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Abstract The stability testing of three different synthe-
sized PtxSn1 − x/C anodic catalysts has been demonstrated
for the renewable generation of hydrogen via the electro-
chemical reforming of ethanol in a proton exchange mem-
brane (PEM) electrolysis cell. Three Pt-Sn anodic catalysts
with different nominal Pt:Sn ratios of 60:40, 70:30, and
80:20 atomic (at.) % were synthetized and characterized
by the means of electrochemical tests and XRD. Among
them, the Pt-Sn anodic catalyst with 70:30 at. ratio showed
the highest electrochemical active surface area (ECSA)
and highest electrochemical reforming activity, which
allowed the production of pure H2 with the lowest electri-
cal energy requirement (below 23 kWh·kgH2

−1). The sta-
bility of the system was also demonstrated through a long-
term chronopotentiometry experiment of 48 h in duration.
The potential for practical use and coupling this technolo-
gy with renewable solar energy, a number of cyclic volt-
ammetry tests (with a low scan rate of 0.19 mV·s−1) were
also carried out. These experiments were performed by
simulating the electrical power produced by a photovoltaic
cell. This test showed good stability/reproducibility of the

MEA and, hence, a suitable integration between the two
technologies for the sustainable energy storage in the form
of hydrogen.
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Introduction

In the last years, hydrogen has been considered as the most
promising energetic vector to obtain clean and sustainable
energy, especially considering some of the issues of fossil
fuels as a resource [1]. Although, hydrogen can be obtained
from a variety of processes and materials, it is mostly pro-
duced by steam reforming of methane. However, this process
has several drawbacks and leads to production of a mixture of
hydrogen and carbon based, CO and CO2. This results in the
requirement for further separation and purification to be able
to use the hydrogen. In response, the electrolysis process has
gained more interest considering it generates pure hydrogen in
one step [2]. However, as a practical application, it is limited
by the high overpotential required for producing large
amounts of hydrogen, which means higher energy
consumption.

As an alternative, electrochemical reforming of alcohols
has been shown to decrease this energy demand [2].
Electrical power is used to split organic molecules via
electrooxidation in order to produce hydrogen. Due to the high
energy contained in this type of fuel, the requirement of an
external energy source is decreased. This allows for higher
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current density values and lower anode potentials than that
required for water electrolysis [2]. Recently, interesting results
have been shown regarding the electrochemical reforming of
water-alcohol mixtures, e.g., methanol [2–4], glycerol [5–7],
ethanol [1, 8–11], bio-ethanol [12, 13], and ethylene glycol
[14] at low temperature and at atmospheric pressure. In this
process, electrolysis is carried out at potentials lower than
1.3 V, and the energy requirement is typically lower than that
for water electrolysis. Pt-based bimetallic catalysts, e.g., PtRu
and PtSn, are the most studied for this reaction [15–17]. The
addition of the second metal (Ru, Sn, Mo) promotes the reac-
tion through the bifunctional mechanism or/and electronic ef-
fect [15, 16]. Furthermore, the second metal decreases the
surface poisoning and in some cases reduces the cost of the
anodic catalyst for alcohol electrooxidation [15–17]. Among
the Pt-bimetallic systems, PtSn catalysts have been found to
show good performance for electrooxidation of ethanol [18,
19]. However, PtSn catalysts show controversial results de-
pending on the Sn phase, Pt/Sn atomic ratio, particle size,
dispersion, and synthesis procedure [18, 20]. Previous inves-
tigation by our group demonstrated the effects of these param-
eters with a Pt7-Sn3/C (70:30 at.% of Pt:Sn) anodic catalyst,
synthesized using the polyol reduction method for the
electroreforming ofmethanol, ethanol, and ethylene glycol [1].

The present work is a continuation of this study, aiming to
evaluate the stability of PtxSn1 − x/C anodic catalyst for the
hydrogen production via electrochemical reforming of etha-
nol, exploring the possibility of coupling of this technology
with renewable energy sources, i.e., electrical power devel-
oped by a photovoltaic solar profile. Hence, we report a de-
tailed investigation on the optimal Pt:Sn atomic ratio and the
effect of alloying on the electrocatalytic performance. We cor-
relate the optimal composition of three different Pt-Sn anodic
catalysts and their physicochemical properties with the elec-
trocatalytic activity for hydrogen production via electrochem-
ical reforming of ethanol in a PEM electrolysis cell.
Furthermore, we performed long-term experiments
(chronoamperometry and cyclic voltammetry measurements)
to demonstrate the stability and the durability of the system in
view of possible practical applications.

Experimental Section

Catalyst Synthesis

The catalysts were synthesized using the polyol reduction
method [19, 21, 22], using ethylene glycol (EG) as a stabiliz-
ing and reducing agent. EG also acted as a surfactant after
precursor metal salt reduction, preventing any particle ag-
glomeration after the formation of colloidal particles. The pro-
cedure was explained in detail elsewhere [1] and could be
summarized as follows: First, platinum(IV) chloride (PtCl4,

Alfa Aesar, 99.99% metals basis) and tin(II) chloride anhy-
drous (SnCl2, Acros Organics, 98% anhydrous) were weight-
ed according to the appropriated atomic ratio (i.e., Pt:Sn
60:40, 70:30, 80:20) and then dissolved in EG (99.8% anhy-
drous, Sigma-Aldrich) with a concentration of 0.2 M NaOH
(EM Science, ACS grade). The solution was stirred for 1 h at
room temperature and refluxed for 2 h at 190 °C (pH before,
11; pH after, 9). A corresponding mass (for the accurate
20 wt.% loading) of carbon black (Vulcan XC-72, Cabot
corporation) was mixed with deionized water at room temper-
ature. The PtxSn1 − x colloid was added to the carbon/water
solution and stirred for 48 h at room temperature. Supported
catalysts were extensively washed with deionized water
(18 MΩ cm) and separated by centrifugation then dried in a
freeze-dryer for 8 h.

Electrode and Membrane Electrode Assembly
Preparation

The electrodes were formed of commercial carbon paper
(Fuel Cell Earth) substrates and a catalyst layer deposited
onto it as a catalyst ink. These inks were prepared by
mixing appropriate amounts of the 20 wt.% PtxSn1 − x/C
powder as the anode and Pt/C (20 wt.% Pt/C, Alfa Aesar)
as the cathode electrocatalysts with a Nafion solution
(5 wt.%, Sigma Aldrich) and isopropanol (99.9% for
HPLC, Sigma-Aldrich). Inks were deposited on carbon pa-
per to achieve a metal loading of 1.5 mg cm−2 for the anode
and 0.5 mg cm−2 for the cathode. The geometric surface
area was 0.53 cm2 for the electrodes tested in the three-
electrode electrochemical cell and 6.25 cm2 for the case of
the PEM electrolysis cell. In the latter case, the electrolyte
consisted of a proton exchange membrane of 185 μm
thickness (Hidrógena Desarrollos Energéticos). Prior to
use, the polymeric membrane was pretreated by successive
immersion at 100 °C for 2 h in H2O2 and H2SO4 solutions
and deionized water. The membrane electrode assembly
(MEA) was then prepared with hot pressing, under 1 metric
ton at 120 °C for 3 min.

Catalyst Characterization

Anodic Catalyst Powder

PtxSn1 − x/C catalyst powders were characterized by X-ray
diffraction to obtain the crystalline size using the Scherrer’s
formula and morphology of different anodic catalysts. The
analysis was recorded on a Siemens Bruker D5000 XRD dif-
fractometer, using Cu Kα radiation (λ = 1.54184 Å).
Diffractograms were collected between 20° ≤ 2θ ≤ 100° with
a step of 0.02° (scan time 2 s·step−1) and compared with the
JCPDS-ICDD references.
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Anodic Catalyst Electrodes

In order to study the electrochemical behavior of different
PtxSn1 − x/C electrodes, a voltammetric study was carried out
in a three-electrode electrochemical glass cell (half cell), ex-
plained in detail elsewhere [10]. This test consisted of cyclic
voltammetry (CV) measurements (−0.4 V to 1.2 V vs. Ag/
AgCl) at 50 mV·s−1, in 0.5 M H2SO4 at 25 °C with a platinum
foil as a counter electrode and Ag/AgCl (KCl 3 mol·L−1)
(Metrohm) as a reference electrode. Before each test, the work-
ing solutionwas carefully purgedwith nitrogen for 1 h to remove
O2 from the electrolyte. This technique was used to determine
the electrochemical surface area (ECSA) [23]. ECSA values
were obtained by the H2 desorption peak area, by Eq. 1 [24]:

ECSA ¼ APt

υ � C � 1

Le
ð1Þ

where APt is the peak area (A·V·cm−2), ν is the scan rate
(V·s−1), C is the charge required to reduce the proton
monolayer of the active platinum (0.21 mC·cm−2), and Le
is the metal load in the catalyst layer (1.5 mg·cm−2).

Electrochemical Reforming Measurements

PEM Electrolysis Cell

Experimental tests were carried out in a PEM electrolysis cell
to demonstrate the activity and durability of PtxSn1 − x/C cat-
alysts in the electroreforming of ethanol-water solutions. The
experimental setup was described in detail elsewhere [8] (See
Fig. S1 in the Supporting Information). The MEAwas intro-
duced between two Teflon gaskets to avoid short-circuiting
and to ensure sealing between the anode and cathode cham-
bers. Graphitic bipolar plates were placed on both sides of the
MEA. These plates served as flow channels (parallel groves,
with a total surface area of 6.25 cm2, were drilled in them) and
as current collectors. Finally, all the above items were placed
between external Teflon plates covered with metallic end
plates. Then, the system was uniformly tightened with nuts
and bolts using an electronic torque wrench to ensure mechan-
ical stability.

The electrochemical tests were carried out using a
Vertex 5A.DC potentiostat-galvanostat, electrochemical
analyzer (Ivium Technologies) controlled by software.
The anodic compartment of the PEM cell was fed with
4 mol·L−1 ethanol/water solution at a constant flow rate
of 10 mL·min−1 using a peristaltic pump (Pumpdrive
5001, Heidolph). Water was supplied to the cathode cham-
ber using another peristaltic pump (Pumpdrive 5001,
Heidolph) at a constant flow rate of 3 mL min−1.
Hydrogen production was quantified with a high-
precision flowmeter (Flowmeter ADM 2000, Agylent

Technologies) and confirmed via Faraday’s law. Both feed-
ing solutions were preheated at a temperature close to that
of the cell, which was always kept in a temperature range
between 30 and 80 °C.

Two variations of electrochemical experiments were per-
formed: (a) linear sweep voltammetry measurements at a scan
rate of 5 mV·s−1, up to a maximum applied potential of 1.4 V,
and (b) mild-term galvanostatic experiment (I = 0.1 A) in six
consecutive cycles (of 8 h of duration of each one) with open
circuit potential conditions (of 5 min of duration) between
them. Analysis of the gaseous cathodic products was carried
out using a gas chromatograph (Bruker 450 GC) to confirm
the hydrogen purity.

Three-Electrode Glass Cell

To assess the catalyst stability, an accelerated stress test (AST)
was carried out in a three-electrode glass cell (half cell). Ag/
AgCl (KCl 3 mol·L−1) was used as reference electrode, the
counter electrode was a platinum foil, and the working elec-
trode was the Pt-Sn anodic catalyst of various atomic ratios
prepared on carbon paper (geometric surface area of
0.53 cm2). In this case, CV measurements up to 400 cycles
were carried out. Before each test, the working solution
(0.1 mol·L−1 of ethanol and 0.5 mol·L−1 of H2SO4) [25] was
carefully purged with high-purity nitrogen for 1 h and heated
up to 80 °C.

Results and Discussion

Pt-Sn/C Anode Characterization

XRD patterns of the synthesized catalyst powders are shown
in Fig. 1. The diffraction peak at 20–25° 2θ observed in all the
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Fig. 1 XRD diffraction patterns of Pt-Sn/C catalysts with different Pt:Sn
ratio as indicated in the figure
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XRD patterns of the carbon-supported catalyst is attributed to
the (002) plane of the hexagonal structure of carbon support
[26]. It can be observed that only the reflections of face-
centered cubic (fcc) platinum and hexagonal carbon support
were present in the patterns of the Pt60Sn40/C, Pt70Sn30/C, and
Pt80Sn20/C catalysts [1, 27–30]. Table 1 summarizes the main
parameters obtained from XRD patterns. Lattice parameter
was calculated from the (220) diffraction peak position, be-
cause this peak does not overlap with carbon reflections unlike
the main (111) and (200) peaks. The lattice parameter was
always larger than that for pure Pt/C commercial catalyst,
0.3913 nm [31]. However, these values are very close to the
pure Pt/C (especially for the Pt-Sn 70:30 sample) suggesting
that Sn is not integrated into the crystalline structure of the Pt
and, therefore, that is present in amorphous state [1, 32].
Furthermore, the 2θmax of the (220) peak was analyzed using
a third-order polynomial, fit to the top of the peak. The peak
maximum was found to be very close to 67.5° 2θ for pure Pt
nanoparticles of the same size [19].

As reported earlier [19], for PtxSn1 − x/C prepared at a
sodium hydroxide concentration of 0.2 M and initial pH of
11, only partial alloying between Pt and Sn was observed.
There was no evidence of a separate crystalline phase of
SnO2 or Sn on XRD patterns, suggesting that tin is certainly
present in an amorphous state, which has been demonstrated
in previous studies [1, 19]. Considering the different atomic
size, RSn = 0.161 nm and RPt = 0.139 nm, the inclusion of tin
(bigger atomic size than platinum) would explain the slightly
higher values in the lattice parameter [28]. The crystalline size
of the catalyst was calculated using the (220) reflection peak
according to Scherrer’s formula. The crystalline size of
PtxSn1 − x/C nanoparticles was found to be between 4.6 and
6 nm, demonstrating that the selected method was adequate
for the preparation of nanoparticles. The Pt70Sn30/C anodic
catalyst showed the lowest Pt particle size, which may con-
tribute to an improved electrochemical reforming activity.

The electrochemical surface area (ECSA) is a key parameter
for determining the catalytic activity of the manufactured
electrocatalysts. ECSA of PtxSn1 − x/C catalysts was evaluated
from cyclic voltammetry in 0.5MH2SO4 solution at 50mV·s−1

(an example for Pt70Sn30/C is shown in the Supporting
Information, Fig. S2) by measuring the charge in the hydrogen
adsorption/desorption region after double-layer correction.

After finding the charge, the ECSA was calculated using
Eq. 1. Addition of Sn led to an increase of the platinum active
surface area from 45.90 m2·g−1 on the commercial 20% Pt/C
catalyst to 57.99 m2·g−1 for the case of the 70:30 PtxSn1 − x/C
catalyst. It was larger than that exhibited by 60:40 and 80:20 Pt-
Sn samples, 12.69 and 42.12 m2·g−1, respectively. It is due to
the smaller particles obtained for the former sample which led
to well-dispersed Pt particles (as shown in the TEM image of
the Supporting Information Fig. S3).

Electrochemical Reforming Experiments

In order to test the viability of these catalysts in the electro-
chemical reforming of alcohols, linear voltammetry experi-
ments were performed at a constant temperature of 80 °C, eth-
anol concentration of 4 mol·L−1, and a scan rate of 5 mV·s−1 on
three different MEAs prepared using the different PtxSn1 − x/C
anodic catalyst. Figure 2a shows the variation of current den-
sity with the applied potential (0–1.3 V range), and Fig. 2b
depicts the hydrogen production rate (experimental and

Table 1 Summary of characteristic properties of Pt-Sn catalysts

Catalyst Nominal at.
ratio (%)

Crystallite
size (nm)

°2θmax of
(220) (°)

Lattice
parameter
(nm)

Sn at.
fraction
in alloy

Pt60Sn40 60:40 5.96 67.10 0.3927 0.11

Pt70Sn30 70:30 4.64 67.45 0.3918 0.04

Pt80Sn20 80:20 5.77 67.40 0.3933 0.16
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Fig. 2 Effect of the applied potential on a current density of three Pt-Sn/
C catalysts and b hydrogen production (theoretical and experimental) for
Pt70Sn30/C catalyst for 4 mol·L−1 ethanol solution at 80 °C
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theoretical) vs. the applied potential obtained for the Pt70Sn30/C
catalyst. As it can be observed, ethanol electrooxidation began
around 0.5 V with a continuous linear increase in the current
density with the applied potential. This can be attributed to the
electrochemical reforming of the ethanol, since no current den-
sity was obtained at any case by feeding pure water to the
system (not shown here), which is in agreement with previous
studies [8, 12]. As shown previously, this same trend was ob-
served for all polarization curves for electrochemical reforming
of alcohols in the PEM configuration [1, 8, 12]. It should be
noted that using Faraday’s law, the current density was related
to the hydrogen produced at the cathode of the PEM cell. [8]
These theoretical hydrogen production rate values were exper-
imentally confirmed by separate experiments of gas-volumetric
hydrogen flows (Fig. 2b). The reactions that take place in the
electrochemical reforming of ethanol are detailed as follows
(Eqs. 2 to 4) [1, 33]:

Anode CH3CH2OH→CH3CHOþ 2Hþ þ 2e− ð2Þ

CH3CHOþ H2O→CH3COOH þ 2Hþ þ 2e− ð3Þ

Cathode 2Hþ þ 2e−→H2 ð4Þ

In addition, a hydrogen purity of 99.999% was confirmed
by separate gas chromatography analyses. As expected, an
increase in the applied potential led to higher current densities
in all the cases and, consequently, higher hydrogen production
rates. The best electrocatalytic behavior was observed in the
MEA prepared with the Pt70Sn30/C anodic catalyst, which can
be attributed to its lower particle size, higher ECSA values,
and optimal surface composition and combination of Pt-Sn
si tes for the bifunct ional mechanism of ethanol
electrooxidation reaction on this kind of systems [17].

Figure 3 shows the influence of the temperature on the
polarization curves for 4 mol·L−1 ethanol for the MEA

prepared with Pt70Sn30/C catalyst. An increase in the reaction
temperature resulted in an increase of the current density, as
expected, thus improving the rate of production of hydrogen at
the cathode of the cell. This improvement can be attributed to
both the enhancement of the ethanol electrooxidation kinetics
and the increase of the ionic conductivity of the membrane at
fixed potential [8, 34]. Furthermore, the observed current den-
sities were very similar to those previously reported for etha-
nol [1, 8], bio-ethanol [12], methanol [35], and ethylene glycol
[14]. According to this test, a reaction temperature of 80 °C
was selected for an ethanol concentration of 4 mol·L−1 as the
optimal reaction conditions for the following experiments.
Temperatures above 80 °C were not explored in order to keep
the humidity and the stability of the membrane, as will be
shown below.

Long-Term Stability Test of PtxSn1 − x/C

Finally, in order to demonstrate the stability of the different
MEAs, long-term electrochemical reforming experiments
were carried out. The tests were run by a galvanostatic
experiment (I = 0.1 A) in six consecutive cycles (of 8 h
of duration of each one) with open circuit potential condi-
tions (of 5 min of duration) between them, as explained in
the BExperimental Section.^ The cell was galvanostatically
polarized at 80 °C with a current density of 16 mA cm−2

(0.1 A) in different cycles. For each one, Fig. 4 shows the
cell voltage evolution vs. time for the PtxSn1 − x/C sample.
It can be observed that overall similar trends were observed
for the different MEAs, i.e., in each cycle, an initial in-
crease in the cell voltage was detected during the first mi-
nutes of the operation. It could be attributed to the catalyst
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deactivation due to the accumulation of poisoning species
adsorbed on the anodic catalyst surface [36, 37]. The de-
activation phenomenon of this kind of systems is related to

the adsorption of reaction intermediates and products on
the anodic catalyst, which resulted in an increase in the
polarization resistance of the anode [38, 39]. After this first
increase, the cell voltage was stable for the rest of the
galvanostatic experiment, showing a reproducible behavior
along the different cycles. In addition, in agreement with
the previous results, the best electrocatalytic activity was
obtained with the MEA prepared with the 70:30 PtxSn1 − x/
C, anodic catalyst, which required the lowest electrical
potential for the same hydrogen production rate (same
electrical current). As already mentioned, it could be attrib-
uted to its better textural and electrochemical properties,
which favor the interaction between the catalyst surface
and the ethanol molecules. Energy requirement estimations
calculated from the average potential obtained during the
galvanostatic experiments are shown on the inset of Fig. 4
for the three MEAs. The lowest energy consumption
corresponded to MEA prepared with the Pt70Sn30/C anodic
catalyst, which achieved an energy requirement of
22.78 kW h kgH2

−1 at the explored conditions. In compar-
ison, the energy requirement of a commercial PEM water
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Fig. 6 Cyclic voltammetry measurements for typical solar profile simulations: a typical scheme to produce and store hydrogen using a renewable
technology; b potential vs. time; c current vs. time; and d cyclic voltammetry for 4 mol·L−1 ethanol at 80 °C at scan rate 0.19 mV·s−1
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electrolyser stack is around 50–60 kWh·kgH2
−1 [40], which

is much higher than that obtained in the present work for
all the PtxSn1 − x/C synthetized anodic catalysts. The ener-
gy requirements showed in this study are similar to those
shown in previous works for the electrochemical reforming
of ethanol and bio-ethanol in acidic media [8, 12].

The stability of Pt70Sn30/C anodic catalyst was a subject of
an accelerated stress test in a three-electrode glass cell [41],
which tends to simulate and simplify the severe degradation
that may occur during the operation of PEM electrolysers. The
experiment was carried out in the potential range of 0.4 to
1.0 V vs. Ag/AgCl at scan rate of 20 mV·s−1 for 400 cycles.
Figure 5 shows that for Pt70Sn30/C anodic catalyst, the current
decreases by 3.21% from the first cycle to the last one,
confirming good stability under the studied conditions.

Integration of Renewable Energy and Hydrogen
Technology

Some additional experiments were performed using the MEA
prepared from the Pt70Sn30/C anodic catalyst, looking for the
integration of this technology with renewable energy sources
(e.g., typical photovoltaic profiles). A possible scheme of this
coupling technology is proposed in Fig. 6a. During the day,
the photovoltaic cell and the electrolyser provide electric en-
ergy and hydrogen, respectively. The former can be directly
used, and the excess of production can be used to electrolyze
ethanol for the hydrogen production, which can be stored in
order to be used at night in a fuel cell, thus providing electric
energy when the solar energy it is not available. In order to
simulate this procedure, cyclic voltammetry measurements
were carried out simulating a typical solar profile at a very
low scan rate of 0.19 mV·s−1. The corresponding applied
power (current × potential, not shown here) vs. time curve
is very similar to that obtained by a daily solar photovoltaic
cell, and hence, this behavior is close to a typical solar profile.
In agreement with previous results, the obtained current and
hydrogen rate showed to be proportional to the applied po-
tential and power. The direct and fast response of the
electrolyser allows the production of a higher amount of hy-
drogen as a higher amount of solar energy is produced.
According to the voltammetry results, it can be observed that
in the backward direction (Figs. 6c, d), a current peak is
observed. This can be associated with the removal of carbo-
naceous species formed through incomplete oxidation in the
forward scan [25, 42]. In addition, the hysteresis phenomena
may also be attributed to slight differences on the anodic
surface composition due to the reaction and adsorption of
ethanol and/or intermediates during the anodic and cathodic
scans after achieving the upper potential limit. However, the
most interesting feature of the experiment is that a similar
trend was obtained between the different cycles showing a
good stability and a reproducible response of the system.

Therefore, it can be concluded that this technology could be
suitably integrated with a renewable photovoltaic energy
source in order to produce clean hydrogen and supply energy
when the renewable energy is not available (e.g., during the
night if solar energy is to be used).

Conclusions

This study can conclude the following aspects:

– Polyol reduction method was used for the synthesis of
different PtxSn1 − x/C anodic catalysts in order to produce
hydrogen from electrochemical reforming of ethanol in a
PEM cell configuration.

– PtxSn1 − x/C anodic catalysts present a (fcc) Pt and amor-
phous Sn structure, with a relatively small particle size
from 4.6 to 6 nm.

– PtxSn1 − x/C anodic catalyst with a 70:30 nominal
atomic ratio showed the highest electrochemical
reforming activity. This could be attributed to the
smallest particle size, as well as the highest electro-
chemical active surface area (ECSA).

– Durability and the stability of the MEAs prepared with
the synthesized PtxSn1 − x/C anodic catalysts were evalu-
ated for 48 h of operation in six consecutive cycles of 8 h
in duration. Moreover, the proposed system presents a
lower energy requirement than commercial water elec-
trolysis systems, so it can be considered a promising tech-
nology to produce high-purity hydrogen from the electro-
chemical reforming of ethanol.

– Possible coupling of this technology with renewable solar
energy sources (e.g., photovoltaic) has been demonstrated
in order to produce clean hydrogen and supply energy
when the renewable energy is not available (e.g., during
the night if solar energy is to be used).
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