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Abstract
PtRh/C–ITO electrocatalysts were prepared in a single-step method using 
 H2PtCl6·6H2O and  RhCl3·xH2O as metal sources, sodium borohydride as the reduc-
ing agent and a physical mixture of 85% Vulcan Carbon XC72 and 15%  In2O3·SnO2 
(indium tin oxide—ITO) as support. PtRh/C–ITO were characterized by X-ray dif-
fraction, transmission electron microscopy, X-ray photoelectron spectroscopy (XPS), 
cyclic voltammetry, chronoamperommetry, attenuated total reflectance, Fourier 
transform infrared spectroscopy and performance test on direct alkaline ethanol fuel 
cell. X-ray diffraction patterns for all PtRh/C–ITO indicated a shift in Pt (fcc) peaks, 
showing that Rh was incorporated into Pt lattice. Transmission electron microscopy 
for PtRh/C–ITO showed nanoparticles homogeneously distributed over the support 
with particles size between 3.0 and 4.0 nm. The XPS results for Pt70Rh30/C–ITO 
showed the presence of mixed oxidation states of  Sn0 and  SnO2 that could favor the 
oxidation of adsorbed intermediates by bifunctional mechanism. Pt90Rh10/C–ITO 
was more active in electrochemical studies, which could be associated with the C–C 
bond break. Experiments in direct alkaline ethanol fuel cells showed that the power 
density values obtained for Pt70Rh30/C–ITO and Pt90Rh10/C–ITO were higher 
than Pt/C, indicating the beneficial effect of Rh addition to Pt and the use of C–ITO 
support.
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Introduction

A combination of Pt-based bimetallic nanoparticles (PtSn, PtNi, PtRh, PtPd, etc.) 
has been studied for ethanol oxidation reaction (EOR), where the enhanced of 
activity is usually attributed to the bifunctional mechanism or synergistic effect. 
PtRh supported on carbon have been more employed more and more as electro-
catalysts for direct ethanol fuel cell, because of their high catalytic activities and 
the ability of efficient C–C bond cleavage [1–8]. Adzic [9] showed that the rho-
dium sites are able to adsorb ethanol in alkaline medium, therefore this ability 
being interesting for fuel cell applications in this medium.

Fontes et al. [10] showed that PtRh/C 50:50 prepared by sodium borohydride 
method were more active for ethanol oxidation in alkaline medium in comparison 
with Pt/C and Rh/C. The best activity of PtRh/C 50:50 was attributed to the  CO2 
production that coincides with the decrease in the signal of acetate and carbonate 
ions observed in situ ATR-FTIR experiments.

Souza et al. [11] showed that a PtRh/C (70:30) prepared by an alcohol reduc-
tion process were more active than Pt/C and Rh/C for ethanol oxidation in alka-
line medium. The best activity of PtRh/C (70:30) was due to the smaller quanti-
ties of carbonate ions produced and the production of higher quantities acetate 
ions, when compared to the other electrocatalysts prepared.

Liu et  al. [12] showed that core sheath Rh@Pt electrocatalysts have an 
enhanced activity and greater durability for ethanol oxidation in an acidic 
medium; this behavior was attributed to an enhanced interaction between Pt 
layer and the Rh nanowire, which can promote C–C bond cleavage to  CO2, while 
depress the dehydrogenation of ethanol to acetic acid.

Shen et  al. [13] showed that  Pt2Rh/C electrocatalysts prepared by the micro-
wave–polyol method had a higher catalytic activity for ethanol oxidation in alkaline 
media in terms of the onset potential and the peak current density in comparison 
with Pt/C. This behavior was associated with the improvement of the C–C bond 
cleavage in the presence of Rh, as the acceleration kinetics in an alkaline medium.

Another route would be to use of Pt electrocatalysts decorated with metal 
oxides such as  TiO2,  SnO2,  RuO2,  Sb2O5·SnO2 (ATO),  In2O3,  In2O3·SnO2 (ITO) 
and  CeO2. These materials significantly enhance the catalytic activity and elec-
trochemical stability for ethanol oxidation. The presence of these metal oxides on 
carbon support may also improve the corrosion resistance but, at the same time, 
hinder the electrochemical active surface area [14–22].

Eguiluz et al. [23] showed that PtRh nanowires supported on  Sb2O5·SnO2 nano-
particles have a lower onset potential and a greater resistance to poisoning by inter-
mediate species. This behavior could be attributed to the presence of carbon ATO 
used as support, and the provision of OH species by ATO itself, facilitating the oxi-
dation of ethanol at a lower potential, and modified the lattice parameter of Pt.

Pereira et  al. [24] showed that PtSn/C–In2O3·SnO2 had superior performance 
for ethanol oxidation in alkaline or acid electrolytes. The high activity was attrib-
uted to bifunctional mechanism, electronic effect and the synergetic interaction 
between PtSn nanoparticles and  In2O3·SnO2-C used as support.
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In this context, PtRh/C–In2O3·SnO2 electrocatalysts were prepared for the first 
time by the borohydride reduction process [25] in different Pt/Rh atomic ratios for 
ethanol oxidation in alkaline electrolytes. In this work are included structural analy-
sis, electrochemical experiments, in situ ATR-FTIR studies for obtaining informa-
tion about products formed for ethanol oxidation and single-ethanol fuel cell.

Experimental

PtRh/C–In2O3·SnO2 electrocatalysts (20% of metal loading, with Pt/Rh atomic 
ratios of 100:0, 90:10, 70:30, 50:50 and 0:100 and with C/In2O3·SnO2 mass ratios of 
100:0 and 85:15) were prepared using  H2PtCl6·6H2O (chloroplatinic acid—Aldrich) 
and RhCl3·xH2O (rhodium chloride—Aldrich) as metal sources, sodium borohy-
dride (Aldrich) as reducing agent and Vulcan Carbon XC72 (Cabot Corporation) 
and  In2O3·SnO2 (Aldrich) as support.

In the borohydride reduction process, the metal sources were dissolved in a mix-
ture of water/2-propanol (50/50, v/v) and the Vulcan XC72 + In2O3·SnO2 support 
was dispersed in the solution. The mixture obtained was treated with an ultrasonic 
bath for 10  min and was right after put back under magnetic stirring. The solu-
tion of sodium borohydride, containing 5 times the molar amount of metal sources 
(0.1025 mol L−1 for Pt, 0.1076 mol L−1 for  Pt90Rh10, 0.1195 mol L−1 for  Pt70Rh30, 
0.1342 mol−1 for  Pt50Rh50 and 0.1944 mol L−1 for Rh), was added at once at room 
temperature, and the mixture was let to stir for about 30  min. The stirring was 
stopped, and after 30 min the solids obtained from a simple filtration were water-
washed and dried for 2 h at 70 °C.

X-ray powder diffraction (XRD) diagrams were obtained using a Rigaku diffrac-
tometer model Miniflex II, using Kα source (λ = 1.54,056 Å) at 2θ = 20° to 90° with 
a step size of 0.05° and a scan time of 2 s per step. The morphology, distribution 
and size of nanoparticles were determined using a JEOL JEM-2100 LaB6 electron 
microscope operated at 200 kV. The sample was prepared by suspending 1 mg of 
the electrocatalysts on distilled water/isopropanol 50:50 sonicated for 15 min. After 
a small drop was put on the center of carbon-filmed grid using a micropipette and 
dried, the sample was inserted on TEM. About 200 particles from different regions 
were counted, for each sample, to determine the mean particle sizes.

X-ray photoelectron spectroscopy was done at LNNANO in CNPEM facility 
using the K-alpha (Thermo Scientific) X-ray photoelectron spectrometer. An alu-
minum source (Al kα) with a 100-4000  eV electron gun was used. The vacuum 
pressure was reached with two 220 L s−1 turbomolecular pumps, one for each input 
chamber and analysis chamber. Sample holder consisted of a four-axis stage with an 
area of 60 by 60 mm and max width of 20 mm. For the determination of the metallic 
elements and its oxidation states was used the concept of atomic sensitivity factor 
[26]. For this analysis was used the Origin software.

All cyclic voltammetry (CV) and chronoamperometry (CA) tests were performed 
on a Metrohm Autolab PGSTAT302N with a three-electrode cell. A Ag/AgCl in 
3 mol L−1 KCl was used as reference electrode, and the counter electrode was made 
of Pt. The composing of the working electrode (geometric area of 0.3 cm2 with a 
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depth of 0.3 mm) follows the thin porous coating technique [24]. A mass of 10 mg 
of dry electrocatalyst and 100 μL of a PTFE solution (6 wt%) were added to a beaker 
containing 50 mL of DI water, which was after left in an ultrasonic bath for 5 min. 
The dispersed mixture was then filtered, and the obtained mass was inserted on the 
surface of the work electrode. The electrochemical measurements were realized in 
both aqueous KOH (1 mol L−1 KOH) and ethanol/KOH (1 mol L−1 EtOH/1 mol L−1 
KOH)  N2 saturated solutions.

The spectro-electrochemical ATR-FTIR in  situ measurements were performed 
with a Nicolet 6700 FT–IR spectrometer equipped with an MCT detector cooled 
with liquid  N2, ATR accessory (MIRacle with a Diamond/ZnSe Crystal Plate 
 Pike®). The working electrodes were the same as used in the electrochemical experi-
ments in the presence of 1.0 mol L−1 ethanol + 1 mol L−1 KOH. Absorbance spectra 
were collected as the R/R0 ratio, where R represents a spectrum at a given potential 
and R0 is the spectrum collected at − 0.85 V. Positive and negative directional bands 
represent gain and loss of species at the sampling potential, respectively. The spectra 
were computed from 128 interferograms averaged from 3000 to 850 cm−1, with the 
spectral resolution set to 8 cm−1. Initially, a reference spectrum (R0) was measured 
at − 0.85 V, and the sample spectra were collected after applying successive poten-
tial steps of 0.1 V until 0.05 V.

All anode and cathode electrodes were built with a load of 1  mg of metal per 
 cm2, and all cathodes were made using commercial 20  wt% Pt/C (BASF) and all 
anodes using the prepared electrocatalysts in this study. All electrodes were pre-
pared by painting the Nafion soaked catalyst ink, over a PTFE-treated carbon cloth, 
in a homogeneously dispersed fashion. The ink was previously prepared using the 
dry electrocatalysts and a Nafion solution (5  wt%, Aldrich). A Nafion 117 mem-
brane, previously treated in a KOH solution, was placed between electrodes, and the 
assembly was hot pressed under a pressure of 247 kgf cm−2 for 3 min at 125 °C. The 
fuel (ethanol 2.0 mol L−1/3.0 mol L−1 KOH) was delivered at 1.0 mL min−1, and the 
oxygen flow was regulated at 150 mL min−1. Cell and  O2 humidifier temperatures 
were set, respectively, to 80 °C and 85 °C. Polarization curves were obtained using a 
potentiostat/galvanostat PGSTAT302N Autolab.

Results and discussion

XRD patterns of PtRh/C are illustrated in Fig. 1. For all PtRh/C–ITO electrocata-
lysts were observed a peak at 2θ = 25o associated with carbon structure (002) [24], 
four peaks at 2θ = 40o,  47o,  67o and  82o associated with the (111), (200), (220) 
and (311) planes, characteristic of face-centered cubic (fcc) structure of Pt and Pt 
alloys and peaks at about 2θ = 210,  31o,  36o,  51o and  60o corresponding to the (221), 
(222), (400), (440) and (622) plane characteristics of  In2O3 cubic structure [11, 24]. 
The diffraction peaks of PtRh/C–ITO were shifted to higher 2θ values compared 
to Pt/C electrocatalyst indicating a formation of PtRh alloys. The lattice parameter 
values obtained by the Pawley method [27, 28] carried out with Fityk 0.98 soft-
ware for PtRh/C–ITO (90:10), PtRh/C–ITO (70:30) and PtRh/C–ITO (50:50) were 
3.91  nm (67.9º)–3.96  nm (66.8º); 3.95  nm (67.0º)–3.88  nm (68.3º); and 3.96  nm 
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(66.7º)–3.90  nm (68.0o)–3.84 (69.0o), where these values could be related to Pt 
(220) (JCPDF #04 802), Rh (220) (JCPDF #88 2334) and PtRh (220) [10].

Figure  2 illustrates TEM micrographs with the histograms of the particle size 
distribution for Pt/C–ITO, PtRh/C–ITO and Rh/C–ITO. All electrocatalysts pre-
pared showed a good distribution of the nanoparticles on the support, and the mor-
phologies are similar. For Pt/C–ITO, PtRh/C–ITO (90:10), PtRh/C–ITO (70:30), 
PtRh/C–ITO 50:50) and Rh/C–ITO was observed a mean diameter of the nanoparti-
cles of 4.1 nm, 3.7 nm, 4.0 nm, 4.0 nm and 5.6 nm, respectively.

Figure  3 shows the XPS core-level spectra of C1  s in PtRh(90:10)/C–ITO, 
PtRh(70:30)/C–ITO and PtRh(50:50)/C–ITO. The peak center is about 284 eV for 
all materials, which is consistent with Moulder et al. [26]. For PtRh(50:50)/C–ITO 
one can notice a small shift for small values of B.E. compared to the other materi-
als which can be caused by the dominant presence of C–C bonds over  COx-type 
bonds in carbon structure of Carbon Vulcan XC72. We can also notice different In 
oxidation states:  In2O3 for PtRh(50:50)/C–ITO and PtRh(70:30)/C–ITO and  In2O 
for PtRh(90:10)/C–ITO. These values of B.E. are also following Moulder et al. [26], 
and these differences in oxidation happen because In has different active sites’ expo-
sure to ambient oxygen depending on which metal is bonding to it.

The O1s peak is present for all materials studied and for PtRh(70:30)/C–ITO 
there is a small shift to higher values of B.E., which agrees with the broad peak of 
Sn3d for this same material. It is considered here that peak broadening is directly 
related to chemical shift effects. The O1s core-level spectra of PtRh(50:50)/C–ITO 
seem to be a result of a convolution of O1s present in PtRh(70:30)/C–ITO and 
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Fig. 1  a X-ray diffractograms of the Pt/C–ITO, Rh/C–ITO and PtRh/C–ITO electrocatalysts and b Paw-
ley refinement gray for measured, black for modeled and light gray for residual line
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PtRh(90:10)/C–ITO, because the amount of In, Sn, C, and O is evidentially larger 
for PtRh(50:50)/C in surface compared to the other materials (this can be noticed 
qualitatively in the CPS intensity for all materials studied) [9, 26, 29].
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Fig. 2  a Micrograph Pt/C–ITO; b histogram Pt/C–ITO; c micrograph PtRh/C–ITO (90:10); d histogram 
PtRh/C–ITO (90:10); e micrograph PtRh/C–ITO (70:30); f histogram PtRh/C–ITO (70:30); g micro-
graph PtRh/C–ITO (50:50); h histogram PtRh/C–ITO (50:50); i micrograph Rh/C–ITO; j histogram 
Rh/C–ITO
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Sn3d for PtRh(70:30)/C–ITO peak is broader than the other materials because 
the presence of mixture states of  Sn0 and  SnO2 is more significant than the other 
materials. But it is worthy to mention again that the amount of In, Sn, C, and O 
for PthRh(50:50)/C–ITO is larger than the other materials [26].

Figure  4 shows the doublet states of the XPS core-level spectra of Pt4f for 
PtRh(90:10)/C–ITO, PtRh(70:30)/C–ITO and PtRh(50:50)/C–ITO. All the bind-
ing energies associated with the different oxidation species are in accordance with 
[26]. For all of them, it was seen only  Pt0. It seems that the atomic oxygen was 
preferable to bond with the support C–ITO. It is noteworthy that Rh3d intensity 
band is linearly proportional with Rh content, while Pt is not. Pt4f intensity band 
for PtRh(50:50)/C–ITO is higher than Pt4f intensity band for PtRh(70:30)/C–ITO, 
and Pt4f for PtRh(90:10)/C has the higher intensity. This nonlinear proportional-
ity may be attributed to the way of the reduction metal salts were reduced [25].

The largest amount of C, In, Sn, O and Rh in the surface of Pt50Rh50/C–ITO 
strongly supports the argument of bifunctional mechanism through this paper for 
this material. Although Pt4f of Pt50Rh50/C–ITO does not have the most intense 
doublet band, the large amount of C–ITO can play a decisive role concerning the 
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electrochemical activity through the bifunctional mechanism [25]. But the inten-
sity of Pt4f band for Pt90Rh10/C–ITO in the surface is almost 60% higher than 
Pt4f of Pt70Rh30/C–ITO. Therefore, Pt90Rh10/C–ITO has the largest availabil-
ity of Pt active sites when compared to the other ones, and because of that this 
electrocatalyst will present the better electrochemical activity. It is noteworthy to 
mention that this correlation can be done only for electrochemical experiments, 
since the electrode preparation for DEFC is different from the electrochemical 
experiments and other factors could influence the oxidation states observed in 
XPS experiment for DEFC electrocatalysts.

The cyclic voltammetry (CV) for Pt/C–ITO, Rh/C–ITO and PtRh/C–ITO elec-
trocatalysts in the presence of 1 mol L−1 KOH is illustrated in Fig. 5. PtRh/C–ITO, 
Pt/C–ITO and Rh/C–ITO electrocatalysts do not have a well-defined hydrogen 
adsorption–desorption region (− 0.85 to − 0.45 V) as observed for Pt/C electro-
catalyst; this behavior may be associated with the presence of rhodium and ITO. 
Pt/C–ITO and all PtRh/C–ITO showed a peak in scan reverse between − 0.3 and 
− 0.4 V, which could be attributed to reduced  PtOx species. Also were observed 
in anodic scan a peak in − 0.3 V related to the presence of ITO and a second peak 
in − 0.1 V associated with the formation of Pt and Rh oxide species.

Figure 6 shows the cyclic voltammetry for ethanol oxidation using Pt/C–ITO, 
PtRh/C–ITO and Rh/C–ITO electrocatalyst obtained at a scan rate of 10 mV s−1 
between − 0.85 and 0.2 V in 1.0 mol L−1 of ethanol and 1.0 mol L−1 KOH.

Fig. 3  Core-level XPS spectra of C1 s, In3d, O1 s and Sn3d of PtRh(90:10)/C–ITO, PtRh(50:50)/C–ITO 
and PtRh(70:30)/C–ITO
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At first, one may notice that the onset potential value for the Rh/C–ITO (− 0.65 V) 
was lower than the onset value of the other prepared electrocatalysts (− 0.55  V). 
However, the rhodium electrocatalyst had the lowest current density within the 
potential range of − 0.55 V and 0.2 V. One may also notice that PtRh/C–ITO and 
Pt/C–ITO electrocatalysts were more active than Pt/C at potentials above − 0.6 V; 
many authors obtained similar results [13, 14, 30, 31].

Bai et al. [30] showed that the introduction of Rh to Pt was responsible for the 
low-onset oxidation potential of Pt1Rh1 in comparison with Pt/C; the current of 
Pt1Rh1 also was eight times higher than that at Pt nanocrystal electrocatalyst, so 

Fig. 4  Core-level XPS spectra of Pt4f and Rh3d of PtRh(90:10)/C–ITO, PtRh(50:50)/C–ITO and 
PtRh(70:30)/C–ITO
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they concluded that the introduction of Rh was efficient at breaking C–C bonds, 
which is in high  CO2 selectivity.

Wang et al. [14] showed that Pt9Rh1/TiO2-C had the highest activity and stabil-
ity when compared to Pt/C. The best activity was attributed to the presence of Rh 
and  TiO2, which facilitated the cleavage of C–C bond in ethanol and promoted low 
potential oxidation of intermediates.

Fang et  al. [31] showed that  Rh5@Pt5/C was 64% more active than on Pt5/C, 
where the activity was attributed to the Rh core that enhanced the catalytic activity 
of the Pt shell, promoting the break of C–C bonds of ethanol.

Shen et  al. [13] showed that a  Pt2Rh/C catalyst had a higher catalytic activity 
in comparison with Pt/C, where the enhanced activity was described by both an 
improvement in C–C bond cleavage and an accelerated oxidation kinetics of inter-
mediate adsorbed in an alkaline medium.

The chronoamperometry results for Pt/C–ITO, Rh/C–ITO and PtRh/C–ITO 
electrocatalysts in the potential of − 0.3 V for 30 min are illustrated in Fig. 7. For 

Fig. 5  Cyclic voltammograms 
of Pt/C, PtC–ITO, Rh/C–ITO 
and PtRh/C–ITO electrocata-
lysts in 1 mol  L−1 KOH solution 
with a scan rate of 10 mV s−1 
at 25 °C
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all prepared electrocatalysts, regarding their current density values, a fast decay 
was observed during the first minute. After a couple minutes, one may notice 
that Rh/C–ITO and Pt90Rh10/C–ITO had the lowest decay rate, while the 
other electrocatalysts had similar decay rates. After 20  min, the current den-
sity value of Pt/C is lower than Rh/C–ITO, which indicates its catalytic deac-
tivation in a more significant way. Therefore, after this interval, Rh/C–ITO 
showed higher current values in comparison with Pt/C indicating its better activ-
ity for ethanol electro-oxidation in alkaline medium, which confirms the results 
of Adzic [9]. After 30  min, the final current density values at − 0.3  V were: 
Pt90Rh10/C–ITO (1.5  A  g−1) > Pt/C–ITO (1.38  A  g−1) > Pt70Rh30/C–ITO 
(1.24  A  g−1) > Pt50Rh50/C–ITO (1.18  A  g−1) > Rh/C–ITO (0.50  A  g−1) > Pt/C 
(0.3  A  g−1). All obtained values are normalized by the weight of catalyst metals 
load. The high activity of Pt or PtRh electrocatalysts with  In2O3·SnO2-C used as 
support could be attributed to bifunctional mechanism, electronic effect and the syn-
ergetic interaction between nanoparticles and In2O3·SnO2-C used as support.

Figure  8 shows the IR absorbance spectra obtained by in  situ ATR-FTIR 
experiments in the region between 3000 and 850  cm−1 recorded during etha-
nol electro-oxidation in the function of the potential applied for Pt/C, Pt/C–ITO, 
PtRh/C–ITO (90:10), PtRh/C–ITO (70:30), PtRh/C–ITO (50:50) and Rh/C–ITO. 
For Pt/C, Pt/C–ITO and PtRh/C–ITO electrocatalyst was observed the presence of 
bands related to  CO2, acetate, carbonate ions and acetaldehyde, while for Rh/C–ITO 
it was observed only bands related to carbonate ions. The bands of carbonate ion, 
acetate, acetaldehyde and  CO2 were observed at 1370 cm−1 [32], 1410 cm−1 [32], 
926  cm−1 [33] and 2343  cm−1 [34], respectively; however, also it is possible to 
observe the presence of bands of consumption ethanol at 1080, 1036 and 874 cm−1 
[10]. These ethanol bands are negative in an absorbance spectrum, so they are asso-
ciated with ethanol consumption [10].

The bands were deconvoluted to Lorentzian line shapes to better observe the 
product formation in the different potentials. These results are presented in Fig. 9. 
PtRh/C–ITO (70:30) and PtRh/C–ITO (90:10) showed intense formation of  CO2 at 

Fig. 7  Current–time curves at 
− 0.3 V in 1 mol L−1 ethanol 
solution in 1 mol L−1 KOH 
for Pt/C–ITO, Rh/C–ITO and 
PtRh/C–ITO electrocatalysts at 
25 °C
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Fig. 8  In situ FTIR spectra taken at several potentials (indicated) in 1 mol L−1 KOH 1.0 mol L−1 ethanol for 
Pt/C–ITO, Rh/C–ITO and PtRh/C–ITO electrocatalysts. The backgrounds were collected at − 0.85 V (Ag/AgCl)
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− 0.2 V; therefore, PtRh/C–ITO (90:10) could be considered the most active elec-
trocatalysts in EOR experiments at room temperature, since for Pt70Rh30/C–ITO 
the production of carbonate ions was observed. The presence of carbonate ions may 
cause, in room temperature and under these experiment conditions, a physical bar-
rier that can reduce the catalyst ability to adsorb or oxidize alcohol on its catalytic 
sites.

Rh/C–ITO was active for ethanol oxidation, but only acetate was observed indi-
cating that this metal was not completely selective to C–C broken in alkaline electro-
lytes. The formation of acetaldehyde also confirms that part of the reaction occurred 
without C–C broken in alkaline electrolytes.

In accordance with our work, Zhu et al. [1] showed that a Pt1Rh1/RGO at 0.40 V 
was about 16.2 times more active in comparison with commercial Pt/C, where the 
superior activity was attributed to the enhanced  CO2 production generated from 
alcoholic groups. Zhu et al. [1] also showed the formation of *CH2CO as intermedi-
ate, where *CH2CO was considered as the key intermediate for C–C bond cleav-
age and further oxidation to form  CO2. They concluded that Rh sites on PtRh sur-
face can accelerate the C–C bond cleavage and also provide  OHad species at low 
potential to oxidized intermediates adsorbed on neighboring Pt sites by bifunctional 
mechanism.

A single cell of a direct alkaline ethanol fuel cell operating with the prepared 
Pt/C, Pt/C–ITO, Pt90Rh10/C–ITO, Pt70Rh30/C–ITO, Pt50Rh50/C–ITO and 
Rh/C–ITO electrocatalysts was utilized as anode and Pt/C Basf as cathode. Test 
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results are illustrated in Fig.  10. All PtRh/C–ITO were more active than Pt/C 
confirming the beneficial effect of both Rh addition to Pt and ITO addition to 
carbon. Pt/C–ITO was more effective than Pt/C, which confirms the beneficial 
effect of ITO in the carbon. Rh/C–ITO was more effective than Pt/C, also con-
firming the activity of Rh in alkaline electrolytes; therefore, the rhodium could 
be disabled in operating conditions of direct alkaline ethanol fuel cell in long 
times. Pt70Rh30/C–ITO showed the highest value of maximum power density, 
while Pt90Rh10/C–ITO showed a highest open circuit voltage, and therefore, 
these electrocatalysts were considered more effective for operating in real con-
ditions. The best activity could be related to bifunctional mechanism observed 
by XPS and voltammetry results, electronic effects observed by XRD results and 
synergism between Pt, Rh and C–ITO support.

Fig. 10  Polarization curves a, 
power density curves b at 80 °C 
of a 5 cm2 in direct alkaline 
ethanol fuel cell using Pt/C, 
Pt/C–ITO, PtRh/C–ITO and 
Rh/C–ITO electrocatalysts used 
as anodes with 1 mg Pt cm−2 
catalyst loading and Pt/C BASF 
electrocatalyst cathode with 
1 mg Pt cm−2 catalyst loading 
with 20 wt% Pt loading on 
carbon,  Nafion® 117 membrane 
treated with KOH, 1.0 mol L−1 
KOH + 2.0 mol L−1 ethanol was 
used as a fuel
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Conclusions

PtRh/C–ITO electrocatalysts, prepared with sodium borohydride as reducing 
agent, showed the presence of face cubic-centered phase and presence of oxides 
of indium doped with tin. All PtRh/C–ITO showed a shift to higher 2θ values 
compared to Pt/C electrocatalyst, indicating a formation of PtRh alloys which 
causes an electronic effect on the platinum.

The XPS results for Pt90Rh10/C–ITO showed the highest intensity of Pt4f; 
therefore, the presence of Pt active sites is the largest when compared to the other 
electrocatalysts. Also, the presence of oxide states in the surface for all the elec-
trocatalysts can also support the argument of bifunctional mechanism through 
this paper.

Pt90Rh10/C–ITO was more active in electrochemical studies in comparison 
with other electrocatalysts prepared, where these results could be explained by the 
higher observed quantities of produced  CO2 by ATR-FTIR experiments, indicating a 
greater selectivity of this electrocatalyst for breaking the C–C bond.

Experiments in direct alkaline ethanol fuel cells showed that the power den-
sity values obtained for Pt70Rh30/C–ITO and Pt90Rh10/C–ITO were higher than 
Pt/C, where those behaviors could be related to the combination of the bifunctional 
mechanism, the electronic effect or to the synergetic interaction between Pt, Rh and 
C–ITO support.

Finally, further research is necessary to investigate PtRh/C–ITO electrocatalysts 
for direct alkaline ethanol fuel cells using new anionic membranes and alkaline 
ionomer.
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