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Perovskite-type series of compounds La;_4SryMnOs3 are synthesized by a sol-gel method using Chitosan
as the gelling agent. Their catalytic activity for hydrogen peroxide electroreduction in 3.0 moldm~3 KOH
at room temperature is evaluated by means of cyclic voltammetry and chronoamperometry. Effects of
annealing temperature and the ratio of La to Sr of La;_,SryMnOs on their catalytic performance are inves-
tigated. Among this series of compounds, Lag 4SrosMnOs3 calcined at 650 °C exhibits the highest activity,
which is comparable with Co304. An aluminum-hydrogen peroxide semi-fuel cell using Lag4SrosMnOs3
as cathode catalyst achieves a peak power density of 1770 mW cm~2 at 170 mAcm~2 and 1.0V running on
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1. Introduction

Fuel cells are attractive power sources for space and underwater
applications because of their high energy density. When working in
the air-free environment, fuel cells generally require pure oxygen
(liquid or compressed) as oxidant. The bulky tank for carrying oxy-
gen significantly reduces the energy density and safety standard
of fuel cell systems. H,0, has been investigated as an alternative
oxidant in replacing of oxygen because H;0, is liquid, its handling
and storage are easier. In addition, the electroreduction kinetics of
H,0, is faster than that of oxygen. Therefore, fuel cells with H,O,
oxidant tend to have high performance and are more compact com-
paring with those using oxygen as oxidant. Several types of fuel
cells using H, 0, as oxidant have been investigated, including direct
borohydride-hydrogen peroxide fuel cell [1-7], metal-hydrogen
peroxide semi-fuel cell [8-17], hydrazine-hydrogen peroxide fuel
cell [18], direct methanol-hydrogen peroxide fuel cell [19,20], and
biofuel-hydrogen peroxide fuel cell [21,22].

Several types of electrocatalysts for hydrogen peroxide reduc-
tion have been investigated, including: (1) noble metals, such
as platinum, palladium, iridium, gold, silver and a combina-
tion of these [7,10-12,14,16,17,23]; (2) macrocycle complexes
of transition metals, such as Fe- and Co-porphyrin, Cu-triazine
complexes [24-26]; (3) transition metal oxides, such as cobalt
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oxides [15,27]. Noble metal catalysts usually show high activ-
ity for H,O, electroreduction, but they significantly catalyze the
chemical decomposition of H,O, to oxygen, leading to the reduc-
tion of H,0, utilization. Besides, they are expensive. In a recent
study, we demonstrated that cheap transition metal oxides (e.g.,
Co304) exhibit superior activity and stability for H,O, electrore-
duction in alkaline medium [15]. The chemical decomposition of
H,0, on Co304 can be minimized by using low concentration of
H,0, [27].

Perovskite-type materials, particularly of Laj_,SrxMnO3(LSM),
as potential cathode of high temperature solid oxide fuel cells
have been extensively investigated [28]. LSM possess mixed
ionic-electronic conductivity, which is highly beneficial for LSM
being used as cathodes in fuel cells. Very recently, the electrocat-
alytic behavior of LSM towards oxygen reduction in an ambient
temperature alkaline electrolyte has been reported [29,30]. It was
found that, within La;_,SryMnOj3 series, Lag4SrgsMnO3 exhibits
the greatest catalytic activity and the greatest proportion of
direct four-electron oxygen reduction compared to two-electron
reduction. Even though Lag 4SrgsMnO3 has around 0.15V greater
overpotential than Pt for oxygen reduction in alkaline medium at
room temperature, its relative low cost makes it a promising cath-
ode to replace precious platinum for low temperature alkaline fuel
cells [29]. Besides, Lag 4Srg sMnO3 cathode is insensitive to the pres-
ence of organic fuels such as ethylene glycol [30]. In this paper, the
electrocatalytic activity and stability of La;_,SrxMnOs3 for hydrogen
peroxide reduction in alkaline medium were investigated. The per-
formance of Lag 4SrosMnO3 as the cathode catalyst of an alkaline
aluminum-hydrogen peroxide semi-fuel cell was evaluated.
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2. Experimental
2.1. Preparation and characterization of La;_xSrxMnO3

La;_,SrxMnO3 powders were synthesized by a sol-gel method
using La(NOs3)3-6H,0, Sr(NO3), and Mn(NOs3); as source materi-
als and Chitosan as the gelling agent. An appropriate amount of
La(NO3)3-6H,0, Sr(NO3); and Mn(NOs3 )3 was weighed out and dis-
solved in a small amount of ultra-pure water (Milli-Q), respectively.
The nitrate solutions were then added to a Chitosan solution, which
was prepared by dissolving appropriate amount of Chitosan in 2%
(volume fraction) acetic acid. The resulting solution was stirred vig-
orously whilst being heated to 80°C and held at this temperature
until water was nearly completely removed and a homogeneous
transparent solution was obtained. The solution was then slowly
cooled down to ambient temperature to form a gel, which was dried
at 100°C for 12h in an oven to obtain a dry gel. The dry gel was
grounded to fine powders and calcined at temperatures between
550 and 750°C for 5 h in air. After cooling down to room tempera-
ture, the powder was grounded again and sieved by passing through
a400 mesh sieve. The fine powders below 400 mesh were used for
material characterization and electrode preparation. The structure
of the samples was analyzed using X-ray diffractometer (Rigaku
TTR III) with Cu Ka radiation (A=0.1514178 nm). The 26 ranges
from 10° to 90° with a scan rate of 5°min~! and a step width of
0.01°. The morphology was examined by scanning electron micro-
scope equipped with an energy-dispersive X-ray spectrometer
(SEM/EDX, JEOL JSM-6480). Thermo-gravimetric and differential
thermal analysis (TG/DTA) was performed with a Pyris-Diamond
thermal analyzer (Perkin-Elmer) in a flow of air (40 cm3 min—1) at
a heating rate of 20°Cmin~! from room temperature up to 800°C
in an Al 03 sample pan.

2.2. Preparation of La;_4SrxMnQOs3 electrode

To prepare La;_,SryMnOs3 electrodes, Laj_ySryMnO3; powder
and carbon black (Vulcan XC-72) were dispersed in anhydrous
ethanol by sonication for 10 min to obtain a suspension, to which a
PTFE emulsion was added. The mixture was sonicated for another
15min and then heated at 80°C in a water bath until a thick
paste was formed. The paste was smeared on a nickel foam
current collector, heated at 110°C for 12h and then pressed
under 10 MPa pressure. The obtained electrodes consists of 80 wt.%
La;_xSrxMnOs, 8 wt.% carbon black and 12 wt.% PTFE.

2.3. Electrochemical measurements

Electrochemical measurements were performed in a standard
three-electrode electrochemical cell with saturated Ag/AgCl ref-
erence electrode and glassy carbon rod counter electrode. The
electrolyte was 3.0moldm~3 KOH containing different concen-
trations of H,0,. The La;_,SrxMnO3 working electrode has a
dimension of 10 mm x 10 mm x 0.5 mm and a La;_,SryMnOs5 load-
ing of 20 mgcm—2. Cyclic voltammetry and chronoamperometry
were conducted using a computerized VMP3/Z potentiostat (Bio-
logic) controlled by the EC-lab software. The reported current
densities were calculated using the geometrical area of the elec-
trode. All solutions were made with analytical grade chemical
reagents and ultra-pure water (Milli-Q, 18 2M cm). All potentials
were referred to the saturated Ag/AgCl, KCl reference electrode.

2.4. Al-H,0, semi-fuel cell tests
The performance of Lag4SrggMnO3 as cathode catalyst of the

Al-H,0, semi-fuel cell was examined using a home-made flow
through test cell made of Plexiglas. Both the aluminum alloy anode

(LF6, 91.9% Al, 6.5% Mg, 0.6% Mn, 0.3% Fe, 0.3% Si, 0.2% Zn, 0.1%
Ti) and the LaggSrg4MnO3; cathode have the same geometrical
area of 4.0 cm? (20 mm x 20 mm). Nafion-115 (DuPont) membrane
was used to separate the anode and the cathode compartments.
The anolyte (3.0 moldm~3 KOH) and the catholyte (3.0 moldm—3
KOH +0.6 moldm~3 H,0,) were pumped into the bottom of the
anode and the cathode compartment, respectively, using an indi-
vidual peristaltic pump, at a flow rate of 80 cm3 min—!, and exited
at the top of the compartments. The performance of the Al-H,0,
was recorded at ambient temperature using a computer-controlled
E-load system (Arbin).

3. Results and discussion
3.1. Characterization of La;_SrxMnO3

The decomposition behavior and phase evolution of the
LaggSro4MnO3 dry gel were investigated by TG-DTA. Fig. 1 shows
the TG-DTA curves of Lag gSrg4MnO3 dry gel measured from room
temperature to 800 °C in air flow. As can be seen from the TG curve,
the weight loss of the dry gel takes place roughly in four stages
noted by stage I, II, IIl and IV on the graph. Domain [ (around
23-130°C) corresponding to a weight loss of 3.5% is a conse-
quence of the removal of the residual adsorbed and hydrated water.
Domain II (around 130-330°C) associating to a weight loss of 41%
is due to the loss of nitrate and acetic anions by decomposition and
oxidation. Four weak exothermal peaks at 177,216, 280,and 319°C
in the DTA curve (insert of Fig. 1) likely relate to the various decom-
position stages of the anions. Domain Il (around 330-420°C) with
a weight loss of 30% is accompanied by strong sharp exothermal
peaks at 415°C and can be assigned to the combustion of Chi-
tosan gelling agent because the decomposition of Chitosan starts at
around 320°C[31]. Nosignificant weight loss is observed in Domain
IV (around 420-800°C) which implies that almost all the nitrite
anion and organic derivatives are removed. The weak exothermic
peak at 625 °C is most probably due to formation of the perovskite
phase.

XRD analysis was conducted to obtain information about the for-
mation of crystallographic phase during thermal treatment. Fig. 2
shows the XRD patterns of the LaggSrg4MnO3; powders annealed
at 550, 600, 650 and 700°C. The standard crystallographic spec-
trum of perovskite Lag g5Srg 35MnO3 from JCPDS card No. 50-0308
was included for comparison. For the sample calcined at 550°C,
a few peaks corresponding to perovskite phase LaggSrg4MnOs3
were observed but not well developed. The samples calcined above
600°C displayed the typical pattern of perovskite LaggSrg4MnO3
and the corresponding characteristic peaks became sharper as the
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Fig. 1. TG-DTA curves of Lag gSro4MnOs.
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Fig. 2. XRD patterns of Lag Sro4MnOs calcined at different temperatures.

calcination temperature elevates, demonstrating that better crys-
talline structure was formed. The average crystallite size of the
calcined samples was estimated from XRD patterns using Scher-
rer equation [29,32] and values are between 18 and 22 nm. Peak
about 25°, 36° and 44° can be attributed to SrCO3, which likely
results from the reaction of Sr2* with CO, (from the combustion of
Chitosan or air) during the annealing process. No peaks from impu-
rities such as manganese oxides, lanthanum oxides and strontium
oxides were observed. The morphology of LaggSrg4MnQO3 sample
calcined at 650°C is shown in Fig. 3. Most of the particles are in
irregular shape with a small portion having the rod-like shape. The
atomic ratio of the transition metals in the sample was determined
by EDX to be 0.62:0.38:1.0 (La:Sr:Mn).

The influence of the ratio of La to Sr on the structure of
La;_,SrxMnO3 compounds was investigated by XRD. Fig. 4 shows
the XRD patterns of a series of La;_,SryMnO3 compounds with x
from 0.2 to 0.8. The samples were calcined at 650 °C. The XRD pat-
terns are in good agreement with that reported in literatures for
perovskite-type La;_,SrxMnO3 [29,33] except peaks from SrCOs3
were observed in this study. With the increase of the ratio of Sr to
La, the intensity of peaks from SrCO3 increases implying that some
Sr2* are not incorporated in the crystal phase of La;_xSryMnO3_ The
average crystallite size of L;_xSrxMnO3 estimated using Scherrer
equation is about 21, 23, 18, and 39 nm for x=0.2, 0.4, 0.6, and 0.8,
respectively.

Fig. 3. SEM image of LagSro4MnO3; powder calcined at 650 °C.
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Fig. 4. XRD patterns of La;_,SryMnO3 with x equal to 0.2, 0.4, 0.6 and 0.8.

3.2. Electrocatalytic performance of La;_,SrxMnOs for H,0,
reduction

Fig. 5 shows the influence of thermal treatment temperature
on the electrocatalytic performance of LaggSrg4MnO3. The cyclic
voltammograms were recorded in 3moldm—3 KOH containing
0.6moldm=3 H,0, at a scan rate of 5mVs~!. It can be seen that
the onset potential for H0, reduction was around —0.15V and
is independent of the calcination temperature. The differential of
current density to applied potential (dj/dE) increased with the cal-
cination temperature from 550 to 650°C and then decreased with
the further increase of the temperature to 700°C, which demon-
strates that the sample calcined at 650°C exhibited the highest
electrocatalytic performance. This is likely because the sample cal-
cined at 650 °C achieved a better balance between crystal structure
and specific surface area as indicated by TG-DTA and XRD results.
Lower thermal treatment temperature favors larger specific sur-
face area but worsens crystallinity. Higher calcination temperature
leads to better crystallinity but smaller specific surface area duo to
the sintering.

Fig. 6 shows the effect of the ratio of La to Sr on the electrocat-
alytic performance of La;_,SryMnOs. The cyclic voltammograms
were recorded in 3.0 mol dm—3 KOH containing 0.6 mol dm—3 H,0,
atascanrate of 5mVs~!. The CV demonstrates that H, 0, electrore-
duction starts at around —0.15V, which is around —0.05V more
negative than that for spinel Co304 we reported previously [15].
This onset potential is nearly independent of the composition of
La;_,SrxMnOs. However the current density varies obviously with
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Fig. 5. Cyclic voltammograms of Lag ¢Sro4MnOj3 calcined at different temperatures
taken in 3.0 mol dm~—3 KOH containing 0.6 moldm—3 H,0;. Scan rate: 5mVs-!.
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Fig. 6. Cyclic voltammograms of La;_,SryMnOs recorded in 3.0 moldm~3 KOH con-
taining 0.6 moldm=3 H,0,. Scan rate: 5mVs~'.

the mole ration of La to Sr, for example, the current density at
—04V is —78, —130, —145 and —110mAcm~2 with x=0.2, 0.4,
0.6, and 0.8, respectively. Obviously, Lag 4SrgsMnQO3 exhibits the
best catalytic performance for H,0, electroreduction in alkaline
medium. Similarly, Donne et al. recently reported that among the
series of compounds La;_ySryMnO3; (where x=0, 0.2, 0.4, 0.6, 0.8
and 1.0), it is Lag 4Srg MnO3 that shows the highest catalytic activ-
ity towards oxygen electroreduction in an ambient temperature
KOH electrolyte.

Fig. 7 shows the influence of H,0, concentration on the elec-
troreduction performance of Lag4SrgosMnOj3 electrode. It can be
seen that the dj/dE remains constant but the cathodic peak current
density remarkably increased with the increase of H,0, concentra-
tion. The cathodic peak current density displayed an approximate
linear relationship with the H,O, concentration, implying that the
reduction reaction at the peak potential was controlled by H,0,
diffusion. The nearly linear behavior of the polarization curves in
the cathodic scan suggests a large ohmic resistive effect of the elec-
trode, which is likely due to the low conductivity of Lag 4Srg gMnO3
at room temperature. Even though higher limiting current den-
sity can be achieved at higher H,0, concentration, the chemical
decomposition of H,0, to O, becomes more significant at high
H,0, concentration as indicated by the formation of gas bub-
bles on the electrode surface. No gas bubbles were observed at
H,0, concentrations below 0.4moldm~3, but obvious gas evo-
lution occurred when H,0, concentration exceeds 0.6 moldm—3.
Using low concentration H,0, is essential for keeping high H,0,
utilization efficiency. The Lag4SrgsMnO3 exhibits a comparable

ok
o
E 50
o
E
= -100
> H O, concentration
7}
5 2150 F a-0.2 mol dm”
o e b-0.4 mol dm™
S ¢-0.6 mol dm”
£ 200 d-0.8 mol dm™
) e-1.0 mol dm®
2250 L 1 L 1 L fl

-0.7 -0.6 -0.5 -0.4 -0.3 -0.2 -0.1
Potential/V
Fig. 7. Cyclic voltammograms of Lag4SrosMnO3 measured in 3.0moldm~—3 KOH

containing H,0, with different concentrations between 0.2 and 1.0 moldm~3. Scan
rate: 5mVs-1.
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Fig. 8. Chronoamperometric curves for H,0, electroreduction on Lag4SrosMnO3
electrode at different potentials in 3.0 mol dm~3 KOH + 0.6 moldm~3 H,0,.

activity to Co304 nanoparticles. For example, the mass current den-
sity measured at —0.4V for 0.6 moldm~3 H,0; is 7.3 mAmg~! for
Lag 4Srg6MnO3 and 8 mAmg~! for Co30,4 powder. Perovskite-type
compounds possess mixed ionic and electronic conductivity, which
has been found to be highly beneficial for them acting as electro-
catalysts for fuel cells. Their catalytic activity, ionic and electronic
conductivity can be tuned by changing the elements in both A-site
(such as La and Sr) and B-site (such as Mn, Co, Ni, Fe and Cu). This
study demonstrated that perovskite La;_,SrxMnOs3 displays con-
siderable catalytic activity and stability towards electroreduction of
H, 0, in alkaline medium at room temperature, which opens up the
possibility for the development of perovskite-type compounds as
H, 0, cathode. By changing the composition of the compounds, bet-
ter catalytic performance might be achieved. Further investigation
is undergoing in this Lab.

The stability of Lag4SrgsMnOs3 electrode for H,0O, electrore-
duction was investigated by chronoamperometric measurements.
Fig. 8 shows chronoamperometric curves of H,0, electroreduction
on Lag 4SrgsMnO3 calcined at 650 °C. At the mixed kinetic-diffusion
control potentials (—0.2 and —0.3 V), currents reached to steady-
state after a few seconds and displayed no sign of decrease within
30 min test period, indicating that Lag 4Srg sMnOs has a good stabil-
ity for catalyzing hydrogen peroxide electroreduction. At the near
diffusion control potential (—0.4V), currents decreased slightly
after around 1000 s. This behavior likely resulted from the depletion
of H,0, near the electrode surface.

The performance of Lag4SrggMnO3 as the cathode catalyst of
Al-H,0, semi-fuel cell was investigated. Fig. 9 shows plots of cell
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Fig. 9. Performance of Al-H,0, single semi-fuel cell with Lag4SrosMnOs cathode.
Anolyte: 3.0moldm~3 KOH at a flow rate of 80 cm® min~!. Catholyte: 3.0 moldm3
KOH +0.6 moldm~—3 H,0, at a flow rate of 80 cm? min~'. Operation temperature:
room temperature.
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voltage and power density against current density. The cell was
operated at room temperature with 0.6 moldm~3 H,0, feeding to
the cathode compartment. The cell exhibited an open circuit volt-
age of around 1.5V. With the increase of current density, the cell
voltage decayed almost linearly until reaching to the mass transport
control region and then dropped rapidly. This behavior indicated
that the cell performance is limited by the poor mass transport
within the cathode and the large ohmic resistance from the cath-
ode and the ion transportation through the membrane and the
electrolyte. A peak power density of 170 mW cm~2 was obtained
at 1770mAcm~2 and 1.0V. This performance is comparable with
that of Al-H,0, semi-fuel cell using nanoparticle Co304 cathode
[15], but is better than Al-O, semi-fuel cell reported by Rota et
al. [34]. They found that the single bipolar unit cell of Al-O, using
alkaline electrolyte had an open circuit voltage of 1.85V and deliv-
ered a maximum power density of about 75mWcm~2 at 0.7V.
High power density can be achieved for Al-H,0, semi-fuel cell
by using high concentration of H,O, at the cathode, but at the
expense of H,0, utilization efficiency due to the increased chemi-
cal decomposition rate of H, O, at high concentration. It is worth to
emphasize that La;_,SrxMnOs3 can also be used as cathode catalysts
for other types of fuel cells using H, 0, as oxidant, e.g. direct alkaline
NaBH4-H,0, fuel cells and direct alcohol-hydrogen peroxide fuel
cell. An added advantage of La;_,SrxMnOs3 cathode is its less sen-
sitivity to the presence of alcohol fuel than noble metal catalysts,
such as Pt [30].

4. Conclusions

Perovskite-type La; _xSrxMnO3; compounds were synthesized by
a sol-gel method using Chitosan as the gelling agent. Their cat-
alytic activities for H, O, electroreduction in alkaline medium were
evaluated at room temperature. Dependence of catalytic activ-
ity upon the atomic ratio of La to Sr in the La;_ySrxMnO3; was
found and Lag 4Srg sMnO3 exhibited the highest activity. Consider-
ing rare-earth metals and transition metals are more abundant and
cheaper than platinum and other precious materials, perovskite-
type La;_,SrxMnOs3 is an attractive material as electrocatalysts.
The Al-H;0, fuel cell using Lag 4Srg sMnOs3 as cathode catalyst dis-
played an open circuit voltage of 1.5V and a peak power density of
170mW cm—2.
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