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Abstract A non-noble oxygen reduction catalyst based on
nickel-manganese oxide supported on high-surface area car-
bon has been synthesized by a mild hydrothermal treatment,
resulting in nanocrystalline needles. Cyclic voltammetry
showed the electrochemical redox characteristics of this ma-
terial, evidencing the appearance of peaks associated to con-
secutive reversible transitions involving Mn(IV)/Mn(III) and
Mn(III)/Mn(II). The catalyst displayed a high activity for the
oxygen reduction, despite that the complete reduction was not
achieved, consuming less than three electrons of the four
available in the oxygen molecule. More importantly, this
activity did not decay under the presence of ethanol, revealing
the high ethanol tolerance of this material. Finally, single-cell
results have demonstrated the suitability of this material as
cathode catalysts for alkaline DEFC: The open circuit voltage
and the maximum power densities are close to those obtained
by a standard Pt/C catalyst.
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Introduction

The oxygen reduction and ethanol oxidation reactions on
platinum-based electrodes have been extensively investi-
gated since low-temperature direct ethanol fuel cells
(DEFCs) offer a promising method of electric energy
production [1-3]. Ethanol has a higher energy density
than methanol (8.0 versus 6.1 kW kg™'), which implies
more energy available from this fuel when used, for
example, in portable applications [4]. Notwithstanding,
it is well known that DEFC undergoes undesirable pro-
cess such as the poisoning of the cathode surface due to
the fuel crossover through the membrane [5]. This may
lead to a mixed potential, as a consequence of the si-
multaneous oxygen reduction reaction (ORR) and etha-
nol oxidation reaction in the cathode, which causes the
cathode depolarization and overall depresses the cell
efficiency. Pt-based catalysts dispersed on a carbon support,
although well-known active catalysts for the ORR are also
good promoters of the electro-oxidation of small organic
molecules, which typically gives rise to competition between
the alcohol molecules and the oxygen species for the platinum
active sites in case of significant fuel crossover, thereby
ruining the cathode ORR activity.

The development of membranes [6, 7] that inhibit the
crossover of alcohol and the design of cathodes tolerant to
ethanol are two strategies normally employed to overcome
this problem [8, 9]. In the search for ethanol-tolerant catalysts,
several Pt-based materials have been recently postulated
as promising ones, both in alkaline and acidic media.
However, platinum presents some drawbacks that offset its
full development: gradual decrease of the activity with
time, ascribed to degradation process (agglomeration
and dissolution processes) [10, 11], and, from a market
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point of view, it is an expensive material with, up to now,
limited availability [12, 13]. In order to overcome these lim-
itations, Pt-free catalysts have focused the attention of the
scientific community, with significant recent develop-
ment in materials such as manganese oxide (MnOy)-based
electrocatalysts [14—17].

In this context, this paper describes the results related to the
synthesis, characterization, and applications of a nanometric
NiMnO,/C material in alkaline medium as an ethanol-tolerant
ORR electrocatalyst. The prepared material was first structur-
ally investigated, by X-ray diffraction (XRD) and high-
resolution transmission electron microscopy (HRTEM), in
order to characterize the nature of the nanocrystalline phase(s)
and the nanostructure arrangement of the NiMnO,/C
nanocrystallites. Fundamental electrochemical measurements
were then performed in order to primarily understand the
oxygen reduction mechanism and kinetics on this material,
both in the absence and presence of ethanol. Specific
studies were conducted with the aim of assessing the ethanol
tolerance of NiMnO,/C cathodes. To reach this goal, the
NiMnO,/C was implemented as cathode catalyst in an alka-
line DEFC, and the single cell performance was evaluated, in
comparison to a standard Pt/C catalyzed-cathode (20 wt% Pt/
Vulcan XC72 from E-Tek).

Experimental

Synthesis and Physicochemical Characterizations
of the MnOx/C-based Catalyst

Nickel-doped manganese oxide dispersed onto E350 carbon
(from Timcal) was prepared by a mild hydrothermal treatment
first described by Bezdicka et al. [18]. More specifically, the
NiMnO,/C material was obtained by suspending the desired
amount of the carbon black powder in an aqueous solution of
MnSO, (Merck) and Ni(NOs),"6H,O (Merck®), in which
KMnO, was added to reach the targeted Mn loading (ca.
20 wt%). The suspension was maintained at a controlled tem-
perature 80 °C for 15 min, and then the NiMnO,/C was filtered
and dried at 110 °C.

The Ni-doped MnO,/C electrocatalyst was characterized
using XRD analyses conducted on a Philips TW 1730
vertical goniometer/diffractometer equipped with a
diffracted-beam monochromator, using Fe K, radiation.
The discrete particle morphology, shape, and Ni/Mn ratio
distribution were investigated using HRTEM conducted on
a JEOL 2010 equipment baring an energy dispersive X-ray
spectrometer for chemical analyses. For this, the electron
beam was lowered down to nanometric size, in order to
monitor only the fluorescence of the desired area of the
sample. These results were thoroughly discussed in a pre-
vious paper [19].
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Fundamental Electrochemical Tests
Preparation of the Electrode

In order to characterize the voltammetric redox activity of
the catalysts, a thin layer of the material was deposited on a
glassy carbon disk of 0.5 cm of diameter, corresponding to
a geometric area of 0.196 cm® [20]. For the preparation of
the layer, a catalytic suspension of 2.0 mg of NiMnO,/C
powder, 1 mL isopropyl alcohol, and 20 pL of 5 wt%
Nafion” was mixed and ultrasonically homogenized.
Afterwards, 20 pL of the obtained ink were deposited on
the glassy carbon electrode. The solvents were left to
evaporate at room temperature, checking the homogeneity
of the deposited layer with the aid of an optical microscope.
For comparison purposes, a Pt/C-based (commercial 20 % Pt
on Vulcan carbon black: XC-72R, BASF Fuel Cells, former
E-TEK Inc.) thin-layer electrode was also prepared following
the same procedure.

Electrochemical Characterization of the Carbon-Supported
MnO,/C-based Materials

All the fundamental measurements were carried out in Milli-Q
water (Millipore), using 1.0 M NaOH (Merck, Suprapur) as
support electrolyte. When required, 0.1 M ethanol (Merck,
Suprapur) was added to the electrochemical medium. The
experiments were controlled using a potentiostat/galvanostat
AUTOLAB PGSTAT 20 (Ecochemie) in a three-electrode
cell. The reference electrode was Hg/HgO in 1.0 M NaOH,
the potential of which is +0.10 V on the normal hydrogen
electrode scale.

The cyclic voltammetry experiment was carried out,
sweeping the working electrode potential between —0.9 and
0.5 V versus Hg/HgO at a scan rate of 10mV s '. Oxygen was
removed from the solution by bubbling argon for 30 min.
Afterwards, several cycles were repeated until obtaining a
stable voltammogram. Measurements were carried out in the
presence and absence of ethanol. Oxygen reduction
voltammetry experiments were performed after oxygen satu-
ration of the electrolyte during 40 min by intense bubbling
previous to the measurement. Once this time elapsed,
bubbling was reduced in order to perform the measurement
and maintain the saturation of the solution. The ORR
voltammograms were recorded at 10 mV s ™' from 0.2 to
—0.7 V versus Hg/HgO using a rotating disk electrode
(RDE), with the revolution speed ranging between (2=100
and 2=2,500 rpm. Prior to each experiment, the potential was
kept for 2 min at the starting potential, 0.2 versus Hg/HgO in
order to avoid large double-layer charging currents in all
experiments.

The overall number of electrons exchanged per oxy-
gen molecule (n) was determined from the limiting current
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density plateaus, using the classical Levich equation [21]
(Eq. 1).

i = 0.620nFD’/sCv o'/ (1)

The parameter jj;,, (amperes per square meter) is the
limiting current density of the polarization curves, n is
the number of electrons involved in the reaction, D is the
oxygen diffusion coefficient, C™ is the oxygen solubility in
the solution, v is the solution kinematic viscosity, and €2
(radians per second) is the RDE revolution speed. Available
data for D, C”, and v in the literature are scarce for
temperatures other than 25 °C. In the case of the solubility
of oxygen in 1 mol L™' NaOH at different temperatures,
Hiemke [22] reported the values expressed in terms of the
Ostwald coefficient (L, Eq. 2), where cg is the gas concen-
tration in the gas phase, and ¢ is the gas concentration in the
liquid phase (solubility).

cL
L=t 2
. (2)

Gas concentration can be calculated from the ideal gases
equation of state (Eq. 3), where cg is the concentration, P is
the partial pressure of oxygen (101.3 KPa), R is the universal
gas constant (8.314 J mol ' K™"), and T is the temperature.

P

=77

(3)

Approximate values of the Ostwald coefficient are collect-
ed in Table 1 [22] at the approximate temperatures of 290,
300, 310, and 375 K. The obtained values were fitted to the
Arrhenius equation, allowing the estimation of the values at
different temperatures.

a=A-exp (?) (4)

The parameter ¢ is the oxygen solubility, 4 is a pre-
exponential factor, and B is the apparent activation energy.
Values of the corresponding parameters after fitting the data
collected in Table 1 are 0.1832 mol m™> for 4 and 849.52 K for
B. With this, the corresponding values of the oxygen solubility
at 25, 40, and 60 °C are 3.16, 2.76, and 2.35 mol m73, respec-
tively, in reasonable agreement with the corresponding values
reported in references [23, 24].

As far as we know, there are no available data for oxygen
diffusivity in 1.0 mol L™' NaOH at different temperatures.
Chatenet et al. [23, 24] reported a value of the oxygen diffu-
sion coefficient of 1.56-10> cm? s~ in 1.0 mol L™ NaOH at
25°C and values 0f3.10-10 ®cm ?s ' and 2.54-10° cm*s ™
in 11.1 mol L™ NaOH at 25 °C and 80 °C, respectively. The

Table 1 Values of the oxygen solubility (C*) at different temperatures
from the estimation of the values of the Ostwald coefficient at different
temperatures [22]

Temperature/K cg/mol m™> (Eq. 3) L c1=C"/mol m™ (Eq. 2)

290 42.0 0.085 3.57
300 40.6 0.075 3.05
310 393 0.070 2.75
375 325 0.055 1.79

corresponding values for water at different temperatures are
1.97-10° em’s ', 3.24-10  em®s™',3.99-10° cm’s ', and
4.82:107° cm” s ' at 20, 40, 50, and 60 °C, respectively [25].
The value of the diffusion coefficient for 1.0 mol L™ NaOH at
25 °C resembles more that of pure water rather than
11.1 mol L' NaOH. Authors consider that a rough estimation
of'this parameter can be obtained from the B parameter similar
to Eq. 4 after fitting the oxygen diffusion coefficient in water
versus temperature to the Arrhenius equation. Afterwards, by
using the diffusion coefficient of O, in 1.0 mol L' NaOH, the
pre-exponential factor (4) can be estimated. This makes pos-
sible the estimation of the oxygen diffusion coefficient in
1.0 mol L' NaOH at the different temperatures. The corre-
sponding estimated values at 40 and 60 °C are 2.22-
107 cm? s ' and 3.38-10° cm? s~ !, respectively.

Finally, values of kinematic viscosities are available in
Chatenet et al. [26]. The reported values at 16, 25, and 40 °C
are 0.0132 cm? sfl, 0.0104 cm? sﬁl, and 0.0075 cm” s L. In
order to estimate the value at 60 °C, it is possible to fit the
experimental data to an Arrhenius type equation in the same
form than Eq. 4. The value of 4 was 8.4529-10° ecm?® s ',
whereas B has a value of 2,124.5 K. With this, the extrapolated
value of the kinematic viscosity at 60 °C resulted in
0.0050 cm*s .

Single-Cell Tests

The cathode catalyst was also tested in a single cell. Standard
gas diffusion electrodes (GDE) were prepared with a diffusion
layer formed by applying a mixture of carbon powder (Vulcan
XC-72R, Cabot) with 15 % (w/w) of polytetrafluorethylene
(PTFE, TE-306, DuPont) onto both faces of a carbon cloth
substrate (PWB-3, Stackpole), using a loading (carbon+
PTFE) of 3 mg cm 2 per side. The catalytic layer was prepared
as follows. In the case of the cathode, a homogeneous suspen-
sion composed of 0.35 mL of a Nafion® solution (Aldrich,
5 wt%), 46.2 mg of NiMnO,/C or Pt/C (NiMnOy or Pt basis,
corresponding to 2 mg cm > of these elements in the cathode),
and 0.2 mL of isopropanol was homogenized in an ultrasonic
bath for 10 min, and then the solvent was completely evaporat-
ed. For the anode, the catalyst used was commercial 20 %
Pt;Ru; on Vulcan XC-72R (BASF Fuel Cells, former E-TEK
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Inc.). The catalytic ink was prepared by mixing 34.7 mg of
PtRu/C (metal basis, corresponding to 1.5 mg cm 2 in the
anode) electrocatalysts, 0.26 mL of the Nafion® solution, and
0.15 mL of isopropanol, following the same procedure as in the
case of the cathode. The resulting solid material was dispersed
again in isopropanol to produce a thick ink that was quantita-
tively deposited by brushing on one of the faces of the compos-
ite diffusion layer of the electrode. The membrane and elec-
trodes assemblies were prepared by sandwiching a piece of a
PBI membrane, previously impregnated in KOH 6 M during
1 week, between the two electrodes. The compression pressure
applied to the cell was sufficient for adhesion of the electrodes
and the membrane.

High-density carbon plates with machined serpentine-type
gas distribution channels were used as flow-field plates, with
aluminum end plates. Voltage probes were drilled in the carbon
plates, whereas current collectors were placed in the aluminum
ones. Compressible carbon sheets were used between the two
plates in order to ensure a good electrical contact. A thermo-
couple was inserted in the cathode carbon flow-field plate,
coupled to a temperature controller. The system was heated
with four resistances placed into the aluminum plates. The
geometric area of the electrodes was 4.62 cnm’.

Measurements were carried out with a potentiostat/
galvanostat AUTOLAB PGSTAT 30. The polarization curves
were obtained under potentiostatic conditions from the open
circuit voltage down to 200 mV, allowing the system to reach a
stable current density for each voltage. Three curves were
plotted each time and employed for calculating average values
of current density versus potential. The operating temperatures
were T=30, 45, 60, 75, and 90 °C. The fuel alkaline solution
was 2 mol L™ ethanol and 3 mol L™' KOH. The fuel flow was

1 mL min', with an oxygen flow rate of 100 mL min™".

Results and Discussion

Morphological Characterizations of the NiMnO,/C-based
Catalysts

Figure 1 displays the XRD profile for the NiMnO,/C catalyst. It
is observed that the diffractogram is relatively complex and
involves several peaks associated to different crystalline orien-
tation phases [19]. According to the literature, and on the basis
of the most probable present species, several peaks can be
tentatively identified [27-30]: The peak located at approximate-
ly 28° can be ascribed to MnO, (1 1 0), with a tiny shoulder at
23° associated to Mn,O3 (2 1 1). The presence of a small peak
at 33° is also associated to Mn,O5 (2 2 2). Two almost
overlapped peaks appear around 38°, which can be ascribed
to MnO, (1 0 1) and to the presence of NiO (1 1 1). Afterwards,
there are two new consecutive peaks around 42°: MnO, (2 0 0)
and NiO (2 0 0), respectively. Also, two very small peaks
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Fig. 1 DRX pattern of the synthesized NiMnO,/C catalyst

appear around 45 and 50°, which can be ascribed to a reduced
presence of metallic Ni (1 1 1) and (2 0 0), respectively.
Therefore, several species may be present in the catalyst, and,
as seen below, they are responsible for the electrochemical
activity of this material.

Figure 2 shows HRTEM images for the NiMnO,/C catalyst.
An outstanding feature of this material is the particular shape of
the deposited NiMnO, species on the carbon support, in the
form of needles (Fig. 2a). Figure 2b presents a higher-resolution
image, showing that the structures of the Mn oxide phases are
highly monocrystalline, with several surface orientations. From
these TEM analyses, it is estimated that the nanocrystalline
needles exhibit diameters of the order of 5 nm and lengths close
to 100 nm. These features have been previously reported for
such a material [19] and rely on the preparation procedure of
the catalyst. This is important since its oxygen reduction activ-
ity depends on the morphology, as well as on the composition
of the NiMnO,/C nanocrystallites [17, 19, 31-33]. According
to previous results [19] with respect to the activity of different
NiMnO, structures toward O, reduction, it was found that the
most effective electrocatalyst is the nanostructure formed by
highly oriented needles, probably because the needles have a
higher Ni content and the HO , disproportionation reaction
progressively increases with the Ni content in NiMnOx mate-
rials. Consequently, the catalyst supported on the E350G car-
bon promotes faster disproportionation reaction, thus leading to
an overall four-electron ORR pathway. Finally, the NiMnO,/C
was determined to be approximately 20 %, with a nickel
percentage of 0.3 and a Mn percentage of 12.8 [17].

Electrochemical Characterization of NiMnO,/C
Catalyst for Oxygen Reduction

Figure 3 displays the cyclic voltammogram profiles of the
NiMnO,/E350 (0.2 g of Ni) in O,-free 1.0 mol L™' NaOH
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Fig.2 a TEM and
b high-resolution TEM images
of the NiMnO,/C catalyst

solution in the absence and presence of ethanol at a scan rate
of 10.0 mV s, at different temperatures. The peaks in the
voltammograms can be referred to the consecutive redox pairs
involving Mn(IT)/Mn(IlI) (E=—0.05 V versus Hg/HgO) and
Mn(III)/Mn(IV) (E=-0.3 V versus Hg/HgO) species. More
importantly, the voltammograms reflect that the presence of
ethanol hardly affects its baseline shape, even when operating
at 60 °C. This is clearly a first indication of a suitable ethanol-
tolerant catalyst. The small decrease observed in the values of
the current density can be attributed to a minimal poisoning
effect of some ethanol molecules adsorbed on the catalyst
active sites.

Despite this promising result, evidences for a suitable
ethanol-tolerant cathode catalyst have to be drawn from the
actual performance for the oxygen reduction reaction (ORR).
Figure 4 collects the corresponding ORR performances in a
RDE at different rotation speeds, in the absence and presence
(0.1 M) of ethanol at 25, 40, and 60 °C. Independently of the
presence of ethanol, classical diffusion—convection plateaus

0S5S——F———T T T T T T
04t  NiMnO /E350 0.2 g Ni .
03 I NaOH 25°C ]
“I" ——EOH1.0mM25°C / T
——EtOH 1.0 mM 60°C ]
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E/V vs. Hg-HgO

Fig. 3 Cyclic voltammograms for NiMnO,/C catalyst obtained at

0.01 Vs in 1.0 mol L' NaOH and 0.1 mol L ™! ethanol at different
temperatures

are observed. From this particular region, it is possible to
assess the number of electrons involved per oxygen molecule
by applying Eq. 1. The corresponding values of limiting
current and number of electrons are collected in Table 2 for
all temperatures. For comparison purposes, the values corre-
sponding to Pt/C are also collected (curves not shown), also
serving as reference, since a number of exchanged electrons of
four should be expected. Values of the onset potentials are not
collected because they do not significantly change with the
temperature, all of them being in a narrow range of potential
around —0.002 V versus Hg/HgO.

Pt/C in alkaline medium shows a virtually complete O,
reduction, consuming the four electrons available per oxygen
molecule at 25 and 40 °C, as expected. At 60 °C, this value
drops to 3.4 ¢'. In the case of the NiMnO,/C, the number of
electrons involved is smaller, indicative of an incomplete oxy-
gen reduction that yields peroxide ions (HO, ). Manganese
oxide is known to be partially effective for oxygen reduction
in alkaline medium (n close to 2), due to a disfavored dispro-
portionation of this HO, species [34]. Nickel is known to
increase the efficiency of the oxygen reduction reaction in
alkaline medium [19, 35], and indeed, the NiMnO,/C displays
a value of n equal to 3. With the increase of the temperature,
there is a drop in the number of electrons, from 2.8 at 40 °C to
2.5 at 60 °C. Roche and Scott [36] reported a similar behavior
for manganese oxide, indicating that the temperature seems to
favor the generation of the undesirable peroxide species. It is
likely that the carbon substrate of the manganese oxide
nanoparticles contributes to a larger extent to the overall ORR
current at higher temperature, carbon being a promoter of the
two-electron pathway [37].

Figure 4 also compares the polarization responses toward
the ORR in the presence of 0.1 M ethanol in alkaline solution
at25, 40, and 60 °C (colored traces). As it can be observed, the
electrocatalyst is tolerant to the presence of 0.1 M ethanol: The
presence of the alcohol leads to a slight decrease in the values
of the limiting current densities and hence, in the number of
electrons exchanged per O, species (see Table 2). The absence
of activity for ethanol oxidation (Fig. 3) may indicate that the
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Fig. 4 Voltammograms toward oxygen reduction reaction NiMnO,/C
electrocatalyst in presence and absence of ethanol at different tempera-
tures. Black traces: in pure 1 mol L™' NaOH. Colored traces: in the
presence of 0.1 mol L ™" ethanol

decrease of the value of the ORR current densities is likely due
to an effect of deactivation of the catalytic surface by the
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presence of a small amount of ethanol adsorbed on the catalyst
active sites. Other effects, such as superimposition of oxida-
tion currents to the reduction ones (such ethanol oxidation
current were indeed not monitored in Fig. 3) or changes in the
ORR mechanism are discarded, since it would be reasonable
to think that they would have led to more drastic changes in
the current densities. Here, it is important to note that the
manifested ethanol tolerance of the NiMnO,/C electrocatalyst
is even “higher” than that monitored with respect to NaBHy:
Even the presence of small amount of Ni phase in addition to
NiMnO, does not seem to yield any consequent ethanol
oxidation/adsorption activity, a scenario which was not as
favorable in the presence of NaBH, [17].

In summary, the results obtained in these fundamental
studies reveal the apparent suitability of this material as an
ethanol-tolerant catalyst. There was no significant decrease in
the oxygen reduction current in the presence of ethanol and no
significant change in the number of electrons involved.
Furthermore, the catalyst shows no activity for ethanol oxida-
tion or adsorption. As a consequence, this material could be
postulated as a promising one for being applied in the cathode
of an alkaline DEFC.

Single-Cell Tests

A more conclusive test for defining the suitability of NiMnO,/C
as cathode catalyst in an alkaline DEFC was made by applica-
tions on a single cell. For this purpose, a PBI membrane was
used as electrolyte, taking advantage of its amphoteric nature.
Indeed, this material has been already applied for alkaline
DEFC with satisfactory results [38—41]. Figure 5 shows (cur-
rent density versus cell voltage) and (power density versus cell
voltage) curves of the fuel cell fed with 3 mol L™' KOH and
2 mol L™ ethanol at different temperatures, for anodes formed
by PtRu/C and cathodes composed by Pt/C [Fig. 5(a)] (standard
material) and NiMnO,/C [Fig. 5b].

All the polarization curves display the three classical re-
gions: activation, ohmic, and mass-transport polarizations.
Significant activation losses are present for both electrode
systems, which can be an indication of the limited ethanol
oxidation kinetics, added to the well-known kinetic limitation
of the ORR, overall resulting in high value of Tafel slope.
Indeed, for Pt-based catalysts, values of 300 mV dec! have
been reported in alkaline medium for alkaline DEFC [42, 43].
The ohmic polarization region shows a relatively low decay in
the cell performance, evidencing a satisfactory conductivity of
the KOH impregnated PBI membrane [44]. Finally, signifi-
cant mass-transport limitations appear in both cases. Some
possible reasons of this behavior are the inadequate structure
of'the electrode for this type of cells, reduction of the effective
KOH concentration in the anolyte/electrolyte by formation of
carbonates, and also some ethanol adsorption on the cathode
material at low cathode potential. Particularly, the used GDE
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Table 2 Number of electrons in-

volved in the oxygen reduction Temperature/°C N 10%jyim at 1,600 rpm/mA cm >
reaction (n) and limiting current

density (7}im) at 1,600 rpm in the Pt/C Absence Presence Absence Presence
presence and absence of (reference) of ethanol of ethanol of ethanol of ethanol
0.1 mol L ™! of ethanol for

NiMnO,/C at different tempera- 25 4.0 3.1 2.9 -1.85 -1.80
tures (values were also calculated 40 4.0 29 27 —2131 2922

for PYC as reference) 60 35 26 24 248 210

are designed for H,-based PEMFC and, to a lower extent,
non-alkaline liquid DEFC. Paying attention to this latter case,
the GDE manages organic products: ethanol, acetaldehyde,
acid acetic, ethyl acetate, and carbon dioxide [45—47].
Nevertheless, our highly hydrophobic GDE may not manage
so effectively the salts formed in the ethanol oxidation (potas-
sium carbonate and acetate), leading to the significant mass-
transport limitations here observed.

In order to better visualize the difference in the performance
of both materials, the values of the open circuit voltage (OCV)
and the maximum power densities are depicted as a function of
temperature in Fig. 6. As it can be observed, the OCVs are
higher in the case of Pt/C compared with NiMnO,/C, especially
at the lower temperatures. This can be attributed to the intrinsi-
cally greater activity for the ORR (especially higher exchange
current density) of the noble metal, as already reported [33, 36].
Nevertheless, the OCV values observed for the NiMnO,/C are
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Fig. 5 Cell potential and Power density versus current densities for
alkaline single cells operating at different temperatures for the different
cathode materials: a Pt/C and b NiMnO,/C

quite close to those of Pt/C, particularly at the higher tempera-
tures, demonstrating that this material indeed possesses a good
ethanol tolerance, even at high temperature. The values of the
maximum power density show a similar behavior than the OCV,
with lower values for the NiMnOx/C catalyst, especially at the
lower temperatures. This result again shows a (slightly) higher
activity of the Pt/C catalyst compared with the NiMnO,/C.
However, the difference reduces at higher temperatures, with a
maximum power density of 55 mW c¢m 2 for the NiMnO,/C
and 62 mW cm * for the Pt/C at 90 °C.

A comparison with similar systems could be of interest. In
this sense, Hou et al. [48] showed a power peak of 13 mW cm 2
for a very similar system based on a quaternized PBI membrane
(N-ethyl-polybenzimidazole), 2 mg cm = of 45 % PtRu/C in
the anode, and 1 mg cm™ 2 of MnO,/C in the cathode, operating
at 130 °C with air as comburent. Natural diffusion and convec-
tion were the feed mechanism for the anode and the cathode,
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Fig. 6 a Open circuit voltage and b fuel cell maximum power density for
the different cathode catalyst materials at the studied temperatures
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respectively. At 60 °C, Hou et al. [39] reported a power peak for
this system of 30 mW cm 2. Modestov et al. [38] achieved a
maximum power density of 100 mW cm ? at a cell voltage of
0.4 V by using a RuV/C anode catalyst (4.5 mg cm ?) and a
cathode of 5,10,15,20-tetrakis(4-methoxyphenyl)-21H,23H-
porphine cobalt(IT) (TMPhP Co) (9.2 mg cm ) at 80 °C, with
air as oxidant and 3 mol L™" KOH and 2 mol L™" of ethanol as
fuel and a PBI-based membrane. Finally, in their early study,
Hou et al. [39] reported a power peak of 61 mW cm > for a
2 mg cm 2 PtRu/C anode catalyst, and 1 mg cm > for a Pt/C
cathode catalysts at 90 °C, operating with 2 mol L' KOH and
2 mol L' ethanol and with oxygen (absolute pressure of
0.2 MPa) in the cathode.

The fuel cell results obtained here on alkaline PBI-based
systems are rather important and significant, since they con-
firmed the suitability of NiMnO,/C as cathode material for
alkaline direct ethanol fuel cells. Clear advantages can be
envisaged for its implementation, derived from its non-noble
nature: greater availability and lower costs. Nevertheless,
some issues still have to be addressed, especially in terms of
the durability of this material for long-term applications. Such
aspects, studied in the past on a short-term basis in RDE
configuration [49], are already being studied in ongoing re-
search activities. Also, another attractive possible application
for this material could be in microbial fuel cell systems, in the
search for a non-Pt-based cathode. Finally, better results may
be expected from a more appropriate design of the GDE that
accounts for the particular environment of alkaline ethanol
fuel cells, where salts are obtained as the main oxidation
products, with a reduced solubility, further limited under the
high ionic strength medium used. Also, Pt-based (PtRu/C
used in this study) anodes are not the most suitable material
for ethanol oxidation in alkaline medium, as recently reviewed
by Brouzgou et al. [50].

Conclusions

NiMnO,/C has emerged as a suitable material for ethanol-
tolerant cathodes. From a simple synthesis procedure, it is
possible to obtain a material which consists of a combina-
tion of Ni/NiO/MnO/Mn,03/MnQO, in the form of nano-
structured needles deposited on the carbon support.
Although it does not reduce the oxygen molecule in a
four-electron pathway, this material has shown a significant
oxygen reduction activity that remains immutable despite
the presence of ethanol, due to the absence of activity for
ethanol oxidation. When applied in a single cell and com-
pared with the standard material Pt/C, NiMnO,/C displays
a satisfactory performance, assessed from the slightly lower
open circuit voltage and maximum power density. As a con-
sequence, NiMnO,/C can be postulated as a suitable material
for alkaline DEFC.
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