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ABSTRACT

The addition of H2SO4 to the anolyte feeding solution for the electrochemical reforming of ethanol
has been studied in terms of activity and stability for hydrogen production in a PEM electrolysis
cell. Five equivalent MEAs based on commercial Pt-Sn/C and Pt/C as anode and cathode materials,
respectively, and a Nafion membrane, have been prepared and tested to optimize the addition of
the H>SOs. Results demonstrated that the addition of an optimal H>SO4 concentration (ethanol 4
mol-L™" and 0.01 mol-L! H2SO4) enhances the electrocatalytic activity and stability of the MEA
by decreasing the energy requirements for hydrogen production. According to impedance
spectroscopy experiments, this improvement is caused by a decrease in the anodic charge transfer
resistance, probably due to an increase in the number of contact triple points (electrolyte/catalyst
particles/electronic support). However, the addition of a higher HoSO4 concentration (0.05 mol-L-
1 induced the dissolution of the Pt-Sn/C anodic catalyst causing a severe degradation of the MEA.
Therefore, the optimal addition of H2SO4, which is not consumed during the electrochemical
reforming experiments, may be of great practical importance for using this technology for the

renewable hydrogen production from real bioethanol streams.
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1. Introduction

In the last years, hydrogen production has emerged as a promising alternative to replace
fossil fuels as energy resource, due its cleaning and sustainable energy system [1, 2]. Hydrogen
production is mainly based on catalytic steam reforming (SR), Water Gas Shift (WGS) or partial
oxidation (PO) processes, which result in a mixture of H>/CO gas diluted with CO», steam and N».
Among the different carbon energy sources including biomass, alcohols or Natural Gas (NG), this
latter is usually selected as the reference fuel for hydrogen production in industrialized countries,
owing to its low cost and widespread infrastructure. All this kind of processes and molecules
requires from separation and purification stages upstream the reactors to obtain pure hydrogen.

In response, water electrolysis is known to face some of these challenging aspects since it
can generate clean and friendly hydrogen in a single reaction/separation step [3, 4]. However,
water electrolysis technology suffers from high energetic requirements e.g. 50-60 kWh-kgu,™! and
hence, novel alternatives should be found.

A variation of the conventional water electrolysis method is the electrochemical reforming
(or electrolysis) of organic solutions. This technique allows to produce pure hydrogen from
different kind of aqueous solutions of biomass-derived molecules such as: alcohols, aldehydes or
organic acids [5]. In the electrochemical reforming process, a typical PEM reactor configuration
is used. It is based on a membrane electrode assembly (MEA), which is formed by an
anode/polymeric electrolyte/cathode, analogous to that in low temperature PEM fuel cells.
However, in the electrochemical reforming, the electrical power supplied by an external source is
used to split the organic molecules. The electro-oxidation of the organic molecule occurs at the
anodic catalyst leading to the production of intermediate oxidation products, electrons and protons

(H"). These protons are transported to the cathodic side through the polymeric electrolyte



membrane and then, protons and electrons (the latter driven through the external circuit) recombine
for the production of hydrogen gas [6]. Previous works were found to study the electrochemical
reforming of a wide variety of water-alcohol mixtures, i.e. methanol [4, 6-9], glycerol [10-12],
ethanol [1, 6, 13-17], second generation industrial bio-ethanol [18], ethylene glycol [2] and iso-
propanol [6] at temperatures typically below 90 °C. Among then, ethanol aqueous solutions are
the most interesting ones, due to their easy storage, safety conditions and almost direct production
from biomass [18, 19]. Concerning the different screened electrodes, Pt anodic catalysts are the
most stable and active ones for the organic molecule electro-oxidation reaction in acid media. In
this sense, the addition of a second metal (Ru, Sn) promotes the reaction, decreases the surface
poisoning effect and in some cases, reduces the cost of the anodic catalyst [20-22]. As a general
conclusion, Electrochemical Reforming is a very interesting technique for direct hydrogen
production, which requires a much lower energy demand than that of water electrolysis and
catalytic reforming processes, as analyzed in a previous work [23]. Furthermore, the
electrochemical reforming of ethanol could be used for portable hydrogen production applications
or as a complement to renewable energies, such as wind or solar power [24, 25]. However, a
common limitation of all these previous works is the low current density values obtained, which
led to very high electrode area requirements, thus limiting the practical application. Hence, further
research is clearly needed to improve the obtained current density values.

In the present work, a systematic and deep study has been performed on the addition of
H>SO4 to the anolyte feeding solution for the electrochemical reforming of ethanol, in order to
improve the activity and stability of the membrane electrode assembly (MEA). To that purpose,
five equivalent MEAs based on commercial Pt-Sn/C and Pt/C as anode and cathode materials,

respectively ensambled on a Nafion membrane, have been prepared and tested under different



electrochemical reforming conditions in order to optimize the anolyte composition. Each MEA
has been tested following the same experimental protocol, which included linear voltammetry and
chronopotentiometry measurements. In addition, in-situ (impedance spectroscopy) and ex-situ (X-
ray diffraction, thermogravimetric analysis) characterization techniques have been performed to
support the obtained electrocatalytic results.
2. Experimental

2.1. Membrane electrode assembly (MEA) preparation

Electrochemical reforming tests were carried out in a PEM electrolysis cell unit described
in detail elsewhere [18]. Commercial Pt-Sn supported on carbon vulcan XC-72 (20 % Pt-Sn/C, 3:1
Pt:Sn atomic ratio, Premetek Co.) and Pt supported on carbon black (20 % Pt/C — Alfa Aesar) were
used as the anodic and cathodic catalysts, respectively. Both catalysts were coated on Carbon Paper
Substrates (Fuel Cell Earth), used as gas diffusion layers, by depositing the corresponding catalyst
inks, composed by a mixture of the catalyst powder with a Nafion solution (5 wt. % Sigma Aldrich)
and isopropanol (99.9 % for HPLC, Sigma Aldrich) as solvent. The metal loading was 1.5 mg-cm’
2 for the anode and 0.5 mg-cm™ for the cathode, being the geometric surface area of both electrodes
6.25 cm?. A proton exchange Nafion membrane (Hidrogena Desarrollos Energéticos) of 185 pm
thickness was used as the solid electrolyte. The membrane electrode assembly (MEA) was then
prepared by pressing together all these elements applying a load of 1 ton at 120 °C for 3 min. A
total of five equivalent MEAs have been prepared for this study in order to perform the different

electrocatalytic and characterization tests as will be explained below.



2.2. Electrocatalytic experiments
Electrochemical measurements were carried out using a Vertex SA.DC potentiostat-
galvanostat (Ivium Technologies). An ethanol solution of 4 mol-L™!, acidified with sulfuric acid at
4 different concentrations (0, 0.005, 0.01, 0.05 mol-L"), was supplied to the anodic chamber of
the cell, at a constant flow rate of 8 ml-min’!, using a peristaltic pump (Pumpdrive 5001, Heidolph).
Water was fed to the cathodic chamber at a constant flow rate of 3 ml'min™! using the same
multichannel peristaltic pump. The operation mode was discontinuous, i.e., recirculating both
streams to the feed reservoirs, whose volumes were 1 and 0.5 L for the anode and cathode
chambers, respectively. Electrolysis experiments were performed at a fixed temperature of 50 °C.
Hydrogen production rates were quantified by means of electrical current measures and verified
by a gas volumetric flowmeter. The purity of the obtained hydrogen was confirmed offline using
a gas chromatograph (Bruker 450 GC). As mentioned above, a series of four MEAs was used to
study the influence of the acidification of the anolyte. To that purpose, each MEA was tested
according to the following protocol of experiments (schematized on Figure 1) under a different
feed composition:
1. Linear voltammetry experiments at 50 °C and 5 mV-s™! scan rate up to a maximum
applied potential of 1.4 V.
2. Chronopotentiometry experiments at 50°C, extended for 36 h, to study the stability and
possible degradation of the system. Each experiment consists of six different cycles of 6
h developed at different applied currents (varying from 0.1 A to 0.35 A) with an open
circuit potential step (of 5 minutes of duration) between each cycle.
3. Repetition of the linear voltammetry test in order to compare polarization curves

obtained before and after the mild term chronopotentiometry tests.



4. The used MEA was removed from the electrochemical reactor unit and then the anode
was transferred to be checked by the postmortem characterization techniques described
in the next section.

Additionally, a fifth fresh MEA was prepared to carry out Electrochemical Impedance
Spectroscopy (EIS) measurements under the different explored anolyte feeding conditions. EIS
was performed using the impedance module of the Ivium potentiostat/galvanostat described above
at a potential of 0.5 V. The cell impedance spectra was recorded using a frequency range from 10
kHz to 10 mHz with a potential amplitude of 10 mV at 50 °C.

2.3. Physicochemical characterization of the anode after the electrocatalytic tests

X-ray diffraction analysis (XRD) corresponding to the anode of each tested MEA were
performed by a Philips model X’Pert MPD with Co-filtered Cu Ka radiation (A = 1.54056 A)
(Philips, Eindhoven, The Netherlands). XRD diffractograms, which were compared to that related
to fresh anode, were recorded over a 20 range from 15° to 80° at scan rate of 5°C-min’!. In addition,
the anode was characterized by Thermogravimetric analysis (TGA) in a TGA apparatus (TGA-
DSC1, METTLER). The sample was heated under air atmosphere (100 ml-min™' flow rate) from
room temperature to 800 °C (5 °C-min™! heating rate) and then it was kept at the latter temperature
for 4 h in order to completely removed the carbon.

3. Results and discussion

3.1. Influence of the addition of H2SO4 on the electrochemical reforming of ethanol

Firstly, in order to study the effect of the addition of an acid electrolyte (H2SO4) on the
electrocatalytic activity of the system, a preliminary set of linear voltammetry experiments was
conducted at a constant temperature of 50 °C and a scan rate of 5 mV-s!, using different anolyte

feeding solutions. Figure 2 a) shows the variation of the current density with the applied potential



(0-1.4 V range) under four different anolyte streams: i) water, ii) 0.01 mol-L™! H,SO4 aqueous
solution, iii) 4 mol-L™! ethanol aqueous solution and, iv) 4 mol-L"!' ethanol acidified with 0.01
mol-L"! H2SO4 aqueous solution. Figure 2 b) depicts hydrogen production rate theoretically
calculated via Faraday’s law and experimentally measured vs. the applied potential obtained for
ethanol (4 mol-L ") and ethanol (4 mol-L™) + H2SO4(0.01 mol-L!) anodic solution experiments.

From Figure 2 a) a negligible electrocatalytic activity can be observed for the experiments
performed in absence of ethanol, i.e., exclusively feeding water or 0.01 mol-L™! H,SO4 solution to
the anode. However, the system showed a certain electrocatalytic activity under the presence of
ethanol both as a 4 mol-L! ethanol solution or acidified by H2SO4 (4 mol-L! ethanol+0.01 mol-L"
' H2SO4 anolyte feeding solution). These results confirmed that neither water nor H2SO4 solution
were electrolyzed at the explored electrical potential range, being only the electrochemical
oxidation of ethanol molecules, which occurred at the explored conditions. Hence, in good
agreement with previous studies [1, 18], ethanol electro-oxidation starts at electrical potentials
close to 0.6 V. This value is much lower than the electrical potential typically required for PEM
water electrolyzers (around 1.5 V), where hydrogen production in the cathode behaves as a
dynamic hydrogen electrode (DHE) [9]. Therefore, it is clear that under the studied conditions,
ethanol is the unique source for H, production, being the electro-oxidation of the organic molecule
the principal process occurring at the anode. Previous works have already shown that acetaldehyde
and acetic acid are the main obtained electro-oxidation products due to the difficulty for breaking
the C-C bond under the explored conditions [14-26]. Therefore, the incomplete electrochemical
oxidation path is also the most likely one, even under presence of HoSO4 in the anodic feed, via
reactions (1-2):

CH3;CH,OH->CH3CHO + 2H" +2 ¢ (1)



CH3CH,OH + H,0O >CH3COOH + 4H" + 4 ¢ (2)

On the other hand, it can be observed that electrocatalytic activity of the system was
improved by the addition of 0.01 mol-L! of HxSOuto the parent ethanol anolyte solution, achieving
current density values up to 100 mA-cm™ at a cell potential of 1.4 V. This effect, which will be
investigated in detail below, is in good agreement with a previous work of Sapountzi et al. [6],
who already demonstrated a positive effect of the ethanol electro-oxidation reaction when
changing the anolyte pH from 7 to 0.4 by the addition of H>SOa.

It is also interesting to note that obtained current density values could be directly related to
the hydrogen production rates collected in the cathode of the PEM cell [1]. Hence, it can be
observed from Figure 2 b) that theoretical hydrogen production rates, calculated via Faraday’s law,
were experimentally confirmed by separate gas-volumetric measurements of hydrogen flows at
each applied potential for the experiments performed under presence of ethanol on the anolyte
feeding solution. It demonstrated that practically 100 % of the applied electrical energy was used
for hydrogen production. In addition, a hydrogen purity of 99.999 % was verified by offline gas-
chromatography analysis, demonstrating the feasibility of using the electrochemical reforming for
the production of a pure hydrogen stream in a single reaction and separation step [16]. Finally, it
is also clear that an increase in the applied potential leads to higher current densities values in all
cases, which implies higher hydrogen production rates [1, 13, 18].

3.2. Comprehensive study of electrocatalytic performance and degradation behavior

In order to investigate the stability and possible degradation of the system, a mild-term
chronopotentiometry experiment was carried out at 50 °C to each prepared MEA. The test consists
of 6 cycles of 6 h each, developed at a constant current, which is varied from 0.1 to 0.35 A along

cycles, with an open circuit step of 5 minutes between them.



Figure 3 shows the cell voltage variation vs. time for four equivalent MEAs, each one
explored under a different feeding solution composition, as described on the experimental section.
A similar trend of the potential vs. time curve was observed on each galvanostatic step. An
important initial increase of the potential occurred during the first 1-2 h of operation at each applied
current. In agreement with other studies, it could be attributed to the adsorption of the Css
hydrocarbons reaction products of ethanol electro-oxidation, such acetaldehyde or acetic acid,
which may decrease the number of Pt-Sn active sites for the main electrochemical reaction [13,
26]. From this point on the system seemed to attain an almost steady-state voltage value that led
to a stable operation of the cell. By comparison of results obtained by using the MEA under the
four different scenarios, it can be observed that the addition of H2SO4 enhanced the electrocatalytic
activity of the system up to an optimal concentration of 0.01 mol-L™!. However, further addition
of H2SO4 (0.05 mol-L!) led to an increase of the cell potential at fixed current, showing a decrease
in the electrochemical reforming activity. Therefore, there is a clear optimal value of pH (around
2.25), which enhances the electrocatalytic activity of the system. Prior to explain in detail the
origin of this optimal composition, it should be mentioned that there was not an important variation
of the following solution parameters measured on the anolyte reservoir along the 36 h of the
experiment (see figures of the Supporting Information): pH (Figure S1), conductivity (Figure S2)
and sulfates ions concentration (Figure S3). It suggested that H>SO4 was not consumed during the
electrolysis experiments promoting the ethanol electro-oxidation reaction on the anode of the cell.

Figure 4 shows the results of the impedance spectra recorded at 50 °C to a new freshly
prepared MEA (MEA 5) at each of the following previous anolyte solution compositions: Ethanol
4 mol-L'+ H2S04 (0-0.05 mol-L ") and presented in form of the Nyquist plot. As already reported

in previous studies [6, 26], two semicircles were observed in the Nyquist plots of the EIS, which
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can be related to the cathodic (first semicircle at higher frequencies) and anodic reactions (second
semicircle at lower frequencies). It can be observed that the cathodic charge transfer resistance
(determined by the difference between the high and low frequency intercepts of the first semicircle
with the x-axis on the Nyquist plots) is almost negligible vs. the second semicircle, indicating that
hydrogen evolution is a facile reaction in contrast with the anodic one. This is also in very good
agreement with a previous work [6] where the authors have identified a negligible cathodic
overpotential contribution on a similar configuration for ethanol electro-reforming by using a AgCl
reference electrode. Table 1 shows ohmic resistance values calculated from the high frequency
region and the combined mass and charge transfer resistance calculated from the low frequency
region. According to previous studies, the ohmic resistance has been mainly attributed to the
resistance of the membrane. On the other hand, the combined mass and charge transfer resistance
has been mainly attributed to the anodic charge transfer resistance [26-28], considering the absence
of mass transfer limitations (as can be observed from the polarization curves) and the much lower
cathodic overpotentials values vs. the anodic ones of the explored system [6].

Firstly, it can be observed that acidification by H>SO4 does not change the membrane
resistance and therefore, ionic conductivity of the membrane is not modified by the addition of the
acid anolyte, However, the addition of H2SO4 up to a concentration of 0.01 mol-L™! was found to
decrease the anodic charge transfer resistance. Therefore, it is clear that the observed improvement
on the electrochemical reforming activity by the addition of H>SO4 (as shown on Figure 4) can be
exclusively attributed to an enhancement of the anodic charge transfer reaction kinetics. According
to these results, the existence of an optimal pH value could be explained in terms of two
countervailing effects. Previous studies have shown that the electro-oxidation rate of alcohols is

favored by increasing the pH [29-31]. However, Sapountzi et al. [6] pointed out that an increase
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in the ionic conductivity of the anolyte solution by decreasing the pH may lead to an extended
reaction anodic zone. It may lead to an extra pathway for protons to move increasing the number
of contact triple points (electrolyte/catalyst particles/electronic support), which enhances the
anodic electro-oxidation reaction. Both opposite effects may explain the existence of an optimal
pH value (2.25), which lead to the lowest anodic charge transfer resistance and the highest ethanol
electro-reforming activity as shown on the experiments collected in Figure 3.

Continuing with the experimental protocol explained on the experimental section, in order
to study the stability and degradation of the MEA due the presence of different HoSOs-ethanol
solutions, linear voltammetry tests were also performed after the mild-term durability tests (for
comparison purposes with the fresh MEA). Figure 5 shows the comparison of the polarization
curves before and after the chronopotentiometry experiments for the representative MEAs (MEA
1, MEA 3 and MEA 4). A slight degradation of the MEA can be observed in the experiment run
in absence of HoSOs4 (MEA 1), while this degradation becomes much more important under
presence of H2SO4 0.05 mol-L! (MEA 4). However, MEA degradation was almost negligible in
case of MEA 3, working under presence of H2SO4 0.01 mol-L"! (the current-potential curves were
almost the same before and after the chronopotentiometry experiments for 36 h). It has been shown
that osmosis is the most important driving force for the membrane swelling process, being the
swelling of the Nafion membrane lower under presence of H>SO4 in comparison with the presence
of H>O [32]. Therefore, the addition of H>SO4 on the experiments with MEA 3 may decrease the
swelling degree of the membrane improving its stability along the mild term experiment of Figure
4. However, it can be observed that the addition of a higher concentration of H>SO4 led to an
important difference on the linear voltammetry curves shown on Figure 5 ¢) (MEA 4). Hence, a

strong degradation of the MEA is clearly observed, which could be related to the oscillatory
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behaviour of this MEA on the last cycle of the chronoamperometry (Figure 3) under the constant
current application of 0.35 A. It is also interesting to note the positive effect of the optimal H>SO4
addition to the anolyte feed stream on the MEA 3. In this case, by comparison of linear
voltammetry curves at 80 mA-cm obtained after the chronoamperometry (for MEA1 and MEA3),
an important decrease of the energy requirements for hydrogen production (Figure S4) can be
calculated from 37.52 kWh-kguo! to 29.75 kWh-kguz!. This improvement effect of 21 % on the
energy requirement, caused by addition of an optimal amount of H>SO4, may be of great practical
importance when using this technology especially with real bio-ethanol streams, typically

characterized by pH values below 4.

3.3. Anode characterization after electrochemical reforming experiments

Pt-Sn/C anodic catalysts were characterized after chronopotentiometry experiments and
then compared to the fresh sample, which was equivalently prepared only for characterization
purposes, by different characterization techniques.

Figure 6 depicts XRD analysis of both fresh and used Pt-Sn anodic electrode from MEAs
1, 3 and 4. Typical diffraction peaks of Pt and C were clearly observed. In good agreement with
previous studies [13], no peaks corresponding to Sn were observed due its poor crystallinity.
However, a decrease of the intensity of the diffraction peaks can be observed in case of MEA 4,
which was tested with the highest H2SO4 concentration (0.05 mol-L ™). It seems to indicate that,
on this latter case, the presence of a high concentration of sulfuric acid may lead to a considerable
dissolution of the metal loading deposited on the carbon paper, then removing part of the active
phase for the ethanol electro-oxidation reaction, which may explain the strong degradation

observed in Figure 5.
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On the other hand, Figure 7 shows the thermogravimetric analysis developed under air
atmosphere for the same anodic catalysts. It can be observed that the fresh anode and those used
in MEAs 1 and 3 show a weight loss of around 92 %. This weight loss corresponds to the removal
of carbon coming from both the catalyst support and the gas diffusion layer and NAFION
indicating that, in these three cases, a final value of around 8 % of metal (Pt-Sn) loading was kept
on the sample. However, thermogravimetric characterisation of the anode on MEA 4, tested under
the highest H>SO4 concentration, revealed that only around 1.5 % metal remained on the catalyst
after the electrocatalytic tests. Considering the same initial content of Pt, Sn, Carbon and NAFION
on the four electrodes and the similar TGA results on the electrodes coming from MEA 1 and 3
with a completely fresh electrode, the differences in the electrode coming from MEA 4 could be
ascribed to an initial lower metal content. It corresponds to a partial loss of the nominal loading
by prior dissolution in the over-acidified anolyte. Therefore, in good agreement with XRD results,
TGA analysis confirmed a strong dissolution of the Pt-Sn/C anodic catalyst in MEA 4, treated
under H2SO4 0.05 mol-L™!, which would explain the degradation behaviour shown on Figure 5.

4. Conclusions
The following conclusions could be drawn from this study:

— The addition of an optimal concentration of an acid electrolyte such as HoSO4 enhances the
activity and stability of a Pt-Sn/C-Nafion-Pt/C (anode-solid electrolyte-cathode)
membrane electrode assembly used for the renewable hydrogen production from
electrochemical reforming of ethanol.

— H2SO4 added to the anolyte solution is not consumed neither electrolyzed at the explored
conditions, being ethanol the unique source for hydrogen production via ethanol electro-

oxidation.
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— The addition of HoSO4 does not improve the ionic conductivity of the electrolyte but
decreases the anodic charge transfer resistance up to an optimal value. It can be attributed
to two countervailing effects: the increased kinetics of ethanol electrooxidation at higher
pH values and an extended reaction anodic zone induced by the H" on the solution at lower
pH values.

— The addition of HoSO4 enhances the stability of the MEA up to an optimal concentration
of 0.01 mol-L!. A higher concentration of H»SO4 close to 0.05 mol-L! results in the
dissolution of the active phase of the anodic catalyst.

— The addition of an optimal H>SO4 concentration allows the operation for mild working
times by decreasing the energy requirement for ethanol electrolysis in more than 20 % at

high current density values (~100 mA-cm™).

Acknowledgements

We gratefully acknowledge the Spanish Ministry of Economy and Competiveness (project
CTQ2016-75491-R) for the financial support. A.B. Calcerrada would also like to thank Junta de
Comunidades de Castilla-La Mancha (JCCM) and European Social Found for the financial

support.

References

[1] A. Caravaca, F.M. Sapountzi, A. de Lucas-Consuegra, C. Molina-Mora, F. Dorado, J.L.
Valverde, Electrochemical reforming of ethanol-water solutions for pure H2 production in a PEM

electrolysis cell, Int. J. Hydrog. Energy, 37 (2012) 9504-9513.

15



[2] A. de Lucas-Consuegra, A.B. Calcerrada, A.R. de la Osa, J.L. Valverde, Electrochemical
reforming of ethylene glycol. Influence of the operation parameters, simulation and its

optimization, Fuel Process. Technol., 127 (2014) 13-19.

[3] M. Carmo, D.L. Fritz, J. Mergel, D. Stolten, A comprehensive review on PEM water

electrolysis, Int. J. Hydrog. Energy, 38 (2013) 4901-4934.

[4] C. Lamy, B. Guenot, M. Cretin, G. Pourcelly, A kinetics analysis of methanol oxidation under
electrolysis/fuel cell working conditions, in: P. Atanassov, S.D. Minteer, M. Shao (Eds.)
Symposium on Electrocatalysis 7 - 227th ECS Meeting, Electrochemical Society Inc., 2015, pp.

1-12.

[5] D. Ferrero, A. Lanzini, M. Santarelli, P. Leone, A comparative assessment on hydrogen
production from low- and high-temperature electrolysis, Int. J. Hydrog. Energy, 38 (2013) 3523-

3536.

[6] F.M. Sapountzi, M.N. Tsampas, H.O.A. Fredriksson, J.M. Gracia, J.W. Niemantsverdriet,
Hydrogen from -electrochemical reforming of C1-C3 alcohols using proton conducting

membranes, Int. J. Hydrog. Energy, 42 (2017) 10762-10774.

[7] C.R. Cloutier, D.P. Wilkinson, Electrolytic production of hydrogen from aqueous acidic

methanol solutions, Int. J. Hydrog. Energy, 35 (2010) 3967-3984.

[8] A.T. Pham, T. Baba, T. Shudo, Efficient hydrogen production from aqueous methanol in a
PEM electrolyzer with porous metal flow field: Influence of change in grain diameter and material

of porous metal flow field, Int. J. Hydrog. Energy, 38 (2013) 9945-9953.

[9] S. Uhm, H. Jeon, T.J. Kim, J. Lee, Clean hydrogen production from methanol-water solutions

via power-saved electrolytic reforming process, J. Power Sources, 198 (2012) 218-222.

16



[10] A.T. Marshall, R.G. Haverkamp, Production of hydrogen by the electrochemical reforming
of glycerol-water solutions in a PEM electrolysis cell, Int. J. Hydrog. Energy, 33 (2008) 4649-

4654.

[11] J. de Paula, D. Nascimento, J.J. Linares, Influence of the anolyte feed conditions on the
performance of an alkaline glycerol electroreforming reactor, J. Appl. Electrochem., 45 (2015)

689-700.

[12] S. Kongjao, S. Damronglerd, M. Hunsom, Electrochemical reforming of an acidic aqueous

glycerol solution on Pt electrodes, J. Appl. Electrochem., 41 (2011) 215-222.

[13] A.R. de la Osa, A.B. Calcerrada, J.L. Valverde, E.A. Baranova, A. de Lucas-Consuegra,
Electrochemical reforming of alcohols on nanostructured platinum-tin catalyst-electrodes, Appl.

Catal. B Environ., 179 (2015) 276-284.

[14] C. Lamy, T. Jaubert, S. Baranton, C. Coutanceau, Clean hydrogen generation through the
electrocatalytic oxidation of ethanol in a Proton Exchange Membrane Electrolysis Cell (PEMEC):

Effect of the nature and structure of the catalytic anode, J. Power Sources, 245 (2014) 927-936.

[15] Y.X. Chen, A. Lavacchi, H.A. Miller, M. Bevilacqua, J. Filippi, M. Innocenti, A. Marchionni,
W. Oberhauser, L. Wang, F. Vizza, Nanotechnology makes biomass electrolysis more energy

efficient than water electrolysis, Nat. Commun., 5 (2014).

[16] A. de Lucas-Consuegra, A.R. de la Osa, A.B. Calcerrada, J.J. Linares, D. Horwat, A novel
sputtered Pd mesh architecture as an advanced electrocatalyst for highly efficient hydrogen

production, J. Power Sources, 321 (2016) 248-256.

17



[17] A. Jablonski, A. Lewera, Electrocatalytic oxidation of ethanol on Pt, Pt-Ru and Pt-Sn
nanoparticles in polymer electrolyte membrane fuel cell-Role of oxygen permeation, Appl. Catal.

B Environ., 115-116 (2012) 25-30.

[18] A. Caravaca, A. De Lucas-Consuegra, A.B. Calcerrada, J. Lobato, J.L. Valverde, F. Dorado,
From biomass to pure hydrogen: Electrochemical reforming of bio-ethanol in a PEM electrolyser,

Appl. Catal. B Environ., 134-135 (2013) 302-309.

[19] J. Loipersbock, M. Lenzi, R. Rauch, H. Hofbauer, Hydrogen production from biomass: The
behavior of impurities over a CO shift unit and a biodiesel scrubber used as a gas treatment stage,

Korean J. Chem. Eng., 34 (2017) 2198-2203.

[20] L. Jiang, A. Hsu, D. Chu, R. Chen, Ethanol electro-oxidation on Pt/C and PtSn/C catalysts in

alkaline and acid solutions, Int. J. Hydrog. Energy, 35 (2010) 365-372.

[21] F. Vigier, C. Coutanceau, F. Hahn, E.M. Belgsir, C. Lamy, On the mechanism of ethanol
electro-oxidation on Pt and PtSn catalysts: Electrochemical and in situ IR reflectance spectroscopy

studies, J. Electroanal. Chem., 563 (2004) 81-89.

[22] C. Lamy, S. Rousseau, E.M. Belgsir, C. Coutanceau, J.M. Léger, Recent progress in the direct
ethanol fuel cell: Development of new platinum-tin electrocatalysts, Electrochim. Acta, 49 (2004)

3901-3908.

[23] N. Gutiérrez-Guerra, M. Jiménez-Vazquez, J.C. Serrano-Ruiz, J.L. Valverde, A. de Lucas-
Consuegra, Electrochemical reforming vs. catalytic reforming of ethanol: A process energy

analysis for hydrogen production, Chem. Eng. Process.: Process Intensification, 95 (2015) 9-16.

[24] E.M. Gray, C.J. Webb, J. Andrews, B. Shabani, P.J. Tsai, S.L.I. Chan, Hydrogen storage for

off-grid power supply, Int. J. Hydrog. Energy, 36 (2011) 654-663.

18



[25] F. Barbir, PEM electrolysis for production of hydrogen from renewable energy sources, Solar

Energy, 78 (2005) 661-669.

[26] H. Ju, S. Giddey, S.P.S. Badwal, R.J. Mulder, Electro-catalytic conversion of ethanol in solid

electrolyte cells for distributed hydrogen generation, Electrochim. Acta, 212 (2016) 744-757.

[27] N. Wagner, E. Giilzow, Change of electrochemical impedance spectra (EIS) with time during

CO-poisoning of the Pt-anode in a membrane fuel cell, J. Power Sources, 127 (2004) 341-347.

[28] H. Ju, S. Giddey, S.P.S. Badwal, The role of nanosized SnO2 in Pt-based electrocatalysts for
hydrogen production in methanol assisted water electrolysis, Electrochim. Acta, 229 (2017) 39-

47.

[29] M. Jing, L. Jiang, B. Yi, G. Sun, Comparative study of methanol adsorption and electro-
oxidation on carbon-supported platinum in acidic and alkaline electrolytes, J. Electroanal. Chem.,

688 (2013) 172-179.

[30] S.C.S. Lai, S.E.F. Kleijn, F.T.Z. Oztiirk, V.C. van Rees Vellinga, J. Koning, P. Rodriguez,
M.T.M. Koper, Effects of electrolyte pH and composition on the ethanol electro-oxidation

reaction, Catal. Today, 154 (2010) 92-104.

[31] A.V. Tripkovi¢, K.D. Popovi¢, B.N. Grgur, B. Blizanac, P.N. Ross, N.M. Markovi¢, Methanol
electrooxidation on supported Pt and PtRu catalysts in acid and alkaline solutions, Electrochim.

Acta, 47 (2002) 3707-3714.

[32] V. Saarinen, K.D. Kreuer, M. Schuster, R. Merkle, J. Maier, On the swelling properties of
proton conducting membranes for direct methanol fuel cells, Solid State Ionics, 178 (2007) 533-

537.

19



20



TABLES

Table 1.

Ohmic Rs / Rcr + Rmr /
[EtOH] = 4 mol-L!
Ohm Ohm
0 mol-L! 0.231 6.32
—  0.005 mol-L" 0.236 5.75
=}
=
= 0.01 mol-L! 0.228 4.62
0.05 mol-L! 0.232 5.27
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FIGURE CAPTION

Figure 1. Scheme of the overall experimental procedure performed with the different MEAs.
Figure 2. Linear voltammetry at 50 °C and 5 mV-s™' under different anolyte feeding solutions: a)
water, H2SO4 0.01 mol-L"!, Ethanol 4 mol-L™!' and Ethanol 4 mol-L™! + H2SO4 0.01 mol-L™! and b)
theoretical and experimental hydrogen production rates for Ethanol electrolysis under: 4 mol-L!
and Ethanol 4 mol-L!' + H2SO4 0.01 mol-L!.

Figure 3. Chronopotentiometry experiments at different currents for the different MEAs.

Figure 4. Nyquist plots obtained from the impedance spectra under different feeding anolyte
solutions: using Ethanol 4 mol-L! and different H>SO4 concentration from 0 to 0.05 mol-L™! at 50
°C at constant 0.5 V potential and under the application of frequencies from 10 kHz to 10 mHz
with a potential amplitude of 10 mV.

Figure 5. Linear voltammetry tests before and after the chronopotentiometry experiments for
MEA 1, MEA 3 and MEA 4.

Figure 6. XRD patterns of the Pt-Sn/C anodes before (fresh) and after the electrocatalytic
experiments of the different MEAs.

Figure 7. TGA experiments of the Pt-Sn/C anodes before (fresh) and after the electrocatalytic
experiments. Conditions: air atmosphere (flow rate = 100 mL-min™!), from room temperature to

800 °C (5 °C-min') keeping at 800 °C during 4 h.
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TABLE CAPTION

Table 1. Ohmic resistance and combined mass and charge transfer resistance calculated from the

Nyquist plot of the impedance spectra.
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