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Electrooxidation of alcohols under the operating
conditions of industrial alkaline water electrolysis

Floris van Lieshout, @2 Eleazar Castafieda-Morales, &°
Arturo Manzo-Robledo ° and Dulce M. Morales @ *2

Hydrogen generation through conventional water electrolysis (CWE) is becoming increasingly prevalent on
an industrial scale. However, widespread implementation is partially hampered by the sluggish kinetics of
the oxygen evolution reaction (OER) and the severe (energy) costs associated with it. The electrooxidation
of alcohols has received great interest within the scientific community as a potential alternative to the OER,
leading to the emergence of a novel field known as hybrid water electrolysis (HWE). Nevertheless, while
many efforts have been made by multiple stakeholders to give direction to CWE research with the aim of
boosting its widespread industrial implementation, the same cannot be said for HWE. In this work, we
provide an overview of target performance indicators for industrial alkaline CWE, and we discuss the extent
to which the alcohol oxidation reaction (AOR), conducted under similar conditions, reaches those targets.
Furthermore, we identify and discuss additional targets required for industrial application of HWE, with
specific sections dedicated to the topics of selectivity and circularity of HWE products. In addition to this,
we discuss the role that effective reactor design has in combating challenges associated with upscaling of
HWE, followed by a description of novel approaches used in the literature. Finally, recommendations are
given aiming to direct future research efforts towards industrial application of the AOR with simultaneous
hydrogen production.

Keywords: Electrolysis; Alcohol electrooxidation; Alkaline water electrolysis; Hybrid water electrolysis;
Industrially relevant conditions.

friendly processes. This is well reflected in the price
discrepancy between green hydrogen and its environmentally

A sustainable and abundant source of green hydrogen has
been regarded as an essential component in the current
technological efforts to decarbonize refining, transportation
and energy-related industries."”” Particularly, it has become
urgent to reduce the harmful environmental impact of well-
established industrial processes that depend on the use of
large amounts of hydrogen, typically sourced from steam
reforming, such as the Haber-Bosch process. Furthermore,
emerging technologies such as direct CO, hydrogenation® or
Fischer-Tropsch synthesis® will require an abundant stream
of green hydrogen to become feasible green alternatives to
current fossil-based sources. While the Sustainable
Development Goals, established in 2015 by the United
Nations, address these needs,” they are often in conflict with
the financial feasibility of alternative, environmentally-
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harmful counterparts, such as grey or blue hydrogen, which
involve the co-generation of CO, in their production.®
Globally, green hydrogen represents only about 4% of the
total hydrogen production.” The low market for green
hydrogen could be associated to its low price-competitiveness
compared to hydrogen produced via fossil fuel-based
methods, such as steam reforming, which emit seven times
the amount of CO, per kilogram of hydrogen generated.®
Currently, there is a sizeable research momentum behind the
industrial deployment of large-scale water electrolyzers to
reduce the previously mentioned price discrepancy and meet
sustainability targets. These efforts are primarily focused on
scaling up lab-scale water electrolysis to an industrial level
while maintaining a sufficiently high energy and cost
efficiency.” This transition is promoted by large
intergovernmental organizations, such as the International
Renewable Energy Agency (IRENA) and the European Clean
Hydrogen Partnership (ECHP), which have set out technical
targets for the next 25 years to achieve widespread industrial
adoption of water electrolysis.>'® Despite these efforts,
conventional water electrolysis (CWE, Fig. 1a) still faces

Ind. Chem. Mater., 2026, 4, 7-32 | 7


http://crossmark.crossref.org/dialog/?doi=10.1039/d5im00071h&domain=pdf&date_stamp=2026-01-28
http://orcid.org/0009-0005-0976-1046
http://orcid.org/0009-0009-0661-156X
http://orcid.org/0000-0002-8570-4028
http://orcid.org/0000-0002-9420-2724
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5im00071h
https://pubs.rsc.org/en/journals/journal/IM
https://pubs.rsc.org/en/journals/journal/IM?issueid=IM004001

Open Access Article. Published on 03 July 2025. Downloaded on 6/18/2026 3:15:04 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Review

a Conventional water electrolysis (CWE)

Separator

OER HER

Cathode

lon transport

View Article Online

Industrial Chemistry & Materials

b Hybrid water electrolysis (HWE)

Separator

HER

Cathode

lon transport

Fig. 1 Schematic illustration of (a) conventional water electrolysis and (b) hybrid water electrolysis.

challenges. Particularly, the anode process, the oxygen
evolution reaction (OER), has been identified as the main
bottleneck in terms of energy efficiency for industrial
implementation this technology due to its sluggishness and
the difficulty to achieve long-term stability with highly active
electrocatalytic materials."" Hybrid water electrolysis (HWE)
has been recognized in recent years as an approach to
remediate some of the shortcomings of CWE."” In a hybrid
water electrolyzer, a reaction alternative to the OER takes
place at the anode, usually the electrooxidation of an organic
compound (Fig. 1b, right), enabling thereby the following
advantages:

o Saving energy: the electrooxidation of organic
compounds, such as low-weight alcohols has shown to be
thermodynamically more favorable than the more energy-
intensive OER which occurs at 1.23 V vs. RHE."*'* Replacing
the OER by such alternative anode reaction translates into a
decrease in the cell voltage required for the overall process,
and an increment in the energy conversion efficiency for
hydrogen production (see section 2.2). Furthermore, it has
been reported that these benefits can be obtained using
catalytic materials based on earth-abundant metals, such as
nickel and cobalt, for electrolysis in alkaline media.">'®

o Inhibition of the OER: it has been shown that under
certain conditions, the alcohol oxidation reaction (AOR) may
partially or completely inhibit the OER."” Implementing this
reaction in a HWE provides the possibility of circumventing
one of the greatest safety risks associated with CWE, namely,
H, and O, crossover through a membrane or separator, from
which explosive mixtures can be formed."®

o Production of valuable chemicals: the partial oxidation of
organic compounds, including low-cost alcohols, can result
in the formation of value-added products of commercial
interest, potentially increasing the economical attractiveness
of the electrolytic process as a whole in addition to the
production of green hydrogen.'® Furthermore, the alcohol
substrates can often be sourced from waste streams. An
example of such a compound is glycerol, originating as a
large side stream from the transesterification reaction used
for the production of biodiesel.>* Another example is ethanol,
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which can be produced through fermentation of biomass.> A
vast array of “small molecule” oxidation reactions have been
shown to produce hydrogen with relatively high energy
efficiency with concurrent generation of value added
products.”>*

o Greenhouse gas (GHG) reduction efficiency: it has been
shown that, if HWE is optimized on a process level, its ability
to reduce GHG emissions per MWh of electricity invested is
almost twice the amount when compared to CWE. This
feature will elevate HWE on the priority list for the allocation
of the scarce resource, renewable electricity.>*

With these shortcomings remediated, HWE could prove
industrially interesting. Despite this, limited research has
been devoted to investigating HWE under the operating
conditions that are relevant for industrial water electrolysis
in alkaline media. Furthermore, it could be the case that
the industrially relevant conditions for HWE differ from
those of CWE; however, to the best of our knowledge, no
attempt has been made at gauging what these conditions
could be.

Herein, we address this knowledge gap by reviewing
recent literature on HWE, specifically concerning the
oxidation of alcohols as anode process, investigated under
conditions that are relevant for industrial water electrolysis
in alkaline media. In section 2, we provide an overview of the
mentioned conditions, which are set as targets for industrial
CWE, and are related to three key parameters: i) the current
density requirements (with their associated overpotentials
and voltages), ii) the operating temperature and iii) the
electrolyte composition. By drawing parallels with targeted
industrial conditions set out for CWE in alkaline media, an
overview is provided on the feasibility of implementing the
HWE under similar conditions. Recognizing the complexity
that an alternative anode reaction brings to the process, the
challenges inherent to HWE (including the need to achieve
high selectivity and circularity) are discussed in section 3.
Further, in section 4, we discuss the possibilities of
enhancing the applicability of HWE through reactor and
process design as reported in the literature. Lastly, a
summary is provided in section 5 which functions as an
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outlook for industrial application of HWE and provides
recommendations to give direction for future research on
HWE.

2 HWE under the target conditions
for industrial water electrolysis in
alkaline media

In this section, the current state of the art concerning
industrial CWE will be discussed, along with goals for future
improvements set by notable stakeholders such as IRENA
and ECHP. Considering both the present advancements and
the future trajectory of industrial CWE, including their key
performance indicators (KPIs), studies performing HWE
under similar conditions will be examined.

2.1 Target conditions for alkaline water electrolysis

In recent literature concerning CWE technology, increasing
attention has been paid to industrial applicability.”*>>’
This has resulted in collective efforts to define current and
future performance targets. Examples of these efforts can
be found in the IRENA report concerning the reduction of
green hydrogen cost’ and in the Strategic Research and
Innovation Agenda defined by the ECHP.'® In these reports,
targets are set for relevant KPIs such as current density,
voltage, temperature, stability and system efficiency. These
targets are meant to serve as a benchmark and thereby
provide guidance for future research. Therefore, in this
section an overview of the targets set for CWE are
summarized (Fig. 2), focusing in particular on (i) current
density and voltage, (ii) electrolyte composition, and (iii)
operating temperature. It is important to mention that
there are additional, highly relevant targets related to long-
term performance, energy consumption and cell pressure.
However, these are out of the scope of this review due to
the limited number of reports that address these in the
context of the AOR or of HWE.

1) Current density and voltage. During an electrolysis
process, the electrochemical cell requires more energy than
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what is thermodynamically expected to drive each of the half-
reactions. This additional energy is known as overpotential
(7). 1t is often determined from voltammetric experiments at
a certain current density to evaluate and compare the activity
of electrocatalytic materials towards certain half-reaction,
including the OER.>® Eqn (1) gives a relation between 5 and
the electrode potential (E) of a reaction,

E=E°+n+iR (1)

where E° is the standard potential of the electrochemical
reaction, and iR is the ohmic drop in the electrode potential
due to the current flowing (/) and the (uncompensated)
resistance (R).>° The voltage that is required to run the
reaction is the difference in the electrode potentials of the
two half-reactions, and, therefore, a combination of all the
previously mentioned variables, including the overpotentials.
Moreover, the overpotential is influenced by parameters such
as the electrode surface area (4), the nature and quality of the
electrode films, the reactor geometry, the electrolyte
composition and the operating conditions, in addition to the
electrocatalytic capabilities of a given electrode material. In a
large-scale water electrolyzer, the high overpotentials
required to reach the targeted current densities lead to
various issues,’® such as:

o Increased energy consumption: the energy supplied is not
efficiently used for the desired reaction, related partly to
energy losses in the form of heat, which in turn increases the
operational costs.

o Side reactions: high overpotentials imply that it is
necessary to apply higher voltages to the electrochemical
system, which can induce unwanted side reactions that
compete with the main electrooxidation process, limiting its
efficiency and selectivity.

o Reduced hydrogen production efficiency: a high
overpotential translates into a limitation in the reaction rate
at the cathode, thus decreasing the overall hydrogen output.
This also means that larger cell sizes are required to achieve
a desired production rate, affecting the compactness of the
electrolyzer and increasing the associated costs.

> T

Nominal current density (A cm?): 0.6
Voltage range (V): 1.4 -3

Electricity consumption (kWh kgH,"): 50
Degradation* (% 1000 h-"): 0.12
Operating temperature (°C): 70 - 90

Cell pressure (bar): < 30

Nominal current density (A cm?): 1.0
Voltage range (V): No goal given
Electricity consumption (kWh kgH,"): 48
Degradation* (% 1000 h-'): 0.10

Operating temperature (°C): No goal given

Cell pressure (bar): No goal given

Nominal current density (A cm3): > 2
Voltage range (V): < 1.7

Electricity consumption (kWh kgH,"): < 45
Stack lifetime (h-'): 100 000

Operating temperature (°C): > 90

Cell pressure (bar): > 70

Fig. 2 A timeline of the technical advancements related to alkaline water electrolysis proposed by the International Renewable Energy Agency
(IRENA),? the Joint Hydrogen Undertaking (JHU) developed by European Clean Hydrogen Partnership (ECHP),'® and an overview of the state of the
art as given by the JHU and IRENA in 2020. *Degradation is defined here as the energy efficiency loss when running at nominal capacity for a

given time.
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In CWE, a prime focus resides in the energy efficiency
of the process, i.e., what input voltage must be applied to
reach a certain current density. For many years, the
performances of OER catalysts were typically evaluated
based on their overpotential at a current density of 10 mA
ecm™2, proposed as a benchmark methodology in 2013,
which corresponds to a 10% efficient solar-to-fuel
conversion device. However, it has been shown that this
figure is often not representative of the performance at
higher current densities. Considering the reports by IRENA
and the ECHP for alkaline water electrolysis, state-of-the-art
nominal current densities are in the range between 0.2 and
0.8 A cm™ at an input voltage between 1.4 and 3 V, which
renders evaluations done at 10 mA cm™> insufficient to
assess the industrial applicability of electrocatalytic
materials. Looking into the future, IRENA has set the target
of reaching a current density above 2 A ecm > at an input
voltage lower than 1.7 V by 2050. Considering that this is a
challenging goal for the immediate future, the ECHP
proposed a target to 1 A cm™> for 2030. Taking into account
that these are optimistic targets set for a much more
mature CWE technology, HWE systems could be considered
industrially relevant at this time since its current densities
already approach the ampere-level (0.3-1.0 A cm™) at an
input of less than 2 V. This is reviewed in detail in section
2.2. Furthermore, an important industrial parameter to
consider is stability, with ambitious goals of roughly
100000 h of continuous operation with minimal
degradation being targeted by IRENA. As several factors,
including electrode potential, operating temperature and
electrolyte composition, affect the stability, this will be
discussed throughout the review in sections specifically
dedicated to these. In section 2.2, we cover reports on the
AOR that target industrially relevant current densities at
low overpotentials.

2) Electrolyte composition. In typical lab-scale
investigations, performance evaluation of electrocatalytic
materials for alkaline water electrolysis is conducted in
KOH or NaOH solutions of concentrations ranging between
0.1 and 1 M. A more concentrated electrolyte solution
increases the conductivity, which is beneficial for energy
conversion efficiency. Currently, most industry-scale alkaline
water electrolyzers operate with KOH concentrations in the
range from 5 to 7 M.”> No specific targets for the variation
of electrolyte or the concentration have been proposed in
the previously mentioned reports. However, it is important
to note that this variable has a direct impact on the
operating voltage, since larger overpotentials are required
to overcome the ohmic resistances arising from
conductivity limitations. For HWE, it is particularly
important to consider this since the addition of an organic
compound may lead to a substantial increase in the
solution resistance, but a very small low concentration will
lead to other challenges related to downstream separation.
In addition to this, the (electro)chemical stability of organic
compounds as well as the employed electrocatalysts depend
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strongly on the electrolyte composition. In section 2.3, we
discuss AOR experiments conducted in strongly alkaline
electrolytes ~ with  variable concentration conditions.
Furthermore, reports concerning the concentration effect of
the alcohol in turn on the observed electrocatalytic
performance are discussed.

3) Operating temperature. Conducting electrolysis at
elevated temperatures is beneficial for CWE operation, as the
thermal energy can replace, to a certain extent, the excess of
electrical energy required. This energy can be sourced from
waste heat streams.>> In addition to this, reactions also
benefit from enhanced kinetics at higher temperatures. The
typical temperature operation window for CWE is in the
range from 70 to 90 °C, with operation targets set by IRENA
for >90 °C in the future. In this review, we cover reports that
investigate the AOR at temperatures above room temperature,
see section 2.4.

2.2 Overpotential and current density

A high overpotential induces negative consequences for
industrial electrolyzers, decreasing the energy efficiency while
increasing the production and maintenance costs, and thus
it hinders possibilities for practical application and
scalability. Substituting the kinetically sluggish OER process
with a thermodynamically more favorable electrooxidation
process, such as the AOR (Fig. 3), affords an innovative and
energy-saving hydrogen production method. Concisely, to
reach the same current density, the AOR requires low
overpotentials compared to the OER, thus overcoming several
of the issues mentioned earlier.'”**

During the electrolysis processes, intermediates are
formed on the catalyst surface. Their associated Gibbs
energy of adsorption/desorption give rise to different energy
barriers.*® The reaction mechanisms proposed for the OER
in alkaline media involve OH ions, which are adsorbed on
the catalytic sites (M) to form M-OH species, thereby
donating one electron (eqn (2)). Another OH ion is
absorbed on the M-OH site, forming M-O (eqn (3)), and
leading to two different pathways to form O,: 2M-O
produces O, leaving 2M sites available (eqn (4)), or M-O is
converted to the M-OOH intermediate by reacting with
OH™ (eqn (5)), with a fourth OH ion reacting with the
formed M-OOH species to form O, and H,O, and
transferring one electron (eqn (6)).*> The kinetics of these
reactions can be modulated by varying the nature of the
catalytic site, the pH (or OH concentration) and/or the
operating temperature.36

M+OH — M-OH +e” (2)
M-OH + OH™ — M-O + H,0 (3)
2M-0 — 2M + O, (4)
M-O + OH — M-OOH + e~ (5)

© 2026 The Author(s). Co-published by the Institute of Process Engineering,
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AOR product: value-added chemicals
Potential > 1.0 V vs RHE

OER product: O,
Potential > 1.23 V vs RHE

I I |
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Potential (V vs RHE) §
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Cell voltage

HER product: H,
Potential <0 V vs RHE

Fig. 3 Energy requirements and products of the hydrogen evolution reaction (HER), the alcohol oxidation reaction (AOR) and the oxygen

evolution reaction (OER).

M-OOH + OH — M + O, + H,O + e (6)

More complex than the OER, the AOR involves the formation
of several intermediates following various pathways. In
general, the partial electrooxidation of alcohols in alkaline
media results in the formation of aldehydes/ketones and
carboxylates. The complete oxidation reaction of a primary
alcohol is exemplified for methanol in the following.*” This
oxidation pathway requires the initial adsorption of an
alcohol molecule on the catalyst surface (seen in eqn (7)),
followed by the dehydrogenation of the hydroxyl group (eqn
(8)). Subsequently the hydrogens attached to the carbon in
the alcohol group are released dissociating the C-H bonds
(eqn (8)-(10)). That step is repeated to obtain adsorbed CO
molecule on the catalyst surface and it is then oxidized to
CO, (eqn (11) and (12)). It should be noted that the precise
mechanism of the AORs is still under investigation, for this
we refer the reader to a specialized review for a more in-
depth discussion of proposed AOR mechanisms.**

M + CH30H + OH — M(CH30H),q4s + H,0 (7)
M(CH;30H),qs + OH — M(CH30),q4s + H,O (8)
M(CH30),4s + OH — M(CH,0),q5 + H,O 9)
M(CH,0)a4s + OH — M(CHO),4s + H,O (10)
M(CHO),qs + OH™ — M(CO),qs + H,0 (11)
M(CO)aqs + 20H — M + CO, + H,0 (12)

From the electrooxidation of secondary alcohols, carbonyl-
derived groups can be formed (eqn (13)).

R-CHOH-R — R-(C=0)-R + 2¢” (13)

© 2026 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

The product obtained from the full electrooxidation of
alcohols is CO, (eqn (12)), which is rapidly converted to
carbonate (CO;*) and bicarbonate (HCO; ) species in
alkaline conditions as shown in eqn (14) and (15).*° While
the presence of these species implies a constraint for
electrochemical devices due to the precipitation of solid
carbonate crystals that may partially block the electrode and
membrane, thereby reducing the electrolyzer performance,
this also offers a route towards CO, capture, which can be
exploited for its further conversion to value-added
chemicals.">"! Tailoring reactor design to the specific needs
of the AOR will be further discussed in section 4, including
issues related to carbonate/bicarbonate formation.

20H + CO, — CO;*” + H,0 (14)

OH + CO, — HCO;~ (15)
Materials based on earth-abundant components, particularly
transition metals such as Ni and Co, have proved to be
promising alternatives to the scarce and expensive noble
metals as catalysts for the AOR in alkaline media.** A general
mechanism for electrooxidation for primary alcohols on
nickel surface in alkaline conditions was proposed by
Fleischmann and coworkers.*® Initially, nickel hydroxide
(Ni(OH),), which is formed rapidly when metallic nickel is
immersed in an alkaline electrolyte,** is oxidized to nickel
oxyhydroxide (NiOOH, eqn (16)) with a change of the
chemical state of nickel from Ni** to Ni**. The formed
NiOOH species induce the dehydrogenation of the alcohol.
The interaction between the NiOOH and the alcohol allows
the subsequent release of a hydrogen, and the reduction of
NiOOH to Ni(OH),, as shown in eqn (17). Finally, the
intermediates are oxidized forming carboxyl as seen in eqn
(18).*° 1t is generally accepted that the mechanism on the

Ind. Chem. Mater., 2026, 4, 7-32 | N
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cobalt surface is identical to that of the reaction at the nickel
surface.®”

Ni(OH), + OH™ — NiOOH + H,O + e~ (16)
NiOOH + R-CH,0OH — R-CH,O + Ni(OH), (17)
R-CH,O + 30H™ — R-COOH + 2H,0 + 3¢~ (18)

In the context of HWE, it is important to highlight that
catalysts based on these transition metals have demonstrated
a high activity towards the oxidation of numerous alcohols
(including monoalcohols, diols and triols) in alkaline media,
often exhibiting substantially lower overpotentials for the
AOR than for the OER. Electrooxidation of primary alcohols
usually takes place at anodic potentials above 1.40 V vs. the
reversible hydrogen electrode (RHE) using transition metal-
based materials as catalysts, particularly nickel.® The
associated overpotentials depend largely on what alcohol is
being oxidized. For instance, it has been demonstrated that
the efficiency of nickel-modified graphite electrodes is higher
for the AOR than for the OER in 1 M NaOH, achieving
currents in the order methanol oxidation (~15 mA cm ™) >
ethanol oxidation (~12 mA e¢m™) > 1-propanol oxidation
(~10 mA cm™) > 2-propanol oxidation (~5 mA cm™?) > OER
(<1 mA em™) at 1.55 V vs. RHE, estimated from
voltammetric data.*” In another report, a material consisting
of NiO, nanoparticles supported on multiwalled carbon
nanotubes (MWCNTs) was investigated as electrocatalyst for
the oxidation of methanol, ethanol and glycerol in alkaline
conditions (1 M KOH), showing an activity trend in the order
glycerol oxidation > ethanol oxidation > methanol oxidation
> OER, according to cyclic voltammetry data."” 1t was further
shown that not only the electrolyte composition but also the
heteroatom functionalities of the MWCNTs support have an
important influence on the observed overpotentials as well
as on the selectivity in terms of the competition between
the OER and the AOR. In the case of the glycerol oxidation
reaction (GOR), this same Ni-based catalyst achieved a
decrease in overpotential of 280 mV with respect to the
OER measured at 10 mA cm 2, while analogous catalysts
based on Co, Fe and Mn achieved lower decreases in
overpotential of 130, 90 and 40 mV, respectively."® Similarly,
in a report by Chen and coworkers, NiO particles exhibited
current densities of 7.5 mA cm™> at an electrode potential
of 1.64 V vs. RHE in the absence of any alcohol (OER),
while it was 1.54 and 1.46 V vs. RHE in the presence of 50
mM ethanol or ethylene glycol, respectively.*” Similar trends
have been reported with other transition metals. For
instance, the AOR activity of the CugyCo,, hydroxycarbonate
was analyzed, using as electrolyte 1 M KOH in the presence
of 0.1 M ethanol, ethylene glycol or glycerol, and achieving
current densities of 7.9, 23.4 and 404 mA cm 2,
respectively, at 1.6 V vs. RHE."

In several of the aforementioned reports, the
overpotentials required for the electrooxidation of diols or
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triols are lower than those required for monoalcohols.
However, this largely depends on the catalyst properties. For
instance, during the electrooxidation of various alcohols on
B-Ni(OH), catalyst in 1 M KOH, current densities of 0.17,
0.22, 5.78 and 6.05 mA cm > were measured at 1.5 V vs. RHE
in the presence of 0.1 M 1,2-propanediol, ethylene glycol,
1-propanol and ethanol, respectively, demonstrating the
highest current density in the presence of ethanol compared
to other alcohols on this catalyst surface.’® Brix and
coworkers investigated a series of LaFe;_,Co,O; materials
and demonstrated that the OER, the GOR and the ethanol
oxidation reaction (EOR) could be favored differently
depending on both the metal and phase composition.>!
Thus, further decrease in overpotentials can be achieved by
tuning the synthesis conditions, thus impacting the catalyst
composition as well as their structural and electronic
properties. For instance, Nacef and coworkers evaluated Ni
films electrodeposited from solutions with different pH (3.8,
4.5 and 6.7) as catalysts for the GOR, and it was shown that
at a deposition pH of 6.72, the resulting nickel film exhibited
a lower overpotential (1.38 V vs. RHE at 20 mA cm™?) in
comparison to the films deposited at lower pH values (1.48
and 1.69 V vs. RHE for pH 4.5 and 3.8, respectively, at the
same current density), which was attributed to a decrease in
the particle size at more alkaline conditions.®* In another
recent report, nanoparticles of Ni, NiCu and NiCo were
synthesized an evaluated as electrocatalysts for the GOR,
requiring electrode potentials of 1.49, 1.41 and 1.25 V vs.
RHE, respectively, to reach a current of 1 mA in an aqueous
solution consisting of 1 M NaOH and 0.1 M glycerol.”®
Especially for the NiCo catalyst a 200 mV drop in potential
was seen to achieve a 5 mA current for the GOR compared to
the OER.

Catalysts support may also play a role in the overpotentials
associated to the AOR. An example is found with a series of
Ni;Co; materials supported on different amounts of carbon
nanotubes (CNT), which were evaluated as electrocatalysts for
the oxidation of methanol and ethanol. The results showed
that using an optimal CNT mass loading of 35% led to
current densities of 213 and 181 mA cm ™ at 1.79 V vs. RHE
in the presence of 1 M of methanol and ethanol,
respectively.”® In another report, differential electrochemical
mass spectrometry (DEMS) was used to monitor oxygen
production during the AOR using Ni oxide nanoparticles
supported on MWCNTs with and without N-doping. It was
shown that the heteroatom functionalities of the MWCNTs
support have an important influence on the selectivity of the
oxidation of methanol, ethanol and glycerol, particularly, in
terms of the competition between the OER and the AOR."”

Clearly, integrating the AOR as anode reaction can result
in large decreases in overpotentials compared to the OER.
Table 1 shows an overview of the difference between the
overpotentials measured during the two anode reactions
(AEanode) for several reported electrocatalysts and electrolysis
conditions. While this is advantageous in terms of energy
efficiency, as discussed in section 2.1, not only low
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Table 1 Overview of anodic potential differences (AE,noq4e), defined as the difference between oxygen evolution reaction potential (Eogr) and alcohol
oxidation reaction potential (Exor), measured at the indicated current density for various noble metal-free electrocatalysts evaluated at room
temperature in alkaline media

Catalyst Electrolyte composition Eogr (V vs. RHE) Eaor (V vs. RHE) AEanode (MV) Ref.
C0,.4NiS@NF 0.05 M HMF + 1 M KOH 1.70@200 mA cm > 1.31@200 mA cm > 390 55
NiMn-LDH 3 M MeOH + 1 M KOH 1.78@100 mA cm ™ 1.41@100 mA cm ™ 370 56
CoMoO, 0.1 M glycerol + 1 M KOH? 1.42@10 mA cm™> 1.10@10 mA cm™> 314 57
Ni(OH), 0.1 M glycerol + 2 M LiOH 1.80@20 mA cm > 1.50@20 mA ecm > 301 58
NiCo/CF 0.2 M BHMF + 1 M KOH 1.89°@500 mA cm™> 1.59’@500 mA cm™> 300 59
NiCo,0,/NF 0.1 M glycerol + 1 M KOH 1.64@50 mA cm > 1.34@50 mA cm > 299 60
NiO,/MWCNTSs-O, 1 M glycerol + 1 M KOH 1.59@10 mA cm™> 1.31@10 mA cm™> 280 48
NiCo hydroxide 0.1 M glycerol + 1 M KOH 1.62°@50 mA cm ™ 1.34@50 mA cm > 280 61
0.1Cu-Ni;S,@NF 0.5 M glycerol + 1 M KOH 1.69@100 mA cm ™ 1.41@100 mA cm ™ 280 62
Ni-Mo-N/CFC 0.1 M glycerol + 1 M KOH 1.57@10 mA cm™> 1.30@10 mA cm™> 270 63
Mn, ,NiS/GF 0.1 M HMF + 1 M KOH 1.71@500 mA cm ™ 1.48@500 mA cm ™ 230 64
NiOOH-CuO 1.0 M EtOH + 1 M KOH 1.61@50 mA cm 2 1.38@50 mA cm > 228 65
NiCo,/NF 0.1 M glycerol + 1 M KOH 1.52@25 mA cm > 1.31@25 mA cm > 210 66
Ni~Co/CCE 0.1 M glycerol + 1 M NaOH 1.56°@5 mA 1.76°@5 mA 200 53
Ni(OH),/NF 0.5 M MeOH + 1 M KOH 1.52@100 mA cm ™ 1.36@100 mA cm > 160 67
NizN/NM 0.1 M benzyl alcohol + 6 M KOH 1.47@400 mA cm ™ 1.32@400 mA cm™> 150 27

Abbreviations: MWCNTs-O,: oxidized multiwalled carbon nanotubes; CFC: carbon fiber cloth; NM: nickel mesh; NF: nickel foam; GF: graphite

felt; LDH: layered double hydroxide; CF: cobalt foam; CCE: carbon cloth electrode.” Performed at 60 °C. b Estimated from voltammograms.

overpotentials but also high current densities are targeted for
industrial water electrolysis. However, literature reporting
relevant current densities during the AOR is limited, and in
very few cases values above 0.1 A cm > have been reported
(see Table 1). Considering that an operation target of >2 A
cm 2 was set for 2050,> the field of HWE could benefit of
studies conducted at current densities of 0.5 A ¢cm™ or
higher, focusing not only on achieving low overpotentials but
also catalyst stability and high selectivity (see section 3.1)
under such operating currents.

2.3 Electrolyte composition

The activity and selectivity of electrocatalysts for the AOR can
be strongly influenced by the composition of the electrolyte
solution employed. In HWE, the solution in the anode
compartment, namely the anolyte, consists usually of a
mixture of an organic compound and an electrolyte solution.
The latter presents the following characteristics: (i) it can be
maintained in the liquid phase at the operating
temperatures, (ii) it can dissolve the organic compound, and
(iii) it is able to provide sufficient ionic conductivity for the
electrolysis process.”® The selection of the supporting
electrolyte, typically a strong base such as KOH, has an
important influence on the efficiency of the AOR. For
instance, it has been shown that using bases with different
cations may lead to changes in the electrocatalytic properties
of anode materials, both in the presence and absence of an
alcohol. In a report by Chodankar and coworkers, the OER
performance of Ni,P,0, was evaluated in 2 M LiOH, NaOH
and KOH solutions, showing that in KOH the -catalyst
exhibited a superior specific capacitance and current density
for nickel oxidation due to factors such as electrical
conductivity, solvation energy and ionic radii of species.®® A
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study on glycerol electrooxidation was carried out using
electrodeposited Ni(OH), as catalyst, evaluating its
performance in 2 M of LiOH, NaOH, KOH and CsOH
solutions in the presence of 0.1 M glycerol.>® The results
showed current densities of ~58, ~59, ~65, and ~76 mA
cm > measured at 1.6 V vs. RHE, corresponding to NaOH,
LiOH, CsOH and KOH, respectively. The authors attributed
the higher current density observed in K solution to the
oxidative capability of adsorbed substrates on the catalyst
surface, which was lower in the case of Li' and the other
small cations.

Another important factor to consider is the pH of the
electrolyte. For instance, Liu and coworkers evaluated CuO as
an electrocatalyst with 0.1 M NaOH (pH 13) and 0.1 M Na,B,-
O, (pH 9) as electrolyte in the presence of 0.1 M glycerol. The
measured electrode potentials at 1 mA cm™> were
significantly different: 1.38 and 1.83 V vs. RHE for NaOH and
Na,B,0, respectively.70 A similar study was conducted using
Ni(OH), as electrocatalysts for the GOR and electrolytes with
pH values in the range from 9 to 13. A borate buffer was
chosen for pH 9-12 with addition of K,SO, to achieve similar
concentration of K ions, and 0.1 M KOH was used for pH
13. The electrode potentials measured at a current density of
4 mA cm™” in the presence of 0.01 M glycerol were 1.81, 1.74,
1.78, 1.79 and 1.80 V vs. RHE corresponding to pH values of
13, 12, 11, 10 and 9, respectively. While there was no clear
relation between the measured overpotentials and the pH of
the electrolyte, it was demonstrated that the pH influences
the Ni(OH),/NiOOH peak position (as observed in the
absence of an alcohol), where higher pH values resulted on a
shift of the peak to more positive potentials.'®

KOH is the supporting electrolyte most commonly used
for industrial alkaline water electrolysis, operating typically
with KOH concentrations in the range from 25 to 30 wt% (5-
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7 M).”" The use of highly alkaline electrolytes is associated
with an enhancement of electrolyte conductivity, a larger
availability of OH™ species (which can take part in the
electrooxidation process), an increasing ability to form active
alkoxide species, and an increment in the ionic transport.”>”?
It is important to note that the ionic conductivity of the
electrolyte increases with an increase in electrolyte
concentration while increased coulombic interactions
between the ions in the electrolyte decrease the conductivity.
Optimal ionic conductivities for KOH are found in the
concentration range between 5 and 8 M in a temperature
range from 0 to 100 °C.”* Despite this, there are only a few
reports where the electrooxidation of alcohols were
investigated in this range of alkaline conditions. For
instance, Ni oxide supported on oxidized MWCNTs was
evaluated as an electrocatalysts for the GOR in 1 and 7 M
KOH solutions, observing electrode potentials of 1.31 and
1.28 V vs. RHE, respectively, at a current density of 10 mA
em>.*® While the overpotential difference was only 30 mV,
substantial differences in selectivity and product distribution
were observed (this is discussed in detail in section 3.1).
Another example is observed with the electrolysis of 8 M
benzyl alcohol, using electrolyte solutions with different KOH
concentrations (1, 2 and 5 M) and B-Ni(OH), nanosheets as
the electrocatalyst. The results revealed lower electrode
potentials with higher KOH concentrations, achieving ~24,
~37 and ~67 mA cm? in 1, 2 and 5 M KOH, respectively, at
a potential of 1.45 V vs. RHE.”> Additionally, higher
concentration (and thus alkalinity) of the supporting
electrolyte can also lead to favorable changes in the
properties of a catalyst. For instance, CuO/Cu supported on
nickel foam (NiF) was tested as an electrocatalyst for the OER
in three different KOH concentrations. Using 3 M KOH
resulted in a more efficient change in the oxidation state of
Cu compared to lower concentrations (0.5 and 1 M),
associated to the formation of CuOOH which is the active
Cu species towards electrooxidation of alcohols.”® Another
relevant example was reported by Ghosh et al during the
evaluation of nickel mesh (NM) coated with NizN as an
electrocatalysts for the oxidation of 0.1 M benzyl alcohol
using 6 M KOH as electrolyte at an operating temperature
of 85 °C, and obtaining an industrially relevant current
density of 0.538 A cm™> at 1.45 V vs. RHE.>” Also in 6 M
KOH solution, Niz;B coated onto NF was evaluated as a
catalyst for the electrooxidation of methanol (0.5 M),
achieving an oxidation current of 62 A g (~155 mA cm ?)
at an electrode potential of 1.53 V vs. RHE.” As seen,
employing highly concentrated KOH solutions might result
in high current densities and/or low overpotentials.
However, designing sufficiently stable materials that are
electrochemically robust under these conditions remains a
challenge.”®

To identify the optimal conditions for the alcohol
oxidation process it is important to consider the
concentration of the alcohol itself. For instance, copper bars
were tested as electrocatalysts for the methanol oxidation

14 | Ind. Chem. Mater., 2026, 4, 7-32

View Article Online

Industrial Chemistry & Materials

reaction (MOR) in 1 M KOH using methanol concentrations
from 0.025 to 1 M. The results showed that an increase in
the concentration of methanol causes a quasi-linear
enhancement of the anodic currents.”” A similar study was
done on nickel/polydiphenylamine deposited onto fluorine-
doped tin oxide (Ni/PDPA-FTO) evaluated in 0.1 M KOH with
methanol concentrations from 0.5 to 2 M. It was found that
the MOR peak current was enhanced as the alcohol
concentration increased, translating in an increase in the
oxidation rate.® In addition to influencing the current
density, the alcohol concentration can also have an
important effect on the measured overpotentials.
instance, Ni deposited onto three-dimensional porous
graphene (Ni/3D-G) was evaluated as a MOR electrocatalyst
using 1 M KOH solutions containing up to 2 M methanol.
After increasing the methanol content, a marked shift of the
anodic peak was observed, from 1.58 V vs. RHE in the
alcohol-free solution to 1.36-1.41 V vs. RHE in the presence
of methanol, depending on its concentration.®’ Similar
results were found with a NiCr-based catalyst tested in 1 M
KOH solutions containing up to 3 M methanol. Remarkable
changes in current densities were registered with increasing
methanol content, increasing from 1 mA cm™> for OER to 7
mA cm? at 3 M methanol both measured at 1.6 V vs. RHE.*
However, it is important to highlight that it is not always the
case that a higher alcohol concentration results in a higher
current density and/or a lower overpotential. The effect of the
concentration of methanol and ethanol (0.05-1 M) was
studied on a hetero-union MnO,-NiO/MWCNTSs
electrocatalyst. Optimal concentrations of 0.7 and 0.5 M were
found for methanol and ethanol, respectively, while higher
concentrations resulted in a decrease in the current density,
which was attributed to the formation of alcohol oxidation
(by)products saturating (or poisoning) the catalyst surface,
preventing the adsorption of hydroxyl groups and, thus,
disrupting the alcohol oxidation reactions.®® Following this
analysis, the GOR was carried out on a Ni/C catalyst
surface varying the glycerol concentration from 0.005 to
0.1 M in 0.1 M KOH solutions. The relationship between
current density and glycerol concentration indicated a
deviation from linearity, seen as a plateau in the trend
towards higher glycerol concentrations. This could be due
to saturation of the NiOOH catalytic sites by a high
glycerol content.®® Such behavior was also observed during
the oxidation of 2-propanol on a nickel surface tested in
1 M KOH with alcohol concentrations from 0.05 to 2 M.
It was observed that the current density increases with an
increase in 2-propanol concentration up to 0.5 M, while at
higher concentrations (1 and 2 M) no further increase was
evident.®” Finally, it is also important to note that, with
an increase in the alcohol concentration, the
concentration of carbonaceous intermediates adsorbed
onto the electrode surface is also higher, which can result
in an inhibition of the OER. This was demonstrated by
means of DEMS for glycerol, ethanol and methanol using
a Ni-based catalyst.”

For
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In summary, the electrolyte composition has a strong
influence in the current densities and overpotentials
associated to the electrooxidation of alcohols. As discussed
above, this can be influenced by the nature and
concentration of both the alcohol and the supporting
electrolyte. A higher concentration of supporting electrolyte
leads to a higher amount of free ion species (such as
hydroxyl) in the solution, increasing the overall ionic
conductivity of the electrolyte, and thus, until certain extent,
increasing the current density and/or decreasing the
overpotentials. However, in highly alkaline concentrations,
other effects such as variations in the tolerance to alcohol
oxidation intermediates and (by)products, an unfavorable
competition between OH™ species and alcohol molecules for
active sites, and insufficient electrochemical stability, could
take place depending on the catalyst used. Systematic
studies on the effect of using industry-like electrolytes for
the AOR are still needed to draw conclusions. Concretely,
electrolysis conducted in KOH concentrations near ~7 M at
current densities above 0.1 A cm™> are required to assess
the potential implementation of the AOR as an alternative
anode reaction for industrial water electrolysis, ideally
involving a wide range of concentrations of different
alcohols, and a wide variety of low-cost and scalable
catalytic materials.

2.4 Operating temperature

The operating temperature plays a crucial role in every
electrocatalytic ~ process, influencing not only the
thermodynamics of the reaction, but also the reaction
kinetics, mass transport, conductivity, and stability of the
electrocatalytic materials. These are discussed in the
following.

o Reaction kinetics: with the increase of temperature, the
reaction Kkinetics rises due to more frequent collisions
between the species involved in the reaction. In other words,
an increase in temperature leads to a higher reaction rate,
which translates into a higher current density and, in the
case of the AOR, a faster conversion of the alcohol.®® This
has been studied in reactions such as the EOR. For instance,
using a Ni-B catalyst immersed in a 1 M KOH containing 0.3
M ethanol, it was observed that the EOR peak current density
increases (from 1.5 to 7.5 mA c¢m ?) with an increase in
temperature (from 10 to 35 °C).®” Higher temperatures allow
overcoming the energy activation barrier, which is defined as
the minimal energy that should be achieved for an
electrochemical reaction to occur. In the case of the
electrooxidation of small organic molecules, the activation
barrier depends on the catalytic properties of the anode, the
potential applied on the electrode/electrolyte interface, the
reaction pathway, the rate limiting step, and the relative
surface coverage of adsorbed intermediates and products on
the catalyst surface.®® The relationship between the activation
energy (E,) and the temperature (7) is given by the Arrhenius
equation® as seen in eqn (19),
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k=Ae (19)

where £ is the reaction rate constant, A is the frequency factor
that measures the rate at which collisions occur, and R is the
universal gas constant. The Arrhenius equation predicts a
decrease in the E, when temperature rises. When a reaction
is occurring, an increase in the temperature leads to a lower
interfacial charge-transfer resistance, and faster kinetics are
then observed.”® In electrochemical experimentation, the
apparent activation energy of a half-reaction at a given
potential, denoted as E,pp), is related to the E, at zero
overpotential according to eqn (20),*
Eaapp) = Ea — Bn (20)
where f is a coefficient that depends on the experimental
conditions. The E,,pp can be obtained by plotting the
measured current versus the temperature using the Arrhenius
model (eqn (21)).**
dlogj

Eq(app) = —2-303R {—}

a/1) ()

The E,(pp) is useful for assessing the electrooxidation activity
of a catalyst surface. This parameter has been determined,
for instance, on a Ni/C electrocatalysts for the GOR by varying
the temperature from 2 to 40 °C. The calculated E,(pp) was
20.4 kJ mol ™. Meanwhile, polycrystalline Ni foil was
evaluated as a catalyst for the EOR in the temperature range
from 15 to 25 °C, resulting in a calculated Eqgpp) of 49 KkJ
mol™.°® Using Cu as a catalyst, the MOR was conducted in
the temperature range from 30 to 69 °C in 0.1 M NaOH
solutions, resulting in a E,(pp) value of 33.5 KJ mol *.7°

o Mass transport and conductivity: with the increase of
temperature, the diffusion coefficient of the alcohol
molecules in the electrolyte solution increases,’*** enhancing
the mass transfer of the alcohol from the bulk solution to the
electrode surface. This was observed, for example, for ethanol
molecules diffusing from the bulk of the electrolyte to the
surface of a polycrystalline Ni foil investigated in the
temperature range from -15 to 10 °C.°> Additionally, higher
temperatures lead to increased transfer of charged species.
The specific conductivity of KOH, which is used as a primary
supporting electrolyte in industrial alkaline electrolyzers,
increases with the temperature, as reported previously for the
concentration interval from 0.1 to 48 wt% KOH.”* In
commercial electrolyzers, elevated temperatures (80-90 °C)
are used, which also ensures a lower electrolyte
resistance.””%°

o Stability: a crucial requirement for industrial alkaline
electrolyzers is the selection of electrode materials that are
not only active, but also long-term stable. The electrode
systems should be designed for low-maintenance, lifetimes of
at least five years, and with a minimal loss of performance
over time as energy consumption represent a large portion of
hydrogen production cost.”” However, achieving long-term
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stability is challenging due to the highly corrosive conditions
of alkaline electrolyzers (elevated temperatures and highly
alkaline electrolytes). Recently, there has been a focus on
stainless steels and nickel alloys as anode materials for water
electrolysis, which can exhibit good corrosion resistance
under such operating conditions,’® while other catalysts may
not be sufficiently stable under the same conditions. For
instance, it has been demonstrated that porous cobalt suffers
a fast degradation at ca. 90 °C in 30-40 wt% KOH solutions;
however, with the addition of nickel, the material becomes
more stable.®® Investigation in terms of stability is not
limited to the catalysts, but also other cell components, such
as the electrolyte and membrane. For instance, an
electrolyzer comprising a polymer electrolyte, namely,
quaternary ammonia poly(N-methyl-piperidine-co-p-
terphenyl), which possesses high ionic conductivity and
chemical stability, could operate at ca. 80 °C for a period of
100 h with a high power density.”® While it is essential to
study stability under such operating temperatures to assess
the applicability of HWE, there are only limited studies that
report the AOR at elevated temperatures. Recently, Ghosh
and colleagues performed stability tests describing the effect
of elevated temperature on the stability of the Ni mesh-
supported Niz;N catalyst during the benzyl alcohol oxidation
reaction. The stability of the electrode was quantified as
the variation of the current density over 30 min
electrolysis, a decrease of the current density was
observed, however, this was explained by the depletion of
benzyl alcohol over time.>” Additional relevant examples
can be found in reports covering the AOR driven by
catalysts containing noble metals. For instance, White and
colleagues performed the GOR on PdNi/Ni at 80 °C.
Chronoamperometric tests performed at 0.865 V vs. RHE
showed a decrease in current density by roughly 50% over
a period of 2 h."® However, it is unclear if the decrease
in current density is due to the depletion of glycerol or to
stability issues.

Temperature is thus an important parameter that has a
strong influence on several aspects of an electrolysis
process. Investigating the efficiency of anode materials at
elevated temperatures is essential to develop sufficiently
active and long-term stable electrocatalysts for industrial
applications. In CWE, elevated temperatures (80-90 °C) are
typically employed. Since the boiling point of the solution is
shifted to higher temperatures with an increase in KOH
concentrations, an alkaline electrolyzer could even be
operated at temperatures substantially higher than 100 °C
when KOH concentrations are within 80-85 wt%.'°" Yet,
optimal operating temperature range for the AOR is
currently unknown, and the amount of literature on
electrocatalysts at different elevated operating temperatures
is limited. The scarce number of studies available really
show an opportunity for the HWE community to more
rigorously evaluate the stability of AOR catalysts at elevated
temperatures accompanied by sufficient control experiments
to adequately assess the catalytic properties and
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electrochemical stability of the anodes, as well as other
important performance indicators which will be discussed
in detail in section 3.

In summary, this section provided an overview of the AOR
tested under the conditions relevant for industrial water
electrolysis in alkaline media. Table 2 shows a list of
electrocatalysts evaluated towards various alcohol oxidation
reactions under such conditions, namely, -elevated
temperatures, high current densities or concentrated
electrolytes. It is important to highlight that, to the best of
our knowledge, only one report describes electrocatalyst
performance under these three relevant conditions
simultaneously.”” Investigations such as this one are urgently
needed to facilitate the assessment of electrocatalyst
applicability and, thereby, to further advance the HWE field.

3 Additional targets for HWE

One of the most promising aspects of exploring alternative
anode reactions for water electrolysis is the possibility of
converting low-cost organic compounds, such as bio-based
alcohols, into value-added products, while concomitantly
producing hydrogen. Hence, in contrast to CWE, where the
only by-product is oxygen, HWE requires additional
considerations specific to the anode reaction. As discussed
earlier, possible products of the electrooxidation of alcohols
in alkaline media are aldehydes/ketones, carboxylates and
carbonate. The composition of the product mixture depends
on the catalyst and alcohol used, and on the electrolysis
conditions under which the reaction proceeds.''* Because of
this, there are specific targets required for HWE, additional
to those discussed in the previous section for CWE. These
targets consider, firstly, the selectivity of the reaction, and
secondly, the fate of the product (or the mixture of products)
obtained from the AOR. In the following section, these two
are discussed in detail.

3.1 High selectivity

In the context of catalysis, the International Union of Pure
and Applied Chemistry (IUPAC) defines selectivity as the ratio
of products obtained from given reactants.'”® For
electrocatalytic reactions, selectivity is often expressed in
terms of Faradaic efficiency (FE), which is defined as the
number of moles of product obtained relative to the amount
that could have been produced if all the total charge passed
during the reaction would have been used to generate that
product, according to Faraday's electrolysis laws.""*'"> A FE
of 1 (or 100% if expressed as percentage) indicates the
absence of competing electrochemical reactions. In the case
of HWE, FEs near 100% are desirable to maximize the yield
of the target product while minimizing the formation of
undesired products. However, recent literature indicates that
achieving high yields and high selectivity towards a single
valuable product is challenging due to the substantial
activity-selectivity =~ trade-off = exhibited by  reported
electrocatalytic = materials based on earth-abundant
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Table 2 Reported electrocatalytic materials based on non-noble metals for the alcohol oxidation reaction evaluated under industrially relevant
conditions for alkaline water electrolysis (high current density, high electrolyte concentration, and/or elevated temperature)

Electrocatalyst

Electrolyte

Alcohol

Performance”

Temperature
(°0)

Ref.

Cu bars

Ni/graphene porous-3D

Ni/NiO/rGO
Ni/NiO/RG-400
Nig.6Zno 4
NiCu/C
Ni;B-NF
Ni/PDPA-FTO
Niz;Co/CNT

NiO,/MWCNTSs-O,

0.1 M NaOH

1 M KOH

3 M KOH
1M KOH
1 M KOH
1 M KOH
6 M KOH
0.1 M KOH
1 M NaOH

1 M KOH

0.2 M methanol

0.2-2 M methanol

2 M methanol

1 M methanol

0.1 M methanol

1 M methanol

0.5 M methanol

1 M methanol

1 M methanol or ethanol

0.5 M methanol, ethanol
or glycerol

0.884 V@0.35 mA, 30 °C
0.719 V@0.35 mA, 40 °C
0.699 V@0.35 mA, 50 °C
0.683 V@0.35 mA, 60 °C
0.668 V@0.35 mA, 70 °C
1.58 V@43.09 mA cm >
in 0.2 M methanol

1.58 V@51.55 mA cm >
in 0.5 M methanol

1.58 V@63.09 mA cm ™
in 0.75 M methanol
1.58 V@66.76 mA cm >
in 1 M methanol

1.58 V@74.64 mA cm >
in 2 M methanol

1.6 V@400 mA cm 2
1.607 V@79.5 mA cm >
1.557 V@10 mA cm >
1.55 V@41.1 mA cm >
1.53 V@62 A g"

1.55 V@0.039 mA cm >
1.796 V@213 mA cm >
in methanol

1.796 V@181 mA cm 2
in ethanol

1.48 V@0.1 mA in
methanol

30-70

RT

RT
RT
RT
RT
RT
RT
RT

RT

Nickel foil 0.1 M NaOH 0.5 M ethanol

1.46 V@0.1 mA in ethanol
1.38 V@0.1 mA in glycerol
1.55 V@10 mA cm 2, 15 °C  —5-25
1.48 V@10 mA cm 2, 25 °C

MnO,-NiO/MWCNTs

Ni/graphite

NiO

CugoCoyo
hydroxycarbonate

CoBi@rGO
Cu-doped NiOOH
M-PHNs

(M = CoNi, Co, Ni)

Co050,

1 M KOH

1 M NaOH

1M KOH

1M KOH

1M KOH
1M KOH
1M KOH

5 M KOH

0.1 M methanol or ethanol

0.1 M methanol, ethanol,
1-propanol or 2-propanol

0.05 M ethanol or ethylene
glycol

0.1 M ethanol, ethylene glycol,

or glycerol

1 M ethanol
1 M ethanol
1 M ethanol

0.5-1.5 M C3-alcohols

© 2026 The Author(s). Co-published by the Institute of Process Engineering,
Chinese Academy of Sciences and the Royal Society of Chemistry

1.53 V@0.05 mA cm >
in methanol

1.56 V@0.05 mA cm >
in ethanol

1.54 V@6.75 mA cm >
in 1-propanol

1.54 V@16.35 mA cm >
in 2-propanol

1.54 V@18.68 mA cm >
in ethanol

1.54 V@21.66 mA cm >
in methanol

1.49 V@7.5 mA cm >
in ethanol

1.467 V@7.5 mA cm >
in ethylene glycol

1.6 V@7.85 mA cm >
in ethanol

1.6 V@23.36 mA cm >
in ethylene glycol

1.6 V@40.37 mA cm >
in glycerol

1.687 V@10.25 mA cm 2
1.72 V@227 mA cm 2
1.39 V@10 mA cm?
with M=CoNi

1.53 V@10 mA cm?
with M=Co

1.55 V@10 mA cm 2
with M=Ni

1.296 V@10 mA cm 2
in 0.5 M glycerol

1.343 V@10 mA cm 2

in 0.75 M 1,2-propanediol

35-55

RT

RT

RT

RT
RT
RT

RT
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79

81

102

103
104
77
80
54

17

92

83

47

49

105

106
45
107

108
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Table 2 (continued)
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Electrocatalyst

Electrolyte

Alcohol

Performance®

Temperature

(°C)

Ref.

Ni(OH),

NF

Ni/C

NiOX/MWCNTSs-0x

Ni;N/NM
Ni(OH),

Au/CoOOH
Mn-doped NiS
Ni,B

CoOOH

2 M LiOH, NaOH, KOH or
CsOH

0.5 M KOH

0.1 M NaOH

1 or 7 M KOH

6 M KOH
1,2 or 5 M KOH

1M KOH
1 M KOH
1 M KOH
1M KOH

0.1 M glycerol

0.1 M isopropanol

0.1 M glycerol

1 M glycerol

0.1 M benzyl alcohol
8 M benzyl alcohol

0.1 M benzyl alcohol
0.1 M HMF

0.01 M HMF

0.01 M HMF

1.388 V@10 mA cm >

in 0.75 M 1,3-propanediol
1.422 V@10 mA cm 2

in 1.5 M 2-propanol
1.436 V@10 mA cm

in 1.5 M 1-propanol

1.6 V@58.0 mA cm 2

in NaOH

1.6 V@59.2 mA cm 2

in LIOH

1.6 V@64.6 mA cm >

in CsOH

1.6 V@76.1 mA cm >

in KOH

1.5 V@33.0 mA, 25 °C
1.5 V@36.9 mA, 30 °C
1.5 V@49.2 mA, 40 °C
1.5 V@56.2 mA, 50 °C
1.5 V@60.5 mA, 60 °C
1.5 V@63.0 mA, 70 °C
1.6 V@19.52 MA Zmerar
2°C

1.6 V@22.85 MA Zinetal s
5°C

1.6 V@25.41 MA Zmecal |,
10 °C

1.6 V@35.20 MA Zperal '
20 °C

1.6 V@41.87 MA el 5
40 °C

1.314 V@10 mA cm 2

in 1 M KOH

1.276 V@10 mA cm 2

in 7 M KOH

1.45 V@0.538 A cm >
1.45 V@24.2 mA cm 2

in 1 M KOH

1.45 V@36.7 mA cm >

in 2 M KOH

1.45 V@66.5 mA cm™>

in 5 M KOH

1.3 V@340 mA cm >

1.3 V@50 mA cm >

1.45 V@100 mA cm 2

1.2 V@20 mA cm >

RT

25-70

2-40

RT

85
RT

RT
RT
RT
RT

58

85

84

48

27
75

109
64

110
111

Abbreviations: RT: room temperature; rGO: reduced graphene oxide; RG: 3d porous graphene network; NF: nickel foam; PDPA-FTO:
polydiphenylamine-fluorine doped tin oxide; CNT: carbon nanotubes; MWCNTSs-O,: oxygen-functionalized multiwalled carbon nanotubes;
MWCNTSs: multiwalled carbon nanotubes; PHN: perforated hydroxide nanosheets; NM: nickel mesh.  All potentials are indicated in the RHE scale.

materials.”® Namely, high selectivities are typically observed
at relatively low electrode potentials. As a consequence, the
current density is also relatively low, which translates into a
low hydrogen production rate in a hybrid water electrolyzer.
This trade-off is visualized in Fig. 4, being more pronounced
for polyhydric alcohols (such as glycerol) than for
monoalcohols. Hence, a selectivity target towards a certain
product with simultaneous hydrogen production should be
techno-economically justified,’ taking into account market
requirements for the specific, targeted AOR product. Such
requirements include not only the rate of production but also
the product specifications (e.g., purity), which, in turn,

18 | /nd. Chem. Mater., 2026, 4, 7-32

depends on its application. Yet, since HWE is an emerging
technology, feasible selectivity targets are currently unknown.
Nonetheless, it is clear that a high selectivity is desirable. In
this section, we focus on identifying reports concerning the
electrochemical conversion of alcohols with FEs above 90%
achieved with non-noble metal-based electrocatalysts, and
identify conditions under which high selectivities have been
achieved.

Starting with the electrooxidation of polyhydric alcohols,
particularly diols and triols such as ethylene glycol and
glycerol, respectively, the highest FEs have been reported for
formate production on Ni-based catalysts. Morales et al

© 2026 The Author(s). Co-published by the Institute of Process Engineering,
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Fig. 4 Faradaic efficiencies and associated current densities for
various alcohol oxidation catalyzed by electrocatalysts based on earth-
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glycerol; FA: formic acid; HMF: hydroxymethylfurfural; FDCA:
2,5-furandicarboxylic acid; BzOH: benzyl alcohol; BzOOH: benzoic
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reported electrolysis of glycerol using MWCNTs-supported Ni
oxide nanoparticles as electrocatalyst.® Using a recirculating
flow-through cell and 1 M KOH electrolyte solution
containing initially 100 mM glycerol, a FE of nearly 96% was
achieved after 1 h electrolysis at a low constant potential of
1.31 V vs. RHE. Yet, lower FEs were observed at longer
electrolysis times at the same potential, with a value of 67%
after 24 h. The decrease in FE over time was attributed to an
increase in the rate of the competing formate oxidation
reaction (with carbonate as product) as the concentration of
glycerol decreased. The FE also decreased when electrolysis
was conducted at higher electrode potentials (1.41 and 1.51 V
vs. RHE), alongside a substantial increase in current density.
Furthermore, in this study a vast shift in product selectivity
was seen depending on the concentration of supporting
electrolyte (KOH) that was used. With an electrolyte
concentration of 7 M, the formation of oxalate was favored,
while high selectivity towards formate was observed in 1 M
KOH. In a report by Chen and coworkers, electrolysis of 50
mM ethylene glycol was conducted in 1 M KOH solution
using NiO nanosheets as electrocatalyst.”” Authors found a
selectivity (defined as the moles of product relative to the
moles of ethylene glycol consumed during the reaction) of
95% towards formate when electrolysis was conducted at 1.5
V vs. RHE. High FEs towards formate have also been reported
with Ni-containing bimetallic systems during the GOR. For
instance, Ni-foam supported NiCo,0, achieved an average FE
of about 95% during 48 h electrolysis at 1.4 V vs. RHE
refreshing the electrolyte (0.1 M glycerol in 1 M KOH
solution) every 12 h.°° Notably, the current densities
measured during this experiment varied between 100 and
250 mA cm 2, and exhibited a stable performance in the

© 2026 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry
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electrolysis periods from 12 to 48 h. Another example is
found in the report by Li and coworkers,”> where the
performance of carbon cloth-supported Ni-Mo nitride
nanoplates was investigated for the GOR. By conducting
electrolysis for 12 h at 1.35 V vs. RHE in 1 M KOH electrolyte
(containing initially 100 mM glycerol), FEs between 94 and
98% towards formate were achieved.

Selectivity can be heavily influenced not only by the
concentration of the supporting electrolyte, as discussed
above for the MWCNTs-supported Ni oxide,*® but also by the
chemical nature of the supporting electrolyte. As an example,
in a study conducted on the GOR catalyzed by Ni(OH),, it was
found that cation selection influenced the selectivity of the
reaction towards formate as the main product, with FE values
in the order CsOH < KOH < NaOH < LiOH. Authors
proposed that Li cations stabilized the aldehyde
intermediates, preventing their further oxidation, and leaned
towards C-C cleavage to form formate.’® Further evidence
can be found in another study on the GOR using CuO as a
catalyst.”® It was found that changing the nature of the
electrolyte, and consequently the pH of the solution from 13
(0.1 M NaOH) to 7 (0.1 M Na,B,05), a significant increase in
the selectivity towards dihydroxyacetone, a high-value
product, was observed. These examples show that besides
careful catalyst selection, a toolbox for selectivity steering can
also be found in the selection of electrolyte composition. This
also reiterates the importance of testing the catalytic systems
at elevated electrolyte concentrations as discussed in the
section 2.3.

It is important to note that obtaining GOR products of
higher value than formate, such as dihydroxyacetone,
tartronate, mesoxalate or lactate, with a relatively high
selectivity (>50%) has mainly been reported with catalysts
containing precious metals including Au and Pt.'*'">* A
similar situation is observed for the partial electrooxidation
of benzyl alcohol (BOR) which can yield benzaldehyde and
benzoate."”> High selectivities (and relatively high FEs)
towards the formation of benzaldehyde have been reported
for Au-based catalysts,*® particularly under mildly alkaline
environments and relatively low electrode potentials.'®®
Meanwhile, Ni-based electrocatalysts are reported to favor the
formation of benzoate as the main organic product in a
broad range of operating conditions.** Under typical lab-
scale conditions (1 M KOH, room temperature), FEs of nearly
100% towards benzoate were reported during the BOR using
Ni nanoparticles supported on N-doped carbon as
electrocatalyst. In a recent work by Ghosh et al,” a
remarkable 97% FE towards the same product was achieved
using Ni mesh-supported Ni;N under industry-like conditions
for alkaline water electrolysis (6 M KOH solution at 85 °C).
Likely, a fast conversion of benzyl alcohol to benzaldehyde is
followed by the further oxidation of this product, which is
favored by Ni.'*’ In this context, strategies have been
proposed to prevent the overoxidation of benzaldehyde. For
instance, Xu et al reported selectivities of nearly 100%
towards benzaldehyde, using NiO as electrocatalyst, which
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was achieved by tuning the alkalinity and concentration of
cations (K', Na', Li") thereby inhibiting the oxidation of
benzaldehyde.'®® Yet, it is important to note that the
reported selectivities were calculated as moles of target
product relative to the sum of detected products (and not
with respect to the moles of reactant), and achieving FEs
higher than 90% required a careful optimization of the
electrolyte composition and of the applied
Another interesting approach was proposed by Shi and
coworkers,”> who developed a three-phase (organic liquid,
inorganic liquid and solid) system consisting of super-
organophobic Ni(OH), nanosheets supported on super-
organophilic carbon, located at an organic-water boundary.
The system achieved FEs of up to 97% towards
benzaldehyde and current densities of about 180 mA cm™>.
Both of these approaches could be further explored and
potentially applied to prevent the overoxidation of other
organic molecules, hence boosting the selectivity towards a
wide variety of target products.

2,5-Furandicarboxylic acid (FDCA) is an important organic
chemical in the context of green chemistry with potential
applications in the polymers industry.*® It can be obtained
from the electrooxidation of 5-(hydroxymethyl)furfural (HMF)
or 2,5-bis(hydroxymethyl)furan (BHMF) with FEs of about
95% using Co-based electrocatalytic materials. For instance,
Zhang and coworkers used cobalt carbonate hydroxide
nanoarrays as electrocatalyst. The CoOOH sites, formed
under electrolysis conditions, exhibited a FE of 99% for the
conversion of HMF to FDCA during electrolysis at 1.42 V vs.
RHE in 1 M KOH."" Liu et al reported a mild corrosion
treatment of Co foam, which resulted in a FE of 95% towards
FDCA when used as a catalyst for BHMF oxidation at 1.4 V vs.
RHE in 1 M KOH solution.” Conducting the same treatment
of Co foam in the presence of NiSO, resulted in the
introduction of Ni in the electrocatalyst, which in turn
increased the FE and yield of FDCA measured under the
same conditions. Other bimetallic systems, including
NiCo,*>"** NiFe'*"**> and MnNi®* have also been reported to
possess a high selectivity towards the same product (FEs >
90%). However, it is important to note that the performance
of materials towards the electrooxidation of alcohols is not
only influenced by metal composition, but also by other
factors including crystallinity and phase composition,
particle size and particle distribution, surface area and
porosity, as well as the choice of supporting materials,
binders, among others."””"'** Achieving highly selective
conversions requires therefore careful engineering of the
electrochemical interfaces, involving both electrolyte and
electrode, in addition to a careful selection of electrolysis
conditions and reactor engineering.'*®"**

currents.

3.2 Circularity
Selectivity is a decisive factor for the (industrial) applicability

of HWE technologies. Limited selectivity leads to the
formation of complex mixtures, the separation of which is
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energy- and cost-intensive. In cases in which selectivity
(section 3.1) is insufficient and product separation (section
4.1) is not techno-economically feasible, the result is the
formation of a waste stream. In the case of the AOR in
alkaline media, such stream typically consists of a mixture of
carboxylates, aldehydes and/or ketones, as well as the
unreacted alcohol and carbonate. Therefore, it is important
to identify possible routes for circularity, taking into account
the fate of the product mixture. In this section, a brief
overview of potential uses for the product mixtures generated
by the AOR is provided, which could, in the future, add value
to the electrolysis process as a whole.

Organic acid-containing streams can find wuse in
bioelectrochemical systems (BES). For instance, in a
bioreactor, electroactive bacteria can metabolize organic
acids and transfer the extracted electrons across their cell
membrane to a current collector. Thus, while uptaking the
organic acid, they are able to aid in the removal of the
organic acid. This system can be coupled with an anaerobic
membrane bioreactor, an emerging wastewater treatment
technology, increasing the energy-efficiency of this
process.”®> Another example of BES are the anaerobic
digestion reactors: complex waste mixtures can be fed to
microorganisms to produce a gaseous combination of
methane and carbon dioxide (i.e. biogas) that can be used as
a feedstock for a variety of processes.’*® Thus, BES represent
a potential route for the utilization of HWE byproduct
streams.

A possible route to upgrade HWE byproducts is Kolbe
electrolysis, in which carboxylic acids can be transformed
into longer-chain alkanes or alkenes."*” The dimerization of
carboxylic acids into longer-chain alkenes can additionally
facilitate product recovery since the resulting mixtures could
spontaneously separate into different phases."*® Although
during this process CO, is produced, as shown in Fig. 5, this
stream can be captured and potentially fed to CO,
electrolyzers to generate commercially interesting chemicals
such as formic acid, methane, ethylene and methanol,
representing another source of value. Kolbe electrolysis has
been applied to upgrade fermentation streams which consist
of mixtures of organic acids. A study conducted on the Kolbe
electrolysis of organic acid-containing wastewater originating
from corn beer fermentation showed that a liquid “drop-in”
fuel was produced, which could be utilized without the need
for downstream processing."*® Furthermore, Rosa and
coworkers showed recently that, using Kolbe electrolysis,
hexanoic acid could be transformed into 1-decane with FEs
up to 68%, and it was argued that the obtained fuel and its
properties are akin to aviation fuel and could therefore be a
possible substitution for kerosene.'* Finally, Neubert and

—> R-R + 2002 + H2

Fig. 5 A general reaction scheme for Kolbe electrolysis.
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colleagues showed that from 12.4 mol of a mixture of
carboxylic acids originating from a microbial conversion, a 1
L of fuel could be produced through Kolbe electrolysis. This
was done for less than one euro in energy costs, achieving a
FE of 70%."*° Remarkably, the FE for the Kolbe electrolysis of
organic acid mixtures was high compared to those using a
single carboxylic acid, which is ideal for mixtures originated
from microbial processes or from hybrid water electrolyzers,
which convert waste alcohols into a complex mixture of
carboxylic acids.

Considering the number of processes that can be powered
by renewable electricity, a circular dependency can be
pictured for the aforementioned process as illustrated in
Fig. 6. The field of HWE could benefit greatly from the
exploration of such routes to generate additional value from
HWE byproducts.

4 Enhancing the applicability of HWE

Reactor design has a substantial impact on the efficiency of
any electrolysis process. However, lab-scale research
innovations in the field of electrocatalysis, and particularly in
the field of HWE, are mainly leaned towards the discovery of
new catalytic materials rather than optimization of the
electrochemical cell. Rational design of electrolysis reactors
can lead to the enhancement of mass transfer, the decrease
141 and,

in ohmic resistances in some instances, has been

View Article Online
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shown to be able to steer selectivity.'*® In fact, leaps in the
performance of water electrolysis can also be made in the
area of reactor design, as demonstrated by the novel
capillary-fed electrolysis (CFE) cell introduced by Hodges and
coworkers in 2022.'*> Employing commercial catalysts, a
significant increase in energy-efficiency was achieved mainly
due the CFE's ability to reduce the mass transport limitations
associated with a two-phase flow and gas bubble formation
which block the catalytic sites. A schematic description of
this configuration is shown in Fig. 7a. In this section, we will
discuss strategies related to reactor design that show promise
in the context of the AOR. In addition to this, we also discuss
in this section process design, particularly in relation to the
separation of organic products from the electrolyte. An
overview of process approaches which could potentially be
explored in the context of HWE are presented, highlighting
three main goals: achieving cost-efficient product separation,
steering reaction selectivity, and reducing ohmic and mass
transfer limitations.

4.1 Product separation

As discussed previously, the field of HWE faces a variety of
challenges related to the implementation of the
electrooxidation of organic compounds as alternative anode
reactions. One of the challenges is related to the formation of
complex mixtures of organic products resulting from the

(Bio-based) alcohols
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¢
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Fig. 6 An illustration of possible circular dependencies between electrolysis reactions powered by renewable energy, and their associated

reactants and products.
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and its effect on product selectivity. Reprinted with permission from ref. 48 copyright 2024 American Chemical Society; (c) an example of the
effect of a tailored triple phase boundary on the selectivity of an AOR. Reprinted with permission from ref. 126 copyright 2024 John Wiley & Sons,
Inc; (d) an example of membraneless electrolyzer configurations for CWE. Reprinted from ref. 141 copyright 2024, with permission from Elsevier.

electrooxidation process, which require separation from the
electrolyte and purification. As pointed out by various
techno-economic analyses (TEAs) conducted on HWE,
separation costs are likely to become an important part of
upscaling costs and, hence, a deciding factor for industrial
viability."*'** Thus, giving early thought to the selection of
separation processes required to isolate HWE products
already at lab-scale is essential to identify suitable methods
and enable industrial adoption.

The partial electrooxidation of an alcohol in alkaline
environments yields two types of products, namely, the
aldehyde/ketone or the carboxylate anion, which often have a
very high affinity for aqueous solutions."** The difficulty in
separating the product from the solution is further increased
by the relatively low concentrations at which these products
are obtained. A parallel can be made with the bioconversion
of renewables through fermentation, which has shown to
effectively and sustainably produce carboxylic acids,'*® but
suffer from separation issues from the fermentation broth.'**
Approaches for effective separation in the field of
bioconversion mainly involve the use of ion-exchange and
resin adsorption to transfer the carboxylic acids into
solutions which could be distilled or crystallized for product

22 | Ind. Chem. Mater,, 2026, 4, 7-32

recovery.'*®> However these methods are still marked by their
energy intensiveness, low yields, and sometimes could cause
product degradation, as is the case for distillation due to its
relatively high temperature requirements.’*® More novel
approaches can be found in the use of ionic liquids to extract
carboxylic acids from aqueous solutions."** In particular,
reactive extraction has gained traction as an emerging
technology for this purpose. In reactive extraction, the
organic acids form complexes with so-called “extractants.”
These complexes have a high affinity for an organic phase
and simplify the separation.”” For example, through reactive
extraction and the use of ionic liquids, glycolic acid, a value-
added product obtained from the GOR, was separated from
an aqueous phase with ca. 99% efficiency."”® Reactive
extraction could also be a possible route for scalable
separation, as the extractant can be recovered and reused. In
this case, the main challenge is identifying and/or develop
case-specific, environmentally-friendly extractants.'*®

Another separation approach is electrodialysis, which
shows high potential due to its ability to separate organic
products with high affinity for the aqueous phase.””® An
additional advantage is that, integrating electrodialysis into
the existing electrolyzer-energy recovery network is more
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straightforward than other approaches, and it does not
require the use of hazardous solvents. This has already been
shown for the separation of lactic acid from a beet molasses
feed stream, recovering the carboxylic acid with a purity of
95%.">' Another example was reported by Wang and
coworkers, who showed that a product stream, originating
from the electroreduction of CO,, could be separated into a
3.5 M formic acid, KOH-containing aqueous solution from
the initial electrolyte (KHCO;) at a current efficiency of
50%.'*> Furthermore, the authors highlighted that the KOH
obtained as byproduct could be reused to uptake CO, for
further electroreduction, demonstrating that these processes
can be further integrated.

A final, relatively unexplored approach to facilitate
separation is electrochemical purification. This is particularly
promising for cases in which a wide product distribution is
obtained from the electrolysis of an alcohol, as is often
observed for polyhydric alcohols such as glycerol. During the
GOR, glycerol is consumed and eventually depleted. Without
glycerol competing for the oxidation sites on the surface of
the catalyst, the GOR products can be further oxidized. At
prolonged electrolysis times, only the compounds that are
electrochemically stable under the employed electrolysis
conditions will remain in the solution. An example of this
can be seen in a study in which the GOR was conducted with
MWCNTs-supported Ni oxide nanoparticles as
electrocatalysts. After 6 h of electrolysis at 1.5 V vs. RHE in 7
M KOH solution using a recirculating flow-through reactor, a
mixture of at least eight different carboxylates was found,
among which formate and oxalate were the major products
in a concentration ratio of about 4:3. As electrolysis
progressed for an additional 42 h, only two products
remained, oxalate and acetate, in a concentration ratio of 60:
1, whereas all other GOR products were fully oxidized to
carbonate. The evolution of the major products is shown in
Fig. 7b.*® Scaling this approach up could involve the
electrochemical “aging” of processed electrolyte batches, all
while still producing hydrogen at the cathode, and thereby
obtaining an organic product with increased purity. It should
be noted that in this approach the target organic product is
still in the aqueous phase, which means that further
separation is still required, but it would significantly reduce
the complexity of the preceding separation process.

There is a scarce amount of literature incorporating any of
the previously mentioned separation techniques in tandem
with HWE. With this section, we hope to highlight some
possible future research directions addressing the additional
challenge of product separation in HWE.

4.2 Steering selectivity

The added benefit of oxidizing an organic compound in
HWE is twofold: a decrease in energy requirements to
produce hydrogen, and the generation of value-added
compounds at the anode. However, obtaining concurrently a
high current density (which translates in a high hydrogen
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production rate) and a selective reaction (to produce a
valuable compound with low separation costs) has proven
difficult.”®> Thus, the design of highly selective electrode/
electrolyte interfaces operating at high current densities is
still needed to advance the HWE field. However, less
attention has been given to a complementary route:
developing suitable reactor designs. It is known from the
field of heterogeneous catalysis that reactor design can
influence substantially the selectivity of a catalytic
process.'”*'** In electrocatalysis, there are examples of the
relation between reactor design and product selectivity. For
instance, in the context of the electroreduction of CO,,
membrane electrode assembly (MEA)-type reactors often yield
higher selectivities towards C2+ products, as opposed to
H-type cells due to the increased surface engineering that is
possible at the catalyst/membrane interface. H-cells
additionally suffer from low current densities due to the large
diffusion layer size at the electrode/electrolyte interface.'> In
a report by Gabardo and coworkers, specific anion exchange
membrane (AEM) placement in a MEA-type reactor allowed
for the generation of a high local pH, thus favoring C-C
coupling, and thereby increasing the selectivity for the
targeted (C*') products compared to other tested reactor
configurations, namely, two flow cells tested at neutral and
high pH values, this can be seen as an example of successful
surface engineering.'”® Another approach was shown by Han
and coworkers, who compared two different types of gas
flows over a gas diffusion electrode (GDE), referred to as
“flow-by” and “flow-through.” Compared to the former, the
“flow-through” approach resulted in a significant increase in
selectivity of the CO, conversion to ethylene under otherwise
identical conditions."”’

In the case of HWE, and particularly of the AOR, literature
reports on novel reactor designs that boost the reaction
selectivity, involving for instance tuning reactor size or type,
is rather sparse. However, the reports available show that the
reactor can have a significant influence in the AOR selectivity.
For example, using a microfluidic cell design tailored for the
GOR resulted in an increase in deep oxidation products, that
is, compounds which are near or at their final possible
oxidation state, compared to a typical lab-scale three-
electrode configuration cell. This was explained by the
increase of sequential oxidation reactions that occur, possibly
induced by differences in mass transfer between the two
types of reactors.””® One of the most remarkable examples
was reported in 2021 by Ido and colleagues, who investigated
the electrooxidation of benzoic acid in 1 M KOH solution."*
This primary alcohol was oxidized to its aldehyde with 100%
selectivity in an AEM configuration, an increase of 47%
compared to a three-electrode electrolysis batch cell. In the
batch setup, the decreased selectivity was attributed to the
further oxidation of the benzaldehyde to benzoate. In the
AEM configuration, overoxidation was prevented by forming
a triple-phase boundary between the catalyst particles, the
anolyte and the ionomer used.'*® This approach, depicted in
Fig. 7c, remains relatively unexplored in the field of HWE.
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Overall, these results show that, even when using the
same catalyst and electrolyte, selectivity can be altered by
tailoring the reactor design, representing a promising route
for the further advancement of HWE.

4.3 Addressing ohmic resistance and mass transfer
limitations

In addition to enabling possibilities to steer selectivity,
reactor design can also help to decrease ohmic resistances,
increasing thereby the efficiency of both the anodic and
cathodic electrocatalytic processes. For CWE, a 200 year long
reactor evolution has been targeting these limitations.'** The
cell efficiency, especially at high current densities, has shown
to be influenced strongly by the ohmic resistance presented
in the cell.’® Thus, novel cell architecture designs are often
proposed with the goal of minimizing ohmic resistance. An
example of this is the so-called “zero-gap” electrolyzer.'”®
However, an important component of industrial electrolyzers
are the separators (membranes or diaphragms) which are
essential since they maintain the purity of the products and
prevent the formation of explosive hydrogen/oxygen mixtures.
These component impose substantial ohmic resistances, tend to
be quite expensive and have been known to limit the life-time of
an electrolyzer."*" In the context of HWE, if the AOR takes place
at sufficiently low overpotentials, it is possible that the OER does
not take place, and thus, explosive hydrogen/oxygen mixtures
would not be formed. This could imply that a hybrid water
electrolyzer could operate without the need of a separator as
long as the products are sufficiently stable and/or fast removed.
Early research concerning membraneless electrolyzers (MEs),
examples of which can be found in Fig. 7d, has shown good
promise for CWE."*! In such designs, using fluid dynamics, the
electrolyte flow forces the separation of the two gas products
and thereby forgoes the need for a membrane. This approach
could be integrated with an increased simplicity for HWE in
comparison to CWE. Nevertheless, product crossover is an
important aspect to consider. While crossover is often quantified
in reports dealing with direct alcohol fuel cells,® this topic is
frequently neglected in the field of HWE. Product crossover can
reduce the energy efficiency and product yield, for instance, by
oxidizing the produced hydrogen at the anode or reducing the
organic products at the cathode. Thus, it is undesired, and
preventing it requires developing suitable membranes and/or
tailored MEs designs.

In addition to the membrane, electrodes may exhibit
limitations in mass transfer due to obstruction of their
channel and pores, causing an increased ohmic resistance. In
particular, precipitation of carbonates could reduce the
lifespan  of electrolyzer —components and increase
maintenance costs.’®>'®> As an alternative, solid-state anion-
exchange membranes (AEM) have been extensively used in
alkaline electrolyzers to replace liquid electrolytes. This
technology can solve some of the aforementioned problems
since they do not present precipitation from carbonates due
to lack of metallic cations. Additionally, the gas permeability
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is smaller, avoiding gas crossover. Mass transfer can also
become a limiting factor during an electrolysis process,
particularly at industrially relevant current densities.”” It has
an increased importance in HWE as the concentration of the
organic additive, e.g., the alcohol, is often much lower than
that of the electrolyte. In this context, studies on the effect of
mass transfer and enhancement thereof through reactor
design is an unexplored opportunity in the field of HWE.
Increasing the mass transfer through reactor design, to the
benefit of reactor performance, is more thoroughly studied
for the AOR in the field of alcohol fuel cells. An example can
be found in a study conducted on direct methanol fuel cells,
where El-Zoheiry and colleagues proposed new flow field
designs to optimize the methanol distribution over a
catalytically active surface, increasing drastically the power
density of the device.'® Finally, rational reactor design can
also be optimized by the use of theoretical modelling,"** as
has been done in the fields of CWE and fuel cells.'®*"¢

5 Conclusion and outlook

Hybrid water electrolysis (HWE) is a young field that aims to
achieve hydrogen production at low energy costs with
simultaneous generation of a value-added product. Meanwhile,
the more established field of conventional water electrolysis
(CWE) is directing its efforts towards performance targets for
industrial implementation. Such direction is missing in the
HWE field, as clear targets remain unavailable. This review has
emphasized the recent progress in the testing of HWE systems
involving the alcohol electrooxidation reaction (AOR) under
conditions relevant to industrial alkaline water electrolysis, in
particular regarding overpotential, current density, electrolyte
composition and operating temperature. An overview of the
state of the art was showcased for these different parameters.
Besides these targets, HWE faces other challenges: first, the
need for a highly selective anodic reaction, which often comes
at the cost of a limitation in current density, and by extension,
in the rate of hydrogen production. A selective anodic reaction
is essential to increase the techno-economic benefit extracted
from HWE, not only by increasing the amount of product
generated, but also to simplify downstream separation. In
general, HWE research can benefit from extensive techno-
economic analyses to justify research into a particular
feedstock. The selection of the feedstock should consider not
only its theoretical electrooxidation potential but also other
factors such as their availability, toxicity and the effectiveness
of their conversion into valuable products with a high
selectivity and low energy costs. Comparing the scales of both
feedstock's availability and market demand of target products
(including hydrogen) can also provide valuable information.
Furthermore, for cases where high selectivity cannot be
achieved, we discussed possible circularity routes which could
avert the need for expensive separation processes. Second,
tailored reactor and process design are needed for further
advancement of HWE technologies. We presented examples
from the literature showing that tailored reactor designs can
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increase the selectivity of an electrolysis process and/or
increase the efficiency by reducing ohmic resistances.
Furthermore, we identified process design choices and novel
techniques that could aid in the separation of the complex
product mixtures streamed from HWE processes. Taking into
account the high potential HWE has to address certain
shortcomings of CWE, we now provide concrete
recommendations that we hope will facilitate the industrial
application of this technology:

1) Testing novel catalytic materials under industrially
relevant conditions is essential to assess their applicability.
While such conditions are largely unknown for HWE, it is
evident that high current densities are desirable, as they
translate in product yields. However, there is a limited
number of literature reports where novel electrocatalysts are
evaluated under current densities above 0.1 A cm ™.
Increasing the prevalence of such tests in the literature will
provide valuable information for comparison with industrial
CWE and will facilitate the assessment of their potential
applicability. We thus propose that future research should
target current densities higher than 0.1 A cm™, preferably
moving up into the ampere level, with a focus not only on
the required electrode potentials, but also on selectivity and
long-term  electrochemical stability. Conducting such
measurements in concentrated electrolytes, and elevated
temperatures and pressures will be essential to elucidate to
which extent HWE technologies can be implemented in
existing CWE devices. Moreover, while technically
challenging, in situ and operando investigations of the AOR in
concentrated electrolytes, at elevated temperatures and/or at
relevant current densities are urgently needed to increase the
understanding of the electrochemical systems under these
conditions, which is also essential to provide fair comparison
with state-of-the-art, industrial alkaline water electrolysis. In
addition to this, current literature lacks in-depth
understanding of the competition between the AOR and the
OER under industrially relevant conditions. Thus, it is
recommended that investigations on AOR
electrocatalysts are complemented with oxygen monitoring
techniques such as DEMS, gas chromatography or rotating
ring disk electrode voltammetry, to further aid in the design
of highly selective alcohol conversion processes towards
valuable products.

2) Clearly defining and accurately determining selectivity
parameters should become standard protocol in HWE
electrocatalytic research. As the field steadily diverges from
OER studies, where selectivity aspects are often not
emphasized, the HWE field deals with complex product
mixtures and selectivity plays a crucial role in evaluating the
applicability of this technology. The lack of standard
reporting practices in the field of HWE is problematic,
especially when early TEAs indicate that product separation
could become the largest cost factor for industrial application
of HWE. An electrocatalyst with a high selectivity could
circumvent this problem. Consequently, selectivity should be
regarded as a central performance metric in electrocatalyst
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evaluation and therefore should be reported rigorously in
HWE research. Lastly, product quantification should be
extended to also incorporate species found in the cathodic
compartment, to aid in the quantification of membrane
and increase completeness of selectivity
measurements.

3) Increasing research efforts on tailored design of HWE
reactors and processes, addressing challenges that cannot be
fixed solely by the electrocatalyst. Interdisciplinary research
for novel reactor design, aided by theoretical modelling, can
prove of great importance to boost the applicability of HWE,
as it has done so for CWE. Furthermore, the field still
requires identification of specific processes in which HWE
could provide additional merit for near-future applications,
for example in bio electrochemical systems.

While literature and research concerning HWE has been
growing rapidly in the past years, there is still vast potential
for progress, particularly concerning the eventual step from
the academic space to industrial application. We hope
that with this review, the included literature and the
recommendations provided, the HWE field can find guidance
towards further advancement.
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