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bstract

The polarization behaviors of platinum electrode were investigated with a single cell employing CsH2PO4/SiP2O7-based composite electrolyte.
he electrochemical measurements were conducted in the temperature range of 180–240 ◦C under various humidity conditions. The cell performance
as enhanced during several discharge cycles, and then the steady state was attained. The active triple phase boundary (TPB) appears to be

pontaneously formed. The polarization behaviors for both anode and cathode were strongly affected by the electrolyte conductivity due to its
◦
umidity dependence. In accordance with this tendency, the maximum performance was achieved at 220 C in 30% humidified condition whereas

he deterioration was observed at 240 ◦C. Throughout the analysis, however, the performance limitation was mainly due to cathodic polarization
t every condition. The cathodic overpotential showed a linear dependence against the log of current density at each temperature, which can be
xpressed as a Tafel equation. Then, the influence of steam concentration and temperature on the electrochemical kinetics was also discussed.

2008 Elsevier B.V. All rights reserved.

id-bas

d
[

s
[
4
o
s
p
i
m
[

eywords: Intermediate-temperature fuel cells; Electrode polarization; Oxioac

. Introduction

Fuel cells are attractive alternatives to traditional power
ources because they can directly convert chemical energy into
lectrical energy with low emissions and high efficiency. Cell
ypes are classified based on electrolyte materials. Polymer elec-
rolyte fuel cell (PEFC) is one of the promising systems for
oth stationary and transportation applications. Hydrated per-
uorosulfonic acid membranes such as Nafion® are widely used
s electrolytes, which limit the operating temperature below
00 ◦C resulting in critical issues such as CO poisoning of
t electrodes [1–3], complicated fuel processing and water

anagement. Heat-resistive electrolytes operative in the temper-

ture range up to 300 ◦C will readily overcome these problems,
nd many studies have been extensively conducted for the
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ed electrolyte; CsH2PO4/SiP2O7-based composite

evelopment of intermediate-temperature fuel cells (<300 ◦C)
4–15].

We have recently developed a new proton-conductive
olid-state electrolyte based on CsH2PO4/SiP2O7 composite
16]. This composite exhibited high proton conductivity of
4 mS cm−1 at 266 ◦C under 30% H2O/Ar atmosphere. The
peration of the fuel cell using this electrolyte was demonstrated
uccessfully at 220 ◦C. In this composite, ionic-conduction
hase of CsH5(PO4)2 is responsible for high conductivity, which
s formed via chemical reaction between CsH2PO4 and SiP2O7

atrix during initial heat-treatment at intermediate temperatures
16,17]. Good compatibility between CsH5(PO4)2 and SiP2O7
as been also confirmed [18]. It is noted that the composite is sta-
le in the solid-state at elevated temperatures despite the melting
f CsH5(PO4)2 component above 150 ◦C. This may be due to the

nterfacial interaction between the conduction phase and matrix.
everal groups have also reported fuel cells employing a series
f oxoacid-based electrolytes such as CsH2PO4 and CsHSO4
bove 150 ◦C [4–6]. In these types of fuel cells, generally, the
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Fig. 1. Schematic illustration of a single cell.

lectrochemical reaction occurs at the triple phase boundary
TPB) of gas/solid electrode/solid electrolyte interface. In fact,
owever, proton-conductive oxoacid-based electrolytes will be
n a highly viscous molten state rather than in a solid state at
he operating temperature to achieve high ionic conductivity,
hich is different from that in the case of phosphoric acid fuel

ell (PAFC). Therefore, the structure of TPB has to be opti-
ized. Addition of ion-conductive materials in the electrode

s one of the effective methods to expand the TPB, as can
e seen in PEFC and solid oxide fuel cell [19,20]. However,
here are few reports on electrode activity and kinetics in the
emperature range of 200–300 ◦C by using oxoacid-based elec-
rolytes. In this study, the polarization behaviors of platinum
lectrode for both in anode and cathode were investigated in
rder to obtain the design guide with a single cell employing
sH2PO4/SiP2O7-based composite electrolyte at intermediate

emperatures.

. Experimental

Cesium dihydrogen phosphate, CsH2PO4 (CDP), was syn-
hesized from H3PO4 (Wako Pure Chemical Industries Ltd.)
nd Cs2CO3 (Sigma–Aldrich Inc.). Pyrophosphate of SiP2O7
as synthesized from H3PO4 and SiO2 (NIPPON Silica. Ltd.)

s starting materials [17]. The resulting powders were mixed to
e the composite electrolyte of CsH2PO4/SiP2O7 in the molar
atio of 1/2. Composite powder was uniaxially pressed with Pt/C
arbon paper (E-TEK Inc., Pt loadings: 1 mg cm−2) to form
he membrane electrolyte assembly (MEA, diameter: 13 mm,
hickness: ca. 1.3 mm, electrode area: 0.283 cm2), and then the
esulting MEA was heat-treated at 220 ◦C for 1 h.

Fig. 1 shows the cell configuration used for power generation
nd polarization measurements. A reference electrode was made
ith platinum wire on the anode-side surface of electrolyte, and
latinum mesh was used as a current collector. Hydrogen and
xygen were fed to anode and cathode, respectively. Water con-
entration in the feeding gas was controlled in the range of
–30% by changing the bubbling temperature. In the case of
% H2O, unhumidified fuel or oxidant was supplied directly to
he experimental apparatus. Total flow of gaseous mixture was
xed so as to be 50 ml min−1. Electrode polarization resistance
as measured using ac impedance spectroscopy at atmospheric
ressure in the temperature range of 180–240 ◦C (Solartron 1260

requency-response analyzer and Solartron 1287 potentiostat).
he applied frequency was in the range of 0.01 Hz to 1 MHz.
urrent-interruption method was also used to analyze electrode
verpotential (Hokuto Denko HC-111).

m
i
e

ig. 2. I–V curve for a single cell at 200 ◦C (30% H2O/H2,
t/C|CsH2PO4/SiP2O7|Pt/C, 30% H2O/O2).

. Results and discussion

.1. Polarization behavior

Typical I–V characteristics at intermediate temperatures are
hown in Fig. 2. The performance improved drastically during
hree consecutive measurements, and then the steady state was
ttained. In the first discharge, the steep drop in a terminal volt-
ge at low current density region was observed. This indicates
he extremely low electrocatalytic activity due to the insufficient
lectrode/electrolyte interface formation. As mentioned above,
he composite electrolyte of CsH2PO4/SiP2O7 forms the new
onduction phase of CsH5(PO4)2 in the initial heat-treatment
t 220 ◦C. The resulting salt melts above 150 ◦C and is in a
olten state in the composite [16]. Thus, the molten salt in the

icinity of the interface should penetrate into Pt/C electrode
uring subsequent measurements, resulting in the formation of
ctive TPB. The open circuit voltage (OCV) was stable and ca.
00–200 mV lower than theoretical values at every temperature,
hich was comparable to that for phosphoric acid fuel cells. This

an be explained by the formation of oxides on the Pt surface
t high potential [21]. Carbon oxidation may also lead to low
CV at intermediate temperatures [22]. In the previous paper,
e reported the OCV of 0.78 V at 220 ◦C by using the same

ell configuration due to a low relative density of electrolyte
17]. Thus, we can guess that the employed electrolyte is suf-
ciently dense and the obtained OCVs are higher limits. The
lot of open circle is correspondent to the IR-corrected curve
f the third measurement. Even at high current density region,
he performance limitation was mainly due to the electrode
olarization. The optimization of electrocatalysts is required for
he development of intermediate-temperature fuel cells. Then,
he electrode polarization was analyzed by ac impedance spec-
roscopy.
Impedance spectra of a single cell with two-electrode system
easured at various terminal voltages are shown in Fig. 3. The

mpedance spectra included the polarization resistance of both
lectrodes and appeared to consist of two arcs at high- and low-
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both IR loss and polarization resistance were reduced (Fig. 7).
These can be explained by the humidity dependence of elec-
trolyte conductivity [16,18]. Under low humidity conditions,
the conductivity decreases accompanied with weight loss due
ig. 3. Impedance spectra of a single cell at various terminal voltage at 200 ◦C
30% H2O/H2, Pt/C|CsH2PO4/SiP2O7|Pt/C, 30% H2O/O2): (a) OCV–0.8 V; (b)
.6–0.3 V.

requencies. The arc at low-frequencies dramatically decreased
ith passing current, whereas the other one at high-frequencies
as less sensitive to the terminal voltage. This means that at least

wo processes are involved. Corresponding impedance spectra
f anode and cathode are shown in Figs. 4 and 5, respectively,
hich were measured using a three-electrode cell. In anode,

he polarization resistance was almost independent of the elec-
rode potential with a value of ca. 0.3 �cm2, indicating that the
ydrogen oxidation is sufficiently fast. On the other hand, the
olarization resistance in cathode was extremely large under
he open circuit condition and continuously decreased with
ncreasing current. As can be seen in Fig. 2, this resulted in
ow performance at low current density region during discharge

peration. Judging from the frequency-response in each elec-
rode, high- and low-frequency arcs observed in two-electrodes
ystem can be roughly assigned to anode and cathode reac-
ions, respectively. At this stage, however, the equivalent circuit

ig. 4. Impedance spectra of anode in the third measurement of I–V curve in
ig. 2.

F
2

ig. 5. Impedance spectra of cathode in the third measurement of I–V curve in
ig. 2.

odel for each electrode has not been established and is under
nvestigation.

.2. Humidity dependence

Fig. 6 shows I–V curves measured at 200 ◦C under vari-
us humidity conditions. Humidified gases with a ratio of x%
2O–(100−x)% H2 and x% H2O–(100−x)% O2 were sup-
lied as fuel and oxidant, respectively. Open circuit voltage was
ependent on the humidity due to the change in partial pres-
ure of reactant gases. The performance was enhanced with an
ncrease in humidity up to 30%. In response to this behavior,
ig. 6. I–V characteristics of a single cell under 0–30% H2O conditions at
00 ◦C: (0–30% H2O/H2, Pt/C|CsH2PO4/SiP2O7|Pt/C, 0–30% H2O/O2).
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ig. 7. Impedance spectra of a single cell under 0–30% H2O conditions at
00 ◦C, OCV: (a) overall view; (b) magnification figure; (0–30% H2O/H2,
t/C|CsH2PO4/SiP2O7|Pt/C, 0–30% H2O/O2).

o the dehydration and condensation reaction of phosphates. In
ontrast, it was difficult to discharge stably with supplying fuel
nd oxidant with 40% H2O and to maintain the mechanically
table membrane (not shown). Excessive water in fuel and oxi-
ant mixtures should lead to further penetration of molten salt,
esulting in the inhabitation of electrode reaction. The anodic
nd cathodic overpotential under various humidity conditions
re shown in Fig. 8(a) and (b), respectively. For both electrodes, a
istinct humidity dependence of the overpotential was observed;
.e., the overpotential was reduced with an increase in humid-
ty despite a decrease in partial pressure of reactant gas species.
hese indicate that the polarization behavior is strongly affected
y the difference in electrolyte conductivity under humidified
onditions. Additionally the anodic overpotential was consider-
bly lower than the cathodic one regardless of the humidity. This
s because the exchange current density of hydrogen oxidation
n platinum surface is greater than that of oxygen reduction by
factor of 107 under PAFC operating conditions [23]. Thus, the
evelopment of excellent electrocatalysts for cathode will be the
ey factor for the realization of intermediate-temperature fuel
ells. The reaction mechanism of hydrogen oxidation over Pt in
hosphoric acid can be described in following two elementary
teps:

Tafel step:

H2 → 2H(a) (1)

Volmer step:

H(a) → H+ + e (2)
here H(a) represents atomic hydrogen which is chemisorbed
o a metal surface. The Tafel step is generally believed to be
he rate-determining step (RDS). Vogel et al. have derived the
heoretical equations, correlation between current density and

r
c
t
r

ig. 8. Electrode overpotential under 0–30% H2O conditions at 200 ◦C: (a)
node; (b) cathode.

verpotential, with considering the RDS and the hydrogen con-
entration gradient in the electrocatalyst layer [24]. In this study,
owever, it is difficult to apply these equations due to the humid-
ty dependence of electrode polarization. Since the steam-rich
uel is supplied to anode, binary gas diffusion of hydrogen-steam
n the catalyst layer has to be also well considered.

In the case of cathode, the overpotential, η, showed a linear
ependence against the log of current density. This correlation
an be described as follows, which is well known as the Tafel
quation:

= 2.303RT

nαF
log

i

i0
(3)

here T is the temperature, R is the gas constant, F is the Fara-
ay’s constant, n is the number of exchanged electrons, α is the
ymmetry factor, i and i0 are current density and exchange cur-

ent density, respectively [25]. The Tafel slope and exchange
urrent density at cathode were calculated (Table 1). It is noted
hat the Tafel slope is almost the same within the experimental
ange of relative humidity (RH), 0–2.0%, at 200 ◦C. This indi-
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Table 1
Kinetics parameters under various humidified atmospheres at 200 ◦C

Supplied gas Relative humidity (%) Tafel slope (mV decade−1) Exchange current density (mA cm−2) αn

70%O2–30%H2O 2.0 192 2.05 0.49
8 −1
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to the cathodic overpotential even above 200 C. The cathodic
overpotential vs. log of current density exhibited a linear depen-
dence at every temperature. Similar single Tafel slope has been
reported for Pt/H3PO4 with various H3PO4 concentration and
0%O2–20%H2O 1.3 204
0%O2–10%H2O 0.64 193
00%O2 0 214

ates that there is no change in the reaction mechanism under
hese conditions. The mechanism of oxygen reduction reaction
s discussed in the following section. With an increase in humid-
ty, the exchange current density increased. This phenomenon
s different from the case of Pt/H3PO4 doped polybenzimi-
azole (PBI-H3PO4) system at 150 ◦C: the exchange current
ensity was unchanged within the RH range of 1–10% though
he range of steam concentration in oxygen was almost the same
n this experiment [26]. This can be explained by the differ-
nce in the proton-conduction mechanism: the conductivity in
BI-H3PO4 system is independent of the water. In the case of
sH2PO4/SiP2O7-based composite, thus, it was suggested that

he adequate amount of steam is required for the fast oxygen
eduction reaction.

.3. Temperature dependence

Fig. 9 shows the I–V curves measured in the temperature
ange of 180–240 ◦C. In these experiments, the steam concen-
ration in supplying gases was fixed as 30% at every temperature:
hus the RH is different depending on the temperature. The I–V
haracteristics were enhanced with increasing temperature up to
20 ◦C, and the maximum power density of 68 mW cm−2 was
btained at 0.42 V (not shown). However, the performance was

◦
eteriorated at 240 C. This can be explained by the deterioration
f electrolyte with time due to the dehydration and condensa-
ion of phosphates. In response to these reactions, the significant
ncrease in ohmic resistance was observed in impedance spec-

ig. 9. I–V characteristics of a single cell at 180–240 ◦C under 30% H2O con-
ition (30% H2O/H2, Pt/C|CsH2PO4/SiP2O7|Pt/C, 30% H2O/O2).

F
a

9.34 × 10 0.46
1.42 × 10−1 0.49
7.77 × 10−2 0.44

ra (not shown). The corresponding overpotentials at anode and
athode are shown in Fig. 10(a) and (b), respectively. Although
he overpotential was reduced with temperature up to 220 ◦C for
oth electrodes, the relative humidity in the feed gas significantly
ffected the electrode kinetic as described above. Thus, the opti-
um condition has to be well considered at each temperature.

t is apparent that performance limitations are dominantly due
◦

ig. 10. Electrode overpotential at 180–240 ◦C under 30% H2O condition: (a)
node; (b) cathode.
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ig. 11. Kinetics parameters as a function of operating temperature: (a) Tafel
lope; (b) exchange current density.

t different temperatures [27–29]. The kinetics parameters were
alculated by using the Tafel equation as a function of tempera-
ure in Fig. 11. The oxygen reduction reaction can be written as
ollows [30,31]:

2 + M → M O2 (4)

2 + H+ + e− + M → M O2H (5)

O2H + M → M OH + M O (6)

O + H+ + e− → M OH (7)

OH + H+ + e− → M + H2O (8)

The broken line in Fig. 11(a) is the temperature dependence
f Tafel slope that assumed α = 0.5. The Tafel slope at each
emperature roughly agreed with the value of 2 × 2.303RT/F,
ndicating that the single reaction mechanism is operative in

his temperature range. At this stage, it can be expected that the
roton transfer is the rate-determining step (Eq. (5)) at interme-
iate temperature and low RH. In fact, the symmetry factor of
estimated from the experiment was 0.45–0.50. However, the

[

[

Sources 179 (2008) 497–503

eaction order against the partial pressure of oxygen and pro-
on concentration has not been sufficiently analyzed yet, and the
urther investigation is required to resolve the reaction mecha-
ism. The exchange current density was continuously enhanced
ith temperature despite the cell performance deterioration at
40 ◦C. Therefore, these results also suggest that the water man-
gement is very important to avoid the electrolyte deterioration
t intermediate temperatures.

. Conclusions

The polarization behaviors of platinum electrode for both
n anode and cathode were investigated with a single cell
mploying CsH2PO4/SiP2O7-based composite electrolyte at
ntermediate temperatures. The spontaneous formation of active
PB was observed during discharge cycles. The preparation
ethod of MEA has to be optimized for oxoacid-based elec-

rolytes. The performance limitation was mainly due to cathodic
olarization at every condition. The cathodic overpotential can
e expressed as Tafel equation. The exchange current density
as enhanced with an increase in relative humidity and tem-
erature, though the Tafel slope was almost independent of
hese conditions. Thus, these results indicate that the oxygen
eduction reaction proceeds based on the same mechanism. The
nodic polarization exhibited the similar dependency on humid-
ty and temperature as in the case of cathode. Therefore, the
ptimization of humidity condition as well as the development
f highly active cathode will be the key factors for the realization
f intermediate-temperature fuel cells.
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