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a  b  s  t  r  a  c  t

The  effect  of  perfluorosulfonic  acid ionomer  loadings  on electrochemical  surface  area,  gas  transfer  resis-
tance and  output  voltage  performance  was  systematically  studied  by  both  electrochemical  and  fuel  cell
experiments.  Differently  from  the  previous  reports,  a high  Pt  loading  catalyst  (60 wt.%  Pt/C)  was  used  to
evaluate  the  effect  in this  work.  The  optimum  loading  of  perfluorosulfonic  acid  ionomers  in  catalyst  layers
was determined.  It  was  found  that  the  ionomer  anode  content  slightly  influenced  single  ell performance
vailable online 6 December 2011

eywords:
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atalyst layer
erfluorosulfonic acid ionomer

and  the  optimum  ionomer  anode  loading  was  30 wt.%.  Based  on  reasonable  gas  transfer  resistance  and
fuel cell  performance,  the optimum  ionomer  cathode  loading  was  25–30  wt.%.  Significantly,  the  optimum
loading  of  the  ionomer  showed  a nondependence  relationship  with  Pt  loadings  in catalyst  layers.

© 2011 Elsevier Ltd. All rights reserved.
oadings

. Introduction

Ionomers have been used in proton exchange membrane fuel
ells (PEMFCs) to enhance the proton conductivity of catalyst lay-
rs and membranes. The most commonly used ionomer in PEMFCs
s the perfluorosulfonic acid, such as Nafion®. The Nafion percent-
ge (NFP) in catalyst layers is one of most important factors to
etermine Pt catalyst utilization rate. The proton conductivity of
atalyst layers would decrease at too low NFP, leading to a low
atalyst utilization rate and a high impedance of the membrane
lectrode assembly (MEA). On the other hand, the gas trans-
ort and electricity conductivity would be low at too high NFP,
orresponding to a low catalyst utilization rate [1–3]. Thus, the
FP value should be controlled in a reasonable range. Recently,
0–40 wt.% Pt/C has been widely used in catalyst layers in the
etermination of the optimum NFP values [4–9]. However, the
urrent tendency is towards higher Pt loading catalysts (60 wt.%
t/C or over) used in PEMFCs due to the higher catalytic efficiency
10,11]. Therefore, in the process of increasing the Pt loading of
atalysts, the optimum NFP has to be reconsidered. Moreover,
ost studies have focused on evaluation of NFP in catalyst layers

nder the same Pt loading because of requirements of consis-

ent results. Thus far, the effect of NFP at both the anode and
he cathode sides on single cell performances has not been sys-
ematically studied. In addition, there have long been questions

∗ Corresponding author. Tel.: +86 27 87651837x8611; fax: +86 27 87879468.
E-mail addresses: msc@whut.edu.cn, mushichun@gmail.com (S. Mu).

013-4686/$ – see front matter ©  2011 Elsevier Ltd. All rights reserved.
oi:10.1016/j.electacta.2011.11.108
regarding whether or not the presence of optimum NFP at dif-
ferent Pt loading in catalyst layers. We  have noticed that there
presents no direct relationship between the Pt loading and opti-
mum  NFP in most cases through comparative studies of Refs.
[1,4,7,8]. However, the previous studies did not clearly state this
nondependence relationship, in contrast, a few researchers [5,6]
have taken the opposite point of view that the optimum NFP should
depend on the Pt loading. Therefore, in this work, the most favor-
able NFP and relationship between the Pt loading and optimum
NFP in higher Pt loading catalyst (60 wt.% Pt/C) are investigated
through the combination studies of electrochemical and single cell
experiments.

2. Experimental

The membrane electrode assembly (MEA) was  prepared by
the catalyst-coated membrane (CCM) method [12,13]. 60 wt.%
Pt/C electrocatalyst (HispecTM 9100) was purchased from John-
son Matthey Corp. Ionomer solution (5 wt.% Nafion® solution), and
Nafion® 211 membranes with thickness of 25 �m were obtained
from Du Pont. Gas diffusion layers with water management layers
were provided by WUT  Energy Co. All solutions were prepared with
deionized water of resistivity not less than 18.2 М� cm−2.

Multiple CCMs were prepared according to the catalyst load-
ings in catalyst layers. Samples with the different NFP of 10, 20,

25, 30, 40 and 50 wt.% on test electrode sides at the same Pt
loading of 0.35 mg  cm−2 were prepared. Another samples with
the NFP of 20, 30 and 40 wt.% on test electrode sides at Pt load-
ings of 0.15 and 0.5 mg  cm−2, respectively, were also prepared. As

dx.doi.org/10.1016/j.electacta.2011.11.108
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
mailto:msc@whut.edu.cn
mailto:mushichun@gmail.com
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Fig. 1. SEM images of the cross-section (A), magnified 

 benchmark, the NFP of 25 wt.% on the reference (or counter)
lectrode side with 0.4 mg  cm−2 Pt loading was employed. The
repared CCMs were assessed by single cells with active area

 cm−1 × 5 cm−1.
Single cell testing has been performed by G50 Fuel Cell Test

tation (GreenLight) with H2 as fuel feed gas and air/O2 as oxi-
ant and without back pressure. H2 stoic was 1.5 at anode and
ir (or O2) stoic was 2.0 at cathode. The humidity was 100% RH
t both electrode sides and controlled by dew-point tempera-
ure at 60 ◦C. Prior to the measurement, cells were activated by
olarization at a constant current till a stable performance was
btained.

Cyclic voltammetric measurements of single cells were carried
ut using a three electrode configuration by an Autolab (PGSTA30,
he Netherlands) potentiostat. The test electrode was employed
s the working electrode at a fixed N2 gas flow rate of 10 sccm
100% RH) and the other electrode was as the counter electrode at a
xed H2 gas flow rate of 20 sccm (100% RH). The counter electrode
as also served as a reference electrode because the overpotential

t the counter electrode for the hydrogen oxidation or evolution
eaction was negligible [14]. The measurement was carried out at
he scan rate of 50 mV/s in a potential window of 0.05–1.25 V vs.
HE at room temperature after 2-h activation. The electrochemi-
ally active surface area (ECSA) was calculated using the following
quation [15,16]

CSA = QH

m × qH
(2.2)
here QH is charge for Hupd adsorption, m is the loading of metal,
nd qH (210 �C cm−2) is the charge required for monolayer adsorp-
ion of hydrogen on Pt surfaces.
section (B), and surface (C) of catalyst layers for CCMs.

3.  Results and discussion

3.1. Morphology of catalyst layers

Fig. 1A illustrates the SEM image of typical cross-section of
CCM. The middle part is Nafion® 211 membrane with thickness
of 25 �m.  The bilateral catalyst layers are composed of the Pt/C
catalyst and perfluorosulfonic acid ionomer (Nafion). The catalyst
layer has a homogeneous thickness of approximately 7 �m and a
porous structure as shown in Fig. 1B. Fig. 1C further shows that the
internal structure of the catalytic layer consisting of Pt/C agglom-
erates, which is consistent with the previous report [3,14],  and
the secondary pores [3] are located between these agglomerates.
The catalyst layers with rich pores are beneficial to the water and
reaction gas transfer.

3.2. Influence of NFP on ECSA of catalyst layers

Fig. 2A shows the cyclic voltammetric curves obtained in sin-
gle cell tests (Pt loading of 0.35 mg  cm−2). The ECSA was calculated
through measuring the charge collected in the hydrogen adsorp-
tion/desorption region after double-layer correction and assuming
a value of 210 �C cm−2 for the adsorption of a hydrogen mono-
layer [15,16]. Navessin et al. [17] have reported that the ECSA of
the catalyst layer slightly depended on NFP. However, at least two
different stages in ECSA changes can be observed with increasing
NFP in this work. As seen in Fig. 2B, the ECSA increases firstly and
then decreases with increase of NFP. The ESCA reaches a maxi-
mum  at NFP of 30 wt.% and then drops down at NFP of 40 wt.%. As

the NFP is further increased to 50 wt.%, the ECSA does not change
much, indicating a tendency of ECSA towards steady state when
the NFP is over 40 wt.%. At low NFP, the surface of Pt catalysts
does not effectively contact the Nafion. In this case, the triple phase
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n  catalyst layers measured by single cell method with varied NFP at Pt loading of
.35 and 0.4 mg cm−2 in cathode and anode, respectively.

oundary reaction zone cannot be formed, which leads to a very low
CSA because of increase of inactive sites [18–20].  With increas-
ng NFP, the ionomer could extend to the surfaces of catalysts and
ncrease the ECSA by forming more triple phase boundary reac-
ion zones. However, the Pt/C agglomerates in catalyst layers could
e entirely enveloped by ionomers once the NFP is increased to a
hreshold value. And then the mass transfer capability of electrodes
ould be reduced, leading to a decrement of ECSA. If the NFP value

s further increased, the ECSA would become constant despite the
ncrease of ionomer thickness. The finding basically confirms the
revious results [1,3,4,21],  indicating that the negative impact of
roton (H+) transfer caused by the increased thickness of ionomers

s limited.

.3. Impact of NFP at cathode on fuel cell performance

Single cells with different NFP values in the range of 10–50 wt.%
t cathode (Pt loading of 0.35 mg  cm−2) were assembled. In order
o eliminate any possible influences of anode, the NFP value and
t loading at anode were fixed at 25 wt.% and 0.4 mg  cm−2, respec-
ively. Fig. 3 shows the fuel cell performance at varied NFP values
n different polarization regions. In the low current density region
f 0–200 mA  cm−2, which is the activation polarization region, the
uel cells with NFP values of 20, 25, 30 and 40 wt.% in catalyst lay-
rs exhibit similar performances which are better than those in the
ase of NFP of 10 and 50 wt.%. The rapid voltage drop in the polar-

zation curve reflects the sluggish kinetics intrinsic to the oxygen
eduction reaction at cathode. The triple phase boundary of catalyst
ayers is reduced under excessively lower NFP (≤10 wt.%) condi-
ion, whilst the mass transfer resistance increases at higher NFP
Fig. 3. Effect of NFP at cathode on potential–current.

(≥50 wt.%). These could lead to a low catalytic activity of Pt cat-
alysts. In the current density region of 200–700 mA cm−2, which
is an ohmic polarization region of fuel cell operation, the output
voltage drops linearly with a small slope in a wide range of output
currents. The performance reaches the maximum at NFP value of
25 wt.%, which is slightly higher than that at NFP of 30 and 20 wt.%.
A big drop of the performance is observed when the NFP increases
to 40 and 50 wt.% or decreases to 10 wt.%. This phenomenon is the
most obvious at lower NFP. For the ionomer loadings of 10 wt.% or
lower, the absence of enough ionomers as proton transfer pathways
in catalyst layers, would cause a larger ohmic resistance. For the
higher ionomer loadings, for example the NFP of 40 and 50 wt.%,
the specific volume of larger pores in the 0.04–1.0 �m range are
declined [3,22] and water content is increased [17]. It thereby
restricts the mass transfer of oxygen and further enlarges the range
of concentration polarization region (≥300 mA cm−2), leading to a
considerable reduction of output voltage. On the whole, the fuel
cells with NFP of 20–30 wt.% show better performance. However,
the cell performance at NFP of 25 and 30 wt.% is almost similar,
indicating that the optimum NFP requires the balance between
ECSA, ohmic resistance and mass transfer overpotential within the
catalyst layer [7,24].

Based on the single cell performance, the samples with NFP
values of 20, 25 and 30 wt.% were selected for further study.
The oxygen transfer resistance of cathode electrode was  charac-
terized by comparing performance of the same fuel cells under
either H2/air and H2/O2 conditions [23]. Fig. 4A shows the
current–potential polarization curves of cells with NFP of 20,
25 and 30 wt.% under H2/O2. The output voltage is 0.60–0.64 V
at 800 mA cm−2. Compared with that under H2/air condition
(0.45–0.53 V at 800 mA cm−2), the cell performance is significantly
improved under O2 condition because of the high O2 concentra-
tion at cathode. The cell with NFP of 30 wt.% shows a relatively
high performance in comparison with the others. It indicates that
the cell with NFP of 30 wt.% in catalyst layer has a strong effect
on gas transfer under H2/O2 condition. Fig. 4B shows the differ-
ential potential curves of cells operated under H2/air and H2/O2.
This test is extensively used to evaluate the air transfer resistance
in electrodes. Generally, the differential potential is primarily dic-
tated by gas transfer resistance of the catalyst layer with the same
gas diffusion layer. Additionally, the cell performance is mainly con-
trolled by the mass transfer at an applied current density of over

−2 −2
800 mA cm . Therefore, the differential potential at 800 mA cm
can be treated as a comparison of air transfer resistance. The results
demonstrate that the cell with NFP of 25 wt.% has the least amount
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ig. 4. Effect of NFP at cathode on potential–current (H2–O2) (A) and O2 transfer
esistance (B).

f air transfer resistance as compared to other samples with NFP of
0 and 30 wt.%.

Based on an overall consideration of various factors including
CSA, fuel cell performance and air transfer resistance, the opti-
um  NFP at cathode is in the range of 25–30 wt.%. A high catalytic

ctivity, fuel cell performance and a low air transfer resistance can
e obtained in this range.

.4. Influence of NFP at anode on fuel cell performance

Fig. 5 shows the current–potential curves of single cells with
aried NFP at anode and with the NFP of 25% and Pt loading of
.4 mg  cm−2 at cathode. It can be seen that the influence of NFP at
node on single cell performance is small in comparison with that
t cathode. As the NFP value increases from 10 to 40 wt.%, the cell
erformance slightly decreases. However, when NFP increases to
0 wt.% the performance decreases significantly. In fact, the anode
eaction (hydrogen electro-oxidation) is extremely fast on a cat-
lyst as compared with the cathode reaction (oxygen reduction).
hus, the ECSA of catalyst layers with 10–40 wt.% NFP cannot influ-
nce the cell performance. The slow performance degradation with
he raised NFP at anode might be caused by a sluggish increase of
ydrogen transfer resistance, whilst the rapid performance degra-
ation of the cell with NFP of 50 wt.% could be attributed to the
ncreased impedance of electrodes. Although the cell with NFP of
0 wt.% at Pt loading of 0.35 mg  cm−2 in anode shows the best per-
ormance, the consumption of Pt is very high because of low ECSA
f 28.2 g cm−2, as shown in Fig. 2B. By contrast, for the cell with
Fig. 5. Influence of anode NFP on potential–current (H2–O2) with the NFP of 25%
and  Pt loading of 0.4 and 0.35 mg cm−2 at cathode and anode, respectively.

NFP of 30 wt.% at the same Pt loading, its ECSA of 62.4 g cm−2 is two
times as high as that level. It displays that the Pt amount used can
be reduced to less than half to obtain the same performance. Thus,
it is reasonable to believe that the optimum NFP at anode is 30 wt.%.

3.5. Correlation between Pt loading and NFP at cathode

As discussed above, the reasonable value of NFP at cathode is in
the range of 20–30 wt.%. The performance for other samples with
NFP of 10 and 50 wt.% is quite low. Therefore, the samples with
NFP of 20, 25, 30 and 40 wt.% were used to evaluate the corre-
lation between Pt loading and NFP at cathode. Fig. 6 shows the
current–potential polarization curves of cells with the NFP of 20
(Fig. 6A), 25 (Fig. 6B), 30 (Fig. 6C) and 40 wt.% (Fig. 6D) as the Pt
loading increases from 0.15, 0.35 to 0.5 mg  cm−2, respectively. As
illustrated in Fig. 6A, the output voltage of the cells with NFP of
20 wt.% is improved with increasing Pt loading, and the basically
identical situation also appears in the others with NFP of 25–40 wt.%
(Fig. 6B–D). However, for the cells with NFP of 25 wt.%, their output
voltage is close at Pt loading of 0.35 and 0.5 mg  cm−2 (Fig. 6B) as
the current density is over 400 mA cm−2. Such enhancement of the
performance could be attributed to the increased ESCA of catalysts
with increasing the amount of Pt.

Fig. 6E shows that the cells with NFP of 25 wt.% always have
higher output voltage performance at a given current density of
0.6 A cm−2 than that with NFP of 20, 30 and 40 wt.% under increas-
ing Pt loading from 0.15, 0.35 to 0.50 mg  cm−2. This demonstrates
that the optimum NFP at cathodes is 25 wt.%, and has no obvious
relationship with Pt loading. In addition, it presents a decreased
trend of the performance at current density 0.6 A cm−2 in the order
of the cells with NFP of 25, 30, 20 and 40 wt.% under the same
Pt loading. These results are in good agreement on the reports by
other researchers, where they have demonstrated the presence of
an optimum NFP of 33–40 wt.% (the average optimum NFP value is
about 36 wt.%) for 10–25 wt.% Pt/C catalysts (see Table 1). Antolini
et al. [7] believed that above NFP of 27 wt.%, by impregnation the
Nafion forms a film on external surface of electrode, and it fur-
ther occupies the space between the catalyst particles up to NFP
of 36 wt.%. It is important to note that, in these reports, the Pt
loading in catalyst layers was differently distributed from 0.1 to
0.5 mg  cm−2, and the existence of an optimum NFP strongly indi-

cates that there is no direct relationship between the Pt loading and
optimum NFP. However, this result is opposite to the report by a
few researchers such as Sasikumar et al. [5,6] who concluded that
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Table 1
Comparison of optimum Nafion loading between literature data.

Reference Pt (%) Pt loading (mg  cm−2) Optimum NFP (%)

This work 60 0.15, 0.35, 0.50 25–30
Paganin et al. [1] 10 0.4 30–35
Passalacqua et al. [4] 20 0.5 33
Antolini et al. [7] 20 0.2 40
Uchida et al. [3] 25 0.1 33
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he optimum NFP in catalyst layers depended on Pt loadings from
xperimental data. But they did not give a reason explanation.

We have demonstrated that the optimum NFP is irrespective
f the Pt loading, and achieved consistency with most of previous
esearch results, however the optimum NFP at cathode is lower
han that reported by references. The preliminary view on this
hange is that the radically increased wt.% of Pt supported on carbon
ith the same size and dispersion degree of Pt particles (i.e. 60 wt.%)

an reduce the usage amount of Nafion due to the decreased dis-
ance between Pt particles on supports. Usually, the proton (H+)
ormed on Pt surfaces at anode needs to be transferred to cata-
yst layer–membrane interfaces by recast Nafion films in catalyst
ayers, whilst it is just the opposite process at cathode electrode.
he shortened distance between Pt particles can speed up the H+

ransfer onto Pt surfaces at cathode. In addition, the reduced Nafion
sage is benefit for increasing the secondary pores between Pt/C
gglomerates [3],  leading to improved porosity of catalyst layers
nd promotion of the oxygen transfer. However, the higher and
ower NFP could block the oxygen and hydrogen transfers, respec-
ively. The best performance is obtained for fuel cells with NFP
f about 25–30 wt.%, representing an optimum balance of proton
ransport, oxygen diffusion and ECSA.

. Conclusions

The percentage of Nafion (NFP), which is one sort of the per-
uorosulfonic acid ionomers in catalyst layers of proton exchange
embrane fuel cells exhibited an effect on electrochemical sur-

ace area (ECSA) of Pt catalysts. The ECSA increased to a maximum
nd then decreased to a stable value with increase of NFP from
0 to 50 wt.% in fuel cells. The NFP influenced gas transfer resis-
ance significantly. A relatively reasonable gas transfer resistance
orresponding to higher performance was obtained for fuel cells
ith the optimum NFP of 25–30 wt.% at cathode. However, the NFP

t anode influenced fuel cell performance slightly. Based on the

nalysis of the performance and utilization rate of ECSA of Pt cata-
ysts, the optimum NFP in anode was 30 wt.% under low Pt loading
ondition. In addition, there was no indication showing correlation
etween the optimum NFP and the Pt loadings at cathode. At all

[

[
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utilization rates of ECSA, the optimum NFP at cathode was
25–30 wt.%. The results are prospective to improve the fuel cell
performance as well as the utilization rate of catalysts.
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