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ABSTRACT 
Carbon-supported Pt/C, Pt/Re/C, Pt/SnO2/C and Pt/Re/SnO2/C, with 20 wt.% overall metal loading were prepared and their 
electrochemical activity towards ethanol oxidation reaction (EOR) was investigated. Transmission electron microscopy (TEM) 
combined with energy dispersive X-ray spectroscopy (EDS) revealed, that indeed binary and ternary combinations of the designed 
nanoparticles (NPs) were formed and successfully uniformly deposited on a carbon support. Fourier transform infrared spectroscopy 
(FTIR) allowed to assess the chemical composition of the nanocatalysts and X-ray diffraction (XRD) allowed to determine the 
catalyst structure. Potentiodynamic and chronoamperometric measurements were used to establish its catalytic activity and stability. 
The influence of Re addition on the electrochemical activity towards ethanol oxidation reaction (EOR) was verified. Indeed, the 
addition of Re to the binary Pt/SnO2/C catalyst leads to the formation of ternary Pt/Re/SnO2/C with physical contact between the 
individual NPs, enhancing the EOR. Furthermore, the onset potential of the synthesized ternary catalyst is shifted to more negative 
potentials and the current densities and specific activity are nearly 11 and 5 times higher, respectively, than for commercial Pt catalyst. 
Additionally ternary Pt/Re/SnO2/C catalyst retained 96% of its electrochemical surface area. 
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chemical synthesis, transmission electron microscopy (TEM) characterization, electrochemistry, ethanol oxidation reaction 
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1 Introduction 
A lot of current research on fuel cell technology is often based 
on the use of liquid fuel—methanol and ethanol [1–4]. It is 
interesting due to the simplicity of usage, transport and storage. 
Additionally ethanol is non-toxic, can be obtained from biomass 
and opens the possibility of replacing toxic methanol [5, 6]. 
However, the usage of ethanol as a fuel creates various challenges, 
such as the difficulty to split the C–C bond or slow kinetics of 
the ethanol oxidation at the anode and thus requires optimization 
of the catalysts. Moreover, during the ethanol oxidation reaction 
(EOR) it is possible to form unwanted by-products, which may 
reduce the total efficiency [7, 8]. The complete oxidation of 
ethanol is dependent on many factors like ethanol concentration, 
temperature or composition and structure of the catalyst used. 
Therefore one of the main goals is to design and develop the 
appropriate type of catalysts, because the success of fuel cells 
will largely depend on improving their performance. Because 
catalysis is a surface effect, the catalyst needs to have the largest 
possible surface area [9] and that is why researchers study, apart 
from the chemical composition, the effect of size for both, 
platinum [10] and tin oxide [11] nanoparticles (NPs), in alcohol 
oxidation reactions. 

Carbon supported nanostructured platinum is commonly 
used as an electrocatalyst for ethanol oxidation, but is not the 

optimal anodic catalyst for direct ethanol fuel cells (DEFCs) [1]. 
This is associated with the intermediate species e.g. CHx and 
CO formed during the electrooxidation of ethanol, which poison 
active sites on the Pt surface, because of their strong interaction 
with Pt [7]. Moreover, Pt has limited ability for breaking the 
C–C bond [12]. For this reason studies to develop and obtain 
highly active EOR electrocatalysts are concentrated on the 
addition of co-catalysts to platinum and preparation of multi-
component and multifunctional nanostructured particles. The 
presence of oxophilic metals/component, such as Ru, Sn or SnO2 
activate water dissociation to form surface hydroxides, which can 
more readily oxidize CO and CHx intermediates, free Pt active 
sites and therefore promote CO electrooxidation [13, 14]. 

It is known that binary PtSn catalysts have a high EOR 
activity—Antolini [15, 16] reviewed the most relevant research 
and widely analyzed the promoting effect of Sn on the activity 
of Pt catalysts. Li et al. [17] highlighted also, that both too 
high and too low Sn contents, cause a decrease in the catalyst’s 
activity. But it is worth noticing, that binary nanoparticles 
containing Pt and Sn are active electrocatalysts for the EOR, 
but inactive for splitting the C–C bond of ethanol to form CO2 
[18, 19]. That is why scientists state that the activity towards 
ethanol oxidation not only depends on the ability of the 
catalyst for oxidative removal of poisoning species, but also on 
its activity for C–C and C–H bond breaking [19]. Oxidizing  
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ethanol to CO2 and water is not easy, because the C–C bond 
requires a rather high activation energy [19], and in order to 
modify the characteristics of the two-component catalysts and 
improve their performance it is necessary to insert a third 
element. The Adzic group tested Rh or Ir as this third element 
[17, 20, 21]. Kowal et al. [22] prepared a PtRh/SnO2/C electro-
catalyst by synthesizing Pt and Rh atoms on carbon-supported 
SnO2 nanoparticles and reported that the ternary PtRh/SnO2/C 
catalyst was effective for ethanol oxidation to CO2 by synergetic 
effect between Pt, Rh and SnO2. They also showed, using density 
functional theory calculations, that the addition of Rh to the 
Pt-SnO2 catalyst promotes breaking of the C–C bond. In their 
case Pt and Rh formed an alloy, while the Higuchi group [23] 
studied the catalyst of the same composition for EOR and showed 
that the current density for CO2 production of the Rh-containing 
catalysts was smaller than that of the Pt/SnO2/CB catalyst,  
in contrast to what the Kowal showed [22]. However, this 
discrepancy may be caused by the fact, that the Pt, Rh and SnO2 
nanoparticles prepared by Higuchi et al. [23] were only partially 
contact with each other, which was confirmed using TEM 
images, while Kowal et al. prepared the PtRh NPs in form of a 
nanoalloy.  

In the present study, rhenium as the third element in addition 
to Pt and SnO2 was selected. Literature reports indicate that  
Re addition to Pt-based catalysts supported on metal oxides 
similarly to Rh increases the ability to break the C–C bond 
[24–26]. Higher activity for Pt-Re was also attributed to the 
weakening of Pt–CO binding strength with the addition of Re 
and decreased poisoning of active surface sites by adsorbed 
CO [25, 27, 28]. Pt and Re differ in crystallographic structure. 
Re has a hexagonal (hex) space group P63/mmc with lattice 
constants of 2.760 and 4.456 Å, while Pt belongs to a face- 
centered cubic (fcc) having the Fm3m space group with a lattice 
constant equal to 3.920 Å [29]. Therefore, obtaining a PtRe 
alloy may be more difficult than obtaining a PtRh alloy, and 
may thus require complicated synthesis procedures in comparison 
with the formation of the PtRh alloy. This is due to the fact, 
that rhodium has the same space group and very similar lattice 
constants to Pt [30]. These facts favor the formation of a 
homogeneous binary PtRh alloy, in particular the PtRe alloys 
are often synthesized in form of films [28, 31, 32]. In the present 
study Re nanoparticles were synthesized separately and combined 
with platinum and tin oxide NPs. In a previous study [33]   
it has been shown that by adjusting the zeta potential of the 
respective nanoparticles it was possible to obtain in a controlled 
way SnO2 nanoparticles decorated with platinum or rhenium 
nanoparticles or both of them. The idea of close contact between 
the respective NPs, proposed by Higuchi et al. will be thus 
verified by replacing Rh with Re. Roth et al. also indicated that 
alloy formation does not seem to be fundamental for superior 
electrocatalytic performance, as long as a close contact between 
both phases is achieved [34]. The electrocatalytic surfaces studied 
here show an interesting approach for the investigation of non- 
alloy systems with close contact between three nanoparticle 
phases. 

In the present paper, a ternary nanocatalyst system consisting 
of Pt, Re and SnO2 nanoparticles was prepared and characterized 
using high resolution transmission electron microscopy (HR- 
TEM) with energy dispersive X-ray spectroscopy (EDS), Fourier 
transform infrared spectroscopy (FTIR) and X-ray diffraction 
(XRD). In the case of ternary catalysts, understanding the role of 
each constituent is needed for obtaining a high electrocatalytic 
activity. In this work, special attention has been focused on 
investigating the role of Re in the ternary system, as an alternative 
to Rh, as well as the physical contact between three components  

building nanocatalyst. Furthermore, cyclic voltammetry (CV) 
and chronoamperometry (CA) experiments were carried out, to 
study the electrocatalytic activity on ethanol electrooxidation 
and additionally allowed to investigate the durability of the 
synthesized catalysts.   

2 Experimental  

2.1 Materials  

Hexachloroplatinic acid hydrate (H2PtCl6·6H2O), tin(II) chloride 
dihydrate (SnCl2·2H2O) from Sigma Aldrich and ammonium 
perrhenate (NH4ReO4) from Alfa Aesar were used as metal 
sources. Ethylene glycol (EG, C2H6O2), sodium borohydride 
(NaBH4), ethanol (C2H5OH), propanol (C3H7OH) and sodium 
hydroxide (NaOH) were obtained from Avantor. Polyvinyl-
pyrrolidone (PVP) was purchased from Sigma Aldrich. Nafion 
solution 5‰ (Aldrich) and high surface area carbon Vulcan 
XC-72R (Cabot) were used as received. 

2.2 Synthesis methods 

Carbon-supported Pt/C, Pt/Re/C, Pt/SnO2/C, and Pt/Re/SnO2/C, 
with 20 wt.% overall metal loading were prepared using a 
modified polyol method. In the first step monometallic Pt, Re 
and SnO2 nanoparticles were prepared using the same procedure 
as in Drzymała et al. [33]. In brief, the calculated amount of 
H2PtCl6 (Sigma Aldrich) was dissolved in ethylene glycol. 
Next, this solution was placed in a round-bottom flask and 
the pH of the solution was subsequently adjusted to 12 using a 
0.5 M NaOH solution diluted in EG. Then the obtained 
solution has been heated to reflux for 3 h and cooled down 
overnight. The SnO2 NPs were synthesized from SnCl2·2H2O 
(Sigma Aldrich) dissolved in a solution containing water and 
EG (with a molar ratio [H2O]/[EG] = 0.02). In the next step, 
similar to Pt NPs, the pH of the solution was subsequently 
adjusted to 12 and heated to reflux for 6 h. Finally both types 
of the obtained nanoparticles were centrifuged and washed 
with ethanol and distilled water. Prior to addition, the carbon 
support (Vulcan XC-72R, Cabot) was heated at 100 °C for 1 h 
under a pure nitrogen atmosphere and was oxidized by contact 
with a solution of HNO3 and H2O in order to form surface 
functional groups (hydroxyl and carboxylic acid), which could 
be further used to disperse the metal by exchanging protons 
with metal complexes. As a precursor for the synthesis of 
rhenium nanoparticles ammonium perrhenate NH4ReO4 (Alfa 
Aesar) was used. The reaction was carried out under argon 
atmosphere. The Re NPs were synthesized according to the 
procedure described in previous works [33, 35]. These nano-
particles were added separately to the mixture of Pt and SnO2 
NPs. Adjusting the zeta potential values to opposite signs for 
the NPs allowed to successfully assembly the three component 
combination by mixing the solutions containing the NPs 
synthesized according to our previous work [33]. 

In the last step of catalyst preparation, high surface area 
carbon black was dispersed in a water and ethanol solution 
and sonicated for 30 min. Simultaneously, the re-dispersed 
nanoparticles also were sonicated. Next the re-dispersed 
nanoparticles and their combinations were deposited on a 
calculated amount of Vulcan XC-72R carbon support (being 
introduced drop-wise under vigorous stirring), and the mixture 
was mixed overnight under magnetic stirring. The resulting 
black powder was then washed with ethanol and distilled 
water and was dried at 80 °C overnight (10 h). Finally, the 
catalysts were annealed at 200 °C for 1 h to remove remaining 
ethylene glycol. 
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2.3 Experimental techniques 

2.3.1 TEM measurements 

High-angle annular dark field scanning TEM (HAADF-STEM) 
and selected-area electron diffraction (SAED) were performed 
using a Cs aberration-corrected FEI Titan electron microscope 
operating at 300 kV equipped with a FEG cathode. EDS 
studies were carried out in a Talos F200 FEI instrument 
operating at 200 kV equipped with a FEG cathode. The TEM 
samples were prepared by placing a drop of electrocatalyst 
dispersed in ethanol onto a continuous carbon foil coated 
copper grid. 

2.3.2 XRD 

The XRD studies were carried out using the X’Pert PRO 
(Panalytical) diffractometer with Cu Kα (1.5404 Å) radiation, 
a graphite monochromator and a strip detector (X’Celerator). 
To preclude any extra diffraction lines, the samples were placed 
onto a “zero-background” silicon plate. The experiments were 
performed at room temperature. The XRD patterns were 
vector normalized and base line correction was applied using 
the OriginPro 8.0 software. 

2.3.3 FTIR spectroscopy 

The FTIR spectra in the wavelength range between 400–  
4,000 cm−1 were acquired using an EXCALIBUR FTS-3000 
spectrometer at room temperature and measured for the 
respective samples mixed with KBr. The sample was dried and 
sandwiched between two KRS-5 window disks. The 64 scans 
were averaged at a resolution of 4 cm−1. During the experiments, 
the spectrometer was purged with dry nitrogen. Baseline 
correction and normalization of FTIR spectra were applied. 

2.3.4 Inductively coupled plasma mass spectrometry (ICP-MS) 

ICP-MS measurements were carried out on a Perkin Elmer 
NexION 300D in order to prepare catalysts with 20% Pt loading. 
The sample preparation procedure was as follows: First the 
sample solution was intensively mixed and sonicated for 15 min 
and next 0.5 mL of the solution was collected and evaporated 
at 50 °C. In the next step, 2 mL of aqua regia was added to 
the flask containing the nanoparticles and heated close to the 
boiling point until the precipitate was dissolved. After that the 
solution was evaporated to a volume of 0.5 mL and the sample 
was ready for ICP-MS measurement. 

2.3.5 Electrochemical measurements 

A BIO-LOGIC SP-200 potentiostat was used for the 
electrochemical measurements in a standard three-electrode 
electrochemical cell. Uniform catalyst inks were prepared by 
ultrasonically mixing 4 mg of catalysts powder with 800 μL of 
isopropyl alcohol, 200 μL of ultrapure water, and 20 μL of 5 wt.%  
Nafion solution for 30 min. Then 10 μL of ink suspension was 

deposited onto a polished glassy carbon electrode (GCE) to 
obtain the working electrode with a homogenous thin catalyst 
layer, after the solvent dried naturally in air. Both CV and CA 
measurements in ethanol-containing solution were carried out 
to determine the EOR activity of these catalysts. The glassy 
carbon electrode loading was 40 μg/cm2 (platinum loading). A 
standard glass cell with a Pt counter electrode and a silver 
chloride reference electrode was used. The electrolyte, containing 
0.1 M HClO4 and 0.5 M C2H5OH, was deoxygenated by bubbling 
Ar for 30 min before measurements. All the potentials given in 
this paper were referenced to that of the reversible hydrogen 
electrode (RHE). The commercial Pt TANAKA with 40 wt.% 
metal loading was also tested as a reference. All measurements 
were performed at room temperature. 

Additionally, accelerated stability tests of the synthesized 
nanocatalysts and the commercial Pt TANAKA were performed 
by consecutive sweeps from 0 to 1.2 V vs. RHE at 100 mV/s 
for 10,000 potential cycles in a 0.1 M HClO4 solution. 

3 Results 

3.1 TEM analysis 

Tin oxide, platinum and rhenium nanoparticles as well their 
combinations were synthesized and characterized in details 
in previous work [33, 35]. Briefly, in all cases crystalline, small 
(bellow 10 nm) spherical nanoparticles were obtained. The 
diameters of tin, platinum and rhenium nanoparticles assembled 
into binary and ternary catalysts were 4.6 ± 0.7, 2.0 ± 0.3 and 
1.0 ± 0.2 nm, respectively (Fig. S1 in the Electronic Supplementary 
Material (ESM)). Next, based on the differences in zeta potential 
and due to the electrostatic interactions, binary metal-metal and 
metal-oxides nanoparticle systems were successfully assembled 
(Figs. 1(b) and 1(c)).  

Binary Pt/SnO2 and ternary Pt/Re/SnO2 nanoparticle systems 
were assembled as described in detail in a previous study [33]. 
The obtained Pt NPs, binary and ternary combinations were 
deposited on high-surface area carbon (Vulcan XC-72R) (Figs. S2 
and S3 in the ESM). The HAADF-STEM image of Pt/Re/SnO2/C 
(Fig. 2(a)) shows that the nanoparticles were uniformly 
dispersed on the carbon surface, with no visible agglomerates. 
Nanoparticles have a crystalline structure, which is confirmed 
by both the SAED pattern (Fig. 2(b)) and the high resolution 
HAADF-STEM image (Fig. 2(c)). Moreover, the high resolution 
HAADF-STEM image (Fig. 2(c)) shows that all three kinds of 
nanoparticles are well-mixed and stay in physical contact. Pt, 
Re and SnO2 NPs can be distinguished due to different Z-numbers 
and thereby different contrasts on the HAADF-STEM images 
(so-called Z-contrast). Additionally, in Fig. 2(c) the differences 
in lattice parameters are visible. The measured lattice distances 
between the atomic planes marked in red correspond to (111)  
planes of fcc Pt, in yellow to (101) and (102) planes of hcp Re 
and in blue to (101) and (110) planes of tetragonal SnO2. EDS  

 
Figure 1 HAADF-STEM images of synthesized (a) Pt NPs and combinations of (b) Pt with Re NPs and (c) Pt with SnO2 NPs. 
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Figure 2 Pt/Re/SnO2 nanoparticles deposited on Vulcan carbon XC-72R: 
(a) HAADF-STEM overview image; (b) SAED pattern; (c) high resolution 
HAADF-STEM image with measured lattice distances corresponding to Pt 
(red), Re (yellow) and SnO2 (blue) and (d) EDS elemental maps showing the 
distribution of Pt, Re and SnO2 nanoparticles.  

elemental maps confirm the presence of platinum, rhenium 
and tin and clearly show that all elements are uniformly mixed. 
The distribution of nanoparticles in other obtained catalysts was 
also studied by TEM. All of them showed a uniform distribution 
of the nanoparticles supported on carbon (Figs. S2(a)–S2(d) in 
the ESM). 

3.2 XRD analysis 

Figure 3 shows the X-ray diffractograms for Pt/C, Pt/Re/C, 
Pt/SnO2/C and Pt/Re/SnO2/C catalysts. The Bragg peak positions 
were compared with the reference XRD diffractograms of Pt, 
Re and SnO2 (PDF data files, International Center for Diffraction 
Data). According to literature, the broad diffraction peak at 
around 2θ = 25 corresponds to the (002) plane of the Vulcan 
XC-72R carbon support [36]. In all obtained catalysts the five 
characteristic peaks of face centered cubic crystalline Pt located 
at 2θ angles of ca. 39.8°, 46.4°, 67.5°, 81.3° and 85.8° and 
corresponding to the (111), (200), (220), (311) and (222) planes, 
were observed. In the Pt/Re/C catalyst a sharp reflex located at 
18.4° corresponding the (002) planes of the hcp Re was 
observed. Two other reflexes with low intensity from the (300) 
and (102) planes of the hcp Re are also visible at 2θ equal   
to approximately 52.7° and 56.4°, respectively. Additionally, 
platinum and rhenium have overlapping reflections, and as the 
Pt NPs are better crystalized and larger, they generate sharper 
reflexes and thus it is difficult to identify the diffraction peaks 
corresponding to rhenium. As clearly indicated from the 
HAADF-STEM images (Fig. 2(c)), rhenium was synthesized 
in form of 1 nm small, crystalline particles, therefore it would 
most probably invisible in XRD diffractograms. Additionally, 
the diffraction peak originating from rhenium oxide (black 
open circles) was also observed, which is consistent with the 
X-ray photoelectron spectroscopy (XPS) results in our previous 
work [33]. According the XPS measurements, tetravalent tin, 
proving the formation of SnO2, metallic rhenium and metallic 
platinum nanoparticles were obtained. In the XRD diffractogram 
for the Pt/SnO2/C and Pt/Re/SnO2/C catalysts, SnO2 tetragonal 
structure was observed. In the Pt/SnO2/C sample four 
characteristic peaks of tetragonal SnO2 located at scattering 
angles equal approximately to 33.8°, 51.8°, 61.9° and 74.5°  

 
Figure 3 X-ray diffractograms of the (a) Pt/C; (b) Pt/Re/C; (c) Pt/SnO2/C 
and (d) Pt/Re/SnO2/C catalysts with the corresponding planes. In order to 
compare the diffractograms, the peaks were normalized to maximum intensity. 
The elements are marked as follows: Pt (▼), Re (●), Re2O7 (○), SnO2 (□). 

corresponding to the (101), (211), (310) and (212) planes, were 
present. In case of the Pt/Re/SnO2/C catalyst, more reflexes 
originating from tin oxide are visible. Also, there were no evident 
peaks from metallic Sn. Additionally, the XRD diffractogram 
of commercially available Pt TANAKA is shown in Fig. S4 in 
the ESM. 

3.3 FTIR spectroscopy analysis 

The chemical composition of the synthesized nanoparticles was 
analyzed using FTIR spectroscopy. Figure 4 (solid lines) shows 
the FTIR spectra of the nanoparticles deposited on carbon. In 
the FTIR spectrum of all analyzed samples vibrations building  

 
Figure 4 FTIR spectra of commercial Pt TANAKA (black spectra), Pt/C 
(red spectra), Pt/Re/C (pink spectra), Pt/SnO2/C (green spectra), and 
Pt/Re/SnO2/C (blue spectra) catalysts before (full line) and after (dotted 
line) 10,000 potential cycles. 
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the chemical compounds used to reduce the precursors and 
wash the samples, were visible: outer and interface of the OH 
group from PVP (wavenumbers at: 918 cm−1) [37], bending 
vibrations of the CH2 group from ethylene glycol (1,465 cm−1), 
CH stretching symmetric and asymmetric vibrations (2,750 
and 2,870 cm−1, respectively) [38, 39]. Moreover, in all obtained 
FTIR spectra, a peak at 1,330 cm−1 corresponding to the NO2 
group from HNO3 used for carbon functionalization, was visible. 
Furthermore, a peak between 1,619 and 1,635 cm−1 corresponding 
to OH vibrations from H2O originating from H2O absorbed on 
the surface of SnO2 [40–42] or from the chemical decomposition 
of HClO4 in the all FTIR spectra of PtSnO2/C and Pt/Re/ 
SnO2/C was noticed [43, 44]. Additionally, FTIR was used to 
track the vibrational peaks and changes of the individual nano-
particles in the catalysts after 10,000 potential cycles (Fig. 4, 
dotted line). Comparing the FTIR spectra of Pt TANAKA, Pt/C, 
Pt/Re/C, Pt/SnO2/C, Pt/Re/SnO2/C catalysts before and after 
10,000 potential cycles, the vibration from HClO4, in the spectra 
after cycling, was observed [44]. Moreover, after 10,000 potential 
cycles in the FTIR spectra of Pt/SnO2/C and Pt/Re/SnO2/C, 
the stretching vibrations of O–Sn–O from SnO2, were absent. 
Furthermore, the catalytic reaction caused the appearance of 
a peak at 3,720 cm−1 in the FTIR spectrum of Pt/Re/SnO2/C. 
All peaks presented in Fig. 4 are summarized in Table 1. 

3.4 Ethanol electrooxidation/electrochemical  

characterization 

All catalysts were prepared with the same platinum metal 
loading (20 wt.%), which was evaluated by ICP-MS. The catalyst 
powders were suspended in water, isopropyl alcohol and 5‰ 
Nafion solution and applied onto a glassy carbon electrode. 
After having immersed the electrode in the supporting electrolyte, 
the potential was cycled between 0 and 1 V (vs. RHE) for all 
catalysts in order to prevent dissolution of Sn.  

The electrochemical activity of carbon supported catalysts 
Pt/C, Pt/Re/C, Pt/SnO2/C and Pt/Re/SnO2/C compared to 
commercial Pt TANAKA was verified by CV, and their per-
formance towards EOR was investigated. Results for Re/C  
and Re/SnO2/C were not presented in the paper because the 
obtained curves did not contain the characteristic hydrogen 
adsorption/desorption region, based on which the electro-
chemically active surface is calculated. As a consequence of 
the absence of Pt in both systems, ethanol adsorption probably  

did not occur on the surface of the catalysts. Figure 5 shows 
the cyclic voltammograms for the catalysts measured in 0.1 M 
HClO4, at a scan rate of 50 mV/s without ethanol, in a standard 
three-electrode electrochemical cell, from which the hydrogen 
absorption region was used to calculate the electrochemically 
active surface area (ECSA; Table 2). The contribution from the 
double layer current was removed. The procedure of calculation 
of the ECSA value is shown in Fig. S5 in the ESM. The scan 
was repeated several times to ensure that stable CV curves 
were obtained. The profiles presented in Fig. 5 correspond to 
the second cycle of the respective catalysts. The first potential 
region from ~ 0 to 0.3 V vs. RHE corresponds to the adsorption/ 
desorption of hydrogen. The CVs curves for the Pt TANAKA, 
Pt/C and Pt/Re/C have a very similar course and all the catalysts 
show a characteristic well-defined hydrogen adsorption– 
desorption region as usually observed for Pt catalyst [5, 45–47]. 
The cyclic voltammograms of the Pt/SnO2/C and Pt/Re/SnO2/C 
catalysts additionally showed an increase in current density at 
the double layer and two characteristic peaks at about 0.45 
and 0.7 V, which is related to the presence of Sn oxide species 
[5, 46, 48, 49]. The ECSAs of Pt TANAKA, Pt/C, Pt/Re/C, 
Pt/SnO2/C and Pt/Re/SnO2/C catalysts were 169.8, 285.9, 349.0, 
125.5 and 56.95 cm2/mgPt, respectively.  

In the next step in order to evaluate the electrocatalytic 
activity for ethanol oxidation, C2H5OH was added into the 
electrolyte and after 30 min argon-purging the solution, the 
experiment was continued. Figure 6(a) shows the cyclic 
voltammograms of ethanol oxidation under acidic conditions 
(0.5 M C2H5OH and 0.1 M HClO4) for the all synthesized 
catalysts in comparison with commercial platinum. The values 
of current were normalized by the ECSA and the mass loading 
of Pt, considering that ethanol adsorption occurs only on the 
Pt sites [46]. 

The Pt/Re/SnO2/C shows a specific activity of 0.43 mA/cm2 
at 0.45 vs. RHE, which is near 5 times higher than that of the 
commercial Pt TANAKA catalyst (0.09 mA/cm2) (Fig. 7(b)). 
For the other binary catalysts, the specific activity is also lower 
than that for the ternary catalyst. 

The Pt/Re/SnO2/C catalyst shows significantly higher activity 
for ethanol oxidation than the others. The area and mass 
normalized current density at 0.45 V for the Pt/Re/SnO2/C 
catalyst is about 11-fold that of the commercial Pt catalyst. 
Moreover, the current densities of ethanol oxidation on the 
Pt/Re/SnO2/C catalyst sharply increase in the region around  

Table 1 FTIR analysis of the studied nanoparticles. X means that the vibration is not present in the FTIR spectrum of catalysts; B—before and A—after 
10,000 potential cycles 

Pt TANAKA Pt/C Pt/Re/C Pt/SnO2/C Pt/Re/SnO2/CWavenumber 
(cm−1) Bond/ stretching functional group 

B A B A B A B A B A 

557 Vibrations from HClO4 X  X  X  X  X  

668 Stretching vibrations of Sn–O–Sn from Sn(OH)4 X X X X X X     

918 OH outer face vibration from PVP           

944 Stretching vibrations of O–Sn–O from SnO2 X X X X X X  X  X 

1,330 NO2 stretching from HNO3           

1,465 CH2 bending from glycole           

1,619–1,635 
OH vibrations from H2O adsorbed on the surface 
of SnO2 or the chemical decomposition of HClO4

X X X X X X X  X  

2,750 CH stretching symetric from glycol and PVP           

2,870 CH stretching asymetric from glycol and PVP           

3,720 
OH vibrations from H2O adsorbed on the surface 

of SnCl4H2O2 
X X X X X X X X X  
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Figure 5 Cyclic voltammetry of commercial Pt TANAKA, Pt/C, Pt/Re/C, 
Pt/SnO2/C, and Pt/Re/SnO2/C electrocatalysts in 0.1 M HClO4, sweep rate 
(50 mV/s). 

Table 2 ECSA calculated from the hydrogen adsorption/desorption region 
for commercial Pt TANAKA, Pt/C, Pt/Re/C, Pt/SnO2/C and Pt/Re/SnO2/C 
catalysts 

Catalyst Pt TANAKA Pt/C Pt/Re/C Pt/ 
SnO2/C

Pt/Re/ 
SnO2/C

ECSA (cm2) 3.26 2.28 2.79 1.00 0.45 
ECSA 

(cm2/mgPt) 169.8 285.9 349 125.5 56.95 

 
Figure 6 (a) First EOR forward scan of the commercial Pt TANAKA  
and synthesized catalysts with marked onset potential region for (b) Pt 
TANAKA; (c) Pt/C; (d) Pt/Re/C; (e) Pt/SnO2/C and (f) Pt/Re/SnO2/C. All 
curves were recorded in 0.1 M HClO4 + 0.5 M C2H5OH solution at a scan 
rate of 50 mV/s at room temperature. 

0.4 V (vs. RHE), while for the commercial Pt TANAKA catalyst 
the current increases slightly at around 0.6 V (vs. RHE). The 
onset potential of ethanol oxidation is by about 0.3 V lower 
for the Pt/Re/SnO2/C catalysts than for the commercial Pt 
TANAKA, which is shown in Figs. 6(b)–6(f) and Table 3. For 
Pt/C and Pt/SnO2/C catalysts the value of onset potential was 
also shifted negatively in comparison to Pt commercial. 

Additionally the Pt/C, Pt/Re/C, Pt/SnO2/C and Pt/Re/SnO2/C  

 
Figure 7 (a) Current–time curves recorded at 0.45 vs. RHE for 1,800 s in 
0.1 M HClO4 + 0.5 M ethanol solution; (b) histogram of EOR specific 
activity at 0.45V vs. RHE compared with commercial Pt TANAKA. Scan 
rate is equal to 50 mV/s at room temperature.  

Table 3 Comparison of the onset potential values for all tested catalysts 

Sample Pt 
TANAKA Pt/C Pt/Re/C Pt/ 

SnO2/C
Pt/Re/

SnO2/C
Onset potential vs. 

RHE (V) 
0.51 0.40 0.58 0.27 0.23 

 
catalysts performances towards ethanol oxidation were studied 
by chronoamperometry in 0.5 M of ethanol in 0.1 M HClO4  
at an anodic potential of 0.45 V vs. RHE (Fig. 7(a)). In all 
current–time curves there was an initial current drop in the 
first 3 min followed by a slower decay, but the current values 
obtained for ternary Pt/Re/SnO2/C catalysts were always 
higher than those obtained for the other studied catalysts and 
commercial Pt. 

To check the durability of the obtained catalysts in acidic 
conditions compared to the commercial Pt TANAKA catalysts 
stability test was also performed. The experiment was carried 
out by a consecutive sweep from 0 to 1.2 V vs. RHE at 100 mV/s 
for 10,000 potential cycles in a 0.1 M HClO4 solution. The curves 
stabilized after 10 cycles. The distribution of nanoparticles  
on Vulcan carbon support after 10,000 potential cycles is   
shown in Figs. S2(e)–S2(h) and S3(b) in the ESM. During the 
electrochemical treatment the NPs building the catalyst strongly 
aggregated. 

In the case of the commercially available Pt catalyst, only 
few smaller, one bigger and some elongated agglomerates of  
Pt NPs on the carbon support are visible, some particles were 
detached probably due to carbon corrosion (Fig. S2(e) in the 
ESM). The structure of the Pt/Re/C (Fig. S2(g) in the ESM) and 
Pt/SnO2/C (Fig. S2(h) in the ESM) catalysts prepared in this 
work looks very similar after electrochemical experiments. 
Only for Pt/C, much smaller and uniformly distributed Pt NPs 
aggregates are visible. The nanoparticle distribution of the 
Pt/Re/SnO2/C catalyst is shown in Fig. S3(a) in the ESM for 
easier comparison with the catalyst structure after 10,000 
potential cycles (Fig. S3(b) in the ESM). Potential cycling causes 
these nanoparticles to migrate in direction towards each other, 
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to form larger agglomerates which is visible in Fig. S3(b) in 
the ESM. For this catalyst detached nanoparticles were not 
observed in comparison to Pt TANAKA and Pt/SnO2/C. The 
vanishing peak at about 0.45 and 0.75 V (Fig. 8(b)) probably 
indicates the loss of SnO2. It could be related with degradation 
of tin above 1 V and after long electrochemical cycling [50]. 
Therefore, EDS measurements were performed to study the 
change of chemical composition of the nanoparticles before 
and after the electrochemical cycling. And in accordance to 
CV measurements, EDS confirmed lower tin content after 
electrochemical experiments (Table S1 in the ESM). It is also 
visible on FTIR spectra, in which the stretching vibrations   
of O–Sn–O coming from SnO2 at 944 cm−1 wavenumber 
disappeared after 10,000 potential cycles (Fig. 4 and Table 1). 
In Fig. 8 additionally the decrease of ECSA for Pt TANAKA 
and Pt/Re/SnO2/C is shown. Despite that the Pt TANAKA 
catalyst had an about three times larger electrochemical active 
surface compared to the ternary catalyst, it degraded faster. It 
can be seen from Fig. 8(a) that the H2 desorption region for 
the commercial Pt TANAKA catalyst decreases rapidly (about 
90%) in comparison to the Pt/Re/SnO2/C catalyst, which after 
the accelerated stability test shows no significant variation. 
This observation indicates a better durability of Pt/Re/SnO2/C 
catalyst compared to Pt TANAKA. 

4 Discussion 
In the present study the electrocatalytic activity towards EOR 
of catalysts consisting of one type, two or three types of nano-
particles was assessed. The binary and ternary combinations of 
the catalysts were successfully assembled via heteroaggregation 
[33, 35], which is confirmed by the STEM imaging combined 
with EDS mapping. However, TEM imaging did not show, if 
the synthesized nanoparticles are metallic or metal oxides. This 
information could also not be derived from the EDS spectra 
and maps, however the information about the chemical bonds 
between the atoms was assessed by FTIR spectroscopic 
measurements. In the IR range between 4,000 and 400 cm−1, 
information about chemical bonds between metal surface and 
oxide can be derived. Thus, to verify that the synthesized 
nanoparticles are metallic or metal oxides, FTIR spectroscopy 
was used. If the Pt and Re nanoparticles underwent oxidation,  

 
Figure 8 Cyclic voltammogram curves of the (a) commercial Pt TANAKA 
and (b) Pt/Re/SnO2/C catalysts before and after 10,000 potential cycles with 
graphs showing the decrease of ECSA (%) (right column). 

the vibrations of Pt–O and Re–O would be visible in the FTIR 
spectra at wavenumbers: 953 and 863 cm−1, respectively [51, 
52], which is not the case. This leads to the conclusion that the 
synthesized nanoparticles were metallic. Moreover, in the FTIR 
spectra of Pt/SnO2/C and Pt/Re/SnO2/C (Fig. 4 green and blue 
spectra, respectively), a vibration of OH from H2O absorbed 
on the surface of SnO2 or from decomposition of HClO4 
(1,619–1,635 cm−1) was visible. Probably it originates from the 
decomposition of HClO4, because as we concluded, SnO2 
degraded during electrochemical treatment, which was visible 
as decrease of the Sn signal in EDS and CV. 

The electrochemical measurements revealed, that while 
the CVs curves for Pt TANAKA, Pt/C and Pt/Re/C showed  
a characteristic well-defined hydrogen adsorption–desorption 
region as usually observed for Pt catalyst, the cyclic 
voltammogram of the catalyst containing tin oxide (Pt/SnO2/C 
and Pt/Re/SnO2/C) additionally showed an increase in current 
density at the double layer, which could be related to the 
presence of Sn oxide species, and which is in good agreement 
with the literature reports [5, 46, 48, 49]. Li et al. indicated 
that this phenomena are usually assigned to the activation of 
H2O on Sn and SnO2 species on the platinum catalysts [48]. 
Peaks appearing around 0.45 and 0.7 V are attributed to the O2 
adsorption/desorption from the dissociation of water on Sn 
oxide and thus also could be related to the presence of tin 
oxide [46]. For ternary Pt/Re/SnO2/C catalyst the current 
density at the double layer and peaks at about 0.45 and 0.7 V 
are higher even for Pt/SnO2/C, which could be related to 
additional contribution of rhenium oxide. As XPS results 
showed in our previous work [33], the rhenium NPs were partly 
oxidized. It was also confirmed by XRD results (Fig. 3(b)). In 
the hydrogen absorption region, some differences also are 
visible. The hydrogen region for the catalysts synthesized in this 
work is modified in comparison to that region for commercially 
available platinum catalyst. This is due to the formation of 
oxygenated species on the Re or Sn atoms [53]. In the case of 
the Pt/Re/SnO2/C catalyst, the hydrogen adsorption/desorption 
profile is characterized by large single peaks. The area of the 
hydrogen absorption region changes with the alteration in 
chemical composition of the catalyst. The larger area of the Hab 
peak for the Pt/C catalyst than for the commercial Pt TANAKA, 
could be due to the smaller particle size of the Pt NPs and 
their better crystallinity as shown by the TEM observations 
(Figs. 1(a) and 2, and Fig. S6 in the ESM), influencing directly 
the ECSA value. The Hab peaks for Pt/Re/C, Pt/SnO2/C and 
Pt/Re/SnO2/C are very similar to the one for the Pt/C catalyst. 
The difference that can be observed, is the result of the increase 
in current density at the double layer, which is associated with 
the presence of SnO2. Moreover, the differences may be due to 
the variable number of adsorption sites for the hydrogen atoms. 
In Fig. 6(a), the catalytic activity towards ethanol oxidation 
reaction for nanocatalysts was compared. As clearly visible 
from the figure, by modifying and controlling the chemical 
composition of the nanocatalysts it is possible to enhance their 
catalytic properties.  

The current values obtained for all synthesized nanocatalysts 
were always higher than those obtained for Pt TANAKA, 
which is in agreement with cyclic voltammetry experiments. 
The calculated ECSA is higher for the as-prepared Pt/C and 
Pt/Re/C than for other catalysts, probably due to the small size 
of platinum (around 2 nm) and rhenium nanoparticles (around 
1 nm). Therefore, the current density for both synthesized 
catalysts could be higher in comparison to the commercial 
platinum catalyst, composed of larger (around 4.3 nm size)  
Pt nanoparticles (Fig. S6 in the ESM). In the case of the 
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Pt/SnO2/C catalysts the addition of tin dioxide is clearly enhancing 
the ethanol electrooxidation reaction, which is consistent 
with many literature reports [45, 50, 54]. The current density 
is nearly fivefold higher than for commercial platinum (at 0.6 V 
vs. RHE). It was reported that the role of tin oxide is to 
promote the oxidation of COads and facilitate its removal from 
the Pt surface, mitigating the effect of poisoning [55]. This effect 
is known as the bifunctional mechanism [56]: Sn provides  
OH species necessary for complete oxidation of ethanol to 
CO2 [16]. Moreover, Lim et al. [46] deduced that, when SnO2 
nanoparticles are located in the vicinity of Pt nanoparticles, it is 
expected that SnO2 will promote methanol and CO oxidations 
on the Pt sites. In the case of ethanol oxidation, the situation 
looks very similar and the overall catalytic activity is improved. 
It could be related to the ligand effect, where the presence of  
tin oxide close to platinum reduces the Pt–CO bond strength 
(bonding between the poisoning species and the catalyst 
surface) [16]. 

The ternary Pt/Re/SnO2/C electrocatalyst showed the best 
catalytic activity for ethanol oxidation (Fig. 6(a))—more than 
11 times and almost 8 times higher current density than 
commercial Pt at 0.45 and 0.6 V vs. RHE, respectively. Therefore, 
it can be concluded, that the addition of Re to the binary 
Pt/SnO2/C catalysts definitely enhances its activity towards 
electro-oxidation of ethanol. As was mentioned, the synthesis 
of the Pt/Re/SnO2/C catalysts was inspired by the system 
PtRh/SnO2 studied in detail by Kowal et al. [22]. According to 
the literature, Rh is one of the rarest and most expensive 
precious metals; hence, to optimize and reduce the Rh content 
in the catalyst and eventually to replace Rh, is of great importance 
in designing applicable ethanol oxidation catalysts [20]. In this 
study, Re was used as an alternative to Rh in the ternary system 
to form a highly efficient EOR catalyst. According to the 
literature, the role of Rh is to enhance the catalytic reaction 
and cleave the C–C bond of ethanol, what was confirmed for 
example by density functional theory (DFT) calculations [22]. 
The information that Rh is responsible for the C−C bond 
cleavage was also underlined in other works [6, 20, 53, 57]. 
Rhenium has similar catalytic properties. Tayal et al. reported 
that rhenium is also known as a good catalyst for C–C bond 
breakage [24]. The role of rhenium has been investigated many 
times in the hydrogenation reactions of organic compounds 
[58], reforming [25, 26, 59] or recently as a catalyst component in 
the oxygen reduction reaction [60]. Re was found to be effective 
in breaking the C–C bond during reforming and cracking 
operations of petroleum fraction. So, the role of rhenium has 
previously been studied, but as one of the catalyst components 
for the oxidation of ethanol, it was probably first noticed  
and investigated by Basu et al. [24, 61]. However, the research 
subject of this group was rhenium as a component of a trimetallic 
alloy with platinum and tin. Nevertheless, the authors concluded 
that Re helps breaking the bond between C–C in the ethanol 
molecule. Despite that rhenium is also known as a strong 
binder of oxygen species, producing hydroxyl groups [26, 62], 
which also could facilitate removing the COads produced due 
to C–C bond splitting. Moreover, literature reports indicate 
that the addition of Re to platinum catalysts weakens the 
binding energy between Pt and CO or other intermediate 
products, which not only increases the reaction rate at lower 
temperatures, but also leads to reducing the number of blocked 
catalytically active surface sites and consequently mitigates the 
poisoning of the catalyst [25, 26]. A too strong CO chemisorption 
increases CO site coverage and decreases the availability of 
operating catalytically active surface sites. Therefore, weaker 
adsorption strength could result in higher activity.  

Additionally, it is worthwhile noticing, that in comparison 
to commercial Pt and other catalysts, for both nanocatalysts 
containing tin oxide (Pt//SnO2/C and Pt/Re/SnO2/C) the ethanol 
electro-oxidation is starting at much lower potentials (Figs. 6(e) 
and 6(f)). It is also a phenomenon visible in other works [24, 
50, 61]. The negative potential shift can be attributed to the 
oxidation of the residues adsorbed on the catalyst surface  
by adsorbed OH species present on Sn oxide sites at lower 
potential than platinum [14, 63–65] and in case of the ternary 
Pt/Re/SnO2/C catalyst, the effect is even greater due to the 
presence of rhenium, which may increase the percentage of 
the adsorbed OH species.  

Chronoamperometry tests for the ethanol electrooxidation 
at 0.45 V vs. RHE also were carried out and the results are 
presented in Fig. 7(a). The drop of current densities of ethanol 
oxidation is definitely sharper for commercial platinum, Pt/C 
and Pt/Re/C catalysts than for the binary Pt/SnO2/C and 
ternary Pt/Re/SnO2/C catalyst. The curves for Pt/C and Pt/Re/C 
are practically overlapping. Nevertheless, as shown in Fig. 7(a), 
the currents for ethanol oxidation on all the catalysts dropped 
more or less rapidly and then became relatively stable. An initial 
increase in current was observed for all catalysts. As researchers 
suggested, it is probably related to the charging current or the 
catalyst poisoning during ethanol oxidation [24]. From the 
above observations, it can be concluded that the ternary catalyst 
shows the best stability and that the catalytic performance 
could be improved by addition of extra components to platinum. 
Moreover, the superior performance of Pt/Re/SnO2/C 
electrocatalyst for ethanol oxidation could be attributed to  
the small 1 nm Re NPs and the synergistic effect between  
the elements: Pt, Re and SnO2 (bifunctional mechanism and 
ligand effect). Certainly, the physical contact between the 
respective nanoparticles (Fig. 2) plays a crucial role, which was 
shown in our previous work [35], and has already been 
suggested by Kowal et al. [50], who indicated that the ethanol 
molecule has to be in contact with all phases of the catalyst in 
order to be completely oxidized. The situation looks similar in 
case of Pt/Re/SnO2/C catalyst synthesized in this work. The 
synergistic effect is based on the “collaboration”—availability 
for the ethanol molecule of all three components, which are in 
direct contact with each other and each of them plays its own 
important role in the oxidation pathway. Thanks to the fact 
that rhenium is in the immediate vicinity of platinum, during 
catalysts (similarly as tin) it weakens the binding energy 
between the intermediate products of EOR and the surface  
of Pt (depoisoning the platinum surface). Crabb et al. [66] also 
noticed that the physical contact between SnO2 and Pt particles 
would be an essential requirement for a synergistic effect 
between them. In Pt/Rh/SnO2 obtained by Higuchi et al. [23], 
they also proved that the NPs are in partial contact. Inspired 
by this approach our research also has been focused on 
increasing the number of physical contact sites, because    
the presence of interfaces between the metal NPs and oxide  
(SnO2) nanoparticles also could induce charge transfer, which 
could enhance the catalytic performance [67]. Therefore, 
larger (about 5 nm) SnO2 NPs instead smaller, e.g. 2 nm were 
chosen/used in order to maximize the number of interface sites 
(Fig. 9). It allowed a more successful approach in preparing a 
catalyst with two or more components being in contact with 
each other. The most active sites in the Pt/Re/SnO2/C catalyst 
are located at the interfaces between individual nanoparticles, 
precisely there, where the places of physical contact between 
Pt and SnO2, Re and SnO2 or Pt, Re and SnO2 NPs are (which 
is indicated by black dashed arrows in scheme in Fig. 9 and is 
visible in the TEM image in Fig. 2(c)). It is also noticeable that  
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Figure 9 Schematic representation of (a) small 2 nm SnO2 NPs and (b) 
larger 5 nm SnO2 NPs surrounded by metallic Pt (red) and Re (orange) 
nanoparticles. Black dashed arrows indicate places of physical contact 
between individual NPs. 

the ternary catalyst works better and shows higher current 
density despite that it has a nearly 3 times smaller electro-
chemical active surface than commercial Pt and more than   
5 times compared to the Pt/C synthesized in this work (Table 2). 
It is due to the presence of tin oxide species, which are oxophilic 
and ensure easier removal of intermediates, such as CO, during 
the EOR [63]. Moreover, as shown in Figs. S2(b)–S2(d) and 
S3(a) in the ESM, all of the catalysts show uniform distribution. 
The surface chemistry of carbon is also a very important 
aspect. A uniform distribution of particles and their excellent 
attachment was achieved probably by the earlier functionalization 
of the carbon black (Vulcan XC-72R) with nitric acid (see 
Experimental section). In literature, researchers showed that it 
helps to create oxygenated groups on the surface [68, 69] and 
thus improve the catalytic activity towards the EOR and help 
attaching metal nanoparticles on the carbon support [70, 71]. 

Moreover, the obtained findings also show that the Pt/Re/ 
SnO2/C catalyst has a better durability compared to the 
commercial Pt TANAKA. According to the literature, the 
addition of Re and Sn to platinum catalysts weakens the binding 
energy of CO on Pt [25, 26] and hence CO poisoning is 
minimized [46]. So, the enhanced electrocatalytic durability  
of the Pt/Re/SnO2/C catalysts for ethanol oxidation, similar  
to the highest current density in EOR, can be explained by  
the bifunctional effect and ligand effect in the electrocatalyst. 
As visible in the TEM images, showing the structure after 
the 10,000 potential cycles (Fig. S2 in the ESM), the catalysts 
degradation process is mainly attributed to agglomeration and 
detachment of NPs. It was also confirmed by ESCA calculations. 
As was shown in Fig. 8, the electrochemical treatment reduced 
the active surface area accessible for EOR. During the 
electrochemical treatments, the tin content also changed, which 
was confirmed by the vanishing peak at about 0.45 and 0.75 V 
on the CV curves (Fig. 8(b)) and EDS measurements (Table S1 
in the ESM). 

The new synthesis used in this study provides an easy and 
reproducible procedure for the preparation of ternary Pt/Re/ 
SnO2/C showing a predominant activity and durability compared 
to commercial Pt TANAKA, and could give a material being a 
good alternative as anode catalyst in low temperature fuel cell. 

5 Conclusions 
To summarize, catalysts consisting of platinum, rhenium and 
tin dioxide nanoparticles were structurally and chemically 
characterized and their electrocatalytic durability and activity 
towards EOR were investigated. The successful formation of 
binary and ternary combinations of the catalysts was confirmed 
by STEM and EDS analysis. The FTIR spectra acquired for the 
nanocatalysts served for their chemical analysis. The electro-

chemical activity towards ethanol oxidation was found to be 
better, when Re was present in the nanocatalysts. Despite the 
lowest electrochemical active surface area, the ternary Pt/Re/ 
SnO2/C catalyst showed the best catalytic activity towards EOR. 
The addition of Sn shifted the onset potential to more negative 
values, but the addition of rhenium intensified this effect and 
increased the shift even more. This is due to the synergistic 
effect between the three components of the studied ternary 
catalysts. Noticeable is also the fact, that Re helps to break the 
C–C bond of ethanol and prevents poisoning of the Pt surface. 
After 10,000 potential cycles of durability test, the ECSA 
decreased only slightly, demonstrating the high durability of 
ternary Pt/Re/SnO2/C catalysts. Summarizing, the results in 
the present work showed that by choosing the appropriate 
metal composition and ensuring the physical contact between 
the nanoparticles forming the nanocatalysts, the overall catalytic 
activity towards the ethanol oxidation reaction and durability 
could be definitely improved. 
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