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A B S T R A C T   

Polybenzimidazole-based electrochemical hydrogen pumps (EHPs) allow hydrogen separation from gas mixtures 
at low cell overpotential. An operating temperature of up to 180 ◦C provides robustness towards catalyst 
poisoning by common impurities in steam reformate, like CO or sulfur compounds. Electrochemical impedance 
spectroscopy (EIS) coupled with the distribution of relaxation times (DRT) analysis is performed on single-cell 
EHPs supplied by H2 contaminated with N2, CO2, and CO to investigate and quantify the underlying physico
chemical processes. By systematically varying the operating parameters, five different processes were identified 
in the DRT spectrum: the proton transport in the electrode, the hydrogen evolution reaction (HER), the hydrogen 
oxidation reaction (HOR), the mass transport (MT) in the anode gas diffusion electrode, and the movement of 
phosphoric acid anions from the cathode to the anode at high current densities. At high contaminant concen
trations, the HOR and the MT resistances increase. The HOR inhibition is dominant for CO, while for N2 and CO2, 
the MT resistance increase is more pronounced. At 180 ◦C cell temperature, the performance with 50% CO2 in 
the gas feed was worse than with 1% CO, highlighting the possibility of operating an EHP with a CO- 
contaminated gas feed at elevated operating temperature.   

1. Introduction 

Currently, H2 is mainly produced via steam reforming of methane. 
This process generates a mixture of hydrogen and CO, the so-called 

syngas. Afterward, the syngas is converted into a mixture of H2, CO2, 
and a small amount of CO in a water-gas-shift reactor. The H2 is sub
sequently utilized for ammonia production, as a reducing agent in metal 
production, or fuel cells (FCs). However, further purification is often 
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mandatory since most applications require a higher hydrogen purity 
than the generated gas [1]. Hydrogen separation methods utilize pres
sure swing adsorption (PSA), palladium, or polymer membranes. While 
PSA is the state-of-the-art purification technique for large-scale indus
trial H2 processing of steam reformate, its power consumption is high, 
and a high hydrogen purity and gas recovery cannot be achieved 
simultaneously [2,3]. Palladium membranes currently exhibit the most 
promising characteristics regarding membrane technologies. However, 
significant drawbacks include an operating temperature above 350 ◦C 
and a maximum pressure difference across the membrane of only 2 bar 
[4]. 

Electrochemical hydrogen pumps (EHPs) based on polymer electro
lyte membranes (PEMs) allow the simultaneous purification and pres
surization of H2 to 1000 bar with a Nafion membrane [5]. However, the 
temperature operation window of Nafion is limited to approximately 
100 ◦C since liquid water is needed in the gas feed to achieve good 
proton conductivity. In this temperature range, CO strongly adsorbs 
onto the platinum catalyst, thus severely decreasing the performance 
[6]. The hydrogen isolation with Nafion-based EHPs from reformate [7], 
ethylene [8], H2S, and CH4 [9], and the influence of the operating 
temperature and the relative humidity (RH) [10] were already investi
gated previously. The efficiency was relatively low under CO or H2S 
contamination, although periodic pulsing on the anode [7] or adding O2 
and O3 to the gas feed [9] significantly improved the performance. 

EHPs based on a polybenzimidazole (PBI) membrane doped with 
phosphoric acid (PA) typically operate between 160 and 180 ◦C. CO 
desorption is thermodynamically favored at this elevated temperature, 
considerably decreasing the polarization losses during operation with 
CO-containing gas [11–13]. Therefore, PBI-based EHPs are suitable for 
continuous separation of H2 even from heavily contaminated gas mixes. 
High-temperature EHPs with a PBI membrane and Pt/C catalyst exhibit 
an excellent CO tolerance, primarily when operated above 160 ◦C 
[11–13]. Ion-pair membranes demonstrated stable performance at 
200 ◦C for 100 h and short-term operation at up to 220 ◦C [14]. 

Potential application fields for EHPs, besides hydrogen compression 
and the separation from reformate, are the recycling of hydrogen from 
the exhaust gas of metal refinement or the extraction from chemical 
reactors, in which H2 is an unwanted byproduct. Furthermore, EHPs 
enable the distribution of H2 via the currently existing natural gas 
network. At the point of use, H2 can be extracted from the natural gas/ 
hydrogen mix by EHPs, and high-purity H2 could be provided in one 
purification step, e.g., for refueling stations of fuel cell vehicles. 

EHPs are commonly characterized by polarization curves (PCs), 
which permit a simple and fast characterization over the entire perfor
mance range [11–15]. However, identifying the underlying processes 
and their behavior at different operating parameters is not possible with 
this method. Electrochemical impedance spectroscopy (EIS) quantifies 
different resistances occurring on different time scales in an electro
chemical system. However, assigning features in an impedance spec
trum to physicochemical processes is challenging, especially if the 
frequency ranges of several processes overlap. Physically meaningful 
interpretations of EIS results are facilitated by the distribution of 
relaxation times (DRT), which provides an assumption-free impedance 
spectrum analysis [16–19]. DRT was previously applied successfully to 
conventional [20] and high-temperature PEM FCs [21–25], SOFCs 
[26–28], lithium-ion batteries [29,30], and vanadium redox-flow bat
teries [31,32]. 

EIS results of high-temperature PEM EHPs are limited [33,34] or 
were performed only to identify the membrane resistance [35]. There
fore, this paper presents a detailed EIS and DRT characterization of 
single-cell EHPs with a PA-doped PBI membrane and Pt/C electrodes 
over various operating parameters. The EHPs were supplied H2 plus 
different concentrations of N2, CO2, or CO, and operated at varying 
current density, H2 stoichiometry, temperature, and RH. Five processes 
could be identified and assigned to physicochemical phenomena, and 
their resistance changes were correlated to the different operating 

conditions. The investigation of these processes supports EHP cell 
development since bottlenecks can be identified and resolved. 

2. Experimental 

2.1. Membrane electrode assembly fabrication 

Three single cells with an active area of 4 cm2 were assembled with a 
PBI membrane (Dapozol M40, Danish Power Systems, Denmark) and in- 
house fabricated gas diffusion electrodes (GDEs). The membranes for all 
cells were pre-doped in 85% PA (AnalaR Normapur, VWR Chemicals) 
and had a doping level of 7 g PA per gram PBI. The catalyst layer (CL) 
was spray-coated onto the microporous layer (MPL) of a commercial gas 
diffusion layer (GDL, H23C2, Freudenberg, Germany). The ink was 
prepared by dispersing Pt/C catalyst (20 wt% platinum nanoparticles on 
carbon black (Alfa Aesar, USA)) and 60 wt% polytetrafluorethylene 
(PTFE) in water (Dyneon, 3 M, USA) in a 1:1 mixture of water and 
isopropanol. A tip sonicator was utilized to homogenize the ink for 30 s. 
Subsequently, the ink was sprayed onto the GDL, which was placed on a 
heating plate at 90 ◦C to ensure complete evaporation of the solvents. 
The ink was sonicated in an ultrasonic bath between the spraying of each 
layer to maintain the homogeneity of the ink. The platinum loading in 
the CL was controlled to 0.58 mg Pt cm− 2 with a PTFE content of 7.8% 
for cell 1 and 0.50 mg Pt cm− 2 with a PTFE content of 6.7% for cell 2 and 
cell 3. Afterward, the GDEs were stamped into square pieces with an 
area of 2.2 x 2.2 cm2. 

Subsequently, three single cells were assembled with the described 
GDEs as anode and cathode. The active cell area was controlled by a 
polyether ether ketone (PEEK) subgasket to 4 cm2 between the mem
brane and each electrode. PTFE gaskets (thickness: 150 μm) were 
employed as sealing between the electrodes and the stainless-steel 
endplates with serpentine flow channels. 

2.2. Electrochemical characterization 

The cells were subsequently operated in a test station. Two heating 
pads on the outer side of each end plate controlled the cell temperature, 
measured by two thermocouples inserted into the center of each end
plate. The accurate gas flow of all utilized gases (H2, N2, CO2, CO) was 
ensured by mass flow controllers. The gas concentrations are given in vol 
% at standard conditions. The generated gas mix was preheated by 
heating coils and channeled through a humidifier before being fed to the 
anode. No gas flow was applied to the cathode. The anode and the 
cathode were not pressurized and thus operated under nearly ambient 
pressure. The pressure at the anode inlet was logged with a pressure 
gauge to identify potential pressure fluctuations, although none were 
detected. After heating a cell (schematic representation see Fig. 1) to 
160 ◦C under pure N2 gas flow on the anode, it was conditioned for 48 h 
with pure H2 at 200 mA cm− 2 with a humidifier temperature of 30 ◦C, 
which corresponds to approximately 0.7% RH at 160 ◦C. The H2 gas flow 
was always set to at least 3.75 ml min− 1 cm− 2 (λH2 = 2.7 at 200 mA 
cm− 2) for cells 1 and 3 and to 2.50 ml min− 1 cm− 2 (λH2 = 1.8 at 200 mA 
cm− 2) for cell 2, except when indicated otherwise. Lower gas flows 
would create uneven distribution across the membrane electrode as
sembly, negatively influencing the EIS data quality. 

Subsequently, galvanostatic impedance measurements were per
formed with a Zennium potentiostat (Zahner Elektrik, Germany) at 
different operating parameters. To monitor high-frequency processes 
accurately and prevent inductive artifacts, minimizing the formation of 
magnetic fields around the cabling is essential. By twisting the voltage 
sensors and the current conductors separately, magnetic fields develop 
in opposing directions due to opposing current flows. Subsequently, 
both magnetic fields cancel each other, reducing inductive behavior. 
Since every additional component in the measurement setup potentially 
causes inductive artifacts, the potentiostat cables were plugged directly 
into the endplates. Electrochemical impedance spectra were recorded 
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over the frequency range from 50 mHz to 200 kHz at various current 
densities, cell temperatures, humidifier temperatures, flow rates, and 
concentrations of the different gas contaminants. Nearly constant con
ditions across the cell are assumed due to its low surface area of only 4 
cm2. Thus, each process occurs over a narrow frequency range. 

Steady-state conditions were assured by waiting until a stable 
voltage was reached, but always at least 30 min. After changing the gas 
composition, the waiting period was extended to at least 60 min to 
saturate the water in the humidifier with the partial pressures of the new 
gas mix. A stabilization period of 3 days was employed after changing 
the RH. 

The system’s stability and data quality was validated with the 
Kramers-Kronig (KK) transformation performed with the software Lin- 
KK [18,36]. Selected KK test results at different gas compositions are 

displayed in the supporting information (Fig. S. 1). Especially at high 
current densities around 1 Hz the data is noisy. However, no systematic 
error or drift could be observed, validating the system’s stability during 
EIS measurements. Only clear outliers were deleted (maximum one 
point per measurement). 

12.5 mA cm− 2 was chosen as amplitude for EIS measurements at 50 
mA cm− 2 DC, while 25.0 mA cm− 2 was applied in all other measure
ments. The weighted harmonics autocorrelation algorithm of the Zahner 
software checked the linearity of the data [37]. The determined signif
icance was above 0.999 for all measurements with pure H2, above 0.991 
for the measurements with H2 diluted by N2 or CO2, and above 0.990 for 
H2 contaminated with CO. These values confirm the linearity of the 
recorded impedance spectra and suggest good data quality. However, 
one measurement (H2 + 5% CO/350 mA cm− 2 at 160 ◦C performed on 
cell 1) displayed several data points below a significance of 0.990 at low 
frequencies, with 0.972 being the lowest. 

2.3. Distribution of relaxation times 

Recorded impedance spectra were transformed into a DRT function 
with the software Relaxis3 (rhd Instruments, Germany). Only data 
points between 100 kHz and 50 mHz were utilized for the DRT trans
formation. Interpreting impedance spectra is often complex due to 
overlapping effects and nonideal processes. The DRT approach supports 
the evaluation of EIS by fitting impedance data with an infinite number 
of RC-elements connected in series with an ohmic resistance [22,38]. 
However, every measurement exhibited data points that showed 
inductive behavior in the selected frequency range. An inductor was 
added to the model to guarantee accurate results at high frequencies. 
Each peak in the DRT function represents a physicochemical process, 
and the area under the respective peak represents its resistance. 

Calculating the DRT function g(f) is an ill-posed mathematical 
problem and therefore requires the selection of a regularization 
parameter λ, which has to be carefully chosen to obtain meaningful 
results [19,38]. An improperly selected regularization parameter might 
cause oscillations and false peaks or merge several processes into a 
single peak. The following section will describe the procedure for 
selecting the regularization parameter, which can also be applied to 
other electrochemical systems. 

3. Results 

3.1. Selection of the regularization parameter 

The number of peaks and their shape in a DRT spectrum depends on 
selecting the regularization parameter λ [19,20,38]. Fig. 2 presents the 
DRTs of the same measurement calculated with different regularization 
parameters. With decreasing regularization parameters, the DRT 
calculation represents the measured data more accurately, resulting in 
sharper peaks. However, a very low regularization parameter creates 
artificial peaks caused by measurement uncertainty. Therefore, a typical 
strategy is to lower λ until the sum of square residuals (SSR) between the 
measured EIS and the impedance spectrum reconstructed from the DRT 
stops decreasing [20]. 

Only two tilted peaks are visible for λ = 10− 1. Comparing the 
impedance spectrum reconstructed from DRT with the measured data 
reveals an inaccurate fit (SSR = 5.3 * 10− 6). The residuals show oscil
lations, which is typical for not properly fitted data. 

At λ = 10− 3, four peaks are visible. The reconstruction accurately 
overlaps with the measured data in the high and medium frequency 
range. However, below 1 Hz significant residuals are observed. The re
siduals are scattered randomly in the positive and negative directions, 
which suggests that they are caused by noise. Cell voltage fluctuations 
influence the EIS data mainly in the low-frequency range. As the 
recording time for each point increases with decreasing frequency, the 
occurrence of a voltage spike becomes more likely. While reliable DRT 

Fig. 1. a) Schematic representation of an EHP consisting of a PBI membrane 
sandwiched between the PA-invaded anode and cathode GDEs based on Pt/C 
and PTFE. b) Exemplary impedance spectrum with indicated processes extrac
ted from c) the corresponding DRT. The operating parameters of this study are 
displayed on both sides of the schematic cell. 
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interpretation is also possible in the low-frequency range, it has to be 
kept in mind that the resolution is lower than for the high and medium 
frequencies. 

An additional peak appears at 2 kHz when the regularization 
parameter is further decreased to λ = 10− 5. The nearly unchanged SSR 
between the measured and the reconstructed EIS data for λ = 10− 3 (SSR 
= 1.5 • 10− 6) and λ = 10− 5 (SSR = 1.4 • 10− 6) and similar residuals 
suggest that this additional peak is an artifact. 

In Fig. 2d and e, the SSR is displayed over the regularization 
parameter for all measurements performed on cell 1. The SSR decreases 
with decreasing λ until approximately λ = 10− 3. Slight differences can be 
observed for different measurements caused by different measurement 
errors and conditions during each measurement. The SSR of the EIS with 
5% CO at 350 mA cm− 2 is significantly worse than all other measure
ments since the CO adsorption on the platinum catalyst destabilizes the 
cell voltage. Voltage fluctuations lead to lower data quality, which 
makes the DRT analysis of the EIS data challenging. However, the graph 
still displays the same behavior at different regularization parameters as 
the other measurements. Further decrease of λ below 10− 3 does not 
produce a better fit but creates artifacts. Therefore, λ = 10− 3 was chosen 
as the regularization parameter. 

3.2. Influence of gas contaminants 

Polarization curves, impedance spectra, and the corresponding DRTs 
of cells 1 and 2 with different anode gas compositions at 160 ◦C cell 
temperature and 30 ◦C humidifier temperature are displayed in Fig. 3. 
With pure H2, the open circuit voltage (OCV) is 0 mV due to the identical 
gas composition on the anode and the cathode. H2 dilution with N2, CO2, 
or CO increases the OCV due to the different anode gas composition, as 
described by the Nernst equation. N2 and CO2 show a similar influence 
on the OCV, as shown in Table 1. In the investigated concentration 
range, the OCV increases nearly linearly with increasing contaminant 

concentration. Since the partial pressure of the reactants mainly de
termines the OCV, CO has little influence on the OCV due to the 
significantly lower concentrations. The cathode gas mix can be assumed 
to be identical for all anode contaminants since high-temperature H2 
pumping produced H2 with a purity >99.4% on the cathode for gas 
feeds, similar to those applied in this study [11,12,14]. The OCV was 
nearly identical at the respective gas composition for all tested cells. 

With pure H2 gas feed, the voltage increases linearly over the eval
uated current density range. Both N2 and CO2 slightly change the slope 
of the PC, indicating increasing resistances at higher currents. While the 
low CO concentrations barely influence the OCV (1 mV at 1% CO), they 
produce a steeper slope. CO adsorption on the platinum catalyst de
creases the electrochemically active surface area (ECSA), significantly 
increasing the EHP’s power consumption [11–15]. 

Impedance spectra recorded at 150 mA cm− 2 for cell 1 and 200 mA 
cm− 2 for cell 2 (Fig. 3c and d) allow the separation of the underlying 
processes. The low-frequency resistance (RLF) in the EIS also represents 
the total cell resistance (Rtot) and corresponds to the slope of the PC. The 
high-frequency resistance (RHF), which represents the electronic resis
tance in the GDEs and the ion conduction resistance of the membrane, is 
not displayed in the DRT. Typically, the ionic conductivity is signifi
cantly smaller than the electronic conductivity. Therefore, the high- 
frequency intersection of the impedance data with the x-axis can be 
assumed to represent the membrane resistance (RM). No contaminant 
influenced the membrane resistance in this study, although a membrane 
resistance increase under CO contamination was previously demon
strated for a high-temperature PEM FC with a PBI membrane [39]. 

Five peaks are detected in the corresponding DRTs. The frequency 
ranges of P1 (~10 kHz), P2 (~1 kHz), and P3 (~70 Hz) are overlapping, 
which makes their separation difficult. While these three peaks are 
visible in all measurements for cell 2, P2 and P3 overlap for cell 1. P1 is 
not influenced by any of the contaminants in both cells. In high- 
temperature and low-temperature PEM FCs, the proton conductivity in 

Fig. 2. a) DRTs calculated from the same EIS mea
surement at different regularization parameters, b) 
corresponding reconstructed impedance spectra 
compared to the measured data, and c) residuals be
tween the measurement and the reconstruction. d) 
SSR between the measured EIS data and the imped
ance spectrum reconstructed from DRT at different 
regularization parameters for all measurements of cell 
1, and e) enlarged section of d). The chosen regula
rization parameter λ = 10− 3 is indicated.   
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the GDEs can be observed at high frequencies [20,21]. Furthermore, the 
chosen contaminants should not affect the electrode’s proton conduc
tivity, which suggests that P1 represents the proton transfer in the GDEs. 
Additionally, a decrease of P1 at increasing temperature and humidifi
cation will later be discussed in Figs. 6 and 7. Since increasing tem
perature and water content improve the proton conductivity of PA, this 
observation further strengthens the peak assignment of P1 to the proton 
conduction in the electrode. 

P2 increases slightly in cell 2 with all contaminants compared to pure 
H2. Integrating the area under P2 for cell 2 gives 10.0 mΩ cm2 for pure 
H2, 11.0 mΩ cm2 for 66% N2, 12.7 mΩ cm2 for 66% CO2 and 17.4 mΩ 
cm2 for 1% CO contamination. However, selecting the integration 
boundaries is difficult due to the overlapping of P2 with P1 and P3, 
which makes precise resistance determination difficult. Since the cath
ode conditions are unchanged, P2 is attributed to the hydrogen evolu
tion reaction (HER) on the cathode side. Diffusion of the contaminants 
through the membrane to the cathode might increase the HER resistance 

slightly. The different P2 shape is caused by a change in P3, which in
creases and shifts to lower frequencies for all contaminants (90 Hz for 
pure H2, 40 Hz for 66% N2 and CO2, 25 Hz for 1% CO in cell 2). Only the 
anode is poisoned, which suggests that the growing P3 can be attributed 
to the anode, most likely to the hydrogen oxidation reaction (HOR). 
Primarily CO contamination inhibits the HOR due to the CO adsorption 
on platinum, significantly lowering the ECSA. CO2 influences the HOR 
more than N2 at identical concentrations. Higher CO2 solubility in water 
compared to N2 could displace dissolved H2 in the electrolyte [40]. 
Lower H2 concentration at the triple-phase boundaries hamper the HOR, 
as described in the Butler-Volmer equation [41]. When a 
high-temperature PEM FC is fed with humidified H2 and CO, the CO is 
partially converted to CO2 in a water-gas-shift reaction on the platinum 
catalyst [42]. 

CO+H2O⇌ CO2 + H2 (1) 

The operating conditions in the EHP favor the formation of CO, since 
the RH is low while the partial pressures of CO2 and H2 are high. 
Furthermore, cyclic voltammetry revealed adsorbed CO on the Pt cata
lyst of a Nafion-based EHP fed with H2 and CO2 [43]. The chemical 
reduction of CO2 to CO in the EHP was identified as the underlying 
mechanism for CO formation. Therefore, small amounts of formed CO 
might also increase the cell resistance with CO2 gas feed in the investi
gated high-temperature EHP. Thus, CO2 lowers HOR activity more than 
N2 at identical concentrations. Further data supporting these peak as
signments will be presented in the following sections. 

In cell 1, P2 and P3 are not separable for pure H2, but a shoulder 
appears at the lower frequency edge (~100 Hz) for all contaminants, 
which represents the increasing P3 that was observed separately for cell 
2. Slightly higher platinum loading in cell 1 (0.58 mg Pt cm− 2) seems to 

Fig. 3. Polarization curves at different anode gas compositions, 160 ◦C cell temperature, 30 ◦C humidifier temperature, and a) λH2 = 2.7 (cell 1) or b) λH2 = 1.8 (cell 
2), EIS recorded at c) 150 mA cm− 2 (cell 1) and d) 200 mA cm− 2 (cell 2), and e) and f) the corresponding DRTs. 

Table 1 
Cell OCV at different contaminant concentrations.  

Contaminant Concentration / % OCV / mV 

N2 33 7 
50 12 
66 19 

CO2 33 8 
50 13 
66 18 

CO 1 1 
5 2  
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improve the HOR significantly compared to cell 2 (0.50 mg Pt cm− 2) 
since P3 is significantly smaller and consequently merges with P2 in the 
DRT of cell 1. Especially under CO contamination, cell 2 performs worse, 
showing a substantial increase of P3 compared to cell 1. High catalyst 
loading is, therefore, especially beneficial for good HOR kinetics at 
challenging gas contaminants like CO. 

P4 appears at approximately 1 Hz with N2 and CO2 contamination 
and can be ascribed to the mass transport (MT) resistance. For pure H2 
and with 1% CO, a small peak at 20 Hz can be observed in cell 1, which 
might be related to H2 diffusion. Due to the fast diffusion of H2, the MT 
resistance is small and appears at a high frequency. The impact of N2 and 
CO2 on P4 is stronger than the effect of CO. Higher concentrations of N2 
and CO2 (50% for cell 1 and 66% for cell 2) compared to CO (1%) in
crease the hydrogen diffusion pathway in the gas phase, which causes a 
MT resistance increase. Catalytic sites blocked by CO also present a 
diffusion resistance for H2 since the pathway to the remaining active 
sites increases. The frequency of approximately 1 Hz for P4 is nearly 
identical to the MT process in a typical high-temperature PEM FC, which 
further supports the assignment of P4 to the MT [21]. P4 appears at 
slightly lower frequencies with CO compared to N2 and CO2. Different 
diffusion phenomena dominate depending on the contaminant, resulting 
in a frequency shift. For N2 and CO2 the gas phase diffusion in the porous 
CL could be the dominating factor, while with CO, the diffusion of dis
solved H2 through the PA electrolyte to the significantly fewer active 
catalyst sites might be more relevant. This issue could explain why with 
1% CO in cell 1, two diffusion peaks can be observed at 20 Hz and 400 

mHz, respectively. The diffusion in the gas phase (20 Hz) is nearly 
identical to pure H2 due to the small contaminant concentration. The 
subsequent diffusion step in the liquid PA to the catalytic sites is strongly 
inhibited and poses the main barrier for the MT. 

Since inhibition of the gas diffusion also influences the following 
reaction, the increase of the HOR resistance (P3) with N2 and CO2 
contamination could be linked to the hampered MT [44]. Identical 
trends for P4 were observed for both cells since the platinum loading 
typically only has a minor influence on the MT resistance [45]. P5 will 
be discussed in the following section. 

N2 and CO2 are similarly influencing the performance. Therefore, in 
this study, we present only the impedance spectra and the corresponding 
DRTs from the CO2 measurements. The N2 data consistently shows 
slightly lower resistances at identical operating parameters, which could 
be attributed to smaller P3 and P4 in the DRT. 

3.3. Influence of current density 

Fig. 4 presents EIS measurements at different current densities and 
the corresponding DRTs for different gas compositions. No influence of 
the current density on the membrane resistance and the proton con
ductivity in the electrodes (P1) was observed. 

No significant total resistance change is observed in the impedance 
spectrum for pure H2, which agrees with the linear PC in Fig. 3. How
ever, the increasing current seems to reduce the resistance slightly, 
which can be attributed to decreased overlapping P2 and P3. Increased 

Fig. 4. Current density variation: a) impedance 
spectra and b) corresponding DRTs of cell 1 with pure 
H2, c) impedance spectra and d) corresponding DRTs 
of cell 3 with H2 + 50% CO2, e) impedance spectra 
and f) corresponding DRTs of cell 1 with H2 + 1% CO, 
and g) impedance spectra and h) corresponding DRTs 
of cell 1 with H2 + 5% CO (160 ◦C cell temperature, 
30 ◦C humidifier temperature, λH2 = 2.7). The char
acteristic frequency of each process determined from 
the DRT peaks is marked in the impedance spectra for 
the measurements at 50% CO2 at 250 mA cm− 2 (c) 
and 5% CO at 350 mA cm− 2 (g).   
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reaction rate at higher currents might slightly elevate the cell temper
ature, improving the reaction kinetics. Furthermore, phosphate anion 
migration into the anode is enhanced at increasing current density [46, 
47]. This effect decreases the ohmic resistance in the anode GDE while 
increasing the ohmic resistance in the cathode of an H2 pump [48]. 
Increased PA content in the anode could improve the HOR kinetics, 
which explains the slightly decreasing impedance at a higher current. 
Furthermore, charge transfer resistances usually depend on the poten
tial. The higher overpotential at increasing current density might facil
itate the occurring reactions. 

P3 separates from P2 by shifting to lower frequencies at increasing 
current density for 50% CO2, 1% CO and 5% CO contamination. The 
current density does not influence P2 with 50% CO2 in cell 3. Further
more, data from cell 2 presented in the supporting information (Fig. S. 2) 
also indicates no change of P2 under 1% CO at varying current density. 
With 5% CO in cell 1 the shape of P2 is impacted by the frequency 
change of P3, and the integrated area under P2 is slightly increasing 
(54.8 mΩ cm2 at 150 mA cm− 2, 61.2 mΩ cm2 at 350 mA cm− 2). In 
contrast, P2 decreases with increasing current density under 1% CO for 
cell 1 (Fig. 4f). This apparent trend is caused by an increase and a shift of 
P3 to lower frequencies, as observed in the other measurements, and the 
increase of P3 overcompensates the apparent P2 decrease. The com
bined integrated area below P2 and P3 increases from 73.1 mΩ cm2 at 
50 mA cm− 2 to 83.8 mΩ cm2 at 350 mA cm− 2 at 1% CO. Individual steps 
influence other parts as all processes are coupled in electrochemical 
systems. Inhibition of the anode reaction by 5% CO also impacts the HER 
on the cathode, although significantly smaller. This issue causes a slight 
increase of P2 at 5% CO, but not at lower contaminant concentration. 
Fig. 3f already showed CO contamination increasing P2 in cell 2 as well. 
Thus, only at a high contaminant concentration P2 shows a dependency 
on the current. Likewise, CO poisoning of the anode of a high- 
temperature PEM FC also provoked a resistance increase of the oxygen 
reduction reaction on the cathode [21]. 

5% CO contamination results in the separation of P2 from P3 due to 
the limited HOR activity, which shifts P3 to a lower frequency. Conse
quently, both peaks appear individually in the corresponding DRT. P3 
can also be observed separately at 50% CO2 contamination in cell 3. P3 
substantially increases at higher current density in both cases, for CO 
and CO2 in the anode gas feed, due to the hampered HOR. 

The current density does not influence the MT peak P4 at 20 Hz for 
pure H2. Without contamination, H2 diffusion is fast enough only to pose 
a minor, current-independent resistance in the EHP. Contrarily, the 
corresponding low-frequency EIS semicircle enlarges at higher current 
densities for all measurements with contaminants in the gas feed. An 
increased reaction rate at a higher current requires higher reactant 
diffusion to the catalytically active centers, which increases the MT 
resistance. The corresponding DRT peak P4 increases and shifts to 
slightly lower frequencies. Similarly, increased diffusion resistance at 
higher currents was also observed for oxygen gas transport in PEM FCs 
[20,21]. 

P5 appears at very low frequencies between 10 mHz and 100 mHz, at 
the lower end of the measured frequency range (>50 mHz). While it 
might be an artifact caused by lower data quality at low frequencies due 
to voltage fluctuations, an increase of P5 with increasing current density 
was detected in several measurement series under different gas com
positions (Fig. 4a–d, Fig. S. 2). P5 might represent PA ion movement 
from the cathode to the anode. A part of the current in high-temperature 
PEM FCs is balanced by PA ions migrating from the cathode to the anode 
since most PA molecules are mobile in the cell. It was shown that this 
effect increases at higher current densities [47]. Similar frequencies 
were previously observed for ion movement in vanadium redox flow 
battery electrolytes [31]. Since P5 only poses a minor contribution to the 
total resistance, its reliable measurement is insignificant and will not be 
discussed in the following. 

3.4. Influence of contaminant concentration and stoichiometry 

Fig. 5 presents impedance spectra and the corresponding DRTs of cell 
1 at different CO2 and CO concentrations at 160 ◦C cell temperature, 
30 ◦C humidifier temperature and 150 mA cm− 2 for CO2, and 250 mA 
cm− 2 for CO. The CO2 concentration affects the HOR and the MT 
resistance. Since the adsorption of gases in liquids is driven by partial 
pressures, these results support the previous assumption that CO2 
dissolution in PA inhibits the HOR. Increasing CO concentration ham
pers the HOR activity (P3) and the diffusion (P4) even more so. CO 
coverage of the platinum catalyst increases with increasing CO partial 
pressures [49]. A lower ECSA inhibits the HOR and increases the 
diffusion pathway of H2 since fewer sites are available. The combined 
charge transfer resistance of HOR and HER (P2 and P3) increases line
arly over the examined gas concentration ranges for both gases. CO 
causes a significantly higher resistance increase with 19.1 mΩ cm2 per % 
of CO compared to only 0.1 mΩ cm2 per % of CO2. A linear increase can 
also be observed for the MT resistance (P4) for CO2 contamination with 
0.2 mΩ cm2 per % CO2. Therefore, approximately two-thirds of the total 
resistance increase with CO2 is caused by diffusion limitations. At 0% 
CO2, which means pure H2, an MT resistance of 2.5 mΩ cm2 is obtained 
by extrapolating the performed linear fit. Pure H2 measurements showed 
an MT resistance of 1.1 mΩ cm2, which is close to the value obtained by 
the extrapolation of the linear fit for varying CO2 concentrations. The 
excellent agreement of both values suggests an almost linear MT in
crease with increasing CO2 partial pressure over the entire concentration 
range. With CO in the anode gas feed, the MT resistance increased 
exponentially. While the charge transfer resistance was dominant in the 
investigated parameters, the MT resistance could become the main 
contributor if gas with high CO content, such as syngas, is fed to the EHP. 

Furthermore, a minor increase in P2 is observed with CO and CO2 in 
the gas feed. As discussed previously, the coupling of all processes affects 
the HER on the cathode as well if the anode is poisoned. 

Increased stoichiometry does not influence the impedance spectrum 
for operation with pure H2. The DRTs are identical at different H2 gas 
flows (EIS and DRT presented in the supporting information: Fig. S. 3). 
This supports the previous assumption that H2 transport poses no limi
tation under these conditions. With 50% CO2, a decrease in the total 
resistance is observed at increasing gas flow, which can be solely 
attributed to a decrease in P4. Therefore, higher gas stoichiometry can 
potentially lower cell power consumption. However, this would lead to a 
lower H2 recovery rate. Both factors need to be taken into account when 
choosing suitable flow rates. These results support the assignment of P4 
to the mass transport, which decreases at higher stoichiometry due to 
the increased amount of reactants. 

When operating the EHP with CO, no difference in the total resis
tance was measured at different H2 stoichiometries. The EIS and DRT 
data reveal that the MT resistance P4 decreases at higher gas flows 
analog to the CO2 data. However, this resistance decrease is compen
sated by an increase of P3. An increased gas flow transports more CO 
into the cell. Subsequently, more ECSA is blocked by CO, which de
creases the HOR activity. Thus, increasing gas flow does not improve cell 
performance under 1% CO contamination. Concentrations above 1% CO 
might even reduce cell performance when the stoichiometry increases. 

3.5. Influence of temperature and humidification 

Increasing temperature decreases CO adsorption on platinum, which 
is an efficient way to improve the performance significantly, as shown in 
the following section. However, it has to be considered that the long- 
term stability of PA-doped PBI severely degrades at 180 ◦C [50,51]. 
Fig. 6 depicts EIS and DRT spectra of cell 1 at cell temperatures from 
140 ◦C to 180 ◦C at 30 ◦C humidifier temperature and λH2 = 2.7 with 
different anode gas compositions. The corresponding resistances 
extracted by integrating the DRT peak areas are presented in Fig. 8b, c, 
and e. The proton conduction in the electrodes (P1) improves by raising 
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Fig. 5. Contaminant concentration variation per
formed on cell 1: a) impedance spectra and b) cor
responding DRTs at 150 mA cm− 2 with H2 + CO2, and 
c) impedance spectra and d) corresponding DRTs at 
250 mA cm− 2 with H2 + CO (160 ◦C cell temperature, 
30 ◦C humidifier temperature, λH2 = 2.7). e) Charge 
transfer resistance (P2 + P3) and f) mass transport 
resistance (P4) dependency on the contaminant con
centration. The resistances were extracted by inte
gration of the area under the respective peaks.   

Fig. 6. Temperature variation performed on cell 1: a) impedance spectra and b) corresponding DRTs at 150 mA cm− 2 with pure H2, c) impedance spectra and d) 
corresponding DRTs at 150 mA cm− 2 with H2 + 50% CO2, and e) impedance spectra and f) corresponding DRTs at 250 mA cm− 2 with H2 + 1% CO (30 ◦C humidifier 
temperature, λH2 = 2.7). 
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the temperature from 140 ◦C to 180 ◦C (see Fig. 8b) since PA exhibits 
better proton conductivity at a higher temperature [52]. 

The better performance is linked to smaller P2 and P3 peaks since 
higher temperatures improve the HOR (P3) and the HER (P2) reaction 
kinetics. In the supporting information, EIS and DRT data of cell 3 
(Fig. S. 4) show a decrease of the separated P2 and P3 with increasing 
temperature for pure H2 and H2 + CO2. The diffusion (P4) remains 
unchanged using pure H2 and H2 + CO2 since the gas phase diffusion is 
typically only slightly influenced by the temperature [53]. While the 
diffusion rate increases at a higher temperature, the gas solubility in the 
liquid electrolyte decreases. Both effects impact the diffusion resistance 
and depend on the cell temperature and the RH [50]. Both effects 
compensate each other in the investigated parameter range. 

With CO in the gas feed, increasing operating temperature signifi
cantly decreases the resistance for P2, P3, and P4. At elevated temper
atures, CO desorption from the platinum surface is favored, thereby 
increasing the ECSA and reducing the H2 diffusion pathway. Compared 
to pure H2, 1% CO in the gas feed increases the cell power consumption 
by 26% at 160 ◦C and only by 11% at 180 ◦C. Since the temperature does 
not impact the diffusion resistance (P4) for CO2, the performance boost 
at 180 ◦C is significantly smaller than with CO contamination. At 180 ◦C, 
the charge transfer resistance for 1% CO, 50% CO2, and 50% N2 
contamination is similar (see Fig. 8c). 

Therefore, a high operating temperature is especially beneficial for 
operations with high CO concentrations in the gas feed. Membranes and 
ion-conducting binders, which tolerate operation up to 220 ◦C are 
currently under investigation, potentially enabling hydrogen separation 
from syngas with up to 40% CO [14,35]. 

PBI-based EHPs are typically operated with humidified gas feed to 
boost performance [11–13]. In Fig. 7, the influence of different RHs is 
investigated for pure H2, and H2 contaminated with CO2 or CO in cell 1 
at 160 ◦C and λH2 = 2.7. 30 ◦C and 45 ◦C humidifier temperature 
correlate to approximately 0.7% and 1.5% RH at 160 ◦C, respectively. 

The corresponding resistances extracted by integrating the DRT peak 
areas are summarized in Fig. 8b, d, and f. 

This RH increase shows a substantial reduction of the membrane 
resistance at 9% compared to the previously presented reduction of only 
4% observed when increasing the cell temperature from 160 ◦C to 
180 ◦C (see Fig. 8a). The average membrane resistance and the corre
sponding standard deviation were calculated for all impedance spectra 
presented in Figs. 6 and 7, as well as for the EIS data recorded with H2 +

50% N2. Furthermore, an increased RH also improves the proton con
ductivity in the GDEs represented by P1 (see Fig. 8b). PA shows opti
mum proton conductivity in concentrated (85%) PA at 160 ◦C [52,54]. 
Low humidification and high temperature cause the dehydration to 
isolate phosphorous pentoxide, while high RH dilutes the electrolyte, 
slowly approaching the lower proton conductivity of water. Thus, hu
midification is essential to maintain an optimal PA state and high proton 
conductivity. 

Elevated RH also reduces the HER (P2) resistance significantly. Hu
midified PA releases more protons, which shifts the HER reaction 
equilibrium to the product side: 

2 H+ ⇌ H2 (2) 

Higher proton concentration favors the evolution of H2, which de
creases the HER resistance. Furthermore, improved electrolyte distri
bution due to the lower viscosity of PA at higher RH might enhance the 
triple phase boundary, improving the reaction kinetics. While the shape 
of P3 changes for different RHs, the integrated area below the DRT peak 
stays constant for CO (see Fig. 8d). Since P3 is not separable from P2 for 
pure H2 and H2 + CO2, no clear conclusion can be drawn on the HOR 
behavior at varying RH under these conditions. However, the CO results 
suggest humidification does not substantially influence the HOR. 

P4 is unaffected by the RH for pure H2 and H2 + CO2, which suggests 
the RH increase does not cause GDE flooding. Flooded pores would 

Fig. 7. RH variation performed on cell 1: a) impedance spectra and b) corresponding DRTs at 150 mA cm− 2 with pure H2, c) impedance spectra and d) corresponding 
DRTs at 150 mA cm− 2 with H2 + 50% CO2, and e) impedance spectra and f) corresponding DRTs at 250 mA cm− 2 with H2 + 3% CO (160 ◦C cell temperature, 30 ◦C 
humidifier temperature, λH2 = 2.7). 
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increase the MT resistance since the reactant diffusion in PA is signifi
cantly slower than in the gas phase [55–57]. However, a slight MT 
resistance increase was detected with 1% CO. Higher RH increases the 
liquid electrolyte content in the GDEs, since the hygroscopic PA partially 
absorbs the additional humidity. This effect increases the thickness of 
the PA layer covering the porous electrode structure. A longer diffusion 
pathway through the electrolyte increases the MT resistance. This effect 
might not appear for CO2 contamination since the primary diffusion 
occurs in the gas phase. Since most of the ECSA is still available, the 
diffusion in liquid PA has only a minor contribution compared to CO 
contamination. Therefore, the RH has no significant effect on the 
diffusion with CO2. 

For CO2 in the gas feed, the RH increase boosts the performance more 
substantially than the previously presented temperature increase, while 
the opposite behavior is observed for CO. The more pronounced 
decrease of the proton conductivity in the membrane and the GDEs at 
high RH is outweighed by the HOR and MT improvements due to the 

reduced CO adsorption at 180 ◦C. Therefore, optimized humidification is 
essential when the EHP is operated under pure H2 (as a compressor) or 
with CO2 and N2 in the gas feed. 

PA is highly hygroscopic, which causes flooding of the GDEs at high 
gas flow and elevated RH [58]. An extreme MT resistance increase was 
measured by EIS at high RH, especially with a high membrane doping 
level (see supporting information: Fig. S. 5). Therefore, optimal acid 
management is essential for stable and efficient cell operation. Since 
many parameters influence the PA distribution (membrane material, PA 
doping level, hydrophobicity of binder material, binder content in the 
GDEs, GDE pore structure, cell temperature, gas flow), no universal RH 
can be assessed as appropriate for every type of cell. High water pro
duction in high-temperature PEM FCs accelerates degradation due to the 
lower electrolyte viscosity, which causes PA leaching from the cell [59]. 
The RH of the gas feed has a similar effect. Therefore, cell degradation 
also has to be considered when selecting the RH. 

Fig. 8g presents the Arrhenius diagram of the combined charge 

Fig. 8. a) Membrane resistance and b) proton trans
port resistance dependency on the temperature and 
the RH. Charge transfer resistance dependency on c) 
the temperature and d) the RH, and the MT resistance 
dependency on e) the temperature and f) the RH. The 
resistances were extracted from EIS and DRT data 
presented in Figs. 6 and 7. For a) and b), average 
values with standard deviation were calculated. g) 
Temperature influence on the combined HOR and 
HER charge transfer resistance with linear Arrhenius 
fit.   
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transfer resistances of the HOR and the HER (P2 + P3) with different gas 
compositions, which were extracted from the EIS and DRT data of Fig. 6. 
It was impossible to study both reactions individually since the processes 
could not be separated in the DRTs spectra due to their similar fre
quencies. The total kinetic resistance is well approximated by a linear fit 
performed in Relaxis3, demonstrating Arrhenius’s behavior and further 
supporting the assignment of P2 and P3 to the charge transfer reactions. 
The slope indicates an activation energy of 20.2 ± 1.6 kJ mol− 1 for pure 
H2. This value agrees with literature results for the HOR activation en
ergy in an acidic environment [60], although no results describe the 
HOR in pure PA as for the EHP in this study. CO2 and N2 contamination 
do not influence the activation energy significantly, and the determined 
fit errors overlap with the value determined for pure H2. Despite similar 
activation energy, the charge transfer resistance increases with N2 and 
CO2 contamination due to different partial pressures at the catalyst, as 
described in the Butler-Volmer equation [41]. However, CO contami
nation doubles the activation energy, indicating hindering of the charge 
transfer reactions or occurring side reactions. 

4. Conclusion 

The influence of different anode gas compositions on the EHP was 
investigated by DRT analysis. A variation of the operating conditions 
(current density, temperature, humidification, contaminant concentra
tion, H2 stoichiometry) resulted in changes in the impedance, which 
were utilized to assign the DRT peaks to physicochemical processes. 
Four processes were identified in the DRT spectra, which were assigned 
to the proton transport in the electrode (~10 kHz), the HER (~1 kHz), 
the HOR (~70 Hz), and the mass transport (~1 Hz). A fifth peak at a low 
frequency (<100 mHz) was detected unreliably but might correspond to 
the phosphate anion movement from the cathode to the anode. To our 
knowledge, this study represents the first DRT analysis of an EHP. 
Furthermore, the paper presented a method to select an appropriate DRT 
regularization parameter. 

Operation with pure H2 on the anode resulted in a nearly linear PC. 
Contamination of the gas feed with N2, CO2 or CO increased the power 
consumption of the EHP and caused a nonlinear PC with a steeper slope 
at increasing current density. Increasing total cell resistance in the 
corresponding EIS and DRT data confirms the PC results. While almost 
no change in the EIS was detected at different currents for pure H2, the 
HOR and the MT resistances increased under the influence of all con
taminants. A slight increase in the platinum loading from 0.50 mg Pt 
cm− 2 to 0.58 mg Pt cm− 2 on the anode and the cathode improved the 
performance for all gas contaminants, especially with CO. 

Increased gas stoichiometry had no performance influence for pure 
H2, but decreased the mass transport resistance for contamination with 
N2 and CO2. The other resistances were not affected. With 1% CO, a gas 
flow change did not influence the total resistance, although an increase 
in the HOR and a decrease in MT resistance were recorded. However, 
both effects compensated each other. Thus increasing stoichiometry did 
not influence the performance in case 1% CO was present in the gas feed. 
With CO2 an increase in the contaminant concentration in the gas feed 
leads to a linear resistance increase, mainly linked to HOR and MT. 
Contrary, an increase in the CO concentration caused an exponential cell 
resistance increase at 160 ◦C. 

Increased operating temperature improved all physicochemical 
processes, except for the mass transport, which only improved with CO 
contamination. Enhanced reaction kinetics, higher proton conductivity, 
and accelerated CO desorption decreased the EHP’s power consumption. 
Especially for CO, the temperature significantly influenced the cell 
performance. Increased RH in the gas feed decreased the membrane, 
proton transfer, and HER resistances. Higher RH increases the proton 
concentration in the electrolyte, improving the conductivity and the 
HER. Furthermore, a lower electrolyte viscosity improves the PA dis
tribution in the GDEs, further improving the proton conductivity. 

This work demonstrates that DRT is a valuable tool for investigating 

EHP impedances. It helps identify and quantify cell polarization losses 
according to their respective time constants-a key finding to derive 
meaningful equivalent circuits and physical models. Those will generate 
essential parameters for a successful EHP development. 
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Glossary 

CH4 Methane 
CL Catalyst layer 
CO Carbon monoxide 
CO2 Carbon dioxide 
ECSA Electrochemical surface area 
EIS Electrochemical impedance spectroscopy 
FC Fuel cell 
DRT Distribution of relaxation times 
GDE Gas diffusion electrode 
GDL Gas diffusion layer 
EHP Electrochemical hydrogen pump 
HER Hydrogen evolution reaction 
HOR Hydrogen oxidation reaction 
H2 Hydrogen 
H2S Hydrogen sulfide 
KK Kramers-Kronig 
MT Mass transport 
N2 Nitrogen 
O3 Ozone 
OCV Open circuit voltage 
PA Phosphoric acid 
PBI Polybenzimidazole 
PC Potential curve 
PEEK Poly ether ether ketone 
PEM Polymer electrolyte membrane 
PSA Pressure swing adsorption 
Pt Platinum 
PTFE Polytetrafluorethylene 
RH Relative humidity 
RHF High frequency resistance 
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RLF Low frequency resistance 
RM Membrane resistance 
Rtot Total resistance 

References 

[1] T.A. Aarhaug, O. Kjos, T. Bacquart, V. Valter, T. Optenhostert, Assessment of 
hydrogen quality dispensed for hydrogen refuelling stations in Europe, Int. J. 
Hydrogen Energy 46 (2021) 29501–29511, https://doi.org/10.1016/j. 
ijhydene.2020.11.163. 
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