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a b s t r a c t

A catalyst-coated membrane (CCM) as used in the membrane electrode assembly (MEA) of a polymer
electrolyte membrane fuel cell is treated by dilute sulfuric acid solution (0.5 M) at boiling temperature for
1 h. This treatment improves the single-cell performance of the CCM without further addition of Pt cata-
lyst. The changed microstructure and electrochemical properties of the catalyst layer are investigated by
ccepted 22 December 2009
vailable online 14 January 2010

eywords:
atalyst-coated membrane
retreatment

field emission scanning electron microscopy with energy dispersive X-ray, mercury intrusion porosime-
try, waterdrop contact angle measurement, Fourier transform-infrared spectrometry in attenuated total
reflection mode, electrochemical impedance spectroscopy, and cyclic voltammetry. The results indicate
that this pretreatment enhances MEA performance by changing the microstructure of the catalyst layer
and thus changing the degree of hydration, and by modifying the Pt surface, thus enhancing the oxygen
olymer electrolyte membrane fuel cell
ulfuric acid solution

reduction reaction.

. Introduction

Polymer electrolyte membrane fuel cells (PEMFCs) are currently
f interest because of their capability for high energy conversion
fficiency, with a rapid response time, very low emissions, a poten-
ially renewable fuel source [1–3]. Recently, PEMFCs have been
sed in commercial applications, in residential and portable power
ources. However, the cost and low catalytic efficiency of rare
etals such as platinum are still important barriers to the com-
ercialization of PEMFCs [4]. Several methods have been studied

n an attempt to improve the efficiency of the platinum catalyst
n the PEMFCs, including the development of an alloyed electro-
atalyst for use in the electrochemical reaction [5–8], inventing
new membrane electrode assembly (MEA) fabrication method

o extend the three-phase reaction zone, and introducing a new

ethod to prepare the electrode in an optimized catalyst layer

tructure [9–11]. Qi and Kaufman [12] found that the treatment of
EA by steaming or boiling increased its performance. They have

hown that the enhanced performance is anticipated to be due to
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an increased catalyst utilization that results from an increase in the
number of three-phase network by boiling and steaming a MEA.
However, they have provided no evidence and have not character-
ized any structural or chemical change in MEAs by their treatment
methods.

Various treatment methods toward enhancement of fuel cell
performance have also been investigated by other groups [13,14].
It is clear that improving the gas and liquid mass transport as well
as extending the three-phase network are important in achiev-
ing a high efficiency of platinum in the catalyst layer. However,
researchers have not been able to clarify causes of increased perfor-
mance by structural or chemical change in MEAs by their treatment
methods.

We here report a simple method for the development of an effec-
tive catalyst layer. In this study, we prepared a MEA containing a
conventional catalyst-coated membrane (CCM), and then soaked
it in a boiling dilute sulfuric acid solution (0.5 M). This treatment
improved the single-cell performance of the CCM without further
addition of a catalyst. In addition, the changes in morphology and
chemical properties of the catalyst layer were evaluated using field
emission scanning electron microscopy (FE-SEM) with energy dis-

persive X-ray (EDX), mercury intrusion porosimetry, waterdrop
contact angle measurement, and Fourier transform-infrared spec-
trometry (FT-IR) in attenuated total reflection (ATR) mode. The
purpose of this paper is to investigate the character of the treated
MEA in acid solution that enhanced its performance, that is, the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:ysung@snu.ac.kr
dx.doi.org/10.1016/j.jpowsour.2009.12.096
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cific pore volumes of treated MEA decreased from 0.30 mL g to
0.23 mL g−1 at 0.07 �m of pore size. However, according to prior
research, the hydrophilicity of the catalyst layer increases with
increasing porosity of the catalyst layer within a 0.01–0.1 �m range
[18]. Because our result is contradicts these previous result, fur-

Table 1
Y.-H. Cho et al. / Journal of Pow

hange of structure in MEA and the modifying the catalyst surface
n cathode electrode.

. Experimental

The catalyst ink was obtained by mixing carbon-supported plat-
num (40 wt.% Pt/C, Johnson Matthey) ultrasonically in isopropyl
lcohol (IPA) and a 5 wt.% Nafion solution (Dupont). The CCM was
hen fabricated by spraying the catalyst ink directly onto both sides
f the polymer electrolyte membrane, Nafion 112, and the cata-
yst loading was 0.15 mg cm−2 [15]. The active area of the MEA was
cm2. For the treatment cell, the prepared MEA was soaked in boil-

ng dilute sulfuric acid solution (0.5 M) at 100 ◦C for 1 h and then
insed with deionized water for more than three days. The anode
nd cathode gas diffusion layers containing the microporous layer
ere then placed on both sides of the CCM. Graphite plates with a

erpentine channel were used for the single-cell test, and the single
ells were operated using humidified or non-humidified hydrogen
nd air gas on the anode and cathode, respectively, with a stoi-
hiometric ratio of 1.5:2. The test was conducted at atmospheric
ressure using gases that were supplied while maintaining the tem-
erature of the single cell at 70 ◦C and 30 ◦C. It is difficult to confirm
he increase of ionic conductivity in high temperature (70 ◦C) and
sing fully humidified gases. In order to eliminate the influence of
ater produced by oxygen reduction reaction (ORR), single-cell test
as also conducted in operating condition of non-humidification

n low temperature (30 ◦C).
Cyclic voltammetry (CV) was carried out to determine the elec-

rochemical surface area (ESA) using a potentiostat–galvanostat
IM-6, Zahner). The voltage range of the CV was between 0.1 V
nd 1.2 V, and the scan rate was 100 mV s−1. For the CV exper-
ments, humidified nitrogen gas was fed to the cathode as the

orking electrode, and humidified hydrogen gas was fed to the
node as the counter electrode and the reference electrode. The
lectrochemical properties of the prepared MEA were then exam-
ned by electrochemical impedance spectroscopy (IM-6, Zahner)
t frequencies ranging from 100 kHz to 1 Hz, with 10 points per
ogarithmic decade being recorded. The single cell was operated

ithout humidification at 30 ◦C and was maintained at the steady
tate of 1.0 A and 2.0 A of cell current during each impedance mea-
urement. The changes in morphology and chemical properties of
he catalyst layer were evaluated using FE-SEM (JSM 6700F, JEOL
td.) with EDX (7421, OXFORD), mercury intrusion porosimetry
Auto Pore IV 9500, Micromeritics Instrument), waterdrop contact
ngle measurement (KRÜSS Measuring Instruments DSA-10), and
T-IR (Nicolet, Thermo) in ATR mode.

. Results and discussion

FE-SEM analysis was conducted to evaluate the morphological
ifference between the untreated and treated MEA. As shown in
ig. 1, the structures of the catalyst layer surfaces of both untreated
a) and treated (b) MEA have many pores with diameters larger
han 100 nm and a few pores in the micrometer range, which indi-
ates that treatment with sulfuric acid solution does not affect the
pparent morphology of the MEA. The insets of Fig. 1(a) and (b)
how results of the waterdrop contact angle measurement of cat-
lyst layer surfaces of each MEA for determining hydrophilicity.
ontact angle measurements were carried out using the static ses-
ile drop method with a 1.0-�L water droplet volume. In the insets

f Fig. 1(a) and (b), the baseline of a water droplet is assigned as
he boundary layer between the water droplet and catalyst layer
urface. The contact angle of untreated MEA is 159.6◦, while that
f treated MEA is 97.6◦. This result implies that, as a result of the
ulfuric acid treatment, the catalyst layer of treated MEA is more
Fig. 1. FE-SEM images and waterdrop contact angles (the insets) of the catalyst
layers surface of (a) untreated and (b) treated MEAs.

hydrophilic than that of untreated MEA. In order to confirm the
causes of hydrophilicity in the catalyst layer, an EDX analysis for
determining the O/C atomic ratio was performed during FE-SEM
measurements. Table 1 showed an oxygen atomic ratio in treated
MEA increased by 1.63% compared with that of untreated MEA.
Prior research has well established that attached functional groups,
including those with oxygen, such as –COOH, –OH, and >C O on the
carbon surface makes the catalyst layer surface hydrophilic [16,17].
To confirm the character of the changed pore distribution of the
catalyst layer by sulfuric acid treatment, specific pore distribution
for pore sizes ranging from 3 nm to 300 �m were measured using
mercury intrusion porosimetry. As shown in Fig. 2, the distribu-
tion of specific pore volumes was very similar between untreated
and treated MEA, within 0.05–0.1 �m pore size; in particular, spe-

−1
The O/C atomic ratios from EDX analysis.

Sample C (%) O (%)

Untreated MEA 95.88 4.12
Treated MEA 94.25 5.75
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ig. 2. The specific pore distribution of the catalyst layers of untreated and treated
EA with pore diameters by mercury intrusion porosimetry.

her studies are needed to elucidate the relations between porosity
nd/or pore distribution in the catalyst layer and its hydrophilicity.
nalysis by FT-IR in ATR mode was conducted in order to verify

he cause of the increased hydrophilicity of the MEA catalyst layer
reated by sulfuric acidic solution. Fig. 3 shows FT-IR ATR spec-
ra of the untreated and treated MEA. A spectrum, collected as 32
cans of the number with a resolution of 4 cm−1, was recorded
rom 4000 cm−1 to 400 cm−1. The peak around 1210 appears due
o the asymmetric CF2 present on the untreated MEA and the peak
round 1151.9 was due to the symmetric CF2 bond of the untreated
EA [19]. It is noteworthy that the symmetric CF2 peak remained

t 1151.9, whereas the asymmetric CF2 peak at 1210.0 shifted to
214.3 in response to sulfuric acid treatment, which indicates that
here is a chemical environment change of the ionomer in the cat-
lyst layer induced by the sulfuric acid treatment. Nafion is made
rom polytetrafluoroethylene (PTFE), which is strongly hydropho-
ic. But when an HSO3 group, which is highly hydrophilic, is bonded

onically to the end of the side chain of PTFE by the “sulphonating”
rocess, a hydrophilic region is added to a generally hydrophobic
ubstance. Therefore, the blue shift of the asymmetric CF2 peak
ndicates an increased hydrophilic nature in the catalyst layer of

reated MEA, in turn caused by the changes in the Nafion struc-
ure. According to the aforementioned FT-IR and EDX analyses, the
auses in increase of hydrophilicity of the catalyst layer by sulfu-
ic acid treatment can be classified into two categories: one, the

ig. 3. FT-IR spectra of the catalyst layers surface of untreated and treated MEAs.
Fig. 4. Polarization curves of untreated and treated MEAs with flowing (a) humidi-
fied H2/air gases at 70 ◦C and (b) non-humidified H2/air gases at 30 ◦C.

increase of the number of oxygen functional groups on carbon sup-
ports, and the other is a change in the chemical environment of the
ionomer in the catalyst layer.

The single-cell performance measurement, which is shown in
Fig. 4, was obtained by operating the cell temperature at 70 ◦C
(humidified) and 30 ◦C (non-humidified). As shown in Fig. 4(a),
when the single cell was operated using fully humidified gases with
a cell temperature of 70 ◦C, the performance of the cell contain-
ing treated MEA was slightly lower than that containing untreated
MEA in a high voltage range (above 0.65 V), whereas the single-
cell performance of treated MEA was significantly higher than
that of untreated MEA in the low voltage region (below 0.60 V);
in particular, the performance of its single cell was increased
by approximately 46% compared with that of untreated MEA
at 0.40 V.

From these results, we suggest that the MEA treatment using
sulfuric acid solution might provide a better catalyst layer structure,
which results in the improvement of the mass transfer resis-
tance on PEMFC. On the other hand, as seen in Fig. 4(b), when a
single cell was operated using non-humidified gases with a cell
temperature of 30 ◦C, the current density increased by 25%, from
250 mA cm−2 to 313 mA cm−2 at 0.60 V as a result of treatment.
In addition, this increase in performance was more significant
at 0.40 V, as was indicated by an increase in current density
from 455 mA cm−2 to 665 mA cm−2, a 47% increase. Moreover,
the maximum power density of the single cell increased by 41%,
from 192 mW cm−2 to 271 mW cm−2, in response to sulfuric acid

treatment, which indicates that the treatment enhances the MEA
performance throughout the entire voltage region. For the PEMFC
to be used as a power source for a portable electronic device, auxil-
iary equipment such as a humidifier and heater may need to be
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Fig. 5. Cyclic voltammetry (CV) curves for untreated and treated MEAs.

emoved from the fuel cell system. It is therefore an important
evelopment that performance was enhanced by a simple treat-
ent during operation with a low cell temperature (30 ◦C) and
ithout humidification of supplied gases.

In Fig. 5, CVs for the treated and untreated MEA are presented.
he electrochemical surface area of the catalyst layer was evaluated
rom the voltammogram by dividing the charge corresponding to
he area under the hydrogen desorption region by 210 �C [20–22].
he ESAs of untreated and treated MEA were 14.03 m2 g−1 and
3.52 m2 g−1, respectively. The CV result of the untreated MEA was
ot changed after the treatment, which implies that the treatment
oes not affect the ESA of the MEA. However, an obvious difference

n the onset potential of OH adsorption on the Pt surface between
ntreated and treated MEA was observed. The three characteristic
otential regions for MEA electrodes are well defined in Fig. 5 for all
oltammograms: the so-called Hupd (underpotential deposition of
ydrogen) region between 0.10 V and 0.35 V (region I) is followed
y the double-layer potential region up to about 0.70 V (region II),
here, in turn, the adsorption of oxygenated species begins (region

II, OHads.-region). Notice that the onset of hydroxide adsorption
n Pt is not only determined by the Pt−OH energetics itself, but
lso by those of Pt–O2. The positive shift of the OHads.-region on
he treated MEA electrode can therefore also be associated with
reduced anion adsorption due to the changes in Pt surface struc-

ure. It is possible that the Pt surface might be modified to an oxygen
eduction reaction friendly Pt plane of around (1 1 0) or (1 0 0) by the
ulfuric acid treatment. As a consequence, the increase in the rate of
RR on treated MEA electrode can be attributed to a lower adsorp-

ion of oxygen atoms, since OH can effectively block the active sites
equired for the adsorption of O2 or the splitting of the O−O bond,
n agreement with Adzic’s work [23].

The resistances of the MEA were measured using EIS, as shown
n Fig. 6, and the resulting Nyquist plots were obtained at 1.0
Fig. 6(a)) and 2.0 A (Fig. 6(b)) of cell currents, respectively. The
hmic resistance (R�) of the MEA can be derived from the high
requency region of semicircles and the diameter of the semicir-
le is generally regarded as corresponding to the charge transfer
esistance (RC). As seen in Fig. 6(a), the R� of treated MEA was
.042 �, nearly twice the magnitude of the impedance of untreated
EA. The higher impedance magnitude R� of the treated MEA

han the R� of untreated MEA at low cell current (1.0 A) might

e caused by the decreased electric conductivity of the catalyst

ayer by attached functional groups containing oxygen on car-
on surfaces. In addition, the diameter of the semicircle in the
reated MEA was also slightly larger than that of untreated MEA,
hich means the sulfuric acid treatment increased the MEA’s RC.
Fig. 6. Electrochemical impedance Nyquist plots with untreated and treated MEAs
at (a) 1.0 A and (b) 2.0 A of cell currents.

As seen in Fig. 6(b), the impedance magnitude of the treated MEA
obviously changed in both the high and low frequency region, at
higher cell current (2.0 A) conditions, indicating that water con-
tent increases with a more active ORR at cathode catalyst layer.
The R� of the untreated MEA remained constant with increasing
current, as indicated by the 0.020 � value of the high frequency
region, whereas the R� of the treated MEA declined from 0.042 �
to 0.026 � with increasing current in the single cell. The R� of
the MEA depends on the ionic conductivity of the polymer used
in the electrolyte membrane and the ionomer used in the catalyst
layer. In addition, the water content of the MEA significantly influ-
ences its ionic resistance, and the treated MEA is more sensitive to
water generated inside the electrode than is the untreated MEA.
Therefore, this change in ionic conductivity indicates that treat-
ment affects the chemical properties of the ionomer in the catalyst
layer of the MEA [24]. Moreover, the diameter of the semicircle
of the treated MEA was smaller than that of the untreated MEA
at a cell current of 2.0 A. Springer and Raistrick has suggested the
thin-film/flooded-agglomerate model, which assumes a chemical
electrode that contains agglomerates of the carbon-supported cat-
alyst and ionomer [25]. In this model, the rate determining step
for the electrochemical reaction is the thin-film diffusion process
in Nafion as ionomer that covers the agglomerate or catalyst sur-
face [10,25]. Prior research suggests that the sulfuric acid solution
treatment improves the RC of the catalyst layer by changing the

pore structure and the chemical properties of the ionomer in the
catalyst layer, resulting in enhanced diffusion of oxygen and pro-
tons.



5 wer So

4

f
e
c
i
c

s
a
n
g
o
e
v
E
s

m
f
P

A

C
R
S
s
t
M

[

[

[
[
[
[

[
[
[

[

[

[

956 Y.-H. Cho et al. / Journal of Po

. Conclusion

In summary, the single-cell performance of MEA treated by sul-
uric acidic solution was remarkably improved. We propose the
xplanation that the treatment increases the ORR activity in the
athode catalyst layer by increasing its hydrophilicity, and chang-
ng the pore structure and chemical properties of the ionomer in
atalyst layer.

Boiling a MEA in sulfuric acid solution can remarkably improve
ingle-cell performance in a PEM fuel cell. In particular, when oper-
tion conditions are at a low temperature (30 ◦C) while supplying
on-humidified hydrogen gas and air, the performance of the sin-
le cell was increased by approximately 47% compared with that
f untreated MEA. In addition, the changed microstructure and
lectrochemical properties of catalyst layer were characterized for
erifying causes of increased MEA performance by FE-SEM with
DX, mercury intrusion porosimetry, waterdrop contact angle mea-
urement, FT-IR at ATR mode, EIS, and CV measurement.

The results of this investigation offer a simple process that dra-
atically improves the performance of state-of-the-art MEA in PEM

uel cells without adding any expensive materials such as Pt and
t-alloy into the MEA.
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