
S

E
o

H
C
U

a

A
R
R
A
A

K
U
F
E
P
R
C

1

s
t
g
c
r
p
s
i
d

t
t
c
t
o
p
p
c

t

0
d

Journal of Power Sources 191 (2009) 357–361

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

hort communication

lectrochemical studies of an unsupported PtIr electrocatalyst as a bifunctional
xygen electrode in a unitized regenerative fuel cell

o-Young Jung, Sehkyu Park, Branko N. Popov ∗

enter for Electrochemical Engineering, Department of Chemical Engineering,
niversity of South Carolina, 300 Main St., Columbia, SC 29208, USA

r t i c l e i n f o

rticle history:
eceived 12 December 2008
eceived in revised form 18 February 2009
ccepted 19 February 2009
vailable online 4 March 2009

a b s t r a c t

The electrochemical performance of an unsupported PtIr electrocatalyst was evaluated as a bifunctional
oxygen electrode in a unitized regenerative fuel cell (URFC). The catalyst was a mixture of unsupported Pt
black and Ir black catalysts in varying proportions. The performance of the unsupported PtIr catalyst was
studied by using a rotating ring disc electrode (RRDE) and linear sweep voltammetry (LSV). In addition,
a unit cell test was performed simultaneously in the electrolyzer and in the fuel cell mode to evaluate
eywords:
RFC
uel cell
lectrolyzer
tIr catalyst
ound-trip conversion efficiency

the performance and durability of PtIr catalysts. The catalyst composition consisting of 85 wt.% Pt and
15 wt.% Ir showed high oxygen evolution reactivity and comparable electrochemical activity compared
to the unsupported Pt black catalyst. The URFC using Pt85Ir15 catalyst showed the highest round-trip
efficiency when estimated at different current densities. The cycle performance of URFC with Pt85Ir15

catalyst was stable for 120 h at an applied current density of 0.5 A cm−2.
© 2009 Elsevier B.V. All rights reserved.
ycle test

. Introduction

The key issues in URFC development are the performance and
tability of the bifunctional oxygen electrode (BOE). Currently,
he preferred oxygen reduction catalysts demonstrate poor oxy-
en evolution performance, and the preferred oxygen evolution
atalysts demonstrate poor oxygen reduction performance, which
esults in a decrease in the round-trip conversion efficiency (electric
ower → hydrogen storage → electric power) of URFCs. The peak
eparation between the oxygen reduction and oxygen oxidation
s approximately 0.6 V. It is necessary to decrease this potential
ifference to less than 0.3 V [1].

The catalytic behavior of the catalyst in the BOE is affected by
he size and composition of the metal nanoparticles, the interac-
ions with the support, and the interactions between the metal
omponents. The performance of the BOE varies significantly with
he method used to prepare the electrode. Conventional meth-
ds such as adsorption, ion-exchange, or deposition of two metal
recursors on the support often lead to the formation of metal

articles that are relatively large and non-uniform in size and
omposition.

For BOE design, there is the additional requirement of an elec-
rically conductive support for the catalysts. The typical support

∗ Corresponding author. Tel.: +1 803 777 7314; fax: +1 803 777 8265.
E-mail address: popov@engr.sc.edu (B.N. Popov).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.02.060
material used in polymer electrolyte membrane (PEM) fuel cells is
high-surface area carbon. However, carbon corrosion is disastrous
at very positive potentials when the URFC is operated in the elec-
trolyzer mode [2]. Sintering and dissolution of the metal catalyst
on the carbon surface increases with carbon corrosion. The oxida-
tion of the carbon surface leads to an increase in the hydrophilicity
and affects water management, leading to increased mass trans-
port losses. Carbon corrosion decreases the catalyst utilization due
to a decrease in the electrical contact between the catalysts and the
carbon current collector and subsequently increases the cell polar-
ization. This effect causes the performance of the BOE to degrade
quickly, which results in an inadequate performance for most appli-
cations.

Recently, it has been reported that Ir and IrO2 exhibit good activ-
ity for the oxygen evolution reaction [3–5]. However, there are
limited numbers of electrochemical studies that focus on the per-
formance of PtIr catalysts as BOEs in both the electrolyzer and fuel
cell modes.

The objective of this work is to study the electrochemical perfor-
mance of unsupported PtIr electrocatalysts as bifunctional oxygen
electrodes in URFCs. The catalysts used in our study were a mixture
of unsupported Pt black and Ir black catalysts with varying Ir black

content. The performances of the unsupported PtIr catalysts were
studied using a rotating ring disc electrode (RRDE). In addition, a
unit cell test was performed simultaneously to study the perfor-
mance and durability of PtIr catalysts in electrolyzer and fuel cell
modes.

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:popov@engr.sc.edu
dx.doi.org/10.1016/j.jpowsour.2009.02.060
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gen reduction reaction (ORR) than the pure Pt black catalyst. The
Pt40Ir60 catalyst shows the lowest onset potential for oxygen reduc-
tion due to lower activity of the Ir catalyst for ORR.
58 H.-Y. Jung et al. / Journal of P

. Experimental

.1. Preparation of PtIr catalyst ink

Physical mixtures of commercially available Pt black and Ir black
atalysts with Pt black:Ir black compositions of 100:0, 85:15, 70:30,
nd 40:60 were prepared and used as BOE catalysts. The catalyst
as dispersed in de-ionized water instead of isopropyl alcohol (IPA)
ue to Pt black agglomeration in the conventional IPA solution.
he ink was prepared by mixing the catalyst (10 mg) with 1 ml of
e-ionized water for 30 min in an ultrasonic bath. The catalyst ink
sed to prepare the electrode for fuel cell testing contains 20% by
eight of Nafion ionomer. Ten microliters of the ink was loaded on
glassy carbon disk electrode (GCE). After drying, a 5 �L mixture
f 1:20 Nafion solution (5 wt.% Nafion dispersion, DuPont Co. Ltd.)
nd methyl alcohol was applied to the GCE.

.2. Electrochemical studies

The electrochemical properties of the physically mixed PtIr black
atalysts were characterized by cyclic voltammetry (CV) and linear
weep voltammetry (LSV) techniques. To determine the electro-
hemical surface area, an estimated amount of catalyst ink was
laced on the glassy carbon electrode of the RRDE (0.196 cm2), and
he CVs of the catalysts were recorded in a 0.5 M H2SO4 solution
urged with nitrogen (N2). To evaluate the ORR polarization, the
SV of catalysts was performed in 0.5 M H2SO4 under oxygen (O2).
he experiments were carried out at a scan rate of 5 mV s−1 using
Pine Potentiostat-Model AFCBP1.

.3. Membrane and electrode assembly (MEA) preparation and
nit cell test

The catalyst ink was applied to the GDL (LT140W ELAT®, E-TEK),
ollowed by drying at 80 ◦C. The catalyst loadings in the electrodes
ere between 1 and 6 mg cm−2. The MEAs were prepared by hot-
ressing the electrodes onto a NafionTM 112 membrane at 140 ◦C
ith 800 psi for 3 min.

The MEA performance of the URFC was measured in a single cell
ith an electrode area of 5 cm2. In the fuel cell mode, humidified

ydrogen and oxygen were supplied to the anode and cathode at a
onstant flow rate of 150 cm3 min−1. The measurements were per-
ormed at 75 ◦C. In the electrolyzer mode, de-ionized water heated
t 70 ◦C was supplied to the bifunctional oxygen electrode at con-
tant flow rate of 60 cm3 min−1 [6–8].

The performance of the URFC in the cycle test was evaluated by
easuring the voltage transients at a constant current density of

.5 A cm−2. The duration of each cycle was 24 h, with 12 h in the
lectrolyzer mode and 12 h in the fuel cell mode [9]. Additionally,
n electrolyte drying time of 2.5 min at the transition between the
wo modes was used in order to switch from the electrolyzer mode
o the fuel cell mode.

. Results and discussion

The performance of the PtIr catalysts was studied with cyclic
oltammetry. Fig. 1 shows the electrochemical activity of PtIr
hydrogen adsorption and desorption peaks) as a function of Ir
lack content. As shown in Fig. 1, the desorption peak of hydrogen
ecreases with increasing of Ir black content in the PtIr catalyst.
he results indicate that the electrochemical active surface area of

he Pt85Ir15 catalyst is comparable to that of the Pt black catalyst
Pt100Ir0).

Fig. 2(a) shows linear sweep voltammograms obtained for vari-
us PtIr catalyst compositions. The PtIr catalyst shows well-defined
ass transfer and kinetic regions similar to those obtained for
Fig. 1. CV curves showing the effect of Ir content on the catalytic activity of PtIr
catalysts.

oxygen reduction on the Pt black catalyst. However, in the acti-
vation controlled region (0.8–0.9 V), the PtIr catalyst with a high
concentration of Ir shows slightly less activity towards the oxy-
Fig. 2. (a) Activity of the oxygen reduction reaction measured with LSV as a function
of various compositions of PtIr catalysts. (b) H2O2 formation during ORR in 0.5 M
H2SO4 saturated with oxygen. Rotation speed of the electrode is 900 rpm.
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where IR is the ring current, ID is the disc current, and N is the
collection efficiency. In this work, the value of N was taken as 0.39
[12–14]. As shown in Fig. 2(b), the formation of hydrogen peroxide
(H2O2) in the potential region of 0.7 V (a typical operating potential)
ig. 3. (a) Oxygen reduction polarization curves obtained on the Pt85Ir15 catalyst
t different rotation speeds, and (b) Levich–Koutecky plots obtained for the Pt85Ir15

atalyst at 0.8, 0.75, 0.7, and 0.65 V (vs. NHE).
The formation of hydrogen peroxide (H2O2) is a critical criterion
or the choice of a suitable catalyst in fuel cells. Oxygen may be
educed partially to H2O2 or completely to H2O. The generation of
2O2 leads not only to the loss of the intrinsic activity of the catalyst,

ig. 4. Levich–Koutecky plots for ORR on Pt100Ir0, Pt85Ir15, Pt70Ir30, and Pt40Ir60,
atalysts at 0.7 V in oxygen saturated 0.5 M H2SO4 solution.

able 1
inetically limited current, Ik, produced at 0.7 V vs. NHE during oxygen reduction on
tIr catalysts with various compositions.

atalyst IK (mA)

t100Ir0 3.85
t85Ir15 3.23
t70Ir30 2.56
t40Ir60 1.72
Fig. 5. The effect of Ir content in PtIr catalysts on OER.

but also contributes to the deterioration of the membrane electrode
assembly [9–12]. The percentage of H2O2 produced was estimated
with the following equation [11–14]:

%H2O2 = (200 IR/N)
(ID + IR/N)

(1)
Fig. 6. (a) Polarization curves obtained in fuel cell mode with the following Pt black
catalyst loadings: 1.0, 2.0, 4.0, and 6.0 mg cm−2. A commercial E-TEK platinum cat-
alyzed electrode was used as the anode with a loading of 0.5 mg cm−2. (b) The current
densities were estimated at 0.6 and 0.7 V vs. NHE.
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ig. 7. (a) Polarization curves obtained using the same Pt black catalyst loadings as
n Fig. 6. (b) The voltages were measured at applied current densities of: 0.1, 0.3, and
.5 A cm−2.

or all PtIr catalysts is approximately 2%. This value is similar to that
f the unsupported Pt catalyst.

Fig. 3(a) shows polarization curves for oxygen reduction on
t85Ir15 catalysts at different rotation speeds. The measurements
ere conducted using a potential scan rate of 5 mV s−1. The results

ndicate that ORR is under mixed kinetic and diffusion control over
wide range of potentials [15]. The kinetic control regions are in

he range from 0.7 to 0.9 V vs. NHE, while diffusion control is in the
ange from 0.3 to 0.7 V vs. NHE. As shown in Fig. 3(a), well-defined
imiting currents were observed as a function of the rotation rate.
o determine the number of electrons involved in the ORR, first
rder kinetics with respect to oxygen concentration was assumed.
nder such conditions, the current is related to the rotation speed

11,14,16,17] by the following equation:

1
I

= 1
Ik

+ 1
Bω1/2

(2)

here I is the current, Ik is the kinetic current, B is the Levich slope
nd ω is the rotation speed of the RRDE. The Levich slope is given
y

= 0.62 nFAcD2/3v−1/6 (3)

here n is the number of electrons transferred per O2 molecule, F
s the Faraday constant, A is the electrode surface area, c is the con-
entration of O2 in the solution, D is the diffusion coefficient of O2
n the solution, and v represents the kinetic viscosity of the solution

15]. The Levich slope was estimated to be 0.13, which, accord-
ng to Eq. (3), results in n = 4 for A = 0.196 cm2. Fig. 3(b) shows the
evich–Koutecky plots obtained in the potential range of 0.65–0.8 V
s. NHE. A linear relationship can be observed between I−1 and
−1/2. The slopes are nearly constant, which indicates that the elec-
Fig. 8. Polarization curves obtained using various composition of PtIr catalyst with
a catalyst loading of 4 mg cm−2. The temperatures in the electrolyzer mode (a) and
in the fuel cell mode (b) were 70 and 75 ◦C, respectively.

trochemical reaction follows first order kinetics. In addition, the n
values for the reaction are almost the same. Similar results were
also obtained for the Pt100Ir0, Pt70Ir30, and Pt40Ir60 catalysts.

Fig. 4 shows the relationship between I−1 and ω−1/2 for various
compositions of PtIr catalysts at 0.7 V. The observed parallelism of
the slopes indicates that the number of electrons (n) involved in
the ORR is close to four in the electron reduction path of O2. The
kinetically limited currents, Ik, are summarized for various catalyst
compositions in Table 1. The value of Ik is determined from the
y-intercept of the I−1 vs. ω−1/2 plots.

Fig. 5 shows the oxygen evolution reaction (OER) reactivity of
PtIr catalysts as a function of the catalyst composition. The onset
potential for OER for the unsupported Pt black catalyst is approx-
imately 1.6 V, while the estimated OER for the PtIr black catalyst
is approximately 150 mV more negative. The results indicate that
the PtIr black catalyst is more effective as a catalyst for the oxygen
evolution reaction than the pure Pt black catalyst is. In the case of
PtIr catalysts, the oxygen evolution rate increases with increasing
Ir content in the PtIr catalyst, up to 30 wt.%.

The polarization curves obtained in the fuel cell mode for MEAs
prepared with different Pt loadings are shown in Fig. 6(a). As shown
in this figure, the cell performance increases with increasing Pt
loading. The dependence of the current density measured on the
Pt catalyst at 0.6 and 0.7 V is shown in Fig. 6(b). The performance
increases with increasing Pt loading up to 4.0 mg cm−2. Further

−2
increase of Pt loading to 6 mg cm results in a negligible decrease
in the current density.

Fig. 7(a) shows that the cell performance in the electrolyzer
mode increases with increased Pt loading. The cell voltages esti-
mated at different current densities as a function of Pt loading are
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Table 2
Round-trip conversion efficiency of URFCs estimated for various compositions of
PtIr catalysts at current densities of 0.5 and 1.0 A cm−2.

Current density (A cm−2) Composition (Pt:Ir) VFC (V) VWE (V) εRT (%)

0.50

100:0 0.798 1.799 44
85:15 0.774 1.565 49
70:30 0.720 1.545 47
40:60 0.380 1.543 25

1.00

100:0 0.705 1.955 36
85:15 0.683 1.658 41
70:30 0.470 1.653 28
40:60 0.313 1.649 19
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ig. 9. The cycling stability test was performed using a current density of 0.5 A cm−2.
he catalyst (Pt85Ir15) loading was 4 mg cm−2.

resented in Fig. 7(b). These decrease with increased Pt loading up
o 4 mg cm−2. With further increases in the Pt loading, the voltage
eaches a plateau, indicating that the optimum catalyst loading in
he catalyst layer for URFC is 4 mg cm−2. In addition to the fact that
he fuel cell performance reaches a plateau at 2 mg cm−2, according
o the results reported in this study, higher catalyst loading is more
ffective for high energy conversion efficiency in URFCs.

The performance of bifunctional oxygen electrodes with PtIr cat-
lysts as an active material for oxygen reduction and the oxygen
volution reaction was tested using a 5 cm2 single cell. Fig. 8(a) and
b) shows the polarization curves of the URFC with a catalyst-coated
lectrode (CCE) with unsupported PtIr catalyst. In the electrolyzer
ode (Fig. 8(a)), the performance of unsupported PtIr catalyzed
EA is higher than that of unsupported Pt catalyzed MEA due to the

igher oxygen evolution reactivity of the PtIr catalyst. This fact indi-
ates that the oxygen evolution reaction takes place predominantly
n the Ir catalyst. In the fuel cell mode (Fig. 8(b)), the perfor-
ance of unsupported PtIr catalyzed MEA is lower than that of the

nsupported Pt catalyzed MEA due to the lower oxygen reduction
eactivity of PtIr catalyst.

The round-trip energy conversion efficiencies (εRT) during water
lectrolysis and fuel cell operation were calculated using a previ-
usly reported equation [1,3]:
RT = VFC

VWE
(4)

here VFC and VWE are the cell voltages for the fuel cell and water
lectrolyzer, respectively, at a given current density. Table 2 summa-
Sources 191 (2009) 357–361 361

rizes the efficiency values of URFCs estimated for different current
densities. The results indicated that the composition of 85 wt.% Pt
and 15 wt.% Ir shows the highest round-trip energy conversion effi-
ciency.

The cycle performance of the MEA with a Pt85Ir15 catalyst
is shown in Fig. 9. During the cycling test, a current density of
0.5 A cm−2 was applied to the cell. The results indicate that the cycle
performance of the URFC with Pt85Ir15 catalyst is stable for 120 h at
an applied current density of 0.5 A cm−2.

4. Conclusion

Bifunctional electrocatalysts for the oxygen electrode of a URFC
were prepared with unsupported Pt and Ir black catalysts. The elec-
trochemical active surface area and oxygen reduction reactivity of
the Pt85Ir15 catalyst was comparable to those of the unsupported Pt
black catalyst (Pt100Ir0). With increasing Ir content in the PtIr cata-
lyst, the activity towards ORR decreases compared with that of the
unsupported Pt black catalyst due to the lower activity of the Ir cat-
alyst for ORR. In spite of the lower activity of PtIr catalysts for ORR,
the onset potential for OER for the PtIr black catalyst is about 150 mV
more negative than that of the Pt black catalyst is, which implies
that the unsupported PtIr black catalyst is more effective than the
Pt black catalyst for the oxygen evolution reaction. The URFC using
the Pt85Ir15 catalyst shows good initial performance and durability
in the cycle test for 120 h at an applied current density of 0.5 A cm−2.
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