
*corresponding  author. E-mail: amoukasi@nd.edu

Eurasian ChemTech Journal  9 (2007) 1-8

 2007 al-Farabi Kazakh National University   Printed in Kazakhstan

Perovskite-based Catalysts for Direct Ethanol Fuel Cells
Aidong Lan and Alexander S. Mukasyan*

Department of Chemical and Biomolecular Engineering, Center for Molecularly Engineered Materials,
University of Notre Dame, Notre Dame, IN 46556, USA

Abstracts
Utilizing a screening strategy featuring energy efficient and rapid solution combustion (SC) synthesis

technique, and the high throughput NuVant system, a library of conductive perovskites was synthesized
and tested as anode electrode in the direct ethanol fuel cell (DEFC) conditions. It was found that a variety
of Ru-based perovskites showed considerable electro-catalytic activity for ethanol oxidation. Further, it
was demonstrated that the perovskite-platinum catalysts with low noble metal loading prepared directly in
by SC method exhibit comparable performance with standard Pt-Ru alloy.

Introduction

Direct alcohol proton exchange membrane fuel
cells (PEMFC) are considered as an advanced source
of energy for a variety of applications, particularly
for the electric vehicles [1,2]. Among different alco-
hols a methanol because of its low cost and easiness
of storage is widely suggested as a primary fuel for
PEMFC [3,4]. However, the aspect of the methanol
toxicity remains crucial [5]. Ethanol is an alternative
low toxic fuel, which can be attractive for various
usages. Having higher cost than methanol, ethanol
possesses additional advantage, i.e. its availability
from a broad variety of biomass products.

The complete electro-oxidation of ethanol at ano-
de involves 12 electrons per molecule as follows:
CH3CH2OH + 3H2O → 2CO2 + 12H+ + 12e−. In the
dissociation process of ethanol at anode, different in-
termediate chemisorbed species are produced, includ-
ing acetaldehyde and acetic acid. Carbon monoxide
(CO) is also formed and considered to be a poisoning
agent because it blocks the electro-catalytic active
sites and hence reduces the overall performance of
cell [6,7]. In addition, the reaction mechanism in-
volves the participation of water, or of its adsorption
residue, so that a good electrocatalyst must activate
both the chemisorption of alcohol and the water mole-
cules. Finally, ethanol electro-oxidation to carbon di-

oxide requires the cleavage of the C–C bond. Above
complexities make ethanol oxidation more difficult
than that of methanol [3,8]. Thus for effective operati-
on of direct ethanol fuel cells (DEFCs) it is even more
critical to develop an inexpensive poly functional ca-
talyst with appropriate solid state, surface, and mor-
phological properties [5,9,10].

So far platinum-based materials have been studi-
ed as catalysts for DEFCs application [cf. 5]. Indeed,
Pt is the only known active and stable noble metal in
acid environment (proton exchange membrane). The
platinum alloys are believed to be effective electroca-
talysts for ethanol oxidation. One of the promising
candidates is Pt-Sn alloy, which allows the ethanol
oxidation at lower potential than for pure platinum
[cf. 11,12]. However, Pt-Ru standard possesses cur-
rent densities which are higher than for Pt-Sn alloy.
For this reason and also accounting our experience
of working with Pt-Ru catalyst this alloy was used
for rating of electro-catalytic activities of perovskite
based compositions.

In this work we suggest a different approach for
developing of the effective multifunctional catalysts
for DEFCs. As noted above, the successful strategy
of electro-catalyst design for ethanol oxidation should
consider two important aspects: (i) promoting water
and ethanol adsorption; (ii) facilitating oxidation of
intermediate products and CO. Thus it is proposed
that mixed conductor complex oxides, some of which
are known as excellent water adsorbents and cata-
lysts for CO oxidation [13], could be the alternative
materials for DEFC application.
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More specifically, it is known that some perovs-
kites (ABO3) are electronically conductive and also
possess excellent proton transport property [14]. In
addition, the surfaces of perovskite compounds are
acidic, and hence, they are stable and active in the
strong acid environment. The vast applications of pe-
rovskites for reforming of hydrocarbon suggest that
such materials should have better tolerance towards
oxidation of reactive sites than Pt alloys [13].

Thus it is a logical approach to develop a multi-
functional catalyst for DEFCs application based on
such perovskite structures. In the current work, a nu-
merous perovskite compositions were synthesized by
using solution combustion synthesis approach [cf. 15-
17]. The electro-catalytic performances of the ob-
tained materials were tested in the fuel cell conditions
by using electrochemical screening system NuVant
100P [cf. 18,19]. It was shown that optimized perovs-
kite-based materials are promising candidates as an-
ode electro-catalysts in DEFC.

Experimental Procedure

Synthesis of the Catalyst

Solution combustion synthesis is an attractive
technique for the production of different oxides, in-
cluding ferrites, perovskites, and zirconia [cf. 20-22].
It involves a self-sustained reaction between an oxi-
dizer (e.g. metal nitrate) and a fuel (e.g. glycine, hy-
drazine). In these work the metal nitrates Me(NO3)x

(where Me = Ba, Ca, Sr, La,) as a oxidizers and glyci-
ne C2H5NO2, as a fuel were used to synthesize diffe-
rent catalysts. Ruthenium Nitrosyl Nitrate solution
was used to prepare Ru-based perovskites. Some pro-
perties of the precursors are shown in Table 1.

Under equilibrium conditions, in general the reac-
tions in these systems can be represented as follows:

Meν(NO3)ν + ( 9
5 ν·φ) CH2NH2CO2H +

+ ν· 4
5 (φ−1)O2 ⇒ MeOν/2

(s) + ( 9
10 ν·φ)CO2

(g)  +

+ 18
25 φ H2O(g) + ν⋅(φ+1)/2 N2

(g).

where Meν is a metal with ν – valence, φ is a fuel to
oxidizer ratio, φ = 1 means that the initial mixture
does not require atmospheric oxygen for complete
oxidation of fuel, while φ > 1 (< 1) implies fuel-rich
(lean) conditions. For example, during the synthesis
of the LaRuO3 perovskite the following stoichiomet-
ric (φ = 1) reaction occurs:

La(NO3)3 + Ru(NO)(NO3)3 +
+ 32/5·C2H5NO2 ⇒ LaRuO3 + 32/5·CO2↑g +

+ 16H2O↑g + 67/10·N2↑g

While different reaction modes [23-25], includ-
ing Volume Combustion Synthesis (VCS), self-propa-
gating Sol-Gel Combustion (SGC), and Impregnated
Support Combustion (ISC) exist, in this work we uti-
lized conventional VCS approach. First, reactants are
dissolved in water (see Table 1) and the obtained so-
lution is thoroughly mixed to reach essential molecu-
lar level of homogenization for the reaction medium.
After preheating to its boiling point (100°C) water
evaporates and further heating leads to solution self-
ignition at some temperature (Tig), which varies for
different system (e.g. ~ 130°C for LaRuO3 and 250°C
for SrRuO3). After ignition the temperature rises rap-
idly (up to 103 °C·s-1) to values as high as 1500°C.
This high temperature be accompanied by intensive
gasification (CO2, N2, steam) during short time pe-

Table 1
Some Properties of the Precursors

cerP u rosr oM l ce ula wr eight So ul bil ti y i g001n of
02retaw °C Melting oP i tn C°, eV ndo ,r purity

La( ON 3)3 H6 2O 60.334 %01> )621.p.b(54 Alfa A se a %59,r

B (a ON 3)2 43.162 g7.8 ).pmoced(295 Alfa A se ar %99,

Ca( ON 3)2 H4 2O 51.632 121 54 Alfa A se ar %89,

Sr( ON 3)2 00.212 17 )546.p.b(075 Alfa A se ar %001,

Ru( )ON ( ON 3)3 90.713 miscible 0011.p.b Alfa A se ar uR%.tw5.1,

HC 2 HN 2 OC 2H 70.57 52 )832.pmoced(281 Alfa A se ar %89,
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riod (0.1-1 s) converts the initial solution to fine well-
crystalline powder of desired composition.

Beside pure perovskites the design of multifuncti-
onal catalyst involves preparation of perovskite-plati-
num composite. In previous work [24] we used two
approaches for Pt incorporation into oxide-based ca-
talyst, i.e. "internally" during solution combustion
(SC) synthesis or "externally" during ink preparati-
on. It was shown that internal method, where comp-
lex-catalysts were synthesized by addition of Pt con-
taining reagent (e.g. tetra-ammine-platinum nitrate)
into initial metal nitrate + glycine solution, leads to
superior electro-catalytic activity of produced compo-
sitions. Thus all results discussed below were obtain-
ed on oxide-metal catalysts synthesized by internal
SC method.

The products phase compositions and crystallin-
ity were determined by using X1 advanced diffrac-
tion system (Scintag Inc.). The specific surface area
(BET) of powders was measured by Autosorb 1C
(Quantchrome Instruments, USA) apparatus.

Catalyst Screening

The electrochemical screening system NuVant
100P was developed by Liu & Smotkin [18]. It con-
sists of electronically insulating block with array of
fuel cells that accommodates 25 independent graph-
ite sensor electrodes laid out in a 5×5 matrix. Each
sensor is contacted the non-catalyzed face of the gas
diffusion layer (GDL) disk, the catalyzed side of
which contacts the Nafion 117 (DuPont Nafion Prod-
ucts, Fayetteville, NC) membrane electrolyte. Serial
of flow fields machined on a ceramic fuel cell block
permits delivery of fuel (liquid or gas) to each electro-
de. A computer controlled array potentiostat was used
to condition the array and acquire the polarization
curves (see Ref. 18 for details).

Anode and cathode catalyst inks are prepared by
dispersion of the corresponding catalysts powders in
solubilized Nafion solution (Aldrich, Milwaukee, WI),
as described elsewhere [26]. Array GDLs for cata-
lyst candidates are prepared by evenly coating GDL
carbon fiber paper (Toray paper, E-TEK, TGPH-60)
and then punching out 0.713 cm2 disks. Typically six
replicate samples for each of the four catalyst com-
positions and one blank sample disk were randomly
positioned in the array. The loading for perovskite
catalysts was ~ 6 mg/cm2, while for standard Pt or
Pt-Ru catalysts ~ 4 mg/cm2 (see Table 2). The Pt load-
ing for the common counter/reference electrode was

1 mg/cm2. The counter/reference electrode was hot
pressed (160°C at 1800 lb-force for 5 min) onto Na-
fion 117 membrane. The 25 working electrodes were
hot pressed (160°C at 1000 lb-force for 5 min) onto
the other side of the Nafion sheet, thus creating Mem-
brane Electrode Assembly (MEA).

A NuVant Systems NUV100P was used to test
the catalysts. The array fuel cell was conditioned by
passing wet hydrogen through both sides of the MEA
at 60°C for 12 hrs while cycling between 0-0.2 V vs.
the counter hydrogen electrode. The anode stream
was then switched to ethanol (1 M, 8 mL/min) and
the array of fuel cells was conditioned by cycling
between 0 and 0.7 V until reaching steady-state per-
formance. The set of polarization curves were then
simultaneously obtained by potential sweeps (cyclic
voltammetry) from 0 to 0.8 V. Note that potential
was taken with respect to dynamic hydrogen elec-
trode (DHE). The specific feature of this work is that
for study of the long-term catalysts activity the poten-
tiostatic (at constant potential between 0.4-0.8 V)
measurements were also conducted for the duration
of several hours.

Results and Discussions

Synthesis and Microstructural Characterization

On the initial stage of the research the main crite-
ria for selection of the material compositions was their
electro-conductivity. It is known that such families
as ARuO3 and A'FeO3 (where A = Ba, Ca, Sr, La, A' =

Table 2
Some Characteristics of the Catalysts

Composition
Catal tsy
Loadi gn ,
mg c/ m2

Actua tPl
Loadi gn ,
mg c/ m2

Surf eca
A er ,TEB,a

m2 g/
FrS eO3 7.5 00.0 5.1

RaB uO3 6.5 00.0 5.1

RaC uO3 0.3 00.0 4.81

RrS uO3 9.5 00.0 0.4

RrS uO3 tP%.tw5+ 8.5 92.0 1.3

RaL uO3 9.5 00.0 5.8

RaL uO3 tP%.tw5+ 9.6 43.0 3.4

-tP bl kca 0.3 0.3 0.03

Pt/ auR lloy 7.4 01.3 0.26
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Sr, Ca) are good conductors [27]. An additional in-
centive for choice of ruthenium as a B site element
correlates with reported Ru catalytic activity for the
methanol oxidation [cf. 2], while the selection of iron
is partially favored by its excellent reactivity in the
combustion wave [cf. 15]. A library of different pe-
rovskites families was synthesized by VCS mode of
solution combustion method and their electro cataly-
tic activities were tested in Nuvant systems. Some of
the catalyst characteristics are presented in Table 2.

XRD patterns obtained for example for LaRuO3

and LaRuO3-Pt catalyst, as well as Pt-black are shown
in Figure 1. It can be seen that crystallinity of the
perovskite powder is slightly higher than of those
diluted with platinum. This effect can be explained
by lower reaction temperature of the perovskite/Pt
system as compared to pure perovskite. It is interest-
ing that specific surface areas of the oxide powders
are typically higher than for oxide-metal composi-
tion (see Table 2). The latter is related to the larger
amount of gas-phase products during combustion of
non diluted solutions [17]. Comparison of different
XRD patterns also allows to conclude that platinum
exists in the composite catalyst as a separate phase.
Indeed, on one hand, the Pt peaks were consistently
detected on the samples where metal was added (Fig.
1). On the other hand, no quantifiable changes of pe-
rovskite peaks position were observed, which could
indicate that metal incorporated into perovskite struc-
ture. Qualitatively similar trends were obtained for
the other perovskite materials (i.e. BaRuO3, CaRuO3,
SrRuO3, SrFeO3).

The data on the specific surface (S) and loadings
of some catalysts are summarized in Table 2. One
trend may be outlined, i.e. the nitrates with lower
phase transformation temperatures (melting, boiling,
decomposition) lead to higher surface area of the syn-
thesized products. For further discussion it is also
important that S of the standard catalysts (i.e. Pt-Ru
and Pt-black) are higher as compared to the synthe-
sized materials. Also note that amount of platinum
in perovskite-metal composite is ~ 10 times less that
in Pt-Ru standard.

Electro-catalytic Activity

Typical polarization curves obtained at sweeping
rate of 20 mV/s for synthesized compositions are
presented in Fig. 2. It can be seen that all ARuO3

perovskites (curves 1-4) show considerable current
densities with an onset potential around 0.3 V, while

very small activity was observed for SrFeO3 compo-
sitions (e.g. curve 5 for SrFeO3). This result suggests
that Ru element in the perovskite structure plays a
significant role in the considered electro-catalytic pro-
cess. It is well known that during electro-oxidation
of alcohols on Pt-Ru catalyst, ruthenium activates
water and provides preferential sites for OH group
adsorption at low potential [28,29]. These OH groups
are essential for complete oxidation (to CO2) of the
intermediate chemisorbed species. Thus it was dem-
onstrated that not only SrRuO3, as it was shown in
our previous work [24], but many other mixed-con-
ductor complex perovskites with ruthenium on B-
site can be a promising base for development of the
effective catalysts for DEFC.
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Fig. 1. XRD patterns of LaRuO3, LaRuO3 + 5wt.% Pt and
Pt-black catalyst.

Fig. 2. Voltammograms for different perovskite electrodes
at a sweep rate of 20 mV/s, temperature of 80°C and etha-
nol flow rate of 8 ml/min.
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It is also interesting that having higher specific sur-
face area (see Table 2) CaRuO3 shows lower activity
as compared to other perovskites. This result indicates
the important role of A-site ion in the process of etha-
nol oxidation. In addition, a close inspection of Fig.
2 reveals that perovskites with Sr (curve 1) and La
(curve 2) on A-site show the higher electro-oxidation
activity as compared to Ca and Ba based materials.
More important that while SrRuO3 and LaRuO3 stand
out with the best performance in terms of current den-
sity, their voltammograms are qualitatively different.
The Sr-based perovskite exhibits a maximum ("hump")
in current density at potential ~ 0.5 V. Same "strange"
behavior was observed for this catalyst during oxi-
dation of the methanol [24]. However, LaRuO3 cata-
lyst possesses monotonic increase of current with
density in the investigated (0-0.8 V) voltage range. It
is still not clear if it is related to the fact that Sr is an
alkali earth element and La is a rare earth element.
La and Sr-based perovskites were selected as a basis
for the below we focus on more detailed character-
ization of these two most promising compositions.

Figure 3 shows oxidation performance for SrRuO3

and LaRuO3 catalysts as a function of temperature.
As could be expected the maximum current density
for both catalyst drops as temperature decreases, indi-
cating that the electro-catalytic reaction is a thermally
activated process. However, the current maximum
of the first peak (more pronounced for SrRuO3; Fig.
3a), which appears at potential ~ 0.1 V, increases as
temperature decreases. This behavior suggests that
this peak is probably is related to the adsorption pro-
cesses (see also [27]).

While pure perovskite catalysts show relatively
high oxidation activity, the observed current values
are lower than for Pt-based alloy (compare curves 1-
3 in Figure 4). Thus next step in multifunctional cata-
lyst design involved preparation of perovskite-plati-
num composite. In previous work [24] we used two
approaches for Pt incorporation into oxide-based ca-
talyst, i.e. "internally" during solution combustion
(SC) synthesis or "externally" during ink prepara-
tion. It was shown that internal method, where com-
plex-catalysts were synthesized by addition of Pt con-
taining reagent (e.g. tetra-ammine-platinum nitrate)
into initial metal nitrate + glycine solution, leads to
superior electro-catalytic activity of produced com-
positions. Thus all results discussed below were ob-
tained on oxide-metal catalysts synthesized by inter-
nal SC method.

Figure 4 (a) presents the comparison of linear scan
voltammetry (polarization curves) of ethanol oxida-
tion for perovskite-based and standard Pt-based cata-
lysts. It can be seen that in terms of current density,
the composite perovskite-Pt (curve 4) catalyst sub-
stantially outperform both the pure SrRuO3 (curve
3) and standard Pt-black (curve 2) catalysts, and is
comparable with the characteristics of the Pt-Ru al-
loy (curve 1). Moreover, the data on current densi-
ties for different catalysts normalized by Pt loading
(Fig. 3b) clearly show that perovskite based com-
posite (curve 3) is the most effective. For example,
SrRuO3 + 5 wt.% Pt catalyst is better than Pt-Ru al-
loy by a factor up to 4. Similar trend was observed
for LaRuO3-based catalysts (e.g. see Fig. 5).

Fig. 3. Voltammograms for (a) SrRuO3 and (b) LaRuO3 electrodes as a function of temperature obtained at a potential
sweep rate of 20 mV/s and in 1.0M CH3CH2OH with flow rate of  8 ml/min.
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On one hand, these result (Fig. 4a and 5a) sup-
ported previously obtained data [24] on effectiveness
of the preparation of the composite oxide/Pt catalyst
by "internal" combustion synthesis approach. On the
other hand, it is illustrated (4b and 5b) that catalytic
activity of Pt can be significantly enhanced by metal
embedding in the Ru-contained perovskite structures.
It is important to outline that because specific surfa-
ce areas of the composite catalysts (~ 7 m2/g) are
lower as compared to Pt-Ru standard (~ 65 m2/g) and
amount of Pt is also more than 10 times lower (see
Table 2), the observed effect can be related to: (i) the
high activity of platinum sides distributed along the
perovskite surface during solution combustion syn-
thesis; (ii) the active role of perovskite constituent.

Admitting that shown above and used in our pre-
vious work [24] potential sweep approach has some
limitations related to the relatively high scanning
rates, in this work potentiostatic measurements were
also conducted at different constant potentials in the
range 0.1-0.7 V. Figure 6a shows example of such
current-time transients recorded for perovskite-based
and standard Pt-based catalysts at a constant anode
potential of 0.6 V (potential prior to the step = 0.05
V). Note that duration of the current measurements
were long enough (order of several minutes) to reach
some kind of current saturation.

To understand these results one has to account
that in the response to a potential step, the total mea-
sured current, iT, involves at least three components:
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Fig. 5. Comparison of ethanol oxidation performance for
LuRuO3-based and standard Pt-based catalysts: (a) origi-
nal data; (b) data normalized on Pt loading (Conditions:
1M ethanol, flow rate 8 ml/min, potential sweep rate 20
mV/s, temperature 90°C).

Fig. 4. Comparison of ethanol oxidation performance for
SrRuO3-based and standard Pt-based catalysts: (a) origi-
nal data; (b) data normalized on Pt loading (Conditions:
1M ethanol, flow rate 8 ml/min, potential sweep rate 2
mV/s, temperature 90°C).
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faradaic current iF, the charging current iC, both de-
caying with time t, and a noise current: iT = iF + iC +
noise. As iC decays exponentially, after a short pe-
riod (several seconds) the current becomes predomi-
nantly of faradaic nature, approaching a steady state
value. The observation of appreciable current den-
sity value for SrRuO3 (curve 3) at 0.6 V confirmed
its reasonable electrocatalytic activity for ethanol
oxidation. It is more important that observed steady
current density value for perovskite-Pt composites
(curves 4 and 5) are essentially similar to Pt-Ru al-
loy catalyst (curve 1). Interesting that same measure-
ments for SrRuO3 catalyst conducted for methanol
oxidation shows significantly lower iF current (see
curve 6, Fig. 6).

The plots of current densities versus applied po-
tential for these catalysts grabbed at different sam-
pling times (e.g. 5 and 100 seconds) are presented in
Figs. 5(b) and (c). Apparently, the SrRuO3-Pt cata-
lyst shows a comparable performance with Pt-Ru in
potential range (0.4-0.7 V). It is also noteworthy that
drop of current with time for perovskite-metal cata-
lyst is insignificant. For example, at V = 0.6 V, cur-
rent density decreases for SrRuO3-Pt catalyst by a
factor of only 1.4. The latter result could imply that
such catalysts could deliver stable performance in
real fuel cell systems.

Conclusions

In this paper for the first time it is demonstrated
the series of mixed-conductor perovskites could be
effective phases for development of the active and
cheap catalyst for the direct ethanol fuel cells. Also
it was shown that LaRuO3 possessing similar activ-
ity with previously reported SrRuO3 composition,
does not perform "hump" type (with maximum) be-
havior [17], but its I-V curve has a monotonic char-
acter. Comparison of the different catalysts specific
surface areas and Pt loadings allowed us to conclude
that observed effects of high activity for oxide/Pt
composites are related to the higher activity of Pt-
sites deposited on the perovskite basis during solu-
tion combustion synthesis of the catalysts and.
Simultaneously it is shown that role of the chemical
nature of the oxide constituent is very important. The
optimizations of (i) perovskite composition (by dop-
ing from A and B sites), and (ii) Pt loading are cur-
rently under investigations.

The above findings undoubtedly show that sug-
gested approach for design of multifunctional cata-

Fig. 6. (a) The potential step results at V = 0.6 V for pe-
rovskite-based and standard Pt-based catalysts; (b),(c) cor-
responding current density-potential plots for different
sampling time, t: (b) t = 5 s, (c) t = 100 s (Conditions: 1M
ethanol, flow rate 8 ml/min, temperature 60°C).
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lyst is effective. This encouraging result suggests that
such multifunctional catalysts prepared by combus-
tion technique may hold a key for cost friendly solu-
tion of effective DEFC design.
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