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trends, and new challenges in the
electrochemical production of green hydrogen
coupled to selective electrooxidation of 5-
hydroxymethylfurfural (HMF)

Leyla Gidi,a John Amalraj, *a Claudio Tenreirob and Galo Ramı́rez cd

The production of clean electrical energy and the correct use of waste materials are two topics that

currently concern humanity. In order to face both problems, extensive work has been done on the

electrolytic production of green H2 coupled with the electrooxidative upgrading of biomass platform

molecules. 5-Hydroxymethylfurfural (HMF) is obtained from forest waste biomass and can be selectively

oxidized to 2,5-furandicarboxylic acid (FDCA) by electrochemical pathways. FDCA is an attractive

precursor to polyethylene furanoate (PEF), with the potential to replace petroleum-based polyethylene

terephthalate (PET). An integrated electrochemical system can simultaneously produce H2 and FDCA at

a lower energy cost than that required for electrolytic water splitting. Here, the benefits of the

electrochemical production of H2 and FDCA over other production methods are presented, as well as

the innovative applications of each reaction product and the advantages of carrying out both reactions in

a coupled system. The recently reported progress is disclosed, through an exploration of electrocatalyst

materials used in simultaneous production, including the use of nickel foams (NF) as modification

substrates, noble and non-noble metals, metal non-oxides, metal oxides, spinel oxides and the

introduction of oxygen vacancies. Based on the latest trends, the next challenges associated with its

large-scale production are proposed for its implementation in the industrial world. This work can offer

a guideline for the detailed understanding of the electrooxidation of HMF towards FDCA with the

production of H2, as well as the design of advanced electrocatalysts for the sustainable use of renewable

resources.
1. Energy and climate
contextualization
1.1 Problems associated with the use of fossil fuels and
forestry activities

The production of electric power has become essential to meet
the growing energy demand of today's societies. This brings
challenges associated with the problem of climate change along
with the depletion of non-renewable energy sources such as
coal, gas, and oil.1,2 It is estimated that if these natural resources
continue to be consumed at the current rate, in the near future
it will no longer be feasible to supply the growing global energy
requirement.3 Indeed, at current levels, fossil energy
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consumption appears strongly unsustainable. Besides the
Intergovernmental Panel on Climate Change (IPCC) highlights
with a high level of condence that global warming is likely to
reach +1.5 °C between 2030 and 2052 if it continues to increase
at current rates.4 An energy transition is being implemented in
most regions, charting an energy transition path that could lead
from the current fossil fuel-based system to an affordable,
efficient, sustainable, and environmentally safe energy future.5

Added to this energy and ecological situation is the problem
of the accumulation of waste resulting from permanent indus-
trial activity. Specically, the forestry industry generates large
amounts of biomass waste, increasing the risk of environmental
crisis.6 These biomass residues derived from forestry operations
and wood manufacturing can be used to produce biofuels and
biomaterials as sustainable alternatives to drive the develop-
ment of renewable technologies and the bio-economy.7

As a way of anticipating future energy, economic, and envi-
ronmental needs, work has been done on estimating the world
renewable energy market. In this sense, according to Renewable
Energy Market – Analysis, Size & Report – Industry Overview.8 The
size of the renewable energy market is expected to grow from 3.96
RSC Adv., 2023, 13, 28307–28336 | 28307
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terawatts in 2023 to 5.58 terawatts in 2028, at a Compound Annual
Growth Rate (CAGR) of 7.09% during the period studied (2023–
2028). This market report addresses global renewable energy,
market, growth, size, and trends, and is segmented by type
including solar, wind, hydro, bioenergy, and others (geothermal,
tidal, etc.). The report also involves geography covering North
America, Asia-Pacic, Europe, South America, and Middle-East
and Africa. Additionally, the report of Renewable Energy Market
Size, Share Analysis j Grow Forecast – 2030,9 indicates that the
global renewable energy market was valued at $881.7 billion in
2020, and is projected to reach $1977.6 billion by 2030, growing at
a CAGR of 8.4% from 2021 to 2030. This analysis covers hydro-
electric, wind, bioenergy, solar, and geothermal types of energy
including the regions of North America, Europe, Asia-Pacic, and
LAMEA.

During the last decades, great efforts have been made on the
generation of clean energy through renewable resources.10–13 As
an example, solar and wind renewable sources have been widely
studied, but unfortunately, both depend on climatic circum-
stances and the availability of large-scale energy storage
systems.14,15 In this sense, it is urgent to study and develop other
kinds of energy production systems, such as those related to
electrochemistry, which provide a promising alternative to
generate and storing energy in large proportions.16–18 In this
way, it is attractive to work on the search for sustainable solu-
tions through coupled electrochemical systems that allow the
production of clean energy and at the same time convert
biomass waste to use.
1.2 H2 as an energy alternative

Molecular hydrogen (H2) is a promising fuel that can be used in
various energy storage and conversion systems.19,20 Within the
alternatives presented by electrochemistry, the production of
green H2 is acquiring great prominence. H2 gas has a very high
energy density whose value is close to 142 MJ kg−1 and also has
a high caloric value which is three times heat release per unit
mass more than gasoline.21 Aer the combustion of H2, the only
by-product generated is water, which makes it highly clean. As
in combustion does not produce greenhouse gases, it offers
great potential to reduce CO2 emissions into the atmosphere.
Hydrogen is considered the most abundant element in the
universe, despite this, it is very difficult to nd it by itself in its
gaseous form as H2, and in order to obtain it, it must be
produced articially.22

H2 can be classied according to its production method
through colors (grey, blue, turquoise, and green), which also
indicates how clean these methods are. In this way, the impact
of H2 production on the environment can be identied.23

In general, production processes that generate the greatest
amount of carbon are classied as grey. “Grey H2” can be
produced by coal gasication, steam reforming of methane,
partial oxidation of methane gas, or through methane decom-
position. Although these techniques are cheaper, they emit high
amounts of carbon into the ecosystem, so they do not meet the
expectations of producing clean energy.24 When the methods
involve techniques to capture and store carbon, they are
28308 | RSC Adv., 2023, 13, 28307–28336
classied as blue. In the case of “blue H2”, the same production
methods are used as grey H2 but carbon capture and storage
processes are incorporated, making H2 production a little
cleaner.25 When H2 is obtained by pyrolysis of methane, it is
called “turquoise H2”. In this case, despite the fact that the
primary feedstock is still natural gas, the process is free of CO2

emissions.23 On the other hand, methods that do not require
natural gas as a starting material and also do not generate
carbon emissions are considered cleaner. For example, “red H2”

is the one that originates in nuclear power plants through
electrolysis of water using nuclear energy. Although these
methods do not produce CO2 emissions into the environment,
they do generate nuclear waste and therefore cannot be
considered 100% clean.26 Finally, “green H2” is the cleanest, as
it involves the production of H2 solely from methods that use
electricity to split H2O molecules into H2 and O2, such as elec-
tro- and photoelectrocatalysis or similar methods. Additionally,
the fundamental requirement for H2 to be considered “green” is
that it be produced using electricity obtained from renewable
sources, among which solar, wind and hydraulic sources stand
out.27–30 Green H2 production promises to be the “clean energy
of the future”, yet large-scale production remains expensive.31

Table 1 presents a summary for the classication of H2 by colors
according to the resources used for its production, the process
of obtaining it and CO2 emissions into the atmosphere.

The global industry, size, share, growth, trends and forecast
analysis of hydrogen-based renewable energy market has also
been detailed through the Hydrogen-based Renewable Energy
Market.32 The technologies considered are Alkaline Electrolyte
Cell (AEC), Polymer Electrolyte Membrane (PEM) and Anion
Exchange Membrane (AEM) for its application in transport,
chemical and petrochemical, petroleum renery, steel, mining,
power generation, heat generation and others. Through the
report submitted in the study period 2022–2031, the global
hydrogen-based industry was valued at $776.3 million in 2022
and it is estimated to advance at a CAGR of 49.7% from 2023 to
2031, reaching $5.3 billion by the end of 2031. Moreover,
according to Green Hydrogen Market Analysis & Future Trends
Report,33 the world market for green hydrogen was valued at
$676 million in 2022 and is projected to reach $7314 million by
2027, growing at a CAGR 61.0% from 2022 to 2027. This Green
Hydrogen Market report is based on hydrogen obtained from
alkaline electrolysis and PEM electrolysis technologies using
renewable resources such as wind energy, solar energy and
others (geothermal, hydropower and hybrid of wind and solar).
1.3 Current and potential applications of H2

Currently it is possible to obtain electrical energy from H2 in fuel
cells, which are electrochemical devices that work in a similar way
to batteries, producing electrical energy from electrochemical
reactions. Fuel cells have a cathode where a reduction reaction of
an oxidizing species occurs and an anode where the oxidation of
a fuel occurs. Both electrodes (cathode and anode) are connected
through an external circuit. Within the different types of fuel cells,
the proton exchange membrane (PEM) technology has been one
of the most developed.34,35 According to Fig. 1, the Hydrogen
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Color code used for H2 (grey, blue, turquoise, red and green) according to its source, production process and resulting CO2 emissions

a SMR: steam methane reforming.
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Oxidation Reaction (HOR) occurs at the anode where the reduc-
tion of H2 to protons (H+) occurs which react with gaseous oxygen
O2 to form water as a clean product of the reaction in the cathode
through the Oxygen Reduction Reaction (ORR). H2 in this case
acts as fuel.36

In fact, there are already vehicle engines that work through
the combustion of H2 to replace gasoline from petroleum.
Automakers like Honda, Toyota, and Hyundai have started
manufacturing fuel cell vehicles using H2 as fuel.37 These
vehicles are already available in North America, Asia and
Europe.38

As of June 2018, more than 6500 fuel cell vehicles had been
sold. At that date, California showed its leadership in the sale of
this type of vehicle, with almost 3000 units, due to the fact that
the state houses the largest network of H2 service stations in the
world.37 Several automakers are promoting their fuel cell vehi-
cles to customers, who oen buy battery electric vehicles. Both
types of vehicles are characterized by producing zero
Fig. 1 Operation of a PEM fuel cell.

© 2023 The Author(s). Published by the Royal Society of Chemistry
greenhouse gas emissions and are capable of being powered by
renewable, sustainable and, above all, clean energy sources.37

H2 has increasing potential for use as a fuel in the future. In
fact, it is estimated that by the year 2030 the cost of fuel cells will
be comparable to traditional gasoline-powered vehicles, due to
the impressive technological advances of recent years and the
advantages that are observed today with respect to availability.39

The application of fuel cells has been proven for all types of
transport. For example in shipping, fuel cells have been used for
many years in major propulsion power and auxiliary power unit
applications.40 Using H2 as fuel, the PEM fuel cell has been
popular in marine vehicle projects due to its high energy effi-
ciency and anti-pollution impact.41

Air transport shows a participation in world energy
consumption between 2.5% and 5% in total and showing
a growing perspective of approximately 4.8% per year.42 The rst
work on the use of H2 fuel in aircra was took place in 1956
when the United States began ying a bombed-out B57
RSC Adv., 2023, 13, 28307–28336 | 28309
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Canberra aircra that used helium-pressurized H2 fuel in one of
its engines.43 The work of NASA has allowed the merger of the
aviation industry and H2 energy, placing fuel cells in a prom-
inent position for their development in aircra.42 Both fuel cells
and batteries are environmentally friendly devices that can be
used in air transportation.

However, on the one hand, the battery contains a closed
energy store inside it and forced to the charge/discharge situa-
tion with an external supply of electricity for the electrochemical
reaction to occur on the contrary. A fuel cell, on the other hand,
uses an external supply of chemical energy and can operate
indenitely using H2 and O2 sources.44 The key to aircra being
able to run on H2 is to continue to move towards storage issues
as it takes a lot of liquid H2 for an aircra to y.42,45 Additionally,
during the H2 generation, the use of fossil fuels continues to
limit the effectiveness of production. It is predicted that the
easiest and most cost-effective way to use H2 for aircra fuel is
from nuclear power.42

H2 has also had its applications in aeronautics at the
beginning of the 20th century, for rigid aircra such as Zeppelin
due to its excellent rebound characteristic.46,47 Subsequently,
the development of aircra using H2 as propellant has been
evaluated in many countries, such as Suntan (USA-1956),
Tupolev Tu-155 (Soviet Union-1988), CRYOPLANE (Europe-
2000), HyShot (Australia-2001), NASA X-43 (USA-2004),
Phantom Eye (USA-2013). Also, H2 is the main rocket fuel due
to its high specic energy. A rocket fuel tank is normally lled
with liquid H2 and liquid O2 which react together and give a lot
of power to propel the rocket.47 H2 fuel technology is so prom-
ising that work is under way to develop high-performance fuel
cells in the aerospace sector. Specically regenerative fuel cells
can collect and store solar energy during the day and gradually
release it when needed, making power available 24/7.48

Although there is abundant information about the current
and possible applications of H2 technology in transportation
(land, sea, air and space), the literature hardly addresses its
implementation in the industrial sector. H2 could potentially be
applicable in sustainable factory systems. Given that the
industrial sector is the second largest emitter of greenhouse
gases in the world, there is an urgent need to nd new alter-
natives to decarbonize factory systems. H2 could be widely
applicable in factories both in electricity and heat generation as
process gas or fuel. This is a potential pathway to move factories
towards carbon neutrality.49 As an example, in 2018, the steel-
making factory consumed 3.75 GW h of energy from coal, which
corresponds to 32.5% of the total coal consumption.50 There-
fore, the use of renewable energy in this industry will signi-
cantly reduce greenhouse gas emissions. For factories to make
the decision to change energy sources, certain critical parame-
ters must be analyzed: the caloric value of coal (22 MJ kg−1) is
relatively low compared to the caloric value of H2 (142 MJ
kg−1). Therefore, H2 handling processes will be easier than coal.
Safety, toxicity and environmental effects are usually minor
concerns for a factory as high level precautions are taken. Due to
the fact that the energy supply must be continuous, the
economic cost factor is one of the most relevant parameters in
decision making. This indicates that the decrease in H2
28310 | RSC Adv., 2023, 13, 28307–28336
production costs is the main challenge for its application at an
industrial level.50

In order to make the production and application of H2

economically more attractive for the various factories, there is
the possibility of coupling the electrochemical production of H2

to the simultaneous generation of high-value molecules for the
industrial sectors. The benets of this promising alternative are
explained in detail below.
2. H2 production coupled to
oxidation of industrial interest
molecules

According to the above green H2 classication, gaseous H2 can
be produced by the electrochemical breakdown of water mole-
cules through a process called electrolysis (Fig. 2a). For the
splitting of the water molecule to occur, the application of
a continuous electric current is required through two elec-
trodes, the cathode, and the anode. At the cathode, the
hydrogen evolution reaction (HER) occurs, which consists of the
reduction of H+ to H2, while at the anode, the oxygen evolution
reaction (OER) occurs, corresponding to the oxidation of H2O to
O2. Both reactions occur simultaneously, and the electrons are
transferred from the anode to the cathode through an external
circuit.51 The H2 production (HER) has many advantages,
however, the O2 production (OER) is an unattractive reaction,
since it generates a product of little value (O2). On the other
hand, the rate of the process is limited by the rate of the
oxidation reaction (OER), which has slow kinetics, for the
production of green H2. This means that a greater magnitude of
overpotential is required for the OER than that used in the HER,
thus reducing the energy conversion efficiency of the entire
process.52 One way to avoid this limitation is to replace the
production of O2 with an energetically more favorable oxidation
reaction, which supplies electrons for the HER to occur simul-
taneously and which also allows the generation of an oxidation
product with higher added value at the anode.52

As shown in Fig. 2b, it is possible to use a two-compartment
cell separated by a membrane, where the oxidation of an
alternative molecule is generated on the anode as a replacement
for the production of O2. In the search for molecules that are
oxidizable at a lower overpotential and that also present bene-
ts over the production of O2, the idea of taking advantage of
certain platform molecules obtained from biomass to generate
chemical products with higher added value is proposed.

Biomass waste valorization processes integrate conversion
procedures of its components, to obtain higher value products,
such as fuels and some chemical products, and it is crucial to
guarantee a carbon-based circular economy in the future, with
economic and environmental benets. In this context, ligno-
cellulosic biomass, known to be the raw material for the pulp
and paper industry,53 is very abundant and has the capacity to
produce liquid fuels and numerous compounds of industrial
interest.

There are several platform molecules from forest biomass
that are interesting to couple their oxidation to the electrolytic
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 (a) Traditional water electrolysis with simultaneous O2 and H2 production, (b) simultaneous production of H2 and value-added products.
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production of H2. Among the different platform molecules ob-
tained from forest biomass that can be valorized by electro-
chemical routes through oxidation, the 5 most prominent are
ethanol, benzyl alcohol, furfural, furfuryl alcohol and 5-
hydroxymethylfurfural (HMF),54 which correspond to represen-
tative organic substrates for their simultaneous electrocatalytic
oxidation to the production of H2 from electrochemical splitting
of water.

Below are the typical technical problems54 associated with
traditional water electrolysis:

(1) Conventional water electrolyzers produce H2 and O2 gases
simultaneously, so it is necessary to include additional methods
of separating these gases and thus avoid the formation of the
mixture of H2/O2, which can be explosive.

(2) The possible formation of reactive oxygen species (ROS)
can cause the degradation of cell membranes, prematurely
damaging electrochemical devices, decreasing their useful life
considerably.

On the other hand, the integration of the electrochemical
oxidation of these 5 biomass intermediates in replacement of
the OER entails multiple benets,54 among which the following
stand out:

(1) The electrical energy consumption required for the
production of H2 can be signicantly reduced due to the use of
more thermodynamically convenient organic reagent oxidation
reactions, thus increasing the energy conversion efficiency.

(2) The production of value-added ne chemicals from
electrochemical reactions maximizes investment in economic
and energy terms.

(3) Because the anode products are generally non-gaseous,
membrane less electrolysis can be achieved.

(4) Electrochemical oxidation of biomass intermediates
produces valuable products with higher energy conversion
efficiency than traditional water splitting.

It should be noted that biomass is the only green and truly
sustainable carbon source. The conversion of biomass into fuels
and chemicals, oen called “biorenery”, is seen as a promising
and increasingly viable alternative to replace current oil rening
processes.
© 2023 The Author(s). Published by the Royal Society of Chemistry
One of the 5 platformmolecules obtained from biomass that
draws particular attention is 5-hydroxymethylfurfural (HMF).
HMF is the dehydration product of C6 carbohydrates and can
act as a precursor for the synthesis of a wide variety of valuable
chemicals, plastics, pharmaceuticals, and even liquid fuels and
its commercial price is 20–50 $ per kg. One of the HMF oxida-
tion products that generates the most interest due to its high
added value is 2,5-furanedicarboxylic acid (FDCA).54

FDCA is a monomer that has received increasing attention in
the industry, and is being referred to as a “green” chemical
platform that can be transformed into a number of high-value
biobased chemicals such as polyesters, polyamides, plasti-
cizers, and drugs55–57 through various synthesis methods.58–60

FDCA is priced at 10–25 $ per kg and is on the US Department of
Energy (DOE) list of top 15 molecules that have the potential to
replace monomers obtained from the petroleum industry such
as terephthalic acid (TPA),61–63 due to their great structural
similarity. The polycondensation reaction of FDCA with
ethylene glycol produces poly(ethylene furanoate) (PEF), with
a yield greater than 90%.64 PEF has superior mechanical prop-
erties, better gas barrier properties, and lower non-renewable
energy consumption compared to PET.65–67

Additionally, FDCA has been copolymerized with aliphatic
and cyclic acid comonomers to improve biodegradability. These
copolyesters have demonstrated excellent gas barrier and ther-
momechanical properties, making them suitable candidates for
food and beverage packaging.62 For this reason, it is crucial to
propose selective production of FDCA by electrochemical
pathways, for the industrial production of PEF. This will make it
possible to reduce the current generation of plastic products
from petroleum.

Through the electrochemical oxidation methodology of HFM
to obtain FDCA, plastic products such as food and beverage
packaging can be obtained from biomass residues, using
materials that have been considered as forestry industry waste,
favoring the circular economy and drastically reducing the
carbon footprint. Fig. 3 shows a summary of the steps to obtain
food and beverage packaging from biomass waste, including (a)
dehydration of C6 carbohydrates obtained from biomass, (b)
RSC Adv., 2023, 13, 28307–28336 | 28311
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Fig. 3 Steps involved in obtaining food and beverage packaging. (a) dehydration of C6 carbohydrates obtained from biomass, (b) oxidation of
HMF to FDCA and (c) polymerization treatments.
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oxidation of HMF to FDCA and (c) polycondensation and
copolymerization treatments for the manufacture of containers
for food and beverages.

The catalytic oxidation of HMF is the main route of
production of FDCA. The main approaches to catalysis are
thermal catalysis, biocatalysis, electrochemical catalysis, and
photocatalysis. Among these production methods, thermal
catalysis has been reported most frequently. The catalytic
oxidation of HMF with noble metals can obtain an excellent
conversion rate, but the high cost of thematerials does not favor
its application at the industrial level.68

There are several industries involved in the production of
FDCA.62 For example, Avantium and BASF, under a joint venture
(Synvina), successfully studied and improved the separation
and selectivity of catalysts in the production of FDCA. At the
beginning of 2020, Avantium signed a memorandum of
understanding to locate a pilot plant in the Netherlands with
a goal of obtaining 5 kilotons of product through a technology
that consists of the dehydration of carbohydrates in an alco-
holic medium to form alkoxymethylfurfural or methox-
ymethylfurfural and methyllevulinate, and its subsequent
oxidation to FDCA using acetic acid. These steps are followed by
the polymerization of FDCA with ethylene glycol to form PEF.69

Additionally, Dupont, Archer Daniels Midland Company, Origin
Materials and Eastman Company, AVA Biochem and the VTT
Research Center have also innovated in the development of new
technologies for the production of FDCA at a commercial level.62

The Petrobras company implemented a process for the
conversion of sugars into HMF using an ion exchange resin,
followed by oxidation to FDCA.70 Despite these advances, there
are still challenges that prevent the large-scale production of
FDCA, since it is possible to produce a low amount of FDCA and
the reaction times are very long.71 Most of these companies opt
for FDCA production processes focused on the use of hetero-
geneous catalysts and green solvents.37

Although great efforts have beenmade to reduce the impact on
the environment, the classic methodology used in the industry for
the oxidative transformation of HMF to FDCA is still carried out
28312 | RSC Adv., 2023, 13, 28307–28336
with large amounts of strong chemical oxidants. Furthermore,
expensive catalysts and productionmethods are used to obtain its
numerous oxidation products.72–74 These methods also involve
hard reaction conditions, including for example the use of high
pressure O2 (greater than 10 bar) and temperatures above 80 °C.74

Building a cheap and efficient catalytic system to oxidize HMF
under mild conditions remains a challenge pursued by industry
and researchers. Considering the above, electrocatalytic oxidation
is a more sustainable alternative since the conversion occurs by
the application of electricity and costly or environmentally
harmful chemical oxidants are not needed. Electrocatalysis is
a cleaner, safer and more controllable form of catalysis where
reaction parameters such as current potential and voltage can be
adjusted more conveniently and precisely.68
2.1 Electrolytic H2 production coupled to electrovalorization
of 5-hydroxymethylfurfural (HMF)

HMF is a furan ring system with formyl and hydroxymethyl
groups and can be converted to high-value chemicals.
Conventional thermocatalytic oxidation of HMF to high value
chemicals such as HMFCA (5-hydroxymethyl-2 furan carboxylic
acid), FFCA (5-formyl-furoic acid), DFF (diformyl furan) and
FDCA (2,5 furan dicarboxylic acid) is generally carried out over
supported Pt, Au, Pd and Ru catalysts at high temperature and
in high pressure oxygen atmosphere.75 Although cheaper tran-
sition metal-based catalysts have been designed and used, their
catalytic activity is typically lower than that of noblemetal-based
catalysts.75–80

An electrocatalytic reaction is a chemical reaction system
driven by an electrochemical potential. Specically, it refers to
the process of gaining electrons at the cathode for the reduction
reaction and losing electrons at the anode for oxidation under
the action of voltage.81–83 The electrocatalytic reaction is acti-
vated when the applied external voltage reaches the over-
potential required for the reaction to occur.82

Fig. 4 shows a scheme for the electrochemical oxidation of
HMF to FDCA in three steps, through two possible reaction
© 2023 The Author(s). Published by the Royal Society of Chemistry
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pathways (DFF or HMFCA, which are further oxidized to FFCA
and nally to FDCA).84 The entire process, independent of the
oxidation pathway, involves a transfer of 6 electrons in total.
The two possible steps presented in Fig. 4 involve the following
events:

(i) The hydroxymethyl group of HMF is oxidized to DFF,
which is further oxidized to FFCA and nally to FDCA (HMF /

DFF / FFCA / FDCA).
(ii) The formyl group of HMF is initially oxidized to HMFCA

and then the hydroxymethyl group of HMFCA is oxidized to
FFCA. Finally, the formyl of FFCA is oxidized to form FDCA
(HMF / HMFCA / FFCA / FDCA).

In addition to electrocatalytic reactions, there are photo-
electrocatalytic reactions, which usually use electrodes made of
semiconductor materials in order to produce charge carriers
(i.e., pairs of holes and electrons) by irradiating light. Holes in
the valence band (VB) as oxidizing species can facilitate the
electrochemical oxidation of compounds, and electrons in the
conduction band (CB) as reducing species can facilitate the
electrochemical reduction of compounds.70 Both electro-
catalytic and photoelectrocatalytic reactions are generally
carried out under so conditions and have the advantages of
ecology, sustainability, and energy saving.85,86

A wide variety of highly efficient electro- and photo-
electrocatalysts have recently been developed and synthesized
to perform the electrochemical oxidation of HMF to high-value
products at medium and low voltages.86 Both electrocatalytic
and photoelectrocatalytic oxidation of HMF in high-value
chemicals have attracted wide attention.71,74,87,88

One of the main advantages of carrying out the oxidation of
HMF by electrochemical means is the high selectivity towards
obtaining FDCA as the only reaction product.89 As shown in
Fig. 5 it is possible to simultaneously perform the electro-
chemical oxidation of HMF to form FDCA and the hydrogen
evolution reaction (HER), while increasing the energy efficiency
of H2 production,54 given the ability of HMF to oxidize at a lower
overpotential than that required by the OER.90

As shown in Fig. 5, the reaction to produce FDCA at the
anode is given by eqn (1).

HMF + 6OH− / FDCA + 4H2O + 6e− (1)
Fig. 4 Oxidation scheme of HMF to FDCA (2,5 furan dicarboxylic acid) i
routes: via DFF (diformyl furan) and via HMFCA (5-hydroxymethyl-2 fura

© 2023 The Author(s). Published by the Royal Society of Chemistry
Similarly, the cathodic reaction in eqn (2) involves the electro-
lytic production of H2.

6H2O + 6e− / 3H2 + 6OH− (2)

Finally, the global reaction for the simultaneous production
of H2 and FDCA is expressed by eqn (3).

HMF + 2H2O / FDCA + 3H2 (3)

Both of these coupled reactions are generally carried out in 3-
compartment electrochemical cells suitable for using a counter
electrode, a reference electrode, and a working electrode upon
which formation of the desired products occurs. Through
a study of linear or cyclic voltammetry, it is possible to visualize
the starting potential, whose value indicates how good an
electrocatalyst the working electrode is. The lower the energy
requirement in terms of electrochemical potential for the
conversion to begin, the higher the electrocatalytic activity of
the working electrode.

Both coupled reactions are most oen carried out in an
alkaline 1 M KOH solution as the electrolyte, since under acidic
conditions (pH < 2–3) FDCA is not soluble in aqueous media
and precipitate formation begins to occur. Despite this, there
are works in which the electrooxidation of HMF to FDCA in an
acid medium has been proposed as an alternative way to more
easily isolate FDCA from solutions by a simple ltration
process.91 In any case, it is important to consider that the
electro-oxidation of any organic molecule involves a series of
stages associated with electrons coupled to protons and there-
fore the pH value has a great relevance in the reactivity, which is
expected to be maximum at a pH close to the pKa of
compound.92–97 Given the pKa of HMF of 12.8, it is key to work
under alkaline conditions to ensure the maximization of the
electrocatalytic activity of HMF against nucleophilic attack by
OH−. Therefore, to ensure high yield and selectivity, pH opti-
mization should be performed.98

The electrovalorization of HMF has been carried out experi-
mentally, achieving a selectivity towards the production of FDCA
of 100% (ref. 99 and 100) or values very close to 100%.101–106 When
the conversion of HMF does not proceed completely to the
formation of FDCA, other intermediates such as DEF, HMFCA,
n 3 steps, with an exchange of 6 total electrons, through two possible
n carboxylic acid), where FFCA (5-formyl-furoic acid) is intermediary.

RSC Adv., 2023, 13, 28307–28336 | 28313
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Fig. 5 Simultaneous production of H2 and 2,5-furandicarboxylic acid
(FDCA).
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and FFCA are oen formed107 (see Fig. 4) which can be quantied
byHigh Performance Liquid Chromatography (HPLC) (see Section
4: Conversion and distribution in the production of H2 and
FDCA).

3. Electrolytic H2 production assisted
by biomass and other H2 production
methods: feasibility and viability

Considering non-renewable hydrogen production routes, Steam
Methane Reforming (SMR) is a classically used process
providing more than 80% of the hydrogen generated world-
wide.108 Despite the fact that this technology presents a high
energy efficiency (74–85%), the use of fossil fuels continues to
be a great disadvantage. In this sense, it is required to use
additional equipment and energy to capture a percentage of the
CO2 released,109 therefore this and other technologies based on
fossil fuels are neither green nor sustainable.110 Pyrolysis is
another classical route of hydrogen production, but it still
presents low yields, separation and purication problems, tar
deposition, and high hydrogen production costs.111 Like SMR,
pyrolysis requires the installation of auxiliary equipment to
treat contaminants.110,112

Regarding renewable routes, the biohydrogen process is
considered non-polluting and can be easily carried out at
atmospheric pressure and temperature with a high energy
content (120 kJ g−1).113 However, biohydrogen production faces
low hydrogen yield,114 high moisture content, separation and
purity problems, and energy feed problems.115,116 Therefore,
more research is needed to commercially introduce the bio-
hydrogen process.110

Photocatalysis is a clean and environmentally safe H2

production technique, but it still faces a major challenge asso-
ciated with the preparation of a suitable semiconductor mate-
rial as a catalyst, which is abundant, cheap and easy to
regenerate.117 Water electrolysis from renewable and
28314 | RSC Adv., 2023, 13, 28307–28336
sustainable sources, is considered a reasonably efficient
method as it provides 4% of the total hydrogen production
worldwide.118 The most signicant advantage of this technology
is that it does not require H2 separation. However, the main
challenge of electrolysis is the cost-effective production of
hydrogen given its high energy consumption.110 For this reason,
water electrolysis has not yet been able to manifest itself
economically above SMR. Water electrolysis produces hydrogen
with an energy efficiency of up to 52% with the corresponding
cost of 10.3 $ per kg.119 Water electrolysis produces 380 000 kg of
H2 per year and the consumption is 53.4 kW h per kg of H2.120

The production rate has been determined to be 20 g kW−1 h−1

with an expected cost and efficiency of 0.09 V per kW per h or
6.36 $ per kg and 79.2%, respectively.121 Alkaline water elec-
trolysis is currently the cheapest way to produce electrolytic
grade hydrogen (∼700–800 V per kW).122 It is estimated that
water electrolysis could become protable soon if the costs of
renewable energy decrease because it does not require any other
raw materials besides water.110

An important point to consider is that unlike water elec-
trolysis assisted by electrooxidation of organic molecules,
traditional water electrolysis uses expensive devices to avoid the
crossover of H2 and O2 gases, making the production cost of H2

two or three times greater than that of reforming fossil
fuels.123,124 Also, from the hydrogen production cost perspective,
water electrolysis generally requires an electricity input of at
least 4 kW h N m−3 H2,125,126 while water electrolysis assisted by
electro-oxidation of organic molecules could reduce consump-
tion of electricity below 4 kW h N m−3 H2.127 Therefore, the
electrolytic production of hydrogen assisted by electro-
oxidation of organic molecules such as biomass does not
require the use of expensive separators of H2 and O2, reduces
energy consumption and also produces molecules of industrial
interest at the anode with clear commercial benets, demon-
strating its economic superiority and feasibility over traditional
water electrolysis.
4. Exploration of materials used in the
simultaneous electrochemical
production of H2 and FDCA

For several decades it has been possible to carry out the tradi-
tional electrolysis of water to produce H2 efficiently on platinum
electrodes with overpotentials close to zero.128 However, to meet
the growing energy demand, cheaper electrocatalysts are
required, and they are more widely available and abundant on
earth. An intense and growing search for materials that can
replace platinum has been carried out and, in this exploration
interesting alternatives have been found related to the use of
nanoparticles doped with heteroatoms on noble metals.129,130

Likewise, palladium electrodes supported on nitrogen-doped
CNTs (Pd/N–CNT),131 or systems of phosphorus-doped gra-
phene (Pd/PG) and phosphorus-doped carbon nanoparticles
(Pd/P–CNP)132,133 have shown an electrocatalytic activity
comparable to that of platinum for HER, however, the use of
noble metals remains highly expensive.134
© 2023 The Author(s). Published by the Royal Society of Chemistry
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In order to reduce the cost of electrocatalysts for traditional
H2 production from water, carbon supports such as glassy
carbon or materials related to graphite51 have been used, as well
as complexes that present transition metals, such as metallic
tetraphenylporphyrins,135 or as in the case of some Cu136 and
Co137 porphyrins.

It has seen previously that the energy cost of H2 production
can be reduced by replacing the anodic reaction of oxygen
production with the oxidation of other molecules such as HMF
present in the biomass. The search for bifunctional materials to
simultaneously electrocatalyze the production of H2 and FDCA
has been a constant challenge for science and industry.

Electrochemical oxidation of HMF to FDCA using nickel
oxide/hydroxide electrodes was rst reported by G. Grabowski
et al. (1991) using a two-compartment electrochemical cell.138 A
strongly alkaline electrolyte (1 M NaOH) was used at a current
density of 16 mA cm−2. In this work, a yield of 71% of FDCA was
obtained. However, the electrochemical oxidation of HMF was
not studied again until several years later, probably because the
importance of FDCA was not well recognized by the academic
community.139 Electrocatalysts of noble metals and their alloys
were subsequently published. Subsequently, there has been
a growing wave of research related to materials science, in
a constant search to reduce the energy and economic cost of the
electrodes in the electrocatalytic oxidation of HMF. Advances in
electrocatalysis have made it possible to manufacture bifunc-
tional materials that can carry out HMF and HER oxidation
simultaneously, however, the stability and performance of HER
has yet to be improved.54,140

Below are some materials that have been widely used as elec-
trodes in the electrocatalytic oxidation of HMF to produce FDCA.
It is highlighted the use of nickel foam (NF) as modication
substrate, noble metals, non-noble metals, metal non-oxides,
metal oxides, spinel oxides and the introduction of oxygen
vacancies. Many of these materials function as bifunctional elec-
trocatalysts in the simultaneous production of H2 and FDCA,
however, only the information associated with the production of
FDCA is shown, since as mentioned above, the electrical energy in
terms of onset potential required for the production of H2 can be
signicantly reduced due to the organic reagent oxidation reac-
tions as HMF replacing the O2 evolution, since being thermody-
namically more convenient, it is capable of increasing the
efficiency of the energy conversion of H2 production.
4.1 Use of nickel foam as a modication substrate

Nickel foam (NF) is a 3D porous metal substrate whose specic
surface area is quite high due to its varied hierarchical pore
structures.141 Nickel foams are used as an electrode material
because they offer excellent cycle stability, are inexpensive, highly
conductive of electrical current, and have outstanding surface
area. NFs are considered good electrode materials because they
enhance the available active surface area on the substrate and
improve the interactions between electrolyte ion diffusion and the
substrate and are chemically stable in numerous liquid electro-
lytes.142,143 Its abundant number of tiny holes and criss-cross
channels within the foam act as a pathway for the transport of
© 2023 The Author(s). Published by the Royal Society of Chemistry
ions and electrons. In this context, they provide effective networks
for efficient electron collections and excellent channels for
electrolyte/ion diffusion. These holes and channels also allow to
improve the surface area of the electrodes.144–146 At the same time,
porosity ensures economical use of the material and improves the
accessibility of the reagents. Therefore, they are widely used as
active substrates in batteries and supercapacitors.146 Specically,
NFs have been very useful in the alkaline electrocatalytic study of
both HER and HMF oxidation.

When the HER is carried out in alkaline media, nickel (Ni) is
a low-cost catalyst and an interesting alternative to platinum. It
has been determined that the porosity of nickel foams and the
presence of ne nanostructures inuence the electrocatalytic
activity of HER.147–149 Furthermore, it has been found that the
size of the pores or holes is related to the size of the H2

bubbles.150

It is widely known that HER can proceed through two possible
mechanisms,151which always include H2 adsorption (Volmer step)
followed by electrochemical desorption (Heyrovsky step) or
chemical recombination (Tafel step). When each of these steps is
the rate-determining step of HER, a Tafel slope value of 120, 40, or
30 mV dec−1, respectively, is obtained. However, when HER is
carried out on a porousmatrix, such as nickel foams, deviations in
Tafel slope values are oen observed, due to the complexity of the
3D structure of the electrodes.150

As an example to explain the excellent electrochemical
activity of NFs, R. Latsuzbaia et al. (2018) carried out a contin-
uous electrochemical HMF oxidation process to FDCA was
developed in an alkaline medium on catalyst materials such as
Au, Au3Pd2, Pt, PbO2, Ni/NiOOH foam, and graphite.152 As
a result, non-noble Ni/NiOOH electrodes showed better
performance compared to noble metal alternatives, reaching
FDCA yield of z90% and faradaic efficiency of z80%.

Recently, A. Delparish et al. (2022) explained the mechanism
and reaction kinetics of the electrochemical oxidation of HMF
on Ni(OH)2/NiOOH, and its implications in the design of
a reactor to carry out this reaction.153 The reaction was carried
out in a parallel plate electrochemical microreactor using Ni
plates as working electrode and counter electrode. The work
showed the characterization of the mass transfer of the reactor
and a detailed parametric study. Almost complete conversion
was obtained at pH 13, applying a cell potential of 1.7 V and
a short residence time of less than 380 s. The kinetic model of
this study suggested that the reaction proceeds through the
adsorption of HMF and intermediates on NiOOH, the mecha-
nism of which is explained below.

When performing voltammetric studies in an electro-
chemical cell, Ni meets the alkaline solution at pH 13,
producing Ni(OH)2 on the surface spontaneously:154

Ni �!OH�
NiðOHÞ2 (4)

Cyclic voltammetry measurements on the Ni(OH)2 covered
Ni electrode in presence and absence of HMF usually show an
anodic peak followed by a strong current increase due to the
oxygen evolution reaction (OER). It should be remembered that
RSC Adv., 2023, 13, 28307–28336 | 28315
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the OER is the main reaction that competes with the oxidation
of HMF. The anodic peak is attributed to the oxidation of the
Ni(OH)2 sites to NiOOH:153–155

NiðOHÞ2 þOH� %
k1

k�1
NiOOHþH2Oþ e� (5)

In the absence of HMF, this current reaches a maximum
followed by a valley as the Ni(OH)2 sites are depleted during the
sweep, whereas in the presence of HMF, the anodic peak
increases its value in current and the trough is contracts. This
increase corresponds to the oxidation of HMF on the NiOOH
sites.153 This causes the NiOOH sites to be reduced to Ni(OH)2.
In this way, the NiOOH sites become available again to partic-
ipate in the surface oxidation reaction (eqn (5)), thus contrib-
uting to the anodic current. The disappearance of the valley in
the presence of HMF (especially when HMF concentrations are
higher), suggests that the surface coverage of HMF and/or its
oxidation products plays a key role in the electrocatalytic
process.153

J. Zhang et al. (2021) developed an ultrathin nickel hydroxide
nanosheets in situ on commercial nickel foam (Ni(OH)2/NF) as
an anode for the electrocatalytic oxidation of HMF to FDCA,
where the complete conversion of HMF was carried out, with
a yield of 100% of FDCA and >99% faradaic efficiency applying
a potential of 1.39 V (vs. RHE) during 90 min of reaction.99

Table 2 summarizes the electrocatalytic performance of
different electrode materials incorporating NFs, including the
system used, HMF concentration, electrolyte, onset potential
(vs. RHE), FDCA yield and faradaic efficiency (FE).

In addition, given the extraordinary electrocatalytic charac-
teristics of NFs, they are oen used as modication substrates,
adding other interesting materials to their surface in order to
enhance their electrochemical properties towards HER and
HMF oxidation52,101,156–163 which, to facilitate comparison, are
also presented in Table 2.

4.2 Noble metals

Almost two decades aer the rst investigation on the electro-
chemical oxidation of HMF carried out in 1991, a new
Table 2 Electrocatalytic performance of different electrode materials u

System [HMF] Electrolyte

Ni/NiOOH 10 wt% 0.1 M Na2SO4 + additions of NaOH
Ni(OH)2/NiOOH 20 mM KOH and Na2SO4, pH = 13
Ni(OH)2/NF 10 mM 1 M KOH
b-Co0.1Ni0.9(OH)2/NF 50 mM 1 M KOH
Ni2P/NF 10 mM 1 M KOH
NixSey–NiFe@NF 10 mM 1 M KOH
NixB/NF 10 mM 1 M KOH
NiBx@NF 10 mM 1 M KOH
d-MnO2/NF 10 mM 1 M KOH
NiCo2O4 nanowires/NF 10 mM 0.1 M KOH
NiCo2O4/NF 5 mM 1 M KOH
CuCo2O4/NF 50 mM 1 M KOH
N–Co3O4/NF 50 mM 1 M KOH

28316 | RSC Adv., 2023, 13, 28307–28336
electrochemical investigation was carried out by K. R. Vuyyuru
(2012) where the effect of the pH of the reaction medium and the
electrocatalyst on the electrochemical oxidation of HMF was
analyzed.164 In this study it was reported that in the absence of
a catalyst, HMF was not very stable under strongly alkaline
conditions (i.e., pH > 13). When a Pt electrode was used at pH 10,
about 70% conversion of HMF was obtained at a current density
of 0.44 mA cm−2. However, only the DFF intermediate was ob-
tained in 18% yield and the amount of FDCA was <1%. Appar-
ently, Pt is not a suitable electrocatalyst for HMF oxidation, at least
under these working conditions.

Electrocatalysts that include a single noble metal such as
Pd,165,166 Pt,91,152 Au,165 and Ru,167,168 have been studied in the
electrooxidation of alcohols, aldehydes and furans as they have
shown outstanding capabilities in the activation of molecular
oxygen.169,170However, these noblemetals have disadvantages in
the electrocatalytic oxidation of HMF, obtaining unfavorable
yields.171 This is because HMF carbonyl groups usually occupy
the surface sites of metals through intense adsorption, which
causes electrocatalyst deactivation.172 In addition, it has been
found that despite the fact that noble metal electrocatalysts lead
to obtaining low onset potentials, the supplied current density
is considerably low, which hinders their application in the
electrocatalytic oxidation of HMF.89,171

According to this, D. J. Chedderdon et al. (2014) addressed
the electrochemical oxidation of HMF using noble metals
including Au and Pd and their alloys.165 In this study, the
comparison of the oxidation of HMF, 5-hydroxymethyl-2-furan-
carboxylic acid (HMFCA) and 2-formyl-5-furancarboxylic acid
(FFCA) on Au and Pd led to the conclusion of that Au was
considerably more efficient than Pd for the oxidation of the
aldehyde group in HMF. In addition, the bimetallic Au/Pd
electrodes presented higher electrocatalytic activity compared
to each metal individually. It was further found that alloying Au
with Pd enhanced its activity towards oxidation of the hydrox-
ymethyl group in HMFCA. In addition, the bimetallic PdAu2/C
system signicantly improved the efficiency of the electro-
chemical oxidation of HMF, achieving a complete conversion of
HMF, where the yield of FDCA formation at a potential of 0.9 V
(vs. RHE) was 83%. However, this electrocatalytic methodology
sing nickel foams on the electrooxidation of HMF towards FDCA

Eonset, V
vs. RHE FDCA yield FE Ref.

to maintain, pH = 12 — ∼90% ∼80% 152
1.7 52% max. — 153
1.39 100% >99% 99
∼1.3 — ∼93% 156
1.423 — 98% 52
∼1.37 99.3% 98.9% 157
1.45 98.5% ∼100% 158
1.7 — $99% 101
1.35 98% 98% 159
1.55 90% ∼100% 160
1.5 — 87.5% 161
1.23 93.7% 94% 162
1.38 96.4% 99.5% 163

© 2023 The Author(s). Published by the Royal Society of Chemistry
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generated other reaction intermediates (mainly HFCA), which
hinders the purication process of FDCA from the electrolyte. In
the context of these results, many studies have revealed that Au
is more efficient for the selective oxidation of aldehyde groups;
however, this noble metal can be deactivated by the organic
products formed.173,174

In contrast, Pt and Pd are more efficient for the oxidation of
alcohol groups and stabilize Au.175,176 For this reason, AuPd
alloys exhibit great stability and high yields in HMF oxida-
tion.165,166,171,177 given its remarkable ability to oxidize aldehyde
and alcohol groups of HMF.171 Attempts have been made to
continue using noble metals in improving the electrochemical
activity of other materials in the electrooxidation of HMF, such
as using sputter-coated glass with Au on Ti178 where, despite the
fact that the oxidation of HMF to FDCA was carried out at an
overpotential of 1.54 V, the performance of FDCA and the
faradaic efficiency were increased to values over 99%.

C. Zhou et al. (2019) prepared Fe3O4 decorated reduced
graphene oxide supporting platinum nanocatalyst (Pt/Fe3O4/
rGO) and applied it in the electrooxidation of HMF to produce
FDCA.179 The results showed that the introduction of Fe3O4

increases the utilization of platinum, the catalytic activity and
the recycling property of the catalyst. It was also shown that the
dispersion of Pt increased about 10% when decorating with
Fe3O4 given the electrochemical active and chemical adsorption
surface area. The Pt/Fe3O4/rGO system presented better activity
compared to Pt/rGO and achieved a conversion of 100% of HMF
and a yield higher than 98% of FDCA in 0.1 M K2SO4 aqueous
solution, aer 8 h under mild conditions.

A. R. Poerwoprajitno et al. (2020) synthesized branched gold-
supported nickel nanoparticles (Ni/Au-br-NPs) to carry out the
anodic oxidation of HMF.180 In this work we highlight a cubic
core hexagonal branching growth mechanism that allows the
formation of branched Ni nanoparticles with adjustable branch
length. Ni branches grew on Au nanoparticles. Branched Ni
nanoparticles had higher activity in the anodic oxidation of
HMF than spherical amorphous Ni nanoparticles. This attrac-
tive performance is attributed to the large surface area and
exposure of surface facets along the Ni branches. This work is
a new example that the presence of noble metals would not
directly help in the electrocatalytic oxidation of HMF. However,
noble metals can be quite useful in the construction of elec-
trocatalysts to improve the electrocatalytic activity and effi-
ciency of other non-noble metals.

The electrocatalytic performance of different electrode
materials incorporating noble metals presented above is
summarized in Table 3.
4.3 Non-noble metals

Given the high economic cost of noble metals, many research
groups have focused onmanufacturing new electrocatalysts based
on non-noble metals, in order to reduce the production costs of
both H2 and FDCA. Transition metal are widely used as electro-
catalysts due to various electronic congurations of 3d orbital.181

One of the requirements for an electrocatalyst to be widely
applicable is to have a high abundance in the earth's crust. The
© 2023 The Author(s). Published by the Royal Society of Chemistry
most abundant 3d metal is iron, which, by presenting multiple
possible oxidation states, has been applied in multiple ways in
chemocatalytic processes. However, FeIIIOxHy presents low
conductivity, limiting its applicability for electrocatalytic
oxidation reactions.

J. N. Hausmann et al. (2021) showed that iron incorporated
into the conductive intermetallic iron silicide (FeSi) can be
a good alternative as a more conductive material.182 Unlike low-
Si Fe and Si alloys, intermetallic FeSi exhibits an ordered
bonded structure that includes covalent and ionic contributions
along with conducting electrons to mediate the selective
oxidation of HMF to FDCA. It was shown that, under the applied
corrosive alkaline conditions, FeSi partially forms a single
iron(III) oxide phase [FeO6] consisting of octahedrons sharing
edges and corners together with oxidized silicon species. The
FeSi electrocatalyst achieved 94% faradaic efficiency for the
production of FDCA from HMF at an electrochemical potential
less than 1.35 V (vs. RHE).

Recently, X. Pang et al. (2022) worked on the application of
copper-based electrocatalysts.183 In this work, Cu foam deco-
rated with Cu(OH)2 (CF–Cu(OH)2) was successfully fabricated as
an efficient catalyst, and CuOOH active species generated by
electrochemistry were demonstrated as the main catalytic sites
for HMF oxidation. The CF–Cu(OH)2 catalytic sites for HMF
oxidation were mainly attributed to the surface active CuOOH
species. During the electrocatalysis of 100 mM HMF a high
FDCA yield of 98.7% was obtained, while the conversion of HMF
and FE were close to 100%.

F. Kong et al. (2021) synthesized a owerlike hybrid
composed of sulfur-modulated metallic nickel nanoparticles
coupled with carbon frameworks (S–Ni@C) via two steps,
achieving high selectivity and efficiency for HMF oxidation.184

Lignosulfonate, which is pulp waste, was used as a carbon and
sulfur precursor. Surface nickel hydroxide species and carbon
shells contributed to the improved electroactivity. As a result,
the optimized S–Ni@C electrode exhibited a nearly 100%
conversion of HMF, 96% yield of FDCA, and 96% faradaic
efficiency.

Additionally, it has been common to design and manufac-
ture bifunctional electrocatalyst materials for the simultaneous
production of H2 and FDCA from bi- or tri-metallic alloys. Alloys
can contain intermetallic interactions in the form of ionic,
covalent, and metallic bonds.185 The covalent interactions of the
individual phases allow the intermetallic compound to possess
amore ordered crystalline structure, forming a new scaffold-like
organization of the electronic structure. This organization
presents the ability to facilitate the processes of transfer and
adsorption of electrons.186 In this way, depending on the alloy-
ing strategy, a combination of specic properties of each
metallic component can be achieved, which counteracts the
weaknesses of monometallic catalysts,171 which improves both
the HER reduction process and the electrochemical oxidation of
HMF.

In the search for new and attractive possibilities, M. Cai et al.
(2020) studied the electrooxidation of HMF in FDCA using Ni-
based two-dimensional metal–organic frameworks (2D MOFs)
as electrocatalysts.187 The as-prepared Co-doped 2D MOFs
RSC Adv., 2023, 13, 28307–28336 | 28317
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Table 3 Electrocatalytic performance of different electrode materials using noble metals on the electrooxidation of HMF towards FDCA

System [HMF] Electrolyte
Eonset, V
vs. RHE FDCA yield FE Ref.

PdAu2/C 20 mM 0.1 M KOH 0.9 83% — 165
Sputter-coated glass with Au on Ti 5 mM 0.5 M borate buffer, pH = 9.2 1.54 >99% >99% 178
Pt/Fe3O4/rGO 25 mM 0.1 M K2SO4 — 98% — 179
Ni/Au-br-NPs 10 mM 0.1 M KOH 1.43 — — 180
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NiCoBDC (Ni2+, BDC = terephthalic acid) have a FDCA yield of
99% and a faradaic efficiency of 78.8% at 1.55 V (vs. RHE), as
performed in an electrolyte at pH 13. Due to the accessible pores
of HMF molecules, abundant exposed active sites and coupling
effects between Ni and Co atoms, 2D NiCo-MOFs realized an
interesting electrocatalytic activity and robust electrochemical
durability.

In a similar study, X. Deng et al. (2022) carried out the
simultaneous electrochemical production of FDCA and H2 via
bifunctional copper sulde nanowire@NiCo-layered double
hydroxide (CuxS@NiCo-LDH) core–shell nanoarray electro-
catalysts.188 Due to the Co/Ni interaction in the LDH nanosheet
layer, the fast charge transfer induced by the CuxS core, and the
open nanowire@nanosheet structure, the electrocatalysts
exhibit an attractive onset potential of 1.3 V (vs. RHE) for HMF
oxidation with faradaic efficiency towards FDCA and H2 is close
to 100%. Also, the bifunctional two-electrode electrolyzer
requires a voltage of 1.34 V to co-generate H2 and FDCA at 10mA
cm−2.

Co andNi alloys were also studied byW. Chen et al. (2020), who
pointed out that for b-Ni(OH)2 and NiO, the origins of oxidation of
nucleophiles such as HMF are the b-Ni(OH)O and NiO(OH) con-
taining oxygen-containing species of electrophilic lattice and
electrophilic adsorption oxygen, respectively.156 In this study it was
proposed that the electrocatalytic performance of b-Ni(OH)2 can
be remarkably regulated by adjusting the oxygen ligand environ-
ment of the lattice through Co(II) incorporation. The electro-
catalyst synthesized in this study (b-Co0.1Ni0.9(OH)2/NF), exhibited
outstanding electrocatalytic activities in the oxidation of various
nucleophiles. Specically, in the electrooxidation of HMF, b-
Co0.1Ni0.9(OH)2/NF, managed to carry out the electrochemical
conversion at a potential close to 1.3 V (vs. RHE), with a faradaic
efficiency of around 93%.

It is interesting to note that Ni usually offers high currents,
while Co reduces the onset potential.189,190 Consequently, NiCo
alloys achieve low onset potential and large catalytic currents,
which increases HMF oxidation efficiency.171,191 As an example,
R. Zheng et al. (2021) constructed a hierarchically structured
NiCo–Cu-based electrocatalyst for integrated H2 evolution and
HMF oxidation in alkaline conditions.191 The electrocatalyst
consists of Cu nanowire arrays grown on a three-dimensional
Cu foam substrate modied by nickel–cobalt layered double
hydroxide nanosheets (NiCoNSs/CuNWs). When HMF oxidation
and H2 evolution are integrated into a two-electrode electrolyzer
with the NiCoNSs/CuNWs electrocatalyst couple, the potential
required to achieve a current density of 10 mA cm−2 is 1.44 V,
approximately 250 mV lower than that of overall water splitting.
28318 | RSC Adv., 2023, 13, 28307–28336
Also, it was reported that HMF oxidation occurs upon the
formation of Ni3+ species, leading to earlier catalytic onset
(around 300 mV ahead) in comparison with the OER triggered
by the higher-oxidation-state Ni4+ species.

In another study, W.-J. Liu et al. (2018) investigated the
development of NiFe layered double hydroxide (LDH) bimetallic
nanosheets on carbon ber paper as anode for the electro-
chemical oxidation of a highly concentrated solution of HMF to
FDCA.105 A near-quantitative yield of FDCA and 99.4% faradaic
efficiency of HMF conversion under ambient conditions were
achieved during the electrochemical process. Also, HMF has
a higher rate of oxidation than water, so the bimetallic elec-
trocatalyst is a good alternative as a bifunctional material
towards both HMF and HER oxidation in an alkaline medium.

In addition, M. Zhang et al. (2020) developed trimetallic
NiCoFe-layered double hydroxides nanosheets (NiCoFe-LDHs)
for efficient for O2 evolution and selective oxidation of
HMF.192 For comparison, two sets of bimetallic NiCo- and NiFe-
LDHs were similarly synthesized and evaluated. The trimetallic
NiCoFe-LDHs nanosheets reached a durability of more than
10 h, much better than that of NiCo- and NiFe-LDHs. The tri-
metallic electrocatalyst also exhibited an overpotential of
280 mV to achieve 20 mA cm−2. The conversion of HMF was
95.5% and the yield of FDCA obtained in 1 h was 84.9%.

Anagously, X. J. Bai et al. (2021) prepared a ternary Metal–
Organic Framework (MOF) nanoarray that was hydrothermally
deposited on Ni foam via assembling of Co2+, Ni2+ and Fe2+.193

The integrated MOF composite (NiCoFe-MOFs) can directly act
as an electrode, which exhibits electrocatalytic HMF oxidation
activity with a potential of 1.35 V (vs. RHE). It was indicated that
the electrocatalytic performance for HMF oxidation is attrib-
uted to the abundant accessible active sites of two-dimensional
morphology and the optimized electronic structure of the
intrinsic catalytic centers in MOFs. The constant potential
electrolysis at 1.4 V (vs. RHE) in combination with chromato-
graphic analysis reveals a high faradaic efficiency close to 100%
towards the production of FDCA with a yield of 99.76%.

In addition to the cases discussed above, it has been found that
for those alloy electrocatalysts made up of readily available tran-
sition metals such as Mn, Fe, Co, Ni, Cu, Mo, the d-band center of
the electrocatalysts is considered as an important descriptor when
evaluating the electrocatalytic efficiency of materials. In this
context, the center of the d band plays an important role during
chemisorption. It has been determined that the closer the d-band
center and the Fermi energy level are, the higher the adsorption
energy. Therefore, this closeness implies that the strength of the
© 2023 The Author(s). Published by the Royal Society of Chemistry
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interaction between the reaction substrate and the electrocatalyst
is stronger.171,194–196

As an example, S. Li et al. (2019) worked on the restructuring
of the d-band center of the VN alloy so that the d-band center
of V as the active species was closer to the Fermi energy level
compared to the conventional V2O5 catalyst, to improve the
interaction between VN and HMF.197 The alloy strategy allowed
to facilitate the adsorption of HMF with VN and improved the
activity of the oxidation reaction, with a conversion of HMF of
99%, yield of FDCA of 97% and faradaic efficiency of 86%.
Specically, the adsorption of HMF with VN occurred on two
functional groups, the aldehyde group (–CHO) and the
hydroxymethyl group (–CH2OH), while when HMF adsorbed on
the surface of V2O5, only the aldehyde group was adsorbed. (–
CHO), and the adsorption energy was lower than the adsorption
energy on VN. Theoretical calculations revealed that the higher
performance of VN for the electrocatalytic production of FDCA
can be attributed to its lower d-band center level relative to the
Fermi level compared to that of V2O5, which favors HMF
chemisorption and activation.

Table 4 below shows the electrocatalytic performance of
different electrode materials using non-noble metals discussed
above.
4.4 Metal non-oxides

Metal non-oxides such as phosphides,140,198,199 selenides,157,200,201

nitrides197,202 and borides158,203 have been used successfully as
efficient electrocatalysts for the conversion of HMF to FDCA.

N. Jiang et al. (2016) electrodeposited cobalt phosphide (Co–
P) on copper foam (Co–P/CF) as a competent electrocatalyst for
co-production of FDCA at the anode and H2 at the cathode
simultaneously in alkaline medium.140 In this work, Co–P
required a current density of 20 mA cm−2 for the oxidation of
HMF in 1.0 M KOH with 50 mMHMF at 1.38 V (vs. RHE), before
the onset of O2 evolution as competition reaction. Chro-
noamperometry showed almost complete conversion of HMF
and a yield close to 90% of FDCA at ambient conditions (1 atm
and room temperature). Regarding its performance as
a bifunctional material, by integrating HMF oxidation and H2

evolution in an electrolyser with a Co–P/Co–P catalyst pair, the
Table 4 Electrocatalytic performance of different electrode materials u

System [HMF] Electrolyte

FeSi 1 M KOH
CF–Cu(OH)2 100 mM 1 M KOH
S–Ni@C 10 mM 1 M KOH
NiCo-MOF 10 mM 0.1 M KOH
CuxS@NiCo-LDH 10 mM 1 M KOH
b-Co0.1Ni0.9(OH)2/NF 50 mM 1 M KOH
NiCoNSs/CuNWs 10 mM 1 M KOH
NiFe-LDH 100 mM 1.0 M KOH
NiCoFe-LDHs 10 mM 1 M NaOH
NiCoFe-MOFs 10 mM 1 M KOH
VN 10 mM 1 M KOH
VN coupled with Pd/Vn 10 mM 1 M KOH

© 2023 The Author(s). Published by the Royal Society of Chemistry
potential required to achieve a current density of 20 mA cm−2

was 1.44 V, 150 mV, which is lower than water in general. Co–P
was able to catalyze the evolution of H2 as the cathode reaction
with a faradaic efficiency of 100%.

Recently, in a similar work M. J. Kang (2022) prepared Deep
Eutectic Solvent (DES) stabilised Co–P lms as efficient and
durable catalytic electrodes for HMF oxidation using 0.5 M
NaHCO3 (pH 12) solution as the electrolyte during the electro-
chemical process.199 Experimentally, electrodeposition of Co–P
on Cu foam was performed in different solvents of water and
DES. Co–P synthesized in DES solvent showed 99% HMF
conversion with 85.3% FDCA yield, a considerably higher yield
compared to Co–P synthesized under H2O as solvent. It also
showed long-term stability. DES solvent has advantages such as
good ionic conductivity, easy preparation, non-toxic, low cost
and biodegradable. In this context, this work suggests the
usability of DES to replace water as a reaction solvent to prepare
electrodes by electrodeposition, showing high stability,
sustainability, and better electrode efficiency.

Likewise, nickel phosphides have attracted increasing
attention due to their exclusives structures and electronic
properties.204 Nickel phosphide electrocatalysts on nickel foam
(Ni2P/NF)52 have been shown to be useful in the production of
H2 and FDCA with faradaic efficiencies of 100% and 98%
respectively. In the same way, a phosphorus-containing deep
eutectic liquid precursor was recently developed. M. Xing et al.
(2023) obtained 3D cobalt-doped self-supporting Ni12P5/Ni3P
nanowire networks coated with a thin layer of carbon (Co–
NixP@C) by pyrolysis method.198 In this research it was revealed
that Co-doping in NixP@C can promote the adsorption and
activation of 5-hydroxymethylfurfural (HMF) molecules and
optimize the H* absorption energy barrier. Co–NixP@C was
used as an efficient bifunctional electrocatalyst for HMF
oxidation in conjunction with HER in 1.0 M KOH solution.
Nearly 100% yield of FDCA was achieved. The self-sufficient
electrocatalyst showed high activity and stability for both HER
and HMF conversion. Besides, the oxidation of HMF together
with HER can be efficiently driven by a commercial 1.5 V
photovoltaic panel under sunlight, demonstrating the obtain-
ing of green products.
sing non-noble metals on the electrooxidation of HMF towards FDCA

Eonset, V
vs. RHE FDCA yield FE Ref.

<1.35 — 94% 182
— 98.7% ∼100% 183
1.35 96% 96% 184
1.55 99% 78.8% 187
1.3 99% 99% 188
∼1.3 — ∼93% 156
1.44 ∼100% — 191
1.32 98% 99.4% 105
1.54 84.9% 90% 192
1.4 99.76% ∼100% 193
1.36 97% 86% 197
1.36 89% — 197

RSC Adv., 2023, 13, 28307–28336 | 28319
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Iron phosphides have also been studied as HMF electro-
catalysts. For example, G. Yang et al. (2020) developed a porous
nanospindle composed of carbon-encapsulated MoO2–FeP
heterojunction (MoO2–FeP@C) as a robust bifunctional elec-
trocatalyst for coupled HER and HMF electrooxidation.104 by X-
ray photoelectron spectroscopy analysis and theoretical calcu-
lations the electron transfer from MoO2 to FeP at the interfaces
was conrmed. Thus, the accumulation of electrons in FeP
favors the absorption of H2O and H* for HER, while the accu-
mulation of holes in MoO2 is responsible for improving the
electrooxidation of HMF.

This electrocatalyst showed HMF conversion of almost 100%
and FDCA was obtained with the selectivity of 98.6%. The
electrolyzer that uses MoO2–FeP@C for cathodic H2 and anodic
FDCA production required a voltage of 1.486 V at 10 mA cm−2

and can be powered by a solar cell (considering output voltage:
1.45 V).

Some metal selenides have also been used for efficient
electrocatalytic H2 and HMF production. C. Yang et al. (2021)
analyzed the performance of NixSey-based electrocatalysts,
focusing on both the electronic properties and the intrinsic
characteristics of the components of the possible NixSey struc-
tures.205 In the various structures of NixSey, nickel has a unique
valence electron conguration (3d84s2) and is the main site of
catalytic activity. On the other hand, Se in NixSey not only
presents the same valence electrons and oxidation number than
S and O but also has excellent intrinsic metal properties, which
causes better electrical conductivity as well as electrocatalytic
activity. Together Ni and Se could form stoichiometric
compounds (NiSe, NiSe2, Ni3Se2, Ni3Se4) and nonstoichiometric
compounds (Ni0.85Se), whichmay be due to the electronegativity
difference between Ni (1.9) and Se (2.4). C. Liu et al. (2018)
determined that d-band state of NiSe is equivalent to that of
platinum, showing excellent electrochemical activity for HER.206

For this reason, Y. Huang et al. studied the electrooxidation of
primary amine to replace OER for enhancing HER using NiSe
nanorod arrays.207 A mechanistic analysis indicated that the
NiII/NiIII redox couple could serve as the active species for the
transformation of primary amines.

Y. Zhong et al. (2022) reported Grass-like NixSey nanowire
arrays shelled with NiFe LDH nanosheets as a 3D hierarchical
core–shell electrocatalyst for efficient upgrading of HMF.157 In
this work, NixSey–NiFe was grown on Ni foam (NixSey–
NiFe@NF) for efficient electrocatalytic production of FDCA. In
view of the electrical conductivity and good mechanical
strength of the NixSey nanowire core, abundant exposed active
sites of the NiFe LDH nanosheet shell, and the open structure of
the hierarchical nanoarrays, the integrated core–shell NixSey–
NiFe LDH@NF electrode exhibited outstanding catalytic
performance for HMF oxidation. The electrocatalyst presented
FDCA yield of 99.3% with faradaic efficiency of 98.9% and
superior stability retaining 96.7% FE aer six successive elec-
trolysis cycles.

Similarly, in another research L. Gao et al. (2020) used
NiSe@NiOx core–shell nanowires to effectively upgrade HMF to
FDCA.201 The NiSe@NiOx features conductive NiSe nanowires as
a core and active NiOx as a shell, showing a near-quantitative
28320 | RSC Adv., 2023, 13, 28307–28336
yield of FDCA and 99% faradaic efficiency. It was revealed by
X-ray photoelectron spectroscopy that the high valence of Ni
species in the NiOx shell may act as active sites. Further inte-
grated electrolyzer can produce FDCA and H2 simultaneously,
with a 100% of faradaic efficiency aer six successive cycles.

A work was carried out by X. Huang et al. (2020) in which the
union of Co and Se was studied. Here, it was found that the
electrocatalytic performance of cobalt oxide (CoO) could be
considerably improved by means of doping with Se for the
electrooxidation of HMF to FDCA.200 The resulting CoO–CoSe2
with a CoO/CoSe2 molar ratio of 23 : 1 showed high stability to
produce FDCA with yield of 99% and a faradaic efficiency of
97.9% at a potential of 1.43 V (vs. RHE). This study indicates
that the introduction of Se can improve the catalytic activity and
the selectivity to FDCA, due to the increase in electrochemical
surface area and the reduction of the charge transfer resistance.

Some investigations have shown interesting results when
incorporating metal nitrides. For example, in the research of Li
et al. (2019) above discussed197 in which FDCA was produced
from electrochemical oxidation of HMF using VN, with FDCA
yield of 97% and faradaic efficiency of 86%. In a complementary
way, N. Zhang et al. (2019) studied the electrochemical oxida-
tion of HMF and HER on nickel nitride/carbon nanosheets
(Ni3N@C).202 Ni3N@C electrode showed a potential of 1.38 V at
current density of 50 mA cm−2, and the yield of the oxidation
product FDCA remained at 98% aer six cycles of electrolysis
with the same surface. The overpotential of the dual-electrode
electrolyzer in simultaneous production of FDCA and H2 is
reduced by at least 240 mV replacing HMF oxidation by OER.
Moreover, it also shows efficient electrooxidation performance
for other biomass substrates. It provides an interesting strategy
to improve the electrochemical activity of the bifunctional
catalyst for both biomass conversion and H2 production.

Regarding the use of metal borides, several works have
demonstrated their applicability in the electrocatalysis of HMF.
X. Song et al. (2020) doped nickel borides (NiBx) with different
amounts of phosphorus were prepared and applied to the
electrocatalytic conversion of HMF.203 It was found that the
FDCA yield on P-doped NiBx (NiBx–Py) changed with the
increase of phosphorus content (rst gradually increased and
then decreased). When NiBx–P0.07 (nP/nNi = 0.07) was used as
electrode, the FDCA yield reached a maximum of 90.6% and
faradaic efficiency of 92.5% at 1.464 V (vs. RHE). XPS analysis
indicated that the P dopant caused relative displacement of
electrons from surface nickel. Thus, nickel hydroxide species
increased, which improves the electrocatalytic performance
towards FDCA production. Besides, appropriate phosphorus
doping accelerated charge transmission capability of NiBx–Py
improving the electroactivity.

The electrooxidation of HMF to FDCA was also reported by S.
Barwe et al. (2018) using high surface area nickel boride
modied Ni foam (NixB) as electrode.158 The electrolysis was
carried out at constant potential and HPLC studies revealed
a faradaic efficiency close to 100% in the production of FDCA
and a yield of 98.5%. Electrochemical test coupled with ATR-IR
spectroscopy, in agreement with HPLC analysis, showed that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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HMF is preferentially oxidized through 5-hydroxymethyl-2-
furancarboxylic acid rather than through 2,5-diformylfuran.

P. Zhang et al. (2019) reported that NiBx electrocatalyst
presents excellent selectivity, conversion and faradaic efficiency
values both at the cathode and at the anode simultaneously
using water as O2 and H2 source.101 A conversion efficiency and
selectivity of $99% was observed during the oxygenation of
HMF to FDCA and the simultaneous hydrogenation of p-nitro-
phenol to p-aminophenol. This paired electrosynthesis cell has
also been coupled to a solar cell as an independent reactor in
response to sunlight. The electrocatalytic performance of elec-
trode materials using metal non-oxides is presented in Table 5.
4.5 Metal oxides and spinel oxides

Metal oxides have great importance in various electrochemical
processes due to their ability to generate charge carriers when
activated with the required amount of energy. The charge
transport characteristics, the electronic structure and the light
absorption properties of most metal oxides have made possible
their application in both catalytic and photocatalytic
processes.208 Transition metal oxides are widely used as elec-
trocatalyst or electrocatalyst support. Due to various electronic
congurations of 3d orbital, such oxides usually show tunable
acidity–basicity, redox property, crystal defects and diverse
oxygen species, depending on the ratios of different
components.181

S. R. Kubota et al. (2018) carried out the electrochemical
oxidation of HMF in acidic media by using a manganese oxide
(MnOx) anode to remove the need to vary the pH to separate
FDCA.91 The MnOx electrocatalyst achived a FDCA yield of
53.8% in a pH 1 H2SO4 solution, in which FDCA precipitation
occurred spontaneously from the reaction acidic solution. In
contrast, Ch. Wang et al. (2022) reported synthesize meso-
porous d-MnO2 on nickel foam (d-MnO2/NF) for FDCA produc-
tion in alkaline media.159 By taking structural advantages of
mesoporous oxides, this mesoporous d-MnO2 is employed as
a highly efficient, selective, HMF electrochemical oxidation to
FDCA with higher yield (98%) and a faradaic efficiency of 98%.

Furthermore, it is possible to combine chemical properties
of different metal oxides to mediate the electrochemical
Table 5 Electrocatalytic performance of different electrode materials u

System [HMF] Electrolyte

Co–P/CF 50 mM 1 M KOH
Co–P 5 mM 0.5 M NaHCO3

Ni2P/NF 10 mM 1 M KOH
Co–NixP@C 10 mM 1 M KOH
MoO2–FeP@C 10 mM 1 M KOH
NixSey–NiFe@NF 10 mM 1 M KOH
NiSe@NiOx 10 mM 0.1 M KOH
CoO–CoSe2 10 mM 0.1 M KOH
Ni3N@C 10 mM 0.1 M KOH
NiBx–P0.07 10 mM 0.1 M KOH
NixB/NF 10 mM 1 M KOH
NiBx@NF 10 mM 1 M KOH

© 2023 The Author(s). Published by the Royal Society of Chemistry
oxidation of HMF under certain conditions. As an example, L.
Gao et al. (2020) carried out the electrochemical conversion of
HMF using a TiOx@MnOx electrocatalyst in order to obtain
FDCA precipitation in one step in acidic media.209 The TiOx

@MnOx electrocatalyst with the active MnOx species was
conned on the TiOx. In the successive conversion of 100 mM
HMF, the yield of the FDCA precipitate was close to 24%.
Electrolysis under various conditions revealed that the electro-
lyzer, the electrolysis potential and temperature, and the HMF
concentration are decisive in the performance of FDCA. It was
determined that the conversion yield of HMF is specically due
to the activity of the metal oxide MnOx for the oxidation of HMF
and the resistance to acidic medium presented by the TiOx

nanowire structure.
Transition metal oxides with different compositions and

morphologies are compounds of great importance in the
electro-oxidation of biomass and biomass derivatives. Speci-
cally, materials based on transition metals such as Fe, Co, Ni
and Cu have been the focus of research due to their low cost,
exceptional efficiency, good selectivity, and stability. Nickel is
one of the most widely used metallic materials as an anode for
the electro-oxidation of biomass and biomass derivatives in
alkaline solution.210

In this context, F. J. Holzhäuser et al. (2020) performed the
electrocatalytic oxidation of HMF into FDCA in alkaline
aqueous solutions using commercial nickel oxide (NiO) or
a mesostructured nickel oxide derived by CMK-1 templating
(NiO-CMK-1).211 The authors noted that electrocatalytic activity
and selectivity of FDCA were highly dependent on the electro-
catalyst structure. NiO-CMK-1 facilitates multiple times higher
FDCA selectivity (>80%) compared with commercial NiO (30%).
The exposed material surface and structure of the electro-
catalysts were studied by nitrogen physisorption and powder X-
ray diffraction revealing that both NiO and NiO-CMK-1 possess
a face-centered cubic crystal structure but distinctly different
exposed surface areas. Since NiO-CMK-1 enables remarkably
improved catalytic activity for the oxidation of HMF, a recycling
study was conducted with ve consecutive catalytic cycles
emphasizing the technological potential of this approach. As
a result, it could be shown that the advantages of structured
sing metal non-oxides on the electrooxidation of HMF towards FDCA

Eonset, V
vs. RHE FDCA yield FE Ref.

1.38 ∼90% 100% 140
1.34 85.3% 77.3% 199
1.423 — 98% 52
1.5 ∼100% 96.8 198
1.359 99.4% 97.8% 104
∼1.37 99.3% 98.9% 157
1.423 99% 99% 201
1.43 99% 97.9% 200
1.38 98% >99% 202
1.464 90.6% 92.5% 203
1.45 98.5% ∼100% 158
1.7 — $99% 101
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mesoporous NiO over bulk NiO as base material and the
importance of surface enlargement in the electrochemical
oxidation of HMF. An HMF conversion of 65% was achieved
with FDCA selectivity of 79% and a total product selectivity of
approximately 100%.

Other metallic components are oen introduced to prepare
bimetallic electrocatalysts showing attractive results, due to the
synergistic effect between different metals as in the case of
spinel oxides. Spinel oxides are metal oxides with the chemical
formula AB2O4 and a face-centered cubic crystal structure. The
spinel structure presents tetrahedral coordination for divalent
cations (A2+) and octahedral coordination for trivalent cations
(B3+).212–214 Compounds with a spinel-like structure, possessing
transition metal ions, have a large number of technological
applications due to their structural, electrical and magnetic
properties.215 Spinel-type mixed metal oxides have the property
of being catalytic materials because they have compact struc-
tures where metal cations can occupy octahedral or tetrahedral
positions found on the very surface of the catalyst.

Considering Ni and Co based metal oxides, L. Gao et al.
(2018) reported hierarchical electrocatalysts of NixCo3−xO4

growing vertically on NF.160 The electrocatalysts were fabricated
through a low-temperature hydrothermal method. Their struc-
tures were controlled from nanosheets to nanowires by adjust-
ing the Ni/Co ratio. It was reported that all the NixCo3−xO4/NF
samples exhibited activity towards the oxidation of HMF, and
also the incorporation of Co considerably improved the activity
of the materials. Among the synthesized nanostructures,
NiCo2O4 nanowires presented the best performance in terms of
onset potential and current density. NiCo2O4 showed a 90%
FDCA yield and almost 100% faradaic efficiency.

Analogously the activity of the Co3O4 and NiCo2O4 electrode
with lamentous nanoarchitecture was reported by M. J. Kang
et al. (2019), which grew on NF using a hydrothermal method.161

During the electrochemical oxidation of HMF, the role of Co3+

in the spinel structure of Co3O4 and NiCo2O4 was investigated.
In this report, the lamentous NiCo2O4 nanostructure showed
a conversion efficiency from HMF to FDCA of 99.6% with
a selectivity of 90.8%. Additionally, the electrocatalyst was
successfully recycled up to three times, retaining more than
80% of the FDCA conversion efficiency.

With the same approach, Y. Lu et al. (2020) worked on the
exploration of optimal geometrical site in Co3O4 for electro-
chemical HMF oxidation. Co3O4 spinel oxide has mixed
valences in the presence of both Co2+ and Co3+. Identication of
the role of each spinel oxide active site is essential to continue
designing and producing efficient electrocatalysts for the
coproduction of H2 and FDCA. In this work was analyzed the
electrochemical performance of HMF oxidation on cobalt spinel
oxides (Co3O4, ZnCo2O4 and CoAl2O4) by building specic
blocks at the tetrahedral site (CoTd

2+) and the octahedral site
(CoOh

3+) in order to discover the locus dependence and then
design an improved electrocatalyst by appropriately regulating
each locus.162 It was found that the electrochemical perfor-
mance follows the trend: CoAl2O4 < ZnCo2O4 < Co3O4. It is
interesting to note that, according to the theoretical calcula-
tions of X. C. Huang et al. (2019),216 the Eg values (band gap) of
28322 | RSC Adv., 2023, 13, 28307–28336
the three oxides under study are ordered according to Co3O4

(0.2–1.9 eV) < ZnCo2O4 (0.6–2.2 eV) < CoAl2O4 (0.8–3.6 eV). This
trend is inversely proportional to its electrochemical perfor-
mance towards the production of FDCA, which suggests that, as
expected, a smaller energy gap of the semiconductor would
produce a decrease in the overpotential required to carry out the
electrochemical reaction. The better activity on pure Co3O4 than
ZnCo2O4 indicates that both the tetrahedral and octahedral
sites in Co3O4 contribute to the overall activity but in different
ways. In this way, it was found that CoTd

2+ in Co3O4 has the
ability to carry out the chemical adsorption of acidic organic
molecules, while CoOh

3+ performs the function of carrying out
the oxidation of HMF. Based on these results, Cu2+ was intro-
duced into the spinel oxides to enhance the exposure of Co3+.
Finally, the HMF electro-oxidation reaction on the CuCo2O4

electrode required a potential of 1.23 V, considerably less than
Co3O4 (1.30 V) and CuO (1.41 V). Besides, with the use of
CuCo2O4 electrode a high yield of 93.7% and faradaic efficiency
of 94% were obtained for FDCA production. Table 6 below
summarizes the electrocatalytic performance of electrode
materials incorporating metal oxides and spinel oxides dis-
cussed above.
4.6 Oxygen vacancies

Oxygen vacancies are common defects in metal oxides and play
a crucial role in modulating their properties. The introduction
of oxygen vacancies is an attractive approach to tune electronic
structure and charge transport, generate surface active
secondary phases, and modify surface adsorption/desorption
behavior between certain reaction intermediates and the elec-
trocatalyst by improving electrocatalytic activity.217

Generally speaking, by introducing oxygen vacancies, the
bandgap narrows and new states are formed within the
bandgap near the Fermi level.217 A narrower energy gap between
the 3d metal and 2p oxygen band centers provides a covalent
bond between the reactants and the electrocatalyst.218,219 Addi-
tionally, by removing an oxygen atom from the transition metal
oxide lattice, the two electrons that previously occupied the 2p
oxygen orbitals tend to delocalize around the metal cation
addictive to the oxygen vacancy.217 This effect causes a decrease
in the required overpotential and therefore facilitates certain
electrochemical processes such as the oxidation of HMF.107,200

When there are oxygen vacancies in metal oxides, the elec-
tronic conguration of transition metal cations is affected,
facilitating a high spin conguration in such a way that it can
easily form bonds with OH−. In this way, the formation of the
M–OH intermediate is promoted and the ion transfer between
the metal cation and the adsorbed reaction intermediates is
improved.217 By studying the OER, it has been determined that
a high-spin electronic conguration promotes the electrophi-
licity of the adsorbed M–O and, therefore, the reaction between
M–O and OH− to form the intermediate M–OOH, which is
usually a determining step in the rate of this reaction.220 These
effects contribute to lowering the kinetic energy barriers of
multielement steps and speed up reaction kinetics.221 Particu-
larly, oxygen vacancies in cobalt-based transition metal oxide
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 6 Electrocatalytic performance of different electrode materials using metal oxides and spinel oxides on the electrooxidation of HMF
towards FDCA

System [HMF] Electrolyte
Eonset, V
vs. RHE FDCA yield FE Ref.

MnOx 20 mM 1 M H2SO4 1.6 53.8% 33.8% 91
d-MnO2/NF 10 mM 1 M KOH 1.35 98% 98% 159
TiOx@MnOx 100 mM 0.1 M HClO4 1.44 24% — 209
NiO-CMK-1 20 mM 0.1 M KOH 1.85 — 70% 211
NiCo2O4 nanowires/NF 10 mM 0.1 M KOH 1.55 90% ∼100% 160
NiCo2O4/NF 5 mM 1 M KOH 1.5 — 87.5% 161
CuCo2O4/NF 50 mM 1 M KOH 1.23 93.7% 94% 162

Table 7 Electrocatalytic performance of different electrode materials
using oxygen vacancies on the electrooxidation of HMF towards FDCA

System [HMF] Electrolyte
Eonset, V
vs. RHE FDCA yield FE Ref.

Co3O4–VO 5 mM 1 M KOH 1.52 61% 56% 107
CoO–CoSe2 10 mM 0.1 M KOH 1.43 99% 97.9% 200
N–Co O /NF 50 mM 1 M KOH 1.38 96.4% 99.5% 163
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electrocatalysts have been extensively studied due to the
improvements they have presented against reactions such as
OER, HER222–225 and electrochemical oxidation of HMF.107,200

Z. Xiao et al. (2020) constructed pristine spinel oxide (Co3O4)
and rich in oxygen vacancies (VO) as electrocatalysts in order to
study the mechanism of defects and their dynamic behavior
towards OER electrocatalysis.225 It was determined that VO could
facilitate the pre-oxidation of low valent Co (Co2+) at a relatively
lower applied potential. From this observation it was conrmed
that VO could initialize the reconstruction of the VO–Co3O4

surface before the OER process occurs. Furthermore, it was
shown that the oxygen vacancies were lled with OHc rst for
VO–Co3O4 facilitating the pre-oxidation of Co2+ and promoting
the reconstruction/deprotonation of the Co–OOHc interme-
diate. Therefore, the OER performance depends on the oxygen
vacancies, which is directly related to the relative ratio of surface
Co2+/Co3+.226,227

X. Huang et al. (2020) found that the electrocatalytic
performance of cobalt oxide (CoO) could be signicantly
improved by introducing oxygen vacancies through Se doping
for the electrochemical production of FDCA from HMF.200 The
CoO–CoSe2 obtained with a CoO/CoSe2 molar ratio of 23 : 1
presented a high yield of 99% and great stability for the
production of FDCA with a faradaic efficiency of 97.9% at
a potential of 1.43 V (vs. RHE). Furthermore, it was indicated
that the introduction of VO given by the selenization of CoO led
to a high electrochemical active surface area and a low charge
transfer resistance, improving the catalytic activity for the
electrooxidation of HMF to FDCA.

Recently, R. Zhong et al. (2022) reported ultrathin poly-
crystalline Co3O4 nanosheets with enriched oxygen vacancies
(Co3O4–VO) synthesized by rapid calcination of the solvothermally
synthesized ultrathin cobalt oxide hydrate (CoOxHy) nanosheets
for electrochemical OER and electro oxidation of HMF to FDCA.107

The Co3O4–VO nanosheets exhibited higher electrocatalytic
activity than the as-synthesized CoOxHy nanosheets and the
conventionally calcined Co3O4 nanosheets in OER and especially
in HMF electrooxidation. Co3O4–VO required an overpotential of
312 mV to drive a current density of 10 mA cm−2 in HMF elec-
trooxidation, while the as-synthesized CoOxHy and the conven-
tionally calcined Co3O4 required overpotentials of 338 mV and
340 mV respectively. In this work it was indicated that richer VO at
the smaller Co3O4 nanograin boundaries of Co3O4–VO can lead to
the higher electrochemical surface area and low charge transfer
© 2023 The Author(s). Published by the Royal Society of Chemistry
resistance, therefore better electrocatalytic activity for HMF
oxidation. Under the potential of 1.52 V (vs. RHE), 61% yield and
56% faradaic efficiency of FDCA were obtained with Co3O4–VO.

In a recent work, M. Sun et al. (2022) also worked with Co(II)
and Co(III) spinel oxide. In order to mediate the electrochemical
oxidation of HMF, he developed a controllable nitrogen doping
strategy to signicantly improve the catalytic activity of Co3O4

nanowires on nickel foam (N–Co3O4/NF).163 It was reported
that N dopants can induce the formation of oxygen vacancies
and together modulate the electronic structure of Co element
and improve the conductivity of Co3O4 to the formation of
electrocatalytically active sites. As a result, the electro-oxidation
potential for HMF was 1.38 V (vs. RHE) when the current density
reached 50 mA cm−2. The conversion rate of HMF was 99.5%,
and the yield of FDCA achieved 96.4%.

Table 7 presents the electrocatalytic performance of different
electrode materials using oxygen vacancies.

In general terms, a wide variety of materials have been used
as bifunctional electrodes for the production of H2 and FDCA.
According to the information presented in this section, it can be
noted that the use of NFs has been notably highlighted due to
its performance against both reactions. Its three-dimensional
porous material gives it a large electroactive area as well as
improved electrical conductivity, allowing it to be a suitable
modication substrate and at the same time can reduce energy
cost at both the cathode and anode. Regarding the use of noble
metals, although they are known to be excellent electrocatalysts
against other reactions such as HER and OER, they are not as
effective in reducing the required overpotential or in increasing
the efficiency of FDCA electroproduction. By contrast, the
transitionmetals are notably cheaper than the noble metals and
also present several possibilities of electronic congurations of
the 3d orbitals, giving them structural versatility in the gener-
ation of bi- or trimetallic alloys towards the simultaneous
3 4
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production of H2 and FDCA. In the case of mixed transition
metals, it can be seen that when they are used as electrocatalysts
they present prominent results. Particularly, when Ni is incor-
porated into the structure of the mixed transition metals, low
onset potential values, high HMF conversion rates and excellent
selectivity are achieved towards FDCA production that is re-
ected in high yields and faradaic efficiencies. Some bi- and
trimetallic oxides and spinel oxides present interesting inter-
actions between their components that allow the introduction
of oxygen vacancies to promote better adsorption of reagents
and intermediates, and to modulate the exposure of active sites.
It can be observed that those mixed metal oxides as well as
spinel oxides that contain Co in their structure improve the
performance in the electrooxidation of HMF to FDCA, especially
if these structures are applied on NFs.
5. Conversion and distribution in the
production OF H2 and FDCA

The simultaneous electrochemical production of H2 and FDCA
can be carried out experimentally in an H-type electrolysis cell
(with two compartments) such as the one illustrated in Fig. 6. This
cell corresponds to a completely sealed device in such a way that
there is no exchange of gases between the interior and the exterior,
and between both half-cells, which are also separated by a salt
bridge. Both simultaneous electrochemical reactions are usually
carried out in alkaline electrolyte, in such a way that the product of
the HMF electrooxidation reaction is liquid FDCA (it was already
discussed above that an acidic electrolyte leads to the formation of
solid FDCA). The alkaline electrolyte must be previously saturated
with an inert gas (e.g. Ar).

A constant potential is applied, whose value will be deter-
mined by the energy requirement of the material used in the
anode and cathode so that both reactions can occur. The study
of the potential to be applied is previously carried out through
linear or cyclic voltammetry. Once conversion begins to
generate products, gaseous H2 is produced in the cathode half-
cell and liquid FDCA (in alkaline electrolyte) in the anode half-
cell. While the electrocatalysis is carried out, the electrolyte
solution is kept under magnetic agitation, favoring the ascent of
the hydrogen bubbles towards the upper space of the half-cell
called headspace.

The production of H2 gas is usually monitored by Gas
Chromatography (GC),228 while the conversion of HMF and the
distribution of possible products, in addition to FDCA, are
analyzed by High Performance Liquid Chromatography
(HPLC).107

By way of example, hydrogen and oxygen generated by
water electrolysis have been detected by L. Liao et al. (2013),
who took samples with a syringe (Gastight) and measured
them using a SP-6890 Gas Chromatograph equipped with
a thermal conduction detector (Gow-Mac).229 In addition,
a mass spectrometer (SRS residual gas analyzer, RGA200) was
obtained to identify the isotopic gas species from the water
splitting. Gaseous H2 obtained from water splitting has also
been detected and quantied by H. Lei et al. (2014) by gas
28324 | RSC Adv., 2023, 13, 28307–28336
chromatography during electrolysis at 1.0 V (vs. Ag/AgCl)
under anaerobic conditions and at room temperature.228 T.
E. Rosser et al. (2016) also detected and quantied the
amount of H2 produced during the photocatalytic water
electrolysis.230 In H2 quantication, the cell was purged with
N2/CH4 (2%) for 10 min before electrochemical experiments.
The 0H2 produced was quantied using an Agilent 7890A gas
chromatograph, with CH4 as internal standard.

On the other hand, B. You et al. (2016) analyzed HMF
oxidation products by taking 10 mL of the electrolyte solution
during chronoamperometry at 1.423 V vs. RHE (for three-
electrode conguration) of the electrolyte solution and diluted
with 490 mL with water and then studied by HPLC on a Shi-
madzu Prominence LC-2030C system at room temperature.54

The HPLC was equipped with an ultraviolet-visible detector set
at 265 nm and a 4.6 mm × 150 mm Shim-pack GWS 5 mm C 18
column. A mixture of elution solvents corresponding to 70%
aqueous 5mM ammonium formate solution and 30%methanol
was used, for a 10 min run time and a ow rate of 0.5 mLmin−1.
The identication and quantication of the products were
determined from the calibration curves by applying standard
solutions with known concentrations of commercially
purchased pure reagents, intermediate products, and nal
products.

The conversion of HMF (%) and yields (%) of the oxidation
products are usually calculated as the following:107

HMF conversion ð%Þ ¼ mol of HMF consumed

mol of initial HMF
� 100%

Product yield ð%Þ ¼ mol of product formed

mol of initial HMF
� 100%

The faradaic efficiency (FE) of FDCA is calculated using the
following equations where F represents Faraday's constant, 96
485 C mol−1:

FEFDCA ð%Þ ¼ mol of FDCA formed

charge passed=ðF � 6Þ � 100%

In those cases where the selectivity towards the production
of FDCA is less than 100%, the faradaic efficiency of the inter-
mediate products possibly formed (DFF, HFCA and FFCA) can
be studied as follows:

FEDFF ð%Þ ¼ mol of DFF formed

charge passed=ðF � 2Þ � 100%

FEHMFCA ð%Þ ¼ mol of HMFCA formed

charge passed=ðF � 2Þ � 100%

FEFFCA ð%Þ ¼ mol of FFCA formed

charge passed=ðF � 4Þ � 100%
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Representation of an H-type electrolysis cell suitable for the simultaneous electrochemical production of liquid FDCA and gaseous H2.
Both products can be followed by HPLC and GC respectively.
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6. Upcoming challenges

One of the main challenges is the design of both H2 and FDCA
production systems, in economically and environmentally
appropriate scenarios for both their generation and their
application. Given the renewable and abundant nature of the
compounds derived from biomass, the biorenery plays
a fundamental role in achieving a transition towards the
production of chemical products and fuels in replacement of
the current and predominant industry based on fossil sources.

The electrocatalytic conversion of biomass-derived
compounds, particularly the leading platform candidates, to
value-added products (e.g. biofuels, value-added chemicals, green
solvents, etc.) represents an attractive and novel strategy for the
production on a large scale. Although novel electrocatalytic
systems have been reported for the biorening of biomass plat-
form molecules such as HMF, their short-term commercializa-
tion is still limited by the lack of understanding of their
electrocatalytic mechanisms, which result in less control of
product selectivity (FDCA). In this regard, new theoretical inves-
tigations should be able to provide more detailed information
about the electrocatalytic pathways in various types of active sites.

In a complementary way, considering the coupled production
of H2 and FDCA, it is assumed adequate to have infrastructure to
provide electrical energy obtained from renewable sources, in
such a way that both products can be classied as “green”.
Moreover, since the electrooxidation of biomass platform mole-
cules (such as HMF) is usually carried out at high pH values, it is
urgent to improve the efficiency and stability of the electrodes
against H2 production under alkaline conditions. In this way it
will be more feasible to use simultaneous production methods in
coupled systems. Additionally, more efforts are required to
improve the storage and transport systems for the H2 produced.

The following challengesmust largely focus on the design and
synthesis of new materials to be used as electrodes against elec-
trochemical reactions to produce H2 and FDCA. These materials
must meet a series of requirements that include mechanical,
© 2023 The Author(s). Published by the Royal Society of Chemistry
chemical and electrochemical stability to ensure a long useful
life. In addition, they must present good electrocatalytic charac-
teristics towards both reactions in such a way as to reduce the
energy requirements for production in terms of onset potential,
present high faradaic efficiencies, show a robust and reproduc-
ible electrochemical response. The electrocatalysts, when func-
tioning as anodes, must show selectivity towards obtaining FDCA,
avoiding the formation of intermediate reaction products. These
materials must be cheap, able to be obtained from abundant
sources on the planet and be friendly to the environment. In this
sense, it is of great importance to continue testing new combi-
nations of materials that enhance their mechanical and physi-
cochemical properties to allow bifunctional materials to be
obtained that meet the aforementioned requirements. In this way
it will be possible to guarantee the simultaneous production ofH2

and FDCA efficiently and successfully.
The rst study related to the electrochemical conversion of

HMF to FDCA emerged 3 decades ago, however it took a long
time before this topic generated interest in the scientic
community. In fact, the largest number of electrocatalysts have
been reported in the second half of the last decade. Meanwhile,
the electrochemical production of H2 has not ceased to be
studied. Thus, the current challenge is to continue working on
the manufacture of electrodes capable of functioning as effi-
cient electrocatalysts for both reactions.

Although noble metal-based electrodes are highly electro-
catalytic and efficient towards HER, they have been shown to be
unsuitable for carrying out HMF electrooxidation, presenting
higher overpotentials, low conversion percentages and undesir-
able efficiencies. Therefore, it is necessary to continue the search
for new alternatives, such as those related to non-noble metals.

Some transitionmetals have been extensively studied towards
the coupled electrochemical production of H2 and FDCA, and in
addition to being considerably more abundant and cheaper than
the noblemetals, they show outstanding activity and efficiency in
both reactions. Mixed non-noble transitionmetal electrocatalysts
with Ni content have presented outstanding results, showing low
RSC Adv., 2023, 13, 28307–28336 | 28325
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onset potential values, high HMF conversion rates with excellent
selectivity towards FDCA production that is reected in an
increase in yield and faradaic efficiency. For this reason, it is
interesting to continue understanding the electrocatalytic
mechanisms to develop new alternatives that enhance the
chemical properties of Ni.

Due to its amazing electrocatalytic properties, it is also of great
importance to innovate in the use of new metal non-oxides and
metal oxides. Some bi- and trimetallic oxides and spinel oxides
present interesting interactions between their components that
give them novel opportunities for their applicability. Therefore,
more efforts are required to understand in detail its structural and
electronic architecture and its reaction mechanisms associated
with the electrochemical oxidation of HMF and HER. In this way,
it will be easier to continue innovating in the introduction of
oxygen vacancies to promote better adsorption of reagents and
intermediates, increase conductivity, decrease resistance to
charge transfer, and even modulate the electroactive area through
greater exposure of electroactive sites.

In addition, in order to be economically competitive, the
search for electrocatalyst materials must continue, not only
composed of elements with the greatest abundance on the
planet, but it is also relevant that they have been synthesized
through economic and eco-friendly methods.

Due to the high volatility of power generation and the
dynamically related interdependencies within a factory system,
a valid technical, economic and environmental assessment of
the benets induced by H2 technologies can currently only be
achieved using digital factory models.49 It is also necessary to
improve the quality of the electrochemical production methods
of H2 and FDCA in large volumes to be scaled at an industrial
and commercial level, optimizing the reaction media, and
minimizing the energy costs of the production of FDCA
(according to the materials of the electrocatalysts used). In
order to guarantee both the circular economy and the decar-
bonization of the industry, it is interesting to study and evaluate
the use of H2 as a fuel to generate energy and/or heat on an
industrial scale and use it, for example, in the same factories
where bioplastics (PEF) are produced from FDCA.

Within this context, it is also desirable to improve the large-
scale production of PEF (and relatedmaterials, such as food and
beverage packaging) to make the selective production of FDCA
by electrochemical means more viable and attractive. On the
other hand, the raw materials used for the synthesis of FDCA
have a great impact on the production cost of FDCA. For this
reason, the use of lignocellulosic waste as potential low-cost
substrates should be further exploited for the development of
such processes. Therefore, to achieve the success of large-scale
H2 and FDCA production, all the required technical, economic
and environmental challenges must be taken into account.

7. Conclusions

In summary, this work addressed the simultaneous electro-
catalytic production of H2 from water and FDCA fromHMF, with
the aim of advancing towards the production of clean electrical
energy and at the same time making sustainable use of forest
28326 | RSC Adv., 2023, 13, 28307–28336
biomass that is currently accumulated as waste. Likewise, the
benets of carrying out the simultaneous electrochemical
production of H2 and FDCA compared to traditional water elec-
trolysis with H2 and O2 production were presented. In this sense,
the energetic suitability of the HMF electrocatalysis coupling was
highlighted given its favored thermodynamics that reduce the
potential required by the overall reaction, replacing the produc-
tion of O2. The importance of producing FDCA as a product with
higher added value compared to the O2 generated in the tradi-
tional electrochemical separation of water was also recognized,
as well as obtaining an aqueous anodic product, avoiding the
undesired formation of the H2/O2 gas mixture.

Through an exploration of the materials recently used as
bifunctional electrocatalysts for the production of H2 and
FDCA, the wide use of NF was highlighted for being a three-
dimensional porous material with a large electroactive area
and excellent electrical conductivity, which allows not only to
act as modication substrate but is also able to reduce the
energy cost of both reactions. Through the studies reported in
recent years, it is possible to note that, although noble metals
are exceptional electrocatalysts for the production of H2, they
fail to reduce the required overpotentials or increase the effi-
ciency in obtaining FDCA. On the other hand, the non-noble
transition metals are considerably cheaper and due to their
varied possibilities of electronic congurations of the 3d
orbitals, they are highly versatile for generating attractive and
efficient bimetallic or trimetallic alloys towards the co-
production of H2 and FDCA. Some non-noble transition metal
mixed electrocatalysts have presented outstanding results,
especially when Ni has been incorporated into their structure,
showing low onset potential values, high HMF conversion rates
with excellent selectivity towards FDCA production that is re-
ected in high yields and faradaic efficiencies. In addition, the
reported spinel oxides show interactions between their
components that present attractive opportunities in the intro-
duction of oxygen vacancies to promote better adsorption of
reactants and intermediates, improve conductivity, decrease
resistance to charge transfer, and modulate the exposure of the
active sites through an increase in the electroactive surface.

Finally, it is stated that future projections and challenges in
the simultaneous electrochemical production of H2 and FDCA
should focus on detailed understanding of the architecture and
electronic structure of materials and electrocatalytic mecha-
nisms to ensure higher conductivities, greater exposure of the
electroactive sites, better adsorption of reagents and interme-
diates, and faster reaction kinetics. On the other hand, work
must continue in the search for economically convenient
materials, abundant on the planet and synthesized with envi-
ronmentally friendly methods. To ensure the simultaneous
production of H2 and FDCA on a large scale and its prompt
implementation in the industrial world, it is essential to work
on upcoming technical, economic and environmental evalua-
tions. It is also necessary to improve the quality of the electro-
chemical production methods of H2 and FDCA in large volumes
to be scaled up commercially, guaranteeing the circular
economy, the decarbonisation of industrial processes and
a sustainable use of renewable resources.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Abbreviations
HMF
© 2023 The Aut
5-Hydroxymethylfurfural

DES
 Deep eutectic solvent

DFF
 Diformyl furan

Eonset
 Onset potential

FDCA
 2,5-Furandicarboxylic acid

FE
 Faradaic efficiency

FFCA
 5-Formyl-furoic acid

GC
 Gas chromatography

H2
 Molecular hydrogen

HER
 Hydrogen evolution reaction

HMFCA
 5-Hydroxymethyl-2 furan carboxylic acid

HOR
 Hydrogen oxidation reaction

HPLC
 High-performance liquid chromatography

MOF
 Metal–organic framework

NF
 Nickel foam

OER
 Oxygen evolution reaction

ORR
 Oxygen reduction reaction

PEF
 Polyethylene furanoate

PEM
 Proton exchange membrane

PET
 Polyethylene terephthalate

SMR
 Steam methane reforming

TPA
 Terephthalic acid

VO
 Oxygen vacancies
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V. Pérez-Herranz, Double-template fabrication of three-
dimensional porous nickel electrodes for hydrogen
evolution reaction, Int. J. Hydrogen Energy, 2012, 37, 2147–
2156, DOI: 10.1016/j.ijhydene.2011.09.155.

150 K. Siwek, S. Eugénio, D. Santos, M. Silva and M. Montemor,
3D nickel foams with controlled morphologies for
hydrogen evolution reaction in highly alkaline media, Int.
J. Hydrogen Energy, 2019, 44, 1701–1709, DOI: 10.1016/
j.ijhydene.2018.11.070.

151 D. M. Santos, C. A. Sequeira and J. L. Figueiredo, Hydrogen
production by alkaline water electrolysis, Quim. Nova, 2013,
36, 1176–1193, DOI: 10.1590/S0100-40422013000800017.

152 R. Latsuzbaia, R. Bisselink, A. Anastasopol, H. Van der
Meer, R. Van Heck, M. S. Yagüe, et al., Continuous
electrochemical oxidation of biomass derived 5-
(hydroxymethyl)furfural into 2,5-furandicarboxylic acid, J.
Appl. Electrochem., 2018, 48, 611–626, DOI: 10.1007/
s10800-018-1157-7.

153 A. Delparish, A. Uslu, Y. Cao, T. de Groot, J. van der Schaaf,
T. Noël, et al., Boosting the valorization of biomass and
green electrons to chemical building blocks: a study on
the kinetics and mass transfer during the electrochemical
conversion of HMF to FDCA in a microreactor, Chem. Eng.
J., 2022, 438, 135393, DOI: 10.1016/j.cej.2022.135393.

154 M. Fleischmann, K. Korinek and D. Pletcher, The oxidation
of hydrazine at a nickel anode in alkaline solution, J.
Electroanal. Chem. Interfacial Electrochem., 1972, 34, 499–
503, DOI: 10.1016/S0022-0728(72)80425-X.

155 W. Visscher and E. Barendrecht, Investigation of thin-lm
a-and b-Ni(OH)2 electrodes in alkaline solutions, J.
Electroanal. Chem. Interfacial Electrochem., 1983, 154, 69–
80, DOI: 10.1016/S0022-0728(83)80532-4.

156 W. Chen, C. Xie, Y. Wang, Y. Zou, C.-L. Dong, Y.-C. Huang,
et al., Activity origins and design principles of nickel-based
catalysts for nucleophile electrooxidation, Chem, 2020, 6,
2974–2993, DOI: 10.1016/j.chempr.2020.07.022.

157 Y. Zhong, R.-Q. Ren, J.-B. Wang, Y.-Y. Peng, Q. Li and
Y.-M. Fan, Grass-like NixSey nanowire arrays shelled with
NiFe LDH nanosheets as a 3D hierarchical core–shell
© 2023 The Author(s). Published by the Royal Society of Chemistry
electrocatalyst for efficient upgrading of biomass-derived
5-hydroxymethylfurfural and furfural, Catal. Sci. Technol.,
2022, 12, 201–211, DOI: 10.1039/D1CY01816G.

158 S. Barwe, J. Weidner, S. Cychy, D. M. Morales,
S. Dieckhöfer, D. Hiltrop, et al., Electrocatalytic oxidation
of 5-(hydroxymethyl)furfural using high-surface-area
nickel boride, Angew. Chem., Int. Ed., 2018, 57, 11460–
11464, DOI: 10.1002/anie.201806298.

159 C. Wang, H.-J. Bongard, C. Weidenthaler, Y. Wu and
F. Schüth, Design and Application of a High-Surface-Area
Mesoporous d-MnO2 Electrocatalyst for Biomass Oxidative
Valorization, Chem. Mater., 2022, 34, 3123–3132, DOI:
10.1021/acs.chemmater.1c04223.

160 L. Gao, Y. Bao, S. Gan, Z. Sun, Z. Song, D. Han, et al.,
Hierarchical nickel–cobalt-based transition metal oxide
catalysts for the electrochemical conversion of biomass
into valuable chemicals, ChemSusChem, 2018, 11, 2547–
2553, DOI: 10.1002/cssc.201800695.

161 M. J. Kang, H. Park, J. Jegal, S. Y. Hwang, Y. S. Kang and
H. G. Cha, Electrocatalysis of 5-hydroxymethylfurfural at
cobalt based spinel catalysts with lamentous
nanoarchitecture in alkaline media, Appl. Catal., B, 2019,
242, 85–91, DOI: 10.1016/j.apcatb.2018.09.087.

162 Y. Lu, C. L. Dong, Y. C. Huang, Y. Zou, Z. Liu, Y. Liu, et al.,
Identifying the geometric site dependence of spinel oxides
for the electrooxidation of 5-hydroxymethylfurfural, Angew.
Chem., Int. Ed., 2020, 59, 19215–19221, DOI: 10.1002/
anie.202007767.

163 M. Sun, Y. Wang, C. Sun, Y. Qi, J. Cheng, Y. Song, et al.,
Nitrogen-doped Co3O4 nanowires enable high-efficiency
electrochemical oxidation of 5-hydroxymethylfurfural,
Chin. Chem. Lett., 2022, 33, 385–389, DOI: 10.1016/
j.cclet.2021.05.009.

164 K. R. Vuyyuru and P. Strasser, Oxidation of biomass derived
5-hydroxymethylfurfural using heterogeneous and
electrochemical catalysis, Catal. Today, 2012, 195, 144–
154, DOI: 10.1016/j.cattod.2012.05.008.

165 D. J. Chadderdon, L. Xin, J. Qi, Y. Qiu, P. Krishna,
K. L. More, et al., Electrocatalytic oxidation of 5-
hydroxymethylfurfural to 2,5-furandicarboxylic acid on
supported Au and Pd bimetallic nanoparticles, Green
Chem., 2014, 16, 3778–3786, DOI: 10.1039/C4GC00401A.

166 M. Park, M. Gu and B.-S. Kim, Tailorable electrocatalytic 5-
hydroxymethylfurfural oxidation and H2 production:
architecture–performance relationship in bifunctional
multilayer electrodes, ACS Nano, 2022, 14, 6812–6822,
DOI: 10.1021/acsnano.0c00581.

167 T. Cao, M. Wu, V. V. Ordomsky, X. Xin, H. Wang,
P. Métivier, et al., Selective electrogenerative oxidation of
5-hydroxymethylfurfural to 2,5-furandialdehyde,
ChemSusChem, 2017, 10, 4851–4854, DOI: 10.1002/
cssc.201702119.

168 G.-R. Xu, M. Batmunkh, S. Donne, H. Jin, J.-X. Jiang,
Y. Chen, et al., Ruthenium(III) polyethyleneimine
complexes for bifunctional ammonia production and
biomass upgrading, J. Mater. Chem. A, 2019, 7, 25433–
25440, DOI: 10.1039/C9TA10267A.
RSC Adv., 2023, 13, 28307–28336 | 28333

https://doi.org/10.1016/j.cej.2017.08.014
https://doi.org/10.1016/j.coelec.2020.02.022
https://doi.org/10.1039/C2JM31439H
https://doi.org/10.1039/C6RA07316F
https://doi.org/10.1016/j.ijhydene.2011.09.155
https://doi.org/10.1016/j.ijhydene.2018.11.070
https://doi.org/10.1016/j.ijhydene.2018.11.070
https://doi.org/10.1590/S0100-40422013000800017
https://doi.org/10.1007/s10800-018-1157-7
https://doi.org/10.1007/s10800-018-1157-7
https://doi.org/10.1016/j.cej.2022.135393
https://doi.org/10.1016/S0022-0728(72)80425-X
https://doi.org/10.1016/S0022-0728(83)80532-4
https://doi.org/10.1016/j.chempr.2020.07.022
https://doi.org/10.1039/D1CY01816G
https://doi.org/10.1002/anie.201806298
https://doi.org/10.1021/acs.chemmater.1c04223
https://doi.org/10.1002/cssc.201800695
https://doi.org/10.1016/j.apcatb.2018.09.087
https://doi.org/10.1002/anie.202007767
https://doi.org/10.1002/anie.202007767
https://doi.org/10.1016/j.cclet.2021.05.009
https://doi.org/10.1016/j.cclet.2021.05.009
https://doi.org/10.1016/j.cattod.2012.05.008
https://doi.org/10.1039/C4GC00401A
https://doi.org/10.1021/acsnano.0c00581
https://doi.org/10.1002/cssc.201702119
https://doi.org/10.1002/cssc.201702119
https://doi.org/10.1039/C9TA10267A
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05623f


RSC Advances Review

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

5 
Se

pt
em

be
r 

20
23

. D
ow

nl
oa

de
d 

on
 1

2/
10

/2
02

5 
4:

56
:3

3 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
169 Y. Du, H. Sheng, D. Astruc and M. Zhu, Atomically precise
noble metal nanoclusters as efficient catalysts: a bridge
between structure and properties, Chem. Rev., 2019, 120,
526–622, DOI: 10.1021/acs.chemrev.8b00726.

170 M. A. Ayude, L. I. Doumic, M. C. Cassanello and
K. D. Nigam, Clean catalytic oxidation for derivatization
of key biobased platform chemicals: ethanol, glycerol,
and hydroxymethyl furfural, Ind. Eng. Chem. Res., 2019,
58, 16077–16095, DOI: 10.1021/acs.iecr.9b00977.

171 M. Guo, X. Lu, J. Xiong, R. Zhang, X. Li, Y. Qiao, et al.,
Alloy-Driven Efficient Electrocatalytic Oxidation of
Biomass-Derived 5-Hydroxymethylfurfural towards
2,5-Furandicarboxylic Acid: A Review, ChemSusChem,
2022, 15, e202201074, DOI: 10.1002/cssc.202201074.

172 C. Wei, S. Sun, D. Mandler, X. Wang, S. Z. Qiao and Z. J. Xu,
Approaches for measuring the surface areas of metal oxide
electrocatalysts for determining their intrinsic
electrocatalytic activity, Chem. Soc. Rev., 2019, 48, 2518–
2534, DOI: 10.1039/C8CS00848E.

173 P. Qi, S. Chen, J. Chen, J. Zheng, X. Zheng and Y. Yuan,
Catalysis and reactivation of ordered mesoporous carbon-
supported gold nanoparticles for the base-free oxidation
of glucose to gluconic acid, ACS Catal., 2015, 5, 2659–
2670, DOI: 10.1021/cs502093b.

174 R. Wojcieszak, C. P. Ferraz, J. Sha, S. Houda, L. M. Rossi
and S. Paul, Advances in base-free oxidation of bio-based
compounds on supported gold catalysts, Catalysts, 2017,
7, 352, DOI: 10.3390/catal7110352.

175 A. Markusse, B. Kuster and J. Schouten, Platinum catalysed
aqueous methyl a-d-glucopyranoside oxidation in
a multiphase redox-cycle reactor, Catal. Today, 2001, 66,
191–197, DOI: 10.1016/S0920-5861(00)00648-9.

176 M. A. Lilga, R. T. Hallen and M. Gray, Production of
oxidized derivatives of 5-hydroxymethylfurfural (HMF),
Top. Catal., 2010, 53, 1264–1269, DOI: 10.1007/s11244-
010-9579-4.

177 X. Zhong, Y. Wei, S. Sadjadi, D. Liu, M. Li, T. Yu, et al., Base-
free oxidation of 5-hydroxymethylfurfural to 2,5-
furandicarboxylic acid over palygorskite-supported
bimetallic Pt–Pd catalyst, Appl. Clay Sci., 2022, 226,
106574, DOI: 10.1016/j.clay.2022.106574.

178 H. G. Cha and K.-S. Choi, Combined biomass valorization
and hydrogen production in a photoelectrochemical cell,
Nat. Chem., 2015, 7, 328–333, DOI: 10.1038/nchem.2194.

179 C. Zhou, W. Shi, X. Wan, Y. Meng, Y. Yao, Z. Guo, et al.,
Oxidation of 5-hydroxymethylfurfural over a magnetic
iron oxide decorated rGO supporting Pt nanocatalyst,
Catal. Today, 2019, 330, 92–100, DOI: 10.1016/
j.cattod.2018.05.037.

180 A. R. Poerwoprajitno, L. Gloag, J. Watt, S. Cychy, S. Cheong,
P. V. Kumar, et al., Faceted branched nickel nanoparticles
with tunable branch length for high-activity
electrocatalytic oxidation of biomass, Angew. Chem., Int.
Ed., 2020, 59, 15487–15491, DOI: 10.1002/anie.202005489.

181 T. Gao, Y. Yin, G. Zhu, Q. Cao and W. Fang, Co3O4 NPs
decorated Mn-Co-O solid solution as highly selective
catalyst for aerobic base-free oxidation of 5-HMF to 2,5-
28334 | RSC Adv., 2023, 13, 28307–28336
FDCA in water, Catal. Today, 2020, 355, 252–262, DOI:
10.1016/j.cattod.2019.03.065.

182 J. N. Hausmann, R. Beltrán-Suito, S. Mebs, V. Hlukhyy,
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