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a b s t r a c t

A novel Ir0.5Mn0.5O2 cathode has been synthesized by thermal decomposition of mixed H2IrCl6 and
Mn(NO3)2 water solution. The Ir0.5Mn0.5O2 cathode has been characterized by XRD, field emission SEM
(FESEM) and AC impedance spectroscopy. XRD result shows that rutile-structured Ir0.5Mn0.5O2 phase is
formed by thermal decomposition of mixed H2IrCl6 and Mn(NO3)2 water solution. FESEM micrographs
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show that a porous structure with well-necked particles forms in the cathode after sintering at 1000 C.
The average grain size is between 20 and 30 nm. Two depressed arcs appear in the medium-frequency
and low-frequency region, indicating that there are at least two different processes in the cathode reac-
tion: charge transfer and molecular oxygen dissociation followed by surface diffusion. The minimum area
specific resistance (ASR) is 0.67 � cm2 at 800 ◦C. The activation energy for the total oxygen reduction
reaction is 93.7 kJ mol−1. The maximum power densities of the Ir0.5Mn0.5O2/LSGM/Pt cell are 43.2 and
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80.7 mW cm at 600 and

. Introduction

Intermediate temperature solid oxide fuel cell (ITSOFC) (oper-
ting temperature: 500–800 ◦C) has attracted much attention in
ecent years [1]. Low operating temperature will allow the selection
f material from a wide range, reduce the interactions between the
lectrodes and the electrolyte, and promote the commercialization
f SOFC [2]. However, the popular La1−xSrxMnO3 (LSM) cathode is
ot a good choice in the intermediate temperature range since the
verpotential increases dramatically as the operating temperature
ecreases [3]. One of the most important objects in the develop-
ent of SOFC is to improve the electrode’s performance, especially

or the cathode. The requirements for the cathode material are as
ollows: adequate porosity for oxygen supply, good catalytic prop-
rty and conductivity for oxygen dissociation and transportation,
ompatibility with the electrolyte and long term stability [4]. IrO2
s a probable candidate for cathode because of its high catalytic

ctivity for reduction of oxygen [5]. It also has a high conductivity
omparable with metals and a high chemical inertness. Torres-
uerta [5] prepared IrO2/YSZ nano-composite cathode and found

hat IrO2 displayed superior electrochemical properties for a cath-

∗ Corresponding author. Tel.: +86 10 62333113; fax: +86 10 62332281.
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de. However, IrO2 is very expansive. In an effort to look for a cheap
athode material, MnO2 is found to be a kind of green material
ith an excellent electro-catalytic activity [6]. Hibino et al. [7] have

ound that the addition of MnO2 to the LSM cathode could improve
he open circuit voltage (OCV) and the peak power density. There-
ore, it is possible to reduce the cost by using MnO2 doped IrO2 as
potential cathode for ITSOFC.

In this paper, Ir0.5Mn0.5O2 was studied as a potential cath-
de material by focusing on the electrochemical performance of
r0.5Mn0.5O2 cathode on La0.9Sr0.1Ga0.8Mg0.2O3−ı electrolyte eval-
ated by AC impedance spectroscopy.

. Experimental

.1. Cell fabrication

The La0.9Sr0.1Ga0.8Mg0.2O3−ı (LSGM) powders were synthe-
ized by glycine–nitrate combustion method. The initial materials
ere Ga2O3 (99.999%), La(NO3)3·6H2O (analytical reagent grade),
g(NO3)2 (analytical reagent grade), Sr(NO3)2 (analytical reagent
rade), and glycine (H2NCH2COOH, analytical reagent grade). The
etailed preparation procedure was described elsewhere [8]. The
s-prepared LSGM powders were calcined at 1000 ◦C for 2 h to
ecompose residual reactants. The calcined LSGM powders were
intered as an electrolyte pellet at 1250 ◦C under a pressure of

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:yuezhang@ustb.edu.cn
dx.doi.org/10.1016/j.jpowsour.2008.07.059
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ig. 1. XRD pattern of Ir0.5Mn0.5O2 cathode on LSGM electrolyte after sintering at
000 ◦C.

0 MPa by spark plasma sintering (SPS). Both sides of the pellet
ere roughed with 240# SiC grit paper and then sonicated for

0 min. Ir0.5Mn0.5O2 was prepared by thermal decomposition of
ixed H2IrCl6 (J&K Chemical Ltd.) and Mn(NO3)2 (J&K Chemical

td.) water solution. The total metal ion concentration of the pre-
ursor was kept around 0.2 M. The precursor solution was painted
nto the both sides of the LSGM pellet by a brush. The cell was
rst dried at 100 ◦C for 10 min, and then heated at 450 ◦C for 10 min
o decompose the precursor. This procedure was repeated for 2–3
ycles. Finally, the cell was sintered at 1000 ◦C for 2 h. A symmetri-
al cell with cathode films of about 0.29 cm2 was obtained. In order
o obtain the output performance, a Ir0.5Mn0.5O2/LSGM/Pt single

ell was prepared with Ir0.5Mn0.5O2 cathode one side of the LSGM
ellet and Pt anode on the other side. Pt anode was prepared by
rushing Pt paste on one side of the pellet and sintering at 850 ◦C
or 1 h.

M
s
s
b

able 1
he XRD peak positions and d spacing of Ir0.5Mn0.5O2 compared with the JCPDS data.

eak index Ir0.5Mn0.5O2 JCPDS88-028

2� (◦) d (Å) 2� (◦)

1 1 0) 28.125 3.1702 27.987
1 0 1) 35.611 2.5190 34.656
2 1 1) 54.761 1.6749 53.935

Fig. 2. (a) TEM image and (b) SAED p
rces 185 (2008) 946–951 947

.2. Characterization

XRD using Cu K� radiation on a Rigaku Dmax-RB X-ray diffrac-
ometer was carried on to study the phase formation. Morphology
f the cathode was observed in a SUPRA-55 FESEM with an accel-
rating voltage of 10 kV. TEM image and selected area electron
iffraction (SAED) measurements were performed using a trans-
ission electron microscope (JEM-1OOCX). Two Pt plates were

sed as current collectors attached to two Pt wires for symmetrical
ell experiments. AC impedance measurements were performed
sing a Solartron 1255 HF frequency response analyzer coupled
ith an EG&G PARC 273 potentiostat under different temperature

nd oxygen partial pressure. The oxygen partial pressure varied
rom 1, 0.21, 0.1 to 0.01 atm. The frequency ranged from 100 KHz
o 0.01 Hz. The measurements were carried out under open circuit
otential with a perturbation amplitude of 20 mV. The impedance
pectra were analyzed in terms of equivalent circuits with the
SIMWIN software. I–V polarization curves were measured using
Keithley 2410 source meter in the four terminal configuration.

he Ir0.5Mn0.5O2/LSGM/Pt single cell was sealed onto a quartz tube
eactor with the cathode side exposed to ambient air. Pure hydrogen
as fed into the anode chamber as fuel.

. Results and discussion

.1. Crystal structure analysis

Fig. 1 presents the XRD pattern of cathode on LSGM electrolyte
fter sintering at 1000 ◦C for 2 h. The rutile-structured Ir0.5Mn0.5O2
hase can be obtained from thermal decomposition of mixed
2IrCl6 and Mn(NO3)2. A comparison with JCPDS 88-0288 and 24-
735 for IrO2 and MnO2 are show in Table 1. It can be see that
nO2 tetragonal structure, which suggests that the mixed oxide
ystem forms a solid solution of IrO2 and MnO2 with the rutile-type
tructure. This result is in line with the Hume–Rothery conditions
ecause both oxides have a tetragonal structure and similar valence.

8 (IrO2) JCPDS24-0735 (MnO2)

d (Å) 2� (◦) d (Å)

3.1855 28.680 3.1100
2.5862 37.328 2.4070
1.6986 56.652 1.6234

attern of Ir0.5Mn0.5O2 clusters.
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on the cathode, impedance measurements were done as a function
of oxygen partial pressure. The PO2 dependences of the polarization
resistance (Rp) in the medium-frequency and low-frequency arcs
determined from the log(1/Rm) − log PO2 and log(1/Rl) − log PO2
plots at different temperatures are shown in Figs. 7 and 8. The
Fig. 3. FESEM micrographs of the Ir0.5Mn0.5O2 cathode sintered at 1000 ◦C.

rupioni et al. [9] have investigated 30%IrO2–70%MnO2 system
nd got a similar conclusion. The big FWHM of the XRD peaks of
r0.5Mn0.5O2 suggests a fine grain size of Ir0.5Mn0.5O2.

Fig. 2 shows the TEM micrograph and the SAED of the mixed
xide. It is clear that a tetragonal rutile-structure was formed, in
greement with the XRD pattern.

.2. Morphology characteristics

Fig. 3 shows surface micrographs of the Ir0.5Mn0.5O2 cathode
intering at 1000 ◦C for 2 h. It seems that the particles are well
onnected to each other after sintering. The cathode presents a
ell-bonded porous network which is composed of many well-
ispersed and connected Ir0.5Mn0.5O2 grains and uniform pores.
he high porosity of the cathode and the good connection between
he grains can not only enlarge the reactive areas, but also maintain
igh electron paths through the cathode framework. The average
rain size is 20–30 nm. As the particle size decreases to nano-scale,
he area of triple phase boundaries (TPB), where reduction of oxy-
en occurs, is dramatically increased, and the O2 reduction reaction
s enhanced [10,11].
.3. Electrochemical performances

Fig. 4 shows the output performances of the Ir0.5Mn0.5O2/
SGM/Pt single cell using pure H2 as fuel at 600 and 700 ◦C, respec- F
rces 185 (2008) 946–951

ively. The power density of the cell increases with operating
emperature. The maximum power densities of the cell are 43.2
nd 80.7 mW cm−2 at 600 and 700 ◦C, respectively.

The AC impedance spectra for the symmetrical cell measured at
emperatures between 450 and 800 ◦C in air are shown in Fig. 5.
rom the spectra, a high frequency induction tail can be seen,
hich is due to the device and the connect wires. By fitting the

pectra, the two depressed arcs appear at medium-frequency and
ow-frequency, implying that there are at least two different pro-
esses in the cathode reaction. All the spectra data can be well
tted by the equivalent circuit of the type Ro(RmQm)(RlQl) shown

n Fig. 5, where Ro is the combination of electrolyte resistance,
lectrode ohmic resistance, wire resistance and contact resistance
etween cell and the Pt plates. Q is a constant phase element repre-
enting time-dependent capacitive elements. The first component
RmQm) appears as a depressed arc at medium-frequency and the
econd one (RlQl) appears a depressed arc at low-frequency region.

represents a non-ideal capacitor and the associated n param-
ter indicates the Q’s similarity to a true capacitor. The constant
hase element (Q) can be transformed into capacitances using the
quation: C = (RQ)1/n/R [12]. All the data are well fitted by the equiv-
lent circuit and the errors estimated by the program are within
0%.

Arrehenius plots of Rm and Rl can be seen in Fig. 6. Both Rm

nd Rl decrease rapidly with temperature. The activation energy
or the arc in the medium-frequency region is 99.86 kJ mol−1 and
he capacitance calculated from the fitting results is on the order
f 10−4 F cm−2. So the medium-frequency arc can be related to
charge transfer process. The activation energy for the second

rc is 88.6 kJ mol−1, indicating a non-gas diffusion process. The
apacitance calculated from the fitting results is in the range
.05–0.2 F cm−2, which is too large to be associated with a double

ayer capacitance. Escudero et al. [13] have studied oxygen reduc-
ion reaction on La2NiO4 cathodes and found that the process in
he low-frequency region is assigned to molecular oxygen disso-
iation phenomena. Our data are similar with theirs, and this arc
an be associated as molecular oxygen dissociation. From Fig. 5, it
an be seen that the medium-frequency arc is larger than the low-
requency arc, indicating charge transfer process probably limits
he cathode reaction.

In order to further understand the oxygen reduction mechanism
ig. 4. The output performances of the Ir0.5Mn0.5O2/LSGM/Pt cell at 600 and 700 ◦C.
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is molecular oxygen dissociation followed by the surface diffu-
sion.

It is widely established that the performance of ITSOFC is
strongly dependent on cathode area specific resistance (ASR),
which must be minimized to obtain high ITSOFC power densities

Table 2
Reaction orders under different temperatures.
Fig. 5. The AC impedance spectra for t

olarization resistance of the cathode varies with the oxygen partial
ressure according to the following equation [14]:

−1
p ∝ Px

O2

where x is the reaction order which provides an insight into the
rate-limiting step of the oxygen reduction reaction on the elec-
trodes. For metal and metal oxide cathodes on solid electrolytes,
x = 0.25, the charge transfer reaction at the triple phase boundary
is the rate-determining process;
x = 0.5, the surface diffusion of the dissociative adsorbed oxygen
at the triple phase boundaries is involved in the rate-determining
step;

x = 1, gaseous diffusion of oxygen molecules in the porous struc-
ture is the rate-determining process.

The x values determined from the slope at different tempera-
ures in Figs. 7 and 8 are listed in Table 2. It can be seen in Table 2,

T

6
7
8

mmetrical cell and equivalent circuit.

= 0.25 for Rm is observed, indicating that the oxygen reduction
eaction in the medium-frequency is a charge transfer process. The
values for the low-frequency arc ranged between 0.52 and 0.59.
ue to the values of the activation energies and capacitances, we

uggest the oxygen reduction reaction process at low-frequency
(◦C) x for Rm x for Rl

00 0.242 0.518
00 0.256 0.576
00 0.266 0.591
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Fig. 6. Arrehenius plots of Rm and Rl as a function of the temperature in air.
15,16]. For a symmetrical cell, the ASR can be calculated accord-
ng to the following equation: ASR = (Rp*A)/2, where Rp is the sum
f the resistances of each process (Rp = Rm + Rl), A is the electrode
rea, and the factor 2 is due to the fact that each cell has two
roughly identical) electrodes. Arrehenius plot of ASR as a func-

ig. 7. Dependence of reciprocal Rm on oxygen partial pressure at 600, 700, and
00 ◦C.

ig. 8. Dependence of reciprocal Rl on oxygen partial pressure at 600, 700, and
00 ◦C.
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Fig. 9. Arrehenius plot of ASR as a function of the temperature.

ion of temperature in air is shown in Fig. 9. As expected, the ASR
f Ir0.5Mn0.5O2/LSGM interface decreases rapidly with increasing
emperature. The minimum ASR is 0.67 � cm2 at 800 ◦C. The ASR
f the Ir0.5Mn0.5O2 cathode on LSGM electrolyte is lower than that
f the IrO2/YSZ composite cathode on YSZ electrolyte reported by
orres-Huerta [5]. The activation energy for the total oxygen reduc-
ion reaction is 93.7 kJ mol−1, which is slightly lower than that of
SM cathode (about 100 kJ mol−1) [17].

The ASR can be decreased in two ways: increasing the triple
hase boundaries by control of the microstructure combined with
contiguous ionic conducting phase, which allows electrochemi-

al reactions to occur within the cathode; improving the kinetics
f oxygen exchange and diffusion. It should be noted that IrO2 is
favorable catalyst for oxygen dissociation reaction, which will

ertainly improve the catalytic activity for the oxygen reduction
t the cathode. Therefore, the ASR of Ir0.5Mn0.5O2 cathode could
e further decreased by increasing the triple phase boundaries by
ontrol of the microstructure combined with a contiguous ionic
onducting phase. The above results indicate that the Ir0.5Mn0.5O2
aterials synthesized in this work may offer an efficient and com-

etitive performance as cathode material for ITSOFC. However,
urther studies will be required in order to determine the stabil-
ty of the cathode and improve its performance in the solid oxide
uel cell.

. Conclusions

A novel Ir0.5Mn0.5O2 cathode has been synthesized by thermal
ecomposition of a mixed H2IrCl6 and Mn(NO3)2 water solution.
he IrO2 + MnO2 cathodes have rutile structure and do not react
ith LSGM electrolyte. After sintering at 1000 ◦C, cathode is porous
ith well-necked particles. The average grain size is between 20

nd 30 nm. There are two different processes in the cathode reac-
ion: charge transfer and molecular oxygen dissociation followed
y surface diffusion. The minimum ASR is reached 0.67 � cm2 at
00 ◦C and the activation energy for the total oxygen reduction
eaction is 93.7 kJ mol−1. The maximum power densities of the
r0.5Mn0.5O2/LSGM/Pt cell are 43.2 and 80.7 mW cm−2 at 600 and
00 ◦C, respectively. The synthesized Ir0.5Mn0.5O2 may offer an effi-
ient and competitive performance as cathode for ITSOFC.
cknowledgements
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