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Abstract 
The major challenge for a widespread implementation of hydrogen fuel cells in the au-

tomotive market is their high cost and short lifetime. These topics are addressed in this 

thesis for two distinct fuel cell systems, namely anion exchange membrane fuel cells 

(AEMFCs) and proton exchange membrane fuel cells (PEMFCs). First of all, the origin 

of the high hydrogen oxidation and evolution reaction (HOR/HER) exchange current 

density of bimetallic Pt-Ru alloys in alkaline media is investigated, providing a path for 

future catalyst development to reduce the cost of AEMFCs. Thereafter, the conductivity 

of a state-of-the-art anion exchange membrane is assessed at temperatures below the 

freezing point of water and compared to a commercial Nafion and an experimental hy-

drocarbon based membrane. Moving on to the durability of PEMFCs, an insight into the 

degradation of the anode catalyst layer during start-up and shut-down (SUSD) of the 

fuel cell is provided, which is scarcely investigated in the literature due to the prominent 

cathode degradation in SUSD events. Thereafter, different accelerated stress tests 

(ASTs) are used to degrade high and low loaded cathodes and to identify the evolution 

of the O2 mass-transport resistances alongside other key performance indicators of the 

fuel cell. One of the thus developed ASTs is subsequently applied to a home-made 

PtxY/C catalyst, thoroughly characterized using physical-chemical and electrochemical 

methods. Finally, a supplementary study is conducted that employs electrochemical 

deposition of Pt on Sn as a model system for the development of future catalysts. Here, 

it is shown that surface oxide species can fully inhibit the Pt deposition process, as well 

as the direct formation of a Pt-Sn alloy via deposition of Pt on Sn. 
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Kurzfassung 
Die größten Hürden für die Einführung von Wasserstoff-Brennstoffzellen im Automo-

bilbereich sind deren hohe Kosten sowie deren Haltbarkeit. In dieser Arbeit werden 

diese Themen anhand von zwei verschiedenen Brennstoffzellensystemen, basierend auf 

Anionen- und Kationen-Austauschmembranen (AEMFCs und PEMFCs), untersucht. 

Zuerst wird der Ursprung der hohen Wasserstoffoxidations- und -reduktionskinetik bi-

metallischer Pt-Ru Legierungen im alkalischen Milieu untersucht, um einen Grundstein 

für die zukünftige Katalysatorentwicklung zu legen und somit die Kosten von AEMFCs 

zu mindern. Im Anschluss wird die Leitfähigkeit einer, dem heutigen Stand der Technik 

entsprechenden, Anionen-Austauschmembran bei Frostbedingungen bestimmt und mit 

einer kommerziell erhältlichen Nafion sowie einer experimentellen Kohlenwasserstoff-

basierten Membran verglichen. Bezüglich der Haltbarkeit von PEMFCs wird zuerst ein 

Einblick in die Alterung der Katalysatorschicht auf der Anode bei Start-Stopp Vorgän-

gen (SUSD) der Brennstoffzelle gegeben, welche aufgrund der dominierenden Katho-

denalterung nur selten in der Literatur untersucht wird. Im Anschluss werden Kathoden 

mit hoher und niedriger Pt Beladung unterschiedlichen Alterungstests (ASTs) ausge-

setzt, um aufkommende O2 Massentransportwiderstände zusammen mit anderen wichti-

gen Brennstoffzellenparametern zu evaluieren. Im Folgenden wird einer der dabei ent-

wickelten ASTs auf einen selbst hergestellten PtxY/C Katalysator angewendet, welcher 

zusätzlich mittels physikalisch-chemischen Analysemethoden untersucht wird. Ab-

schließend wird eine ergänzende Studie präsentiert, in welcher die elektrochemische 

Abscheidung von Pt auf Sn als Modellsystem für die zukünftige Katalysatorentwick-

lung untersucht wird. Dabei konnte insbesondere gezeigt werden, dass Oxide auf der 

Zinnoberfläche die Pt Abscheidung vollständig verhindern können und dass sich Pt-Sn 

Legierungen direkt durch Abscheidung von Pt auf Sn bilden. 
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1. Introduction 

1.1. The Role of Fuel Cells in a Battery World 
At least since the Paris agreement was signed by 195 members of the United Nations 

Framework Convention on Climate Change in 2015, a reduction of the global CO2 

emissions has become a common goal throughout the world.1 The emission of CO2 

from the mobility sector accounts for 14% of the greenhouse gas emissions worldwide, 

governed by the widespread use of the internal combustion engine (ICE) fueled by die-

sel or gasoline (status 2014).2 In Europe, 72% of the land-based transport emissions are 

caused by passenger vehicles and small vans, while 25% originate from heavy duty 

trucks and busses (status 2015).3 The most promising two candidates to replace conven-

tional ICEs in those applications are battery electric vehicles (BEVs) and fuel cell elec-

tric vehicles (FCEVs). Both technologies generally offer the opportunity to operate CO2 

neutral as long as the electricity is produced by renewable energy sources. This thesis 

deals with the development of fuel cells and the first section of the introduction com-

pares fuel cell and battery technology to draw a conclusion for the most likely use of 

fuel cells. 

System Cost Comparison.―In contrast to combustion engines, BEVs and FCEVs use 

electric energy to power a motor. Since electric motors are comparably simple and well-

developed, they are not considered as a hurdle for the widespread commercialization of 

BEVs and FCEVs. Furthermore, in contrast to ICEs, consisting of many moveable 

parts, electric motors are durable and require little maintenance (e.g., no oil changes). 

The required power for the motor in BEVs originates from a battery pack which has a 

certain amount of stored energy, depending on the desired driving range. The battery 

type that currently receives most attention for automotive applications is the Li ion bat-

tery which stores electricity by shifting Li ions between anode and cathode in an elec-

trochemical intercalation reaction (other battery types are not considered here). While 

the power output of the battery (e.g., 125 – 135 kW for the BMW i3)4 is typically suffi-

cient compared to ICEs (e.g., 135 kW for the BMW 120i),5 the energy of most commer-

cially available BEVs is small (e.g., 38 kW h for the BMW i3), significantly limiting the 
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driving range of current systems (BMW specifies a theoretical range of 359 km for a 

consumption of 0.13 kW h km-1, simultaneously giving an optimistic practical range of 

260 km).4 The reason for this shortcoming of BEVs is the overall price of the battery 

pack which amounts to ≈$5200 for a driving range of 200 km and to more than $15000 

for a car with a range of 600 km, considering $200 kW-1 h-1 (for the very optimistic 

consumption of 0.13 kW h km-1).6,7 Even if a tremendous reduction of today’s battery 

pack production costs is taken into account, potentially reaching values as low as 

$125 kW-1 h-1, batteries that provide a range of 600 km would still cost ≈$10000. On the 

other hand, today’s car owners are accustomed to very long driving ranges (e.g., 

1000 km, calculated for a consumption of 6 L per 100 km at 60 L tank volume) in ICEs 

due to the simple implementation of large fuel tanks. 

The second technology under consideration for automotive applications, H2 powered 

proton exchange membrane fuel cells (PEMFCs) use the chemical energy liberated in 

the reaction of H2 and O2 (from air) to produce water in an electrochemical process (a 

more detailed overview on the working principle of PEMFCs is given in the next sec-

tion). One of the main advantages of FCEVs is the decoupling of power generation by 

the fuel cell and energy storage in a H2 tank. This enables the production of long range 

vehicles (e.g., approximately 500 km for the Toyota Mirai)8 by adjusting the size of the 

H2 storage tank to the desired range. Even though H2 storage is more expensive com-

pared to gasoline / diesel, it is still more than one order of magnitude more affordable 

than energy stored in a battery ($10.8 kW-1 h-1, estimated for a 700 bar dual-tank con-

figuration at a production volume of 500000 units annually), resulting in ≈$1800 for a 

5 kg H2 tank system (calculated by the lower heating value of 33.6 kW h kgH2

-1 ).9 One 

major hurdle preventing widespread implementation of FCEVs is the price of fuel cell 

stacks, which is due to the high cost of certain cell components (e.g., bipolar plates) and 

the use of scarce Pt as a catalyst for the hydrogen oxidation reaction (HOR) on the an-

ode and the oxygen reduction reaction (ORR) on the cathode. A reliable estimation of 

the total system cost for PEMFCs as a widespread system for transportation applications 

is not trivial to date, given that mass production of fuel cells has not yet started and cur-

rent manufacturing costs of small scale FCEVs are not representative for the future. 

Nevertheless, system costs on the order of $45 kW-1 are achievable for mass market 
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production (assuming an annual production of 500000 systems) with current technolo-

gy,10 resulting in a total cost of $4500 for a 100 kW system (excluding the cost of the H2 

tank). While the individual component cost share for bipolar plates (30%) and the 

membrane electrode assembly (MEA, 60%) in mass produced stacks is predicted to 

remain reasonably constant in the future, the overall costs are expected to drop signifi-

cantly upon commercialization. Even though future forecasts inherently contain large 

uncertainties, a significant price reduction of fuel cell stacks is expected after wide-

spread commercialization (similar development as observed for batteries), and a cost of 

only $11.5 kW-1 for mass produced fuel cell stacks might be achievable in the coming 

years, leading to lowered system costs of $32.8 kW-1, hence an affordable price around 

$3500 for a 100 kW PEMFC system (excluding the cost of the H2 tank).10 

Refueling and Infrastructure.―A great advantage of BEVs is that they can simply be 

charged at every regular household plug. However, this method results in very long re-

charging times (e.g., 15 h for 80% capacity of the BMW i3) due to the low power out-

put. Even though long charging times may not be a big issue for applications with a 

plannable drive cycle, many customers might consider it a large disadvantage. Further-

more, low power charging is not readily available in cities, where a large fraction of the 

car owners does not have access to a plug close to the parking position. Therefore, great 

efforts are currently carried out to establish a sufficiently large charging infrastructure 

with a higher power output. Even though the charging time at such stations can be re-

duced to less than 1 h (e.g., ≈45 minutes with a 50 kW DC charger for 80% capacity of 

the BMW i3),4 the charging takes significantly longer compared to refueling a gasoline 

tank in conventional ICEs. Additionally, large investments are necessary to build the 

charging points, modernize the metropolitan electricity grid and to provide the power 

necessary for simultaneous charging of several vehicles, as the following example 

shows. In a hypothetical scenario where solely 10% of the cars in the city of Munich are 

BEVs (≈80000)11 and where only 50% of these vehicles were charged simultaneously 

with a 50 kW DC charger (e.g., after common working hours), a power output of more 

than 2 GW would be required. Comparing this to the average power production in Mu-

nich of < 1 GW (calculated from the annual electricity consumption of 7.5 TW h),12 one 

receives a clear impression of the extraordinary investments into electricity generation 



1 Introduction 
 

 
4  

  

within / close to the city and the tremendous modernization costs for the electric grid to 

transport this power. In addition, the investment cost to provide electric charging sta-

tions for such a (small) fleet are on the order of ≈$1.5 billion (DC charging station pric-

es vary significantly between ≈$10000 and ≈$40000).13 Finally, the required charging 

time at such stations is insufficient for intermediate charging during long distance travel 

(e.g., intercity), a problem that Tesla has seemingly solved by the introduction of 

120 kW super chargers next to the highway. While this clearly is a step forward for the 

applicability of BEVs, the high investment cost (≈$270000 per station)14 and the still 

considerable waiting times (≈30 minutes to charge a Tesla vehicle, not accounting for 

time spent waiting on other users) are rather unfavorable.15 

In contrast to BEVs, FCEVs can refuel much faster and have already practically 

achieved refueling times of < 5 min for passenger vehicles (e.g., 3 – 5 min for the Toyo-

ta Mirai),8 comparable with gasoline. A further advantage over the infrastructure con-

straints of BEVs is that the refueling system would not be significantly different com-

pared to gas stations, with a small amount of required H2 filling stations and no need for 

the customer to change the current consumption scheme. Considering that only ≈10% of 

all currently available fueling stations would be mandatory to yield an acceptable, early 

stage network, a total of 1500 fueling stations would need to be set up in Germany. De-

pending on the specific type, the estimated cost of a H2 fueling station is on the order of 

$2 – 3 million (anticipated costs in 2015),16 whereas concepts for a low cost, early mar-

ket alternative at a price of less than $500000 were already proposed.17 Taking a rough 

estimate with an average cost of $1 million per fueling station and 1500 stations, full H2 

infrastructure coverage in Germany could be achieved with an investment of 

$1.5 billion. Even though this seemingly is a large number, setting up H2 fueling sta-

tions throughout an entire country costs the same as the charging infrastructure for 10% 

of the vehicles in a single city. Furthermore, the dimension of this investment should be 

compared to the available capital in the automotive market, where a single company 

involved in the Diesel scandal recently had to pay a fine of more than $15 billion.18 

Energy Generation and Storage.―The following provides a rough analysis of the 

greenhouse gas emissions produced by BEVs and FCEVs and the constraints of these 
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technologies regarding the electricity production from renewable sources. A more de-

tailed analysis of the greenhouse gas emissions of different transportation technologies 

was carried out by the Joint Research Center of the European Commision.19 

In Germany (status 2017), electricity is partially produced by combustion of fossil re-

sources emitting CO2 (37% coal, 13% natural gas, 1% oil), from renewable energy 

sources (33%) and by other means (12% nuclear, 4% other).20 Accordingly, every kW h 

of electricity, produced in Germany, generates 489 gCO2
,21 which in turn is responsible 

for 63.6 gCO2
 km-1 if used to power a BEV (assuming 0.13 kW h km-1,4 and 100% 

charge efficiency). Even though these emissions are not negligible with respect to their 

global warming potential, they are significantly lower than those emitted by ICEs, 

which typically exceed 100 gCO2
 km-1 (e.g., 140 gCO2

 km-1 for the BMW 120i).5 FCEVs 

use H2 as a fuel, which is currently produced by steam reforming of natural gas (48%, 

Equation [1]), by petroleum refining (30%), or from coal gasification (18%), while only 

4% are produced by water electrolysis (Equation [2]).22 

CH4 + 2H2O ⟶ CO2 + 4H2 [1] 

2H2O ⟶ 2H2 + O2 [2] 

According to Equation [1], 5.5 gCO2
are produced chemically per gram of H2 (4 mol H2 

per 1 mol CO2; M(H2) = 2 g mol-1, M(CO2) = 44 g mol-1). Taking into account that the 

aforementioned reaction is endothermic, hence combustion of additional methane is 

required for heating, ≈9 gCO2
 gH2
−1 are produced,23 which therefore amounts to 

68.4 gCO2
 km-1 for FCEVs that use H2 from methane steam reforming (calculated for a 

consumption of 7.6 gH2
 km-1 for the Toyota Mirai).24 In contrast to steam reforming, a 

FCEV fueled by H2 from electrolysis with the current electricity mix would emit a sig-

nificantly larger amount of 176 gCO2
 km-1 (calculated using the lower heating value of 

33.6 kW h kgH2

-1  and 70% efficiency for electrolysis in combination with the German 

CO2 foot print for electricity of 489 gCO2
 kW-1 h-1, amounting to 23.5 gCO2

 gH2

-1 ), compa-

rable to current ICEs. While both, FCEVs fueled by H2 from steam reforming and 

BEVs powered by the current electricity mix are capable to reduce CO2 emissions in the 
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transportation sector, the long-term goal is the sole utilization of renewable energy 

sources, where both technologies operate CO2 neutral. 

Similar to other gases, H2 can be transported relatively simple over large distances (e.g., 

by shipping), enabling large scale H2 production in favorable locations (e.g., with high 

solar irradiation or large hydropower capabilities), where electricity is affordable and 

grid control is simple.25 While transport of electricity for BEV charging is generally 

also possible and is a good option over short distances (small efficiency losses, simple 

infrastructure), its range is limited since long distance grids are very costly (e.g., over-

seas).26 A general issue associated with renewable energy sources are fluctuations in the 

produced amount of electricity due to a lack of control over, e.g., solar irradiation or the 

current wind situation. Nevertheless, the supply to the grid and the consumed electricity 

must be reasonably balanced to obtain a sufficient stability and uninterrupted power 

supply. In a transitioning phase towards full renewable energy production (e.g., 50% 

renewable energy share), fluctuations could be smoothed by adjusting the power con-

sumption of certain applications. This is generally possible for water electrolysis where 

the production capacity can at least partially be increased or decreased to improve pro-

duction-demand harmonization, while producing H2 to fuel the FCEV fleet. Neverthe-

less, the extent to which the electrolyzer output can be reduced during low electricity 

production phases of renewable energies might be limited, since extended interrupts 

have a negative impact on the investment economics and very low H2 production rates 

are technically difficult to achieve (formation of explosive H2/O2 mixtures due to gas 

crossover in PEM electrolyzers). Furthermore, producing a large H2 stock for FCEVs 

with excess electricity requires a H2 storage network that increases the production cost 

compared to on-demand H2 production. In contrast to electrolyzers, charging of BEVs 

will most likely be mainly controlled by the customer needs (i.e., charging after work) 

and therefore, in addition to not contributing to the electricity leveling, actually requires 

additional efforts for on-demand energy supply. A concept to solve this is the so-called 

vehicle-to-grid approach, where BEVs supply their stored energy back to the grid if the 

current energy production by renewables is low.27 While this might be a generally use-

ful concept to balance the overall electricity situation, it is not yet clear if drawing the 

power from a private BEV is a very appealing approach for car owners who expect their 
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car to be charged at a specific time and to be operational at any time. Financial incen-

tives for this service may, however, help convince the customer. 

Especially, when producing electricity entirely from renewable sources, a large discrep-

ancy between produced power and the actual demand is imminent and a real storage 

option (not only demand leveling) is necessary.28 Storage solutions are categorized with 

respect to the storage time, where short storage times are used to guarantee a high pow-

er quality, daily storage enables primary regulation of different sources and supply re-

serves cover seasonal and long-term energy supply. Besides other solutions, H2 can be 

produced on a large scale and stored for later use (not feasible for short-term storage) or 

the excess electricity can be used to charge stationary batteries that supply their energy 

back to the grid if needed. While producing new stationary Li ion batteries for energy 

storage is most likely not a cost competitive approach due to their high price per kW h 

(see above), second life batteries might be a useful option for an existing BEV mass 

market.29 However, especially batteries which have been used for a long time in the 

demanding environment of a BEV (fast charges / discharges, low / high temperatures) 

are likely to exhibit a relatively high failure rate, compromising cost efficiency of this 

approach. Furthermore, Li ion battery technology may present safety concerns on a 

large scale due to the high amount of stored energy in a system that is susceptible to 

thermal runaways (especially for second life batteries). In principle, H2 is an attractive 

option (low storage cost, see above) for medium to long-term energy storage and has 

been discussed in this context for several decades. This is especially true if FCEVs al-

ready have a high market share, since this implies that H2 infrastructure is already pre-

sent and integration of new devices is comparably simple. Nevertheless, electricity stor-

age via H2 suffers from a low round-trip efficiency, originating from efficiency losses 

during electrolysis and in the fuel cell.  

Finally, whether H2 is used in FCEVs or for electricity storage, it has to be considered 

that electrolysis is costlier than the direct use of electricity in a battery. Assuming an 

efficiency of 70% for the electrolysis, 48 kW h of electrical energy are needed to pro-

duce 1 kgH2
 (based on the lower heating value of H2). For a FCEV with a consumption 

of 7.6 gH2

-1  km-1, this results in an equivalent of 0.36 kW h km-1, which is nearly three 

times more compared to a BEV. This simple energy comparison for the two technolo-
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gies poses a clear advantage of BEVs and significant improvements are necessary with 

regards to H2 production and fuel consumption in FCEVs. Nevertheless, the low price 

of electricity will most likely only apply to slow charging via a regular household plug, 

while using a public charging station (especially fast chargers) might induce significant-

ly higher costs, limiting the fuel economy advantage of BEVs.  

Current Status and Future Scenario.―It has to be mentioned at this point that the in-

terpretation of fuel cell vs. battery powered mobility and the projection into the future 

represents the personal opinion of the author of this thesis. While short term solutions to 

reducing the CO2 emissions from the transportation sector might exist without drastical-

ly changing the current mobility system (e.g., more efficient ICEs), the only feasible 

way that incorporates a medium- to long-term view is to fully avoid the combustion of 

fossil fuels and hence implement new technologies in the automotive sector. Currently, 

BEVs are more affordable than FCEVs, since batteries are already produced on a large 

scale and experienced tremendous production cost decreases in the last decades. There-

fore, world-wide, more than 3 million BEVs are already in circulation (status 2017)30 

and car manufacturers have announced large investments for fleet electrification in the 

near future. Compared to the widespread series production of BEVs, the commercializa-

tion of FCEVs is a recent development and was only initiated by the release of the 

Hyundai ix35 (2014),31 the Toyota Mirai (2015),32 the Honda Clarity (2016),33 and more 

recently by the Mercedes-Benz GLC F-Cell (2018).34 While this shows the early com-

mercialization of fuel cell technology in the automotive sector, mass production has not 

yet been realized, causing high expenses for the production of FCEVs. Nevertheless, 

current estimates predict that FCEV systems are likely to be significantly cheaper than 

BEVs over long distances (see calculations above) or for heavy duty activities (e.g., 

trucks). Therefore, many car manufacturers have intensified their fuel cell research ef-

forts and announced small series FCEVs in the near future, e.g., Audi in 2020,35 BMW 

in 202136 and GM in the early 2020s.37  
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Figure 1 provides an overview of the plausible markets for BEVs (red), FCEVs (green), 

a coexistence of both (brown shaded), as well as the future potential for fuel cells in the 

transportation sector (purple). Accordingly, BEVs are likely to dominate the light duty 

or short-range car market due to their lower production cost for low energy systems, as 

well as the lower price per traveled km. Nevertheless, many car owners might not be 

willing to purchase vehicles with a short range combined with long charging times or 

would like to own heavier vehicles (e.g., SUVs) which can currently (and in the near 

future) hardly be achieved economically with batteries. In the future, however, assum-

ing further improvements of battery and charging technology, a higher penetration of 

BEVs into this segment might become plausible. Despite their high cost, unfavorable 

charging times and limited range, batteries have a clear advantage over FCEVs in that 

they have a lower cost per driven km due to the costly production of H2 from electricity. 

This might be an even more important concern when energy production prices rise due  

 

Figure 1. Schematic representation of the likely markets for batteries (red) and fuel cells (green) with 
respect to range and duty of the operation. The potential fuel cell market that has not yet been commer-
cially established is shown in purple.  
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to the integration of renewable energies and when car owners are not willing to accept 

additional fuel expenses in favor of more convenient refueling times and long ranges. 

On the other hand, for long distance or heavy duty operations, implementation of batter-

ies (e.g., in a truck presented by Tesla)38 seems to make little sense due to excessive 

battery cost ($125000, 2 kW h mile-1, 500 miles, $125 kW-1 h-1). In this sector, FCEVs 

are clearly the more affordable choice if produced on a large scale (see calculation 

above). Hence, a great potential of fuel cells lies in applications where battery storage 

capacities are not affordable, e.g., for trucks,39–41 trains,42 or ships (not yet commercial-

ized).43 Fuel cell powered trains are, of course, only an option for routes that are not 

completely electrified and would otherwise require the use of diesel engines. Electrify-

ing the shipping industry with fuel cells offers an enormous CO2 reduction potential and 

might actually be the only reasonable alternative for clean transportation of goods in a 

globalized world. Even though research on fuel cell powered aviation exists and fuel 

cells are a far more likely power source for planes than batteries, the replacement of the 

conventional turbines can (if at all) only be a far future goal. In conclusion, future fuel 

cell development might enable fuel cell use in new markets that cannot be powered by a 

battery, but might also enable a penetration into the somewhat lighter car segment to 

establish a coexistence with BEVs.  

With regards to the development of an early market, the implementation of FCEVs is 

stalled by the low amount of H2 fueling stations in most regions of the world, where as 

little as 91 (Japan), 45 (Germany) or 40 (USA) fueling stations (status 2018) exist in 

world leading countries.44 Compared to ≈15000 gasoline fueling stations in Germany 

(status 2017),45 The H2 infrastructure is seemingly very little developed and potential 

FCEV customers will most likely have this in mind before purchasing a new vehicle. In 

turn, fuel cell powered busses could be a great option to remove this initial barrier for 

FCEVs, since they operate on regular routes, where H2 fueling stations can be easily set 

up. Similar to this concept, a fuel cell truck network can be pursued for long distance 

travel, e.g., with the help of subsidies (e.g., free highway fare). This would especially 

improve city-to-city fueling infrastructure, since trucks can refuel close to the highway. 

However, transportation of goods is commonly a long range process, demanding full H2 

coverage over a large area (e.g., along the main highways throughout Europe). Even 
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though full infrastructure for FCEVs is much more affordable compared to the enor-

mous investments necessary for BEVs, small amounts of BEVs can be easily integrated 

into the current electricity system, especially for customers with access to private park-

ing and plannable, short daily commutes (mainly countryside). The simple market entry 

of BEVs is another clear advantage over FCEVs that suffer from the chicken and egg 

problem where car manufacturers are not willing to produce cars that cannot be refueled 

while the infrastructure is not set up as long as it is not needed. 

Assuming that the H2 infrastructure can be developed, the preceding analysis shows that 

FCEVs and BEVs are likely to share the automotive market depending on the desired 

driving range, the refueling time constraints, the car price and the fuel economy consid-

erations. Finally, the system choice might be influenced significantly if todays’ mobility 

concept changes, as it is, e.g., possible for autonomously operating vehicles. In this 

case, non-customer owned cars could achieve a large fraction of the inner city and near 

city transport, where the drive cycle is plannable and cars could autonomously charge 

themselves. This might actually be the big breakthrough of BEVs, whereas it is not yet 

clear if autonomous driving results in such a drastic change of the mobility concept and 

early stage autonomous driving with user owned cars does not alter the current situation 

significantly. At last, the technological potential is only one of the influencing factors, 

while political decisions could be the actual steering wheel to govern the direction in the 

mobility sector. One example is the recent boost of fuel cell technology due to the claim 

of certain countries to support FCEVs (e.g., by 2030, one million FCEVs shall be de-

ployed in China46 and 800000 in Japan)47 in order to accomplish a transition towards an 

environmentally friendly society.   
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1.2. Fuel Cell Working Principle 
The following section shall provide a general overview of the working principle of low 

temperature PEMFCs, describing the used materials from the MEA to the stack level. 

The principle of anion exchange membrane fuel cells (AEMFCs), which are also part of 

this thesis, is similar to that of PEMFCs and the differences are described in section 1.4. 

The Membrane Electrode Assembly.―In a fuel cell, the chemical energy stored in H2 

and O2 (usually from air) is converted to electrical energy, while water and heat are 

produced according to Equation [3]. 

2H2 + O2 ⟶ 2H2O [3] 

In contrast to the oxyhydrogen reaction, where the chemical energy is liberated at once 

in an explosion, the overall reaction in a fuel cell is locally separated into the anodic 

HOR (Equation [4]) and the cathodic ORR (Equation [5]). 

2H2 ⟶ 4H++ 4e− [4] 

O2 + 4H+ + 4e− ⟶ 2H2O [5] 

Since the two reactions occur in separate compartments, the electron has to travel 

through an external path, where the resulting current can be used as electrical power. To 

maintain charge neutrality, protons migrate from the anode to the cathode where water 

is formed as the only reaction product. To separate the HOR and the ORR, PEMFCs 

employ a polymeric membrane (shown in Figure 2) onto which the anode and cathode 

electrode are laminated to opposing sides, called MEA. Ideally, the membrane is able to 

conduct protons from one to the other side, while it is impermeable to gases, especially 

H2 and O2, and is completely electrically insulating. The most common type of mem-

brane employed in state-of-the-art PEMFCs consists of perfluorosulfonic acid groups 

carried by a perfluorinated polymer backbone.48 The strongly hydrophobic nature of the 

backbone, together with the hydrophilic sulfonic acid groups causes a phase separation, 

where water (produced by the reaction and introduced to the MEA with the reactant 

gases) forms a connected network within the hydrophilic phase. The sulfonic acid  
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Figure 2. Cross-sectional image of a Gore Primea Mesga (A510.1/M715.18/C580.4, W. L. Gore & Asso-
ciates, Inc., USA) MEA (left side) taken with a SEM at 25 kV and a magnification of 1500x. The brown 
box (right side) shows a Pt/C catalyst (TEC10V50E, 50%wt., Tanaka Kikinzoku Kogyo K.K., Japan), im-
aged by TEM at 100 kV and a magnification of 8900x. The Pt/C catalyst does not represent the actual 
catalyst in the Gore MEA, but is shown as a representative example. 

groups dissociate in the presence of water, creating a highly acidic medium that enables 

facile proton transport through the well-known Grotthuss mechanism. In contrast to the 

protons, the anions are immobilized on the perfluorinated backbone and no transport of 

free anions occurs through the membrane. To achieve low ohmic losses associated with 

the transport of protons through the membrane, it needs to be as thin as possible, provid-

ing a low ionic resistance. Hence, state-of-the-art membranes are approximately 15 µm 

thick, using polytetrafluoroethylene (PTFE) as a reinforcement to maintain the structur-

al integrity (bright band in the middle of Figure 2). The main influencing factor of the 

membrane conductivity during fuel cell operation (besides the temperature) is its water 

content, λ, expressed in molH2O molSO3
−

 -1 . In addition to reaction water produced on the 

cathode, the λ value is controlled by the degree of humidification of the gas supply. One 

strategy to achieve a high membrane conductivity is therefore to humidify the gas sup-

ply on the anode (water equilibrates quickly through the membrane), or on both sides of 

the MEA. Another class of membranes consists of a hydrocarbon backbone that carries 

the acidic side group.49 These membranes are typically less costly due to the lack of the 
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perfluorination process and provide a lower gas permeability compared to perfluorosul-

fonic acid (PFSA) based membranes. Nonetheless, they commonly suffer from a lower 

degree of phase separation due to the less hydrophobic backbone, limiting their applica-

bility for the more practical case of low humidity operation (further information in sec-

tion 3.1.2). 

Since the ORR and the HOR take place on the surface of the catalyst, Pt (or Pt alloys) is 

commonly prepared in the form of nanoparticles and deposited onto a support material 

to achieve a high surface area to mass ratio, i.e., a high electrochemical surface area 

(ECSA), shown in the transmission electron microscopy (TEM) image in Figure 2 for a 

commercially available 50%wt. Pt/C catalyst. For the electrochemical reactions in a fuel 

cell, electrons, protons and the respective gas (O2 or H2) have to be simultaneously pre-

sent at the catalyst (so-called triple-phase interface). Considering the most common 

support material (carbon black), electrons are easily transported through the catalyst 

layer due to the high electrical conductivity of carbon blacks. Furthermore, the high 

porosity of carbon black enables gas transport through the void volume towards the cat-

alyst. Simultaneously, product water can be removed from the structure through these 

pores and flooding of the catalyst layer is avoided. Nevertheless, the transport of pro-

tons over the carbon structure to the Pt particles is not possible, requiring the use of an 

additional proton transport medium, the so-called ionomer. The ionomer typically con-

sists of the same material as the membrane and is deposited as a thin layer on the carbon 

surface. While this thin layer conducts protons through the electrode sheet to the surface 

of the catalyst particles, it needs to be permeable for O2 (or H2), as it also often covers 

the Pt particles. Even though the ionomer structure is similar to the membrane, where 

gas transport from one to the other side is limited (> 10 µm), O2 (or H2) supply to Pt is 

possible through the thin ionomer film (< 10 nm) which is believed to cover the Pt na-

noparticles. To obtain a well-connected ionomer network throughout the entire elec-

trode which accesses all Pt particles, a sufficient amount of ionomer needs to be incor-

porated into the electrode, whereby an excess of ionomer can lead to pore clogging and 

a limited gas transport, hence low fuel cell performance. While the ionomer content in 

the electrode can easily be varied by choosing the appropriate ionomer to carbon (I/C) 

ratio during MEA fabrication, the homogeneity of its distribution within the layer is 

affected by various factors and needs to be optimized for high performance MEAs.50 As 
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a substitute for carbon, conductive oxides, such as antimony doped tin oxide (ATO, see 

section 3.3.1), were proposed in the literature due to their superior stability at elevated 

potentials (see below for degradation issues).51 However, these supports suffer from a 

low conductivity, dopant leaching, and a low stability in reductive atmosphere, hence 

are not yet commercialized. 

Gas Diffusion Layers and Microporous Layers.―The reactant gases need to be dis-

tributed over the electrodes to allow the participation of the entire catalyst layer in the 

electrochemical reaction, hence optimize the utilization of Pt. Especially below the con-

tacting area to the flow field (so-called land, more details below), gas needs to be trans-

ported in-plane and direct contacting of the electrode from the outside is not feasible. 

Therefore, PEMFCs employ a so-called gas diffusion layer (GDL) where no reaction 

takes place, but gas is distributed homogeneously over the entire area. The most com-

mon type of GDL is based on carbon fibers (Figure 3a), offering a high pore volume 

that enables efficient gas phase transport. Simultaneously, the high electrical conduc-

tivity of carbon minimizes ohmic losses associated with the conduction of electrons 

between the electrodes and the flow fields. The structure of the fibers also guarantees 

high mechanical stability and allows a certain degree of compressive strain that distrib-

utes the mechanical pressure applied from the outside. Hence, the GDL acts similar to a 

spring, where the pressure on the MEA is balanced, which is especially relevant for  

 

Figure 3. SEM image of a commercially available a) GDL (25 BA, SGL Carbon SE) and b) the same 
GDL with an MPL (25 BC, SGL Carbon SE). Images are taken with an acceleration voltage of 5 kV, 
using a secondary electron detector. Reproduced from Simon et al. under the terms of the Creative Com-
ments Attribution 4.0.52 



1 Introduction 
 

 
16  

  

differential gas pressure (between anode and cathode) operation. Nevertheless, if the 

applied pressure is too high, the GDL can be over-compressed, resulting in a loss of 

void volume, hence a hindered gas transport. In addition to supplying reactants towards 

the electrode, water needs to be released from the MEA to avoid catalyst layer flooding, 

which is again associated with severely limited gas transport. To ensure the efficient 

removal of water through the GDL, the carbon fibers are hydrophobized by a PTFE 

treatment during the production process. The polymer is also used as a binder to glue 

the fibers together and ensure high mechanical stability. Even though water is repelled 

by the hydrophobic fibers, most layers flood at high humidity operating conditions, 

where water accumulates in the large pores of the structure. Therefore, a microporous 

layer (MPL) can be coated onto the GDL to enhance the removal of water at the GDL / 

electrode interface. Common MPLs consist of carbon black in combination with a PTFE 

binder for hydrophobization and have a significantly smaller pore size network (on the 

order of hundreds of nm) compared to the GDL (on the order of tens of µm). The small 

pores of the MPL prevent the accumulation of water due to a high capillary pressure. 

Nevertheless, incorporation of a certain degree of larger pores (on the order of tens of 

µm) aids the removal of water through liquid pathways.53 Additionally, the high surface 

area of the MPL can improve the electric contact between the electrode and the GDL. 

Finally, the GDL allows the transport of reaction heat from the electrode to the outside, 

whereby the thermal conductivity can vary significantly for different materials. 

The Fuel Cell Stack and System.―In order to achieve a sufficient power output for the 

use of fuel cells in automotive applications, several cells are connected to each other in 

series, where the current flows through every cell and the voltage adds up along the 

stack (e.g., 244.8 V through 34 modules with 7.4 V for the Toyota Mirai during opera-

tion).8 The electrical connection between the individual cells is achieved by bipolar 

plates, where the anode and cathode flow fields of two different cells are located at op-

posing sides of the plate, exemplarily shown in Figure 4. The coolant is commonly lo-

cated between anode and cathode, so that every cell is cooled individually, mitigating 

thermal gradients within the PEMFC stack. To avoid high voltage safety concerns, the 

coolant has to have a relatively low conductivity, hence the coolant water is usually 

purified from ionic contaminants. The first and the last plate are called endplates which  
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Figure 4. Schematic representation of a fuel cell stack, showing multiple bipolar plates connected in 
series, including H2, air and coolant supply and exhaust lines. Each bipolar plate has an anode and a cath-
ode side, including the coolant flow in the middle (shown on the right). The flow field including gas in- 
and outlets are shown for each side, while all additional components (e.g., MEA, cell voltage monitor, 
load cables, etc) are not included here. Since many different designs for the stack exist, this drawing rep-
resents only an example. 

have only one flow field facing the stack and are used to mechanically hold the stack 

assembly together. H2 and air are transported through a supply line to the individual cell 

inlets, where the gas is distributed over the GDL area, leaving the cell at the respective 

outlet. The gas entering the flow fields is commonly divided into several channels 

(shown in red for the anode and in blue for the cathode in Figure 4, right side), separat-

ed by the so-called land area. The land compresses the GDL and ensures electrical con-

nection between the bipolar plate and the GDL / MEA. The channel geometry and the 

applied operating conditions (gas flow rate, humidity) result in a pressure drop between 

flow field in- and outlet that forces the gas through the channel. While a low pressure 

drop is desirable during low humidity operation to enhance the performance, a high 

pressure drop is advantageous at high humidity (e.g., at high current density) to remove 

liquid water droplets when oversaturation occurs. In general, the gas flow rate, �̇�, is 

adjusted to the applied current density, defined as gas stoichiometry, s, and calculated 

according to Equation [6].  

𝑠 =
�̇�feed

�̇�consumed
> 1 [6] 
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To maximize the utilization, the stoichiometry for H2 is typically close to 1 (e.g., 1.02) 

and to minimize the power consumption of the air compressor, the cathode stoichiome-

try is usually below 2 (e.g., 1.5).  

For automotive applications, the flow field design needs to enable gas transport at both, 

low (little gas flow, low pressure drop) and high current density (high gas flow, high 

pressure drop). Furthermore, operation within a broad range of gas humidity values 

needs to be possible, where the membrane remains well-humidified and product water is 

easily removed from the flow field channels. The blocking of channels, or of an entire 

flow field can result in severe degradation of the fuel cell system (H2 starvation, see 

below), or at least cause a loss of performance. Straight or serpentine type flow fields 

are among the most common designs, but also porous foams or meshes are used in cer-

tain applications (an introduction to the basics of droplet formation can be found in the 

Handbook of Fuel Cells).54 Bipolar plates for automotive PEMFC stacks are commonly 

made of titania or stainless steel, whereby steel is less costly but more prone to degrada-

tion in the acidic environment of the fuel cell (release of HF due to membrane decom-

position, see below).55 The corrosion resistance can be enhanced by a coating layer on 

top of the plate. Carbon-based bipolar plate materials are another alternative that do 

commonly not require a coating, but are usually thicker compared to their metal equiva-

lents. To retain the gas within the cell compartment and avoid the intrusion of air from 

the outside, every bipolar plate employs a certain type of sealing technology to the out-

side. Additionally, sealing of the cell compartment to foreign supply channels (e.g., 

sealing the anode to air and coolant) is very important to avoid gas mixing and ensure 

safe operation. 

The PEMFC stack is embedded into a fuel cell system, illustrated by a simplified over-

view in Figure 5. The O2 for the cathode is supplied by a compressor (ideally coupled 

with an expander) that takes air from the surrounding environment and compresses it to 

the desired operating pressure. While a higher gas pressure commonly results in en-

hanced fuel cell performance, it also requires a more expensive compressor module, 

more energy consumption for the air supply and a better sealing technology. Hence, fuel 

cell systems are often operated at gas pressures around 200 kPaabs, whereas also ambient  
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Figure 5. Schematic setup of an automotive fuel cell system. For simplicity, many elements, such as 
pumps, valves, a low temperature coolant loop, and other devices are not shown. Depending on the manu-
facturer, significantly different designs are possible and this scheme represents only a rough overview.  

or high pressure systems (e.g., 300 kPaabs) can be employed. To ensure a high mem-

brane water content, the air supply is often humidified prior to entering the stack, 

whereby the water required for humidification is recovered from the exhaust gas before 

entering the expander. Since the water handling system increases the cost of the 

PEMFC, certain automotive systems employ other methods of water management to 

eliminate the humidifier (e.g., the Toyota Mirai).56 In contrast to the air which is sup-

plied from the environment, H2 originates from an onboard pressure tank (often 

700 bar) and is humidified by H2 recovered from the fuel cell outlet. Since common 

membranes allow a limited crossover of N2 and O2 from the air side into the anode 

compartment, N2 accumulates in the H2 feed over time (permeating O2 is consumed by 

reaction with H2). This can significantly decrease the fuel cell performance (see section 

3.2.1) and when the N2 content in the anode reaches a certain threshold, the H2/N2 mix-

ture is combined with air and exhausted from the system (usually catalytically combust-

ed). In addition to the gas handling, fuel cell systems consist of a coolant loop to avoid 

strong heating of the stack under operation. In addition to this “high temperature” loop, 

another “low temperature” coolant loop may be implemented for all other devices. Fi-

nally, the power of the fuel cell is supplied either to the battery of the vehicle or directly 

to the electric motor that drives the propulsion system of the FCEV. 
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1.3. PEMFC Performance and Durability 
The following section provides an overview on the losses occurring in PEMFC systems 

at the example of a H2/air polarization curve measured on a 5 cm2 single cell at differen-

tial-flow conditions. The performance of automotive MEAs under practical conditions 

is different, but the same general concepts apply. A complete description on how to 

measure the individual loss terms is given in the experimental section. In addition to the 

voltage loss analysis, this section covers an overview on the degradation phenomena in 

PEMFCs. 

H2/air performance.―The thermodynamic equilibrium potential of the fuel cell reac-

tion (Equation [3]) can be calculated according to the Nernst equation for the two indi-

vidual reactions (Equation [4] and [5]). Here, Erev is the cell potential at the operating 

conditions, E0 is the equilibrium potential of the individual reactions at standard condi-

tions (1.23 VSHE for the ORR/OER and 0 VSHE for the HOR/HER), R is the ideal gas 

constant (8.3 V A s K-1 mol-1), T is the temperature, n is the number of transferred elec-

trons (4 for the reaction shown in Equation [3]), F is the Faraday constant 

(96485.3 A s mol-1), and p is the partial pressure of the gas divided by the reference gas 

pressure at standard conditions (101.3 kPa). 

𝐸rev = 𝐸0
OER/ORR − 𝐸0

HOR/HER +
𝑅 ∙ 𝑇
𝑛 ∙ 𝐹

∙ ln�𝑝O2 ∙  𝑝H2
  2 �  [7] 

When a current is drawn from the fuel cell, the thermodynamic potential is lowered by 

so-called overpotentials. Overpotentials caused by the electrochemical kinetics are gen-

erally described by the Butler-Volmer equation. In this, i is the current density, i0 is the 

exchange current density, rf is the roughness factor (active surface area of the catalyst, 

e.g., Pt, with respect to the electrode area, typically given in cmPt
2  cm-2), 𝛼a and 𝛼c are 

the anodic and cathodic transfer coefficients, and 𝜂 is the overpotential. 

𝑖 = 𝑖0 ∙ 𝑟𝑟 ∙ �𝑒
𝛼a∙𝐹
𝑅∙𝑇 ∙𝜂 − 𝑒−

𝛼c∙𝐹
𝑅∙𝑇 ∙𝜂� [8] 

The Butler-Volmer equation considers the reaction in the cathodic (e.g., ORR), as well 

as the backwards reaction in the anodic direction (e.g., OER), weighing their contribu-

tion to the overall current by the applied overpotential in combination with the transfer 
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coefficient. Fast reaction kinetics, i.e., a high exchange current density, result in small 

kinetic overpotentials, and the same can be achieved by a high roughness factor, i.e., 

more catalytically active surface area. If the overpotential for the reaction is large, i.e., 

far away from the equilibrium potential, where one reaction direction dominates, the 

backwards reaction can be neglected and the Butler-Volmer equation can be simplified 

to the so-called Tafel equation, where TS is the Tafel slope (where TS = 2.303 ∙ 𝑅∙𝑇
𝛼𝑎/𝑐∙𝐹

).  

𝜂 =
𝑅 ∙ 𝑇
𝛼𝑎/𝑐 ∙ 𝐹

∙ ln �
𝑖

𝑖0 ∙ 𝑟𝑟
� = 𝑇𝑇 ∙ lg �

𝑖
𝑖0 ∙ 𝑟𝑟

� [9] 

For very small overpotentials, the mathematic approximation, ex ≈ 1 + x is used to yield 

the micro-polarization approximation. 

𝑖 = 𝑖0 ∙ 𝑟𝑟 ∙
(𝛼𝑎 + 𝛼𝑐) ∙ 𝐹

𝑅 ∙ 𝑇
∙ 𝜂 

[10] 

For both reactions of interest in a PEMFC, Pt is the best monometallic catalyst known 

to date, where the HOR proceeds very fast with an exchange current density on the or-

der of 240 mA cmPt
-2 (determined by H2 pump measurements at 80°C, 100 kPa H2, 

100% relative humidity (RH) at 2 mV s-1),57 whereas the ORR is sluggish and the activi-

ty is commonly reported at a potential of 0.9 VRHE (200 µA cmPt
-2, measured at a differ-

ential-flow of H2/O2 at 80°C, 120 kPa O2, 100% RH).58 The Tafel equation can usually 

be used to describe the sluggish ORR kinetics, while the micro-polarization approach 

often suffices to correctly represent the fast HOR kinetics. On the one hand, the high 

HOR/HER exchange current density enables very low Pt loadings on the anode of 

PEMFCs (≤ 50 µgPt cm-2) and a quasi-negligible overpotential under most operating 

conditions. On the other hand, the low ORR kinetics contribute significantly to the 

overall overpotential (shown in red in Figure 6) and advanced catalysts (e.g., bimetallic 

alloys, see section 3.2.3) are used to achieve loadings on the order of 0.1 – 0.2 mgPt cm-2 

for state-of-the-art cathodes.59 Clearly, reducing the cathode loading of a catalyst induc-

es higher kinetic losses according to the Tafel equation, as shown in Figure 6a for a Pt 

loading of 0.1 mgPt cm-2 compared to 0.4 mgPt cm-2 in Figure 6b. In addition to the ki-

netic ORR overpotential, the conduction of protons through the membrane (Rmembrane) 

and of electrons through the catalyst layer/MPL/GDL to the flow fields (so-called  
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Figure 6. Voltage loss analysis for differential-flow polarization curves (black lines) using 2000 nccm / 
5000 nccm of H2/air on anode / cathode at 170 kPaabs, 100% RH and 80°C for a cathode loading of the 
Pt/C catalyst of a) 0.1 mgPt cm-2 (TEC10V20E, Tanaka Kikinzoku Kogyo K.K., Japan) and b) 
0.4 mgPt cm-2 (TEC10V50E, Tanaka Kikinzoku Kogyo K.K., Japan). The anode loading is 0.1 mgPt cm-2 in 
both cases and the ionomer to carbon (I/C) ratio is 0.65 gI gC

-1 on anode and cathode, using a PFSA-based 
ionomer and membrane (15 µm). The GDL and MPL (H14C7, Freudenberg KG, Germany) are the same 
on both sides, assembled at a compression of 20%. The MEA size is 5 cm2 and the flow fields have 7 
channels with 0.5 mm lands and channels in serpentine arrangement (c.f., Figure 22a). 

contact resistance, Rcontact) induces ohmic losses, typically summarized in the high fre-

quency resistance, RHFR. The contact resistance is a function of the pressure applied on 

the flow fields to compress the GDL, and the membrane resistance depends on its thick-

ness and the water content. For state-of-the-art membranes with a thickness on the order 

of 15 µm under well-humidified conditions, the two resistances have a similarly small 

contribution to the overall losses. However, the impact of these ohmic losses increases 

at high current density and can be very significant if the water content of the membrane 

is low (e.g., due to an insufficient heat conduction through the GDL) or if the bipolar 

plate coating is corroded. Furthermore, the transport of protons through the cathode cat-

alyst layer results in an additional loss term, 𝑅H+ cath
eff  (turquoise area in Figure 6), which 

contributes insignificantly to the overall losses for optimized catalyst layers at high RH. 

Similar to the membrane resistance, the proton sheet resistance increases significantly 

as the humidity decreases. The proton sheet resistance on the anode is a minor voltage 

loss due to the fast HOR kinetics on Pt in acidic media, enabling a reaction in the close 

vicinity of the membrane, hence a short proton transport pathway. Another contributor 

to the overall voltage losses in a fuel cell system is the so-called O2 mass-transport re-
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sistance, 𝑅O2
 total (pink area in Figure 6) that results from a decrease of the O2 concentra-

tion (21% in air) within the electrode due to its consumption in the electrochemical re-

action. The O2 mass-transport is strongly dependent on the employed GDL / MPL sys-

tem and can severely limit the fuel cell performance if liquid water accumulates in the 

pores of the GDL, at the MPL / electrode interface or within the electrode.53  

Since the reduction of the total amount of Pt is crucial for the commercialization of fuel 

cell systems (see section 1.1), novel catalysts with a higher ORR activity are often in-

vestigated (e.g., core-shell structures, shape-controlled particles) to reduce the noble 

metal loading while maintaining a small kinetic ORR overpotential. However, these 

catalysts often provide a low ECSA compared to commercial Pt/C and several studies 

have shown that decreasing the cathode rf induces a high O2 mass-transport resistance. 

While the origin of this phenomenon is not yet completely understood, the resistance is 

frequently referred to as local O2 mass-transport resistance.60–62 Furthermore, the O2 

mass-transport resistance is connected to the location of the Pt nanoparticles on the car-

bon. Using catalysts where Pt is located within the pores of the carbon seems to hinder 

the transport of O2 to the particle, whereas depositing it on the outside makes it more 

accessible and reduces the O2 mass-transport overpotential.63 Nevertheless, Pt particles 

deposited on the outer surface of the carbon are in close contact with the ionomer, 

which is known to poison the ORR activity of Pt due to the adsorption of sulfate and the 

sulfonic acid groups, causing a higher kinetic ORR overpotential.64,65 Therefore, a novel 

carbon structure where Pt is located within mesopores was recently proposed. These 

pores provide reasonable O2 accessibility while simultaneously protecting the Pt particle 

from ionomer adsorption.66 

Finally, the in-situ diagnostic toolset for the characterization of fuel cells cannot com-

pletely account for all phenomena occurring in the H2/air polarization curve, leaving the 

unassigned voltage losses, Runassigned. For cathodes with a high Pt loading, these losses 

are comparably small (Figure 6b), while lower loadings (Figure 6a), or more precisely 

low cathode rf values, result in large unassigned losses (see section 3.2.2 for more de-

tails).  
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Electrode Degradation.―In addition to the high cost of fuel cell stacks discussed earli-

er, their long-term durability is a major challenge to be addressed in the future.67 

Amongst others, significant degradation occurs in the electrodes, in the membrane and 

at the bipolar plates. This section describes the degradation on anode and cathode. 

When the fuel cell supplies power (e.g., during acceleration of the FCEV), its voltage 

decreases due to increasing overpotentials with increasing applied current density, as 

shown in Figure 6. While the potential on the anode remains (ηHOR < 20 mV) reasonably 

close to the Nernstian equilibrium potential of the HOR/HER (0 VRHE) at practical cur-

rent densities up to 3 A cm-2 (fast HOR kinetics in pure H2),68 significant overpotentials 

are observed on the cathode, especially at lower Pt loadings (slow ORR kinetics in 

air).69 Hence, the potential of the cathode shifts between the open circuit voltage (OCV) 

of ≈0.95 VRHE and ≈0.65 VRHE during load cycling in automotive applications.70 Cell 

voltages below ≈0.65 V are commonly not allowed due to excessive heat production 

and the practical limits (radiator size) to remove it. Taking a look at the electrochemical 

processes on Pt in the applied potential range of a fuel cell (grey shaded area in Figure 

7) reveals a reduction of the oxidized Pt surface at decreasing potential and an oxidation 

of metallic Pt at higher potentials. A common phenomenon during the process of repeti-

tive oxidation and reduction is the dissolution of Pt from the surface of the nanoparticle 

into the electrolyte phase (i.e., the humidified ionomer and membrane), driven by the 

solubility of Pt ions in acidic media.71 Since the Pt ions are mobile in the electrolyte 

phase, they can diffuse or migrate away from the nanoparticle to redeposit when a suit-

able potential is reached. This redeposition can, e.g., occur on another Pt nanoparticle, 

causing a growth of this particle. Since large nanoparticles are more stable compared to 

smaller ones, this process overall favors an increase of the average diameter of Pt in the 

electrode, as well as a loss of ECSA.72,73 Furthermore, Pt ions are able to diffuse towards 

the membrane, where they can be reduced by H2, crossed over from the anode com-

partment.74 When these particles precipitate at a location that is not electrically connect-

ed to the electrode (the membrane is an electrical insulator), they cannot participate in 

the desired electrochemical process on the cathode. Hence the effective cathode rf 

available for ORR decreases and the overall fuel cell performance is lowered. In addi-

tion to these degradation processes on the Pt particles, carbon itself is 
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Figure 7. CV of a 5 cm2 Pt/C (TEC10V50E, 50%wt) electrode at a loading of 0.4 mgPt cm-2, recorded at 
40°C, ambient pressure, supplying 5% H2 in N2 (100% RH) / N2 (dry) to anode / cathode at a flow of 
200 / 50 nccm, interrupting the cathode gas flow during the CV. The scan rate is 150 mV s-1, measured 
between 0.07 and 1.00 VRHE. The data is taken from the study of Harzer et al.58 

thermodynamically not stable at potentials > 0.2 VSHE.75 Fortunately, the kinetics of the 

carbon oxidation reaction (COR) are very sluggish and the exposure of carbon to poten-

tials < 0.9 VRHE does not noticeably corrode the support material.76–78 However, under 

certain circumstances such as anode H2 starvation or start-up / shut-down (SUSD) of the 

fuel cell, the electrode potential can rise to high anodic potentials (>1.2 VRHE). After an 

idle time of the fuel cell stack (e.g., parking the car for several days / weeks), the H2 in 

the anode compartment is consumed and the entire cell is filled with air due to the im-

perfect sealing of the stack. In such a case, H2 needs to be sent through the anode to 

start regular operation, causing the coexistence of H2 and air in the same electrode com-

partment for a limited amount of time. Conceptually, the two sections of the cell can be 

separated into a fuel cell compartment (Figure 8, below the dash dotted line) and an 

electrolytic cell (Figure 8, above the dash dotted line) due to the insufficient in-plane H+ 

conductivity within the same electrode. In other words, the resistance for a proton to 

travel from the H2-filled anode compartment (lower red section in Figure 8) to the air-

filled anode compartment (upper blue section) is high, while the short distance between 

anode and cathode through the membrane (horizontally in Figure 8) can be easily ac-

complished. In accordance with this, the HOR proceeds in the H2-filled compartment of  
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Figure 8. Schematic of a SUSD event in a PEMFC, sketching the passage of a H2/airanode front through 
the anode flow field (H2-filled regions in red, air-filled regions in blue) while the cathode flow field is 
filled with air. a) Illustration of the reactions occurring during the SUSD event, with sketched pathways 
of electrons (in green) through the electrode, diffusion medium (DM) and flow field (FF) as well as of 
protons (in orange) across the membrane; b) Conceptual separation into a fuel cell (FC) segment and an 
electrolytic cell (EL) segment (H2-filled and air-filled flow field segments are indicated in red and in blue, 
respectively). In-plane proton conduction is only possible within very short distances from the H2/airanode 
front (≈120 μm for a 20 μm thick membrane) and not over extended distances, which is indicated by the 
crossed-out arrows. The figure is reprinted from Mittermeier et al. under the terms of the Creative Com-
ments Attribution 4.0.79 

the anode and the ORR takes place in the cathode compartment opposite of it, with the 

proton traveling through the membrane. However, no external load is applied, but elec-

tric contact within each of the electrodes is given (high conductivity of carbon in the 

electrode and of the flow fields / bipolar plates). Therefore, the fuel cell reactions sup-

ply the power to the electrolytic cell (conceptually shown in Figure 8b), where ORR 

takes place in the air-filled anode compartment, countered by an oxidative current in the 

cathode compartment (so-called reverse-current mechanism). Depending on the reaction 

kinetics (type of catalyst and reaction conditions) and the stability of the carbon type 

(carbon black or graphitized carbon) employed as support, the current results from the 

oxygen evolution reaction (OER) and from the carbon oxidation reaction (COR). Since 

the OER kinetics on Pt are slow (Ir and Ru are the most active monometallic OER cata-

lysts),80–82 COR is often the main reaction during SUSD (the shut-down process is con-

ceptually similar to the start-up). As mentioned earlier, carbon is the structure-giving 

element in the electrode and provides a large void volume for gas transport and water 

removal in the electrode layer (see section 1.2). However, little carbon mass loss (on the 

order of ≈5 – 7%wt.) is needed until the structure collapses, associated with severe per-

formance losses due to insufficient O2 supply on the cathode.83 Additionally, SUSD 
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leads to a significant loss of ECSA on the cathode due to the physical detachment of Pt 

nanoparticles from the support and due to the highly oxidative potential that leads to a 

dissolution of Pt. Compared to the ageing mechanisms during load cycling, Ostwald 

ripening is not the main ECSA-loss contributor in the SUSD process, since the potential 

of the cathode remains high throughout the entire time. On the other hand, the mecha-

nism of Pt deposition in the membrane due to H2 crossover is dominant and a clear Pt 

deposition band is the result of accelerated stress tests (ASTs) for SUSD. Due to the 

harsh degradation of the cathode during SUSD events, the anode side is commonly not 

in the focus of studies presented in the literature. However, Engl et al. reported recently 

that the change of potential on the anode (0 VRHE in H2 and ≈1 VRHE in air), induced by 

the repetitive switching of the gas atmosphere, results in significant anode degrada-

tion.84 In this sense, the degradation is similar to that during voltage cycling, where the 

surface of Pt is repetitively oxidized and reduced, leading to Ostwald ripening and a loss 

of ECSA. This becomes increasingly relevant as different mitigation strategies (e.g., 

lower temperature,79,85 short residence time,86 and low RH)87,88 are employed to protect 

the cathode, enabling a larger amount of SUSD events to occur before the performance 

loss is too high. More information on anode degradation during SUSD events can be 

found in section 3.2.1. Finally, it has to be mentioned that PEMFC stack start-ups are 

likely to occur in automotive applications after the car had not been used for a certain 

amount of time, while the conceptual shut-down can most likely be avoided. The total 

number of start-up events can be limited by maintaining H2 in the anode compartment 

for as long as possible (e.g., leaking a small amount of H2 from an additional, low pres-

sure tank into the stack). This strategy also ensures that start-up events do not occur at 

elevated temperature (e.g., restarting the car directly after operation), where cathode 

degradation is significantly accelerated due to faster COR kinetics.79 

Even though H2 starvation is not studied in the frame of this thesis, the concept is brief-

ly explained for completeness. Similar to SUSD, local H2 starvation can result in a re-

verse-current event, since O2 and N2 permeate through the membrane from the cathode 

to the anode. In anode regions where H2 is present, O2 is immediately consumed in a 

catalytic reaction. However, in starved regions (e.g., due to channel blockage by a water 

droplet) the crossover O2 undergoes ORR on Pt, resulting in the same conceptual sepa-
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ration of the cell into a fuel cell compartment and an electrolytic cell as for SUSD, 

hence in COR on the cathode opposing the starved anode side. In contrast to start-up 

events which usually take place at ambient temperature, local H2 starvation occurs dur-

ing operation, i.e., at high operating temperatures. Therefore, local H2 starvation results 

in severe cathode degradation, highlighting the importance of an elaborate flow field 

structure to avoid water accumulation.  

Severe degradation of PEMFC stacks is also the result of a H2 supply interrupt for an 

entire cell during operation. Gross H2 starvation causes the performance of the starved 

cell to decrease until no power can be drawn from the cell. However, in a PEMFC stack, 

the cells are connected in series, hence each of them needs to sustain the same current. 

All cells supplied with H2 act as a power supply, while the starved cell uses the power 

to sustain the applied current, i.e., it acts as an electrolytic cell. In this case, the anode 

potential increases until a suitable oxidation reaction takes place. While generally, OER 

and COR are possible reactions, the slow kinetics of the OER on most anode catalysts 

result in severe COR. As this phenomenon occurs on a cell level during operation, it 

leads to rapid PEMFC failure and needs to be avoided at any cost.89,90 

Membrane and Ionomer Stability.―Even though membrane and ionomer degradation 

are not tested in the experiments comprising this thesis, a short overview is given here. 

Further details on membrane ageing can be found in suitable text books.55 

In general, membrane degradation is caused by mechanical stress or by chemical de-

composition, whereas the operating temperature of PEMFC systems (< 110°C) on its 

own has no negative influence on membrane lifetime. Mechanical failure can already 

occur during the MEA preparation process, e.g., when dust particles settle on the mem-

brane and pinch through it when compressive force is applied in the fabrication process 

(e.g., during hot pressing). Furthermore, the carbon fibers in the GDL can form pinholes 

in the membrane when the MEA and the GDLs are compressed in the cell assembly. 

This phenomenon can be partially avoided if the ridge of the GDL that originates from 

cutting it to the appropriate size, points towards the flow fields. Membrane failure can 

also be observed during operation when differential pressure spikes occur between an-

ode and cathode. On a laboratory scale, this is often observed in the course of an emer-
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gency shut-down of the test station where N2 is purged through the cell at a high flow 

rate to remove the reactive gases. Due to the sudden pressure change, the membrane 

cracks in the inlet area of the flow fields and the subsequent mixing of H2 and air/O2, 

when testing proceeds, can induce uncontrolled heating, hence severe membrane de-

composition. Furthermore, changing the water saturation level of the membrane be-

tween the dry and the wet state induces mechanical stress due to swelling and contract-

ing of the polymer. Cycling of the RH is therefore often used as AST to probe the me-

chanical stability of novel membranes.91 As previously mentioned, the mechanical sta-

bility of state-of-the-art membranes is commonly enhanced by a PTFE reinforcement 

that enables the use of thin membranes (< 20 µm). 

Chemical degradation of the membrane and the ionomer in PEMFCs is mainly related 

to the in-situ formation of hydroxyl radicals due to the concurrent presence of O2, H2 

and Pt (note, that the membrane allows for a certain amount of gas crossover between 

anode and cathode). In this case, H2 is adsorbed on the Pt catalyst in the anode com-

partment (Equation [11]) to react with O2 to form hydroperoxide radicals (Equation 

[12]). When combined with another adsorbed hydrogen, hydrogen peroxide is formed 

(Equation [13]), which can diffuse through the MEA.  

H2 ⟶ 2H∙ [11] 

H∙ + O2 ⟶ HO2∙ [12] 

HO2∙ + H∙ ⟶ H2O2 [13] 

Hydroxyl radicals (∙OH) form in the decomposition process of hydrogen peroxide, 

which is strongly accelerated by the presence of transition metal cations, such as Fe2+. 

The hydroxyl radicals can attack hydrogen atoms generally present at the endgroups of 

the perfluorinated backbone (endgroup unzipping mechanism, Equation [14]) or at the 

sulfonic acid group (side chain unzipping mechanism, Equation [15]). 

-(CF2)n-CF2H + OH∙ ⟶ -(CF2)n-CF2∙ + H2O [14] 

-(CF2)n-CF2-CF2SO3H + OH∙ ⟶ -(CF2)n-CF2-CF2∙ + H2O + SO3 [15] 
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The remaining ionomer chain can then decompose by releasing HF, making the fluoride 

ion release rate a suitable indicator for membrane stability in chemical ASTs. The end-

group unzipping mechanism can be inhibited by post-fluorination of the ionomer. In 

contrast, the sidechain unzipping mechanism cannot be generally prevented due to the 

necessity of the sulfonic acid group. Fortunately, this mechanism only occurs when the 

sulfonic acid group is protonated, i.e., at low RH, and can therefore be mitigated by the 

correct choice of PEMFC stack operating conditions. Additionally, radical scavengers, 

such as Ce3+/4+, are used to significantly improve membrane stability. Ce3+ ions can be 

oxidized in the reaction with hydroxyl radicals to subsequently get reduced by H2 in the 

anode electrode and regenerate the scavenger ion.92 

Bipolar Plate Corrosion.―As mentioned previously, the introduction of Fe2+ ions to 

the MEA significantly accelerates membrane and ionomer degradation and therefore 

has to be avoided. Nevertheless, bipolar plates are often made of stainless steel due to 

the cost advantage over titanium or graphite. However, in the vicinity of the acidic me-

dium of the PEMFC (e.g., due to the release of HF in the course of membrane degrada-

tion), pure stainless steel does not provide a sufficient stability and is therefore not suit-

able for fuel cell applications. Furthermore, the corrosion of the bipolar plate increases 

the contact resistance to the GDL, hence reduces fuel cell performance. As a solution, 

applying one or multiple protective coatings onto the bipolar plate prevents corrosion 

and reduces the contact resistance. 
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1.4. AEMFCs – a Far-Future Alternative 
PEMFCs are the most common type of hydrogen fuel cells and are anticipated for the 

widespread use in automotive applications in the near future. However, the acidic medi-

um in the PEM requires the use of noble metal electrocatalysts on both sides of the fuel 

cell, since many other metals are not sufficiently stable at pH ≈ 0 in the applied potential 

range (approximately between 0 and 1 VRHE).93 On the one hand, the employment of Pt 

in PEMFCs is only a minor issue on the anode, since the HOR/HER kinetics are so fast 

that small Pt quantities suffice on the anode (≤ 50 µgPt cm-2).57,94 On the other hand, as 

shown before, the sluggish ORR kinetics require a much larger amount of Pt on the 

cathode side (≥ 100 µgPt cm-2).69,95,96 A significantly larger fraction of the metals in the 

periodic table of elements is stable at high pH, enabling a much wider choice of materi-

als for alkaline fuel cells.93 During the last century, alkaline fuel cells (using liquid 

KOH as an electrolyte) have already proven to be the power source of choice for the 

Apollo space missions.97 Furthermore, several researchers have shown that abundant, 

low cost materials (e.g., based on Ag98,99 or completely noble metal free catalysts)100 

have the capability to efficiently catalyze the ORR in alkaline media. However, when 

transitioning from the acidic to the alkaline media, the most active monometallic anode 

catalyst, Pt, suffers from a reduction of the HOR/HER exchange current density by two 

orders of magnitude.57,101,102 The origin of this significant activity difference between 

acid and alkaline media remains unknown, but several hypothesis have been postulated 

in the literature: i) a change of the reaction mechanism that requires hydroxide species 

to react with Pt-Hads in alkaline media,103 ii) an additional reaction barrier due to the 

reorganization of interfacial water (calculated for the HER),104 iii) and a shift of the Pt-

Hads binding energy (BE) induced by the alkaline media.105 As a consequence, AEMFCs 

require highly Pt loaded anodes (≥ 0.3 mgPt cm-2).106 Nevertheless, even in this case, the 

HOR overpotential constitutes a significant voltage loss contribution in an AEMFC, as 

shown (purple area) in Figure 9b for a loading of ≈0.4 mgPt cm-2. Since no sufficiently 

active substitute for Pt as HOR catalyst exists at the moment, the issue of too high noble 

metal requirements discussed earlier for PEMFCs is shifted from the cathode to the an-

ode in AEMFCs. At the same time, the ORR overpotential (red area in Figure 9b) on the 

cathode is still responsible for a large voltage drop in AEMFCs, since Pt provides a  
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Figure 9. a) H2/O2 polarization curves using 1000 nccm / 500 nccm of H2/O2 on anode / cathode at 
110 kPaabs, 80% RH and 50°C, where the anode / cathode loading of the Pt/C catalyst is 0.39 / 
0.40 mgPt cm-2 (TEC10V50E, Tanaka Kikinzoku Kogyo K.K., Japan, black curve) at an I/C ratio of 
0.8 gI gC

-1, using the FAA-3 ionomer (Fumatech GmbH, Germany) and a Tokuyama A201 membrane 
(28 µm, Tokuyama Corp., Japan). The GDL and MPL (Sigacret 25BC, SGL Carbon GmbH, Germany) 
are the same on both sides, assembled at a compression of 20%. The MEA size is 5 cm2 and the flow 
fields have 7 channels with 0.5 mm lands and channels in serpentine arrangement (c.f., Figure 22a). b) 
Voltage loss analysis for the 1st cycle of the polarization curve, including the HOR overpotential, ηHOR 
(calculated from the Butler-Volmer Equation [8] with i0 = 1.68 mA cmPt

-2 at 50°C, derived from 
i0 = 0.57 mA cmPt

-2 for an activation energy, Ea = 29.5 kJ mol-1 at 21°C according to 𝑖050°𝐶 = 𝑖021°𝐶 ∙

𝑒
𝐸𝑎
𝑅 ∙� 1

294𝐾−
1

333𝐾�)101, the ORR overpotential, ηORR (calculated according to the Tafel Equation [9], using the 
theoretical TS = 64 mV dec-1 at 50°C, with i0 = 2.6 ∙ 10-8 A cmPt

-2, derived from i0 = 3.1 ∙ 10-9 A cmPt
-2 for 

Ea = 67 kJ mol-1 at 25°C, corrected for the partial pressure of O2 at the measurement conditions),107 the 
membrane and contact resistance (estimated from the HFR of 193 mΩ cm-2, measured at OCV via PEIS 
between 500 kHz and 10 Hz with an amplitude of 2 mV, assuming a contact resistance of 15 mΩ cm-2) 
and the residual voltage losses, Runassigned. All calculations assume an ECSA of 54 mPt

2  gPt
-1, obtained by CO 

stripping measurements in a PEMFC for the same catalyst. 

similar activity in alkaline compared to acidic medium.107 Even though the use of Pt as 

ORR catalyst can be avoided in AEMFCs which reduces the cathode electrode cost, 

there is so far no alternative ORR catalyst that would significantly reduce the overpo-

tential from that shown in Figure 9b. 

In addition, one of the biggest challenges of AEMFCs is the membrane that has a 

roughly 3-fold lower conductivity compared to PEMs (see section 3.1.2 for more infor-

mation), originating partially from their early development status, as well as from the 

low ionic mobility of the hydroxide ion compared to the proton.108,109 A low membrane 

conductivity directly results in a high voltage drop, shown (green area) in Figure 9b as 
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the main fraction of the HFR (in addition to the contact resistance, blue area). Consider-

ing the approximately 3x lower conductivity of the AEM compared to a standard PEM 

and the fact that it is roughly twice as thick as the membrane used in the measurement 

shown in Figure 6, one may expect a high voltage drop for the AEMFC. Nevertheless, 

the excessive ohmic losses of 180 mV at 1 A cm-2 in the AEMFC caused by Rmembrane 

compared to 15 mV for the PEM cannot be explained solely by the low membrane con-

ductivity. Furthermore, it is not expected that this discrepancy is solely a result of the 

different RH (80% for the AEMFC vs. 100% for the PEMFC) and temperature (50°C 

vs. 80°C) in the two measurements. Hence, further improvements of the MEA fabrica-

tion process are required to achieve the HFR expected for the AEMFC system. Even 

though the OH- conduction resistance in anode and cathode are not considered in the 

analysis due to a lack of an experimental quantification, the origin of the large unas-

signed voltage losses in the performance curve of the AEMFC remains unclear. This 

suggests that in addition to improvements of the membrane, the ionomer and the cata-

lyst in AEMFCs, the MEA fabrication process (described in detail in the experimental 

section) might also be responsible for unaccounted losses. 

Another drawback of AEMFCs is the fast exchange of the hydroxide ions by carbonate / 

bicarbonate due to the acidity of CO2 in ambient air, causing a severe loss of ionic con-

ductivity and a significantly lower performance for H2/air operation.110 The effect of 

carbonate poisoning can be observed (grey curve) in the initial polarization curve in 

Figure 6a, where the operation in H2/O2 causes a migration of the carbonate ions (due to 

previous air exposure) to the anode, where they are released into the exhaust in the form 

of CO2. Associated with the higher conductivity of the OH- ion, the performance in the 

subsequent polarization curve increases significantly (black curve in Figure 6a). Clear-

ly, when air is used as a supply gas on the cathode, the introduction of CO2 would lower 

the fuel cell performance dramatically.  

Finally, the stability of the MEA prepared with the AEM and the alkaline ionomer is 

insufficient, since already subsequent polarization curves cannot maintain the original 

performance and a quasi-complete performance loss is observed after 20 polarization 

curves. Since the HFR increase in the course of the measurement does not cover the 

observed losses, the low stability of the AEMFC is most likely associated with the ion-
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omer, and further research is required to understand this phenomenon and achieve a 

more stable MEA. According to this analysis, AEMFCs can only be considered as a far-

future alternative for PEMFCs, with significant research efforts being required on a ma-

terial and an MEA design level to obtain a decent fuel cell performance.  
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2. Experimental Methods 
This chapter serves as a guide for the execution of experiments and the evaluation of the 

recorded data to introduce researchers to the techniques used in the group of Technical 

Electrochemistry at the Technical University of Munich in the field of fuel cells. For an 

overview on the specific experimental details (e.g., operating conditions), the reader is 

referred to the individual publications that are presented in chapter 3. 

2.1. Catalyst Synthesis 

2.1.1. Ru@Pt/C Core-Shell Nanoparticle Preparation via Polyol Reduction 
The synthesis of Ru@Pt core-shell nanoparticles is based on the so-called polyol reduc-

tion process, where ethylene glycol is used as both solvent and reducing agent for the 

precursor. A two-step reduction is carried out to obtain the core-shell structure, starting 

with the preparation of Ru nanoparticles and subsequently coating them with a Pt shell. 

The schematic overview of the individual synthesis steps is shown in Figure 10 and the 

detailed process is described in the following section, as well as in the corresponding 

publication.111  

For the core, 4.2 mg RuCl3 (45–55% Ru content, Sigma Aldrich Corp., Germany), to-

gether with 2.1 mg polyvinylpyrrolidone (PVP) (average Mw ≈ 55000 g mol−1, Sigma 

Aldrich Corp., Germany) as a capping agent are weighed into a three-neck round bot-

tom flask and 40 mL ethylene glycol (99.8%, anhydrous, Sigma Aldrich Corp., Germa-

ny) is added. While the ethylene glycol is delivered as water-free solvent and deaerated 

by Ar purging (6.0-grade, Westfalen AG, Germany) directly after the transfer into the 

reaction vial, no Schlenk techniques are used in the synthesis process, nor is it carried 

out in a glovebox. The short exposure of ethylene glycol to ambient air upon filling the 

reaction vessel does not alter the reproducibility of the synthesis, whereas a pre-

contamination of the ethylene glycol by water was identified to negatively influence the 

structure of the final catalyst. Full dissolution of the Ru precursor is typically achieved 

within ≈60 min, after which the reaction is initiated by increasing the temperature to 

155°C at a constant rate of 4°C min-1, regulated by an automated temperature control 

device (Model 310, J-KEM, Inc., USA). To ensure the complete reduction of RuCl3 to  
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Figure 10. Schematic synthesis overview for Ru@Pt/C catalysts by subsequent heating of RuCl3 and 
K2PtCl4 in ethylene glycol (EG), using polyvinylpyrrolidone (PVP) as a capping agent and finally sup-
porting the core-shell nanoparticles on Vulcan carbon (C). The solution is continuously purged with Ar 
during the synthesis process which is carried out in a round-bottom flask (for simplicity represented by a 
beaker).  

Ru, the temperature is maintained at 155°C for 90 min, subsequently switching the heat-

ing off, allowing the mixture to slowly approach room temperature (25°C). The cooling 

is enhanced by removing the heating device around the flask, allowing for a shortened 

overall synthesis time. 

During the cooling process, the K2PtCl4 salt (99.99% [metals basis], Sigma Aldrich 

Corp., Germany) is weighed into another flask (the amount depends on the desired 

thickness of the shell and can be calculated according to Equation [4] in Schwämmlein 

et al.),111 subsequently adding 40 mL ethylene glycol and initiating Ar purging. The 

majority of the purchased K2PtCl4 precursor batches has the form of large crystalline 

needles, so that grinding in a mortar is advisable in order to allow for fast dissolution 

(commonly ≈30 min for a fine powder). At less than 30°C, the Pt precursor solution is 

added at once (low reproducibility was found for droplet addition) to the dispersion of 

Ru and stirred for 10 min. Afterwards, the temperature is increased to 155°C at the same 

heating rate as before and maintained at this temperature for 90 min. Finally, heating is 

stopped and the heating jacket is removed to cool down the reaction vessel. Meanwhile, 

Vulcan carbon (Tanaka Kikinzoku International K.K., Japan) is dispersed in 80 mL eth-
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ylene glycol, into this mixture, the dispersion containing the Ru@Pt particles is added 

and then the mixture is stirred for 14 h. The amount of the carbon support can be adjust-

ed to obtain the desired catalyst loading. 

For purification, acetone (technical grade, purified twice in a rotary evaporator) is added 

to the mixture (approximately 1:1 volume ratio) and the solvents are removed by cen-

trifugation at 11500 rpm, 5°C and 10 min (ultra-centrifuge, 5810 R, Eppendorf GmbH, 

Germany). Finally, the catalyst is washed three times with acetone, once with 2-

propanol (Chromasolv Plus, 99.9%, Sigma Aldrich Corp., Germany), and then dried at 

70°C in air for at least 24 h. To produce larger quantities of the catalyst (≈0.4 g), scale-

up of the synthesis was already achieved by two students in the group (Björn Marcel 

Stühmeier and Nhat Long Tran Pham) by simply increasing the precursor and solvent 

amount while maintaining the same ratios.  
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2.1.2. Synthesis of PtxY/C by H2 at Elevated Temperature 
In contrast to most yttrium salts, such as yttrium oxide and hydroxide, yttrium halides 

can be reduced at practically achievable temperatures in H2, as recently shown by Roy 

et al.112 Hence, the synthesis method for bimetallic Pt-Y alloys supported on carbon, 

presented here, is based on the reduction of YCl3 on a Pt/C catalyst at high temperature 

in H2 environment. An overview of the reaction is provided in the scheme of Figure 11 

and detailed information can be obtained in the corresponding publication.113 To avoid 

the formation of yttrium oxides / hydroxides during the synthesis, the intrusion of O2 or 

H2O must be avoided, hence the entire preparation excludes ambient air exposure 

through working in inert atmosphere (M. Braun Inertgas-Systeme GmbH, Germany) and 

employing standard Schlenk techniques. 

First of all, the precursor suspension containing YCl3 and Pt/C is prepared in acetoni-

trile (≥99.9%, Sigma Aldrich Corp., Germany), where a high solvent to precursor ratio 

is necessary (≈24 mL gYCl3
-1 ) to ensure complete dissolution of the yttrium salt. The sol-

vent is purified beforehand by a molecular sieve to remove trace water, degassed by 

sonication (Elmasonic S 30 H, Elma Schmidbauer GmbH, Germany) and handled solely 

in Ar atmosphere. For the synthesis described in this thesis, the required amount of 

YCl3 and Pt/C (molar Pt:Y ratio of 1:1) are mixed in an agate mortar and added to ace-

tonitrile in a Schlenk tube inside the glovebox. Dissolution of the yttrium precursor and 

dispersion of Pt/C are simultaneously ensured by sonication of the mixture for 3 

minutes. To remove the solvent and distribute YCl3 on the Pt/C catalyst, the mixture is 

immersed into liquid N2, subsequently carefully reducing the pressure inside the vessel 

to ≈10-1 mbar with a vacuum pump (Rotary-Vane RZ6, Vacuubrand GmbH & Co., 

Germany). During the approximately 24 h long process, the mixture has to be continu-

ously cooled by liquid N2 to avoid the melting of the solvent and to ensure proper freeze 

drying. While the process is generally successful to prepare the precursor for the syn-

thesis, the amount of solvent used for the dissolution of YCl3 is rather high and needs to 

be improved in the future to control the local Pt:Y ratio on the carbon support. After 

complete drying, the precursor is homogenized by grinding in an agate mortar inside the 

glovebox, is then placed in an Al2O3 crucible (sapphire, 150 µL, THEPRO GbR, Ger-

many) and finally transferred from the glovebox into a continuously Ar-purged  
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Figure 11. Schematic synthesis route for PtxY/C catalysts, starting with a commercially available Pt/C 
catalyst. The catalyst is impregnated with an YCl3 precursor in acetonitrile, freeze dried, heated in a tube 
furnace and finally washed and dried to obtain the catalyst. 

(500 mL min-1) Al2O3 tube furnace (LK 1300-150-600-3, HTM Reetz GmbH, Germa-

ny). Even though the contact time with ambient air during the transfer into the tube fur-

nace is very short (< 30 s), the side phases of YOCl and Y2S2O (presumably by reaction 

with Sulphur impurities in the carbon black) in the final product (see section 3.2.3) indi-

cate that yttrium oxides / hydroxides are formed in this phase. Therefore, the synthesis 

method needs to be improved in the future to fully avoid air contact, e.g., using an inert 

gas chamber to transfer the sample from the glovebox into the tube furnace. To start the 

reduction process, the tube furnace is heated to 1200°C (c.f., Figure 12) while the cruci-

ble remains outside of the heated zone until the desired temperature is reached (the part 

of the tube carrying the crucible is cooled by air ventilation during this time). Subse-

quently, the gas atmosphere is changed to 5% H2 in Ar (500 mL min-1) and the crucible 

is pushed into the hot zone of the tube with an Al2O3 rod through a polysiloxane sealing. 

In the future, the temperature necessary for reduction of YCl3 and alloying of Y and Pt 

has to be optimized to achieve a smaller average PtxY particle size. Furthermore, the 

effect of the heating ramp has to be evaluated and the possibility to use a slower rate 

should be considered. After the desired reaction time of 1 h, the heating is turned off, 

leaving the furnace to cool down to room temperature over ≈5 h, maintaining a constant 

Ar flow of 200 mL min-1. To slightly oxidize the surface of the catalyst, a low amount  
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Figure 12. Heating profile for the tube furnace used to prepare PtxY/C catalysts. The different steps of 
catalyst insertion and cooling are depicted in the graph. 

of air is mixed into the argon gas stream at low temperature, until the catalyst can be 

removed from the tube and handled in ambient atmosphere. To remove undesired side 

phases from the catalyst and surplus yttrium, the catalyst is leached under stirring in a 

1 M H2SO4 solution (ACS reagent, Sigma Aldrich Corp., Germany) at a solvent to cata-

lyst ratio of ≈0.1 L gcat
-1 ; during this time, the vessel is continuously purged with argon. 

After 3 h, the catalyst is recovered by centrifugation (5 min at 11500 rpm, 5810 R, ultra-

centrifuge, Eppendorf GmbH, Germany) and washed with ultrapure water (18.2 MΩ, 

MilliQ Ingegral, Merck Millipore KGaA, Germany) until a neutral pH is reached (≈5 

times). To dry the catalyst, it is stored overnight at 60°C in air and finally at room tem-

perature in a closed vial until used. A typical synthesis quantity is 1 g, whereas the cata-

lyst amount can be adjusted by simple up- or downscaling of all quantities (e.g., using 

several sapphire crucibles at the same time). 
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2.2. Electrochemical Catalyst Screening in RDE 
This section focusses on a detailed explanation of the rotating disk electrode (RDE) 

method to evaluate the electrochemical kinetics of catalysts for the HOR and ORR. One 

of the most prominent challenges of measurements in liquid medium is the contamina-

tion of the electrolyte, potentially affecting the kinetic analysis of electrocatalysts.114 In 

comparison with the large ratio of Pt surface area to ink volume in PEMFCs of 

≈0.5 mPt
2  mLink

-1  (calculated for a 20%wt. Pt/C catalyst with an ECSA of 70 mPt
2  gPt−1 at 

0.03 gcarbon mLink
-1 ), the Pt surface area to liquid volume ratio is significantly smaller in 

RDE experiments due to the large amount of electrolyte used during the measurement 

(on the order of 2 ∙ 10-6 mPt
2  mLelectrolyte

-1 , calculated from 9 µgPt cm-2 for a 1 µm thick 

film, using a 20%wt. Pt/C catalyst with an ECSA of 70 mPt
2  gPt−1 on a disk with a surface 

area of 0.196 cm2, assuming an electrolyte volume of 50 mL). Hence, RDE measure-

ments require a very high level of purity for all used materials (the concentration of con-

taminants in the electrolyte needs to be ≈5 orders of magnitude lower than that in the 

solvent of the ink for MEA preparation) as well as a clean working style which is thor-

oughly described in the following sections. 

2.2.1. Measurement Preparation 
Cell Component Cleaning in Caro’s Acid.―A common procedure to clean various 

materials (especially glass ware) is based on Caro’s acid (also known as Piranha solu-

tion), which is a 3:1 mixture of concentrated H2SO4 (AnalaR Normapur, 95%, VWR 

International GmbH, Germany) and H2O2 (PanReac, 50%, Applichem GmbH, Germa-

ny). The highly oxidative environment in this solution originates from the in-situ for-

mation of peroxysulfuric acid (H2SO5) from the two components. Due to the oxidation 

strength of Caro’s acid, its preparation, handling and disposal must be carried out with 

extraordinary care (i.e., usage of a laboratory coat, a protective apron, a face shield, and 

acid handling gloves). Furthermore, the exposure of the solution to organic compounds 

such as ethers and ketones (e.g., leftovers in glass ware) has to be strictly avoided due to 

a highly exothermal reactivity. Caro’s acid is prepared by slow addition of the compo-

nents into a large beaker (heat resistant borosilicate glass), which is then left to cool to 

room temperature, and is subsequently transferred into a large container where it is 
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stored with a glass plate on top. The solution should be replaced every ≈6 month, trans-

ferring the acid into plastic containers, which are labeled with “concentrated acid” to 

avoid the mixing with dilute acids. 

For RDE experiments, all cell components have to be cleaned before initial use, after 

extended measurement periods or after detection of a contamination issue. All materials 

that are to be exposed to Caro’s acid have to be properly pre-cleaned (no solvent or cat-

alyst residues, no marker writing, no labels) prior to insertion into the bath to avoid the 

introduction of organic substances into Caro’s acid. Furthermore, it has to be verified 

that the material is fully stable in the acid (e.g., some polymers decompose in Caro’s 

acid), and that they do not decompose the cleaning solution (e.g., Pt). Glass ware is then 

slowly put into the acid basin using long pincers which are covered with PTFE to avoid 

corrosion. All components should be fully submerged in the solution, releasing all gas 

from the interior void volume and placing the openings to face upwards. The time re-

quired to fully clean glass ware or other components depends on the degree of contami-

nation, but as a rule of thumb, 1-2 days submersion in Caro’s acid are sufficient in most 

cases. Thereafter, glass ware can be removed from the basin using long pincers, placing 

the components on a clean collection tray that is solely dedicated (and labeled) to this 

purpose. To remove the acidic residues from the glass ware, the components have to be 

thoroughly rinsed with purified water (Elix, 15 MΩ cm, Merck Millipore KGaA, Ger-

many) and the waste water is disposed in an acid canister. Finally, the glass ware is 

transferred into a large (clean) beaker, which is filled with ultrapure water 

(18.2 MΩ ∙ cm, MilliQ Ingegral, Merck Millipore KGaA, Germany) and heated to the 

boiling point for at least 20 min. To fully remove sulfate contamination, the water in the 

beaker is discarded and the procedure is repeated ≈6 times. The beaker can now be used 

to store the glass ware in ultrapure water and for cleaning after any experiment (boiling 

≥ 3 times in ultrapure water). 

Handling of Clean Components.―To avoid contamination of the clean cell compo-

nents, special care needs to be taken during the preparation and measurement phase. As 

a general rule, everything in contact with the electrolyte solution or with anything that is 

stored / cleaned together with the cell components after the measurement has to remain 

clean. This can be ensured by handling those components only with special, clean  
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Figure 13. a) Cell setup and b) individual components for RDE measurements in alkaline solution. c) 
Components and d) cell setup for acid solution. The hardware consists of I) an electrolyte reservoir, II) a 
lid, III) an electrolyte bridge / Luggin capillary, IV) a reference electrode, V) a counter electrode, VI) a 
bubbler and VII) an electrode holder with electrode. 

gloves (Kimtech Pure G3 Sterile Cleanroom Gloves, Kimberly-Clark Corp., USA) and 

lint-free cloths (Cleanroom knit wipers, VWR International GmbH, Germany). Care 

needs to be taken when taking clean gloves or lint-free wipes out of the storage bag to 

avoid contamination of the entire package. To open a new bag of clean gloves (or lint-

free cloths), the outer packaging bag is opened with scissors and the interior bag is tak-

en out, turned around and put back into the covering bag. Since the gloves stick together 

when taken out of the bag, the entire bag should be massaged from the outside after 

opening in order to loosen the gloves from each other. To maintain the special gloves 

clean, touching any non-clean environment (e.g., touching the clean glove with a regu-

lar glove at the palms to put it on) requires the exchange of the glove for a clean glove. 

Therefore, the most practical way for advanced RDE users is to assemble the cell and 

prepare the measurement with a special, clean glove on the one hand and a regular 

glove on the other hand. All cell components are put on a large lint-free cloth which has 

not been in contact with any non-clean environments (shown in Figure 13). 

The cell consists of a large vessel (PTFE for base, glass for acid) for the electrolyte (I), 

covered with a lid (II). Since glass is easily etched by base solutions it is not supposed 

to be in contact with alkaline electrolyte. The reference electrode (IV) is either 

Ag/AgCl, sat. KCl for experiments in base or a reversible H2 electrode (RHE) com-

posed of a Pt wire,extending in a tube filled with electrolyte and a H2 gas bubble for 

experiments in aced. It is placed into a Luggin capillary (III) with a small opening at its 

end (acid), or with a Nafion membrane between two shrink tubes (base). The Pt counter 

electrode (V) and the gas bubbler (VI) are placed in the remaining holes and the elec-
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trode holder (VII) is assembled on a glass plate by pushing the electrode into the U-cup 

from the back, and finally introduced to the electrolyte through the lid. The cell temper-

ature is regulated by a heating / cooling jacket. During the measurement, the cell needs 

to be kept away from contamination sources and is therefore placed on a lint-free cloth 

under the rotator (Pine Research Instrumentation, USA) in the measurement area. The 

holder for the alkaline cell compartment, as well as the holding fixtures need to be 

maintained clean and are cleaned prior to measurements by wiping them off with a lint-

free cloth, wetted with ultrapure water.  

Mechanical Polishing of RDE Electrodes.―RDE is carried out on metallic electrodes 

or on thin catalyst films on a carrier electrode, e.g., glassy carbon (GC) or Au (5 mm 

diameter, Pine Research Instrumentation, USA). To assure reliable measurements with 

controlled hydrodynamics during rotation, the electrode should be reasonably flat with-

out large deformations or scratches. The electrode surface roughness can be controlled 

by mechanical and / or electrochemical polishing, while mechanical polishing suffices 

in most cases and is significantly easier to execute. As a reference, high resolution SEM 

images of a mechanically polished Sn surface (99.999%, MaTecK Material-Technologie 

& Kristalle GmbH, Germany) are shown in Figure 14. 

For mechanical polishing, the electrode is either put in a PTFE holder with an indenta-

tion to align the electrode surface with the top of the holder or it is embedded in epoxy 

resin. While embedding in a resin yields significantly better polishing results and might 

be needed in certain cases, it is a much more time consuming process and the simple 

placement in a holder is more practical. To embed the electrode, it is placed face down 

in a PTFE holder with the proper dimensions for the polishing machine holder. While 

pushing the electrode down (e.g., with a wooden stick), the resin is poured into the 

holder and left to harden overnight. It is very important to use a resin which can be re-

moved after fulfillment of the polishing and the best candidate identified in the group of 

Technical Electrochemistry is methyl methacrylate (VariDur 200, Bühler GmbH, Ger-

many). After the resin has fully hardened, the embedded electrode is polished with a 

polishing machine according to a procedure which needs to be optimized for each mate-

rial. During the work for this thesis, a procedure to polish polycrystalline Pt and  
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Figure 14. SEM images of a mechanically polished Sn electrode, taken with a field emission device 
(JSM-7500F, JEOL GmbH, Germany). The polishing procedure is shown in Table II.  

polycrystalline Sn electrodes on a Bühler Polishing maschine (MetaServ 250 / vector 

head, Bühler GmbH, Germany) was developed and is shown in Table I and Table II. 

The given polishing times are merely a guideline and in the case that one of the steps is 

not capable of removing the scratches on the electrode surface from the previous se-

quence, it has to be repeated before moving on. The polishing pad should only be used 

for one type of polishing paste / material and therefore, has to be properly labeled to 

avoid confusion. All electrodes have to be cleaned well with deionized water and soni-

cated in ultrapure water (5 times for 1 minute with exchange of water) before moving 

on to the next step. The sonication of Sn is shortened (2 times for 1 minute) after execu-

tion of the polishing step with 0.3 µm alumina, since Sn metal is soft and a surface  

Table I. Polishing procedure for polycristalline Pt electrodes. All polishing materials are provided by 
Bühler GmbH (Germany). 

Pad Paste Pressure Time Direction Information 

TexMet C Diamond (9 µm) 10 N 5 min Co-rotation Add Microfluid during 

Polishing to maintain 

the pad wet 

TexMet C Diamond (3 µm) 10 N 5 min Co-rotation 

TexMet C Diamond (1 µm) 10 N 5 min Co-rotation 

MasterTex Al2O3 paste (0.3 µm) 15 N 5 min Counter  

MasterTex Al2O3 (0.05 µm) 15 N 10 min Counter  

 

Table II. Polishing procedure for polycristalline Sn electrodes. All polishing materials are provided by 
Bühler GmbH (Germany). 

Pad Paste Pressure Time Direction Information 

Microcloth Al2O3 (1 µm) 15 N 5 min Counter Add Microfluid during 

polishing to maintain 

the pad wet 

Microcloth Al2O3 paste (0.3 µm) 15 N 5 min Counter 

Microcloth Al2O3 (0.05 µm) 10 N 10 min Counter 



2 Experimental Methods 
 

 
48  

  

roughening is observed after extended sonication. An optical microscope can be used to 

control the current status of the electrode surface after each polishing step, where the 

scratches should have similar dimensions as the average particle size of the polishing 

paste. After the polishing process is completed, the pad is cleaned with a strong flow of 

deionized water to remove old polishing residue (important especially for alumina 

paste), and is subsequently dried to avoid mold formation. The resin of embedded elec-

trodes is removed by a combined mechanical and chemical procedure. First of all, holes 

are drilled in a circle around the electrode into the resin with a drilling machine. There-

after, the resin block is submerged in acetone for at least 24 h, where the polymer swells 

and the electrode is slowly lifted out of the resin body. During this time, the container is 

closed with a lid to avoid evaporation of the solvent. 

Electrode Cleaning.―While the purity in the bulk of the electrode is often high and of 

no concern regarding the contamination of the RDE experiment, a significant amount of 

impurities from the preparation process and material handling can adsorb on its surface 

(e.g., on new electrodes, after polishing, or due to extended usage). Therefore, the elec-

trodes are cleaned prior to the measurement. Pt, as a noble metal, allows for a compara-

bly harsh cleaning treatment in Caro’s acid. Since Pt decomposes H2O2, it cannot simp-

ly be put into the Caro’s acid bath used for general cleaning, but a small fraction of the 

acid can be separated for this purpose. After the cleaning, the electrode should be rinsed 

well with ultrapure water and boiled several times in ultrapure water using a small 

(clean) beaker. Other metals used for the experiments in this thesis, such as Sn, do not 

allow such a treatment due to instability in acid. Therefore, Sn electrodes are cleaned by 

sonication in 2-propanol / water mixtures and finally in water. Carrier electrodes (e.g., 

GC or Au) for thin-film RDE measurements have to be cleaned from residual catalysts 

by wiping the electrode off with a lint-free cloth wetted with 2-propanol and subsequent 

sonication (> 3 times) in a mixture of ultrapure water and 2-propanol.  

After electrode cleaning, all materials have to be handled with great care and should not 

get in touch with any non-clean environment. To prepare the measurement, the elec-

trode is placed on a lint-free cloth and the holder is disassembled next to it. A good way 

to insert the electrode into the holder is to push the electrode onto a clean, flat glass 

plate to ensure proper alignment (misalignment may alter the hydrodynamics and yield 
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erroneous results). The full electrode is thereafter cleaned by dipping it into 5 M KOH 

(99.99% purity, semiconductor grade, Sigma Aldrich Corp., Germany) and 2 M HClO4 

(60%, Cica Reagent, Kanto Chemical Co., INC., Japan), followed by ultrapure water 

(only for electrode materials that are stable in acid and base). 

Catalyst Coating for Thin-Film RDE.―To ensure a good reproducibility in thin-film 

RDE measurements, the quality of the coating is very important. The same catalyst, 

coated from the same ink, on the same carrier electrode can yield significantly lower 

activity if the coating is inhomogeneous. An ink is composed of the catalyst (e.g., Pt/C), 

a mixture of solvents (e.g., 2-propanol and H2O), and an ionomer. While the addition of 

Nafion leads to a lower measured activity,115 it aids to achieve a good catalyst disper-

sion in the ink, a homogeneous film distribution on the electrode and a better adhesion 

of the coating to the carrier electrode (important during rotation). Furthermore, since a 

frequent goal of RDE measurements is to screen catalysts for PEMFCs or AEMFCs, the 

use of an ionomer guarantees a more realistic estimate of the kinetic parameters. A gen-

erally applicable ink formulation for Pt/C catalysts is shown in Table III as a guideline 

for the development of formulations for novel catalysts. To prepare the ink, the approx-

imate amount of catalyst is weighed into a small vial. As it is challenging to adjust the 

catalyst weight to the exact value, the total amount of prepared ink is altered by choos-

ing the appropriate solvent quantity depending on the actually used catalyst amount. 

The water is added with a pipette (Eppendorf Research plus, Eppendorf AG, Germany) 

on the basis of the volume, thereafter adding 2-propanol to the vial with a new tip while 

weighing the vial on a balance. The control of the mass during the addition guarantees a 

high accuracy. The thus prepared ink is sonicated for 20 min in a strong sonication bath 

(Elmasonic S 30 H, Elma Schmidbauer GmbH, Germany) filled with a water-ice mix-

ture to avoid the rise of temperature in the closed vial (wrapped with Parafilm, VWR  

Table III. Formulation to prepare ≈3 mL of an ink with a 20%wt. Pt/C catalyst, using a 5%wt. Nafion solu-
tion and a mixture of 70%vol. 2-propanol with 30%vol. H2O, giving the relevant mass, m, and volume, V, 
values of the individual components. 

m(Pt/C) m(2-propanol) m(H2O) V(Nafion) I/C V(coat) Thickness m(Pt) 

mg g g µL gI gC
-1 µL µm µgPt cm-2 

4.0 1.8 1.0 7.0 0.1 7.0 1.0 8.7 
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International GmbH, Germany). Thereafter, the ionomer is added to the solution with a 

pipette, ensuring full transfer from the tip by repetitive soaking and dispensing of the 

ink into the vial. To disperse the ionomer in the ink, the vial is sonicated (> 5 min) in a 

low energy sonication bath (Elmasonic S 10, Elma Schmidbauer GmbH, Germany). 

Before taking the desired coating amount with a pipette, the ink is taken out of the bath, 

without letting it rest for more than 1 min. Even though the ink should be well dis-

persed, it is advantageous to pick up the ink volume for the coating from the center of 

the vial, as opposed to the bottom or top in order to avoid a variation of the coated cata-

lyst mass. 

In general, a large variety of coating methods can be applied to obtain a good film quali-

ty, such as spin coating, air stream drying, ambient drying, infrared (IR) lamp applica-

tion or controlled atmosphere drying. In order to achieve a homogeneous catalyst film 

on the electrode, the coating procedure has to be optimized individually for every cata-

lyst / solvent / ionomer system. Even though many catalysts are similar to each other, a 

small variation of an important property (e.g., carbon support surface properties) may 

require the optimization of the coating procedure. Spin coating, where the electrode is 

rotated around its axis while drying, is mainly used due to its ability to flatten the drop-

let on the surface of the electrode. In this case, tuning of the rotation rate and the solvent 

properties (good dispersability of the catalyst and appropriate drying rate) can lead to a 

reproducibly high coating quality.116 Similarly, the air stream pushes the droplet down 

to flatten it, with the difference that the high air stream induces fast evaporation of the 

solvent, which might be beneficial in certain cases. The other class of drying methods is 

stationary without altering the form of the droplet, but changing evaporation rate. The 

droplet could be simply left to dry at ambient air, or the evaporation can be enhanced by 

the use of an IR lamp or slowed down by covering the electrode with a beaker to con-

tain the solvent atmosphere. To achieve very slow drying, the covering beaker is rinsed 

inside with the solvent mixture of the ink (without catalyst and ionomer), creating an 

internal solvent atmosphere that hinders evaporation. Generally, stationary drying with 

a covering beaker is a simple way, can yield very good results if properly optimized and 

is therefore the method of choice in this thesis.  
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Figure 15. Images taken with an optical microscope (Stemi 2000-c, Carl Zeiss AG, Germany), showing 
a) + b) a homogeneous coating, c) a coating from a high droplet volume, d) + e) an inhomogeneous coat-
ing, f) a coating prepared from an “aged” ink, g) + h) a coating dried under a strong air stream, i) + l) a 
slowly dried coating in a controlled solvent atmosphere and j) + k) a coating with a coffee ring. The ink 
was prepared with a 9%wt. Ru@Pt/C catalyst using 70%vol. 2-propanol, 30%vol. H2O and an I/C ratio of 
0.15 gI gC

-1. 

In the following, several examples of thin catalyst films are intended to show a repre-

sentative good catalyst layer (Figure 15a + b), as well as different coating issues (Figure 

15c- l). Figure 15a and b show images of a homogeneous catalyst film of Ru@Pt/C with 

a thickness on the order of 0.7 µm on an RDE electrode, taken with an optical micro-

scope. The coating is prepared by dropping 7 µL of an ink on a GC disk, leaving it to 

dry steadily with a lid. While the regular microscopy mode (Figure 15a) can be used to 

obtain a good image of the electrode and to ensure that the catalyst is well-distributed 



2 Experimental Methods 
 

 
52  

  

over the entire electrode area, shining light (KL 2500 LCD, Schott AG, Germany) 

through the ocular (Figure 15b) helps to identify inhomogeneous areas. Homogeneous 

coatings reflect the light with a similar intensity and no bright or dark spots are ob-

served (colors are not taken into account). In contrast, the counter-light image of the 

coating in Figure 15e clearly reveals inhomogeneities, even though the regular imaging 

mode (Figure 15d) suggests an acceptable coating. Therefore, it is very important to 

image with both modes and to identify electrodes that are not suitable for the extraction 

of kinetic data prior to conducting any measurements. Another common mistake is the 

choice of a too large coating quantity, leading to a spillover of the catalyst to the electri-

cally insulated PTFE holder (Figure 15c). In this case, the solid content in the ink is 

increased, so that a lower amount of ink can be used to achieve the same catalyst thick-

ness. For inks based on a mixture of 2-propanol and H2O as solvents, a suitable droplet 

size is 7 µL for a 0.2 cm2 disk substrate, coated with an Eppendorf pipette (according to 

the recipe in Table III). Coating from an ink that has already rested for several days is 

generally not advisable, since this can lead to a settling of the solid particles in the ink 

and an insufficient re-dispersion by sonication, hence an inacceptable coating quality 

(Figure 15f). For air-stream drying of the coating, the distance of the electrode from the 

air outlet and the total air flow have to be carefully adjusted in order to avoid fast drying 

under a strong air flow, leading to the accumulation of the coating on a certain part of 

the electrode (Figure 15g + h). Furthermore, slowing the drying process down signifi-

cantly by controlled atmosphere drying requires a stable dispersion to avoid inhomoge-

neous deposition during the drying process (Figure 15i + l). Another typical phenome-

non is the formation of a coffee ring (Figure 15j + k) due to an outwards directed flow 

of the suspended material during drying of the droplet.117 This can typically be avoided 

by an optimization of the solvent mixture in the ink or by employing a different drying 

technique. 

In addition to the challenges mentioned here, a misalignment of the U-cup and the ex-

changeable electrode has to be circumvented, since this might negatively influence the 

coating quality. As a general strategy, several electrodes should be coated with the same 

ink after optimization of the formulation, discarding all inhomogeneous coatings. 
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Electrolyte Preparation.―As discussed earlier, the electrolyte is a major source of con-

tamination in RDE measurements. Therefore, the electrolyte solution has to have a very 

high purity, needs to be treated with care and has to be prepared fresh before the meas-

urement. For measurements in perchloric acid, different acid suppliers were tested by 

Timon Geppert, Dr. Hany A. El-Sayed, Dr. Thomas Mittermeier and Jan N. Schwämm-

lein. The concentrated acid supplied by Kantochem (60%, Cica Reagent, Kanto Chemi-

cal Co., INC., Japan), was identified to be suitable for RDE measurements, since the 

typical Hupd features on Pt and the Pt-oxide peaks are well-visible and reliable ORR 

activity values are obtained when all other sources of contamination are controlled.50 

The concentrated acid is stored at ≈7°C in the refrigerator to avoid decomposition over 

time. To prepare the dilute electrolyte solution (typically 0.1 M), Erlenmayer flasks with 

an indent on the top (designed by Benedikt A. Brandes) have proven to be the best ves-

sel due to their easy handling and little acid spill during decantation. The glass lid with a 

fixed glass cover (also designed by Benedikt A. Brandes) as well as the top part of the 

flask (indicated by a line) are only allowed to be touched with special, clean gloves to 

avoid contamination of the electrolyte. To prepare the solution, the flask is filled half-

way with ultrapure water, the acid is weighed into an additional (clean) beaker and sub-

sequently poured into the electrolyte flask. Afterwards, the flask can be filled with ul-

trapure water to the marker line in order to achieve the desired dilution. 

For measurements in the alkaline medium, sodium hydroxide monohydrate (99.9995%, 

metals basis, TraceSELECT, Sigma Aldrich Corp., Germany) flakes are dissolved in 

ultrapure water using a PTFE beaker. After opening the NaOH ∙ H2O container, it is 

stored in dry, inert (Ar) environment using a desiccator to avoid the intrusion of mois-

ture and CO2. After the desiccator has been opened to ambient air, the dry atmosphere is 

replenished by repetitive (3x) vacuum application and Ar flushing. To remove moisture 

from the container, the lid is not fully closed when stored in the desiccator. When care 

is taken to avoid the intrusion of moisture and other contaminants, the electrolyte pre-

cursor can be used for approximately 2-3 weeks after it has been opened (labeling the 

container with the date upon opening). While the electrolyte solution can also be pre-

pared from KOH (99.99% purity, Emsure, Merck KGaA, Germany),118 sodium hydrox-
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ide monohydrate can be purchased at high purity, hence mitigates contamination is-

sues.102 

To prepare borate buffer solutions, the calculated quantity of boric acid (99.97%, trace 

metals basis, Sigma Aldrich Corp., Germany) and sodium hydroxide solution (0.1 M, 

prepared from sodium hydroxide monohydrate) are mixed and ultrapure water is added 

to reach the desired dilution. A small fraction of the electrolyte is separated to measure 

the pH with a pH meter (PC 5000 L, VWR International GmbH, Germany) without con-

taminating the stock solution. The pH can thereafter be adjusted by further addition of 

the acid or base component.  

Cell Assembly.―For RDE measurements, the acid (Figure 13d) or alkaline (Figure 13a) 

cell setup is assembled. To avoid contamination of the clean components, they are only 

handled with special gloves, are not allowed to be in contact with any non-clean envi-

ronments and are placed on a clean, lint-free cloth.  

After inserting the side compartments into the main vessel, the electrolyte is filled into 

the cell and the reference electrode (e.g., RHE or Ag/AgCl reference electrode) is in-

serted into the side compartment. The use of certain reference electrodes (e.g., Ag/AgCl 

in sat. KCl) requires their separation from the main compartment by an electrolyte 

bridge (see Figure 13a) to avoid contamination of the electrolyte with ionic species. 

Note, that the reference electrode potential has to be determined to convert the measured 

potential to the RHE scale. The calibration procedure is described at the end of the fol-

lowing section. The Pt counter electrode is immersed into the remaining compartment 

of the cell (separated by a Vycor frit in acid solution), the assembly is closed with the 

PTFE lid and purged with Ar (6.0 grade, Westfalen AG, Germany). The working elec-

trode is screwed into the polyetheretherketone (PEEK) shaft by holding it with a lint-

free cloth on the sides and taking care that the shaft is not in contact with the lid. After 

finishing the assembly process, the cell has to be inspected to identify gas bubbles that 

block electrolyte pathways, especially below the working electrode and in the side com-

partments of the cell. If the gas bubble cannot be removed from the coating, the elec-

trode is taken out of the solution, turned upside down and a droplet of ultrapure water is 
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placed on the coating. After a waiting time (on the order of 30 minutes), the electrode 

can be re-inserted into the electrolyte. 
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2.2.2. Measurement Execution and Data Evaluation 
In the following, the measurement procedure for the determination of the ECSA, the 

ORR activity and the HOR kinetics are described for a Pt/C catalyst. 

Electrochemical Catalyst Cleaning.―Most measurement procedures include an elec-

trochemical pre-treatment to clean the catalyst’s surface by cycling the potential in a 

predefined window. The anodic and cathodic potential limits have to be chosen appro-

priately for each catalyst, so that the desired surface morphology remains unaltered 

while a sufficient cleaning effect is observed. During the potential cycling, the surface is 

repeatedly oxidized and reduced, which causes a reorganization of the surface, an oxida-

tion of adsorbates (e.g., organic contaminations) and the removal of adsorbates due to 

the formation of the oxide layer. For Pt, the electrochemical cleaning can typically be 

observed by a lowering of the anodic current at E > 0.8 VRHE until a current plateau is 

observed, as well as an increase of the hydrogen adsorption (Hads) / desorption (Hdes) 

features (the process is often referred to as hydrogen under potential desposition, Hupd) 

at E < 0.4 VRHE, as shown in Figure 16a.  

The cleaning process is completed as soon as no significant change of the features in the  

 

Figure 16. Cyclic voltammograms of a 20%wt. Pt/C catalyst (TEC10V20E, Tanaka Kikinzoku Kogyo 
K.K., Japan) in Ar-saturated 0.1 M HClO4 at a scan rate of 50 mV s-1 between 0.05 and 1.20 VRHE at room 
temperature without rotation, showing a) subsequent potential cycles in the course of the electrochemical 
cleaning procedure and b) the integration of the Hads and Hdes features to evaluate the catalyst’s ECSA. 
The loading on the GC disk is 9.3 µgPt cm-2, resulting in a film thickness of 1 µm. The I/C ratio is 
0.1 gI gC

-1.  
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voltammogram can be observed (assuming a suitable potential window), which is often 

achieved after approximately 10 – 20 cycles and shown in Figure 16a for cycle 40 and 

50. Depending on the material stability, the potential window for different catalysts var-

ies significantly, e.g., an anodic potential limit of 1.2 VRHE is acceptable for Pt/C, 

whereas the stability of Ru@Pt core-shell particles requires to limit the potential to 

0.8 VRHE (see section 3.1.1) and completely different potentials between -0.35 and 

0.15 VRHE are used to clean a metallic Sn electrode (see section 3.3.1). 

ECSA determination by Hupd.―Subsequently, the ECSA of the Pt/C catalyst is deter-

mined via integration of the Hads and Hdes charge. Since no significant contribution of 

the continuous HER is observed above ≈0.05 VRHE at the measurement conditions for 

this catalyst, the charge of the pseudo-capacitive adsorption of hydrogen on Pt (Equa-

tion [16]) can be correlated directly to the ECSA. 

Pt + H+ + e− ⇌ Pt-Hads [16] 

The maximum / minimum of the capacitive current (originating from charging of the 

electrochemical double layer) at potentials between ≈0.35 and ≈0.5 is used as a baseline 

for the integration, since it is independent of the potential and needs to be subtracted 

from the total charge to obtain the ECSA. Finally, the currents in the Hdes and Hads re-

gion are integrated, averaged and divided by the scan rate, υ (in units V s-1), to yield the 

average charge of the Hupd process, C, according to the following equation. 

𝐶 =
Hads + Hdes

2 ∙ 𝜐
 [17] 

To correlate this charge with the surface area of the catalyst, APt, on the electrode (Equa-

tion [18]), the so-called specific charge, Cspec, of 210 µC cm-2 for a polycrystalline Pt 

surface is used. 

𝐴Pt =
𝐶

𝐶spec
 [18] 

Finally, the catalyst ECSA can be obtained (Equation [20]) by dividing the Pt surface 

area by the areal mass of Pt, mPt, (calculated according to Equation [19]; given in units 

of gPt cm-2), which is linked to the electrode roughness factor by Equation [21]. 
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𝑚Pt =
𝑉coat ∙ 𝑚cat ∙ 𝑥Pt
𝑉ink ∙ 𝐴electrode

 [19] 

Here, Vcoat is the volume dropped on the disk with a pipette, mcat is the total mass of 

catalyst in the ink, Vink is the total ink volume, Aelectrode is the GC disk area and xPt is the 

Pt weight fraction in the catalyst. 

ECSA =
𝐴Pt
𝑚Pt

 [20] 

rf = 𝐸𝐶𝑇𝐴 ∙ 𝑚Pt [21] 

Exemplarily, all relevant values for the measurement shown in Figure 16b are provided 

in Table IV, resulting in an ECSA of 62.1 mPt
2  gPt

-1 and a rf of 5.8 cmPt
2  cm-2. 

Table IV. Experimental values needed to calculate the ECSA and rf for the measurement shown in Figure 
16, including the integrated Hads and Hdes area, the scan rate, υ, the specific charge for the Hupd process on 
Pt, Cspec, the mass of catalyst in the ink, mcat, the volume of the ink, Vink, and the electrode area, Aelectrode. 

Hads Hdes 𝝊 𝑪𝐬𝐬𝐬𝐬 𝑽𝐬𝐜𝐜𝐜 𝒎𝐬𝐜𝐜 𝒙𝐏𝐜 𝑽𝐢𝐢𝐢 𝑨𝐬𝐞𝐬𝐬𝐜𝐞𝐜𝐞𝐬 

µA V cm-2 µA V cm-2 mV s-1 µC cmPt
-2 µL mg %wt. mL cm2 

62.9 58.9 50 210 6.5 3.8 20 2.7 0.196 

 

ECSA determination by CO stripping.―If the ECSA determination by the Hupd method 

is not sufficiently accurate (e.g. at a low Pt loading), not well defined (e.g., for certain 

Pt alloys) or not possible (e.g., due to the lack of the Hads process on certain metals), the 

ECSA can alternatively be determined by the CO stripping procedure. To start the 

measurement, CO (4.8 grade, Westfalen AG, Germany) is purged through the electrolyte 

solution (typically for 3 min) to be adsorbed on the catalyst surface at a low applied 

potential (e.g., 60 mVRHE). As shown in Equation [22], the adsorption process of CO on 

Pt does not involve the transfer of an electron, hence no adsorption current is observed 

during the potentiostatic phase (note that the current peak right after initiating the CO 

purging originates from the displacement of previously adsorbed species). 

Pt + CO → Pt-COads [22] 
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While maintaining the potential constant, CO is removed from the solution by Ar (6.0 

grade, Westfalen AG, Germany) purging for approximately 30 min to avoid oxidative 

currents from continuous CO oxidation in the anodic scan.  

Finally, a cyclic voltammogram (CV) is executed from the holding potential in anodic 

direction to oxidize the adsorbed CO according to Equation [23]. 

Pt-COads + H2O → Pt + CO2 + 2H+ + 2e− [23] 

The oxidation of CO results in an anodic peak (see Figure 17, black line). The peak po-

tential for different metals, alloys or crystal facets varies significantly and is often used 

to characterize the surface of newly developed catalysts (c.f., section 3.1.1). To discrim-

inate the CO oxidation charge from other currents in this potential range (i.e., Pt oxida-

tion and double layer charging), a second scan is recorded with the same upper potential 

limit (Figure 17, blue line) and used as a baseline for the integration. The resulting inte-

gral can be used to estimate the catalyst ECSA analogous to the calculations for the Hupd 

method provided above, using a specific charge of 420 µC cm-2 (transfer of 2 e-) for CO 

stripping. The integral shown in Figure 17, is 24.3 µA V cm-2, resulting in an ECSA of 

62.0 mPt
2  gPt

-1 and an rf of 5.8 cmPt
2  cm-2, i.e., the same value as for the Hupd method.  

 

Figure 17. CV of a 20%wt. Pt/C catalyst (TEC10V20E, Tanaka Kikinzoku Kogyo K.K., Japan), showing 
the CO oxidation in the anodic scan (solid, black line), the following cathodic scan (dashed, black line) 
and the subsequent cycle (blue line), used as a baseline for the integration. The CV employs a scan rate of 
10 mV s-1 between 0.05 and 1.20 VRHE in stagnant, Ar-saturated, 0.1 M HClO4 at room temperature. The 
loading on the GC disk is 9.3 µgPt cm-2, resulting in a film thickness of 1 µm. The I/C ratio is 0.1 gI gC

-1. 
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Evaluation of the ORR Activity.―In the following section, the determination of the 

ORR mass and specific activity is described for a Pt/C catalyst. Since contaminants are 

released into the electrolyte during the electrochemical cleaning procedure, the previ-

ously used electrolyte is exchanged with a fresh one beforehand. Then, the solution is 

saturated by purging O2 for approximately 10 min, subsequently recording a CV at the 

desired scan rate and rotation rate.  

In the course of the cathodic going scan (blue line in Figure 18a), the current increases 

due the higher applied ORR overpotential. This increase slows down at higher ORR 

currents (> 3 mA cm-2) due to the arising O2 mass-transport limitations from the bulk of 

the solution towards the surface of the disk. The maximum transport rate at the chosen 

conditions is expressed as a current plateau (so-called limiting current, ilim), where the 

O2 concentration at the surface of the disk approaches zero. As shown in Figure 18a, the 

current at the same potential (in the kinetic region) is higher in the anodic scan (black) 

compared to the cathodic scan. This hysteresis originates from the removal of hydrox-

ide / oxide species on Pt at low potentials, hence a higher measured ORR activity on the 

metallic surface. Since most ORR activity values reported in the literature use the anod-

ic scan for their analysis, this method is also employed here. Furthermore, adsorption  

 

Figure 18. a) Anodic (black) and cathodic (blue) scan (direction indicated by an arrow) of a CV in O2-
saturated, 0.1 M HClO4 at a scan rate of 10 mV s-1 between 0.05 and 1.10 VRHE, applying a rotation rate 
of 1600 rpm at room temperature. The loading of the 20%wt. Pt/C catalyst (TEC10V20E, Tanaka Kikinzo-
ku Kogyo K.K., Japan) on the GC disk is 9.3 µgPt cm-2, resulting in a film thickness of 1 µm. The I/C ratio 
is 0.1 gI gC

-1. b) Anodic scan corrected for the iR-drop (≈39 Ω for the 0.2 cm2 disk in this measurement) in 
order to extract the measured current at 0.9 VRHE, imeas. The limiting current, ilim, is indicated by an arrow. 
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phenomena have to be considered with respect to the choice of the scan rate, since the 

time dependent surface oxidation is more pronounced at low scan rates, leading to a 

lower measured ORR activity. Moreover, many contaminants are adsorbed in the low 

potential region, hence scanning slower provides more time for these species to nega-

tively impact the measurement. However, slow scan rates provide the advantage that the 

ratio between the faradaic ORR current and the capacitive / pseudo-capacitive currents 

(double layer charging, oxide formation) is higher, enabling a more accurate estimation 

of the ORR activity. In general, fast rotation provides higher O2 mass-transport towards 

the electrode, hence a lower influence of the O2 mass-transport overpotential. Neverthe-

less, very high rotation rates can induce turbulent flow within the electrolyte or lead to 

partial detachment of the catalyst layer from the GC disk. A good tradeoff between all 

of these considerations is to rotate at 1600 rpm and apply a scan of 10 mV s-1, as shown 

in Figure 18a.  

For the evaluation, the measured potential, E, in the anodic scan is corrected for the iR-

drop according to Equation [24] to obtain the iR-free potential, EiR-free, and the current at 

0.9 VRHE is extracted (c.f., Figure 18b). The solution resistance can be determined by 

electrochemical impedance spectroscopy (EIS), as the high frequency x-axis intersect in 

a Nyquist plot (the determination of the high frequency resistance, RHFR, in RDE is 

analogous to PEMFCs, described in section 2.3.3). 

𝐸𝑖𝑅−free = 𝐸 − 𝑖 ∙ 𝑅𝐻𝐹𝑅  [24] 

To compensate for capacitive charging, the current of the anodic scan of a CV at the 

same scan rate in inert atmosphere, icap, is subtracted from the extracted ORR current 

(see Equation [25]) and diffusion effects are taken into account by correction for the 

measured limiting current, ilim according to Equation [26] to obtain the kinetic current, 

ikin. 

𝑖corr = 𝑖meas − 𝑖cap [25] 

𝑖kin =
𝑖corr ∙ 𝑖lim
𝑖lim − 𝑖corr

 [26] 

Finally, the specific ORR activity, 𝑖𝑠𝑠𝑠𝑐0.9 𝑉, can be calculated by division of the transport- 

and HFR corrected geometric ORR current density, ikin, by the roughness factor (Equa-
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tion [27]), which is related to the ORR mass activity, 𝑖𝑚𝑎𝑠𝑠
0.9 𝑉 , through the ECSA (Equa-

tion [28]). 

𝑖𝑠𝑠𝑠𝑐0.9 𝑉 =
𝑖kin
𝑟𝑟

 [27] 

𝑖𝑚𝑎𝑠𝑠
0.9 𝑉 = 𝑖𝑠𝑠𝑠𝑐0.9 𝑉 ∙ 𝐸𝐶𝑇𝐴 [28] 

As an example for the data treatment, the values necessary to calculate the ORR activity 

of the measurement provided in Figure 18 are given in Table V. 

Table V. Values to calculate the ORR activity for the measurement in Figure 18, including the extracted 
current at 0.9 VRHE, i, the capacitive current, icap, the limiting current, ilim, as well as the rf and ECSA val-
ues. 

imeas icap ilim rf ECSA 𝒊𝒔𝒔𝒔𝒔𝟎.𝟗 𝑽 𝒊𝒎𝒎𝒔𝒔𝟎.𝟗 𝑽  

mA cm-2 µA cm-2 mA cm-2 cmPt
2  cm-2 mPt

2  gPt
-1 µA cmPt

-2 A gPt
-1 

1.7 50.0 5.7 5.8 62.1 400 249 

Determination of the HOR/HER Kinetics.―Similar to the evaluation of the ORR ac-

tivity, this section presents the individual steps to obtain the HOR/HER exchange cur-

rent density of Pt/C in alkaline media. Note that a determination of the HOR/HER kinet-

ics on Pt in acid is not feasible via the RDE method for most catalysts due to very fast 

reaction kinetics and the quickly arising H2 mass-transport overpotentials in liquid elec-

trolyte. To determine the HOR/HER exchange current density in alkaline electrolyte, 

the electrolyte solution (after catalyst cleaning and electrolyte exchange as described in 

the previous section) is saturated with pure H2 and a CV is executed (as for the ORR, a 

scan rate of 10 mV s-1 and a rotation rate of 1600 rpm is reasonable), shown in Figure 

19a. In contrast to measurements of the ORR activity, the hysteresis between the anodic 

and cathodic scan of the CV is small for the determination of the HOR/HER kinetics 

(no change of the surface oxidation state). However, the cathodic going branch of the 

CV is commonly evaluated to limit the influence of adsorbed contaminants in the low 

potential region. The kinetic current can be obtained by correction for diffusion effects 

according to Equation [29], where r is the HOR/HER reaction order (assumed to be 0.5 

for Pt).102 While the here-described method, established by Rheinländer et al., only ap-

plies this correction to the HOR branch (positive currents),102 Zheng et al. proposed to 

correct both the HOR and the HER branch (negative currents).119 
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𝑖kin = 𝑖 ∙ �1 −
𝑖
𝑖lim

�
−𝑟

 [29] 

The measured potential is corrected for the iR-drop (Equation [24]) and the potential 

shift due to the depletion of H2 at the surface of the electrode is taken into account by 

the following equation to obtain the fully corrected potential, 𝐸𝑖𝑅−free
𝜂diff−free. In this, R is the 

ideal gas constant (8.3 V A s mol-1 K-1), F is the Faraday constant (96485.3 A s mol-1) 

and T is the temperature (298 K). 

𝐸𝑖𝑅−free
𝜂diff−free = 𝐸𝑖𝑅−free +

𝑅 ∙ 𝑇
2 ∙ 𝐹

ln �1 −
𝑖
𝑖lim

� [30] 

To obtain the HOR/HER exchange current density, i0, the corrected data can be fitted to 

the Butler-Volmer equation (Equation [31]), as shown in Figure 20b). In this case, the 

overpotential, η, is the fully corrected potential and αa / αc are the anodic / cathodic 

transfer coefficients. Note that the fitting range should ideally cover at least one TS to 

be significant (partially fulfilled in Figure 20b), whereby owing to the inaccuracies of 

the transport corrections, only currents within ≈70% of ilim should be considered for the 

analysis. 

𝑖kin = 𝑖0 ∙ 𝑟𝑟 ∙ �𝑒
𝛼a∙𝐹
𝑅∙𝑇 ∙𝜂 − 𝑒−

𝛼c∙𝐹
𝑅∙𝑇 ∙𝜂� [31] 

In the so-called micro-polarization region (|𝜂| ≤ 5 mV), Equation [31] can be linearized 

by assuming ex ≈ 1 + x, resulting in the following correlation (c.f., Figure 20a): 

𝑖kin ≈ 𝑖0 ∙ 𝑟𝑟 ∙
(𝛼a + 𝛼c) ∙ 𝐹

𝑅 ∙ 𝑇
∙ 𝜂 [32] 

The fit of the fully corrected data according to the described procedure is shown for the 

micro-polarization region in Figure 20a and the Butler-Volmer fit is given in Figure 

20b). 
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Figure 19. a) Anodic (black line) and cathodic (blue line) scan (direction indicated by an arrow) of a CV 
in H2-saturated, 0.1 M NaOH at a scan rate of 10 mV s-1 between -0.1 and 0.8 VRHE, applying a rotation 
rate of 1600 rpm at room temperature. The noble metal loading of the Ru@Pt core-shell catalyst 
(0.3 MLE, 8.5%wt. noble metal on Vulcan carbon, see Schwämmlein et al. for detailed information)111 on 
the GC disk is 1.3 µgNM cm-2, with a corresponding Pt loading of 0.4 µgPt cm-2, resulting in a film thick-
ness of 0.4 µm. The I/C ratio is 0.15 gI gC

-1. The limiting current, ilim, is indicated by an arrow. b) Zoom-in 
of the potential measured versus the reference electrode (Ag/AgCl, sat. KCl) to determine the reference 
electrode potential, Eref¸ for the potential correction to the RHE scale. 

As a result of the data evaluation, Table VI lists the HOR/HER exchange current densi-

ty, including the individual transfer coefficients, derived from the Butler-Volmer fit in 

Figure 20b, as well as the slope of the linear fit in the micro-polarization region in Fig-

ure 20a. Even though the exchange current density values obtained by the micro-

polarization approach and the Butler-Volmer fitting should ideally be identical, the two 

methods are suspected to different uncertainties originating from the applied corrections 

in the different current regimes. In addition, the ECSA and rf values for the measure-

ment are given to calculate i0 for the micro-polarization fit. Note, that the evaluation of 

the micro-polarization region according to Equation [32] can only yield the desired i0 if 

the sum of alphas is known (e.g., by prior fitting of the data to the Butler-Volmer equa-

tion). 

Table VI. Values to calculate i0 for the measurement in Figure 20, including the ECSA and rf values, as 
well as the result of the Butler-Volmer fit and the linear fit in the micro-polarization region. 

rf ECSA i0 (BV) αa αc Slope (micro-pol) i0 (micropol) 

cmNM
2  cm-2 mNM

2  gNM
-1  mA cmNM

-2  - - mA cmNM
-2  V-1 mA cmNM

-2  

1.3 100.9 0.6 0.6 0.4 16.1 0.4 
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Figure 20. a) Micro-polarization region, including the linear fit (red line) showing the kinetic current 
versus the fully corrected potential of the cathodic scan of the CV shown in Figure 19 (black circles), 
recorded on a Ru@Pt core-shell catalyst (0.3 MLE, 8.5%wt. noble metal on Vulcan carbon, see 
Schwämmlein et al. for detailed information)111 in H2-saturated, 0.1 M NaOH between -0.1 and 0.8 VRHE 
at 10 mV s-1, 1600 rpm and room temperature. The noble metal loading on the GC disk is 1.3 µgNM cm-2, 
with a corresponding Pt loading of 0.4 µgPt cm-2, resulting in a film thickness of 0.4 µm. The I/C ratio is 
0.15 gI gC

-1. b) Butler-Volmer fit (red line) according to Equation [31] for the same data set (black circles). 
The figure is based on data recorded in the frame of the publication presented in section 3.1.1.111 

Reference Electrode Calibration.―For RDE measurements, the actual reference elec-

trode potential has to be determined at the end of the experiment to ensure a valid con-

version of the measured potential to the desired scale (e.g., RHE). The calibration pro-

cedure should also be executed when an RHE reference electrode is used, since these 

electrodes often show a small potential shift (e.g., due to residual O2 in the reference 

electrode compartment). The calibration can be accomplished by recording a CV of a Pt 

electrode (commonly polycrystalline Pt disk or Pt ring) in H2-saturated electrolyte. For 

simplicity, the example provided in this thesis is a CV of the Ru@Pt catalyst (Figure 

19b). In this CV, the potential at 0 A is extracted for the anodic and cathodic scan (es-

sentially the same in Figure 19b) and the average is subtracted from the measured po-

tential to convert the potential to the RHE scale. If the 0-crossing varies in subsequent 

cycles, the electrode has to be cleaned (e.g., electrochemically by CVs) and the proce-

dure is repeated.  
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2.3. Single Cell Fuel Cell Testing 
This section describes the preparation procedure for single cell PEMFC and AEMFC 

tests, including the preparation of the MEA, as well as the cell setup and assembly for 

various measurements. Furthermore, a detailed guide for a full voltage loss analysis of 

the H2/air performance is given, consisting of ORR activity determination, current and 

potential corrections for the H2 crossover, the ohmic short of the membrane and the iR-

drop, measurement of the proton conduction resistance in the cathode and the O2 mass-

transport resistance. Information regarding the experimental details on fuel cell operat-

ing conditions and the measurement procedures used to obtain the data presented in 

chapter 3 can be retrieved from the individual publications.  

2.3.1. MEA Fabrication Procedure 
A detailed description of the MEA fabrication process for PEMFCs in our laboratory 

was recently published in the doctoral thesis of Gregor Harzer.120 Therefore, the de-

scription of the MEA preparation process in this thesis is given for an AEMFC and dif-

ferences compared to PEMFCs are detailed at the end of this section. All MEAs used in 

this thesis are fabricated by the decal transfer method in three general steps: ink prepa-

ration, coating, hot pressing. Typical formulations to produce 10 mL of an AEMFC and 

5 mL of a PEMFC ink are shown in Table VII, where all values are adjustable to the 

desired quantity by simple scaling. First of all, the ionomer (FAA-3, solid ionomer sheet 

in the Br- form, Fumatech GmbH, Germany) is dissolved in a mixture of 90%wt. 2-

propanol (Chromasolv Plus, 99.9%, Sigma Aldrich Corp., Germany) and 10%wt. H2O 

(18.2 MΩ, MilliQ Ingegral, Merck Millipore KGaA, Germany) using a 15 mL capped  

Table VII. Typical ink formulation to prepare MEAs with a loading of 0.4 mgPt cm-2, using the FAA-3 
ionomer (solid ionomer sheet in the Br- form, Fumatech GmbH, Germany) for AEMFCs and a PFSA-
based ionomer (20%wt. in 79%wt. H2O and 1%wt. 1-propanol) for PEMFCs. Both inks employ a commer-
cially available 47%wt. Pt/C catalyst (TEC10V50E, Tanaka Kikinzoku Kogyo K.K., Japan). As a solvent, 
2-propanol is used for AEMFCs, whereas 1-propanol is used for PEMFCs. All required masses, m, the 
desired ink volume, V(ink), as well as the resulting carbon content in the ink, xC, and the I/C ratio in the 
final electrode are given below. 

 m(Pt/C) m(solvent) m(H2O) V(ink) xC m(ionomer) I/C 

 mg g g mL mg mL-1 g gI gC
-1 

AEMFC 940.0 6.7 0.7 10.0 50.0 0.4 0.8 

PEMFC 280.0 3.6 0 5.0 30.0 0.5 0.65 
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HDPE bottle (quantities according to Table VII). A simple way to dissolve the solid 

ionomer is to wrap the vial with Parafilm (Sigma Aldrich Corp., Germany) and place it 

onto a roller mill at a low mixing speed (60 rpm, Ratek BTR5-12V, Ratek Instruments 

Pty. Ltd., Australia). This procedure results in an ionomer solution of ≈5%wt. before ad-

dition of the catalyst powder. In the meantime, the appropriate amount of catalyst 

(47%wt. Pt/C, TEC10V50E, Tanaka Kikinzoku Kogyo K.K., Japan) is weighed into a 

separate high density polyethylene (HDPE) bottle, already containing 15 g of ZrO2 

beads (5 mm, Glen Mills Inc., USA), using a disposable plastic spatula. After full disso-

lution of the ionomer in the solvent mixture, the two vials are transferred into inert at-

mosphere (e.g., using a N2 purged glovebox), opening the lids to release the O2 from the 

interior. Thereafter, the dissolved ionomer is poured at once into the Pt/C containing 

vial to wet the catalyst and avoid ignition. Weighing the vial before and after the trans-

fer yields the total amount of ionomer and solvent to be used for the calculation of the 

I/C ratio in the final catalyst layer. After the transfer, the closed vial is wrapped with 

Parafilm and placed onto the roller mill for 24 h at 60 rpm and ambient temperature 

(25°C).  

Before the mixing process is finished, several decal sheets are cut to the appropriate size 

and placed on clean glass plates. For AEMFC inks based on the FAA-3 ionomer, hy-

drophobic decals (e.g., virgin PTFE or PTFE-coated fiberglass, Fiberflon GmbH & Co. 

KG, Germany) do not yield acceptable coating results with the explored ink formula-

tions, whereas homogeneous films are obtained on etched fluorinated ethylene propyl-

ene (FEP, extruded, Angst+Pfister GmbH, Switzerland). Since a flat surface is essential 

to obtain acceptable coatings, air bubbles and wrinkles are removed prior to fixing the 

decal sheet by repeated, outwards-directed wiping with a tissue, wetted with 2-propanol. 

After cleaning both sides of the decal sheet with 2-propanol, it is fixed to the glass plate 

by a single piece of tape on the top over the entire width. Subsequently, the Mayer rod 

coater (K Control Coater, RK PrintCoat Instruments Ltd., England) is aligned to the 

appropriate height with the calibration bar and the desired coating bar is placed into the 

machine without additional weights on the sides of the bar. For the coating, the ink is 

dropped in a line next to the coating bar with a disposable plastic pipette and the auto-

matic coating process is initiated immediately afterwards at a slow speed (machine set-
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ting of one). After the coating process is finished, the glass plate can be removed from 

the machine and dried horizontally at ambient temperature in a rack, covered on top to 

avoid the settling of dust on the coating. As soon as all of the solvent has evaporated 

(typically overnight), decals with the appropriate size (5 or 50 cm2) are cut out from the 

coating with a cutting tool (blades facing the coating) in a hydraulic press (Collin Lab & 

Pilot Solutions GmbH, Germany) at low pressure, using a PE block as counterpart for 

the blades (Spahn GmbH & Co. KG, Germany). Areas with a lower Pt/C loading (e.g., 

at the edges and at the end of the coating) can be identified by shining light through the 

glass plate to illuminate the bottom of the decal. Coatings that employ the FAA-3 iono-

mer are not dried in an oven after the room temperature drying step to avoid the for-

mation of wrinkles and to keep the decal flat.  

MEAs for AEMFC are prepared by hot pressing two decal sheets to a piece of mem-

brane (Tokuyama A201, Tokuyama Corp., Japan), using Kapton (Du Pont Corp., USA) 

as a protecting layer on both sides and foamed PTFE (Gylon Style 3545 Soft, Garlock 

GmbH, Germany) as a pressure distribution medium. The membrane can be labeled 

with a regular ballpoint pen on the bottom, marking the anode and cathode side. The 

Kapton sheets are cleaned (e.g., on a glass plate) on both sides with 2-propanol and a 

tissue (Kimwipe, Sigma Aldrich Corp., Germany) to ensure that they are free of dust 

particles and one of the sheets is placed on top of a piece of Gylon (e.g., 10 x 10 cm for 

50 cm2 and 7 x 5 cm for 5 cm2 MEAs), already resting on the aluminum plate for hot 

pressing. A decal sheet is put face-up on the Kapton foil and covered with the mem-

brane, placing a second decal face-down on top of the other one. The two decals should 

be reasonably aligned to each other and the entire assembly has to be flat in order to 

ensure a good decal transfer. The second Kapton layer can now be placed on top, con-

tacting at one side to gently roll the sheet down without altering the position of the de-

cals on the membrane. Finally, the second Gylon layer is put on top of the Kapton foil, 

finishing the assembly by placing the second hot pressing plate on top. In case of elec-

trostatic interaction between the various layers, the electrostatic charge has to be re-

moved from the Kapton foil beforehand. The stack is then put into the already pre-

heated hot press at a temperature of 110°C, which is applied for 10 min at a pressure of 

1 kN cm-2. After the press has opened, the hot assembly is taken out and directly opened 

to peel the decal foil from the MEA. The electrode loading can be determined by sub-
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tracting the weight of the empty decals from the value before the transfer, and the MEA 

can be stored in between the Kapton foils. 

Before the use of the MEA in an AEMFC test, it is taken out of the protecting layers 

and placed into a plastic beaker, already containing a solution of 1 M Na2CO3 (anhy-

drous, for analysis, Sigma Aldrich Corp., Germany). The MEA is fully submerged in 

the solution for 24 h and the ion exchange is repeated 3 times with a fresh solution. 

Since MEAs for AEMFCs are handled in ambient air, the exchange of all ionic groups 

in the ionomer phase to OH- has no advantage compared to the exchange with CO3
2- due 

to the rapid neutralization reaction with CO2. After completion of the ion exchange, the 

MEA is thoroughly rinsed with ultrapure water and stored in water for at least 24 h. The 

ion exchange according to this procedure is necessary to convert all ionic groups of the 

FAA-3 ionomer from the Br- form in which it is delivered to the (bi-)carbonate form 

(the Tokuyama A201 membrane is already delivered in (bi-)carbonate form).  

In general, the MEA fabrication procedure for PEMFC tests is very similar to that de-

scribed above and the differences are shortly described in the following. First of all, the 

ionomer is commonly not purchased as a solid, but as a solution of an alcohol (e.g., 1-

propanol), H2O and the PFSA ionomer. Hence, the ink components are mixed in a dif-

ferent order: The appropriate amount of H2O is dropped onto the catalyst (weighed into 

a HDPE bottle, already containing 16.5 g ZrO2 beads), the bottle is closed and trans-

ferred into inert atmosphere, together with a second bottle which contains solely the 

solvent (bottle and solvent weight known). After releasing the air from the bottles, the 

solvent is added to the catalyst at once and the empty bottle is weighed to determine the 

missing amount of solvent. Finally, the ionomer solution is added to the ink with a pi-

pette. In contrast to AEMFC inks, the mixing time is 18 h and the ink is coated on vir-

gin PTFE decals. Furthermore, the coatings are dried first at room temperature over-

night, cut out and subsequently dried at 80°C for ≈1 h before hot pressing at 155°C for 

3 min at 0.11 kN cm-2. Since most PFSA membranes and ionomers are delivered in the 

H+ form, no ion exchange is necessary for those MEAs. 
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2.3.2. Cell Hardware and Assembly 
The cell setup for fuel cell testing consists of aluminum endplates with integrated rod 

heaters (6.5 mm diameter, 100 mm length, 250 W, Horst GmbH, Germany), Au-coated 

Cu current collector plates, graphite flow fields (Poco Graphite, Entegris GmbH, Ger-

many), gas in- and outlets, as well as electrical connections for the voltage sense cables 

and the current lead cables, shown schematically in Figure 21 with an MEA, GDLs and 

gaskets. The voltage sense cables are inserted horizontally into the flow fields and the 

current lead cables are connected vertically to the current collector plate to minimize 

interference in impedance measurements. The temperature sensor is inserted into the top 

of the graphite flow field to measure the temperature in the center of the active area. 

Cell cooling is achieved by fans on both sides of the setup. The common gas operating 

mode is counter-flow with heated gas inlets (20°C above cell temperature). 

Different types of single cell fuel cell test hardware are used for the experiments de-

scribed in this thesis, with an active area of 5 or 50 cm2. While 50 cm2 cells are used for 

SUSD and conductivity measurements at low temperature, 5 cm2 tests are utilized for 

accelerated stress test measurements. The advantages of a large active area are fewer 

edge effects and measurements closer to the actual application, where active areas on 

the order of hundreds of cm2 are employed. However, the easily achievable differential-

flow conditions and the low amount of catalyst needed for small scale tests offer great  

 

Figure 21. Schematic single cell fuel cell testing setup including aluminum endplates with rod heaters, 
Au-coated Cu current collectors, graphite flow fields, PTFE-coated fiberglass gaskets and the MEA with 
GDLs. To enhance electrical conductivity, GDLs were placed between the endplates and current collec-
tors. 
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Figure 22. Graphite flow fields for single cell fuel cell testing with an active area of a) 5 cm2 and 7 paral-
lel channels b) 50 cm2 and 14 parallel channels, and c) 50 cm2 with 4 parallel channels. 

possibilities for research purposes. Figure 22 shows the flow field types used in this 

study, including a) 5 cm2 flow fields with 7 parallel channels in serpentine arrangement 

for differential-flowmeasurements (0.5 mm wide lands and channels), b) 50 cm2 flow 

fields with a similar style, but 14 parallel channels at a width and depth of 0.5 and 

0.8 mm, respectively, separated by 0.5 mm wide lands, and c) 50 cm2 flow fields with 4 

parallel channels (0.79 mm wide and 1.0 mm deep channels and 0.8 mm wide lands) in 

serpentine arrangement. 

For assembly, the hardware is placed on a holder and the screws in the endplate are un-

tightened to open the cell, leaving the flow field on top, as shown schematically in Fig-

ure 21 (left side without MEA and gasket). The anode gasket (Fiberflon, Fiberflon 

GmbH & Co. KG, Germany) is placed on the flow field, inserting the GDL facing the 

MEA with the MPL in the free area in the center of the gasket. To minimize the oc-

curance of occasionally shortened membranes after assembly, the GDL and gasket burr 

should face the flow field instead of the membrane (when cutting the GDL, the blades 

have to face the MPL). In a reasonable alignment of the active area and the GDL, the 

MEA is placed on top of the stack, is covered with another GDL and a gasket from the 

top and the cell is closed with the remaining parts. The alignment pins (c.f., Figure 22), 

together with pre-punched holes in the gaskets and membrane ensure a well-aligned 

setup. In this assembly, the contacting pressure of the flow field and the GDL / MEA 

(typically on the order of 1.5 MPa) is achieved by the choice of the appropriate gasket 

thickness. A typical value for the GDL compression, C, is 20%, calculated for the 
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thickness values, t, of the individual components according to Equation [33]. For detail 

discussion, see Simon et al.52 

𝐶 = �1 −
�𝑡𝑔𝑎𝑠𝑔𝑠𝑔𝑎𝑎𝑎𝑎𝑠 + 𝑡𝑔𝑎𝑠𝑔𝑠𝑔𝑐𝑎𝑔ℎ𝑎𝑎𝑠� ∙ 0.93 − 𝑡𝑠𝑒𝑠𝑐𝑔𝑟𝑎𝑎𝑠𝑎𝑎𝑎𝑎𝑠 − 𝑡𝑠𝑒𝑠𝑐𝑔𝑟𝑎𝑎𝑠𝑐𝑎𝑔ℎ𝑎𝑎𝑠

𝑡𝐺𝐺𝐺𝑎𝑎𝑎𝑎𝑠 + 𝑡𝐺𝐺𝐺𝑐𝑎𝑔ℎ𝑎𝑎𝑠 � ∙ 100% [33] 

However, a pressure distribution test (e.g., using Prescale Super Low, Fujifilm Corp., 

Japan) should be carried out for every combination of flow fields and GDLs to ensure a 

good contact resistance and compression homogeneity of the final assembly. To identify 

shortened MEAs after assembly, the electrical resistance between the two current col-

lectors is measured, where typical values on the order of 5 – 10 kΩ cm2 are obtained 

with a lower threshold of ≈1 kΩ cm2 for useable MEAs. 
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2.3.3. Voltage Loss Analysis for H2/air Performance 
In the following, the procedure to measure the voltage loss contributors of a H2/air po-

larization curve is described (c.f., Figure 6, section 1.3). Note, that the conditions of the 

measurements in chapter 3 are not given here, but can be retrieved from the correspond-

ing publications.  

ORR activity determination in PEMFCs.―After the MEA ramp-in procedure and volt-

age recovery, the ORR activity of the cathode catalyst can be determined by differen-

tial-flow polarization curves at a high flow (e.g., 2000/5000 nccm) of H2/O2 on anode / 

cathode, respectively. The conditions (gas flows, inlet pressure, cell temperature, gas 

humidity) should be the same as in the H2/air polarization curve of interest. Figure 23a 

shows a differential-flow polarization curve for a Pt/C loading of 0.4 (black) and 

0.1 mgPt cm-2 (blue). To obtain the catalyst’s ORR activity, the following corrections 

are applied to the measured data: the voltage is corrected for the i) iR-drop and ii) the  

 

Figure 23. a) Differential-flow polarization curves using 2000 nccm / 5000 nccm of H2/O2 on anode / 
cathode at 170 kPaabs, 100% RH and 80°C for a cathode loading of the Pt/C catalyst is 0.4 mgPt cm-2 
(TEC10V50E, Tanaka Kikinzoku Kogyo K.K., Japan, black curve) and 0.1 mgPt cm-2 (TEC10V20E, 
Tanaka Kikinzoku Kogyo K.K., Japan, blue curve). The anode loading is 0.1 mgPt cm-2 in both cases and 
the I/C ratio is 0.65 gI gC

-1 on anode and cathode, using a PFSA-based ionomer and membrane (15 µm). 
The GDL and MPL (H14C7, Freudenberg KG, Germany) are the same on both sides, assembled at a 
compression of 20%. The MEA size is 5 cm2 and the flow fields have 7 channels with 0.5 mm lands and 
channels in serpentine arrangement (c.f., Figure 22a). b) Fully corrected polarization curve according to 
the procedure described below, normalizing the current to the surface area of Pt. The resulting Tafel 
slopes (dotted lines) are ≈70 mV dec-1 and ≈73 mV dec-1 for the 0.4 and 0.1 mgPt cm-2 loadings, respec-
tively. 
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effective proton conduction resistance in the cathode. The current is adjusted by the iii) 

H2 crossover and iv) the electrical short current. Finally, the potential is plotted vs. the 

surface area normalized current in a logarithmic scale to obtain the so-called Tafel plot, 

shown in Figure 23b). The Tafel slope is commonly evaluated between ≈50 and 

≈500 mA cm-2, where the H2 crossover and electrical short currents are not significant 

fractions of the measured current. At the same time, high current densities are avoided, 

so that O2 mass-transport related overpotentials do not play a role. However, very low 

cathode Pt loadings or deteriorated electrodes may require a shift of the fitting range to 

lower geometric current densities. The ORR activity of the cathode catalyst can be ex-

tracted from the fitted line in Figure 23b as the current at 0.9 V (ispec
 0.9V). The ECSA of the 

used catalyst can be derived from Hupd measurements or by the CO stripping procedure, 

analogous to the evaluation presented in section 2.2. All correction factors and the 

measurement procedures to obtain the values are described in the following. 

Hydrogen Crossover and Electrical Short Current.―During operation, H2 can cross 

over from the anode compartment through the membrane to the cathode compartment, 

where it is oxidized at the applied potential in a H2/O2 polarization curve. Hence, the 

measured current is lower compared to the actual ORR current due to its superposition 

with the HOR current, 𝑖H2, on the cathode. Additionally, a current, ishort, can pass 

through the membrane due to its finite electrical conductivity and the voltage difference 

between the two electrodes. Since both of these features are not driven by kinetics, the 

measured current, i, needs to be corrected according to Equation [34] to obtain the cor-

rected current, icorr. 

𝑖corr = 𝑖 + 𝑖H2 + 𝑖short [34] 

To determine the H2 crossover current, H2/N2 are supplied to anode / cathode while oth-

erwise maintaining the same conditions (cell temperature, RH, gas pressure) that are 

used to record the polarization curve. Subsequently, the cell voltage is increased in sev-

eral chronoamperometric steps to record the steady state current after 2 min, as shown 

in Figure 24. Before execution of this measurement, the cathode gas line system needs 

to be free of residual O2, since even small ORR currents disturb the measurement. 

Hence, a cathode purge procedure is commonly applied prior to testing. As shown in  
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Figure 24. Measurement to determine the H2 crossover and the electrical short current in H2/N2 at 
150 nccm / 600 nccm, 100% RH, 80°C and 170 kPaabs for a cathode loading of the Pt/C catalyst of 
0.4 mgPt cm-2 (TEC10V50E, Tanaka Kikinzoku Kogyo K.K., Japan, black curve). The anode loading is 
0.1 mgPt cm-2 and the I/C ratio is 0.65 gI gC

-1 on anode and cathode, using a PFSA-based ionomer and 
membrane (15 µm). The GDL and MPL (H14C7, Freudenberg KG, Germany) are the same on both sides 
assembled at a compression of 20%. The MEA size is 5 cm2 and the flow fields have 7 channels with 
0.5 mm lands and channels in serpentine arrangement (c.f., Figure 22a). The extracted H2 crossover cur-
rent density in this measurement is 5.9 mA cm-2 and Rshort = 200 Ω cm2, respectively. 

Figure 24, a linear dependency of current and voltage is found in this measurement, 

where the y-axis intersect represents the H2 crossover current (red circle) and the elec-

trical resistance, Rshort, is the inverse of the slope of the line. The shorting current at each 

applied current density of the polarization curve is calculated by dividing the measured 

cell voltage by the electrical resistance. 

HFR Determination by EIS.―As mentioned before, the measured voltage, E, needs to 

be corrected for the ohmic drop of the cell (i ∙RHFR) according to the following equation. 

ERHFR-free = E + i  ∙ RHFR [35] 

The resistance can be easily analyzed by galvanostatic electrochemical impedance spec-

troscopy (GEIS) during the polarization curve (Figure 25a), adjusting the AC amplitude 

to 10% of the applied DC current of the load bank with a maximum of 3 A and a mini-

mum of 0.1 A (defined by the limits of the potentiostat, Reference3000, Gamry Instru-

ments, USA). The high frequency resistance, RHFR, which mainly represents the mem-

brane resistance and the electrical contact resistance between the flow fields, the GDLs,  
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Figure 25. a) Nyquist plot for a GEIS measurement recorded between 100 kHz and 10 Hz at 80°C, 
170 kPaabs, 100% RH, applying 2000 nccm / 5000 nccm H2/O2 on anode / cathode employing a cathode 
loading of the Pt/C catalyst of 0.4 mgPt cm-2 (TEC10V50E, Tanaka Kikinzoku Kogyo K.K., Japan, black 
curve). The anode loading is 0.1 mgPt cm-2 and the I/C ratio is 0.65 gI gC

-1 on anode and cathode, using a 
PFSA-based ionomer and membrane (15 µm). The GDL and MPL (H14C7, Freudenberg KG, Germany) 
are the same on both sides assembled at a compression of 20%. The MEA size is 5 cm2 and the flow 
fields have 7 channels with 0.5 mm lands and channels in serpentine arrangement (c.f., Figure 22a). The 
DC current was 50 mA cm-2 (brown), 1 A cm-2 (green) and 2 A cm-2 (orange), while the AC current am-
plitude was 5, 100 and 200 mA cm-2, respectively. b) Zoom-in to determine the HFR as the x-axis inter-
sect of the impedance curve. 

and the catalyst layers, is determined as the x-axis intersect of the high frequency 

branch in a Nyquist plot (red circles in Figure 25b). The HFR is recorded at each ap-

plied current density of the polarization curve to evaluate changes with respect to the 

degree of membrane humidification (e.g., lower water content due to heating at high i) 

and to allow for a precise correction of the measured data.  

Proton Conduction Resistance in the Cathode.―The voltage loss due to proton 

transport within the electrode has to be taken into account by correcting for the effective 

proton conduction resistance in the cathode. Note that proton conduction in the anode is 

often neglected due to the fast HOR kinetics, hence a short proton conduction path in 

the anode. 

𝐸�𝑅𝐻𝐻𝑅+𝑅H+,cath
eff �−free = 𝐸𝑅𝐻𝐻𝑅−free + 𝑖 ∙ 𝑅H+,cath

eff  
[36] 

In this, the effective proton conduction resistance, 𝑅H+,cath
eff , is defined by the average 

proton conduction resistance in the cathode, 𝑅H+,cath, and a correction factor, 𝜁, that 
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depends on the current density, on 𝑅H+,cath and on the Tafel slope of the reaction (for a 

more detailed explanation, the reader is referred to Neyerlin et al.).121 

𝑅H+,cath
eff =

𝑅H+,cath

3 + 𝜁
 [37] 

The proton conduction resistance can be determined by potentiostatic electrochemical 

impedance spectroscopy (PEIS) in H2/N2 on anode / cathode, assuming a transmission 

line model to fit the resulting Nyquist plots shown in Figure 26a for different RH val-

ues.122  

Typically, intermediate humidification yields the most reliable results for data fitting, 

since the individual regimes are well-separated from each other. Therefore, the data 

evaluation is shown exemplarily in Figure 26b for the measurement at 70% RH. The 

most accurate way is to fit the data to the equivalent circuit with a suitable software 

(e.g., EC-Lab), whereas the data in Figure 26b are only fitted linearly in the high- and 

low frequency branch. The x-axis intersect of the resulting fitting lines can be used to  

 

Figure 26. a) Nyquist plot for a PEIS measurement recorded between 500 kHz and 200 mHz at 0.2 Vcell 
with a peak-to-peak perturbation of 3.5 mV at 80°C, 100% (black), 70% (blue), 50% (green) and 30% RH 
(pink), while maintaining constant gas partial pressure (i.e., at cell pressures of 270, 255, 246, and 236 
kPaabs, respectively). The gas flow is 1000 nccm / 1000 nccm H2/N2 on anode / cathode employing a 
cathode loading of the Pt/C catalyst of 0.4 mgPt cm-2 (TEC10V50E, Tanaka Kikinzoku Kogyo K.K., Japan, 
black curve). The anode loading is 0.1 mgPt cm-2 and the I/C ratio is 0.65 gI gC

-1 on anode and cathode, 
using a PFSA-based ionomer and membrane (15 µm). The GDL and MPL (H14C7, Freudenberg KG, 
Germany) are the same on both sides, assembled at a compression of 20%. The MEA size is 5 cm2 and 
the flow fields have 7 channels with 0.5 mm lands and channels in serpentine arrangement (c.f., Figure 
22a). b) Evaluation procedure to obtain the proton conduction resistance in the cathode by fitting of the 
impedance data, shown for the measurement at 70% RH. 
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determine the proton sheet resistance, as shown in the graph. Clearly, the H2/O2 polari-

zation curve data has to be corrected by the proton conduction resistance determined at 

the same humidification. 

O2 mass-transport resistance.―In addition to the losses in the H2/O2 polarization 

curve, an O2 mass-transport overpotential arises in H2/air polarization curves. This loss 

can be quantified by limiting current measurements according to the method described 

by Baker et al.123 For the experiment, a high, differential-flow of O2 in N2 is applied to 

the cathode, varying the O2 content and measuring the maximum current at low cell 

voltage, shown in Figure 27a at a pressure of 170 kPaabs. At these conditions, the O2 

concentration in the cathode drops to zero, hence an increase of the applied cathode 

overpotential (i.e., a lower cell voltage) does not yield a higher current density. The O2 

mass-transport resistance, RO2
total, can subsequently be extracted from the measured limit-

ing current, ilim, at each O2 concentration, cO2, (c.f., Figure 27b) according to Equation 

[38].  

𝑅O2
total =

4 ∙ 𝐹
𝑖lim

∙ 𝑐O2
 [38] 

Measuring the transport resistance as a function of pressure (Figure 27b) enables a dis-

tinction of the pressure dependent, RO2
 PD, and the pressure independent fraction, RO2

 PI , of 

the total O2 mass-transport resistance, as there is a linear dependency of the applied 

pressure and RO2
total (Figure 27c). 

For the analysis, the averaged values of RO2
total (Figure 27) are fitted vs. the pressure and 

extrapolated to obtain the y-axis intersect at p = 0 kPa (y = 0.17 s cm-1) and the slope of 

the fitted line (0.003 s cm-1 kPa-1). The pressure independent resistance can be obtained 

according to Equation [39],123 and amounts to 𝑅O2
PI  = 0.32 s cm-1 for the measurement 

shown in Figure 27. 

𝑅O2
PI = y − slope ∙ 𝑝𝐻2𝑂 ∙ �

𝐷𝑂𝑂
𝐷𝑂𝑂

− 1� + 𝐵𝑐ℎ
2 ∙ 𝑁 ∙ 𝐿 ∙ 𝑑

�̇�dry
∙ �

273
𝑇 � ∙

𝑝𝐻2𝑂
𝑝𝑎

𝐷𝑂𝑂
𝐷𝑂𝑂

 [39] 

In this, 𝑝𝐻2𝑂 is the partial pressure of water in the cell (47.4 kPa at 100% RH and 80°C), 
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Figure 27. a) Limiting current measurement recorded at 80°C, 100% RH, 170 kPaabs, applying 
2000 nccm / 5000 nccm H2/O2 in N2 (4%, 8%, 12%, 16%, 21%, 24%, respectively; colour coded) on 
anode / cathode at a cathode loading of the Pt/C catalyst of 0.4 mgPt cm-2 (TEC10V50E, Tanaka Kikinzo-
ku Kogyo K.K., Japan, black curve). The anode loading is 0.1 mgPt cm-2 and the I/C ratio is 0.65 gI gC

-1 on 
anode and cathode, using a PFSA-based ionomer and membrane (15 µm). The GDL and MPL (H14C7, 
Freudenberg KG, Germany) are the same on both sides assembled at a compression of 20%. The MEA 
size is 5 cm2 and the flow fields have 7 channels with 0.5 mm lands and channels in serpentine arrange-
ment (c.f., Figure 22a). b) Extracted total O2 mass transport resistance versus measured limiting current 
collected at different pressures (170, 270, 350, 500 kPaabs; symbol style coded). c) Average of the O2 
mass-transport resistance at each examined pressure as a function of the absolute pressure derived from 
the data shown in b). 

DON (1.7 ∙ 10-5 m2 s-1 at 170 kPaabs) and DOW (2.2 ∙ 10-5 m2 s-1 at 170 kPaabs) are the bi-

nary diffusion coefficients of O2 relative to N2 and water vapor, respectively, Bch is a 

dimensionless coefficient that represents the flow rate dependent part of the channel 

transport resistance (1.01), N is the number of parallel channels in the flow field (7 in 

our case), L and d are the length (68.13 mm) and the depth (0.8 mm) of the channels in 

the flow field, �̇�dry is the total dry gas flow rate at standard temperature and pressure 

(5000 nccm), T is the temperature (80°C), and pa is the atmospheric pressure 

(101.3 kPa). 

In contrast to the pressure dependent O2 transport processes in the GDL, the pressure 

independent resistance is related to Knudsen diffusion in small pores, i.e., in the catalyst 

layer, or to O2 diffusion through liquid water or through an ionomer film. Finally, the 

O2 mass-transport overpotential, 𝜂O2, is calculated according to Equation [40].124 

𝜂O2 =
𝑅 ∙ 𝑇
𝐹

∙ �
1
4

+
γ
𝛼�

∙
𝑝𝑂2 −

𝑅 ∙ 𝑇
4 ∙ 𝐹 ∙ 𝑅O2

total ∙ 𝑖
𝑝𝑂2

 [40] 
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In this, 𝑝𝑂2 is the partial pressure of O2 in the feed gas, γ is the reaction order of the 

ORR with respect to 𝑝𝑂2 (0.54) and α is the transfer coefficient (1.0).125  
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Voltage loss analysis.―In order to analyze the measured H2/air performance curve with 

respect to all known loss terms, a full voltage loss analysis is carried out, recovering the 

so-called unassigned losses Runassigned. For this, the reversible cell voltage is calculated 

according to Equation [7] and the individual loss terms (determined according to the 

procedures described above) are subsequently subtracted from it to reveal the difference 

between the projected and the measured performance. 

𝐸unassigned = 𝐸rev − 𝜂ORR − 𝑖 ∙ 𝑅𝐻𝐹𝑅 − 𝑅H+ cath
eff − 𝜂O2 − 𝐸cell [41] 

The individual loss terms are i) the ORR overpotential, ηORR (red area in Figure 6), de-

rived from the ORR activity (Figure 23), ii) the iR-drop, measured by EIS (Figure 25). 

For a known contact resistance (Rcontact ≈ 15 mΩ cm2 in the setup described here), the 

RHFR can be separated into the two major components, Rcontact (blue area in Figure 6) and 

Rmembrane (green area in Figure 6). Furthermore, iii) the effective proton conduction re-

sistance in the cathode, 𝑅H+,cath
eff , (turquoise area in Figure 6) and the iv) total O2 mass-

transport resistance, 𝑅O2
total, (pink area in Figure 6). As shown by Harzer et al., the re-

sulting unassigned loss term (Runassigned, grey area in Figure 6) is significantly higher for 

low cathode rf values.58 
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2.3.4. H2 Pump Measurements in PEMFCs 
This section provides an overview of the procedure used for H2 pump measurements, 

where both sides of the fuel cell are supplied with H2, which is oxidized in the anodic 

reaction (HOR) according to Equation [42]. The protons travel through the ionomer 

phase to the other electrode where they are reduced to H2 in the cathodic reverse reac-

tion (HER) as shown in Equation [43]. 

H2 → 2H+ + 2e− [42] 

2H+ + 2e− → H2 [43] 

Amongst others, this technique is used to i) evaluate the HOR/HER exchange current 

density of different catalysts57,94,126,127 and ii) to determine the anode contribution to the 

overpotential during H2/air operation of the fuel cell.68,128 The measurement procedure 

to determine the HOR/HER exchange current density is described in more detail in the 

following, including the use of dilute H2 to reveal mass-transport issues. 

An MEA with a high loaded counter electrode (e.g., 0.4 mgPt cm-2 with a 50%wt. Pt/C 

catalyst) and a super-low loading working electrode (on the order of ≈2-3 µgPt cm-2 with 

a 5%wt. Pt/C catalyst) is prepared and assembled according to the procedure discussed in 

the previous sections. The difference in electrode loading reduces the overpotential con-

tribution of the counter electrode to the total cell voltage compared to that of the work-

ing electrode in order to obtain a sufficient measurement precision. Since weighing the 

decal before and after the transfer by hot pressing has a limited accuracy to determine 

low Pt loadings, the ECSA of the working electrode catalyst is evaluated prior to any 

kinetic measurements. However, the most common method for the evaluation of the 

ECSA, i.e., using the Hupd features in a CV, becomes increasingly erroneous at low rf 

values, caused by the superposition of the H2 evolution currents. Hence, the CO strip-

ping procedure (similar to that described in section 2.2.2 for RDE) is used to estimate 

the Pt surface area of the working electrode. Prior to CO stripping, the catalyst layer 

should be activated to clean the surface and ensure reliable results (e.g., by 20 CV cy-

cles between 0.1 and 1.0 VRHE at 200 mV s-1). If the obtained value for the low loaded 

electrode is not within an acceptable range (±10%) compared to the ECSA of the same 

catalyst at higher loading, the MEA has to be discarded. Due to the very severe poison-
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ing of many noble metals by CO at low potentials (especially Pt), the CO strip and the 

H2 pump measurement have to be carried out on different fuel cell test stations, as this is 

a way to ensure that no measurement errors related to the intrusion of CO into the H2 

gas feed are present. 

Directing H2 to the cathode side of the fuel cell is a safety concern, since improper op-

eration can lead to the formation of explosive mixtures with O2 residues in the humidi-

fier or gas lines. Therefore, H2 is only allowed to be directed into the cell when the air 

supply of the test station is physically closed and the entire gas line and humidifier sys-

tems are free of O2. To switch from regular operation (air, O2, N2 or 5% H2 in Ar on the 

cathode side and H2 or N2 on the anode) to H2 pump operation (H2 or N2 on both sides), 

a semi-automatic purging procedure can be used. First of all, O2 at a high flow (e.g., 

2000 nccm) is supplied to the cathode and the O2 supply valve is closed, resulting in a 

drop of the gas line pressure until ambient pressure is reached and no gas flows through 

the cell anymore. Thereafter, the N2 valve connected to the O2 supply line is opened, 

purging for 5 min with inert gas and ensuring the removal of O2. The N2 supply in the 

former O2 line remains open throughout the entire measurement phase, leaving no pos-

sibility for an introduction of O2 into the humidifier / cell. The procedure is repeated 

with the air supply line in the same manner to remove all possible O2 sources. Subse-

quently, the entire gas line system is purged with N2. Finally, the 5% H2 in Ar supply 

valve can be closed, opening the pure H2 gas for this line. To prevent any misunder-

standing with other users of the test station, the regular O2 operation mode has to be 

reinstalled after completion of the measurement by closing the pure H2 supply line 

while a H2 flow is applied until the line pressure drops and the 5% H2 in Ar can be 

opened again. Furthermore, the cathode has to be purged well with inert gas and the N2 

valves on the O2 and air lines have to be closed to switch back to O2 and air, respective-

ly. 

For the H2 pump measurement, 2000 nccm of H2 (for a 5 cm2 active area) are directed 

to each side of the MEA. The high flow ensures that gas phase mass transport limita-

tions are avoided and the use of the 7 channel flow field (Figure 22a) guarantees a low 

pressure drop for the applied conditions. Homogeneous humidification of the MEA can 

be achieved by choosing a high relative humidity of the supply gas (e.g., 90 – 100% 
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RH), also limiting the influence of the electroosmotic drag during the current applica-

tion. For measurements in dilute H2, the working electrode gas is mixed with N2 to the 

desired concentration while the counter electrode is supplied with pure H2. The resulting 

Nernst shift of the HOR/HER equilibrium potential on the WE can be calculated ac-

cording to Equation [44] and is corrected for in the data treatment.  

𝐸 = 𝐸0
HOR/HER +

𝑅𝑇
2𝐹

∙ ln�
𝑝H2
ref

𝑝H2
� [44] 

The HFR, which is used to correct the potential for the iR-drop, is determined either at 

each applied current density or voltage (for steady state measurements) or at several 

voltage points after recording a potential sweep. In order to verify the stability of the 

working electrode during the H2 pump measurements, another CO strip should be rec-

orded at the end of test. The data analysis to obtain the HOR/HER exchange current 

density from the H2 pump measurement is analogous to that in RDE experiments (c.f., 

section 2.2), whereas the voltage is solely corrected for the iR-drop and the current is 

only normalized to the loading of the working electrode. Finally, fitting the micro-

polarization region (η ≤ 5 mV) to Equation [32] or the entire polarization curve (over a 

minimum voltage range corresponding to one TS value) to the Butler-Volmer equation 

([31]) yields the desired parameters. 
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2.3.5. Low Temperature Fuel Cell Testing 
The goal of the procedure described in this section is the determination of the mem-

brane conductivity at temperatures below the freezing point of water at a defined mem-

brane water content (λ value given in molH2O mol
SO3

-
-1 ). Whereas the temperature control 

in the common fuel cell testing setup (Figure 21) is based on a rod heater and air venti-

lation, the cell used for freeze measurements employs a liquid cooling / heating system. 

The temperature regulation is achieved by a temperature control unit (FP50-HL, Julabo 

GmbH, Germany) in combination with a thermocouple that is directly placed into the 

flow field of the cell hardware. A 1:1 volume mixture of ethylene glycol and water is 

used as cooling fluid due to its low freezing (< -35°C) and high boiling point (> 110°C). 

The 50 cm2 cells are assembled as described in section 2.3.2 and the setup can be used 

with both, AEMFCs and PEMFCs. When the temperature is lowered, ambient humidity 

condenses on the cell, leading to a less efficient cooling process and a higher minimum 

temperature of the system. Therefore, the entire cell is wrapped in a plastic bag after 

assembly and the interior has been continuously purged with a gentle stream of dry air. 

All openings of the bag should be closed as good as possible (e.g., with a zip tie), leav-

ing only the necessary connections (cables, sensors) to the devices free. 

Since RH control in the cell environment by dew point regulation of the inlet gas stream 

is not trivial at temperatures below the freezing point of water, the MEA is equilibrated 

in a humidified (between 20 and 100% RH) N2 gas stream (500 nccm on each side) at 

50°C and 150 kPaabs for 70 min. Thereafter, the cell is purged for 75 s with 50 nccm dry 

N2 on each side to remove humidified gas from the void volume inside the cell. The 

delay time between changing the gas stream until it reaches the cell flow field can, e.g., 

be evaluated by a mass spectrometer and is considered individually for each side. Right 

after completion of the dry gas purge, the gas stream is interrupted and the cell is closed 

with valves at the cell in- and outlets to initiate the cooling process. The valves are used 

to limit the dead volume before and after the cell and to avoid any interference with 

purge procedures in the fuel cell test station. After the minimum temperature is reached 

(≈-20°C), the cell is heated up in a thaw cycle to 50°C. Recording the HFR while know-

ing the contact resistance reveals the membrane conductivity.  



2 Experimental Methods 
 

 
86  

  

2.4. Physical / Chemical Characterization Methods 
SEM/EDX.―Scanning electron microscopy images are taken on a Jeol SEM (JCM-

6000PKUS NeoScope, Jeol GmbH, Germany), where the sample is mounted on a sam-

ple holder with conductive carbon tape (powders are dropped directly on the tape). En-

ergy dispersive X-ray (EDX) spectra are taken in backscattering mode. 

TEM.―Transmission electron microscopy images are taken from samples on TEM 

grids (Formvar-supported carbon coated Cu400, Science Services GmbH, Germany). To 

deposit the catalyst on the grid, it is dispersed in a small amount of ultrapure water 

(≈1 mL) by sonication and subsequently dropped on the grid with a pipette. Images are 

typically recorded at 100 kV with a Philips machine (CM100 EM, Royal Philips AG, 

Netherlands). 

XRD.―X-ray diffractograms are recorded in transmission mode on a Stadi P machine 

(Stoe & Cie GmbH, Germany) using Ge(111) monochromatized Cu Kα1 radiation 

(λ = 1.54059 Å, 50 kV, 30 mA) and an areal detector (Mythen 1 K, Dectris Ltd., Swit-

zerland). The samples are homogenized in a mortar and filled into glass capillaries (0.5 

mm outer diameter, Hilgenberg GmbH, Germany). A calibration with Si is carried out 

prior to every measurement to account for slight shifts of the °2θ value.  

TGA.―Thermogravimetric analysis (TGA) is carried out on a TGA / DSC 1 instrument 

coupled with a mass spectrometer for exhaust gas analysis (GC 200, Mettler Toledo 

Corp., Switzerland). The analysis chamber of the TGA is continuously purged with 

20 mL min-1 and an additional gas flow of O2, air, 5% H2 in Ar, or Ar. The gas compo-

sition, as well as the heating rate can be defined in an automated procedure and a blank 

is recorded prior to the first experiment, where the same type of crucible, e.g., 70 µL 

sapphire with lid (THEPRO GbR, Germany), is used without a sample. 

Elemental Analysis.―The elemental composition of various catalysts can be analyzed 

by the central analytical laboratory of the catalysis research center of the chemistry de-

partment at the Technical University of Munich. The elements C, H, N, S are simulta-
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neously detected (EURO EA analyzer, HEKAtech GmbH, Germany), while Pt needs to 

be quantified photometrically (UV 160, Shimadzu K.K., Japan).  
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3. Published Work 
The articles comprising this thesis were published in the peer-reviewed Journal of The 

Electrochemical Society or will be submitted to it in the near future. The first two publi-

cations presented here focus on electrocatalysis in alkaline electrolyte and on mem-

branes for AEMFCs, starting with a fundamental study on the HOR mechanism on bi-

metallic Pt-Ru catalysts (see section 3.1.1). Main goal of the study is to identify whether 

hydroxide species on Ru participate directly in the removal of adsorbed hydrogen spe-

cies on Pt during HOR. In the second manuscript (see section 3.1.2), AEMFC single 

cells are prepared from commercially available materials and used to evaluate the con-

ductivity of a state-of-the-art AEM (Tokuyama A201) below the freezing point of wa-

ter.  

Transitioning from the alkaline to the acidic media, the next section focusses on the 

more established PEMFC system, in particular, the degradation of the catalyst layers 

under fuel cell relevant operating conditions. At first, the SUSD process, commonly 

known for severe cathode degradation, is investigated with regards to its impact on the 

anode catalyst layer (see section 3.2.1). The manuscript includes the development of a 

voltage cycling based AST to simulate anode ageing while maintaining the cathode un-

altered in order to determine the anode overpotential by H2 pump measurements in pure 

and dilute H2. Maintaining the focus of the thesis on degradation phenomena, the subse-

quent publication deals with the stability of the cathode catalyst layer during PEMFC 

operation, taking a closer look at the effect of the cathode loading and the impact of 

different AST protocols on the most relevant voltage loss contributions in H2/air PEM-

FCs, especially the evaluation of the O2 mass transport (see section 3.2.2). To comple-

ment, one of the thus developed voltage cycling ASTs is applied to an in-house pre-

pared PtxY/C catalyst in the subsequently described manuscript (see section 3.2.3). The 

synthesis method is based on a high temperature treatment in reductive atmosphere, 

which can be used as a roadmap for Pt alloy catalysts with other rare earth elements. 

Finally, a manuscript is provided (see section 3.3.1) that is concerned with the electro-

deposition of Pt on Sn from liquid electrolyte with the aim to be used as a model system 

for the generation of Pt on non-noble metal support materials. Special attention in this 

manuscript is dedicated to the role of Sn surface oxide species. 
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3.1. Research on AEMFCs – HOR catalysis and membrane con-

ductivity 

3.1.1. Origin of Superior HOR/HER Activity of Bimetallic Pt-Ru Catalysts 

in Alkaline Media Identified via Ru@Pt Core Shell Nanoparticles 
In this section, the journal article “Origin of Superior HOR/HER Activity of Bimetallic 

Pt-Ru Catalysts in Alkaline Media Identified via Ru@Pt Core Shell Nanoparticles” is 

presented.111 The article was published in March 2018 in the peer-reviewed Journal of 

The Electrochemical Society as an open access article distributed under the terms of the 

Creative Commons Attribution 4.0 License, permitting unrestricted reuse of the work in 

any medium, provided the original work is properly cited. The permanent web link to 

this article is https://doi.org/10.1149/2.0791805jes. The paper was presented by Jan N. 

Schwämmlein at the 230th ECS Meeting (PRiME 2016) in Honolulu, Hawaii (abstract 

#2779), including the publication of a conference proceedings paper in the associated 

journal (ECS Transactions) named “Origin of Superior Activity of Ru@Pt Core-Shell 

Nanoparticles towards Hydrogen Oxidation in Alkaline Media”,129 which can be re-

trieved at the permanent web link https://doi.org/10.1149/07514.0971ecst. 

Short summary.―A topic of ongoing discussion regarding the HOR in alkaline media 

is the origin of the high exchange current density of bimetallic alloys (e.g., Pt-Ru) in 

alkaline media103,130–135 compared to the corresponding monometallic catalysts.101,102,127 

Some researchers argued that the HOR in acidic and alkaline media is based on differ-

ent reaction mechanisms, requiring hydroxide species to remove the reaction intermedi-

ate Pt-Hads in alkaline media.103 However, surface oxidation in the potential region of 

interest (0 mVRHE ± ≈100 mV) does not occur on Pt.136,137 In contrast, the surface of Ru 

is oxidized at significantly less anodic potentials. In this view, Strmcnik et al. hypothe-

sized that Ru actively supplies hydroxide species to Pt during the HOR.103 Other re-

searchers pointed to varied electronic properties of Pt in the vicinity of Ru, while Ru 

was considered mostly inactive due to its oxidized surface.105 Different hypothesis exist 

to underline this hypothesis, such as a shift of the Pt d-band center138 and an associated 

lowering of the Pt-Hads BE105 or a change of the orientation of water104 or protons139 in 

the vicinity of the catalytic surface.  
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The study presented here aims to prove / disprove, the active participation of Ru sites in 

the catalytic process, i.e., support or eliminate the theory of a bifunctional mechanism. 

To distinguish between a bifunctional mechanism and an electronic effect, Ru@Pt core-

shell nanoparticles with either partial Pt coverage, or fully Pt encapsulated Ru nanopar-

ticles are prepared. First of all, TEM images show an increasing average particle size 

when depositing higher quantities of Pt on the Ru core. Furthermore, high resolution 

TEM qualitatively proves the existence of a core-shell structure on the analyzed parti-

cles. The images are supported by EDS line scans of individual particles featuring a 

submonolayer Pt shell or a fully Pt encapsulated Ru core. The exposure of Ru on the 

surface of Ru@Pt core-shell nanoparticles is also probed electrochemically by recording 

CVs in sulfuric acid, where the appearance of a cathodic peak is used as an indicator for 

Ru oxide species. As a result, surface Ru species are found in submonolayer Ru@Pt 

samples, while Ru is not exposed in samples with a thicker Pt shell. Furthermore, two 

different Pt species are identified by CO stripping, representing the first and subsequent 

Pt layers on the Ru core according to a method developed by El Sawy et al.140 After 

identification of the HOR/HER transfer coefficient of one of the Ru@Pt core-shell cata-

lysts, the activity of all samples is determined by a linear fit in the micro-polarization 

region of polarization curves recorded in H2-saturated solution. In this, Ru particles with 

submonolayer Pt coverage show a significantly lower surface area normalized exchange 

current density compared to fully Pt covered core-shell nanoparticles. This clearly indi-

cates that the participation of Ru sites on the surface of the particle is not necessary to 

achieve a high HOR activity, thereby rendering an electronic effect more plausible than 

a bifunctional mechanism. It shall be mentioned again at this point that no conclusion 

on the actual origin of the electronic effect (i.e., variation of the Pt-Hads BE versus inter-

facial orientation of water or protons) can be drawn from the presented data. 

Author contributions.―Ru@Pt catalysts were prepared by H.E.S. and B.M.S. Electro-

chemical tests and data analysis were carried out by J.N.S. and B.M.S. TEM images 

were taken by H.E.S. with the help of K.W. and H.D., while high resolution TEM imag-

es were provided by V.T. All authors discussed the results of the study and reviewed the 

manuscript that was written by J.N.S. 
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3.1.2. Through-Plane Conductivity of Anion Exchange Membranes at Sub-

Freezing Temperatures – Hydroxide vs. (Bi–)Carbonate Ions 
The following section presents the manuscript “Through-Plane Conductivity of Anion 

Exchange Membranes at Sub-Freezing Temperatures – Hydroxide vs. (Bi–)Carbonate 

Ions”, which will be submitted to the peer-reviewed Journal of The Electrochemical 

Society in the near future.  

Short summary.―AEMFC single cell tests are used to evaluate the suitability of a 

state-of-the-art AEM for operation at sub-zero temperatures and to compare its conduc-

tivity to the more commonly used PEMs. AEMs suffer from the lower ionic mobility of 

hydroxide ions compared to protons.106 Additionally, they are susceptible to the dis-

placement of hydroxide by carbonate and bicarbonate ions upon exposure to ambient air 

in a neutralization reaction of OH- anions with CO2, significantly decreasing the overall 

conductivity.110 This study aims to determine the conductivity of a commercially avail-

able AEM between -20°C and 50°C as a function of the conducting species (hydroxide 

vs. (bi–)carbonate) and the RH. 

First of all, an experimental setup is developed and verified with a commonly used per-

fluorinated membrane (Nafion 212) to enable reliable conductivity measurements below 

the freezing point of water at a defined membrane water content. In this, the MEA is 

equilibrated at the desired RH at 50°C in N2 atmosphere, the humidified gas is removed 

by a dry purge and the cell is closed. The HFR is measured by GEIS while the cell tem-

perature decreases, followed by a thaw-cycle to ensure that the membrane water content 

remains unaltered. The membrane conductivity is extracted by subtraction of the contact 

resistance from the HFR. For this, the electrical resistance of the cell setup is measured 

as a function of the applied pressure in an ex-situ experiment. The same approach is 

then applied to MEAs with a hydrocarbon based PEM and an alkaline Tokuyama A201 

membrane. AEMFCs are converted to the hydroxide form by applying a low cell volt-

age in H2/O2 and transferred to (bi–)carbonate form by exposure to ambient air.141  

As a result of this study, both, the hydrocarbon based membrane and the alkaline mem-

brane show inferior conductivity compared to Nafion at all conditions. The lower con-

ductivity of the hydrocarbon membrane with sulfonic acid based cation exchange 
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groups is mainly related to the lower degree of phase separation between hydrophilic 

and hydrophobic domains. The AEM provides an approximately three times lower con-

ductivity compared to Nafion, partially originating from the lower ionic mobility of the 

hydroxide ion and partially from the not yet well-optimized membrane structure. When 

converted to the (bi–)carbonate form, the conductivity of the AEM decreases signifi-

cantly, mainly originating from the low mobility of the (bi–)carbonate ions. This differ-

ence is most pronounced at low RH, where the (bi–)carbonate form provides a very poor 

conductivity, while a certain fraction of the conductivity can be retained in hydroxide 

form. This is related to the bulky carbonate and bicarbonate ions, which require a well-

connected network of hydrophilic conduction channels to be mobile within the ionomer 

phase. At lower temperatures, the conductivity of all membranes decreases significant-

ly, and we conclude that large voltage losses are expected for freeze start-up of 

AEMFCs with current membranes, even for intermediate humidification of the AEM in 

its hydroxide form. This would be especially challenging for systems previously ex-

posed to ambient air, where (bi–)carbonate is present within the membrane and a freeze 

start-up of the AEMFC system may be difficult due to excessive ion conduction losses. 

In addition to these findings, an Arrhenius analysis shows that the activation energy for 

the conduction of hydroxide ions in AEMs increases significantly below the freezing 

point of water, which is similar to the observations made for protons in PEMs. Further-

more, higher activation energies are found at low RH, ascribed to the partial loss of the 

hydrophilic network. When transferred to the (bi–)carbonate form, ion conduction in 

AEMs generally shows higher activation energies and the absence of a change of slope 

when transitioning below the freezing point of water. We hypothesize that the missing 

transition originates from the more demanding nature of the (bi–)carbonate ions for a 

well-connected hydrophilic network, hence a more dominant vehicular transport under 

these conditions. 

Author contributions.―M.E., T.M. and J.N.S. developed the setup for the measure-

ments. L.B. prepared the hydrocarbon membrane, while N.L.T.P. and J.N.S. performed 

the measurements and analyzed the data. The manuscript was written by J.N.S. and was 

reviewed by all authors.  
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Anion exchange membrane fuel cells (AEMFCs) are considered as potential future alternative for proton 
exchange membrane fuel cells (PEMFCs) due to their potential to not require platinum. However, many 
properties of alkaline ionomers/membranes are not yet well-characterized. The goal of this study is to 
evaluate the suitability of current AEMs for application in a wide range of operating conditions, especial-
ly at temperatures below the freezing point of water. For this, a method was developed to reversibly con-
vert the counter ion of the cationic group in the membrane electrode assembly (MEA) from (bi-)carbonate 
to hydroxide and vice versa. Subsequently, the through-plane membrane conductivity in an AEMFC was 
evaluated by electrochemical impedance spectroscopy at different temperatures (-20 to 50°C) and water 
contents, whereby the electrical resistance contribution (contact and through-plane) to the high frequency 
resistance of the cell was determined in an ex-situ experiment. The results obtained in this study were 
compared to a standard PEM (Nafion 212) and to a sulfonic acid based membrane with a hydrocarbon 
backbone. The here acquired conductivity data suggest that the conductivity of the evaluated anion ex-
change membrane, particularly in its (bi-)carbonate form, would be too low at sub-zero temperature to 
meet automotive freeze start requirements. 

 

For the envisaged transition to decarbonize the 
fuel cycle, H2 powered fuel cells are a promising 
candidate to play a major role, e.g., for automotive 
applications. Proton exchange membrane fuel 
cells (PEMFCs) are currently being rolled-out to 
the (mass) market by multiple car manufactur-
ers.1–3 However, a major hurdle for a widespread 
implementation of PEMFCs is their need for no-
ble metal catalysts to drive the hydrogen oxidation 
reaction (HOR) and the oxygen reduction reaction 
(ORR). While the high HOR kinetics enable ultra-
low Pt loadings in PEMFCs,4 the sluggish kinetics 
of the ORR on platinum or platinum alloy cata-
lysts,5,6 require the utilization of at least 
100 µgPt cm-2.7 In contrast to the acidic environ-
ment in PEMFCs, several more abundant and 
affordable metals, such as Ag8,9 or Ni,10 exhibit 
sufficient stability as well as ORR activity in 
alkaline media, therefore enabling a wider choice 
of cathode catalysts.11 On the other hand, the only 
sufficiently active catalysts for the HOR in alka-
line media are platinum and platinum group met-
als (PGMs), but their HOR kinetics are approxi-
mately two orders of magnitude lower in alkaline 
compared to acidic medium, so that ultra-low 
PGM loadings cannot be used in fuel cells based 
on alkaline electrolytes.12–16 Nevertheless, H2-
based fuel cells operating in alkaline media are an 

interesting technological concept and therefore a 
subject of frequent studies.17,18  
An increased interest in this technology was trig-
gered by the development of membranes carrying 
cationic groups to conduct hydroxide ions instead 
of protons, enabling the construction of alkaline 
fuel cells using anion exchange membranes 
(AEMs) instead of an aqueous alkaline electro-
lyte. A general overview on different AEM types 
was presented by Merle et al.,19 and the most 
recently developed materials are summarized by 
Gottesfeld et al.18 and Fan et al.20 Even though 
significant progress has been made to improve the 
properties of AEMs, their conductivity is still 
significantly lower compared to conventional 
PEMs,18 in part due to the roughly 2-fold lower 
mobility of hydroxide ions (20.6 ∙ 10-8 m2 s-1 V-1) 
compared to protons (36.2 ∙ 10-8 m2 s-1 V-1) in 
dilute aqueous solutions at 25°C.21 Especially 
when exposed to ambient air containing CO2, the 
ionic conductivity of anion exchange membranes 
decrease significantly upon the reaction of the 
hydroxide ions with CO2 to (bi-)carbonate,18,21–23 
consistent with the roughly 3-4 times lower mo-
bility of carbonate (7.5 ∙ 10-8 m2 s-1 V-1) and bicar-
bonate (4.6 ∙ 10-8 m2 s-1 V-1) ions compared to 
hydroxide ions. Up to now, the conductivity of 
alkaline membranes was subject of various studies 
with respect to the conducting species,23,24 the 
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relative humidity (RH)23,25 and the temperature22,24 
within the typical operating range of a fuel cell, 
especially focusing on temperatures between 60 – 
80°C. With respect to automotive applications, 
however, starting-up of the fuel cell system at 
ambient or sub-zero degree temperatures is im-
portant and was thoroughly studied for PEMs,26 
but to the best of our knowledge never looked into 
for AEMs.  
Hence, the focus of the present study is to evalu-
ate the conductivity of an anion exchange mem-
brane at sub-freezing conditions in both its hy-
droxide and its (bi-)carbonate form. To enable the 
exchange of the ionic group between hydroxide 
and (bi-)carbonate, a measurement methodology 
was developed where the membrane was hot-
pressed with two symmetrical electrodes based on 
Pt/C and assembled in a conventional single fuel 
cell testing setup consisting of the MEA, sand-
wiched between gas diffusion layers (GDLs), flow 
fields, and end plates. To change the water content 
of the membrane in a defined and reproducible 
manner, the MEAs were equilibrated at 50°C with 
gases humidified at different relative humidities. 
Subsequently, the wet gas atmosphere was re-
moved by a short purge (75 s) with dry gas, after 
which the cell was sealed and subjected to a 
freeze cycle down to ca. -15°C (starting at 50°C) 
followed by a thaw cycle (back up to 50°C). Dur-
ing these freeze/thaw cycles, the high frequency 
resistance (HFR) was measured; the membrane 
resistivity was determined by subtracting the 
ex-situ determined electronic resistance from the 
HFR and by dividing the resulting membrane 
resistance by the dry membrane thickness (mem-
brane conductivity is thus the reciprocal of this 
number). The removal of liquid water from the 
gas flow channels by a short purge (short enough 
to not significantly change the water content in the 
membrane) is crucial to avoid water condensation 
in the flow field channels and to obtain a defined 
water content in the membrane (as described in 
the Experimenal section). To validate the here 
described method to obtain low-temperature 
membrane conductivities for water contents de-
fined by equilibration at 50°C, the conductivity of 
a well-known PEM (Nafion 212) was evaluated 
between +50°C and -20°C, comparing the ob-
tained values with those reported in the literature. 
Subsequently, this measurement method was 
applied to a sulfonic acid based membrane with a 
hydrocarbon backbone (furtheron referred to as 
HC-PEM) as comparison and finally to a com-
mercially available AEM (Tokuyama A201) in 
both its hydroxide and (bi-)carbonate form. 
 
 

Experimental 
 

All potentials given in this manuscript refer to the 
measured voltage versus the counter/reference 
electrode (i.e., 100% H2 on a dry gas basis) if not 
otherwise stated. Pressures are given as absolute 
pressures, measured and controlled at the inlet of 
the fuel cell. All gasses were of high purity (grade 
5.0), supplied by Westfalen AG (Germany). Gas 
flows are given in nccm, referenced to 0°C at a 
pressure of 101.3 kPa. 
 
MEA preparation.― All fuel cell tests were exe-
cuted with 50 cm2 active-area MEAs, fabricated 
by the decal transfer method. PEM-based MEAs 
consisted of a standard Pt/C catalyst at a loading 
of 100 µgPt cm-2 on each side, and an ionomer to 
carbon (I/C) ratio of ≈1/1 gI ⋅ gC

-1, applying a 
standard Nafion ionomer. Details regarding hot 
pressing of PEM-based MEAs can be obtained 
from earlier publications (155°C, 0.11 kN cm-2, 
3 min).27,28 MEAs consisting of a Nafion 212 
membrane (50 µm thickness, 1.0 meq g-1, 
QuinTech e.K., Germany) and of the sulfonic acid 
based membrane with a hydrocarbon-based back-
bone (HC-PEM, 30 µm thickness, 1.6 –
 1.7 meq g-1) were prepared the same way.  
The preparation of the HC-PEM was based on the 
radiation grafting technique and involved three 
steps, viz., irradiation, grafting, and sulfonation. A 
25 µm thick ethylene-co-tetrafluoroethylene base 
film (ETFE, Tefzel LZ-100, Du Pont Corp., USA) 
was electron irradiated (2.5 MeV, Leoni AG, 
Switzerland) with a dose of 15 kGy and subse-
quently stored at -80°C until used. Grafting was 
carried out at a temperature of 55°C in a solution 
of 30%v monomer, 55%v isopropanol (technical, 
Merck Millipore KGaA, Germany), and 15%v 
ultrapure water (18.2 MΩ cm, Merck Millipore 
KGaA, Germany) for 24 hours. The monomer was 
a mixture of α-methylstyrene (99%, Sigma Al-
drich Corp., Germany) and acrylonitrile (≥ 99%, 
Sigma Aldrich Corp., Germany) with a molar ratio 
of 2.5 to 1.0. Sulfonation of the grafted films was 
carried out in a solution of 10%v chlorosulfonic 
acid (99%, Sigma Aldrich Corp., Germany) in 
dichloromethane (technical, Merck Millipore 
KGaA, Germany) at room temperature for 
6 hours, followed by hydrolysis of the sulfonyl 
chloride groups in deionized water at 80°C for 
8 hours. The ion exchange capacity was deter-
mined via titration and the water uptake was de-
termined based on the difference in mass between 
the wet and the dry membrane. To ensure that all 
ionic groups within the hydrocarbon membrane 
carried protons, MEAs prepared with the 
HC-PEM were treated in 5%v H2SO4 at 80°C for 
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12 h, followed by repeated cleaning (3 times, at 
least 1 h, each) with ultrapure water. Thereafter, 
the MEAs were left to dry in ambient air and 
stored in dry state until assembled. 
AEMs consisted of a Tokuyama A201 membrane 
(28 µm thickness, ca. 1.7 meq g-1, Tokuyama 
Corp., Japan), a commercial 50%wt. Pt/C catalyst 
(TEC10V50E, Tanaka Kikinzoku Kogyo K.K., 
Japan) and the FAA-3 ionomer (solid ionomer 
sheet in the Br- ion form, Fumatech GmbH, Ger-
many) at an I/C ratio of 0.8/1.0 gI ⋅ gC

-1. Catalyst 
inks for AEMs were prepared by mixing the cata-
lyst with the pre-dissolved ionomer dispersion, 
comprised of 10%wt H2O and 90%wt 2-propanol 
(Chromasolv Plus, 99.9%, Sigma Aldrich Corp., 
Germany). The catalyst, followed by the solvent 
mixture, was added into a 15 mL capped bottle 
(HDPE), already containing 15 g of ZrO2 beads 
(5 mm, Glen Mills Inc., USA) in N2 atmosphere. 
To obtain a suitable viscosity for the coating pro-
cess, the carbon content of the ink was adjusted to 
50 mgC mL-1, resulting in a total solid content of 
≈15%wt. The inks were mixed by placing the bot-
tles onto a roller-mill (60 rpm) for 24 h at room 
temperature. Thereafter, the ink was coated on 
etched FEP (extruded, Angst+Pfister GmbH, 
Switzerland) using the Mayer rod technique with 
the appropriate bar on an automated coating ma-
chine. AEM-based MEAs were prepared by hot 
pressing the membrane between two electrode 
decals at 110°C for 10 min with an applied force 
of 1 kN cm-2, using a polymer foil (Kapton, Du 
Pont Corp., USA) to protect the MEA and foamed 
PTFE (Gylon Style 3545 Soft, Garlock GmbH, 
USA) to distribute the pressure equally over the 
entire MEA area. The platinum content of the two 
electrodes was determined by weighing the decals 
before and after the hot pressing procedure. Both 
electrodes in the MEAs were identical with a 
loading of 400 ± 40 µgPt cm-2. To assure a com-
plete exchange of the anion exchange mem-
brane/ionomer with (bi-)carbonate ions, the MEAs 
were ion exchanged three times in 1 M Na2CO3 
(anhydrous, for analysis, Sigma Aldrich Corp., 
Germany) solution for at least 24 h each, and 
subsequently washed three times by placing them 
in ultrapure water for at least 30 min. Thereafter, 
the MEAs were left to dry in ambient air and 
stored in dry state until assembled. 
 
 
Electrical resistance measurements.― The elec-
trical areal resistance (Relectr.) of the cell assembly, 
used for the determination of the membrane con-
ductivity, was acquired by a four-point probe 
measurement in the absence of a membrane. The 
schematic setup is depicted in Figure 1, composed 

 
Figure 1. Experimental setup for the determina-
tion of the electronic resistance of the cell assem-
bly by a four-point probe measurement. While the 
current (I) was applied to the copper plates (ii), 
the resulting voltage drop (U) was measured di-
rectly at the graphite flow fields (iii). The assem-
bly, placed into a hydraulic press, was isolated by 
expanded PTFE sheets (i), and two gas diffusion 
layers with microporous layers facing each other 
(iv) were placed between the flow fields. 
 
of (i) isolating, expanded PTFE (Gylon Style 3545 
Soft, Garlock GmbH, USA), providing a homoge-
neous pressure distribution; (ii) two polished 
copper plates; (iii) two graphite flow fields (Fuel 
Cell Technologies, Inc., USA) with 0.79 mm wide 
and 1.02 mm deep channels separated by 0.80 mm 
wide lands, and arranged in 10 serpentines with 4 
channels each; and, (iv) two 50 cm2 GDLs 
(Sigacret 25BC, SGL Carbon GmbH, Germany) 
with the microporous layers (MPLs) facing each 
other. To measure the electrical resistance of this 
configuration, a constant current of I = 3 A was 
applied via a standard laboratory power supply 
connected to the polished copper plates (ii in 
Figure 1), and the resulting voltage drop, U, was 
measured by a digital voltmeter (Fluke 289, Fluke 
Corp., USA) at additional contacts inserted into 
the graphite flow fields (iii in Figure 1). Thus, the 
electrical areal resistance. was calculated as 
𝑅electr. = 𝑈

𝐼
⋅ 50 cm2. To determine the pressure 

dependency of Relectr., the pressure was increased 
by a hydraulic platen press (modified P 200 PM, 
Dr. Collin GmbH, Germany) in several steps until 
a total pressure of 2 MPa was reached (based on 
the total active area, i.e., 10 kN for the 50 cm2 
GDLs). All measurements to determine the elec-
trical resistance were performed at 30°C, whereby 
the temperature was assumed to be negligible 
(experiments, not shown here, between 30 – 80°C 
at 2 MPa compression indicated a linear behavior 
of Relectr. with temperature corresponding to 
0.04 mΩ cm2 °C-1, which is negligible over the 
here considered temperature range). To evaluate 
the pressure distribution in the actual cell setup, a 
cell was assembled with all components (includ-
ing an MEA), placing pressure sensitive dye paper 
(Prescale Super Low, Fujifilm Corp., Japan) di-
rectly on top of the MEA. 
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Cell conditioning and conductivity measure-
ments.― The measurements to determine the 
membrane conductivity at different temperatures 
and different membrane humidification were 
performed on an in-house manufactured single-
cell 50 cm2 hardware, whereby the endplates were 
fitted with internal coolant channels to enable a 
uniform thermal control of the cell with a coolant 
(1:1 mixture of ethylene glycol and deionized 
water) whose temperature was controlled by an 
external thermostat (FP50-HL, Julabo GmbH, 
Germany). Commercial graphite flow fields 
(0.787 mm channel and 0.800 mm land width; see 
above) were used with anode and cathode gases 
directed in counter-flow configuration. The GDL 
(see above) compression was adjusted to 20 ± 1% 
by PTFE-coated quasi-incompressible fiberglass 
gaskets (Fiberflon, Fiberflon GmbH & Co. KG, 
Germany), and the cell was assembled at a torque 
of 12 Nm (for details see Simon et al.).29 Cell 
conditioning and conductivity tests were per-
formed on automated test stations (G60, Green-
light Innovation Corp., Canada) equipped with a 
potentiostat (Reference3000, Gamry Instruments, 
USA) to conduct electrochemical impedance 
spectroscopy (EIS). After an initial conditioning 
procedure (see below), impedance spectra were 
recorded on N2 purged cells (i.e., both electrodes 
under N2, furtheron referred to as N2/N2 configu-
ration) at zero DC current, with an AC current 
perturbation of 3 mA cm-2 from 500 kHz to 
100 Hz. The HFR was extracted as x-axis inter-
sect in a Nyquist plot and multiplied with the 
active area of 50 cm2 to obtain an areal resistance. 
For measurements which did not show an x-axis 
intersect at the highest frequency (e.g., at -15°C, 
Figure 2), the straight line at high frequencies was 
extrapolated to Zimag = 0 mΩ cm2. The exemplary 
Nyquist data shown in Figure 2 for the case of an 
AEMFC equilibrated at 50°C and 80% RH exhib-
its a slope of ≈45° at high frequencies, bending off 
towards a more vertical direction at low frequen-
cies. This represents the initial part of a purely 
capacitive transmission line model for the proton 
conduction in the electrodes in the absence of 
reactive gas. Details about the transmission line 
model can be found elsewhere (e.g., Liu et al.).30 
The conductivity of all membranes was deter-
mined between approximately -20°C and +50°C, 
after the MEAs had been equilibrated at 50°C 
with humidified N2 (between 20 - 100% RH) 
flowing through both cell compartments 
(500/500 nccm N2/N2 at 150 kPaabs) for 70 min 
(Figure 3, phase I). Before initiating the resistance 
measurements, liquid water in the gas channels of 
the cell was removed by a 75 s long dry gas purge 
(Figure 3, phase II) with N2/N2 at a flow rate of  

 
Figure 2. Exemplary Nyquist plot showing the 
negative imaginary part of the impedance (-Zimag) 
versus the real part (Zreal) for an MEA comprising 
a Tokuyama A201 membrane in the hydroxide 
form recorded at different temperatures, after the 
MEA had been equilibrated at 50°C and 80% RH. 
The impedance spectra were recorded with both 
electrodes under N2 (i.e., in N2/N2 configuration) 
at zero DC current, with an AC current perturba-
tion of 3 mA cm-2 from 500 kHz to 100 Hz. 
 
 
50 nccm on each side; as will be outlined below, 
the total amount of N2 flowing through the cell 
during this period was chosen such that the 
amount of membrane dry-out is negligible. Direct-
ly after this purge, the gas supply and outlet 
valves of the cell were closed and the gas stream 
was interrupted. Then, the cell was subjected to a 
freeze cycle, slowly cooling it from +50°C to the 
desired temperatures (Figure 3, phase III), fol-
lowed by a thaw cycle during which the tempera-
ture is gradually increased again to +50°C (Figure 
3, phase IV). The heating period consisted of 
several intermediate target temperatures, (result-
ing in similar freeze- and thaw times. The EIS was 
measured periodically throughout the entire 
freeze-thaw cycle and the temperature change 
during the measurement (<30 s per EIS measure-
ment) can be neglected.. Finally, the cell was 
maintained at +50°C to measure the conductivity 
after an entire freeze-thaw cycle, allowing for a 
comparison with the initial value (Figure 3, phase 
V).  
In the following, we will estimate the maximum 
error of the membrane water content introduced 
by the dry gas purge step performed after each 
equilibration at 50°C with N2 humidified at differ-
ent RH values. The maximum water uptake from 
the membrane into the gas volume during the 
purge procedure can be calculated according to 
the definition of relative humidity (Equation [1]) 
for the applied total N2 flow rate (100 nccm, i.e., 
50 nccm on each side) and purge time (75 s). 
Assuming that the RH at the exit of the cell has a  
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Figure 3. Exemplary profile of the cell tempera-
ture, T, versus time, t, showing a full freeze-thaw 
cycle after equilibration of the MEA at 50°C. 
Phase I: equilibration of the MEA (green area); 
phase II: dry gas purge (dashed line); phase III: 
freeze cycle (blue area); phase IV: thaw cycle (red 
area); phase V, constant temperature phase for 
reference (grey area). 
 
 
maximum value equal to the RH adjusted during 
the preceding equilibration phase (Figure 3, phase 
I), i.e., assuming that the membrane water content 
and the gas flow are always in equilibrium (repre-
senting the maximum loss of water from the 
membrane), the RH can be linked to a maximum 
water loss during the dry gas purge: 
 

𝑅𝑅 =
𝑝H2O
𝑝H2O
sat =

𝑛H2O
𝑛H2O + 𝑛dry

⋅
𝑝

𝑝H2O
sat

 [1] 

 
In this, 𝑛H2O is the molar quantity of water in the 
N2 gas exiting the cell, 𝑝H2O

sat  is the vapor satura-
tion pressure of water (12.34 kPa at 50°C), 𝑛𝑎𝑟𝑑 is 
the dry gas quantity calculated from the nitrogen 
flow rate and purge time (𝑛dry = 5.6 mmol) and 𝑝 
is the gas pressure during the purge (150 kPaabs). 
Equation [1] can be solved for 𝑛H2O, which repre-
sents the maximum total amount of water which 
will be removed from the membrane (strictly 
speaking from the MEA) during the dry gas purge 
period.  
 

𝑛𝐻2𝑂 = 𝑛𝑎𝑟𝑑 ⋅
𝑝H2O
sat ⋅ 𝑅𝑅

𝑝 − 𝑝H2O
sat ⋅ 𝑅𝑅

  [2] 

For example, at an RH of 100% at 50°C (𝑝H2O = 
12.35 kPa), the water content in a Nafion mem-
brane can be calculated according to Equation 1 
from Mittelsteadt and Liu,31 resulting in a mem-
brane water content of λ = 10 (with λ defined as 
molH2O mol

SO3
-

-1 ). For a membrane area of 50 cm2, a 
thickness of 50 µm, a density of 2 g cm-3, and an 
ion exchange capacity of ≈1 meq g-1, the total 

amount of H2O contained in the membrane at 
λ = 10 is 5 mmol. On the other hand, the maxi-
mum water uptake into the gas stream according 
to Equation [2] is ≈0.5 mmol, which is minor 
compared to the amount of water stored in the 
membrane. Analogously, at an RH = 20%, the 
calculated maximum water loss through the dry 
gas purge is 𝑛𝐻2𝑂 ≈ 0.1 mmol compared to 
1 mmol of H2O, initially stored in the membrane 
(based on a membrane water content of λ = 2 at 
50°C and 20% RH).31 Hence, the λ value reached 
during the equilibration phase can be considered 
to remain approximately constant (with a maxi-
mum loss of membrane water content of ≈10%) 
over the course of the dry gas purge, rendering the 
here presented method suitable to determine the 
conductivity of membranes with a well-controlled 
water content at temperatures below the freezing 
point of water. The same estimates can be made 
for the AEM and for the HC-PEM, resulting in 
similar maximum water loss fractions, as the 
membranes have a similar thickness and essential-
ly the same ion exchange capacity when reference 
to membrane volume (i.e, in terms of meq cm-3). 
During cool-down (and subsequent thaw), the 
water content can be safely assumed to remain 
constant, due to the limited locked-in gas volume 
in the cell (≈2.8 cm3) and low saturation vapor 
pressure, as already discussed by Tajiri et al.32 
In experiments with AEM based MEAs, the 
membrane and ionomer was converted from the 
(bi-)carbonate form into the hydroxide form via 
an electrochemical pre-treatment prior to equili-
bration at 50°C and at the desired RH. For this, 
the cell was operated with 500/500 nccm of H2/O2 
at 80% RH, 150 kPaabs, and 50°C for ≈1 min at a 
cell voltage of 100 mV. The associated current 
allowed to convert the entire ionomer in the MEA 
into the hydroxide form by migration of all con-
tained (bi-)carbonate species to the anode and 
releasing them as CO2 via the exhaust gas. After-
wards, the cell conditioning and the HFR meas-
urements were performed as described above. For 
measurements in the carbonate form, following 
the initial H2/O2 conditioning, air at the respective 
humidity of the subsequent measurement was 
flown on both sides of the cell for ≈2 h (note that 
the H2 compartment was initially purged with N2 
to avoid damage due to gas fronts of H2 and air), 
whereby the CO2 content in the air (≈400 ppm) is 
sufficiently high to convert essentially all hydrox-
ide ions into (bi-)carbonate ions.33 Subsequently, 
the gases were switched to N2/N2 in order to 
equilibrate the water content of the MEA prior to 
initiating the freeze-thaw cycle. 
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Results and Discussion 
 

Electrical Resistance.― A common measure for 
the ohmic resistance of a fuel cell setup is the so-
called HFR, which can be determined from the 
intersect of the impedance with the real axis of a 
Nyquist plot obtained by EIS (Figure 2). As the 
HFR is a measure of the total ohmic resistance in 
the PEMFC, it is commonly expressed as the sum 
of the contact/bulk electronic resistance of flow 
fields, GDLs and electrodes (Relectr.) plus the ionic 
resistance of the membrane (Rmembrane). Relectr. is 
mainly dependent on the chosen experimental 
setup (e.g., applied contacting pressure, flow field, 
and GDL type) and is essentially independent of 
the ionic resistance of the membrane, which 
strongly depends on RH and, to a lesser degree on 
temperature. Therefore, in order to obtain the 
resistance contribution from the membrane, Relectr. 
needs to be subtracted from the HFR; from the 
thus obtained value for Rmembrane, the conductivity 
of the membrane can be calculated. Since an in-
situ determination of the electronic resistance is 
challenging, an ex-situ experiment was conducted 
to determine its magnitude. In this four-point 
probe setup, a constant current (3 A) was applied 
to the current collectors and the voltage was 
measured at the flow fields (Figure 1). To deter-
mine the dependency of the electronic resistance 
on the applied pressure, the setup was placed in a 
hydraulic press and exposed to a compres-
sion/expansion cycle at 30°C, with a maximum 
effective pressure of 2 MPa (i.e., 10 kN applied on 
the 50 cm2 GDL area). As shown in Figure 4b, the 
measured electronic resistance decreased with 
increasing applied pressure, reaching a minimum 
of ≈12 mΩ cm2 (at 2 MPa); this compression 
dependence of Relectr. is well-documented in the 
literature (e.g., Mathias et al.).34 A hysteresis of 
Relectr. was found when the pressure was reduced 
again, with the measured resistance at the lowest 
compression being clearly lower than what was 
obtained prior to the first compression process. 
Relectr. during the second compression cycle coin-
cides closely with that obtained during the first 
compression release cycle, indicating that irre-
versible compression (in the literature referred to 
as residual strain) was triggered mostly during the 
initial compression process. To determine the 
approximate electronic resistance in the actual cell 
assembly with which the conductivity measure-
ment are conducted (i.e., the same assembly but 
with the MEA inserted between the GDLs), the 
pressure in the actual cell setup used for 
freeze/thaw conductivity measurements was eval-
uated by a pressure distribution test using pressure 
sensitive dye paper. As shown in Figure 4a, the  

 
Figure 4. a) Ex-situ pressure distribution deter-
mined for the cell configuration shown in Figure 
1. b) Electronic resistance, Relectr., as a function of 
the pressure, P, applied onto the end plates, show-
ing a first compression cycle and a first compres-
sion release cycle (marked by arrows), as well as a 
second compression cycle (data in between the 
first compression and the first compression release 
cycle). The measurement was conducted with a 
four-point probe in DC mode at 30°C (see Figure 
1). 
 
 
pressure distribution over the entire active area 
(i.e., the GDL area) reflects the flow field struc-
ture with higher compressive stress under the land 
areas than under the channels. The average value 
over the total 50 cm2 was determined to be 
≈1.3 MPa (the images were scanned with a Epson 
Perfection V33 and analyzed with the provided 
software), where Figure 4b reveals a value of 
Relectr.≈15 ± 3 mΩ cm2. Therefore, the electronic 
resistance Relectr. which we used to correct all HFR 
values in order to obtain Rmembrane was 15 mΩ cm2 
(cf., Equation [3]); considering that this value is 
≈7 times lower than the lowest HFR values meas-
ured in our entire study (≈90 mΩ cm2; see Figure 
5), we consider the error produced by the estimat-
ed variation in the actual Relectr. value of ca. 
±3 mΩ cm2 to be negligible. 
 
Conductivity measurement method verification 
with Nafion 212.―Prior to evaluating the con-
ductivity of membranes of interest, we will first 
validate our here proposed method to quantify the 
low-temperature through-plane membrane con 
ductivity at various well-defined membrane hu-
midification levels. This will be done by means of 
comparative measurements with a Nafion 212 
membrane whose conductivity is well-known over 
a wide range of temperatures. The Nafion 212 
MEAs were equilibrated at 50°C with N2 flowing 
through both sides of the cell (N2/N2 at  
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Figure 5. a) HFR of an MEA with a Nafion 212 
membrane as a function of temperature and water 
content, defined by equilibration of the MEA at 
50°C in humidified N2 streams (RH values of 
52%, 76%, and 90%, corresponding to λ = 4, 6, 
and 8, respectively). The freeze cycle is shown as 
full symbols and hollow symbols represent the 
thaw cycle (note that these are mostly overlap-
ping). The estimated electronic resistance, Relectr., 
for the cell set-up is given for comparison by the 
horizontal purple line (within the accuracy of 
these measurements it is assumed to be independ-
ent of RH and temperature). b) Through-plane 
conductivity of the membrane as a function of the 
temperature, calculated by subtraction of Relectr. 
from the measured HFR and by normalization to 
the thickness of the membrane (50 µm), according 
to Equation [3]. 
 
 
500/500 nccm) that was humidified at 52%, 70%, 
and 90% RH, which corresponds to membrane 
water contents of and λ = 4, 6, and 8, respectively 
(based on the correlation by Mittelsteadt and 
Liu).31 After this membrane equilibration, fol-
lowed by a short dry N2 gas purge and subsequent 
sealing of the cell under N2/N2, the cell tempera-
ture was first decreased to -22°C (freeze cycle) 
and then increased again (thaw cycle) to the initial 
value of +50°C. During the freeze/thaw cycles, 
the HFR was determined at different temperatures 

from the high frequency intercept of the imped-
ance spectra with the x-axis in a Nyquist plot (see, 
e.g., Figure 2). These data are shown in Figure 5a 
for the freeze cycle (solid symbols) and for the 
thaw cycle (hollow symbols) for an MEA utilizing 
a conventional Nafion 212 membrane. As men-
tioned above, the ex-situ estimated electrical re-
sistance contribution (Relectr., drawn as a purple 
line in Figure 5a and considered to be independent 
of RH and temperature within the accuracy of 
these measurements) is substantially smaller than 
the lowest HFR of 90 mΩ cm2 measured in this 
study (namely for the Nafion 212 MEA equili-
brated at 50°C and 80%RH (≡ λ = 8); see light 
blue line in Figure 5a). Therefore, the here de-
scribed measurement methodology is considered 
sufficiently accurate to evaluate the ionic re-
sistance of the membrane by means of subtracting 
the electronic resistance from the HFR. However, 
it has to be mentioned that the thus determined 
membrane resistance and conductivity are most 
precise for high HFR values, hence at low tem-
peratures and/or RH. Owing to the strong tem-
perature and RH dependence of the membrane 
resistance,31 the measured HFR increases substan-
tially with decreasing temperature and RH. No 
significant differences are observed between the 
HFR values determined during the freeze cycle 
(closed symbols in Figure 5a) compared to those 
obtained during the subsequent thaw cycle (open 
symbols; indeed, the data points are mostly over-
lapping), confirming that the water content of the 
membrane remained unchanged during the entire 
freeze-thaw cycle experiment.  
After subtraction of the electronic resistance con-
tribution of Relectr. ≈ 15 mΩ cm2, the conductivity 
of the membrane can be calculated according to 
Equation [3], where σ is the conductivity (in 
S cm-1) and d is the thickness of the membrane (in 
the dry state). 
 

σ =
𝑑

𝑅𝐹𝑅 − 𝑅electr.

 [3] 

 
The thus obtained conductivities of the Nafi-
on 212 membrane are shown in Figure 5b and can 
be compared to the values reported by Thompson 
et al.35 for a Nafion 117 membrane with the same 
ion exchange capacity. At 20°C, these authors 
report conductivies ranging from 15 – 30 mS cm-1 
at λ = 6 and from 35 – 45 mS cm-1 at λ = 8 and 
20°C,35 which are slightly lower, but in a compa-
rable range as the ≈39 mS cm-1 at λ = 6 and the 
≈45 mS cm-1 at λ = 8 shown in Figure 5b. 
At -20°C and λ = 8, Thompson et al. report an 
average value of ≈12 mS cm-1, which is also only 
slightly lower than the ≈14 mS cm-1 obtained in 
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our experiments at the same conditions. Based on 
this, we conclude that our method to determine 
the membrane conductivity at low temperatures 
and under defined humidification conditions a 
valid approach; the slight differences to the litera-
ture might be due to the fact that the membrane 
resistance measured by Thompson et al. is based 
on in-plane measurements while ours is based on 
through-plane measurements.  
 
Conductivity of an HC-PEM.―As comparison 
for the conductivity measurements performed 
later on with an alkaline membrane, the conduc-
tivity of a sulfonic acid based membrane with a 
hydrocarbon backbone (referred to as HC-PEM) 
was evaluated by the method validated above with 
Nafion 212. This is shown in Figure 6, and as 
before no difference in the conductivity values 
obtained during the freeze cycle (solid symbols) 
and during the thaw cycle (open symbols) is ob-
served. While Nafion is composed of a fully per-
fluorinated polymer backbone, having pendent 
aliphatic side chains, hydrocarbon-based sulfonic 
acid membranes typically consist of non-
fluorinated polyaromatic units, containing hydro-
gen endgroups.36 In general, hydrocarbon-based 
membranes are considered as an alternative for 
the commonly applied perfluorinated membranes 
due their lower production cost, a lower permea-
bility towards H2 and O2, and possibly due to a 
higher creep resistance at high temperature. First 
of all, the conductivity of the here investigated 
hydrocarbon-based membrane at 50°C and high 
RH is almost 2-fold lower (37 mS cm-1 for mem-
brane equilibrated at 50°C and 95% RH; light blue 
line in Figure 6) compared to the perfluorinated 
Nafion 212 membrane (68 mS cm-1 for membrane 
equilibrated at 50°C and 90% RH; light blue line 
in Figure 5b). This is even more pronounced at 
lower humidification levels, where the conductivi-
ty at 50°C of the HC-PEM is ≈6-fold lower 
(5 mS cm-1 for membrane equilibrated at 50°C 
and 60% RH; green line in Figure 6) compared to 
Nafion 212 membrane (30 mS cm-1 for membrane 
equilibrated at 50°C and an even slightly lower 
RH of 52%; light blue line in Figure 5b).37 Even 
more extreme differences develop when compar-
ing the conductivities at -15°C at lower humidify 
cation levels, where HC-PEM conductivity 
(0.45 mS cm-1 for membrane equilibrated at 50°C 
and 60% RH; green line in Figure 6) is ≈17-fold 
lower than that of Nafion 212 (7.5 mS cm-1 for 
membrane equilibrated at 50°C and an even 
slightly lower RH of 52%; light blue line in Figure 
5b). We assume that this is due to the fact that 
hydrocarbon membranes are commonly known to 
show a lower degree of phase separation between  

 
Figure 6. Through-plane conductivity, σ, of a 
hydrocarbon based membrane as function of tem-
perature, T. σ was calculated by subtraction of 
Relectr. from the measured HFR and normalization 
to the thickness of the membrane (30 µm), accord-
ing to Equation [3]. The freeze cycle is shown as 
full symbols, while hollow symbols represent the 
thaw cycle. 
 
 
hydrophilic and hydrophobic domains due to 
(i) the lower hydrophobicity of the hydrocarbon 
backbone, (ii) the lower hydrophilicity of the 
sulfonic acid group on account of its lower acidi-
ty, and, (iii) the smaller flexibility of the aromatic 
structure due to steric hindrances (dependent on 
the type of hydrocarbon).36 Therefore, the proton 
conducting hydrophilic network in hydrocarbon-
based sulfonic acid membranes is more tortuous 
with narrower conduction channels and more 
dead-ends, causing a lower overall conductivity. 
This becomes especially evident at low water 
content (corresponding to low RH levels during 
the equilibration procedure at 50°C), which leads 
to a decrease of the network connectivity and 
therefore a strong decrease in conductivity, as 
illustrated by the above comparison. The lack of 
phase separation in hydrocarbon-based mem-
branes was also reported by other researchers, 
e.g., by Ahn et al. who showed excellent H2/air 
fuel cell performance at high humidity, but strong 
limitations for air supplied with an RH of 40%.37 
The origin of the apparently more significant 
decrease of the conductivity of the HC-PEM with 
temperature compared to Nafion 212 (most pro-
nounced for low water content, as illustrated 
above) is, however, still unknown.  
 
Conductivity of an AEM.― In contrast to the 
sulfuric acid group, commonly employed in 
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PEMs, anion exchange membranes apply alkaline 
end groups on the side chain, e.g., based on qua-
ternary ammonium ions, to conduct hydroxide 
ions through the ionomer phase of the 
AEMFC.18,20,21 While pure O2 is generally used 
for diagnostic purposes, the relevant cathode gas 
for practical fuel cell applications would be ambi-
ent air, which, however, contains approximately 
400 ppm CO2.38 The latter was shown to react 
with the hydroxide ions in the ionomer phase to 
form (bi-)carbonate species.21–23 
 

CO2 + OH− → HCO3
 – [4] 

HCO3
 – + OH− → CO3

 2– + H2O [5] 
 
In equilibrium with ambient air, the main ionic 
species present as counter ions of the anion ex-
change groups are carbonate and bicarbonate, 
with estimated mole fractions of 2/3 and 1/3, 
respectively.39 For the remainder of this manu-
script, the equilibrated mixture of carbonate and 
bicarbonate ions in the anion exchange membrane 
ionomer will be referred to as “(bi-)carbonate 
form” of the AEM. Since the neutralization of 
AEMs is inevitable upon exposure to ambient air, 
all alkaline MEAs were prepared directly in the 
carbonate form by exchanging all ionic groups in 
1 M Na2CO3 solution. Compared to hydroxide 
ions (20.6 ∙ 10-8 m2 s-1 V-1), the mobility of car-
bonate (7.5 ∙ 10-8 m2 s-1 V-1) and bicarbonate ions 
(4.6 ∙ 10-8 m2 s-1 V-1) is rather low,21 hence, mem-
branes comprising mainly carbonate and bicar-
bonate ions provide a very limited ionic conduc-
tivity.22,40  
In accordance, the HFR of an MEA directly after 
assembly and equilibration at 50°C and an RH of 
80% (while supplying H2 and O2 to anode and 
cathode, respectively) was as high as 604 mΩ cm2 
(Figure 7, blue hollow square). Upon drawing a 
large current, the membrane can be converted 
from carbonate to hydroxide form, since car-
bonate ions migrate to the anode side where they 
are released into the exhaust stream of the 
AEMFC as CO2. As shown in Figure 7 (brown 
line), the current increased rapidly to a maximum 
of ≈1 A cm-2 when the cell voltage was set to 
100 mV under these conditions. This current 
(± 10%) was reproducibly reached in all experi-
ments presented here; MEAs that suffered damage 
during testing, i.e., that provided a lower H2/O2 
performance when setting the potential to 100 mV 
(termed “carbonate purge”), were not considered 
for the evaluation of the membrane conductivity. 
The HFR measured directly after the carbonate 
purge (Figure 7, blue circles) was significantly 
lower (≈130 mΩ cm2) compared to that measured 
after assembly, confirming the exchange of car- 

 
Figure 7. HFR of an MEA based on a Tokuyama 
A201 membrane (28 µm) in (bi-)carbonate form 
measured either directly after cell assembly with 
the carbonate exchanged membrane (labeled “af-
ter assembly”, hollow blue square) or after the 
“carbonate purge” (see below) and a subsequent 
exposure to air (blue filled square). The carbonate 
purge which converts the (bi-)carbonate ions to 
hydroxide ions consists of applying a cell voltage 
of 100 mV in H2/O2 (at 500/500 nccm, 150 kPaabs, 
50°C, 80% RH) for ≈1 min (the brown line shows 
the current drawn during this period); the subse-
quently measured HFR in the hydroxide form is 
shown by the blue circles. The supplied gases, as 
marked in the figure, are either H2/O2 (directly 
after cell assembly and until t = 120 min) or H2/air 
(starting at t = 120 min and continuing until 
t=250 min; also at 500/500 nccm, 150 kPaabs, 
50°C, 80% RH). 
 
 
bonate with hydroxide ions. No difference in the 
HFR was observed when the duration of the car-
bonate purge was prolonged (not shown), hence a 
short carbonate purge time of ≈1 min was chosen 
to avoid MEA degradation during the high current 
density application. A slight increase of the HFR 
was observed in the 30 min following the car-
bonate purge, which subsequently remained con-
stant for another 90 min. We attribute the initial 
increase of the HFR after the carbonate purge to 
the equilibration of the membrane to the relative 
humidity condition supplied by the H2/O2 flows 
(80% RH in this figure), considering that the 
membrane water content during the high current 
density drawn during the carbonate purge is ex-
pected to be higher than in the absence of current. 
Furthermore, the fact that the HFR remained con-
stant for more than 90 minutes verifies that the 
cell setup utilized for the experiments presented 
here is sufficiently sealed from ambient air, pre-
venting the gradual change of the membrane from 
hydroxide to (bi-)carbonate form which would 
occur upon ambient air intrusion. To convert the  
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Figure 8. Through-plane conductivity, σ, of an 
MEA consisting of a Tokuyama A201 membrane 
equilibrated at 50°C with N2/N2 humidified at 
different RH values (as marked in the figure) as 
function of temperature, T, determined either in 
a) the hydroxide form (circles) or in b) the 
(bi-)carbonate form (squares). σ was calculated by 
subtraction of Relectr. from the measured HFR and 
normalization to the thickness of the membrane 
(28 µm), according to Equation [3]. The freeze 
cycle is shown as full symbols, while hollow 
symbols represent the thaw cycle. The hydroxide 
form was obtained by the carbonate purge ap-
proach described in Figure 7, while the 
(bi-)carbonate form was obtained by a subsequent 
exposure to air/air. 
 
 
membrane back to the (bi-)carbonate form in a 
controlled experiment, the oxygen supply was 
replaced by ambient air (containing ≈400 ppm 
CO2). After an equilibration period of approxi-
mately two hours, the HFR increased to the same 
value as was obtained directly after assembly 
(compare solid and open blue squares in Figure 
7), confirming the full conversion into the 
(bi-)carbonate form. Hence, measurements of the 
membrane conductivity in the (bi-)carbonate form 
were performed in the following order: carbonate 
purge to ensure that the MEA yielded the desired 
performance, followed by an exchange to the 
(bi-)carbonate form by air exposure in the fuel cell 
system for two hours. Apart from the ion ex-

change procedure, conductivity measurements of 
AEMs were conducted according to the procedure 
developed for Nafion 212. 
As expected, the conductivity of the Tokuyama 
A201 membrane was significantly lower in the 
(bi-)carbonate (Figure 8b) compared to the hy-
droxide form (Figure 8a), e.g., at 50°C it is 
5 mS cm-1 compared to 19 mS cm-1 for the mem-
brane equilibrated at 50°C and 80% RH (dark blue 
lines). The approximately 3-4 times higher con-
ductivity of the hydroxide compared to the car-
bonate form is in good alignment with that ex-
pected from the difference of the ionic mobility 
(≈3.2, assuming 2/3 carbonate and 1/3 bicar-
bonate), and similar factor which had been report-
ed previously based on in-plane conductivity 
measurements of the membrane in liquid water.22 
This again confirms that the measurements aiming 
to determine the conductivity of the membrane in 
the hydroxide form were not influenced by the 
intrusion of CO2 from the outside. Compared to 
Nafion 212 at 50°C (59 mS cm-1 for the mem-
brane equilibrated at 50°C and 76% RH; dark blue 
line in Figure 5b), the conductivity of the To-
kuyama A201 is ≈3-fold lower (19 mS cm-1 for 
the membrane equilibrated at 50°C and 80% RH), 
which can at least partially be ascribed to the 
difference of the ionic mobility between the hy-
droxide ion and the proton (factor of ≈1.8). Fur-
thermore, we assume that the general struc-
ture/morphology of alkaline membranes is not yet 
fully optimized due to their novelty compared to 
the well-established Nafion 212 membrane. These 
structural/morphological differences could also be 
the reason for the similar conductivity of the To-
kuyama A201 membrane and the here examined 
sulfonic acid membrane with a hydrocarbon back-
bone (15 mS cm-1 for the membrane equilibrated 
at 50°C and 80% RH, see Figure 6, red lines), 
underlining the importance of a well-optimized 
membrane structure/morphology. Compared to 
the HC-PEM, the conductivity of the alkaline 
membrane in the hydroxide form decreases less 
strongly when lowering the RH below 50% (e.g., 
6 mS cm-1 vs. 0.5 mS cm-1 at 50°C for membranes 
equilibrated at 40% RH and 50°C). The reasona-
bly high conductivity at low RH is an indicator for 
an upkeep of the desired phase separation to main-
tain well-percolating ion conduction pathways. 
Nevertheless, converting the hydroxide into the 
(bi-)carbonate form results in a much stronger 
decrease of the conductivity under these low RH 
conditions (0.6 mS cm-1 at 50°C, see Figure 8b, 
red lines), again comparable to the above values 
for the HC-PEM. The fact that the membrane 
conductivity in the (bi-)carbonate form is one 
order of magnitude smaller compared to the hy 
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Figure 9. Ratio of the conductivity values meas-
ured at -15°C vs. +50°C, σ-15°C/+50°C, for Nafi-
on 212, HC-PEM, and Tokuyama A201 in hy-
droxide and (bi-)carbonate form. All membranes 
were equilibrated at 50°C with N2/N2 humidified 
at different RH values, which are depicted in the 
figure (x-axis). σ was calculated by subtraction of 
Relectr. from the measured HFR and normalization 
to the thickness of the membrane according to 
Equation [3]. The hydroxide form was obtained 
by the carbonate purge approach described in 
Figure 7, while the (bi-)carbonate form was ob-
tained by a subsequent exposure to air/air. 
 
 
droxide form at low water content might be a hint 
that the phase separation inside the Tokuyama 
A201 membrane is less effective in the 
(bi-)carbonate form compared to the hydroxide 
form.  
The general trend of significantly decreasing 
conductivity with decreasing temperatures was 
comparable to that observed for PEMs. For exam-
ple, for membranes equilibrated at 50°C and 
≈80% RH, the conductivity decrease from 50°C 
to -15°C for Nafion 212 was from 60 to 
16 mS cm-1 (Figure 5b, dark blue diamonds), for 
the HC-PEM it decreased from 15 to 2.2 mS cm-1 
(Figure 6, dark blue circles), and for the Tokuya-
ma A201 membrane it decreased from 20 to 
3.5 mS cm-1 for the hydroxide form (Figure 8a, 
dark blue circles) and from 4.6 to 0.4 mS cm-1 for 
the (bi-)carbonate form (Figure 8a, dark blue 
circles). At a humidification level close to satura-
tion, i.e., for equilibration at 50°C and 95% RH, a 
bend in the trend of decreasing conductivity was 
observed for both, the hydroxide and carbonate 
form (see light blue lines in Figure 8a and b). We 
suspect that the more severe decrease of conduc-
tivity at ≈0°C in those measurements originates 
from freezing of liquid water in the membrane, 
causing, e.g., a blockage of ionic conduction 
pathways.  
One interesting aspect is the much larger conduc-
tivity loss with temperature for the HC-PEM and 

the AEM (in the hydroxide form, and most pro-
nouncedly in the (bi-)carbonate form), if com-
pared to the Nafion 212 membrane. This is illus-
trated in Figure 9, showing the ratio of the mem-
brane conductivities at -15°C over that at +50°C 
(σ-15°C/σ+50°C) vs. the RH value at which the mem-
branes were equilibrated at 50°C. Quite clearly, 
σ-15°C/σ+50°C is significantly larger for the Nafi-
on 212 membrane compared to the other mem-
branes, meaning that its conductivity loss with 
decreasing temperature is less. This becomes 
particularly pronounced as the membrane water 
content decreases, i.e., for membrane equilibration 
at 50°C at ≤60% RH. For example, for membranes 
equilibrated at 50°C and 60% RH, the loss of 
conductivity when lowering the temperature from 
+50°C to -15°C is ≈4-fold for Nafion 212 while it 
is ≈9-fold for the HC-PEM and for the AEM in 
the hydroxide form, and even ≈20-fold for the 
AEM in the (bi-)carbonate form. The origin of 
this behavior is unclear at this point, but it certain-
ly points out the critical aspect of low temperature 
conductivity for HC-PEMs and for AEMs, partic-
ularly in their (bi-)carbonate form. 
 
Activation energy of ion conduction.― To ob-
tain some more insights into the conduction prop-
erties of the different membranes at a given water 
content (adjusted by equilibration at +50°C at 
different RH values), the activation energy for 
ionic conduction was determined from the slope 
of a plot showing the logarithm of the product of 
conductivity and measurement temperature versus 
the inverse of the temperature, according to Equa-
tion [6]. 
 

ln(𝜎𝑇) = ln(σ0) −
𝐸A
𝑘B

∙
1
𝑇

 [6] 

 
where σ is the conductivity (in S cm-1), T is the 
temperature (in K), σ0 is the pre-exponential fac-
tor, kB is the Boltzmann constant 
(8.617 ∙ 10-5 eV K-1) and EA is the activation ener-
gy (in eV). This is shown in Figure 10a for Nafion 
212 (diamonds) and in Figure 10b for the hydro-
carbon-based HC-PEM (stars); the resulting EA 
values of all tested membranes are shown in Table 
1. Since no significant difference was found be-
tween the conductivity obtained during the freeze 
and during the thaw cycle for the chosen range of 
membrane water content (a hysteresis is common-
ly only observed for λ ≥ 12),26,35 only the freeze 
cycle conductivities are displayed in Figure 10.  
The data collected for Nafion 212 were fitted to a 
linear regression line, divided into one regime 
above 0°C and another one at lower temperatures, 
since a clear change of slope was observed below  
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Figure 10. Arrhenius plot showing the logarithm 
of the product of temperature, T, and conductivity, 
σ, versus the inverse of the temperature (multi-
plied with 1000) for a) Nafion 212 and b) a hy-
drocarbon-based membrane at different RH. The 
plot contains solely data from the freeze cycle. 
 
 
the freezing point of water. Even though this 
change in slope is clearly visible at 0°C for the 
Nafion 212 data shown in Figure 10a, it has to be 
mentioned that the demarcation of two different 
conduction regimes has been made at tempera-
tures near but not exactly at 0°C by other au-
thors.35 Considering the linear fit above 0°C, we 
found a slightly increasing activation energy with 
decreasing water content for Nafion 212 (0.15, 
0.15, and 0.17 eV at λ = 8, 6, and 4, respectively; 
see Table 1), which is in good agreement with 
data presented in the literature (e.g., Thompson et 
al. found 0.19 and 0.22 eV at λ = 8 and 6, respec-
tively).35 Thompson et al. attributed the increasing 
activation energy for proton conduction at lower 
water content to a gradual change of the conduc-
tion mechanism from proton hopping according to 
the so-called Grotthus mechanism (similar to 
dilute acids), to a vehicular transport, requiring 
partial side-chain rearrangement. Similar to other 
researchers, we also observed an increase of the 
activation energy for the temperature regime be-
low the freezing point of water (here between -6 
and -23°C), being most significant at high λ val- 

 
Figure 11. Arrhenius plot showing the logarithm 
of the product of temperature and conductivity 
versus the inverse of the temperature (multiplied 
with 1000) for a Tokuyama A201 membrane in a) 
hydroxide and b) carbonate form at different RH. 
The plot contains solely data from the freeze cy-
cle. 
 
 
ues (e.g., for equilibration at +50°C and 90% RH 
(λ = 8) from a value of 0.15 eV above the freezing 
point to 0.29 eV in the sub-freezing regime; see 
Table 1). This again indicates a shift of the con-
duction mechanism due to the decreasing mobility 
in the ionomer phase as the water phase solidifies, 
while different transition temperatures for this 
process were reported in the literature.35,41,42 
However, it is commonly reported that the transi-
tion temperature shifts to lower values as the 
water content in the membrane decreases, explain-
ing the less significant increase of EA at lower 
water content (e.g., 0.23 eV at λ = 4, obtained by 
equilibration at +50°C and 52% RH; see Table 1). 
In general, the trend of increasing EA with de-
creasing RH was also observed for the hydrocar-
bon-based HC-PEM, with values ranging in a 
similar order compared to Nafion 212, i.e., from 
0.19 to 0.39 eV for membranes equilibrated at 
+50°C with N2/N2 humidified between 95 and 
20% RH (see Table 1). In contrast to Nafion 212, 
however, no difference in the slopes between 
temperatures above and below 0°C were ob-
served, apart for equilibration at the highest RH 
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Table 1. Activation energy for the ionic membrane conduction (in units of eV) for different membrane 
water contents obtained by equilibration of the membranes at +50°C with N2/N2 humidified at the below 
specified different RH values (in %). Subsequently, the membranes were cooled down at the established 
membrane water content to different temperatures for conductivity (σ) measurement (data only shown for 
freeze cycles), whereby σ was calculated by subtraction of Relectr. from the measured HFR and by normal-
ization to the thickness of the membrane according to Equation [3]. The activation energy (EA) was ex-
tracted either over the entire temperature region (values displayed in the middle) or by fitting all values 
above and below the freezing point of water separately (values on the left and right, respectively). 

Nafion 212 HC-PEM Tokuyama A201 (OH-) Tokuyama A201 (HCO3
-) 

RH EA [eV] RH EA [eV] RH EA [eV] RH EA [eV] 
   20 0.39 20 0.32 0.51 20 0.63 
   40 0.36 40 0.31 0.43 40 0.45 

52 0.17 0.23 60 0.29 60 0.25 0.34 60 0.35 0.52 
76 0.15 0.22 80 0.25 80 0.20 0.25 80 0.26 0.42 
90 0.15 0.29 95 0.19 0.25 95 0.17 0.47 95 0.22 0.77 

 
(95%), where the activation energy increased 
from 0.19 eV at high temperature to 0.25 eV be-
low the freezing point of water, similar to the 
behavior observed for Nafion 212. We hypothe-
size that the missing transition for most water 
contents for this type of membrane originates 
from a lower degree of phase separation even at 
comparably high RH, hence a less significant (or 
even absent) change of the conduction mechanism 
as the temperature decreases. This finding is in 
good agreement with the previously reported 
lower conductivity of this membrane, especially at 
lower RH, where we assume that the proton con-
duction is strongly hindered. 
Table 1: Activation energy for the ionic mem-
brane conduction (in units of eV) for different 
membrane water contents obtained by equilibra-
tion of the membranes at +50°C with N2/N2 hu-
midified at the below specified different RH val-
ues (in %). Subsequently, the membranes were 
cooled down at the established membrane water 
content to different temperatures for conductivity 
(σ) measurement (data only shown for freeze 
cycles), whereby σ was calculated by subtraction 
of Relectr. from the measured HFR and by normali-
zation to the thickness of the membrane according 
to Equation [3]. The activation energy (EA) was 
extracted either over the entire temperature region 
(values displayed in the middle) or by fitting all 
values above and below the freezing point of 
water separately (values on the left and right, 
respectively). 
The activation energy extracted from the conduc-
tivity data of the AEM in hydroxide form (Figure 
11a) also shows two different temperature re-
gimes, roughly separated by the freezing point of 
water. Furthermore, the measured EA is similar to 
that of Nafion, increasing in the high-temperature 
regime from 0.17 to 0.32 eV as the water content 

decreases (set by equilibration at +50°C with 
N2/N2 humidified at 95% to 20% RH), and in-
creasing in the low temperature region and from 
0.47 to 0.51 eV as the water content decreases 
(see Table 1). First of all, these results indicate 
that the ion conduction mechanism is similar in 
the alkaline membrane and Nafion 212, i.e., at 
reasonably high water content, hydroxide ions in 
the AEM can be transported by a mechanism 
similarly efficient as proton hopping in PEMs 
(while probably not completely analogous).43 We 
conclude from the data, that this ion transport 
mechanism is impaired by vehicular transport as 
the water content decreases, indicated by the 
gradual increase of EA, resulting in a lower con-
ductivity at these conditions (Figure 8a). This is 
also in line with the previously reported absence 
of a conductivity breakdown in the AEM for the 
hydroxide form at low RH (evident for the hydro-
carbon-based membrane), where we assume that 
an interconnected network of the water phase can 
be reasonably well-maintained and that only a 
gradual change in the transport mechanism is 
present. Similar to Nafion 212, the activation 
energy increase when entering the low tempera-
ture regime is most significant for the highest 
water content, where the freezing of water in the 
membrane seems to strongly limit the mobility of 
the ionic species. 
In contrast to the similarities between Nafion 212 
and the Tokuyama A201 AEM in hydroxide form, 
the Arrhenius plot for the AEM in carbonate form 
(Figure 11b) resembles a different picture. Similar 
to the hydrocarbon-based HC-PEM, a separation 
into two different regimes was only visible at high 
water contents (for equilibration at +50°C at 
RH ≥ 60%), with no change of slope below the 
freezing point of water at lower water content. 
This might either be due to a less distinct separa-



 
 

 
 119 

 

tion of hydrophilic and hydrophobic domains in 
carbonate form, similar to that observed for the 
hydrocarbon-based HC-PEM or to a generally 
higher need for a connected hydrophilic network 
to conduct carbonate and (bi-)carbonate ions 
compared to hydroxide ions or protons. While we 
cannot disprove either of the two hypothesis, we 
believe that the intrinsically lower mobility of 
(bi-)carbonate ions requires more well-connected 
ionic pathways for high membrane conductivity, 
which likely causes the absence of a transition 
temperature, rather than a change of the hydro-
philicity in the same membrane when exchanging 
hydroxide with carbonate. Therefore, we conclude 
that the vehicular conduction mechanism plays a 
more significant role for AEMs in the carbonate 
form compared to an ion hopping mechanism, 
which is unlikely to occur for the rather bulky 
(bi-)carbonate ions. Nevertheless, the trend of 
increasing EA with decreasing water content (i.e., 
with decreasing equilibration RH) was also found 
for the (bi-)carbonate form, with EA increasing 
from 0.22 and 0.63 eV (95% and 20% RH) in the 
high temperature regime. In the low temperature 
regime below the freezing point of water, the 
activation energy at any given water content is 
substantially larger (see Table 1); the very large 
activation energy observed in this region is of 
course reflected in the dramatic conductivity loss 
between +50°C and -15°C (≈20-fold) which is 
shown in Figure 9.  
 
Implications of AEM conductivity for automotive 
applications.― While the conductivity of the here 
examined AEM (Tokuyama A201) in the hydrox-
ide form at 50°C and high relative humidity 
(≈20 mS cm-1 at 95% RH, see Figure 8a) is 
≈3.5-fold lower than that of Nafion 212 
(≈70 mS cm-1 at 90% RH, see Figure 5b), it would 
still afford a reasonably small voltage loss for a 
≈10 µm thick membrane (a thickness used in 
today’s PEM fuel cells for vehicles), namely 
≈50 mV at 1 A cm-2. More of a concern, however, 
is the dramatic conductivity loss for AEMs at sub-
freezing conditions, which is much larger than for 
Nafion 212 (see Figure 9), which might be critical 
for freeze-starting a fuel cell, particularly since 
this is generally preceded by equilibrating the fuel 
cell at low RH conditions in order to avoid the 
condensation of liquid water in the electrodes, 
diffusion media, and flow-fields. Exemplarily, one 
can estimate the membrane resistance losses at a 
fuel cell freeze start-up from -15°C at a current 
density of 0.1 A cm-2 (certainly a lower limit for a 
reasonable start-up power) from the conductivities 
obtained at -15°C and intermediate water content 
for Nafion 212 (≈7 mS cm-1; equilibrated at 

+50°C and 52% RH), the HC-PEM 
(≈0.4 mS cm-1; equilibrated at +50°C and 60% 
RH) and the alkaline membrane in hydroxide 
(≈1 mS cm-1; equilibrated at +50°C and 60% RH) 
or (bi-)carbonate form (≈0.07 mS cm-1; equilibrat-
ed at +50°C and 60% RH), as shown in Fig-
ures 5b, 6, and 8. For ≈10 µm thick membranes, 
the associated voltage drop would be roughly 
0.01, 0.25, 0.10, and 1.4 V for Nafion 212, the 
HC-PEM, and the AEM in hydroxide or 
(bi-)carbonate form, respectively. A voltage loss 
of ≈1.4 V  essentially means that a current of even 
0.1 A cm-2 at -15°C could not be drawn for the 
Tokuyama A201 membrane in its (bi-)carbonate 
form, likely preventing a successful freeze 
start-up; on the other hand, a freeze start-up at 
under these conditions would theoretically be 
achievable for in the hydroxide form. This implies 
that it would either be necessary to improve the 
conductivity of anionic membranes in the 
(bi-)carbonate form, or that one would have to 
assure that the AEM would remain in its hydrox-
ide form during the shut-down and during extend-
ed shut-down times. 
 
 

Summary and Conclusions 
 

In this study, we presented a method for the 
in-situ adjustment of the water content of fuel cell 
membranes by equilibration of the membranes at 
+50°C with N2/N2 humidified at different RH 
values, followed by a brief dry-gas purge which 
removes liquid water from the flow-field without 
significantly changing the membrane waer con-
tent. This way, the conductivity of membranes can 
be determined for a defined water content at low 
and sub-freezing temperatures by quantifying the 
electrical resistance and measuring the high fre-
quency resistance (HFR). After validation of this 
methodology with a commercially available Nafi-
on 212 membrane, the conductivity of a hydrocar-
bon-based PEM (HC-PEM) and of an AEM (To-
kuyama A201) were determined. To disentangle 
the (bi-)carbonate and hydroxide form in the 
AEM, the MEA was subjected to an electrochem-
ical pre-treatment followed by equilibration in the 
appropriate gas atmosphere. 
The measurements showed that the conductivity 
of the here examined AEM and of the HC-PEM 
not only decreases significantly when the mem-
brane water content decreases, but that their con-
ductivity drops much more rapidly with decreas-
ing temperature than that of a Nafion 212 mem-
brane, particularly at intermediate and low water 
content. The latter effect is most strongly pro-
nounced for the AEM in its (bi-)carbonate form, 
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which has significant implications for the freeze 
start-up capability of alkaline membrane fuel 
cells. 
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3.2. Electrode degradation in PEMFCs 

3.2.1. Anode Aging During PEMFC Start-Up and Shut-Down: H2-Air 

Fronts vs. Voltage Cycles 
The following section presents the publication “Anode Aging During PEMFC Start-Up 

and Shut-Down: H2-Air Fronts vs. Voltage Cycles”, published in December 2018 in the 

peer-reviewed Journal of the Electrochemical Society as an open access paper.128 The 

article is based on a publication in the conference proceedings journal, ECS Transac-

tions, with the title “Anode Aging through Voltage Cycling Induced by H2-Air Fronts 

during System Start-Up and Shut-Down”.68 This work was presented by Jan N. 

Schwämmleinat the 232nd ECS Meeting (2017) in National Harbor, Maryland (abstact 

#1588). The ECS transactions can be found at https://doi.org/10.1149/08008.0927ecst. 

Short summary.―After discontinuation of fuel cell operation for a certain amount of 

time, both sides of the cell, the anode and the cathode, are filled with air due to the im-

perfect sealing of the stack. To start the PEMFC, the anode needs to be supplied with 

H2, causing the coexistence of H2 and air in the same compartment for a limited amount 

of time (similar for shut-down). As the H2-air front propagates through the anode, high 

potentials are reached at the cathode, where the associated carbon corrosion causes sig-

nificant performance losses (see section 1.3).142 However, the change of gas atmosphere 

also causes the anode potential to shift between the OCVs of the associated reactions, 

i.e., between 0 VRHE (H2 filled) and ≈1 VRHE (air filled).84 This change of potential caus-

es the Pt surface to be oxidized or reduced and a frequent repetition of this process re-

sults in catalyst ageing.71,143–146 In this publication, the SUSD induced degradation on 

the cathode is studied alongside with the anode for a short H2-air front retention time, 

describing the phenomenon of anode ageing during SUSD for the first time in a low 

temperature PEMFC system. The overall performance losses are analyzed in H2/O2 and 

H2/air polarization curves, complemented by the development of the ECSA on the anode 

and cathode during the ageing procedure. In the second part, an AST based on a quasi-

square wave (4 V s-1) potential profile between 0.05 and 1.05 VRHE (E-cycles) is devel-

oped to simulate the anode degradation during SUSD while leaving the cathode catalyst 

layer intact. The ECSA development on the anode during this AST is compared to that 
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of the cathode, and the HOR overpotential is determined by H2 pump measurements in 

pure and dilute H2. In addition, the thickness of the aged electrodes is characterized via 

SEM imaging of cross-sections to obtain an indication on the role of carbon corrosion 

for the ageing procedures. The publication concludes with a projection of the impact of 

SUSD on low loaded anodes, where degradation phenomena are more prominent due to 

a low rf at BOT and high HOR overpotentials after ageing. 

As a result of the study, a significant anode ECSA loss of ≈40% compared to 75% on 

the cathode after 3200 SUSD cycles is identified. Furthermore, a preferential dissolution 

of Pt(110)-like facets and the concurrent formation of Pt(100) sites is observed as a re-

sult of the rapid potential changes on the anode during SUSD. Even though the voltage 

cycling AST is also based on a rapid potential change, the anode faceting cannot be ob-

served in this AST, while the ECSA degradation is comparable (65% after 3200 E-

cycles) to SUSD. The HOR overpotential of the anode in pure H2, determined by H2 

pump measurements after voltage cycling, is in agreement with the kinetic overpotential 

calculated from the ECSA-loss. In contrast, diluting the anode H2 feed to 70% shows 

that additional H2 mass-transport overpotentials are already present in pristine elec-

trodes, and a severe increase is detected after 3200 E-cycles. Finally, cross-sectional 

measurements of aged MEAs provide an indication that the mass-transport overpoten-

tial is a result of carbon corrosion on the anode during E-cycling. Our concluding analy-

sis shows that anodes with a low Pt loading of 25 µgPt cm-2, which are expected to be 

used in the future, would provide an unacceptable kinetic HOR overpotential after age-

ing. Hence, automotive PEMFC stacks require mitigation strategies for the anode, 

alongside with those commonly considered to mitigate cathode degradation. 

Author contributions.―K.T.F., Y.C., P.J.R. and J.N.S. collected and analyzed the data 

for this study. All authors discussed the results and reviewed the manuscript that was 

written by J.N.S. and P.J.R. To this work, J.N.S. and P.J.R. have contributed equally as 

first authors. 
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3.2.2. Cathode Loading Impact on Voltage Cycling Induced PEMFC Deg-

radation: A Voltage Loss Analysis 
Here, the journal article “Cathode Loading Impact on Voltage Cycling Induced PEMFC 

Degradation: A Voltage Loss Analysis” is presented,58 published in March 2018 in the 

Journal of The Electrochemical Society as an open access article distributed under the 

terms of the Creative Commons Attribution 4.0 License, permitting unrestricted reuse of 

the work in any medium, provided the original work is properly cited. The permanent 

web link for this article is https://doi.org/10.1149/2.0161806jes. 

Short summary.―As outlined in the previous section, a frequent change of the poten-

tial at the catalyst layer in the MEA is a major source of degradation. During dynamic 

operation, e.g., load cycling in automotive applications, the cathode is subjected to a 

frequent potential variation.70 As detailed in section 1.3, this induces an oxidation / re-

duction of the Pt surface, leading to Pt dissolution which in turn causes Ostwald ripen-

ing and a loss of ECSA. Furthermore, the most commonly applied support material, i.e., 

carbon black, is thermodynamically not stable at potentials positive of 0.2 VRHE, even 

though the sluggish kinetics of the COR enable the use of carbon up to ≈1 VRHE.78  

Since a large variety of ASTs is described in the literature,77,124,147–150 one aim of this 

study is to compare different voltage cycling procedures with respect to their impact on 

PEMFC key performance indicators, such as ECSA, ORR activity, H+-conduction re-

sistance and O2-mass transport resistance. Amongst others, square waves (SW) between 

0.6 and 1.0 VRHE and triangular waves (TW) at a scan rate of 50 mV s-1 in the same po-

tential region are compared. To determine the influence of the fast potential transient 

versus the holding period in SWs, the rapid potential change is replaced by a scan at 

50 mV s-1, termed as triangular wave-hold profile (TW-H). Moreover, the impact of the 

potential range is evaluated by lowering the upper potential limit of the triangular wave 

protocol to 0.85 VRHE (TW-LUPL). To investigate the influence of a loss of pore vol-

ume in the cathode catalyst layer on the O2 mass-transport resistance, MEAs are ex-

posed to a high cathode potential hold (CP), specifically degrading the cathode carbon 

support structure, while maintaining a reasonably high rf. In addition to differences in 

the applied AST protocol, it is well known that severe voltage losses occur when the rf 
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of the cathode decreases below a certain value, e.g., for low loaded electrodes or after 

electrode ageing.60–62,151,152 To investigate the correlation of the Pt specific O2 mass-

transport resistance and the ageing stage of the cathode, electrodes with high and low 

initial Pt loading are prepared and aged by various ASTs. 

In alignment with previous reports in the literature, the SW ageing protocol is more 

damaging than the TW protocol, both, for high and low-loaded electrodes. A compari-

son of the ECSA after ageing between the TW-H and the SW profile shows that the rap-

id potential transient has an insignificant influence on the ageing behavior of the cath-

ode (considering degradation per cycle), which is mainly determined by the high poten-

tial phase. Furthermore, a stronger ageing of low compared to high loaded catalyst lay-

ers is discovered and related to the smaller initial Pt particle size in the different cata-

lysts. By comparing the O2 mass-transport resistances of electrodes aged according to 

SW, TW, TW-H and CP profiles, we are able to identify that carbon corrosion has a 

minor impact on the loss of performance in ASTs with a maximum voltage of 1.0 VRHE. 

On the other hand, we conclude that lowering the rf (either at BOT or after ageing) in-

duces a non-linear increase of the Pt specific O2 mass-transport resistance which signif-

icantly impacts the performance of low loaded cathodes. A comparison of the O2 mass-

transport resistance for pristine low loaded electrodes and aged high loaded cathodes 

shows that the pressure independent O2 mass-transport resistance after the AST consist-

ed of the Pt specific fraction and an additional resistance originating from catalyst layer 

ageing. Moreover, lowering the upper potential limit of the AST to 0.85 VRHE results in 

full retention of the BOT H2/air performance after 30000 ageing cycles, hence provides 

a clear path for the development of highly durable, automotive PEMFC systems. Final-

ly, a correction of the measured H2/air polarization curves for all known loss terms 

shows that a large fraction of unaccounted losses occurs on electrodes which suffer 

from high Pt specific O2 mass transport resistances, rendering the currently applied in-

situ diagnostic toolset questionable. 

Author contributions.―In this study, A.M.D. acquired the data and analyzed it together 

with G.S.H. and J.N.S. All authors discussed the results and reviewed the manuscript 

that was written by G.S.H. and J.N.S. To this work, G.S.H. and J.N.S. have contributed 

equally as first authors. 
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3.2.3. Activity and Stability of Carbon Supported PtxY Alloys for the ORR 

Determined by RDE and Single-Cell PEMFC Measurements 
The following section presents the publication “Activity and Stability of Carbon Sup-

ported PtxY Alloys for the ORR Determined by RDE and Single-Cell PEMFC Meas-

urements”,113 published in the peer-reviewed Journal of The Electrochemical Society in 

October 2018 as an open access article distributed under the terms of the Creative 

Commons Attribution 4.0 License, permitting unrestricted reuse of the work in any me-

dium, provided the original work is properly cited. The publication can be downloaded 

via the permanent web link https://doi.org/10.1149/2.0221815jes. The study was pre-

sented at the 234th ECS meeting (AiMES 2018) in Cancún, Mexico (abstract #1478) by 

Jan N. Schwämmlein. 

Short summary.―The manuscript presented here applies the triangular wave voltage 

cycling AST developed in the previously described study to a novel catalyst. Based on 

computational considerations, Greeley et al. proposed bimetallic alloys of Pt with rare 

earth metals (Pt-RE), especially Pt-Y, to be a unique class of highly active ORR cata-

lysts.153 Nevertheless, only few synthesis methods for bimetallic Pt-Y nanoparticles are 

present in the literature due to the largely different reduction potential of the noble Pt 

and the non-noble Y. Recently, Roy et al. presented a method to prepare carbon sup-

ported PtxY nanoparticles by distributing a halide containing Y precursors on a Pt/C 

catalyst, followed by heat treatment in reductive atmosphere (H2).112 

In this manuscript, we use a similar synthesis route to prepare PtxY/C, based on a 20%wt. 

Pt/C catalyst impregnated with an YCl3 precursor by freeze drying from acetonitrile and 

subsequent heat treatment at 1200°C in 5% H2 in Ar. As a reference, the Pt/C catalyst is 

heat treated at the same temperature in the absence of YCl3 (Pt/C-HT). After physical-

chemical analysis (XRD, TEM, elemental analysis), the in-house prepared catalyst is 

thoroughly characterized by RDE measurements (ECSA, activation procedure, ORR 

activity) and finally tested in PEMFC single cells to determine its ORR activity and 

electrochemical stability. 

XRD analysis of the as-prepared catalyst shows that the nanoparticles consist of differ-

ent Pt-Y phases (mainly Pt2Y and Pt3Y) and pure Pt. Furthermore, YOCl and Y2O2S are 
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identified as side-phases of the synthesis, originating from the reaction of YCl3 with 

O2/H2O before the heat treatment and with Sulphur impurities of the carbon support. 

YOCl is quantitatively removed in a subsequent catalyst purification step in sulfuric 

acid, where also the amount of Y2O2S is significantly reduced. Analyzing the particle 

size distribution of the PtxY/C catalyst by TEM shows that the heat treatment induces a 

significant particle growth, resulting in a number-averaged PtxY diameter of 12 nm and 

a surface averaged diameter of 21 nm, comparable to the heat treated Pt/C catalyst. The 

large particle size of the PtxY/C and Pt/C-HT catalysts is also reflected in their low 

ECSA (determined by CO stripping in 0.1 M HClO4) compared to the commercial Pt/C 

catalyst. Hence, the ORR mass activity of the PtxY/C catalyst is lower than that of Pt/C, 

even though the successful alloying of the two metals causes a significant increase of 

the surface specific ORR activity. The ECSA, as well as the ORR activity of PtxY/C is 

found to increase upon activation by cycling to anodic potentials, originating most like-

ly from a reconstruction of the active surface and the removal of adsorbed species. Con-

sidering the change of ECSA and ORR activity in RDE experiments, a catalyst activa-

tion protocol consisting of voltage cycles between 0.05 and 1.20 VRHE is defined. Sub-

sequently, full cell MEA tests are carried out, utilizing the previously developed activa-

tion procedure (slightly modifying the voltage window) and the voltage cycling AST 

described in the previous section to evaluate the fuel cell performance of cathode cata-

lyst layers based on PtxY/C and to determine their stability towards electrochemical 

degradation. Even though this catalyst initially shows a low ORR mass activity, hence 

an inferior H2/air performance compared to Pt/C, the large size of the PtxY nanoparti-

cles provides an exceptional stability and finally a superior EOT performance. We can, 

however, not confirm the hypothesis stated by Greeley et al. that Pt-Y alloys are excep-

tionally stable versus electrochemical ageing, since we assign the observed high dura-

bility of the catalyst, tested in this study, to the large particle size of PtxY. 

Author contributions.―P.P., G.S.H. and J.N.S. synthesized the catalyst, while A.B., 

G.S.H. and J.N.S. performed the RDE experiments. PEMFC tests were done by G.S.H. 

and J.N.S. The data was analyzed by J.N.S. and G.S.H. The manuscript was written by 

J.N.S. and G.S.H. and was reviewed by all authors. 
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3.3. Fundamental electrochemistry 

3.3.1. Direct PtSn Alloy Formation by Pt Electrodeposition on Sn Surface 
The following section presents the manuscript “Direct PtSn Alloy Formation by Pt 

Electrodeposition on Sn Surface”, which was submitted to the peer-reviewed Journal 

Scientific Reports and is currently under review. Some of the data used in this manu-

script was presented at the 227th ECS Meeting (2015) in Chicago, Illinois (abstract 

#1185) by Jan N. Schwämmlein. 

Short summary.―A major degradation mechanism of electrode layers during fuel cell 

operation is carbon corrosion, e.g., on the cathode during SUSD events142 or on the an-

ode in the case of a cell reversal.154 For this, the development of more stable support 

materials which are similarly conductive and as inexpensive as carbon is desired. Due to 

their high conductivity, doped oxides, such as ATO, are among the most promising 

candidates in this field of research.51,155–157 Another stability issue of current catalyst 

layers is Ostwald ripening of the Pt catalyst. In contrast to nanoparticles, extended Pt 

surface films exhibit far superior stability versus potential cycling due to their thermo-

dynamically favorable surface configuration. Hence, thin Pt films might provide superi-

or stability, while maintaining the high ORR mass activity of Pt nanoparticles. The 

manuscript presented here is based on the idea to combine a novel support material, 

e.g., based on SnO2, with a Pt film to enhance fuel cell durability.  

The premise of this work is to examine whether the deposition of monolayer-thick Pt 

films can be accomplished on SnO2-based substrates by reducing their surface to Sn, 

followed by the deposition of Pt. The study commences with an evaluation of the elec-

trochemical oxidation and reduction of the Sn surface in borate buffer (pH = 8.4), iden-

tifying the redox process as fully reversible between -0.35 and 0.14 VRHE. Subsequently, 

an experiment is designed to investigate the difference in the electrochemical Pt deposi-

tion process on an oxidized versus a metallic Sn surface. This is achieved by introduc-

tion of the Pt precursor to the electrolyte at a potential where the surface of the electrode 

is oxidized, followed by a cathodic potential sweep to slowly transfer the surface into 

the metallic state while Pt ions are present in the electrolyte. As a comparison, the same 

experiment is carried out on an electrode, which is free of oxidized species on its sur-
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face in the applied potential range or on a Pt electrode. Despite of a large applied over-

potential for the deposition of Pt (≈1 V), no electrochemical deposition process is ob-

served on Sn until the surface oxide species are reduced. We conclude that this effect is 

similar to that, known e.g., from adsorbed hydrogen species158 and could in principle be 

used for self-limited Pt deposition in the future. We further hypothesize that the same 

effect occurs on Pt deposited on the surface of Au, where the deposition process is en-

hanced at a potential similar to the onset of Pt deposition on pure Pt.  

In accordance with those findings, all further deposition experiments are carried out on 

metallic Sn in the absence of surface oxide species. In order to identify the potential that 

fully maintains the Sn electrode in a metallic state, another experiment is presented, 

where the electrode potential is fixed to a certain value, followed by a cathodic scan to 

reduce oxide species. This experiment provides evidence that a metallic surface is main-

tained up to an anodic potential of -0.1 VRHE, which is used as the most anodic deposi-

tion potential, complemented by deposition at -0.15 and -0.25 VRHE. In general, all three 

potentials used to deposit Pt on Sn provide a significant cathodic overpotential for the 

HER. In contrast to the negligible HER kinetics on Sn, Pt provides significant HER 

currents in the applied potential region and a superposition of HER and Pt deposition 

occurs at all potentials. Combining the electrochemical data with SEM images of the 

surface after the deposition process, we conclude that the HER inhibits the deposition of 

Pt on the Pt deposits, while a higher HER overpotential most likely leads to a lower 

deposition efficiency (higher relative HER current). Even though, none of the methods 

is capable to produce a smooth thin film of Pt on the Sn surface, EDX analysis provides 

an approximation of the deposited thickness (<10 nm). Furthermore, an evaluation of 

the thickness of the deposits after various deposition times at the same potential pro-

vides evidence that the HER is capable to inhibit Pt deposition after a certain film thick-

ness is reached (on the order of 10 nm under the applied conditions). Finally, the for-

mation of a Pt-Sn alloy during the deposition process is confirmed by CO oxidation in 

liquid electrolyte, where the deposits provide a significantly lower CO oxidation over-

potential compared to pure Pt. 

Author contributions.―J.N.S. performed all measurements and the data was analyzed 

by J.N.S. and H.E.S. The manuscript was written by J.N.S. and reviewed by H.E.S. 
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Electrochemical deposition is a viable approach to develop novel catalyst structures, such as Pt thin films 
on conductive support materials. Most studies, reaching out to control electrochemical deposition of Pt to 
monolayer quantities focus on noble metal substrates (e.g., Au). In contrast, conductive oxides, such as 
antimony doped tin oxide (ATO), are considered as support material for different applications, e.g., as 
fuel cell catalysts. Herein, we investigate the deposition process of Pt on Sn, used as a model system for 
the electrochemical deposition of Pt on non-noble metal oxide supports. Doing so, we shade some light 
on the differences of a metallic Sn surface and surface oxide species in electrochemical deposition pro-
cesses. With respect to a borate buffer solution, containing K2PtCl4 as Pt precursor, we report for the first 
time that surface oxides have the capability to fully inhibit the electrochemical deposition of Pt. Further-
more, direct alloying of the deposited Pt with the Sn support during the electrodeposition process yielded 
a catalyst with a high activity for the oxidation of CO. 
 

Fuel cells are considered as a candidate to re-
place the currently wide-spread combustion 
engine and limit the exhaust of CO2, e.g., 
caused by automotive traffic. Especially since 
first car producers, such as Toyota,1 Hyundai,2 
and Honda,3 finally brought fuel cell powered 
vehicles to the market, this technology is in 
reach of widespread application. Nevertheless, 
there is a demand for novel electrocatalysts due 
to the low abundance of Pt and the limited sta-
bility of current catalysts under fuel cell operat-
ing conditions.4 In this respect, film-like struc-
tures on non-noble metal based supports, such 
as antimony doped tin oxide (ATO), are of 
potential interest due to various reasons. First of 
all, the Pt surface to mass ratio of extended 
surfaces is similar to that of nanoparticles for 
sufficiently thin layers. Second, Pt thin film 
structures may show high specific activity to-
wards the ORR due to a likely exposure of low 
index facets, providing a superior ORR ex-
change current density compared to Pt nanopar-
ticles.5 Third, a contiguous film may protect the 
underlying support material against corrosion. 
Finally, conductive oxides were proposed as 
stable catalysts with respect to high anodic 
potentials, occurring under certain fuel cell 
operating conditions, such as start-up or shut-
down (SUSD).6–8 
In contrast to the lack of synthesis methods for 
Pt thin films on non-noble metal oxides, various 
methods were already presented to generate low 
loading platinum deposits on metallic supports. 
One approach was to utilize the redox replace-
ment of an underpotentially adsorbed Cu layer 
by Pt from a precursor dissolved in the electro-

lyte.9 Another method, developed by Brimaud et 
al. utilizes the strong adsorption of CO on the 
deposited Pt to hinder any further deposition 
after completion of a single Pt monolayer (ML) 
on a Au(111) single crystal.10 Though the Pt ML 
was reported to be stable while CO was ad-
sorbed, the group showed that the structure 
collapsed to Pt islands as soon as CO was dis-
placed. A similar effect to limit Pt electrodepo-
sition on Au(111) to an amount of Pt equivalent 
to one ML was presented by Moffat and co-
workers.11 Instead of CO, the potential depend-
ent formation of Hads was used to interrupt the 
deposition process while the hydrogen evolution 
reaction (HER) proceeded on the Pt deposit. To 
avoid the formation of H2 bubbles, the group 
used an unbuffered electrolyte with a pH of 4, 
where the amount of HER was limited due to an 
evolving pH gradient between the electrode and 
the bulk of the electrolyte.12 The scanning tun-
neling microscopy (STM) images of the result-
ing deposits showed an island-like morphology 
of very small Pt deposits on the Au surface. 
Similar to those studies, most electrochemical 
deposition techniques, aiming to achieve low 
loading Pt deposits focus on noble metal sub-
strates, whereas deposition of low platinum 
quantities on non-noble metals or conductive 
oxides was only scarcely reported (e.g., on 
Ni).13 
In this publication, we present insights into the 
electrodeposition process of Pt on Sn as a model 
system for such novel catalysts. Overall, this 
manuscript aims to deliver a better understand-
ing of the electrodeposition process, eventually 
leading to a synthesis approach for novel fuel 
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cell catalysts, comprised of low Pt loaded con-
ductive oxides. At first, the electrochemical 
behavior of Sn in slightly alkaline solution is 
investigated to identify the oxidation and reduc-
tion processes on its surface. Subsequently, the 
influence of oxides on the electrochemical dep-
osition process of Pt on the Sn surface is evalu-
ated. Finally, Pt deposition is carried out in the 
presence of HER, where the resulting Pt film 
thickness is studied by energy dispersive X-ray 
(EDX) spectroscopy. The electrochemical oxi-
dation of CO is used as a probe for the structure 
of the deposits. By this method, we are able to 
identify the deposits as PtSn alloys, formed 
directly on the surface of the electrode during 
the deposition process.  
 
 

Experimental procedure 
 

Rotating disk electrode (RDE) setup.―Fuel 
cells are considered as a candidate to replace the 
currently wide-spread combustion engine and 
limit the exhaust of CO2, e.g., caused by auto-
motive traffic. Especially since first car produc-
ers, such as Toyota,1 Hyundai,2 and Honda,3 
finally brought fuel cell powered vehicles to the 
market, this technology is in reach of wide-
spread application. Nevertheless, there is a de-
mand for novel electrocatalysts due to the low 
abundance of Pt and the limited stability of 
current catalysts under fuel cell operating condi-
tions.4 In this respect, film-like structures on 
non-noble metal based supports, such as anti-
mony doped tin oxide (ATO), are of potential 
interest due to various reasons. First of all, the 
Pt surface to mass ratio of extended surfaces is 
similar to that of nanoparticles for sufficiently 
thin layers. Second, Pt thin film structures may 
show high specific activity towards the ORR 
due to a likely exposure of low index facets, 
providing a superior ORR exchange current 
density compared to Pt nanoparticles.5 Third, a 
contiguous film may protect the underlying 
support material against corrosion. Finally, 
conductive oxides were proposed as stable cata-
lysts with respect to high anodic potentials, 
occurring under certain fuel cell operating con-
ditions, such as start-up or shut-down 
(SUSD).6-8 

In contrast to the lack of synthesis methods for 
Pt thin films on non-noble metal oxides, various 
methods were already presented to generate low 
loading platinum deposits on metallic supports. 
One approach was to utilize the redox replace-
ment of an underpotentially adsorbed Cu layer 
by Pt from a precursor dissolved in the electro-

lyte.9 Another method, developed by Brimaud et 
al. utilizes the strong adsorption of CO on the 
deposited Pt to hinder any further deposition 
after completion of a single Pt monolayer (ML) 
on a Au(111) single crystal.10 Though the Pt ML 
was reported to be stable while CO was ad-
sorbed, the group showed that the structure 
collapsed to Pt islands as soon as CO was dis-
placed. A similar effect to limit Pt electrodepo-
sition on Au(111) to an amount of Pt equivalent 
to one ML was presented by Moffat and co-
workers.11 Instead of CO, the potential depend-
ent formation of Hads was used to interrupt the 
deposition process while the hydrogen evolution 
reaction (HER) proceeded on the Pt deposit. To 
avoid the formation of H2 bubbles, the group 
used an unbuffered electrolyte with a pH of 4, 
where the amount of HER was limited due to an 
evolving pH gradient between the electrode and 
the bulk of the electrolyte.12 The scanning tun-
neling microscopy (STM) images of the result-
ing deposits showed an island-like morphology 
of very small Pt deposits on the Au surface. 
Similar to those studies, most electrochemical 
deposition techniques, aiming to achieve low 
loading Pt deposits focus on noble metal sub-
strates, whereas deposition of low platinum 
quantities on non-noble metals or conductive 
oxides was only scarcely reported (e.g., on 
Ni).13 

In this publication, we present insights into the 
electrodeposition process of Pt on Sn as a model 
system for such novel catalysts. Overall, this 
manuscript aims to deliver a better understand-
ing of the electrodeposition process, eventually 
leading to a synthesis approach for novel fuel 
cell catalysts, comprised of low Pt loaded con-
ductive oxides. At first, the electrochemical 
behavior of Sn in slightly alkaline solution is 
investigated to identify the oxidation and reduc-
tion processes on its surface. Subsequently, the 
influence of oxides on the electrochemical dep-
osition process of Pt on the Sn surface is evalu-
ated. Finally, Pt deposition is carried out in the 
presence of HER, where the resulting Pt film 
thickness is studied by energy dispersive X-ray 
(EDX) spectroscopy. The electrochemical oxi-
dation of CO is used as a probe for the structure 
of the deposits. By this method, we are able to 
identify the deposits as PtSn alloys, formed 
directly on the surface of the electrode during 
the deposition process. 
Electrode preparation.―Polycrystalline Sn 
electrodes (99.999%, MaTecK Material-
Technologie & Kristalle GmbH, Germany) were 
prepared by polishing in three individual steps 
using a 9 µm diamond suspension (MetaDi 
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Supreme) on a VerduTex polishing cloth, a 
3 µm diamond suspension (MetaDi Supreme) 
on a MicroCloth and 1 µm Al2O3 (MicroPolish 
II) on a Microcloth with a polishing machine 
(MetaServ 250 / vector head), all purchased at 
Bühler GmbH (Germany). Each polishing step 
was performed for at least 5 minutes and the 
crystal was sonicated at least five times in ul-
trapure water before moving on to the next step, 
mitigating Pt contamination on the Sn crystals. 
 
Electrochemical deposition procedure.― 
Potential-controlled electrochemical deposition 
(-0.10, -0.15, -0.25 VRHE) was carried out by 
introducing K2PtCl4 (99.999%, Sigma Aldrich 
Corp., Germany) to the Ar-saturated electrolyte 
while the electrode was rotated at 200 rpm. The 
Pt precursor was dissolved in borate buffer 
(1 mL) prior to addition and the amount of 
K2PtCl4, added to the cell, was adjusted to yield 
an overall concentration of 1.5 mM. After the 
desired time of deposition was reached, the 
electrode was immediately removed from the 
solution and rinsed with ultrapure water to re-
move any remaining Pt ions from the surface of 
the electrode. 
 
Pt sputtering and scanning electron micros-
copy (SEM).―Platinum was sputtered on pol-
ished Sn samples in Ar atmosphere (0.05 mbar), 
using a sputtering machine (Sputter Coater SCD 
004, Fluke Corp., USA) with a working dis-
tance of 5 cm at an applied current of 15, 45, 60, 
30 or 60 A for 40, 30, 26, 180 or 52 s to achieve 
a Pt overlayer thickness of 5, 20, 40, 60 or 
80 nm. Images of the deposits were taken with a 
high resolution scanning electron microscope 
(JCM-7500F, Jeol Germany GmbH, Germany) 
after washing the samples with ultrapure water 
and drying them for at least 24 h at room tem-
perature. EDX spectroscopy was carried out on 
a table top SEM-EDX device (JCM-6000, Jeol 
Germany GmbH, Germany) at 15 kV. 
 
XPS Characterization―The XPS measure-
ments were performed in a Kratos Axis Supra 
spectrometer with a monochromatic Al Kα X-
ray source. The PtSn samples were mounted 
non-conductive in the sample holder by using a 
carbon tape and a PTFE sheet to adjust the sam-
ple’s height. The binding energies for each 
spectra were corrected using the C 1s peak 
(284.6 eV) as a reference. The peak areas from 
the Pt 4f and Sn 3d level were calculated with 
casaXPS processing software. A Shirley back 

 
Figure 1. CVs of a Sn electrode in Ar-saturated 
borate buffer (0.05 M, pH = 8.4) at a scan rate 
of 20 mV s-1 between -0.35 and 0.14 (black), 
0.39 (red) or 0.64 VRHE (green) without rotation, 
measured at room temperature. 
 
 
ground was employed for the background sub-
traction during the area calculation. 
 
 

Results and Discussion 
 

Electrochemistry of Sn.― As a non-noble 
metal, Sn readily forms an oxide on its surface 
if exposed to an oxidizing agent, such as O2 in 
air. Furthermore, Sn dissolves to Sn(II) and 
Sn(IV) species in acidic and alkaline media.14 In 
contrast to this, metallic Sn is thermodynamical-
ly stable between approximately -0.1 and -1.0 
VRHE in solutions with neutral pH.15 Therefore, 
Sn can be reversibly oxidized and reduced by 
potential control in neutral media, e.g., without 
significant dissolution into the electrolyte.16 
Accordingly, the steady-state CV of a Sn elec-
trode in a borate buffer solution with a pH of 
8.4 is presented in Figure 1, showing oxidative 
features at potentials more anodic 
than -0.1 VRHE, as well as reductive features at 
more cathodic potentials. The electrochemical 
behavior of Sn has been studied in various elec-
trolytes by different groups,16–19 and the follow-
ing reaction scheme was proposed for the elec-
trochemical oxidation of metallic Sn in borate 
buffer by Kapusta et al.16 
 

Sn + 2 OH- → Sn(OH)2 + 2 e- [1] 
Sn(OH)2 + 2 OH- → Sn(OH)4 + 2 e- [2] 

 
In accordance with these reports, the anodic 
current shown in Figure 1 is assigned to the 
oxidation of the Sn surface, whereas the cathod-
ic peak is ascribed to the associated reduction to 
metallic Sn. In the absence of a continuous 

-0,4 -0,2 0,0 0,2 0,4 0,6 0,8
-0,4

-0,3

-0,2

-0,1

0,0

0,1

0,2

i [
m

A
 c

m
-2

]

E [VRHE]



 
 

 
 173 

 

reaction (e.g., HER), the extent of reversibility 
of the redox process can be estimated by divid-
ing the integral of the reductive charge (Cred) by 
the oxidative charge (Cox), passing through the 
electrode during a single cycle. Considering the 
CV with an anodic potential limited of 
0.14 VRHE (Figure 1, black line), the oxidative 
and cathodic charges are perfectly balanced 
(Cred/Cox ≈ 1), hence the process of surface ox-
ide formation on Sn can be considered fully 
reversible within this potential range. When the 
anodic vertex of the CV is increased to higher 
potentials (0.39 and 0.64 VRHE), the oxidative as 
well as the reductive charge increases and the 
cathodic peak shifts to more negative potentials 
(Figure 1, red and green lines). This observation 
can be explained by the transformation of the 
anodically formed oxide to a more stable oxide 
layer on the Sn surface at these higher anodic 
potentials, leading to an increase in the reduc-
tion overpotential in the negative going scan.16 
Furthermore, the charge balance Cred/Cox de-
creases to ≈0.7 and ≈0.6 when the anodic vertex 
increases to 0.39 and 0.64 VRHE, respectively. 
The higher oxidative compared to reductive 
charge indicates an incomplete reduction of the 
oxide layer within the applied potential region, 
most likely due to the anodic stabilization of the 
surface oxide. In alignment with this hypothesis, 
Kaputsa et al. reported that full removal of cer-
tain, anodically grown Sn oxide species requires 
extended periods at substantially more cathodic 
potentials, including the formation of H2 on the 
electrode.16 

 
The role of surface oxides in the electrodepo-
sition of Pt.― In general, the deposition of 
metals on oxides is associated with a large inter-
facial energy, often leading to the formation of 
islands due to a dewetting effect.20 The effect of 
Sn oxide on the electrochemical deposition of Pt 
was studied here using CV in borate buffer 
solution. Pt deposition on Sn was carried out 
after potential cycling of the electrode surface in 
the potential range of the fully reversible oxide 
formation (i.e., between -0.35 and 0.14 VRHE) 
until a stable voltammogram was established, 
whereas high anodic potentials were avoided to 
abstain from the irreversible oxide formation.  
When the CV of the Sn electrode reached the 
anodic vertex of 0.14 VRHE, an already dissolved 
Pt(II) precursor (K2PtCl4) was added to the 
electrolyte and the potential was scanned in 
cathodic direction. Hence, an oxide is present 
on the surface of the electrode when the precur-
sor is introduced to the system. Figure 2a) 
shows the CV prior to addition of the Pt precur- 

 
Figure 2. The solid, black lines show CVs of a) 
Sn (-0.35 – 0.14 VRHE), b) Au (0.05 –
 1.18 VRHE) with a zoomed inset in c) and d) Pt 
(0.05 – 1.20 VRHE) in Ar-saturated borate buffer 
(0.05 M, pH = 8.4) at a scan rate of 10 mV s-1, 
applying a rotation rate of 400 rpm, measured at 
room temperature. At the anodic vertex of the 
CV, a solution containing K2PtCl4 (1.5 mM) 
was added to the electrolyte, with the red lines 
showing the cathodic scan directly after addition 
of the Pt precursor. The dotted, black line in b) 
shows a CV of a Au electrode at more anodic 
potentials (0.05 – 1.75 VRHE), as a comparison. 
The dashed, grey line is solely a guide for the 
eye to indicate the change of slope in the depo-
sition transient. 
 
 
sor (black line) and the subsequent cathodic 
scan in the presence of Pt ions (red line). With 
respect to thermodynamics, facile Pt deposition 
on the electrode surface is expected in the entire 
applied potential region, due to the large cathod-
ic overpotential of more than 1 V with respect 
to the standard reduction potential of PtCl4

2- 
(0.755 VSHE) according to the following reaction 
scheme.21 
 

PtCl4
2- + 2e-  Pt + 4Cl- [3] 
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Nevertheless, as shown (red line) in Figure 2a), 
the current in the cathodic sweep after the addi-
tion of the Pt precursor initially follows the 
previous cycle, where no PtCl4

2- ions were pre-
sent in the electrolyte. The absence of a cathod-
ic current in addition to that originating from the 
redox process on the Sn electrode indicates that 
Pt deposition from a borate buffer solution does 
not occur on the Sn electrode between 0.14 and 
≈-0.12 VRHE. Nevertheless, the current increases 
significantly when the potential is scanned fur-
ther cathodic into the range corresponding to the 
reduction of Sn oxide species, indicating the 
onset of Pt deposition. Sweeping the potential 
further cathodic leads to a linear increase of the 
current, accounting for ongoing reduction of Pt 
ions from solution and HER on the resulting 
deposits. According to these findings, we hy-
pothesize that Pt deposition on Sn is not possi-
ble under the applied conditions as long as the 
metallic surface is covered with oxide species. It 
can be excluded that the observed phenomenon 
is due to a time transient effect, where the Pt 
precursor would not be present at the surface of 
the electrode until the increase of the current is 
observed, since the electrode was rotated 
(400 rpm) during the experiment, ensuring a 
quick transport of the already dissolved precur-
sor to the electrode surface. Furthermore, simi-
lar experiments were performed at different 
potentials (shown at a later point of the study, 
Figure 4) where the insertion of the precursor 
led to an instant rise of the cathodic current. In 
order to verify that surface oxides hinder the 
electrochemical deposition process on Sn, a 
similar experiment was carried out on a Au 
electrode. Compared to Sn, the electrochemical 
oxidation of Au in borate buffer takes place at 
substantially more anodic potentials >1.2 VRHE 
(dashed, black line, Figure 2b). Limiting the 
anodic vertex of the CV to a potential before the 
oxidation of Au ensures the metallic state of the 
electrode, hence no reductive peaks appear in 
the cathodic scan of the CV (solid, black line, 
Figure 2b). By adding the Pt precursor at 
1.2 VRHE and scanning the potential cathodic, 
the onset of Pt deposition on Au was found at 
≈0.9 VRHE (red line, Figure 2b). Owing to the 
fact that this potential lies more than 1 V anodic 
of that found on Sn, we conclude that Pt deposi-
tion on Sn is indeed fully prevented in the pres-
ence of an oxide layer on the surface. Continu-
ing the cathodic sweep reveals a change of slope 
with respect to the increase in the deposition 
current at a potential of approximately 
0.66 VRHE, best visible in Figure 2c). The charge 
that passed the electrode in the cathodic scan 

before reaching 0.66 VRHE, is approximately 
720 µC cm-2. Considering a 2e- process for the 
reduction of PtCl4

2- according to Equation [3], 
and assuming 100% efficiency, this charge 
corresponds approximately to the deposition of 
one Pt monolayer on Au (assuming a hypothet-
ical roughness factor of ≈1.5 cmPt

2  cm-2 for the 
Au disk). Hence, the majority of the Au surface 
is already covered with Pt when the potential of 
0.66 VRHE is reached. Repeating the deposition 
experiment on a Pt electrode (Figure 2d) gives 
further insight into the Pt deposition process. 
Similar to Sn, deposition of Pt on Pt starts after 
the removal of surface oxides on the metal (red 
line, Figure 2d). The onset of Pt deposition on 
the Pt disk was ≈0.66 VRHE, coinciding well 
with the potential where a change of slope was 
observed when Pt is deposited on the Au disk 
(red line, Figure 2b). Hence, we hypothesize 
that Pt deposited on Au at potentials more anod-
ic than 0.66 VRHE is oxidized quickly, forming a 
layer of oxide species. This layer may hinder 
the continuation of the deposition process, simi-
lar to that on a Pt (or Sn) electrode and might 
eventually stop the process entirely in a certain 
potential region. By sweeping the potential 
further cathodic, metallic Pt is exposed and Pt 
deposition can continue unabated, leading to an 
increase in the deposition current, thus a change 
of slope in the cathodic scan of Figure 2b) is 
observed. According to the results presented 
here, we propose that oxide species on the sur-
face of Pt and Sn electrodes are capable of fully 
inhibiting Pt deposition under the conditions 
applied here, even though high cathodic overpo-
tentials are applied to the system. As mentioned 
earlier, similar self-limiting mechanisms with 
respect to the deposition of Pt were observed by 
other researchers who utilized this effect to 
prepare Pt-ML structures on Au. Brimaud et al. 
deposited Pt electrochemically on Au in the 
presence of CO in the electrolyte. They reported 
that the rapid adsorption of carbon monoxide on 
the Pt surface fully blocks further electrodeposi-
tion.10 Liu et al. employed a similar method to 
obtain a Pt-ML on Au, where they used the 
underpotential deposition of hydrogen (Hupd) to 
stop the Pt deposition after the formation of the 
first layer.11 If developed further, the mecha-
nism reported in this publication could poten-
tially be utilized in a similar way to obtain a 
Pt-ML or thin film on a non-noble metal sup-
port. 
Since Pt deposits only on metallic Sn, an exper-
iment was designed to identify the potential at 
which Sn oxide formation takes place on the 
surface of the electrode. First of all, a CV, ter- 
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Figure 3. Steady state CV (black line) of a Sn 
electrode in Ar-saturated borate buffer (0.05 M, 
pH = 8.4) at a scan rate of 20 mV s-1 be-
tween -0.35 and 0.14 VRHE, measured at room 
temperature. Red, blue and green lines show 
linear potential scans in cathodic direction at 
20 mV s-1 after a constant potential was applied 
for 120 s. The applied potential is indicated by a 
diamond. The inset shows a zoom of the same 
graph. 
 
 
minating at a potential of -0.35 VRHE, was car-
ried out to reduce the surface oxide of the Sn 
electrode. Thereafter, the potential of interest 
was applied for 2 minutes (chronoamperometric 
period) to either stabilize the surface in the 
metallic state or to form surface oxide species. 
Subsequently, the potential was scanned cathod-
ic to probe for the appearance of a peak, corre-
sponding to the reduction of the surface oxide to 
metallic Sn. When potentials more negative 
than -0.1 VRHE are applied during the chrono-
amperometric period, no peak appears in the 
cathodic scan (green lines, Figure 3), thus no 
oxidation of the metallic surface has taken place 
and the probed potential is considered suitable 
for the electrodeposition of Pt. In contrast to 
that, clear reduction features are observed after 
applying potentials more positive 
than -0.09 VRHE (red lines, Figure 3) due to 
(partial) oxidation of the Sn surface. In the tran-
sition region between those two potential re-
gions, no clear peak is found but slight reoxida-
tion of the surface cannot be fully excluded 
(blue lines, Figure 3).  
 
The nature of electrodeposited Pt on Sn.― In 
order to obtain an insight into the deposition 
process, as well as into the morphology of the 
resulting Pt deposits, potentiostatic electrodepo-
sition was carried out at different potentials and 
the deposits were imaged by SEM. Furthermore, 
the change in the electrochemical properties of  

 
Figure 4. Current transient of potentiostatic 
measurements on Sn electrodes at -0.1 
(black), -0.15 (red) and -0.25 VRHE (green) in 
deaerated borate buffer (0.05 M, pH = 8.4) at a 
rotation rate of 200 rpm, interrupted by a 3 s 
rotational pulse of 3000 rpm every 15 s, meas-
ured at room temperature. A solution, contain-
ing K2PtCl4, was added to the electrolyte (time 
of addition depicted by a grey arrow), resulting 
in an overall concentration of 1.5 mM.  
 
 
the Pt deposits, as well as the increase in the 
film thickness throughout the deposition process 
with respect to the deposition time are ad-
dressed in this section. 

To ensure the metallic state of Sn prior to the 
electrodeposition process, potentiostatic Pt 
deposition was solely carried out at sufficiently 
cathodic potentials, ensuring the absence of 
oxide species on Sn according to Figure 4, 
viz., -0.1, -0.15 and -0.25 VRHE. Prior to deposi-
tion, the Sn oxide on the electrode surface was 
reduced by scanning the potential cathodic 
to -0.35 VRHE, followed by a stabilization period 
at the respective deposition potential for 120 s 
(in the absence of Pt ions in the solution). 
Thereafter, K2PtCl4 pre-dissolved in borate 
buffer was added to the solution to initiate Pt 
deposition on Sn. During the electrochemical 
deposition process, a rotation rate of 200 rpm 
was applied, interrupted every 15 s by a rota-
tional pulse of 3000 rpm for 3 s to remove hy-
drogen bubbles from the surface of the elec-
trode.  

As shown in Figure 4 (solid lines), the current at 
each potential remains constant before the addi-
tion of the Pt precursor, indicating steady condi-
tions and the absence of additional reductive 
processes, e.g., due to the removal of residual 
surface oxides. As soon as K2PtCl4 is introduced 
to the electrolyte, the current increases in all 
experiments, eventually sloping out to a plateau 
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for the remainder of the potentiostatic period. 
Therefore, the current increase can clearly be 
ascribed to the reduction of Pt ions at the sur-
face of the electrode, superimposed with a co-
current from HER on the Pt deposits. In contrast 
to Sn,22 Pt is highly active for HOR/HER in a 
wide range of pH values.23–27 Therefore, a sig-
nificant increase of the current is expected for a 
Sn electrode once it is at least partially covered 
with Pt due to the large applied HER overpoten-
tial. Consistently, the cathodic current after the 
addition of the Pt precursor originates from Pt 
deposition, as well as from HER on the Pt de-
posits. The application of a larger HER overpo-
tential (more cathodic potential) therefore caus-
es a higher current during the plateau phase. 
Moreover, the time needed to reach the plateau 
is clearly dependent on the applied potential, 
with more cathodic potentials enhancing the rate 
of the deposition process. As a result, the Sn 
surface is more quickly covered with Pt at more 
cathodic potentials and the plateau, correspond-
ing to the maximum rate of HER, is reached 
more quickly. Consistently, the current meas-
ured at -0.1 VRHE (Figure 4, black line) requires 
significantly more time to reach steady state and 
reproducibly shows a current peak before the 
final plateau. We account this to an overlap of 
Pt deposition on uncovered Sn sites with the 
current originating from HER on Pt, since cov-
ering the electrode with Pt requires more time 
compared to -0.15 (Figure 4, red line) 
and -0.25 VRHE (Figure 4, green line). However, 
according to Strmcnik et al., the surface of Pt is 
fully covered with Hads in the relevant potential 
region (≤-0.1 VRHE).28 Liu et al. utilized the 
rapid formation of Pt-Hads on the surface of the 
deposited Pt to prepare a Pt-ML on a single 
crystalline gold surface, where Pt electrodeposi-
tion was fully prevented by the adsorbed hydro-
gen.11 Since the potential range utilized for 
deposition experiments in this study is similar to 
that of Liu et al. (-0.33 VRHE), one might expect 
a comparable inhibition of the deposition pro-
cess on Sn. However, the electrolyte used by 
Liu et al. was an unbuffered NaCl solution 
(0.5 M), where the pH at the surface of the elec-
trode shifts due to the consumption of H+ during 
HER on Pt.12 The advantage of this approach is 
the possibility to adjust the rate of H2 evolution 
to a moderate level by choosing the solution pH 
accordingly. Hence, using an electrolyte with a 
pH of 4 (according to Liu et al.) results in an 
HER limiting current of ≈100 µA cm-2 at a 
rotation rate of 400 rpm.11 In this case, the asso-
ciated molar flux of H2 produced at the surface 
of the electrode is as low as ≈0.5 nmol s-1 cm-2 

(calculated via Faraday’s law at a current densi-
ty of 100 µA cm-2 in a 2 e- transfer reaction). In 
contrast to this rather low H2 production rate, 
the maximum flux transported away from the 
electrode through diffusion under the applied 
conditions is on the order of 15 nmol s-1 cm-2 
(calculated via Fick’s first law, assuming a 
diffusion boundary layer thickness of 40 µm at 
400 rpm, a maximum H2 concentration of 
1.3 mM at 25°C,25 a diffusion coefficient of 
4.5 ∙ 10-9 m2 s-1 and the absence of H2 in the 
bulk of the solution),29 allowing the produced 
H2 to be easily transported away from the elec-
trode into the bulk of solution without forming 
bubbles on the electrode surface. In accordance 
with this, a solution pH of 8.4, i.e., as used in all 
Pt deposition experiments in this article, results 
in a theoretical limiting current  of 12 nA cm-2 
(calculated via the Levich equation using a 
diffusion coefficient of 7 ∙ 10-9 m2 s-1 and a 
rotation rate of 400 rpm)30 due to the compara-
bly low proton concentration. However, in un-
buffered electrolytes, the concentration of pro-
tons at the surface of the electrode depletes 
when HER proceeds, resulting in a shift of the 
surface pH. Hence, due to the limited stability 
window of Sn with respect to pH (Sn dissolves 
in acidic and alkaline media),15 a buffered elec-
trolyte was used in all experiments described 
here. Since protons can be readily replenished in 
buffers, a change of the solution pH is avoided 
and the H+ concentration in the vicinity of the 
electrode does not deplete analogously to an 
unbuffered electrolyte. Therefore, the current 
observed on a polycrystalline Pt disk (Figure 4, 
dotted lines) in the same electrolyte, at the po-
tentials used for electrochemical deposition, i.e., 
-0.10, -0.15 and -0.25 VRHE, ranges between 
0.34 – 0.76 mA cm-2 at a rotation rate of 
400 rpm. Hence, the rate of H2 evolution at the 
surface of the electrode is approximately one 
order of magnitude larger compared to Liu et al. 
Accordingly, H2 bubbles can form on the sur-
face of the electrode, eventually being released 
into the electrolyte. The surface sites liberated 
in this process may serve as template for further 
Pt deposition, hence the deposition process is 
not expected to be fully inhibited under the 
conditions applied here. Nevertheless, it is ex-
pected that the rate of Pt deposition is signifi-
cantly decreased due to blockage of Pt sites by 
adsorbed hydrogen. In principle, a rough esti-
mation of the efficiency of the deposition pro-
cess during the plateau phase can be made by 
subtraction of the charge originating from HER 
on pure Pt from the charge obtained during the 
electrodeposition experiments. Dividing this  
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Figure 5. SEM images of Pt deposits on Sn, 
prepared by electrodeposition in borate buffer 
(pH = 8.4, 0.05 M) at a) -0.10, b) -0.15 and 
c) -0.25 VRHE for 204 s, applying a rotation rate 
of 200 rpm, interrupted by a 3 s rotational pulse 
of 3000 rpm every 15 s. 
 
 
“HER-corrected” charge by the total charge 
delivered during the same period of time yields 
a maximum deposition efficiency of 30, 23 and 
24% at -0.10, -0.15 and -0.25 VRHE. Even 
though an extraction of the amount of deposited 
Pt by this method is rather delicate due to dif-
ferences in the nature of the electrode (Pt depos-
its on Sn versus pure Pt), the electrode mor-
phology, and the additional salt in the electro-
lyte, the low calculated efficiency indicates that 
the deposition of Pt on the electrodes is strongly 
limited. 
This is then also reflected in the morphology of 
the resulting deposits, which is shown in the 
SEM images of the electrodes after the electro-
deposition experiment (Figure 5a-c). In general, 
the electrodes are composed of a variety of 
small, well-connected Pt deposits with an is-
land-like morphology. The lateral size of the 
deposits varies with respect to the applied depo-
sition potential in the order -0.1 > -0.15 
> -0.25 VRHE. The average island diameter at the 
most cathodic deposition potential of -0.25 VRHE 
(Figure 5c) is on the order of 10 nm, while de- 

 
Figure 6. Ratio of the Pt:Sn counts vs. the 
thickness, d, of the Pt deposit on Sn. The counts 
were obtained by measuring an EDX at 15 kV. 
The Pt layer was either prepared by sputter 
deposition (grey circles) or by electrochemical 
deposition for 1 (black star), 3 (red star) or 
10 min (green star). While the full range of 
prepared samples is shown in a), the inset b) 
represents a zoom below 10 nm. 
 
 
posits produced at -0.15 and -0.1 VRHE have 
slightly larger dimensions. We conclude that the 
higher overpotential with respect to the HER on 
Pt at more cathodic potentials, causes the evolu-
tion of large amounts of H2 on the surface of the 
Pt deposits. This ongoing reaction shields the Pt 
deposits from successive reduction of ions on 
their surface, while pure Sn sites are more ex-
posed to the solution. Hence, Pt deposition on 
Sn is favored over the deposition on the Pt is-
lands and smaller deposits are formed. This, 
however, implies that the average film thickness 
would not grow significantly during longer 
potential application, since most of the charge in 
the plateau phase would correspond to HER as 
soon as a high coverage on the electrode is 
achieved. It shall be mentioned at this point, that 
the effect of the high H2 concentration in the 
vicinity of the electrode on the chemical stabil-
ity of the PtCl4

2--complex was not studied here 
and a certain amount of chemical deposition due 
to reduction of Pt ions by H2 cannot be fully 
excluded. 
To further investigate the Pt deposition efficien-
cy during the plateau phase, electrochemical 
deposition using the same procedure employed 
earlier was carried out at a constant potential 
of -0.25 VRHE, varying the time from 68, 190 to 
626 s (termed 1, 3 and 10 min hereafter). While 
the shortest deposition time is still in the region 
where the current increases, the other two depo-
sition times were chosen such that the current 
plateau was reached, remaining at these condi-
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tions for a different amount of time. The equiva-
lent thickness of the resulting deposits was 
analyzed by EDX, where the electron beam 
penetrates through the Pt surface layer into the 
Sn metal. Therefore, the ratio of the X-rays 
emitted by Pt and Sn contains intrinsic infor-
mation about the thickness of the Pt overlayer. 
The Pt layer thickness was estimated by com-
paring the Pt:Sn count ratio to those obtained 
from samples of defined Pt layer thickness on 
Sn, obtained by sputter deposition. The thick-
ness of the sputter-deposited Pt films was con-
trolled using a quartz crystal microbalance 
(QCMB) in the deposition chamber. As ex-
pected, the Pt:Sn ratio of the sputter-deposited 
samples increases with nominal Pt layer thick-
ness, as shown in Figure 6 (grey circles). While 
the increase is nearly linear for thin Pt layers, a 
strong increase is observed for thicker layers 
(e.g., Pt:Sn ≈ 13 for 80 nm), which we hypothe-
size to originate from the lower beam penetra-
tion through the Pt layer as the thickness in-
creases. Nevertheless, the general correlation of 
the Pt:Sn count ratio and the Pt overlayer thick-
ness can be used to estimate the thickness of the 
Pt deposits on Sn, which have a comparably 
small Pt:Sn ratio of 0.055, 0.105 and 0.114 for 
1, 3 and 10 min of electrodeposition, shown in 
the inset of Figure 6 (turquoise, magenta and 
purple stars). The obtained values correspond 
approximately to a thickness of 4 nm after 
1 min and 7-8 nm after 3 and 10 min. We there-
fore conclude that the efficiency of Pt deposi-
tion is highest in the initial phase, where most of 
the Sn surface sites are available. On the other 
hand, the deposition process slows down signif-
icantly in the plateau phase, where a large frac-
tion of the current originates from HER on the 
Pt deposits, shielding the electrode surface. 
 
Electrochemical analysis of Pt deposits on 
Sn.―Since the preceding EDX analysis showed 
that the approximate thickness of the deposits 
does not increase significantly during the cur-
rent plateau phase, the analysis of this effect 
was complemented by measuring CVs of the 
electrodeposits in borate buffer solution, pro-
vided in Figure 7a). First, it has to be noted that 
the general shape of the CV for all prepared 
deposits is similar, whereas the oxidative, as 
well as the reductive charge of the sample pre-
pared at 1 min is significantly lower compared 
to 3 and 10 min. Furthermore, the charge of the 
CV of the electrodeposit after 3 min compares 
well with that after 10 min deposition time, 
indicating a similar exposed surface area. Since 
the main deposition time for both samples (3  

 
Figure 7. a) CVs of electrochemically deposited 
Pt on Sn after a deposition for 1 (turquoise line), 
3 (magenta line) and 10 min (purple line) 
at -0.25 VRHE in Ar-saturated borate buffer 
(0.05 M, pH = 8.4) at a scan rate of 20 mV s-1 
between 0.05 and 1.00 VRHE, measured in stag-
nant electrolyte at room temperature. The CV of 
a polycrystalline Pt disk is shown as comparison 
(orange line). b) CVs of the same deposits after 
saturating the electrolyte with CO and scanning 
at 10 mV s-1 and a rotation rate of 400 rpm. 
 
 
and 10 min) was passed during the plateau 
phase, the previously stated hypothesis that the 
deposition during this phase is strongly limited, 
while the major fraction of the charge originates 
from HER, is hereby confirmed. Moreover, the 
charge of the CVs in the oxide formation / re-
moval region (E > 0.4 VRHE) after Pt electro-
deposition on Sn is higher compared to a bare 
PtPC disk. This is indicative of a high roughness 
factor (rf) of the Pt deposit on Sn, stemming 
from the highly structured surface compared to 
the flat, polished Pt electrode (rf ≈ 1.3, extracted 
from the averaged Hupd charge in the anodic and 
cathodic scan). Furthermore, the electrochemi-
cal features on the Pt electrodeposits are very 
different from pure PtPC (orange line), especially 
at low potentials, where no distinct adsorption 
features for the Hupd are present on the electro-
deposits. Additionally, the oxidation and reduc-
tion potential of the Pt electrodeposit is further 
separated compared to pure Pt, indicating a 
larger required overpotential for this process.  
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Figure 8. XPS spectra of the Pt 4f region of 
PtSn samples after 1 min (turquoise line) and 
after 10 min (purple line) of electrochemical 
deposition. The blue solid line represents the Pt 
4f7/2 binding energy for a pure Pt sample report-
ed in the literature.35–37 
 
 
The differences of the CVs compared to pure Pt 
can be understood by considering the presence 
of Sn in the vicinity of Pt. In fact, Pt-Sn alloys 
are known to exhibit distinct electrochemical 
features compared to Pt, visible e.g., in acidic 
electrolyte.31,32 This can also be observed in the 
CVs shown in Figure 7a, where the oxidative 
and reductive features of the PtSn catalysts 
extend over a wider potential range compared to 
pure Pt (orange line) and the features in the 
potential window of the Hupd are not clearly 
resolved. Since such alloys are furthermore 
well-known to be excellent catalysts for the 
oxidation of carbon monoxide,33,34 the electro-
lyte was saturated with CO, reporting steady-
state CVs in Figure 7b) in order to probe the 
deposits for a possible alloy formation. Com-
pared to PtPC (≈0.6 VRHE), the onset potential of 
the oxidation of CO on the Pt deposits on Sn is 
shifted approximately 200 mV cathodic, which 
is comparable to the results presented in the 
literature for PtSn alloys.34 Additionally, depos-
iting Pt for 1 min results in a slightly lower 
activity towards the CO oxidation, which might 
be mainly related to the incomplete coverage of 
Pt on the Sn surface, hence a lower rf value, as 
indicated by the CV in Figure 7a). Therefore, 
the formation of a Pt-Sn alloy upon electro-
chemical deposition from borate buffer solution 
was confirmed by the CVs and CO oxidation 
experiments. 
To further confirm the formation of the PtSn 
surface alloy, XPS was used to analyze the Sn 
samples that were exposed to 1 min and 10 min 
of Pt deposition. Figure 8 shows the spectra of 
the Pt 4f level for the two PtSn samples ob-

tained at different deposition times (1 min and 
10 min). The photoelectron peaks of the PtSn 
samples show a shift towards lower biding en-
ergies when compared to a pure Pt reference 
obtained from literature.35–37 Moreover, the 
Sn ample on which Pt was deposited for 1 min 
shows the largest shift compared to the Pt refer-
ence, with a deviation of 0.5 eV. The nature of 
this shift can be explained by the formation of 
an alloy between the deposited Pt and Sn on the 
surface of the electrode.35,36 On the other 
hand, the sample on which Pt was deposited for 
10 min shows a smaller shift from the pure Pt 
reference, suggesting that the alloying between 
Pt and Sn is most likely diluted by pure Pt that 
couldn’t reach the Sn surface. 
 
 

Conclusions 
 
Herein, we report insights into the electrochem-
ical deposition process of Pt on Sn from a pH 
neutral borate buffer solution. Under the tested 
conditions, Pt electrodeposition was fully pre-
vented when the Sn surface was covered with an 
oxide layer, even though high cathodic overpo-
tentials were applied. In addition, the same 
general principle of self-limitation was found to 
be valid for Pt deposition on a Pt electrode and 
for a Pt covered Au surface. We conclude from 
these findings that the concept of surface oxide 
blocking, introduced here for the first time, has 
potential to be further developed into a control-
lable self-limiting deposition process. Such a 
process could, e.g., be based on the deposition 
of a Pt-ML on a metallic surface, thereafter 
oxidizing the surface of the Pt deposit and stop-
ping further deposition. 

Furthermore, a method was developed to depos-
it Pt on Sn in the absence of surface oxide, 
while HER proceeded on the Pt deposits. In this 
study, the effect of the applied deposition poten-
tial and -time on the resulting morphology were 
investigated. After an initiation period of a con-
stant potential deposition, where the largest 
fraction of the Sn surface was covered with Pt, 
the deposition process was found to be self-
limiting due to ongoing HER on Pt. Hence, 
increasing the deposition time resulted essen-
tially in the same deposited layer thickness 
(<10 nm) and similar electrochemical behavior 
of the electrodes. Deposited Pt was found to 
alloy immediately with the Sn substrate, provid-
ing a high activity towards the oxidation of CO. 
In conclusion, the deposition procedure present-
ed here can be used to reliably obtain Pt over-
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layers in the nanometer range, alloyed with the 
substrate in a single step. 
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4. Conclusions 
The goal of the thesis was to understand basic principles of HOR and ORR electrocatal-

ysis in acid and base and to provide guidelines for the development of novel catalysts. 

Another aim was to develop an understanding of the degradation phenomena in the an-

ode and cathode catalyst layer of PEMFCs, as well as of H2 and O2 mass-transport pro-

cesses within these electrodes. A further question to be answered was whether current 

state-of-the-art anion exchange membranes are suitable for the use in AEMFCs for au-

tomotive applications particularly with regards to low-temperature operation. 

First of all, the significantly slower kinetics of the HOR in alkaline compared to acidic 

environment were addressed at the example of the Pt-Ru system. The preparation of 

Ru@Pt core-shell nanoparticles with different shell thickness and, most importantly, 

partially as well as fully Pt covered Ru cores enabled a distinction between the so-called 

bifunctional mechanism and the electronic effect. Clear evidence was found that fully Pt 

encapsulated Ru particles provide a much higher HOR/HER exchange current density 

compared to partially covered particles, demonstrating that Ru does not actively partici-

pate in the HOR mechanism by supplying hydroxide species on the surface of the parti-

cle.  

Transitioning from electrocatalysis in alkaline media to AEMFCs, the conductivity of a 

state-of-the-art anion exchange membrane was investigated. In this frame, a method to 

establish a defined water content in the membrane while cooling the system below the 

freezing point of water was developed to measure the HFR at different temperatures. 

Additionally, an ex-situ experiment helped to identify the contribution of the contact 

resistance to the HFR in order to obtain the membrane conductivity. The analysis of the 

conductivity in hydroxide and, more drastically, in carbonate form at low temperature 

showed that AEMs are currently not applicable in the automotive field, since they 

would likely not allow for a successful freeze start-up.  

Further studies focused on the more advanced PEMFCs, where we were able to describe 

the degradation of the anode catalyst layer during SUSD for the first time in low tem-

perature fuel cells. The anode ECSA-loss was quantified along with the cathode,  
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showing that Ostwald ripening is the dominant SUSD ageing mechanism on the anode. 

Furthermore, an AST based on voltage cycling of the anode was designed to simulate 

anode degradation during SUSD without deteriorating the cathode catalyst layer. This 

AST enabled the determination of the HOR overpotential as a function of the ECSA-loss 

by the H2 pump method. Furthermore, diluting the H2 feed gas in the H2 pump meas-

urement revealed significant H2 mass-transport losses after ageing. Finally, the analysis 

of the HOR overpotential as a function of the anode rf showed that future anodes with 

very low Pt loadings on the order of 25 µgPt cm-2 are not capable to sustain low HOR 

overpotentials when exposed to similar ageing conditions.  

Keeping the focus on degradation phenomena in the MEA, square wave and triangular 

wave voltage cycling profiles were applied to cathode catalyst layers while measuring 

various key performance indicators, such as ECSA, ORR activity, proton sheet re-

sistance and O2 mass-transport resistance. The introduction of a triangular wave with a 

hold at the vertex potentials provided evidence that the scan rate has little influence on 

cathode degradation, since this AST resulted in the same losses as the square wave volt-

age cycling AST (per cycle). Furthermore, exposing cathode catalyst layers with high 

and low Pt loadings to voltage cycling showed two different contributions to the O2 

mass-transport resistance. First of all, a non-linear dependency of the rf and the pressure 

independent O2 mass-transport resistance was identified. Second, electrode degradation 

due to voltage cycling resulted in an additional O2 mass-transport overpotential. 

Through our analysis, carbon corrosion could be excluded as a main contributor to deg-

radation in the ASTs (up to 1 VRHE). Furthermore, a voltage loss analysis of differential-

flow H2/air polarization curves showed high unassigned losses in cathodes with low rf, 

clarifying the necessity to improve the current in-situ diagnostic toolset for single cell 

tests. Finally, lowering the upper potential limit during the AST to 0.85 VRHE resulted in 

a full conservation of the initial performance and therefore is a viable approach to ex-

tend PEMFC lifetime.  

The above developed voltage cycling AST combined with a full voltage loss analysis 

was subsequently applied to a novel PtxY/C catalyst for the ORR. The synthesis of this 

catalyst was achieved by dispersing YCl3 on a commercial Pt/C catalyst by freeze dry-

ing and subsequent heat treatment in H2 atmosphere. While the high synthesis tempera-
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ture yielded large particles with a comparably small ECSA, this method was able to 

yield a sufficient quantity of PtxY/C for PEMFC testing. After physical-chemical char-

acterization and RDE testing of the electrocatalyst, single cell tests showed that the 

catalyst is more durable compared to the commercial Pt/C catalyst, but a comparison 

with Pt particles of a similar size as the PtxY/C catalyst showed that the high stability 

originates simply from a particle size effect. Furthermore, the low ECSA of the PtxY/C 

catalyst resulted in high unassigned voltage losses due to the low rf. Nevertheless, the 

stability of the catalyst preserved a large fraction of the ORR activity and therefore 

caused a superior H2/air performance of PtxY/C compared to Pt/C after the voltage cy-

cling AST.  

In the last manuscript of this thesis, we studied the electrochemical deposition process 

of Pt on Sn as a model system for the development of novel catalysts consisting of ex-

tended monolayer-thick Pt films supported on conductive oxides. It was possible to 

show that the deposition of Pt on Sn in borate buffer solution is completely suppressed 

by Sn oxide species on the surface, even at large applied overpotentials. Furthermore, 

the CO oxidation behavior of the deposits in RDE experiments provided evidence that 

the final product of the deposition is an alloy of Pt and Sn. The EDX analysis of the 

deposits on the metallic Sn electrode furthermore suggested that the deposition process 

is limited to approximately 10 nm at the applied conditions due to the blocking effect of 

the HER on the bimetallic Pt-Sn surface. 

To conclude, this thesis contributed to the field of electrocatalysis and to the under-

standing of performance limitations and degradation mechanisms of ion exchange 

membrane fuel cells. The study on the HOR catalysis of Ru@Pt core-shell nanoparticles 

provided fundamental insights into the mechanism of the HOR in alkaline media, hence 

provides a guideline for the development of novel catalyst. Similarly, the conductivity 

measurement of an anion exchange membrane below the freezing point of water sheds 

light on the current limitations of AEMFCs and sketches a pathway to improve future 

membranes with respect to low temperature conductivity and CO2 tolerance. Moreover, 

the presented studies on PEMFC ageing aid to understand the degradation phenomena 

on the anode and cathode during SUSD and voltage cycling. The quantification of H2 as 

well as O2 mass-transport losses helps to point out where future improvements regard-
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ing MEA design and stability have to be achieved. For applications of fuel cell technol-

ogy, reducing mass-transport resistances and enhancing lifetime are among the most 

crucial challenges. Finally, the development of novel ORR catalysts, such as PtxY/C or 

extended Pt films on conductive oxides helps to direct future research efforts to new 

pathways in order to reduce the overall Pt loading in the MEA, hence reduce the cost of 

automotive fuel cell systems.  
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