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Summary 

The commercial breakthrough of hydrogen-powered fuel cell electric vehicles (FCEVs) is 

among others deferred by the substantial costs of the central polymer electrolyte fuel cells 

(PEFCs) that provide electric energy to the powertrain system. In order to meet the 

automotive power density and durability requirements, state-of-the art PEFCs contain high 

amounts of the noble metal platinum (Pt) to catalyze the electrochemical reactions. Thus, 

this thesis commences by pointing out different strategies to reduce the utilization of 

expensive Pt and concomitantly PEFC costs while maintaining performance. The main 

research direction combines two approaches by focusing on unsupported and Pt-alloy 

oxygen reduction reaction (ORR) catalysts simultaneously. First, the synthesis of a novel 

Pt-Ni aerogel material is presented, followed by extensive structural characterization to 

explain the high ORR activity of this catalyst. It was found that the applied aqueous 

synthesis under ambient conditions leads to the formation of homogeneous alloys with 

catalytic activity comparable to state-of-the-art carbon-supported Pt-alloy catalysts. Next, 

another aerogel derivative (Pt-Cu) was produced and the stability vs. non-noble metal 

dissolution was tested. The results pointed at moderate Cu dissolution and an almost 

linear relationship between alloy phase Cu-content and ORR activity was discovered. The 

second part comprises the PEFC implementation of Pt-Ni aerogel to demonstrate the 

catalyst’s applicability and relevance of the pursued strategy. It could be shown that the 

addition of a filler material to the catalyst layers of Pt-Ni aerogel is pivotal to obtain the 

desired porosity and pore size distribution for efficient reactant mass transport. Ultimately, 

a performance in H2/air polarization curves commensurate to that of catalyst layers from a 

commercial Pt on carbon benchmark catalyst (Pt/C) was achieved. When tested for 

degradation under start-up/shut-down condition of PEFCs, Pt-Ni aerogel demonstrated 

strongly superior durability to Pt/C as expressed by preservation of the cell’s power density 

and the catalyst’s surface area. This was related to the integrity of the catalyst layers and 

the catalyst after the test due to the absence of a corrodible carbon support. Additionally, 

PEFC durability tests simulating a typical FCEV driving cycle indicated substantial Ni 

dissolution from the Pt-Ni aerogel catalyst pointing at the suppression of the latter 

phenomena as the next important development step. Overall, this work demonstrates the 

great potential of PEFCs with Pt-alloy aerogel catalysts since power density and durability 

match or exceed the one of Pt/C PEFCs. Through application of a further optimized 

aerogel catalyst, a reduction in Pt utilization and PEFC costs can be envisioned.  



4 

Zusammenfassung 

Der kommerzielle Erfolg von Brennstoffzellenfahrzeugen, die mit Wasserstoff betrieben 

werden, wird unter anderem durch die hohen Kosten der zentralen 

Polymerelektrolytbrennstoffzellen gehemmt. Dabei stellen letztere Polymerelektrolyt-

brennstoffzellen die notwendige Energie für den Antriebsstrang bereit. Um die 

Anforderungen der Automobilindustrie an Leistungsdichte und Widerstandsfähigkeit zu 

erfüllen, enthalten modernste Brennstoffzellen erhebliche Mengen des Edelmetalls Platin 

(Pt) um die elektrochemischen Reaktionen zu katalysieren. Folglich beginnt diese Arbeit 

mit einem Überblick über verschiedene Strategien, wie der Pt-Einsatz und gleichzeitig die 

Brennstoffzellenkosten ohne Leistungseinbußen gesenkt werden können. Im zentralen 

Forschungsansatz werden zwei Strategien kombiniert und der Fokus auf Pt-Legierung-

Katalysatoren ohne Trägermaterial für die Sauerstoffreduktionsreaktion gelegt. Zunächst 

wird die Syntheseroute eines neuartigen Pt-Ni Aerogels vorgestellt und dessen Struktur 

intensiv charakterisiert, um die hohe katalytische Aktivität für die Sauerstoffreduktion zu 

erklären. Dabei wurde herausgefunden, dass unter Umgebungsbedingungen eine 

homogene Legierung mit der eingesetzten Synthese erhalten wird, dessen katalytische 

Aktivität vergleichbar ist mit modernsten Pt-Legierung-Katalysatoren auf Kohlenstoffträger-

material. Anschließend wurde ein weiteres Aerogel (Pt-Cu) synthetisiert und die Stabilität 

hinsichtlich Auflösung des Nichtedelmetalls untersucht. Die Ergebnisse deuteten auf 

moderate Kupferauflösung hin und es konnte ein direkter Zusammenhang zwischen 

Kupfergehalt in der Legierung und der katalytischen Aktivität festgestellt werden. Im 

zweiten Teil wird die Implementierung des Pt-Ni Aerogels in der Polymerelektrolyt-

brennstoffzelle beschrieben, um die Anwendbarkeit des Katalysators und die Relevanz 

des verfolgten Ansatzes zu unterstreichen. Hierbei konnte gezeigt werden, dass der 

Zusatz eines Füllmaterials zu den Katalysatorschichten des Pt-Ni Aerogels entscheidend 

ist, um die gewünschte Porosität und Porengrößenverteilung für effizienten Stofftransport 

der reaktiven Gase zu erhalten. Letztendlich wurden Strom-Spannungs-Kennlinien in 

Wasserstoff/Luft Atmosphäre aufgezeichnet, die denen von Katalysatorschichten aus 

kommerziellen Pt-Katalysatoren auf Kohlenstoffträgermaterial (Pt/C) entsprachen. Bei 

Belastungstests, die das Starten/Abschalten von Brennstoffzellenfahrzeugen simulieren, 

wies das Pt-Ni Aerogel deutlich höhere Stabilität als Pt/C auf, was sich an dem Erhalt der 

Brennstoffzellen-Leistungsdichte und der Katalysatoroberfläche zeigte. Dieses Verhalten 

konnte mit der Unversehrtheit der Katalysatorschicht und des Katalysators nach dem Test 
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aufgrund der Abwesenheit des korrodierbaren Kohlenstoffträgermaterials erklärt werden. 

Zusätzlich wurde in Belastungstests, die das Brennstoffzellenverhalten während des 

normalen Fahrzyklus nachahmen, signifikante Nickelauflösung aus dem Pt-Ni Aerogel 

beobachtet. Dies bedeutet, dass sich der nächste wichtigste Entwicklungsschritt mit der 

Verminderung dieses Phänomens beschaffen muss. Insgesamt unterstreicht diese Arbeit 

das große Potential von Polymerelektrolytbrennstoffzellen mit Pt-Legierung Aerogel 

Katalysatoren, denn es wurden Leistungsdichten und Widerstandsfähigkeiten gemessen, 

die denen von Pt/C Brennstoffzellen entsprechen bzw. diese sogar übertreffen. Weitere 

Optimierung vorausgesetzt, ist durch die Anwendung von Aerogel Katalysatoren eine 

Reduktion des Pt-Einsatzes und der Brennstoffzellenkosten vorstellbar. 
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1 Introduction  

1.1 Motivation 

Low temperature polymer electrolyte fuel cells (PEFCs) are energy conversion devices 

that transform chemical energy to electrical energy at high efficiency (typically ≥ 50 %). 

Numerous fuels have been tested for such application, the most popular being CH3OH, 

C2H5OH, and H2.
1 The latter hydrogen-powered PEFCs in conjunction with electric engines 

have been predicted and promoted as next generation local-emission free and quiet 

powertrains for vehicles since decades. Yet, the first commercial fuel cell electric vehicle 

(FCEV) was only introduced in 2015 by Toyota and sales numbers have been low due to 

the high price (57500 USD2) and the sparse hydrogen refueling infrastructure.3 Although 

the development of FCEVs is also pursued by other car manufacturers and future car 

releases have been announced, further cost reductions remain the key to being able to 

serve the mobility mass market in the future. In the meantime, recent progress of Li-ion 

battery technology has fostered the advent of battery electric vehicles (BEVs) with 

promising driving ranges. While the success of either technology depends among others 

on further research progress, fuel prices, customer preferences and policy decisions, it is 

worthwhile to briefly highlight advantages and disadvantages of both concepts. FCEVs 

feature short fueling times and long driving ranges per tank, comparable to those for 

combustion engine powered vehicles. Additionally, the modularity of the system, i.e. 

energy conversion device and tank, allows for decoupling of power output and energy. 

While these features offer a clear advantage vs. BEVs, the latter exhibit higher energy 

efficiency (≈ 90 % vs. ≈ 55 %1, 3) and require less investment to build the complementing 

refueling infrastructure. All things considered, the future will most likely see co-existence of 

BEVs and FCEVs since one or the other constitutes the better business case for the 

myriad different applications of vehicles. 

To foster the development and cost reduction necessary to commercialize FCEVs, the 

U.S. Department of Energy (DOE) periodically releases cost and performance targets for 

PEFCs. For 2020, an overall cost target for the fuel cell power system (i.e. FC stack and 

balance-of-plant components) of 40 $/kW has been set and a price guideline for the fuel 

cell stack of 20 $/kW has been released.3, 4 In that respect, the detailed cost breakdown in 

Figure 1.1 points to the catalyst material as the major cost block of the fuel cell stack. This 

is caused by the great amount of carbon-supported platinum nanoparticle (Pt/C) catalyst 
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(up to 0.4 mgPt/cm2
geom) that is required to account for the large overpotential of the 

electrochemical reduction of oxygen on the cathode side in state-of-the art PEFCs.5 To 

reduce these excessive Pt loadings and thus PEFC costs, a lot of research effort is 

dedicated to enhancing the catalysts’ activity and stability, e.g. by alloying platinum with 

other metals like Ni, Cu, Co6 and by replacing or completely removing the carbon support 

that suffers from significant corrosion during the normal operation of PEFCs.3, 7, 8  

 

Figure 1.1 Estimated fuel cell stack cost breakdown from reference 9 based on an annual global 

production volume of half a million FCEVs.  

1.2 Objectives and Outline 

Keeping the requirement to reduce Pt loadings in mind, the aim of this thesis is to 

investigate a novel type of unsupported Pt-alloy catalyst for application in PEFCs, thereby 

combining both improvement strategies (i.e. activity and stability) mentioned above. This 

work will first cover synthesis, characterization and activity measurements of unsupported 

Pt-Ni and Pt-Cu catalysts with extended 3D structures and high surface areas (aerogels) in 

liquid electrolyte half cells. Following the implementation of the most promising aerogel as 

cathode catalyst in PEFCs, the relationship between electrode structure and performance 

is investigated by focused ion beam - scanning electron microscopy (FIB-SEM) 

tomography and electrochemical tests in a differential fuel cell. This work concludes by 

demonstrating the superior durability of the novel material vs. a commercial Pt/C catalyst, 

when subjected to an accelerated stress test (AST) at high potential conditions. The 

comprehensive approach outlined above that comprises material synthesis, 
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characterization, model and real application performance tests is of particular importance 

since it aspires to bridge the gap between a fundamental research approach and 

development towards application.  
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2 PEFC Fundamentals 

2.1 Thermodynamics and Voltage Losses 

The electrochemical reactions at the anode and cathode of PEFCs are as follows. 

Anode (hydrogen oxidation reaction, HOR):  2H2  → 4H+ + 4e-  

Cathode (oxygen reduction reaction, ORR): O2 + 4e- + 4H+  → 2H2O
 

Total: 2H2 + O2 → 2H2O 

The maximum useful work associated with this last chemical reaction is given by the Gibbs 

free energy of reaction for water formation (ΔGR) that is a function of enthalpy (ΔHR) and 

entropy (ΔSR) changes.1 

ΔG𝑅 =  ΔH𝑅 − TΔS𝑅 (2.1) 

At a given temperature T (in K), this allows for the calculation of the reversible fuel cell 

voltage Erev (in V). 

Erev =  −
ΔG𝑅

zF   (2.2) 

where z is the number of transferred electrons per formed H2O molecule (here: 2) and F is 

the Faraday constant (96485 C/mol). Under standard conditions, i.e. T = 298 K and gas 

pressure of 1013 hPa, Erev amounts to 1.23 V (ΔGR = ΔG0). In a first approximation, both 

ΔHR and ΔSR are independent of the temperature in the operating regime of PEFCs (i.e. 

ΔHR ≈ ΔH0 and ΔSR ≈ ΔS0) and the temperature dependent reversible potential Erev(T) can 

be calculated as follows.10, 11 

Erev(T) =
−ΔG0+(T−298 K)ΔS0

2F
= 1.23 − 0.9 x 10−3 (T − 298 K)   (2.3) 

If additionally, the potential dependence on reactant activities according to the Nernst 

equation is considered, one obtains the following. 

Erev(T,pO2
,pH2

) = 1.23 − 0.9 x 10−3 (T − 298 K) +
RT

2F
ln (

pO2
0.5 pH2

pH2O
)   (2.4) 

where pO2
, pH2 , and pH2O are the dimensionless reactant pressures, derived from dividing 

the actual pressure by a reference pressure of 1013 hPa. Under the assumption that the 

cell is operating with a water activity of unity, i.e. relative humidity (RH) ≥ 100 %, equation 

(2.4) simplifies to 

Erev(T,pO2 ,pH2) = 1.23 − 0.9 x 10−3 (T − 298 K) +
RT

2F
ln(pO2

0.5 pH2
)   (2.5) 
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The reversible potential as introduced above can only be obtained if the Gibbs free energy 

of formation is converted to electrical work without any losses. In a real PEFC, however, 

three irreversibilities occur, which are best illustrated by a polarization or I/E curve that 

shows the cell potential Ecell as a function of the current density i (see Figure 2.1).  

 

Figure 2.1 Schematic PEFC polarization curve featuring the reversible potential (dashed line) and 

different voltage loss contributions. 

The following different voltage loss contributions (overpotentials) cause the reduction of 

the cell potential with respect to the reversible potential: the activation overpotential ηact, 

the ohmic overpotential ηIR and the mass transport overpotential ηtx.
1  

Ecell =  Erev − ηact − ηIR −  ηtx (2.6) 

The activation potential ηact occurs once current is drawn from the cell and is associated 

with the reaction kinetics for HOR and ORR. It can be expressed as the sum of HOR and 

ORR overpotentials (ηHOR , ηORR). 

ηact = | ηHOR|  + | ηORR|    (2.7) 

Due to the extremely fast kinetics for the HOR (large exchange current density),12 the 

activation overpotential is almost exclusively caused by ηORR and ηact can be approximated 

by only considering the Butler Volmer equation for the latter term.13  

i = i0 [exp (
αaF

RT
ηORR) −  exp (−

αcF

RT
ηORR)]    (2.8) 
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In this equation, i0 is the ORR exchange current density, αa and αc the anodic and cathodic 

transfer coefficients (here equal to 1; containing the symmetry factor β and the number of 

transferred electrons in an assumed reaction mechanism11) and R the universal gas 

constant (8.314 J K-1 mol-1). For large overpotentials, i.e. negative ηORR ˂˂ 
RT

F
, the first term 

in equation (2.8) becomes negligible and the current can be written as. 

i =  − i0  exp (−
αcF

RT
ηORR) (2.9) 

Taking the logarithm, this can be converted to the Tafel equation (2.10) with a Tafel slope 

of b = − (
2.303 RT

αc F
): 

ηORR = (
2.303 RT

αc F
) log(i0) − (

2.303 RT

αc F
) log ∣ i ∣ = a + b log ∣ i ∣    (2.10) 

The ohmic voltage losses ηIR can be expressed as the sum of bulk electronic resistance 

Relec, contact resistance Rcon, RH-dependent membrane proton resistance Rion and 

effective proton resistance in the catalyst layers RH+ that increase linearly with the current 

density according to Ohm’s law. 

ηIR = i(Relec + Rcon +  Rion + RH+)    (2.11) 

Finally, the mass transport or gas diffusion overpotential ηtx becomes relevant at high 

current densities as discernable from Figure 2.1 and is caused by H2/O2 concentration 

gradients, i.e. reduced reactant availability at the reactive sites. Reasons for the reactant 

depletion are limited diffusion rates, poor fuel and oxygen/air supply as well as diffusive 

barriers due to electrode flooding by the generated water.1 

It must be noted that even in the absence of the loss terms described above, the cell’s 

open circuit voltage (OCV) is typically lower than the theoretical reversible fuel cell voltage 

Erev of 1.23 V at 25°C. This originates from the diffusion of hydrogen fuel through the 

membrane to the cathode side (crossover) where it directly reacts with oxygen and the 

formation of a mixed potential through the oxidation of the Pt catalyst surface. 

2.2 Basic Components 

2.2.1 From Stack to Membrane Electrode Assembly 

At the heart of the fuel cell system in FCEVs is the fuel cell stack that consists of several 

single cells connected in series (cf. Figure 2.2) to increase the output voltage. Each single 

cell is composed of a membrane electrode assembly (MEA) sandwiched between two flow 
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field plates that provide an electrical pathway and access to the reactive gases (H2 and 

O2/air) through a gas channel network.14 

 

Figure 2.2 Main components in a fuel cell stack. Reproduced with permission.
15

 Copyright 2003, 

Elsevier. 

The MEA (see Figure 2.3), sort of the heart of the fuel cell, is composed of anodic gas 

diffusion layer (GDL), anodic catalyst layer (CL), membrane, cathodic CL and cathode 

GDL. Each of these components has complementary roles and research to further improve 

them individually is necessary and ongoing. The outer GDLs transport reactants from the 

gas channels to the CLs, manage the water content in the cell and transfer electrons plus 

heat.16, 17 The central membrane transports protons and water from anode to cathode, 

whilst acting as an electronic insulator to prevent cell short circuits. State-of-the art 

materials mainly consist of cast perfluorosulfonic acid (PFSA) ionomer (e.g. Nafion) or 

composites of the former and microporous supports.18, 19 Lastly, the CLs convert the 

reactants electrochemically and control the circulation of electrons, protons, reactants and 

product water, thus playing a key role for overall fuel cell performance.20 

 

Figure 2.3 Schematic drawing of the membrane electrode assembly. 
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2.2.2 Catalyst Layers 

In order to better understand the above mentioned processes occurring in the catalyst 

layer, they will be discussed in detail considering a state-of-the-art Pt-M/C catalyst (carbon 

supported alloy of platinum and non-noble metal (M)) and exclusively regarding the 

cathodic CLs.3, 21 This choice is motivated by the higher voltage losses at the cathode vs. 

anode, caused by the extremely fast hydrogen oxidation reaction kinetics on Pt discussed 

above and negligible gas diffusion resistances for H2.
13  

To begin with, typical Pt-M/C CLs consist of the catalyst nanoparticles, carbon support, 

ionomer and pores,3, 20, 22, 23 and can be described at three different scales, as illustrated in 

Figure 2.4.22 At the microscale (< 10 nm), the electrochemical conversion of O2 to H2O 

takes place at the surface of Pt-M nanoparticles, whereby the number of active sites and 

reactivity is determined by shape, size and composition of the particles.20, 24 In the absence 

of mass transport limitations, the reactivity of nanoparticles, expressed as a current 

density, can be described by the Butler Volmer equation that relates current density and 

potential (cf. equation (2.8) in section 2.1).10, 20 Looking at the mesoscale (tens of nm), the 

Pt-M nanoparticles are either located on the surface of carbon agglomerates (diameter of 

50 - 300 nm)22, 25 or inside of primary pores (2 - 20 nm)22, 25 that are present in between the 

primary carbon particles (≈ 20 nm).25 Naturally, for the electrochemical conversion to 

occur, Pt-M nanoparticles need access to electrons, O2 and protons. Whereas the former 

is provided through the network of conductive carbon agglomerates that extends all the 

way to the GDL, oxygen and proton transport are more complex. 

 

Figure 2.4 Different scales of the catalyst layer, highlighting relevant processes and structural 

features. The red, purple and blue circles represent protons, oxygen and water, respectively. 

Reproduced with permission.
22

 Copyright 2011, Elsevier. 



21 

It has been experimentally observed that the ionomer forms a thin film around the carbon 

agglomerates,26 the thickness being a function of the ionomer-to-carbon-ratio (I/C).22 

Nonetheless, there is proof that this thin film is not uniform in thickness and complete 

coverage is not achieved for all types of carbon supports, even at higher I/C-ratios.22, 27 

State-of-the-art PFSA ionomers transport protons to the active sites through the sulfonic 

acid groups attached to the polymer chain, whereby the conductivity is linked to acid 

strength, acid content (ion exchange capacity IEC) and water content.18 With primary 

pores being inaccessible to ionomer,18, 22 proton transport to Pt-M nanoparticles inside the 

carbon agglomerates is only feasible if these pores are filled with water, making such 

conditions desirable to reach high performance.3, 20 To describe the transport process of O2 

gas to the active sites, the secondary pores between carbon agglomerates 

(≈ 20 - 100 nm20, or up to 200 nm28) on the macroscale of the CL (cf. Figure 2.4) need to 

be considered. In optimized CLs under the desired PEFC operation conditions, these 

secondary pores, in contrast to the primary pores discussed earlier, ought to be free of 

liquid water to allow for effective gas transport from the GDL through molecular and 

Knudsen diffusion.20, 29 Naturally, the transport effectiveness is also a function of the CL 

thickness, that depends on the loading (mgPt/cm2
geom), Pt concentration (wt. % Pt/C) and 

I/C-ratio,30 whereby the application-relevant thicknesses usually are between 5 and 

15 μm.3, 20, 22, 23, 31 Ultimately, O2 needs to pass, i.e. dissolve and diffuse, through the 

ionomer film to reach the active site. This step can be described as a local O2 transport 

resistance that accounts for up to 50 % of the overpotential associated with O2 transport 

losses in PEFC cathodes at low loadings (≈ 0.1 mgPt/cm2
geom) and high current densities 

> 1.5 A/cm2
MEA.29, 32 The resistance scales inversely with the Pt electrochemical surface 

area (ECSA), i.e. great catalyst dispersion is advantageous, and the latest results indicate 

that the thin ionomer film’s O2 transport resistance is increased locally by the interaction 

with the Pt surface, thus pointing at advanced ionomer development as a key strategy to 

mitigate this issue.32 

2.3 Catalyst Layers from Supported vs. Unsupported Materials 

It goes without saying that the structure and thus performance of the CLs is profoundly 

influenced by the properties of the catalyst material itself.22, 33 This renders CL design on 

an individual material basis necessary, yet provides opportunities to optimize the CL 

structure through targeted design of the catalyst materials. The fact that the structure of 

the CL is closely interlinked with the catalyst material used can for instance be illustrated 

by calculating the thickness of the CL when going from supported to unsupported 
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catalysts. Considering a state-of-the-art 50 wt. % Pt-M/C catalyst, at an I/C-ratio = 1, with a 

CL porosity of 60 %,30, 34 a loading of 0.2 mgPt/cm2
geom, and assuming ionomer and carbon 

densities of ≈ 2 g/cm3,35 the thickness amounts to ≈ 5 μm (thereby overlooking the 

negligible thickness contribution from Pt-M nanoparticles). Due to the 10-fold larger density 

of Pt vs. C, the removal of the carbon support upon transitioning to unsupported materials 

leads to an expected thickness of only ≈ 0.5 μm, ≈ 90 % lower than that of Pt/C CLs 

(assuming porosities of 60 % for both materials36 and an ionomer-to-catalyst ratio of 0.1 for 

the unsupported catalyst) and that can profoundly affect the optimal CL design.20 

In principle, transitioning from supported to unsupported catalysts can entail alterations of 

electron, proton, reactant and product water transport in the CLs. Envisioning unsupported 

catalysts either as extended Pt-M surfaces or Pt-M nanoparticulate building blocks (i.e. 

conductive materials), electron transport will occur similarly to Pt-M/C CLs. For the ultrathin 

CLs expected with unsupported catalysts as illustrated by the calculation above, it is 

reasonable to assume that the proton concentration is significantly increased and can 

approach the proton bulk concentration in the membrane.20 Moreover, it has been found 

that purely metallic surfaces like the nanostructured thin films (NSTFs) from 3M,37 which 

will be introduced in detail later (section 2.5.1.2), rely on proton conduction on the Pt 

surface and function well in the absence of ionomer.32 While such proton conduction could 

be provided either by diffusion of H2O or hydrogen adsorbed on the Pt-surface (Hads), or by 

H+-diffusion within very thin surface water films,38 the latest results indicate the 

preponderating importance of the latter.39, 40 As for reactant and product water transport, it 

is paramount for CLs derived from unsupported catalysts to exhibit appropriate porosities 

and pore size distributions to enable diffusion between active sites and the GDL, as it is 

also the case for conventional CLs prepared with carbon supported catalysts (cf. section 

2.2.2). Keeping in mind that, in the latter case, this porosity is provided by the carbon 

support material exclusively (i.e. through the stacking of 50 - 300 nm large carbon 

agglomerates which results in free spaces25), retaining such property with unsupported 

catalysts and their potentially smaller agglomerate dimensions constitutes a major 

challenge for the preparation of the catalyst layer, and should also be considered at the 

initial stage of catalyst synthesis. At the same time, the expected thinning of the CLs due 

to the use of unsupported catalysts will certainly alter mass transport properties and water 

distribution,31 possibly translating into pore structure requirements different from the ones 

established for conventional CLs. 
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2.4 Degradation Phenomena in Catalyst Layers 

As mentioned in chapter 1, state-of-the art catalysts and thus catalyst layers suffer from 

limited stability under the normal operation of PEFCs.3, 7, 8, 41 In this respect, the automotive 

application causes dynamic load cycling that can trigger rapid changes between low and 

high cell voltages (≈ 0.6 - 1.0 V).41 Under such conditions, Pt particle growth, triggered by 

Pt dissolution (oxidation) and redeposition (reduction) on the surface of larger particles 

(Ostwald ripening), as well as by Pt particle migration and coalescence, have been 

reported as dominant degradation mechanisms.42, 43 What is more, during start-up or 

shut-down of the PEFC, a hydrogen/air front can move through the anode channels 

separating the fuel cell into an active and passive part (see Figure 2.5 below).44, 45 In the 

passive part of the anode, the potential is significantly lower than in the active side due to 

the presence of oxygen gas (≈ - 0.6 V vs. ≈ 0 V)44 and the high electron conductivity. This 

increases the cathode potential in the passive part to ≈ 1.5 V vs. the anode causing carbon 

corrosion and oxygen evolution.42, 46 A similar effect is observed during local fuel starvation 

conditions (e.g. due to water accumulation in anode GDL or flow field), when the 

permeation of oxygen through the membrane to the starved domains creates alike 

circumstances. Lastly, high potentials of ≈ 1.5 V at the anode can occur if an entire cell in 

a stack is not supplied by hydrogen and other reactions (carbon corrosion, oxygen 

evolution) need to produce the electrons and protons required at the cathode.47 

 

Figure 2.5 Schematic representation of chemical reactions occurring in a PEFC under start-up or 

shut-down conditions. Reproduced with permission.
45 

Copyright 2013, Elsevier.  
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The carbon corrosion mentioned above, that can lead to Pt nanoparticle detachment7 and 

collapse of the catalyst layer structure,45, 48 is the main reason for development of 

unsupported catalysts. Provided that the PEFC implementation is successful, these 

materials promise greater durability under automotive fuel cell relevant conditions. In the 

following section, synthesis, characterization and PEFC tests of promising unsupported 

materials shall be discussed. 

2.5 Promising Types of Unsupported Catalysts 

2.5.1 Synthesis and Characterization 

2.5.1.1 Noble-metal Based Aerogels 

Synthesis and features 

Metallic aerogels assembled from noble metal colloidal nanoparticles (NPs) are of 

enormous scientific and technological interest owing to their ultralow density, high surface 

area, and large open interconnected pores.49 They combine the properties of the noble 

metal (e.g. catalytic activity, electric conductivity) with large surface area (providing more 

reactive sites), high porosity (facilitating mass transfer) and self-supportability (eliminating 

the need for a carbon support), thus rendering these noble metal aerogels promising 

candidates for electrocatalysis.49 As a proof-of-concept, e.g. metallic aerogels with 

compositions of pure Pd and Au, as well as alloyed PdxPty, PtxNiy (cf. chapter 4) and 

PtxCuy (cf. chapter 5) have recently been synthesized and evaluated for electrocatalysis.50-

54 Linking aerogel research and nanotechnology, hierarchical aerogels with primary and 

secondary pore structures built from shape-engineered NPs have also been reported in 

the form of either hollow shell or dendritic particles.55-57 

As illustrated in Figure 2.6, the general synthesis of noble metal aerogels via the sol-gel 

process consists of three steps: i) the synthesis of nano-sized building blocks (NBBs); ii) 

the gelation of the NBBs into hydrogels (plus shape-control of the hydrogel) and iii) the 

supercritical drying of the hydrogel to yield an aerogel. These three strategies are outlined 

in different colors in paths I (B1-H1-A1), II (B1-H1-H2-A2) and III (B1-B2-H3-A3) of Figure 

2.6. In strategy I, solid noble metal NPs with controlled compositions are employed as 

NBBs, thus resulting in a nanowire-based aerogel. Citrate and cyclodextrin are frequently 

utilized as the stabilizers to narrow the size distribution of the metal NPs.58 The relatively 

weak coordination interaction between the stabilizer and metal NPs is critical for the 
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gelation step (from B1 to H1 in Figure 2.6), which can be realized spontaneously50, 51, 53 or 

via controlled destabilization (by heating59 or adding salt60 and cross-linkers61).  

 

Figure 2.6 Schematic illustration of the synthesis procedures of noble metal-based aerogels via sol-

gel processes. In general there are three steps, including preparation of NBBs, gelation to hydrogel 

and supercritical drying to aerogel. Depending on the engineering of each selected step, the 

strategies can be divided into three and lead to different structures. Green arrows: Strategy I (B1-

H1-A1); Yellow arrows: Strategy II (B1-H1-H2-A2); Red arrows: Strategy III (B1-B2-H3-A3). The 

spontaneous gelation method which belongs to Strategy I can exempt the B1 step, where hydrogels 

were formed directly via the reduction of metal precursors. The TEM images next to B1 and B2 are 

examples of the NBBs. Reproduced with permission.
62

 Copyright 2017, Wiley-VCH. 

Besides the porous and interconnected 3D network structure, hierarchical aerogels also 

possess backbones with locally modified morphologies instead of solid nanochains. As 

shown in Figure 2.6, this sub-structure can be obtained either by tailoring the hydrogel via 

strategy II (B1-H1-H2-A2)57 or engineering the NBBs via strategy III (B1-B2-H3-A3).55 At 

present, research on metallic hierarchical aerogels prepared by manipulation of the NBBs 

is still in its infancy and lags far behind the abundance of colloidal metallic 

nanoarchitectures.63 This may be ascribed to the frequent requirement of strong stabilizers 

for the shape-control of the metallic NPs, which is extremely detrimental to the subsequent 

gelation/destabilization of these colloids.58 Future research may focus on realizing the 
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gelation by controlled chemical/physical removal/complexation of the surface ligands, or by 

adjusting the chemical parameters of the solvent (e.g. ionic strength, dielectric coefficient).  

Wire-based aerogels 

The synthesis of metallic aerogels following strategy I (Figure 2.6) generally yields 

wire-based aerogels. The nanowire-like backbones are derived from the fusion and 

connection of the particulate NBBs (mostly noble metal NPs) during the gelation process. 

Depending on the elemental composition and distribution, these aerogels can be divided 

into three types: monometallic aerogels (Pd, Pt, Au, Ag),50, 52, 60, 61 bimetallic alloy aerogels 

(PdxPty, PtxNi, PtxCu, etc),51, 53, 64 and mixed multi/bi-metallic aerogels (Au-Pd, Pd-Pt, 

Au-Ag-Pt, etc.).59, 65 Figure 2.7 shows representative scanning electron microscopy (SEM) 

and transmission electron microscopy (TEM) images of the wire-based aerogels. They all 

exhibit high porosity with numerous open pores and similar 3D network structures with 

extended nanowires interconnected randomly. The nanowire-like backbones show similar 

diameters to those of the original NPs, confirming the presumption that the hydrogel 

formed from the starting NPs without any intermediate agglomeration steps.  

Using citrate-stabilized Pd NPs as the NBBs, pure Pd aerogels were obtained by 

destabilizing the concentrated colloidal sols by either heat treatment59 or adding calcium 

ions61. Following a similar strategy, Ag and Pt aerogels were fabricated using H2O2 and 

ethanol as the destabilizer.60 It should be pointed out that the concentration step of 

as-prepared NPs required for these approaches, however, is usually time-consuming, 

thereby limiting scale-up of the synthesis. To address this, spontaneous gelation of the in 

situ generated NPs with50 or without51 the modification of cyclodextrins was developed to 

synthesize Pd (Figure 2.7A-C) and Pt aerogels. In a similar way, Au aerogels (Figure 

2.7D-F) were synthesized by a dopamine-induced gelation of the as-prepared Au NPs 

based on the complexation between dopamine and Au.52 To endow aerogels with 

additional properties, bimetallic PdxPty aerogels with tunable composition were prepared 

based on the spontaneous gelation method (Figure 2.7G-I).51 Following the same strategy, 

Pt-based aerogels with compositions of Pt3Ni (Figure 2.7J-L), Pt1.5Ni, Pt3Cu and PtCu were 

also fabricated and investigated as ORR electrocatalysts (see chapters 4 and 5 in this 

work).53, 66 To accelerate hydrogel formation, Zhu et al. reported a series of MCu (with 

M = Pd, Pt, or Au) bimetallic aerogels based on the in situ reduction of metal precursors at 

elevated temperature, thereby indeed observing an enhancement of the gelation kinetics.64  
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Figure 2.7 SEM and TEM images of some representative wire-based mono/bimetallic aerogels. 

(A-C) Pd aerogels. Reproduced with permission.
50

 Copyright 2012, Wiley-VCH. (D-F) Au aerogels. 

Reproduced with permission.
52

 Copyright 2016, American Chemical Society. (G-H) Pd50Pt50 

aerogels. Reproduced with permission.
51

 Copyright 2013, Wiley-VCH. (J-L) Pt3Ni aerogels.
53

  

The average density of the metallic aerogels was estimated to be 0.016 - 0.050 g/cm3, 

which amounts to approximately one thousandth of that of the corresponding bulk 

materials. Their porosity and surface area were further investigated by N2-physisorption 

measurements. The N2 adsorption-desorption isotherms obtained for all these metallic 

aerogels show a combination of the characteristics of type II and type IV isotherms (Figure 

2.8A-C), indicating the wide-spread presence of both meso- and macropores within the 
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aerogel structures. The specific surface areas of the aerogels determined based on the 

Brunauer−Emmett−Teller (BET) method are in the range of 32 - 168 m2/g. As shown in 

Figure 2.8D-E, the metallic aerogels revealed a wide pore size distribution in the aerogels 

ranging from micropores to meso/macropores, which could also be observed in the SEM 

and TEM images (Figure 2.7 and Figure 2.9). The hierarchical pore systems hold the 

potential for reducing the diffusion barriers in catalysis applications since the diffusion 

rates through 10 - 50 nm pores can approach those of molecules in open media.67 

 

Figure 2.8 Nitrogen physisorption isotherms, pore size distributions, and cumulative pore volumes 

(Vcumulative) of different metallic aerogels. (A, D) Monometallic Au aerogels. Reproduced with 

permission.
52

 Copyright 2016, American Chemical Society. (B, E) Bimetallic PdPt aerogels. 

Reproduced with permission.
49

 Copyright 2015, American Chemical Society. (C, F) Hierarchical 

PdNi HNS aerogels. Reproduced with permission.
55

 Copyright 2015, Wiley-VCH. 

Hierarchical aerogels 

Following strategies II and III in Figure 2.6, hierarchical aerogels that generally combine a 

3D interconnected porous structure on the macroscale and a fine-tuned configuration of 

local backbones at the nanoscale can be obtained (Figure 2.9). This combination usually 

leads to an integration of several catalysis enhancement factors in hierarchical aerogels. 

Recently, PdNi hollow nanospheres (HNSs) were employed as NBBs to fabricate a 

hierarchical aerogel with a well-defined 3D necklace-like network structure (Figure 

2.9A-C).55 The hollow cavity distributed throughout the networks could further be identified 

by a distinct peak (at ca. 22 nm) in the pore size distribution analysis (Figure 2.8F). This 

aerogel exhibited an improved electrocatalytic activity for ethanol oxidation when 
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compared to the isolated HNSs and Pd/C. Subsequently, a series of hierarchical aerogels 

were synthesized from the gelation of colloidal Ni-PdxPty NBBs with continuously 

engineered shape and varied composition.56 Taking the extreme composition of Ni-Pt as 

an example (Figure 2.9D-F), low magnification SEM/TEM images reveal that this 

hierarchical aerogel features a porous structure similar to that of the wire-based aerogel 

while exhibiting a dendritic morphology at the nanoscale. In addition, Arachchige et al. 

reported a salt-mediated method to self-assemble AuAg, PdAg and PtAg nanoshells into a 

gel structure.68 Thiolate-coated Ag nanoshells with varying size and shell thickness were 

then assembled into monolithic hydro/aerogels via oxidative removal of the surface 

thiolates.69  

 

Figure 2.9 SEM and TEM images of the hierarchical aerogels: (A-C) Pd-Ni hollow nanospheres 

aerogel from Strategy III. Reproduced with permission.
55

 Copyright 2015, Wiley-VCH. (D-F) Pt-Ni 

dendritic aerogel from Strategy III. Reproduced with permission.
56

 Copyright 2017, Wiley-VCH. (G-I) 

PtAg nanotubular aerogel from Strategy II. Reproduced with permission.
57

 Copyright 2016, 

American Chemical Society. 
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By taking advantage of hydrogel engineering, PtAg nanotubular aerogels were fabricated 

via a simple galvanic replacement reaction between the in situ, spontaneously gelated Ag 

hydrogel and the Pt precursor.57 As shown in Figure 2.9G-I, the resulting PtAg aerogels 

possess hierarchical porous network features with primary macropores from the aerogel 

network and secondary micropores from the porous surface of the nanotube-backbones, 

resulting in high porosities and large specific surface areas. Due to its unique structure, the 

as-prepared PtAg aerogel exhibits 19-fold enhanced electrocatalytic activity towards formic 

acid oxidation as compared to Pt black.57 

2.5.1.2 Nano/meso-structured Thin Films  

Another unique category of unsupported electrocatalysts are Pt-based meso- and nano-

structured thin films (MSTFs and NSTFs), developed by 3M using magnetron sputter 

deposition of Pt thin film alloys on crystalline organic whiskers.70-72 Figure 2.10A illustrates 

the step-by-step preparation process of the NSTFs as well as their transformation to 

MSTFs via annealing in a reductive atmosphere. The support is a thin layer of an oriented 

array of crystalline organic whiskers, namely perylene red, less than 1 μm tall and 

30 nm × 55 nm in cross-section at a number density of ≈ 35 whiskers/μm2.37 These non-

conductive and electrochemically stable organic whiskers eliminate carbon corrosion, and 

their crystallinity facilitates the subsequent nucleation and thin film growth of the sputtered 

catalyst materials. To date, a series of Pt-based NSTF catalysts (Pt-Ni, Pt-Co, Pt-Ir, 

Pt-Co-Ni, Pt-Co-Mn, Pt-Co-Fe, etc.) with well-defined extended and nanoscale surfaces 

have been developed by sputtering the catalyst layer onto the whisker substrate.37, 70, 72-74 

Their unique thin film structure significantly reduces the population of low-coordination 

number atoms and hence increases the surface specific activity for ORR about 5-10 times 

with respect to commercial Pt/C catalysts, which is in line with the activity values of 

polycrystalline or single crystal bulk surfaces.37 Since the NSTF catalysts already exhibit 

large extended metal surfaces, they are less susceptible to the loss of surface area, thus 

enhancing their durability. In addition, the elimination of carbon corrosion at high voltage 

makes them particularly useful at the PEFC anode where high tolerance to anode fuel 

starvation events and cell reversal are required (see also section 2.4).70 

The highly corrugated surface of as-sputtered NSTFs occupied by pyramid-like pillars with 

a cross-section of ≈ 6 nm can be gradually smoothed by heating up to 400oC in a reductive 

atmosphere.75 As depicted in Figure 2.10B-C, the annealing process triggers the 

transformation from NSTFs to MSTFs while retaining the whisker’s vertically aligned 
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morphology, even if the organic whisker support is completely removed. In situ high 

resolution TEM (Figure 2.10C-D) illustrates that the initially corrugated surface morphology 

is transformed into a more homogeneous, flat and ordered thin film with large crystalline 

domains (20 - 40 nm). Simultaneously, the fraction of undercoordinated sites is further 

reduced, since (111) surface facets start to prevail, thereby promising improved activity for 

ORR. Indeed, as claimed by Stamenkovic et al., NSTF catalysts can successfully mimic 

the catalytic behavior of polycrystalline bulk materials, whereas Pt alloy MSTF catalysts 

exceed the activity of the latter.75 For instance, PtNi MSTFs show a remarkable 20-fold 

enhancement in the ORR activity over commercial Pt/C (cf. section 8.1). A thin film catalyst 

composed of vertically aligned Pt-Ni nanorod-arrays has also been fabricated by a 

glancing angle deposition technique, which leads to more dense arrays.76 These findings 

provide a proof-of-concept for designing highly active and durable electrocatalysts by 

tailoring the composition, morphology and mesoscale structure of the thin-film-based 

materials.  

In another study, Kibsgaard et al. reported a new synthesis for surface-extended Pt MSTF 

catalysts via electrodeposition of Pt into a mesoporous silica film that serves as a 

template.77 As outlined in Figure 2.10F, the silica film with a double gyroid (DG) 

morphology was prepared by calcination of the surfactant-silica mixture and then removed 

after electro-filling with Pt. The resulting Pt DG MSTF maintains the interlocked, twisted 

network structure after removal of the silica, displaying a high porosity with an average 

pore-to-pore distance of 6.7 nm, and an average pore diameter of 3−4 nm. Similar to the 

MSTFs discussed above, the continuous nature of the DG-structured MSTFs promises 

improved stability due to the mitigation of Ostwald ripening and Pt migration/agglomeration 

and the suppression of carbon corrosion. Following a similar procedure, a PtxNi alloy was 

fabricated into a highly ordered DG-shaped mesoporous thin film.78 The resulting PtxNi 

MSTF catalysts maintained the DG meso-structure and good activity after intensive 

accelerated stability testing, which shows the promise of mesoscale structured Pt-based 

ORR catalysts.  
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Figure 2.10 (A) Schematic illustration of the preparation of NSTFs and their transformation to 

MSTFs. High-resolution SEM images of (B) NSTF and (D) MSTF. In situ TEM analysis during the 

transformation from (C) NSTF to (E) MSTF by annealing at 400°C in reductive atmosphere. 

Reproduced with permission.
75

 Copyright 2012, Nature Publishing Group. (F) Schematic synthesis 

procedure for Pt or Pt-alloy mesoporous double gyroid thin films by electrodeposition on a silica 

template. Reproduced with permission.
78

 Copyright 2016, Elsevier. (G) TEM image of the Pt 

mesoporous double gyroid thin film. Reproduced with permission.
77

 Copyright 2012, American 

Chemical Society. 

2.5.1.3 Template-derived Pt-based Nanostructures with Controlled Morphology 

In addition to the thin film approaches introduced above, other template methods have 

been applied to prepare nano-sized Pt-based architectures with porous, hollow or 

core-shell structures.79, 80 When used as electrocatalysts, these Pt-based nanostructures 

with relatively large diameters (about 50 nm to 100 nm) and extended surfaces frequently 

eliminate the need for a carbon support and provide electronic conductivity and porosity by 

themselves. Well-established examples are the one-dimensional (1D) nanowires and 

nanotubes developed by the groups of Yan and Pivovar (as shown in Figure 2.11A-C, 



33 

taking Pt-Co nanowires as an example).81 For instance, Pt and PtPd nanotubes were 

synthesized via galvanic replacement of Ag nanowire templates, exhibiting an outer 

diameter of 50 nm, a length of 5 - 20 μm and a thickness of 4 - 7 nm.82 Because of their 

unique combination of dimensions at multiple length scales, these nanotubes can provide 

high surface area owing to their nano-sized wall thickness without the need for a carbon 

support, thus exhibiting an ORR mass activity twice higher than Pt black. Porosity was 

subsequently added on the wall of the Pt nanotubes, thereby increasing the Pt normalized 

surface area and mass activity for ORR.83 By replacing subsurface Pt with Pd, Pd-Pt 

core-shell nanotubes with size similar to the Pt nanotubes discussed above, were also 

studied in an effort to improve the Pt utilization for ORR.84 By optimizing the Pt coating, this 

core-shelled electrocatalyst exceeded the DOE mass activity target on a Pt-normalized 

basis. After that, Cu, Ni and Co nanowires have sequentially been explored as templates 

to prepare Pt-shell nanowire ORR electrocatalysts which incorporate activity 

enhancements due to their extended Pt surfaces and the transition-metal alloying effect.85-

87 Varying the amount of the Pt precursor during the galvanic replacement step of their 

synthesis allowed for the investigation of a wide range of compositions. Although these 

Pt-coated Cu/Ni/Co nanowires showed improved ORR activity and durability, it should be 

pointed out that the Pt-on-Co nanowire catalysts could feature low mechanical stability, 

because the Co nanowire ‘core’ is immediately etched upon exposure to acid, leaving only 

a Co-containing free-standing ‘Pt shell’ (nanotube) as the active catalyst material.86 

Recently, a follow-up study by the same group has showed that the Pt-Ni nanowires 

reached a maximum ORR performance after annealing at 200°C, due to the balancing of 

the initial activity and durability.88  

Another example of unsupported 1D electrocatalysts are the PtFe ordered intermetallic 

nanotubes that are fabricated by coaxial nozzle electrospinning with separate core and 

shell solutions.31 The core silica content in the as-spun nanofibers is subsequently 

removed by calcination in air, resulting in a recrystallization of the shell Fe/Pt contents into 

an intermetallic phase with an ordered face-centered tetragonal (fct) structure. The 

resulting fct PtFe nanotubes show an average outer diameter of ≈ 120 nm and ‘infinite’ 

length. This combination of multiple length scales allows discarding of the carbon support, 

and the material’s anisotropic morphology is expected to improve mass transport and 

proton conductivity in the electrode.31  
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Figure 2.11 (A) SEM, (B) TEM and (C) energy-dispersive X-ray spectrum images of a cross-section 

of the Pt-coated Co nanowires. Reproduced with permission.
86

 Copyright 2014, American Chemical 

Society. (D, E) TEM images of the connected Pt-Fe catalysts with a porous hollow capsule 

structure. Reproduced with permission.
89

 Copyright 2015, Royal Society of Chemistry. (F) SEM 

image of an inverse-opal Pt electrode surface prepared by electrodeposition using a self-assembled 

polystyrene template. Reproduced with permission.
90

 Copyright 2013, Nature Publishing Group. 

In another report, surface-modified silica particles were employed to assemble Pt-Fe NPs, 

followed by dissolution of the silica template.89 The resulting PtFe catalyst with a network 

structure consisting of porous and hollow capsules from interconnected nanoparticles 

exhibits a shell thickness and pore size of ≈ 10 nm and an outer diameter of ≈ 400 nm 

(Figure 2.11D-E). This unsupported catalyst enabled the formation of a thin cathode with a 

thickness of 1 - 1.5 μm, nearly one-fifth that of a conventional electrode implementing a 

carbon-supported catalyst (see section 2.5.2 for details).  

Finally, ordered macroporous Pt electrodes with inverse opal structures were also applied 

as cathode catalysts in PEFCs.90 The Pt inverse opal electrode was fabricated directly on 

thiol-modified GDLs by electrodeposition of the infiltrated Pt precursor, followed by 

removal of the self-assembled polystyrene template. The resulting electrode duplicated the 

hexagonal close-packed structure from the polystyrene beads, resulting in a periodic 

inverse opal structure with interconnected macropores and a large surface area and 

volume (Figure 2.11F). As demonstrated in a practical PEFC, the periodic Pt cathode 
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maintains an inverse opal structure entirely within the membrane electrode assembly and 

leads to a robust and integrated configuration of catalyst layers. Therefore, the periodic 

structured electrode minimizes the loss of catalyst materials and maintains an effective 

porosity, as well as an improved mass transfer and effective water management, owing to 

its morphological advantages.90  

2.5.2 PEFC Test  

Conventional CLs (see section 2.2.2) based on Pt-M/C catalysts are commonly prepared 

by processing the catalyst material into inks or pastes through addition of ionomer and 

water/alcohol, before applying these mixtures to either the membrane or GDL via spraying 

or coating techniques.19 Naturally, similar processes were used for preparing CLs with 

unsupported Pt black catalysts from the 1950s until the 1980s; however the results 

obtained for this material will be discarded in this section due to the high loadings of 

≈ 4 mgPt/cm2
geom typically used in those studies.19 

The first promising PEFC experiments with unsupported catalysts, however, were 

conducted on CLs that were prepared by electrodeposition or sputter deposition of Pt onto 

the GDL.23 Yet due to the limited ECSAs of < 10 m2/gPt, the fuel cell performance of the 

resulting gas diffusion electrodes (GDE) could not match that of conventional Pt/C 

systems; for a detailed summary of PEFC results on CLs prepared by sputtering the 

reader is referred to reference 23. In the following, examples of how researchers have 

achieved increased ECSA values and improved gas transport by increasing the CLs 

meso- and macroporosity will be presented. 

Sievers et al. used an alternating sputtering approach of Pt and Co to create a CL matrix 

consisting of noble and non-noble metal domains.91 The latter were mostly removed 

through dissolution during cell conditioning, leaving behind a mesoporous PtCo CL with 

improved mass-normalized performance at high current densities under H2/air operation 

with respect to pure Pt CLs prepared by the same process. The macroporous Pt CLs with 

inverse opal structure on a GDL exhibit an ECSA amounting to 24 m2/gPt, greatly 

exceeding the values of the first sputtered CLs.90 The power densities in H2/air operation 

surpassed those of conventional Pt/C systems, also owing to the unsupported CLs 

advantageous morphology, i.e. large void volume and interconnected macropores.  

In addition, the NSTF catalysts feature ECSAs of up to 17 m2/gPt since the target metal is 

sputtered on a vertically aligned surface of crystalline organic whiskers (for details on the 
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synthesis and characterization see section 2.5.1.2).37 As NSTFs and their corresponding 

CLs are the most thoroughly investigated unsupported system up to date, they can serve 

as an instructive case study to highlight the challenges of optimizing CL, MEA and 

operation conditions. NSTF-based MEAs are prepared by hotpressing the Pt-M sputtered 

whiskers onto the membrane, decreasing the whisker-whisker spacing and embedding 

them up to ≈ 20 % of their length (0.5 μm) into the membrane. Under steady-state 

operation, NSTF catalysts have exceeded the performance of Pt/C electrodes, reaching 

inverse power densities of 0.16 gPt/kW and meeting the DOE’s initial MA target of 

0.44 A/mgPt at 0.9 vs. the reversible hydrogen electrode (VRHE), as well as showing less 

than 40% activity loss after 30000 accelerated stress test cycles.37, 92 Like the other 

systems mentioned above, NSTF CLs do not contain ionomer and rely on proton 

conduction via the extended Pt surface. However, since proton conductivity decreases 

significantly at low relative humidities,40 implementation in an automotive PEFC stack 

would require a larger and expensive humidification system, which is an important 

disadvantage vs. Pt-M/C CLs.93 Additionally, under wet conditions (RH ≈ 100 %) and 

temperatures below 60°C (occurring e.g. upon car start-up) NSTF cathode CLs have a 

propensity to flooding, restricting the access of reactants and leading to cell reversal.37, 93, 

94 These observations prove the need for an efficient water management to improve the 

operational robustness of such systems. Indeed, efforts to increase the proton conductivity 

and the water removal capability by coating the whiskers’ surface with ionomer were 

undertaken, yielding only minor improvement in high current density performance,94 

possibly due to the simultaneous increase in O2 mass transport resistance.37 Further 

strategies to mitigate this challenges include a dispersed catalyst/NSTF hybrid electrode, 

in which a Pt/C interlayer between whiskers and GDL serves as water storage and 

removal buffer,94 and water removal through the anode by using differential pressures and 

thinner membranes.37  

Owing to the rapid progress in the synthesis of unsupported catalyst materials with 

well-defined and hierarchical structural motifs, researchers are now working on 

implementing these materials in PEFCs, also using the classic approach to prepare CLs 

introduced at the beginning of this section. Thereby, it is of utmost importance that the 

advantageous structure of the unsupported catalysts is not destroyed during its processing 

and can be transferred to the catalyst layers. Ultimately, this has to be investigated 

individually for different materials. However, in the studies cited in the following and the 

experiments of this thesis no changes of the materials’ structures have been observed. 
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Recently, the group of Yamaguchi reported on the fuel cell performance of hollow PtFe 

alloy nanocapsule electrocatalysts.36, 89 CLs (with a thickness of ≈ 1 μm) were prepared by 

dispersing the catalyst and Nafion ionomer (optimized ionomer-to-catalyst ratio ≈ 0.13) in a 

water/isopropanol mixture, followed by sonication and pulse spraying onto the membrane. 

Comparison of TEM images of the catalyst material before and after this processing step 

in references 36 and 89 indicates that the nanostructure is retained. Moreover, it was 

found that additional autoclaving of the ink for 24 h at 200°C leads to more uniform 

coverage and thinner ionomer films around the nanocapsules, correlating with significantly 

improved performance at high relative humidity (RH = 90 %) conditions. The authors 

explained this observation by the considerable swelling of the nonuniform, locally thick 

ionomer layers obtained without autoclaving at high RH conditions, which results in the 

blockage of the interspaces between the nanocapsules and limits oxygen diffusion. Further 

experiments indicated the presence of liquid water inside the CL under varying operation 

conditions, again highlighting the challenges of water removal and effective water 

management with such materials and thin CLs. Despite these shortcomings, the PtFe 

nanocapsule MEAs showed neither changes in the H2/O2 I/E curves nor ECSA loss after 

10000 cycles of start-stop durability test (1.0 - 1.5 VRHE, 500 mVs-1), demonstrating the 

benefits of working with unsupported systems.36, 89, 95 

Similar efforts have been undertaken by the group of Pivovar that works on the 

implementation of Pt-Ni nanowires (cf. section 2.5.1.3) in real PEFCs. First tests showed 

significantly reduced ORR activities and ECSA values with respect to rotating disk 

electrode (RDE) data (see section 3.5 for details on RDE),96 which can be related to 

significant Ni dissolution from the catalyst during break-in and conditioning, leading to 

ionomer poisoning effects.97-99 Such poisoning suppresses the ORR on the Pt surface 

through a reorientation of the polymer network and causes reduced proton transport that 

affects high current density performance.100 Eventually, these shortcomings were mitigated 

by introducing two acid soaking steps of the MEA (15 hours, 0.01 M H2SO4, 20°C) in the 

multi-step cell activation process.99, 101 MEAs treated in this way show reduced Ni content, 

improved high current density performance plus increased ECSA and ORR activities, 

albeit the latter two are still significantly lower than the respective values from RDE 

studies.101 Although further research on proton transport, oxygen transport and the cell 

activation process is needed to trigger performance improvements, PtNi nanowire CLs 

have already displayed superior performance to Pt/C in start-stop durability tests.99 
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Another successful demonstration of unsupported electrocatalysts, fct Pt-Fe nanotubes, 

was incorporated into ionomer free CLs by the spraying technique.31 Under the PEFC test 

conditions in H2/O2 and H2/air recommended by the DOE,95 the fct PtFe nanotubes showed 

maximum power densities comparable to Pt/C systems and superior durability under 

accelerated degradation test conditions (potential of 1.4 V for 3 hours). 

As this chapter illustrates, the CL is an integral and complex part of the PEFC and 

optimizing the former is key to high device performance. Regarding the development of 

unsupported PEFC catalysts, many synthesis strategies and a great variety of materials 

have been reported in the literature (cf. section 2.5.1). Nonetheless, only few researchers 

implemented their novel catalysts in the PEFC and focused on the critical issue of catalyst 

layer optimization. The promising results in these rare studies (see above) demonstrate 

both the potential of unsupported catalysts and the need of greater research effort in this 

domain.  
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3 Methods and Experimental Techniques 

3.1 Synthesis 

PtxM (M = Ni or Cu) aerogels were synthesized according to the generic procedure 

described in Figure 3.1; details can be found in sections 4.3 and 5.3.1. In brief, Pt and M 

precursors were dissolved in ultrapure water and stirred until the mixing was complete. 

Subsequently, NaBH4 solution was added while stirring vigorously to reduce the 

precursors. The obtained dispersion of PtxM nanoparticles was kept for about four days 

until black PtxM hydrogel formed at the bottom of the container. This hydrogel was washed 

with water multiple times and the solvent was exchanged with acetone afterwards. The 

resulting anhydrous gels were subjected to critical point drying in CO2. All synthesis in this 

work was performed by L. Kühn (cf. declaration of individual contributions on page 10). 

 

Figure 3.1 Generic synthesis outline for the bimetallic PtxM (M = Ni or Cu) aerogels discussed in 

this work. 

3.2 X-ray Diffraction and X-ray Photoelectron Spectroscopy 

X-ray diffraction (XRD) is employed to non-destructively characterize crystalline materials. 

It provides information on crystallinity, phases, preferred crystal orientation and chemical 

composition of the sample. The X-ray diffraction peaks result from constructive 

interference of a monochromatic X-ray beam that is scattered at the lattice planes of the 

investigated material. Interference occurs when the conditions of Bragg’s law are met:102 
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nλ = 2dsinθ (3.1) 

where n is an integer, λ the wavelength of the incident X-ray beam, d the interplanar 

spacing responsible for the diffraction and θ the diffraction angle. In an XRD experiment, 

the sample is scanned through a range of 2θ angles in order to cover all potential 

diffraction directions. Subsequently, diffraction peaks are converted into d-spacings which, 

upon comparison to standard reference patterns, allows for identification of crystalline 

faces in the analyzed compound. 

X-ray photoelectron spectroscopy (XPS) is a technique used to identify and quantify the 

elemental composition of the outer 5 - 10 nm of a solid surface and to reveal the chemical 

environment of the elements.103, 104 For this purpose, the sample is typically irradiated with 

monoenergetic X-rays from an aluminum or magnesium Kα source which causes the 

emission of photoelectrons. Subsequently, the kinetic energy Ekin of the emitted 

photoelectrons is measured which allows for the calculation of the electron binding energy 

Eb by:  

Ekin = hν − EB −  ϕs  (3.2) 

where hν is the energy of the incident X-ray and ϕs is the spectrometer work function that 

accounts for the minimum energy necessary to remove an electron from the instrument.103  

As each element has a characteristic set of binding energies for the different electron 

energy levels in the atom, elements can be identified by comparison to known standards 

or literature values. Additionally, the chemical state of the elements can be deduced from 

small deviations in the binding energies. 

3.3 X-ray Absorption Spectroscopy 

3.3.1 Basics 

X-ray absorption spectroscopy (XAS) can provide information about the local electronic 

and geometric structure of the investigated sample. When irradiated with hard X-rays, the 

atoms in the sample can absorb the X-ray and a core-level electron is emitted as a 

photo-electron. The absorption process can be analyzed by measuring the transmission of 

the X-rays through the sample: 

I =  I0e−μ(E)t (3.3) 
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where I0 and I are the X-rays intensities before and after the sample, μ(E) the X-ray energy 

dependent absorption coefficient and t the sample thickness, respectively.105 The 

absorption coefficient μ(E) increases sharply when the X-ray energy exceeds the 

absorption energy E0 of the respective material and core-level electrons are promoted to 

the continuum. The emitted photo-electron can scatter from the neighboring atoms in the 

sample and return to the absorbing central atom. This leads to an energy-dependent self-

interference effect of the photo-electron, changing the absorption probability at the central 

atom and causing oscillations of μ(E). 

 

Figure 3.2 X-ray absorption spectrum of a Pt foil at the at the Pt L3 absorption edge (11564 eV). 

The dotted brackets indicate the energy range of XANES and EXAFS regions, respectively. 

X-ray absorption spectroscopy can be broken down into two regimes, X-ray absorption 

near-edge spectroscopy (XANES, E0 - 50 eV < E < E0 + 50 eV) and extended X-ray 

absorption fine structure (EXAFS, E > E0 + 50 eV) as illustrated in Figure 3.2. Analysis of 

the former XANES can provide information about oxidation state and coordination 

chemistry.106, 107 An increase of the former oxidation state becomes apparent as a shift of 

the absorption energy E0 to higher energies concomitant with an increase in the white line 

intensity i.e. the first main peak above the absorption edge.108 The latter effect is caused 

by an increased number of unoccupied electronic states which augments the X-ray 

absorption probability.109 From analysis of the EXFAS, the coordination number of the 

central absorbing atom and interatomic distances to neighboring atoms can be determined 

as will be shown in the following.  
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3.3.2 Data Treatment 

Following the conversion of the measured intensities into μ(E), a smooth pre-edge function 

is subtracted to account for instrumental background and absorption form other edges (i.e. 

other atoms in the sample). Next, a post-edge background function μ0(E) that corresponds 

to the absorption of a free atom is subtracted and μ(E) is normalized to the magnitude of 

the edge step Δμ0(E0). The resulting isolated EXAFS spectrum χ(E) is defined as 

χ(E) =  
μ(E)  −  μ0(E)

Δμ0(E0)
 (3.4) 

and typically expressed in terms of the photoelectron wavenumber k rather than energy as 

χ(k) with  

k = √
2me(E − E0)

ħ2
 (3.5) 

where me is the electron mass and ħ the reduced Planck constant.105 

The isolated EXAFS spectrum χ(k) is subsequently fitted to the EXAFS equation 

χ(k) =  ∑
NjS0

2fj(k)e−2k2σj
2

e−2Rj/λ(k)

kRj
2 sin [2kRj + δj(k)]

shells

j=1

 (3.6) 

where Nj is the number of atoms of type j at the distance Rj from the central absorbing 

atoms, S0
2 the amplitude reduction term due the relaxation process after photoionization, 

fj(k) the backscattering amplitude, δj(k) the backscattering phase shift, λ(k) the mean free 

path of the electron and σj
2 the relative mean square disorder of the distance Rj due to 

thermal and static motions.105, 110 The terms 𝑒−2𝑘2𝜎𝑗
2

 and 𝑒−2𝑅𝑗/𝜆(𝑘) account for the finite 

lifetime of the excited state and inelastic scattering, respectively.106 Fitting the data to the 

EXAFS equation to obtain a structural model (i.e. bond lengths and coordination numbers) 

requires chemical knowledge of the sample since the backscattering amplitude f j(k), phase 

shift δj(k), amplitude reduction term S0
2 and mean free electron path λ(k) need to be 

obtained from reference compounds or have to be calculated theoretically. 

3.4 Focused Ion Beam - Scanning Electron Microscopy Tomography 

To obtain a three dimensional image of the catalyst layer, i.e. the morphology of solid and 

pores, FIB-SEM tomography was used. In brief, this is a serial sectioning technique, in 

which a thin layer of e.g. the CL is first removed with a focused ion beam, followed by the 
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recording of a scanning electron microscopy image. Upon multifold repetition, a stack of 

2D images is obtained and used for three dimensional reconstruction. 

The samples for FIB-SEM tomography were prepared by spraying the catalyst ink onto 

either a GDL (Sigracet GDL 25 BC) or a gold foil to have a substrate with high electronic 

conductivity. Subsequently, they were attached to SEM stubs by conductive carbon tapes 

and, if needed, silver paint was applied to further increase conductivity. Next, the 

specimen were transferred to a Zeiss NVision 40 microscope with a Ga+ beam source and 

the area of interest on the catalyst layer was covered with a smooth carbon and platinum 

layer (≈ 200 nm each) to avoid curtain effects.48 Prior to serial sectioning, a cuboid-shaped 

structure (see Figure 3.3) was prepared with the focused ion beam to create space for the 

removal of material. 

 

Figure 3.3 Top-view FIB (A) and side-view SEM image (B) of the cuboid shaped structure in the 

catalyst layer.  

The serial sectioning was performed at an acceleration voltage of 30 kV (beam current of 

10 pA) for the Ga+ beam while setting a slice thickness of ≈ 5 nm. The accuracy of the 

slice thickness was confirmed after the measurement by dividing the cut length by the 

number of slices. For each section, SEM images at a magnification of ≈ 14000 and an 

acceleration voltage of 1 kV were recorded with a secondary (SE) and energy selective 

backscattered electron (ESB) detector. The reconstruction of the three dimensional 

structure is described in section 6.5.1. 
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3.5 Electrochemical Characterization in Liquid Electrolyte Half Cells 

3.5.1 ORR Activities 

The electrochemical activities of ORR catalysts were studied in liquid half cells using the 

thin-film rotating disk electrode (RDE) technique.35, 111 To prepare the catalyst for 

characterization, it was dispersed in a mixture of water and alcohol by ultrasonic treatment 

and drop-casted atop a glassy carbon disk embedded in polytetrafluoroethylene (PTFE) 

that serves as the working electrode (WE) in the experiment. The catalyst loadings are 

generally very low (˂ 100 μg/cm2
disk) to obtain thin films ˂ 1 μm which avoids reactant 

concentration gradients within this layer.35 Optimization of the ink composition and drying 

process is crucial to obtain smooth thin films that are paramount for reliable results.112, 113 

Working electrodes obtained in the way described above were subsequently attached to a 

rotatable shaft and immersed into a glass cell filled with electrolyte (see Figure 3.4) that 

was saturated with O2 gas. To complement the electrochemical three electrode setup, a 

counter and reference electrode were connected to the main electrode compartment. 

Rotating the working electrode creates a uniform, laminar flow across the surface which 

allows for precise control of the mass transport to the catalyst thin film. The corresponding 

limiting current density ilim follows an equation developed by Levich114 

ilim =  0.62nFD2/3υ−1/6ω1/2c0 (3.7) 

where n is the number of transferred electrons (4 per O2 molecule), F the Faraday 

constant (96485 C/mol), D the diffusion coefficient of O2 in the electrolyte, ν the kinematic 

viscosity of the electrolyte, ω the angular frequency and c0 the bulk concentration of O2 in 

the electrolyte. 
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Figure 3.4 Three electrode glass cell setup in rotating disk electrode configuration. The inset shows 

a working electrode (see text above) from Pine Research Instrumentation Inc. 

Figure 3.5 illustrates the dependence of the limiting current density on the rotation speed 

in rounds per minute (rpm) and highlights three different regions in the voltammogram. At 

potentials < 0.7 VRHE, the current density is controlled by the mass transport to the 

electrode surface. Above 0.7 VRHE exists a region of mixed control by mass transport and 

ORR kinetics (i.e. the rate constant of the electron transfer). The effect of mass transport 

becomes negligible at minor current densities for which true kinetic currents can be 

measured. To extend the potential range in which ORR kinetics can be investigated, 

measured current densities i were converted to kinetic current densities ikin by applying the 

Koutecky-Levich equation under the assumption of first order reaction kinetics with respect 

to the O2 concentration115 

1

i
=  

1

ikin
+  

1

ilim
=  

1

ikin
+

1

0.62nFD2/3υ−1/6ω1/2c0
 (3.8) 

Lastly, the measured potential (Em) was corrected for the high frequency resistance 

between reference and working electrode (RΩ) and the kinetic current density at a given 

potential can be extracted (i.e. ER-corr. = Em - i RΩ). It is customary to compare the kinetic 

currents at 0.9 VRHE (derived from experiments at a rotation speed of 1600 rpm) after 

normalization to the mass of noble metal on the WE.35, 113, 116 
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Figure 3.5 Anodic ORR polarization curves at different rotation speeds and at a scan rate 

of 5 mVs
-1

 for a commercial Pt/C catalyst (30 wt. % Pt, E-TEK) in O2-saturated 0.1 M HClO4 

electrolyte. The polarization curves can be divided into three parts, in which the current density is 

either controlled by mass transport (‘mass transport’), mass transport and ORR kinetics (‘mixed’), or 

ORR kinetics (‘kinetic’), respectively.  

3.5.2 Electrochemical Surface Area 

The setup described above can likewise be used to determine the ECSA (in m2/gPt) of 

catalysts by cyclic voltammetry. For Pt-based catalyst, this is commonly achieved by 

evaluating the charge associated to the hydrogen underpotential deposition  

(Hupd: Hads → H+ + e-) by integrating the current between 0.05 VRHE and 0.4 VRHE after 

subtracting the double layer current contribution.111, 117
 Dividing this charge by the 

conversion factor 210 μC/cm2
Pt

117 and the catalyst loading L (gPt/electrode) yields  

ECSA =  
QDL−corrected

Hupd

210 μC cmPt
−2 𝐿 104

=  

1
υ ∫(i −  iDL)dE

210 μC cmPt
−2 𝐿 104

 (3.9) 

where QDL-corrected refers to the double layer corrected charge of the Hupd peaks (in μC), ν to 

the scan rate of the cyclic voltammetry, i and iDL to the current and current in the 

double-layer region at 0.4 VRHE respectively. Figure 3.6 displays the cyclic 

voltammogramm (CV) of a commercial Pt/C catalyst in which the double layer current and 

Hupd charge are highlighted. 
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Figure 3.6 CV of a commercial Pt/C catalyst (30 wt. % Pt, E-TEK) in N2-saturated 0.1 M HClO4 

electrolyte at a scan rate of 20 mVs
-1

. Note that the red curve corresponds to a CV recorded in the 

course of a CO stripping experiment as described below. Black and red shaded areas highlight Hupd 

and CO oxidation charges, respectively. 

Since the Hupd method relies on the adsorption/reduction of protons from the electrolyte to 

form a monolayer of hydrogen on the Pt surface that can be oxidized during the anodic 

potential sweep, it is very sensitive to changes in the H-adsorption behavior of the catalyst 

surface.118 Thus, to avoid errors in ECSA estimation, the catalyst surface is often 

additionally probed by carbon monoxide (CO) that can adsorb on the Pt surface and be 

removed by electrochemical oxidation (COads + H2O → CO2 + 2H+ + 2e-). For this CO 

stripping experiment, the electrolyte was first purged with CO gas while the electrode was 

held at a constant potential of 0.1 VRHE at which the Pt surface gets covered by a CO 

monolayer.111, 119 Next, the electrolyte was purged with N2 gas to remove the CO gas, 

followed by the oxidation of pre-adsorbed CO by a single anodic potential sweep (see red 

curve in Figure 3.6; current ianodic,1 in equation (3.10)). The charge associated to CO 

oxidation was obtained by subtracting the anodic sweep of a subsequent CV (cf. black 

curve in Figure 3.6; current ianodic,2 in equation (3.10)) to account for double layer and oxide 

formation currents. As CO oxidation is a 2-electron process, the conversion factor is 

420 μC/cm2
Pt,

119 i.e. twice the one for the Hupd method.  

ECSA =  
Qnet

CO oxidation

420 μC cmPt
−2 𝐿 104

=  

1
υ ∫(ianodic,1 −  ianodic,2)dE

420 μC cmPt
−2 𝐿 104

 (3.10) 
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3.6 Experiments in Differential PEFC 

3.6.1 Preparation of Catalyst Coated Membranes 

In the first step to prepare catalyst coated membranes (CCMs), a Nafion XL-100 

membrane (DuPont) was cut into rectangles (2.6 cm x 1.6 cm) with flattened corners using 

a customized punching tool. Next, the backing film and cover sheet were removed from 

the cut membrane and the mass of the latter was determined with a microbalance. 

Subsequently, it was soaked in ultrapure water (18.2 MΩ cm, Elga Purelab Ultra) and fixed 

taut in a spraying frame with a 1 cm2 cutout as shown in Figure 3.7A to remove any 

membrane wrinkling. In the meantime, the catalyst was processed into inks according to 

the procedures described in sections 6.5.1 and 7.3.  

 

Figure 3.7 (A) Airbrush spraying gun, spraying frame and CCM after the spraying step. (B) 

Components of the MEA: PTFE gasket, cathode GDL, CCM, anode GDE and PTFE gasket (from 

left to right). (C) Top and bottom part of differential fuel cell. (D) End plates including gas inlet/outlet 

and heating cartridges. 
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Afterwards, the catalyst ink was sprayed onto the membrane with an airbrush spraying gun 

(HP-410, Conrad Electronics AG, cf. Figure 3.7A) at an air pressure of 1.2 barabs. During 

this step, the spraying frame was periodically turned by 90° to achieve a more uniform 

distribution of the catalyst in the active area of 1 cm2. After drying the sample for a couple 

of hours, the mass was again determined on a microbalance and the mass difference was 

calculated. Due to the significant mass change of Nafion membranes upon the varying 

relative humidities in the environment (e.g. between first and second weighing), the 

obtained mass difference can yield inaccurate catalyst loadings. To mitigate this issue, the 

mass of the Nafion membrane at the second weighing was corrected by the relative weight 

change of a reference Nafion membrane that was weighted at the same times as the 

processed membrane. Subsequent steps of MEA preparation are described in sections 

6.5.1 and 7.3. 

3.6.2 Differential PEFC 

The PEFC performance of MEAs is commonly assessed by recording polarization or I/E 

curves. Naturally, drawing conclusions from such experiments can become challenging 

when working with complex systems in which multiple effects are superimposed. 

 

Figure 3.8 Scheme of downscaling possibilities for PEFC experiments to increase the level of 

understanding. Reproduced with permission.
120

 Copyright 2014, Springer. 

As illustrated in Figure 3.8, a full-size stack has the greatest relevance for real operation, 

however the analysis possibilities of the catalyst layers properties (e.g. mass transport) are 

limited due to cell-to-cell and channel-to-channel distribution of the gas flow.120 On the 

other hand, the use of a differential PEFC allows an investigation of CLs under 

homogeneous, well-defined conditions in the absence of along-the-channel effects such as 

changing temperature, relative humidity and gas concentration.121 The cell used in this 
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study (see Figure 3.7C) was developed by Oberholzer and coworkers122 and features five 

channels/ribs of 1 mm width and 0.55 mm depth at an active area of 1 cm2. The cell is 

made from aluminum and was coated with a thin gold layer to mitigate corrosion. A defined 

GDL compression (25 %) was achieved by employing a set of steel spacers between top 

and bottom part and the cell sealing was provided by two 350 μm thick PTFE gaskets (see 

Figure 3.7B). The differential fuel cell was placed between two endplates (see Figure 

3.7D) that provide gas inlet/outlet and temperature control of the system. Experiments 

were performed on an in-house built test bench, whereby potential and current were 

controlled by a Biologic VSP-300 potentiostat with a 10A/5V current booster in 

combination with the EC-Lab® V11.01 software package. 

3.6.3 Quantification of Voltage Loss Contributions 

As introduced in section 2.1, three major overpotentials cause the deviation of the cell 

potential from the thermodynamic potential. In this work, the ohmic voltage losses ηIR were 

obtained from electrochemical impedance spectroscopy measurements as it will be shown 

later in sections 6.5.1 and 6.5.3. In brief, the high frequency resistance RΩ in impedance 

spectra recorded during polarization curves can account for the sum of bulk electronic 

resistance Relec, contact resistance Rcon, and membrane proton resistance Rion (i.e. RΩ = 

Relec + Rcon + Rion), while the effective proton resistance in the catalyst layers RH+ was 

derived from electrochemical impedance measurements in H2/N2 condition. Next, the 

activation overpotential ηact (equivalent to ηORR) can be computed from the ηIR-free potential 

at low current densities (≤ 0.1 mA/cm2
MEA) at which mass transport contributions are 

negligible (i.e. ηtx ≈ 0). This data range displays the logarthmic relation between potential 

and current density expected from the Butler Volmer equation (ηORR ∝ log(i)), and can 

therefore be used to calculate ηORR at various current densities. Lastly, the mass transport 

overpotential ηtx constitutes the remaining difference between the thermodynamic and cell 

potential after all other overpotentials have been accounted for. 
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4 Synthesis and Characterization of Pt-Ni Aerogel Catalysts 

4.1 Pt-Ni Aerogels as Unsupported Electrocatalysts for the Oxygen 

Reduction Reaction 

Pursuing the goal outlined in chapter 1 to investigate unsupported Pt-alloy catalysts for the 

ORR, in this chapter a novel synthesis route for the preparation of Pt-Ni aerogels with 

different Ni content is presented, followed by a systematic study of the materials’ 

composition, structure and ORR activity. First, it is demonstrated by TEM and 

N2-physisorption measurements that the synthesized catalysts indeed exhibit an aerogel 

structure. Next, the effect of Ni content (Pt3Ni vs. Pt1.5Ni) on the aerogel’s properties is 

explored by XRD, XPS, XANES and EXAFS analyses. Subsequently, these findings are 

confirmed by in-situ electrochemical experiments in alkaline electrolyte. The study 

concludes by comparing the ORR activity of Pt-Ni aerogels to a commercial Pt/C 

benchmark and DOE targets. 

  



52 

Pt-Ni Aerogels as Unsupported Electrocatalysts for the Oxygen Reduction Reaction 

Sebastian Henninga,‡, Laura Kühnb,‡, Juan Herranza, Julien Dursta, Tobias Binningera, 

Maarten Nachtegaalc, Matthias Werheidb, Wei Liub, Marion Adame, Stefan Kaskele, 

Alexander Eychmüllerb and Thomas J. Schmidta,e 

a
Electrochemistry Laboratory, Paul Scherrer Institut, 5232 Villigen, Switzerland 

b
Physical Chemistry, Technische Universität Dresden, Bergstr. 66b, 01062 Dresden, Germany 

c
Paul Scherrer Institut, 5232 Villigen, Switzerland 

d
Chair of Inorganic Chemistry I, Technische Universität Dresden, Bergstr. 66, 01062 Dresden, 

Germany 

e
Laboratory of Physical Chemistry, ETH Zurich, 8093 Zurich, Switzerland 

‡
These authors contributed equally 

 

ABSTRACT 

The commercial feasibility of polymer electrolyte fuel cells passes by 

the development of Pt-based, O2-reduction catalysts with greater 

activities and/or lower Pt-contents, as well as an improved stability. In 

an effort to tackle these requirements, unsupported bimetallic Pt-Ni 

nanoparticles interconnected in the shape of nanochain networks 

(aerogels) were synthesized using a simple one-step reduction and 

gel formation process in aqueous solution. The products of this novel 

synthetic route were characterized by X-ray absorption spectroscopy 

to elucidate the materials’ structure. Using electrochemical 

experiments, we probed the surface composition of the 

as-synthesized aerogels and of equivalent materials exposed to acid, 

and concluded that a Ni-(hydr)oxide side phase is present in the 

aerogel with a larger Ni-concentration. Regardless of this initial 

surface composition, the Pt-Ni aerogels feature a ≈ 3-fold increase of 

surface-specific ORR activity when compared to a commercial 

platinum-on-carbon catalyst, reaching the mass-specific requirement 

for application in automotive PEFCs.  

Published in J. Electrochem. Soc., 163, F998 (2016). 
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4.2 Introduction 

State-of-the-art polymer electrolyte fuel cells require large amounts of carbon supported 

platinum nanoparticle catalysts (≈ 0.4 mgPt/cm2
geom)5 to account for the large overpotential 

of the oxygen reduction reaction. Thus, Pt contributes significantly to the fuel cell system 

cost, and progress to reduce its loading is crucial to meet the long-term PEFC cost target 

of 40 $/kW set by the U.S. Department of Energy.95 One approach to reduce this 

excessive Pt-loading relies on increasing the catalysts’ ORR activity, e.g. by alloying 

platinum with other metals like Ni, Cu and Co, to form materials which show up to one 

order of magnitude higher mass-specific activity than commercial Pt/C catalysts.6 On the 

other hand, these carbon-supported materials suffer from significant carbon- and 

Pt-corrosion during the standard operation of PEFCs, gradually compromising their 

efficiency and reliability.24 To partially overcome stability issues, research focuses on 

unsupported materials (e.g. Pt-coated Ni, Co or Cu nanowires86, 87, 123) besides extended 

metal surfaces (e.g. 3M® nanostructured thin film catalysts71) or alternative supports (e.g. 

conductive metal oxides33, 124-126). Naturally, those materials should be processable into 

catalytic layer architectures that provide reactant and product diffusion pathways similar to 

those in conventional Pt/C electrodes to guarantee high catalyst utilization and PEFC 

performance.127 

To meet the requirements mentioned above, unsupported bimetallic electrocatalysts with 

high surface area (up to ≈ 80 m2/gmetal) and nanochain network structure, referred to as 

aerogels, have been synthesized.49, 59, 128 The synthetic routes to prepare such materials 

vary, but generally involve the use of stabilizing surfactants and/or organic solvents129-131 

that can poison the catalyst’s surface and decrease its activity. In contrast to those 

approaches, our groups have developed a facile one-step synthesis for mono- and 

bimetallic aerogels based on the reduction of metal salts by NaBH4 in aqueous solution 

without addition of stabilizing surfactants.51  

On the basis of previous work on Pt-Pd alloy aerogels prepared with the aforementioned 

method,51 we have adapted our synthetic approach to the combination of a noble and a 

non-noble metal, targeting a reduced noble metal content while maintaining a high ORR 

activity. As we will demonstrate in this article, the combination of Pt and Ni yielded 

materials with a mass-specific ORR activity ≈ 2-fold higher than that of a commercial Pt/C 

catalyst and that reaches the DOE target for automotive PEFC application.3 
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4.3 Experimental 

Pt-Ni hydrogels were prepared by a simple co-reduction route in aqueous solution under 

ambient conditions (room temperature, air). Briefly, Pt and Ni precursors were dissolved in 

water (18.2 MΩ cm, Millipore) in the Pt4+:Ni2+ molar proportions required to reach the 

targeted Pt:Ni ratio, and reduced by NaBH4. Selecting the synthesis of Pt3Ni hydrogel as 

an example, 585 µL of a 0.205 M H2PtCl6 solution (8 wt. % in H2O, Sigma Aldrich) [final 

reactant concentration 0.15 mM] and 4 ml of a freshly prepared 10 mM NiCl2 solution 

(NiCl2*6H2O 99 %, Sigma Aldrich) [final reactant concentration 0.05 mM] were dissolved in 

790 ml water and stirred until mixing was complete. Subsequently, 7.0 ml of a freshly 

prepared 0.1 M NaBH4 solution (granular, 99.99 %, Sigma Aldrich) 

[c(Pt4+ + Ni2+):c(NaBH4)=1:1.25] were added under vigorous stirring. Upon addition of 

NaBH4, the color of the solution turned immediately from light yellow to dark brown. The 

solution was kept stirring for another 30 min. Afterwards, the reaction solution was divided 

and transferred to 100 ml vials. After about four days, black PtxNi hydrogel was formed at 

the bottom of the containers. The hydrogel parts obtained from the same synthesis were 

collected in a small vial and washed with water. For this, half of the supernatant was 

removed and replaced cautiously with fresh water. This step was repeated six times. 

Afterwards, the solvent was exchanged stepwise with acetone. Again, half of the 

supernatant was removed and replaced by acetone. This step was repeated 11 times. The 

resulting anhydrous gels were transferred to a critical point dryer (Critical Point Dryer 

13200J-AB, SPI Supplies) operating with CO2.  

XAS spectra at the Pt L3 and Ni K edges were recorded at the SuperXAS beamline of the 

Swiss Light Source (Paul Scherrer Institut, Villigen, Switzerland), whereby the 

monochromator energy was calibrated using Pt and Ni foils, respectively. Measurements 

were performed ex-situ in transmission mode on pouch bags made from conductive 

Kapton® tape that were filled with aerogel powder. The quick-EXAFS (QEXAFS) method 

was used to increase time resolution;132 100 and 600 quick-XAS spectra were recorded at 

the Pt L3 and Ni K edges, respectively. These XAS data were first analyzed with the JAQ 

analyzer software which allows averaging of individual XAS spectra into a single spectrum. 

Subsequently, Athena of the Demeter software package was used for normalization and 

background subtraction.110 The fit of the EXAFS oscillations was performed with Artemis110 

using a face centered cubic Pt-Ni structure for the paths description. Amplitude reduction 

terms were calculated from EXAFS fits of Pt and Ni reference foils assuming a 

coordination number of 12 and amounted to S0,Ni
2 = 0.97 and S0,Pt

2 = 0.85, respectively. 
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Electrolyte solutions were prepared from NaOH·H2O pellets (99.995% purity, 

TraceSELECT, Sigma Aldrich) or 60% HClO4 (Kanto Chemical Co., Inc.) diluted in 

ultrapure water (18.2 MΩ cm, Elga Purelab Ultra). High purity N2 (5.0), O2 (5.0) and CO 

(4.7) were purchased from Messer AG, Switzerland. The benchmark catalyst for this study 

is a Pt/Vulcan XC-72 electrocatalyst with a Pt weight fraction of 30 % purchased from 

E-TEK Inc. (Lot# C0160311). The electrochemical measurements in acid were performed 

in a house-made three electrode glass cell. A reversible hydrogen electrode was 

connected to the main cell compartment through a Luggin cappilary, and a gold mesh 

(99,99 % metals basis, Alfa Aesar) held in a separate tube in contact with the main cell 

served as counter electrode. The working electrode was a PTFE-made, interchangeable 

rotating ring-disk electrode (Pine Research Instrumentation) equipped with a Pt-ring and a 

mirror-polished, glassy carbon disk insert (5 mm diameter, HTW Hochtemperatur-

Werkstoffe GmbH). Before the measurements, the WE was mounted to a 

polyetheretherketone shaft that was attached to a modulated speed rotator (both Pine 

Research Instrumentation). A Biologic VSP-300 was used as potentiostat, in combination 

with the EC-Lab® V10.44 software package. The ohmic drop was determined by 

electrochemical impedance spectroscopy, applying a 5 mV perturbation (100 kHz to 1 Hz) 

at 0.45 VRHE. The setup for measurements in alkaline electrolyte was described in detail in 

a previous work.133 In brief, it consisted of a house-made polytetrafluoroethylene cell with a 

four-necked glass cover. A calomel reference electrode (ALS Co., Ltd.) was kept in a 

separated glass holder filled with electrolyte connected to the main compartment through a 

Luggin capillary consisting of a fluorinated ethylene propylene (FEP) tube closed with a 

50 μm thick Nafion membrane (Ion Power, New Castle, DE). The setup was completed by 

a gas bubbler and a gold mesh counter electrode. 

Thin-film electrodes were prepared by dispersing catalyst materials in mixtures of ultrapure 

water (18.2 MΩ cm, Elga Purelab Ultra) and isopropanol (99.9 %, Chromasolv Plus® for 

HPLC, Sigma Aldrich), followed by 10 min sonication in an ultrasonic bath (USC100T, 

45 kHz, VWR). Fractions of the inks were pipetted onto the glassy carbon inset of the 

RRDE to obtain catalyst loadings of 30 and 15 gPt/cm2
electrode for Pt-Ni aerogels and Pt/C, 

respectively. Subsequently, coatings were dried under a gentle N2-flux.  
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4.4 Results and Discussion 

Bimetallic aerogels with various Pt:Ni atomic ratios were synthesized by the simple 

co-reduction process of NiCl2∙6H2O and H2PtCl6 with NaBH4 in aqueous solution described 

in the experimental section 4.3.  

The composition of the Pt-Ni aerogels produced in this manner was determined by 

inductively coupled plasma-optical emission spectrometry (ICP-OES) and compared to the 

values expected on the basis of the initial precursor ratios. As Figure 4.7 in section 4.6.2 

shows, a decrease in the extent of reduction of the Ni-precursor is observed upon 

preparation of Pt-Ni aerogels with x(Ni)ICP-OES-values above 25 at. %. Motivated by this 

result, two samples were selected for further characterization and analysis: one with a final 

Ni content ≤ 25 at. % (Pt3Ni, x(Ni)expected ≈ x(Ni)ICP-OES ≈ 25 at. %) and one with > 25 at. % 

Ni (Pt1.5Ni, x(Ni)expected ≈ 50 at. % vs. x(Ni)ICP-OES ≈ 40 at. %).  

 

Figure 4.1 TEM images of Pt3Ni (A) and Pt1.5Ni (B) aerogel; the insets show the corresponding 

distributions of nanochain diameters and TEM images with lower magnification. 
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Figure 4.1 shows representative transmission electron microscopy images of the Pt3Ni and 

Pt1.5Ni aerogels that look similar to those obtained for aerogels with other Pt-Ni 

compositions (not shown here). In agreement with previous work,51 the materials consist of 

a 3D structure of nanochains that are composed of interconnected/fused nanoparticles. 

The quality of the nanochain network is supported by the fact that no isolated 

nanoparticles can be observed. Additionally, nanochain diameters from TEM images 

based on measurement of the chain’s width at different spots are on average ≈ 5 nm for 

both samples (cf. Table 4.1).  

To highlight the reproducibility of our synthesis, the good agreement between nanochain 

diameter distributions of different batches is illustrated in Figure 4.8 (section 4.6.2). 

Moreover, the surface areas of the aerogels were analyzed by N2-physisorption 

measurements (cf. Figure 4.9, section 4.6.2). Both materials exhibited a type II isotherm 

and a slight hysteresis indicating the presence of macropores and some mesopores.134 

Surface areas were estimated from Brunauer-Emmett-Teller plots to 55 m2/gPt and 

58 m2/gPt for Pt3Ni and Pt1.5Ni, respectively (cf. Table 4.1).  

Table 4.1 Crystallite size, nanochain diameter and surface area values of the Pt3Ni and Pt1.5Ni 

aerogels, derived from XRD, TEM, N2-physisorption, Hupd and CO stripping analysis. 

Catalyst  Size [nm]  Surface area [m
2
/gPt] 

  XRD TEM  XRDcalc
1
 TEMcalc

1
 Hupd

2 
CO strip.

3 
N2-physis. 

Pt3Ni   6.7 ± 1.3 5.6 ± 1.2  35 ± 7 41 ± 9 32 ± 2 30 ± 2 55 

Pt1.5Ni   6.0 ± 1.0 5.5 ± 1.1  46 ± 8 51 ± 10 30 ± 1 28 ± 1 58 

1
 Surface area values based on the assumption of nanowires with a cylindrical geometry of 

diameter equal to the one averaged from XRD or TEM measurements, along with alloy density 
values of 19.0 (Pt3Ni) and 17.3 g/cm

3 
(Pt1.5Ni). 

2
 Extracted from the integration of Hupd desorption peaks (cf. Figure 4.11, section 4.6.2) using the 

double layer current as an extended baseline and averaged on the basis of 3 independent 
measurements. 

3
 Based on the integration of the charges for the CO oxidation peak using the subsequent CV as a 

baseline (cf. Figure 4.11, section 4.6.2) and averaged on the basis of 3 independent 
measurements. 

The samples were further characterized by X-ray diffraction (see Figure 4.10, section 

4.6.2) in order to investigate alloy formation between Pt and Ni. The (111) reflections at 

2θ-values of 40.73° (Pt3Ni) and 41.04° (Pt1.5Ni) present a shift with respect to pure Pt 

(39.83°).135 These shifts to larger angles, also observed for the (220) reflections at 
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≈ 67.71° (pure Pt), confirm alloy formation between Pt and Ni. The greater 2θ shift for 

Pt1.5Ni compared to Pt3Ni indicates a larger Ni-concentration in the alloy phase of this 

aerogel. Analysis of the XRD spectra was concluded by calculating crystallite sizes on 

basis of the full width at half maximum of the (111) reflections (Scherrer equation); the 

resulting values tabulated in Table 4.1 coincide well with the average nanochain diameters 

derived from TEM images.  

The crystallite sizes and nanochain diameters from XRD and TEM analyses were used to 

calculate surface areas assuming cylindrical nanowires and compared to the respective 

values derived from N2-physisorption and electrochemical measurements. The latter 

electrochemical surface areas were determined by integration of the charges 

corresponding to the underpotential deposition of hydrogen (Hupd) on Pt35 and the oxidation 

of a monolayer of carbon monoxide potentiostatically adsorbed on the Pt-surface (CO 

stripping)119, 136 (see Figure 4.11, section 4.6.2)). As summarized in Table 4.1, the ECSAs 

of both aerogels are similar (≈ 30 m2/gPt) and ≈ 20 - 40 % lower than the surface areas 

obtained from BET plots or estimated from the XRD- or TEM-derived diameters on the 

basis of a cylindrical geometry approximation. This difference most likely results from the 

interconnectivity between the nanowires that form the tridimensional network and from the 

lack of wettability of micropores in the nanostructures, which are accessible to the 

N2-adsorbate used in the physisorption measurements.  

To elucidate the aerogels’ electronic and local structure, X-ray absorption spectroscopy at 

the Ni K edge (8333 eV) was used to characterize the Pt3Ni and Pt1.5Ni aerogels, as well 

as a Ni(OH)2 (β-phase) reference sample.137 The X-ray absorption near edge structure 

region within ± 30 eV of the absorption edge reveals significant differences among the 

Pt-Ni aerogels (see Figure 4.2A). The position of the absorption edge of the Pt1.5Ni aerogel 

is shifted to higher energy and the white line intensity is increased compared to that of the 

Pt3Ni aerogel, suggesting a partial oxidation of Ni in the Pt1.5Ni aerogel.108  
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Figure 4.2 (A) X-ray absorption near edge structure at the Ni K edge (8333 eV) for the Pt3Ni 

aerogel, the Pt1.5Ni aerogel and a Ni(OH)2 reference. (B) Fit of the Pt1.5Ni aerogel spectrum as a 

linear combination of the Pt3Ni aerogel and Ni(OH)2 spectra. 

Considering the resembling nanochain diameters of both materials and the 2-fold larger 

Ni-concentration of the Pt1.5Ni sample, this difference in the Ni-oxidation states cannot be 

exclusively assigned to the Ni on the aerogels’ surfaces (which would get oxidized upon 

contact with air). Alternatively, this discrepancy could be additionally related to the 

formation of Ni-(hydr)oxide sidephase(s) in the Pt1.5Ni aerogel, implying that only a fraction 

of the Ni is involved in the alloying with Pt. This hypothesis is further supported by the 

good agreement between the XANES recorded for the Pt1.5Ni aerogel and the 

corresponding fit as a linear combination of the Pt3Ni aerogel and Ni(OH)2 spectra, 

displayed in Figure 4.2B. The best fit was obtained for relative weights of 75 % and 25 % 

for Pt3Ni and Ni(OH)2 respectively, confirming that a significant amount of the Ni in the 

Pt1.5Ni aerogel is present in the form of a Ni-(hydr)oxide phase. Surface-sensitive X-ray 

photoelectron spectroscopy in the Ni 2p3/2 region (cf. Figure 4.12, section 4.6.2) also 

corroborates this observation. The sharp peak at ≈ 852.6 eV in the spectrum of Pt3Ni is 

associated with Ni0,138-140 whereas the Pt1.5Ni spectrum only contains a minor shoulder at 

the same energy, pointing at a larger content of Ni0 in Pt3Ni when compared to Pt1.5Ni. 

Moreover, this finding is in qualitative agreement with previous work by Park et al.135, who 

investigated carbon-supported Pt3Ni and PtNi nanoparticles of 3 - 4 nm diameter prepared 

by an aqueous-based approach similar to the one used here.  
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Next, the local structure of both Pt-Ni aerogels was studied by additionally analyzing the 

extended X-ray absorption fine structure spectra collected at both the Pt L3 (11564 eV) and 

the Ni K (8333 eV) edge. The outcome of the simultaneous first shell fit of the Pt L3 and 

Ni K EXAFS spectra of Pt3Ni is summarized in Table 4.2, and the Fourier transformed (FT) 

EXAFS spectra and corresponding fits are shown in Figure 4.3. The close agreement 

between the experimental data and the corresponding fits at the Pt L3 and Ni K edge is 

discernable from Figure 4.3 and confirmed by the low R-factor value.2 Additionally, the 

properties of our Pt3Ni aerogel and those reported for a Pt3Ni/C catalyst with a similar 

particle size in reference 141 are very comparable (cf. Table 4.2), as one would expect 

from the similarities between the individual building blocks of both materials, i.e. Pt3Ni 

nanoparticles.  

Table 4.2 Structural parameters derived from the fitting of the EXAFS (Pt L3 and Ni K edges) of the 

Pt3Ni aerogel. Values in brackets are extracted from reference 141 and were determined for a 

Pt3Ni/C catalyst of similar particle size. Note that R-factor values below 0.02 are regarded as 

indicative of a good quality EXAFS fit.
2
 

Coord. shell  Coord. number  Bond length [Å]  σ
2
 [10

-3
 Å

2
]  R-factor 

Pt-Pt  7.5 ± 1.0 (8.0)  2.71 ± 0.01 (2.71)  7 ± 1   0.01 

Pt-Ni  2.5 ± 0.7 (2.0)  2.66 ± 0.03 (2.65)  13 ± 1  0.01 

Ni-Pt  5.0 ± 1.2  2.66 ± 0.03  13 ± 1  0.01 

Ni-Ni  2.8 ± 1.1  2.58 ± 0.03  12 ± 4  0.01 

 

Moreover, the Cowley’s short range order parameter (α) which quantifies the homogeneity 

of bimetallic nanoparticles can be derived from the EXAFS analysis as follow,142, 143 

α = 1 − 
CNPt−Ni/(CNPt−Pt +  CNPt−Ni)

xNi
 (4.1) 

whereby CNPt-Ni and CNPt-Pt refer to the Pt-to-Ni and Pt-to-Pt coordination numbers, 

respectively, and xNi stands for the molar concentration of Ni in the alloy (i.e. 0.25). This 

calculation yields a value of 0.0 ± 0.3 that is indicative of a homogeneously random 

alloy.142 Our attempt at fitting the first shell EXAFS of Pt1.5Ni considering Pt-Pt, Pt-Ni, Ni-Pt 

and Ni-Ni scattering contributions was unsuccessful (not shown here), possibly due to the 

sample inhomogeneity caused by the presence of a Ni-(hydr)oxide sidephase inferred 

above. Again, this finding is endorsed upon comparison of the Ni K edge Fourier 
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transformed EXAFS for both aerogels (see Figure 4.4), in which Pt1.5Ni displays a first 

coordination shell between 1.5 - 1.8 Å indicative of Ni-O scattering 108 that is only minor for 

the Pt3Ni aerogel. 

 

Figure 4.3 EXAFS fit and experimental data (k
3
-weighted) in R-space (uncorrected for phase shifts) 

for Pt3Ni aerogel at the Pt L3 (A) and Ni K edge (B).  

In a final effort to verify the hypothesized presence of two separate phases in the Pt1.5Ni 

aerogel, the surface compositions of the as prepared Pt3Ni and Pt1.5Ni aerogels were 

investigated electrochemically by cyclic voltammetry. Since Ni is thermodynamically prone 

to dissolution in acid electrolyte,144 the measurements were initially carried out in alkaline 

medium (0.1 M NaOH) to prevent its leaching from the alloy surface.35 The presence of Pt 

and Ni on the catalyst surface is indicated by element specific features in the CVs, 

whereby the peaks between ≈ 0.05 - 0.4 V vs. reversible hydrogen electrode are 

associated to Hupd on polycrystalline Pt.145 For Ni, the oxidation of Ni(OH)2 to NiOOH at 

≈ 1.4 VRHE and its quasi-reversible, subsequent reduction in the negative going scan 

provides such a characteristic feature.146 
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Figure 4.4 Ni K edge EXAFS Fourier transformation (k
3
-weighted) in R-space (uncorrected for 

phase shifts) for Pt3Ni and Pt1.5Ni aerogel. 

According to the solid curves in Figure 4.5 (CVs in alkaline electrolyte between 0.05 and 

1.6 VRHE), both aerogels exhibit Pt-related Hupd features, but only Pt1.5Ni displays 

pronounced Ni(OH)2 oxidation/NiOOH reduction peaks as well. Consequently, the Pt3Ni 

surface contains but traces of Ni, as one would expect from the nominal composition 

(Pt:Ni = 3:1) and alloy homogeneity derived from the XAS-analysis, whereas Pt1.5Ni 

contains a significant amount of surface Ni possibly in the form of a (hydr)oxide phase, 

further supporting the hypothesis that not all Ni is present as a Pt-Ni alloy phase. 

To probe the stability of this surface Ni species in acid, the experiment was continued by 

immersing each electrode in a separated electrochemical cell filled with 0.1 M HClO4 

electrolyte, followed by the recording of 25 potential cycles between 0.05 and 1.0 VRHE. 

Subsequently, CVs were again recorded in 0.1 M NaOH to identify possible changes in the 

surface. Interestingly, at this point both materials display very similar voltammetric profiles, 

with a complete absence of redox transitions at ≈ 1.4 VRHE that indicates the complete 

dissolution of the Ni-(hydr)oxide sidephase upon conditioning in acid medium. 
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Figure 4.5 Cyclic voltammograms in N2-saturated 0.1 M NaOH electrolyte at 50 mVs
-1

 of Pt3Ni (A) 

and Pt1.5Ni (B) aerogel. CVs before (solid) and after (dotted) 25 conditioning cycles in 0.1 M HClO4 

electrolyte between 0.05 and 1.0 VRHE are shown.  

After this structural characterization, the ORR activity of both Pt-Ni aerogels in acid 

medium (0.1 M HClO4) was determined using rotating disk electrode voltammetry, 

whereby a commercial Pt/C catalyst (30 % Pt/Vulcan XC-72) served as benchmark. The 

ECSA- and mass-specific ORR activities at 0.95 VRHE are shown in Figure 4.6. The 

average ECSA values from Hupd and CO stripping analysis summarized in Table 4.1 were 

used for normalization. The potential of 0.95 VRHE was chosen instead of 0.9 VRHE because 

the latter was too close to the diffusion-limited regime to allow for accurate correction of 

mass transport losses (cf. polarization curves in Figure 4.13, section 4.6.2).147 Moreover, 

mitigating such high currents by reducing the catalyst loading on the electrode was not 

possible, since minimal loadings of 30 μgPt/cm2
electrode were required for both aerogels to 

fully cover the glassy carbon disk. 

As displayed in Figure 4.6A, both aerogels show a ≈ 3-fold increase of the ECSA-specific 

activity vs. Pt/C that can be partially assigned to their larger particle size (cf. average 

aerogel diameters of 5.5 nm listed in Table 4.1, vs. the 3.4 nm of the 30 % Pt/C 

benchmark estimated in reference 148. However, the limited sensitivity of the ORR-

kinetics to the Pt particle size within the corresponding range of ECSA-values (≈ 50 m2/gPt 

for Pt/C vs. ≈ 30 m2/gPt for the PtNi-aerogels, see Figure 4.6A) would imply that the 
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aerogels’ larger size can only account for an activity increase of ≈ 20 %.24, 35 Thus, the 

great majority of the observed ≈ 3-fold activity enhancement can be explained by a down 

shift of the d-band center through alloying with Ni.149 According to literature, this shift 

decreases the fractional coverage of spectator species at a given potential and increases 

the number of free sites for O2 adsorption and subsequent ORR activity.150  

 

Figure 4.6 Pt-ECSA (A) and mass-specific (B) ORR activity values at 0.95 VRHE for Pt-Ni aerogels 

and Pt/C (averaged from 3 independent measurements). The dotted line represents the DOE ORR 

activity target at 0.95 VRHE, extrapolated from the benchmark value of 440 A/gPt at 0.9 VRHE
3
 

assuming a Tafel slope of 60 mV dec
-1

.
151

 Activity values were extracted from anodic polarization 

curves in O2-saturated 0.1 M HClO4 electrolyte (5 mVs
-1

), corrected for IR-drop and mass transport 

losses (Koutecky-Levich equation). Reported ECSA values are averaged from results for Hupd and 

CO stripping analysis (cf. Table 4.1). 

Upon conversion of these figures into mass-specific ORR activities (Figure 4.6B), Pt3Ni 

and Pt1.5Ni reach the DOE ORR activity target at 0.95 VRHE that was extrapolated from the 

reported value3 of 440 A/gPt at 0.9 VRHE assuming a Tafel slope of 60 mV dec-1 consistent 

with our measurements (cf. Figure 4.13, section 4.6.2).151 Following the same approach, 

the ORR activity values at 0.95 VRHE for both Pt-Ni aerogels (≈ 62 ± 5A/gPt) can be 

extrapolated to ≈ 422 ± 34 A/gPt at 0.9 VRHE, in good agreement with recent reports on de-

alloyed Pt-Ni/C catalysts based on RDE152 and fuel cell153 tests. The almost identical 

ECSA and ORR activity values for the two aerogels agree with the above conclusion that 
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their surface compositions become much alike after a few conditioning cycles in 

0.1 M HClO4 (see Figure 4.5), in which surface-Ni and Ni(OH)2 sidephases dissolve into 

the acid electrolyte. 

4.5 Conclusion 

In summary, we have presented a new facile synthesis for the preparation of Pt-Ni 

bimetallic aerogels. Extensive sample characterization suggested complete alloy formation 

in the case of Pt3Ni, along with limited alloying upon targeting larger Ni contents using this 

synthetic approach. Electrochemical measurements of the aerogels’ catalytic activity 

towards oxygen reduction revealed a 3-fold ECSA-specific activity increase when 

compared to commercial Pt/C catalysts that is in agreement with reports in the literature. 

Additionally, the mass-specific ORR activity of the Pt-Ni aerogels is comparable to that of 

state-of-the-art, de-alloyed Pt-Ni/C materials, and meets the DOE-target value for 

automotive FC application. Future work will therefore focus on investigating the stability of 

these Pt-Ni aerogels under PEFC-relevant working conditions and comparing their 

behavior to that of commercial Pt/C catalysts, as to verify the stability enhancement 

expected from the absence of a carbon support in these novel materials.89  

4.6 Appendix – Supplementary Information 

4.6.1 Materials and Methods 

Electron microscopy 

Transmission electron microscopy was performed using a Tecnai T20 from FEI equipped 

with a LaB6 cathode at an accelerating voltage of 200 kV. TEM specimens were prepared 

by drop casting a dispersion of aerogel in acetone on a copper grid with a thin Formvar-

carbon film. For determination of the aerogel nanochain diameter histogramms, the 

nanochain diameter was measured at least in 200 different spots. 

N2-physisorption 

Nitrogen physisorption isotherms were measured at 77 K on a Quantachrome Autosorb 1C 

instrument. About 50 mg of the aerogel was transferred to the measuring cell and 

degassed at 323 K under vacuum for at least 24 h. Specific surface areas were calculated 

using the multipoint BET equation (0.05<p/p0<0.2). 
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X-ray diffraction measurements 

Pt-Ni aerogels were analyzed in capillary tubes for a total acquisition time of 16 h using an 

X’celerator Phillips expert diffractometer between 2θ = 10° and 100°, with a step of 0.03°, 

using Cu Kα1 monochromatic radiation (λ = 0.15406 nm) . 

X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy measurements were performed using a VG ESCALAB 

220iXL spectrometer (Thermo Fischer Scientific) with an Al Kα monochromatic source and 

a magnetic lens system. Binding energies of the acquired spectra were referenced to the 

C 1s line at 284.9 eV. Quantification of different Ni species through deconvolution of the 

XPS spectra remains out of the scope of this study due its complexity138 and limited 

additional insight for our purpose. 
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4.6.2 Supplementary Figures  

 

Figure 4.7 Relation between the Ni content of various Pt-Ni aerogels as determined by ICP-OES 

(squares) and the corresponding, expected Ni concentration based on the Pt-to-Ni precursor ratio 

(dotted line). 

 

Figure 4.8 Nanochain diameter distributions from TEM images based on measurement of the 

chain’s width at various spots for different samples of Pt3Ni (A-C) and Pt1.5Ni (D-F) aerogel. 
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Figure 4.9 N2-physisorption isotherms for Pt3Ni (A) and Pt1.5Ni (B). 

 

 

Figure 4.10 XRD spectra for Pt3Ni (top) and Pt1.5Ni (bottom) aerogel. Reflections for metallic Pt
154

, 

Ni
155

 and Ni(OH)2
156

 are shown as a reference bars at the bottom of the chart; the inset shows a 

magnification of the (111) reflections. 
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Figure 4.11 Cyclic voltammograms from CO stripping experiments (solid lines) for Pt3Ni (left) and 

Pt1.5Ni (right) aerogels. In brief, the electrode was held at a potential of 0.1 VRHE while the 

0.1 M HClO4 electrolyte was purged with CO for ~ 5 min. Subsequently the electrolyte was 

saturated with N2 for 20 min before the adsorbed CO was oxidized by a positive potential sweep at 

20 mVs
-1

 up to 1.0 VRHE. The subsequent, steady-state CVs in N2-saturated electrolyte that were 

used to calculate Hupd charges are shown in dotted lines as a reference. 

 

Figure 4.12 Ni 2p X-ray photoelectron spectra of Pt3Ni (top) and Pt1.5Ni (bottom). 
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Figure 4.13 Non-capacitively corrected, anodic ORR polarization curves (left) and corresponding 

Tafel plots (right). 
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5 Acid Washing Modification of Pt-Cu Aerogel Catalysts 

5.1 Effect of Acid Washing on the Oxygen Reduction Reaction Activity of 

Pt-Cu Aerogel Catalysts 

As an intermediary step towards fuel cell implementation, the behavior of aerogels under 

PEFC relevant conditions (low pH value), simulated by acid washing of the latter, is 

discussed in this chapter. First, the composition, structure and ORR activity of two different 

aerogels (Pt3Cu and PtCu) are characterized by XRD, XPS, XAS, scanning transmission 

electron microscopy - energy dispersive X-ray spectroscopy (STEM-EDX) and RDE 

experiments. These experiments are repeated for Pt3Cu and PtCu aerogels that were 

subjected to two days of acid washing and results are compared to the ones for the 

as-synthesized samples. In the last part, the effect of acid washing is discussed and a 

descriptor that can predict the ORR activity for Pt-Cu aerogels is presented. 
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ABSTRACT 

Developing highly active and durable oxygen reduction reaction 

catalysts is crucial to reduce the cost of polymer electrolyte fuel cells. 

To meet those requirements, unsupported Pt-Cu alloy nanochains 

(aerogels) were synthesized by a simple co-reduction route in 

aqueous solution and their structure was characterized by X-ray 

absorption spectroscopy and scanning transmission electron 

microscopy coupled with energy-dispersive X-ray spectroscopy. 

These catalysts exceeded the ORR activity of commercial Pt/C 

catalysts by more than 100 % in rotating disk electrode experiments 

and met the corresponding DOE target for automotive PEFC 

implementation, thereby qualifying as very promising materials. The 

behavior of Pt-Cu aerogels under PEFC operation conditions was 

mimicked by acid washing experiments which showed that the Cu 

content in the alloy phase and ORR activity decrease through this 

step. Comparing composition, structure and ORR activity for various 

specimens, the Cu content in the alloy phase was identified as the 

main descriptor of ORR activity. An almost linear correlation was 

found between those two parameters and complemented by 

supporting data from the literature. 

Published in Electrochim. Acta, 233, 210 (2017). 
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5.2 Introduction 

Hydrogen powered polymer electrolyte fuel cells are considered a viable power supply for 

all-electric vehicles.3 In order to become more competitive with respect to alternative 

technologies, i.e. batteries, the system cost of PEFCs needs to be reduced. An important 

fraction of the overall costs is attributed to the use of expensive catalyst materials to 

accelerate the anodic hydrogen oxidation and the cathodic oxygen reduction reaction in 

the fuel cell.32 Due to its slow kinetics, the latter ORR causes more than 50 % of the cell 

voltage losses during PEFC operation.35 Thus, the development of O2-reduction catalysts 

with enhanced activities that exceed state-of-the-art materials consisting of Pt 

nanoparticles supported on carbon is of great importance.32 This improvement is typically 

achieved by alloying Pt with various transition metals (e.g. Ni, Cu, Co),6, 157-159 thereby 

tuning (i.e. decreasing) the surface binding energies of adsorbed O-intermediates. 

On top of these activity requirements, state-of-the-art Pt-based catalysts undergo 

significant losses of performance during PEFC operation due to the corrosion of their 

carbon support.7, 41, 160, 161 As a result, research effort increasingly focuses on materials 

with C-free supports, or even fully unsupported catalysts.24, 33, 125 Among the latter, 

aerogels consisting of tridimensionally interconnected metal nanoparticles provide the 

large electrochemical surface areas and porosities required for PEFC implementation, and 

can additionally be prepared in the bimetallic compositions required for an enhanced ORR 

activity.51, 53 Our previous work on non-supported Pt-Ni aerogels53 showed that these 

materials yield a Pt3Ni alloy upon contact to acid, reaching the ORR activity target for 

automotive PEFCs set by the U.S. Department of Energy (i.e. 440 A/gPt at 0.9 VRHE). 

Looking for a further improvement, we have extended this approach to the preparation of 

Pt-Cu aerogels for which higher ORR activities can be excepted on the basis of the larger 

decrease of the oxygen binding energies on these alloy surfaces.162  

An important, yet often overlooked aspect for PEFC implementation of such Pt alloy 

catalysts is the leaching of their non-noble metal component, triggered by the acidic 

reaction environment concomitant to the perfluorosulfonic acid groups in the ionomer and 

membrane.35, 144 Such exposure to acid can change the composition and corresponding 

catalytic properties of the Pt alloy catalyst. Additionally, the leached metal ions have a 

greater affinity for sulfonic acid groups than H+, therefore poisoning the ionomer and 

negatively impacting PEFC performance.97, 98, 100 In some works dealing with Pt-Ni and 

Pt-Cu alloys with an initially large non-noble metal content (i.e. prone to severe Ni or Cu 
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leaching), this poisoning effect was circumvented by acid washing the membrane 

electrode assembly after Ni/Cu dissolution and prior to PEFC operation, as to restore the 

ionomer’s initial H+-inventory.153, 163, 164 Thus, in this work we focus on two Pt-Cu aerogels 

with different initial copper contents, and mimic the dealloying effects related to MEA 

fabrication / PEFC operation by acid washing these materials. The relations established 

between the composition, structure and ORR activity of the resulting catalysts provide 

valuable insight on the key parameters that determine their reactivity.  

5.3 Experimental 

5.3.1 Synthesis 

Pt-Cu hydrogels were prepared by a simple co-reduction route in aqueous solution under 

ambient conditions (room temperature, air). Briefly, Pt and Cu precursors were dissolved 

in water (18.2 MΩ cm, Millipore) and reduced by NaBH4. For the synthesis of Pt3Cu 

hydrogel, 585µL of a 0.205 M H2PtCl6 solution (8 wt. % in H2O, Sigma Aldrich) [final 

reactant concentration 0.15 mM] and 4 ml of a freshly prepared 10 mM CuCl2 solution 

(CuCl2*2H2O 99.999 %, Sigma Aldrich) [final reactant concentration 0.05 mM] were 

dissolved in 790 mL water and stirred until mixing was complete. Subsequently, 8.4 mL of 

freshly prepared 0.1 M NaBH4 solution (granular, 99.99 %, Sigma Aldrich) 

[c(Pt4+ + Cu2+):c(NaBH4)=1:1.5] were added under vigorous stirring. In order to obtain PtCu 

hydrogel, 8 mL of a freshly prepared 10 mM K2PtCl4 solution (K2PtCl4 99.99 %, 

Sigma-Aldrich) [final reactant concentration 0.10 mM] and 8 ml of a 10 mM CuCl2 solution 

[final reactant concentration 0.10 mM] were mixed in 780 mL water. 4.0 ml of freshly 

prepared 0.1 M NaBH4 solution [c(Pt4+ + Cu2+):c(NaBH4)=1:1.25] were added to reduce the 

metal salts. Upon addition of NaBH4, the color of the solutions turned immediately from 

light yellow to dark brown. The solutions were kept stirring for another 30 min. Afterwards, 

the reaction solutions were divided and transferred to 100 mL vials. After about four (PtCu) 

to six (Pt3Cu) days, black hydrogel was formed at the bottom of the containers. The 

hydrogel parts obtained from the same synthesis were collected in a small vial and 

washed with water. For this, half of the supernatant was removed and replaced cautiously 

with fresh water. This step was repeated six times. Afterwards, the solvent was exchanged 

stepwise with acetone. Again, half of the supernatant was removed and replaced by 

acetone. This step was repeated 11 times. The resulting anhydrous gels were transferred 

to a critical point dryer (Critical Point Dryer 13200J-AB, SPI Supplies) operating with CO2. 
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5.3.2 XAS Spectroscopy 

XAS spectra at the Pt L3 and Cu K edges were recorded at the SuperXAS beamline of the 

Swiss Light Source (Paul Scherrer Institut, Villigen, Switzerland), whereby the beam 

current and the energy of the SLS storage ring were 400 mA and 2.4 GeV, respectively. All 

spectra were recorded in transmission mode using N2-filled ionization chambers at 

different gas pressures. A reference foil was measured simultaneously between the 

transmitted X-ray intensity and a third ionization chamber. The polychromatic beam was 

collimated by a Rh (at the Pt L3 edge) or Si coated (at the Cu K edge) collimating mirror, 

respectively. The mirror was followed by a channel-cut crystal Si (111) monochromator. 

Focusing of the beam to a spot of 100 x 100 micrometer was achieved by a Rh coated 

toroidal mirror, located after the channel-cut monochromator. Measurements were 

performed ex-situ on pellets made of aerogel powder and cellulose. The quick-EXAFS 

method was used to increase time resolution;132 100 and 600 quick-XAS spectra were 

recorded at the Pt L3 and Cu K edges, respectively, and were averaged into a single 

spectrum. Subsequently, normalization and background subtraction was performed using 

the Demeter software package.110 The energy units (eV) were then converted to 

photoelectron wave vector k units (Å-1) by assigning the photoelectron energy origin, E0, 

corresponding to k = 0, to the first inflection point of the absorption edge. The resulting χ(k) 

functions for the Pt and Cu edge spectra were weighted with k3 and then 

Fourier-transformed to obtain pseudo radial structure functions (RSFs). The fit of the 

EXAFS spectra was performed with the Demeter Software110 for the R-range 1.5 - 3.5 Å by 

using a face centered cubic Pt-Cu structure for the paths description. In case of the 

hetero-metallic pairs (Pt-Cu and Cu-Pt) in the nearest neighboring of the absorbing atoms, 

atoms of one type were substituted with atoms of the opposite type. Amplitude reduction 

terms (S0) were calculated from EXAFS fits of Pt and Cu reference foils assuming a 

coordination number of 12 and amounted to S0,Cu
2 = 0.87 and S0,Pt

2 = 0.81, respectively. 

5.3.3 Electrochemical Measurements 

Electrolyte solutions were prepared from 60% HClO4 (Kanto Chemical Co., Inc.) diluted in 

ultrapure water (18.2 MΩ cm, Elga Purelab Ultra). High purity N2 (5.0), O2 (5.0) and CO 

(4.7) were purchased from Messer AG, Switzerland. The benchmark catalyst for this study 

is a Pt/Vulcan XC-72 electrocatalyst with a Pt weight fraction of 30 % (E-TEK Inc., 

Lot# C0160311). The electrochemical setup used has been described in detail in a 

previous work;53 in brief it consists of a three electrode glass cell, equipped with a gold 
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mesh counter electrode, a reversible hydrogen reference electrode and PTFE-made 

rotating ring-disk electrode (Pine Research Instrumentation) as working electrode. 

Thin-film electrodes were prepared by dispersing catalyst materials in mixtures of ultrapure 

water (18.2 MΩ cm, Elga Purelab Ultra) and isopropanol (99.9 %, Chromasolv Plus® for 

HPLC, Sigma Aldrich), followed by 10 min sonication in an ultrasonic bath (USC100T, 

45 kHz, VWR).111 Fractions of the inks were pipetted onto the glassy carbon inset of the 

RRDE to obtain catalyst loadings of 15 gPt/cm2
electrode. Subsequently, coatings were dried 

under a gentle N2-flux.  

The resulting electrode was immersed in the N2-saturated, 0.1 M HClO4 electrolyte, and 

conditioned by recording 15 voltammetric cycles between 0.05 and 1.2 VRHE at 50 mVs-1, 

followed by electrolyte saturation with O2. ORR-polarization curves were recorded between 

0.05 and 1.05 VRHE at 5 mVs-1 and electrode rotation speeds of 400, 900 and 1600 rpm. 

The electrolyte was then re-saturated with N2, and carbon monoxide was dosed for 5 min 

while holding the electrode at 0.1 VRHE. Following bubbling with N2 for 20 min, this 

adsorbed CO was oxidized by scanning the potential at 20 mVs-1 up to 1.0 VRHE, and three 

more cyclic voltammograms were recorded.  

5.4 Results and Discussion 

Pt-Cu aerogels with two different metal precursor ratios were synthesized by co-reduction 

as specified in section 5.3.1, and inductively coupled plasma - optical emission 

spectrometry analysis of the products yielded the expected Pt:Cu atomic ratios of 3:1 and 

1:1, respectively; the samples will therefore be denoted Pt3Cu and PtCu in the following. In 

parallel, fractions of Pt3Cu and PtCu hydrogels (cf. section 5.3.1) were suspended in 

0.1 M HClO4 solution for 2 days before washing with water, acetone exchange and final 

supercritical drying step. The resulting acid-washed (AW) materials (Pt3Cu AW and PtCu 

AW) showed lower Cu contents than their as-synthesized counterparts, namely 20 and 26 

at. % for Pt3Cu AW and PtCu AW, respectively (as opposed to 25 and 50 at. % for Pt3Cu 

and PtCu; see Table 5.2). 

Figure 5.1 shows representative transmission electron microscopy images for Pt3Cu, PtCu 

and their acid-washed derivatives that all exhibit the typical 3D nanochain structure 

observed in previous works on similar materials.51, 53 Size distributions were determined by 

measuring the nanochain diameter at different positions along the chains and amounted to 

3.8 ± 1.0, 3.9 ± 1.1, 4.0 ± 1.0 and 3.7 ± 0.9 nm for Pt3Cu, Pt3Cu AW, PtCu and PtCu AW, 

respectively (see Figure 5.6 in section 5.6.2 for TEM images at enhanced magnification). 
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Figure 5.1 TEM images of Pt3Cu (A: as-synthesized, B: acid-washed) and PtCu (C: as-synthesized, 

D: acid-washed) aerogels; the insets show the corresponding distributions of nanochain diameters 

and the copper oxide side phase for PtCu (C) is highlighted by a blue frame. 

Besides the nanochain network, large needle-like structures were observed in the PtCu 

sample (Figure 5.1) which can be attributed to the presence of copper oxide that 

precipitates during the synthesis. This hypothesis is supported by XPS spectra at Cu 2p 

binding energies (see Figure 5.7, section 5.6.2), in which the peaks at ≈ 962 eV and 

≈ 942 eV in the PtCu spectrum indicate the presence of copper oxides.165 For the same 

specimen after acid washing, PtCu AW, those needle-like structures could not be 

observed anymore when TEM images were taken at different locations (not shown here) in 

agreement with the disappearance of Cu oxides features in the XPS spectrum (cf. Figure 

5.7D). As for Pt3Cu, no effect of the acid washing on its morphology and composition was 

discernible from TEM and XPS.  

Next, the ORR activities of the as-synthesized and acid-washed Pt-Cu aerogels were 

determined using rotating disk electrode voltammetry111 in 0.1 M HClO4 electrolyte. The 

mass-specific ORR activities at 0.95 VRHE in Figure 5.2A were extracted from anodic 
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sweeps at 5 mVs-1 and 1600 rpm in O2-satured electrolyte after correcting for cell 

resistance and mass transport limitations applying the Koutecky-Levich equation 147. Both 

Pt3Cu and PtCu show ≈ 1.5-2 fold higher mass-specific ORR activities than the benchmark 

Pt/C catalyst, whereby the latter aerogel (PtCu) exceeds by ≈ 30 % the DOE ORR activity 

target for 2017, extrapolated from the reported value3 of 440 A/gPt at 0.9 VRHE to the 

0.95 VRHE used herein by assuming a Tafel slope of 60 mV dec−1.151 Interestingly, 

mass-specific ORR activities were lower for Pt3Cu AW (- 10 % vs. Pt3Cu) and PtCu AW 

(- 25 % vs. PtCu), indicating that the loss of copper upon exposure to acid is detrimental to 

the aerogels’ catalytic activity. A similar trend was observed for surface-specific activities 

(cf. Figure 5.2B) that were calculated by normalizing ORR currents with the average 

electrochemical surface area obtained from hydrogen underpotential deposition35 and CO 

stripping charges (assuming conversion factors of 210 and 420 C/cm2
Pt, respectively)119, 

136 (cf. Figure 5.8, section 5.6.2). The corresponding ECSAs used for normalization 

differed by less than 5 % among techniques (i.e., Hupd vs. CO-stripping), and are written 

vertically across the bars in Figure 5.2B. Additionally, these values did not change 

significantly upon acid washing, therefore excluding the formation of distinct Pt-skeleton 

core−shell structures that would lead to an increase in ECSA following Cu-dealloying.158, 

159, 166-168 

As discussed in our previous work,53 the ≈ 3-fold increase of ECSA-specific activity for 

Pt-Cu aerogels vs. Pt/C is mainly related to a weaker adsorption of oxygen containing 

intermediates, in terms caused by a downshift of the d-band center150 induced by the 

alloying with Cu.162 To be more precise, two effects are triggered when Pt is alloyed with 

other metals. First, alloying induces a long-range lattice strain which affects the Pt-Pt bond 

length and that is referred to as ‘geometric effect’. Second, short-range electronic transfer 

between the different metals in the alloy is referred to as ‘ligand effect’.169, 170 For 

multi-metallic alloy catalysts like the aerogel structures investigated in this study, both 

effects simultaneously influence the d-band center position and corresponding ORR 

activity, making it impossible to determine their relative contributions to the reactivity 

enhancement.170 
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Figure 5.2 Mass-specific (A) and Pt-ECSA-specific (B) ORR activity values at 0.95 VRHE for Pt-Cu 

aerogels as-synthesized (solid) and acid-washed (hollow), plus a 30 % Pt/C benchmark (averaged 

from 3 independent measurements). The dotted line represents the DOE ORR activity target at 

0.95 VRHE, extrapolated from the benchmark value of 440 A/gPt at 0.9 VRHE
3
 assuming a Tafel slope 

of 60 mV dec
-1

.
151

 Vertical column labels are ECSA values averaged from Hupd and CO stripping 

charges. 

Since the decrease of ORR activity observed for the Pt-Cu aerogels upon acid washing is 

expected to be reproduced during MEA preparation / PEFC operation, it is fundamental to 

unravel the reasons for this behavior in order to assess the material’s PEFC applicability. 

Comparing the ORR activity for all four specimens, the trend 

PtCu > PtCu AW ≥ Pt3Cu ≥ Pt3Cu AW qualitatively matches the Cu content in the 

as-synthesized and acid-washed aerogels, determined by ICP-OES, thus agreeing with 

reports by the Strasser group correlating ORR activity and Cu concentration.164, 171 

However, those studies included catalysts with initial copper contents ≥ 50 at. % that 

experienced significant Cu leaching during the initial voltammetric conditioning step.171 
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Analogously, considering the existence of a copper oxide side phase in PtCu, the initial Cu 

content (derived by ICP-OES) in these aerogel catalysts can be a misleading property to 

relate to their ORR activity.  

With this motivation, the four samples of the present study were investigated by X-ray 

diffraction to determine their degree of alloying and corresponding composition. As 

discernible from the inset in Figure 5.3, the (111) reflection for PtCu is at larger 2θ values 

than for Pt3Cu, indicating a higher Cu content in the alloy phase and coinciding with the 

~ 50 % greater surface-specific ORR activity. 

 

Figure 5.3 XRD patterns for Pt3Cu (solid red), PtCu (solid black) and respective acid-washed 

samples (dotted). Reflections for metallic Pt
154

, Cu
172

 and CuO
173

 are shown as reference bars at 

the bottom of the chart; the inset shows a magnification of the (111) reflections. 

Additionally, the small reflection at ≈ 35° for the PtCu diffraction pattern can be assigned to 

the copper oxide side phase that was also observed in the TEM images (cf. Figure 5.1) 

and the XPS spectrum (cf. Figure 5.7, section 5.6.2). Furthermore, upon acid washing (i.e. 

sample PtCu AW) the (111) reflection shifts to lower angles and almost coincides with the 

peaks of Pt3Cu and Pt3Cu AW, thereby indicating Cu loss from the alloy phase. This in turn 

can explain the significant decrease in ORR activity for PtCu upon acid washing and the 

similar activities for PtCu AW, Pt3Cu and Pt3Cu AW. In parallel, the diffraction peak 

corresponding to copper oxide disappears in the PtCu AW diffraction pattern, in agreement 
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with observations from both TEM and XPS. Applying Vegard’s law174 the stoichiometric 

compositions were determined as Pt65Cu35 (PtCu), Pt71Cu29 (PtCu AW), Pt75Cu25 (Pt3Cu) 

and Pt76Cu24 (Pt3Cu AW); besides for PtCu, containing a copper oxide side phase, these 

figures are similar to the initial ICP-OES values (cf. Table 5.2).  

Next, the aerogels’ structure was studied further to potentially unravel additional reasons 

for the apparent relation between ORR activity and Cu content. First, extended X-ray 

absorption fine structure spectroscopy was performed at the Pt L3 (11564 eV) and Cu K 

(8979 eV) edges to get insights into the local structure of the Pt-Cu aerogels. Figure 5.9 in 

section 5.6.2 displays the Fourier-transformed EXAFS at the Cu K edge for all samples; 

similar spectral shapes are observed with the only exception of the PtCu aerogel, which 

features a peak at ≈ 1.5 Å that can be assigned to Cu-O scattering contributions from the 

copper oxide side-phase observed in TEM images and XPS spectra (cf. Figure 5.1 and 

Figure 5.7). As expected, those contributions disappear for PtCu AW suggesting that the 

side phase is removed upon acid washing, which is consistent with the corresponding 

TEM, XRD and XPS results (cf. Figure 5.1, Figure 5.3 and Figure 5.7). 

As a result of the compositional heterogeneity caused by the presence of a Cu oxide 

phase, the fitting of the first shell EXAFS for PtCu was not successful. For all three other 

samples, the result of the simultaneous first shell fit at both edges is summarized in Table 

5.1 and the Fourier transformed EXAFS spectra and corresponding fits are shown in 

Figure 5.10 in section 5.6.2. As summarized in Table 5.1, coordination numbers and bond 

lengths (CNs, Rs) for Pt3Cu and Pt3Cu AW are similar, in agreement with their alike XRD 

profiles and ORR activities. What is more, almost identical CN- and R-values have been 

reported previously for carbon-supported Pt3Cu nanoparticles with a comparable particle 

size,175 endorsing the observation from TEM images that the aerogels consist of individual 

nanoparticles connected to nanochains. Additionally, on the basis of the coordination 

numbers in Table 5.1, the atomic ratio of Pt:Cu (nPt:ncu) and Pt- and Cu-contents, xPt and 

xcu (in at. %), were determined as follows54, 142 

nPt

nCu
=

CNCu−Pt

CNPt−Cu
 (5.1) 

 

xCu =  
1

nPt
nCu

+ 1
∙ 100 (5.2) 
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whereby CNCu-Pt and CNPt-Cu refer to number of nearest Pt and Cu neighbours surrounding 

Cu and Pt atoms, respectively. As discernible from Table 5.2, there is a close agreement 

between the molar ratios inferred from EXAFS and XRD, thus providing another indication 

that Pt3Cu and Pt3Cu AW are homogeneous bimetallic alloys at all spatial scales.54 A more 

quantitative descriptor of the local homogeneity (up to ~ 6 Å) of bimetallic nanoparticles is 

the Cowley short range order parameter (αPt-Cu), given by: 142, 143 

αPt−Cu = 1 −  
CNPt−Cu/(CNPt−Pt+ CNPt−Cu)

xCu/100
  (5.3) 

whereby CNPt-Pt refer to number of nearest Pt neighbours surrounding Pt atoms, and xCu is 

derived from equation (5.2).54 A complementing parameter (Cu-Pt) can additionally be 

estimated on the basis of CNCu-Pt, CNCu-Cu and xPt = 100 - xCu (which substitute CNPt-Cu, 

CNPt-Pt and xCu in equation (5.2)). Regardless of the approach, both calculations yield 

values of ~ +0.1 for both samples, which is again indicative of a homogeneously random 

alloy142 and similar to the results for Pt-Ni53 and Pt-Pd aerogels.54  

Table 5.1 Coordination number (CN), atomic bond length (R), mean square bond length disorder 

(σ
2
) and shift of energy (ΔE0) derived from the simultaneous fitting of the EXAFS (Pt L3 and Cu K 

edges) for Pt3Cu, Pt3Cu AW and PtCu AW aerogels, along with the corresponding R-factors (fit 

quality parameter,
2
 whereby R-values ≤ 0.02 are regarded as indicative of high quality fits). 

Aerogel Bond CN R [Å] σ
2
 [10

-3
 Å

2
] ΔE0 [eV] R-factor 

Pt3Cu Pt-Pt 7.8 ± 0.7 2.717 ± 0.004 7 ± 1 5.3 ± 0.5 0.017 

 Pt-Cu 2.1 ± 0.5 2.661 ± 0.010 10 ± 2   

 Cu-Pt 6.7 ± 0.9 2.661 ± 0.010 10 ± 2   

 Cu-Cu 3.2 ± 1.4 2.633 ± 0.014 10 ± 4 2.4 ± 0.6  

       

Pt3Cu AW Pt-Pt 7.6 ± 0.8 2.716 ± 0.004 7 ± 1 5.4 ± 0.7 0.016 

 Pt-Cu 2.1 ± 0.7 2.660 ± 0.013 10 ± 3   

 Cu-Pt 6.9 ± 2.1 2.660 ± 0.013 10 ± 3   

 Cu-Cu 3.3 ± 2.6 2.623 ± 0.030 10 ± 8 1.4 ± 1.6  

       

PtCu AW Pt-Pt 7.0 ± 0.9 2.698 ± 0.005 7 ± 1 4.1 ± 0.8 0.025 

 Pt-Cu 2.8 ± 0.9 2.647 ± 0.013 12 ± 3   

 Cu-Pt 6.8 ± 1.8 2.647 ± 0.013 12 ± 3   

 Cu-Cu 3.1 ± 2.0 2.618 ± 0.023 10 ± 6 1.4 ± 1.3  
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On the other hand, the EXAFS fit for PtCu AW yielded an R-factor that was slightly larger 

than 0.02, indicating a lower quality fit.2 In this case the local bimetallic composition 

deviated only slightly from the ICP-OES result (xCu ≈ 26 at. % for the latter, vs. 29 at. % 

from EXAFS) and Cowley’s short range order parameter amounted to ≈ 0. These results 

point towards a homogeneous alloy142 with a shorter Pt-Pt bond length than the Pt3Cu 

samples (2.698 vs. 2.717 Å) that may explain the slightly higher ORR activity of PtCu AW. 

Indeed, this well-documented impact of the Pt-Pt bond length on the ORR activity170, 175-177 

ties directly with the ‘geometric effect’ discussed above, whereby alloy-induced 

compressive lattice strain leads to a weaker adsorption of O-intermediates.178 As an 

example of this, Kaito et al.175 have recently presented a linear correlation between Pt-Pt 

bond length and ORR activity for alloys of Pt with other transition metals (i.e., Ni, Co, Cu) 

in which shorter bond lengths are directly related with a higher ORR activity, which is in 

line with our own trend (PtCu AW ≥ Pt3Cu ≥ Pt3Cu AW). 

Table 5.2 Copper contents (xCu, at. %) obtained from ICP-OES, XRD, STEM-EDX and EXAFS data 

and Cowley short range order parameter (α) for various aerogel samples.  

Aerogel xCu (ICP-OES)  xCu (XRD)  xCu (EDX)  xCu (EXAFS) α (Pt-Cu) α (Cu-Pt) 

Pt3Cu 25  25 ± 3 22 ± 7 24 ± 7 +0.11 +0.11 

Pt3Cu AW 20 24 ± 1 20 ± 5 23 ± 11 +0.07 +0.11 

PtCu 50 35 ± 5 39 ± 2 n/a n/a n/a 

PtCu AW 26 29 ± 4 29 ± 3 29 ± 12 +0.02 +0.03 

 

In a last step, scanning transmission electron microscopy in combination with 

energy-dispersive X-ray spectroscopy was used to locally investigate the alloy 

homogeneity and structure (e.g. formation of core-shell-type structures169) for selected 

regions, in contrast to the integral techniques discussed above (XRD and XAS). 

Representative combined Cu (red)/Pt (blue) element maps for all four specimens are 

shown in Figure 5.4. Their respective chemical compositions, calculated by averaging the 

corresponding values obtained from EDX maps of at least ten regions (~ 150 nm2 each) for 

each sample, are summarized in Table 5.2. Visually comparing the Cu/Pt element maps 

obtained for each of the four specimens, no inhomogeneities can be observed. For Pt3Cu 

and Pt3Cu AW (Figure 5.4A and Figure 5.4B), however, we sporadically found regions with 

Cu contents of up to ~ 30 at. % upon quantitative analysis of EDX maps, which explains 
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the rather large error bars in Table 5.2. Nonetheless, in sight of the Cowley short range 

order parameters (α) of ~ +0.1 derived from bulk-sensitive EXAFS (cf. Table 5.2), these 

regions are not representative of the overall samples’ homogeneity. Even so, sporadic 

variations in the chemical composition along the nanochains could explain the slightly 

positive value of α.54 Moreover, no indication was found for the formation of a 

core-shell-type structure after acid washing, i.e., a Cu deficient shell and a Pt rich core.  

 

Figure 5.4 Combined Cu (red)/Pt (blue) element maps obtained by STEM-EDX measurements of 

Pt3Cu (A: as-synthesized, B: acid-washed) and PtCu (C: as-synthesized, D: acid-washed) aerogels; 

the stoichiometric compositions are included at the top of the maps. 

Similarly to the Pt3Cu specimens, PtCu (Figure 5.4C) shows a homogeneous distribution 

of Pt and Cu atoms in the EDX map, whereby the average xCu was determined to be 

39 at. %; this is slightly lower than the value 50 at. % derived from ICP-OES, probably due 

to the presence of Cu oxides in parts of the sample, while remaining in good agreement 

with XRD data (cf. Table 2). After acid washing (Figure 5.4D) the homogeneity of PtCu AW 

is retained but xCu decreases to 29 at. %, again in good agreement with values from 

ICP-OES, XRD and EXAFS. 

Based on the combined findings from XRD, STEM-EDX and EXAFS, the main reason for 

the difference in ORR activities for the investigated samples appears to be the Cu content 
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in the Pt-Cu alloy phase. Thus, in Figure 5.5 the ORR surface-specific activities were 

plotted vs. the initial alloy phase Cu contents derived through Vegard’s law on the basis of 

the XRD data (cf. Table 5.2). To extend this analysis to a wider range of Cu contents, we 

included in Figure 5.5 ORR activity values reported for several Pt-Cu/C catalysts (cf. 

references 166, 171, 174, 175, 179, 180), adapted from the customary value of 0.9 VRHE to 

the 0.95 VRHE used herein by assuming a Tafel slope of 60 mV dec-1. Those references 

were selected carefully following three criteria to increase comparability. First, the ORR 

activities were recorded under similar conditions 181, i.e. in O2-saturated 0.1 M HClO4 and 

using scan rates between 5 and 10 mVs-1. Second, the alloy compositions were 

determined by either XRD or EDX (which in our case yielded similar results, cf. Table 5.2) 

and, for alloys with an initially high Cu-content, they were assessed after voltammetric 

conditioning. And third, only materials with ECSAs below 50 m2/gPt were considered to 

minimize the influence of particle size effects on the ORR activity.35
  

 

Figure 5.5 Surface-specific ORR activities at 0.95 VRHE (from Figure 5.2 or various literature 

sources) vs. Cu content in the alloy phase (from XRD or EDX). The activity values for Pt-Cu/C 

catalysts (black symbols) are deduced from references 166, 171, 174, 175, 179, 180, assuming a 

Tafel slope of 60 mV dec
−1

 and the grey area serves as guide for the eye of the linear correlation. 

Interestingly, when the Cu range covered by the as-synthesized and acid-washed aerogels 

in this work is considered (24 - 35 at. %), an almost linear correlation between ORR 

activity and alloy phase Cu content can be found. When considering additional values from 
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the literature, this correlation still holds true for the majority of data points, as illustrated by 

a grey area in Figure 5.5.  

The strong deviation from the general trend of the Pt-Cu/C catalysts with Cu-contents 

≥ 35 at. % can be explained by the fact that these correspond to alloys with initial copper 

contents ≥ 50 at. % Cu, which were either electrochemically dealloyed174 or acid-washed166 

before their composition and ORR activity were determined, possibly leading to 

non-uniformity of the samples and / or unreliability in the determination of their 

composition. Keeping in mind these differences in starting materials and preparation 

methods, the general trend points at the alloy phase Cu content as the critical parameter 

determining the catalytic activity of this sort of materials. The observed correlation can in 

terms be explained by the d-band center theory, since an increase in the Cu content leads 

to a downshift of the d-band center (with undetermined contributions from geometric and 

ligand effects), thereby increasing the number of free sites for O2 adsorption and thus 

leading to the observed enhancement of the ORR activity.150 

Beyond these mechanistic considerations, the apparent absence in these alloys of a 

protecting Pt-layer (i.e., of a core-shell structure, cf. above) that could prevent 

Cu-dissolution may have negative implications for their stability and PEFC-applicability. To 

verify this possibility, voltammetrically-conditioned electrodes of both alloy compositions 

were submitted to 100 more potential cycles between 0.5 and 1.0 VRHE (at 50 mVs-1, in 

0.1 M HClO4). Figure 5.11 in section 5.6.2 displays the effect of this added step on the 

aerogels’ surface-specific ORR-activity, which barely changed for Pt3Cu but decreased by 

≈ 10 % for PtCu – a greater extent of activity loss that is likely related to the initially larger 

Cu-content (and corresponding ORR-activity) of this alloy, unfortunately liable to 

dissolution and that will lead to an increase of the overpotential contributions related to 

ORR-kinetics and proton transfer along the catalyst layer upon PEFC-implementation.  

5.5 Conclusion 

In summary, we have presented the synthesis of bimetallic Pt-Cu aerogels with different 

Cu contents and studied the effect of acid washing (a mimic of the low pH in the PEFC) on 

the composition, structure and catalytic activity of these materials. The as-synthesized 

samples consist of Pt-Cu alloys, along with a copper oxide side phase for the aerogel with 

a higher Cu content. Upon acid washing, this oxide was removed and the Cu content in 

the alloy phase decreased but the overall aerogel structure was not altered. Additionally, 

as-synthesized Pt-Cu aerogels were tested for ORR activity in RDE experiments, whereby 



87 

they met or even exceeded the DOE ORR mass-specific activity target by up to 30 %. 

Acid-washed specimens showed lower ORR activity which could be related to the reduced 

Cu content in the alloy phase which, in agreement with previous reports in the literature, is 

linearly related to the ORR activity due to the upshift of the d-band center induced by a 

decrease of the alloy Cu content. Most importantly, since the loss of copper upon acid 

washing reported here will likely be reproduced during PEFC operation, affecting catalyst 

activity and cell performance, aerogels should be submitted to resembling acid-washing or 

equivalent voltammetric conditioning steps (seemingly detrimental to their reactivity) prior 

to MEA implementation. Thus, in order to retain the outstanding initial ORR activity of the 

PtCu aerogel, future work will focus on minimizing Cu leaching for these materials.  

5.6 Appendix – Supplementary Information 

5.6.1 Materials and Methods 

Electron microscopy 

Transmission electron microscopy was performed using a Tecnai T20 from FEI equipped 

with a LaB6 cathode at an accelerating voltage of 200 kV. TEM specimens were prepared 

by drop casting a dispersion of aerogel in acetone on a copper grid with a thin Formvar-

carbon film. For determination of the aerogel nanochain diameter histogramms, the 

nanochain diameter was measured at least in 200 different spots. 

HAADF-STEM imaging and element mapping based on energy dispersive X-ray 

spectroscopy (EDX) of the as-synthesized and acid-washed Pt-Cu aerogels were 

performed at 200 kV with a Talos F200X analytical microscope equipped with X-FEG 

electron source and Super-X detector system (FEI). Prior to STEM analysis, the specimen 

mounted in a high-visibility low-background holder was placed for 2 s into a Model 1020 

Plasma Cleaner (Fischione) to remove possible organic contamination. Quantification of 

the EDXS data including Bremsstrahlung background correction based on the physical 

TEM model, series fit peak deconvolution, and application of tabulated theoretical Cliff-

Lorimer factors was done for the elements Pt and Cu using the ESPRIT software version 

1.9 (Bruker). For at least 10 specimen regions (~ 150 nm2 each) per sample, integrated 

EDX spectra were analyzed and the obtained composition values were averaged. 
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X-ray photoelectron spectroscopy 

X-ray photoelectron spectroscopy measurements were performed using a VG ESCALAB 

220iXL spectrometer (Thermo Fischer Scientific) with an Al Kα monochromatic source 

(1486.7 eV) and a magnetic lens system. Binding energies of the acquired spectra were 

referenced to the C 1s line at 284.9 eV.  

X-ray diffraction measurements 

XRD measurements were performed in reflection mode with a Bruker D2 PHASER 

operated at a voltage of 30 kV and a current of 10 mA with Cu Kα radiation 

(λ = 0.15406 nm). 

5.6.2 Supplementary Figures 

 

Figure 5.6 TEM images of Pt3Cu (A: as-synthesized, B: acid-washed) and PtCu (C: as-synthesized, 

D: acid-washed) aerogels; the copper oxide side phase for PtCu is highlighted by a blue frame. 
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Figure 5.7 Cu 2p X-ray photoelectron spectra of Pt3Cu (A), Pt3Cu AW (B), PtCu (C) and PtCu AW 

(D). 
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Figure 5.8 Cyclic voltammograms from CO stripping experiments (solid lines) for Pt3Cu (left) and 

PtCu (right) aerogels. In brief, the electrode was held at a potential of 0.1 VRHE while the 

0.1 M HClO4 electrolyte was purged with CO for 5 min. Subsequently the electrolyte was saturated 

with N2 for 20 min before the adsorbed CO was oxidized by a positive potential sweep at 20 mVs
-1

 

up to 1.0 VRHE. The subsequent, steady-state CVs in N2-saturated electrolyte that were used to 

calculate Hupd charges are shown in dotted lines as a reference. 

 

 

Figure 5.9 Cu K edge Fourier-transformed EXAFS (k
3
-weighted) in R-space (uncorrected for phase 

shifts) for Pt-Cu aerogels. 
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Figure 5.10 EXAFS fit and experimental data (k
3
-weighted) in R-space (uncorrected for phase 

shifts) for Pt3Cu (A, B), Pt3Cu AW (C, D) and PtCu AW (E, F) at the Pt L3 and Cu K edge. 
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Figure 5.11 Surface-specific ORR-activities of Pt3Cu and PtCu aerogels at 0.95 VRHE, derived from 

RDE voltammetry measurements in O2-saturated 0.1 M HClO4 performed just after the standard 

voltammetric pre-conditioning, or following the recording of 100 additional cycles (at 50 mVs
-1

) 

between 0.5 and 1.0 VRHE.  
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6 Optimization of Pt-Ni Aerogel Catalyst Layer for PEFC 

Application  

6.1 Unsupported Pt-Ni Aerogels with Enhanced High Current Performance 

and Durability in Fuel Cell Cathodes 

As discussed in section 2.3, switching from supported to unsupported catalysts can entail 

significant changes of the catalyst layer properties, stressing the importance of real PEFC 

tests to assess a catalyst’s application potential. What is more, in recent years, the 

adequacy of ORR activity values (i.e. current at 0.9 VRHE in RDE experiments) as 

predictors of the performance at the high current densities relevant for high power fuel cell 

operation has been questioned.32, 182 Thus in this chapter, a thorough study of the high 

current density performances and the respective CLs for unsupported Pt3Ni aerogel and a 

supported commercial Pt/C catalyst is presented. At first, the mass transport efficiencies in 

the former catalyst layers are compared by I/E curve experiments under H2/air and H2/O2 

conditions. Next, the observed differences are related to different CL porosities and pore 

size distributions, both obtained from FIB-SEM experiments. Lastly, a method to optimize 

the CL of unsupported Pt3Ni aerogel to reach a performance commensurate with the one 

of a supported Pt/C catalyst is introduced and an outlook on the durability of Pt3Ni aerogel 

is given. 
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ABSTRACT 

Highly active and durable oxygen reduction catalysts are needed to 

reduce the costs and enhance the service life of polymer electrolyte 

fuel cells. This can be accomplished by alloying Pt with a transition 

metal (e.g. Ni) and by eliminating the corrodible, carbon-based 

catalyst support – however, materials combining both approaches 

have seldom been implemented in PEFC cathodes. In this work, an 

unsupported Pt-Ni alloy nanochain ensemble (aerogel) demonstrates 

high current PEFC performance commensurate with that of a 

carbon-supported benchmark (Pt/C) following optimization of the 

aerogel’s catalyst layer structure. The latter is accomplished using a 

soluble filler to shift the CL’s pore size distribution towards larger 

pores which improves reactant and product transport. Chiefly, the 

optimized PEFC aerogel cathodes display ≈ 2.5-fold larger 

surface-specific ORR activity than Pt/C and maintain 90 % of the 

initial activity after an accelerated stress test (vs. 40 % for Pt/C). 

Published in Angew. Chem. Int. Ed., 56, 10707 (2017). 
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6.2 Introduction 

Polymer electrolyte fuel cells are a promising, environmentally friendly alternative to 

combustion engines for automotive application, yet further cost reductions and durability 

improvements are necessary to foster their widespread use.3 To reach cost targets, the 

amount of Pt required for catalyzing the reactions inside the PEFC needs to be reduced 

≈ 4-fold, down to 0.1 gPt/kW.3 Thereby, efforts focus on the catalytically more demanding 

oxygen reduction reaction, for which improved activity is commonly achieved by alloying Pt 

with non-noble metals.51 Complementarily, the excessive loss of performance observed 

during PEFC operation is caused by the corrosion of the carbon support used in 

state-of-the-art platinum catalysts (Pt/C) upon high potential excursions,35 and has 

intensified research on non C-supported and unsupported catalysts over the last years.31, 

89, 128 Aiming to tackle both challenges, our previous work on an unsupported Pt3Ni aerogel 

(cf. transmission electron microscopy images in Figure 6.6, section 6.5.4) showed that this 

material reaches the ORR activity target for automotive PEFCs set by the U.S. Department 

of Energy (i.e. 440 A/gPt at 0.9 VRHE) when tested in liquid electrolyte half cells using the 

rotating disk electrode technique.53 Considering the need to translate these advances to 

the technical system and the lack of fuel cell studies dealing with unsupported systems,32, 

182 this study reports on the successful optimization of the Pt3Ni aerogel PEFC 

performance, also demonstrating the material’s remarkable stability under accelerated 

stress test conditions. 

6.3 Results and Discussion 

The first PEFC tests in H2/air conditions revealed the poor performance of Pt3Ni vs. Pt/C 

cathodes (Figure 6.1A), which is attributed to inefficient gas transport discernible from the 

large mass transport losses that arise when switching from O2 to air (ηtx(O2-air) in Figure 

6.1B; cf. sections 6.5.2 and 6.5.3 for calculation details and a more detailed breakdown of 

the different overpotential contributions discussed along Figure 6.4 and Figure 6.5). 

Moreover, the ≈ 30 % smaller electrochemical surface area values obtained in PEFC vs. 

RDE experiments for Pt3Ni aerogel (see Table 6.1, section 6.5.4) imply that the electrode 

suffers from low utilization, i.e. not all the Pt surface area is available for the 

electrochemical reaction (in contrast to the parity among ECSA values for Pt/C).35 This 

condition makes the activity determination less reliable and causes the relatively low 

surface-specific ORR activity (SA) for Pt3Ni in the PEFC, which is comparable to the one of 
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Pt/C (cf. Figure 6.1C and Figure 6.7B, section 6.5.4),35 whereas from RDE experiments a 

3-fold activity enhancement would have been expected (see Figure 6.7A). 

 

Figure 6.1 (A) I/E curves at 80°C, 100 % RH in H2/air at 1.5 barabs, (B) air vs. O2 mass transport 

losses at the cathode (see section 6.5.1 for details) and (C) Tafel plots in H2/O2 for Pt3Ni optimized, 

Pt3Ni and Pt/C MEAs (≈ 0.31 mgPt/cm
2
geom for all cathodes).  

To understand the reason for this poor mass transport, we prepared catalyst layers of 

Pt3Ni and Pt/C on conductive metal foil substrates (see section 6.5.1) and analyzed their 

cross section by scanning electron microscopy. The CL thicknesses for comparable 

electrode loadings of ≈ 0.5 mgPt/cm2
geom at the electrode centers amount to ≈ 1.6 μm and 

≈ 20 μm for Pt3Ni and Pt/C, respectively (see Figure 6.2A and Figure 6.8, section 6.5.4), 

whereby the latter value is in agreement with the literature.31 Moreover, despite its surface 

roughness, the average thickness of the Pt3Ni CL is fairly constant along various locations 

between the electrode’s center and edge, as shown in Figure 6.2C. Additionally, based on 

the measured thicknesses and assuming densities of 19 g/cm3 for Pt3Ni and 2 g/cm3 for 

carbon and ionomer,35 significantly different porosities of ≈ 64 % for Pt3Ni (see Figure 6.9, 

section 6.5.4) and ≈ 78 % for Pt/C were estimated (disregarding the electrode’s edge at 

≥ 4.0 mm from its center). 
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Figure 6.2 (A, B) Representative cross section SEM images and (C) thickness as a function of the 

distance from the electrode center for catalyst layers of Pt3Ni (0.48 mgPt/cm
2
geom) and Pt3Ni 

optimized (0.53 mgPt/cm
2
geom). (D) Pore size distributions derived from FIB SEM tomography for 

Pt3Ni, Pt3Ni optimized and Pt/C CLs. 

The impact of the CL structure on the PEFC performance was further clarified by analyzing 

the corresponding pore size distributions (PSDs) using focused ion beam SEM 

tomography (see Figure 6.10 in section 6.5.4 for representative cross section SEM 

images). As summarized in Figure 6.2D, the pores in the Pt3Ni CL are concentrated in the 

mesoporous range (diameter < 50 nm) in which Knudsen diffusion prevails under PEFC 

operation conditions.20, 29, 183 This mechanism is considered less efficient than the 

molecular diffusion in macropores of diameters > 50 nm and likely explains the poorer 

mass transport in Pt3Ni vs. Pt/C CLs. However, the PSDs and porosities to reach optimal 

PEFC performance are expected to be different for unsupported Pt3Ni aerogel and Pt/C 

CLs due to the dissimilar electrode thickness and catalyst hydrophilicity.  

To address the issue of poor mass transport, a filler material was added to the aerogel ink 

in an attempt to provide a template for pore formation during the initial spray coating step 

of the catalyst layer onto the membrane (see section 6.5.1 for details). Looking for a salt 

with high solubility in water that could be easily removed from the resulting catalyst coated 
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membrane by a simple washing step, K2CO3 was selected due to its additional ability to 

evolve CO2 gas (and potentially further increase the CL’s porosity) if the washing step 

were to be performed in an acidic solution. Thus, CCMs were prepared according to this 

approach and the amounts of K2CO3 and Nafion ionomer (Na+-exchanged to avoid acidic 

conditions) were optimized via a series of screening experiments with an abbreviated 

break-in protocol. First, the volume ratio of salt vs. aerogel and ionomer (VK2CO3/VPt3Ni+Naf, 

for details see section 6.5.1) was varied between 0 and 1.5, and subsequently the 

Nafion-to-catalyst ratio (NCR) was optimized for the best VK2CO3/VPt3Ni+Naf value. Figure 

6.11A in section 6.5.4 displays the effect of the initial K2CO3 content on the mass-specific 

ORR activities (MAs) at 0.9 VRHE, which increase by ≈ 90 % before reaching a plateau for 

VK2CO3/VPt3Ni+Naf values ≥ 0.5; similarly, the mass of Pt per kW at 0.65 VRHE (in H2/air) 

reaches a constant minimum in the same VK2CO3/VPt3Ni+Naf range (cf. Figure 6.11C). Fixing 

the VK2CO3/VPt3Ni+Naf ratio to 0.5, analogous screening experiments (cf. Figure 6.11B/D) 

yielded an optimized NCR-value of 0.12. 

Such best-performing CLs (referred to as ‘Pt3Ni optimized’ in the following) show greatly 

improved PEFC performance (Figure 6.1A) and mass transport properties comparable to 

those of Pt/C electrodes as displayed in Figure 6.1B, and the CL optimization displays 

good reproducibility (Figure 6.12, section 6.5.4). Moreover, the SA of the Pt3Ni optimized 

membrane electrode assembly is ≈ 2.5-fold larger than that of Pt/C and Pt3Ni, as 

discernable from Figure 6.1C and Figure 6.7B, thereby almost matching the ≈ 3-fold 

improvement factor observed in RDE experiments (cf. Figure 6.7A) and slightly exceeding 

the performance of a commercial Pt3Ni/C catalyst (see Figure 6.13 and Table 6.2 in 

section 6.5.4). This SA increase coincides with an improved electrode utilization following 

CL optimization (from ≈ 75 % to ≈ 95 %, cf. Table 6.1), which also becomes apparent 

when comparing mass-normalized cyclic voltammogramms of these two electrodes (see 

Figure 6.14, section 6.5.4). 

Analysis of Pt3Ni optimized CLs by FIB-SEM reveals significant increases in thickness 

(Figure 6.2B) and porosity (Figure 6.9) when compared to Pt3Ni CLs, whereby the latter 

increased from ≈ 64 % to ≈ 74 % and almost matches the value for Pt/C (≈ 78 %). 

Moreover, the PSDs in Figure 6.2D reveal a positive shift in the average pore sizes for 

Pt3Ni optimized vs. Pt3Ni CLs, leading to fewer pores in the mesoporous range and 

emphasizing the determining role of mesopore vs. macropore diffusion mechanisms on the 

improved mass transport and PEFC performance of Pt3Ni optimized CLs.20, 29, 183 
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To understand how K2CO3 alters the CL’s porosity and PSD, cross sections of the Pt3Ni 

optimized CL before and after acid washing (AW) were studied by SEM and energy 

dispersive X-ray spectroscopy elemental mapping. Pt, Ni and K are homogeneously 

distributed (cf. Figure 6.15, section 6.5.4) and there are no indications of large K2CO3 

precipitates. The K2CO3 is completely dissolved upon acid washing, since the 

unambiguous potassium Kα-line peak at ≈ 3.3 keV present in the EDX spectra of the 

as-prepared CL disappeared after AW (cf. Figure 6.16C/D, section 6.5.4). Moreover, 

identical location SEM images recorded before and after AW (cf. Figure 6.16A/B) did not 

reveal any discernable structural changes of the CL cross section. Together, these 

observations suggest that K2CO3 is incorporated in the CLs as precipitates of sizes 

below 300 nm (cf. Figure 6.2D) which dissolve upon AW and thereby shift the CL′s 

porosity and PSD.  

Lastly, Pt3Ni optimized MEAs were subjected to an AST consisting of 10000 cycles 

between 1.0 and 1.5 VRHE at 500 mVs-1 (cf. Figure 6.3) proposed by the DOE to investigate 

catalyst support stability,4, 33 and to an even more extended protocol of 1000 cycles at 

20 mVs-1 (see Figure 6.17, section 6.5.4). The beginning- and end-of-life (BOL, EOL) I/E 

curves in H2/air in Figure 6.3A illustrate that the performance of the Pt3Ni optimized MEAs 

is sustained throughout the stress test, whereas Pt/C suffers from severe degradation. 

More precisely, the MA at 0.9 VRHE decreases by ≈ 10 % for Pt3Ni optimized, as compared 

to a ≈ 60 % decrease for Pt/C, as shown in Figure 6.3B and Figure 6.17B, highlighting the 

stability of the Pt3Ni aerogel in the investigated potential range.  
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Figure 6.3 (A) Beginning- and end-of-life I/E curves at 80°C, 100 % RH, in H2/air at 1.5 barabs for 

the accelerated stress test of Pt3Ni optimized and Pt/C MEAs (cathode loadings 

of 0.3 - 0.4 mgPt/cm
2
geom). (B, C) Average (three repetitions) MA at 0.9 VRHE and ECSA (at 80°C) as 

a function of the potential cycles between 1.0 and 1.5 VRHE. 

Interestingly, the evolution of the ECSA values measured at 80°C in Figure 6.3C matches 

that of the mass activities, showing a minor decrease for Pt3Ni optimized and a ≈ 60 % 

loss for Pt/C (see Figure 6.18 in section 6.5.4 for CVs at different stages of the AST). 

Consequently, surface-specific activities (cf. Figure 6.19, section 6.5.4) remain almost 

constant for Pt/C and Pt3Ni optimized, indirectly suggesting a lack of change in the 

catalysts’ particle size that should have led to SA changes (on the basis of the well-known 

particle size effect on SA, cf. references 24, 35, 184). Thus, mechanisms like Ostwald 

ripening and particle coalescence that lead to an increase in particle size do not constitute 

the dominant degradation cause.7 Instead, in agreement with previous literature,7, 33, 160, 185 

the performance loss for Pt/C is mainly attributed to particle detachment due to carbon 

corrosion. This additionally leads to a decrease in porosity and average pore size that in 
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terms cause the large EOL mass transport losses in Figure 6.3A.48 Albeit minor, the 

degradation observed for the Pt3Ni aerogel is tentatively attributed to metal dissolution, 

whereby non-noble Ni is expected to be leached out of the alloy preferentially. This event 

can lead to a positive shift of the catalyst’s d-band center, thereby decreasing the number 

of free sites for O2 adsorption and the ORR activity.150 The details of the degradation 

mechanism will be studied separately in a forthcoming work. 

6.4 Conclusion 

In summary, we have for the first time presented the successful implementation of an 

unsupported aerogel as the ORR catalyst in a PEFC cathode. To achieve the same high 

current density performance as a Pt/C benchmark, Pt3Ni aerogel CLs were optimized by 

adding K2CO3 to the catalyst ink, which was later removed by acid washing the CCM. The 

performance improvement caused by the addition of K2CO3 is explained by an increase in 

porosity and average pore size that were calculated from cross section SEM images and 

FIB-SEM tomography data. Additionally, optimized Pt3Ni MEAs showed a ≈ 2.5-fold 

increased surface-specific ORR activity with respect to Pt/C, which is in good agreement 

with the results from RDE experiments. Finally, the Pt3Ni aerogel displayed excellent 

stability during an AST of 10000 potential cycles between 1.0 and 1.5 VRHE, making this 

material a very promising cathode catalyst for PEFCs.  
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6.5 Appendix – Supplementary Information 

6.5.1 Materials and Methods 

Catalyst synthesis 

Pt3Ni aerogel was synthesized according to the procedure described in reference 53. In 

brief, 0.585 ml of a 0.205 M H2PtCl6 solution (8 wt. % in H2O, Sigma Aldrich) and 4 ml of a 

freshly prepared 10 mM NiCl2 solution (NiCl2*6H2O 99 %, Sigma Aldrich) were dissolved in 

790 ml of ultrapure water (18.2 MΩ cm, Millipore) and stirred until the mixing was 

complete. Subsequently, 7.0 ml of freshly prepared 0.1 M NaBH4 solution (granular, 

99.99 %, Sigma Aldrich) were added while stirring vigorously. A brown solution was 

obtained that was kept stirring for another 30 min. Afterwards, the reaction solution was 

distributed among several 100 ml vials. After about four days, black Pt3Ni hydrogel was 

formed at the bottom of the containers. The hydrogel was washed with water and the 

solvent was exchanged with acetone afterwards. The resulting anhydrous gels were 

subjected to critical point drying in CO2 (Critical Point Dryer 13200J-AB, SPI Supplies). 

Rotating disk electrode measurements 

Electrolyte solutions were prepared from 60% HClO4 (Kanto Chemical Co., Inc.) diluted in 

ultrapure water (18.2 MΩ cm, Elga Purelab Ultra). High purity N2 (5.0) and O2 (5.0) were 

purchased from Messer AG, Switzerland. The electrochemical measurements were 

performed in a home-made three electrode glass cell. A reversible hydrogen electrode was 

connected to the main cell compartment through a Luggin capillary, and a gold mesh 

(99.99 % metals basis, Alfa Aesar) held in a separate tube in contact with the main cell 

served as counter electrode. The working electrode was a PTFE-made, interchangeable 

rotating ring-disk electrode (Pine Research Instrumentation) equipped with a Pt-ring and a 

mirror-polished, glassy carbon disk insert (5 mm diameter, HTW Hochtemperatur-

Werkstoffe GmbH). Before the measurements, the WE was mounted to a 

polyetheretherketone shaft that was attached to a modulated speed rotator (both Pine 

Research Instrumentation). A Biologic VSP-300 was used as potentiostat, in combination 

with the EC-Lab® V11.01 software package. The ohmic drop was determined by 

electrochemical impedance spectroscopy, applying a 5 mV perturbation (100 kHz to 1 Hz) 

at 0.45 VRHE. Thin-film electrodes were prepared by dispersing Pt/C (47 wt%, Tanaka 

Kikinzoku Kogyo K.K. (TKK), TEC10E50E) in mixtures of ultrapure water (18.2 MΩ cm, 

Elga Purelab Ultra) and isopropanol (99.9 %, Chromasolv Plus® for HPLC, Sigma Aldrich), 
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followed by 10 min of sonication in an ultrasonic bath (USC100T, 45 kHz, VWR).111 

Fractions of the ink were pipetted onto the glassy carbon inset of the RRDE to obtain 

catalyst loadings of 15 μgPt/cm2
electrode. Subsequently, coatings were dried under a gentle 

N2-flux.  

The mass-specific ORR activity at 0.9 VRHE was extracted from anodic sweeps between 

0.05 and 1.05 VRHE at 5 mVs-1 and 1600 rpm in O2-satured electrolyte after correcting for 

cell resistance and mass transport limitations applying the Koutecky-Levich equation.147 

The electrochemical surface area was obtained from the hydrogen underpotential 

deposition charge in cyclic voltammogramms in N2-saturated electrolyte (at 20 mVs-1), 

assuming a conversion factor of 210 μC/cm2
Pt.

35 ECSA and ORR activity values for Pt3Ni 

aerogel were taken from reference 53 and the latter values (reported at 0.95 VRHE) were 

extrapolated to 0.9 VRHE assuming a Tafel slope of 60 mV dec-1.151 

MEA fabrication 

Membrane electrode assemblies were fabricated using Pt3Ni aerogel, Pt/C (47 wt%, TKK, 

TEC10E50E) or Pt3Ni/C (27 wt% on high surface area carbon, Umicore AG) as the 

cathode catalyst (with loadings of 0.3 - 0.4 mgPt/cm2
geom), Nafion XL-100 (DuPont) as the 

membrane and commercial gas diffusion electrodes (Johnson Matthey, 0.4 mgPt/cm2
geom 

HISPEC 9100 Pt/HAS on Sigracet GDL 25 BC) as the anode.  

Catalyst inks for Pt3Ni electrodes were prepared by mixing 5 mg of catalyst, 12 mg of a 

5 wt% Nafion solution (Nafion 1100EW, Sigma Aldrich, equal to a Nafion-to-catalyst-ratio 

of 0.12) and 1.0 ml of a 8 wt% aqueous isopropanol solution (ultrapure water, 18.2 MΩ cm, 

Elga Purelab Ultra and isopropanol, 99.9 %, Chromasolv Plus® for HPLC, Sigma Aldrich). 

After ultrasonication (USC100T, 45 kHz, VWR) for 30 minutes, the ink was applied on the 

membrane by spray coating, using a frame to confine the coating to the active area of 

1 cm2. For Pt/C (Pt3Ni/C) cathodes, 50 mg of catalyst was mixed with 500 (660) mg of 5 

wt% Nafion solution (equal to a Nafion-to-carbon-ratio of 1.0) and 4.5 ml of a 20 wt% 

aqueous isopropanol solution, followed by the steps described above. Optimized Pt3Ni 

electrodes were prepared by mixing 5 mg of catalyst, 0.7 mg of K2CO3 (99.995% trace 

metals basis, Sigma Aldrich), 18 mg of Na+-exchanged Nafion solution (prepared from a 

1:2 mixture of 0.1 M NaOH and Nafion solution,186 and equal to a Nafion-to-catalyst-ratio of 

0.12) and 1.0 ml of an 8 wt% aqueous isopropanol solution. Na+-exchanged Nafion was 

selected to avoid acidic conditions before the acid washing step. After ultrasonication and 

spray coating, the resulting catalyst coated membranes were immersed into 1 M H2SO4 
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solution (96 %, Suprapur, Merck) overnight (≈ 16 hours), followed by rinsing with ultrapure 

water and drying under ambient conditions. According to EDX analyses of optimized 

aerogel catalyst layer cross sections before and after acid washing, this step causes a 

minor composition change, from Pt75Ni25 to Pt77Ni23, which is also consistent with the 

Ni content in the washing solution, quantified by inductively coupled plasma - optical 

emission spectroscopy. Note also that, in sections 6.3 and 6.5.4, the amount of K2CO3 is 

referred to as VK2CO3/VPt3Ni+Naf, i.e. the volume of K2CO3 divided by the combined volume of 

Pt3Ni aerogel and Nafion assuming solid materials. For the masses given above, and 

Pt3Ni, K2CO3 and Nafion densities35 of 19.0, 2.4 and 2.0 g/cm3, VK2CO3/VPt3Ni+Naf amounts to 

≈ 0.5 for optimized Pt3Ni cathodes. 

In a last step, the CCMs were hotpressed at 120°C and 1 bar/cm2
geom for 5 minutes with a 

gas diffusion layer (GDL 25 BC, Sigracet) and a commercial gas diffusion electrode (see 

above) on the cathode and anode side, respectively.  

MEA characterization 

The fabricated MEAs were placed in a differential fuel cell that allows studying the MEA 

under homogeneous, well-defined conditions in the absence of along-the-channel effects 

such as changing temperature, relative humidity and gas concentration.121 The cell used 

for this study was developed inhouse, featuring 5 parallel channels of 1 mm width over an 

active area of 1 cm2.122 Using steel spacers with defined thickness, cell compression was 

set such that ≈ 25 % compression of the gas diffusion media was obtained.122, 187 The 

abbreviated MEA break-in for the screening experiments (cf. Figure 6.11) was done in 

H2/O2 at 1.5 barabs and a relative humidity of 100 % between 25 and 80° for 2 hours (flow 

rates anode/cathode: 300/750 ml/min188, stoichiometries ≥ 30/≥ 30), drawing the maximum 

current that would yield cell potentials > 0.6 V. The extended MEA break-in used for the I/E 

curves in Figure 6.1, Figure 6.3 and Figure 6.12 was comprised of the abbreviated 

break-in, cooling down of the cell, and the abbreviated break-in again. It must be noted 

here that even as the applied stoichiometry ratios are significantly higher than for technical 

cells, the gas flow velocities remain in the same order of magnitude due to the reduced 

size of the device.121  

CVs were measured after break-in at 25°C and 100% RH, scanning the potential between 

0.075 and 1.0 VRHE at 50 mVs-1 with a H2 anode flow rate of 50 ml/min and the N2 cathode 

flow halted just prior to the measurement. The corresponding ECSA value was averaged 

from the H-adsorption and H-desorption charges between 0.09 and 0.4 VRHE after 
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double-layer correction, assuming a conversion factor of 210 μC/cm2
Pt.

35 H2-crossover 

tests were conducted by a linear potential sweep from 0.6 to 0.1 VRHE with a scan rate of 

1 mVs-1 at 80°C, 100 % RH, 1.5 barabs, an anode H2 flow rate of 300 ml/min and a cathode 

N2 flow rate of 750 ml/min, respectively.19 The H2-crossover current densities in this study 

typically amounted to ≈ 2 mA/cm2
MEA. 

All I/E curves were recorded at 80°C and 100 % RH with anode/cathode flow rates of 

300/750 ml/min (stoichiometries ≥ 30/≥ 30) at 1.5 barabs for either H2/O2 or H2/air, using a 

Biologic VSP-300 potentiostat with a 10A/5V current booster. The measurement was done 

galvanostatically, whereby the cell current was stabilized for 3 minutes at each data point 

and the data was averaged from the last 2 minutes. Concomitantly, the cell resistance (RΩ, 

cf. below) was determined for each data point by galvanostatic electrochemical impedance 

spectroscopy (1 MHz to 1 Hz). Mass- and surface-specific activites for H2/O2 operation 

were extracted at 0.9 VRHE after correcting potential and current for cell resistance and 

H2-crossover, respectively. 

The accelerated stress test was performed by cycling the potential 10000 (1000) times 

between 1.0 and 1.5 VRHE at 500 (20) mVs-1 at 80°C, 100 % RH, ambient pressure, anode 

H2 flow of 100 ml/min and cathode N2 flow of 100 ml/min, respectively. At designated times 

(1000, 5000 cycles), the AST was interrupted to record I/E curves and CVs (cf. above) to 

determine the ECSA. Since the latter CVs were recorded at 80°C in this test, the ECSA 

values in Figure 6.3C are lower than the ones reported in Table 6.1 and Figure 6.17 

(derived at 25°C).189 

Electron microscopy 

Transmission electron microscopy images were obtained on a TECNAI F30 operated at 

300 kV. For tomography and cross section preparation with a focused ion beam/scanning 

electron microscope, a Zeiss NVision 40 microscope with a Ga+ beam source and EDX 

detector was employed. Catalyst layers subjected to electron microscopy analysis were 

prepared similarly to the CCMs as described in the section ‘MEA fabrication’, albeit on 

conductive Cu-foil, Au-foil or GDL substrates. 

To analyze the catalyst layer thickness at various locations between center and edge of 

the electrode, two cross sections of 10 μm width and at least 20 μm apart were cut for 

each data point in Figure 6.2C. Prior to the FIB cutting, the area around the cross section 

was covered with a smooth carbon layer (thickness ≥ 0.5 μm) to minimize curtaining 
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effects.48 Due to the great surface roughness of the catalyst layer, minimum and maximum 

thicknesses were determined for each cross section image and averaged to yield the 

values in Figure 6.2C. Elemental mapping of these cross sections by EDX was performed 

at an accelerating voltage of 7 kV, thereby acquiring 25 line scans (voxel size 

8 nm x 8 nm) of an area of ≈ 8 μm x 2 μm. 

FIB SEM tomography, i.e. serial sectioning, was performed on cuboid-shaped structures 

(cf. Figure 6.10) using an acceleration voltage of 30 kV (beam current of 10 pA) for the Ga+ 

beam and a slice thickness of ≈ 5 nm. For each section, SEM images at a magnification of 

≈ 14000 and an acceleration voltage of 1 kV were recorded with a secondary (SE) and 

energy selective backscattered electron (ESB) detector in an automated mode, resulting in 

a voxel size of 4 nm x 4 nm x 5 nm. 

Reconstruction of the three-dimensional structure was performed with the ImageJ software 

package including the Fiji plugin package. First, images were properly aligned using 

ImageJ’s StackReg plugin, thereby applying a rigid body transformation algorithm 

correcting for both translation and rotation in the image plane.190, 191 Second, a 

representative region of interest for further analysis was selected on the images. For Pt3Ni 

a region of 1 μm x 1 μm was found adequate, whereas for Pt3Ni optimized and Pt/C a 

region of 2 μm x 2 μm was chosen due the larger pore sizes in the latter structures. 

Previous to segmentation, SE and ESB images were combined linearly to increase 

contrast between solid and pore and to remove edge effects, followed by application of a 

median filter to remove noise and outliers. Next, segmentation (i.e. the distinction between 

solid and pores) was performed manually by defining a global threshold value48, 190 based 

on visual inspection of subsequent sections at the beginning, middle and end of the image 

stack. Prior to calculating the pore size distribution, x- and y-resolution of the images was 

reduced by applying ImageJ’s scale function to obtain cubic voxels of 5 nm x 5 nm x 5 nm. 

The PSD was calculated using an algorithm which is available from the ImageJ plugin 

published in reference 192 and that fits the largest possible spheres into the pore system, 

yielding a continuous pore size distribution. 
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6.5.2 Calculation of Mass Transfer Losses (ηtx O2-air) 

The cell voltage of a PEFC can be expressed as follows13 

Ecell =  Erev − i RΩ −  ηHOR − i RH+,anode −  ηORR − i RH+,cathode − ηtx (6.1) 

whereby Erev is the thermodynamic equilibium potential (a function of gas partial pressures 

and temperature), RΩ is the cell resistance, i is the current density, RH+, anode and RH+, cathode 

are the effective proton resistances of the respective catalyst layers, ηHOR and ηORR 

correspond to the anodic and cathodic kinetic overpotentials, and ηtx is the gas diffusion 

overpotential caused by H2/O2 concentration gradients.  

When switching from O2 to air on the cathode side, while keeping the H2 concentration at 

the anode and the operating relative humidities (i.e., no changes in ηHOR, RΩ, RH+,anode or 

RH+,cathode), the difference in Ecell at a given current can be described as 

Ecell,O2 − Ecell,air  =  Erev,O2 −  Erev,air − ηORR,O2 + ηORR,air − ηtx,O2 +  ηtx,air (6.2) 

Thus, ηtx(O2-air) can be estimated from the cell potential difference by calculating the shift 

in Erev and the kinetic overpotential 

ηtx(O2 − air) = − ηtx,O2 + ηtx,air  = 

ΔEcell −  Erev,O2 +  Erev,air + ηORR,O2 − ηORR,air = ΔEcell − 
R T

z F
 ln 

pO2

pair
− γ

R T

α F
 ln 

pO2

pair
  

(6.3) 

where R = 8.314 J K-1 mol-1, T = 353.15 K, z = 4, F = 96485 C mol-1, pO2/pair = 4.76, the 

cathodic transfer coefficient α equals 1 and the kinetic reaction order at constant 

overpotential γ is 0.5.11 

6.5.3 Overpotential Contributions to the PEFC Performance 

On the basis of the extremely fast kinetics of the hydrogen oxidation reaction on Pt in acid 

medium,147 PEFC anodes with relatively large Pt-loadings (like the 0.4 mgPt/cm2
geom used 

in this study) lead to negligible kinetic and proton transfer overpotentials for this reaction 

(i.e., ηHOR ≈ RH+,anode ≈ 0),11 and thus equation (6.1) can be simplified into the form: 

Ecell =  Erev − i RΩ −  ηORR − i RH+,cathode −  ηtx (6.4) 

To quantify the relative impact of the resistive terms in this equation (RΩ, RH+,cathode) on the 

fuel cell polarization curves in Figure 6.1, these measurements included potentiostatic 

electrochemical impedance spectroscopy (PEIS) tests at 0.2 VRHE (with a 1 mV 

perturbation) while operating the PEFC at 80°C and with fully humidified H2 and N2 feeds 
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at the anode and cathode, respectively.193 In the corresponding Nyquist plots for all three 

catalysts displayed in Figure 6.4, the intercept with the imaginary axis yields an RΩ of 

≈ 0.05 Ω∙cm2, in excellent agreement with the values estimated through galvanostatic EIS 

during the recording of the polarization curves (cf. ‘MEA characterization’ in section 6.5.1).  

 

Figure 6.4 Nyquist plots derived from electrochemical impedance spectroscopy measurements at 

0.2 VRHE (1 mV perturbation), 80°C, and fully humidified H2 and N2 at anode and cathode, 

respectively.  

Additionally, at 0.05 < Re(Z) < 0.07 Ω∙cm2, the Nyquist plot for Pt/C diplays a 45° line from 

which one can derive RH+,cathode using the equations:193 

RH+ =  Ccath4πf[Re(Z) − RΩ]2 (6.5) 

RH+,cathode ≈  RH+/3  (6.6) 

where RH+ is the cathode proton resistance, f is the frequency used in the impedance 

measurement, and Ccath is the capacitance of the cathode catalyst layer, also derivable 

from the PEIS data with the equation: 

Ccath =  lim
f→0

[
−1

2π f Im(Z)
]  (6.7) 

This approach yielded a Ccath value of ≈ 190 mF/cm2
MEA, from which we derive 

RH+ ≈ 0.1 Ω∙cm2 and RH+,cathode ≈ 0.03 Ω∙cm2. The former value of RH+ is consistent with 
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literature estimates for CLs prepared using the same catalyst, parameters 

(0.4 mgPt/cm2
geom, ionomer-to-carbon weight ratio of 1, 80°C) and PEIS approach, whereby 

RH+ ≈ 0.04 or ≈ 0.2 Ω∙cm2 at relative humidities of 120 or 75 %, respectively.194 On the 

other hand, the Nyquist plots of the aerogel catalyst layers in Figure 6.4 do not feature the 

characteristic 45° line allowing for this quantification of RH+,cathode; a behavior that has been 

previously reported for impedance measurements on PEFC cathodes catalyzed by 

unsupported hollow nanospheres,36 and that we attribute to the negligible proton transfer 

resistance in those and our ultra-thin CLs. 

Following this quantification of RΩ and (if applicable) RH+,cathode, these values can be used 

to compute the ORR-overpotential (ηORR) at low current densities (≤ 0.1 mA/cm2
MEA) at 

which mass transport contributions to the measured performance can be considered 

negligable (i.e., ηtx ≈ 0 in equation (6.4)). This data displays the logarthmic relation 

between potential and current expected from the Butler Volmer equation (i.e., ηORR ∝ log(i), 

with a Tafel slope of ≈ 70 mV/dec), and can therefore be used to compute the value of 

ηORR at currents beyond this kinetically-controled regime. In Figure 6.5, we have applied 

this approach to decouple the impact of the different overpotential terms to the overall fuel 

cell performance for the three catalysts plotted in Figure 6.1 (Pt/C, Pt3Ni and Pt3Ni 

optimized). Chiefly, this analysis illustrates the relative contribution of mass transport 

losses to the overall performance; as an example, for a current of 0.75 mA/cm2
MEA, ηtx 

accounts for ≈ 300 mV for Pt3Ni, as compared to ≈ 35 and ≈ 25 mV for Pt/C and Pt3Ni 

optimized, respectively − in excellent agreement with the easier-to-estimate values of 

ηtx(O2-air) included in Figure 6.1B (see above section 6.5.2 for details).  
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Figure 6.5 I/E curves at 80°C, 100 % RH, 1.5 barabs in H2/air (solid lines, cf. Figure 6.1), along with 

the deconvolution of the overpotential contributions to the overall performance, whereby the 

patterened area in each pannel corresponds to the mass transport overpotential, ηtx. 
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6.5.4 Supplementary Figures and Tables 

 

Figure 6.6 TEM images of the Pt/C benchmark catalyst (left) and of the Pt3Ni aerogel (right). 

 

 

Table 6.1 ECSA values obtained from cyclic voltammetry at 25°C in RDE and PEFC experiments 

(see section 6.5.1, averaged on the basis of three measurements); RDE data for Pt3Ni was taken 

from reference 53. 

ECSA (m
2
/gPt) from Pt/C Pt3Ni Pt3Ni optimized 

RDE  75 ± 3 31 ± 2 31 ± 2 

PEFC 77 ± 2 23 ± 1 30 ± 1 
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Figure 6.7 Improvement factor for the surface-specific ORR activity (SA) at 0.9 VRHE normalized to 

the ECSA value derived from (A) RDE or (B) PEFC experiments. The grey dashed line indicates the 

SA increase that would be expected due to the particle size and ECSA effect on SA
35

 upon using a 

Pt/C benchmark with an ECSA of ≈ 30 m
2
/gPt (equal to the Pt3Ni aerogel’s ESCA, cf. Table 6.1). 

 

 

 

Figure 6.8 Cross section SEM images of the Pt/C benchmark catalyst layer at high (left) and low 

(right) magnification (0.47 mgPt/cm
2
geom). 
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Figure 6.9 Estimated porosity as a function of the distance from the electrode center for catalyst 

layers of Pt3Ni and Pt3Ni optimized. 

 

 

 

Figure 6.10 Cuboid-shaped structures of Pt3Ni (left) and Pt3Ni optimized (right) catalyst layers 

investigated by FIB-SEM tomography. 
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Figure 6.11 Results of Pt3Ni MEA screening experiments with abbreviated cell break-in. (A) 

Mass-specific ORR activities (MAs) at 0.9 VRHE from I/E curves at 80°C, 100 % RH, in H2/O2 at 

1.5 barabs and (C) platinum-specific power densities at 0.65 VRHE from H2/air I/E curves vs. the 

K2CO3 amount at a fixed Nafion-to-catalyst ratio of 0.12. (B, D) MAs and specific power densities 

vs. NCR at a fixed K2CO3 amount of VK2CO3/VPt3Ni+Naf = 0.5. 
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Figure 6.12 I/E curves at 80°C, 100 % RH, 1.5 barabs in H2/O2 (solid) and H2/air (dotted) condition 

for two Pt3Ni optimized and Pt/C MEAs (cathode loadings of 0.3 - 0.4 mgPt/cm
2
geom), respectively. 

 

 

Figure 6.13 Tafel plots at 80°C, 100 % RH, 1.5 barabs in H2/O2 for MEAs of Pt3Ni optimized, Pt/C 

and a commercial Pt3Ni/C (cathode loadings of 0.3 - 0.4 mgPt/cm
2
geom). 

 



116 

Table 6.2 ECSA values obtained from cyclic voltammetry at 25°C in PEFC experiments, along with 

mass- and surface-specific ORR activities (MA, SA) at 0.9 V derived from PEFC measurements at 

80°C, 100 % RH, 1.5 barabs in H2/O2 (cf. Figure 6.13). 

 Pt/C Pt3Ni/C Pt3Ni optimized 

ECSA (m
2
/gPt) 75 42 30 

MA (A/g) 90 91 85 

SA (μA/cm
2
Pt) 117 217 283 

 

 

 

 

Figure 6.14 Cyclic voltammogramms at 50 mVs
-1

 in the PEFC at 25°C, 100 % RH, H2/N2 condition 

for Pt3Ni, Pt3Ni optimized and Pt/C MEAs. 
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Figure 6.15 EDX elemental mapping of Pt, Ni and K (dark signal on white background) for a Pt3Ni 

optimized CL before the acid washing step. 

 

 

 

Figure 6.16 Cross section SEM images for a Pt3Ni optimized CL before (A) and after (B) the acid 

washing step (0.53 mgPt/cm
2
geom). The disappearance of the potassium Kα-line peak at ≈ 3.3 keV in 

the corresponding EDX spectra (C, D) indicates complete K2CO3 dissolution. 
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Figure 6.17 Percentual losses (vs. beginning-of-life values) of electrochemical surface area (at 

25°C, A) and mass-specific ORR activity (at 80°C and with H2/O2 feeds, B) for Pt3Ni optimized and 

Pt/C catalyst layers, upon accelerated stress tests consisting of 10000 cycles between 1.0 and 

1.5 VRHE at 500 mVs
-1

 or 1000 cycles at 20 mVs
-1

 (filled vs. patterned columns, respectively). 
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Figure 6.18 Cyclic voltammogramms (at 80°C) for Pt3Ni optimized (A) and Pt/C (B) MEAs at 

different stages of the accelerated stress test. 

 

 

Figure 6.19 Surface-specific activity as a function of accelerated stress test potential cycles 

between 1.0 and 1.5 VRHE. 
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7 PEFC Durability of Pt-Ni Aerogel vs. Pt/C Benchmark  

7.1 Durability of Unsupported Pt-Ni Aerogels in PEFC Cathodes 

Reducing the Pt loading in PEFCs can become feasible by developing ORR catalysts with 

higher activity and stability (cf. chapter 1). In this chapter the latter stability is investigated 

in detail for Pt3Ni aerogel and a commercial Pt/C benchmark by performing two different 

accelerated stress tests. The applied degradation protocols aim to simulate the conditions 

in the PEFC while driving or starting/switching off an FCEV, respectively. This study first 

reports the MEA performances before and after the ASTs, comparing I/E curves in H2/air, 

mass-specific ORR activities and ECSAs. In the second part, the observed degradation is 

related to changes in the CL structure (microscale) and the catalyst material itself 

(nanoscale), using FIB-SEM, TEM and EDX characterization. The study identifies a key 

development need to further improve the Pt3Ni aerogel with respect to durability. 
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ABSTRACT 

The commercial success of polymer electrolyte fuel cells depends on 

the development of Pt-based oxygen reduction reaction catalysts with 

greater activity and stability to reduce the amount of expensive noble 

metal per device. To advance towards this goal, we have tested a 

novel class of unsupported bimetallic alloy catalysts (aerogels) as 

cathode material in PEFCs under two accelerated stress test 

conditions and compared it to a state-of-the-art carbon-supported 

benchmark (Pt/C). The investigated Pt3Ni aerogel shows little 

degradation under high potential conditions (> 1.0 V) which can occur 

during fuel starvation and start-up/shut-down of the cell. If tested 

under the same conditions, the Pt/C benchmark displays significant 

losses of electrochemical surface area and ORR activity due to 

carbon support corrosion as observed in cross section and 

transmission electron microscopy analysis. When testing the 

durability upon extended load cycling (0.6 - 1.0 V), Pt3Ni aerogel 

demonstrates less stability than Pt/C which is related to the severe Ni 

leaching from the alloy under such conditions. These findings 

highlight the advantages of using unsupported ORR catalysts in 

PEFCs and point to the reduction of non-noble metal dissolution as 

the next development step. 

Published in J. Electrochem. Soc., 164, F1136 (2017). 
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7.2 Introduction 

Polymer electrolyte fuel cells currently rely on large amounts of carbon supported platinum 

catalysts (≈ 0.4 mgPt/cm2
electrode) to reduce the voltage losses due to the sluggish kinetics of 

the cathodic oxygen reduction reaction.5 Recent advancements in minimizing the Pt 

loading and associated costs were achieved by alloying platinum with other metals like Ni, 

Cu and Co which increases the Pt mass-specific ORR activity.6 On the other hand, these 

catalysts suffer from significant corrosion of the carbon support and Pt nanoparticles 

during PEFC operation which compromises their long-term efficiency and reliability.24 To 

specifically mitigate the issue of support stability, researchers have developed alternative 

corrosion-resistant supports (e.g. conductive metal oxides33, 124-126), extended metal 

surfaces (e.g. 3M® nanostructured thin film catalysts71) and unsupported materials (e.g. 

Pt-coated Ni, Co or Cu nanowires86, 87, 123). Pursuing this last strategy, unsupported 

bimetallic Pt-Ni electrocatalysts with high specific surface area (≈ 30 m2/gPt) and nanochain 

network structure, referred to as aerogels, were synthesized in a previous work.53 These 

materials reach the U.S. Department of Energy target (i.e. 440 A/gPt at 0.9 VRHE) for 

automotive PEFC application when tested as thin films by the rotating disk electrode 

technique,3 which is the standard tool employed by the majority of researchers in this field 

for initial assessment of catalyst activities. Considering that performance figures derived 

from such RDE experiments often do not translate fully to the technical system, it is 

fundamental to also assess activity and durability in PEFCs to evaluate the real application 

potential of new catalysts.182, 195 

At present, few groups have reported promising durability in PEFCs for spray-coated 

membrane electrode assemblies prepared from unsupported catalysts. Studies by Tamaki 

et al.89 (on hollow Pt-Fe nanocapsules) and Lee et al.31 (on FePt nanotubes) showed 

outstanding retention of electrochemical surface area and performance in H2/O2 

polarization (I/E) curves for 10000 potential cycles between 1.0 and 1.5 VRHE, and upon 

constant exposure to a high potential of 1.4 VRHE for three hours, respectively. However, 

none of those studies focused on the PEFC-performance of these materials under 

application-relevant conditions, i.e., using H2 and air at the anode and cathode inlet feeds, 

respectively. With this motivation, in a recent report we have demonstrated how the 

increase of porosity in the catalyst layer of Pt3Ni aerogel MEAs caused by the addition of a 

removable filler material greatly improves the performance in H2/air I/E curves.196 
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Following this recent study, in this work the durability of Pt3Ni aerogels in the PEFC is 

investigated for two different accelerated stress tests proposed by the DOE and compared 

to a commercial Pt/C benchmark. The first AST exposes the catalyst to the potential 

regime of 1.0 to 1.5 VRHE, which can occur in an operating PEFC during fuel starvation and 

start-up/shut-down of the cell and triggers C-support corrosion,7, 8, 33, 41, 185 and that will be 

referred to as ‘start-stop degradation’ in the following.4 The second AST which has not 

been investigated in the studies cited above simulates the variation in power output 

present during automotive application that results in potential fluctuations between ≈ 0.6 

and ≈ 1.0 VRHE causing Pt dissolution (and re-deposition);7, 161, 197, 198 it will be denoted 

‘load-cycle degradation’. As we will demonstrate in this article, Pt3Ni electrodes show 

superior durability for start-stop degradation compared to Pt/C due to the absence of a 

corrodible carbon-support. Additionally, severe Ni-leaching from the Pt3Ni aerogel in 

load-cycle degradation experiments is identified as the major cause for their activity loss 

and inferior stability when compared to Pt/C under these conditions. 

7.3 Experimental 

Pt3Ni aerogel was synthesized according to the procedure described in reference 53. In 

brief, 0.585 ml of a 0.205 M H2PtCl6 solution (8 wt. % in H2O, Sigma Aldrich) and 4 ml of a 

freshly prepared 10 mM NiCl2 solution (NiCl2*6H2O, 99 %, Sigma Aldrich) were dissolved 

in 790 ml of ultrapure water (18.2 MΩ cm, Millipore) and stirred until the mixing was 

complete. Subsequently, 7.0 ml of freshly prepared 0.1 M NaBH4 solution (granular, 

99.99 %, Sigma Aldrich) were added while stirring vigorously. A brown solution was 

obtained that was kept stirring for another 30 min. Afterwards, the reaction solution was 

distributed among several 100 ml vials. After about four days, black Pt3Ni hydrogel was 

formed at the bottom of the containers. The hydrogel was washed with water and the 

solvent was exchanged with acetone afterwards. The resulting anhydrous gels were 

subjected to critical point drying in CO2 (Critical Point Dryer 13200J-AB, SPI Supplies). 

Membrane electrode assemblies were fabricated using Pt3Ni aerogel, Pt/C (47 wt%, TKK, 

TEC10E50E) or Pt/Cgraphitized (30 wt%, TKK, TEC10EA30E) as the cathode catalyst (with 

loadings of 0.3 - 0.4 mgPt/cm2
geom), Nafion XL-100 (DuPont) as the membrane and 

commercial gas diffusion electrodes (Johnson Matthey, 0.4 mgPt/cm2
geom HISPEC 9100 

Pt/HAS on Sigracet GDL 25 BC) as the anode. Catalyst inks for Pt3Ni electrodes were 

prepared as described in reference 196 by mixing 5 mg of catalyst, 0.7 mg of K2CO3 

(99.995% trace metals basis, Sigma Aldrich), 18 mg of Na+-exchanged Nafion solution 
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(prepared from a 1:2 mixture of 0.1 M NaOH and Nafion solution,186 and equal to a 

Nafion-to-catalyst-ratio of 0.12) and 1.0 ml of an 8 wt% aqueous isopropanol solution 

(ultrapure water, 18.2 MΩ cm, Elga Purelab Ultra and isopropanol, 99.9 %, Chromasolv 

Plus® for HPLC, Sigma Aldrich). After ultrasonication (USC100T, 45 kHz, VWR) for 

30 minutes and spray coating (using a frame to confine the coating to the active area of 

1 cm2), the resulting catalyst coated membranes were immersed into 1 M H2SO4 solution 

(96 %, Suprapur, Merck) overnight (≈ 16 hours), followed by rinsing with ultrapure water 

and drying under ambient conditions. The acid washing step was introduced to remove the 

filler material K2CO3 and thus to create a CL with increased porosity (for details see 

reference 196). For Pt/C (Pt/Cgraphitized) cathodes, 50 mg of catalyst was mixed with 500 

(650) mg of 5 wt% Nafion solution (equal to a Nafion-to-carbon-ratio of 1.0) and 4.5 ml of a 

20 wt% aqueous isopropanol solution, followed by the steps described above without the 

acid washing. In a last step, the CCMs were hotpressed at 120°C and 1 bar/cm2
geom for 5 

minutes to a gas diffusion layer (GDL 25 BC, Sigracet) and a commercial gas diffusion 

electrode (see above) on the cathode and anode side, respectively.  

The MEAs were placed in a differential fuel cell that allows studying the MEA under 

homogeneous, well-defined conditions in the absence of along-the-channel effects such as 

changing temperature, relative humidity and gas concentration.121 The fuel cell used for 

this study was developed inhouse, featuring 5 parallel channels of 1 mm width over an 

active area of 1 cm2.122 Using steel spacers with defined thickness, cell compression was 

set such that ≈ 25 % compression of the gas diffusion media was obtained.122, 187 The MEA 

break-in started by drawing the maximum current that would yield cell potentials > 0.6 V in 

H2/O2 at 1.5 barabs and a relative humidity (RH) of 100 % between 25 and 80°C for 2 hours 

(flow rates anode/cathode: 300/750 ml/min188, stoichiometries ≥ 30/≥ 30), followed by 

cooling down of the cell, activating potential cycles and a repetition of the first step (at 

80°C). It must be noted here that even as the applied stoichiometry ratios are significantly 

higher than for technical cells, the gas flow velocities remain in the same order of 

magnitude due to the reduced size of the device.121  

Cyclic voltammograms were measured after break-in at 25°C and 100 % RH, scanning the 

potential between 0.075 and 1.0 VRHE at 50 mVs-1 with a H2 anode flow rate of 50 ml/min 

and the N2 cathode flow halted just prior to the measurement. The corresponding 

electrochemical surface area value was averaged from the H-adsorption and H-desorption 

charges between 0.09 and 0.4 VRHE after double-layer correction, assuming a conversion 

factor of 210 μC/cm2
Pt.

35 H2-crossover tests were conducted by a linear potential sweep 
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from 0.6 to 0.1 VRHE with a scan rate of 1 mVs-1 at 80°C, 100 % RH, 1.5 barabs, an anode 

H2 flow rate of 300 ml/min and a cathode N2 flow rate of 750 ml/min, respectively;19 the 

H2-crossover current densities typically amounted to ≈ 2 mA/cm2
MEA. All I/E curves were 

recorded at 80°C and 100 % RH with anode/cathode flow rates of 300/750 ml/min 

(stoichiometries ≥ 30/≥ 30) at 1.5 barabs for either H2/O2 or H2/air, using a Biologic VSP-300 

potentiostat with a 10A/5V current booster. The measurement was done galvanostatically, 

whereby the cell current was stabilized for 3 minutes at each data point and the data was 

averaged from the last 2 minutes. Concomitantly, the cell resistance (RΩ) was determined 

for each data point by galvanostatic electrochemical impedance spectroscopy (1 MHz to 

1 Hz). Mass- and surface-specific activites for H2/O2 operation were extracted at 0.9 VRHE 

after correcting potential and current for cell resistance and H2-crossover, respectively. 

The accelerated stress tests were performed at 80°C, 100 % RH, ambient pressure, anode 

H2 flow of 100 ml/min and cathode N2 flow of 100 ml/min following shortened AST 

protocols established by the DOE for automotive PEFC application.4 For start-stop and 

load-cycle degradation, the potential was cycled 10000 times between 1.0 and 1.5 VRHE at 

500 mVs-1 and 0.6 and 1.0 VRHE at 50 mVs-1, respectively.4, 33, 89 At designated times (1000, 

5000 cycles), the ASTs were interrupted to record I/E curves and CVs (cf. above) to 

determine the ECSA.  

Transmission electron microscopy images and elemental composition of the catalysts 

were obtained on a TECNAI F30 operated at 300 kV and equipped with an energy 

dispersive X-ray spectroscopy detector. For tomography and cross section preparation 

with a focused ion beam/scanning electron microscope, a Zeiss NVision 40 microscope 

with a Ga+ beam source and an EDX detector was employed.  

7.4 Results and Discussion 

Figure 7.1A, Figure 7.1C, and Figure 7.1E (adapted from reference 196) show the 

evolution of mass-specific activities, surface-specific activities and electrochemical surface 

areas for the start-stop degradation test of 10000 potential cycles between 1.0 and 

1.5 VRHE at 500 mVs-1, normalized to the respective beginning-of-life values. The latter are 

summarized in Table 7.1, whereby the experimental data for the benchmark catalyst is in 

good agreement with literature reports for the same material.35 After the start-stop AST, 

Pt3Ni aerogel cathodes show only a minor decrease of the MA, SA and ECSA. The 

aerogel thus behaves similarly to the unsupported hollow Pt-Fe nanocapsule catalyst that 

was recently investigated by Tamaki et al. following the same protocol.89 The Pt/C 
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benchmark, however, suffers from ≈ 50 % loss of MA and ECSA at the end-of-life, in 

agreement with observations in reference 33 using the same protocol. Additionally, the 

Pt/C benchmark displays drastic performance reduction in H2/air I/E curves, whereas Pt3Ni 

again maintains the BOL performance as discernable from Figure 7.2A. Moreover, we 

conducted the same start-stop AST on a commercial Pt catalyst implementing a 

graphitized carbon support (Pt/Cgraphitized, see section 7.3 for experimental details). As 

showcased in Figure 7.7 of section 7.6, in the early stages of the AST, this Pt/Cgraphitized 

underwent a less severe decrease of MA and ECSA when compared to Pt/C, but by the 

end of the 10000 potential cycles both variables reached ≈ 50 % of their BOL-values (as 

compared to ≈ 40 % for Pt/C, cf. Figure 7.1A and Figure 7.1E). Therefore, this result 

further highlights the enhanced stability of the Pt3Ni aerogel, even when compared to a 

commercial catalyst implementing a graphitized carbon support with a short-term durability 

better than that of Pt/C. For the rest of this study, though, we limit the comparison among 

degradation behaviors to the Pt3Ni aerogel and the standard (i.e. with a non-graphitized 

support) Pt/C benchmark, which has received much more attention in the existing 

literature.  

Table 7.1 Average values of the beginning-of-life MA, SA (at 0.9 VRHE, 80°C, 100 % RH, H2/O2, 

1.5 barabs) and ECSA (at 25°C) of Pt3Ni aerogel and Pt/C MEAs. 

 Pt3Ni Pt/C 

MA [A/gPt] 113  120  

SA [μA/cm
2
Pt] 526  233  

ECSA [m
2
/gPt] 29 69 

 

Upon load-cycle degradation tests of 10000 potential cycles between 0.6 and 1.0 VRHE 

at 50 mVs-1 (see Figure 7.1B, Figure 7.1D, and Figure 7.1F) on the other hand, Pt3Ni 

MEAs display a severe MA reduction of ≈ 60 % as opposed to moderate losses of ≈ 30 % 

for the Pt/C benchmark. Concomitantly, the SA of Pt3Ni aerogel decreases by ≈ 40 % 

whereas for Pt/C electrodes the EOL value exceeds the BOL one by 50 %. Moreover, the 

ECSAs for both catalysts evolve similarly (≈ 50 % reduction, in agreement with literature 

reports on Pt/C161) and the potential in H2/air I/E curves at high current densities decrease 

moderately (≈ 50 mV at 1.5 A/cm2, cf. Figure 7.2B). To explain the observed degradation 

of Pt3Ni aerogel vs. Pt/C MEAs during the ASTs, beginning- and end-of-life samples were 

analyzed at the micro- and nanoscale to complement the electrochemical characterization 

in Figure 7.1 and Figure 7.2. First, cross sections of the catalyst layers were cut with a 
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focused-ion beam and captured by scanning electron microscopy. Qualitative comparison 

of the cross section images for the Pt3Ni CL at BOL (Figure 7.3A) with the ones at EOL 

after start-stop (Figure 7.3B) and after load-cycle degradation (Figure 7.3C) does not 

reveal any significant morphology or porosity changes. To support this observation by a 

quantitative parameter, the thickness of the CL was measured in at least three different 

locations and normalized to the Pt loading to allow for a comparison between the different 

electrodes (BOL, EOL start-stop, EOL load-cycle). 

 

Figure 7.1 Average (three repetitions) MA (A, B), SA (C, D) at 0.9 VRHE and (E, F) ECSA 

normalized to the respective BOL values of Pt3Ni and Pt/C MEAs (cathode loadings 

of 0.3 - 0.4 mgPt/cm
2
geom) for start-stop (left) and load-cycle degradation (right), respectively.  
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As discernable from Figure 7.4, the EOL CL thicknesses for Pt3Ni aerogel are comparable 

to the one at beginning-of-life indicating negligible variations in porosity throughout the 

ASTs. Changes of the latter porosity can affect the mass transport of reactants by 

molecular and Knudsen diffusion within the catalyst layer and alter the gas diffusion 

overpotential caused by O2 concentration gradients.20, 29 Variations of this overpotential 

can e.g. be deduced from the overall cell potential at high current densities (HCDs) in 

H2/air I/E curves, i.e. in conditions of strong concentration gradients. Thus, the negligible 

changes in HCD performance throughout the ASTs of Pt3Ni aerogel CLs in Figure 7.2 are 

consistent with a steady gas diffusion overpotential, and support the hypothesis that the 

porosity regime crucial to reactant and product mass transport remains unmodified. 

 

Figure 7.2 Beginning- and end-of-life I/E curves at 80°C, 100 % RH, in H2/air at 1.5 barabs for the 

start-stop (A) and load-cycle degradation (B) of Pt3Ni and Pt/C MEAs (cathode loadings 

of 0.3 - 0.4 mgPt/cm
2
geom).  

The corresponding SEM cross section images for Pt/C are displayed in Figure 7.3D, 

Figure 7.3E and Figure 7.3F for BOL and following the start-stop and load cycle ASTs, 

respectively. At the end of the start-stop degradation test, one can identify domains in the 
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CL (highlighted by red circles in Figure 7.3E) that appear far less porous than at the BOL. 

This observation is concomitant with a ≈ 40 % decrease in thickness (cf. Figure 7.4D) from 

a BOL value of ≈ 38 µm/(mgPt cm-2) (or ≈ 33 µm/(mgC cm-2), which agrees with the 

28 ± 2 μm/(mgC cm-2) reported in literature)30 to ≈ 23 µm/(mgPt cm-2) and points to a 

collapse of the CL structure which can inhibit effective mass transport of reactants and that 

is supported by the drastic performance decline in the H2/air I/E curves in Figure 7.2A. The 

CL collapse can be attributed to carbon support corrosion in the applied potential regimes7, 

8, 160, 185, 199 and the resulting CL porosity decrease has been demonstrated by Schulenburg 

et al.48 in a FIB-SEM tomography study. On the other hand, representative cross section 

images before/after the load-cycle AST (Figure 7.3D/Figure 7.3F) do not indicate 

significant morphology/porosity changes concomitant with the negligible decrease in 

thickness to ≈ 34 μm/(mgPt cm-2) discernable from Figure 7.4B. Again, this agrees well with 

the electrochemical results at the cell level, where only a minor alteration of the HCD 

performance in H2/air curves is observed (cf. Figure 7.2B). 

 

Figure 7.3 Representative cross section SEM images for catalyst layers of Pt3Ni aerogel (top row) 

and Pt/C (bottom row) at the beginning-of-life (A, D) and after start-stop (B, E) and load-cycle 

degradation (C, F). Note that only the top part of the catalyst layer is visible for Pt/C at the shown 

magnification. The red circles highlight catalyst layer domains in which the porous structure has 

almost vanished. 

To analyze the materials’ change on the nanoscale, TEM images of the catalysts at BOL 

and after ASTs were taken and are summarized in Figure 7.5 (for additional images at 

other magnifications see Figure 7.8 and Figure 7.9 in section 7.6). At beginning-of-life, 

Pt3Ni consists of a well-defined 3D network of interconnected nanoparticles with an 
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average nanochain diameter of 5 - 6 nm (cf. Figure 7.5A).53 After the start-stop test (Figure 

7.5B), the nanochain diameter seems to be of similar size, yet the nanochains appear 

somewhat “smoothed”, i.e. individual nanoparticle segments are less distinct. 

Unfortunately, it was not feasible to determine an accurate average nanochain diameter by 

measuring the size at multiple locations along the nanochain as in the case of the BOL 

sample since the catalyst layer was difficult to disperse in the process of TEM grid 

preparation (cf. 3D nanochain ‘stacks’ in low magnification images of Figure 7.8). 

Regardless, the finding of comparable nanochain diameters agrees well with the 

electrochemical results in Figure 7.1E which displays the almost constant ECSA of the 

Pt3Ni aerogel after 10000 degradation cycles. On the other hand, after load-cycle 

degradation, Pt3Ni aerogel displays a significant increase in the nanochain diameter to a 

value ≥ 10 nm (see Figure 7.5C), albeit this finding cannot be quantified either due to the 

issue of poor CL dispersibility discussed above. Assuming dnanochain ∝ 1/ECSA,35 the 

increase in nanochain size by about a factor of two is in good agreement with the halving 

of the ECSA values in Figure 7.1F at EOL. 

 

Figure 7.4 Catalyst layer thicknesses normalized to Pt loading for CLs of Pt3Ni aerogel (A) and Pt/C 

(B) at the beginning-of-life and after start-stop and load-cycle degradation. 
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As for the Pt/C benchmark, Figure 7.5D vs. Figure 7.5E illustrate the carbon support 

corrosion during start-stop degradation that was introduced above to explain the porosity 

decrease of the CL (Figure 7.3E and Figure 7.4B) and the decline of high current density 

performance (cf. Figure 7.2A). This corrosion leads to domains which are completely void 

of Pt nanoparticles (especially at the carbon edges) and to changes in the morphology of 

the carbon support that, as reported in previous studies,42, 45 becomes preponderantly 

amorphous during these start-stop stress tests (see Figure 7.9). The dramatic ECSA 

reduction for Pt/C in Figure 7.1E (estimated on the basis of the initial mass of Pt in the 

catalyst layer) is thus related to particle detachment due to carbon corrosion, whereby 

smaller nanoparticles exhibit an increased probability to detach,7 and not to other ECSA 

decreasing mechanisms leading to Pt nanoparticle growth (see below). Specifically, the 

negligible impact of these nanoparticle-aggregation routes is likely related to the potential 

regime applied in the start-stop AST (i.e. 1.0 - 1.5 VRHE), which does not include sufficiently 

low potentials that would lead to the reduction (and dissolution/redeposition)200-202 of the 

Pt-(hydr)oxides passivating the nanoparticles’ surface. 

Complementarily, the loss of ECSA during the load-cycle degradation tests (cf. Figure 

7.1F) is most likely caused by Ostwald ripening and particle migration/coalescence,7, 161, 198 

which trigger the formation of larger Pt nanoparticles as discernable by comparison of 

Figure 7.5D and Figure 7.5F. It has been observed that such an increase in particle size 

increases the surface-specific ORR activity of Pt-based catalysts, in terms caused by a 

positive shift of the adsorption energy of ORR impeding, oxygen-containing species 

(OHads) and the subsequent presence of more sites available for the catalysis of the 

reaction on the nanoparticles’ surface.24, 35, 203 Considering the universal ORR activity – 

ECSA value relationships introduced in references 24, 35, 204 and 205 that express this 

particle size effect, the ECSA reduction in the load-cycle AST from ≈ 70 m2/gPt to 

≈ 30 m2/gPt should result in a SA increase to ≈ 140 % and a MA reduction to ≈ 60 % of the 

respective BOL values. These estimates are very close to the actual EOL SA and MA 

values of ≈ 155 % and ≈ 65 % (vs. BOL), respectively. The remaining difference could 

arise from the fact that the ORR activity – ECSA value relations in the above references24, 

35, 204, 205 are based on RDE experiments in 0.1 M HClO4 or H2SO4 between 20 and 60°C, 

whereas the activity values reported in this work were obtained in a PEFC at 80°C. 
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Figure 7.5 Representative TEM images of the Pt3Ni aerogel (top row) and Pt/C catalyst (bottom 

row) at the beginning-of-life (A, D) and after start-stop (B, E) and load-cycle degradation (C, F). 

While the particle size effect can account for the load-cycle degradation results of the Pt/C 

benchmark, it falls short to explain the behavior of the Pt3Ni aerogel. To be precise, the 

ECSA reduction from ≈ 30 m2/gPt to ≈ 15 m2/gPt observed in this AST is expected to 

increase the SA to ≈ 135 % and reduce the MA to ≈ 55 % of the initial values, yet the final 

SA and MA amount to a mere ≈ 65 % and ≈ 30 % of their BOL counterparts, respectively. 

Consequently, other factors that can contribute to the evolution of the ORR activity need to 

be considered. In this respect, the leaching of the non-noble metal from Pt alloy ORR 

catalysts during ASTs has been reported as a cause for the concomitant activity 

decrease;35, 206 as an example, the resembling, ≈ 70 % SA loss reported for a PtNi3/C 

catalyst cycled between 0.4 and 1.4 VRHE in reference 207 was partially related to the 

dissolution of ≈ 60 % of its initial Ni content. Moreover, previous works on Pt-Cu aerogels66 

and carbon-supported Pt-Cu and Pt-Ni electrocatalysts207-209 have unveiled a correlation 

between the bulk phase non-noble metal content and the ORR activity that could explain 

this decrease of catalytic activity upon extended potential cycling.  

To evaluate the possibility that the loss of Ni during the load-cycle AST may lead to the 

aerogel’s ORR activity decrease, the catalyst layers and individual Pt3Ni nanochains were 
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analyzed by SEM-EDX and TEM-EDX (three different locations each) to determine their Ni 

content (see Figure 7.6). The accuracy of the analysis is supported by the agreement of 

SEM and TEM data and the good match of the beginning-of-life Ni content values with the 

one derived from inductively coupled plasma - optical emission spectroscopy analysis in 

reference 53. As discernable from Figure 7.6, Pt3Ni aerogel suffers from the loss of ≈ 35 % 

of its Ni content during start-stop AST vs. ≈ 60 % in the load-cycle degradation test. The 

lower Ni loss in the start-stop AST is related to the passivation of Pt by the formation of a 

PtO surface layer that mitigates the dissolution of surface Pt and subsurface Ni when 

cycling the potential above ≈ 1.0 VRHE.197, 210 The severe Ni leaching in the load-cycle test 

is a consequence of the observed Ostwald ripening phenomenon which constantly 

exposes Ni atoms from the nanochain interior to the corrosive PEFC environment. This 

effect can explain the mismatch between the ORR activity evolution of the Pt3Ni aerogel 

(cf. Figure 7.1D/Figure 7.1F) and the predictions from the particle size effect introduced 

above.161, 198 More precisely, Ni dissolution can lead to a positive shift of the catalyst’s 

d-band center, thereby increasing the binding energy of oxygenated species and 

decreasing the ORR activity.149, 150 To study other potential degradation effects associated 

with Ni leaching, such as ionomer poisoning in the membrane and catalyst layer,35 we 

performed BOL/EOL impedance measurements in H2/N2
211, 212 which showed a constant 

high frequency resistance with non-measurable proton transfer resistance along the 

catalyst layer (not shown here),36, 196 thus preventing the quantification of possible changes 

in this last variable. Alternatively, Ni loss may also lead to an increase in O2-transport 

resistance213 tentatively derivable from limiting current measurements214 – a possibility that 

will be within the focus of our forthcoming works.  

 

Figure 7.6 Average (from three locations) Ni content in at. % from SEM-EDX (solid) and TEM-EDX 

analysis (shaded) at the beginning-of-life and after start-stop and load-cycle degradation. 
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7.5 Conclusion 

In summary, we have investigated the behavior of unsupported Pt3Ni aerogel cathodes 

under start-stop and load-cycle ASTs in the PEFC. Under start-stop degradation 

conditions, Pt3Ni MEAs retain their BOL mass-specific activity, ECSA and high current 

density performance in H2/air I/E curves after 10000 cycles, whereas Pt/C shows a ≈ 50 % 

MA and ECSA loss concomitant with a drastic performance reduction in H2/air I/E curves. 

This superior durability of Pt3Ni aerogel vs. Pt/C is related to the severe corrosion of the 

carbon support in the latter catalyst that leads to Pt nanoparticle detachment and collapse 

of the catalyst layer structure. For the load-cycle AST, both Pt3Ni and Pt/C display a 

≈ 50 % reduction of the ECSA which is related to nanochain/nanoparticle size growth due 

to Ostwald ripening and particle migration/coalescence. The simultaneous decrease of MA 

and increase of SA for the Pt/C benchmark was found to be in excellent agreement with 

the well-known particle size effect on the ORR activity of Pt nanoparticles. For the Pt3Ni 

aerogel, though, the activity loss does not follow the same trend since, in addition to the 

increase in particle sizes, the catalyst also undergoes significant Ni dissolution (≈ 60 %) 

from the alloy phase which further decreases both MA and SA. Nevertheless, based on 

our results and the overall fuel cell power output in the course of both ASTs, Pt3Ni aerogel 

is a promising PEFC catalyst for automotive application that warrants high durability in 

case of fuel starvation and cell start-up/shut-down events. To further improve its stability 

under normal PEFC operation, future work will focus on tuning the aerogel nanochain 

structure and surface vs. bulk composition, as to minimize Ni dissolution from the alloy 

catalyst.215 
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7.6 Appendix – Supplementary Information 

 

 

Figure 7.7 MA (A) and SA (B) at 0.9 VRHE, as well as the ECSA (C) normalized to the respective 

BOL values of Pt3Ni and Pt/Cgraphitized MEAs (cathode loadings of 0.3 - 0.4 mgPt/cm
2
geom) for 

start-stop degradation. The inset (D) shows beginning- and end-of-life I/E curves at 80°C, 

100 % RH, in H2/air at 1.5 barabs. Note that at the BOL, the Pt/Cgraphitized catalyst layer displays a MA 

of 84 A/gPt and a SA of 227 A/cm
2
Pt (both at 0.9 VRHE), along with an ECSA of 49 m

2
/gPt.
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Figure 7.8 TEM images of the Pt3Ni aerogel catalyst at the beginning-of-life (top row), after 

start-stop (middle row) and after load-cycle degradation test (bottom row).
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Figure 7.9 TEM images of the Pt/C catalyst at the beginning-of-life (top row), after start-stop 

(middle row) and after load-cycle degradation test (bottom row). 
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8 Conclusions and Outlook 

In this chapter, the main conclusions of the thesis are presented and an outlook of future 

research directions is given. For greater clarity, conclusions and outlook sections are 

divided into three subsections that best account for the areas of focus in this work.  

8.1 Conclusions 

Synthesis and material characterization 

This work presents the first synthesis of Pt-non-noble metal (Pt-M) alloy aerogels with an 

extended 3D nanochain structure (diameter ≈ 4 - 5.5 nm) by co-reduction of Pt and 

M-precursors in aqueous solution. For both Pt-Ni and Pt-Cu aerogels it was found that side 

phases (Ni-(hydr)oxide or Cu-oxide) are formed when the final M-content exceeds about 

25 at. %. The former side phases dissolved rapidly in acidic solutions leaving behind a 

pure bimetallic alloy phase, and EXAFS and STEM-EDX analysis indicated homogeneous 

elemental distribution within the remaining aerogel’s alloy phase. Additionally, these acid 

washing experiments demonstrated that Pt-M aerogels with M-contents > 25 at. % are 

prone to significant metal leaching, whereas great M-retention was found for M-content 

≤ 25 at. %. These results point at the latter materials as the most promising catalysts for 

PEFC implementation. 

Liquid electrolyte half cell tests 

Using the thin film RDE technique, ORR activities of Pt3Ni and Pt3Cu aerogel were 

determined as ≈ 62 ± 5 and ≈ 60 ± 5 A/gPt at 0.95 VRHE (≈ 422 ± 34 and ≈ 408 ± 34 A/gPt at 

0.9 VRHE), respectively. Thus, within error bars, both materials exceed the DOE activity 

target of 440 A/gPt (0.44 A/mgPt) at 0.9 VRHE
3 and surpass the activity of the commercial 

Pt/C benchmark used in the same study by ≈ 50 % (≈ 40 ± 2 A/gPt at 0.95 VRHE). The 

observed ≈ 3-fold increase of the surface-specific ORR activity vs. Pt/C was in agreement 

with reports for Pt-M/C catalysts in the literature. What is more, an almost linear correlation 

between alloy M-content and ORR activity has been found which agrees with the results 

obtained for supported materials in references 207-209. The ECSA values for all 

investigated aerogels amounted to ≈ 30 m2/gPt irrespective of the employed technique, i.e. 

hydrogen underpotential deposition or CO stripping method. While these values are 

certainly lower than those for Pt/C (typically ≈ 60 - 90 m2/gPt)
35 and Pt-M/C (typically 

≈ 40 - 50 m2/gPt)
153, 216, lower ECSA values are known to coincide with enhanced catalyst 
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durability.217 Overall, the liquid electrolyte half cell tests confirmed that a synthesis method 

to produce highly active aerogel ORR catalysts has been developed. 

To compare the performance of the catalysts in this thesis to the other unsupported 

materials presented in section 2.5.1, electrochemical behavior and ORR activity in RDE 

configuration of the latter are summarized in Figure 8.1; when multiple alloy compositions 

were investigated in the same reference, only the most active catalyst was included for 

greater clarity. Additionally, state-of-the-art carbon-supported catalysts, Pt/C (≈ 50 wt% Pt, 

Tanaka Kikinzoku Kogyo K. K., TEC1050E)113, 116 and dealloyed PtNi3/C
152, 153 that are 

available via scalable synthesis routes were considered as benchmarks. As various 

literature reports suggest (cf. section 3.5),112, 113, 181 the obtained activity values are tightly 

interlinked to the quality of the thin films, measurement conditions (e.g. scan rate) and data 

treatment (e.g. with/without correction for mass transfer limitations), making it challenging 

to compare measurements performed in different laboratories. Considering this limitation, 

results that were extracted at 0.9 V vs. RHE from anodic sweeps at a scan rate of 

20 mVs-1 and a rotation speed of 1600 rpm in O2-saturated 0.1 M HClO4 electrolyte at 

room temperature are predominantly reported here.116, 181 Activity values reported at 

different potential, e.g. 0.95 VRHE, were extrapolated to 0.9 VRHE assuming a Tafel slope of 

60 mV dec-1;151 results at different scan rates were adapted considering the relation 

between current and scan rates investigated in reference 181. 

Interestingly, almost 50 % of the catalysts in Figure 8.1 meet or exceed the DOE ORR 

mass activity target like the aerogel catalysts, proving that unsupported structures can go 

together with high catalytic performance and compete with state-of-the-art Pt alloy/C 

catalysts. Exemplary for the materials of this thesis, Pt3Ni and PtCu aerogel were included, 

whose activity falls into the upper middle range. Considering the difficulties when 

comparing data from different labs, Figure 8.1B displays the MA as an improvement factor 

vs. the Pt/C benchmark measured in the same study, which can help to further mitigate 

artifacts from unlike measuring conditions that cannot be accounted in this estimate (e.g. 

cleanliness of the electrochemical measurement). Assuming a MA of ≈ 0.3 A/mgPt for Pt/C 

(averaged from the results reported in references 113, 116), an improvement factor of 

≈ 1.5 indicated by the red dotted line can be considered equal to reaching the 0.44 A/mgPt 

defined by the DOE. Applying this new criterion, additional samples from section 2.5.1 

meet the activity target. 
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Figure 8.1 (A) Overview of mass-specific ORR activity, (B) corresponding improvement factor vs. 

Pt/C benchmark used in the same study, (C) surface-specific ORR activity and (D) ECSA for 

unsupported catalysts derived from liquid electrolyte half cell (RDE) experiments. Activity values are 

stated at 0.9 VRHE in O2-saturated 0.1 M HClO4 electrolyte, following adaption of some reported 

values as specified in the main text and were normalized to Pt or total Pt and Pd contents (where 

applicable). The red dotted line in A illustrates the DOE MA target of 0.44 A/mgPt
3
; the line in B 

corresponds to an ORR activity improvement factor of 1.5. State-of-the art Pt/C and Pt alloy/C 

catalysts are included as benchmarks at the top of the chart and blank spaces correspond to 

missing data that was not provided in the references.
218-222

 Reproduced with permission.
62

 

Copyright 2017, Wiley-VCH. 

Fuel cell tests 

The preparation of Pt3Ni catalyst layers using the conventional method of spraying an ink 

on the membrane resulted in MEAs with poor high current density performance (H2/air). 

This was related to the lower porosity and less favorable pore size distribution of the CL as 

compared to Pt/C catalyst layers, resulting in inefficient reactant mass transport. However, 

the addition of a water-soluble ‘pore precursor’ material to the Pt3Ni aerogel catalyst ink 

(K2CO3) that was removed after spraying and drying by simple acid washing led to 

increased porosity and an increase of the average pore size. The resulting optimized Pt3Ni 

aerogel catalyst layers showed a high current density performance (H2/air) commensurate 
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to a commercial Pt/C benchmark (and ≈ 2.5-fold larger SA than Pt/C), thereby confirming 

the positive material evaluation from RDE experiments. To the best of the author’s 

knowledge, this work thus represents the first successful implementation of an 

unsupported aerogel in the PEFC and one of the rare cases in which promising 

application-relevant H2/air performance was demonstrated with unsupported catalysts. 

Additionally, these findings highlight the particular importance of tailoring the CL pore size 

distribution when working with unsupported catalysts and emphasize the adequacy of the 

FIB-SEM technique to support this process. 

As anticipated, Pt3Ni aerogel showed superior durability to Pt/C in an accelerated stress 

test that simulates start-up and shut-down of an automotive PEFC. Interestingly, this 

circumstance even held true when a Pt catalyst supported on more durable graphitized 

carbon was used as a benchmark. Given the fact that only negligible losses in ECSA, 

mass-specific activity and potential at high current densities were measured for Pt3Ni 

aerogel, further endorses the potential of this material and unsupported catalysts in 

general. The enhanced stability vs. Pt/C could be attributed to severe carbon support 

corrosion in the latter case that considerably decreased the number of catalytically active 

Pt nanoparticles and resulted in a collapse of the porous catalyst layer structure. When 

subjected to an AST mimicking the PEFC voltage fluctuation during FCEV driving 

operation, Pt3Ni aerogel displayed ≈ 50 % ECSA and MA loss as well as minor 

deterioration of the high current density performance. The more pronounced mass-specific 

ORR activity reduction compared to Pt/C (≈ 30 % loss) was assigned to severe Ni leaching 

from Pt3Ni aerogel (≈ 60 % loss) that weakens the positive effect on catalytic activity 

induced by the alloying of Pt. 

8.2 Outlook 

Synthesis and material characterization 

A serious constraint when researching novel catalyst materials is the small sample 

amounts that can be prepared per batch (≈ 200 mg for the synthesis presented in this 

work). While at an early research stage this limits the number of subsequent experiments 

and characterization options, it can turn out to be a major barrier for a material’s 

large-scale application. Thus, it is crucial to think ahead for possibilities to increase the 

synthesis output and decrease its cost. For the aerogels, one important lever to obtain 

more catalyst per batch could be the increase of the reactant concentrations in aqueous 

solution that currently are set at a very low ≈ 0.1 mM. Additionally, the current synthesis 
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route involves a time-consuming and costly supercritical drying step to obtain the final 

product. Preliminary ORR activity tests in liquid electrolyte half cells however indicate 

similar results for aerogels that have undergone the final drying step and hydrogels, i.e. 

the water-suspended catalyst after all excess reactants have been removed by washing. If 

these Pt-M unsupported catalysts can be stored and processed as aqueous suspensions 

the synthesis would simplify drastically.  

What is more, it would be beneficial if the synthesis parameters could be optimized in such 

a way that Pt-M aerogels with higher M-content in the alloy phase (and without a side 

phase) and smaller nanochain diameter are obtained. As demonstrated in chapter 5, an 

increase of the alloy M-content could translate into an ORR activity enhancement and so 

would the larger reactive surface area of materials with narrower nanochains. Ultimately, it 

should be investigated if post-synthesis catalysis treatment can enhance the material’s 

robustness with respect to non-noble metal leaching during PEFC operation (cf. section 

7.4). In this respect, the recent work of Alia et al.215 that reports excellent activity and 

stability for an extended unsupported Pt-Ni system which was exposed to post-synthesis 

heat treatment in H2, acid washing, and another heat treatment in O2, could be an 

interesting starting point for such an endeavor. Naturally, potential detrimental effects from 

heat treatment and acid washing like catalyst sintering and too excessive non-noble metal 

leaching render adaptation of this process to the aerogels necessary and impede accurate 

prediction of its benefits.  

Liquid electrolyte half cell tests 

ORR activity tests using the RDE technique have proven a reliable tool to assess the 

catalytic proficiency of aerogel materials despite a disagreement between RDE and PEFC 

mass-specific activity values. The latter can be explained considering the differences in 

measurement parameters such as temperature and potential control (typically scanned vs. 

held in RDE vs. PEFC experiments).32 Moreover, this circumstance applied to the 

commercial Pt/C benchmark as well, so that relative activities were successfully predicted. 

Overall, RDE tests should remain an integral part of the material characterization during 

the stage of further synthesis optimization, yet early-on PEFC tests are highly advised to 

simultaneously address challenges of efficient mass transport in the catalyst layer. 
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Fuel cell tests 

Following synthesis scale-up as noted in the beginning of this section, CCMs should be 

prepared by using a semi-automated spray coating machine rather than manually 

operated spraying guns to systematically study the performance reproducibility of multiple 

samples and demonstrate reliable processability of the aerogel catalyst. Next, PEFC tests 

of larger CCMs in single cells under non-differential conditions (e.g. following the DOE 

recommendation of H2/air stoichiometry 1.5/1.84) are fundamental to showcase the 

aerogel’s potential for real application. Given that the promising activity and durability 

behavior in differential fuel cells (cf. chapter 7) can also be demonstrated in the single cell, 

it is worthwhile to ultimately prepare MEAs containing aerogel catalyst on both anode and 

cathode side. This configuration renders it possible to also take advantage of the 

material’s robustness on the anode side which can e.g. mitigate severe degradation 

damages from gross fuel starvation events.47 All in all, assuming that further durability 

enhancements and material processing are feasible, unsupported Pt-M aerogel catalysts 

could provide a pathway to reduce the Pt-content in automotive PEFCs.  
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