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Abstract—Electrochemical impedance spectroscopy (EIS) was used to investigate the influence of several parame-
ters on the performance of PEMFC. The applied frequency was in the range of 50 mHz-10 kHz. The experiment was
designed by using a 2* factorial design to identify the effects of various parameters including cell voltage, flow rates
of gaseous fuels and cell temperature at the saturated humidification in anode and 60% relative humidity cathode. The
results indicated that the cell temperature, cell voltage and interactions of cell voltage, flow rate of H, and O, had a
significant effect on the cell performance. In addition, the flow rate of O, had a strong effect on the ohmic resistance
and the charge transfer resistance in the system. Models describing the relationship between previous parameters and
ohmic resistance, charge transfer resistance and capacitance were also developed.
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INTRODUCTION

The proton exchange membrane fuel cell (PEMFC), also called
“the solid polymer fuel cell” (SPFC), was first developed by Gen-
eral Electric in the USA in the 1960s. It is one of the most promis-
ing candidates as a clean power source for electric vehicles or com-
bustion engines in automotive transport, because of (i) its high en-
ergy conservation efficiency, (ii) the possibility of using regenera-
tive fuels, (iii) low or zero noxious emission of environmental pol-
lutant, (iv) low operating temperature, and (v) relatively quick start-
up [1-3]. Due to the complexity in electrode behavior inside a fuel
cell and the influence of several factors, electrochemical imped-
ance spectroscopy (EIS) has been demonstrated to be a useful and
powerful technique to study the different processes taking place in
fuel cells. In this technique, the cell or electrode impedance is plotted
versus frequency of the AC source. The variation of the impedance
with frequency is often of interest and can be displayed in different
ways. In a Bode plot, log|Z| and @are plotted against logarithm value
of frequency (@). An alternative representation, a Nyquist plot, dis-
plays Z,, versus Z,, for different values of @ The potential losses
for an H,/O, fuel cell may cause several steps: interfacial reactions
kinetics, conductance of the electrolyte in the catalyst layer, oxygen
diffusion in the gas phase, in the thin film and in the distributed
agglomerate regions of the gas diffusion electrodes and the balance
water in the membrane [4]. Application of EIS for testing the var-
ious processes occurring in a fuel cell can be done in many ways
for various kinds of fuel cells such as solid oxide fuel cells [5-7] and
direct methanol fuel cells [8-10]. Focusing on the proton exchange
fuel cell, Wagner et al. [11] investigated the transportation of water
in membrane by using this tool. They reported that the water trans-
port in the membrane played an important role in establishing the
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limiting polarization behavior at high current density. Eikerling et
al. [12] demonstrated that the catalyst layer thickness had signifi-
cant effect on transportation of active species in a fuel cell. When
the characteristic length scales of both transport processes (O, and
H") were large compared with the catalyst layer thickness, the im-
pedance response merely consisted of a semicircle. The proton trans-
port limitation was observed as a straight line in the high frequency
domain, and the impedance response was corresponding to the equiv-
alent circuit of a linear ladder network composed of the proton re-
sistances and capacitances. By changing the cell voltage of mono
cathode cell [13], the charge transfer resistance decreased exponen-
tially during the whole range of potential explored (0.5-0.9 V). The
formation of cathode capacitance was achieved after polarization
of about 200 mV from open circuit potential (0.5 V), and it was kept
constant (4.6 mF) for larger currents due to faster double layer dis-
charge. In addition, the limiting capacitance was a function of mass
of catalyst in fuel cell [14]. According to the effect of membrane
thickness, the cells with thinner membranes exhibited less sensitiv-
ity to a change in temperature and current density [15]. Increasing
membrane thickness led to a shorter relaxation time. If membranes
with high equivalent weight (EW) were employed, the value of the
total charge transfer resistance increased almost doubly due to the
water shortage for proton hydration [16]. In an H,/air fuel cell, the
impedance spectra of the air cathode was shown to contain two fea-
tures [17,18]: a high frequency loop (HF) and a low frequency loop
(LF). The HF loop was responsible for the process occurring in the
cathode catalyst layer: interface charge transfer and mass transport
of air in the pores of the catalyst layer (agglomerate diffusion) and
in the thin Nafion layer surrounding catalyst particles (thin film dif-
fusion). In the presence of CO at anode side, the EIS spectra ex-
hibited the pseudo-inductive contributions at the low frequency part
due to a surface relaxation [19,20]. On the other hand, in the pres-
ence of NO,, the impedance spectra indicated that NO, can cause a
significant decay of the fuel cell performance, but the cell perfor-
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Table 1. Response of 2* factorial design

Run no. A B c D R, (Q) R, () C, (LF)

Rep. 1 Rep. 2 Rep. 1 Rep. 2 Rep. 1 Rep. 2
1 - - - - 0.1312 0.1625 0.2299 0.3219 45560 37963
a + - - - 0.2349 0.2856 0.4514 0.5682 19884 25091
b - + - - 0.2415 0.2249 0.4328 0.4449 28232 27467
ab + + - - 0.2483 0.2689 0.4268 0.5858 24534 24340
c - - + - 1.1972 1.2957 3.7217 3.4086 5099 4887
ac + - + - 1.4392 1.2222 3.8128 3.1933 6253 5217
be - + + - 0.9344 1.2101 2.5551 3.8061 6520 4377
abc + + + - 0.2653 0.2419 0.8064 0.7789 17680 11523
d - - - + 0.1675 0.2100 4.1874 4.1463 74920 47597
ad + - - + 0.1721 0.2095 4.4493 3.7783 70510 44755
bd - + - + 0.1348 0.1307 2.2517 1.6415 75099 47576
abd + + - + 0.1638 0.2071 3.9620 3.2748 79182 44243
cd - - + + 0.9409 1.0843 12.3465 12.4322 8616 6282
acd + - + + 0.1859 0.2487 3.6974 3.7881 39186 32773
bed - + + + 0.2869 0.2903 5.8844 4.6895 18078 30896
abcd + + + + 1.3620 1.1279 17.7091 16.4928 8182 11966
Axial -1.414 0 0 0 0.6341 0.5542 5.9588 5.3227 9622 9230
Axial 1.414 0 0 0 0.5878 0.5845 4.2667 3.8451 9866 10948
Axial 0 -1.414 0 0 0.6390 0.6261 5.5837 4.0439 8799 8920
Axial 0 1.414 0 0 0.5493 0.5762 4.3309 4.8771 7136 8631
Axial 0 0 0 -1.414 0.5434 0.6208 1.9860 1.9168 7179 7438
Axial 0 0 0 1.414 0.4707 0.4768
Center 0 0 0 0 0.5646 3.1561 11429
Center 0 0 0 0 0.5493 3.2378 11140
Center 0 0 0 0 0.6125 3.7927 11099

mance could be recovered after the introduction of NO, was dis-
continued [21].

In this work, the influence of several parameters on the perfor-
mance of the low humidification PEM fuel cell was explored by
using EIS together with the 2¢ factorial design.

EXPERIMENT

The optimum working condition of an H,/O, fuel cell was inves-
tigated by using EIS. A commercial single cell from ElectroChem,
Inc., USA (FC05-01SP) having an active surface area of 5 cm® (Pt
loading 1 mg/cm?) was employed in this study. The impedance data
were recorded in the frequency range from 50 mHz-10 kHz with ap-
plied AC amplitude of 20 mV. A potentiostate (Autolab, PGSTAT30)
and a frequency response analyzer (FRA) interfaced with a com-
puter were used to analyze the performance of the single fuel cell.
The experiment was carried out with the saturated relative humid-
ity of gas fed to anode and 60% relative humidity of gas fed to cath-
ode. A 2* factorial design was carried out to explore the effects of
various parameters including the flow rate of H, (A, 80-200 sccm),
flow rate of O, (B, 80-200 sccm), cell temperature (C, 39-70 °C)
and cell voltage (D, 0.55-0.80 V) on the ohmic resistance (R,), the
charge transfer resistance (R,,) and the capacitance (C,).

RESULTS AND DISCUSSION
March, 2008

1. Regression Model and Analysis of Variance (ANOVA)
The application of 2 factorial design offers an empirical rela-
tionship between the response parameters in a fuel cell (ohmic re-
sistance, charge transfer resistance and capacitance) and its operat-
ing conditions. The 2* factorial design was conducted with 2 repli-
cations, 3 center points and 6 axial points (Table 1) and the level of
confidence of 95%), the critical value of F,, (F,s,,), was 4.21 [22].
According the ANOVA results of ohmic resistance (Table 2), it
was found that the F, values of A, A%, B? and D* were lower than
the critical value. This means that the feed rate of oxygen (B), cell
temperature (C), cell voltage (D) and interaction of all variables (C?,
AB, AC, AD, BC, BD, ABC, ABD, ACD, BCD, ABCD) had sig-
nificant effect on the ohmic resistance. The obtained regression mod-
el can be expressed in terms of the logarithmic ohmic resistance as
written by Eq. (1). The coefficient of determination (R?) of this equa-
tion was obtained at 0.9545 and residual of this equation was found
to be distributed randomly. This implies that the regression model
was fitted and can be used to represent the data in the experimental
range. On the other hand, for charge transfer resistance, all parame-
ters besides feed rate of hydrogen (A) and an interaction between
feed rate of oxygen and temperature (BC) have a strong influence
on the charge transfer resistance, whereas only temperature (C),
cell voltage (D), interaction of hydrogen feed rate and temperature
(AC), interaction of feed rate of both gases and temperature (ABC),
interaction of feed rate of oxygen, temperature and cell voltage (BCD)
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Table 2. ANOVA table
Log R, (Q) LogR, () Log C, (uF)
Source Degree of Sum of Mean Sum of Mean Sum of Mean
Freedom F-Value F-Value F-Value
Squares Square Squares Square Squares Square
A 1 0.0040 0.0040 1.6737 0.0049 0.0049 1.1748 0.0247 0.0247 3.0753
B 1 0.0365 0.0365 15.249 0.0391 0.0391 9.3526 0.0036 0.0036 0.4423
C 1 2.2487 2.2486 939.22 2.5915 2.5915 620.35 2.8179 2.8179 350.25
D 1 0.1692 0.1692 70.673 4.0964 4.0964 980.57 0.9291 0.9291 115.48
A’ 1 0.0002 0.0002 0.0852 0.0384 0.0384 9.1867 0.0051 0.0051 0.6346
B’ 1 0.0004 0.0004 0.1851 0.0337 0.0337 8.0621 0.0285 0.0285 3.5448
(o3 1 0.1335 0.1335 55.765 0.5418 0.5418 129.68 0.2811 0.2811 34.943
D? 1 0.0027 0.0027 1.1321 0.0794 0.0794 19.012 0.0033 0.0033 0.4142
AB 1 0.0431 0.0431 18.009 0.0329 0.0329 7.8653 0.0267 0.0267 3.3152
AC 1 0.1447 0.1447 60.449 0.1811 0.1811 43.352 0.1660 0.1660 20.630
AD 1 0.0211 0.0211 8.8036 0.0358 0.0358 8.5753 0.0018 0.0018 0.2240
BC 1 0.0465 0.0464 19.399 0.0063 0.0063 1.5069 0.0297 0.0297 3.6875
BD 1 0.0510 0.0510 21.312 0.0194 0.0194 4.6479 0.0129 0.0129 1.6013
CD 1 0.0145 0.0144 6.0487 0.2667 0.2667 63.833 0.0040 0.0040 0.4985
ABC 1 0.0651 0.0651 27.195 0.0180 0.0180 43142 0.1088 0.1088 13.522
ABD 1 0.6590 0.6590 275.25 0.5571 0.5571 133.35 0.3301 0.3301 41.028
ACD 1 0.0618 0.0617 25.794 0.0540 0.0540 12.925 0.0278 0.0278 3.4567
BCD 1 0.2345 0.2345 97.948 0.3131 0.3131 74.949 0.0508 0.0508 6.3160
ABCD 1 0.3257 0.3256 136.02 0.1583 0.1583 37.893 0.1932 0.1932 24.009
Error 27 0.0646 0.0023 0.1044 0.0042 0.2011 0.0080
Total 46 4.6222 9.2067 6.0995

and interaction of all parameters (ABCD) affected the capacitance
of fuel cell. Egs. (2) and (3), respectively, demonstrate the relation-
ship between the logarithmic charge transfer resistance and loga-
rithmic capacitance. Their R values were 0.9454 and 0.9467, re-
spectively, and their residuals were constant variance. It implies that
all regression models were fitted and can be used to describe the
data in the experimental range.

logR 7=—0.2405—0.0302x,+0.2651x.~0.065x,— 0.2009xZ
+0.0367x x5~ 0.0673x ,x—0.0381x,x+0.0399%,:X,,
+0.0451x XX +0.1435% XX, +0.0439% X X,
+0.0856X ;X X, +0.1009% XX X, 1

logR,=0.5295—0.0313x,+0.28461x.+0.3578x,+0.0748x
+0.0701x3—0.4540x2+0.1334x5+0.0320x ,x,— 0.0752X X
+0.0335x,x,—0.0913xx,+0.1319x ;x,;x,+0.04 11X X X,
+0.0989x 5x x5, 10.0703X XX X (@)

logC,=4.0002—0.2967x+0.1622x,+0.3124x+0.0720x X
—0.0583x ,x;x—0.1016x x,;x,—0.0398x ;x X,
=0.0777X XXX 3)

Fig. 1 represents the relationship between the experimental data
including ohmic resistance (a), charge transfer resistance (b) and ca-
pacitance (c) and the model values predicted by using Eq. (1)-(3).
It can be seen that all experimental data were fit very well with the
data obtained from model equations with R* equal to 0.941, 0.961
and 0.980, respectively.

2. Effect of Parameters on the Cell Performance by EIS
2-1. Effect of H, Feed Rate

Fig. 2 shows the impedance spectra of the fuel cell performance
by using H, feed rate of 80 sccm and 200 sccm, which corresponds
to a stoichiometric ratio of H, to O, of 1:2 and 1: 0.8, respec-
tively, under the controlled condition of 80 sccm O, feed rate, 0.8 V
and 39 °C cell temperature at 60% relative humidity of cathode and
saturated humidification at anode. The results exhibited that both
impedance arcs at high frequency are obviously similar as they pro-
vided approximately 0.21 € ohmic resistances. This indicated that
the feed rate of H, had no effect on the ohmic resistance of the single
fuel cell. However, focusing on the total size of both spectra, it can
be seen that the impedance spectra at the high H, feed rate were a
little bit larger than that at low H, feed rate. In addition, the imagi-
nary part of the former was also higher than that of the latter, which
means that the charge resistance of the fuel cell using high H, feed
rate was larger than the fuel cell using the low H, feed rate. This
might be attributed to the effect of water in the feed gas. Namely,
by using a higher H, feed rate, a large amount of water came to the
system. This amount of water may have accumulated on the cata-
lyst surface and barricaded the oxidation reaction, leading to the
increase in charge transfer resistance.

2-2. Effect of O, Feed Rate

Fig. 3 displays the effect of feed rate of O, at 80 sccm and 200
scem, which corresponds to a stoichiometric ratio of H, to H, of 1 : 2
and 1 : 5, respectively, under the controlled condition including the
cell voltage of 0.8 V, cell temperature of 39 °C, and feed rate of H,
of 80 sccm. The results revealed that the feed rate of O, had very
slightly affected the ohmic resistance of the fuel cell, around 0.20-
0.21 Q However, it had a significant effect on the charge transfer

Korean J. Chem. Eng.(Vol. 25, No. 2)
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Fig. 1. Comparison plot of the experimental data (O) and predicted values (@) of (a) Egs. (1); (b) Eq. (2) and (¢) Eq. (3).
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Fig. 2. Nyquist plot of PEM fuel cell performance at H, feed rate
of 80 scem (@) and 200 scem (O), feed rate of O, of 80 scem,
cell voltage of 0.8 V and cell temperature of 39 °C.

resistance. Namely, the impedance spectra of fuel cell using the high
O, feed rate was smaller than that using the low O, feed rate of ap-
proximately 2 times. There are at least two reasons why the fuel
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Fig. 3. Nyquist plot of PEM fuel cell performance at O, feed rate
of 80 scem (@) and 200 scem (O), feed rate of H, of 80 scem,
cell voltage of 0.8 V and cell temperature of 39 °C.

cell performance improves with a higher O, feed rate: first, a high
feed rate helps to remove the produced water from fuel cell, and
second, a higher feed rate keeps a high O, concentration leading to a
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Fig. 4. Nyquist plot of PEM fuel cell performance at cell temperature of 39 °C (O) and 70 °C (@), feed rate of H, and O, of 80 sccm and
cell voltage of 0.8 V with 60% relative humidity (a) and 100 relative humidity at cathode (b).

lower charge transfer resistance and a higher cell performance [23].
2-3. Effect of Cell Temperature and Humidification

The effect of cell temperature was investigated at 39 °C and 70 °C
under controlled conditions (equal feed rate of H, and O, of 80 sccm
and cell voltage of 0.8 V). Considering the cell using the 60% relative
humidity at cathode (Fig. 4(a)), the impedance spectra at high fie-
quencies of low cell temperature were lower than that at high cell
temperature. It indicates that the ohmic resistance of low cell tem-
perature fuel cell was lower than that of high temperature fuel cell.
In addition, the charge transfer resistance of the former was lower
than that of the latter of approximately 3-fold, which conflicted with
the results of Freire and Gonzalez [15]. However, by using 100%
relative humidity for both sides (Fig. 4(b)), the ohmic resistance
and charge transfer resistance of the higher cell temperature were
lower than that at low cell temperature. This behavior may have
led to the effect of low relative humidity at cathode; namely, when
the high cell temperature was carried out at low relative humidity,
the free water contained in the cell evaporating led to the dehydra-
tion of membrane leading to the higher ohmic resistance and charge
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transfer resistance. However, if a high cell temperature was applied at
high relative humidity, a similar result with Freire and Gonzalez [15]
was obtained. This hypothesis was proved by making the water bal-
ance around the single cell at 60% relative humidity at cathode and

Table 3. Water balances a round the single fuel cell at 60% relative
humidity in cathode and saturated humidification in anode
(Basis 1 min calculation)

Sources of water Amount of H,0 (mole)
Water inlet with H, gas 9.04x107°
Water outlet from anode 8.72x107°
Total water in anode (A) 0.32x10°°
Water inlet with O, gas 5.89x107°
Water produced by the reaction in cathode 4.04x10°
Water outlet from cathode 7.30x10°
Total water in cathode (B) -1.006x107°
Total water in cathode [(A)+(B)] —-0.686x107
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Fig. 5. Nyquist plot of PEM fuel cell performance at cell voltage of 0.55 V (@) and 0.80 V (O) by using equal feed rate of H, and O,
of 80 sccm and cell temperature of 39 °C at all frequencies (a) and high frequency range (b).
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Table 4. Operating condition of fuel cell at different respondent parameters at 5" level significant designed by Design-Expert 6.0.10 version

Condition Important response Operating condition of fuel cell
no. parameters (5" level) Feed rate of H, (sccm)  Feed rate of O, (sccm) Temperature (°C) Cell voltage (V)
1 Rs+R.-C,/R+C,/R.-C,/R,/C, 200 200 70 0.55
2 R, 118 140 39 0.55
3 RsR,, 94 140 39 0.55
0.7 1.0
o | (a) (b)
0.8 4
0.5 S
T 04 2 0.6 -
N 03 Z 04 -
w
0.2 o
0.2 4
0.1 4
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Z' (Ohm)

j(Af‘mz}

Fig. 6. Nyquist plot (a) and Polarization curve (b) of fuel cell at various conditions of Table 4. Condition 1 (@); Condition 2 (O) and Con-

dition 3 (X).

saturated humidity at anode (Table 3). It showed that approximately
0.32x107° moles of water occupied the anode, whereas there was
no amount of water in the cathode (—1.006x107° mole). It implied
that a lack of water in the cathode occurred and the previous hy-
pothesis concerning that the cell was dried at high temperature at
60% relative humidity was correct.
2-4. Effect of Cell Voltage

Fig. 5 demonstrates the effect of cell voltage at 0.55V and 0.8
V by using the equal feed rate of H, and O, of 80 sccm and cell tem-
perature of 39 °C. The results indicated that the impedance spectra
at high cell voltage were larger than that at low cell voltage (Fig.
5(a)). This indicates that the charge transfer resistance at high cell
voltage was higher than that at low cell voltage. Focusing on the
high frequency region of the Nyquist plot in Fig. 5(b), it can be seen
that a small second incomplete semi-circle can be detected for both
cell voltages. In addition, this second semi-circle was strongly ob-
served at low cell voltage spectra similar to the results of Romero-
Castanon et al. [13]. These incomplete semi-circle spectra were the
response of the anode side, which are usually smaller than that of
cathode side [24]. Also, considering the ohmic resistance at high
frequency region, it can be seen that the ohmic resistance of the low
cell voltage was a little bit lower than that at high cell voltage. This
may have led to the large amount of water produced at low cell volt-
age (0.55 V) leading to the back diffusion of free water through the
membrane. If we take a closer look at the low frequency region of
Nyquist plots of the spectra at 0.55V, it is clearly observed that a
fluctuation of the impedance spectra was obtained. This is due to
flooding at the cathode side.
3. Determination of Optimum Condition using EIS

Determination of optimum condition using the above empirical
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relations cannot be performed due to the complication of the de-
veloped model equations. Therefore, the optimum operating con-
dition was investigated by using the computer program known as
“Design-Expert 6.0.10 version. In the program, the important lev-
els are sorted into 5 levels; the 5" level is the highest importance
while the 17 level is the lowest importance. Table 4 demonstrates
three conditions that provided the significance of parameters at the
5" level. For example, for the 1* condition, the important parame-
ters were focused on the R R -C, or RC, or R ~-C-, or R, or C,
and the operating conditions were 200 sccm H,, 200 sccm O,, 70 °C
and 0.55 V.

Fig. 6(a) shows the performance curve of a fuel cell operated at
various conditions according to Table 4. It demonstrates that the
impedance spectra of the 3" condition are smaller than that of other
conditions. The ohmic resistance, charge transfer resistance and ca-
pacitance were 0.1743 Q, 0.2454 Q and 31,337 UF, respectively.
The results were also confirmed by the polarization curve (Fig. 6(b)).
The results agreed very well with the Nyquist plot; namely, the 3
condition provides the highest cell performance. It gives approxi-
mately 239 mA/cm’® or around 040 W at 0.35 V. Comparing the
response values predicted by using Egs. (1)-(3) and the experiment
data performed according to conditions of Table 4, it can be seen
that all values obtained by using both methods were closely similar
with an error less than 10%. This emphasized that the model equa-
tion has the reliability to predict all responses including ohmic resis-
tance, charge transfer resistance, and capacitance.

The equivalent circuit of the single fuel cell was also determined
by using the FRA program and demonstrated in Fig. 7. It can be
seen that the circuit was comprised of two loops with *=1.546.
The left-hand side loop is concerned with the properties of the anode,
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Table 5. Response values predicted by using Eqs. (1)-(3) and by experiment according to condition of Table 4

Response
Condition
. R,(@) R.(Q) C, (uF)
Experiment Eq. (1)  Error* (%) Experiment Eq.(2) Error (%)  Experiment Eq.(3) Error (%)
1 0.2409 0.2608 8.26 0.7789 0.8374 7.51 11,523 12,191 5.80
2 0.1992 0.2127 6.78 0.3369 0.306 9.17 26,640 28,293 6.20
3 0.1743 0.1862 6.83 0.2454 0.2664 8.56 31,337 31,622 091
*Error (%) = (experlmental value — pred?cted value from model equatlons) %100
experimental value
Ci. Anode C4 Cathode data were less than 10%.
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Table 6. Composition of equivalent circuit
Equivalent circuit elements Value xr
R, 0.170 1.546
R,, anode (Q) 0.023
R.,, cathode (Q2) 0.157
C,, anode (F) 0.021
C,, cathode (F) 0.165

and the right-hand side loop reveals the properties of the cathode.
Table 6 shows the value of ohmic resistance, charge transfer resis-
tance and capacitance of the equivalent circuit. Both resistances ob-
served in cathode were greater than that in anode by approximately
6-7-fold.

CONCLUSION

This work aims to investigate the influence of several parame-
ters on the performance of PEMFC by using electrochemical im-
pedance spectroscopy (EIS) together with the 2* factorial design.
The preliminary results indicated that the cell temperature, the cell
voltage and the interaction of cell voltage, flow rates of H, and O,
had significant effects on the cell performance. In addition, the flow
rate of O, had a strong effect on the ohmic resistance (R,,) and charge
transfer resistance (R,) in the system. The good relationship be-
tween the model equations and experimental data were obtained
with the coefficient of determination greater than 0.94. The optimum
operating condition was also determined by using the Design-Expert
6.0.10 version. It demonstrated that the maximum cell performance
was obtained by focusing the R R, as the important parameters
and the predicted response values deviated from the experimental
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