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HIGHLIGHTS

e Carbon monoxide pollution of hydrogen stream.

e On-line impedance changes of anode exposed to different concentrations of carbon monoxide.
o Evaluation of carbon monoxide surface coverage of anodic catalyst.

e Coherence between AC and DC measurements by self- validation methodology.

ARTICLE INFO ABSTRACT

Keywords: Evaluation of performance of a proton exchange membrane fuel cell, which is affected by carbon monoxide that
Impedance monitoring pollutes the hydrogen stream, was presented. This influence was studied for carbon monoxide concentration of
Anode

125-325 ppb, which are close to values specified in ISO 14687:2019 standard. Performed studies provided
crucial information for further development of fuel cell as an energy source for automotive application.
Impedance with the use of Dynamic Electrochemical Impedance Spectroscopy profile measurements were
completed for chosen carbon monoxide concentration under a constant current load and anode impedance
variations were determined as a function of the time exposed to carbon monoxide. A method to determine the
impedance of hydrogen oxidation was proposed. It was determined how the carbon monoxide surface coverage
of anodic catalyst varies as a function of time. The capacitance of the double electrical layer and the charge
transfer resistance of anodic reaction are discussed to evaluate them with respect to exposure time and surface
coverage. It has been shown that proposed methodology can be used as a universal tool for testing fuel cells for
both research and industrial applications, with the overall aim of optimization, monitoring, and diagnostics of
the fuel cell.

Carbon monoxide
Hydrogen oxidation reaction
Proton exchange membrane fuel cell

1. Introduction monoxide (CO) the limit value is determined to be 0.2 pmol/mol (200

ppb). Trace amounts of CO are found in the hydrogen fuel when pro-

Proton Exchange Membrane Fuel Cells (PEMFC) are called as the
main energy source of the future. The main advantages of fuel cells as
energy sources are producing high-density energies, generate net-zero
harmful emissions [1] low-temperature operation, quick start-up, low
noise and vibration [2,3]. They are already used in different vehicles
types such as cars [4,5] and aircrafts [6] and others [7]. Unfortunately,
one of the disadvantages of this devices is the requirement for high
purity of applied hydrogen as a fuel. Maximum levels of contamination
have been determined in the ISO 14687:2019 standard. For carbon
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duced in refineries during the reforming process [8]. Balasubramanian
and Weidner with the use twin-cell electrochemical filter reduced CO
from hydrogen reformate to the level of 10 ppm [9]. This CO contami-
nation has serious consequences, as even trace quantities of CO in
hydrogen poison platinised anodic catalysts, which are routinely used in
PEMFC [10]. Platinum catalyst poisoning is caused by CO adsorption
onto Pt centres which is preferred over adsorption of hydrogen. The
influence of CO content on the HOR mechanism using the EIS technique
was investigated by Wagner and Schulze [11]. Postole and Auroux
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investigated the effect of CO in a hydrogen stream on platinum catalysts
by applying the microcalorimetry technique [12]. The poisoning of the
catalyst inhibits the dissociation of Hy and adsorption of Hpp. The
further stages of oxidation of hydrogen are consequently inhibited since
the bond between platinum and CO is stronger than between Pt and
hydrogen [13]. There are two types of bonds for adsorbed CO particles.
The first is linearly adsorbed forms of carbon monoxide and these utilize
one active centre on platinum, whereas the form of CO bridged with a Pt
catalyst needs two active sites [10]. This was confirmed by the research
carried out with the use of a rotating disc electrode by Igarashi et al.
[14], and also by tests performed by Watanabe and Motoo on a poly-
crystalline electrode with the use of electrochemical pulse technique
[15]. Fasmin and Ramanathan, using numerical simulation, performed a
detailed kinetic analysis of impedance spectra during CO poisoning of
the anode catalyst [16].

It is possible to remove carbon monoxide through direct oxidation
forming carbon dioxide, with the reaction rate dependent on the
adsorbed particles of OHap, which act as oxygen donors, which was
described in the works of Neugebohren et al. [17] Zhang [18] and Wang
et al. [19]. The forms containing oxygen are formed on the surface of
platinum at a 500 mV potential vs. RHE. Alloying with a transition
metal, such as Ru [20,21], Co, Mo, Pd [22], or Sn increases the tolerance
of an anode catalyst to hydrogen contamination with CO by allowing the
generation of active oxygen donors at a potential significantly lower
than that of pure platinum [23,24]. The PtRu catalyst shows the most
promising CO tolerance amongst the two-component Pt alloy catalysts
[25,26]. However, the electrochemical and chemical stability of PtRu
catalysts is lower than that of pure Pt, what was presented by Taniguchi
et al. [27], Sheng et. al. [28] and Wang et al. [29].Continuous
improvement and development of stable anode catalysts which are
highly active against oxidation of hydrogen and excellent tolerance to
CO are of paramount importance in commercialising PEMFC. For this
reason, authors proposed methodology, which allows evaluating the
sensitivity of the catalyst to CO and look into the possibility of contin-
uous diagnostics of anode status when a cell actually operates.

To evaluate the tolerance of a fuel cell to contamination with carbon
monoxide under laboratory conditions, researchers use electrochemical
impedance spectroscopy (EIS). Nakajima, et al. tested a fuel cell with the
supply of hydrogen contaminated with CO by performing current-
voltage characteristics and EIS measurements [30]. Tang et al. used
the EIS technique to prove the improved tolerance to the presence of CO
in the fuel of the PdPt electrocatalyst compared to pure Pt catalyst [31].
Ciureanu and Wang proved that the impedance spectra of the poisoned
electrode are strongly dependent on the potential and concentration of
CO in the feed gas [32]. Chandesris et al. investigated the heterogeneity
of degradation in the PEMFC stack under the influence of CO poisoning
using the EIS technique [33]. The materials electrical impedance is
analysed by applying an equivalent circuit model comprising of several
resistances and capacitances that are assigned to activation, diffusion
and, adsorption/desorption. Values of capacitance have been shown to
depend among others on the density of the generated current, the sur-
face area of catalysts, anode potential and the amount of CO in the
supplied fuel [30]. The EIS technique is also routinely used to monitor
commercial fuel cells, as described in extensive reviews [34,35,36].
Giner-Sanz et al. used the spectra obtained with the EIS technique to
mechanistic equivalent circuit modelling of a commercial polymer
electrolyte membrane fuel cell [37].

Unfortunately, the use of EIS under varying conditions of on-line cell
operation is not possible. Dynamic electrochemical impedance spec-
troscopy (DEIS) is not limited in terms of the stationary nature of the
investigated process. A detailed description of DEIS and limitation of EIS
method in comparison to DEIS has been previously presented in a
number of publications [38,39,40]. This technique has been successfully
used in: measuring impedance changes during dynamic load changes
[41] and humidity changes [42], in fault detection of PEM fuel cell
stacks [43], characterization of other power sources such as direct
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methanol fuel cells [44] and methanol fuel cell stacks [45], in-situ
measurements of DMFC cathode impedance [46] and others [47,48].

This paper is focused on using DEIS to assess the influence of
hydrogen polluted with carbon monoxide on the cell operating condi-
tions. This is an innovative approach, which allows to continuously di-
agnose the cell. Diagnosis of anode catalytic activity under operating
conditions is a complex issue that has not been previously investigated.
An instantaneous change in the anode impedance due to carbon mon-
oxide poisoning was demonstrated. In addition to identifying the
hydrogen oxidation impedance, the process of correct determining of
impedance is another equally important problem. In measuring the
impedance, there are always issues with verifying the uniqueness of the
analyses and assessing its validity. Therefore, an additional objective is
to determine the criterion of the measurement validity. Achieving these
objectives is of key importance for diagnostics and monitoring of the
anode process in the operation of a cell. The paper also shows the
possible applications of DEIS in the diagnostics and monitoring of fuel
cells.

2. Materials and methods

The experiments were carried out on a single PEM fuel cell engi-
neered by ZSW (Ulm, Germany), with an active surface area of 47 cm?
with Pt/C catalyst. The cell was built using MEA in automotive purposes,
which has a very low thickness and high attainable current density. The
operating parameters were controlled using a ZSW test station which
allowed for adjustment of all input and output operating parameters.
The operating parameters were identical for all the tests performed. The
cell temperature was controlled to 70 °C degrees, and the inlet gases
were preheated to 72 °C. The fuel used was hydrogen with a purity of 5.0
and relative humidity of 35%, supplied in a stoichiometric excess of 1.4
at a pressure of 1.7 bar. The oxidant feed was composed of compressed
air with a relative humidity of 60% in a stoichiometric excess of 1.6 at a
pressure of 1.4 bar. All values of operating parameters were specified
and set at the inlet. Impedance testing was completed using a module
from National Instruments (Texas, USA) equipped with a PXIe-5413
signal generator and a PXle-4464 data acquisition card. The program
for testing and analysis of impedance was written in LabView.

Measurements were performed at a current density of j = 2 Acm?
with all constant parameters of cell operation, which is nominal current
specified by manufacturer. For the first half an hour, all measurements
were performed for a cell operating with the parameters, given above.
After half an hour, the stream of hydrogen was supplied with a
controlled amount of CO at the following concentrations: 0, 125, 250,
and 325 ppb. CO was flowed towards the anode for 2.4 h at each con-
centration. After each poisoning, the cell was shut down for 12 h and
then the anode was reactivated. During the cell operation, measurement
of the DEIS was conducted continuously using a multi-sine current
excitation signal with an effective amplitude of 5% of the DC load. This
signal was composed of 32 elementary sine signals at frequencies
ranging from 3 Hz to 20 kHz with adequately optimized amplitudes and
phase shifts of each component. The obtained impedance spectra were
analysed in detail using an equivalent circuit which is thoroughly
described in the Results and Discussion section (vide-infra 3.1 and 3.2
section).

3. Results and Discussion
3.1. Chrono-impedance of a fuel cell supplied with pure hydrogen

The pure hydrogen fuel cell was tested with a controlled direct
current and a constant supply of oxygen and hydrogen to the cathode
and anode, respectively. The operating temperature and wetting were
stabilized to comply with the values described in Materials and Methods.
The resulting chrono-impedance graph is shown in Fig. 1.

The chrono-impedance plot is a composition of the elementary
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Fig. 1. A chrono-impedance plot of a hydrogen fuel cell obtained for a constant
current load j = 2 Acm2 with the absence of CO.

impedance of each spectra. Each individual impedance spectrum takes
the form of two semi-circles. The isofrequential points on a chrono-
impedance plot are arranged on parallel lines. This indicates that the
cell’s operation is stationary. The individual spectra of a chrono-
impedance plot were analysed for correlation using a nonlinear
method of least squares. The analysis used the following theoretical
formula for impedance:

Ry RS,

Z(t,2jnf) = Ry + - —
(. %) T 2jafCuRy | 1+ 2j2fCG RS,

@

where: Z(t, 2jzf) — cell impedance, R, _ the resistance of an electric
circuit and the resistance of an anodic process, Ry — membrane resis-
tance, RS, — charge transfer resistance of cathodic reaction, Cy - mem-
brane capacitance, and CS; — the capacitance of electrical double layer of
anode.

Cell impedance is the sum of membrane impedance and cathode
impedance. In Eq. (1), the anode impedance is not included. This is due
to the exchange current of oxidation/reduction of hydrogen is 2-3 or-
ders of magnitude greater than the exchange current of oxidation/
reduction of oxygen, what was proved in studies of Singh et al. [49] and
Paulus et al. [S0]. Additionally it was confirmed by Song et al. in studies

(A)

10
Ao & ARG
N e o oR,
8 —
— 6 —
£
- AN DN BN p NN
4 N—
2 —
| S0S0646650 THD SIMEEIIINE 35 PETEIELOES
0 T | T ‘ T
0 1 2
t[h]

Applied Energy 279 (2020) 115868

of kinetics of reactions taking place in PEM fuel cells in the range of
23-120 ° C [51]. From this, the impedance of the anodic process is 2-3
orders of magnitude lower than the impedance of the cathodic process
[52]. Under normal operating conditions of a fuel cell, the anode
impedance is negligibly small and only has minimal representation in
the impedance spectra; its values can be considered as a component of
the parameter R,,.

Utilising correlation analysis, the achieved experimental spectra
were fitted to the model of the system, given by 1, with fit quality
expressed by y2. Over a duration of the experiment, y?> has no time
dependence. The average goodness of fit was y? ~ 6.210~*. The results
of the correlation analysis are given in Fig. 2. The cell functioned under a
stable regime. This is evidenced by the constant, time-independent
electrochemical parameters of the fuel cell:

Cy = 65.98mF; Ry = 0.83mQ; CS, =143 F;RS, = 4.71mQ

Relaxation of membrane and cathode occurs for certain frequency
bands, which are characterized by resonance frequencies of the mem-
brane and the cathodic reaction, which are given as:

fiy = 2905Hz; f. = 23Hz

where: f,, — the resonance frequency of a membrane, f; — the reso-
nance frequency of cathodic process

The resonance frequencies f; and f; have no dependence on the cell
operating time. The impedance of the tested cell does not change under
operating conditions, meaning energy is released from the cell in a stable
way.

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

After an exposure period of 30 mins under rated operating condi-
tions, the stream of hydrogen feeding the anode was doped with carbon
monoxide at concentrations ranging from 125 to 325 ppb. All cell
operation parameters, such as temperature, relative humidity, gas flow
rates were kept constant during the experiment without carbon mon-
oxide. The chrono-impedance plots obtained for different carbon mon-
oxide concentrations are shown in Figs. 3-5.

For a CO concentration of 125 ppb (Fig. 3), at the range of fre-
quencies close to the lower limit and those close to the upper limit, the
isofrequential lines are parallel. The elementary frequency spectra are
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Fig.2. (A) The changes in membrane resistance and charge transfer resistance of the cathodic process. (B) Changes in the membrane capacitance and capacitance of
the electrical double layer of anode. The cell was fed with pure hydrogen, without carbon monoxide.
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Fig. 3. A chrono-impedance plot of a hydrogen fuel cell obtained for a constant
current load j = 2 Acm2 with the a carbon monoxide content of 125 ppb (post
30 mins) in the hydrogen stream.
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Fig. 4. A chrono-impedance plot of a hydrogen fuel cell obtained for a constant
current load j = 2 Acm2 with the a carbon monoxide content of 250 ppb (post
30 mins) in the hydrogen stream.
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Fig. 5. A chrono-impedance plot of a hydrogen fuel cell obtained for a constant
current load j = 2 Acm2 with the a carbon monoxide content of 325 ppb (post
30 mins) in the hydrogen stream.
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composed of two semi-circles, but after approximately one hour, the
elementary impedance spectra start changing. Between the resonance
frequencies fy, = 2905Hz;f; = 23Hz, an additional process is observed,
which becomes more visible with increased exposure of CO/H». Since
only the conditions of hydrogen oxidation have been modified, a change
in the spectrum is associated with the anodic processes. Therefore, these
differences should be increasingly obvious with increasing concentra-
tion of carbon monoxide contamination of the hydrogen fuel feed.

Fig. 4 presents the chrono-impedance plot for a carbon monoxide
concentration of 250 ppb. The increase in the content of CO in hydrogen
amplifies the differences between the spectra identified at the beginning
of the operation and the spectra corresponding to long-term exposure.
Between the resonance frequencies f,, = 2905Hz; f, = 23Hz, there is a
clear, visible, emerging frequency band. This band is attributed to
changes in the anodic processes. Over this frequency range, the non-
stationary nature of the cell’s operation begins. Two stationary states
are observed. The first stationary state corresponds to the initial period
of operation, that is 0.0 < t < 1.0h. The second stationary state corre-
sponds to the operation period from 2.0h < t < 2.8h.

Between these stationary states, the impedance characteristics
strongly depend on time of exposure. Impedance measurements over
this time range using frequency-by-frequency techniques result in
internally inconsistent (non-coherent) impedance spectra. Each fre-
quency point of a single spectrum corresponds to a different time. For
this reason, each frequency point corresponds to a different electro-
chemical state of the cell and a different degree of the catalyst being
poisoned with CO. The non-stationary operation area should become
clearly visible with an increased CO content in Hj.

The anodic frequency band is clearly more enhanced in Fig. 5. For a
CO content of 325 ppb in Hj, the non-stationary area of the chrono-
impedance plot is observable at an earlier stage and covers a period of
0.5h < t < 1h. This chrono-impedance plot shows the diversity of the
elementary impedance spectra. The forms of the spectra evolve from
typical two-time constant spectra to more complex spectra. Elementary
spectra for the initial period are radically different from the spectra
identified at increased times. During the transitional range of times, the
system is non-stationary. The relaxation processes that occur should be
associated with hydrogen oxidation inhibited by carbon monoxide
adsorption.

If carbon monoxide is present in the hydrogen, the impedance of the
CO oxidation on the anode cannot be neglected. The impedance
measured globally is the sum of the cathodic reaction impedance, the
anodic reaction impedance, and the membrane impedance. Therefore,
to perform a detailed correlation analysis of the achieved chrono-
impedance plot, the following theoretical formula should be used:

Rer (1)
1+ 2jafCp, (1)RE (1)
2

Ry R¢
Z(t,2). =Ry s
(t, 2jf) T 2jafCuRy 1+ 2iafCG RS,

where: R4, (t) - the charge transfer resistance of oxidation in the func-
tion of time, and C§; (t) — the capacitance of electrical double layer of
anode in the function of time.

Due to a large number of variables being optimized; R, Ry, RET,
R¢y) (t),Cu, Chy,,Cpy (t), it s difficult to use a least square method directly,
and the results obtained were inconsistent. The objective function
determining the goodness of fit was y2~ 102, this was too low to give an
satisfactory fitting. In addition, the obtained numerical values of the
parameters being optimized did not change as a monotonic function of
time, which is in contrast to the impedance spectra that change in a
regular manner over chrono-impedance plots. Moreover, the iso-
frequential lines are monotone, therefore, it was necessary to correct the
correlation process in order to obtain more valid results. This modifi-
cation was completed to reduce the number of degrees of freedom for
the fit.


http://mostwiedzy.pl

A\ MOST

K. Darowicki et al.

To simplify the problem, the fuel cell operation was first analysed.
The cell operates in a galvanostatic mode and as a result, the stream of
protons passing through the membrane is constant. The stream of oxy-
gen reaching the cathode is also constant, along with the operating
moisture and temperature. As a result, the impedance of oxygen
reduction should not be time-dependent, as the process is stationary.
Similarly, the membrane impedance should also be constant, irre-
spective of the CO content, as a constant stream of hydrogen cations
passes through the membrane. This evaluation is observed by the
chrono-impedance plot in Fig. 1. Under these conditions, the membrane
impedance and the impedance of the reduction process do not vary over
time, therefore the correlation formula gets simplified to:

0.83 471
Z(t,j22f) = R
(1.727F) = Res + 15060 1 0.83-65.987 T 1000 £ /47114607

Rer (1)

_— 3
T+ 2/l (R (1) ®

This causes the whole correlation process to reduce from being seven
variables down to the two variables R2,.(t) and C4, (t). This procedure has
greatly improved the quality of the results obtained.

Fig. 6 shows the changes in the capacitance of the double electric
layer of the anode catalyst with different content of carbon monoxide in
the hydrogen. Over time, the capacitances of the double electrical layer
decrease monotonically. An increase in the CO content in the hydrogen
stream amplifies these changes. For higher concentrations of CO in
hydrogen, the lowest values for the capacitance of the double electrical
layer of the anode are observed. The capacitance of the electrical double
layer does not change in a regular manner. For an initial period of Cj, (t),
the capacitance is constant as CO is absent from the stream. After rela-
tivity long exposures to CO, the value for the capacitance of anode
electrical double layer again reaches a constant value approximate 0.25
F for all concentrations.

3.3. Electrocatalytic activity and anode poisoning by carbon monoxide

Oxidation of hydrogen is a multistep process. The first step of
hydrogen oxidation is the chemical dissociation of hydrogen molecules

4
VvV V  VV325ppb
O O O250ppb
" ® & &125ppp
3 g,
£
.
S e
- 125) 0’
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E 8T 0‘0‘
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Fig. 6. The changes in the capacitance of the electrical double layer of anode
during operation of the cell. The changes were determined for different carbon
monoxide hydrogen stream concentration (post 30 mins): 125, 250, and
325 ppb.
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and adsorption of hydrogen atoms on to platinum (Tafel reaction):
H,+Pt=2(H),,Pt “4)

Hydrogen dissociation on platinum may also be electrochemical
(Heyrovsky reaction):

Hy+Pt=(H),,Pt+H" +e” (5)

The adsorbed hydrogen is oxidized to release a hydrogen cation and
an electron (Volmer reaction):

(H),pPt=H"'+e" (6)

The oxidation of hydrogen depends on the formation of an adsorbed
atom, which has a key role in the reaction. The process occurs in a finite
number of active sites on a platinum electrode.

In the presence of carbon monoxide near the electrode, regardless of
whether the first step is the chemical dissociation (4) or electrochemical
dissociation (5), on the active centres of the platinum electrode, there
occurs a competitive process with CO adsorption:

CO+ Pt = (CO), Pt )

The adsorption of carbon monoxide is manifested by a reduction in
the capacitance of the double electrical layer on the electrode surface.
Fig. 6 shows the changes in the capacitance of the double electrical layer
caused by the influence of carbon monoxide on the anode. For times
close to the limit of zero, the capacity of the double layer reaches a limit
value corresponding to the situation when there is no carbon monoxide
in the system:

1{13)10&(:) = C4,(0=0) =3.03F €)

where: C4, (0 = 0) — capacitance of electrical double layer of anode
corresponding to the surface coverage 6 = 0.

For the highest concentrations of carbon monoxide, with varying
exposure times, a new steady (stationary) state is reached. In this state,
the limit of the capacitance of the anodic double layer is given as:
limC, (1) = Ch(0=1)=022F ©)

where: C4, (6 = 1) - of electrical double layer of anode corresponding
to the surface coverage 6 = 1.

This value of capacitance corresponds to a situation where all the
active centres of the platinum catalyst are coated with adsorbed carbon
monoxide molecules. Therefore, the rate of carbon monoxide adsorption
drops to zero. According to the Frumkin formula, the surface coverage
can be determined from measurements of double electrical layer. The
surface coverage is given by the formula:

ChL(6,1) = (1 - 6)Cp, (8 = 0)+0C}, (6 = 1) (10)

0(1) _ CADL(G = 0) — C?)L(H;t)l

= Ch(0=0)— Ch0 an

)

where: 0(t) - surface coverage changing over time, Cf,(6,t) - the
double electrical layer capacitance corresponding to the surface
coverage 6(t).

Associated issues with formula (10) may be caused by the hydrogen
oxidation reaction taking place on the electrode. The course of reaction
is related to the formation of the adsorbed intermediate products, thus,
co-adsorption of (H)ap and (CO)ap occurs. However, &alert_messa-
ge_var;CHECK CHARACTER NOT SUPPORTEDthe situation simplifies
greatly when one realizes that the process runs with a direct current. The
rate of hydrogen oxidation is constant and the value of surface coverage
0 is also constant.&alert_message_var,CHECK CHARACTER NOT
SUPPORTED &alert_message_var,CHECK CHARACTER NOT SUP-
PORTED&alert_message_var;CHECK CHARACTER NOT
SUPPORTED

The change in the surface coverage of CO over time is given as de-
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rivative:

do 1 dc(6)
dt -~ ChL(0=0)—CA(6=1) dt 12)

The change in the surface coverage over time is related to the rate of
carbon monoxide adsorption on the anode for given cell operating
conditions. This is true for a specified current load and a specified
content of CO in Hy and constant experimental conditions. As it has been
shown in Fig. 6, the curves for the varying capacitance of electrical
double layer of anode may be directly linked with the changes in the
surface coverage for CO adsorption over time (11). Fig. 7 shows the
changes in surface coverage over time, determined for the specific
content of CO in the hydrogen stream. By differentiating the surface
coverage with respect to time, we derive the rate of adsorption. The
values of ¢ for concentrations of 125, 250, and 325 ppb are 4.81-10%%
8.43-10%, and 1.58-107%7 571, respectively.

The adsorption of carbon monoxide should significantly increase the
charge transfer resistance of the hydrogen oxidation. For different
contents of carbon monoxide, the identified changes in charge transfer
resistance for hydrogen oxidation is given in Fig. 8

An increase of carbon monoxide content in hydrogen increases the
charge transfer resistance. For the maximum surface coverage, the
charge transfer resistance can be extrapolated:

mRe, (1) = Rep (0 = 1) 2= 4.5mQ 13)

where: R4, (0 =1)— the resistance of hydrogen oxidation corre-
sponding to the anode being fully covered by adsorbed CO.

The extrapolated charge transfer resistance of hydrogen oxidation in
the absence of carbon monoxide is given as:
ngT(z) =RL(0=0) = 0.1mQ 14

where: R2,.(0 = 0) — the resistance of the hydrogen oxidation in the
absence of CO.

Both the double-layer capacitance and the charge transfer resistance
of the hydrogen oxidation on platinum depend strongly on the surface
coverage. It is worth noting that the changes in the surface coverage over

1 -
0.8 —
0.6 —
@ - %
s 3 *
04 — ’ [e :‘0
*
i S
= R4
0.2 — .
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i o :" V WV V325ppb
o ¢ O O O250ppb
, B0 ¢ & &125ppb
0 _P-‘ T T T T T
0 1 2 3

t[h]

Fig. 7. The changes in the anodic surface coverage factor of the catalyst during
operation of the cell. The changes were determined for different carbon mon-
oxide hydrogen stream concentrations (post 30 mins) of: 125, 250, and
325 ppb.
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Fig. 8. The changes in the anodic charge transfer resistance during operation of
the cell. The changes were determined for different carbon monoxide hydrogen
stream concentrations (post 30 mins): 125, 250, and 325 ppb.
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Fig. 9. The changes in the anodic charge transfer resistance as a function of the
surface coverage. The changes were determined for different carbon monoxide
content (post 30 mins) in the hydrogen stream: 125, 250, and 325 ppb.

time have been determined previously (Fig. 7). Based on this one can
determine the relationship between the charge transfer resistance R4,(t)
and the surface coverage for the concentrations of carbon monoxide.
The relationship between the charge transfer resistance of the hydrogen
oxidation for different concentrations of CO in the fuel stream and the
degree of coverage is shown in Fig. 9.

With a low content, 125 and 250 ppb, of carbon monoxide in the
hydrogen, no significant effect of the charge transfer resistance for
hydrogen oxidation is observed. The inhibitory effect is negligible with
surface coverage ranging from 0 < 6 < 0.80. For surface coverage values
greater than 6 = 0.80, the inhibitory effect manifests itself very clearly.
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The inhibitory effect occurs over the entire range of surface coverage
values for the relatively high CO contamination, 325 ppb. In this case,
the resistance of the hydrogen oxidation is subject to changes over the
entire range of surface coverage variation.

Complete surface coverage by adsorbed carbon monoxide does not
limit the course of hydrogen oxidation, meaning the reaction continues.
But the resistance of the reaction increases by approximately forty times.
Thus, inhibition of hydrogen oxidation by the adsorbed CO, among other
things, limits the number of active centres available on platinum. The
process is more complex and is associated with an increase in the free
enthalpy of activation of the hydrogen oxidation, which is a function of
the surface coverage.

3.4. Self-verification of the implemented procedure

The DEIS methodology allows one to measure impedance in galva-
nostatic conditions and simultaneously measure the constant voltage at
the cell terminals, as expressed by:

U(t) = AEre, — i(Re + Ras) — iR (1) — iRG (1) — 10 — it (15)

U(t) = Ec — Ex(t) (16)

where E,,, is the difference of reversible thermodynamic potential
depending on temperature and gas partial pressure, ngg is the gas
diffusion overpotential controlled by the diffusion of oxygen and voltage
losses from hydrogen diffusion are essentially negligible, and #,; are
additional gas diffusion overpotential losses caused by the presence of
liquid water in diffusion media.

Considering the constant stream of protons passing through the
membrane from the anode to cathode and the constant stream of oxygen
supplied to the cathode, the changes in voltage at the terminal of the cell
are linked to changes in the hydrogen oxidation resistance. By differ-
entiating equations (15 and 16), we obtain the following relationship:

A
dE;,(t) _ idRLCi,t.(t) an

This criterion being fulfilled is a clear confirmation that the analysis
is valid.
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Fig. 10. The changes in the voltage during operation of the cell. The changes
were determined for different carbon monoxide hydrogen stream concentra-
tions (post 30 mins): 125, 250, and 325 ppb.

Applied Energy 279 (2020) 115868

Fig. 10 shows the changes in voltage between the cell terminals
during the experiment for different concentrations of CO in the
hydrogen stream. The increase in carbon monoxide content causes
increasingly deep changes in voltage at the cell terminals, reaching up to
200 mV. This voltage drop in not acceptable for operating conditions.
This causes a significant loss of power. However, the main reason for
determining these characteristics is the self-verification of the mea-
surements and analyses performed. Therefore, Fig. 11 was prepared to
compare the rates of voltage changes and the rates of anodic over-
potential changes.

The lines correspond to the rate of change in the anodic overpotential

A
ing(t), whereas the points indicate the rate of change in the voltage

dE&‘t(t), and the relationships coincide. This proves the validity of the

proposed procedure used to determine the anode impedance. Direct-
current measurements are directly correlated with the results for the
alternating-current measurements. This is not possible for conventional
impedance measurements, in which you can only determine the indi-
vidual spectra using frequency-by-frequency methods.

4. Summary and conclusions

The achieved results show the significant influence of carbon mon-
oxide, in the stream of hydrogen, on the anode impedance during the
cell operation. Carbon monoxide at a concentration of 125 ppb
marginally affects the performance of the anode. Contamination of the
hydrogen feed with carbon monoxide at a concentration of 250 ppb or
greater has a significant influence on anode impedance and decrease of
the voltage at the cell’s terminals. The impedance changes of the whole
cell are directly caused by changes occurring at the cell’s anode during
the supply of fuel with different carbon monoxide concentrations. This
level of testing has never been previously performed in a dynamic
manner. Consequently, the testing with the use of Electrochemical
Impedance Spectroscopy did not allow for clear identification of anode’s
impedance, or making credible the conclusions about the obtained trend
of changes in the anodic parameters of the equivalent circuit during the
exposure to carbon monoxide and determining the rates of changes over
time was not possible. Therefore, the Dynamic Electrochemical Imped-
ance Spectroscopy technique is an ideal tool for diagnosing and

-2x10*
W dE/dt 325 ppb
O dE/dt 250 ppb
@ dE/dt 125 ppb
- ¥4 ——— idR/dt 325 ppb
19\  =—==-- idR/dt 250 ppb
— — idR/dt 125 ppb

-1x10*

d/dt

-5x10°

0x10°

t/h

Fig. 11. The rate of change in cell voltage during operation compared to
changes in the anodic overpotential, determined for different concentrations of
carbon monoxide (post 30 mins) in the hydrogen stream with concentrations of
125, 250, and 325 ppb.
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monitoring the condition of fuel cells under real, dynamic operating
conditions, even when the level of hydrogen contamination by carbon
monoxide is extremely low. The chrono-impedance plots do visibly
evolve, reflecting changes in the anode during the exposure to carbon
monoxide. The proposed procedure of limiting the number of indepen-
dent variables in the correlation analysis led to the removal of the anode
impedance. This allowed for monitoring of the anode condition over
time. As expected, the higher the concentration of carbon monoxide in
the fuel, the more dynamic the changes of the anode impedance. The
rate of these changes can be expressed as function of % and for con-
centrations of 125, 250, and 325 ppb are 4.81 .10°8 | 8.43.10%, and
1.58-107% 57!, respectively. As the measurements show, the mecha-
nism for inhibition of hydrogen oxidation is complex and is not limited
by the reducing number of platinum active centres, on which hydrogen
can be oxidised.

Typically, the results of the conventional impedance measurements
are related to the analysis of the individual frequency spectra. Therefore,
the analysis is based on various premises and is not always reliable. In
contrast to this, a self-verification procedure has been proposed. The
obtained consistency of DC and AC measurements prove the accuracy of
the impedance analysis.

The conducted tests show that the developed procedures can be
applied to evaluate the quality of the catalyst used and its sensitivity to
poisoning even for low carbon oxide concentrations. Dynamic electro-
chemical impedance spectroscopy provided an excellent and unique
representation of the dynamics of changes in the processes taking place
on the anode. This, indeed, shows that Dynamic Electrochemical
Impedance Spectroscopy has a high potential for application in online
monitoring of fuel cells.
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