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Abstract 
 

Water management represents one of the main challenges in the design and operation of 

Polymer Electrolyte Fuel Cells (PEFCs). Besides performance, the water level also 

affects the durability of the cell. Understanding the degradation processes is of vital 

importance for extending durability of PEFCs by suitable mitigation strategies. In this 

work, the degradation processes related to operation with fully- and non-humidified gas 

streams were locally studied. The differences were analyzed using in-situ diagnostic tools, 

such as segmented cell for local current density measurements, during a 300 h test 

operating under constant conditions, in combination with local post-test analysis, i.e. 

SEM/EDX and XPS. The results showed the deep impact of the RH on homogeneity 

during the degradation process due to the fact that different water distribution influences 

the chemical environment. Under non-humidified gas streams, the cathode inlet region 

exhibited increased degradation, whereas with fully humidified gases the bottom of the 

cell had the higher performance losses. The degradation and the degree of reversibility 

produced by Pt dissolution, PTFE defluorination, and contaminants such as silicon (Si) 

and nickel (Ni) were locally evaluated. 

 

 

KEYWORDS: PEFC, water management, degradation, local measurements, current 

density distributions.   
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1. Introduction 

 

In recent years, significant progress has been made towards meeting the challenging cost, 

durability, and performance targets required for the use of PEMFCs in automotive 

applications announced by the U. S. Department of Energy. However, the currently 

achievable operation hours of 3900 h [1] are still not matching the 5000 h target for 2020 

[2]. In order to reach the durability goals, degradation of cell components has to be 

understood and mitigated. To increase cell performance, activation losses, ohmic losses, 

and mass transfer losses have to be reduced. A factor that affects all of these aspects is 

the water content in the cell, which is governed by water formation, reactant 

humidification, and water transport. 

 

The strong impact of the water on cell performance is caused by the water-dependent 

proton conductivity of perfluorosulfonic acid (PFSA) membranes, which is the state-of-

the-art ionomer used as membranes and in electrodes of PEMFCs. Its proton conductivity 

increases with the hydration level of the ionomer. Most likely, this is also the reason why 

oxygen reduction reaction (ORR) kinetics are reduced at low relative humidification 

(RH) [3]. Performance is, however, not only diminished by insufficient humidification 

but also by excessive water in the cell components responsible for gas transport. 

Condensation of water within the PEMFC, is likely to produce accumulation of liquid 

water in the porous electrodes and gas diffusion media (effect known as flooding), thus 

hindering the transport of reactants.  

 

Since the possibility of simplifying the system by avoiding additional components is of 

great importance in the design of fuel cell systems for automotive application, operation 

with less or without humidification is preferred. Numerous studies have investigated the 

operation of PEMFC under dry conditions. Early work by Büchi et al. demonstrates 

stable performance for PEMFC using non-humidified or slightly humidified gases [4]. 

Strategies for operating PEMFCs include also the reduction of humidification of both 

reactant gases [5]–[7] or the dry operation of cathode [8]–[13] or anode sides [14]. 

 

Besides performance, the water level influences also the durability of the cell. Generally, 

studies report an increase of reactant crossover rate and voltage loss rate, as well as 

accumulation of structural membrane defects as consequences of operation at low RH 

[15]–[21]. However, different dependencies of durability on RH level were reported. On 

the one hand, a correlation between degradation and RH level was observed [22], on the 

other hand degradation was highest at medium RH values [23]. The authors interpreted 

this non-linearity as the result of the interaction of different RH effects on chemical 

membrane degradation [23]. In this chemical degradation mechanism, the reaction of 

hydrogen and oxygen diffusing through the membrane can lead to the formation of 

hydrogen peroxide (H2O2), and in further consequence to the formation of radicals (OH·), 

which decompose the membrane [24]. This mechanism is catalyzed by Pt [25]–[30] and 

metallic cations [24], [31], [32]. Thus, impurities from e.g. tubing or stack components 
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such as Cu
2+

 or Fe
2+

, and Pt precipitates in the membrane resulting from catalyst 

dissolution can aggravate membrane degradation.  

 

The level of RH generally influences the chemical degradation mechanism in multiple 

aspects. First, it influences the reactant crossover through the membrane, since membrane 

permeability increases with water content [33]–[35]. Second, it influences the rates of 

decomposition of the membrane by enhancing Pt dissolution and precipitation in the 

membrane. Furthermore, also reaction rates at Pt/Nafion
®
 interfaces are influenced 

because of its impact on the surface oxidation state of Pt, on the permeation of reactants 

to the active sites and and on the proton activity of the ionomer phase. The influence of 

RH on Pt surface state arises out of the oxide layer formation on Pt from water (also 

possible from O2 gas) [36]–[38]. Because the oxide layer represents a protection from 

dissolution, RH affects the Pt stability [39]–[41]. The proton activity/conductivity of the 

ionomer phase influences the proton transfer in the ORR. Since the water content of the 

ionomer determines its proton activity, RH can affect the formation rate of water (two 

electrons ORR pathway) and H2O2 (four electron ORR pathway). Third, it influences 

(together with the gas flow rate) the water flux through the MEA and therefore the 

transport rate of contaminants, e.g. Cu
2+

, Fe
2+

 and Pt
2+

 [21].  

The described effects differ in their dependence on RH as the maximum degradation at 

medium RH observed by Xu et al. indicates [23]. Following dependencies were observed: 

Pt dissolution was reported to decrease with increasing RH [42].Nevertheless, the 

precipitation of Pt in the membrane was found to be higher at high RH [43]. In contrast, 

Inaba et al. noticed an increase of Fe ion (Fe
2+

 or Fe
3+

) concentration in the condensate 

water at high RH [21]. They concluded that impurities accumulate in the cell at low RH 

and are washed out at high level of humidification. Regarding the reactant crossover rate, 

the increase of RH should result in a higher degradation rate due to increased formation 

of H2O2/radicals. However, the maximum rate of H2O2 formation was observed at 

medium RH, dropping at higher and lower RH [44]. This might be related to the impact 

of water content on ORR activity. It was discovered that the intrinsic ORR kinetics is 

independent of humidification at RH > 50-60 % but decreases clearly with RH below this 

value [3], [45].  

 

Previous studies investigated the effect of humidification extensively and provided 

important insight. However, so far, little attention has been paid to the fact that the effect 

of water in the cell is a highly local effect, which demands appropriate tools to determine 

the causes for performance loss [6], [46]. Furthermore, the introduction of advanced 

membranes with improved mechanical properties, chemical resistance, and higher ionic 

conductivity at low RH by additives may change the reported dependencies. To our 

knowledge, the influence of RH on this kind of membrane has not been studied yet. To 

close these two gaps, we systematically investigated the impact of RH on performance, 

durability, and operational stability of MEAs equipped with a more recent membrane 

type. This work presents the comparative study of the local degradation caused by 

operation of a single cell at non-humidified and fully humidified gas supply. 

 

 

2. Experimental details 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

5 

 

The effect of relative humidification on the cell behavior was studied using 142 cm
2
 

MEAs consisting of a commercial Nafion
®
 XL membrane coated with a Pt/C based 

catalyst layer, and with a Pt loading of 0.3 mgPtcm
-2

 on both sides (Ion Power Inc.). The 

catalyst coated membrane was placed between the gas diffusion layers Sigracet 25 BC 

(SGL Carbon SE). The end- and bipolar plates were provided with a multi-serpentine 

flow field (see Fig. 1). The end-plates were gold-coated and the bipolar plates were 

graphite-based. The gaskets used on anode and cathode side were manufactured from 

high temperature silicone with low Shore hardness (Eisenhuth GmbH & Co. KG).. The 

operating conditions are summarized in Table 1. The cell was developed in-house to be 

used for in-stack testing at the German Aerospace Center (DLR) [47]. 

 

The test bench allowed automatic control of the operating cell conditions, such as cell 

pressure, cell temperature, gas flow rates, and humidity of reactants. The relative 

humidity of the inlet gases was controlled by mass evaporator mixers The reactant 

pressure was measured and controlled at the cell reactant outlet.  

 

To investigate the RH influence on the cell behavior, the MEAs were operated 

galvanostatically at 100 A for more than 275 h. The cell temperature was set to 60 °C. In 

the case of the MEA operated at wet conditions, water-saturated reactants were supplied 

to the cell; hence the RH was approx. 100 %. For the MEA operated at non-humidified 

conditions, the reactant flows bypassed the humidifiers; in this case, the RH was approx. 

5 %, since the incoming gases from the pipeline are at ambient temperature, therefore a 

residual humidity is present. In both cases, the reactants were supplied to the cell with a 

flow rate of 840 ml min
-1

 for hydrogen and 3320 ml min
-1

 for air, both at a pressure of 

1.5 bar. Before and after the test, the cells were electrochemically characterized using E-j 

curves and cyclic voltamogramms (CVs). The measurement time is hereafter referred to 

as begin of test (BoT) and end of test (EoT), respectively. It has to be noted that, for both 

MEAs, during the BoT and EoT characterization the temperature was set to 80 °C, and 

the reactant humidification was kept at 100 % RH for the cyclic voltammetry 

measurements and 50 % RH for the E-j curves. The operating conditions are summarized 

in Table 1. 

 

Table 1 
Operating conditions and location of segments at anode/cathode inlet and outlet. 

 
 

Cell Temperature 60 °C (durability test) 

80 °C (characterization) 

Reactant pressure 1.5 bar 

Total current 100 A, i.e. 0.7 A cm
-2

 (durability test) 

Gas flow rate Anode (H2): 840 ml min
-1

 

Cathode (Air): 3320 ml min
-1

 

Relative humidity 5 % / 5 % or 100 % / 100 % (durability test) 

50 % / 50 % (characterization) 

Segments location Anode inlet: A1, B1, C1 

Anode outlet: G10, H10, I10 

Cathode inlet: G1, H1, I1 

Cathode outlet: A10, B10, C10 

 

 



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

6 

 

Performance losses were compared by means of current densities, E-j curves and ECSA 

(electrochemically active surface area) at the beginning and at the end of the test. In order 

to investigate degradation, the chemical composition of the MEA was locally examined 

post-mortem with SEM/EDX and XPS. 

 

To visualize the effects of different relative humidity levels on the homogeneity of the 

current distribution, locally resolved current density measurements were performed, 

using a segmented bipolar plate as anode plate. For that purpose, the DLR patented 

printed circuit board (PCB) [48] was adapted to a segmented bipolar plate with 142 cm
2 

active surface divided into 90 segments. Fig. 1 shows the multi-serpentine segmented 

bipolar plate design used in the present experiments, indicating the location of the cell 

segments in a) anode side and b) cathode side flow fields, as well as c) the color legend 

for the current density values. 

Cyclic voltammograms (CVs) were recorded to determinate the ECSA using the 

electrochemical station IM6 in combination with the power potentiostat PP241 Thales 

Z1.21 USB software (Zahner-Elektrik GmbH & Co. KG). The CVs were performed at 

ambient pressure (1 bar) and 80 °C, using water-saturated gases (100 % RH). 

 

2.1 Current – voltage curve measurement 

 

To evaluate the power losses which occurred after the durability test and the reversibility 

of the degradation, current - voltage curves [E-j] were measured under conditions that 

enhance the cell recovery for both experiments. Hence, the E-j curves were performed in 

galvanostatic mode at a cell temperature of 80 °C while the reactant humidification was 

set at 50 % RH, in order to adopt an intermediate value between the two experiments. 

The reactant flow rates were maintained constant, as reported in Table 1. Each operation 

point was held for at least 5 minutes. 

 

 

 
 
Fig. 1. Multi-serpentine segmented cell design: segment distributions at the (a) anode and (b) cathode side, 

with (c) color code for current density values ranges. The G arrow represents the position of the cell in the 

gravitational field. 
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2.2 XPS 

 

Photoemission spectra were recorded using a hemispherical analyser in an ultrahigh 

vacuum chamber of a base pressure of 4·10
-10

 mbar (Thermo Scientific ESCALAB250). 

Electrons were emitted using a standard Al Kα source (Thermo Scientific XR4, 300 W). 

Applying a small spot lens mode, high resolution spectra were recorded from a sampled 

spot size of ~200 µm with an energy resolution of ~0.5 eV. Absolute energy scales were 

calibrated by referencing the Ag 3d signals of a cleaned contaminant free silver surface. 

Samples of approximately 5 mm in width were cut from selected positions and the gas 

diffusion layer (GDL) was delaminated by hand from the active layer to access the 

interface between catalyst layer (CL) and microporous layer (MPL) in addition to the 

GDL backing surface. Only samples with no apparent material transfer from the detached 

component were analyzed. 

 

Nickel 2p spectra were cross-checked with an Mg Kα source (Thermo Scientific XR4, 

300 W) in order to separate the signals from the abundant Auger signals of the present 

fluorine atoms. The information depth is approximately 10 nanometres. 

 

 

2.3 SEM/EDX 

 

SEM and EDX were used to examine CCM cross-sections from selected segments 

regarding membrane thinning and chemical composition. Samples with a width (i.e., 

cross-sectional length) of approximately 3 mm were cut from the MEAs at the selected 

segments after operation in the test station. In addition, a reference sample was taken 

from a pristine MEA. Cross-sections were prepared via freeze-fractioning. For this, 

GDLs were removed from the samples, which were then immersed in liquid nitrogen and 

broken. SEM and EDX measurements were conducted on an ULTRA plus (Zeiss Corp.) 

scanning electron microscope. The resolution of the SEM was 1.0 nm at 15 kV and 

1.7 nm at 1 kV. Images were recorded based on secondary electrons and backscattered 

electrons at 5 kV. The SEM was equipped with an XFlash
®
 5010 EDX detector (Bruker 

Corp.) with an energy resolution of 123 eV at Mn Kα. The EDX measurements were 

performed for 150 s at 10 kV. Each cross section was investigated at three different 

positions. At each position, separate EDX area scans were recorded in anode, cathode and 

membrane layer. EDX spectra were quantitatively analyzed with the software Esprit 1.9 

(Bruker Corp.). Furthermore, SEM images were used to determine the thicknesses of the 

membranes.The EDX information depth is about 2-3 µm. 

 

 

3. Results 

 

This work investigates the influence of using extreme humidification conditions at the 

gas inlets on degradation. With this purpose, two opposite conditions were selected: first, 

supplying the cell with non-humidified gases (RH approx. 5 %, see Section 2 for details), 

and second, streaming the cell with fully humidified gases (water-saturated gases, RH 

approx. 100 %).  
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3.1 Operation under non-humidified gas supply 

 

With the aim of studying the local degradation processes associated to operation under 

low humidity gas supply, the MEA was operated with dry reactants for more than 275 h 

at constant current under the conditions described in Table 1. The evolution of the cell 

voltage suggests strong degradation. Two different slopes can be observed during the 

voltage drop, the steepest occurred during the first minutes (26 mV h
-1

), as is shown in 

Fig. 2a. This can be related to dehydratation of the ionomer, as is described in ref. [6], 

[46]. Nevertheless, after this initial stabilization a softer voltage drop was measured (146 

µV h
-
 
1
) and the slope remained constant during the rest of the experiment.  

 

The voltage drop was accompanied by a non-homogeneous current densities evolution, as 

displayed in Fig. 2b-d. The region at the cathode inlet (Fig. 1, columns G, H, and I) 

experienced a significant reduction on current density during the experiment due to the 

evaporation related membrane dehydration caused by the higher mass flow rate at the 

cathode, where the air stream was about four times larger than the hydrogen stream at the 

anode (see Table 1). This is consistent with the dominant influence of cathode RH on cell 

performance stability, as reported in [4], [6], [46].  

 

 
 
Fig. 2. Cell operation under non-humidified gas supply (approx. 5 % RH). a) Development of cell voltage 

during the approx. 300 h long-term experiment at 0.7 A cm
-2

 and 60 °C. The inset plot shows the voltage 

decay in the first 5 h. At 0 h, the gas humidification was switched off. b) Current density plots at BoT and 

EoT. The colored circles indicate the segments that underwent ex-situ analyses (see Section 3.1.1 and 

3.1.2). c) Cell current density evolution during the long-term experiment and d) during the first 0.5 h for the 

segments analyzed ex-situ and displayed in b). 

 

A closer examination of the local changes in current distribution is shown in Fig. 2b and 

c. At the initial phase of the experiment (see Fig. 2d), it can be observed that the current 
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had redistributed within the first 15 min. The current declined mainly in the area of the 

cathode inlet (segments H5, I5, and H10) and rose in return in other areas, e.g. in C2 and 

D5, due to the necessary compensation of these losses (galvanostatic operation). This 

redistribution can be attributed to the equilibration of the current flow. As in the case 

explained before, the current had to increase simultaneously in a different area, in this 

case e.g. in D5. 

 

The long-term operation under non-humidified gas supply affected especially the cathode 

(ECSA loss of 13.3 % between BoT and EoT). The anode was less affected by the low 

humidity operation, as indicated by the lower ECSA loss of 6.9 %. (CVs see Fig. S1 in 

Supplementary Data). 

 

 

3.1.1 SEM/EDX 

 

To identify the causes of degradation, SEM and EDX were used to examine the chemical 

composition of selected areas of the CCM and to check for thinning of the membrane. 

The examined samples gave evidence for local contamination as the reason for 

performance degradation. 

 

Before presenting the detailed results, it has to be noted that the used CCMs contained the 

Nafion
®
 XL membrane which consists of three layers: two outer membrane layers 

sandwiching a PTFE-based reinforcement layer (see Fig. S2 in Supplementary Data). To 

distinguish between the two membrane layers, we will refer to them as anode-side and 

cathode-side membrane (An-M and Ca-M, respectively). Furthermore, Si based particles 

are visible in the two membrane layers. Most likely, they are SiO2 particles which are 

used for water retention in the membrane in order to improve its conductivity at low RH. 

This functionality was described in several studies [49]–[58]. 

 

The samples selected for analysis stemmed from the segments C2, D5, H5, I5, E10, and 

H10 (see colored circles in Fig. 2b for segment location). With EDX, traces of Ni (in 

membrane and electrodes), Si (in addition to membrane, also in electrodes) and Pt (in 

addition to electrodes, also in membrane) were detected, which were not present in the 

pristine CCM. 

 

As can be seen from Table 2, significant Ni contamination of the electrode and 

membrane layers was detected in the segment at the anode inlet (C2) and at the bottom 

180° curve in the cathode flow field (E10). These two segments suffered from a distinct 

decrease in current density of 34 % (C2) and 40 % (E10) during the experiment. The Ni 

source was most likely in the coating of the steel end plates, since Ni was present as a 

sublayer under the gold surface layer on the coated plates. When inspecting the coating 

after the experiment, it was noticed that the gold layer had defects in the compartments of 

the gas inlet, which were accompanied by a local green coloring of the surface. Most 

likely, this was NiO, which means that the Ni layer was indeed exposed. Therefore, it can 

be assumed that Ni ions were released and transported into the MEA. 

 

Table 2 
Result of the quantitatively analyzed EDX spectra for Ni, Si, and Pt in the MEA operated under non-

humidified gas supply. Given values are averaged from at least three measured values. An-M and Ca-M 
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indicate analysis results of membrane samples at the anode and cathode side, respectively; PTFE indicates 

the membrane PTFE-reinforcement layer; An and Ca refer to analysis of anode and cathode catalyst layer, 

respectively. 

 

 Ni / wt% Si / wt% Pt / wt% 

Segment An-M PTFE Ca-M An Ca An-M PTFE Ca-M An Ca PTFE Ca-M 

C2 3.4 ± 2.9 2.6 ± 2.3 3.6 ± 3.2 - 0.5 ± 0.9 2.3 ± 0.7 0.3 ± 0.1 1.5 ± 0.7 1.1 ± 0.5 - 0.4 ± 0.4 0.2 ± 0.2 

D5 0.1 ± 0.1 < 0.1 0.2 ± 0.2 - - 2.2 ± 0.5 0.3 ± 0.3 1.4 ± 0.6 - 0.3 ± 0.5 0.7 ± 0.6 0.1 ± 0.1 

H5 - - - - - 0.6 ± 0.2 0.1 ± 0.1 0.7 ± 0.2 - 0.5 ± 0.2 < 0.1 0.3 ± 0.1 

I5 - 0.2 ± 0.2 < 0.1 - - 3.2 ± 0.6 < 0.1 2.3 ± 0.5 1.4 ± 0.8 1.2 ± 0.6 - 0.2 ± 0.4 

E10 2.9 ± 0.4 1.8 ± 0.9 2.8 ± 0.3 0.5 ± 0.2 0.2 ± 0.2 2.7 ± 0.6 0.2 ± 0.1 2.6 ± 0.0 0.8 ± 0.4 1.9 ± 0.3 - 0.2 ± 0.3 

H10 - - - - - 2.4 ± 0.5 0.3 ± 0.3 1.9 ± 0.2 1.2 ± 1.1 2.4 ± 1.3 0.1 ± 0.2 - 

Pristine MEA - - - - - 2.0 ± 0.7 0.1 ± 0.1 1.5 ± 0.6 - - - - 

 

In the case of Si in the CCM, the findings listed in Table 2 imply a contamination of the 

electrodes (not of the membrane, since the membrane contains Si particles, as mentioned 

above). Possible sources are the membrane and the silicone sealing. [59], [60] The latter 

was checked for by examining an operated MEA which does not contain Si in the 

membrane or electrodes, but which was equipped with the same silicone sealing. In this 

MEA, after operation, Si was present in the electrodes but not in the membrane. A further 

aspect indicating that the sealing was the Si source is the fact that Si contamination of the 

Ion Power MEAs was higher in the segments directly next to the gaskets (I5, E10, H10). 

From this, we conclude that the observed Si in the electrodes originated mainly from the 

sealing which underwent decomposition.  

 

Tan et al. reported that silicone degrades via de-crosslinking and chain scissoring in the 

rubber backbone [61], [62]. Bhargava et al. postulated that silicone is leaching siloxane 

species which can react with fuel cell reactants to silicic acid. In a further reaction, Si in 

the silicic acid can exchange into the PFSA membrane[63]. However, the authors 

analyzed the level of Si contamination for the whole MEA, not only for the membrane. 

Therefore, it cannot be concluded from their results that Si was intruding into the bulk 

membrane. In our experiment, the Si content is higher in all analyzed segments than in 

the pristine membrane (see Table 2), except in H5. Furthermore, the segments with Si in 

both electrodes (I5, E10 and H10) have also the highest Si content in the membrane 

layers; nevertheless, the standard deviation of the Si content is generally too high to 

clearly identify a trend. When further taking into account that Si was not detected in the 

membrane of the MEA that was free of SiO2 particles, it can be concluded that, in our 

experiment, Si was mainly accumulating in the electrodes. This seems plausible because 

the electrodes have a higher porosity and consequently a higher permeability than the 

membrane.  

 

Another contaminant present in the membrane was Pt (see Table 2). Although only traces 

of it were detected by EDX, micrographs clearly showed metallic Pt particles in the 

cathode-side membrane and the PTFE layer (see Fig. S3 in the Supplementary Data). The 

Pt precipitates are known to catalyze chemical decomposition in the membrane, resulting 

in membrane thinning. However, the measured thickness values of the operated 

membrane were between 24 and 28 µm, and did not differ strongly from the thickness of 
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the pristine membrane of approx. 26 µm. Therefore, membrane decomposition was 

obviously not an issue. 

 

 

3.1.2 X-ray photoelectron spectroscopic studies (XPS) 

 

The degradation of the fluorinated ionomer and of the PTFE additive in MPL and GDL, 

respectively, was also characterized with X-ray photoemission spectroscopy [64].  

 

Samples were taken from selected segments of the MEA after operation (sample 

denotation according to the PCB segmentation depicted in Fig. 1). Carbon spectra of the 

delaminated CLs of segments D5 and I5, as samples for the central and the more 

degraded edge area of the cell (see Fig. 1 and 2 for positions) is displayed in Fig. 3a and b. 

The carbon 1s signal is comprised of two basic signals for this kind of samples. The 

signal at 284-285 eV (labelled C=C) represents graphitic carbon, or carbon fibers of the 

GDL backing, or hydrocarbons without heteroatoms. The signal at 291-292 eV represents 

fluorinated compounds, i.e. the ionomer, or PTFE in MPL and GDL backing (labelled C-

F2). The polarized chemical bonding of carbon atoms to fluorine, with its higher 

electronegativity, leads to a diminished local electron density at the carbon site, which is 

visible as a higher binding energy of the emitted electrons. It may have a shoulder to the 

high energy side, or even separated satellite signals in GDL backing (compare to Fig. 5), 

in particular when containing PTFE with its very weak electrical conductivity. Emerging 

broad signals in the range above 292 eV are an indicator for agglomeration of poorly 

conductive material, i.e. the non-graphitic compounds, after local rearrangement or 

flaking from carbon fibres. Samples after operation, then, may exhibit a signal at 

~288 eV, which arises after partial defluorination (labelled C-F1). The chemical bonding 

to one instead of two fluorine atoms leads to a higher local electron density at the site of 

carbon atom and an observed binding energy between the C=C and the C-F2 signals. The 

presence of oxygen bridges as outcome of the radical attack on the ionomer [26], similar 

to the well known structure of Fomblin Y™ [65], would yield an additional signal at 

~294 eV and can not conclusively verified from the present data.  

 

The carbon 1s signals of the anode CLs in Fig. 3.Error! Reference source not found. 

show little attributes of degradation in both displayed operated samples (segments D5 and 

I5). A small signal of defluorinated ionomer is visible in the valley between the C=C and 

the C-F2 peaks. It is little more pronounced in the segment I5 of the degraded MEA edge 

(solid line) than in the central area (segment D5, broken line). On the cathode side, 

displayed in Fig. 3b, a signal of a defluorinated compound cannot be observed. The 

decrease of the C-F2 signal, compared to the dotted peak of the pristine samples, is 

commonly observed after short operation and is attributed to initial redistribution or 

washing-out of mobile ionomer particles.  

 

In general, according to XPS characterization, the degradation issues in the ionomer after 

operation under non-humidified conditions are very small, merely only slightly visible on 

the anode side in the area of partially lower performance. This degree of degradation is in 

accordance with the CVs, where a slight reduction of the active area was observed 

(supplementary data, Fig. S1). The GDL and MPL carbon signals did not show detectable 

degradation issues. 
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Fig. 3. Carbon photoemission spectra of catalyst layers reveal little degradation of the fluorinated ionomer 

under non-humidified conditions in central (D5, comp. Fig. 1) and edge areas (I5). 

 

Ni and Si were not detected by photoemission (information depth <10 nm), which shows, 

that these elements (see EDX data in Table 2) are not present at the investigated surfaces, 

i.e. the interfaces between CL and MPL, while being deposited inside the ionomer 

containing components.  

 

3.2 Operation at fully humidified gases 

 

With the aim of studying in comparison the local degradation processes associated to 

operation of the cell under fully humidified gas supply, a MEA was operated with water-

saturated gases for more than 275 h under the conditions described in Table 1. The 

observed evolution of the cell voltage is plotted in Fig. 4a. The voltage is less stable than 

during operation with dry gases [46]. This  fluctuating voltage typically arises when the 

cell suffers from flooding. 

 

Despite better initial performance and more homogeneous current distribution, the 

voltage losses rate (164 µV h
-1 

) were approx. 12 % higher than for the MEA operated 

with non-humidified gases (see Fig. 2a). 

 

At BoT, the current density was at its highest in the central area, and did not show the 

significant drop during the experiment at the right side (segments in columns G, H and I), 

as was observed at non-humidified conditions (see Fig. 2b). As mentioned above, with 

non-humidified gases, the current decline is related to water evaporation into the gases, 

specifically at the cathode inlet, where the gas is far below the saturation point (segments 

in columns G, H and I, see Fig. 1 and Fig. 2b). In contrast to operation with saturated 

gases, the current drop is located in the lower part of the cell, corresponding to rows 8, 9 

and 10 reported in Fig. 1 and Fig. 4b, where the excess of water is expected to 

accumulate. 

A similarity between both experiments is the heterogeneous evolution of voltages leading 

to higher losses in specific areas. For fully humidified operation, not the upper area 

(segments C1 and C2), but the bottom area (segment E10) showed this voltage drop. As 
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reported later in the SEM/EDX section (3.2.1), this can also be linked to contamination 

from other fuel cell components. 

 

 
 

Fig. 4. Cell operation under water-saturated gas supply (approx. 100 % RH).  

a) Development of cell voltage during the approx. 300 h long-term experiment at 0.7 A cm
-2

 and 60 °C. 

The inset plot shows the voltage decay in the first 5 h. b) Current density plots at BoT and EoT. The 

colored circles indicate the segments that underwent ex-situ analyses (see Section 3.2.1 and 3.2.2). c) Cell 

current density evolution during the long-term experiment and d) during the first hour for the segments 

analyzed ex-situ and displayed in b). 

 

The segment-specific current density development of the MEA operated with water-

saturated gases (see Fig. 4) shows both similarities and differences compared to non-

humidified operation. A difference is that at fully humidified operation, in contrast to 

non-humidified operation, the cell did not exhibit an equilibration phase at the beginning 

of the test (see Fig. 2). During the experiment, the voltage fluctuated with sporadic severe 

drops because of temporary flooding, as mentioned above. Similarly to the case of dry 

operation, the current density also changed locally during operation at wet conditions. 

But this time, the current density decreased more strongly in the segments situated at the 

beginning of the first serpentine channel after the cathode inlet (F10, G10, and H10). 

Here, most likely, water accumulated. Besides, punctual pronounced degradation also 

occurred, however not in C2, but at the opposite border in E10. 

 

In this case, CVs indicated an overall lower ECSA loss on both electrodes, with a 

reduction between BoT and EoT of 5.2 % and 2.9 % at anode and cathode, respectively. 

But in this case, contrarily to what we observed for the dry operation, a slightly higher 

reduction of ECSA was recorded at the anode than at the cathode. (CVs see Fig. S5 in 

Supplementary Data). 
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3.2.1 SEM/EDX 

 

Ex-situ characterization was performed after the approx. 300 h operation at water-

saturated conditions. Samples of the MEA were selected from segments C2, F5, I5, E10, 

and H10 (see colored circles in Fig. 4b for segment location). 

The SEM and EDX results for the MEA operated at fully humidified conditions, listed in 

Table 3, were similar to the MEA operated at non-humidified conditions, meaning that 

the electrodes were partly contaminated by Ni and Si, and membranes were moderately 

contaminated by Ni and Pt. 

 

Table 3 
Result of the quantitatively analyzed EDX spectra for Ni, Si, and Pt in the MEA operated at fully 

humidified conditions. Given values are averaged from at least three measured values. An-M and Ca-M 

indicate analysis of membrane samples the anode and cathode side, respectively; PTFE indicates the 

membrane PTFE-reinforcement layer; An and Ca refer to anode and cathode catalyst layer, respectively. 

 

 Ni / wt% Si / wt% Pt / wt% 

Segment An-M PTFE Ca-M An Ca An-M PTFE Ca-M An Ca PTFE Ca-M 

C2 1.4 ± 0.2 0.4 ± 0.3 2.4 ± 0.0 - - 3.8 ± 1.2 0.3 ± 0.2 1.8 ± 0.4 - 0.2 ± 0.3 0.6 ± 0.6 - 

F5 - - - - - 1.9 ± 0.3 0.2 ± 0.1 1.9 ± 0.4 - - - - 

I5 - - - - - 2.2 ± 0.0 < 0.1 2.0 ± 0.8 < 0.1 0.6 ± 0.9 0.3 ± 0.4 0.2 ± 0.4 

E10 5.5 ± 0.6 3.2 ± 0.5 5.0 ± 0.5 0.8 ± 0.8 < 0.1 2.3 ± 0.3 < 0.1 2.5 ± 0.4 - - < 0.1 - 

H10 1.9 ± 0.3 0.4 ± 0.2 1.2 ± 0.4 < 0.1 < 0.1 1.3 ± 0.5 - 2.1 ± 0.2 < 0.1 < 0.1 0.2 ± 0.3 0.1 ± 0.2 

Pristine MEA - - - - - 2.0 ± 0.7 0.1 ± 0.1 1.5 ± 0.6 - - - - 

 

 

As can be seen from Table 3, among the analyzed segments, the segments C2, E10, and 

H10 were contaminated with Ni. The local distribution in this case is similar to the 

operation at non-humidified conditions (see Table 2) with the difference that at 100 % 

RH Ni concentrated at E10 and migrated additionally into its neighboring segment H10. 

 

Regarding the Si contamination, the contamination level at the electrodes was lower at 

fully humidified than at non-humidified conditions. Table 3 shows that at 100 % RH, 

only the two segments C2 and I5 exhibited a distinct Si content in the cathode with a 

maximum of 0.6 ± 0.9 wt% Si at the cathode side of I5. In contrast, at non-humidified 

conditions, Si was detected in the electrodes in all the analyzed segments, with up to 

2.4 ± 1.3 wt% Si at the cathode side of H10 (see Table 2). From this difference in the Si 

content in the electrodes, it can be concluded that Si species were flushed out of the cell 

at high level of humidification, whereas they accumulated in the cell at dry conditions as 

suggested in [21]. An alternative explanation would be to consider a lower rate of 

decomposition of the silicone sealing at high humidification.  

 

Pt contamination depended similarly on RH as Si. Pt was also detected in fewer segments 

at operation under full humidification. Data on membrane thickness did not indicate 

membrane thinning. 

 

3.2.2 X-ray photoelectron spectroscopic studies (XPS) 
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Similarly to ECSA and SEM/EDX data, the carbon 1s photoemission signals present 

considerable degradation in the MEA after operation at 100 % RH. Fig. 5 shows the 

signals of the CLs of anode (c) and cathode (d). Samples from the central area (F5, solid 

line) and the edge (I5, broken line) of the active area are compared to a pristine CL 

(dotted line). All of the operated samples show the signal of partially defluorinated 

ionomer at ~288 eV (labelled C-F1). The degree of degradation in the investigated 

samples after operation at 100 % RH is also higher on the anode than on the cathode side. 

The ionomer signal (C-F2) of the anode CL is reduced to approximately the height of the 

arising C-F1 signal. The same type of degradation is present, but less drastically, at the 

cathode CL. In both anode and cathode, the degradation is more pronounced in the edge 

segment I5 than in the inner segment F5. 
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Fig. 5. Carbon photoemission spectra of catalyst layers reveal distinct ionomer defluorination under fully 

humidified conditions, in particular on the anode (a) and close to the gas inlet (segment I5) of the cathode 

(b). 

 

Apart from the carbon signals, very small traces of Ni were observed in segment E10 of 

both CLs. The abundance of Ni in the membrane, the electrodes and even in the 

reinforcement layer (see Table 3), detected by SEM/EDX and the overall absence of Ni 

from photoemission data (information depth <10 nm) shows, that this contamination did 

not agglomerate at the interface to the MPL but is distributed through the membrane. The 

Ni trace detected in the interfaces of segment E10 correlates with the increased bulk EDX 

signal in this edge segment (see supplementary data, Fig. S4). 

 

4. Discussion 

 

In the previous section, the impact of non-humidified and fully humidified gases on cell 

performance loss was evaluated. To sum up, the operation with water-saturated gases 

caused higher performance losses compared to non-humidified operation on a time scale 

of 300 h. By post-mortem examination, different degradation processes were identified: 

defluorination of the GDL, Pt dissolution with subsequent agglomeration and deposition 

in the membrane, contamination of the electrodes and the membrane by Ni-ions 

stemming from the coating of the bipolar plate, and contamination of the electrodes by 

Si-species from the silicon based gasket. In addition, it is expected that operation with 

non-humidified gases dried the membrane locally resulting in reduced conductivity. 
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The simultaneous occurrence of these processes suggests a complex degradation of the 

operated MEAs. To clarify the significance of each single process and the role of RH, we 

will analyse and interpret our data.  

 

To begin with, it has to be noted that, surprisingly, operation at non-humidified gases led 

to lower performance losses. In previous studies with older types of membranes, low RH 

levels caused a significantly higher degradation [15], [66]. This significant difference 

between literature and our experiment can obviously be linked to the advanced Nafion
®

 

XL membrane used in our experiment. This membrane is specifically optimized for low 

RH operation by incorporation of Si-based particles in the membrane. It seems that 

thereby water can effectively be retained in the ionomer so that it is far less sensitive to 

drying-out. Due to this improvement and the additional reinforcement layer inside the 

membrane, the membrane is less prone to structural damage. However, low RH still 

decreases performance. 

 

4.1 Evaluation of the reversibility the degradation 

 

In order to evaluate the impact of the contaminants on the degradation, next, we will 

distinguish between reversible and irreversible degradation. This is done by comparing 

the degradation within the 300 h test with saturated and non-humidified gases, 

respectively, to the degradation determined from the E-j curves at 50 % RH (for both 

MEAs).  

 

The changes in current density distribution during the degradation test (compare the two 

left plots in Fig. 6) show that the operation with non-humidified gases results in a more 

inhomogeneous current loss than operation with saturated gases. This can be quantified 

comparing the segment specific standard deviation of the cell current after 300 h running 

test at non-humidified (41.0 %) and saturated (14.6 %) gases.  

 

It is evident that feeding the cell with non-humidified gases produces higher performance 

losses in the segments under the influence of cathode inlet columns G, H, and I (see Fig. 

1). However, by subsequently operating the MEA at 50 % RH, the current distribution 

became more homogeneous again, resulting in a similar homogeneity for both MEAs. 

This can be corroborated looking at the segment specific standard deviation of the cell 

current; these are after recovery of 26.8% and 20.7 % respectively for non-humidified 

and saturated gas streams. 

 

This shows that dry gases locally caused reversible degradation at cathode inlet (columns 

G, H, and I) which could be partly recovered by humidifying the MEA. The fraction of 

the reversible losses made up more than half of the losses. For example, in the area 

bounded by H3 to I10 (cathode inlet section without Ni contaminated area), the average 

losses were reduced from 60 % to 26 %. In fact at 110 A, the losses in this area decreased 

further to 1 % (see Fig. 7), i.e. they were almost completely recovered. The fact that the 

total performance loss did not increase when this reversible local degradation occurred 

indicates that the local performance losses were not limited and could be compensated by 

a performance increase in other cell regions like the center and anode inlet/cathode outlet 

(left side in the diagram).  
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Fig. 6. Change in current distribution at 700 mA cm

-2
 (=EOT-BOT/BOT *100 in %) due to the degradation 

test. Comparison between data recorded during long term test (non-humidified or fully humidified gases) 

and E-j curves (50 % RH) before and after test operation. 

 

Based on our post-mortem data, the reversible losses can be attributed to the ionomer 

drying and/or the Si contamination. This becomes obvious in segments where Si 

contamination dominated, e.g. H10 and I5. Here, the voltage losses could be almost 

completely recovered whereas the losses remain significant in the segments with Ni 

contamination (C2 and E10).  

 

As was already mentioned, silicone is assumed to degrade by de-crosslinking and chain 

scissoring. [61]–[63]. According to this and the fact that Si is not bonded ionically in 

silicone, Si should remain in its non-ionic state when being present in silicone fragments. 

Thus, it is unlikely that Si penetrates into the membrane via the ionic pathway or by 

permeation. Furthermore, it was reported that silicone species do not adsorb on Pt [76]. 

Therefore, we conclude that Si species had deposited at dry conditions in the pores of the 

electrodes and GDL, mainly in the cathode inlet section which is most affected by drying 

[6], [46]. The fact that Si was present after the subsequent increase in RH (50 % RH 
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during E-j curve measurement) shows that, once deposited, it remains in the MEA and 

cannot be removed easily by the humidified gas stream, probably due to agglomeration. 

However, operation with saturated gases reduced this initial deposition. This means that 

in this case, Si species were dragged out of the cell by water or the silicone 

decomposition was mitigated by high humidification. 

 

As our results show, Si contamination causes reversible degradation mainly in dry 

conditions. Si traces are assumed to reduce catalytic activity via blocking of oxygen 

transport. Sethuraman et al. observed a reduction in ORR current in ring disc studies 

when siloxane was present in the electrode[67]. They suspect that Si induces local 

hydrophobicity, with the result of local water starvation. Since gas transport occurs in 

aqueous media, as a consequence, gas transport is blocked. This assumption is backed by 

our experiment results as this effect occurred only in dry conditions and in the region 

which is most sensitive to drying-out. Apparently, the Si contamination amplifies the 

sensitivity to water.  

 

4.2 Current specific performance losses in the E-j curve 
In order to to account for the complexity of PEMFC degradation losses are examined 

based on the different sections in the E-j curve.As shown in Fig. 7a, RH has a significant 

influence on the specific losses. The reason for the higher performance losses due to the 

operation at 100 % RH can be found in the activation region (< 200 mA cm
-2

). Obviously, 

the activation over potential became considerably higher for 100 % RH than for non-

humidified operation. In contrast, ohmic losses were similar at both conditions, as is 

indicated by the slope of the curve between 200 and 700 mA cm
-2

. But a further 

difference can be observed at higher currents (> 700 mA cm
-2

). Here, the restricted 

reactant flow limited the current and therefore caused additional mass transport losses for 

both MEAs. However, these losses emerge at lower current densities for the MEA 

operated at non-humidified gases.  

 

4.2.1. Activation losses 

Fig. 7b demonstrates that for both experiments, the highest performance losses occurred 

mainly in three specific areas (C1/D1, G1/H1, and D10/E10/F10) of which two verifiably 

contained Ni (C2 and E10). Thus, the activation losses can be attributed to Ni 

contamination. The strong degradation can be explained by the negative effect of metal 

cations on reaction kinetics. Studies by Okada et al. [68], [69] and Durst et al. [70] 

showed that ORR kinetics are reduced at the Pt/ionomer interface by the presence of 

metal cations; however, without adsorbing into the Pt surface as their CV results show. 

The authors concluded that the foreign cations cause a structural change of the electric 

double layer and/or increase the formation of the Pt oxide layer. A further explanation for 

activation losses was given by Kienitz et al. [71]. They found that metal cations 

concentrate in the membrane close to the cathode. This results in locally reduced proton 

concentration which leads to kinetic losses and a reduced electrochemical potential. It can 

be noticed that the MEA degraded at 100 % RH was affected more strongly by the 

contamination. The higher number of segments with losses (43 vs. 36) point out that Ni 

distributed wider within the active area. This can be attributed to the higher water level 

resulting in an enhanced transport of Ni ions. 
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Fig. 7. a) Percentage voltage loss based on E-j curves measured at BoT and EoT for the non-humidified 

(black) and fully humidified (red) operated MEA. E-j curves were measured in galvanostatic mode at a cell 

temperature of 80 °C, and under reactants humidification of 50 % RH (experimental details are reported in 

section 2.1). b) Distribution of the relative voltage losses. For each MEA, voltage losses are shown from 

the three different sections of the curve in a) which correspond to activation, ohmic, and mass trasport 

losses. 

 

 

4.2.2 Ohmic losses 
The additional ohmic losses which can be seen from the linear increase of the voltage 

loss curve in Fig. 7a can also be explained by the Ni contamination. Generally, metal 

cations in the ionomer were reported to block the sulfonic sites because they have a 

higher affinity for it than protons [72]–[74]. Since the metal cations are less mobile and 

allow less water uptake in the membrane than protons (except Li
+
), contamination by 

metal cations leads to a loss in conductivity [72], [73], [75], [76]. Furthermore, it has to 
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be noted that in this mid-current region, the above mentioned losses in the air inlet area 

(columns G, H and I) of the MEA operated at non-humidified conditions appear. As 

already explained, these losses can be related with ionomer drying due to evaporation 

and/or Si contamination.  

 

4.2.3 Mass transport losses 
At high currents (> 0.7 mA cm

-2
), these local losses are less pronounced. This means the 

inlet region is reactivated. Probably due to re-hydration of the ionomer caused by the 

increased electro-osmotic drag and/or due to washing out of the Si deposits by the 

increased water transport. However, in contrast to the MEA operated in saturated 

conditions, the current in this area did not increase. Therefore, this area did not contribute 

to the compensation of the losses from the Ni contaminated areas. Thus, we conclude that 

the compensation capability of the MEA operated at non-humidified conditions was 

limited due to the additional degradation by Si contamination and ionomer degradation 

with the consequence of a steep increase in voltage losses at higher currents (see Fig. 7a).  

The reasons for this are again local Si contamination and ionomer drying. But besides, 

this performance loss might have also been the result of a limiting active area since the 

MEA operated in dry conditions suffered from higher ECSA losses at the cathode. The 

remaining cathode ECSA was 47 mPt
2
 gPt

 -1
 whereas the MEA operated in saturated 

conditions had 71 mPt
2
 gPt

 -1
. This observation is in accordance with the reported results 

that Pt dissolution and ECSA loss is favored under low humidity conditions [44]. 

Therefore, locally pronounced Pt dissolution in the non-humidified cathode inlet area 

must be considered as another possible degradation process for the MEA operated with 

non-saturated gases. 

 

4.3 Impact of Ni and Si contaminants 
In the discussion of the voltage losses, it also becomes obvious that the dependence of 

RH in contamination is opposite for Ni in comparison with Si. High RH facilitates Ni 

contamination but impedes Si contamination. This can be explained by the difference in 

the chemical state of the contaminants. In contrast to Si, Ni is changing its state to ionic 

Ni when the metal corrodes and therefore can enter into the ionomer of the electrode and 

membrane. The incorporation of Ni-ions into the ionomer and their strong ionic bonding 

to it seems to protect them from being washed out again. 

 

The two contaminants Ni and Si not only differ in their dependence on RH but also in 

their impact on degradation. The degradation caused by Ni occurred more slowly than the 

degradation caused by Si. This becomes obvious from the chronological voltage 

development in Fig. 2 and Fig. 4. In all the segments which were contaminated with Ni 

(fully humidified gases: C2, E10 and H10; non-humidified gases: C2 and E10), the 

voltage declined steadily during a duration of at least ca. 100h. In contrast, Si 

contamination caused a drop occurring within the first hour. Since Si was only present in 

the MEA operated with non-humidified gases, this initial period reflects the phase in 

which this MEA became balanced after the RH change from 100 % (characterization 

measurement) to 0 % (degradation test). From this we can conclude that Si deposited in 

the electrodes instantly during this transition phase. This deposition was at least partly 

irreversible since Si remained there even after another period of operation at 100 % RH 

during the EOT characterization. In contrast, Ni began penetrating slowly and 

continuously into the ionomer at one point during the test (see in Fig. 2c) blue line). 
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4.4 Ionomer and PTFE defluorination 

 

Within this study the degradation of advanced membranes was observed most 

pronounced under fully humidified operation. The important local factor are 

contaminations from external sources which can be mitigated by careful material 

selection in the system. However, a difference is observed in the strong defluorination of 

ionomer in the CL under full humidifcation in Fig. 5. The loss of fluorination should 

affect the activation losses in particular under full humidication,  nevertheless in our case 

the Ni contamination outweighs the losses   

 

The elimination of fluorine and fluorine containing compounds in PEMFC has been 

observed in the in form of fluoride in the product water [77] and also by means of 

membrane thinning [78] in early lifetime investigations. A major focus is on ionomer 

materials, on membranes [78], and on catalyst layer ionomer [78]–[80], which are prone 

to radical attack by reaction intermediates [32]. However, the hydrophobic agents in the 

MPL and the GDL backing are also degraded; a defluorination similar to that of ionomers 

can be observed. [64] In contrast to ionomers, typically perfluorosulfonic acids with 

unstable side groups, the hydrophobic PTFE agent of GDLsis much more stable against 

chemical attacks. However, also this component shows degradation which appears to be 

mechanistically similar to that of the radical attacks an ionomers.[22] Fig. 8 shows the 

corresponding XPS spectra of the carbon containing compounds of the GDL components 

operated without and under full humidification, with the dominant graphite/carbon fibre 

signal (284-285 eV) and the fluorine containing compounds with binding energies >286 

eV.[64], [81] Similar to the spectra of the CLs discussed in chapter 3.1.2 and 3.2.2, the 

signal at ~292 represents the perfluorinated carbon species “C–F2”, present in PTFE. 

Both the pristine MPL and the GDL backing lose a considerable amount of this 

compound (within the detection range of ~10 nm), which is attributed to a wash-out of 

weakly fixed material during the first break-in phase before operation of the fuel cell. In 

particular, in Fig 8 b the signal of the pristine material shows a peak at ~300 eV, due to 

the local charging of the weakly bound material, and which is not present in all the other 

spectra recorded after break-in procedure and operation. The MPL (Fig. 8a) shows 

relatively little defluorination, visible as small signals at 288 eV, yet more pronounced 

after fully humidified operation (solid lines). The same degradation processes are much 

more distinct in the GDL backing, and, similarly, most pronounced after fully humidified 

operation: The “C–F1” signal is filling up the valley between the main signals, and the 

broadness hints to a variety of partially defluorinated compounds (Fig. 8b, solid lines). 

The correlation with humidity suggests, that intermediately generated radical peroxide 

ions are able to travel from CL even to the outer endge of the GDL, aided by a high 

humidification level. 
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Fig. 8. Carbon photoemission spectra of microporous layer and GDL backing b) in segment I5 – partial 

defluorination of PTFE (292 eV) to a lower oxidation state (<290 eV), in particular unter fully humidified 

conditions 

 

However, the degradation of the hydrophobic agent, which reduces the liquid water 

repellant properties [64] does not result in a more pronounced heterogeneity of 

performance losses, as displayed in Fig. 7b. The degree of degradation is coarsely linked 

to areas of higher catalytic activity, and is less striking in the investigated edge areas of 

the cell (not displayed). 

 

 

5. Conclusions 

The present study investigates and compares degradation processes in PEMFC associated 

to operation under fully and non-humidified gases. By evaluating local performance 

losses (irreversible as well as reversible losses), degradation was linked to the influence 

of RH as well as to different mechanisms such as contamination of the electrodes and the 

membrane by Ni-ions stemming from the coating of the bipolar plate, contamination of 

the electrodes by Si-species from the silicon based gasket, ionomer dehydration, and Pt 

dissolution. Additionally pronounced defluorination of ionomer in the electrodes and 

GDL components were observed. 

 

It was seen that degradation was lower with non-humidified gases than with fully 

humidified gases. This can be linked to the latest improvement of Nafion
®

 membranes by 

the manufacturer. Obviously, water can be successfully retained inside the ionomer by 

the incorporation of Si-based particles. Although performance is still lower at low RH, 

this development facilitates water management and reduces, in combination with the 

reinforcement layer, the danger of membrane damage due to dehydration. 

 

Our local degradation investigations show the pronounced impact of RH on the 

heterogeneity during the degradation process:  

 Under non-humidified gases, the cathode inlet region was highly affected by 

mainly two different degradation processes. Firstly, the evaporation in the air inlet 

region led to membrane dehydration, decreasing membrane conductivity. 

Secondly, the deposition of Si species in the pores of the electrodes and GDL 

diminish the cell activity due to increased gas transport resistances.  
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Furthermore, Pt dissolution contributed partially to the degradation at this area, 

due to the fact that at high currents the available Pt surface area is crucial to 

current limitation. Moreover, Ni contamination was also detected; primarily in the 

edges of the cell, generating a strong irreversible degradation in these areas. 

Degradation by Si contamination and membrane dehydration was found to be 

partially reversible. 

 With fully humidified gases the liquid water tends to accumulate at the bottom of 

the cell, where it causes higher level of degradation. Since liquid water prevents 

the Si deposition, the observed degradation can be linked to Ni contamination as 

confirmed by the post mortem analysis. With a high level of humidification, the 

defluorination of ionomer in the catalyst layer and of hydrophobicity agent in the 

GDL is considerably intensified. For the latter, there is no direct impact, and 

specially no local impact on performance. 

 

Compared with Si contamination or membrane dehydration, performance losses due to Ni 

contamination occur more slowly. Nevertheless, the Ni contamination generates 

irreversible degradation. 

 

Although differences in the PTFE defluorination were found in the CL, MPL, and GDL 

between fully and non-humidified gases, local degradation is dominated by contaminants 

in particular Ni in our case. 

 

In general, our work proves the importance of the spatially resolved diagnosis of fuel 

cells. Only this allows the identification and separation of the degradation processes in a 

complex performance loss evolution . 
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Table 2 

 

  

 Ni / wt% Si / wt% Pt / wt% 

Segment An-M PTFE Ca-M An Ca An-M PTFE Ca-M An Ca PTFE Ca-M 

C2 
3.4 ± 

2.9 

2.6 ± 

2.3 

3.6 ± 

3.2 
- 

0.5 ± 

0.9 

2.3 ± 

0.7 

0.3 ± 

0.1 

1.5 ± 

0.7 

1.1 ± 

0.5 
- 

0.4 ± 

0.4 

0.2 ± 

0.2 

D5 
0.1 ± 

0.1 
< 0.1 

0.2 ± 

0.2 
- - 

2.2 ± 

0.5 

0.3 ± 

0.3 

1.4 ± 

0.6 
- 

0.3 ± 

0.5 

0.7 ± 

0.6 

0.1 ± 

0.1 

H5 - - - - - 
0.6 ± 

0.2 

0.1 ± 

0.1 

0.7 ± 

0.2 
- 

0.5 ± 

0.2 
< 0.1 

0.3 ± 

0.1 

I5 - 
0.2 ± 

0.2 
< 0.1 - - 

3.2 ± 

0.6 
< 0.1 

2.3 ± 

0.5 

1.4 ± 

0.8 

1.2 ± 

0.6 
- 

0.2 ± 

0.4 

E10 
2.9 ± 

0.4 

1.8 ± 

0.9 

2.8 ± 

0.3 

0.5 ± 

0.2 

0.2 ± 

0.2 

2.7 ± 

0.6 

0.2 ± 

0.1 

2.6 ± 

0.0 

0.8 ± 

0.4 

1.9 ± 

0.3 
- 

0.2 ± 

0.3 

H10 - - - - - 
2.4 ± 

0.5 

0.3 ± 

0.3 

1.9 ± 

0.2 

1.2 ± 

1.1 

2.4 ± 

1.3 

0.1 ± 

0.2 
- 

Pristine 

MEA 
- - - - - 

2.0 ± 

0.7 

0.1 ± 

0.1 

1.5 ± 

0.6 
- - - - 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Cell Temperature 60 °C (durability test) 

80 °C (characterization) 

Reactant pressure 1.5 bar 

Total current 100 A, i.e. 0.7 A cm
-2

 (durability test) 

Gas flow rate Anode (H2): 840 ml min
-1

 

Cathode (Air): 3320 ml min
-1

 

Relative humidity 5 % / 5 % or 100 % / 100 % (durability test) 

50 % / 50 % (characterization) 

Segments location Anode inlet: A1, B1, C1 

Anode outlet: G10, H10, I10 

Cathode inlet: G1, H1, I1 

Cathode outlet: A10, B10, C10 

Table(s)



 

Table 3 

 

 Ni / wt% Si / wt% Pt / wt% 

Segment An-M PTFE Ca-M An Ca An-M PTFE Ca-M An Ca PTFE Ca-M 

C2 
1.4 ± 

0.2 

0.4 ± 

0.3 

2.4 ± 

0.0 
- - 

3.8 ± 

1.2 

0.3 ± 

0.2 

1.8 ± 

0.4 
- 

0.2 ± 

0.3 

0.6 ± 

0.6 
- 

F5 - - - - - 
1.9 ± 

0.3 

0.2 ± 

0.1 

1.9 ± 

0.4 
- - - - 

I5 - - - - - 
2.2 ± 

0.0 
< 0.1 

2.0 ± 

0.8 

< 

0.1 

0.6 ± 

0.9 

0.3 ± 

0.4 

0.2 ± 

0.4 

E10 
5.5 ± 

0.6 

3.2 ± 

0.5 

5.0 ± 

0.5 

0.8 ± 

0.8 

< 

0.1 

2.3 ± 

0.3 
< 0.1 

2.5 ± 

0.4 
- - < 0.1 - 

H10 
1.9 ± 

0.3 

0.4 ± 

0.2 

1.2 ± 

0.4 
< 0.1 

< 

0.1 

1.3 ± 

0.5 
- 

2.1 ± 

0.2 

< 

0.1 
< 0.1 

0.2 ± 

0.3 

0.1 ± 

0.2 

Pristine 

MEA 
- - - - - 

2.0 ± 

0.7 

0.1 ± 

0.1 

1.5 ± 

0.6 
- - - - 
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Captions 
 

Tables  

 

Table 1 

Operating conditions and location of segments at anode/cathode inlet and outlet 

 

Table 2 

Result of the quantitatively analyzed EDX spectra for Ni, Si, and Pt in the MEA operated under 

non-humidified gas supply. Given values are averaged from at least three measured values. An-M 

and Ca-M indicate analysis results of membrane samples at the anode and cathode side, 

respectively; PTFE indicates the membrane PTFE-reinforcement layer; An and Ca refer to 

analysis of anode and cathode catalyst layer, respectively. 

 

Table 3 

Result of the quantitatively analyzed EDX spectra for Ni, Si, and Pt in the MEA operated at fully 

humidified conditions. Given values are averaged from at least three measured values. An-M and 

Ca-M indicate analysis of membrane samples the anode and cathode side, respectively; PTFE 

indicates the membrane PTFE-reinforcement layer; An and Ca refer to anode and cathode 

catalyst layer, respectively. 
 

Figures 

 

Fig. 1. Multi-serpentine segmented cell design: segment distributions at the (a) anode and (b) 

cathode side, with (c) color code for current density values ranges. The G arrow represents the 

position of the cell in the gravitational field. 

 

Fig. 2. Cell operation under non-humidified gas supply (approx. 5 % RH). a) Development of cell 

voltage during the approx. 300 h long-term experiment at 0.7 A cm-2 and 60 °C. The inset plot 

shows the voltage decay in the first 5 h. At 0 h, the gas humidification was switched off. b) 

Current density plots at BoT and EoT. The colored circles indicate the segments that underwent 

ex-situ analyses (see Section 3.1.1 and 3.1.2). c) Cell current density evolution during the long-

term experiment and d) during the first 0.5 h for the segments analyzed ex-situ and displayed in 

b). 

 

Fig. 3 Carbon photoemission spectra of catalyst layers reveal little degradation of the fluorinated 

ionomer under non-humidified conditions in central (D5, comp. Fig. 1) and edge areas (I5). 

 

Fig.4. Cell operation under water-saturated gas supply (approx. 100 % RH).  

a) Development of cell voltage during the approx. 300 h long-term experiment at 0.7 A cm-2 and 

60 °C. The inset plot shows the voltage decay in the first 5 h. b) Current density plots at BoT and 

EoT. The colored circles indicate the segments that underwent ex-situ analyses (see Section 3.2.1 

and 3.2.2). c) Cell current density evolution during the long-term experiment and d) during the 

first hour for the segments analyzed ex-situ and displayed in b). 
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Fig. 5 Carbon photoemission spectra of catalyst layers reveal distinct ionomer defluorination 

under fully humidified conditions, in particular on the anode (a) and close to the gas inlet 

(segment I5) of the cathode (b). 

 

Fig. 1. Change in current distribution at 700 mA cm-2 (=EOT-BOT/BOT *100 in %) due to the 

degradation test. Comparison between data recorded during long term test (non-humidified or 

fully humidified gases) and E-j curves (50 % RH) before and after test operation. 

 

Fig.7. a) Percentage voltage loss based on E-j curves measured at BoT and EoT for the non-

humidified (black) and fully humidified (red) operated MEA. E-j curves were measured in 

galvanostatic mode at a cell temperature of 80 °C, and under reactants humidification of 50 % 

RH (experimental details are reported in section 2.1). b) Distribution of the relative voltage 

losses. For each MEA, voltage losses are shown from the three different sections of the curve in 

a) which correspond to activation, ohmic, and mass transport losses. 

 

Fig. 8. Carbon photoemission spectra of microporous layer and GDL backing b) in segment I5 – 

partial defluorination of PTFE (292 eV) to a lower oxidation state (<290 eV), in particular unter 

fully humidified conditions. 
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