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a b s t r a c t

The impedance of a proton exchange membrane fuel cell powered by hydrogen contami-

nated with carbon monoxide, ranging from 150 to 300 ppb, is measured and discussed. The

tested range of CO concentration complied with the fuel standard specified in the ISO

standards. Studies of influence of CO contamination on operation of PEMFC are crucial for

further development and commercialization of fuel cells for automotive applications.

Based on the measurements made by Dynamic Electrochemical Impedance Spectroscopy

(DEIS), changes in the cell impedance as a function of time were determined. An innovative

integral-differential methodology for the analysis of chrono-impedance diagrams was

developed, which enabled the extraction of the impedance spectra describing the anodic

processes. This way of analysis is completely novel and original and it was not presented

before in literature. The ability to monitor and diagnose the anode’s operation under real

operation conditions is demonstrated. The reversibility of the CO adsorption process and

the loss of anode catalytic activity were verified. All this issues were not possible to be

studied before with the use of classic impedance measurements.
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Introduction

Proton Exchange Membrane (PEM) fuel cells are already

established commercial products. They aremost often used as

a power source for electric cars [1e3]. Pure hydrogen is the

preferred fuel for PEM fuel cells, with the purity of hydrogen

fuel being crucial for the proper operation of the fuel cell.

Maximum levels of contamination have been determined in

the ISO 14687:2019 standard. For carbon monoxide (CO) the

limit value is determined to be 0.2 mmol/mol (200 ppb). A sig-

nificant issue in increasing the demand for fuel cells is the

reduction in the cost of hydrogen production, and one way

around this issue is to reduce the quality of hydrogen pro-

duced [4,5]. It is necessary to be able to thoroughly analyze the

impact of individual compounds, which have a negative effect

on fuel cell operation. It is worth noting that in the presence of

CO, even for concentrations that fall within the ISO standard,

the fuel cell performance is significantly reduced.

The performance of PEM fuel cells drops drastically when

even a trace amount of carbon monoxide is present in the

gaseous fuel [6e10]. The most common techniques utilized to

detect CO in hydrogen stream are special sensors [11e15].

However, these sensors do not allow the determination of the

impact of CO pollution on the processes occurring in the

investigated fuel cell. To be able to obtain information about

electrochemical processes occurring inside the cell (in-situ),

Electrochemical Impedance Spectroscopy (EIS) is the most

often used method [16e23]. However, determining the dy-

namics of fast processes occurring in the membrane and at

the electrodes of an operating fuel cell is difficult for EIS.

For the Hydrogen Oxidation Reaction (HOR), the rate of

reaction is much higher than that of Oxygen Reduction Re-

action (ORR) [24e26]. This is due to the impedance of the

hydrogen oxidation process being negligibly small compared

to the ORR impedance [27,28]. However, under certain condi-

tions, one can successfully determine and describe the pro-

cess dynamics. One of available method to do it is to feed

hydrogen both to the anode and cathode of the fuel cell.

However, in this case, the impedance of the anode can only be

determined during the fuel cell open-circuit voltage, and not

under real cell operating conditions [29]. Determining the

impedance of the HOR under working conditions is very

complicated and are a little-explored research issue [29]. Due

to the very fast HOR under standard operating conditions, the

obtained spectra of the tested fuel cells are practically equal to

the cathode and membrane impedance [18]. This is approach

used by many researchers, completely ignoring the anode

impedance, considering that approximately the cell imped-

ance is equal to the cathode and membrane impedance. This

approach can be found, among others, in the works of Asghari

et al. [30], research of O’Rourke et al. [31]. Similar assumptions

were adopted by Taghiabadi and Zhian, which were analyzing

and discussing degradation on cathode on the basis of cell

impedance changes ignoring anodic influence on impedance

spectra [32].

There is even more difficulty determining the effect of

carbon monoxide on the HOR as a function of time. The first

in-situ impedance measurements under galvanostatic condi-

tions showing the effect of CO on the Pt anodic catalyst were
Please cite this article as: Darowicki K et al., An integral-differential
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completed by Muller et al. [33]. It has been determined that

poisoning the anode catalyst causes an increase in the sum of

the cell’s impedance, with an increase in the overvoltage [34].

Rubio et al. discussed selection of equivalent circuit defining

CO poisoning of the anode and importance of impedance

values obtained at low frequencies [35]. Many studies have

clearly stated that CO only affects the anode. Possible

hydrogen crossover to the cathode side may eventually occur

after meeting the appropriate conditions. This was discussed

by Zhigang et al. in a series of publications where they showed

that the CO crossover phenomenon depends on factors such

as the concentration of CO in the fuel, the thickness and

porosity of the membrane, as well as the pressure difference

between the anode and the cathode. In addition, they also

found that a well-moisturized membrane minimizes the

possibility of CO passing through the membrane [36,37]. Pro-

fatilova et al. showed that only with a long period (about

1000 h) of CO flow to the anode a decrease in the cathode

active area can be seen [38]. Wagner and Gulzow [39] showed

that supplying fuel cell with hydrogen polluted by CO at

constant load significantly affects the increase in anode

impedance, and the impedance of cathode andmembrane can

be taken as a constant value. Similarly Tang et al. [40]

assumed, that the overpotential caused by CO pollution of

hydrogen stream is only caused by anode changes and both

cathode and membrane are not affected. Chandesris et al.

determined the heterogeneous nature of the effect of CO on

the catalyst surface, which alsomakes it difficult to accurately

describe the processes involved [41].

Various new modifications to classic impedance methods

are used in fuel cell testing. Becherif et al. conducted tests

estimating cell impedance using several frequencies for quick

cell diagnostics. Themethod they developedwas based on the

projectilemotion trajectory, curve fitting and on an estimation

based on sinusoidal function [42]. Next research teamworking

under the supervision of Liu proposed a diagnosticmethod for

studying local changes of impedances using special printed

circuit boards specially adapted for impedancemeasurements

[43,44]. Suresh and his team have used rapid impedance

spectroscopy using dual phase shifted chirp signals connected

with simulations for fuel cell diagnostics [45]. It is clear, that

use of novel modified impedance methods is crucial for better

testing and monitoring of fuel cell operation. Unfortunately

methods based on standard EIS are usually limited by time of

measurement, which is usually in the range from 30 s to even

minutes of measurement, and they cannot be apply to study

dynamic processes.

In this work, we present an innovative methodology for

identifying and determining the impedance of the anode

process, which up to now is an unsolved problem. No previous

research has yet determined the time-period needed to poison

an anodic catalyst after the introduction of contaminated fuel

and with what rate the impedance of the anodic reaction in-

creases. The observation of the evolution of the anode spec-

trum due to CO pollution has not been determined. The

method presented in this work is based on the development of

Dynamic Electrochemical Impedance Spectroscopy (DEIS)

technique already implemented in the field of fuel cell testing

[46e52]. Problem of proper evaluation of CO influence on

PEMFC operation is particularly difficult for extremely low
method for impedance determination of the hydrogen oxidation
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concentrations of CO in gaseous H2. Typically, the effect of CO

on the HOR is tested over a concentration range greater than

10 ppm, which is beyond practical importance [53,54]. For

these cases, the impedance of the HOR is much greater than

the impedance of the membrane and the impedance of ORR.

The situation is different when the CO concentration in

gaseous hydrogen is extremely low.

For very low concentrations, the process of CO adsorption

on the platinum electrode of a PEM cell has not yet been

determined by impedance spectroscopy. The biggest advan-

tage of using DEIS is possibility to study object in dynamic

conditions. In DEIS method impedance registration is

continuous and impedance spectra can be obtained in the

time domain. It allowed evaluating CO influence on imped-

ance characteristics over time. With the use of EIS it is not

possible to obtain continuous impedance response of the

studied object in dynamic conditions. Besides, the imple-

mentation of the DEIS technique can give one the ability to

detect online the impact of CO and other contaminants. This

allows for a quick cleanup reaction to be completed to remove

the contaminants. The combination of DEIS methodology and

the innovative method for analyzing chrono-impedance dia-

grams provides completely new information about the pro-

cesses that were previously impossible to investigate. The

differential-integral analysis presented is a completely inno-

vative approach, which perfectly fit for CO adsorption and

desorption studies, but can be also with success implemented

for different applications.
Fig. 1 e A chrono-impedance plot of fuel cell supplied with

clean hydrogen with constant operating parameters.

Geometric surface area S ¼ 47 cm2, current density

j ¼ 1 A cm¡2, measurement frequencies range from 3 Hz to

20 kHz.
Materials and methods

The series of experiments were completed on a single PEMFC

constructed by ZSW (Ulm, Germany). MEA, for automotive

purposes, with an active surface area of 47 cm2 was used. The

working parameters were set and controlled using a ZSW

designed fuel cell test bench. The inlet operating parameters

were set constant for all experiments. The stack temperature

was controlled with a coolant inlet temperature of 70 �C de-

grees. Humidifiers were heated up to provide 35% relative

humidity of the supplied fuel and 60% of supplied oxidant. To

avoid water condensation, the gas inlets were preheated to

72 �C degrees. The fuel cell was powered with high purity

Hydrogen 5.0 (purity e 99.999%) as the fuel and oil-free com-

pressed air as the oxidant. Hydrogen was fed to fuel cell at a

pressure of 1.7 bar in a stoichiometric excess of 1.4. Com-

pressed air was supplied at a pressure of 1.4 bar in stoichio-

metric excess of 1.6.

Every measurement was performed as follow: cell stabili-

zation was achieved keeping constant parameters for a half-

hour before any further experimentation, the addition of CO

to hydrogen stream for 2.4 h, and 2.4 h working without CO.

Measurements were performed at a current density of

j ¼ 1 Acm2 at constant operating parameters. The DEIS mea-

surements were performed continuously for 4.8 h during CO

adsorption and desorption. Carbon monoxide was added to

hydrogen stream in the following concentrations: (a) 0 ppb (b)

150 ppb, (c) 200 ppb, (d) 250 ppb, and (e) 300 ppb. After each

measurement, at different concentrations, the fuel cell was

shut down and the anode was reactivated. Reactivation is
Please cite this article as: Darowicki K et al., An integral-differential
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regular shutdown (by H2-crossover) and cool down to 20 �C,
then both electrodes are air-purged with high flow rates (2 A/

cm2) for 60 s followed by 20 s H2 flow on the anode.

DEIS testing was completed using a National Instruments

(Texas, USA) module equipped with two measurement cards:

PXIe-5413 signal generator and a PXIe-4464 for data acquisi-

tion. The DEIS measurement and analysis software were

written in LabView by the authors. Simultaneously by adding

CO to hydrogen stream, multi-sine excitation signal with a

total amplitude of 5% of the DC load is applied to the inves-

tigated fuel cell. The multi-sine signal is composed of 32

elementary sine waves with a frequency ranging from 3 Hz up

to 20 kHz. Detailed mathematical operations and analysis to

evaluate impedance spectra are described in the Results and

Discussion sections (vide-infra, Chrono-impedance of a fuel

cell supplied with hydrogen contaminated with carbon

monoxide (CO) section).
Results and discussion

Chrono-impedance of a fuel cell supplied with clean
hydrogen

The chrono-impedance diagram is a set of elementary

impedance spectra recorded at equal intervals of time. The

chrono-impedance diagram represents a change in cell

impedance as a function of time. For comparative and intro-

duction purposes first presented chrono-impedance plot

shown in Fig. 1 was registered for fuel cell supplied with

hydrogen without presence of CO. All operation conditions

were constant and conditions were stationary. There are no

visible changes in real and imaginary impedance values and

in the shape of spectra. Presented set consist of impedance

spectra with two clearly developed impedance semicircles.

High frequencies semicircles are directly related to the
method for impedance determination of the hydrogen oxidation
membrane fuel cell, International Journal of Hydrogen Energy,
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Fig. 3 e A chrono-impedance plot of CO adsorption (up to

2.4 h) and desorption after exposure to 200 ppb of CO in the

hydrogen stream. Geometric surface area S ¼ 47 cm2,

current density j ¼ 1 A cm¡2, measurement frequencies

range from 3 Hz to 20 kHz.
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membrane impedance. Low frequencies impedance semi-

circle, in particular the lowest frequencies range, is associated

with the impedance description of ORR.

Use of DEIS methodology shows clearly that stationary

conditions occur throughout whole measurement time and

indicates that both EIS and DEIS methodology are applicable

for this conditions.

Chrono-impedance of a fuel cell supplied with hydrogen
contaminated with carbon monoxide (CO)

Hydrogen contaminated with carbon monoxide, in the

following concentrations 150, 200, 250 and 300 ppb, was used

in the conducted experiments. Chrono-impedance plots

recorded for these CO concentrations are presented in Figs.

2e5. All presented below chrono-impedance plots for all

shows that in highest frequencies region, which is usually

connected with membrane impedance and in the lowest fre-

quency region, which describes cathodic reaction, no changes

are observed. Isofrequency lines of highest and lowest fre-

quencies are parallel to each other, what indicates that there

is no change ofmembrane and cathode impedance. Change of

impedance values can be observed in the middle frequency

region, which are describing processes connected to CO

adsorption and desorption processes. Crucial is fact that pre-

sented chrono-impedance show dynamic change of imped-

ance over time. It clearly shows that this experiment cannot

be performed by EIS and use of DEIS is necessary to obtain

coherent impedance spectra.

Fig. 2 shows a chrono-impedance diagramof a PEM fuel cell

powered with hydrogen in the presence of 150 ppb of CO. This

change in the impedance value is noticeable. The impedance

spectra at the initial time period is in the form of two well-

formed semicircles. The second semicircle in the impedance

spectra increases with the exposure time of carbon monoxide

in the hydrogen stream. In comparison, the first semicircle
Fig. 2 e A chrono-impedance plot of CO adsorption (up to

2.4 h) and desorption after contamination with 150 ppb CO

in the hydrogen stream. Geometric surface area

S ¼ 47 cm2, current density j ¼ 1 A cm¡2, measurement

frequencies range from 3 Hz to 20 kHz.

Please cite this article as: Darowicki K et al., An integral-differential
process in the presence of carbon monoxide in the proton exchang
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does not change as significantly as the second one. After a

time of 2.4 h, the fuel cell was supplied with pure hydrogen to

observe the desorption of CO. During desroption process

impedance values of the second impedance arc decrease over

time. The impact of the presence of carbon monoxide on the

HOR is more significant at higher CO concentrations.

Fig. 3 shows the chrono-impedance plot with a CO con-

centration of 200 ppb. The difference between the two semi-

circles begins to be less noticeable. The impedance of the fuel

cell increases by about 1.5 times in comparison to the spectra

obtained at the beginning of the experiment. It is worth

noting, that a concentration of 200 ppb is acceptable in the ISO
Fig. 4 e A chrono-impedance plot of CO adsorption (up to

2.4 h) and desorption after exposure to 250 ppb of CO in the

hydrogen stream. Geometric surface area S ¼ 47 cm2,

current density j ¼ 1 A cm¡2, measurement frequencies

range from 3 Hz to 20 kHz.

method for impedance determination of the hydrogen oxidation
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https://doi.org/10.1016/j.ijhydene.2020.07.038
http://mostwiedzy.pl


Fig. 5 e A chrono-impedance plot of CO adsorption (up to

2.4 h) and desorption after the exposure of 300 ppb CO in

the hydrogen stream. Geometric surface area S ¼ 47 cm2,

current density j ¼ 1 A cm¡2, measurement frequencies

range from 3 Hz to 20 kHz.

Fig. 6 e Voltage changes over time registered

simultaneously with DEIS results for all studied

concentration of CO.
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standards to use as a fuel for automotive application. It is

crucial to understand, how this small amount of CO affects

the operation of the fuel cell. This effect is even more evident

at higher concentration of 250 ppb. The corresponding

chrono-impedance diagram is shown in Fig. 4. Over time, the

cell impedance increases significantly. Only with increasing

the CO concentration in 50 ppb increments, the impedance

values between the first spectra and the highest is enlarged by

~2.5 times. The form of the individual impedance spectra also

changes. For relatively large time values, the spectra take the

form of single semicircles. Similarly to those at lower con-

centrations, the supply of pure hydrogen causes CO desorp-

tion leading to rapid changes in impedance.

The most distinct impact of CO is the change of the fuel

cell’s impedance is disclosed at a concentration of 300 ppb.

These impedance changes over time are observed in Fig. 5.

This decrease in impedance is accompanied by a change in

the form of the impedance spectra. There is a very rapid in-

crease in the impedance of the fuel cell combined with a

change in the form of the impedance spectra. After switching

the hydrogen stream from CO to pure hydrogen, CO desorp-

tion takes place very quickly. Similarly to a CO concentration

of 250 ppb, impedance reduction over time is also accompa-

nied by a change in the form of the individual impedance

spectra.

Additionally in Fig. 6 voltage changes results over time for

different concentration of CO recorded simultaneously with

DEIS are presented. Line marked on the plot at 2.4 h informs

about exact moment when CO flows was shut down. Pre-

sented voltage characteristics are in perfect agreement with

presented above chrono-impedance plots. It is clear that for

all CO concentration full reactivation was not observed after

2.4 h of normal operation without CO. Additionally those de-

pendencies clearly shows that all results started for similar

value of voltage, what confirms that described in section

Materials and methods reactivation procedure was sufficient
Please cite this article as: Darowicki K et al., An integral-differential
process in the presence of carbon monoxide in the proton exchange
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to bring cell back to optimal operation. Moreover, voltage

changes clearly indicates that CO in higher concentrations

affected not only the size of the changes, but also rate of the

changes. It can be clearly observed for voltage changes pre-

sented for the highest content of CO. Concentration of 300 ppb

of CO caused similar change in the voltage as concentration of

250 ppb, but lowest value was reached much faster.

The changes in impedance spectra under varying CO con-

ditions on the HOR as a function of time is a very significant

advancement. However, to assess in detail the effect of carbon

monoxide on the HOR, a more detailed analysis is necessary.

Differential-integral analysis of fuel cell impedance spectra

For EIS measurements, typically the single impedance spectra

are available. To properly analyze this, it is necessary to focus

on a selection of an equivalent electrical circuit that will

accurately reflect the frequency distribution of the spectrum.

This methodology works for simple electrode processes. For

complex electrode processes, we have to use a complex

equivalent electrical circuit, thus making the methodology

convoluted. In practice, the complex impedance spectrum can

be represented by several different electrical equivalent cir-

cuits. This is an ambiguity in the selection of equivalent

circuits.

PEM fuel cell impedance is the sum of the impedance of the

membrane, cathode and anode, and can be represented with

the following equation:

Zðju; tÞ¼R∞ þZMðju; tÞþZCðju; tÞ þ ZAðju; tÞ (1)

where Zðju; tÞ is the fuel cell’s impedance, R∞ is the resistance

of an external electrical circuit, ZMðju; tÞ is the membrane

impedance over time, ZCðju; tÞ is the cathode impedance over

time, and ZAðju; tÞ is the anode impedance over time.

Considering the complexity of the process being investi-

gated which includes the hydrogen oxidation, carbon mon-

oxide adsorption, oxygen reduction, andmembrane transport

of protons, makes choosing an electrical equivalent circuit a

difficult issue. For such complex processes, it is troublesome

to find an unambiguous theoretical criterion justifying the

layout of the selected circuit. Due to this issue, various
method for impedance determination of the hydrogen oxidation
membrane fuel cell, International Journal of Hydrogen Energy,
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electrical circuits used to analyze the impedance spectra of a

PEM fuel cell can be found in the literature [29,55,56]. Selecting

the correct circuit is a problematic issue also due to other

reasons. The analysis is usually based on a single spectrum.

Measurements made by the DEIS method show that the effect

of CO on the hydrogen oxidation reaction is not stationary,

with the impedance changing over time. And the investigated

processes change dynamically. Therefore, impedance spectra

determined by the EIS method are not coherent (they are not

internally consistent). The selection of an electrical equivalent

circuit based on the goal function of c2 value is not straight-

forward. The value of the c2 function is a weak criterion that

does not explicitly specify the correct selection of an equiva-

lent circuit.

Due to these defined difficulties, it is necessary to develop a

new method of analysis that can be used to investigate

impedance measurements under non-stationary conditions.

This method should eliminate the necessity to select an

electrical equivalent circuit, at least for the initial stages of the

analysis, where the spectra aremade up of a series of complex

processes. In the first step, an analysis of the conditions of the

experiment is presented. The HOR is studied under galvano-

static conditions. The current load value equals 47 A, which

gives a current density of 1 A cm�2. It is worth noting that the

conditions of the experiment define the impedance of the

membrane. Invariability in the time of the current causes the

stream of hydrogen protons passing through the membrane

from the anode to cathode and is constant. It can, therefore, be

assumed that themembrane impedance does not change over

time. Also, the stream of gaseous oxygen introduced into the

cathode does not change during the experiment. The stream

of hydrogen protons flowing through the membrane to the

cathode, as previously stated, is constant. The temperature at

which the fuel cell was tested is also constant. This pre-

liminary analysis suggests that the impedance of the ORR and

the membrane impedance do not change over time.

Hydrogen in the presence of carbon monoxide is fed into

the anode reaction space. Therefore, the observed changes in

the fuel cell impedance, over time, are identified with the

changes in the anode impedance over time. The analysis of

the experiment conditions allows us to simplify Eq. (1) to form:

Zðju; tÞ¼R∞ þZMðjuÞþZCðjuÞ þ ZAðju; tÞ (2)

where ZMðjuÞ is the membrane impedance independent of

time, and ZCðjuÞ is the cathode impedance independent of

time.

This equation is crucial for this newly developedmethod of

analyzing chrono-impedance diagrams. Individual elemen-

tary impedance spectra forming a chrono-impedance diagram

are determined at even time interval between subsequent

spectra, h. This is due to the utilized measurement method-

ology of the DEIS technique developed by Darowicki et al.

[57e60]. Consequently, it is possible to differentiate chrono-

impedance diagrams in the time domain.

The values of the differentials for each frequency, ui, and

time, tk, are determined according to the known relationships

(Eqs. (3) and (4)):
Please cite this article as: Darowicki K et al., An integral-differential
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(3)
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h
z

 
dZ

00
Aðui; tÞ
dt

!
tk

(4)

where Z
0
Aðui; tkÞ is the real part of anode impedance, Z

00
Aðui; tkÞ is

the imaginary part of anode impedance, tk is time, and h is the

time interval.

Differentiation of the chrono-impedance diagrams of the

fuel cell results in the elimination of the ZCðjuÞ, ZMðjuÞ and R∞

terms from the equation: The obtained chrono-impedance

diagrams are determined by the electrochemical parameters

of the anodic process:

dZðju; tÞ
dt

z
dZAðju; tÞ

dt
¼dZ

0
Aðu; tÞ
dt

þ j
dZ

00
Aðu; tÞ
dt

(5)

Using the described procedure (Eqs. (3)e(5)), differential

chrono-impedance diagrams representing the impedance of

the anode are obtained.

The transition from differential impedance to impedance

(original representation) requires a differential integration

operation. For the integration procedure, the same time in-

terval between subsequent spectra, h, used in the differenti-

ation operation was maintained. The anode impedance

extraction was obtained by integrating differential chrono-

impedance diagrams:

ZA
0ðui; tÞ¼ZA

0ðui;0Þþ
Z t

0

 
dZ

0 ðui; tÞ
dt

!
dtzZ

0
Aðui;0Þ

þ
XN
k¼1

 
dZ

0
Aðui; tkÞ
dt

!
tk

h (6)

ZA
00ðui; tÞ¼ZA

00ðui;0Þþ
Z t

0

 
dZ

00 ðui; tÞ
dt

!
dtz Z

00
Aðui; 0Þ

þ
XN
k¼1

�
dZ0 0

Aðui; tkÞ
dt

�
tk

h (7)

Determining the chrono-impedance diagrams of the anode

process by digital integration requires the determination of

the real impedance part ZA
0ðu;0Þ (Eq. (6)) and the imaginary

impedance part ZA
00ðu; 0Þ (Eq. (7)) a time zero. However, we

know that at zero time there is no carbon monoxide effect on

the platinum anode. It is known that the rate of hydrogen

oxidation is 2-3 orders of magnitude faster than the rate of

oxygen reduction. Consequently, at a time equal to zero, the

anode impedance is negligibly small relative to themembrane

impedance and the cathode impedance (Eq. (8)). The initial

following condition is therefore observed:

For t ¼ 0 and for each value of ui

Z
0
Aðui; tkÞz0 and Z

00
Aðui; tkÞz0 (8)

Numerical differentiation of the chrono-impedance
method for impedance determination of the hydrogen oxidation
e membrane fuel cell, International Journal of Hydrogen Energy,
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diagrams for measurement frequencies allows for the elimi-

nation of constant impedance components. Numerical inte-

gration, on the other hand, allows one to reproduce

impedance spectra after eliminating the constant

components.

The impedance of HOR of a fuel cell supplied with clean
hydrogen

Integration of the numerical differential chrono-impedance

diagrams is a mathematical procedure giving primary re-

lationships. Integral-differential analysis of chrono-

impedance plot from Fig. 1 was performed to shows correct-

ness of proposed integral-differential analysis procedure.

Therefore, chrono-impedance plot presented in Fig. 1 was

subjected to differentiation, whatwas followed by integration.

Obtained results presented in Fig. 7 confirm stationary con-

dition of investigated process. Changes of imaginary and real

part of impedance results from measurement errors.

Thanks to obtaining presented relation (Fig. 7.) measure-

ment relative error can be easily determined. Changes of

imaginary and relative impedance for every frequency were

divided by module of impedance, what allows determining

uncertainty of performed analysis. Obtained relations pre-

sented in Fig. 8 shows that relative error for most frequencies

were lower than 1%. The highest values of relative error were

obtained for highest frequencies, what is connected with very

low value of impedance module.

The impedance of HOR of a fuel cell supplied with hydrogen
contaminated with carbon monoxide (CO)

For all studied concentration differential-integral analysis

were performed and results are presented in Figs. 9e12. As

results of this analysis anode chrono-impedance diagrams

were obtained. Membrane and cathode impedance were
Fig. 7 e A chrono-impedance plot presented in Fig. 1 after

differential-integral analysis. Geometric surface area

S ¼ 47 cm2, current density j ¼ 1 A cm¡2, measurement

frequencies range from 3 Hz to 20 kHz.

Please cite this article as: Darowicki K et al., An integral-differential
process in the presence of carbon monoxide in the proton exchange
https://doi.org/10.1016/j.ijhydene.2020.07.038
filtered out using numerical differentiation and integration

operations.

Anode impedance for the lowest studied concentration is

shown in Fig. 9. Over time, the impedance increases succes-

sively to obtain a maximum value at a time of 2.4 h. After this

time, pure hydrogen is fed to the anode and a monotonic

impedance drop is observed.

Over the studied frequency range, all elementary imped-

ance spectra have the form of two semicircles. For the initial

time period, which is termed the adsorption time, an increase

in both the high-frequency and low-frequency semicircles is

observed. Impedance of anode reaches quite significant value

in relation to impedance of the cell. It is important to notice,

that even very small increase of CO concentration is greatly

affecting anode operation. During desorption, a decrease in

the size of both semicircles is observed.

The carbonmonoxide adsorption process is a non-faradaic

process. However, this process affects the HOR. The observa-

tion of two semicircles is indicative of a two-stage hydrogen

oxidation process.

An increase in the carbon monoxide content to a concen-

tration of 200 ppb causes even greater changes in the size of

the anode impedance, which can be observed in Fig. 10. An

increase in the carbon monoxide content increases the resis-

tance to hydrogen oxidation. A CO concentration of 200 ppb in

the hydrogen is enough to increase the anode impedance by

several times. This has a significant influence on the fuel cell’s

efficiency. During the adsorption period, two capacitive

semicircles are visible. These semicircles expand in time.

During the desorption, two semicircles are also observed.

A further increase in the concentration of CO in hydrogen

should cause even greater changes in the impedance of the

hydrogen oxidation process. Fig. 11 shows the chrono-

impedance diagrams of hydrogen oxidation in the presence

of 250 ppb carbon monoxide.

With 250 ppb CO contamination, the impedance changes

are even more discernible than for concentration of 200 ppb.

The HOR impedance increases rapidly over time. Moreover, a

significant difference in the shape of elementary impedance

spectra is visible. The size of the high-frequency semicircle

increasesmore than that of the low-frequency one. Increasing

the CO content in hydrogen is more likely to affect the high-

frequency half-period. Only one semicircle is visible for the

highest concentrations of CO. After switching the anode

stream to pure hydrogen, the impedance drops rapidly due to

CO desorption. The observed changes, in the form of imped-

ance spectra, are caused by the impact of carbonmonoxide on

the HOR. The observed effects are the most visible in the

chrono-impedance diagrams determined for a 300 ppb CO

concentration shown in Fig. 12.

Individual impedance spectra forming a chrono-

impedance diagram are also in the form of two capacitive

semicircles. In this case, the low-frequency semicircle ismuch

less expanded than seen for lower CO contents. For larger

exposure times, low-frequency impedance arcs are very

poorly developed comparing to relatively large high-

frequency semicircles. Within the range of times corre-

sponding to CO desorption process, a sharp decrease in the

impedance value is visible over time.
method for impedance determination of the hydrogen oxidation
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Fig. 8 e Relative error of real and imaginary change of impedance determined for chrono-impedance presented in Fig. 1.

Fig. 9 e A chrono-impedance plot after differential-integral

analysis of CO adsorption (up to 2.4 h) and desorption after

exposure of 150 ppb CO in the hydrogen stream. Geometric

surface area S ¼ 47 cm2, current density j ¼ 1 A cm¡2,

measurement frequencies range from 3 Hz to 20 kHz.

Fig. 10 e A chrono-impedance plot after differential-

integral analysis of CO adsorption (up to 2.4 h) and

desorption after exposure of 200 ppb CO in the hydrogen

stream. Geometric surface area S ¼ 47 cm2, current density

j ¼ 1 A cm¡2, measurement frequencies range from 3 Hz to

20 kHz.
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Even at the lowest CO concentration of 150 ppb, the anode

impedance increases monotonically over time. The chrono-

impedance diagram for a CO content of 200 ppb show the

analogical course but with more severe changes. The most

significant changes in the impedance of the hydrogen oxida-

tion reaction are visible on the chrono-impedance diagrams

with carbonmonoxide concentrations at 250 ppb and 300 ppb.

Changes in the impedance over time are associated with

carbon monoxide adsorption.

CO adsorption on Pt is non-faradaic process, which is

decreasing numbers of active centers of Pt and it is described

by following reaction (R1):

COþ Pt¼ PtðCOÞAd (R1)

Based on above it can be assumed that adsorption of car-

bon monoxide does not affect mechanism of anodic reaction.
Please cite this article as: Darowicki K et al., An integral-differential
process in the presence of carbon monoxide in the proton exchang
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According to the theoretical description presented by Arm-

strong [61,62], two capacitive semicircles are observed when a

two-stage electrochemical reaction takes place with an

adsorbing intermediate. HOR according to the Heyrovsky-

Volmer mechanism occurs as follow (R2-R3):

H2 þPt
VH

#
V�H

PtðHÞAd þ Hþ þ e� (R2)

PtðHÞAd
VV

#
V�V

PtþHþ þ e� (R3)

Our observed results fit accurately into the theoretical

description of the electrode impedance presented by

Armstrong.
method for impedance determination of the hydrogen oxidation
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Fig. 11 e A chrono-impedance plot after differential-

integral analysis of CO adsorption (up to 2.4 h) and

desorption after exposure of 250 ppb CO in the hydrogen

stream. Geometric surface area S ¼ 47 cm2, current density

j ¼ 1 A cm¡2, measurement frequencies range from 3 Hz to

20 kHz.

Fig. 12 e A chrono-impedance plot after differential-

integral analysis of CO adsorption (up to 2.4 h) and

desorption after exposure of 300 ppb CO in the hydrogen

stream. Geometric surface area S ¼ 47 cm2, current density

j ¼ 1 A cm¡2, measurement frequencies range from 3 Hz to

20 kHz.
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A detailed theoretical analysis of the HOR was carried out

by Kucernak and Zalitis [63]. In their work, full derivations of

the Heyrovsky-Volmer, Tafel-Volmer and Heyrovsky-Tafel-

Volmer mechanisms under steady-state conditions were

performed. Only the Heyrovsky-Volmer mechanism was

influenced by pH.

Wang et al. has shown that the process of hydrogen

oxidation can proceed in two ways depending on the over-

potential value [64,65]. Wang’s research has shown that for

low currents (HOR overpotential of less than 50 mV) the

hydrogen oxidation reaction proceeds according to the Tafel-

Volmer model. For high currents (HOR overpotential greater
Please cite this article as: Darowicki K et al., An integral-differential
process in the presence of carbon monoxide in the proton exchange
https://doi.org/10.1016/j.ijhydene.2020.07.038
than 50 mV), hydrogen oxidation occurs according to the

Heyrovsky-Volmer mechanism. Wang’s research suggests

that for low currents (hydrogen oxidation reaction over-

potential of less than 50 mV) the hydrogen oxidation reaction

proceeds according to the Tafel-Volmer model. For high cur-

rents (hydrogen oxidation reaction overpotential of greater

than 50 mV), hydrogen oxidation is carried out according to

the Heyrovsky-Volmer mechanism. The experimental results

presented in this paper are consistent with the results of

theoretical analyzes by Wang [64,65], Kucernak and Zalitis

[63]. The used of DEIS methodology and new proposed

integral-differential analysis of spectrum gives a more

detailed insight of CO adsorption process and gives possibility

to better understanding PEMFC behavior affected by CO. It was

clearly proven that even small trace of CO in fuel cells, which

is accepted by ISO standards, significantly, affects PEMFC

operation. This fact was confirmed by both voltagemonitoring

and DEIS results, which were performed simultaneously.

Additionally it was found out that these changes are not

reversible in short time during normal operation. Shutdown

with reactivation procedure was necessary to bring cell to

optimal performance. Proposed integral-differential analysis

was confirmed as very useful tool, which can simplify

impedance analysis and can bewith success used for different

applications.
Conclusions

Adsorption of carbon monoxide at extremely low concentra-

tions (150e300 ppb) affects the fuel cell impedance. Even for

extremely low concentrations of CO, which meet the re-

quirements of ISO 14687:2019 standards, fuel cell operation is

significantly affected. Changes in the impedance of the entire

cell are caused by changes in the impedance of the HORwhich

is affected by carbon monoxide. This process is non-

stationary. For this reason, the impedance spectra obtained

by EIS are internally inconsistent. Their precise analysis due to

the complexity and non-stationary nature of the processes

taking place is questionable. Impedance measurements made

using DEIS give satisfactory and reliable results. This tech-

nique makes it possible to track changes in the fuel cell

impedance during online operation. The measured imped-

ance of the entire cell is the sum of the impedance of ORR, the

impedance of HOR, and the impedance of the membrane. A

method for extracting the anode impedance has always been

an ambiguous matter. Here, a novel developed differential-

integral method for analysis is an effective way to extract

anode impedance. In this method, the membrane impedance

and cathode impedance can be easily separated from the

anode impedance, due to their stability under experimental

conditions.

The presented chrono-impedance diagrams of the

hydrogen oxidation reaction in the presence of carbon mon-

oxide illustrate the non-uniformity of the studied process. For

all the tested concentrations of CO in H2, elementary imped-

ance spectra have the form of two capacitive semicircles.

These spectra evolve over time. A clear increase in the

impedance is visible. The two observed semicircles confirm

that the hydrogen oxidation process on a platinum electrode
method for impedance determination of the hydrogen oxidation
membrane fuel cell, International Journal of Hydrogen Energy,
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is a two-step process. The first stage is the Heyrovsky reaction

leading to the formation of an adsorbed intermediate. The

second stage is the oxidation of the adsorbed intermediate to a

hydrogen cation. These observations are consistent with

previously discussed theoretical analyzes. Changes in the

charge transfer resistance of the HOR allow the determination

of changes in the electrocatalytic efficiency of the anode over

time. The observation of anode impedance changes after

switching the stream of polluted hydrogen to pure hydrogen

allows for the determination of the dynamics of the carbon

monoxide desorption process. For the desorption process

time, successive reduction of impedance is observed. For the

low concentration range, CO adsorption is reversible. The

proposed DEIS measuring technique is an efficient tool that

allows you to monitor changes in the fuel cell under operating

conditions. The developed differential-integral analysis

method is an effective tool for analyzing chrono-impedance

diagrams with non-stationary processes.
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