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Abstract: The cell inconsistency investigation for large-scale proton exchange membrane fuel cell
(PEMFC) stacks is significant. In this paper, the inconsistency between fault cells and normal
ones is investigated in a 5 kW stack with 30 cells of the active area of 312 cm?® Considering
typical operating conditions, the stack temperature and hydrogen/air stoichiometry are
investigated to discuss the effects on the inconsistency. As comprehensive indexes, voltage
performance, polarization curve, and electrochemical impedance spectrum (EIS) are presented
to evaluate the above experiments. To enhance the EIS resolution, the distribution of relaxation
times (DRT) is applied to extract the characteristic frequency points from the EIS ranged from
0.5 Hz to 10 kHz. In conclusion, fault cells are sensitive to operating conditions with poor

performance and larger polarization resistance compared with the normal cells. Furthermore,
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the DRT can well quantify the inconsistency of impedances produced by oxygen diffusion (fault

0.5 ~ 4.0 m@ and normal 0.3 ~ 1.0 mQ) and oxygen reduction reaction (fault 0.7 ~ 1.5 mQ and

normal 0.5 ~ 0.6 mQ), respectively. Meanwhile, the inconsistency strongly relates to the operating

conditions. Moreover, the damaged structure of fault cells in membrane electrode assemblies

further validates the inconsistency by scanning electron microscopy.

Keywords: Proton exchange membrane fuel cell stack; Cell inconsistency; Electrochemical
impedance spectrum; Scanning electron microscopy; Distribution of relaxation times
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1. Introduction

Proton exchange membrane fuel cell (PEMFC) is an attractive energy option with its advantages
of zero pollution, low running temperature, and high conversion efficiency. Its scale and power class
are greatly promoted due to the energy policies and commercialization worldwide. In industrial fields,
the large-scale PEMFC stacks are a promising application of vehicles, trams and locomotives [1-7].
However, the fault cells that appeared in the operation process, ordinarily, determine the stack
performance and lifetime. Therefore, how to accurately identify and locate the fault cells and
investigate the inconsistent responses in large-scale stacks are of essentiality to improve the property
and durability [8].

A single cell or a small-scale stack is the objective of most available studies which focus on fault
diagnosis and cell inconsistency. Mohammadi et al. [9] applied a single cell to conduct a novel
diagnosis method for flooding and drying based on temperature and current density distribution. As for
the diagnosis via impedance methods, the cells with a small-scale active area are most in consideration
due to their stability and homogeneity during tests [10-13]. Roy and Orazem [13] applied a cell with a
5 cm’ active area to detect the onset of flooding using impedance techniques. Fouquet et al. [12]
measured the impedance spectrum of a six-cell stack to evaluate the cell state of health (SoH) based on
their proposed equivalent circuit model. When concerning cell inconsistency, a four-cell stack [14], a
five-cell stack [15], and a customized stack [16] are applied in their studies, respectively. Hu et al. [14]
studied the inconsistency of different parts in a single cell under varying load. Lin et al. [15] analyzed
the cell inconsistency under cold start-up and found the middle cell performed better than the bilateral

ones while the cell degradation intensified from inlet to outlet. Moreover, the inconsistency
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phenomenon in a four-cell stack was investigated at the SoH of flooding, drying, and hydrogen

starvation [16]. Inconsistency analysis on a small-scale stack is of significance to explore the

propagative and evolutionary mechanisms among single cells inside. Nevertheless, what is noteworthy

is that the direct extension of the conclusions on fault diagnosis and cell inconsistency from a

small-scale stack to a large-scale stack is not solid enough in theory and experiment, since the

differences of size and number bring about the difficulties of species transport, heterogeneities of

physical-field distribution and component materials distribution, and the complexities of cell

interactions. Therefore, it is necessary to further investigate the large-scale stacks and explore the

relationships of single cells inside.

With the commercial promotion and application of PEMFC-based vehicles, trams and locomotives,

the studies paying attention to kW-class even larger stacks or multi-stacks are as much as popular

recently. Hence, it is important, as far as possible, to maintain the stack performance and prolong the

remaining useful lifetime [17], [18] due to the various stochastic processes in practice, which are

detrimental to the cell components and materials. The fault diagnosis at water management issues at the

stack level, to the knowledge of the authors, is a common method up to now [19-22]. Ifrek et al. [23]

measured a 100-cell stack and concluded that flooding and drying can be detected via current

distribution. Debenjak et al. [24] successfully detected flooding and drying inside an 80-cell PEMFC

stack. Moreover, the system faults regarding air supply were diagnosed conducted by a 40-cell stack

through the stack voltage signal [19] and the magnetic data [20], respectively. Except for the studies on

fault diagnosis, Chen et al. [25] investigated the intake inconsistency using two side-by-side placed 40

kW stacks sharing one feeding system; this study mainly concerns the difference of reactant supply

between stacks while not the cell inconsistent performance inside. In practical industries, system
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reliability of the multi-stacks or stack is principally affected by the poor ones or cells generally. If the

existence of this inconsistency is chronically neglected during the operation, in addition to the

performance loss, it will lead to serious security issues to the overall system. Therefore, during the

long-term running, it is not only to conduct fault diagnosis for the stack but also to pay attention to the

internal cell inconsistency timely. However, it should be noted that only a few available studies have

focused on cell inconsistency in the large-scale PEMFC stacks. Li et al [26] investigated the cell

non-uniformity, based on the voltage responses, in a 14.4 kW PEMFC stack under dynamic load

changes and condition variations. This paper, in the following sections, will comprehensively discuss

the cell inconsistency in a 5 kW stack from voltage response, impedance spectroscopy, and component

structure.

In regard to the measurements to PEMFCs, voltage monitoring, electrochemical impedance

spectroscopy (EIS) tests and visualization techniques are the most frequent types. Voltage monitoring is

to detect the voltage responses; for instance, polarization curve, static performance, and dynamic

behavior [27-29] for both single cells and the stack in real-time [14], [30]. A two-point voltage

monitoring experiment was conducted in a customized PEMFC stack [14], [15] to study the cell

inconsistent responses. The results indicated that this novel approach shows precision in locating fault

cells. The voltage responses in the stacks are monitored in real-time and an inconsistency index is

applied to represent the cell non-uniformity under dynamic load changes [26], [31]. The polarization

curves are used to analyze the electrochemical features [32] and to predict the performance [33] of

PEMFC. Moreover, the static performance is used to analyze the effects of parameter changes

including cell components [34] and operating conditions [28], [35] on the PEMFC. As for voltage

monitoring, it is a very convenient and inexpensive tool of performance characterization and fault
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diagnosis for the single cells or the stack. However, it exhibits some deficiencies, as well, in describing

the complicated reaction processes inside PEMFC.

The EIS test is to obtain the impedance data, such as ohmic resistance and polarization resistance,

represented in the frequency domain by calculating voltage responses at the superimposed alternating

current [12], [36]. The exploration of internal processes, the assistance of the mechanism studies, and

the fault diagnosis via the spectra changes are some of the purposes of applying the EIS techniques for

PEMFCs [11,37-40]. Yuan et al. [37] measured the EIS to well clarify the internal polarization process

for the PEMFC. Heinzmann et al. [38] investigated the changes of the reaction processes inside by

testing the cell EIS under various current densities. Voigts et al. [41] identified the electrode reaction

mechanisms of the solid oxide fuel cell by deconvoluting its measured EIS. Araya et al. [42] applied

the EIS technique to a commercial stack to investigate the fault characterization. Another

impedance-based method is the distribution relaxation of times (DRT), which is calculated from the

complex impedance data and assistants to study some processes that are inconspicuous in the

impedance spectra. The contribution of anode and cathode processes to impedance was investigated in

[38] by DRT analysis through hydrogen/air and hydrogen/hydrogen tests. Similarly, the DRT plots are

used in [37] to analyze the varying trend of the transport process in PEMFC at different MEA humidity,

oxygen diffusion coefficient, and membrane thickness. On the other hand, the DRT can also help to

identify the cell impedance spectrum and to select suitable initial values of the equivalent circuit model

[43]. The advantages of EIS and DRT are very fascinating in PEMFC researches, however, the

time-consuming impedance tests make it difficult to be achieved in online diagnosis. Regarding this

stack, the authors mainly focus on the inconsistency of reaction processes in different cells while not

the diagnosis in real-time, hence its deficiency in time domain is not discussed in this paper.
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The visualization technologies are the most direct characterization means to observe the PEMFC,

which can be used to visualize the internal structure and to identify the failed components. The

technologies of scanning electron microscopy (SEM), neutron radiography, and X-ray imaging applied

to PEMFC studies have been reported in recent decades [44], [45]. Wang et al. [46] employed the SEM

to observe membrane electrode assemblies (MEAs) and found that dynamic load cycles severely

accelerate catalyst degrading. Farmer et al. [47] studied the gas diffusion layer (GDL) porosity using

SEM imaging and the results well conformed to the mercury intrusion porosimetry. Lochner et al. [48]

visualized an end-of-test MEA which experienced a realistic running and the results demonstrated that

local regions suffered different levels of degradation. Aoyama et al. [44] reported a visualization of the

water transport process in the microporous layer of PEMFC by cryo-SEM technique. It is generally to

conduct SEM test at the end of PEMFC running since it is an ex-situ characterization tool and

destructive to the MEA. Therefore, the selected cells in this paper are conducted SEM analysis after the

stack operated for a long term.

This work is conducted to have a better understanding and to explain the inconsistency

characterization among the cells in a large-scale PEMFC stack, which operates under the same

conditions. In this paper, a comprehensive analysis including voltage response, EIS and DRT plots, and

SEM imaging is conducted to a 30-cell PEMFC stack to evaluate the cell inconsistency inside.

Thereinto, the voltage responses of single cells are used to analyze the non-uniform performance inside

this stack as well as locate the fault cells during the long-term operation. In order to analyze the

inconsistency of mechanisms and reaction processes, several cells including the normal and the faulty

are selected according to the voltage responses. The transport resistance of each selected cell is

analyzed and compared through its EIS plots under various operating conditions. Moreover, the
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corresponding DRT plots are applied to assess and compare two primary processes, one is oxygen
diffusion and another is the oxygen reduction reaction. When this stack achieves the end of tests, the
MEAs of two different cells are conducted SEM visualization to observe their inconsistent structure
and analyze the degradation or damage extent.

The framework of this paper layouts as follows. Experimental devices, testing procedures, and the
mathematical theories of the validation of EIS tests and the DRT method are presented in Section 2.
The inconsistency analysis between cells under various operating conditions of temperature and

reactant supply is discussed in Section 3. At last, this paper is concluded in Section 4.

2. Experimental
2.1 Experimental devices and measurements

In this study, a 30-cell PEMFC stack typed HySTK-5 (Sunrise Power Co. Ltd) with a single-cell
MEA active area of 312 cm? is measured. The experiments are conducted using a 15 kW test bench
typed RG-FCTS-15 (W-RIG Co., Ltd), which can regulate the operating conditions and record
input/output parameters instantaneously. The impedance measurements are carried out using a
multi-channel test station model TrueData EIS (FuelCon AG Inc.) under the stack operated in the
ohmic loss region. The schematic of the above devices is illustrated in Fig. 1a.

In this study, three types of measurements are conducted under the operating conditions of:
(i) stack temperature (Tst) from 35 °C to 70 °C
(ii) anode hydrogen stoichiometric (Sa) from 2.0 to 1.1
(iii) cathode air stoichiometric (S¢) from 3.0 to 1.7

where the experimental tests including polarization curves and impedance measurements are carried
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out in galvanostatic mode with the electric load uploading commanded current from 0 to 160 A, and

constant current 100 A, respectively. In addition to the above mentions (i) ~ (iii), the other parameters

remain of anode gauge pressure at 0.85 bar and cathode gauge pressure at 0.7 bar. Moreover, the

relative humidity (R.H.) of hydrogen is ambient humidity while the air well humidified (100% R.H.).

The voltage data of cells and the stack is recorded by the test bench every 0.5 seconds.

~ JSM-7800F 1

Data
Acquisition

=

----- il cathode

FuelCon
Il outside TrueData EIS

% electromagnetic
valve

temperature
sensor

=
mf.kcv:.ri':cu —— cooling fan
—TTRGFCTSHE T T &

(@) (b)

Fig. 1 The experimental devices for the measurements of (a) Performance test system including voltage
monitoring and EIS test by RG-FCTS-15 and TrueData EIS, and (b) MEA detection by JSM-7800F.

Individually, the stack temperature and gas flow rates are regulated to satisfy the measurement
requirements abovementioned. Each state was operated last 15 minutes to conduct EIS measurements
for five selected cells. The current amplitude of 10 A is superimposed to obtain the spectra in the
frequency range from 10 kHz to 0.5 Hz with 16 recorded points. After all tests, the MEAs are observed
and analyzed for a comparative study using a field emission scanning electron microscope modeled
JSM-7800F, which is shown in Fig. 1b.

2.2 Kramers-Kronig validity test

Favorable data quality and high signal-to-noise ratio are serious for impedance acquisition since
the electrochemical processes can be disturbed by even a small noise. Therefore, validity verification is
required for the measured data set before applying the DRT. A general method for validation is

Kramers-Kronig (K-K) transform for impedance data [49]. As the data satisfies the causality, linearity
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and stability, the real and imaginary parts follow the relations:

2 [ w'ImZ(w) .
RGZ((O)= E W

(1)

27 wReZ(w) . |
ImZ(a))= - E W w
0

where ReZ(w) represents the real part of the impedance, ImZ(w) the imaginary part as well as o the
angular frequency. Since it is challenging to solve the integral Eq. (1) analytically, in practical validity
tests, a K-K compliant model consisting of amounts of RC-elements in series is adapted to fit the

measured impedance data set [50], and the relative residuals are expressed as:

ReZ(w)-ReZ(w)

Res_Re(w)= Z(a)] )
ImZ(w)-ImZ(w) ( )
Res_Im(a))= W

where |Z(w)| indicates the absolute value of the measured data while Z(w) the model impedance.
When the relative residuals are less than 1%, the measured impedance data is assumed to satisfy the
K-K constraints of Eq. (1). The K-K test based on a LIN-KK tool [51] is employed to fit each measured
impedance data.

2.3 Distribution of relaxation times

The relation between the DRT function and the impedance is expressed in [50] as:

Z(@)Ry+R f %m 3)
0

where Ro represents the ohmic resistance and R, the polarization resistance, while y(t) indicates the
distribution function of relaxation times as well as t the time constant of a single RC element. In the
impedance spectrum, Rq is defined as the high-frequency (f~oo) intercept with the real axis and Ry the
difference between the low-frequency (~0) and high-frequency (f—oo) intercept with the real axis.

For discrete calculation from the measured data set, the continuous function of Eq. (3) are
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typically transferred into Eq. (4):

N

_ Yk

20y Ry* Ryt ) T (4)
k=1

where N is the number of RC elements. When calculating DRT from the impedance data, Tikhonov

regularization is key progress to determine regularization level [52] by the regularization parameter,

which is set as 10 in this paper.

3. Results and discussion
3.1 Inconsistency cells in the stack

To explore the causes of unexpected performance degradation or shutdowns due to changes in
operating conditions during a long-running, cell inconsistency becomes noteworthy in this stack. It can
be noted that in Fig. 2a that, before this sack conducts EIS measurements, it has been operated over one
year in succession from calendar time. Thereinto, the stack began to operate in April 2017 and
proceeded with the EIS tests for the single cells in June 2018. During this time interval, the stack was
mainly conducted the typical performance tests and the polarization curve tests. Moreover, the cells
have a good consistency according to voltage responses at the beginning-of-test (BoT) in Fig. 2b.
Therefore, all the cells can be considered as normal ones at beginning of tests even though their
voltages show a tiny inconsistency. It is, for this small distinction inside the stack, caused by the
difference of pressure loss in the manifold of fluids, the temperature difference of the cells, and the
errors of some stochastic processes. In this study, the inconsistency among cell voltages gets significant
of the stack in Fig. 2b after the stack operated for a period. It can be noted that the voltage responses of
several cells (number 3, 8, 19 and 25) perform worse than the others at the load of 100 A and even

worse at 150 A.
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Fig. 2 a) The long-term running curves of this stack from 2017.04 to 2018.07 in calendar time,
and the cell inconsistency of b) voltage responses at beginning-of-test and the at test time after a period, c)
polarization curves, and d) impedance spectra of selected cells, in the PEMFC stack, where the data are
recorded at the conditions of Tg7=60 °C, S5=2.0, and Sc=2.5.



Journal Pre-proof

To deeply explore the performance dissimilarities due to cell inconsistencies, the inconsistency is
further confirmed by the polarization curves of 30 cells and impedance spectra of 5 cells illustrated as
Fig. 2c and 2d. From Fig. 2c, even though the voltage performance of a single cell resembles from 0 A
to 80 A (including activation region and partial ohmic region), with current increasing, the cells
(number 3, 8, 19 and 25) step into the concentration loss region from the ohmic loss region (region 2:
10~130 A) earlier than the others do (region 1: 10~150 A). Moreover, the voltage performance of the
cells (number 3, 8, 19 and 25) declines rapidly since 120 A while the others begin from 150 A, and the
inconsistency becomes even more distinct. In summary, the cells of numbers 3, 8, 19 and 25 are fault
cells in this stack, while others are normal ones. In addition, the Nyquist plots in Fig. 2d depict the
inconsistency as well, that fault cells (number 3 and 8) have larger polarization resistances (Ry,=24.5
me2) compared with the normal (Ry=14 me).

3.2 Analysis of DRT feasibility for large-scale PEMFCs

To extract the impedance information including eigenfrequency and eigenvalue in the Nyquist
plot, DRT calculations ~are utilized to analyze the impedance characterization, reflecting the
electrochemical process comprehensively and intuitively.

As mentioned in Section 2.2, EIS measurement is susceptible to noise, especially for the PEMFC
with a large active area. The measured results accompany errors usually and even cannot reflect the
impedance characteristics of PEMFCs in some cases. Hence, it is essential to validate the accuracy of
the measured EIS before fitting the EIS based on the Kramers-Kronig relationship, i.e. the relative
residuals between the measured EIS and the K-K fitted EIS is less than 1% according to Section 2.2.
Only if satisfying such K-K constraints, the measured results are convincing in this paper. Previous

studies [38], [41] have successfully applied the DRT methodology in fuel cells with a small active area,
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demonstrating the EIS testing accuracy under ambient noise. In this paper, the authors conduct a series

of EIS tests for large-scale cells tentatively and verify the accuracy of these measurements based on

mathematical theories.

An example of the impedance spectra for cell 2 and cell 8 (operated at Tst=60 °C, Sp=2.0, Sc=2.5,

and the ohmic loss region at 100 A) is illustrated and analyzed in Fig. 3a and 3b. The former displays

the Nyquist plots and the latter shows the residuals between the experimental and fitting, respectively.

Good quality of the fitting curves and all the residuals less than 0.5% can be seen from Fig. 3a and 3b.

Therefore, the measured result is convincible and proves the applicability of EIS measurement

applying in large-scale PEMFCs as well.

After the above validity test, the DRT calculation is applied to analyze the EIS data in the 5 kW

PEMFC stack for the first time. In Fig. 3c, the distribution function shows the inconsistencies between

cell 2 and cell 8 with details: p1-10 Hz and p2-800 Hz for cell 2, p1-70 Hz and p2-400 Hz for cell 8,

and p3-10 kHz for both cells. Furthermore, a small peak p0 in DRT analysis can be noted for cell 2

while for cell 8 it disappeared. In addition to the inconsistency of eigenfrequency, the eigenvalue of the

distribution function of cell 8 is larger than that of cell 2 at p1 and p2. According to the advanced

impedance study [38], the peaks in DRT analysis are allocated to the corresponding processes: pl - gas

diffusion process of oxygen in porous media layer, p2 - oxygen reduction reaction (ORR) correlated to

charge kinetics, and p3 - proton transport at catalyst layer (CL) as well as p0 - water transport in the

membrane [53]. Moreover, the above-mentioned is cathode electrochemical process while the anode

not in consideration due to the small values of each peak. This paper focuses on the capacitive

behaviors in DRT analysis and the discussion of low-frequency region - p0 is neglected.
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Fig. 3 (a) Impedance data and K-K fit recorded at Tst=60 °C, S;=2.0, Sc=2.5 and 100 A. (b) Residuals
according to Kramers-Kronig validity. (c) Calculated distribution function in the frequency domain and the
designation of peaks.

Based on the feasibility, the comparative investigation including impedance spectrum, DRT
distribution function, and voltage are discussed in the following sections to investigate the
inconsistent responses on operating conditions of the PEMFC stack.

3.3 Inconsistent responses on operating conditions

Generally, cell location, operating conditions and running strategies result in cell inconsistency
during PEMFC stack running. Nevertheless, severe operating conditions (overheating, reactant
starvation, etc.) promote performance degradation even lead to materials damage, accelerating the
inconsistency. In this section, cell 2 representing the normal cell, and cell 8 the fault cell are compared
to investigate the response characteristics under operating conditions.
3.3.1 Inconsistent responses on stack temperature

Fig. 4 gives a graph review of the impedance data and corresponding DRTs of cell 2 and cell 8

with the temperature altering. To have a better overview of inconsistent responses on temperature
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parameters, the impedance spectra and distribution function curves are subdivided into three and two

scopes, respectively. Fig.4a and b show the Nyquist plots and corresponding distribution functions for

stack temperatures from 35 °C to 70 °C. Fig. 4c and d illustrate the enlarged graph for the real axis

range from 0 to 20 mQ and 2.0 to 4.0 mQ, respectively, and Fig. 4e displays the amplified region of p3.

At each temperature, cell 2 and cell 8 can be distinguished by the polarization resistance for Fig.

4a, the eigenvalue and the corresponding eigenfrequency of distribution function for Fig. 4b. The

polarization resistance Ry for cell 8 is more than 21 m€, while for cell 2 is less than 16 m€. Hence,

normal and faulty cells can be preliminarily discriminated from the Nyquist plot. In Fig. 4b, the

differences of the eigenvalues for p1 and p2 are intuitive, especially for p1, the eigenvalue of cell 8 is

much larger than that of cell 2. Although the eigenvalue of p2 is approximative at the temperature of

70 °C, the differences are distinct at low temperatures. In addition, the eigenfrequency, e.g. at 70 °C, of

cell 8 is larger at p1-70 Hz and smaller at p2-700 Hz compared with that of cell 2. Combined with the

electrochemical processes of oxygen diffusion and ORR expressed by pl and p2, respectively, it can be

noted that oxygen diffusion and ORR are more difficult in fault cells due to larger eigenvalues. In this

paper, the damaged internal structure for fault cells is assumed the reason for this difference.

Inconsistent responses exist in single cells on temperature, i.e. cell response changes with stack

temperature altering, especially for the fault cells. For the Nyquist plot of cell 8, the value of

polarization resistance decreases from 44 mQ to 21 mQ with stack temperature increasing, and the

ohmic resistance changes ranged from 2.8 mQ to 3.4 mQ. The great changes in polarization resistance,

particularly in the case below 50 °C, indicate that fault cells are sensitive to low temperatures. To

explore the changes of the corresponding processes with stack temperature, Fig. 4b illustrates the DRTs

for cell 8 under each temperature. With stack temperature increasing, the eigenvalue declines obviously
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from 2.04 mQ to 0.67 mQ of pl, and from 1.55 mQ to 0.73 mQ of p2, as well as corresponding

eigenfrequency right shifts from 10 Hz to 70 Hz, and from 111 Hz to 700 Hz, respectively. In addition,

the value of p3 has little changes with temperature varying. One explanation for these results is water

content in the MEA and temperature affects reaction velocity. At low temperatures such as 35 °C and

40 °C, the produced water by ORR condensing droplets even forming water plugs accumulates around

the porous layers and blocks the pores. Therefore, it is hard for oxygen to diffuse through GDL and CL,

even for water to be removed outside. Moreover, the water remained in MEA causing the medium

change, which affects the value of double-layer capacitance, leads to the right shifting of

eigenfrequency ultimately.
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Fig. 4 (a) Impedance data recorded at stack temperature measurements while other parameters of S5=2.0,
Sc=2.5 and 100 A keep constant. (b) Corresponding DRTSs. (c) Enlarged graph of the impedance data of Cell
2. (d) Enlarged graph of the high-frequency impedance data. (¢) Enlarged graph of DRTs at p3 region.

Similarly, cell 2 responds inconsistently to stack temperature as well, which can be demonstrated

by the results in Fig. 4b and c. The value of polarization resistance has minor decreases from 15 mQ to

13 mQ with stack temperature increasing, and the ohmic resistance increases from 2.4 mQ to 3.0 mQ.

In Fig. 4b, temperature changing has little effect on the electrochemical processes for normal cells.

With the temperature increasing, the eigenfrequency has a right shifting from 10 Hz to 50 Hz of p1 and

from 800 Hz to 900 Hz of p2, and the eigenvalue of p2 decreases a little from Fig. 4b. The frequency
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shifting of pl and p2 indicates that water accumulating in the porous layers, leading to the medium

change and affects the double-layer capacitance. The decease of p2 can be explained by that despite the

water accumulating in CL, the increased temperature accelerates electrochemical reaction and makes

ORR easy to occur.

The above results represent that the cell responds inconsistently to stack temperature. However, it

can be found that the responses of normal and faulty cells on stack temperature are inconsistent through

their comparison. The inconsistencies are as follows: (i) In Fig. 4a and c, Ry of cell 8 declines the

most about 12 mQ at stack temperature from 40 °C to 50 °C, while of cell 2 only reduces several mQ

under temperature altering. The inconsistency of EIS with temperature changing between cell 2 and

cell 8 can be proved by the structural inconsistency of MEA, where the fault cell has a poor MEA in the

stack after a long operation. (ii) In Fig. 4b, the varying of the eigenvalue for p1 and p2 demonstrates

that cell 8 has a worse porosity of GDLs and CLs. Excessive water at low temperatures blocks the

pores of GDL and CL, impeding the processes of oxygen diffusion and water removal. However, cell 2

performs the opposite, which can be deemed as that plenty of free pores of GDL and CL provide paths

for water molecule and oxygen. (iii) In Fig. 4b, with stack temperature increasing, the range of

eigenfrequency shifting is p1-40 Hz and p2-100 Hz for cell 2 and p1-60 Hz and p2-600 Hz for cell 8,

respectively. Frequency inconsistency indicates that water is prone to stay in the MEA of fault cells,

accelerating the structure degradation and performance decrease.

Overall, the responses of cells in the stack are inconsistent on temperature. This inconsistency not

only exists in the cathode electrochemical process of single cells, but also represented in the responses

between the normal and faulty cells. In addition, both oxygen diffusion and ORR processes are

sensitive to the operating conditions of low temperatures.
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3.3.2 Inconsistent responses on anode stoichiometric (Sa)

Fig. 5 shows the results at the parameter of anode hydrogen stoichiometric. Fig. 5a gives an
overall view for the Nyquist plot and Fig. 5c, d the enlarged graph in the high-frequency and
low-frequency region, respectively. Furthermore, Fig. 5b represents the corresponding DRT
calculations and the enlarged graphs Fig. 5e, f in p2 and p3 region for a better view.

In general, the Nyquist plot in Fig. 5a reveals that cell 2 and cell 8 can be distinguished intuitively
by polarization resistance. At these operating condition tests, the mean value of polarization resistance
Rpo Of cell 8 is 18.4 mQ, while of cell 2 is 11.2 mQ. Moreover, it can be seen from Fig. 5b that the
mean eigenvalue of p1 is about 0.3 mQ for cell 2 and 0.5 mQ for cell 8, and of p2 is about 0.36 mQ for
cell 2 and 0.7 mQ for cell 8. From the overview of EIS and DRT analysis, the normal and fault cells are
identifiable in the stack.

To explore the responses of celis on anode hydrogen stoichiometric, little inconsistency can be
found from EIS and DRT analysis. EIS plot resembles cell 2 from S,=2.0 to Sx=1.1 with no distinct
differences shown in Fig. 5a. However, the enlarged graph Fig. 5¢ represents that ohmic resistance
(Rg=2.37 mQ) at Spy=2.0 is larger than that of other conditions (Ry=2.12 mQ). Approximately, cell 8
follows the regularity of cell 2, where the ohmic resistance (Ry=2.79 mQ) at S,=2.0 but at other
conditions Ry=2.56 mQ. The inconsistency of ohmic resistance at a high fuel inlet flow rate indicates
that excess hydrogen enhances cell performance little, even the unreacted hydrogen molecule diffuses
back to the channel to be removed accompanying with water molecular inside the membrane, causing
localized dehydration and decreased proton conductivity. In addition, EIS and DRT analysis in Fig. 5b
of cell 8 show that polarization resistance and the eigenvalue of pl increase at Sa=1.1, respectively. In

this case, it can be explained that insufficient hydrogen slows down the reaction, thus leading to a small
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increase in oxygen diffusion resistance.

Several inconsistent responses between cell 2 and cell 8 on hydrogen stoichiometric can be noted
despite little changes in EIS and DRT. DRT analysis reveals more information about the changes of
both cells. The range of peak values for cell 2 and cell 8 is inconsistent in Fig. 5b: (i) The range of cell
2 is that p1 0.259 ~ 0.317 mQ and p2 0.357 ~ 0.372 mQ. (ii) The range of cell 8 is that pl 0.443 ~
0.541 mQ and p2 0.682 ~ 0.763 mQ. Through the above results and the EIS plots, it can be noted that

cell 8 is sensitive to the changes of hydrogen stoichiometric, even for cell 2 the phenomena are not

obvious.
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Fig. 5 (a) Impedance data of cell 2 and cell 8 recorded at anode hydrogen stoichiometric measurements
while other parameters of Tsr=60 °C, Sc=2.5, and 100 A keep constant. (b) Corresponding DRTs. (c) The
enlarged graph in the high-frequency region. (d) The enlarged graph of cell 2 in the low-frequency region. (e)
The enlarged graph of DRTs at p2 region for cell 2. (f) Enlarged graph of DRTs at p3 region.

The results under this case demonstrate that cells in the stack have a few inconsistent responses on
hydrogen stoichiometric. However, the ohmic resistance can be reduced by excessive hydrogen.
Moreover, the tolerant capacity for condition changes of fault cells is not as good as the normal ones
due to their damaged structure. Therefore, the stack, especially the fault cells inside, should be

carefully operated for high performance.
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3.3.3 Inconsistent responses on cathode stoichiometric (Sc)

Measurement results with varied cathode air stoichiometric Sc from 3.0 to 1.7 are displayed in Fig.
6. Fig. 6a shows the impedance spectra of both cells and the enlarged graphs Fig. 6¢, d for a better view.
Corresponding DRT analysis is given in Fig. 6b with an enlarged p2 region Fig. 6e.

Cell 2 and cell 8 are easily identified by the impedance data, the shape of EIS, and the eigenvalue
of oxygen diffusion in Fig. 6a and b. Although the results in Fig. 6d indicate that the ohmic resistances
for both cells, in this case, are almost constant. The real and imaginary part of impedance data shows
that cell 8 is the fault cells due to the large impedance (about three times that of cell 2) at low air
stoichiometric. Moreover, the inconsistency of eigenvalues of pl noted in Fig. 6b enhances the result
that the structure of cell 8, especially for the cathode GDL,, is damaged compared with cell 2.

In addition to the results of identifying cell state through EIS and DRT analysis, the inconsistent
responses of single cells can be noted as well. With S¢ decreasing, the impedance including the real and
imaginary parts shows a great increase of the recorded data at low frequency. For cell 2 in Fig. 6c, the
low-frequency impedance increases from 13.5 mQ to 24.1 mQ for the real part and from -0.75 mQ to
-3.18 mQ for the imaginary part, where the growth trend as the red arrow shows. It is notable in Fig. 6a
that the imaginary part of cell 8 impedance increases exponentially from -1.61 mQ at Sc=3.0 to -30.5
mQ at Sc=1.7. The real part of cell 8 increases from 20.4 mQ to 56.2 mQ likewise. Furthermore, the
spectra shape of cell 8 varies greatly from an arc to a straight line in the low-frequency region with air
stoichiometric declining.

Fig. 6b reveals that pl is severely affected by air stoichiometric, especially for cell 8. With Sc
declining, a rise up of pl eigenvalue are from 0.46 mQ to 4.13 mQ and its eigenfrequency shifts from

50 Hz to 7 Hz for cell 8, respectively. The eigen-parameters of cell 2 are from 0.29 mQ to 0.95 mQ and
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from 30 Hz to 9.5 Hz, individually. Oxygen insufficiency cannot provide competent forces to drive

oxygen diffusing through GDL and MPL to the reacting place. Besides, the produced water failed to be

removed timely occupies most pores, increasing the difficulty for the diffusion process and change the

medium of microporous layers. In addition, p2 shows a little variety at the measurements in Fig. 6e: (i)

The eigenvalue increases from 0.79 mQ to 1.08 mQ with eigenfrequency shifting from 600 Hz to 200

Hz for cell 8. (ii) About 0.07 mQ increase of the eigenvalue in Fig. 6b and 150 Hz shifting during Sc

decreasing from 3.0 to 1.7 represented in Fig. 6e for cell 2. For the changes of p2, oxygen starvation

and water content at low air stoichiometry impede the ORR process for cell 8 due to the poor porosity,

while for cell 2 structural integrity helps to avoid this phenomenon.
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Fig. 6 (a) Impedance data of cell 2 and cell 8 recorded at cathode air stoichiometric measurements while
other constant parameters of Tst=60 °C, Sp,=2.0, and 100 A (ochmic region). (b) Corresponding DRTs. (c) The
enlarged graph in the region of ~ 25 mQ. (d) The enlarged graph of the high-frequency region. (e) The
enlarged graph of DRTs at the p2 region for cell 2.

Results through the comparison investigation demonstrate the inconsistent responses between cell

2 and cell 8 on air stoichiometric. The followings are the detailed inconsistencies between cell 2 and

cell 8. With the air stoichiometric declining, the increase of polarization resistances calculated from Fig.



Journal Pre-proof

6a and care 32.8 mQ for cell 8 while 8.2 mQ for cell 2, respectively. The imaginary part of the
low-frequency impedance increase is 28.9 mQ for cell 8 while 2.43 mQ for cell 2 in Fig. 6a and c.
Moreover, Fig. 6b shows that the increase of the pl eigenvalue of cell 8 is 3.6 mQ, which is much
larger than 0.65 mQ of cell 2. The inconsistency values of impedance parameters and DRT analysis and
frequency shift between cells indicate that the damaged MEAs especially cathode GDL and CL
contribute to the poor characteristics of fault cells. Furthermore, the sensitivities to cathode air changes,
e.g., insufficient air inlet can be owned to the damaged structure of GDLs and CLs as well.

In conclusion, the oxygen diffusion process is sensitive to air shortage and air changes, which
causes inadequate forces driving gases through porous layers as well as drag water outside. For the
cells, the structural weakness of fault cells mainly owns to the poor capacities of water removal and gas
diffusion compared with normal ones.

3.3.4 Voltage responses on operating conditions

Above Nyquist plots and DRT analysis investigate the static characteristics of the cells, while not
reveal the dynamic characteristics during EIS measurements. Therefore, Fig. 7 illustrates the dynamic
performance of selected cells and the stack, where Fig. 7a displays the measurements at the stack
temperature condition, Fig. 7b the anode hydrogen stoichiometric parameter, and Fig. 7c the cathode
air stoichiometric variable, respectively. Moreover, the average voltage is shown as well to analyze
voltage variation trends with conditions altering. In order of the cell number (cell 1, 2, 3, 8 and 9), five
EIS tests are conducted under each condition in the process of 15 minutes. Thereinto, the mean value of

voltage response for single cells and the stack is calculated by the following expression:

o “i*TV k = stack, cell 2, cell 8 (5)
K7 60x2xT i (k=stack, cell 2, cell 8)

i=1

where EV is the average voltage, T, with the unit of minute, denotes the time interval during the EIS
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test under each operating condition, i represents the ith voltage data recorded by the test bench, and k

denotes the objective of single cells and the stack, respectively.

As shown in Fig. 7, performance inconsistency exists between cells and the stack during operating.

Cells perform steadily most of the time and fluctuate at impedance testing only, contrast with the cells,

the stack voltage undulates through the entire process not only impedance tests. The results in Fig. 7

represent the relationships of the stack to normal and fault cells, as well as the similarities and

differences between cells, with details as follows.
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Fig. 7 Voltage responses of cells and stack at the measurements of (a) temperature conditions from 70 °C to
35 °C in Section 3.3.1. (b) anode hydrogen stoichiometric from 2.0 to 1.1 in Section 3.3.2. (c) cathode air
stoichiometric from 3.0 to 1.7 in Section 3.3.3.

Under the temperature condition, Fig. 7a indicates that the stack has a similarity of increasing

performance with cell 2 when condition decreasing to 60 °C, the voltage downtrend is getting larger at

low temperature, and cell 8 fluctuates enhanced during the EIS measurements at 35 °C. Only a little

performance decrease of 0.03 V for cell 2, 0.07 V for cell 8, and 0.13V for the stack, respectively, exist

for both cell and stack at Sy conditions from 2.0 to 1.3 in Fig. 7b. However, inadequate hydrogen at

Sa=1.1 leads to a voltage drop even sustained declines during running, especially for cell 8 and the
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stack. It is shown in Fig. 7c that the amplitude of voltage waves at EIS measurements increases

gradually with Scadeclining, particularly under oxygen starvation. Moreover, the minimum value of

voltage is only about 0.664 V and 20.65 V for cell 8 and the stack despite having a good average

performance of 0.683 V and 21.15 V, respectively.

Performance inconsistencies including cell inconsistencies of steady performance, responses on

current disturbance and voltage changing trend, and inconsistency between cells and stack indicate that

fault cells are sensitive to operating conditions and small disturbances at severe conditions, as well as

the stack perform unstably under insufficient fuel and oxygen starvation. According to the barrel effect

in the stack and real-time monitoring, the operative conditions and superimposed current signal should

be adequately considered to avoid sudden shut-ups during measurements.

3.4 MEA inconsistency

Section 3.3.1 to 3.3.4 explores the impedance and voltage responses of cells on operating

conditions from the view of data characteristics. In order to understand the mechanism causing cell

inconsistency, a visualization using the MEA component for comparison is conducted by JSM-7800F.

The corresponding micrographs including membrane, flow channel, GDL and CL are displayed in Fig.

Fig. 8a, the micrographs at 100x and 500x of the membrane, shows that several impurity clusters

attach on membrane surface for both cells and fallen carbon fiber as well for the fault cell. Fig. 8b

depicting the flow channel of 100x and 500x indicates that ribs and channels are holonomic and flat

for the normal cell. However, impurities with a maximum width of 7.5 um on the channel and materials

loss of ribs are observed in the fault cell. For the comparative micrographs in Fig. 8c, the porous

structure of GDL composed of carbon paper and carbon rods can be clearly observed in the normal cell.
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In contrast, in the image of the fault cell, partial pores are covered by CL materials and particles
attached to the carbon rod, which leads to poor porosity. In Fig. 8d, CL fully covers the GDL with
ordered distribution materials for normal cell, while for fault cell materials has fallen and passed
through the pores to GDL. Moreover, most of the platinum is covered, causing the decreased effective

surface of fault cells.

normal 5ER ! fault

impurity
cluster

g impurity
cluster *

/. impurity
/° cluster

normal

Material loss

Fig. 8 Comparative micrographs of (a) membrane of 100x and 500x, (b) flow channel of 30x and 500x, (c)
gas diffusion layer of 100x and 1000x%, and (d) catalyst layer of 100x and 1000x, for the normal and fault
cell.

The above analysis proves that structure inconsistency of the component among cells exists even

they are running under the same condition. Noted that fault cells have poor MEA components and flow

field after long-term operation: (i) Impurities attached on the membrane and channel surface resist the

transport process of the proton, reactant, and water. (ii) Material abscission leads to structural
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inconsistency and non-uniform reaction. For instance, cross flows exist due to the rib material
abscission and water accumulation accumulates due to material abscission. (iii) Diffusion process
slows down caused by the blocked surface of GDL and the reaction process decreases due to the
reduced effective reaction surface. Hence, to reduce or avoid the consistency phenomena in the stack,

the cells and operating conditions should be protected and adjusted in the running process, respectively.

4. Conclusion

Cell inconsistency is observed in a 5 kW PEMFC stack under different working conditions. A
comprehensive strategy is proposed in this paper to investigate inconsistency details and mechanisms
between normal and faulty cells, which includes steady performance, polarization curve, EIS with DRT
analysis, and SEM visualization. The accuracy of EIS measurement applied to large-scale PEMFCs is
validated by the Kramers-Kronig test. In all cases, two selected cells with 312 cm? active area are
conducted under three types of measurements (stack temperature, hydrogen stoichiometric, and air
stoichiometric) to comparatively explore the inconsistent responses on operating conditions.

The inconsistent polarization curves indicate that fault cells have a worse performance under high
current densities with more generated water. Responses on low temperature and low air stoichiometric
further confirm fault cells perform poorly under plenty of water content. Moreover, inconsistent voltage
responses demonstrate fault cells performance are lower than the normal ones, sensitivity to condition
changes, and even sensitivity to the superimposed signal at severe conditions. EIS and DRT analysis
detail the specific inconsistencies including impedance and the electrochemical process of oxygen
diffusion and ORR. In this case, cell inconsistent responses on operating conditions suggest that
temperature affects both oxygen diffusion and ORR while air supply mainly contributes to the oxygen

diffusion process. Inconsistent responses between cells indicate fault cells have a poor electrochemical
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process, especially oxygen diffusion, and verify fault cells are sensitive to water in PEMFC. The
inconsistencies of external performance and detailed internal characteristics are confirmed by the
structural inconsistencies of MEA between normal and faulty cells. Blocked pores of GDLs, damaged
CLs and covered platinum particles all confirm the reason why fault cells perform worse from the
mechanism perspective. It can be derived from experimental results that cell inconsistency occurs in
the stack even cells at the same conditions, and inappropriate conditions accelerate this inconsistency.
Therefore, the running strategy and drainage system should be improved in large-scale stacks to protect

poor cells, avoid severe fault states, reduce cell inconsistency, and improve PEMFC durability.
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