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a b s t r a c t

Platinum nanoparticles supported on carbon (Pt/C) and carbon with addition of ITO (Pt/C-ITO
(In2O3)9$(SnO2)1) and ATO (Pt/C-ATO (SnO2)9$(Sb2O5)1) oxides were prepared by sodium borohydride
reduction method and used for ammonia electro-oxidation reaction (AmER) in alkaline media. The effect
of the supports on the catalytic activity of Pt for AmER was investigated using electrochemical (cyclic
voltammetry and chronoamperometry) and direct ammonia fuel cell (DAFC) experiments. X-ray
diffraction (XRD) showed Pt peaks attributed to the face-centered cubic (fcc) structure, as well as peaks
characteristic of In2O3 in ITO support and cassiterite SnO2 phase of ATO support. According to trans-
mission electron micrographs the mean particles sizes of Pt over carbonwere 5.4, 4.9 and 4.7 nm for Pt/C,
Pt/C-ATO and Pt/C-ITO, respectively. Pt/C-ITO catalysts showed the highest catalytic activity for ammonia
electrooxidation in both electrochemical and fuel cell experiments. We attributed this to the presence of
In2O3 phase in ITO, which provides oxygenated or hydroxide species at lower potentials resulting in the
removal of poisonous intermediate, i.e., atomic nitrogen (Nads) and promotion of ammonia electro-
oxidation.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Ammonia electro-oxidation reaction (AmER) has attracted
considerable amount of attention in the recent decade from the
standpoint of energy generation in direct ammonia fuel cells
(DAFCs), wastewater treatment and ammonia sensor technologies
[1e6]. Ammonia has been considered as a potential fuel for alkaline
fuel cells because it has low production cost, is easy to handle and
to transport as liquid or as concentrated aqueous solution [3,7]. The
theoretical charge for ammonia oxidation to N2 is 4.75 Ah g�1 and
aranova).
compares very well with the theoretical charge of 5.02 Ah g�1 of
methanol in its oxidation to CO2 [7].

AmER is a slow process at low temperatures (<100 �C) and
materials with high catalytic activity are required to improve its
kinetics for complete oxidation to nitrogen [5,8,9]. A number of
studies have been reported concerning the development of efficient
electrocatalysts for ammonia electro-oxidation in alkaline solutions
[1,2,4,7e11]. Among them, bulk or nanostructured Pt has been
identified as one of the best electrocatalyst for this process, how-
ever the issue of poisoning by strongly adsorbed intermediates, like
atomic nitrogen, Nads [1,12,13], and Pt cost are two main constrains
that have to be overcome before ammonia electro-oxidation tech-
nologies can be successfully implemented. Two common strategies
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include the addition of the second metal to Pt catalyst, i.e., bime-
tallic Pt-based electrocatalysts [1,5,7,8] and the variation of the
catalyst support [1,14,15]. In the former case, the second metal
decreases Pt amount and often improves the catalytic activity of Pt
via electronic or geometric effect [5,10]. Recently, the use of
bimetallic Pt-based electrocatalysts (PtRu/C, PtRh/C, PtAu/C etc.) in
direct ammonia fuel cell (DAFC) that operate on NH4OH in KOH as
fuel have been reported [4,5,11,16]. In all cases the addition of the
secondmetal to Pt enhanced the open circuit voltage (OCV) and the
power density [5,11,16]. In the latter case, the support can strongly
enhance the catalytic activity of Pt either by improving the catalyst
dispersion and particle size stabilization or electronic effect, i.e., via
metal-support interaction (MSI) also called electronic metal sup-
port interaction (EMSI) [17,18]. The MSI usually originates from the
charge transfer between the metal and the oxide support [19,20],
which in turn affects the activity of the catalytic phase.

Carbon black is a common support for nanosized electro-
catalysts in fuel cells, because of its large surface area, high elec-
trical conductivity, porous structures and low cost. However, this
inert material does not enhance electrocatalytic activities, but
serves mostly as a mechanical support [21e24], because carbon
support shows weak MSI and in addition it has low corrosion
resistance under fuel cell conditions.

Several oxide supports have been considered for electrocatalytic
oxidation of different organic molecules (ethanol, methanol, etc.),
among them: SnO2, SnO2$SbO2O5 (ATO), In2O3$SnO2 (ITO), WO3
and TiO2 have shown to help the oxidation kinetics [21,25e30]. For
instance, indium oxide (In2O3) has been used to improve the cat-
alytic performance of methanol and dehydrogenation of ethanol
[29,31]. In general, these oxides have high corrosion resistance and
their use results in lower decrease in the electrochemical active
surface area (ECSA) of the active phase in comparison with carbon
support [29,32].

Furthermore, ITO (In2O3$SnO2) and ATO (SnO2$Sb2O5) and In2O3
have been used as high sensitivity sensors for hydrocarbons,
ammonia, CO and H2 detection. In2O3 shows the highest sensitivity
to ammonia if compared to ITO and ATO sensors [6], and addition of
Pt to In2O3 further increases the response for ammonia and other
molecules detection [6,33,34]. Recently, Zhong et al. [15] reported
results of ammonia electro-oxidation on platinum particles with
different morphology that were prepared by electro-deposition on
flat ITO substrate. Although authors did not discuss the role of ITO
substrate on catalytic activity of Pt, the satisfactory stability of Pt
particles was confirmed.

Another support of interest for AmER could be ATO. For instance,
Piasentin et al. [35] reported that Pt nanoparticles supported on
carbon with 15% of ATO (Pt/C þ ATO) showed better catalytic ac-
tivity than Pt nanoparticles supported on carbon (Pt/C) as anode in
a direct ethanol fuel cell (DEFC). This was attributed to the change
in the electronic density of Pt (electronic effect) and bifunctional
mechanism promoted by ATO oxides.

Therefore, supporting Pt nanoparticles on oxide materials, for
instance, ITO and ATO could lead to the improved current densities
for AmER and high DAFC power densities. However, despite the
above mentioned studies, there are no reports exist that evaluate
the role of ITO and ATO oxides on the catalytic activity of Pt
nanoparticles and the effect of their addition to carbon support in
order to promote ammonia electro-oxidation at lower over-
potentials. Hence, aiming at the development of efficient DAFCs, we
describe the synthesis of Pt nanoparticles supported on carbon (Pt/
C) and on physical mixtures of carbon with ITO (Pt/C-ITO) and ATO
(Pt/C-ATO) powders as an anode material in DAFC. First, we show
the synthesis of nanostructured Pt catalysts and their character-
ization by XRD and TEM. Then, we present the electrochemical
experiments in the three-electrode electrochemical cell and direct
ammonia fuel cell tests.

2. Experimental

Pt/C, Pt/C-ITO and Pt/C-ATO (20 wt% of Pt loading) were pre-
pared by the sodium borohydride reduction process [16,36] using
H2PtCl6$6H2O (Sigma-Aldrich). For Pt/C-ATO and Pt/C-ITO, a phys-
ical mixture of 85 wt% of carbon (Vulcan XC-72) and 15 wt% of ATO
powder ((SnO2)9$(Sb2O5)1) (Sigma-Aldrich) and 85 wt% of carbon
(Vulcan XC72) and 15 wt% of ITO powder ((In2O3)9$(SnO2)1)
(Sigma-Aldrich), respectively was used as a support. The particle
size of ITO and ATO is ~50 nm and their specific surface area (as) is
27 m2 g�1 and 47 m2 g�1, respectively if compared to the particle
size of 50 nm and as¼ 239m2 g�1 for carbon (Vulcan XC-72) [37]. In
the synthesis process the support materials were first dispersed in
an isopropyl alcohol/water solution (50/50, v/v) and homogenized
under stirring to form a uniform mixture of carbon and oxides.
Then the metal precursor was added and placed in an ultrasonic
bath for 5 min. After that, a solution of NaBH4 in 0.1 M KOH was
added in one portion under stirring at room temperature and the
resulting solution was kept under stirring for 15 min more. After
this, the final mixture was filtered and the solids washed with
water and then dried at 70 �C for 2 h. The commercial electro-
catalyst Pt/C BASF was used in order to compare the obtained re-
sults from ammonia electro-oxidation.

The electrocatalysts were characterized by X-ray diffraction
(XRD) using a Rigaku diffractometer model Miniflex II using Cu Ka
radiation source (0.15406 nm). The X-ray diffraction patterns were
recorded in the range of 2q ¼ 20�e90� with a step size of 0.05� and
a scan time of 2 s per step.

Transmission electron microscopy (TEM) analysis were carried
out using a JEOL transmission electronmicroscopemodel JEM-2100
operated at 200 kV in order to obtain the morphology, distribution
and nanoparticles size which were determined by counting about
200 particles at different regions of the materials.

Electrochemical measurements were carried out using a
potentiostat/galvanostat PGSTAT 30 Autolab and a conventional
three-electrode electrochemical cell at room temperature, unless
otherwise stated. A platinum mesh and an Ag/AgCl (KCl 3 M) were
used as the counter and reference electrodes, respectively. Glassy
carbon (GC) electrode (0.166 cm2 of geometric area) was used to
support the nanostructured Pt electrocatalysts. Before each exper-
iment, the GC support was polished with alumina suspension
(1 mm) and washed in deionized water. Ultrapure deionized water
obtained from a Milli-Q system (Millipore®) was used in all
experimental procedures.

The working electrode was constructed by dispersing 8 mg of
the electrocatalyst powder in 1 mL water and mixing for 15 min in
an ultrasonic bath. Shortly thereafter, 20 mL of 5% Nafion® solution
was added to the suspension, which was mixed again for 20 min in
an ultrasonic bath. Aliquots of 16 mL of the dispersion fluid were
placed onto the GC surface. Finally, the electrode was dried at 60 �C
for 20 min. All the electrochemical measurements were performed
in a 1 M KOH solution with and without ammonia.

Cyclic voltammograms (CV) were carried out at a scan rate of
20 mV s�1 between � 0.85 V and 0.0 V vs Ag/AgCl. The electro-
catalysts were cycled for ten consecutive cycles in ammonia free
solutions and three consecutive cycles in ammonia containing so-
lutions. Chronoamperometric experiments were carried out for
1800 s at �0.35 V vs Ag/AgCl. The electro-oxidation of ammonia
was performed in a 1 M (KOHþ NH4OH) solution. All potentials are
reported against Ag/AgCl reference electrode, unless otherwise
stated.

The catalyst electrochemical active surface area (ECSA) was
measured using the charge involved in the hydrogen desorption
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region between �0.84 and �0.57 V in 1 M KOH. The ammonia
oxidation current in CV and CA experiments is normalized per ECSA
to compare the intrinsic activity of the supported electrocatalysts,
unless otherwise stated.

DAFCs experiments were conducted as already described else-
where [4,5,11,16]. In these experiments a single cell set at 50 �Cwith
an electrode area of 5 cm2 was employed. The temperature of the
oxygen humidifier was maintained at 85 �C. All electrodes were
constructed with Pt loading of 2 mg cm�2 on both anode and
cathode. For all experiments, a commercial Pt/C (BASF) was used as
cathode. A Nafion® 117 membrane previously exposed to 6 M KOH
for 24 h [16,38] was used for fuel cell experiments.
3. Results and discussion

Fig. 1 shows the XRD patterns of the Pt/C BASF, Pt/C, Pt/C-ITO
and Pt/C-ATO. In all XRD patterns, a broad peak at about 25 �2q is
due to the (022) reflection of the hexagonal structure of Vulcan XC
72 carbon [11,16]. The face-centered cubic structure (fcc) of Pt is
confirmed by the diffraction peaks at approximately 2q ¼ 39�, 46�,
67� and 81� that correspond to (111), (200), (220) and (311) crystal
planes, respectively [11,16]. For Pt/C-ITO electrocatalyst, peaks
characteristic of Pt fcc structure and peaks at about 2q ¼ 31�, 36�,
51�, 60�, corresponding to In2O3 cubic structure are also seen
[29,39]. The pattern of Pt/C-ATO, besides the Pt (fcc) phase also
shows diffraction peaks at around 2q ¼ 27�, 34�, 38�, 52�, 55�, 62�,
65� and 66�, which are characteristic of cassiterite SnO2 phase
Fig. 1. X-ray diffraction patterns of the Pt/C, Pt/C BASF, Pt/C-ITO and Pt/C-ATO catalysts.
[40,41]. The crystallite size, estimated using Scherrer equation and
(220) peak [8,42] are 2.9 nm for Pt/C BASF, 5.1 nm for Pt/C, 4.3 nm
for Pt/C-ATO and 3.9 nm for Pt/C-ITO.

Fig. 2 shows TEM micrographs and histograms of the particle
mean diameter distribution for Pt/C, Pt/C-ITO and Pt/C-ATO. In all
cases the nanoparticles were well dispersed on the carbon support.
On Pt/C-ITO and Pt/C-ATO there are some regions that are rich in
ITO and ATO [40,43], as can be seen in the insert in macrographs 2b
and 2c. The nanoparticles over these supports are more agglom-
erated that on carbon. In order to estimate the nanoparticles mean
diameter about 300 particles supported on carbon were measured,
the obtained values were 5.4 ± 1.7 nm for Pt/C, 4.9 ± 1.6 nm for Pt/
C-ATO and 4.7 ± 1.3 nm for Pt/C-ITO. These values are in a good
agreement with the crystallite sizes obtained using Scherrer
equation [44]. The Pt/C-ITO and Pt/C-ATO nanoparticles average
sizes are slightly smaller than Pt/C nanoparticles, this is related to
the MSI effect, where the addition of ITO and ATO during the
synthesis prevents nanoparticle growth and agglomeration. It has
been reported earlier [19,20], that oxide supports promote nano-
particles stabilization through MSI. For instance, Zhang et al. [45]
showed that Pt nanoparticles supported on the mixture of SnO2

and carbon resulted in smaller particle size than for Pt supported on
carbon only. XPS analysis of Pt4f peak showed that the Pt(0)
binding energy shifted negatively, confirming the electron transfer
from Sn to Pt in the Pt/SnO2/C catalyst. Similar, MSI of the electronic
type was observed for Pt/ITO [43] and for Pt nanoparticles depos-
ited on various oxides: TiO2, CeO2, MoO2, WO2, SnO2, SrRuO3 and
RuO2 [46]

Fig. 3 shows the cyclic voltammetry of Pt nanoparticles depos-
ited on various supports in 1 M KOH. For Pt/C and Pt/C BASF, the
hydrogen adsorption/desorption region is well defined between
�0.8 V to�0.6 V [5,11]. The ECSA estimated by hydrogen desorption
were 27 m2 gPt�1, 30 m2 gPt�1, 22 m2 gPt�1 and 20 m2 gPt�1, to Pt/C, Pt/C
BASF, Pt/C-ATO and Pt/C-ITO, respectively. These results are in
agreement with the reported values [47,48]. The potential region
from �0.30 to 0.0 V is associated with the formation of an oxide
layer on the platinum surface [5,49] and the cathodic peak at
around �0.25 V is due to platinum oxide reduction [5,50]. For Pt/C-
ITO and Pt/C-ATO electrocatalysts, the hydrogen region has the
same characteristic shape typical for Pt electrode. The peak current
for PtOx formation (~�0.3 V) is the highest for Pt/C-ITO following by
Pt/C-ATO and Pt/C. The same order of current magnitude is pre-
served in the cathodic scan during PtOx reduction (~�0.25 V). For
both Pt/C-ITO and Pt/C-ATO, the reduction peak is shifted to lower
potentials compared to Pt/C, indicating that this process is less
thermodynamically favorable on oxide supports. Similar behavior
was observed in the literature for Pt supported on different oxide
materials [51,52] and was associated with the amount of oxides
formed during the anodic scan [53].

The cyclic voltammetry of Pt electrocatalysts in 1 M
(KOHþNH4OH) are shown in Fig. 4. It can be seen that Pt/C-ITO has
the lowest onset potential following by Pt/C-ATO, Pt/C BASF and
then Pt/C. Furthermore, Pt/C-ITO shows the highest peak current
density for ammonia electrooxidation than for Pt/C-ATO and Pt/C,
indicating that using Cþ ITO and Cþ ATO as a support improves the
catalytic activity for ammonia electro-oxidation compared with
carbon. This can be attributed to the presence of In2O3 and SnO2
oxides in ITO and ATO supports. The best performance obtained
using Pt/C-ITO, might be attributed to In2O3 phase, since ITO used
in our experiments consists of 90% of In2O3 and 10% of SnO2.
Enhancement of catalytic activity was also observed earlier on Pt/
C þ ITO for ethanol electro-oxidation [29]. The activity of Pt/C-ATO
was higher than Pt/C, but was inferior to Pt/C-ITO. This could be
related to the high amount of SnO2 (90% of SnO2 and 10% of SbO2O5)
in ATO and its lower conductivity compared to ITO as will be



Fig. 2. The TEM micrographs and histograms of (a) Pt/C, (b) Pt/C-ATO and (c) Pt/C-ITO electrocatalysts. Insert in (a) the region rich in ATO and in (b) the region rich in ITO.
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discussed later.
The onset potential for AmER on Pt/C-ITO is comparable or

lower than those reported in the literature [1,5,7], however very
often it is difficult to directly compare the obtained current den-
sities with the literature due to the different parameters adopted by
the authors. Some authors normalize oxidation current by plat-
inum loading [11], some by total metal loading [5], some by geo-
metric area of the electrode [1], and others by the ECSA found from
the charge involved in the hydrogen desorption region [7]. Addi-
tionally, the electrochemical experiments are often conducted in
different ammonia concentration using different reference elec-
trodes [1,5,7,10,11]. For instance, Vidal-Iglesias et al. [7] reported
their results related to ammonia electro-oxidation on
polycrystalline platinum nanoparticles normalized by ECSA evalu-
ated from the charge involved in the hydrogen desorption region.
The reported peak current density of ammonia electro-oxidation on
Pt nanoparticles [7] is lower than that reported in the present
study. However, they used lower ammonia concentration (0.2 M)
and unsupported Pt nanoparticles.

Comparison of the Pt/C catalyst synthesized in the present work
and the commercial Pt/C BASF reveals similar behavior of the two
catalysts with somewhat lower onset potential and lower peak
current density for Pt/C BASF (Fig. 4, curves a and d) This differences
may be related to the particle size since the mean crystallite size of
Pt/C BASF is smaller than the synthesized Pt/C catalyst.

Fig. 5 shows the chronoamperometry curves at � 0.35 V in the



Fig. 3. Cyclic voltammograms of Pt/C, Pt/C BASF, Pt/C-ATO and Pt/C-ITO electro-
catalysts in 1 M KOH at n ¼ 20 mV s�1.
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ammonia containing solution. Similar to CV experiments, Pt/C-ITO
has the highest current density compared to other electrocatalysts,
whereas the current density on Pt/C was the lowest. For all four
catalysts the current density decreases with time and does not
reach the steady-state after half an hour, which indicates that the
catalyst surface deactivates with time. According to the mechanism
of AmER in alkalinemedia proposed by Gerischer andMauerer [12],
the deactivation is due to the formation of the strongly adsorbed
atomic nitrogen, Nads. As was reported earlier [54], AmER on metal
oxides may result in OHads (MOnOHads) and formation of hidrox-
ylamine (NH2OH), which is subsequently converted to products
such as nitrite and nitrate. Thus the presence of hydrohydes allows
the reaction to proceed through the passway that decreases or
eliminates Nads formation. In this context, the ITO and ATO supports
could provide oxygenated species, which influence the adsorption
properties of Pt, i.e., weaken Nads bond strength and/or modify the
reaction pathway. This is supported by the literature reports, where
it is illustrated that ITO and ATO provide oxygenated species at
lower potentials, which contribute to the oxidation of in-
termediates products from different molecules in electrochemical
process [21,29,40,41]. Thus, it is proposed that the presence of oxide
supports enhances ammonia oxidation kinetics by decreasing the
amount of Nads species on Pt nanoparticles. Donley et al. [55] re-
ported that ITO presents high concentration of hydroxide and oxi-
hydroxide species on the surface, this aspect might be responsible
for the highest catalytic activity of Pt/C-ITO. An evidence of the
synergic effect that affects the intrinsic catalytic activity of Pt rather
than geometric effect, i.e., smaller nanoparticle size, is further
confirmed by ECSA values. The material with the lowest ECSA, Pt/C-
ITO, showed the highest catalytic activity for AmER. The interaction
between platinum nanoparticles and the oxide support can result
in charge redistribution due to the electronic MSI effect, whichmay
decrease the adsorption energy of intermediates at the catalyst
surface [19,20].

Another factor that needs to be addressed is the size of nano-
particles. It has been reported that platinum nanoparticles smaller
than 5 nm shows stronger adsorption of Hþ and OH� species [56].
However, the interaction of OH� is more enhanced as the nano-
particles get smaller than the interaction of Hþ [56,57]. In this
sense, as the interaction of the Pt-OH increases, it decreases the
interaction of Nads with the platinum. This could explain the slightly
higher current density obtained with Pt/C BASF than Pt/C in the CA
experiments.

Fig. 6 shows the polarization and power density curves for a
DAFC using Pt/C, Pt/C-ITO and Pt/C-ATO catalysts at the anode and
1 M (KOH þ NH4OH) electrolyte at 50 �C. As in CV and CA experi-
ments, the highest performance of DAFC is reached with Pt/C-ITO
anode than with Pt/C-ATO and Pt/C electrocatalysts. Using Pt/C-
ITO the open circuit voltage was higher (0.50 V) than for Pt/C
(0.48 V) and Pt/C-ATO (0.47 V). The results for Pt/C are in agreement
with the previous literature reports [5,11,16]. The recent work [16]
reports DAFC results using the commercial Pt/C BASF catalyst, as
can be seen the results obtained using the commercial material is
similar to the results found using Pt/C prepared in the present
study. The maximum DAFC power density was 2.9, 2.4 and
3.3 mW cm�2 for Pt/C, Pt/C-ATO and Pt/C-ITO, respectively.
Therefore, addition of ITO improves the DAFC power density if
compared to carbon support only. In the recent study Okanishi et al.
showed that addition of SnO2 phase to Pt (C-Pt/SnO2) activated the
dehydrogenation of ammonia and this anode materials out-
performed Pt/C in an ammonia-fueled anion exchange membrane
fuel cells [51].

Furthermore, the best performance of C-ITO support compared
to C-ATO supports could be related to the higher conductivity of ITO
than ATO [39,58]. The conductivity of ATO varies from 0.09 to



Fig. 6. Polarization (left) and power density (right) curves of a 5 cm2 DAFC at 50 �C, using 1 M (KOH þ NH4OH).
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0.83 S cm�1 depending on antimony amount between 3 and 11% in
SnO2 [21], whereas the reported conductivity of ITO is up to
1000 S cm�1 [39,59]. All in all, the interaction between Pt and In2O3,
which contains both oxygenized species and In atoms on the sur-
face [60], improves the ammonia electro-oxidation reaction.

4. Conclusions

In the present work we show that addition of ITO oxide to car-
bon support for Pt nanoparticles (Pt/C-ITO) significantly improves
the ammonia electro-oxidation. As we found by TEM, the platinum
nanoparticles were well dispersed on the carbon support, however
showed slightly larger particle size and more agglomeration
compared to Pt supported on C-ATO and C-ITO support. The lowest
onset potential and the highest peak current density for ammonia
electro-oxidation in CV experiments were obtained using Pt/C-ITO.
In CA experiments, the current density of ammonia electro-
oxidation on Pt/C-ITO was about 2.5 times, 2.8 times and 3.3
times higher than that obtained on Pt/C-ATO, commercial Pt/C BASF
and Pt/C, respectively. Using Pt/C-ITO as an anode in DAFC at 50 �C
the maximum power density was 37% and 14% higher than those
obtained using Pt/C-ATO and Pt/C, respectively. We propose that
ITO support with the higher conductivity than ATO, provides
oxygenated species at lower potentials resulting in the weakening
of the adsorption strength of poisonous Nads intermediate and/or
modification of the reaction pathway through hydrohylamine
(NH2OH) formation thus preventing the Pt surface from deactiva-
tion in DAFCs.
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