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� DRT impedance study of a high- 
temperature PEM fuel cell. 
� Understanding the impact of humidifi

cation and gas impurities on the fuel 
cell. 
� Developing a suitable reference cell 

setup for PEM fuel cells. 
� Quantifying anode and cathode polari

zation contributions.  
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A B S T R A C T   

To investigate the role of the anode on the polarization losses of a High-Temperature Polymer Electrolyte 
Membrane Fuel Cell (HT-PEMFC), we analyzed impedance data using the Distribution of Relaxation Times (DRT) 
method. Thereby, we varied the operating conditions of the anode (humidification, nitrogen dilution, and carbon 
monoxide (CO) impurities) to study its impact on Nyquist plot and DRT spectrum. Humidification of the 
hydrogen was found to dilute phosphoric acid, which is visible in the DRT. Nitrogen dilution of the anode gas 
slightly increases the Mass Transport (MT) resistance. Furthermore, CO was added to anode gas fed and it im
pacts the impedance throughout the whole frequency range, specifically the medium and low-frequency range, 
typically assigned to ORR kinetics and oxygen MT. For a more detailed analysis of the impedance data, a 
reference electrode was employed to separate the overpotential caused by each electrode. The DRT spectrum of 
the anode exhibits only one peak at 1 kHz. In the presence of CO, a second peak arises corresponding to side- 
reactions occurring as the anodic half-cell potential increases. It was found that the cathode is affected by CO 
on the anode merely by the lowered cell potential and not by CO directly.   

1. Introduction 

Due to the growing interest of zero-emission technology, the 

research in High-Temperature Polymer Electrolyte Membrane Fuel Cells 
(HT-PEMFCs) has increased over the last decade [1]. They typically 
operate at temperatures between 140 �C and 200 �C, which presents 
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various benefits compared to temperatures between 60 �C and 90 �C, at 
which Low-Temperature PEMFCs (LT-PEMFCs) are operated [2–5]. A 
polybenzimidazole (PBI) membrane doped with phosphoric acid is 
employed to ensure proton conductivity to the reactive sites inside the 
catalyst layer, as it remains in a liquid state at these high temperatures 
[6,7]. Operating above the boiling point of water facilitates the water 
management, as the product water evaporates and is transported out of 
the cell via the gas phase. Further, the PBI membrane does not need 
reactant gas humidification due to the proton conductivity provided by 
phosphoric acid. Thus, the water balance of HT-PEMFCs is simple 
compared to LT-PEMFCs and the overall power system is more 
straightforward [8–12]. Also, the operation at higher temperatures im
proves electrode kinetics, reactant diffusivity, and improves the toler
ance toward impurities in the gas stream [2,3,7]. The Carbon Monoxide 
(CO) tolerance increases from a few parts per million for the LT-PEMFC 
[13] to up to 5% CO volume in the anode gas stream in case of the 
HT-PEMFC, which is above conventional steam reformate CO contami
nation levels [14]. Zhang et al. [15], Das et al. [16], and Araya et al. [17] 
showed experimentally that the CO poisoning of the catalyst particles is 
temperature-dependent. Oh et al. [18] validated these findings with 
numerical simulations. Seel et al. [19] describe the anode overpotential 
at different temperatures with varying amounts of CO in the anode gas 
stream and show that the difference of the overpotential between 1% CO 
and 3% CO at OCV decreases from 100 mV at 140 �C to just 10 mV at 
160 �C. An optimum operating temperature concerning cell degradation 
and CO tolerance lies between 160 �C and 180 �C [15]. The higher 
operating temperature also improves the utilization of the waste heat in 
combined heat and power units for stationary applications or fuel pro
cessing [20–22]. These advantages allow the HT-PEMFC to be deployed 
off-grid in remote locations where hydrogen can be produced locally by 
steam reforming [23–26]. Some reforming processes generate nitrogen 
as a by-product, which dilutes the hydrogen gas stream. Autothermal 
natural gas and methanol reformation generate output gases with up to 
40% nitrogen. Steam reforming processes contain about 1% nitrogen, 
but up to 30% CO2. Both nitrogen and carbon dioxide dilute the anode 
gas stream when a HT-PEMFC is operated with reformate gases and thus, 
the impact on the performance is critical to understand [27]. The effect 
of the presence of nitrogen in the anode gas stream has been previously 
explored by Waller et al. [6] and the presence of CO2 dilution has been 
investigated in great detail by Andreasen et al. [28]. A decrease in the 
performance of the HT-PEMFC is expected when the anode gas stream is 
diluted by N2, which can be attributed to the decrease in the partial 
pressure of H2 [29,30]. Due to their similarity in nature, the HT-PEMFC 
shares many attributes with a phosphoric acid fuel cell (PAFC), such as 
the tolerance toward impurities and their niche in stationary applica
tions. However, the liquid 85% phosphoric acid inside a HT-PEMFC is 
not embedded in a silica matrix, which mitigates potential structural 
damage caused by the solidification of the 100% phosphoric acid in 
PAFCs [31–33]. 

Reference electrode setups are developed to further separate the 
impact of individual components of the impedance of the fuel cell. 
Mitsuda and Murahashi [34] employed multiple reference electrodes to 
investigate the impact of fuel starvation on the two electrodes sepa
rately. Li and Pickup [35] separated the anode and cathode potential by 
an edge-type reference electrode configuration along the lines of con
stant potential using a platinum wire. Kaserer et al. [36] implemented a 
bridge-type reference electrode by drilling a hole into the flow field and 
the gas diffusion electrode on the cathode side and connecting it via a 
salt bridge. Kuhn et al. [37] developed a one-dimensional cell setup in 
which the pseudo reference electrode was wire-shaped and embedded 
between two membranes. 

A key analysis technique for evaluating the performance and the loss 
mechanisms in a PEMFC is the Electrochemical Impedance Spectroscopy 
(EIS), as it is recorded over a broad frequency range and records phys
icochemical phenomena occurring on different time scales [38–43]. The 
features of an impedance spectrum allow the differentiation between 

individual components and operation parameters contributing to the 
losses inside a PEMFC. These parameters can be external, i.e. gas stoi
chiometry and applied current density, or internal, i.e. gas diffusion 
layer structure and catalyst layer structure, membrane and electrolyte 
resistance, reaction steps, and degradation [43–46]. Further, the losses 
inside a PEMFC can be investigated in greater detail. They are typically 
divided into Mass Transport (MT), Oxygen Reduction Reaction (ORR), 
and proton transport [47]. Andreaus et al. [48] showed that the proton 
transport and the anode processes, such as the hydrogen oxidation re
action, are fast and exhibit a low impedance compared to the cathode 
processes, such as oxygen MT and ORR. Yuan et al. [43] summarized the 
impact of various operation parameters on the impedance spectra of fuel 
cells. 

However, without further analysis, EIS shows only qualitative in
formation about the contribution of the individual cell components to 
the total cell impedance. The most dominant method to quantify each 
component of the spectrum is to employ an equivalent circuit model 
which entails the fuel cell components as electrical components, such as 
resistors, inductors, and capacitors [49]. Fitting the equivalent circuit to 
the impedance spectrum by assigning the electrical elements numerical 
values yields a quantitative insight into the impedance of fuel cell 
components. Niya and Hoorfar [41] discussed the benefits and the 
complications of the application of EIS equivalent circuit models and 
highlight the importance of a proper understanding of this method, as it 
can yield ambiguous results. 

In 2002, Schichlein et al. [50] applied the convolution equation 
developed by Fuoss and Kirkwood [51] to impedance spectra of solid 
oxide fuel cells to successfully deconvolve the reaction mechanisms 
occurring on different time scales. Since then, the Distribution of 
Relaxation Times (DRT) method has been applied to various electro
chemical systems [36,45,47,50,52–58]. Recently, Cuicci and Chen [59] 
developed a mathematical model based on a Bayesian approach, which 
entails the assumption that the response of the electrochemical system is 
a sum of relaxations of physicochemical processes in the system. This 
model allows the interpretation of experimentally obtained impedance 
spectra. DRTtools, a MATLAB-based tool kit, was applied in this work to 
perform the mathematical transformation of the EIS [60]. Weiß et al. 
[61] applied the DRT method using DRTtools to the HT-PEMFC and 
characterized the obtained fingerprint pattern of this electrochemical 
system by successfully allocating the peaks of the resulting DRT spec
trum to loss mechanisms inside the fuel cell, such as MT, ORR, and 
faster, dominantly anodic processes such as proton transport and the 
hydrogen oxidation reaction. 

In this study, HT-PEMFCs have been investigated using polarization 
curves, EIS, and DRT at various operation conditions. External param
eters were systematically varied to have a better understanding of the 
features in the DRT spectra of HT-PEMFCs. A platinum mesh as a 
reference electrode, sandwiched between two membranes, is employed 
to separate the impedance of the anode from the cathode. We tested CO 
in the anode gas stream, nitrogen dilution, and reactant gas humidifi
cation. This investigation aims to gain a better understanding of the 
processes occurring in a HT-PEMFC and its influence on the DRT spec
trum. A fundamental understanding of the DRT spectrum makes it a 
powerful tool to study the effect of varying operating conditions, 
degradation, and novel cell components on cell performance. 

2. Methodology 

2.1. Membrane Electrode Assembly fabrication 

All cell tests were performed in a single cell setup. The Gas Diffusion 
Electrodes (GDE) were prepared by spray coating a catalyst ink layer by 
layer onto a commercially available Gas Diffusion Layer (GDL) with a 
microporous layer (H2315-C2, Freudenberg SE, Germany) using an 
airbrush system. The prepared ink consisted of a catalyst powder (20 wt- 
% Pt on Vulcan powder, Heraeus®, Germany), isopropyl alcohol, 

N. Bevilacqua et al.                                                                                                                                                                                                                            



Journal of Power Sources 471 (2020) 228469

3

deionized water, and a 60 wt-% Polytetrafluoroethylene (PTFE) 
dispersion (3 M™ Dyneon™, USA). The PTFE content amounted to 10% 
of the final Catalyst Layer (CL) weight. The ink was dispersed in an ul
trasonic bath and subsequently sprayed onto the heated GDL to facilitate 
the evaporation of the solvents. The final loading amounted to 0.2 mgPt 
cm� 2 on the anode and 1 mgPt cm� 2 on the cathode. The loading was 
controlled by weighing the GDE during spray coating. The obtained GDE 
was cut into a square (2 cm � 2 cm) placed onto a stainless steel bipolar 
plate containing a serpentine flow field. PTFE gaskets and Polyether 
Ether Ketone (PEEK) gaskets were used to control the compression of the 
GDE and to prevent leakage and gas crossover. A compression ratio of 
25% of the total thickness of the GDE has been applied on each side. A 
PBI membrane (Dapozol® M40, Danish Power Systems, Denmark) 
doped in 85% phosphoric acid (H3PO4) for four weeks at room tem
perature was placed between the cathode and the anode GDE. A sche
matic of the cell setup is shown in Fig. 1, it shows the placement of the Pt 
mesh reference electrode between the PBI membranes. The preparation 
of the catalyst ink and the Membrane Electrode Assembly (MEA) is 
explained in greater detail in earlier work [62]. The cell was heated up 
to 160 �C and conditioned for three days in galvanostatic mode at 200 
mA cm� 2 until it reached a stable operating voltage. During this period, 
the stoichiometry of the gas flow amounted to λ(H2) ¼ 1.8 on the anode 
and λ(Air) ¼ 2.0 on the cathode. From that point on, the operation pa
rameters were varied depending on the individual experiment. 

2.2. Impedance measurement and Distribution of Relaxation Times 
analysis 

Impedance spectra have been recorded using a multichannel Zahner 
Zennium work station (Zahner Elektrik, Germany) at 300 mA cm� 2 at a 
rate of 10 points per decade and 6 repetitions of each point. The fre
quency range was 100 kHz to 100 mHz and covers the whole range of 
interest, at which losses originating from proton transport, the ORR, and 
MT are occurring in the HT-PEMFC. The setup is shown in Fig. 1. Before 

each measurement, an equilibration period of at least 30 min was 
included to ensure that the cell is in a stable operating condition. 

The impedance data were subsequently analyzed using the Distri
bution of Relaxation Times analysis, which transforms the Nyquist plot 
from a real and imaginary impedance into a resistivity vs. frequency 
spectrum, which allows the separation and quantification of polariza
tion losses occurring at different frequencies and time scales. No a priori 
knowledge of the intrinsic processes in the electrochemical device under 
study is necessary to convert a Nyquist plot using DRT, which presents 
an additional advantage over the equivalent circuit method, for which a 
detailed understanding of these processes is necessary before choosing 
an appropriate model which can accurately represent the device 
[38–42]. The input parameters of the DRT analysis applied in this work 
are determined by performing EIS on several circuits consisting of two 
known electrical Resistor-Capacitor (RC) elements in series. The 
resulting DRT method was able to accurately resolve the resistance and 
capacity of each resistor or capacitor, respectively. The impedance of an 
RC element can be obtained by integration over the respective DRT 
peak. 

Weiß et al. [61] obtained a set of parameters by fitting DRT spectra to 
known RC elements and successfully applied it to a HT-PEMFC, which 
allowed for the allocation of each resulting peak to a loss mechanism of 
the fuel cell. This set of parameters is further applied in this work. The 
Nyquist plot (also referred to as the impedance or the electrochemical 
impedance spectrum, EIS) and the resulting DRT spectrum of a 
HT-PEMFC are shown in Fig. 2 b) and 2 c). The impedance spectrum 
exhibits multiple processes, indicated by a colored semi-circle in Fig. 2 
b). The impedance of these processes overlaps to result in mainly three 
discernable arcs, which can be distinguished by eye. These arcs are 
allocated to MT (Arc 1), the ORR (Arc 2), and the high-frequency pro
cesses, including proton transport in the catalyst layer and the hydrogen 
oxidation reaction (HOR) (Arc 3). 

The DRT method can break down each contribution to the imped
ance spectrum and displays each process by a peak in the DRT spectrum, 

Fig. 1. Schematic representation of the setup of the cell containing a reference electrode (Pt mesh). (1) bipolar plate, (2) serpentine flow field, (3) PTFE gasket, (4) Pt 
electrode, (5) PEEK subgasket, (6) doped PBI membrane, (7) reference electrode. The reference electrode was placed between two doped PBI membranes to avoid 
electrical contact with the electrodes. 
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however, an overlap may occur. Weiß et al. [61] allocated each peak to 
processes occurring in a HT-PEMFC by systematically varying the 
operation parameters and observing the effect on the DRT spectrum. 
Following their findings, the peaks in Fig. 2 c) can be attributed as fol
lows: MT (P1), ORR (P2, P3), high frequency (P4-P7). This method al
lows the quantification of each loss in the fuel cell and the quantification 
of the impact of varying operation parameters during operation and is a 
valuable tool to understand the processes inside a HT-PEMFC. When 
recording the low-frequency part of the EIS, local oscillations of the 
oxygen concentration on the cathode side can occur. The concentration 
along the flow channels can fluctuate due to the slow and repeating 
change of the current density [63–66]. This is not expected in our cell 
setup, as the dimensions of the single-cell are too small to create these 
local oscillations at a stoichiometry of λ(Air) ¼ 2.0. Further, the oxygen 
mass transport inside a HT-PEMFC catalyst layer can be approximated 
by an RC element, as the diffusion is slower than in a LT-PEMFC. At 
higher diffusion rates, a Warburg element is necessary to accurately 

depict the diffusion processes. Further differences to the LT-PEMFC are 
included in the architecture and design. Most notably the PEM itself. 
Instead of a Nafion membrane hydrated with water, the HT-PEMFC 
employs a PBI membrane doped with concentrated phosphoric acid as 
the electrolyte. As the proton conduction in a HT-PEMFC is carried out 
by the phosphoric acid, the triple-phase boundary is dynamic and 
changes during operation. A higher current density increases the water 
content in the cathode and as such, in the phosphoric acid inside the 
cathode and leads to a change in viscosity and contact angle of the 
electrolyte [67]. A suboptimal distribution of phosphoric acid can be 
expected in a HT-PEMFC catalyst layer and is currently under investi
gation by various groups [68–77]. The increased thickness of the cata
lyst layer aggravates the impact of a not ideal electrolyte distribution 
and increases the length of the diffusion path of oxygen, which results in 
a larger MT loss occurring at a time scale at approximately 1 Hz instead 
of 10 Hz, as this is the case in LT-PEMFCs [28]. Further, a non-uniform 
electrolyte distribution is coupled with the thickness of the CL and re
sults in several high-frequency peaks, as seen in Fig. 2 c). They were 
mainly attributed to proton transport in the CL. It is known that phos
phoric acid adsorbs onto the platinum catalyst and therefore hampers 
the ORR in HT-PEMFCs. Consequently, the DRT spectrum displays two 
peaks linked to the complex process of the ORR in hot phosphoric acid 
[61] which is not observed for LT-PEMFCs [47]. 

3. Results & discussion 

3.1. Effect of humidification 

Humidification in a fuel cell is of importance, as the increased 
amount of water in the cell changes the concentration of phosphoric acid 
inside the electrode, which alters the wetting properties such as contact 
angle and the viscosity of phosphoric acid inside the porous electrode 
[78]. These effects can be expected to have an impact on the impedance 
spectra and the resulting DRT analysis. To investigate the impact of gas 
humidification, fuel cells were operated at varying levels of Relative 
Humidity (RH) of the anode gas. The humidifier was set to dew points of 
40 �C (RH ¼ 1.2%) and 60 �C (RH ¼ 3.2%) to investigate the effect of 
reactant gas humidification. The low relative humidity simulates the 
amount of water vapor present in a hydrogen stream obtained from 
industrial processes. It is known, that humidification of the gases is 
leaching the acid out of the GDE which causes severe cell degradation 
and bipolar plate corrosion over time [77,79,80]. However, the exper
iments with increased humidification were carried out within a time 
frame of three hours and this effect could, therefore, be neglected. 

Fig. 3 shows the performance and the analysis of fuel cells operated 
at different levels of anode inlet gas humidification. In Fig. 3 a), the 
polarization curves of the cells are compared. No apparent impact of 
humidity on the performance can be seen at an RH of 3.2% and below. 
Above 100 mA cm� 2, the voltage difference between the levels of RH 
amounts to less than 2 mV. The impedance spectra are shown in Fig. 3 
b). The impedance of the cell increases throughout the whole frequency 
range and the increase is slightly more pronounced at lower frequencies, 
e.g. MT and ORR. However, the net increase of the impedance is still 
small, amounting to 1.1% for the MT for and 1.1% for the ORR 
impedance at 3.2% RH. These numbers were extracted from the DRT 
spectra in Fig. 3 c). The spectra show, that the position of the peaks 
remains stable when varying the relative humidity and the area under 
the curve shows only minor variations, which leads to the conclusion 
that the nature of these processes remains the same. However, two peaks 
at high frequency (P5 & P6, displayed in the zoom-in Fig. 3 c) change 
under humidification. We thus hypothesize that these peaks are linked 
to the distribution of phosphoric acid, as the humidification impacts the 
acid household of the cell, specifically that of the GDE. Slight variations 
of the acid composition and acid distribution in the CL are mainly 
affecting the high-frequency range of the DRT spectrum, as seen in P5 & 
P6 in Fig. 3 c), since it is linked to the proton conductivity of the CL. In 

Fig. 2. a) Polarization curve of the investigated HT-PEMFC. The impedance 
spectra were recorded at 300 mA cm� 2. b) Nyquist plot showing the impedance 
spectrum. Arc 1 represents the MT (red), Arc 2 shows the frequencies at which 
the ORR occurs (green) and Arc 3 includes the high-frequency regime (blue). c) 
DRT spectrum resulting from the EIS of the fuel cell. The coloration of the peaks 
corresponds to the arcs in the Nyquist plot. (For interpretation of the references 
to color in this figure legend, the reader is referred to the Web version of 
this article.) 
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this case, the composition of phosphoric acid changes due to the higher 
water content of the MEA and, therefore, alters the wetting properties of 
the acid. This changes the proton transport of the electrode (P5 & P6 in 
the DRT spectrum) to a small degree, but not enough to deteriorate the 
performance significantly. Such details are only visible in the DRT 
spectrum and cannot be observed in the Nyquist plot. 

3.2. Effect of nitrogen dilution 

Fig. 4 compares the performance of the HT-PEMFC when operated at 
different levels of anode inlet gas dilution. The dilution was achieved by 
mixing nitrogen gas (10 vol-%, 20 vol-%, all following gas mixing levels 
are given in vol-%) into the anode gas stream. Fig. 4 displays the impact 
of nitrogen dilution on performance and impedance. It can be observed 
that 10% of N2 already leads to a small decrease in performance 
throughout the whole range of current densities. This decrease amounts 
to 2 mV at the Open Circuit Voltage (OCV) and below 100 mA cm� 2 and 
increases to 3 mV above 100 mA cm� 2. This effect is enhanced when 
mixing 20% nitrogen in the anode gas stream, leading to a voltage 

difference of 4 mV at OCV and increases to 5–6 mV above 100 mA cm� 2. 
The voltage decrease caused by dilution at the open circuit potential can 
be approximated by the Nernst equation if the activity of the anodic ions 
is replaced by the relative partial pressure. It predicts a voltage decrease 
of 2 mV at 10%, and 4 mV at 20% N2 dilution, which agrees perfectly 
with the measured OCV data. 

The impedance is shown in Fig. 4 b) and highlights that the nitrogen 
dilution mainly affects the lower frequencies. This is verified by DRT 
analysis, which can resolve the contribution of ORR and MT separately. 
Integration of the peaks attributed to the MT results in an increase of 
1.5% MT resistance at 10% N2 in the gas stream and a 3.0% increase at 
20% N2. The increase of the ORR amounts to 1.3% at 10% N2 and 2.4% 
at 20% N2. As the MT resistance dominates the total cell impedance, the 
net increase of the MT resistance is impacting the cell more strongly than 
the net increase of the ORR resistance. As the nature of all processes in 
the cell remains typically the same during the nitrogen dilution, only 
little changes are observed in the DRT spectrum. This is especially true 
for the low-frequency peak attributed to MT, the position of which re
mains stable during the whole experiment. However, a shift toward 

Fig. 3. Comparison of performance of HT-PEM fuel cell at three levels of RH 
(black: 0.0% RH, dark blue: 1.2% RH, light blue: 3.2% RH) in the anode inlet 
gas using (a) polarization curve, (b) Nyquist plot, and (c) DRT analysis. (For 
interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

Fig. 4. Comparison of performance of HT-PEM fuel cell at three levels of ni
trogen dilution (black: 0% N2, orange: 10 vol-% N2, yellow: 20 vol-% N2) of the 
anode inlet gas using (a) polarization curve, (b) Nyquist plot, and (c) DRT 
analysis. (For interpretation of the references to color in this figure legend, the 
reader is referred to the Web version of this article.) 
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lower frequencies is observed for the peaks allocated to the ORR. We 
assume that this shift originates from the decreased potential of the fuel 
cell. The exchange current density of the ORR is dependent on the 
electrode potential. As N2 is introduced, the voltage of the cell decreases, 
which in turn decreases the exchange current density of the ORR ac
cording to Butler-Volmer. In the EIS measurement, this leads to a higher 
detected ORR resistance and this translates into a shift in the DRT 
spectrum toward lower frequencies and a larger area under the peak, 
corresponding to higher resistance. As the total cell voltage changes only 
little when N2 is mixed into the gas stream, the shift in the DRT spectrum 
is therefore small as well. 

3.3. Effect of carbon monoxide poisoning 

Fig. 5 shows the impact of 1% and 2% CO in the anode gas stream on 
HT-PEM fuel cells. As expected, already small quantities of CO show a 
significant impact on the performance of the fuel cell. This effect out
weighs the impact of humidification and nitrogen dilution, which shows 
that it is not dominated by the dilution and the decrease of the partial 

pressure of hydrogen in the anode. Fig. 5 a) compares the voltage of the 
fuel cell operated with 0%, 1%, and 2% CO in the anode gas stream. To 
enhance the impact of CO on the cell, the platinum loading in the anode 
was reduced to 0.2 mgPt cm� 2. A lower platinum content decreases the 
CO tolerance of the cell, as the partial coverage of active catalyst sites 
even further reduces the number of free sites. Since the exchange current 
density j0 of the HOR is dependent on the number of free catalytic sites, 
the lower anodic platinum content deteriorates the cell performance 
even more in the presence of CO. The usually expected CO tolerance 
(<10 mV voltage loss) of a HT-PEMFC of up to 5% is not given at a low 
loading of 0.2 mgPt cm� 2. At the operating current of 300 mA cm� 2, the 
cell exhibits a voltage of 492 mV. The addition of 1% CO leads to a 
voltage decrease of 29 mV. For 2% CO, the decrease amounts to 44 mV, 
which amounts to almost 10% of the total cell voltage. 

The Nyquist plots in Fig. 5 b) show that all frequency regions are 
affected by CO poisoning, specifically, the frequency midrange of the 
DRT allocated to the ORR. Similar effects have also been observed in 
previous studies in which they were interpreted differently [28,81]. For 
example, Andreasen et al. [28] have them attributed to longer diffusion 
paths of hydrogen through the anode catalyst layer (increased imped
ance at 100 Hz) and local oscillations of hydrogen concentration in the 
anode, extending into the channels of the flow field (<100 Hz). Further, 
the addition of CO in the anode gas is expected to increase the half-cell 
potential, similar to hydrogen starvation. The anode potential increases 
to a point at which the carbon oxidation reaction and the carbon mon
oxide oxidation may occur, as well as the water electrolysis in extreme 
cases [82–84]. Yezerska et al. [85] observe an additional peak arising in 
the DRT between 300 Hz and 800 Hz after hydrogen starvation and 
allocate it to potential side reactions. To investigate these explanations, 
a cell setup using a reference electrode was used in this work. This way, 
the contribution of cathode and anode could be separated and the origin 
of the increased impedance is shown. 

3.4. Reference electrode setup 

By implementing a platinum mesh as a reference electrode within the 
MEA, the electrochemical reaction of anode and cathode could be 
investigated independently from each other. The reference electrode 
was placed between two doped PBI membranes to avoid electrical short 
circuits. Due to the presence of Pt (platinum mesh), an acid reservoir 
(proton conductor) and hydrogen (hydrogen crossover through the 
membrane) a dynamic reference electrode was created. This specific fuel 
cell was equipped with two membranes but otherwise operated nor
mally. The Nyquist plot of the impedance measurements in which the 
electrodes were connected to the work station separately is shown in 
Fig. 6 a). The contribution of the anode to the total cell impedance 
amounts to 2%, excluding the membrane resistance. This is a small 
fraction compared to the cathode contribution, which leads to the 
conclusion that the cathode processes, such as the oxygen transport in
side the cathode CL and the ORR dominate the impedance of the full cell. 
Furthermore, the anode and cathode impedance spectra add up to the 
full cell spectrum. So the method can separate the anode from the 
cathode processes which allows us a more detailed analysis of each of 
them. An inductive contribution was observed in the high-frequency 
part of the Nyquist plot of the anode, which was omitted in Fig. 6, as 
it is believed to originate from the setup instead of being caused by the 
fuel cell. However, it is part of the mathematical summation and part of 
the full cell spectrum in the Nyquist plot. The DRT only includes values 
in the fourth quadrant (y-axis is negative in Fig. 6 a) of the Nyquist plot, 
which is why the inductive part is omitted in the DRT spectrum in Fig. 6 
b), as we only see the impedance of the fourth quadrant in the DRT 
spectrum. Hence, the mathematical summation appears similar to the 
cathode spectrum, instead of the full cell spectrum, which highlights the 
small influence of the anode compared to the cathode. This is expected 
to be closer to the real cell, as the influence of the setup is not part of the 
spectrum. 

Fig. 5. Comparison of performance of HT-PEM fuel cell at three levels of CO 
contamination (black: 0 vol-% CO, dark green: 1 vol-% CO, light green: 2 vol-% 
CO) of the anode inlet gas using (a) polarization curve, (b) Nyquist plot, and (c) 
DRT analysis. (For interpretation of the references to color in this figure legend, 
the reader is referred to the Web version of this article.) 
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The DRT of the anode exhibits only one single peak at high fre
quencies, at 1 kHz, as the result of one round semi-circle in the EIS. We 
assume this peak is associated with charge transfer of the HOR occurring 
at the anode electrode. With platinum as a catalyst, the HOR is 
straightforward and kinetically fast, therefore only a tiny single peak at 
1 kHz is visible in the DRT spectrum. On the anode, no MT limitations 
are observed since there is any peak present in the low-frequency 
regime. 

The breaking of the oxygen-oxygen bond on the surface of platinum 
does not occur as readily as for the hydrogen molecule. Generally, the 
ORR process is much more complex, it requires many individual steps 
and significant molecular reorganization than that of the HOR. The 
exchange current densities for the ORR are usually at least six orders of 
magnitude lower than for the HOR [86]. Especially, in the case of the 
HT-PEMFC, where also specific adsorption of the electrolyte further 
hampers the reaction kinetics. Additionally, the air supply, a mixture of 
oxygen and nitrogen, creates transport losses though the GDE, thus a 
large peak at 1 Hz appears in the DRT spectrum of the cathode. Because 
of its complexity, the cathode process generates nearly all polarization 
contributions of the entire cell (98%), whereas the anode only contrib
utes 2% to the total impedance. 

3.5. Effect of carbon monoxide poisoning measured with reference 
electrode setup 

As shown in Fig. 7 a) the impedance of the anode and the cathode 
increases in the presence of CO impurities in the hydrogen stream. 
Interestingly, the anode not only increases its size but also its general 
shape, from a perfect semi-circle into an elongated arc. The DRT ana
lyses transform a single semi-circle into one peak at 1 kHz and the 
elongated arc into two peaks at 1 kHz and 100 Hz (see Fig. 7 b, d, e). As 
already described in Section 3.4, with pure hydrogen as fuel the HOR is 
simplistic and kinetically fast. If CO is added into the hydrogen stream 
the anode kinetics become more complex and sluggish. The presence of 

CO generates undesirable side reactions such as the adsorption of CO 
onto the platinum surface, blocking the active catalytic sites. This effect 
could explain the appearance of a second peak at 100 Hz in the DRT 
spectrum once traces of CO are present in the gas feed. The time scale 
suggests that the process is most likely related to a charge-transfer on the 
electrode surface. Additionally, the water gas shift reaction may occur in 
the presence of water, which is introduced into the anode catalyst layer 
by concentrated phosphoric acid (85%) [81]. Andreasen et al. [28] 
observed in their experiments also that the impedance of an HT-PEMFC 
increase at around 100 Hz when CO is present on the anode. They 
interpreted this effect with a larger diffusion pathway of hydrogen due 
to the active sites being blocked with adsorbed CO. However, we expect 
a gas transport-related process to occur at lower frequencies. Yet, to 
prove this assumption highly sophisticated gas inlet and outlet analyses 
would be needed which is beyond the scope of this study. 

Additionally, Andreasen et al. [28] further conclude that at even 
lower frequencies (<10 Hz), the local variations in H2 concentration 
extend into the gas channel as described by various groups [63–66]. This 
phenomenon is not visible in the reference electrode setup, in which the 
anode does not exhibit any impedance at frequencies higher than 100 
Hz, even at high CO concentrations of 5%. It is important to note that 
oscillations inside the gas channel at low frequencies may occur in a cell 
setup with a larger active area and thus longer gas channels. In a 2 � 2 
cm active area and a hydrogen stoichiometry of λ(H2) ¼ 1.8, as was used 
in this work, no such concentration fluctuations are observed. 

The cathode impedance is much larger (as mentioned earlier, 98% of 
the total cell impedance arises from the cathode) compared with that of 
the anode. The cathode impedance exhibits multiple arcs, at least three 
are visible in the Nyquist plot. CO in the anode gas inlet causes also the 
arcs of the cathode impedance to increase. The increase is only visible at 
the mid and low-frequency region (<100 Hz), which are attributed to 
the ORR and the MT of the cell [61], the high-frequency arc remains 
nearly unchanged. The cathode is primarily responsible for the increase 
of the entire cell impedance as seen in Figs. 5 and 7 and described in 
previous publications [28,81–85]. This proves that the anode processes 
are linked to the cathode. It is somehow counter-intuitive that cathode 
impedance is severely affected when only the gas flow is altered on the 
anode. The frequency region associated with the ORR is distinct and 
growing with increasing CO concentrations. No increase of the imped
ance of the anode at the ORR frequencies (3 Hz < fORR < 70 Hz) is 
observed, which leads to the conclusion that the ORR on the cathode is 
impacted by the presence of CO in the anode gas stream. The crossover 
of CO through the membrane to the cathode side cannot account for the 
ORR polarization loss [87,88]. The cathode potential is too high that CO 
absorbs onto the platinum surface. We assume the reason for the 
hampered ORR lies again in the increased anode potential which leads to 
a lower cell voltage. At 300 mA cm� 2 and 5% CO, an anode potential 
(between the anode and the reference electrode) of 102 mV was 
observed. The cell voltage dropped by 44 mV, which decreases the 
cathode potential by 58 mV. The potential difference in the cathode 
leads to an exponential drop in the exchange current density governed 
by the Butler-Volmer equation. This dependence of the exchange current 
density is exponential to the potential shift and thus, the reaction seems 
to be severely hampered, leading to a significantly higher impedance at 
these frequencies. 

The same effect also applies to the impedance of the MT regime. A 
change of the cell potential due to the flow of CO in the hydrogen gas fed 
also alters the impedance of MT since the current is fixed in galvano
static EIS mode. Only in this case, the MT impedance is equivalent to an 
RC element. At low frequency, the impedance of the RC element is given 
by the resistor following Ohm’s law. As anode voltage increases (the cell 
voltage drops), the MT appears larger as seen in the DRT analyses of 
Fig. 7 c. The total cell impedance can be generated within series- 
connected impedance elements of various types representing different 
cell processes that follow the principle of a potential divider. 

Fig. 6. (a) Nyquist plot and (b) DRT analysis of the impedance recorded using 
the reference cell setup with a dynamic reference electrode. Pie charts display 
the individual shares of the polarization contributions. 
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4. Conclusions 

In this work, the impedance of a HT-PEMFC has been investigated 
thoroughly using the Distribution of Relaxation Times analysis and the 
influence of parameters such as humidification, anode gas stream dilu
tion with nitrogen and the presence of CO up to 5% in the anode fuel 
have been explored. To understand the observed variations, a reference 
electrode was introduced to separate the anode impedance from the 
cathode impedance. 

Humidification of the fuel did not affect the HT-PEMFC performance. 
The shape of the Nyquist plot did not change much, which indicates that 
the nature of the processes inside the fuel cell does not change signifi
cantly up to a value of 3.2% relative humidity. Humidification affects 
the dilution of phosphoric acid, which changes high-frequency peaks in 
the DRT spectrum. Thus, these peaks can be allocated to the proton 
transport in the catalyst layers. Other peaks in the DRT spectrum remain 
unaltered. 

Nitrogen dilution of the anode gas stream of up to 20 vol-% decreases 
the performance of the fuel cell by 5 mV at 300 mA cm� 2. The decrease 
of the OCV at 10 vol-% and 20 vol-% N2 amounts to 2 mV and 4 mV 
respectively. This matches the theoretically expected decrease using the 
Nernst equation. The dilution effect leads to a slight deviation in the 
shape of the Nyquist plot at low frequencies. DRT showed a minor in
crease of 3.0% in the MT resistance of oxygen as well as an increase of 
2.4% in the ORR resistance at 20 vol-% N2. This increase can be 
explained by the principle of a potential divider. As the voltage of the 
fuel cell decreases, the measured impedance increases for these ohmic 
processes. Thus, the impact of changing the anode fuel stream on the 
cathode processes can be explained. 

The introduction of 2% and 5% CO in the anode gas stream strongly 
impacted the fuel cell performance. At 300 mA cm� 2 and an anode 
platinum loading of 0.2 mgPt cm� 2, the voltage dropped by 29 mV with 
2% CO impurities and 44 mV with 5% CO on the anode side. This huge 
influence of CO is visible in the Nyquist plot of the fuel cell. The typical 
three arcs visible in a HT-PEMFC Nyquist plot grew a lot more distinct in 
the presence of CO. The main difference was observed in the middle 
frequency part (3 Hz–70 Hz), typically attributed to the ORR and at 
lower frequencies, attributed to the MT of the cell. However, the pres
ence of CO affects the EIS at all frequencies. To clarify the impact of CO 
on the anode and the cathode separately, a dynamic reference electrode 
has been introduced into the fuel cell. 

The separation of anode and cathode EIS showed that without CO, 
the anode exhibits only one single DRT peak at 1 kHz. The total 
contribution of the anode EIS amounts to 2% of the total cell impedance. 
Adding CO causes a second peak to arise in the DRT spectrum of the 
anode, at lower frequencies of 100 Hz. However, no impedance origi
nates from the anode at even lower frequencies, which indicates that 
diffusion processes are not affected by the addition of CO. Thus, the 
impact of CO at lower frequencies than 100 Hz originates solely from the 
cathode. The ORR on the cathode side is hampered as the half-cell po
tential of the cathode drops by 58 mV when 5% CO is introduced. The 
reaction can be described by the Butler-Volmer equation. If the voltage 
drops, the exchange current density drops exponentially, resulting in a 
higher observed impedance. The changes in the MT in the presence of 
CO are linked to the principle of a potential divider, as the behavior of 
the RC element describing the MT can be approximated to follow Ohm’s 
law. Here again, the lower cell potential is the cause of the increased 
measured impedance at low frequencies and neither an actual increase 

(caption on next column) 

Fig. 7. Impedance obtained from the cell containing the reference electrode 
from 0% CO to 5% CO in the anode gas stream. (a) Nyquist plots of anode and 
cathode, (b) DRT spectra of the anode, obtained from the Nyquist plots in (a), 
(c) DRT spectra of the cathode, obtained from the Nyquist plots in (a), (d) 
Zoomed-in Nyquist plot of the anode from (a), (e) Zoomed-in DRT spectrum of 
the anode. The DRT spectra of 2% CO in the anode gas stream are omitted 
for clarity. 
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in the MT resistance nor cross-over of CO. 
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Glossary 

CL Catalyst Layer 
DRT Distribution of Relaxation Times 
EIS Electrochemical Impedance Spectroscopy 
f Frequency (variable) 
GDE Gas Diffusion Electrode 
GDL Gas Diffusion Layer 
H2 Hydrogen 
H3PO4 Phosphoric Acid 
HT-PEMFC High-Temperature Polymer Electrolyte Membrane Fuel 

Cell 
LT-PEMFC Low-Temperature Polymer Electrolyte Membrane Fuel Cell 
MEA Membrane Electrode Assembly 
MT Mass Transport 
N2 Nitrogen 
ORR Oxygen Reduction Reaction 
PBI Polybenzimidazole 
PEEK Polyether ether ketone 
Pt Platinum 
PTFE Polytetrafluoroethylene 
RC Resistor-Capacitor 
RH Relative Humidity 
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