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ABSTRACT

Several anodic catalysts based on Pt-Sn (3:1 mass ratio) and 20% total metal loading were
prepared on different carbonaceous supports (functionalized and non-functionalized low-
density nanofibers, graphite oxide, expanded graphite, graphene flakes and B-SiC), to
identify an alternative for the traditional Carbon Vulcan XC-72 support for the
electrochemical reforming of ethanol. Of the materials tested, Pt-Sn supported on non-
functionalized low-density nanofibers (CNF LS) showed the highest electro-catalytic
activity vs. the traditional support. This result was attributed to the combination of
different properties such as high surface area and dispersion of the Pt-Sn nanoparticles,
high electrochemical active surface area and high basicity. This anodic catalyst was
chosen for the development of a Membrane Electrode Assembly (MEA) and tested for
the electrochemical reforming of ethanol. A high activity was obtained (120 mA-cm2 at
1.4 V and 80 °C) for hydrogen production. In addition, the stability of the system and its

subsequent regeneration were studied in view of its practical application.
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1. Introduction

The increase in the total world energy consumption and the limitation of fossil
fuel reserves have led to hydrogen being highlighted as the most promising energy carrier
to provide a clean, reliable and sustainable energy system [1-3]. Although hydrogen can
be produced using different techniques (steam reforming, partial oxidation and
electrolysis, amongst others), water electrolysis is known to be one of the most widely
used alternatives since it generates pure hydrogen in a single step using compact devices
that may work with renewable energy [4, 5]. In addition, in recent years the electrolysis
of water-alcohol mixtures (also called electrochemical reforming or electro-reforming) is
emerging as an alternative technique [6] to the electrolysis of water alone due to the lower
energy consumption, i.e., around 50% energy saving, since part of the energy is provided

by an organic molecule [3, 7, 8].

As a consequence of the above, the electrochemical reforming of alcohols has
gained increasing attention in the last few years. Different molecules such as methanol
[6,7,9-16], ethanol [1, 7, 8, 12, 17-22], bio-ethanol [23] ethylene glycol [3], iso-propanol
[12] and glycerol [24-27] have been studied as hydrogen carriers and these have provided
interesting results. In these studies, the most effective anodic catalyst is based on highly
dispersed Pt-based nanoparticles, e.g., Pt-Ru or Pt-Sn supported on carbon [28-30].
However, due to the lower cost of Sn when compared to Ru, Pt-Sn anodic catalysts are
preferred for the electrochemical reforming of alcohols [31, 32]. In particular, an optimal
Pt-Sn mass ratio (ca. 3:1), synthesized by the polyol reduction method, was found to be
suitable for this purpose due to its higher stability and a lower energy requirement for

hydrogen production [8].

The electro-catalytic performance of Pt-based nanoparticles supported on carbon
materials depends on both the properties of the support and the corresponding metal-
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support interaction. Therefore, for PEM cell applications, previous studies have been
focused on commercial Pt-based catalysts supported on Carbon Vulcan XC-72, due to its
excellent properties as an anodic support, i.e., high surface area, electrical conductivity
and mesoporous structure. However, metal-support interactions can be improved by
surface modification of the support. Hence, in the last few decades carbon nanofibers and
other related carbon-derived materials, such as graphene flakes, graphene sheets or
expanded graphene oxide, have received increased attention due to their distinct structure
and characteristics, which enable impressive thermal and electrical properties in various
areas [33] and have huge potential in fuel cell development [34] and hydrogen storage

135, 36].

The aim of the work described here was to explore for the first time the possible
use of different carbon-based materials as suitable alternatives to commercial Carbon
Vulcan XC-72 as the anodic support for the electrochemical reforming of ethanol. For
this purpose, different anodic catalysts based on Pt-Sn (3:1 mass ratio) supported on
functionalized and non-functionalized low-density carbon nanofibers (CNF f-LS and
CNF LS), graphite oxide (GrO), expanded graphite oxide (TRGrO), graphene flakes
(GF), B-SiC and Carbon Vulcan XC-72 (C Vulcan, used as reference) were synthesized
by the NaBHs4 reduction method [37]. Physicochemical and electrochemical
characterization was carried out in order to identify the best anodic catalyst for the
electrochemical reforming of ethanol. Finally, the selected anodic material was used for
further development of a Membrane Electrode Assembly (MEA), which was tested in a
number of electro-catalytic experiments in a PEM electrolyser configuration to evaluate

its activity and stability for the electrochemical reforming of ethanol to produce hydrogen.



2. Experimental
2.1. Synthesis and characterization of the Pt-Sn catalyst powders

The synthesis of Pt-Sn-based anode catalysts on different carbonaceous supports
was carried out according to the NaBH4 reduction method [37]. Firstly, a solution of 800
mg of the selected support in 200 mL of deionized water was prepared and stirred for 6
h. Carbon-based materials used as the anodic support were graphite oxide (GrO) [38, 39],
functionalized low-density nanofibers (CNF f-LS) [40], expanded graphite oxide
(TRGrO) [38] and graphene flakes (GF) [41], all of which were synthesized in our
laboratory, and commercially supplied non-functionalized low-density nanofibers (CNF
LS, Graphenano S.L.), B-SiC (Sicat Catalyst) and Carbon Vulcan XC-72 (C Vulcan, Fuel
Cell Store). Solutions of HoPtCls-6H2O (398.2 mg in 8 mL deionized water) and
SnCl-2H>0 (95.0 mg in 1.9 mL deionized water) were added to the parent support-
solution and this was stirred for 12 h. The solvent was evaporated on a rotavapor at 60 °C
(Rotavapor R-210, Buchi Switzerland). The resulting solid product was dried in an oven
at 80 °C for 12 h (Nabertherm). A 0.2 mol L' melL™ solution of sodium borohydride
was added to the solid sample (NaBHa4/precursor molar ratio of 10). A catalyst with a 20
wt. % metal loading with Pt-Sn mass ratio of 3:1 was obtained after filtration and washing

to neutral pH.

The Pt and Sn metal loadings impregnated on the different carbonaceous powder
supports were determined by atomic absorption (AA) spectrophotometry on a SPECTRA
220FS analyser. Prior to the analysis, samples were treated with 2 mL of hydrochloric
acid, 3 mL of hydrofluoric acid and 2 mL of hydrogen peroxide. A microwave digestion

at 250 °C was then carried out [42].

The textural properties of the different Pt-Sn catalysts were evaluated using an

ASAP 2010 Micromeritics system with N> as the sorbate. Prior to the analysis, samples
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were outgassed at 180 °C under vacuum for 8 h. Specific surface area, mesopore size
distribution and microporosity were determined using the Braunauer-Emmett-Teller
(multi-point BET) [43], Barret-Joyner-Halenda (BJH) [44] and Horvath-Kawazoe [45]

methods, respectively.

X-ray diffraction (XRD) analysis was performed to obtain the crystalline
structures of Pt-Sn deposited on the catalysts (powder). A PHILIPS PW-1710
diffractometer with Cu-K, radiation (A = 1.5404 A) was used. Diffractograms were
recorded between 10° < 26 < 100° with a step of 0.02° and compared with JCPDS-ICDD

references.

Selected synthesized catalysts were also analyzed by transmission electron
microscopy (TEM) to obtain the particle size distribution using a JEOL Model JEM-
4000EX unit with an accelerating voltage of 400 kW. Samples were prepared by
ultrasonic dispersion of each catalyst in acetone and deposition onto a holey carbon-
supported grid prior to evaporation. The particle size distribution was based upon 300

particles for each catalyst [46].

Pulse H-chemisorption experiments were also carried out using a commercial
Micromeritics AutoChem 2950 HP unit (Chemisorption Analyser Micromertics) in order
to determine the dispersion percentage and Pt particle size. Samples were loaded into a
U-shaped tube and ramped from room temperature to 473 K (5 K-min™). Pulses of H»
were then applied at 313.15 K every 4 min (in an argon flow of 15 cm® min‘!, 99.9999%)

until equal peaks were obtained.

Acid/base titrations were performed using a TritoLine system (Schott). Samples
of 25 mg of each catalyst were mixed with 25 mL of a 0.1 mol L' melE™ NaCl solution.
A 0.1 mol L mel-L NaOH solution was then added dropwise until a pH value of 11

was reached. The titrant (0.01 mL of a 0.1 mol L' melL™ HCI solution) was then dosed
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dropwise until the solution was acidified to pH =3 (pH meter GLP 22, Crison). The initial

NacCl solution was used as a blank to compare the rest of the samples [47, 48].
2.2. Preparation and electrochemical characterization of the Pt-Sn anodes

The different synthesized Pt-Sn/X (20 wt. %) powders were deposited by spraying
onto carbon paper substrates (Fuel Cell Earth) by depositing a catalyst ink by mixing the
catalyst powder with Nafion solution (5 wt. % Sigma Aldrich) and isopropanol (99.9%

for HPLC, Sigma Aldrich), as explained elsewhere [7].

The electrochemical active surface area (ECSA) of each Pt-Sn/X (where X
represents the different carbonaceous supports) anodic electrode was measured by means
of cyclic voltammetry experiments in a three-electrode electrochemical glass cell (half-
cell), as explained elsewhere [19]. The apparatus consisted of an Ag/AgCl reference
electrode (3 mol L' mel-L™ KCI, Metrohm®), a counter electrode with a platinum foil
(Metrohm®) and a working electrode (in which the different catalysts were placed). ECSA
experiments were run in a solution of 0.5 mol L' melL™ sulfuric acid and 200 cycles
were performed (from —0.5 to 1.2 V vs. Ag/AgCl) at scan rate of 50 mV-s™!. Equation 1

was used to calculate the ECSA values from the area of the hydrogen desorption peak

[49]:
ECS/ E 2. _L;_AﬁSﬁ_l_
e ks

i A (Equation 1)
ECSA (m*-g! )= [ Py c)' (1/L/
where Apisn is the peak area (AV-cm™), C is the electrical charge, generally associated
with a monolayer of the active Pt-Sn adsorption of hydrogen (0.21 mC-cm™ [50]), v is
the scan rate (V-s™!), and L. the Pt-Sn loading in the catalyst layer (1.5 mg-cm™). The

degradation of the catalyst was also evaluated from the variation of the electrochemical
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active surface area value after 200 cycles. Note that prior to all tests, in order to remove
the oxygen dissolved in the acidic media, N> gas was bubbled through for at least 20 min.
Finally, in order to evaluate the activity of the different anodic electrodes towards the
ethanol electro-oxidation reaction in acidic media, cyclic voltammetry experiments were
performed on aqueous ethanol 0.5 mol L' melE™ and sulfuric acid 0.5 mol L™ melEL™
solution. In this test, working electrodes of different Pt-Sn/X materials were employed
and a standard three-electrode glass cell was used with a platinum foil (Metrohm®) as
counter and Ag/AgCl (3 mol L ! melEL™ KCI, Metrohm®) as reference electrode. In this
case, N> was bubbled through the electrolyte for at least 20 min prior to the experiments
and an N, flow was maintained over the electrolyte during the cyclic voltammetry

measurements.
2.3. Electrochemical reforming experiments in the PEM electrolysis cell

Electrochemical reforming measurements were carried out in a PEM electrolysis
cell described in detail elsewhere [7]. In the PEM electrolysis cell, the Membrane
Electrode Assembly (MEA) consisted of a proton exchange membrane (Nafion® 117,
Hidrégena S. A.) and two working electrodes (anode and cathode). A commercial Pt
supported on Carbon Vulcan XC-72 catalyst (20 wt. % Pt/C, Alfa Aesar) was used as the

cathode, while the selected Pt-Sn/CNF LS (20 wt. %) was used as the anode.

A 4 mol L ! mel-E ethanol-water solution (1 L, feeding rate of 3 mL-min!) was
fed into the anodic chamber, this concentration was selected as the optimal one according
to previous studies [1, 8, 23], and water (1 L, feeding rate of 3 mL-min!) was fed into
the cathodic chamber, using in both cases a peristaltic pump (Pumpdrive 5001, Heidolph).
The operation mode was discontinuous, i.e., both outlet streams were recirculated to the

feed reservoirs.



Different types of electrochemical measurements were carried out. In the first
place, both solutions were preheated to between 30 °C and 80 °C and experimental data
for linear voltammetry (LV) were recorded with a gradual polarization from 0 to 1.4 V
and at a scan rate of 5 mV-s~!. Chronopotentiometric experiments were then performed
to demonstrate the stability and durability of the system. For this purpose, an experiment
with an overall duration of 24 h at 80 °C was carried out. The experiment involved four
cycles of 6 h duration each at different currents (the first set at 0.1 A and 0.2 A, and a
second set at 0.2 A and 0.1 A). In addition, in order to demonstrate the possible
regeneration of the system, different electrochemical regeneration treatments were
performed between different chronopotentiometry experiments at 0.2 A and 80 °C. The
two different regeneration steps involved leaving the cell for 10 min under either open
circuit conditions (OCV) or polarization at 1.7 V. The selected regeneration treatment

was also explored by eleven consecutive cycles in a mild-term experiment of 450 min.

Finally, electrochemical impedance spectroscopy (EIS) studies were carried out,
prior- and post-stability tests, to obtain information about the behavior of the MEA
(ohmic resistance and charge transfer resistance). This experiment was performed using
the impedance module of the Ivium potentiostat/galvanostat at a potential of 0.7 V. The
cell impedance spectra were recorded over a frequency range from 10 kHz to 10 mHz
with a potential amplitude of 10 mV at 80 °C. All of the electrochemical measurements
performed in this study were carried out using a Vertex SA.DC, a potentiostat/galvanostat
(Electrochemical Analyzer, Ivium Technologies) controlled by research electrochemistry

software.



3. Results and discussion
3.1. Physicochemical Characterization

Physicochemical characterization of the synthesized catalysts was achieved by
means of atomic absorption spectrometry (AA), X-ray diffraction (XRD), transmission
electron microscopy (TEM) and nitrogen adsorption-desorption measurements, as

summarized in Table 1.

Table 1. Summary of physicochemical anodic catalyst characterization

% Metal BET Area (mz'g")

CATALYSTS
% Pt % Sn  Support  Catalyst

C Vulcan 14.2 4.2 229.6 196.6

CNF LS 13.4 4.7 131.9 109.6

CNF f-LS 16.1 5.1 126.3 113.8

PtSn/ TRGrO 14.1 53 104.2 97.0
GF 14.5 4.6 26.7 19.2

GrO 16.0 4.7 20.3 10.2

B-SiC 15.1 4.9 26.3 21.2

It can be seen from the results in Table 1 that the atomic absorption (AA)
spectrophotometry results corresponded, with a little variation, to the intended Pt-Sn total
loading (around to 20 wt. %), with the specified mass ratio of 3:1 (Pt-Sn) obtained in all
samples. The specific surface areas of different carbonaceous supports and the
corresponding catalysts after Pt-Sn addition are also shown in Table 1. The BET surface
area values collected in Table 1 are consistent with those found in the literature for the
different materials: Carbon Vulcan XC-72 [51, 52], B-SiC [50], GF [53] and CNF LS
[52]. Moreover, it can also be observed that the specific surface areas of the different
catalysts were smaller than those of the initial support materials due to partial blocking
of the support pores by Pt-Sn particles after metal precursor impregnation [54]. Pt-Sn
catalysts supported on Carbon Vulcan XC-72 (for comparative purposes), CNF LS, CNF

f-LS and TRGrO presented a combination of type I and IV isotherms (not shown here)
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with an HI adsorption-desorption hysteresis loop, which is typical of mesoporous
carbonaceous materials [55]. Pt-Sn catalysts supported on -SiC, GrO and GF were low
porosity materials, with a lower surface area than the other carbonaceous materials. It is
known that the support plays a key role in the dispersion of the active phase particles [33].
Therefore, a support with a higher BET surface area is desirable since it would favor a
better dispersion of the catalyst particles [56] and avoid agglomeration during the
synthesis, thus enhancing the catalytic/electro-catalytic activity [57]. In this sense, of the
proposed catalysts, Pt-Sn deposited on Carbon Vulcan XC-72, CNF LS and CNF {-LS
showed higher specific surface area values than TRGrO, GF, GrO or B-SiC. These
differences can be attributed to the different structure of each carbon material. For
example, Carbon Vulcan XC-72 has a reduced pore size and its structure contains
micropores into which nanoparticles can sink, thus reducing the number of three-phase
boundary active sites [58]. On the other hand, CNFs can present a high or low specific
area depending on the method of synthesis, but they are characterized by highly ordered
graphene sheets that show high electrical conductivity and chemical stability [58].
However, GrO consists of wrinkled graphene layers with a high number of defects, which
in turn leads to lower electrical conduction [59, 60]. In agreement with the above, the
highest specific surface area corresponds to Pt-Sn supported on the Carbon Vulcan XC-
72 commercial support with a more homogeneous pore distribution, which was used as a
reference material for comparative purposes. Pt-Sn catalysts supported on CNF LS and
CNF f-LS (in comparison with the catalyst supported on the commercial Carbon Vulcan
XC-72) would also be promising candidates to provide suitable electro-catalytic activity
[50] since they have the appropriate specific surface area, which may be directly related

to the electrochemical activity of the catalyst [56, 61].
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The XRD results for Pt-Sn anodic catalysts on different carbonaceous supports
(Pt-Sn/X, where X is the different carbonaceous material) are presented in Figure 1. The
main peak for crystalline platinum can be clearly observed and this is consistent with the
active phase being deposited correctly on the different supports and confirms that the

synthesis method was suitable [50].
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Figure 1. XRD patterns of different Pt-Sn/X anodic catalysts.

Peaks at 20 values of around 40, 46, 68 and 81° corresponded to Pt fcc reflections
(111), (200), (220) and (331), respectively [7, 62, 63]. Peaks at 20 values of around 34°
and 54° correspond to SnO; tetragonal reflections (101) and (211), respectively [64]. The
XRD patterns also contain a peak at a 26 values around 25° and this corresponds to the
hexagonal structure of the C in each support [62]. It is also worth noting that the intensity

of the graphite-related peak in all carbonaceous supports described here is significantly
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higher than that of the commercial Carbon Vulcan XC-72. This finding is due to the

different graphitization degrees of the different carbonaceous supports [52].

TEM measurements was were performed on the catalyst with the highest active
surface area, namely Pt-Sn/CNF LS, since this catalyst was considered to be the most
promising for the electrochemical reforming of ethanol. Pt-Sn/C Vulcan was also
analyzed for comparative purposes. In order to corroborate the physicochemical
characterization, the TEM micrographs and particle size distributions of the Pt-Sn/C
Vulcan and Pt-Sn/CNF LS catalysts are provided in Figure 2. Note that average Pt particle

size was calculated by considering more than 400 particles from the TEM analysis.
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Figure 2. TEM images of Pt-Sn/C Vulcan and Pt-Sn/CNF LS catalysts.
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It is known that a small particle size probably leads to better electrochemical
behavior due to the increase in the electrochemical surface area of the catalyst [62].
However, there is very little difference in the Pt particle sizes values found for the two
supports (around 3.5 nm) and this demonstrates that the borohydride reduction method
was suitable for the synthesis of catalysts with a nanometre size [65]. Particle size and the
dispersion percentage were also calculated for both anodic catalysts using the pulse H»-
chemisorption technique. It was confirmed that there were no significant differences in
either case (31.2% and 26.3% dispersion, 3.2 nm and 3.8 nm Pt particle size for Pt-Sn/C
Vulcan and Pt-Sn/CNF LS, respectively) and these results are in excellent agreement with
the TEM analysis [66]. In addition, an acid-base titration experiment was carried out in
order to determine the different behaviors of the Pt-Sn/C Vulcan and Pt-Sn/CNF LS
catalysts. The Pt-Sn catalyst supported on Carbon Vulcan XC-72 presented slightly lower
basicity (30.0 cm?-g™!) in comparison to the Pt-Sn catalyst supported on CNF LS (33.2

cm?-gh).
3.2. Electro-catalytic experiments in a three-electrode glass cell

The electrochemical active surface area (ECSA) of each synthetized catalyst was
evaluated by cyclic voltammetry in 0.5 mol L' el sulfuric acid at a scan rate of 50
mV-s~! at room temperature. From the results in Table 2 it can be observed that Pt-Sn
supported on Carbon Vulcan XC-72, CNF f-LS and, especially, CNF LS presented the
highest ECSA values and lowest variation between them in cycles 1 and 200, which
indicates a lower degree of degradation of these materials [67]. (As a representative
example, the 1% and 200" cycles for the Pt-Sn supported on CNF-LS and C Vulcan are

shown in Figure S1 in the Supporting Information).
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Table 2. ECSA values for the different Pt-Sn/X anodic catalysts.

ECSA (m?-g™)
CATALYSTS
Cycle 1 Cycle 200 % degradation
C Vulcan 30.5 25.3 17.2
CNF LS 32.5 28.4 12.4
CNF f-LS 31.5 27.7 11.0
PtSn/ TRGrO - - -
GF 28.2 24.5 13.0
GrO 4.3 3.6 16.3
B-SiC 1.3 0.6 55.5

The Pt-Sn supported on TRGrO, GrO and B-SiC presented much lower ECSA
values and this is likely to lead to lower electro-catalytic activity [49]. This difference can
be attributed to the combination of low surface area and lower electrical conductivity of

these carbonaceous supports when compared with the other materials [68, 69].

The results obtained in the cyclic voltammetry experiments are provided in Figure
3. A scan of 25 cycles was carried out (scan 25 shown in Figure 3a) and the completed
CV for Pt-Sn/CNF LS, by varying the potential between —0.2 V and 1.0 V vs. Ag/AgCl,
is shown in Figure 3b. These experiments were performed using a 0.5 mol L™ mel-L™
ethanol and 0.5 mol L' mel-L™ H,SO4 solution at a scan rate 20 mV-s™! at 80 °C.
Furthermore, some electrochemical characterization was carried out in a Rotating Disk
Electrode (RDE) in order to corroborate the stability of the electrode under the reaction

conditions (not shown here; see Supporting Information, Figure S2).
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°C at the scan rate 20 mV-s™!).
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As one would expect, it can be observed that the shapes of the curves are
characteristic of the ethanol electro-oxidation reaction [8]. In addition, hysteresis features
in the current values during the backward scans were higher than the current values in the
forward scans and these can be attributed to changes in the catalyst surface. During the
backward scan, after reaching the highest potential values, there were changes in the
platinum oxidation state that could affect the absorption of the alcohol and lead to a higher

electro-catalytic rate [12].

It was observed that, of the different catalysts investigated, Pt-Sn/CNF LS showed
the highest electro-catalytic activity for the ethanol electro-oxidation reaction. This
finding can be attributed to a combination of physicochemical and electrochemical
properties such as high surface area (which enables good dispersion of the Pt-Sn
nanoparticles), a slightly higher basicity than Carbon Vulcan XC-72 (which promotes
conductivity) and a high ECSA value with low electrochemical degradation (which
provides a better electronic pathway in comparison with other carbon-supported
materials) [58, 70, 71]. On the other hand, Pt-Sn/CNF {-LS and Pt-Sn/GF were also found
to be suitable candidates for ethanol electro-oxidation and this is again in good agreement
with the high ECSA values and low degradation shown by these materials. Conversely,
catalysts Pt-Sn/GrO, Pt-Sn/TRGrO and Pt-Sn/B-SiC presented lower electro-catalytic
activity and this could be attributed to the lower surface area and ECSA values, which are
directly related to the nature of these materials. On the basis of these results, Pt-Sn/CNF
LS was selected as the best anodic catalyst for the subsequent preparation of a Membrane
Electrode Assembly (MEA) (as described in the experimental section) to be tested in a

PEM cell for the electrochemical reforming of ethanol.
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3.3. Electro-catalytic experiments in the PEM electrolysis cell

Linear voltammetry experiments were performed at different temperatures
(ranging from 30 to 80 °C). A 4 mol L' mel-L™ ethanol solution was fed into the anode
compartment as this was reported to be the optimal concentration in previous studies
carried out by our group [1, 8, 23]. The polarization curves obtained on using Pt-Sn/CNF
LS and commercial Pt/C as anodic and cathodic catalyst, respectively, at a scan rate of 5

mV-s! at 30, 50, 70 and 80 °C are presented in Figure 4.

140d ——T=30°C [EtOH] =4 mol L'

120
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—_
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|

Current Density / mA-cm
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Figure 4. Influence of the temperature on the polarization curves for a MEA based on Pt-
Sn/CNF LS as the anodic catalyst (ethanol 4 mol L' melL" anode solution at

temperature of 30, 50, 70 and 80 °C at a scan rate S5 mV-s™}).

It can be seen that an increase in the temperature of the cell led to an increase in
the current density due to the improvement in both the kinetics and ionic conductivity of

the membrane, a finding in good agreement with the results of previous studies [1, 23,
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24]. Note that there is no evidence of mass transfer limitations at any temperature over
the explored potential range [23]. Furthermore, at 80 mA-cm™ an energy requirement
reduction from 32 kWh-kgm! to 27 kWh-kgua ! can be obtained by increasing the
temperature from 30 to 80 °C. Therefore, due to the significant improvement in the linear
voltammetry at 80 °C and, consequently, H> production rates at a lower potential values,
this temperature was selected as the working temperature for the subsequent experiments.

Similar findings were reported in in previous studies [3, 7, 8, 19, 23].

The next step was to verify the stability of the system and the viability for practical
application in a mild-term electrochemical reforming experiment. With this aim in mind,
chronopotentiometric experiments were performed with different cycles, i.e., increasing
and then decreasing the applied current (between 0.1 A and 0.2 A) as shown in Figure 5.
Experiments were run under the conditions selected above (4 mol L' mel-L™ ethanol
solution and 80 °C) for a total duration of 24 h for 4 consecutive cycles of 6 h of duration

each.
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Figure 5. Chronopotentiometry experiment for an MEA based on a Pt-Sn/CNF LS anodic
catalyst (constant current density of 0.1 A and 0.2 A with an ethanol 4 mol L' mel-L™

anode solution at 80 °C).

The stability was analysed by measuring the variation of potential with time
during the galvanostatic polarization experiments. Initially a continuous increase in the
potential values with time can be observed during each galvanostatic experiment. The
increase in the potential values at the beginning of each experiment can be attributed to
the adsorption of intermediate reaction species (e.g., acetaldehyde) on the anodic catalyst
during the ethanol electro-oxidation reaction [7, 19]. The system then seems to achieve
an almost steady-state value at around four working hours. In the case of cycles 2 and 3,
which were performed at the same current, the system showed a slight regeneration during
the open circuit conditions carried out between the cycles (around 5 seconds duration).
This observation seems to indicate that the system can be partially regenerated due to the

partial removal of the intermediate adsorbed species during the open circuit condition
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step. However, a continuous and irreversible degradation could be observed with time
since higher potential values in cycle 4 were obtained when compared to cycle 1, which
was performed under the same current. Stability and regeneration studies were carried out
in order to elucidate the possible degradation and regeneration mechanisms and extended

performance.

3.4. Extended performance stability and regeneration study in the PEM electrolysis

cell

In order to study the possible regeneration of the MEA during the electrochemical
reforming of ethanol, two series of experiments with two different regeneration
treatments were conducted (see Figure 6). Cycles of 0.2 A (30 min) were alternated with
Open Circuit Voltage (OCV) or the application of 1.7 V as regeneration periods (10 min)

and these were carried out three times.
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Figure 6. Variation of the total voltage of the cell vs. time under the application of
different regeneration cycles for an MEA based on a Pt-Sn/CNF LS anodic catalyst
(ethanol 4 mol L' mel-L anode solution at 80 °C, regeneration cycles of OCV and 1.7

V).

It can be observed that both regeneration treatments seem in principle to
regenerate partially the anodic catalyst surface from adsorbed carbonaceous species, since
the potential values at each galvanostatic polarization followed a similar trend. However,

the second regeneration treatment involving the application of 1.7 V allowed a decrease
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in the potential values in the subsequent regeneration steps. This second regeneration
treatment is probably more effective for the removal of carbonaceous adsorbed
molecules, which block active anodic sites. The application of 1.7 V may have led to the
electrochemical oxidation of the intermediate adsorbed molecules. In addition, at 1.7 V
the evolution of O due to the water splitting reaction starts to take place and this allows
further oxidation of these intermediate reaction species. Therefore, the electrochemical
oxidation of intermediate adsorbed species in the second regeneration procedure seems
to be a more effective approach than simply leaving the system under open circuit

conditions.

The results for the second regeneration procedure over a longer period of time are
shown in Figure 7a, whereas the average potential values registered during the
regeneration procedure are shown in Figure 7b. The experiment consisted of 11 cycles of
hydrogen production during 30 min under a galvanostatic polarization of 0.2 A, and 10

regeneration cycles of 10 min by applying a potential of 1.7 V.
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Figure 7. a) Variation of the total voltage of the cell vs. time under the application of
different regeneration cycles for an MEA based on a Pt-Sn/CNF LS anodic catalyst
(ethanol 4 mol L' mel-L™ anode solution at 80 °C, regeneration cycles of 1.7 V) and b)

average voltage of the cell during the different regeneration cycles.
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It can be observed that the system could, in principle, be regenerated a number of
times throughout the different cycles. The presence of some potential peaks during the
galvanostatic applications in the hydrogen production steps could also be attributed to the
electro-oxidation of accumulated intermediate species adsorbed on the anodic catalyst
during the electro-reforming [1]. Similar average potential values were obtained under
the different galvanostatic polarizations of 0.2 A, which demonstrates the reproducible
behavior of the MEA during different polarizations as well as the advantage of adding a
regeneration period between the different current application stages for longer working
times. Furthermore, as shown in Figure 7b, the average potential reached in the different
cycles does not change, which means that the MEA system remains stable, which is in

good agreement with previous works [7, 8, 19].

Finally, electrochemical impedance spectroscopy (EIS) experiments were carried
out before and after the chronopotentiometric tests and also after the regeneration
experiments, marked as States I, Il and /1] in Figure 7a. The corresponding Nyquist plots
obtained after each experiment are shown in Figure 8. EIS experiments were performed
using a constant potential of 0.7 V and under the application of frequencies from 10 kHz

to 10 mHz with a potential amplitude of 10 mV.
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Figure 8. Impedance spectra of the MEA at a constant potential of 0.7 V before (State I)
and after (State II) the performance of chronopotentiometry (State II) and regeneration
experiments (State III) for Pt-Sn/CNF LS catalyst (ethanol 4 mol L' mel-L™ anode

solution at 80 °C).

frequenetes): In agreement with the results of previous studies on similar MEAs [23], two

semicircles were observed in the Nyquist plots of the EIS and these can be related to the
different main resistances present in the system. From these experiments, two main
resistances of the system were calculated: the ohmic resistance associated mainly with
the resistance of the membrane, catalyst layer, gas diffusion layer and bipolar plates (first
cut with the real axis, Rs) [72], and the second one, related to the charge transfer resistance

(Rtc) (due to the absence of mass transfer limitations) [73]. In addition, it is well known
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that for the electrochemical reforming of ethanol with this kind of MEA, the anodic
overpotential is the main charge transfer resistance, since a negligible cathodic
overpotential contribution on a similar configuration has been identified [12]. The

resistance values calculated from the previous EIS experiments are provided in Table 3.

Table 3. Summary of the ohmic resistance and combined mass and charge transfer

resistances calculated from the Nyquist plot of the impedance spectra.

Rs/ Ohm Rrtc/ Ohm

State | 0.397 4.167
State 11 0.405 5.714
State 111 0.407 4.323

It can be observed that the resistance of the membrane increases slightly during
the experiments, probably due to a slight decrease in the ionic conductivity with operation
time of the membrane. On the other hand, an increase in the charge transfer resistance
can be observed and this is associated with the anodic charge transfer reaction for State
1l vs. State 1. As one would expect, a higher anodic resistance value implied a lower
electro-catalytic activity. This is consistent with the results discussed above and can be
attributed to the physicochemical blocking of the anode by intermediate adsorption
species [74]. Finally, it can be observed that after the regeneration treatment on State 111,
the anodic resistance decreased again due to the removal of the intermediate adsorbed
molecules by electro-oxidation. This process allows partial regeneration of the anodic
catalyst, thus increasing again the anode kinetics for the ethanol electro-oxidation reaction
and leading to almost identical EIS spectra for State Il and State III. This finding is
consistent with the average potential values shown in Figure 7b and demonstrates the
possibility of regenerating the anodic catalyst a number of times in view of the practical

application of the system.
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In conclusion, the synthetized Pt-Sn/CNF LS is a novel anodic catalyst suitable
for the electrochemical reforming of ethanol in acidic media due to its physicochemical
characteristics and electro-catalytic behavior. In addition, a regeneration process can be
carried out in view of the practical application of the electrochemical reforming unit for

hydrogen production.

4. Conclusions




Platinum-tin catalysts deposited on different carbon-based supports have been

prepared, characterized and tested in the electrochemical reforming of ethanol for
hydrogen production. The best alternatives to the commercial Carbon Vulcan XC-72
seems to be functionalized and non-functionalized low-density nanofibers and graphene
flakes, which were used as anodic catalyst supports for hydrogen production by the

electrochemical reforming of ethanol.

Among them, Pt-Sn supported on non-functionalized low-density nanofibers
(CNF LS) showed the highest ethanol electro-oxidation activity. This result was attributed
to a combination of physicochemical and electrochemical properties related to the
structure of this support, such as high BET surface area, which results in good dispersion
of the catalyst nanoparticles, high basicity and a high ECSA value with low

electrochemical degradation.

For these reasons, Pt-Sn supported on non-functionalized low-density nanofibers
was were chosen for the development of a Membrane Electrode Assembly (MEA). This
system presents energy consumption values below 30 kWh-kgu, ' for hydrogen
production in the electrochemical reforming of ethanol, with an electrochemical

reforming activity of 120 mA-cm2 at 1.4 V and 80 °C.

In order to demonstrate the durability of the MEA (stability of the anodic catalyst

and the membrane), a number of mild-term electrochemical reforming tests were
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performed. The observed deactivation over time was attributed to the adsorption of
intermediate electro-oxidation products on the anodic catalyst, which increased the
anodic charge transfer resistance. The application of regenerating periods under a
polarization of 1.7 V allowed the complete regeneration of the MEA through the electro-

oxidation of these intermediate molecules.
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