
S

H
c

A
D

a

A
R
R
A
A

K
P
H
O
P

1

a
e
o
a
o
T
t
[
s

b
o
H
P
g
[
g
p
n
H
c

0
d

Journal of Power Sources 197 (2012) 88– 92

Contents lists available at ScienceDirect

Journal  of  Power  Sources

jou rna l h omepa g e: www.elsev ier .com/ locate / jpowsour

hort  communication

2O2 detection  analysis  of  oxygen  reduction  reaction  on  cathode  and  anode
atalysts  for  polymer  electrolyte  fuel  cells

kira  Kishi, Sayoko  Shironita,  Minoru  Umeda ∗

epartment of Materials Science and Technology, Faculty of Engineering, Nagaoka University of Technology, 1603-1, Kamitomioka, Nagaoka, Niigata 940-2188, Japan

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 24 May 2011
eceived in revised form 22 July 2011
ccepted 2 August 2011
vailable online 9 August 2011

a  b  s  t  r  a  c  t

The  generation  percentage  of  H2O2 during  oxygen  reduction  reaction  (ORR)  at practical  powder  electro-
catalysts  was  evaluated  using  a  scanning  electrochemical  microscope  (SECM).  We  employed  a  porous
microelectrode  that  contains  electrocatalysts,  namely,  Pt/C,  Pt–Co/C,  and  Pt–Ru/C  as  the  oxygen  reduc-
tion  electrode  of  the  SECM,  and  the  Pt microelectrode  was  used  as  the  H2O2 detector.  First,  the  H2O2

generation  amount  at Pt/Cs  was  measured  by changing  the  Pt loading  amount.  A Pt/C  with  a  higher  Pt
eywords:
owder electrocatalyst
2O2

xygen reduction reaction
orous microelectrode

loading  has  a  higher  ORR  activity  and  generates  a larger  amount  of  H2O2.  However,  the  percentage  of
H2O2 generated  with  respect  to  the ORR  is the  same  regardless  of  the  Pt  loading  amount.  Next,  H2O2

generation  is  markedly  suppressed  at  the  Pt–Co/C  and  Pt–Ru/C  in  the  potential  ranges  of  practical  fuel
cell  cathode  and  anode,  respectively.  This  explains  that  the  Pt–Co/C  is  effective  when  used  as  a cathode,
and  the  anode  Pt–Ru/C  enables  the  reduction  of  the  H2O2 generation  even  if O2 crossleak  occurs  in  the
practical  polymer  electrolyte  fuel  cell.
. Introduction

Polymer electrolyte fuel cells (PEFCs) have attracted much
ttention as a highly efficient power generation system for clean
nergy [1–4]. The oxygen reduction reaction (ORR) rate at the cath-
de of PEFCs is much slower than the hydrogen oxidation rate at the
node. It is therefore important to investigate the ORR at the cath-
de of PEFCs. During the ORR, H2O2 is generated as a by-product.
he generated H2O2 degrades the polymer electrolyte membrane,
he Pt-based cathode, and the carbon support of the electrocatalyst
5–7]. For this reason, it is important to study electrocatalysts that
uppress the generation of H2O2 as a by-product.

Thus far, electrocatalysts for the cathode have been developed
y adding Co, Fe, and Ni to Pt/C and also by changing the amount
f Pt loading at Pt/C for practical applications [8–10]. Furthermore,
2O2 is generated not only at the cathode but also at the anode of
EFCs. As for the anode, H2O2 is generated by reacting the hydro-
en fed to the anode and the oxygen crossleaked from the cathode
11]. As for anode catalysts, Pt/C and Pt–Ru/C are being investi-
ated [12]. Although the H2O2 by-product is generated on these
ractical electrocatalysts used in PEFCs, the amount of H2O2 has

ot been analyzed in detail. Consequently, the generation rate of
2O2 should be quantitatively investigated at each potential of the
athode and anode of the practical PEFC.

∗ Corresponding author. Tel.: +81 258 47 9323; fax: +81 258 47 9323.
E-mail address: mumeda@vos.nagaokaut.ac.jp (M. Umeda).
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Rotating disk electrode (RDE), rotating ring-disk electrode
(RRDE), and scanning electrochemical microscope (SECM) meth-
ods have been used to investigate the generation rate of H2O2 that
is involved in the ORR [13–16].  However, these methods require
a binder resin to fix powder electrocatalysts on the rotating elec-
trodes. The binder resin is reported to increase the generation rate
of H2O2 [13]. Therefore, it is necessary to evaluate the generation
rate of H2O2 at the powdered electrocatalyst without any effect of
the binder resin. In our previous work, we  demonstrated a suit-
able method of evaluating the generated H2O2 using the SECM
equipped with a porous microelectrode (PME), in which a powder
electrocatalyst is packed without a binder resin [17].

In this study, we  investigated the amount of H2O2 generated at
powder electrocatalysts for practical applications using the SECM
system. The amount of H2O2 was evaluated at each potential of
the cathode and anode. First, the Pt/C catalyst evaluation was  con-
ducted by changing the Pt loading amount. Second, the amount of
H2O2 at the Pt–Co/C catalyst was  compared with that of Pt/C as the
cathode catalyst. Third, in the same manner, the Pt–Ru/C catalyst
was  compared with Pt/C as the anode catalyst.

2. Experimental

2.1. Powder electrocatalysts
Three Pt/Cs were used for the comparison of H2O2 generation in
ORR. Pt/Cs (Pt: 10 wt% and 20 wt%, C: Vulcan) were purchased from
ElectroChem, Inc. and Pt/C (Pt 47.2 wt%, C: Vulcan) was  purchased

dx.doi.org/10.1016/j.jpowsour.2011.08.010
http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
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ig. 1. Schematic of the scanning electrochemical microscope (SECM) equipped
ith generator and detector electrodes, and laser microscopy images before/after
acked catalyst powder in porous microelectrode (PME) as the generator electrode.

rom Tanaka Kikinzoku Kogyo K.K. Pt–Co/C (Pt 46.0 wt%, Co 4.6 wt%,
: Ketjen black) and Pt–Ru/C (Pt 32.6 wt%, Ru 16.9 wt%, C: Ketjen
lack) that were used for comparison with Pt/C (Pt 45.7 wt%, C:
etjen black) were purchased from Tanaka Kikinzoku Kogyo K.K.

.2. Preparation of electrodes

A porous microelectrode (PME) was prepared by the following
ethod. A Au wire of 50 �m diameter was inserted into a glass cap-

llary and heat-sealed by decompressing the air inside the glass.
he tip of the heat-sealed capillary was then polished using lap-
ing films. Subsequently, the tip of the Au electrode was  etched in

 mol  dm−3 HCl aqueous solution at a current density of 0.1 A cm−2

or 300 s, resulting in a diameter of 50 �m and a cavity of 20 �m
epth. The prepared PME  was cleaned and ultrasonicated in Milli-Q
ater. The Pt/C electrocatalyst powder was completely filled in the
icrocavity of the PME  so that the top of the cavity would become

mooth, as shown in Fig. 1. The thus-prepared PME  was used as a
enerator of the SECM.

The Pt microdisk electrode used as a detector of the SECM was
repared as follows. A Pt wire of 50 �m diameter was inserted into
he quartz glass capillary of 1 mm  diameter. Subsequently, the cap-
llary was installed in a micropipette puller (Model P-2000, Sutter)
nd the Pt wire in the capillary was heat-sealed by decompressing
he air inside the capillary, then both ends of the capillary were
ulled while heating the Pt wire [18]. A relatively slender electrode
ip was prepared. After that, the tip of the microelectrode was pol-
shed using lapping films. The obtained Pt microelectrode of 3 �m
iameter (glass diameter: 30 �m)  was placed on the SECM as a
etector.

.3. Electrochemical measurements
In electrochemical measurements, a Pt wire and an Ag/Ag2SO4
ere applied as counter and reference electrodes, respectively.
ll electrode potentials in this report are with reference to

he reversible hydrogen electrode (RHE) potential at the same
ources 197 (2012) 88– 92 89

temperature. Prior to the measurements, the Pt/Cs and Pt–Co/C
were electrochemically cleaned in 0.5 mol  dm−3 H2SO4 aqueous
solution through successive potential cycles for 1 h between 0.04
and 1.4 V vs. RHE at a sweep rate of 50 mV s−1. It is confirmed that
there is no Pt dissolution markedly by means of electrochemical
surface area (ECSA) measurement. The electrochemical cleaning
of Pt–Ru/C was performed through successive potential cycles for
1 h between 0.05 and 0.7 V vs. RHE at a sweep rate of 50 mV  s−1,
because Ru will dissolve at >0.7 V vs. RHE.

For the SECM measurements, the PME  was used as a generator
electrode without stirring. A 3-�m-diameter Pt microelectrode as a
detector was  installed on an arm of the SECM instrument (HV-404,
Hokuto Denko) (Fig. 1). The electrode potentials of the generator
and detector were controlled using a dual potentiostat (HA1010
mM2B, Hokuto Denko).

Prior to the SECM measurements, a background cyclic voltam-
mogram was  obtained in N2-saturated 0.5 mol  dm−3 H2SO4 using
the electrochemically cleaned generator at a sweep rate of
10 mV  s−1. Subsequently, the electrolytic solution was saturated
with O2 gas and the ORR voltammograms were obtained with a
potential sweep from the rest potential to the negative direction at
a sweep rate of 1 mV  s−1.

The SECM measurement was  carried out in O2-saturated
0.5 mol  dm−3 H2SO4. The amount of H2O2 by-product generated
during ORR was measured in the sample generation-tip collection
(SG-TC) mode by the following procedure [14–16,19].  The electrode
potential of the detector was set at 1.3 V vs. RHE to detect the H2O2
generated during ORR at the generator. The detector was set at
10 �m above the top of the generator by detaching the detector
once it attached to the glass part of generator and was  moved in
the X and Y directions at a rate of 10 �m s−1, as shown in Fig. 1. The
detector electrode was not touched with the part of electrocata-
lyst. The central position above the generator was  determined to
observe the maximum H2O2 current at the detector. Subsequently,
the detector was  moved in the Z direction by 50 �m (see Fig. 1). In
the present study, there is no influence on the ORR current at the
generator–detector distance larger than 60 �m.  The ORR current at
the generator decreased by 10% only when the electrodes distance
was  10 �m.

3. Results and discussion

3.1. Oxygen reduction reaction at Pt/C as a function of Pt loading
amount

The effect of the Pt loading amount of the Pt/C electrocata-
lyst on the ORR performance was investigated using the SECM
with the Pt/C-packed PME  as a generator electrode. Three Pt/C
electrocatalysts (Pt: 10, 20, and 47.2 wt%, C: Vulcan) were used
for the electrochemical measurements. Fig. 2b shows the ORR
voltammograms measured at the Pt/C-packed PME in O2-saturated
0.5 mol  dm−3 H2SO4 solution. Fig. 2a shows the H2O2 detection
currents during the ORR measured at the detector, the electrode
potential of which is 1.3 V vs. RHE. From Fig. 2b, it is found that the
magnitude of the diffusion-limited current increases with increas-
ing Pt loading amount. In our previous report, the ECSA of Pt is
proportional to the microcavity volume of PME [20]. The ECSA of
packed Pt/C electrocatalyst is possible to become reactive sites for
oxygen reduction reaction. Therefore, the increase in the diffusion-
limited current is attributed to the fact that the ECSA of Pt increases
with increasing Pt loading amount. These voltammograms of Pt/Cs

were confirmed to have the reproducibility during the initial and
after the sequence of ORR measurements.

In Fig. 2a, the H2O2 detection currents are shown versus the gen-
erator potential. Comparison between Fig. 2a and b reveals that the
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2O2 detection current is <0.8 V vs. RHE, which is correlated with
he ORR current. The H2O2 detection current also increases with
ncreasing Pt loading amount. This suggests that the large mag-
itude of ORR accompanies a large amount of H2O2 by-product
eneration, which diffuses to the bulk of the electrolyte.

In Fig. 3, the H2O2 current is plotted versus the
enerator–detector distance. This measurement was  performed
t a generator potential of 0.6 V vs. RHE, which is nearly equal to
he cathode potential of practical PEFCs. The generator–detector
istance where the H2O2 detection current becomes zero is defined
s the zero current detection point. When we compare the H2O2
etection current at the same generator–detector distance, the
rder of detection current is 47.2 > 20 > 10 wt% Pt loading amount. A
lectrocatalyst with a higher Pt loading generates a larger amount

f H2O2. The zero current detection point of 10, 20, and 47.2 wt%
t/C are found to be 160, 260, and 310 �m,  respectively. Therefore,

 larger amount of generated H2O2 increases the distance of zero
urrent detection point.
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Fig. 4. Percentage of H2O2 versus the generator potential using three different Pt
loading amounts of Pt/C.

Next, Fig. 4 shows the percentage of generated H2O2, �H2O2 ,
versus generator potential as a function of Pt loading amount. �H2O2
was  calculated at each potential using Eq. (1) [17],

�H2O2 = 2Id
NIg + Id

× 100, (1)

where N is the collection efficiency for the SECM measurement, and
the Ig and Id are the currents observed at the generator and detec-
tor electrodes, respectively. The magnitude of N was measured
using the aqueous solution including 4 mmol  dm−3 K2Fe(CN)6 and
0.5 mol  dm−3 K2SO4 and determined (N = 0.250) [17]. In Fig. 4, the
plots of �H2O2 are almost the same even when the Pt loading
amount is changed. The same phenomenon is reported in the case
of Pt/C using the rotating ring-disk electrode technique [21]. The
result shown in Fig. 4, in which �H2O2 is almost independent of the
Pt loading amount, suggests that the ORR mechanism is unchanged
even if the Pt loading amount is changed. �H2O2 increases when the
generator electrode potential shifts toward negative direction. This
behavior suggests that the generated H2O2 adsorbed on the elec-
trode is not stable and easily desorbs at the negative potential [22].
Therefore, the maximum �H2O2 is observed at 0.05 V vs. RHE.

3.2. Oxygen reduction reaction at Pt–Co/C electrocatalyst

The ORR at Pt–Co/C (Pt 46.0 wt%, Co 4.6 wt%, C: Ketjen black)
electrocatalyst, which is effectively used as a PEFC cathode, was
compared with that at the Pt/C with the same Pt loading amount
(Pt 45.7 wt%, C: Ketjen black). In this work, oxygen reduction char-
acteristic and �H2O2 were simultaneously evaluated with the same
volume of electrocatalyst powder without any resin. Fig. 5b shows
ORR voltammograms in O2-saturated 0.5 mol  dm−3 H2SO4 solution
using the Pt–Co/C and Pt/C each packed in the PME. Simultaneously,
the H2O2 detection current measured at 1.3 V vs. RHE detector
potential is shown in Fig. 5a. During the measurement, the distance
between the generator and detector was set as 10 �m. The magni-
tude of the ORR diffusion-limited current at the Pt–Co/C is as large
as that observed at the Pt/C. However, the H2O2 detection current
at the Pt–Co/C is lower than that at the Pt/C. It is reported that the
effect of the added Co diminishes the desorption free energy (Gdes)
of Pt-OH, Pt-O, or Pt-O2, such that the adsorption of oxygen contain-
ing intermediate species occurs on Pt surface sites [23]. When we
consider that the practical electrode potential of the PEFC cathode
is 0.6–0.9 V vs. RHE, it is shown in Fig. 5 that a small amount of H2O2
is generated on Pt–Co/C in the potential region. As described above,

this demonstrates that the Pt–Co/C electrocatalyst is preferentially
used in the PEFC cathode.

The zero current detection point of Pt–Co/C and Pt/C were mea-
sured at a generator potential of 0.6 V vs. RHE in the same way  as
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ig. 3. The H2O2 detection current from Pt–Co/C is smaller than
hat of the Pt/C electrocatalyst. The zero current detection points of
t–Co/C and Pt/C were 210 and 360 �m,  respectively. The small
2O2 detection current (Fig. 5) and near zero current detection
oint indicate that the absolute quantity of H2O2 generated from
t–Co/C is lower than that from Pt/C.

A comparison of �H2O2 , calculated using Eq. (1),  for Pt–Co/C and
t/C is shown in Fig. 6. �H2O2 of Pt–Co/C is smaller than that of
t/C at each generator potential. It is realized from the figure that
he addition of Co to Pt suppresses the H2O2 generation percent-
ge. Kadirgan et al. suggest that Co may  change the local bonding
eometry of Pt or the reactivity of the Pt atom by the electronic

ffect [24]. Therefore, the addition of Co is considered to inhibit the
ormation of adsorbed OH.
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3.3. Oxygen reduction reaction at Pt–Ru/C electrocatalyst

The Pt–Ru/C electrocatalyst is widely used at the PEFC anode.
In this work, oxygen reduction characteristic of Pt–Ru/C was eval-
uated to compare with that of Pt/C at the wide potential range.
Fig. 8b shows oxygen reduction voltammograms in O2-saturated
0.5 mol  dm−3 H2SO4 solution using Pt–Ru/C-packed PME  and that
using Pt/C for comparison. Moreover, the H2O2 detection currents
were obtained at 1.3 V vs. RHE of detector electrode (Fig. 7a). The
magnitude of the ORR diffusion-limited current at the Pt–Ru/C is
smaller than that at the Pt/C. Comparison between Pt–Ru/C and
Pt/C reveals that the H2O2 detection current of Pt–Ru/C is smaller
than one third that of Pt/C in the potential region of <0.3 V vs. RHE,
which corresponds to that of the PEFC anode. It is suggested that
the proton adsorption might be weakened at the potential region
by the addition of Ru [25].

The zero current detection point was measured by changing
the distance between the generator and detector electrodes using
Pt–Ru/C and Pt/C-packed PME. This measurement was  performed
at a generator potential of 0.05 V vs. RHE, which represents the
practical anode potential of PEFC. Comparison of the H2O2 detec-
tion currents at the same generator–detector distance reveals that
the current of the Pt–Ru/C catalyst was  smaller than that of Pt/C.
The zero current detection points of Pt–Ru/C and Pt/C were 260 and
410 �m,  respectively. These results indicate that the H2O2 genera-
tion is suppressed by adding Ru in the Pt–Ru/C catalyst.

Fig. 8 shows a comparison of �H2O2 for the Pt–Ru/C and Pt/C,
revealing that the addition of Ru certainly suppresses the H2O2 gen-
eration. The �H2O2 values of Pt/C and Pt–Ru/C are 10.4% and 3.6%,
respectively, at 0.05 V vs. RHE. For Pt–Ru/C as the anode catalyst,
the amount of H2O2 generation is markedly reduced. Therefore, it
is considered that this Pt–Ru/C can suppress H2O2 generation even

if O2 crossleak occurs in the PEFC.
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. Conclusions

�H2O2 during ORR at practical powder electrocatalysts has been
valuated using the SECM. We  employed the PME  that contains the
lectrocatalysts of Pt/C, Pt–Co/C, and Pt–Ru/C as the oxygen reduc-
ion electrode of the SECM, and the Pt microelectrode was used as
he H2O2 detector. First, three Pt/C electrocatalysts with the differ-
nt Pt loading amounts were investigated. The Pt/C with a higher
t loading has a higher ORR activity and generates a larger amount
f H2O2. However, it is found that �H2O2 with respect to the ORR
s the same regardless of the Pt loading amount. Next, �H2O2 at the
t–Co/C and Pt–Ru/C was investigated. Results showed that �H2O2
s markedly inhibited at the Pt–Co/C and Pt–Ru/C in the potential
anges of the practical fuel cell cathode and anode, respectively.
herefore, Pt–Co/C is suggested to be effective for H2O2 suppres-
ion when used as a cathode of the practical PEFC. Moreover, the
node Pt–Ru/C enables the reduction of the H2O2 generation even
f O2 crossleak occurs in the practical PEFC.
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