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The development of efficient electrocatalysts for fundamental 

research and research-and-development requires identifying, 

understanding and ultimately tuning key experimental parameters. 

This goal is achieved by performing systematic studies where only 

one of the multiple parameters influencing the catalytic properties 

is studied at a time, independently of the others. Even though a 

systematic investigation of catalyst properties can be tedious and 

time consuming, it provides deep and significant insights into 

catalyst design to improve catalytic activity, selectivity and/or 

stability. A toolbox concept developed along the years based on 

surfactant-free colloidal syntheses is here detailed. It is stressed 

how this toolbox approach leads to a better understanding of 

catalyst properties with the examples of platinum nanoparticles for 

the oxygen reduction reaction (ORR) and iridium nanoparticles for 

the oxygen evolution reaction (OER). 

 

 

Introduction 

 

As our understanding of electrocatalyst design progresses, it becomes clear that 

developing optimal catalysts requires finding a fine balance between multiple 

interdependent parameters. The design of nanoparticle electrocatalysts is a good example. 

For illustration, the various steps needed from synthesis to testing of an electrocatalyst 

are given in Figure 1. Certainly, the nature of the catalysts, i.e. its composition, is key to 

achieve certain performance. For instance Pt is a well-studied catalyst for the oxygen 

reduction reaction (ORR), a key reaction to optimize for the development of fuel-cells,1 

whereas Ir is the preferred catalyst to date for the oxygen evolution reaction (OER) at the 

core of electrolyzers.2 Due to the limited availability of these precious metal resources, 

developing nanomaterials and in particular nanoparticles has proven to be an efficient 

strategy, to achieve higher surface-to-volume ratio and thus an optimized use of surface 

atoms, directly leading to improved mass activities. The size or morphology of the 

nanoparticles was found to be crucial to further control their activity. However, 

controlling the synthesis of nanoparticles is only the first step of a multi-parameters 

process before an electrocatalyst is tested.  

 

 



 
 

Figure 1. Schematic illustration of the various steps required to test a catalyst in the 

toolbox approach. The example of a Pt based catalyst for the ORR is used. 

 

The method used to produce the nanoparticles will play a significant role and influences 

the catalyst properties. An extra degree of complication is reached when the nanoparticles 

are supported, e.g. on conductive carbon supports to develop electrodes.3 The way the 

supporting step is performed as well as the nature of the support selected will influence 

the properties of the catalyst. The design of the supported catalyst will further influence 

the properties: e.g. the metal loading, i.e. the interparticle distance, will influence the 

catalytic properties. For standard electrochemical testing, an ‘ink’ is made out of the 

supported catalysts re-dispersed in a solvent, typically in presence of a polymer. The 

nature of this solvent will influence the ink quality which will in turn influence the 

quality of the catalyst film preparation and ultimately the conclusions drawn from any 

study during testing. A final step then comes with the actual electrochemical testing, 

which calls for investigating many more parameters such as nature and concentration of 

the electrolyte, temperature, approach/technique of electrochemical tests performed etc.4 

The method and setup used to test the catalyst will bring different information. Rotating 

disk electrodes (RDE) measurements have been preferred to test electrocatalysts since 

they require little amount of materials whereas tests in membrane electrode assembly 

(MEA) are closer to industrial applications. New approaches to test catalyst, e.g. 

requiring less material than MEA but providing more realistic conditions than RDE are 

needed like the recently introduced gas diffusion electrode (GDE) set up.5-7 The 

development of new techniques to test electrocatalyst therefore also falls in the 

development of the toolbox approach presented here.3, 8 

 

     In a first section the importance of surfactant-free syntheses at the core of the toolbox 

is presented. Based on such synthesis approach, the examples of systematic studies of Pt 

nanoparticle supported on carbon (Pt/C) is detailed for the ORR in a second section. Such 

studies include the effect of various parameters like interparticle distances, size effects, 

effects of ink preparation or influence of ionomer quantities on activity and stability of 

the nanoparticles. In a third section, a more detailed focus is given to methods developed 

to characterize the nanoparticles, in particular regarding simply evaluating the mass 
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activity as well as electrochemical setups for improved testing. Finally, the more recent 

example of Ir nanoparticles developed following the general toolbox approach is 

addressed. Overall, the results presented highlight the benefits and the rewarding strategy 

of the toolbox introduced. 

 

 

Surfactant-free syntheses 

 

The need for surfactant-free nanoparticles 

 

     A first approach to study catalysts is to use commercially available nanomaterials.4, 9 

However the range of size, metal loading, nature support and their combination thereof is 

limited by the offer from suppliers. In addition, a detailed knowledge on the synthesis 

method is limited and therefore drawing conclusions for the possible effects of the 

synthesis of the catalyst on the electrocatalytic activity is challenging to elucidate. A 

preferred approach illustrated in Figure 1 is therefore to systematically develop 

homemade catalysts. Fortunately, a range of methods have been reported especially based 

on wet-chemical syntheses.10 Such syntheses typically proceed by reduction of metal salt 

like H2PtCl6 or IrCl3 to give Pt or Ir nanoparticles respectively.11 In many cases a support 

material is added directly during synthesis. However this approach can lead to limited 

control over nanoparticle size and loading. For instance in the popular polyol synthesis, 

smaller nanoparticles are obtained at high NaOH concentration in ethylene glycol.12 At 

high NaOH concentration, a carbon support is negatively charged and electrostatic 

repulsion between support and nanoparticles prevent reaching a high loading of 

nanoparticles.13 In addition, the influence of the support properties on the formation of 

nanoparticles in this one-pot approach renders studies of the effect of support challenging. 

 

     In order to investigate separately synthesis-related effects and support-related effects, 

colloidal syntheses are ideal ‘tools’ in the frame of the toolbox. In most colloidal 

syntheses, the need for surfactants is stressed to avoid nanoparticle agglomeration.14 An 

optimized nano-electrocatalyst should offer a high surface of electrocatalytic active 

atoms: a high electrochemically active surface area (ECSA). This means that the 

surfactants need to be removed since they play their role of stabilizer by directly 

interacting with the surface atoms and so they prevent the reactants to access the catalytic 

surface,14 as illustrated in Figure 2. Removal steps include acid treatments, heat 

treatments, ozone treatments, are usually only partly successful and can lead to changes 

in the structure of the as-prepared nanoparticles and/or alter the support properties.15, 16 

The steps of surfactant-removal therefore add complexity and introduce irreproducibility 

in catalyst development. It is therefore promising to focus the development of systematic 

studies using surfactant-free colloidal syntheses. 

 

 

 



 
 

Figure 2. Schematic illustration of the benefits of surfactant-free nanoparticles vs. 

surfactant removal. 

 

Surfactant-free colloidal nanoparticles 

 

    Since 2000 and the work of Wang et al.12 it is well established that surfactant-free 

colloidal precious metal nanoparticles are obtained in alkaline ethylene glycol without the 

need for additives. The stability of the colloids obtained can be attributed to the high 

viscosity of the solvent playing the role of reducing agent and stabilizer. In addition CO 

groups are formed during solvent oxidation and these simple groups ensure the colloidal 

stability of the nanoparticles.17 Following this approach, a range of catalysts were 

developed along the years. Conveniently, the synthesis can be performed in different 

ways including heat treatments,12 room temperature synthesis,18 using UV-light19, 20 or 

microwave reactors.1 The nanoparticle size is easily tuned by controlling the NaOH/Pt 

molar ratio and smaller nanoparticles are produced at higher NaOH/Pt molar ratio.1 The 

nanoparticles can even be dried and easily re-dispersed in various solvents.21 In order to 

be properly immobilized on a support, an ‘acid wash’ is needed to flocculate, centrifuge 

and collect the nanoparticles. After collection, the nanoparticles are easily re-dispersed in 

acetone in presence of a support material. By simple sonication, the acetone can be 

removed and the nanoparticles supported on various materials. A main drawback for this 

approach is the generation of chemical waste during the acid wash and the need for 

acetone during the particle immobilization. This approach is however perfectly suitable 

for fundamental studies as detailed below, yet it prevents exploiting the results from 

systematic studies in the larger scale production of catalysts with this same synthesis 

method. 

 

     An important tool in the toolbox is therefore the addition of novel surfactant-free 

synthesis methods. In this respect, the synthesis of readily active surfactant-free 

nanoparticles in alkaline methanol by the so called Co4CatTM process represent a 

significant advancement.11 Readily active nanoparticles are obtained by reduction of 

precious metal precursors in alkaline methanol or ethanol. The synthesis is performed at 

relatively low temperature, i.e. < 80 °C vs. 160 °C for the polyol synthesis. CO groups on 

the surface of the nanoparticles account for the stability of the negatively charged 

nanomaterials.22, 23 By using low boiling solvents, there is no need to flocculate the 

nanoparticles (no acid wash needed) and the nanomaterials can be simply drop casted on 

various conductive supports like carbon to develop electrodes. A simple evaporation 

process using for instance rotary evaporator allows producing in relatively large scale 

readily active supported catalysts. Due to the absence of surfactant and simple handling 

of the nanoparticles, the catalysts obtained by this method show superior activity 

compared to state-of-the art or industrial catalysts.11   
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Systematic studies: Pt nanoparticles for the ORR 

 

     Pt nanoparticles are important catalysts in various chemical reactions. In particular 

they are widely investigated for the ORR, key reaction in proton exchange membrane 

fuel cells (PEMFCs), given in equation [1] below.1 In order to optimize the activity of the 

catalyst a complex interplay between size, metal loading, nature of support and ink 

preparation influences the resulting activity and stability of supported catalysts. Using the 

polyol surfactant-free synthesis, various parameters were investigated in systematic 

studies illustrated in Table I.  

 

O2 + 4 H+ + 4 e-   2 H2O E0=1.23 V   [1] 

 

 
TABLE I.  Overview of systematic studies performed using the toolbox approach with Pt 

nanoparticles for the ORR in acid 0.1 M HClO4. 

Reference Parameters Main findings 

3 Support, Ionomer HNO3 treatment and use of ionomer improves catalyst preparation 

24 Loading, Support Particle proximity effect on high surface area carbon  

Decreasing interparticle distance leads to higher activity 

25 EC tests Different degradation mechanisms explain performance loss  

26 Support, EC tests The extend of ECSA loss depends on the carbon support  

and EC tests 

27 Loading, Support 

EC tests 

Higher loadings lead to higher ECSA loss for some EC tests 

The extend of ECSA loss depends on the carbon support 

28 Loading, Support, 

EC tests 

Different degradation mechanisms explain performance loss 

1 Size Higher oxophilicity of smaller nanoparticles  

High activity compared to commercial catalysts 

29 Ionomer  
Loading, Support 

A fine balance  between the different parameters leads to 
significant increase of the catalyst activity 

30 Ink pH, Support Alkaline inks lead to better film formation which affects the 

measured activity without affecting the ECSA 

 

 

Support effects 

 

     Comparing different high surface area (HSA) carbons used as support and different 

treatments, it was found that acid treatment with HNO3 favored a uniform dispersion of 

the nanoparticles onto the carbon support.3
 This was attributed to the presence of oxygen 

groups serving as anchoring point for the nanoparticles. The addition of ionomer leaded 

to catalyst showing activity comparable to industrial catalysts.3 It was also shown 

comparing Vulcan XC72R and Ketjenblack EC-300J carbon supports that higher ECSA 

loss where observed on the Vulcan samples, stressing the influence of different physical 

properties of the support.26, 27 These results stress the need for careful consideration of the 

support material for supported catalyst design. It also stresses the need to know as much 

as possible the properties of well characterized support materials. 

 

Loading effects 

 

     First using size selected clusters,31 it was found that the distance between 

nanoparticles strongly affects the electrocatalytic activity. For supported catalysts on 



HSA carbon, the interparticle distance can be controlled by controlling the metal loading. 

A higher loading leads to a shorter interparticle distance. By controlling the mass ratio of 

colloidal nanoparticles and support during the supporting step, the metal loading is easily 

controlled in the range 5-80 wt.%. The interparticle distance can then be successfully 

investigated.24 By achieving high platinum loading, i.e. decreasing interparticle distance 

without aggregation of the particles, the mass activity of the catalyst can be significantly 

increased: both surface area and mass specific activities increase by a factor ca. two from 

low to high Pt loadings. In addition, ongoing work indicates that Pt dissolution is also 

affected by the interparticle distance.  

The toolbox allows also comparing the influence of Pt on the carbon corrosion. Using 

Raman spectroscopy, the same pronounced peaks at 1730 cm-1 indicating carbon 

corrosion  were observed on a Vulcan carbon support with and without immobilized Pt 

nanoparticles.26 These results indicate that a proposed catalytic effect of Pt on carbon 

corrosion32 can only be very localized.  
 

Electrochemical testing 
 

     Comparing different commercial Pt/C catalysts it was shown by identical location 

transmission electron microscopy (IL-TEM) that the observed degradation mechanisms 

tend to be influenced by (undisclosed) synthesis procedures. Therefore direct correlations 

between selected, individual characteristics of the catalyst can be misleading.9 Also the 

applied testing protocol influences the result. Following the recommendation of the Fuel 

Cell Commercialization Conference of Japan,33 the effect of different electrochemical test 

protocols was studied using a Pt/Ketjenblack catalyst at a loading of 30 wt.%. Again, 

different degradation mechanisms were observed using IL-TEM.25 In tests mimicking 

load cycles, migration and Pt dissolution were the main cause of surface area loss. In 

conditions mimicking start/stop conditions, nanoparticle detachment from the support 

became a major issue as well. Thanks to the flexibility of the toolbox, complementary 

studies are ongoing using on-line inductively coupled plasma mass spectrometry (ICP-

MS) to elucidate mass-specific dissolution trends and their possible loading and size 

dependence. 

 

Size effects 

 

     Despite size being a key parameter to control for nanomaterials, it is only recently that 

a reliable size control was achieved in the surfactant-free polyol synthesis.1 As opposed 

to approaches using water to achieve size control, the NaOH/Pt ratio rather than the ‘pH’ 

was found to be a good descriptor to control the particle size. Catalysts showing high 

mass activity compared to commercial catalysts with the same size and loading (50 wt.%) 

were then obtained by the toolbox approach. A mass activity of 922 ± 223 A.gPt
-1 was 

obtained with 2.1 ± 0.6 nm prepared nanoparticles whereas a commercial catalyst with 

2.2 ± 0.6 nm leads to 680 ± 70 A.gPt
-1. As the nanoparticle size increases from 2 to 5 nm, 

a decrease in mass activity is observed, i.e. the increase in specific activity (rate per 

surface area) with increasing size cannot compensate for the loss in ECSA. Compared to 

previous investigations, the significance of the particle size effect (increase in specific 

activity with increasing particle size) on the ORR was significantly smaller in this study. 

This was attributed to the fact that previously catalysts with different Pt loadings were 

compared, i.e. multiple parameters were changed at the same time. Low Pt loadings on 

the carbon support not only lead to a lower intrinsic ORR activity, but also to an increase 

in capacitive currents that need to be subtracted in the evaluation of the activity. The 



particle size effect can be rationalized by the higher oxophilicity of smaller Pt 

nanoparticles, which is apparent by a shift of the oxide reduction peak of Pt to lower 

potentials. Combined with the previous demonstration of loading effects, these studies 

call for future work where size and interparticle distances can be studied simultaneously.  

 

Ink preparation  

 

     Based on RDE experiments, the ionomer (e.g. Nafion) commonly used for PEMFCs 

was shown to influence both the Pt utilization and the apparent kinetic current density of 

ORR.8 An optimum performance requires a careful optimization for the catalyst:  

interplay between Pt loading, support and amount ionomer (up to 45 wt.% in the ink). If 

such optimization is reached a performance increase of ca. 50% can be achieved. This 

investigation stresses the important of the toolbox were parameters that one could 

consider more related to an engineering design than a catalyst design can easily be 

addressed. 

 

     To ensure reproducibility within and between studies, well detailed protocols are 

needed.34 In this respect the toolbox was successfully used to show a strong effect of the 

pH on the catalyst ink preparation and its dispersion stability.30 For electrochemical 

testing ‘thin films’ of catalyst are typically needed to be formed onto conductive 

electrode materials prior to electrochemical characterization and testing. Temperature of 

drying, kinetics of the drying process, the drying environment (e.g. atmosphere 

composition, humidity etc.) are all examples of parameters that can influence the 

homogeneity of the obtained catalyst films and therefore their determined catalytic 

activity. In the toolbox, the type the solvent selected for the ink can be controlled and the 

influence of parameters like different ratio of different solvents or the pH can be 

systematically studied. It was shown that a significant improvement in activity could be 

achieved by careful control of the ink properties. An improvement by a factor five in 

activity could be achieved for the same catalyst (same nanoparticle size, same metal 

loading, same support) if the pH of the ink is carefully adjusted.30 This effect is illustrated 

in Figure 3 where the specific activity of the catalyst increased as the pH of the ink 

increases for two homemade catalysts prepared on carbon Vulcan and Ketjenblack. The 

ECSA however was not affected by the ink pH. This can be related to the fact that higher 

mass and specific activities rely on O2 mass transport within the catalyst films. 

Interestingly, this influence of pH of the ink was not observed for commercial catalysts 

since the as prepared inks already had high pH values. This difference stresses the need 

for careful systematic studies of nanoparticles and more general toolbox approaches. 

 



 
 

Figure 3. Influence of pH of catalyst inks on SA at 0.9 VRHE ECSA: (a,b) homemade 50 

wt.% Pt/Vulcan catalyst, (c,d) the homemade 50 wt.% Pt/Ketjen catalyst, (e,f) 

commercial 46 wt.% Pt/C catalyst (TKK). Reprinted from [30], Copyright (2020), with 

permission from Elsevier. 

 

 

 



Development of new characterization and testing methods 

 

     In order to ensure a high output in the screening of catalysts, efficient characterization 

techniques are an ideal additions to the toolbox. Dynamic light scattering (DLS) as well 

as zeta potential measurements were found to be well-suited to rapidly yet reliably 

evaluate the stability of the catalyst ink.30 Estimating the actual mass of metal supported 

on carbon is key to properly evaluate the mass activity of the catalysts.34 This estimation 

is typically performed by thermogravimetic analysis (TGA),35 inductively-coupled 

plasma mass spectrometry (ICP-MS)27 or atomic absorption spectroscopy (AAS) coupled 

to MS.36 To overcome the limitations related to the use of these techniques (i.e. access to 

specific equipment, relatively long time for analysis, safety etc.), a UV-vis titration and 

indirect Pt proof (IPP) methods have been developed allowing rapid characterization of 

the metal loading in most laboratories.37 It was found in this study that here again 

different results were obtained on commercial catalysts and homemade catalysts for the 

same characterization techniques. This was attributed to the complex interplay between 

synthesis routes (unknown for commercial catalysts) and the characterization methods. In 

particular the IPP approach based on complexation of Pt ions with 

ethylenediaminetetraacetic acid (EDTA) and Cu2+ ions was found to be more reliable 

than alternative quantification including ICP-MS. The addition of the IPP method to the 

toolbox offers flexibility in material design and more accuracy in evaluating the mass 

activity of Pt/C catalysts. 

 

     The electrochemical characterization of supported catalysts itself offers room for 

improvement. New ways to test electrocatalysts is therefore an important part of the 

toolbox. In this respect, setups to perform measurements at elevated pressures and 

temperatures were developed.38, 39 More recently a versatile GDE setup was introduced5 

and is illustrated in Figure 4. This setup requires only slightly more catalysts than a RDE 

electrode but allows testing the catalyst at more realistic conditions. In RDE 

measurements the reactant mass transport is limited by the solubility of the reactant gas in 

the electrolyte. The GDE enables reactant transport rates similar to technical fuel cell 

devices. In contrast to RDE measurements, performance data obtained from GDE 

measurements are directly comparable to MEA tests. The GDE therefore closes the gap 

between catalyst research in academia and applications closer to meet industrial 

requirements. 

 



Figure 4. Sketch of the GDE cell (right) and cross-section of the cell (left). Reproduced 

from [5] with permission from the Royal Society of Chemistry. 

 

     We recently reported in more details the benefits of this setup.40 By studying different 

commercial catalysts an influence of humidity on the catalyst degradation was noted. 

This parameter cannot be studied in a RDE set up. Under dry conditions, only parts of the 

catalyst layer participate in the reaction using a potentiostatic accelerated degradation test 

protocol (a protocol simulating load cycles, where the electrode potential was modulated 

with a square wave and stepped between 0.6 VRHE for 3 seconds and 1.0 VRHE  for 3 

seconds for 9000 potential cycles). Therefore, almost all of the apparent ECSA loss can 

be re-covered by switching back to humidified conditions, i.e. the observed loss in ECSA 

is reversible. This is not the case in amperometric degradation protocols (mimicking 

start-up/shutdown conditions where the electrode potential was cycled with a scan rate of 

0.5 V s−1 between 1.0 and 1.5 VRHE for a total of 9000 cycles). To investigate further such 

effects, additional protocols to those proposed by the Fuel Cell Commercialization 

Conference of Japan33 are needed to ensure that the entire catalyst layer is involved in the 

catalytic reaction. An example proposed is a ‘mixed protocol’ consisting of 500 potential 

cycles of the load-cycling protocol followed by 10 potential cycles of the start-

up/shutdown protocol, repeated overall 18 times.40 Work is currently ongoing to clarify 

the effect of the pH in the catalyst layer, the particle size as well mesoscopic factors such 

the particle distribution using this setup to get even more insight into catalyst and 

electrode design.  

 

 

Latest development: Ir nanoparticles for the OER 

 

     The general concept of the toolbox was also used to develop Ir nanoparticles for the 

OER, key reaction in elecrolyzers detailed in equation [2]. 



 

2 H2O   4 e- + 4H+ + O2  E0=1.23 V   [2] 

 

     The effect of surfactant like polyvinylpyrrolidone (PVP) typically used in the 

synthesis of nanoparticles was studied.41 Using the same synthesis method, colloidal Ir 

nanoparticles were obtained without PVP or with increasing amount of PVP. A higher 

mass activity for the OER was observed for nanoparticles directly drop casted on a RDE 

setup when no PVP was used. Small amount of PVP where however found to be 

beneficial to ensure adhesion of the nanoparticle to the electrode surface and improve the 

properties of the nano-electroclatalyst film.41  

 

     Using the surfactant-free Co4CatTM synthesis, mass activities for the OER in acid 

electrolyte (HClO4) up to 10 times higher than the state-of-the-art could be obtained.11 

The main reason for the high mass activity is the extremely small particle size of 1-2 nm 

and the absence of surfactants. Mass activities higher than 200 A gIr
−1 at 1.5 VRHE are 

easily obtained after optimization of the loading of nanoparticles on an electrode.42 High 

ECSA of 160 m2 g-1 as compared to ca. 15-60 m2 g-1 for commercial catalysts confirm an 

optimized utilization of Ir for the OER. The high activity and simple preparation allows 

investigating more clearly several effects such as interparticle distance and the related 

work is currently being finalized. 

 

Conclusion 

 

     The toolbox concept for the development of electrocatalysts is here illustrated. This 

approach to perform systematic studies of the multiple parameters influencing the activity 

and stability of electrocatalysts relies on surfactant-free syntheses. Beyond the controlled 

synthesis of nanoparticles, the careful immobilization of the nanoparticles on selected 

supports, the careful processing of the supported catalysts for example in inks and the 

development of new characterization setup and protocols are some of the many tools in 

the toolbox to guide the development of more performant electrocatalyts.    
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