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Abstract

The production of H> via electrolysis seems to be the best alternative to traditional catalytic
reforming processes. The electrolysis of lignin allows to produce pure H, while valorizing a
low-price biomass waste with (theoretically) lower energy requirements than water electrolysis.
Previous studies were published in the last years dealing with the electro-oxidation of lignin on
Ni-based catalysts. Ni is a robust non-expensive metal that presents a wide variety of oxidation
states and phase transitions. To this date, it is still not completely clear how these
states/transitions activate the lignin molecule. The aim of this study is to get more insights into
the cleavage of the main chemical bonds present in the complex lignin structure over different
Ni oxidation states. A Ni/C catalyst, prepared by the polyol method, was thoroughly
characterized and tested for the electro-oxidation of both, lignin and 2-phenoxyethanol, where

the latter is a model molecule representative of the quintessential 3-O-4 linkage in lignin.



1. Introduction

Hydrogen, as a potential energy carrier for stationary, and mainly for dynamic applications, is
gaining exponentially growing attention in the last years. The most representative example is
that some of the main automotive manufacturers are currently developing new vehicles
powered with hydrogen-fuel cells [1]. The bottleneck in the hydrogen economy remains the
efficient, economical and environmentally friendly production of this energy vector. In this
sense, natural gas steam reforming, which accounts traditionally for over 90 % of the H>
production [2], does not seem to be a suitable technology in the long-run due to the following
issues: 1) natural gas is a fossil fuel (not environmentally friendly) with limited stock, ii)
together with Ho, CO is produced in the same gas mixture, with the subsequent need of
additional units for further H» purification, iii) this process is usually performed under severe
reaction conditions (temperatures over 700 °C and high pressures [3,4]), with the subsequent
energy and economic penalty and iv) this technology leads to carbon-based emissions, and
therefore is not compatible with a future decarbonized energy system.

To overcome the main issues of that technology, water electrolysis is presented as one of the
main alternatives. This process allows for the electrochemical cleavage of the water molecule
into pure H> and O upon the application of electrical polarizations without emissions of
pollutants or CO,. Water electrolysis takes usually place on non-noble metal electrodes, mainly
nickel-based materials, although other promising materials, such as Cu-based and Co-based,
have been recently proposed as promising electrodes [5—7]. Compared to traditional steam
reforming technologies, water is an environmentally friendly molecule with (relatively)
unlimited stock, the hydrogen produced does not need for any further purification, and the
process is performed under mild reaction conditions (generally below 90 °C) [8]. The general
idea is to couple this technology to renewable energy resources (wind, solar, tidal), in a way

that the excess of energy produced by those could be stored in the form of H». Nevertheless, at



low temperatures, the thermodynamics for the water electrolysis process dictate that a minimum
cell voltage of 1.23 V should be overcome before H; actually evolves [9,10]. The anodic oxygen
evolution reaction (equation 1) in alkaline media also contributes largely to this overpotential,
compared to the cathodic H» evolution (equation 2).

20H 2> %0 +H0+2¢ (1)
2H,0+2¢ > Hy+2OH (2)
Therefore, in reality, cell potentials over 1.5 V should be applied to overcome the
thermodynamic and kinetic limitations and to produce significant amounts of hydrogen.
Furthermore, the electrical current produced by water electrolysis is directly related to the
production rate of pure hydrogen (equation 3, Faraday’s law). Consequently, the power input
to produce H», which is directly related to the applied potential (equation 4) is quite high and
not compatible with an efficient energy saving strategy.

nHa=1x (2 F)" €)

where nH> is the H» production rate in moluz s, I (A) the obtained current upon the application
of a cell potential, and F the Faraday’s constant.

Powerwatts = I X Vel “4)

where Power is power input (W) and Ve the cell potential (V).

One alternative, that is gaining growing attention in the last decades, is to substitute water in
the anodic compartment by an organic feedstock. From a thermodynamic point of view, the
electro-oxidation of organic molecules takes place at much lower potentials compared to the
above-mentioned oxygen evolution reaction. Hence, in theory, the energy input to produce
hydrogen by the electrolysis of such organic compounds is much lower. This technology has
been thoroughly studied mainly for alcohols, such as methanol [11-14], ethanol [15-20] and
glycerol [21,22]. A very interesting review article recently published by Miller et al. [23]

analyzed the feasibility of such technology aiming its exploitation considering, among other



factors, the cost of the alcohol. For instance, for ethanol (bio-ethanol), they concluded that this
process could be convenient if: 1) the alcohol is completely electro-oxidized at the anode to
maximize the electron transfer and therefore the production of hydrogen (which is usually not
the case due to the kinetic limitations of current catalysts to cleave the C-C bonds [24-26]), i1)
if the by-products of the alcohol oxidation have an added value (which is the case according to
recent publications [27]), and 1ii) if the feedstock is available at a much lower prize, which can
be the case if such feedstock is a waste.

This study is focused on the last alternative. Indeed, the thermodynamics also predict that the
electrolysis of organic wastes can produce hydrogen at lower overpotentials compared to water
electrolysis, as in the case of alcohols. In addition, this technology could valorize feedstocks of
organic wastes that are usually incinerated to produce heat, with the subsequent production of
hazardous pollutants. For instance, few recent works focused on the valorization of plastic-
wastes via electrolysis for hydrogen production [28,29]. On the other hand, the number of
publications dealing with the electrolysis of lignin is exponentially increasing in the last years
[30—42]. Lignin is a massive bio-polymer waste usually produced after the treatment of the so-
called black liquors generated by the pulping Kraft industry. The transformation of lignin into
sustainable chemicals and green hydrogen is therefore of paramount importance. In this sense,
we recently published a study dealing with the direct electrolysis of lignin in an Anion
Exchange Membrane (AEM) electrolyser in a continuous flow over noble-metal based anodes
(PtRu) [43]. We clearly demonstrated that pure H> can be produced at low cell potentials.
However, the overall performance of the electrolysis cell was low due to sluggish kinetics
towards lignin electro-oxidation. Then, aiming for a better understanding of the mechanism of
this electrochemical reaction, we investigated the electro-oxidation of a model molecule (2-
phenoxyethanol), which is representative of one of the main sub-structures of lignin: the 3-O-

4 quintessential [44]. We concluded that the electro-oxidation of PtRu electrodes is mainly



limited to the oxidation of the terminal hydroxyl function (-OH) towards the carboxylic acid (-
COOH), and that those electrodes were very prone to deactivation probably due to the strong
chemisorption of some reaction intermediates. We believe therefore that PtRu electrodes should
be substituted by either more active or at least less expensive anode materials.

Several publications have pointed out a significant performance of nickel-based electrodes for
lignin electrolysis [32—34,37,41,42,45—47]. Ni is a non-precious/non-expensive material with
high corrosion stability in alkaline media, and is commonly used for water electrolysis. In this
sense, the key Ni species to catalyze the oxygen evolution reaction have been identified as
NiOOH [48,49]. However, such active Ni species were only observed at high cell potentials
(over 1.2 V), where water electrolysis can also occur. Nevertheless, a few studies claimed that
lignin could be electrolyzed at lower potentials [37,47]. However, due to the complexity of the
lignin bio-polymer, it is still unclear under those reaction conditions what the nickel active
species are, and the main sub-structures or chemical links of lignin cleaved. Hence, the aim of
this work is to get more insights into the electrochemical performance of a Ni-based anodic
catalyst for the electro-oxidation of both, lignin and 2-phenoxyethanol, where the latter was

used as a representative of the 3-O-4 substructure of lignin.



2. Experimental
2.1. Catalyst synthesis and characterization
The objective was to prepare a Ni/C catalyst (20 % wt. Ni) by using the well-known polyol
method [27,50]. Ni(NO3)> x 6 H2O (Sigma Aldrich) was used as metal precursor, ethylene
glycol (CarlROTH) served as a reducing agent, NaOH (NORMAPUR) was used to adjust the

pH while carbon Vulcan XC-72 (Fuel Cell Store ®) was the catalytic support. Briefly, the metal

precursor and ethylene glycol were first stirred together in a beaker until complete dissolution.
Then, a strong base (NaOH 0.2 M) was added to adjust the pH to a value of 9, followed by
stirring the solution at 190 © C for 2 hours. After that, carbon Vulcan XC-72 was added to the
solution and further stirred for 48 hours at ambient temperature. The synthesis was followed by
filtering and thoroughly washing the obtained product with distillate water. Finally, the
obtained powder was dried at 80 °C in static air.

X-ray diffraction technique was used to identify the structure of the Ni/C catalyst. A D8
Advance (BRUKER) instrument equipped with Cu Ka radiation with Ni filtered Cu Ka
radiation (A Kal = 1.54184 A) was used. The diffraction intensity as a function of the angle 2-
theta was measured between 4° and 80°, with a 2-theta step of 0.0204° for 96 s per point. N>
physisorption was used to measure the specific surface area by the BET (Brunauer-Emmett-
Teller) method. For this purpose, the sample was pretreated (by degasification) at 100 °C
overnight (VacPrep 061, Sample Degas System, Micromeritics), followed by N> physisorption
on a TriStar Surface Area and Porosity Analyzer equipment from Micromeritics. The method
of Barrett, Joyner, Halenda (BJH) was applied to measure the mean pore diameter and the pore
volume of the catalyst. The idea of doing the degasification pretreatment at such low
temperature was to avoid any structural change of the catalyst. The thermogravimetric analysis
(TGA) was used to follow the thermal oxidation in air of the Ni catalyst. TGA measurements

were carried out in a Mettler MX1 instrument. The samples (5-10 mg) were analyzed without



previous treatment under atmospheric pressure with a flow of synthetic air (30 ml min™) from
room temperature to 900 °C (heating ramp : 10 °C min™") followed by a steady step (15 min) at
this temperature. Transmission electron microscopy (TEM) was performed in a JEOL 2010
LaBgs instrument with 200 kV acceleration voltage. Prior to the measurements, a dispersion of
the catalyst in ethanol was deposited on standard holey carbon-covered copper TEM grids. The
X-ray photoelectron spectroscopy (XPS) was used to determine the surface elemental
information of the as-prepared catalyst. The XPS spectra of the solids were carried out with a
Kratos Axis Ultra DLD spectrometer equipped with a hemispherical electron analyzer, using a
monochromatic Al Ka (1486.6 eV) X-ray source, operating at 225 W, 15 mA and 15 kV. Survey
spectra were recorded for all samples with a pass energy of 160 eV, 100 ms of dwell time and
1.0 eV step. High-resolution spectra were recorded with a 40 eV pass energy, dwell time of 200
ms and 0.1 eV step in the Ni 2p3p,12, O 1s and C 1s regions. The binding energy of the C 1s
peak at 284.8 eV was taken as an internal standard for the charge correction of spectra. The

CasaXPS software was used for data treatment.

2.2. Electrochemical experiments

The as-prepared Ni/C material was used as anodic electrocatalyst. To prepare the electrode, the
catalyst powder was dispersed in a solution of 2-propanol and further sprayed on a carbon cloth
(with 410 um thick microporous layer, FuelCellStore ®) with an aerograph under heating at 60
°C to evaporate the alcohol solvent. The electrode was then dried at 80 °C for 3 hours.

The electrochemical experiments were performed in both, a 3-electrode electrochemical cell,
and an AEM electrolyzer. In the 3-electrode cell, preliminary electrochemical experiments with
the 2-phenoxyethanol model molecule (volume of the solution: 150 mL, 10 g L"! of 2-PE in 1
M KOH) and KOH 1 M (volume of the solution: 150 mL) were performed. A Pt mesh

(geometric surface 4 cm?) was used as a counter electrode, and Hg/HgO served as a reference



electrode. The Ni/C catalyst prepared by the polyol method impregnated on carbon cloth (0.75
Mgeatalyst cM 2, geometric surface 4 cm?) was used as an anode. The cell was heated by means
of externally controlled water circulation in an outer chamber up to 65 °C. Before (and during)
each experiment, the system was purged with N> for 15 minutes to eliminate the presence of O
from the air.

Regarding the AEM electrolyser, the electrochemical experiments were performed in a
commercial Polymer Electrolyte Membrane (PEM) cell (Baltic fuel cells ®). The cell consisted

of an anode and a cathode separated by an alkaline polymeric membrane.
Anode/membrane/cathode were put between two Teflon gaskets which ensured the sealing of
the cell. Graphitic bi-polar plates with parallel grooves (flow channels) were used as current
collectors. The system was equipped with a temperature controller. The synthesized Ni/C

catalyst impregnated on carbon cloth (1 mgeatayst cm™), was used as anode. A commercial Pt/C
cathode (0.2 mgeatalyst cm2, 20 % wt. Pt, Fuel Cell Store ®) was impregnated on the same carbon
cloth with the same method. Both electrodes had a geometric surface of 25 cm?. An alkaline
(OH") polymeric membrane (Fumapem FAA-3-50 ®) with 45-50 um thickness was used as

electrolyte. The membrane was pretreated in 1 M KOH aqueous solution for 24 hours at room
temperature to exchange Br~ groups into OH™ groups.

In the AEM configuration, the electrolysis was performed in a recirculation mode. The anode
was supplied with 3 different solutions for further comparison: 1) alkaline solution of 2-
phenoxyethanol model molecule (volume of the solution: 30 mL, 10 g L' of 2-PE, 1 M KOH,
flow: 1.8 mL min"), ii) with alkali (Kraft) lignin (Sigma Aldrich, volume of the solution: 30
mL, 10 g L'! of lignin, 1 M KOH, flow: 1.8 mL min™), or iii) with 1 M KOH solution (volume
of the solution: 30 mL, 1.8 mL min™"), in the absence of any other organic molecules. For cyclic
voltammetry experiments, the cathode was always fed with the same 1 M KOH solution

(volume of the solution: 200 mL, flow: 1.8 mL min™"). For the chronoamperometry experiments,



the anode was supplied with the three molecules (2-PE, lignin and KOH) previously described,
while the cathode was fed with 1 M KOH aqueous solution (volume of the solution: 30 mL, 1.8
mL min). Prior to every electrochemical experiment, a chronoamperometry at 1.6 V was
applied to the system for 30 min to remove any undesirable products adsorbed on the catalytic
surface. This step was realized with KOH 1 M (30 mL, 1.8 mL min™') on the anode and KOH
1 M (200 mL, 1.8 mL min') on the cathode. Anode and cathode liquid flow-rates were
controlled with a peristaltic pump. A Potentiostat-galvanostat (Origalys ®) was used to polarize
the cell.

On the other hand, as in our previous study [29], the composition of the gas produced at the
cathode was online recorded during the cyclic voltammetry experiments in the AEM
configuration with a quadrupole mass spectrometer (Portable Quadrupole MS, Aspec). The
QMS operated under vacuum (~ 1.3 x 10 mbar), evacuated by a 70 L s™! turbo molecular drag
pump combined with a backing pump. Together with H, (m/z = 2 amu), the eventual presence
of the following compounds: H>O (m/z = 18 amu), N> (m/z = 28 amu), O (m/z = 32 amu) and
CO2 (m/z = 44 amu) was also monitored. The gas from the cathodic compartment was mixed
with a constant flow of He inert gas (33 mL min™") and further introduced into the QMS device

for the analysis. H> was the only gas detected.



3. Results and discussion
3.1. Catalyst characterization
First of all, the as-prepared powder catalyst was characterized by a wide variety of techniques
in order to identify the main nickel species that will eventually participate in the electro-
oxidation of lignin and the B-O-4 model molecule (2-phenoxyethanol). The X-ray diffraction
(XRD) technique was used to study the crystalline structure of the Ni/C catalyst. Fig. 1a shows
the XRD patterns for the catalyst as well as for the commercial Vulcan XC-72 carbon support.
For the latter, diffraction peaks at 28 ~ 25° and 43° where observed, in good agreement with
previous studies [20,51]. With regards to the catalyst, three additional peaks were obtained at
10.1°, 34° and 60°. The best suitable pattern was found to be a-Ni(OH),, since some of the
characteristic peaks for a-Ni(OH), are 11.3°, 33.4° and 60.0° which correspond to (003), (101)
and (110) interplanar distances (JCPDS NO. 38-0715, rhombohedral structure). These results
are in good agreement with a previous study by Tang et al. [51], where a a-Ni(OH)>/Vulcan
XC-72 composite was prepared by a different synthetic route, but still using common precursors
(such as ethylene glycol and NaOH). The polyol synthetic route usually leads to the production
of reduced metals supported on carbon when noble metals are used [27,50]. However, the
higher tendency of nickel to get oxidized in an alkaline environment probably explains the
formation of the a-Ni(OH): crystalline phase. In this sense, Movil et al. [37] used a modified
polyol synthetic method for the preparation of Ni/C catalyst (also for lignin electro-oxidation)
and also observed some XRD peaks corresponding to an oxidized state of Ni (NiO). In addition,
it is worth to note that the peaks obtained in the XRD spectra were broad, suggesting that the
catalyst exhibits an overall low crystallinity (~ 58 % according to the Diffract-EVA software).
This is probably because the catalyst was not annealed at high temperatures. The average
crystallite size of a-Ni(OH), estimated from the (003) diffraction peak using Scherrer's formula

was ~ 3 nm. Therefore, the results obtained by XRD seem to indicate that the synthetic route



chosen in this study led to the production of mainly a«-Ni(OH)> supported on the Vulcan XC-
72 carbon. More importantly, the catalyst exhibit very promising structural properties, with
nanometric crystallites of a-Ni(OH), despite the high Ni loading.

The N»-physisorption experiments show typical type IV with the H3 hysteresis loop type (at a
relative pressure of ~ 0.5 — 1 bar) N> adsorption/desorption isotherms (not shown here). Such
profile is indicative of a mesoporous structure, as expected. The BET specific surface area
obtained was 207 m? g'!'. A value of 235 m? g! was previously reported for a similar carbon
support (Vulcan XC 72 R) [52], suggesting that the high Ni loading (20 % wt) did not block
the mesopores. In addition, the average pore size and the pore volume were found to be 8.9 nm
and 0.3 cm? g!, respectively. These results confirmed the mesoporous nature of the catalyst,
which is relevant to favor an efficient diffusion of the reactants to the nickel active sites.

Fig. 1b shows the thermogravimetric curves for both, the catalyst and the carbon support.
Regarding the Vulcan XC-72 material, a drastic weight loss was observed after 600 °C, leading
to the total depletion of the carbon support. This is expected, considering its oxidation in a
highly oxidizing reaction atmosphere. Using these results as a baseline, the nickel loading on
the catalyst can be easily obtained by comparing the final weight loss of such material under
similar conditions. In this sense, the first part of the TGA profile obtained for the Ni/C catalyst
(Temperature < 500 °C) was very similar to those previously described by Yu et al. [53] and
Abbas et Jung [54] for a-Ni(OH), materials. The first important weight loss observed (~ 12 %
of the total weight, below 270 °C) could be ascribed, according to ref. [54], to the dehydration
of adsorbed water on a-Ni(OH), together with the phase transformation of nickel hydroxide to
nickel oxide. No further significant weight losses were observed in refs. [53] and [54] after 270
°C. However, in the present study, a progressive loss was obtained as the temperature increased
from 270 °C. The final steady state was obtained at lower temperatures compared to that for the

total oxidation of the carbon support. It seems to indicate that the nickel species catalysed the



oxidation of carbon. The fact that the first part of our TGA profile depicted an important weight
loss below 270 °C confirms, as previously described in the XRD results, the presence of a-
Ni(OH): in the as-prepared powder catalyst. The final weight loss corresponds to ~78 %. Thus,
the mass fraction of a-Ni(OH)> and XC-72 in a-Ni(OH)2/XC-72 catalyst is ~ 22 % and ~78 %
respectively, as expected considering the initial targeted concentration (20 % wt. Ni).

The catalyst was further characterized by X-ray photoelectron spectroscopy (XPS). Fig. 2 a and
b present the XPS detailed spectra of the Ni 2p3»2 and O 1s binding energy levels and their
satellites, respectively. According to literature [55—57], the deconvoluted Ni 2p3/2 peaks could
be attributed to Ni(OH). (lowest binding energy) and NiOOH species (highest binding energy),
(Fig. 2a). With regards to the O 1s spectra (Fig. 2b), the lowest binding energies at 532.9 eV
and 534.5 eV could be associated with lattice oxygen in NiO and Ni-OH, respectively. The
highest binding energy peak at 536.2 eV could be assigned to adsorbed water [55].
Transmission Electronic Microscopy (TEM) was used to observe the presence of nickel
particles on the carbon support (Fig. 2 c-d). In the selected pictures, small filament-like Ni-
based nanoparticles were clearly observed supported on carbon. The length of those filaments
varied, but their elevation was ~2-3 nm, in good agreement with the crystallite size calculations
performed from the XRD analysis. In addition, Fast Fourier Transform (FFT) analysis of the
electrons diffraction was performed on several selected particles and the spacing of the crystal
planes was calculated (Fig. S1). The results reasonably fit with a NiO structure (Fig. S1), while
o-Ni1(OH), was detected by XRD.

To summarize the characterization results, we could first conclude that the as-prepared catalyst
is composed, regardless of its high metal loading (~ 20 %), of very small nickel-based
nanoparticles dispersed on the surface of a mesoporous carbon support. As a matter of fact, this
is a very important feature, since small nanoparticles are prone to exhibit high electrocatalytic

performance. In the long run, metal nanoparticle-based electrocatalysts are more attractive than



large/unsupported metal electrodes (commonly used for water electrolysis), since the metal
dispersion is higher, leading therefore to an enhanced metal utilization in practical terms.
According to XRD performed at room temperature in air, the main nickel crystalline phase is
o-Ni(OH),. The results obtained by XPS also suggested the presence of such phase. However,
with the TEM under ultra-high vacuum conditions, we were only able to confirm the presence
of NiO small nanoparticles. We believe that a-Ni(OH)2 is most likely fully or partially
dehydrated to NiO under the high-vacuum and the electron beam required to perform the tests
in the TEM apparatus, although further experiments should be performed to verify this issue.
In any case, the electrolysis experiments will be performed in a strong alkaline environment.
Therefore, we can consider that the majority of the catalyst is based on a-Ni(OH), nanoparticles
supported on the Vulcan XC-72 carbon material in agreement with Li et al. [ 58] who suggested
that Ni(OH), was spontaneously formed when a metallic Ni electrode was placed into the
alkaline electrolyte.

3.2. Electrochemical activity
First of all, the electrochemical activity of the Ni/C-based electrode was studied on a 3-electrode
cell. Fig. 3a-c show the cyclic voltammetry experiments for alkaline water and 2-PE electrolysis
from -800 to 600 mV vs Hg/HgO at 60 °C (10 cycles, sweep scan 20 mV sec ). Figure 3a
presents three cycles (2", 5™ and 10™) for water electrolysis (only 1 M KOH solution was
introduced in the electrochemical cell). Bode’s diagram has long been adopted to illustrate the
Ni-based redox transformations during alkaline water electrolysis [48,49]. According to it, the
a-Ni(OH); initial phase would be transformed to more stable -Ni(OH)> (equation 5) through
an aging period.
a-Ni(OH)2 — B-Ni(OH)2 (5)
The latter is then oxidized to the oxy(hydroxide) phase (B-NiOOH) in alkaline media following

the reaction (6):



B-Ni(OH)>+ OH™ — B-NiOOH + H2O + ¢ (6)

On the other hand, a-Ni(OH)> could directly transform to y-NiOOH. The Ni oxy-hydroxide
form is reported to be extremely active for the oxygen evolution reaction (equation 1) which
normally occurs at E > 1.5 V vs RHE [59].

While B-NiOOH is generally considered as the active phase for the oxygen evolution reaction
[49], -N1iOOH has also been proposed to be efficient by Bediako et al. [60]. The formation of
B-Ni(OH)> seems to be irreversible (phase transition), while the production of NiOOH phases
is a reversible step [61,62].

As it was previously mentioned in section 3.1, we consider that a-Ni(OH); is most likely the
most abundant nickel species in the as-prepared anodic catalyst developed in this study by the
polyol method. Thus, considering that the transformation into $-Ni(OH); is a phase transition
process with no charge transfer, two oxidation peaks are expected during the forward scan in
the cyclic voltammetry experiment, corresponding to the formation of NiOOH active species,
and the oxygen evolution reaction. In addition, a reduction peak (normally attributed to the
reduction of NiOOH to -Ni(OH)>) is expected at ~ 0,3 V vs Hg/HgO during the backward scan
[49,61-63]. However, in Fig. 3a, with an onset potential over 0.4 V vs Hg/HgO, only one
oxidation peak is observed during the forward scan, and a strong reduction peak at ~ 0.28 V vs
Hg/HgO was observed during the reduction scan. Therefore, we suggest that the drastic current
increase during the forward scan is due to both, the electro-oxidation of Ni(OH), to NiOOH
species (reversible process), together with the oxygen evolution reaction. Finally, a smaller
reduction peak appeared at ~-0.35 V vs Hg/HgO. According to Chelaghmia et al. [64], it could
be attributed to the reduction of nickel oxide species. These NiO species could be eventually
formed from a-Ni(OH), [62]. All in all, these results suggest that the main nickel active species
in the anodic catalyst are Ni(OH)> and NiOOH (and NiO in a minor extent). Further in-situ

studies should be performed to determine the exact nature of the active Ni species.



A similar cyclic voltammetry experiment (10 cycles, -800 mV- 600 mV vs Hg/HgO, sweep
scan 20 mV sec !, 60 °C) was performed to study the alkaline electro-oxidation of 2-
phenoxyethanol (2-PE) on the Ni/C-based electrode (Fig. 3b). With an onset potential over 0.4
V vs Hg/HgO, the oxidation of the model molecule starts at the same potential than that for the
alkaline water electrolysis system. In addition, slightly higher current densities were achieved.
This suggests that the active phase for the electro-oxidation of 2-PE is the same than that for
the oxygen evolution reaction (i.e. NiIOOH). However, the reduction peaks previously observed
at ~0.28 V and to a lesser extent at ~— 0.35 V vs Hg/HgO were negligible. This indicates that
NiOOH species were consumed during the electro-oxidation process. A very similar trend was
observed in previous studies dealing with the alkaline electro-oxidation of ethanol on nickel-
based electrodes [65]. Most studies dealing with the alkaline electro-oxidation of methanol
[55,66,67] and ethanol [65,68] agree with a general mechanism where, first of all, the
electrochemical conversion of nickel to active nickel oxidized species (NiOOH) takes place. In
a second step, these active nickel species promote the oxidation of the alcohol (e.g., for ethanol,
equation 7 [65]).

4 B-NiOOH + CH3CH,OH + OH" = 4 3-Ni(OH), + CH3COO" (7)

The following features are worth mentioning: 1) first of all, this second reaction does not involve
an electron-transfer from the organic molecule to the anode. In other words, this is a chemical
process and, in general terms, is expected to exhibit slower kinetics compared to the first step.
i1) in all the references above mentioned for methanol and ethanol, it is expected that the alcohol
oxidation is limited to the formation of the carboxylic acid function. iii) the active NiOOH
species are continuously consumed (reduced) with the alcohol, but at the same time such
NiOOH species will be continuously generated in the range of electrical potentials under study,

resulting in a system that is “autocatalytic”.



In our previous study dealing with the alkaline electro-oxidation of 2-PE with PtRu electrodes
[44] we observed that this molecule exhibited a similar electro-oxidation mechanism than that
for alcohols. This seems to be the case also in the present study. Therefore we suggest, in view
of the cyclic voltammetry experiments (Fig. 3b), that after the formation of the active NIOOH
species in the electrode, the 2-PE undergoes an electro-oxidation that mostly affects the
terminal -OH bonds, leading to the formation of the 2-phenoxyacetic carboxylic acid (equation
8).

4 NiOOH + RCH20H + OH™ - 4 Ni(OH), + RCOO (8)

In addition, a slight deactivation was observed during the voltammetry experiments. It could be
attributed, as we suggested in our previous work [44], to the strongly chemisorbed reaction
intermediates (e.g., aldehydes) produced during the oxidation of the model molecule, which
gradually block the surface.

All in all, by comparing the 10" cycle of the voltammetry experiments for water and 2-PE
electrolysis (Fig. 3¢), we can summarize that, with similar onset potentials for both molecules,
the active phase required to initiate the electro-oxidation processes is the same Ni species, i.e.
NiOOH. These latter are not consumed during the oxygen evolution process. However, they
might be chemically reversibly reduced into Ni(OH), with the 2-PE model molecule (equation
8), which explains why the reduction peaks observed during the backward scan for water
electrolysis, disappeared for 2-PE electrolysis.

In order to assess the performance of the nickel-based electrode in steady state conditions with
both molecules, chrono-amperometry experiments were performed at the same reaction
temperature (60 °C) and upon the application of three different constant potentials: 400 mV,
500 mV and 600 mV vs Hg/HgO (Fig. 3d). The idea was to evaluate the activity below and
above the onset potential observed in the cyclic voltammetry experiments (Fig. 3a-c). Hence,

at 400 mV, no activity was observed for either water or 2-PE electro-oxidation. However, upon



the application of higher potentials, an important activity was observed, with a higher
performance for 2-PE electrolysis, in good agreement with the voltammetry experiments. In
addition, as we described in previous studies [44], together with the electro-oxidation processes
at the anode, the hydrogen evolution reaction takes place at the cathode (equation 2).
Considering a selective OH™ conductivity of the alkaline polymeric membrane, the hydrogen
production can be directly calculated using Faraday’s law (equation 3). Therefore, as observed
in Fig. 3d, the hydrogen production was significantly higher (gain of around 25%) in the
presence of the 2-PE model molecule. However, as opposed to the voltammetry experiments,
no important catalyst deactivation was observed during these steady tests. As a matter of fact,
the produced current (and therefore the hydrogen production) gradually increased with time in
the case of 2-PE electro-oxidation at 600 mV vs Hg/HgO electrode. We observed a similar
behavior in previous studies dealing with ethanol electrolysis [15,20], and it was attributed to
the gradual electro-oxidation of potentially poisoning species (e.g., aldehydes).

All these electrochemical experiments showed therefore that the electro-oxidation of the 2-PE
model molecule on nickel-based electrodes takes place in the same range of potentials than that
for water electrolysis (i.e., over 0.4 V vs Hg/HgO), but leads to a higher production of H». It
suggests that the formation of the NiOOH phase is required to activate (most likely) the terminal
-OH bonds present in the B-O-4 linkage. Considering that 3-O-4 sub-structure represents over
60 % of lignin units, we can expect an important extension of the electro-oxidation of the lignin
molecule over this kind of nickel-based electrode, at high cell potentials. However, lignin is
also composed of other inter-unit linkages (B-B, B-5, B-1, a-O-4, 4-O-5, etc). Therefore, we will
study the performance of the as-prepared catalyst for lignin electrolysis, in comparison with the
2-PE model molecule.

The next series of experiments were performed in an AEM electrolyser. As we discussed in our

previous study [44], AEM cells offer unique advantages compared with conventional 3-



electrode cells, mainly due to the fact that AEM is a compact/robust configuration easy to scale
up. This configuration also allows to separate the hydrogen produced at the cathode from the
oxidation products at the anode due to the presence of a polymeric membrane between both
electrodes. Fig. 4 shows a series of in-situ cyclic voltammetry experiments for water electrolysis
(Fig. 4a), 2-PE electrolysis (Fig. 4b) and lignin electrolysis (Fig. 4c) at a constant temperature
of 80 °C (10 cycles, Veen = 0-1.6 V, sweep scan 10 mV sec ™).

The results obtained for both water and 2-PE electrolysis are in good agreement with those
previously shown in the 3-electrode configuration (Fig. 3a-c). Therefore, with an onset cell
potential ~ 1.4 V, the current increase during the forward scan could be attributed to the
formation of the NiIOOH species which triggers the oxygen evolution reaction (equation 1) (Fig.
4a, water electrolysis) and the alcohol oxidation (equation 8) (Fig. 4b, 2-PE electrolysis). A
small peak was also observed during the backward scan for water electrolysis at ~ 1.3 V, which
could be attributed to the reversible reduction of NiIOOH into Ni(OH),. This peak disappeared
in the case of 2-PE electrolysis, due to the consumption of the active NiIOOH species with the
model molecule. As expected, the performance was stable for water electrolysis, but a slight
deactivation took place in the presence of the model molecule, which could be attributed to the
presence of some intermediate poisoning species, as we observed in our previous study with
PtRu-based anodes [44]. The most interesting results were obtained for the electrolysis of
lignin. As it can be clearly observed in Fig. 4c, at least two different electro-oxidation processes
took place during the forward scan, the first one with a much lower onset potential (~ 1 V)
compared to that of water and 2-PE. Previous studies clearly proved that the electro-oxidation
of simpler organic molecules including methanol [55,66,67], ethanol [65,68], glycerol [69] or
even n-propylamine, glucose and malonic acid [70] required the formation of NiIOOH, as it was
the case also in the present study with 2-PE. However, it seems that the first electro-oxidation

step for lignin does not require the formation of such Ni species. It implies that a primary



electrolysis of lignin could be performed with lower energy requirements on this catalytic
material. This first oxidation step is overlapped with a second oxidation process, which
occurred in a range of potentials compatible with the formation of NiIOOH species. However,
the overall current produced under those conditions was also higher with lignin compared to 2-
PE and water. These results primarily indicate that at low polarizations solely lignin is
electrolyzed (since water electrolysis is not thermodynamically possible at those potentials),
while at high polarizations both, lignin and water are co-electrolyzed. Therefore, the faradaic
efficiency towards lignin electro-oxidation at high potentials is expected to be lower due to the
competition with the oxygen evolution reaction (eq. 1), although further analytic experiments
should be performed in future studies to assess the extent of each electrochemical process.

Taking into account the electrochemical experiments described in Figs. 3 and 4, we suggest
therefore that the electro-oxidation of lignin occurs mainly in two steps, before and after the
electrochemical formation of NiIOOH species. In other words, at least two different oxidation
processes, catalyzed by two different nickel-based species, take place as a function of the
applied potential. Regarding the first oxidation peak, a similar behavior was previously
observed by Movil et al. [71] and Parpot et al. [47]. In the former work [71], it was suggested
that the oxidation of hydroxyl groups present in the guaiacyl units occurred in this potential
range. In the latter study [47], a series of model molecules were used, including guaiacol,
eugenol and vanillic alcohol. All these molecules have in common a primary —OH group linked
to an aromatic function. It was proposed that these OH groups were responsible for the first
oxidation peak before the formation of NiIOOH species. We believe that those results and the
new insights of this study are complementary, and therefore we can propose the following
overall reaction model: considering that one of the main nickel species in the as-prepared
catalyst is a-Ni(OH),, as we previously discussed, the irreversible phase transition towards 3-

Ni(OH), is expected. Before those species evolve into NiOOH, it seems that this  nickel



hydroxide phase has the ability to catalyze the electro-oxidation of primary alcohol groups
linked to the aromatic functions. On the other hand, when higher potentials are reached, the 3-
Ni(OH); species are oxidized into NiIOOH, and these species seemed to efficiently catalyze the
electro-oxidation of the terminal -OH groups present in the -O-4 link in lignin, which
represents a significant fraction of the lignin bio-polymer backbone. The fact that the obtained
electrical current upon the application of high potentials was higher for lignin than that for 2-
PE also demonstrates that probably other species are oxidized together with the terminal -OH
bonds. Among others, it could be due to the further oxidation of the species primarily oxidized
at lower potentials, as suggested in ref. [47].

On the other hand, it is worth noting that the lignin electrolysis undergoes a significant
deactivation (Fig. 4c). A similar deactivation phenomenon was related in ref. [47] to the surface
poisoning due to the formation of intermediate phenolate radicals from the oxidation of the
primary alcohol. This phenomenon, together with the strong adsorption of aldehyde-type
species produced at higher potentials, could explain the observed deactivation.

In order to verify the purity of the hydrogen production, during the cyclic voltammetry tests
with 2-PE and lignin (Figs. 4b and c, respectively), the composition of the gas produced at the
cathode was qualitatively measured by mass spectrometry, as we described in our previous
study for the electrolysis of a plastic model molecule [29]. Figs. 5a and b show, respectively,
the dynamic evolution of H> and CO; (in arbitrary units) for 2-PE and lignin. In both cases, H>
was the only gas detected according to our CO» detection limit of around 50 ppm. In addition,
the hydrogen production followed exactly the same trend than the electrical current, including
the decrease related to the deactivation phenomena. It demonstrates, as expected, that the AEM
technology allows to produce pure H; at the cathode of the cell. In addition, the H» production
peaks in presence of lignin are broader with a shoulder at low potential, which corresponds to

the first oxidation peak.



Finally, following a similar strategy than that for the 3-electrode cell configuration, chrono-
amperometry tests were performed under the application of constant polarizations before and
after the corresponding formation of NiOOH species. The electrochemical tests were performed
with water, 2-PE and lignin under 1.1 V, 1.3 V and 1.5 V (Fig. 6), and the hydrogen production
was calculated according to the Faraday’s law (equation 3). Upon the application of 1.1 and 1.3
V, before the formation of NiIOOH, only lignin was significantly electrolyzed. However, at 1.5
V, all molecules were electrolyzed, even though the performance for lignin electro-oxidation
was initially better than that for 2-PE, which was also higher than water, in good agreement
with the cyclic voltammetry experiments. However, as expected according to the previous
discussion, the system exhibits an important deactivation in the presence of lignin.

This comprehensive study presents new insights into the electrolysis of lignin with nickel-based
catalysts, mainly regarding the active nickel species and the activation of different chemical
functions of the lignin molecule. These materials will play a key role in the near future towards
the valorization of lignin for the production of hydrogen and other added-value products. Of
course, an important issue is the strong deactivation of the catalyst under electrolysis conditions.
We believe in this sense that the recent advances performed by the team of J. A. Staser [32—
34,37,41], dealing with the stabilization of Ni with other co-metals (e.g., Co, Sn) could

overcome that issue, while taking advantage of the outstanding activity of Ni.



4. Conclusions
The goal of this study was to get more insights into the electrolysis of lignin over Ni-based
materials in alkaline media. We have prepared, by the polyol method, a carbon-supported Ni
electrocatalyst, containing small filament-like Ni-based nanoparticles mainly exhibiting an a-
Ni(OH); structure. Complementary electrochemical characterizations have shown that the
electro-oxidation of the 2-PE model molecule (representative of the $-O-4 linkage in lignin)
requires the electrochemical formation of NiIOOH species, which are only produced at high cell
potentials compatible with the oxygen evolution reaction. On the other hand, the electro-
oxidation of lignin undergoes two oxidation steps. The first one, at potentials before the oxygen
evolution, was attributed to the cleavage over the Ni(OH): catalyst phase of primary —OH links
bonded to the aromatic functions. The second one after the oxygen evolution, also observed for
the 2-PE model molecule, could be linked to the oxidation over the NiOOH phase of the
terminal-OH bonds present in the quintessential B-O-4 linkage. Regardless the promising
performance of the Ni/C electrocatalyst towards lignin electro-oxidation, it suffers a significant
deactivation, probably due to the chemisorption of phenolic (at low potential) and aldehyde-
type (at high potential) reaction intermediates. Future comprehensive studies should be

performed over bi-metallic Ni-based materials in order to stabilize the activity of Ni.
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Figure 1. Characterization of the as-prepared Ni/C catalyst and the Vulcan XC-72 carbon
support: a) XRD diffraction (together with a-Ni(OH), patterns, JCPDS NO. 38-0715), b)
TGA analysis under air flow (30 mL min™!). Heating conditions: from 25 °C to 900 °C, with a
heating rate of 10 °C min'.
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Figure 2. Characterization of the as-prepared Ni/C catalyst by XPS and high-resolution TEM.
XPS spectra in the region Ni2pi2 and Ni2ps3.2 a), and Ois b). Representative TEM
micrographs c-d).
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Figure 3. Electrochemical experiments in a 3-electrode cell: a) Cyclic voltammetry of a KOH
1M solution (scan rate 10 mV s™!) from -800 to 600 mV vs. Hg/HgO (only 2™, 5" and 10"
cycle), b) cyclic voltammetry of a 2-phenoxyethanol solution (10 g L' in KOH 1M, scan rate
10 mV s™) from -800 to 600 mV vs. Hg/HgO (only 2", 5" and 10™ cycle), ¢) comparison of
the 10™ cycle of both CV experiences, d) chrono-amperometry from 400 to 600 mV vs.
Hg/HgO under a step change of 100 mV (20 min at each potential). Solution volume: 150 mL.
Temperature: 60 °C. N2 purge 15 min prior and during the experience.
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Figure 4. Cyclic voltammetry experiments in an AEM cell from 0 to 1600 mV (10 cycles,
scan rate 10 mV s™!) by varying the composition of the anodic solution to: a) KOH 1M
solution, b) 2-phenoxyethanol solution (10 g L' in KOH 1M), ¢) alkali (Kraft) lignin (10 g L™!
in KOH 1M). Cathodic solution: KOH 1 M. Volume of the anodic reservoir: 30 mL. Volume
of the cathodic reservoir: 200 mL. Liquid flow rate: 1.8 mL min™!. Temperature: 80 °C.
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Figure S. In-situ Hz (m/z = 2 amu) and CO; (m/z = 44 amu) measuring by mass spectrometry
(He dilution flow of 33 mL min-1) during the cyclic voltammetry experiment described in
Fig. 4 for: a) 2-phenoxyethanol anodic solution (10 g L'! in KOH 1M), and b) alkali (Kraft)
lignin (10 g L' in KOH 1M).
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Figure 6. Chrono-amperometry experiments under different applied potentials in the AEM
cell: a) 1.1 V,b) 1.3 V, ¢) 1.5 V. Anode solutions: KOH 1M, 2-phenoxyethanol solution (10 g
L' in KOH 1M), alkali (Kraft) lignin (10 g L"! in KOH 1M). Cathode solution: KOH 1M.
Solution volumes: 30 mL. Liquid flow rate: 1.8 mL min-1. Temperature: 80 °C.
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