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Abstract: This study investigates the production of hydrogen from the electrochemical reforming
of short-chain alcohols (methanol, ethanol, iso-propanol) and their mixtures. High surface gas
diffusion Pt/C electrodes were interfaced to a Nafion polymeric membrane. The assembly
separated the two chambers of an electrochemical reactor, which were filled with anolyte
(alcohol+H>O or alcohol+H>SO4) and catholyte (H2SO4) aqueous solutions. The half-reactions,
which take place upon polarization, are the alcohol electrooxidation and the hydrogen evolution
reaction at the anode and cathode, respectively. A standard Ag/AgCl reference electrode was
introduced for monitoring the individual anodic and cathodic overpotentials. Our results show that
roughly 75% of the total potential losses are due to sluggish kinetics of the alcohol electrooxidation
reaction. Anodic overpotential becomes larger as the number of C-atoms in the alcohol increases,
while a slight dependence on the pH was observed upon changing the acidity of the anolyte
solution. In the case of alcohol mixtures, it is the largest alcohol that dictates the overall cell

performance.
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1. Introduction

Water electrolysis can offer environmental-friendly hydrogen production, provided the
required power can be supplied sustainably. Since some of the most important renewable energy
sources (solar and wind) are of an intermittent nature, hydrogen production can form an important
part of an energy storage strategy. Electrolysers using proton exchange polymeric membranes
(PEM) offer a compact reactor design and produce high purity hydrogen at low temperatures
(which is essential if the produced hydrogen is to be used for power production in PEM fuel cells)
[1-4]. However, the high anodic overpotentials, caused by the sluggish kinetics of the oxygen
evolution reaction, lead to significant energy losses and thus to high hydrogen production costs
compared to other methods (e.g. natural gas reforming or coal gasification) [5].

An alternative and promising approach for the production of hydrogen using PEM electrolytes
has emerged lately, named alcohol electrolysis or electrochemical reforming of alcohols or organic
solution assisted water electrolysis [6]. The power demands during this process are significantly
lower compared to water electrolysis, thus this technology can offer remarkably reduced
operational costs during long-term hydrogen production [7]. Comparison of theoretical and
experimental data regarding the efficiency of (i) a methanol PEM electrolyser coupled with a PEM
fuel cell and (ii) a Direct Methanol Fuel Cell, has shown that under certain conditions and for
specific applications (e.g. portable devices handled by humans) the first approach is more viable
[8]. Moreover, energetic analysis has shown that alcohol electrolysis is advantageous compared to
the catalytic alcohol reforming [9]. Additionally, methanol and ethanol can be produced from
biomass, while the produced CO: can be recaptured by living plants to regenerate the required
biomass [10]. Finally, the process has potential for several applications, taking into account that
short-chain alcohols are present in industrial wastewater, e.g. from Fischer-Tropsch synthesis [11]
or the silicon solar cell manufacturing industry (particularly iso-propanol) [12].

Similar as in PEM fuel cells, a Membrane-Electrode Assembly (MEA) is the heart of a PEM
electrolyser and consists of an anode, a cathode and a polymeric electrolyte. Polarization through
an external electrical circuit, causes electrooxidation of the alcohols (or other organic compounds)
at the anode of the cell. Thus, CO, COz or other organic compounds together with protons and
electrons are formed. The external circuit offers the pathway for driving electrons towards the

cathode, while at the same time protons (H") are transported to the cathode side via the polymeric



electrolyte. Upon arriving at the cathode, protons and electrons recombine and the hydrogen
evolution reaction (HER) takes place.

So far the anodic reaction, i.e. the alcohol electrooxidation, has been extensively studied in
literature and the electrooxidation activities of single alcohols have been compared under both
acidic and alkaline conditions. In these studies aqueous electrolytes have been used in single-
chamber electrochemical reactors with a three-electrode configuration, while the electrocatalysts
are typically supported on glassy-carbon substrates and not on gas diffusion supports [13-21].

The feasibility of the alcohol electrolysis concept in solid-state PEM electrolysis cells with
high surface area gas diffusion electrodes has been so far validated for the cases of methanol
[10,22-30], ethanol and second generation industrial bioethanol [6,29,31-36], and the concept has
also been applied for hydrogen production from formic acid [37], glycerol [38—41], ethylene glycol
[29,42] and other diols [43].

In these investigations polymeric electrolytes (with H™ or OH™ conductivity) have been used
and the overall process took place in PEM electrolysis cells. The effect of operational parameters
(such as temperature, flow rate and alcohol concentration) has been thoroughly investigated.
However, results from different studies are not directly comparable due to the different working
protocols followed by each group. For instance, alcohol-containing solutions, which were supplied
to the anode, were either diluted in water [6,10,22,29,31,32,38] or in acidic/alkaline solutions
[27,28,39,40]. In the case of glycerol electroreforming using OH  conducting polymeric
membranes, de Paula et al [40] showed that the KOH concentration in the anolyte solution has an
important effect on the cell’s performance. Thus the anolyte’s pH is a parameter that should not
be ignored and investigation of this effect is one of the scopes of the present article.

In our study we used H' conducting polymeric electrolytes for the production of hydrogen
through the electrochemical reforming of different short-chain alcohols (methanol, ethanol, iso-
propanol), while we investigated also the possibility of using an alcohol mixture. An alternative
reactor design allowed us to quantify individual potential losses, while we also examined the role
of the anolyte solution’s pH on the performance of each step in the overall process.

Complete membrane-electrode assemblies were introduced as separators in a dual chamber
electrochemical reactor, as done by Cloutier et al [25] for methanol electrolysis. Aqueous alcohol
and H>SOs solutions filled the reactor’s anodic and cathodic compartments respectively. The half-

reactions that took place upon polarization are the alcohols electrooxidation at the anode and the



hydrogen evolution at the cathode. High surface area gas diffusion electrodes were used in our
case, resembling the applicable system of PEM electrolysis; however, distinguished differences
exist between our system and other PEM alcohol electrolysers used in literature:

(1) Static solution was used in our case, whereas continuous flow of reactants is typically
used in PEM electrolysers. However, since our study was limited to low alcohol
conversions and to short-term experiments, the batch-type operation is expected to
provide qualitatively similar results with PEM electrolysis operated under continuous
flow.

(i1) The hereby used electrochemical cell offers a simpler design and has significantly
lower cost, thus making our system more appropriate for fundamental investigations.

(iii)  The aqueous phase in our study allows the utilization of a standard Ag/AgCl reference
electrode for monitoring the anodic and cathodic overpotentials. On the contrary,
utilization of reference electrodes in PEM electrolysers (and fuel cells) is still an issue,
even though reliable reference electrodes have been demonstrated in the literature [44—
52].

Our results show that the overall cell performance is mainly limited by the sluggish kinetics of

the alcohol electrooxidation reaction. Anodic overpotential becomes larger as the number of C-
atoms in the alcohol increases, while when using alcohol mixtures the largest alcohol dictates the
cell performance. The pH, or in other words the ionic conductivity of the anolyte solution, also

affects the performance.

2. Materials and methods
2.1 Membrane-Electrode Assembly preparation
A proton conducting Nafion 117 membrane with thickness 0.007 inch (Sigma Aldrich) was
used as the proton-conducting electrolyte. Prior to its use, the membrane was treated by successive
immersion in 15 wt% H202, 1 M H>SO4 and deionized H>O at 80°C, 2 hours for each step.
Between each treatment step, the membrane was rinsed thoroughly with deionized H>O.
Commercial gas diffusion electrodes were used for the anode and the cathode, with 1 mg/cm?
Pt (20% Pt/C) loaded on carbon cloth (ElectroChem Inc.). The geometric surface area of both
electrodes was 12.6 cm?. A polymer solution (Nafion perfluorinated ion-exchange resin, 5 % wt.

solution in lower aliphatic alcohols/H,O mix, Sigma Aldrich) was applied on the surface of the



electrodes (1.5 mg/cm?). The membrane-electrode assembly (MEA) was hot-pressed under 0.2

metric ton/cm? at 120 °C for 3 min.

2.2 Experimental setup and methods

The experiments were carried out in a dual-chamber, separated electrochemical reactor made
from borosilicate glass (Pine Research Instrumentation), shown schematically in Figure la. The
two chambers were filled with 25 ml of the anolyte and catholyte solutions respectively and were
hold together using a spherical metallic clamp. Appropriate caps were fitted with polymeric
(polyether ether ketone-PEEk) plugs and allowed the insertion of gas inlet/outlet tubes and of the
reference electrode The Ag/AgCl low profile reference electrode (Pine Research Instrumentation).
with the reference section filled with KCI1 gel was inserted in the catholyte chamber. The MEA
was clamped between the two chambers, and appropriate, spherical joint o-rings were used for
sealing of the cell. Thin Ti wires (0.25 mm, Alfa Aesar) were attached at each side of the MEA for
enabling the current collection.

During all experiments, the catholyte chamber was filled with 0.3 M H>SO4 solution.
Methanol, ethanol and iso-propanol (Sigma Aldrich, >99.5%) were introduced in the anolyte at
different concentrations, after mixing with proper amounts of either deionized H,O or 0.2 M
H>SO4. Between studies of different alcohols, the MEA was washed by immersion in ultrapure
water.

The experiments took place at room temperature. Polarization data were collected using an Ivium
Vertex potentiostat, equipped with an integrated impedance interface for carrying out the
Electrochemical impedance spectroscopy (EIS) measurements. The cell impedance was measured
using a frequency range from 10 kHz to 10 mHz with a potential amplitude of 10 mV. Potential-
current data were obtained by polarizing the cell (anode-cathode). At the same time, the individual
potentials of the anode and the cathode versus the Ag/AgCl reference electrode were recorded
using an [VIUM high impedance differential amplifier (Figure 1b). All overpotential values are
calculated versus the potential at zero cell current. Given potential values are IR-free; corrections
were made using the ohmic resistance values from EIS spectra, which were recorded between

anode-cathode, anode-reference and cathode-reference.
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Figure 1. (a) Schematic representation of the electrochemical cell. The two chambers are separated by the
MEA and a metallic clamp is used to hold together the assembly. (b) The corresponding electrical circuit
is shown. The potentials of anode and cathode vs the Ag/AgCl reference electrode, A4V z and AVcr
respectively, are measured and used for the calculation of the anodic and cathodic overpotentials. A
potentiostat/galvanostat (P/G) is used for applying constant cell potentials between anode and cathode

(4V4c) while also measures the cell current, 1.

3. Results and discussion
3.1. Deconvolution of the overpotential components

The performance of the cell during electrochemical reforming of alcohols was evaluated by
varying linearly the cell’s potential (sweep rate 10 mV/s) and recording the cell current. As the
cell is polarized, alcohol electrooxidation reactions take place at the anode producing H" and
several C-containing products (discussed in section 3.3). The thus produced H' transport through
the polymeric electrolyte, while the hydrogen evolution reaction (HER) takes place at the cathode.
The corresponding results during forward polarization scans are presented in Figure 2; in all cases
the anolyte contained 5.5 M of each alcohol + 0.2 M H>SO4 (diluted in water).

Figure 2 indicates that at standard applied overpotentials (77), smaller currents are obtained (i.e.
lower reaction rates) as the number of C-atoms in the alcohol increases. A similar trend has been
also reported in direct alcohol fuel cells (DAFCs) with proton conducting electrolytes [53,54].

However, one should take into account that the total cell potential losses are not only due to the



slow electrooxidation of alcohols (anodic overpotential); they can in principle be also partly due
to slow hydrogen evolution reaction (cathodic overpotential), slow proton transport through the
Nafion membrane (ohmic overpotential) and poor mass transfer of the reactants/products to/from
the catalyst-electrode-gas three phase boundaries (concentration overpotential). The hereby used
reactor design enables us to use a standard reference electrode and thus allows us to deconvolute

the contribution of each of these processes to the total potential losses.
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Figure 2. Dependence of current (left) and current density (right) on the applied cell overpotential (i.e.
versus the potential at zero current). Data correspond to the forward scans of linear sweep voltammograms
obtained with methanol, ethanol and iso-propanol. Sweep rate: 10 mV/s. Anolyte: 5.5 M alcohol + 0.2 M
H>SO4 in H>0.

According to the polarization curves (figure 2), no limiting current was reached in the present
study, thus we can safely consider that the concentration overpotential is negligible compared to
the activation and ohmic overpotentials. This also verifies that the cell operation was not disturbed
by poor mass transfer. The anodic and cathodic potential losses were determined by means of the
Ag/AgCl reference electrode, which allowed for continuously monitoring the potentials of the
anode and cathode. Ohmic losses were quantified via EIS measurements. Figures 3a-3c show the

corresponding results of overpotential deconvolution for the cases of methanol, ethanol and iso-



propanol. The total cell overpotential, 7, is shown together with its anodic (774), cathodic (77casm)
and ohmic (77,nm) components. It is clearly shown that in all cases the overall overpotential mainly
(~75 %) originates from the sluggish kinetics of the anodic reaction (alcohol electrooxidation);
proton transport through the electrolytic membrane has a smaller contribution while the cathodic
overpotential is negligible in all cases.

It is well-known in literature that Nafion membranes are permeable to alcohols [53,55,56]. For
this reason DAFCs which operate at high current densities suffer from large cathodic
overpotentials, caused by the blocking of the cathodic active sites by the alcohol molecules. The
absence of cathodic overpotentials observed in our case (below 30 mV) indicates that even if
alcohol crossover occurs, there is still a sufficient number of cathodic active sites available to carry
out the HER. According to Tamaki et al [56] the coverage of cathodic catalytic sites by alcohols
has a negligible effect to HER when DAFCs operate at low current densities, since the few
available catalytic sites are still enough to carry out the fast hydrogen evolution. However, a
dramatic increase in the cathodic overpotential is observed at high current densities (above 200
mA/cm? ). The current densities obtained with our cell are much lower than this threshold value,
which justifies the observed negligible cathodic overpotentials.

Figure 3d gives a comparison of the anodic overpotentials when different alcohols were
supplied to the cell. It appears that the higher the molecular weight of the alcohol, the slower is its
electrooxidation rate. Fundamental studies on the electrooxidation of aliphatic alcohols carried out
in the aqueous phase have shown also an activity trend of methanol>ethanol>iso-propanol
[37,52,53]. Based on literature, as the number of C-atoms in the alcohol increases, the overall
kinetics of alcohol electrooxidation become slower, due to the formation of strongly adsorbed
intermediates and to the need for breaking the C-C bond [57-59]. These features will be discussed

in section 3.3 of the present manuscript.
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Figure 3. (a), (b) and (c): Effect of the cell current on the total cell overpotential and on the anodic, cathodic

and ohmic overpotentials for (a) methanol, (b) ethanol, (c) iso-propanol. (d) Anodic overpotentials for
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Ohmic overpotentials were quantified from Electrochemical Impedance Spectroscopy
measurements carried out at open-circuit conditions and which are presented in the form of
Nyquist plots (Figure 4). The main characteristics of the EIS spectra are in good agreement with
those reported by Ju et al. [6] during PEM ethanol electrolysis on PtSn anodes. For all cases two
semicircles were observed in the Nyquist plots, which can be related to the cathodic and anodic
reactions respectively. Our results indicate that regardless of the kind of alcohol, the first semicircle
exhibits its maximum at 4 kHz. The appearance of the second semicircle is observed at the low
frequency region.

The total cell resistance can be derived from the intersect of the first semicircle with the
horizontal axis. The determined values are 4.1, 6.5 and 5.0 Q for methanol, ethanol and iso-
propanol respectively. These values correspond to the summation of the membrane resistance, the
interfacial resistance in the MEA and the resistance of the current collectors and the wires in the
MEA and are similar to ohmic values reported for PEM fuel cells and electrolysers operated at low
temperatures [44,60]. Note that the ohmic component shows only a slight dependence on the kind
of alcohol supplied to the cell. The observed differences can be attributed either to the protonic
conductivity of Nafion membranes being affected by the presence of different alcohols [61] or to
the different extent of Nafion swelling in presence of alcohols [62—64], which can accordingly

affect the interfacial resistances.

40
25 mHz

W
o
T
—

9 iso-propanol
m -
g0 * _01Hz
™ 4 kHz * / ethanol
10} l et e
. A
L o 1Hz A
oL odceag i methanol "
0 10 20 30 40
Zreal | Q

Figure 4. Nyquist spectra of the cell at open-circuit conditions with different alcohols. Anolyte: 5.5 M
alcohol + 0.2 M H,S0O4 in HO.



Moreover, according to figure 4, the first semicircle (at higher frequencies) is always smaller
than the second semicircle (at lower frequencies). 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 independent of the nature of the alcohol and equals to 7.4
Q in all cases. This is in accordance with the negligible cathodic overpotential (figure 3) indicating
that HER is a facile reaction. In contrast, the second semicircle becomes significantly larger as the
number of C-atoms in the alcohols increases (figure 4), which is in line with the trend of the anodic
overpotential (figure 3d).

As shown in figure 5a, changes in the alcohol concentration and polarization of the cell have
an effect only on the high-frequency semicircle of the Nyquist plots. By increasing the applied
potential, the alcohols electrooxidation gets faster and thus the second semicircle becomes smaller
(figure 5a, bottom). Furthermore, an inductive loop is observed over the low frequency and under
polarization. Similar inductive loops have been reported in literature of alcohols electrooxidation
[53,65,66] and are most likely associated with the relaxation of reaction products (or intermediate
species) which are adsorbed on the surface of the anode.

By increasing the alcohol concentration, the second semicircle becomes larger due to an
increase in the resistance of the electrode reaction (figure 5a, top). This is corroborated by the
observed decreased cell’s performance at higher alcohol concentrations (figure 5b). Literature
studies on ethanol electrochemical reforming in PEM reactors have indicated a volcano-type
behavior in the current vs alcohol concentration dependence, with a maximum current obtained at
6.0 M ethanol [31,32]. In the present case, the maximum current was obtained only at 2.0 M
ethanol concentration. Thus, the observed decrease in electrocatalytic activity when ethanol
concentration ranges between 2.0 and 5.5 M corresponds only to the right region of the volcano
curve. This shift of the maximum to lower ethanol concentrations is due to the different nature of
the anodic electrocatalyst. It is well demonstrated that the Pt-Ru electrodes, which were used by
Caravaca et al. [31,32] exhibit higher resistance to poisoning compared to Pt which was used in
the present study. Pt-Ru then can in principle tolerate operation under higher alcohol

concentrations, while Pt gets severely poisoned at relatively low ethanol concentrations [67,68].
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Figure 5. (a): Nyquist spectra of the cell recorded: (top) at open-circuit conditions for different ethanol
concentrations, (bottom) at open-circuit and under different applied overpotentials with 5.5 M ethanol +

H>O0. (b): Polarization data with different ethanol concentrations diluted in water.

3.2 Effect of the pH in the anolyte solution

In order to examine the effect of the pH in the anolyte solution, two different series of

experiments were carried out having different pH values in the anolyte solution: (i) acidic



conditions where the alcohols were mixed with 0.2 M H>SOg, indicated as “pH=0.4" (ii) neutral
conditions where the alcohols were mixed with H>O indicated as “pH=7.0". Note that the pH
values refer to the as-produced anolyte solutions. The sulfonate groups in the Nafion membrane,
however, are strongly acidic, especially when the polymer is hydrated [69] and thus the actual
conditions in the vicinity of the electrocatalytically active sites in case (ii) are slightly acidic.
However, for convenience, we use the terms “neutral conditions” and “pH=7.0" throughout this

article, since they refer to the bulk anolyte solutions.
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Figure 6. Cell’s current for different values of overpotential, pH and number of C-atoms in the alcohol.

Figure 6 summarizes the effect of the alcohol’s nature and of the surrounding pH on the
electrocatalytic activity when the cell operates under small and large overpotentials. In general,
the performance of the cell is affected by the pH in the way that higher currents were obtained

under strongly acidic conditions and this trend is more pronounced when the cell operates under



large overpotentials. Figure 7 presents the evolution of the several overpotential components when

the cell operates under ethanol in acidic and neutral conditions.

Figure 7. Effect of the cell current (bottom x-axis) and current density (top x-axis) on the total cell
overpotential and on the anodic, cathodic and ohmic overpotentials during ethanol electroreforming. Black
and grey curves correspond to different anolyte solutions. Black, solid: 5.5 M ethanol + 0.2 M H,SO4 in
H,O (pH=0.4). Grey, dashed: 5.5 M alcohol in H,O (pH=7.0). The curves correspond to the forward scans.

Fundamental electrochemical studies have shown that the electrooxidation of alcohols is
greatly affected by changing the pH from acidic to alkaline, performing better in alkaline
environments [ 70—72]. Our work was only focused on pH variations in the anolyte solution within
the acidic regime.

Regarding ohmic losses, it has been reported that the conductivity of Nafion is affected by the

pH [73], while also the swelling of Nafion due to the presence of alcohols is more pronounced in



presence of water (compared to HoSO4) [63] and thus can increase interfacial resistances. In our
case the overpotential deconvolution indicated negligible variation of the cell resistance due to
changes in the pH (6.5 Q in pH=0.4 vs 6.6 Q in pH=7). It thus appears that the decrease in the
cell’s performance at neutral conditions is the result only of slower alcohol electrooxidation
kinetics (anodic reaction). The enhanced kinetics at pH=0.4 could be attributed to the ionic
conductivity of the anolyte solution. The ions, which are present in the acidic solution, interact
with the catalyst surface and thus lead to an extended reaction zone by providing an extra pathway

for the protons to move.

3.3 Anodic reactions

The large anodic overpotentials (Figure 3d) and the large anodic impedance semicircles
(Figure 4) observed in our study for the case of iso-propanol indicate that the anodic reaction rates
are slower for heavier alcohols. This behavior can be related to the formation of poisonous
intermediate species, to difficulties in the scission of the C-C bonds or to the competitive
adsorption of alcohols and water where the steric effects are expected to be more pronounced for
larger alcohol molecules.

During operation, several half-reactions take place at the anode. Apart from the alcohol-related
reactions, water adsorption takes also place forming hydroxyl adsorbed species, which then
participate in alcohol electrooxidation as discussed below. Water adsorption follows the reaction:

H20 — OHags + H" + € (1)
For the case of methanol, the main intermediate species formed is CO, which is subsequently
oxidized to CO2 by OHags, as described in reactions (2) and (3) [70]:
CH30H — COugs + 4H" + 4¢” 2)
COads + OHags — CO, + H' +¢ 3)
However, it has been proposed that other intermediates can be formed as well, according to
reactions (4) and (5) [74,75]:
CH30H — COHags + 3H' + 3¢° (4)
CH3;OH — CH30u4s + H" + & )
For the case of ethanol, adsorbed CO, C; and C;, hydrocarbon residues have been reported as
the major adsorbed intermediates, formed during the dissociative adsorption of ethanol according

to reaction (6) [67,76-78]:



CH3CH20H — CHy, ads + COuds (6)

Acetaldehyde is a major product of ethanol electrooxidation and its formation does not involve
water molecules (reaction (7)). Typically, acetaldehyde is further oxidized to acetic acid according
to reaction (8). Ethanol electrooxidation to CO; can also take place at higher applied voltages. The

most typical reactions that can take place in the case of ethanol are [67]:

CH;CH,OH — CH;CHO + 2H" + 2¢ (7)
CH;CHO + H,0 — CH;COOH + 2H" +2¢ (8)
CH;CH,OH+ 5H,0 — 2HCOs + 14H' + 14 (9)
CH;CHOH+ 5H,0 — 2CO5> + 16H" + 16¢° (10)
CH;CH,OH+ 3H,0 — 2CO, + 12H" + 12¢ (11)

According to literature [76,79], in contrast to primary alcohols, the adsorption of iso-propanol
on Pt is non-dissociative. During cell operation, formation of acetone from iso-propanol takes
place according to reaction (12); water does not participate in this reaction [80]:

(CH3)CHOH — (CH3)>CO +2H" + 2¢° (12)
As a further step, acetone electrooxidation to CO; can also take place [79] via reaction (13):
(CH3)2CO +5H,0 — 3CO,+ 16H" + 16¢” (13)

For the simplicity of the discussion, the polarization curves presented so far in this manuscript
correspond only to the forward scans of polarization. For the cases of methanol and ethanol, the
forward and backward scans are identical; however, for the case of iso-propanol the
voltammogram contains hysteresis features (Figure 8). The current during the backward scan is
higher than in the forward scan, while two oxidation peaks are also observed under acidic
conditions.

Complex voltammograms have been reported in the literature of electrooxidation of alcohols
and they have been attributed to changes on the catalyst surface [81]. According to Shell et al.
[82,83], oxygenated Pt species formed under polarization can lead either to the oxidation of
intermediate species or to the formation of platinum oxides, while according to Varela and
Krischer [84] surface roughening/relaxation occurs. In order to verify whether the observed
behaviour is linked with an oscillatory behaviour or with an activated steady-state,
chronoamperometry experiments were performed by applying standard overpotentials for 15 min

(not shown here); no oscillations were observed in the current evolution over time.
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Figure 8. Linear sweep voltammograms, sweep rate: 10 mV/s. Forward and backward scans obtained with
iso-propanol solutions in H>SO4 (black solid line) and H,O (grey dashed line). Anolyte: 5.5 M iso-propanol
in H-O.

Hysteresis phenomena in our study were observed only with iso-propanol. This could be
related to differences between primary alcohols and secondary alcohols; e.g. dissociative vs non-
dissociative adsorption, easier cleavage of the C-C bond when an oxygen atom is present in the
C1 position [76]. Finally, since the nature of intermediate species is different for each alcohol used,
it is very likely that acetone, the product for the case of iso-propanol, is adsorbed on the
catalytically active sites, hindering further adsorption and reaction of iso-propanol and thus
causing a poisoning effect which leads to smaller cell currents [85]. After reaching the upper
potential limit, changes in the Pt oxidation state may affect the adsorption strength of iso-propanol,
acetone and water and this could possibly lead to the higher electrocatalytic rates during the
backward scan. Competition for the adsorption of (bi)sulfate anions is expected also to play a
significant role [77] and could be linked to the observed differences between neutral and acidic
media. Further experiments with acetone and n-propanol are in progress and are expected to

elucidate the origin of these hysteresis phenomena.



3.4 Alcohol mixtures

Apart from utilizing anolyte solutions with each alcohol individually as commonly done in
literature, experiments were also carried out where an alcohol mixture was supplied to the anode .
The molar concentration ratio of methanol:ethanol:iso-propanol was selected as 1.9:1.4:1.0, which
resembles the composition of Fischer-Trospch wastewater [11]. The total alcohol concentration in
the anolyte solution was 5.5 M (2.4 M methanol, 1.8 M ethanol, 1.3 M iso-propanol in H>O).

The polarization curve obtained using the alcohol mixture is presented in Figure 9, while the
curves corresponding to individual alcohols are also shown for comparison. Three main features
were observed. First, the cell performance in the alcohol mixture is lower compared to the cases
of supplying methanol or ethanol individually. Thus, one could conclude that when the alcohol
mixture is supplied to the anode, the rate of electrooxidation is dictated by the iso-propanol.
Second, no hysteresis was observed with the alcohol mixture. Third, the polarization curve with
the alcohol mixture (identical forward and backward scans) is identical to that of the backward
scan obtained with iso-propanol. It is likely that the presence of methanol and ethanol promote the

desorption of acetone and thus ensure the availability of active sites for iso-propanol adsorption.
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Figure 9. Linear sweep voltammograms, sweep rate: 10 mV/s. Backward scans obtained with the alcohol
mixture (dashed black line), methanol, ethanol and iso-propanol (solid grey lines). Anolyte: 5.5 M alcohol
iIl HzO.



4. Conclusions

The electrochemical reforming of short chain alcohols (methanol, ethanol, iso-propanol) and
their mixtures was investigated for hydrogen production. A membrane electrode assembly with
gas diffusion Pt/C electrodes and a polymeric proton conducting membrane was introduced in a
dual chamber electrochemical reactor filled with aqueous solutions. Deconvolution of the
overpotential components by means of an Ag/AgCl reference electrode indicated that the overall
cell performance is mainly affected by the sluggish anodic reaction (i.e. alcohol electrooxidation).
Cell currents under standard applied potentials were found to decrease as the number of C-atoms
in the alcohol increases, while in the case of alcohol mixtures the heaviest alcohol dictates the cell
performance. The pH in the anolyte solution does play a role on the performance in a way that the

presence of ionic agents in the solution extends the reaction zone and thus increases reaction rates.
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