
AST study (black line). After introducing the electrolyte to the

Figure 3. Overview of signal intensity for the SAXS measurements
for backgrounds acquired under different conditions as indicated.

operando cell an AST protocol with potential steps consisting
of 3 s holds at 0.6 and 1 VRHE, respectively, was applied, see
figures S1 and S2, to observe the degradation of the catalyst
film with the Pt/C consisting of two size populations. The dif-
ference in the obtained probability density function for the size
distributions of the Pt/C catalysts is demonstrated in figure 4.
The received probability density functions are shown for using
background data collected at the blank GDL exposed to elec-
trolyte, but before applying the AST (figure 3(a)) as well as
when using background data collected after exposing the blank
GDL to the same electrochemical treatment as the sample
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Figure 4. Probability density function received from SAXS data analysis using as background scattering data measured (a) before and
(b) after the electrochemical test.

(figure 3(b)). In addition, the probability density functions for
the pristine ex situ Pt/C sample are shown in both figures.

It is directly apparent that recording the background data
before applying the AST as done in figure 3 is not optimal.
Although one can distinguish the two size populations of the
mixed catalyst, see figure 4, and follow the change in the
populations, there is a clear difference between the size prob-
ability density of the pristine ex situ sample (measured without
electrolyte) and the one before applying the electrochemical
AST treatment (measured with electrolyte). This effect is pro-
nounced for the population of the smaller Pt NPs and might
have several origins: it could be that the electrolyte was not in
a steady state within the cell or that the metal-free spot chosen
for the background measurement was not adequately selec-
ted. However, the likely explanation is that since the intens-
ity scales with the square of the volume, small NPs are more
sensitive to the added scattering and absorption from the elec-
trolyte. It then becomes easier to account for the ‘larger NPs’
in presence of electrolyte. This leads to probability densities
where the larger NPs account for more of the size distribution
than the smaller ones, see figure 4. Nevertheless, it also leads
to an erroneous estimation of the average particle size of the
smaller Pt NPs, see table S1. In addition, no strong difference
in the average particle size of the small NPs is seen during
the complete AST; after 600 potential steps only the size dis-
tribution widens, see figure 4 and table S1. This trend is not
expected based on previous investigations where at least some
changes in the average particle size are reported [11].

By comparison, using background data of the GDL that
experienced the same electrochemical treatment as the cata-
lyst, the mean particle size of the two size populations of
the pristine sample (without electrolyte) are as expected at
the same size position as for the set of data measured before
the AST but with electrolyte, see figures 4 and S7. Never-
theless, also with a proper background subtraction, a differ-
ence between the pristine sample and the one in presence
of the electrolyte is observed. In particular a decrease of

the probability density of the population with small particle
size at the expense of the one with larger size is seen. This
observation could be an indication for particle dissolution fol-
lowed by Ostwald ripening. Indeed, it is observed in scanning
flow cell measurements coupled to inductively coupled plasma
mass spectrometry that upon the contact of a Pt/C catalyst
with an electrolyte Pt dissolution is induced [8, 36]. Applying
the AST, it is observed that the size population of the small
particles increases from 2.0 ± 0.5 nm to 2.6 ± 0.6 nm, while
the large particles remain constant at 5.0 ± 1.4 before and
5.0± 1.1 nm after 900 steps. This behavior of particle growth
of small particles (1–2 nm) and stable larger NPs (4–5 nm)
is consistent with results observed recently in a GDE setup
investigating both catalysts independently by ex situ SAXS
[11]. It could not be distinguished between the degradation
mechanisms of particle dissolution with subsequent Ostwald
ripening or particle coalescence; both mechanisms were in
agreement with the observed NP growth. Therefore, the com-
parison of the initial and end of treatment size populations
between ex situ (GDE setup [11]) and in situ SAXS (operando
cell) seem to show that the presence of the second size pop-
ulation in the catalyst mixture in the operando cell does not
have an influence on the degradation mechanism. However,
the catalyst mixture in the operando SAXS result in a continu-
ous size increase and reduced probability density of the small
population, while the probability density of the large particles
increases at the same time. Consequently, operando SAXS
points toward a continuous process of Pt dissolution with sub-
sequent Ostwald ripening as compared to particle coalescence.

4. Conclusion

It is demonstrated how using a SAXS laboratory X-ray source
not only enables a proper background subtraction, but also
high-quality degradation data can be obtained. Our approach
has a strong benefit because beamtimes and the flexibility
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of the experiments at synchrotron X-ray sources are limited.
There is often too little room for optimization of the exper-
imental design during synchrotron beamtime to implement
spontaneous ideas and to repeat experiments under optimized
conditions can take quite a long time. In addition, the synchro-
tron beamtime itself includes travelling and the transport of
materials to the synchrotron beamline which can be a large
cost factor for research groups and is virtually impossible
during the current COVID-19 pandemic. In contrast, experi-
ments using a laboratory X-ray source can be performed on-
site at universities and repeats of experiments can be more
easily planned. Last but not least, on-site experiments offer
a great opportunity to perform preliminary studies to optimize
chances to secure synchrotron beamtimes by improving beam-
time proposals as well as to make the most of the valuable time
at synchrotrons if the proposal is granted.
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Dopita M, Sandbeck D J S, Cherevko S, Matolínová I and
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Accelerated stress test 

 

Figure S1. Sketch of the AST protocol applied in the operando cell. 

 

 

Figure S2. Examples of the a) applied (corrected) potential E vs. the Ag reference electrode and 

b) the measured current I during the AST at room temperature under air. 
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SAXS data 

The average volume of nanoparticle from population 1 and from population 2, <V>1 and <V>2 

respectively, lead to define volume fraction of population 1, ႴV1, and volume fraction of 

population 2, ႴV2, as: 

 ႴV1 =
N1<V>1

N1<V>1+N2<V>2 
 = 1 −  ႴV2 

ႴV1

ႴV2 
=  

N1 < V >1

N2 < V >2 
 

N1

N2 
=  
ႴV1  < V >2 

ႴV2   < V >1
  

where N1 and N2 are the number of nanoparticles in the population 1 or 2 respectively. 

From the SAXS data acquisition we have the relationship between the retrieved coefficient C1 and 

C2 given by Ci = k. Ⴔvi. <V>i where i=1 or 2 and k is a constant. 

k =
C1

 ႴV1 < V >1 
=

C2

 ႴV2 < V >2 
=  

C2

 (1 − ႴV1) < V >2 
 

ႴV1

1 − ႴV1 
=

C1 < V >2

 C2 < V >1 
  

ႴV1 =
1

1 +  
C2 < V >1

 C1 < V >2 

 

In order to weight the probability density function by the area or surface fractions we consider 

<A>1 and <A>2 as the average area of the nanoparticles from population 1 and 2, respectively: 

 ႴA1 =
N1<A>1

N1<A>1+N2<A>2 
 = 1 − ႴA2 =  

1

1+
N2<A>2
N1<A>1

 
 

ႴA1 =
1

1 +
ႴV2 < V >1< A >2 
ႴV1 < V >2< A >1

 
 

ႴA1 =
1

1 +
𝐶2 (< V >1)2 < A >2 
𝐶1(< V >2)2 < A >1
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Table S1: Fitting parameters for SAXS data.  

  Power law 1st population 2nd population Diameters and deviation / nm A.B 

 

Sample 

A 

x 

106 

n 
R1 

(Å) 
σ1 C1 

R2 

(Å) 
σ2 C2 d1

 σ1 d2
 σ2 d σ 

Without 

electrolyte 
Pristine 22 4 9.5 0.20 0.0050 25.5 0.28 0.047 1.9 0.4 5.3 1.5 2.9 0.5 

With electrolyte 

and background 

recorded before 

EC 

Before EC - - 7.5 0.20 0.0035 22.5 0.30 0.016 1.5 0.3 4.7 1.4 1.9 0. 

150 steps - - 7.5 0.20 0.0045 23.5 0.27 0.018 1.5 0.3 4.9 1.3 1.8 0.3 

300 steps - - 7.5 0.20 0.0044 23.5 0.22 0.017 1.5 0.3 4.8 1.1 1.9 0.3 

450 steps - - 7.5 0.25 0.0042 23.5 0.23 0.017 1.5 0.4 4.8 1.1 2.0 0.4 

600 steps 250 2 7.5 0.40 0.0047 24 0.23 0.019 1.6 0.7 4.9 1.1 2.3 0.6 

900 steps 250 2 7.5 0.40 0.0049 25 0.22 0.019 1.6 0.7 5.1 1.1 2.3 0.6 

With electrolyte 

and background 

recorded after EC 

Before EC 7 4 9.5 0.25 0.0016 24 0.27 0.016 2.0 0.5 5.0 1.4 3.1 0.6 

150 steps 4 4 10.5 0.23 0.0016 24 0.27 0.016 2.2 0.5 5.0 1.4 3.3 0.6 

300 steps 3 4 11.5 0.23 0.0016 24 0.27 0.016 2.4 0.6 5.0 1.4 3.6 0.7 

450 steps 3 4 12.5 0.23 0.0017 24.5 0.25 0.016 2.6 0.6 5.1 1.3 3.9 0.7 

600 steps 2 4 12.5 0.23 0.0015 24.5 0.23 0.016 2.6 0.6 5.0 1.2 4.0 0.7 

900 steps 2 4 12.5 0.23 0.0013 24.5 0.22 0.017 2.6 0.6 5.0 1.1 4.1 0.7 

 

(A) evaluated as d = 0.2 𝑒(𝑙𝑛(𝑅)+
𝜎2

2
)
 for a one size population, evaluated as d= 0.2 𝜑A1. 𝑒

(ln(𝑅1)+
𝜎1

2

2
)

+  0.2 𝜑A2. 𝑒
(ln(𝑅2)+

𝜎2
2

2
)
   for a 2 

sizes population 
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(B) evaluated as  σ= 0.2 √(𝑒𝜎2
− 1)𝑒(2 ln(𝑅)+𝜎2)  for a one size population,  

evaluated as σ= 0.2 √𝜑A1
2. [(𝑒𝜎1

2
− 1)𝑒(2 ln(𝑅1)+𝜎1

2)] +  𝜑A2
2. [(𝑒𝜎2

2
− 1)𝑒(2 ln(𝑅2)+𝜎2

2)] for a two sizes populations 
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Figure S3. Overview of signal intensity for the SAXS measurements. Backgrounds are in dotted 

line, samples measured for different electrochemical treatment are reported as indicated.  

  

Figure S4. Overview of signal intensity for the SAXS measurements and fits after background 

subtraction for a background measured before electrochemical testing. The fit for the sample 

measured without electrolyte is also displayed.  
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Figure S5. Diameter of the nanoparticles retrieved from SAXS data analysis using as background 

a background measured before electrochemical test, as a function of the number of steps for 

electrochemical testing and using a model taking into account two size populations. 

 

Figure S6. Overview of signal intensity for the SAXS measurements and fits after background 

subtraction for a background measured after electrochemical testing. The fit for the sample 

measured without electrolyte is also displayed.  
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Figure S7. Diameter of the nanoparticles retrieved from SAXS data analysis using as background 

a background measured after electrochemical test, as a function of the number of steps for 

electrochemical testing and using a model taking into account two size populations. 
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Abstract 

The combination of operando small- and wide-angle X-ray scattering (SAXS, WAXS) in grazing 

incidence configuration is presented as a new approach to provide depth-dependent insights into the 

changes in mean particle sizes and phase fractions occurring for fuel cell catalysts during accelerated 

stress tests (ASTs). As fuel cell catalyst, a bimodal Pt/C catalyst was chosen that consists of two 

distinguishable particle size populations. The presence of the two different sizes should favor and 

uncover electrochemical Ostwald ripening as the major degradation mechanism, i.e., it is expected 

that the size of the larger particles in the Pt/C catalyst grows at the expense of the smaller particles. 

The grazing incidence mode performed at the European Synchrotron Radiation Facility (ESRF) at 

the ID31 beamline revealed an intertwinement of the depth dependent degradation. While the larger 

particles show the same particle size changes close to the electrolyte-catalyst interface and within the 

catalyst layer, for the smaller Pt nanoparticles a different degradation scenario is observed. At the 

electrolyte-catalyst interface, the smaller particles increase in size while their phase fraction decreases 

during the AST. However, in the inner catalyst layer the phase fraction of smaller particles increases 

instead of decreases. The results of a depth-dependent degradation strongly suggest the need for a 

depth-dependent catalyst design for future improvement of the catalyst stability. 
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1. Introduction 

Proton exchange membrane fuel cells (PEMFCs) offer a sustainable alternative to conventional 

combustion engines.1 Highly active precious metal based catalysts are typically used as state-of-the-

art, e.g., PtCo catalysts in the Mirai vehicle from Toyota.2 The translation of new PEMFC catalysts 

into their “real-life” application requires not only a high activity but also sufficient long-term catalyst 

stability of the costly catalyst.3,4 Therefore, stability investigations and suitable degradation protocols 

to simulate realistic application conditions recently received increasing attention.5–9 To reduce the 

time needed to induce catalyst degradation, accelerated stress tests (ASTs) are performed in 

fundamental screening studies.10–13 The performed ASTs can induce different electrochemical 

degradation mechanisms that affect the nanoparticle (NP) size of the degrading catalyst: (1) migration 

of particles followed by coalescence, (2) metal dissolution, (3) electrochemical Ostwald ripening, i.e., 

the growth of  larger particles at the expense of smaller ones, and (4) particle detachment from the 

support.14,15 The particle size of fuel cell catalysts is commonly determined by (scanning) 

transmission electron microscopy ((S)TEM). To observe the change of some specific particles before 

and after the treatment, identical location (IL) (S)TEM is performed.16–24 By comparison, in small-

angle X-ray scattering (SAXS) studies the particle size change can be investigated in larger volume 

as compared to the limited number of NPs and local characterization that is achieved by only 

(S)TEM.25–30 For example, ex situ SAXS was recently performed after applying AST protocols in a 

gas diffusion electrode (GDE) setup20,28,29 that eliminates mass transport limitations as compared to 

the rotating disk electrodes (RDEs) commonly used in fundamental research studies.31 However, both 

(S)TEM and SAXS were not clearly demonstrating the degradation mechanism of electrochemical 

Ostwald ripening which has been considered as one of the main degradation mechanisms in 

membrane electrode assemblies (MEA).5,10,32  

In the present study, the depth-dependent (in the following also referred to as z-direction, see Figure 

S1) degradation within a catalyst layer was investigated by combining operando SAXS and wide-

angle X-ray scattering (WAXS). The aims were to reveal degradation phenomena such as Ostwald 

ripening as well as to probe if the degradation is homogeneous within the catalyst layer. To generate 

a system that should favor electrochemical Ostwald ripening, a catalyst with two distinguishable Pt 

NP size distributions (bimodal catalyst) was prepared by mixing two commercial catalysts.33. Using 
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an operando cell with grazing incidence configuration34 at the ID31 beamline at the European 

Synchrotron Radiation Facility (ESRF) in Grenoble, load cycle conditions of PEMFCs were 

simulated as AST following a protocol recommended by the Fuel Cell Commercialization Conference 

of Japan (FCCJ).12,35 In the separate analysis of operando SAXS and WAXS data, both techniques 

revealed different limitations in studying the change in size distribution of the bimodal catalyst. 

However, combining both SAXS and WAXS enabled determining the mean particle sizes as well as 

the respective phase fractions of the two populations. The mean particle sizes of both size populations 

were determined by SAXS, and those values were used as input for the Rietveld refinement of the 

WAXS data. Studying the degradation close to the electrolyte-catalyst interface, a phenomenon in 

line with Ostwald ripening is observed. However, investigation of the operando data in a middle 

depth within the catalyst layer unexpectedly revealed an increase of both the mean particle size and 

phase fraction of the smaller population. Based on the revealed depth-dependent catalyst degradation, 

a depth-dependent design of catalyst layers could be an important strategy to improve catalyst 

stability.  

 

2. Experimental section 

2.1. Chemicals, materials, and gases 

For the catalyst ink formation, ultrapure Milli-Q water (resistivity > 18.2 MΩ·cm, total organic 

carbon (TOC) < 5 ppb) from a Millipore system was used. Isopropanol (IPA, 99.7+ %, Alfa Aesar), 

commercial Pt/C catalysts (TEC10E20A (1-2 nm Pt/C, 19.4 wt% Pt) and TEC10E50E-HT (4-5 nm 

Pt/C, 50.6 wt% Pt), Tanaka kikinzoku kogyo), and Nafion dispersion (D1021, 10 wt. %, EW 1100, 

Fuel Cell Store) were used for the preparation of the catalyst ink. The working electrolyte (WE) was 

prepared using a gas diffusion layers (GDL) with a microporous layer (MPL) on top (Freudenberg 

H23C8, 0.230 μm thick). In the electrochemical measurements diluted 70 % perchloric acid (HClO4, 

suprapur, Sigma Aldrich) as electrolyte and the gas argon (BIP ultrahigh purity, Air Liquide) were 

used. The two commercial Pt/C catalysts were dispersed in ethanol (absolute, VWR) and drop cast 

on holey C support film of Cu 300 mesh grids (Quantifoil). The spectrochemical cell was cleaned by 

briefly immersing it in diluted Caro’s acid at room temperature. 

 

2.2. Catalyst synthesis and ink formation 

The two commercial Pt/C catalysts (TEC10E20A and TEC10E50E-HT) were mixed in a Pt mass 

ratio of 0.4:0.6 to obtain the catalyst mixture with two size populations on different carbon (C) flakes 

(bimodal Pt/C catalyst). In the following the two populations are referred to as the “smaller” and the 

“larger” population, respectively. The catalyst mixture was dispersed in a mixture of Milli-Q water 
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and IPA (water/IPA volume ratio of 3:1) to prepare about 5 mL of ink (Pt concentration of 0.5 mg/mL). 

To generate a suitable dispersion for further use, the mixture was sonicated for 5 min in a sonication 

bath (Bioblock Scientific, T 310/H, 35 kHz). After adding 38.5 µL of Nafion (Nafion/carbon mass 

ratio of 1), the dispersion was again sonicated for 5 min in a sonication bath. 

 

2.3. Preparation of working electrode 

The Freudenberg GDL was placed between a glass funnel and a sand core filter in a vacuum filtration 

setup. As described by Yarlagadda et al.36 all this was placed on a collecting bottle. 4 mL of the 

prepared ink was diluted with 7 mL of Milli-Q water and 29 mL of IPA (water/IPA volume ratio of 

1:3, Pt concentration of 0.05 mg/L). After 1 min of sonication in a sonication bath, the diluted ink 

was filled in a funnel. The catalyst was deposited on top of the GDL using a diaphragm vacuum pump 

(Vacuubrand, MZ 2C, max. 1.7 m3/h and 9.0 mbar). The GDE was dried and stored in air. By this 

procedure, a nominal Pt loading of 0.208 mg cm-2
geo was generated. For the electrochemical 

measurement, the GDE after vacuum filtration was cut in circles with a diameter of 1 cm. 

 

2.3.1. Electrochemical cell and measurement 

A transmission diffraction cell introduced before34 was used with Ar saturated 0.1 M HClO4 as 

electrolyte. The electrolyte was degassed in a bubbler before being introduced into the top of the cell, 

pumped out of the top of the cell, and recirculated back to the bubbler. 

Activation of the catalyst was done by 10 cyclic voltammograms (CVs) between 0.06 and 1.0 V 

versus reversible hydrogen electrode (VRHE) using a scan rate of 50 mV/s. ASTs applying potential 

steps between 0.6 and 1.0 VRHE (3 s holding per potential) simulating load-cycle conditions in a fuel 

cell vehicle were performed. 

 

2.4. Transmission electron microscopy (TEM) 

TEM was performed with a Jeol 2100 microscope, operated at 200 kV. At least five different areas 

of the TEM grid were imaged at a minimum of three different magnifications. The NP diameter was 

determined by measuring at least 200 NPs with the imageJ software. The Pt/C catalysts were 

dispersed in ethanol and drop cast onto Quantifoil grids. 

 

2.5. Small-angle X-ray scattering (SAXS) 

The SAXS and WAXS pattern were collected with a 77.0 keV beam and reduced as described 

previously.37 The beam size was focused to approximately 5 x 2 µm (horizontal x vertical). In grazing-

incidence mode a depth profile was performed, see Figure S1 and S2 as an example. Three different 
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depths were analyzed (referred to as depth 4, 8, and 12). Depth 4 was chosen as it is the first layer 

showing Pt pattern in WAXS, i.e., the layer closest to the electrolyte, and the SAXS pattern of depth 

4 were analyzed using depth 3 as background. Depth 8 shows the maximum intensity in the SAXS 

diffraction i.e., the layer in the middle of the catalyst layer, and was analyzed using depth 18 as 

background. Depth 12 is deeper inside the catalyst layer and was analyzed using depth 18 as 

background. 

An initial scan was performed before electrolyte was added to the cell. To ensure that the surface of 

the particles was fully reduced, the cell was held at 0.6 VRHE during X-ray data collection. Details 

about the measurement protocol during AST can be found in the SI, see Table S1. 

The SAXS data analysis after background subtraction was performed as described previously 27,29,38–

40 using a polydisperse spheres model. The radially averaged intensity I(q) is expressed as a function 

of the scattering vector q = 4π·sin(θ)/λ, where λ is the wavelength and 2θ is the scattering angle. The 

background-corrected scattering data were fitted using a model of one or two polydisperse spheres 

described by a total volume distributed (i.e., volume-weighted) log-normal distribution. A hard-

sphere form factor F(R2,η2) was used.41 The scattering data are fitted to the following expression:  

I(q)= C1·∫Ps1 (q,R)V1(R)D1(R)dR +  C2·F(R2,η2) ∫Ps2(q,R)V2(R)D2(R)dR 

 C1 and C2 are scaling constants, Ps1 and Ps2 the sphere form factors, V1 and V2 the particle volumes 

and D1 and D2 the log-normal size distribution. The normalized sphere form factor is given by: 42,43 

 

and the log-normal distribution by: 

 

where σ is the variance and R0 (evaluated in Å) the geometric mean of the log-normal distribution. 

The fitting was done using a home-written MATLAB code (available on request). The free parameters 

in the model are C1, R1, σ1, C2, R2, σ2, η2. The values obtained for these parameters are reported in 

Table S2. To account for the two populations, the reported probability density functions were 

weighted by the relative surface contribution of the spheres (to point out the electrochemical 

contribution of the population) as detailed in the SI. Details about the determination of the mean 

particle sizes and deviation for the log-normal distributions are found in Table S2. 

 

2.6. Wide-angle X-ray scattering (WAXS) 

Ps q,R =  3
sin(qR)-qRcos(qR) 

 qR 3
 

2

 

D(R)=
1

Rσ 2π
exp  

-  ln  
R
R0

  

2σ2

2
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WAXS analysis was done by performing Rietveld refinement using GSAS-II44, as previously 

described34. The structural model used for refinement consisted of two platinum fcc phases (Fm-3m) 

of the same lattice constant a. The lattice constant was obtained from refinement with a single fcc 

phase (a = 3.9046(6)). The mean particle sizes obtained from SAXS were used as input parameter in 

the WAXS refinement as the volume-weighted average number of coherent scattering domains, 

which are calculated from the full-width-at-half-maximum of reflections refined with only Lorentzian 

line shapes.34 In this approach, we assume that no strain effects contribute to the broadening of 

reflections in the diffraction pattern. The contribution of the instrumental profile to broadening of the 

Bragg peaks can be neglected based on the refinement of the CeO2 calibrant: For the ceria NIST 

standard (380 nm), the instrumental profile contributes less than 10 % to the width of the Bragg peaks. 

Therefore, no instrumental profile correction was included for the Rietveld refinement of the 

nanoparticles as the effect is insignificant compared to the peak broadening from the platinum 

nanoparticles and a complex model is further needed to account for the cell geometry.22 The 

background was described by a diffraction pattern from the grazing incident scan with minimal 

platinum content (depth 3) to describe the carbon background correctly.   

The phase fraction is determined based on the crystallite sizes used as input values during the Rietveld 

refinement, which is not identical to the SAXS mean particle size. Therefore, we studied the influence 

of slight variations of the input values of the crystallite sizes. The input domain sizes were shifted by 

± 0.5 or ± 1.0 nm in three different ways in the WAXS refinement of the diffraction pattern of different 

depths, see Figure S7. First, the mean particle size of the larger population is changed by ± 0.5 and ± 

1.0 nm while the size of the smaller population is kept constant. Second the size of the larger 

population is kept constant while the size of the smaller population is changed by ± 0.5 nm. Third, 

the sizes of both populations are changed at the same time in the same direction by ± 0.5 nm. The 

fractions obtained by varying the input domain sizes are found in the SI. These tests confirmed that 

the observed trend for the change in the two particle population fractions is not an artifact of using 

the input of mean particle sizes from the SAXS fitting as the crystallite size. Details about the WAXS 

measurement protocol during AST are found in the SI. 

 

 

 



7 

3. Results and discussion 

 

Figure 1. a) Calculated probability density function of the particle size of the as-prepared bimodal 

catalyst (black line) together with the probability densities of the separate size populations (dashed 

red and blue lines of the small and large size population, respectively) in a depth close to the 

electrolyte-catalyst interface derived from the SAXS data. b) TEM micrographs and size histograms 

of the two individual Pt/C catalysts that were mixed to obtain the bimodal Pt/C catalyst.  

 

The aim of this work is to investigate the depth-dependent degradation mechanism(s) within a Pt/C 

fuel cell catalyst layer subjected to simulated load-cycle conditions. As main analytical tool, a 

combination of operando SAXS and WAXS was used to obtain precise information on the mean 

particle sizes and crystallite size fractions as a function of the duration of the AST protocol. To induce 

and uncover electrochemical Ostwald ripening, i.e., the growth of larger NPs at the expense of smaller 

ones, a bimodal Pt/C catalyst obtained by mixing two different commercial Pt/C catalysts with 

distinguishable size populations, was studied, see Figure 1. The here applied grazing-incidence mode 

allows a straightforward selection not only of different spots at the same depth (same x-y planes) in 

the catalyst layer, but additionally z-scans can be performed45 to investigate if the degradation 

depends on the distance of the NPs to the electrolyte-catalyst interface, see Figure S1 for a scheme of 

the x-, y-, z-directions relative to the electrolyte-catalyst interface.  

Before discussing the influence of the AST protocol on the catalyst particles, we first introduce the 

combination of SAXS and WAXS analysis based on the pristine catalyst in a z-direction close to the 

electrolyte-catalyst interface, see grey scattering and diffraction data in Figure 2. Based on the fact 

that the bimodal Pt/C catalyst is the result of mixing two individually characterized Pt/C catalysts in 
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known metal ratio (0.4:0.6 based on metal weight percentage of the two catalysts), the determined 

mean particle sizes and phase fractions in the bimodal Pt/C catalysts can be compared to the “expected 

values”. The analysis shows that the mean particle size of both populations of the bimodal catalyst 

can be determined by SAXS data analysis with high accuracy. However, a quantitative analysis of 

the relative number of NPs in the two size populations was difficult. The particle diameters and their 

standard deviations retrieved from the log-normal distributions obtained from the SAXS data are 1.7 

± 0.5 and 5.5 ± 1.5 nm, see Figure 1a, Figure 3a, and Table S2 for details about the fitting parameters. 

Comparing the individual catalysts in Figure 1 with the prepared bimodal catalyst, it is demonstrated 

that the SAXS results are in good agreement with the TEM data of ca. 2 and ca. 5 nm average size. 

Although the expected relative number of NPs in the two size populations could be fitted to the SAXS 

data, in simulations the fit is ambiguous in this respect, i.e., no one-to-one correspondence between 

the intensities of the two populations of the same scattering data is found. However, this is not the 

case for the mean particle sizes, which remain the similar in simulations of different phase fractions 

of the two populations. 

To address this limitation, we took advantage of WAXS data. The WAXS diffraction patterns clearly 

show the typical Bragg peaks of the platinum fcc phase which are convoluted with the signals of the 

carbon and polymer background at low 2θ angles, see Figure S2. From an angular range of six 2θ 

onwards, the platinum reflections are virtually free of background and can readily be analyzed by 

Rietveld refinement.45 Simultaneously varying both the fraction and crystallite size of the two 

populations of Pt NPs in the Rietveld refinement of WAXS data was not feasible due to the 

intertwining of these variables, as only one population with an average coherent domain size was 

obtained. Therefore, we used the mean particle size of the two populations derived by the SAXS 

fitting as pre-defined input values in the Rietveld refinement of the WAXS data. Two platinum phases 

of different coherent domain sizes (input of SAXS mean particle sizes) were used as the structural 

model in the Rietveld refinement. Although, the mean particle size derived from the SAXS fitting is 

not identical with the coherent domain size in diffraction, the two parameters are closely related.34 In 

this way the fractions of the platinum phases, i.e., their mass ratios, can be determined for the two 

size populations of Pt NPs. A representative refinement showing the two platinum phases of the 

structural model with different crystallite sizes is depicted in Figure S6. The obtained ratio of the 

smaller to the larger population of 0.44:0.56 in the pristine sample close to electrolyte-catalyst 

interface obtained from the combined SAXS and WAXS data analysis is in good agreement with the 

theoretical ratio of 0.4:0.6 expected from the sample preparation procedure, see Figure 3b. Thus, the 

combination of operando SAXS and WAXS simultaneously generates the data to readily evaluate 
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both the size evolution of the two size populations and the fractions of the two size platinum crystallite 

domains of the bimodal Pt/C catalyst. 

 

Figure 2. a) Background subtracted SAXS scattering data and b) WAXS diffractograms in an angular 

range from 5 to 15 ° 2 theta in the depth close to the electrolyte-catalyst interface: initial (grey), after 

catalyst cleaning (black), after 2500 AST cycles (red), after 5000 AST cycles (blue). The increase of 

the height and narrowing of the peaks of the diffractogram during the AST protocol imply an increase 

in particle size, which is in agreement with the mean particle size results. The data in a) and b) are 

shown with a vertical offset to improve visibility of the different datasets. 

 

Before addressing the results on the influence of the AST protocol in detail, it should be mentioned 

that, at the beginning of an electrochemical experiment Pt/C catalysts typically need to be cleaned by 

cycling the electrode potential, see experimental section for details. Insertion of the catalyst into the 

operando cell34, establishing electrochemical contact, and the applied cleaning procedure slightly 

affects the starting conditions. This effect can be seen by the fact that after electrolyte contact and the 

cleaning CVs the fraction of smaller NPs increases from 0.44:0.56 to 0.48:0.52 with respect to the 

larger size population, see Figure 3a, while the mean particle sizes remain relatively less affected as 

can be seen from the SAXS fitting, see Figure 3b. Such finding could be related to a pronounced Pt 

NP loss upon electrolyte contact during the cleaning CVs. Pt dissolution upon establishing 

electrochemical contact has been described by Pizzutilo et al.8 by coupling scanning flow cells (SFC) 

with inductively coupled plasma mass spectrometry (ICP-MS). Interestingly, here the change in phase 

fraction and the absence of changes in mean particle size of the two populations suggest a particle 

loss phenomenon with a higher loss of NPs in the large population. A preferential detachment of the 

larger particles would be in line with previous investigations by Mayrhofer et al.10 and Hartl et al.16 
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who demonstrated particle loss for the exact same catalyst that constitutes the larger fraction in the 

present work, see also discussion below. The periodically performed CVs, recorded after the AST 

treatment (see Table S1 for the related protocol) to determine the Hupd and to confirm electrochemical 

contact, however, did not influence the mean particle size; see overlap of the blue filled circles (after 

CV) and the blue circles in Figure 3a. Therefore, in the following all changes observed during the 

measurements are assigned to the applied AST protocol.  

The effect of the AST treatment on the catalyst is analyzed first at a depth close to the electrolyte-

catalyst interface. Representative operando SAXS and WAXS data of the initial Pt/C catalyst, after 

catalyst cleaning, after 2500, and after 5000 AST cycles are shown in Figure 2. Based on the mean 

particle size changes obtained from the SAXS data (see Figure S4 and Table S2) three main 

observations are made, see Figure 3a. First, both populations of the catalyst located in the catalyst 

layer close to the electrolyte-catalyst interface increase in size. Second, at the beginning of the AST, 

the increase in size per treatment cycle is more pronounced than at the end of the AST. Third, the 

increase in size of the population of the larger particles is less pronounced (from 5.48 ± 1.45 to 5.87 

± 1.61 nm, size increase of around 7 %) than the size increase of the smaller particles (1.76 ± 0.48 to 

2.42 ± 0.79, size increase of around 50 %), see Figure 3a. The observation of a more pronounced size 

increase at the beginning of the AST as compared to that during the AST is in line with previous 

findings.3,8,18 But the finding that both distributions increase in size is not in obvious agreement with 

an electrochemical Ostwald ripening process. In particular, when Ostwald ripening would occur 

between the two size populations, a homogeneous dissolution of Pt NPs in the smaller population 

could be expected to lead to a decrease in the mean particle size of this population. Hence, the 

observed behavior is more in line with a preferential dissolution of smaller Pt NPs within the small 

population thus shifting the average particle size to larger values. The increase in average particle 

size of the large population then can be explained by either electrochemical Ostwald ripening or the 

same phenomena, i.e., preferential dissolution of smaller NPs within the large population. So, 

dissolution of the smaller particles followed by Ostwald ripening seems to occur within but not 

between both populations. As a consequence, Ostwald ripening is a very local process in the 

nanometer scale that does not include pronounced redeposition of dissolved Pt ions on neighboring 

catalyst flakes of the two different catalysts. Such mechanism would be an agreement with the Pt 

species being mobile on the carbon support as previously proposed by Ferreira et al.5 Diffusion of 

soluble Pt species on a larger scale does not lead to Ostwald ripening, however, in an MEA 

environment to Pt precipitation due to hydrogen crossover. 

If there would be a substantial Ostwald ripening process between the two populations, the relative 

number of particles in the two populations should dramatically change as a result of the AST treatment. 



11 

Analyzing the relative number of particles in the two populations, i.e., the phase fraction, it is seen 

that indeed the phase fraction of the smaller size population decreases when applying the AST 

protocol. The relatively small change in phase fraction, however, suggests that the observed effect is 

more likely the sole result of a particle size dependent Pt dissolution. Additionally, during the AST 

protocol, preferential NP dissolution within both populations leads to an increase in the mean particle 

size. Due to the size difference of both populations, the absolute number of particles in the small 

population decreases with respect to the large population.  

Trying to understand the depth dependence of the degradation mechanism, the changes of the particle 

size and the phase fraction were also analyzed in a “middle depth” with respect to the electrolyte-

catalyst interface.  

 

 

Figure 3. a) Mean particle size of the bimodal Pt NP/C catalyst in the depth close to the electrolyte-

catalyst interface plotted together with the standard deviation of a log-normal distribution applying 

load-cycle conditions as AST protocol in an operando cell after the AST cycles (blue open circles) 

and after performed CVs (blue filled cycles). b) Phase fractions of the two size populations (small 

and large circles, for the smaller and larger size populations, respectively) obtained from Rietveld 

refinement of in the depth close to electrolyte-catalyst interface, keeping the particle sizes determined 

via SAXS constant. The data points of the pristine sample are given on the x-axis for a negative AST 

number. 

 

It is seen that in both depths (close to the electrolyte-catalyst interface and in the middle catalyst 

depth) the mean particle size of both populations increases with the AST treatment. This confirms 

that the complete catalyst layer is electrochemically active and thus connected, see Figure 4a. Based 
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on the observations we can identify four common characteristics for the two depths analyzed. First, 

the particle size and the size change during the AST of the larger population are similar in the two 

depths. Second, the particle size of the smaller size population increases in a more pronounced way 

than the particle size of the larger population (from 2.43 ± 0.67 to 3.52 ± 0.68 nm (size increase of 

around 45 %) and from 5.50 ± 1.17 to 5.99 ± 1.15 nm (size increase of around 9 %) in the middle 

catalyst layer depth). Third, the relatively size increases of the two population are comparable in the 

depth close to the electrolyte-catalyst interface (7 and 50 % for the small and large population, see 

blue circles in Figure 4a) or in the middle of the catalyst layer (9 and 45 %, see black circles). Fourth, 

the particle size change of the larger population seems to be independent of the depth. However, there 

is also a distinct difference between the two depths. Close to the electrolyte interface, the smaller 

population is characterized by a slightly smaller particle size than the smaller population in the middle 

depth. This size difference is apparent already before the start of the AST protocol. On the contrary, 

comparing the scattering data at two different positions of the same depth in the middle of the catalyst 

layer in Figure S5, it is confirmed that these observations are representative for the macroscopic 

catalyst layer, i.e., the changes in particle size of the two populations are identical at both x-y positions 

in the layer.  

The obtained ratio of the smaller to the larger population of 0.46:0.54 in the pristine sample in the 

middle of the catalyst layer is comparable to the theoretical ratio of 0.4:0.6. Again, after electrolyte 

contact and the cleaning CVs, the fraction of the smaller NPs increases to 0.51:0.49 with respect to 

the larger size population, see Figure 4b, while the mean particle sizes remain unchanged as can be 

seen from the SAXS fitting, see Figure 4a. This phenomenon is similar to that observed in the depth 

close to the electrolyte-catalyst interface, see Figure 3a und b. However, applying the AST, the 

phenomenon of an increase in the fraction of smaller NPs continues during further AST cycles. It is 

found that the fraction of the smaller as compared to the larger population in the middle of the catalyst 

layer continuously increases to reach a value of 0.6:0.4 at the end of treatment, see Figure 3c. 

Concomitantly, the particle sizes in both populations increase, see Figure 3a.  

This behavior of the Pt/C catalyst in the middle of the catalyst layer is unexpected. It would be more 

intuitive to observe a growth of the NPs and a decrease of the smaller NP fraction, e.g., when Ostwald 

ripening is the main degradation process. Therefore, we analyzed additional data obtained from 

different z-directions at a third depth closer to the GDL, i.e., deeper inside the catalyst layer. The 

analysis of the SAXS and WAXS data in the depth far away from the electrolyte-catalyst interface 

show the same unexpected results in change of the mean particle sizes and the phase fractions as 

observed in the middle catalyst layer, see Figure 4a and c. To explain those observations, several 

scenarios can be considered. An enhanced dissolution of the larger particles seems to be unlikely. In 
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addition, a migration of smaller particles from the upper catalyst layers could explain the observation 

but seems unlikely as well. However, a preferential particle detachment due to support oxidation as 

documented before of the same catalyst with larger particles10,16 could explain the findings.  

 

Figure 4. a) Mean particle size of the bimodal Pt NP/C catalyst plotted together with the standard 

deviation of a log-normal distribution applying load-cycles conditions as AST protocol in an 

operando cell after the AST cycles (empty circles) and after CVs (filled circles) close to the 

electrolyte (blue), in the middle depth (black), and deeper inside the catalyst layer (red). Phase 

fractions of the two size populations (small and large circles, for the smaller and larger size 

populations, respectively) obtained from Rietveld refinement of the different depth keeping the 

particle sizes determined via SAXS constant, b) close to the electrolyte (blue) and in the middle 

catalyst layer (black), c) in the middle (black) and deeper inside the catalyst layer (red) (the red filled 

circles are placed in front of the red circles, due to an overlap the black circles are sometimes covered). 

The data points of the pristine sample are given on the x-axis for a negative AST number.  
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In this context, it is important to point out that refinement of the diffraction pattern yields a relative 

and not an absolute number for both populations. Hence, the increase in the fraction of the smaller 

population could also be explained by a loss of the larger particles. Such a particle detachment of 

larger particles followed by dissolution but without redeposition was observed before by Mayrhofer 

et al.10 and Hartl et al.16 by performing IL-TEM in an RDE setup. Stronger support-particle 

interaction of the larger particles due to the larger contact area with the support, as compared to 

smaller ones, could indicate that larger particles interact more strongly with the support and might 

migrate and detach less.46 However, the support-particle interaction is determined by other factors, 

e.g., by the degree of graphitization of the carbon support.47 The observed preferential particle 

detachment of larger NPs indicates a degradation scenario based on the support-particle interaction 

being a combination of both the nature of particles and support. Assuming such a possible detachment 

of the larger NPs inside the catalyst layer, the NPs have a certain probability to redeposit onto the 

support during their pathway through the pores of the catalyst layer. Hence, the number of larger 

particles inside the catalyst layer is decreasing while it is increasing closer to the electrolyte.  

 

4. Conclusion 

The combination of operando SAXS and WAXS in grazing incidence configuration is used to 

investigate catalyst layer depth-dependent degradation of a fuel cell catalyst subjected to ASTs. A 

bimodal Pt/C catalyst was chosen that consists of two distinguishable particle size populations to 

maximize the chance to observe the expected electrochemical Ostwald ripening where the size of the 

larger particles in the Pt/C catalyst grows at the expense of the smaller particles. However, it is seen 

that the degradation mechanism is more complex. The degradation of the Pt/C catalyst close to the 

catalyst-electrolyte layer shows features that can be associated with preferential dissolution of small 

Pt particles and potentially with Ostwald ripening via Pt species mobile on the carbon support. 

Starting the AST, the average particle size of the smaller population slightly increases while the phase 

fraction decreases during the AST. The increase in average size indicates that within the population 

smaller particles preferentially dissolve and Pt species redeposit on the nanometer scale, the decrease 

in phase fraction indicates that dissolution is more pronounced in the small population.  

However, in the inner catalyst layer, the phase fraction of the smaller particles increases instead. 

Furthermore, the mean particle size of the small population is larger at the inner catalyst layer. By 

comparison, the mean particle size of the larger population seems homogenous across the catalyst 

layer and in all cases a slight increase in size is observed during the AST. Although the increase in 

phase fraction of the smaller particles is difficult to explain at this point, the results show that the 

degradation of the Pt/C catalyst within the layers is far from being homogeneous. This raises the 
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question if the liquid electrolyte has any influence on the observed mechanism. Interestingly, it is 

seen that contacting the catalyst with the electrolyte and applying cleaning cycles, the same increase 

in phase fraction of the smaller particles is observed. It can be speculated that the contact of the 

electrolyte leads to a pronounced particle loss mechanism, as has previously been observed. In any 

case, the fact that the observed change in phase fraction is not associated with an increase in mean 

size suggests that this degradation process is not intrinsically size-dependent but more related to the 

different catalyst synthesis procedures of both catalysts, in particular - the ‘HT’ from the commercial 

name implied - heat treatment (TEC10E50E-HT) of the larger population may lead to a pronounced 

degradation upon contact to the electrolyte and by applying cleaning cycles.    

In conclusion, the results suggest that Ostwald ripening is a nanoscale phenomenon most likely 

triggered by Pt species mobile on the carbon support. Longer scale phenomena in an MEA are related 

to Pt reduction via hydrogen cross-over. A significant contribution to the degradation, however, is 

also related to the anchoring of the nanoparticles on the support. Both effects seem to have different 

dependences on the distance to the solid-liquid interface. The combination of operando SAXS and 

WAXS in grazing incidence configuration is a powerful tool that also could be used to study new 

degradation inhibition strategies such as the design of gradient composition and particle size 

distributions. Furthermore, the approach demonstrated here can be easily transferred to mechanistic 

studies of catalyst systems with two or more size populations consisting of different metal particles. 
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SAXS and WAXS AST measurement protocol 

 

Figure S1. Orientation of the x-, y-, z-directions in the catalyst layer depending on the distance of the 

NPs to the electrolyte-catalyst interface. 

 

Table S1. SAXS and WAXS measurement protocol during AST including the sample No. *after CVs 

for catalyst cleaning. 

Cycle 

SAXS WAXS 

Pos 1  

(-17.0) 

Pos 2  

(-17.2) 

Pos 1  

(-17.0) 

Pos 2  

(-17.2) 

Pristine 10 11 6 7 

After CV* 16 17 18 19 

50 20 21   

100 22 23   

150 24 25   

200 26 27   

250 28 29   

300 30 31   

350 32 33   

400 34 35   

450 36 37   

500 38 39   

After CV 40 41 42 43 

600 44 45   

700 46 47   

800 48 49   

900 50 51   
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Cycle 

SAXS WAXS 

Pos 1  

(-17.0) 

Pos 2  

(-17.2) 

Pos 1  

(-17.0) 

Pos 2  

(-17.2) 

1000 52 53   

1100 54 55   

1200 56 57   

1300 58 59   

1400 60 61   

1500 62 63   

After CV 64 65 66 67 

1600 68 69   

1700 70 71   

1800 72 73   

1900 74 75   

2000 76 77   

2100 78 79   

2200 80 81   

2300 82 83   

2400 84 85   

2500 86 87   

After CV 88 89 90 91 

2600 92 93   

2700 94 95   

2800 96 97   

3000 98 99   

3100 100 101   

3200 102 103   

3300 104 105   

3400 106 107   
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Cycle 

SAXS WAXS 

Pos 1  

(-17.0) 

Pos 2  

(-17.2) 

Pos 1  

(-17.0) 

Pos 2  

(-17.2) 

3500 108 109   

3600 110 111   

After CV 112 113 114 115 

3700 116 -   

4100 124 125   

4200 126 127   

4300 128 129   

4400 130 131   

4500 132 133   

4600 134 135   

After CV 136 137 138 139 

4700 140 141   

4800 142 143   

4900 144 145   

5000 146 147 150 151 
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SAXS and WAXS raw data 

 

Figure S2. Depth profile of a) SAXS data and b) WAXS diffraction pattern in the initial catalyst layer. 

In the WAXS data intense scattering from the carbon support is observed until 6 ° 2 theta. 
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Details SAXS analysis and results 

The average volume of nanoparticle from population 1 and from population 2, <V>1 and <V>2 

respectively, lead to define volume fraction of population 1, ႴV1, and volume fraction of population 

2, ႴV2, as: 

 ႴV1 =
N1 < V >1

N1 < V >1+ N2 < V >2 
= 1 − ႴV2 

ႴV1

ႴV2 
=  

N1 < V >1

N2 < V >2 
 

N1

N2 
=  
ႴV1  < V >2 

ႴV2   < V >1
  

where N1 and N2 are the number of nanoparticles in the population 1 or 2 respectively. 

From the SAXS data acquisition we have the relationship between the retrieved coefficient C1 and C2 

given by Ci = k. Ⴔvi. <V>i where i=1 or 2 and k is a constant. 

k =
C1

 ႴV1 < V >1 
=

C2

 ႴV2 < V >2 
=  

C2

 (1 − ႴV1) < V >2 
 

ႴV1

1 − ႴV1 
=

C1 < V >2

 C2 < V >1 
 

ႴV1 =
1

1 +  
C2 < V >1

 C1 < V >2 

 

In order to weight the probability density function by the area or surface fractions we consider <A>1 

and <A>2 as the average area of the nanoparticles from population 1 and 2, respectively: 

 ႴA1 =
N1 < A >1

N1 < A >1+ N2 < A >2 
= 1 − ႴA2 =  

1

1 +
N2 < A >2

N1 < A >1
 
 

ႴA1 =
1

1 +
ႴV2 < V >1< A >2 
ႴV1 < V >2< A >1

 
 

ႴA1 =
1

1 +
𝐶2 (< V >1)2 < A >2 
𝐶1(< V >2)2 < A >1
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Figure S3. Representative SAXS fitting in the middle depth of the catalyst layer: a) initial, b) after 

activation, c) after 2500 cycles, d) after 5000 cycles. 
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Figure S4. Probability densities obtained from the fitting of the SAXS data in a depth close to the 

electrolyte-catalyst interface: initial (grey), after activation (black), after 2500 cycles (red), after 5000 

cycles (blue). 
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Table S2. Fitting parameters for SAXS data. 

Sample 

No._depth 

1st population 2nd population 
Diameter and deviation 

/ nm * 

R1 

(Å) 
σ1 

C1 

/ 10-4 

R2 

(Å) 
σ2 

C2 

/ 10-4 
η2 d1 σ1 d2 σ2 

0010_0004 8.3 0.27 0.53 26.5 0.36 2.15 - 1.72 0.47 5.48 1.45 

0016_0004 8.5 0.27 0.58 26.5 0.26 2.25 0.010 1.76 0.48 5.48 1.45 

0020_0004 8.7 0.28 0.57 26.5 0.26 2.25 - 1.81 0.52 5.48 1.45 

0022_0004 8.7 0.29 0.5.7 26.5 0.26 2.25 - 1.81 0.54 5.48 1.45 

0024_0004 8.8 0.30 0.55 26.5 0.26 2.25 - 1.84 0.56 5.50 1.46 

0026_0004 8.8 0.31 0.55 26.7 0.26 2.30 0.010 1.85 0.59 5.52 1.46 

0028_0004 9.0 0.31 0.56 26.7 0.26 2.30 0.005 1.88 0.60 5.52 1.46 

0030_0004 9.1 0.30 0.55 2.67 0.26 2.30 0.005 1.90 0.58 5.52 1.46 

0032_0004 9.2 0.30 0.55 26.7 0.26 2.30 - 1.92 0.60 5.52 1.46 

0034_0004 9.3 0.30 0.56 26.8 0.26 2.30 - 1.95 0.60 5.52 1.47 

0036_0004 9.3 0.31 0.55 26.8 0.26 2.35 - 1.95 0.62 5.54 1.47 

0038_0004 9.3 0.31 0.55 26.8 0.26 2.35 - 1.95 0.62 5.54 1.47 

0040_0004 9.4 0.30 0.56 26.8 0.26 2.40 0.010 1.97 0.60 5.54 1.47 

0044_0004 9.6 0.30 0.54 26.9 0.27 2.40 0.010 2.01 0.62 5.58 1.53 

0046_0004 9.7 0.30 0.55 27.0 0.27 2.45 0.010 2.03 0.62 5.60 1.54 

0048_0004 10.0 0.32 0.58 27.2 0.27 2.45 0.010 2.10 0.66 5.64 1.55 

0050_0004 10.0 0.32 0.59 2.74 0.27 2.50 0.020 2.11 0.69 5.68 1.56 

0052_0004 10.1 0.32 0.58 27.5 0.27 2.55 0.020 2.13 0.70 5.70 1.56 

0054_0004 10.1 0.32 0.58 27.5 0.27 2.60 0.030 2.13 0.70 5.70 1.56 

0056_0004 10.2 0.32 0.59 27.6 0.27 2.60 0.020 2.15 0.71 5.72 1.57 

0058_0004 10.3 0.32 0.59 27.6 0.27 2.60 0.020 2.17 0.71 5.72 1.57 

0060_0004 10.6 0.32 0.58 27.6 0.27 2.55 0.020 2.23 0.73 5.72 1.57 

0062_0004 10.5 0.32 0.59 27.7 0.27 2.58 0.020 2.21 0.73 5.75 1.58 

0064_0004 10.6 0.30 0.61 27.7 0.26 2.60 0.020 2.22 0.68 5.73 1.52 

0088_0004 11.4 0.32 0.63 28.2 0.27 2.80 0.030 2.40 0.79 5.85 1.61 

0112_0004 11.4 0.32 0.59 28.3 0.27 2.90 0.030 2.40 0.79 5.87 1.61 

0136_0004 11.5 0.32 0.52 28.3 0.28 2.75 0.030 2.42 0.79 5.89 1.68 

0146_0004 11.5 0.32 0.50 28.3 0.27 2.75 0.030 2.42 0.79 5.87 1.61 

0010_0008 10.0 0.33 1.11 26.9 0.23 6.00 0.04 2.11 0.72 5.52 1.29 
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Sample 

No._depth 

1st population 2nd population 
Diameter and deviation 

/ nm * 

R1 

(Å) 
σ1 

C1 

/ 10-4 

R2 

(Å) 
σ2 

C2 

/ 10-4 
η2 d1 σ1 d2 σ2 

0016_0008 10.4 0.30 1.17 26.9 0.23 6.20 0.05 2.18 0.67 5.52 1.29 

0020_0008 11.7 0.27 1.25 26.9 0.21 5.90 0.04 2.43 0.67 5.50 1.17 

0022_0008 11.8 0.30 1.36 26.9 0.20 5.90 0.03 2.47 0.76 5.49 1.11 

0024_0008 11.9 0.30 1.40 26.9 0.21 6.10 0.03 2.47 0.76 5.48 1.16 

0026_0008 12.3 0.29 1.45 27.0 0.20 6.10 0.03 2.57 0.76 5.51 1.11 

0028_0008 12.6 0.26 1.45 26.9 0.20 6.10 0.02 2.61 0.69 5.49 1.11 

0030_0008 12.7 0.28 1.50 27.2 0.20 6.20 0.04 2.64 0.75 5.55 1.12 

0032_0008 12.9 0.28 1.55 27.2 0.20 6.20 0.03 2.68 0.77 5.55 1.12 

0034_0008 13.2 0.25 1.52 27.2 0.20 6.1 0.03 2.72 0.69 5.55 1.12 

0036_0008 13.5 0.25 1.55 27.4 0.20 6.20 0.03 2.80 0.71 5.57 1.01 

0038_0008 13.6 0.25 1.66 27.4 0.18 6.00 0.02 2.81 0.66 5.57 1.01 

0040_0008 13.7 0.23 1.64 27.4 0.18 6.00 0.02 2.83 0.63 5.60 1.07 

0044_0008 14.0 0.24 1.75 27.6 0.19 6.15 0.03 2.88 0.70 5.62 1.08 

0046_0008 14.4 0.26 1.89 2.78 0.19 6.00 0.03 2.98 0.79 5.66 1.09 

0048_0008 14.4 0.25 1.90 27.6 0.18 6.00 0.02 2.97 0.75 5.61 1.02 

0050_0008 14.5 0.23 1.85 2.78 0.18 6.10 0.02 2.98 0.69 5.65 1.03 

0052_0008 14.8 0.23 1.95 28.0 0.18 6.20 0.03 3.04 0.71 5.69 1.03 

0054_0008 14.9 0.22 1.90 27.8 0.18 6.20 0.02 3.05 0.68 5.65 1.03 

0056_0008 15.0 0.22 1.98 28.0 0.18 6.20 0.03 3.07 0.68 5.69 1.03 

0058_0008 15.2 0.23 2.05 28.2 0.18 6.20 0.03 3.12 0.73 5.73 1.04 

0060_0008 15.4 0.23 2.12 28.3 0.18 6.25 0.04 3.16 0.74 5.75 1.04 

0062_0008 15.4 0.22 2.00 28.3 0.18 6.25 0.03 3.16 0.70 5.75 1.04 

0064_0008 15.5 0.23 2.10 28.3 0.18 6.20 0.03 3.18 0.71 5.75 1.04 

0068_0008 15.7 0.22 2.10 28.5 0.18 6.30 0.04 3.22 0.72 5.79 1.05 

0070_0008 15.9 0.22 2.22 28.5 0.18 6.30 0.04 3.26 0.73 5.79 1.05 

0072_0008 16.1 0.23 2.25 28.6 0.18 6.20 0.04 3.30 0.77 5.81 1.05 

0074_0008 16.2 0.23 2.30 28.8 0.18 6.20 0.04 3.33 0.78 5.85 1.03 

0076_0008 16.3 0.23 2.30 28.8 0.18 6.20 0.04 3.35 0.78 5.85 1.03 

0078_0008 16.4 0.22 2.30 28.8 0.18 6.20 0.04 3.36 0.75 5.85 1.06 

0080_0008 16.4 0.23 2.25 28.8 0.18 6.30 0.04 3.37 0.78 5.85 10.3 
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Sample 

No._depth 

1st population 2nd population 
Diameter and deviation 

/ nm * 

R1 

(Å) 
σ1 

C1 

/ 10-4 

R2 

(Å) 
σ2 

C2 

/ 10-4 
η2 d1 σ1 d2 σ2 

0082_0008 16.4 0.22 2.30 28.8 0.18 6.20 0.03 3.36 0.75 5.85 1.03 

0084_0008 16.3 0.22 2.30 28.8 0.18 6.30 0.03 3.34 0.74 5.85 1.06 

0086_0008 16.5 0.22 2.20 28.9 0.18 6.40 0.04 3.38 0.75 5.87 1.07 

0088_0008 16.6 0.22 2.40 29.2 0.18 6.40 0.05 3.40 0.76 5.94 1.08 

0092_0008 16.7 0.22 2.4 29.2 0.18 6.40 0.05 3.42 0.76 5.94 1.08 

0094_0008 16.7 0.21 2.3 29.2 0.19 6.55 0.05 3.41 0.73 5.95 1.14 

0096_0008 16.7 0.22 2.4 29.3 0.19 6.55 0.05 3.42 0.76 5.97 1.14 

0098_0008 16.7 0.22 2.35 29.3 0.19 6.60 0.05 3.42 0.76 5.97 1.14 

0100_0008 16.8 0.21 2.35 29.3 0.19 6.60 0.05 3.43 0.73 5.97 1.14 

0102_0008 16.8 0.21 2.3 29.3 0.19 6.70 0.05 3.43 0.73 5.97 1.14 

0104_0008 16.8 0.21 2.35 29.4 0.19 6.80 0.05 3.43 0.73 5.99 1.15 

0106_0008 16.9 0.21 2.3 29.4 0.19 6.80 0.05 3.46 0.73 5.99 1.15 

0108_0008 17.0 0.20 2.3 29.4 0.19 6.80 0.05 3.47 0.70 5.99 1.15 

0110_0008 17.1 0.20 2.35 29.4 0.19 6.85 0.05 3.49 0.70 5.99 1.15 

0112_0008 17.1 0.21 2.35 29.4 0.19 6.85 0.06 3.50 0.74 5.99 1.15 

0116_0008 17.2 0.21 2.45 29.4 0.19 6.80 0.05 3.52 0.75 5.99 1.15 

0124_0008 17.2 0.20 2.30 29.4 0.19 6.75 0.06 3.51 0.71 5.99 1.15 

0126_0008 17.2 0.19 2.30 29.4 0.19 6.85 0.06 3.50 0.67 5.99 1.15 

0128_0008 17.2 0.19 2.30 29.4 0.19 6.85 0.05 3.50 0.67 5.99 1.15 

0130_0008 1.72 0.19 2.30 29.4 0.19 6.85 0.05 3.50 0.67 5.99 1.15 

0132_0008 17.2 0.19 2.30 29.4 0.19 6.90 0.05 3.50 0.67 5.99 1.15 

0134_0008 17.3 0.19 2.35 29.4 0.19 6.90 0.05 3.52 0.68 5.99 1.15 

0136_0008 17.3 0.19 2.35 29.4 0.19 7.00 0.05 3.52 0.68 5.99 1.15 

0140_0008 17.3 0.19 2.30 29.4 0.19 7.00 0.05 3.52 0.68 5.99 1.15 

0142_0008 17.3 0.19 2.30 29.4 0.19 7.10 0.05 3.52 0.68 5.99 1.15 

0144_0008 17.3 0.19 2.30 29.4 0.19 7.10 0.05 3.52 0.68 5.99 1.15 

0146_0008 17.3 0.19 2.35 29.4 0.19 7.20 0.05 3.52 0.68 5.99 1.15 

0011_0010 10.6 0.33 0.87 26.9 0.23 5.10 0.06 2.32 0.69 5.49 1.22 

0017_0010 11.1 0.29 0.95 26.8 0.22 5.10 0.05 2.24 0.76 5.52 1.29 

0041_0010 13.8 0.22 1.46 27.5 0.19 5.60 0.04 2.83 0.63 5.60 1.07 
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Sample 

No._depth 

1st population 2nd population 
Diameter and deviation 

/ nm * 

R1 

(Å) 
σ1 

C1 

/ 10-4 

R2 

(Å) 
σ2 

C2 

/ 10-4 
η2 d1 σ1 d2 σ2 

0065_0010 15.5 0.22 1.90 28.5 0.19 5.75 0.05 3.18 0.71 5.80 1.08 

0089_0010 16.6 0.18 2.00 29.1 0.19 5.90 0.06 3.37 0.61 5.93 1.14 

0113_0010 17.2 0.17 2.10 27.4 0.19 6.30 0.06 3.49 0.60 5.99 1.15 

0137_0010 17.3 0.14 2.05 29.4 0.18 6.40 0.05 3.49 0.49 5.98 1.08 

0147_0010 17.4 0.13 1.85 29.4 0.19 6.20 0.06 3.51 0.46 5.99 1.15 

0010_0012 9.9 0.34 1.04 27.0 0.23 5.15 0.030 2.10 0.73 5.54 1.29 

0016_0012 10.2 0.30 1.10 26.9 0.23 5.30 0.030 2.13 0.65 5.52 1.29 

0020_0012 10.5 0.30 1.15 26.9 0.23 5.35 0.030 2.20 0.67 5.52 1.29 

0022_0012 10.9 0.29 1.15 26.9 0.23 5.35 0.030 2.27 0.67 5.52 1.29 

0024_0012 11.0 0.30 1.22 27.2 0.23 5.40 0.030 2.30 0.70 5.59 1.30 

0026_0012 11.3 0.29 1.22 27.2 0.23 5.50 0.030 2.36 0.70 5.59 1.30 

0028_0012 11.4 0.29 1.22 27.2 0.23 5.50 0.030 2.38 0.70 5.59 1.30 

0030_0012 11.4 0.28 1.23 27.4 0.23 5.60 0.035 2.37 0.68 5.63 1.31 

0032_0012 11.7 0.28 1.25 27.4 0.23 5.60 0.035 2.43 0.69 5.63 1.31 

0034_0012 11.8 0.28 1.26 27.5 0.23 5.60 0.035 2.45 0.70 6.65 1.32 

0036_0012 12.0 0.28 1.30 27.6 0.23 5.60 0.035 2.50 0.71 5.67 1.32 

0038_0012 12.3 0.28 1.34 27.6 0.22 5.60 0.040 2.57 0.76 5.66 1.26 

0040_0012 12.5 0.32 1.50 27.7 0.22 5.35 0.030 2.63 0.86 5.68 1.26 

0044_0012 12.8 0.32 1.55 27.9 0.22 5.40 0.030 2.69 0.88 5.72 1.27 

0046_0012 13.0 0.32 1.60 27.9 0.22 5.40 0.030 2.73 0.92 5.72 1.27 

0048_0012 13.2 0.31 1.60 28.1 0.22 5.45 0.030 2.77 0.88 5.76 1.28 

0050_0012 13.3 0.30 1.60 28.1 0.22 5.50 0.030 2.78 0.85 5.76 1.28 

0052_0012 13.4 0.30 1.60 28.1 0.22 5.60 0.035 2.80 0.86 5.76 1.28 

0054_0012 13.6 0.30 1.65 28.1 0.21 5.50 0.035 2.85 0.87 5.75 1.22 

0056_0012 13.8 0.30 1.70 28.1 0.21 5.50 0.035 2.89 0.86 5.75 1.22 

0058_0012 13.9 0.30 1.75 28.2 0.21 5.50 0.030 2.91 0.89 5.77 1.22 

0060_0012 14.2 0.30 1.80 28.3 0.20 5.40 0.030 2.97 0.91 5.77 1.17 

0062_0012 14.3 0.30 1.80 28.4 0.21 5.45 0.030 2.99 0.92 5.80 1.23 

0064_0012 14.5 0.30 1.90 28.6 0.20 5.45 0.040 3.03 0.93 5.84 1.18 

0088_0012 15.5 0.27 1.95 29.0 0.20 5.70 0.040 3.22 0.88 5.92 1.20 
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Sample 

No._depth 

1st population 2nd population 
Diameter and deviation 

/ nm * 

R1 

(Å) 
σ1 

C1 

/ 10-4 

R2 

(Å) 
σ2 

C2 

/ 10-4 
η2 d1 σ1 d2 σ2 

0112_0012 16.7 0.27 2.25 29.2 0.19 5.55 0.030 3.46 0.95 5.94 1.14 

0136_0012 17.0 0.24 2.25 29.4 0.19 5.55 0.020 3.50 0.85 5.99 1.15 

0146_0012 17.0 0.25 2.25 29.4 0.19 5.70 0.020 3.51 0.89 5.99 1.15 

 

* The diameter and standard deviation are evaluated as d = 0.2 𝑒(𝑙𝑛(𝑅)+
𝜎2

2
)

 and 

σ = 0.2 √(𝑒𝜎2
− 1)𝑒(2 ln(𝑅)+𝜎2) separately for both size populations for a log-normal distribution. 

The factor 0.2 comes from changing the unit from Å to nm and the radius to the diameter.
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Figure S5. a) Mean particle size of the bimodal Pt NP/C catalyst plotted together with the standard 

deviation of a log-normal distribution applying load-cycles conditions as AST protocol in an 

operando cell after the AST cycles (empty circles) and after CVs (filled circles) at the first (black) 

and second (red) position in the middle catalyst layer.  
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Details WAXS analysis and results 

    

Figure S6. Representative Rietveld refinement of WAXS data based on the structural model including 

two platinum fcc phases (the blue dashes indicate the position of platinum reflections) of equal lattice 

parameter (a = 3.9046) with two different coherent domain sizes (2.1 nm and 5.4 nm) in an angular 

range from six to sixteen two theta (Rwp = 0.25 %). 
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Figure S7. Change of mean particle size obtained by SAXS (a, d, g; mean particle sizes (open circle), increased sizes (in blue), decreased sizes (in red)) 

in the different catalyst layer depths: close to electrolyte (b, e, h), in the middle of the catalyst layer (c, f, i).  
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heses of surfactant-free precious
metal nanoparticles in alkaline methanol and
ethanol†
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Surfactant-free UV-induced syntheses of Pt and Ir nanoparticles in

alkaline methanol and ethanol are presented. Small size nanoparticles

ca. 2 nm in diameter are obtained without surfactants in a wide range

of base concentration.
Introduction

Nanoparticles (NPs) are key catalysts in many chemical
processes.1 In particular, precious metal NPs are in high
demand for automotive,2 energy3 or environmental applica-
tions.4 To best address specic needs and tailor specic
features, simple synthesis strategies are crucial. In particular,
the synthesis of NPs <10 nm in diameter made of precious
metals like Pt or Ir plays a key role in catalysis.5,6 Size control at
the nanoscale is important to tune catalyst properties like
activity,3 selectivity7 and stability.3 In most colloidal syntheses,
surfactants are used to achieve size control, stabilize the NPs
and avoid agglomeration.8 The later however need to be
removed for catalytic applications9 which is oen performed by
approaches only partially successful. In this respect surfactant-
free syntheses of nanomaterials10 and colloids bear promising
features.11

A recently reported wet chemical surfactant-free synthesis is
suitable to obtain precious metal NPs with superior catalytic
activity.12–14 This was for instance demonstrated with Pt NPs for
hydrogenation reaction and Ir NPs for the oxygen evolution
reaction.12,15 The synthesis is performed at low temperature (<80
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y, University of Bern, Freiestrasse 3, CH-

rage, Technical University of Denmark,
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�C) and does not require harsh chemicals. Only a mono-alcohol
(e.g. methanol or ethanol), a metal complex (e.g. H2PtCl6 or
IrCl3) and a base (e.g. NaOH) are needed. So far, mainly
microwave assisted synthesis has been studied and a strong
focus was given to methanol as solvent. To nely tune the size of
the NPs, we study here the UV-induced synthesis of Pt and Ir
NPs in alkaline methanol and ethanol and compare the results
with a micro-wave oven synthesis previously reported using
alkaline methanol as solvent.12 The general approach is illus-
trated in Fig. 1a. Specic attention is given to NP size control
and the stability of the colloids obtained without surfactants.
The size of the NPs was evaluated by transmission electron
microscopy (TEM). Insight into the reaction mechanism in
different solvents is given by Fourier-transform infra-red
absorption spectroscopy (FTIR) and head space gas chroma-
tography coupled to mass spectrometry (GC-MS).
Results

We recently investigated the use of UV-light16,17 to obtain
surfactant-free precious metal NPs like Pt, based on the polyol
synthesis using ethylene glycol as solvent.18–20 UV-light is used
in this context to induce the reduction of a metal complex like
H2Pt(IV)Cl6 or Ir(III)Cl3 to metallic Pt(0) or Ir(0) NPs,
Fig. 1 (a) Schematic of the UV-induced synthesis of Pt NPs by the
mono-alcohol process. MXn represents a molecular precious metal
precursor, R–OH represent a mono-alcohol solvent. (b) Average
diameter hdi and standard deviation s, obtained for different solvents
and different NaOH concentration for 2 mM H2PtCl6.

This journal is © The Royal Society of Chemistry 2020
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Fig. 2 Size distribution of Pt NPs obtained after 2 hours UV irradiation
of a solution of 2 mM H2PtCl6 without NaOH in (a) methanol and (b)
ethanol. Images of the solution after UV-irradiation are also displayed
(volume is 3 mL).
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respectively.13,21 A simple strategy to achieve size control in the
surfactant-free synthesis of platinum NPs is to vary the
concentration of NaOH or more precisely the NaOH/Pt molar
ratio.11 To compare the mono- with the poly-alcohol process, we
performed experiments in methanol and ethanol as solvents for
the same NaOH concentrations and H2PtCl6 concentration as
previous studies with UV-induced synthesis in alkaline ethylene
glycol.16,17 This allows to investigate the effects of the different
solvents for the UV-induced synthesis of Pt NPs under alkaline
conditions.

First, the inuence of solvent and NaOH/Pt molar ratio on
the size control was studied. The size obtained in methanol and
ethanol is summarised in Fig. 1b. 2 mM of H2PtCl6 and
concentration of NaOH of 0, 50 and 250 mM were used. If
methanol is used as solvent, the average diameter size is 2.6 �
0.8 nm, 3.3� 1.1 nm and 2.1� 0.5 nm respectively. If ethanol is
used as solvent, the effect of NaOH/Pt ratio on the size is less
pronounced yielding NPs with diameter of 2.4 � 0.4 nm, 2.4 �
0.6 nm and 2.5 � 0.9 nm, respectively.

The weak effect of the NaOH/Pt molar ratio on size control is
in agreement with previous reports for the mono-alcohol
process used there but performed using a microwave
synthesis.12,13 It is however in contrast with the UV-induced
polyol process where the NaOH/Pt molar ratio leads to a clear
size control: as the NaOH/Pt molar ratio increases, the size and
size distribution decreases in alkaline ethylene glycol.11,16,17

Second, the general formation mechanism of the NPs was
investigated to address these differences. The reduction of Pt(IV)
in H2PtCl6 typically proceeds rst via a reduction to Pt(II), fol-
lowed by further reduction to Pt(0) and formation of NPs while
the solvent or sacricial agents get oxidised.22,23 Head-space GC
analysis, see Fig. S1,† conrms that during the reaction,
oxidation products of methanol like formic acid (in absence of
NaOH), methyl formate (in presence of NaOH) and CO2 are
detected. These products are consistent degradation products
of formaldehyde expected to be the main product formed under
the photo-degradation of H2PtCl6 in methanol, as previously
reported without using a base.23 In ethanol, whether or not
a base is used, the same products like acetaldehyde are detec-
ted. In parallel to the nucleation and formation of NPs, ethanol
undergoes further chemical reactions evidenced by uores-
cence measurements whereas methanol remains free of uo-
rescent species aer the NPs are formed, see Fig. S2.† In respect
to the formation of uorescent species alkaline methanol seems
to be a ‘cleaner’ solvent since less side reactions seem to occur.

Another important property of colloidal NPs is their stability.
Without a base and for microwave synthesis, large agglomerates
are formed in the mono-alcohols upon reduction of H2PtCl6. In
alternative syntheses, for instance in ethanol–water mixture,24

a deposition of the Pt NPs on the cell walls is observed and no
colloidal dispersions are obtained if no surfactants are used. In
contrast here, using UV-induced synthesis, small size NPs with
a diameter around 2.5 nm are obtained in absence of NaOH and
in absence of surfactant, see Fig. 2. The size of the NPs is in
agreement with NPs observed in a recent study focusing on the
reduction of H2PtCl6 with methanol under UV radiation.23 More
importantly, the NPs obtained here are stable as colloids. This is
This journal is © The Royal Society of Chemistry 2020
attributed to the milder conditions (versusmicrowave synthesis)
for the reaction to proceed and the relatively low concentration
of H2PtCl6 used.

In alkaline conditions, stable colloids are also obtained. In
agreement with previous reports in poly-25 or mono-alcohols,13

electrostatic stabilization of the surfactant-free NPs e.g. by OH�

groups account for the colloidal stability. The photo-reduction
of H2PtCl6 to size controlled and stable colloidal NPs by
mono-alcohols is typically performed and studied in aqueous
media, in presence of photo-activators or polymers24,26–28 and
typically without adding a base. The need for additives under
these conditions to initialize the photo-reaction or to stabilize
the colloids is largely stressed in the literature.24,26 However
additives are typically detrimental for further applications e.g.
in catalysis.29 Surfactants need to be removed in typically
hazardous and time consuming steps.8 It is therefore a signi-
cant achievement to obtain surfactant-free colloidal NPs by
photo-induced synthesis in alcohol-only solutions.

The NPs prepared are conveniently ‘unprotected’ in the
meaning of previous terminology.25 This implies that in the
surfactant-free synthesis that is the mono-alcohol process, the
resulting NPs are functionalized with CO and OH/OH� groups.
FTIR characterization reveals that the methanol synthesized
NPs express CO functional groups (clear absorption peak
between 2000-2100 cm�1) whereas the ethanol based synthesis
do not show a strong signal, even though a small signal
Nanoscale Adv., 2020, 2, 2288–2292 | 2289
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appearing as ‘bump’ just below 2000 cm�1 could indicate some
CO species, see Fig. 3a. This is attributed to the more facile
oxidation of the one-carbon molecule that is methanol to CO,
compared to the formation of CO from the two carbon molecule
that is ethanol. A pronounced shi of the CO peak position in
methanol-prepared NPs towards larger wavenumber is
observed: shi from 2030 cm�1 with NaOH to 2086 cm�1

without NaOH. This shi is consistent with a larger NP size25,30

achieved in absence of a base and consistent with TEM
characterization.

A different surface functionalization accounts for more
stable colloidal solutions of Pt NPs obtained in methanol versus
ethanol. Since the NPs obtained in ethanol are less ‘protected’
by CO groups they show less stability and a direct consequence
is that they tend to agglomerate. An indirect effect of this
different surface functionalization is observed during the
preparation of TEM grids where NPs prepared in ethanol tend to
form large aggregates (made of individual NPs), see Fig. 3d and
e. The NPs obtained in methanol tend to be more isolated and
individual on the TEM grid, see Fig. 3b and c. The NPs are also
protected by OH� groups due to the alkaline conditions. As
Fig. 3 (a) IR absorption spectra of Pt NP suspensions obtained with
2 mM H2PtCl6 without and with 250 mM NaOH in methanol and
ethanol as indicated. (b–e) TEMmicrographs of the Pt NPs inmethanol
(b) without and (c) with 250 mM NaOH and in ethanol (d) without and
(e) with 250 mM NaOH.

2290 | Nanoscale Adv., 2020, 2, 2288–2292
a consequence, the NPs appear more distant from each other on
the TEM grids when prepared in alkaline conditions, Fig. 3b
and c.

At last, size control is an important feature to take into
account to design synthesis strategies. An option to achieve size
control in the mono-alcohol process is to add water to the
reaction mixture.12 Using a microwave reactor, adding water in
the range 0–80% (volume%) lead to a size increase from ca.
2 nm to ca. 5 nm.12 This size control is more easily achieved at
high (e.g. 2.5 mM) H2PtCl6 concentration but difficult to probe
at low (e.g. 0.5 mM) H2PtCl6 concentration: under microwave
synthesis the solvent quickly reaches reux conditions and
a ne size control is challenging to achieve.

The UV-induced synthesis differs in that respect. Results
presented in Fig. 4 were obtained using 0.5 mM H2PtCl6 and
10 mM NaOH. Different volume fraction of (1) 0%, (2) 20%, (3)
50%, (4) 80% and (5) 100% H2O in methanol are used. The
pictures of the solutions before and aer exposure time of 2
hours under UV-light, see Fig. 4a and b respectively. For 0%,
20% and 50% water the solutions turn brown upon UV-
irradiation indicative of successful NP formation. The reaction
mixture containing 80% is not as brown as for the other
syntheses. For 100% water the reaction does not proceed. This
can be attributed to the need for a suitable alcohol–Pt ratio in
order to perform the reduction of the salt while the alcohol gets
oxidized for the synthesis to proceed.13,14

For 0% water the size is 1.4 � 0.3 nm whereas for 50% water
the size is 1.7 � 0.3 nm, see Fig. 4c. This indicates that addition
of water can control to some extent the size of the NPs in the
Fig. 4 Pictures of reaction mixture containing 0.5 mM H2PtCl6 and
10 mM NaOH in methanol (a) before and (b) after 2 hours exposure to
UV-light when the solvent is methanol and (1) 0%, (2) 20%, (3) 50%, (4)
80% and (5) 100% water. (c) Average diameter obtained for the
experimental conditions of 0% and 50% water in alkaline methanol.

This journal is © The Royal Society of Chemistry 2020
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case of UV-induced synthesis, even in the case of low H2PtCl6
concentration selected here to achieve a ne size control. UV-
induced synthesis offers milder reaction conditions (e.g. lower
overall temperature, no need for reux conditions) than
a microwave oven which can explain why even at low Pt
concentration a ne size control is achieved by adding water.

We previously showed that Ir NPs obtained in alkaline
methanol show surprisingly high catalytic activity.12,15 The
general approach presented here using UV-light is also suitable
to obtain Ir NPs, see Fig. S3.† Despite using different precursors
(Na2IrCl6, H2IrCl6, or IrCl3), solvents (methanol, ethanol, water),
amounts of water (10–25% in volume), NaOH concentrations
(0–44 mM), temperatures (10–40 �C), times of synthesis (up to
24 h) and gas atmosphere (air, 5% H2 in Ar, Ar, CO) or seed-
mediated growth approaches, see Fig. S4 and details in ESI,†
the size of the NPs was always in the range 1.0–1.7 nm without
clear size control. The synthesis in ethanol is oen signicantly
faster than in methanol. Adding NaOH increases slightly and
working in Ar containing gas atmospheres increases signi-
cantly the NP formation rate. In contrast, a CO atmosphere is
slowing down the NP formation. Different duration time of
synthesis and changing reaction parameters lead to the same
NP size ranges regardless of the formation kinetics. It therefore
seems to be a general challenge to control the size of Ir NPs.
Nevertheless, UV-induced synthesis is here shown to be suitable
to produce very small Ir NPs.

Conclusions

UV-induced or thermally induced syntheses of Pt and Ir NPs by
the mono-alcohol surfactant-free process show similar features.
In both type of synthesis, Pt NP size control is not simply ach-
ieved by varying the NaOH concentration whereas adding water
seems to give a ner size control. The NPs obtained are
‘unprotected’, i.e. show mainly CO and/or OH/OH� function-
alization. An advantageous feature of the UV-induced synthesis
is that the reaction proceeds under milder reaction conditions
(e.g. lower overall temperature). As a result, the formation of Pt
NPs for instance can be achieved without NaOH. The overall
synthesis is then extremely simple to obtain stable colloidal NPs
of ca. 2–2.5 nm. For Ir NPs, the size control is generally more
challenging to achieve while NPs with size < 2 nm are easily
obtained. The mono-alcohol process combined with UV-
induced synthesis is a promising synthesis route to further
study NP formation and produce surfactant-free precious metal
NPs.
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1. Experimental Section  

 

Pt nanoparticle synthesis 

For the synthesis of the Pt nanoparticles the mono-alcohol synthesis was used. Unless 

otherwise specified the nanoparticles were obtained using 2 mM H2PtCl6
.6H2O (99,9 % Alfa 

Aesar) in alkaline NaOH (98.9%, Fisher Chemical) methanol (≥ 99.8 %, Sigma-Aldrich) or ethanol 

(99.9 %, Kemetyl) at a concentration indicated in the text and for a volume of typically 3 mL. 

The reaction mixtures were placed in quartz cuvettes and placed in home-built container 

equipped with controllable cooling system (T max = 40 °C) and 10 standard UV mercury lamps 

(PL-L- 24 W/10/4P Hg, Philips) for 2 hours (unless otherwise specified).  

 

Ir nanoparticle synthesis 

It is important to note that regardless of the approach chosen, the size of the nanoparticle 

evaluated by TEM was always in the range 1.0-1.7 nm without clear size control. 

 

For the Ir nanoparticle synthesis a homebuilt UV set-up was used. In a typical experiment four 

UV-C lamps (TUV PL-S 9W/2P, Philips) were placed around a double jacket Quartz glass reactor. 

4.4 mM Ir (IrCl3, 99.8 %, Alfa Aesar; H2IrCl6, 99.9%, Stream Chemicals; Na2IrCl6, ≥ 99.9 %, Acros 

Organics), NaOH (0, 22, or 44 mM; from pellets, Hänseler), and Millipore water (0, 10, or 25 %) 

in ethanol (100 %, VWR) or methanol (≥ 99.8 %, Fisher Chemicals) were used. The reactor was 

closed with a septum to enable the introduction of gas (for 90s; 5% H2 in Ar) into the reaction 

mixture to obtain a hydrogen/argon saturated atmosphere before the reduction. The reaction 

mixture was stirred with a magnetic stirring bar. The temperatures of 10, 20 or 40°C of the 

reactor were controlled by a continuous water flow through the double jacket. The inside of the 

set-up was cooled down by ventilation. Pictures were taken of the reaction mixture in the 

reactor before the reduction and then by interrupting the irradiation for less than 1 min and 

disconnecting the water cooling tubes after 10 minutes up to 24 h. 

 

For the interest of the reader we detail here our attempts to perform seed mediated growth. 

Experiments were performed in ethanol and methanol to attempt increase the nanoparticle 

size by the deposition of fresh monomer on pre-formed seeds as summarized in Table S1 and 

detailed below. 
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Table S1: Overview of the performed seed-mediated growth experiments concerning the seed 

and monomer solution, as well as the treatment of the mixture for the different solvents. 

Solvent Seed  Monomer  Treatment 

Methanol 

S1: MW, NaOH 

S2: UV, NaOH, H2 

M1: UV, NaOH M1: no UV, no H2 

M2: no UV, H2 

M3: UV, no H2 

M4: UV, H2 

Ethanol 
M2:no NaOH  

M3: NaOH 

 

IrCl3 precursor (monomer) was added to 1 mL of pre-formed nanoparticles (seeds). The seeds 

were synthesized (S1) with 4.4 mM IrCl3 and 44 mM NaOH heated for 3 min at 160 °C using a 

microwave (MW) reactor (CEM Discover SP, 100 W) or (S2) by 1h UV-C irradiation at 20°C (90 s 

H2 in Ar). The monomer in methanol (green solution detailed below) was formed by (M1) 

reducing 4.4 mM IrCl3 and 44 mM NaOH at 20°C for 1 h under UV-C light. As monomer sources 

in ethanol, (M2) 1 mL of 8.8 mM IrCl3 or (M3) 2 mL of 4.4 mM IrCl3 and 44 mM NaOH were 

used. The mixtures were afterwards treated in different ways. In the thermal treatments the 

mixtures were kept for 6h at 40°C (T1) without or (T2) with H2 (5% in Ar, 90s) pre-treatment. In 

the UV light treatments, the mixtures were irradiated for 1h at 20°C with UV-C light (T3) 

without or (T4) with or H2 (5% in Ar, 90s) introduced before synthesis.  

 

FTIR characterization 

The as-synthesised colloidal solutions were characterized by FTIR absorption spectroscopy. The 

colloidal suspensions in alkaline mono-alcohol were placed in a cell allowing to record IR 

absorption spectra of liquid in an attenuated total reflectance mode. Infrared spectra were 

captured using a Nicolet 6700 FT-IR (Thermo Electra Corporation) with a zinc selenide prism. All 

spectra were recorded with a resolution of 4 cm-1 and averaging over 100 scans. Background 

spectra of methanol or ethanol were measured and subtracted from the spectra recorded for 

the colloidal suspension. The difference spectra are reported. 

 

Gas-chromatography coupled to mass spectroscopy (GC-MS) characterization 

Head-space GC-MS was used to charaterise possible low boiling point species formed during 

the nanoparticle formation. A headspace sampler (Agilent G1888 Network Headspace Sampler) 

connected to a GC (Agilent 6890N Network GC System) equipped with an Agilent 19091S-433 

non-polar column (HP-5ms (5%-phenyl) methyl poly siloxane, 30.0 m, 250 µm, 0.25µm) was 

connected to a mass spectrometer (Agilent 5973 inert Mass Selective Detector). 

Chromatographs were acquired with a ramp from 30 to 140 °C at 20 °C min-1. 
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TEM characterization 

For TEM the Pt nanoparticles were washed and re-dispersed in pure methanol or ethanol, the Ir 

nanoparticles (or reaction mixtures) were used as prepared without washing. Small drops of 

colloids then were placed on carbon coated copper grids (300 mesh grids, Quantifoil) and dried 

in room conditions. TEM images were taken using a Jeol 2100 microscope operated at 200 kV. 

Samples were characterized by taking images at different magnification (at least 3) in different 

areas (at least 3) of the TEM grids and the size analysis was performed by measuring the size of 

at least 100 nanoparticles. 

 

Fluorescence measurements 

In all cases the samples were first diluted to a suitable concentration before spectroscopic 

measurements (typically 0.1 mM of metal precursor). An excitation wavelength of 360 nm was used 

with a Cary Eclipse fluorescence spectrophotometer (Agilent Technologies). Reported spectra are not 

corrected for detector response to different wavelengths. 
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2. Results 

 

 
Fig. S1. Head space GC-MS chromatographs of (a) methanol (grey) and H2PtCl6 in alkaline 

methanol after UV irradiation (black) and (b) ethanol (grey) and H2PtCl6 in alkaline ethanol after 

UV irradiation (red). 
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Fig. S2. Fluorescence spectra of alkaline solution of H2PtCl6 in different solvents after irradiation 

for a same period of time by UV light. The precursor used was H2PtCl6 and the concentration 

indicated are the final concentrations in the reaction mixture. Excitation wavelength of 360 nm. 

Emission peak around 410 nm correspond to Raman scattering from the solvent. 

 

 

The formation of fluorescent species can be attributed to side reaction of the solvent with 

NaOH and formation for instance of carbon dots1 or polymers for instance by aldol 

condensation in alkaline ethanol. The formation of fluorescent by-products is not observed in 

methanol.  
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Fig. S3. TEM micrograph representative of Ir NPs obtained using UV-light. 

 

 

 
Fig. S4. Photos of the synthesis mixtures and nanoparticle dispersions under different 

conditions using 4.4 mM H2IrCl6 as precursor is ethanol and methanol before the reduction (0 

min) and after 10 min to 24 h irradiation with UV-C light. 
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Johanna Schröder, Vladislav A. Mints, Aline Bornet, Etienne Berner, Mohammad Fathi Tovini,
Jonathan Quinson, Gustav K. H. Wiberg, Francesco Bizzotto, Hany A. El-Sayed, and Matthias Arenz*

Cite This: https://dx.doi.org/10.1021/jacsau.1c00015 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Hydrogen production from renewable resources and its reconversion
into electricity are two important pillars toward a more sustainable energy use. The
efficiency and viability of these technologies heavily rely on active and stable
electrocatalysts. Basic research to develop superior electrocatalysts is commonly
performed in conventional electrochemical setups such as a rotating disk electrode
(RDE) configuration or H-type electrochemical cells. These experiments are easy to set
up; however, there is a large gap to real electrochemical conversion devices such as fuel
cells or electrolyzers. To close this gap, gas diffusion electrode (GDE) setups were
recently presented as a straightforward technique for testing fuel cell catalysts under
more realistic conditions. Here, we demonstrate for the first time a GDE setup for
measuring the oxygen evolution reaction (OER) of catalysts for proton exchange
membrane water electrolyzers (PEMWEs). Using a commercially available benchmark
IrO2 catalyst deposited on a carbon gas diffusion layer (GDL), it is shown that key
parameters such as the OER mass activity, the activation energy, and even reasonable
estimates of the exchange current density can be extracted in a realistic range of catalyst loadings for PEMWEs. It is furthermore
shown that the carbon-based GDL is not only suitable for activity determination but also short-term stability testing. Alternatively,
the GDL can be replaced by Ti-based porous transport layers (PTLs) typically used in commercial PEMWEs. Here a simple
preparation is shown involving the hot-pressing of a Nafion membrane onto a drop-cast glycerol-based ink on a Ti-PTL.

KEYWORDS: oxygen evolution reaction, gas diffusion electrode setup, water electrolyzer, iridium-based catalysts, Ti porous transport layer,
performance screening

PEMWEs coupled to renewable energy sources such as
wind and solar are a promising technology for energy

conversion and long-term storage because of their higher
current density as compared with alkaline electrolysis cells
(AECs).1−3 For PEMWEs, the preferred anode materials are Ir
and Ir alloys because of the combination of high activity and
stability of IrO2.

4−6 As Ir is one of the rarest precious metals,7

an efficient testing platform requiring only small amounts of Ir
to screen PEMWE catalysts is necessary to optimize the anode
performance. In this work, an in-house developed GDE
setup8−11 previously used for oxygen reduction reaction
(ORR) studies is adapted to enable OER measurements. In
this modified setup, the stainless-steel body is replaced by
polychlorotrifluoroethylene for enhanced chemical stability at
high voltages (see Figure 1 for the scheme of the developed
GDE setup for straightforward OER measurements and
Figures S1−S2).
The GDE consists of a catalyst layer deposited on top of a

carbon GDL by vacuum filtration as introduced by Yarlagadda
et al.12 The vacuum filtration enables a reproducible film
quality with catalyst loadings comparable to PEMWEs.7,13

Element mapping by energy-dispersive X-ray spectroscopy

(EDS) reveals a clearly separated IrO2 layer on top of the
microporous carbon layer (MPL) of the GDL (see Figure 2).

Figure 1. Scheme of the developed GDE setup for straightforward
OER measurements.
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© XXXX The Authors. Published by
American Chemical Society

A
https://dx.doi.org/10.1021/jacsau.1c00015

JACS Au XXXX, XXX, XXX−XXX

Made available through a Creative Commons CC-BY-NC-ND License

D
ow

nl
oa

de
d 

vi
a 

U
N

IV
 B

E
R

N
 o

n 
Fe

br
ua

ry
 2

5,
 2

02
1 

at
 1

4:
36

:5
1 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johanna+Schro%CC%88der"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Vladislav+A.+Mints"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Aline+Bornet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Etienne+Berner"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mohammad+Fathi+Tovini"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+Quinson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jonathan+Quinson"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Gustav+K.+H.+Wiberg"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Francesco+Bizzotto"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hany+A.+El-Sayed"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Matthias+Arenz"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/jacsau.1c00015&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00015?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00015?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00015?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00015?goto=supporting-info&ref=pdf
http://pubs.acs.org/doi/suppl/10.1021/jacsau.1c00015/suppl_file/au1c00015_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00015?fig=tgr1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00015?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00015?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00015?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacsau.1c00015?fig=fig1&ref=pdf
pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/jacsau.1c00015?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
https://pubs.acs.org/jacsau?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
https://creativecommons.org/licenses/by-nc-nd/4.0/


To establish a measurement protocol for the new GDE setup,
the influence of several experimental parameters such as the
gas flow rate, gas atmosphere (Ar, O2), substrate, and
temperature on the measured reaction rate were investigated
(see Table S1 for a summary). In addition, the results were
compared to conventional RDE measurements.14−17

The influence of the reactant gas flow (humidified Ar) on
the observed OER activity is shown in Figure S4. Based on the
measurements, possible mass transport limitations can be
identified. The results demonstrate that the apparent OER
activities and Tafel slopes are relatively constant (41.4 ± 0.9
mV dec−1) over a wide range of the reactant gas flow (40−190
mL min−1). Only for low flow rates (10 mL min−1), the
observed OER rates are inhibited and the Tafel slope shows
nonlinear behavior. These observations indicate mass transport
limitations at too low flow rates because of a lack of water
transported to the catalyst or the difficulty in removing
produced O2 from the surface. Hence, in the following, a flow
rate of 40 mL min−1 was used to ensure sufficient reactant
mass transport.
On the basis of the investigations, we established a

measurement protocol, where a set current (normalized to
the mass of the precious metal catalyst) is applied and the

electrode potential is recorded as a function of time (see Figure
S4). Given the controlled current, the average of the iR-
corrected potential of the last 60 s (when not stated
differently) of every step is defined as the OER.
Thus, conducted OER measurements with a commercial

IrO2 benchmark catalyst are presented in Figure 3. In Figure

3a, we compare GDE measurements to conventional RDE
measurements at 30 °C in an O2 atmosphere. It is seen that the
determined mass activities and Tafel slopes are similar in both
setups. At 1.48 VRHE, mass activities of 4.3 and 4.9 mA mgIr

−1

are determined for the galvanostatic GDE and potentiostatic
RDE measurements, respectively, which is comparable to the
values reported by Alia et al.18,19 The determined Tafel slopes
are 45.4 ± 1.0 and 39.2 ± 0.4 mV dec−1, respectively.
In Figure 3b, the results at an increased temperature of 60

°C are shown. In a RDE setup, potentiodynamic measure-
ments reveal performance degradation during continuous
cycling (see Figure S5), and potentiostatic measurements
show a large standard deviation for the measured current
density. By comparison, in the GDE setup, three independent
measurements confirm a good reproducibility of the obtained
OER activities under steady-state conditions (see also Table
S1). The fast performance degradation, as seen in the RDE, is
most likely inhibited in the GDE setup because of the use of a

Figure 2. SEM cross-section of an activated IrO2 catalyst film
deposited on a GDL in combination with EDS mapping of iridium
(Ir, red), oxygen (O, yellow), and carbon (C, blue). A clear separation
of the catalyst film, the carbon containing MPL, and the carbon fibers
of the GDL is apparent.

Figure 3. Tafel plots of OER mass activity j of the IrO2 catalyst.
Comparison of GDE (galvanostatic, 4 M HClO4, 1 mgIr cm

−2
geo) and

RDE (potentiostatic in O2 atmosphere, 0.1 M HClO4, 50 μgIr
cm−2

geo) measurements (a) at 30 °C in O2 and (b) 60 °C using a
GDL in O2 and Ar or Ti-PTL in O2 atmosphere in the GDE setup.
The error bars show the standard deviation of three independent
measurements; the data points are connected by dashed lines as guide
for the eye.
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Nafion membrane avoiding direct contact of the catalyst to the
liquid electrolyte leading to a more realistic setup in the GDE
comparable to a PEMWE. Furthermore, it is demonstrated that
the OER activity can be conveniently studied in O2 or Ar gas
atmosphere. The latter leads to apparent activity improve-
ments, which can be understood by the influence of the O2
partial pressure in the Nernst equation. The same effect
influences the Tafel behavior. In O2 atmosphere and 60 °C, a
Tafel slope of 41.1 ± 4.8 mV dec−1 is observed at low current
densities, which at higher current densities increases
significantly. This observation is linked to oxygen bubble
formation, which leads to inhibited OER rates.20,21 As a
consequence, with increasing oxygen formation rates (i.e.,
higher current densities), the apparent OER activity in Ar
atmosphere decreases and approaches that in O2. Interestingly,
nonlinearities in the Tafel slope at low current densities, which
are often observed in potentiodynamic RDE measurements,22

are not apparent in the GDE setup.
Most importantly, no fundamental difference is observed if

these OER activity measurements are performed with a catalyst
film deposited onto a carbon GDL or Ti-PTL, justifying the
substantially less complex GDL approach for catalyst screen-
ing; see more details about the film preparation in the SI. To
further corroborate that carbon corrosion of the GDL does not
pose a problem during the activity measurement, the current
density was increased stepwise from 1 to 10 mA mgIr

−1 and
held at 10 mA mgIr

−1 for 1 h. Figure 4 shows that even with the

carbon-based GDL, it is possible to perform such suggested
stability measurements,23 although the potential increase in
repeat 2 (of three independent samples) can probably be
traced back to bubble formation or carbon degradation. Hence
the GDL is a suitable substrate for determining the activity of
OER catalysts in screening-type studies.
For long-term stability measurements under harsher

conditions, catalyst-coated membranes (CCMs) pressed to
Ti-PTLs might be used.24,25 However, CCM preparation is
time-consuming and needs special equipment; hence, it is not
available in all laboratories for a fast screening test protocol.
Because of the high porosity of the PTL, vacuum filtration or
drop-casting using an ink of water and IPA as for the GDLs
preparation is not possible. A simple alternative to CCM
preparation is to use a glycerol-based catalyst ink. To
completely avoid the ink permeation into the PTL, Teflon
was sprayed on top of the PTL before drop-casting (note that

the MPL on top of the carbon fiber structure of the GDL also
contains Teflon). Furthermore, as compared with the GDL
preparation, the temperature during pressing needs to be
increased; otherwise, a poor electric connection between
Nafion membrane and PTL can lead to high resistances of
several hundred ohms. However, a homemade hot-press was
sufficient to enable the use of a PTL and achieve results
comparable to the GDL approach (see Figure 5b). Therefore,

the use of a PTL is possible in the presented GDE setup even
without specialized equipment. However, because of the
simple hot-pressing, the membrane can peel off with time at
high O2 formation rates. Additionally, because of the high costs
of the PTL, we believe that the GDL approach is more suitable
for a first activity screening.
To complete the IrO2 catalyst characterization, the temper-

ature dependency was investigated between 30 and 60 °C. In
Figure 5a, it is shown that, as expected, the OER rate increases
with temperature.26 Furthermore, comparable Tafel slopes
(38.5−45.4 mV dec−1) are observed, indicating that the OER
reaction mechanism is the same in the investigated temper-
ature range. Hence, the electrochemical activation energy EA
can be estimated assuming Arrhenius behavior. For a rough
estimation, the formal EA determined with respect to the
reference potential of the used reversible hydrogen reference
electrode (RHE) can be used (see SI). For a more precise
determination, the temperature-dependent shift of the

Figure 4. Stability measurements of IrO2/GDL applying 10 mA
mgIr

−1 for 1 h.

Figure 5. (a) Temperature-dependent OER mass activity j plotted as
Tafel plots obtained in a GDE setup applying current steps versus
VRHE. (b) The corresponding Arrhenius plot at an overpotential ηOER
of 0.25 V.
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reversible oxygen potential versus RHE needs to be
considered. This correction is also required when determining
the exchange current density j0. The precise Tafel slope allows
for an extrapolation of the linear fits to the reversible potential
to determine j0 for the OER. In conventional, potentiodynamic
RDE measurements, determining j0 for the OER is daring and
usually not pursued because an extrapolation of the measured
current densities over several orders of magnitude is required.
Error margins in the Tafel slope therefore can lead to
substantial uncertainties of several orders of magnitude. For
the determination of the temperature-dependent reversible
potential Erev,T different equations can be found (e.g., from
Parthasarathy et al.27 or from Bratsch).28 The latter contains an
approximation of the exact dependence. Determining Erev,T
using the equation of Parthasarathy et al.27 j0 of 10.6 ± 6.0, 3.5
± 1.8, 2.1 ± 1.2, and 7.2 ± 3.8 × 10−9 A mgIr

−1 are obtained
for 30, 40, 50, and 60 °C, respectively. It should be noted that
three independent samples were measured while consecutively
applying the four temperatures. Determining Erev,T following
Bratsch28 leads to comparable but slightly higher values of j0
(see Tables S2−S3). The obtained j0 are comparable to 7.3 ×
10−9 A mgIr

−2 calculated from the data reported by Lu et al.22

The limitation of the extrapolation, however, is apparent from
the increase in j0 going from 50 to 60 °C. For the
determination of EA at constant overpotential, Erev,T has been
calculated according to Parthasarathy et al.27 (see Figure S6 for
a Arrhenius plot according to the correction by Bratsch28).
The linear fit of the Arrhenius plot at an overpotential ηOER of
0.25 V (Figure 5b) leads to EA of 28.5 ± 6.6 kJ mol−1 being a
bit lower than 47 kJ mol−1 reported by Suermann et al.29 in a
PEMWE, which is mainly related to the point at 30 °C. Using
kinetic data of four temperatures certainly only allows a rough
estimation. Nevertheless, this example shows the potential of
the presented GDE approach to provide high quality data.
To sum up, we demonstrate a new strategy to test OER

catalysts in a GDE setup. The GDE setup is a more
straightforward technique than RDE10,11 and the GDE cell
can be built in any research workshop (see technical drawings
in SI). Depositing the catalyst onto a carbon GDL is suitable
for OER steady-state activity screening and allows the
determination of key kinetic data. In contrast to conventional
potentiodynamic RDE measurements, the catalyst layers
contain Nafion and exhibit realistic loadings comparable to
PEMWEs. Accurate Tafel slopes can be obtained and
extrapolated to determine the exchange current density. Even
short-term stability tests are feasible with carbon GDL, which
are cost-efficient substrates for catalyst screening. Furthermore,
the GDE setup can be used for more elaborate stability
screenings using Ti-PTLs as substrate and performing a simple
hot-pressing procedure.
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Experimental 

Chemicals, materials, and gases 

For the catalyst ink formation, dilution of the acid, and the cleaning of the GDE cell ultrapure 

Milli-Q water (resistivity > 18.2 MΩ·cm, total organic carbon (TOC) < 5 ppb) from a Millipore 

system was used. For the preparation of the catalyst inks isopropanol (IPA, 99.7+ %, Alfa 

Aesar), glycerol (sigma, for molecular biology, ≥ 99 %), commercial IrO2 (Alfa Aesar, 

Iridium(IV) oxide, Premion®, 99.99% metals basis, Ir 84.5% min, MFCD00011065) and 

Nafion dispersion (D1021, 10 wt.%, EW 1100, Fuel Cell Store) were used. 

The GDE was prepared using a Nafion membrane (Nafion 117, 183 µm thick, Fuel Cell Store), 

two carbon gas diffusion layers (GDL) (Freudenberg H23, 0.210 mm thick, Fuel Cell Store; 

with a microporous layer (MPL): Freudenberg H23C8, 0.230 mm thick), a porous transport 

layer (PTL) (Sintered titanium, Mott Corporation, USA) and Teflon (polytetrafluorethylene, 

PTFE) spray (BOLA Fluorkunststoff spray, Bohlender). The used Nafion membrane was 

always pretreated. Cutoff membranes (diameter of 2 cm) were treated in 5 wt.% H2O2 

(Hänseler, 30 min, 80 °C), rinsed with Milli-Q water, treated in Milli-Q water (30 min, 80 °C), 

again rinsed with Milli-Q water, treated in 8 wt.% H2SO4 (30 min, 80 °C) and finally rinsed 

with Milli-Q water. Afterwards the cutoff membranes were stored in a with Milli-Q water filled 

glass vial. 

The electrochemical measurements were performed using diluted 70% perchloric acid (HClO4, 

GDE: 99.999% trace metals basis, Sigma Aldrich; RDE: Suprapur, Merck) as electrolyte and 

the gas argon (Ar) or oxygen (O2) from Air Liquide (99.999 %). 

 

Gas diffusion electrode setup 

For the electrochemical measurements an in-house developed GDE setup was used. The GDE 

was placed above a flow-field of a Polychlorotrifluoroethylene (PCTFE) cell body with the 

Nafion membrane upwards. The upper cell part made of Teflon was placed above the Nafion 

membrane. Two Au pins (Conrad Electronic, 1025-M-1.5N-AU-1.5) were placed vertical 

inside the cell body and a plastic disk as base was screwed into the cell body to push the Au 

pins into the GDE. Two screws were used to enable an electric contact via Au pins to the GDE 

(i.e. working electrode (WE)). The previously stainless steel lower cell body1 was for this study 

replaced by PCTFE. The main advantages of this replacement are the higher chemical 

resistance due to prevention of corrosion of the cell body (by acid and water) that in the past 

sometimes led to iron signals during potentiodynamic measurements. While the corrosion of 
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the flow field was easily visible and could be removed by a fast grinding the rusting of the 

internal parts (from gas inlet to outlet) was really challenging. Therefore, the high chemical 

resistance of PCTFE against HClO4 is an important improvement. The only corroding 

components in the new setup are the easily replaceable Au pins. 

A platinum wire was used as a counter electrode (CE) and a reversible hydrogen electrode 

(RHE) as a reference electrode (RE). The CE was placed inside a glass capillary with a glass 

frit on the bottom to avoid the trapping of gas bubbles in the hole of the Teflon cell and thus 

helping to improve the reproducibility of the measurement. The CE inside the frit and the RE 

were placed in the upper cell part inside the electrolyte. The position of the CE was fixed with 

a holder to keep a constant position and preventing the falling out of the upper cell part. All 

potentials in this study are referred to the RHE potential. 

The Teflon upper cell body was initially cleaned by soaking it overnight in acid (H2SO4:HNO3 

= 1:1, v:v) following by rinsing and twice boiling in ultrapure water. Between measurements, 

it was boiled once in ultrapure water together with the RE, and the glass capillary.  

 

 

Figure S1. Pictures of the developed GDE setup for OER measurements consisting of a PCTFE 

cell body, two screws as contacts to the Au pins, i.e. the WE, and a PTFE upper cell body. 
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Figure S2. Technical drawing of the GDE setup. 
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Rotating disk electrode setup 

The RDE experiments were carried out in a three-electrode glass cell setup. For the 60 °C 

measurement a glass jacket cell setup was used. A trapped hydrogen RHE electrode serves as 

a RE and a platinum mesh served as CE. The RE was separated from the working compartment 

via a Luggin capillary to reduce the iR drop, whereas the CE was separated with a zirconia frit 

to prevent hydrogen crossover.  

 

Ink formation 

For RDE and the GDL film preparation the catalyst was dispersed in a mixture of Milli-Q water 

and IPA (water/IPA ratio of 3:1). For the GDE film preparation an Ir concentration of 14 mgIr 

mL-1 and for the RDE of 654 µgIr mL-1 was used. To obtain a suitable dispersion the mixture 

was sonicated for 10 min in a sonication bath (inks for GDE) or horn sonicator (inks for RDE). 

Nafion was added to the ink for the GDE to reach 10 wt.% with regard to the catalyst and the 

dispersion was again sonicated for 10 min in a sonication bath. 

For the PTL film preparation the catalyst was dispersed in a glycerol ink using a concentration 

of 28 mgIr mL-1. 2.5 g glycerol and 69.5 µL of Nafion (to reach 10 wt % with regard to the 

catalyst) were stirred (680 rpm) for 30 min (glass vial was covered in aluminum foil). 46.5 mg 

of catalyst and 1.75 g of the glycerol-Nafion mixture was stirred (1200 rpm) for 30 min (glass 

vial was covered in aluminum foil). 

 

Catalyst film preparation  

Vacuum filtration and pressing of GDE 

The Freudenberg H23C8 carbon gas diffusion layer (GDL) was placed between a glass funnel 

and a sand core filter (diameter 1.5 cm) in a vacuum filtration setup. This was placed on a 

collecting bottle as described by Yarlagadda et al.2 0.506 (0.253, or 0.126) mL of the inks of 

the commercial catalyst were diluted with 3.155 (1.580, or 0.789) mL of Milli-Q water and 

10.476 (5.238, or 2.620) mL of IPA (water-IPA ratio of 1:3, Ir concentration of 0.5 mgIr mL-

1). The mixture was sonicated for 1 min. The diluted ink was filled in a funnel. A membrane 

water pump was used to deposit the catalyst on top of the GDL. The GDE was dried at least 

overnight on air. By this procedure theoretical Ir loading of 4 (2, or 1) mgIr cm-2
geo was 

generated.  

The Nafion membrane was pressed on top of the GDE: A Teflon or paper sheet was placed on 

top of a Teflon block and afterwards a GDL with MPL (Ø 2 cm with hole of Ø 3 mm) and the 

catalyst deposited on the GDL by vacuum filtration (Ø 3 mm) into the hole. A Nafion 
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membrane (to avoid later the leaking of the electrolyte into the GDE) was rinsed with Milli-Q 

water, dried and followed by a second Teflon sheet and a second Teflon block placed on top. 

Everything was placed between two metal blocks and the pressing was performed at 2 tons for 

10 min. Afterwards the pressed GDE was placed on top of the GDL without MPL (Ø 2 cm) in 

the cell body (see Figure S3). The second GDL was not pressed together with the other parts 

of the WE as sometimes it stuck to the Teflon sheets leading to nonuniform thicknesses of the 

GDLs. The additional GDL was placed so that the WE (of 3 mm diameter) remained in position 

and did not fall down what would lead to a loss in connection. As the WE was only pressed but 

not under increased temperature (i.e. no hot-pressing) in previous experiments it sometimes 

did not stay in the middle of the hole of the upper GDL. 

 

 

Figure S3. Illustration of the arrangement of the GDLs used in this study 

 

Film preparation with PTL 

Teflon spray was sprayed on PTL cutoffs (Ø 2 cm) and dried under a hood. Afterwards 2.52 

µL of 28 mgIr mL-1 of the glycerol-based ink was drop casted in the middle of the PTL disk 

and placed on a glass petri dish for 13.5 h at 135 °C in an oven. 

The Nafion membrane was pressed in a simple homemade hot-pressing setup on the PTL: An 

aluminum foil was placed in a metal autoclave reactor, the Nafion membrane on top of the PTL 

(catalyst film upside) and a second aluminum foil was added. The pressing was performed by 

pressing a metal piece on top of the aluminum foil with a metal screw-tube combination by 

closing three screws of the metal cap. The pressing setup was placed for 5 min on a hot plate 

of 135°C.  

 

RDE film preparation 

The alkaline ink was mixed for 5 min using an Ultra Turrax (IKA, T18 digital) at 20’000 rpm. 

14.98 µL of the ink were drop casted onto the glassy carbon (GC) disk to achieve a theoretical 
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loading of 50 µgIr cm-2
geo. The electrodes were then dried under humidified (H2O/IPA ratio of 

3:1) Ar flow.  

 

Electrochemical measurements 

Electrochemical measurements in GDE setup 

For the electrochemical measurements, a computer controlled parallel potentiostat (ECi-242, 

NordicElectrochemistry ApS) was used. The gas was humidified by passing a bubbler filled 

with Milli-Q water and the gas inlet was connected to the cell body. The gas flow rate was 

determined with a mass flow controller (7000 flowmeter, Ellutia Chromatography Solutions). 

As electrolyte 4 M HClO4 aqueous solution were used in the upper Teflon compartment of the 

GDE and different temperatures (30, 40, 50, or 60 °C) were applied using a fan in an isolated 

Faraday cage. After assembling the setup, one or two cyclic voltammograms (CV) were 

recorded while purging the electrode with humidified gas (with a scan rate of 10 mV s-1, 1.2-

1.6 VRHE) to check if the assembling of the cell was successful. Afterwards humidified gas was 

purged for 10-20 min to reach the desired temperature before starting any experiments. For 

guaranteeing the complete oxidation of the Ir based catalyst the electrode potential was hold at 

1.6 VRHE
 for 5 min. Before starting the measurement, a current of 1 mA mgIr

-1 was applied for 

5-10 min. The measurement series consisted of current steps with 2 or 5 min holding per 

current. Different current densities were applied: 1, 2.5, 5, 7.5, 10, 12.5, 15, 20, and 25 mA 

mgIr
-1 for temperature dependent measurements (30-60 °C); 1, 5, 10, 20, 30, 40, 50, 60, 70, 85, 

100, 125, and 150 mA mgIr
-1 for 60 °C measurements (O2 vs. Ar atmosphere, GDL vs. PTL 

substrate); 0.25, 1.25, 2.5, 5, 7.5, 12.5, and 17, 5 mA mgIr
-1 for 40 °C measurements in Ar. The 

resistance during the measurement was determined online using an AC signal (5 kHz, 5 x 10-5 

A)3. The activity was analyzed of the iR corrected data averaging the potential of the last 60 s 

(of 2 min holding) or last 100 s (of 5 min holding) of each current step. Each measurement was 

repeated three times with a new WE and setup. 

 

Electrochemical measurement in RDE setup 

The potential and current are measured with a computer controlled potentiostat. As standard 

an electrolyte of 0.1 M HClO4 was used.  

Care needs to be taken to keep the electrochemical cell clean. A suitable procedure is to store 

in between the experiments the glassware in acidic 1 g L-1 KMnO4 solution. Prior to the 

experiments this solution is removed, and the glassware rinsed with a diluted H2SO4/H2O2 
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solution to remove residual MnO2. Finally, the glassware is boiled three times in ultrapure 

water. 

During measurement, the cell is degassed by bubbling O2 through the solution for 20 minutes 

prior to the start of the experiment. This O2 flow is also maintained throughout the whole 

experiment. The WE is inserted into the solution under potentiostatic control at 1.0 VRHE.  

As the potentiostat has an active iR compensation scheme such as positive feedback, the iR 

drop in the cell is adjusted first. For this the potential is kept at 1.0 VRHE, and the impedance 

resistance at 5 kHz with 5 mV amplitude is measured. This measured resistance is then reduced 

to 5 ohms by adjusting the feedback loop of the potentiostat. Afterwards an electrochemical 

impedance spectrum (EIS) is taken between 1 Hz to 50 kHz with an amplitude of 5 mV to 

evaluate the apparent solution resistance. If the potentiostat has no active iR compensation only 

the latter step (EIS) is taken. The solution resistance from the impedance spectrum is employed 

to post-correct the data for the iR drop.  

In the following step the electrode is activated by holding it at 1.65 VRHE for 10 minutes at a 

RDE rotation of 3600 rpm. This activation is important to completely oxidize the catalyst and 

avoid additional oxidation current during OER evaluation that could be misinterpreted as 

activity.  

The rotation is maintained until all electrochemical experiments are finished. After the 

activation, 5 consecutive CV cycles at 10 mV s-1 between 1.0 and 1.6 VRHE. When the CVs 

were finished, a potentiostatic experiment is performed, in which each potential is hold for 2 

minutes. The potentials are: 1.0, 1.1, 1.2, 1.3, 1.4, 1.45, 1.475, 1.5, 1.525, 1.55, 1.575, 1.6, 

1.575, 1.55, 1.525, 1.5, 1.475, 1.45, 1.4, 1.3, 1.2, 1.1, 1.0 VRHE. Following this experiment 3 

CV cycles between 1.0 and 1.6 VRHE are measured at 10 mV s-1. 

 

Characterization 

Determination of the OER overpotential 

For temperature dependent measurement the potential versus RHE was converted to the OER 

overpotential:  

η
OER

 = Erev,T - ERHE 

For the determination of the reversible potential the equation of Parthasarathy et al.4 was used 

(calories were converted into joules) with T as temperature (in K), n = 2 transferred electrons 

to produce one mol of water, F as Faraday constant: 

Erev,T = 
- ∆G

0

n F
 = 

295600 + 33.5 T ln(T) - 388.4 T

n F
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X-ray photoelectron spectroscopy (XPS) 

XPS was performed on a Kratos Axis Supra spectrometer using monochromatic Al Kα radiation 

at an energy of 1486.6 eV. The spectra were recorded at a total power of 225 W, 15 kV and 15 

mA anode current. Pristine IrO2 catalysts were drop-casted on a copper tape in a floating mode 

on a stainless-steel sample bar and then outgassed during overnight in an ultrahigh vacuum 

chamber so that the pressure in the chamber during the analysis was less than 1.0×10-8 Torr. 

The catalyst coated GDEs with a loading of 2 mgIr cmgeo
-2 after activity measurement were 

grinded into powder by a mortar and pestle and drop-casted the same way as the raw catalysts 

for the XPS analysis. The narrow Ir 4f spectra were collected using a step size of 0.05 eV, a 

pass energy of 20 eV and the represented data are the average of 10 recorded spectra. All the 

binding energy values are corrected using the carbon signal (C 1s = 284.8 eV). 

 

Scanning electron microscope (SEM) and energy-dispersive X-ray spectroscopy (EDS) 

After performing the oxidation step of the catalyst with a loading of 2 mgIr cmgeo
-2, a circle of 

5 mm was punched around the GDE as described before.5 The dried sample was detached from 

the Nafion membrane and fixed with Cu-adhesive tape (3M #1182 electrical tape) on the 

sample holder. Before cutting with a scalpel the coated GDL was dipped for 10 s in liquid 

nitrogen. 

The measurements of the cross-section were performed on a Zeiss GeminiSEM 450 using 

SmartSEM 6.05 software with EDS Photodetector Ultim max 65 from Oxford instruments 

using AZTec 4.2 software. As scan parameters for the EDS maps a WD (working distance) of 

8.8 mm, accelerating voltage of 15 kV and a probe current of 200 pA were used. 

 

Transmission electron microscopy (TEM) 

TEM was performed using a Jeol 2100 microscope operated at 200 kV. The sample was 

prepared by drop casting a dispersion of the IrO2 catalyst on carbon coated copper grids (300 

mesh grids, Quantifoil) and dried in air at room temperature.  
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OER activity measurements 

GDE and RDE data 

 

Figure S4. The three repetitions of the galvanostatic measurements of the commercial IrO2 in 

the GDE setup applying current steps under humidified (a) Ar at different flow rates at 40°C, 

(c) O2 at 60 °C, (d) Ar at 60 °C, (e) O2 at 60 °C using a Ti-PTL, and (f) O2 in T dependent 

measurements (the breaks in the t axis is due to the heating up to higher T). (b) The 

corresponding OER mass activity j plotted of the different flow rates as Tafel plots (using the 

average of the iR corrected potential of the last 100 s of every step is defined as OER activity). 

Unless specified otherwise differently C based GDLs were used as substrate. 
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Figure S5. Five consecutive scans of linear scanning voltammetry (LSV) in RDE setup using 

the IrO2 catalyst at 30 °C as compared to 60 °C. 
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Tafel plot determination 

The Tafel slope was obtained from the slopes of the linear fit in the J(E) plots. For the 

determination of the Tafel slope in Error! Reference source not found. the data of the three (

GDE) repetitions (not the average of all measurements) were used. The Tafel slope at 60 °C 

was determined for the RDE results out of current densities between 0.8-100 mA mgIr
-1 and in 

the GDE (GDL: O2 and Ar; PTL: O2) up to 40 mA mgIr
-1. The deviation of the Tafel slope was 

obtained from the error of the slope.  

The linear fits from the three repetitions in the Tafel plots were used for the determination of 

the activity at a certain potential. 

 

Table S1. Tafel slopes of the GDE measurements of the IrO2 catalyst depending on the flow 

rate, gas atmosphere, substrate, and temperature. 

Substrate 
T 

/ °C 

Gas 

atmosphere 

Loading 

/ mgIr cm-2
geo 

Flow rate 

/ mL min-1 

Tafel slope 

/ mV dec-1 

GDL 40 Ar 4 10 - 

GDL 40 Ar 4 40 40.2 ± 0.5 

GDL 40 Ar 4 80 41.8 ± 0.7 

GDL 40 Ar 4 120 41.9 ± 1.5 

GDL 40 Ar 4 190 39.9 ± 1.0 

GDL 60 O2 1 40 41.1 ± 4.8 

GDL 60 Ar 1 40 50.3 ± 6.7 

PTL 60 O2 1 40 44.5 ± 15.9 

GDL 30 O2 1 40 45.4 ± 1.0 

GDL 40 O2 1 40 41.5 ± 1.0 

GDL 50 O2 1 40 38.5 ± 1.1 

GDL 60 O2 1 40 40.7 ± 1.5 

      

In the Figures 3 and 5 of the Tafel plots the average of three measurements are shown.  
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Exchange current density and activation energy 

The linear fits from the Tafel plots of all three repeats, see  

Table S2, were used to determine the current density at the reversible potential. First a constant, 

temperature independent, reversible potential of Erev=1.23 V was assumed. Additionally, the 

temperature dependent reversible potential was determined by Parthasarathy et al.4  and by an 

equation of Bratsch6, see Table S3. The reported exchange current densities in Table S3 are the 

averaged values and standard variation of the three repeats. 

 

Table S2. Intercept and slope determined by the linear fits in the Tafel plot from the three 

repeats of the temperature dependent measurements in the GDE setup. 

T / K Intercept = VRHE Slope = VRHE log(J)-1 

303.15 

1.4543 ± 0.0011 0.0436 ± 0.0011 

1.4515 ± 0.0014 0.0450 ± 0.0014 

1.4473 ± 0.0014 0.0476 ± 0.0014 

313.15 

1.4438 ± 0.0016 0.0421 ± 0.0016 

1.4442 ± 0.0007 0.0394 ± 0.0007 

1.4389 ± 0.0010 0.0429 ± 0.0011 

323.15 

1.4287 ± 0.0012 0.0403 ± 0.0012 

1.4261 ± 0.0010 0.0399 ± 0.0010 

1.4288 ± 0.0004 0.0351 ± 0.0004 

333.15 

1.4115 ± 0.0011 0.0414 ± 0.0012 

1.4073 ± 0.0011 0.0427 ± 0.0011 

1.4075 ± 0.0006 0.0379 ± 0.0007 
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Table S3. The exchange current densities determined from the different reversible potentials 

for the four temperatures obtained from the averaged log (j) of the three repeats.  

Method to 

determine Erev 

T 

/ K 

Erev 

/ VRHE 

J0 

/ 10-9 A mgIr
-1 

Parthasarathy et al.4 

303.15 1.2224 10.6 ± 6.0 

313.15 1.2140 3.5 ± 1.8 

323.15 1.2056 2.1 ± 1.2 

333.15 1.1972 7.2 ± 3.8 

Bratsch6 

303.15 1.2249 12.0 ± 6.7  

313.15 1.2164 4.1 ± 2.0 

323.15 1.2080 2.4 ± 1.3 

333.15 1.1995 8.2 ± 4.3 

Constant Erev 

303.15 1.23 15.5 ± 8.6 

313.15 1.23 8.5 ± 4.1 

323.15 1.23 8.7 ± 4.6 

333.15 1.23 44.2 ± 20.6 

 

Afterwards the temperature dependent Tafel plots of each repetition is used to determine log(J) 

at the reversable potential Erev = 0.25 V assuming a constant Erev and additionally the 

temperature dependent Erev values from Table S4 were used. The average of log(J) at the 

standard deviations of the three repeats are plotted against the inverse temperature as Arrhenius 

plot, see Figure S6. The product of the temperature T and the logarithm of the exchange current 

density log(J) was used to determine with the gas constant R the activation energy EA (in kJ 

mol-1) at the reversible potential by: 

EA = - 2.3 10
-3

 T R log(j) 

The deviation of the activation energy was determined from the error of the slope “b” of the 

linear fit by error propagation via: 

|
∂EA

∂b
| ∆b = |

∂

∂b
(-2.3 R b)| ∆b = |-2.3 R| ∆b 
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Table S4. Averaged values of log(J) from the Tafel plots at an overpotential of 0.25 V using 

the OER overpotential from the temperature dependent measurements in the GDE setup and 

Arrhenius plot to determine the activation energy. 

Method to 

determine 

Erev 

T 

/ K 

η=0.25 V  

/ VRHE 

log(j / mA mgIr
-1) 

at η=0.25 V 

Arrhenius plots η=0.25 V 

T log(J) 

/ K 

EA 

/ kJ mol-1 

Parthasarathy 

et al.4 

303.15 1.4724 0.4695 ± 0.0457 

-1492.3 

± 346.0 
28.5 ± 6.6 

313.15 1.4640 0.5218 ± 0.0439 

323.15 1.4556 0.7231 ± 0.0408 

333.15 1.4472 0.9479 ± 0.0763 

Bratsch6 

303.15 1.4749 0.5240 ± 0.0438  

-1494.3 

± 338.0 
28.6 ± 6.5 

313.15 1.4664 0.5810 ± 0.0429 

323.15 1.4580 0.7855 ± 0.0437 

333.15 1.4495 1.0038 ± 0.0786 

Constant Erev 

303.15 1.48 0.6370 ± 0.0397 

-3509.7 

± 464.2 
67.1 ± 8.9 

313.15 1.48 0.9091 ± 0.0385 

323.15 1.48 1.3610 ± 0.0757 

333.15 1.48 1.7555 ± 0.1123 

 

 

Figure S6. Arrhenius plot of the temperature dependent measurements at the OER overpotential 

η = 0.25 V. The reversible potential was determined by the equation of Parthasarathy et al.4 

(black), Bratsch6 (red), or a constant value of 1.23 V (blue) was used. 
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XPS and TEM measurement 

 

Figure S7. (a) XPS measurements of the binding energy of the IrO2 catalysts, pristine (solid 

line) and after OER (dash line). The Ir 4f signals of Ir0, IrO2, and IrOx are marked by the black 

dash lines.7,8 (b) TEM micrograph of the IrO2 catalyst. 

 

The XPS data of the pristine catalyst (before the activation and activity measurement) shows 

that the IrO2 only contain iridium oxide IrOx (62.3 eV due to Pfeifer et al.7) and not metallic 

Ir0 (60.8 eV due to Freakley et al.8), see Figure S7a. As expected after the OER performance 

(including the activation step before) no change in oxidation state was observed.  
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