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Biomass has always been regarded as a latent resource owing to the lack of competitive technology to
convert it into an active substance. Electroreduction is considered as a burgeoning catalytic technology
for upgrading biomass into a variety of high-value chemicals and energy-intensive biofuels through
different transformation routes, such as hydrogenation, hydrogenolysis, deoxidation, reductive amination,
and dimerization. This review summarizes recent advances in the electrocatalytic reduction of various
biomass-derived molecules (e.g., levulinic acid, 5-hydroxymethylfurfural, furfural, phenol, guaiacol, benz-
aldehyde, acetophenone, and benzoic acid) by taking into account the particle size, morphology, and
electronic structure of the catalysts as well as the applied potential, charge transfer, and acid/alkali
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balance of electrochemical cells. Insights into the reaction mechanisms and pathways are presented to
formulate electrolytes and catalytic sites required for specific reactions. Another objective is to summarize
and discuss documented catalyst modification strategies for enhancing the electrocatalytic reaction rate
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1. Introduction

Vital chemicals, including but not restricted to fuels and plas-
tics, mainly stem from unsustainable fossil subsets. The
growing demand for fuels have led to the global fuel crisis;
moreover, these fuels are expected to be exhausted by 2060
based on the present consumption rate.'™ Although govern-
ments worldwide have zealously formulated viable tactics to
exploit alternative renewables (e.g., wind, solar, tidal, and
geothermal energies), these energy vectors are impeded by
diverse regions and cannot offer carbon sources to generate
high-value chemicals and energy-intensive fuels.”” In this
view, further development and exploration of other carbon-
based renewables is an imperative but challenging task.
Besides non-renewable resources such as coal, natural gas,
and oil, lignocellulosic biomass is identified as the most abun-
dant and renewable organic carbon-neutral source (Fig. 1)
composed of cellulose (40-50%), hemicellulose (20-35%), and
lignin (15-30%).%° In the past, however, biomass was often
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and selectivity. Present challenges, promising applications, and future orientations are also proposed.

discarded because of the lack of competitive techniques for
transforming it into a functional material. Presently, it is
known that cellulose and hemicellulose are composed of
p-glucopyranose units and can be further upgraded to various
platform compounds, such as levulinic acid (LA), 5-hydroxy-
methylfurfural (HMF), and furfural, which are ideal starting
raw materials for the production of fine chemicals and fuels.
In addition, lignin is a cross-linked phenolic polymer with
abundant -OCHj; and alkyl groups, and a series of aromatic
molecules can be obtained, including phenol, guaiacol benz-
aldehyde, acetophenone, and benzoic acid.’®'" Although
lignocellulosic biomass is cheap and readily available, more
complex pretreatment steps are required before its further con-
version into desired products. Thus, increasing attention is
placed on the synthesis of biomass-derived molecules.'>™?
Unlike traditional fossil resources, biomass and its derivatives
have high oxygen contents and low energy densities. To better
utilize these renewable resources, many strategies have been
concentrated on maximizing the H/C ratio (hydrogenation)
and minimizing the O/C ratio (deoxygenation), among which
thermoreduction and electroreduction have acquired sky-high
approval.® Thermochemical reduction of oxygenated biomass
is a classic method; however, it is limited by the requirements
of dense H, pressure and elevated temperature.'”'® The
involved reductive processes can be summarized into two
steps. Reactants and H, are initially adsorbed and activated on
a catalyst, and then activated intermediates effectively react to
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Fig. 1 Schematic diagram of the lignocellulosic biomass upgrading processes: from macromolecules to electroreductive products.

produce target products. In addition, catalytic transfer hydro-
genation with alcohol or acid as a hydrogen source can avoid
the employment of high-pressure H, but still cannot bypass
high-temperature conditions.'*"

In recent years, electroreductive technology has received
increasing attention because it can be performed under ambient
conditions, and the use of H,O as a hydrogen source follows the
criterion of green chemistry. With the integration of solar, tidal,
and biomass renewable energy, electricity has been indirectly
endowed with the label as a sustainable source, providing
sufficient background and reliance for the integration of the elec-
trocatalysis method and “biorefinery technology”.”>>* These
methods for the electroreductive upgrading of biomass to high-
value chemicals or biofuels mainly focus on hydrogenation,
hydrogenolysis, reductive amination, and dimerization (C-C
coupling) reactions.”>*” The functional groups undergoing
mutual transformations are usually hydroxyl (phenolic hydroxyl),
carbonyl, furan-ring, and benzene-ring. Among them, electro-
chemical hydrogenation and hydrogenolysis display strong
dependence and regularity on electrolytes, while reductive amin-
ation exhibits profitability for nitrogen-containing compounds.
Electroreductive C-C coupling for biomass upgrading is a valu-
able reaction since it can extend the carbon chain. However, it
has not received much attention in comparison to the well-estab-
lished unimolecular conversion. Given these, it is important to
gain insights into the principle of electroreductive conversion of
biomass. Theoretically, if the cathodic potential is lower than the
reductive potential of the reactant molecule, this reduction reac-
tion is likely to occur.®®* In an actual case, a more negative
cathodic potential (ie., over-potential) is usually required to
realize the reduction of the substrate due to the restriction of the
reaction kinetics. In comparison to the well-studied biomass elec-
trooxidation, electroreduction is still in its infancy, and the elec-
trocatalysts are mainly noble-metal-based and Cu-based
catalysts.’** Adjusting the electronic structure and optimizing
the surface morphology of the catalyst are typical modification
strategies for enhancing the reaction rate and improving the
selectivity of the desired products, including single atom,**
alloy,* multi-site,*® doping,®” nanostructure,*® and others.

This journal is © The Royal Society of Chemistry 2024

Several excellent reviews have been published on the electro-
catalytic conversion of lignin components (e.g., phenol, guaiacol,
and benzaldehyde).>*** In a recent review, Akhade et al. provided
a comprehensive summary of the fundamental concepts of
electrochemical hydrogenation, including theoretical calculations
related to electrocatalysis, evaluation of reaction parameters, reac-
tion kinetics, and reactor design.*> To our knowledge, however,
there is still no specific review that provides an overview and dis-
cussion on the progress on eletroreductive transformation of
lignocellulosic biomass (including three components) into useful
chemicals and biofuels. In this review, therefore, the research pro-
gress and reaction mechanisms toward the electroreductive
upgrading of biomass-derived platform molecules according to
its three main backbones are systematically summarized. The dis-
cussed cases include LA, HMF, and furfural originating from cell-
ulose/hemicellulose, as well as phenol, guaiacol benzaldehyde,
acetophenone, and benzoic acid stemming from lignin (Fig. 1).
The developed methods for obtaining common and non-main-
stream products from the electroreductive network of specific
substrates are collected and discussed in detail, wherein the inter-
action between organic substrates and electrolytes, and the inter-
face effect between organic substrates and electrocatalysts are
highlighted. Emerging and promising reactions, like HMF ring-
opening, reductive amination, C-C coupling, and ring-saturation,
are also reviewed, with a focus on the electrode electroreductive
behavior, preferred electrolytic parameters, and future direction.
Overall, this review aims to provide a full description for formulat-
ing the electrolytes, catalytic sites, and cautions required for
specific biomass conversion routes from the perspective of
mechanisms.

2. The merits of biomass
electroreduction relative to
thermocatalytic methods

In comparison with traditional reduction routes, electro-
catalytic hydrogenation (ECH) is regarded as a greener process
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by virtue of the following merits: (1) more sustainable hydro-
gen-resource supply (active hydrogen intermediates from
water), (2) greener reaction processes (continuous electrons as
reducing agents, and generating by-products of H, and O,
available for fuel cells), (3) more stable operating parameters
at ambient conditions (avoiding intensive pressure and temp-
erature), and (4) capable of coupling the oxidation reaction
(with the reduction reaction to promote each other). To further
understand and master the ECH process, an in-depth insight
into the reaction and electron transfer mechanisms is
required. The electrocatalyst and electrolyte must be further
optimized before conducting additional experiments, proving
their vital function in ECH. As a result, the elementary con-
cepts and general mechanisms are summarized in this part.

2.1. General reaction and electrocatalysis mechanisms

In the electroreduction of organic substrates, adsorbed hydro-
gen (H,qs) is involved in most reactions, such as hydrogenoly-
sis and hydrogenation of the aldehyde, as well as hydrogenoly-
sis of alcohol. These procedures are designated as the ECH
route, which proceeds via the adsorption of H,gs. Only a few
reactions were accomplished through direct electroreduction
without the participation of Hags.>® On this occasion, the car-
bonyl group is initially reduced to a ketyl radical intermediate
via the acquisition of (e~ + H'), which can gain a second (e~ +
H") to form an alcohol product or couple with another radical
intermediate, resulting in dimerization product formation.

In a complete ECH, H,qs is produced through the Volmer
reaction, and then directly used for the substrate hydrogen-
ation (Fig. 2). Understanding the whereabouts of H,gs contrib-
utes to the inhibition of unwanted side-reactions and pro-
motion of the targeted ECH. Originating from the principle of
green synthesis, the use of the water-electrolyte gradually
becomes dominant, which may also spark water splitting. In
general, the hydrogen evolution reaction (HER) is regarded as
a competing reaction with the ECH of biomass-derived plat-
form molecules, since HER will consume H,q4s through the
Heyrovsky and Tafel reactions. The Heyrovsky reaction pro-
ceeds in distinct pathways at different pH values, producing
molecular hydrogen electrocatalytically. In contrast, the Tafel
reaction is a thermochemical H,qs combination and desorp-
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tion process. The Heyrovsky and Tafel reactions are capable of
decreasing the faradaic efficiency (FE) of ECH, and thus not
conducive to reducing organic substrates. A common approach
is to employ Cu- and Ag-based electrodes, featuring high HER
over-potentials.*” Notably, the change of the cathodic potential
to modulate the surface H,qs-coverage in ECH is akin to con-
trolling hydrogen pressure in the traditional hydrogenation
procedure.*°

In the ECH route, a high-efficiency catalyst must be capable
of generating the H,qs through the Volmer reaction, while sim-
ultaneously suppressing the Heyrovsky and Tafel reactions
effectively. To better suppress the HER, the current strategy
mainly focuses on introducing auxiliary sites to passivate the
Ha.qs, Or promoting the rapid interaction between H,4s and
substrates. For the direct electroreduction route, the employ-
ment of catalysts with high HER over-potential or metal-free
sites has been reported to be the most effective strategy,
because it does not carefully consider the evolution of H,.

Compared to the traditional reduction pathways, ECH is
more suitable for biomass upgrading, whether from an oper-
ational or economic point of view.**™*® Along this direction,
three prevalent catalytic models have been established.*®
Direct utilization of inert electrodes (e.g., Pt, Pb, and carbon
electrodes) is the most well-studied catalytic method, but is
not efficient enough (Fig. 3A), and involves the electron being
directly transferred from the electrode surface to the substrate.
In such a scenario, setting a suitable potential to acquire a
desirable substrate conversion and product selectivity is highly
desired. The range of these inert electrode systems can be
extended from the metal to the carbon electrode. Apart from
the close-knit or bulk electrode materials, multi-hole or reticu-
lar electrodes are also adopted. Unlike inert electrodes, active
electrodes are less dependent on the applied potential, but
more determined by the active species or the type of reactions
(Fig. 3B). To be precise, the selective conversion of organic
molecules is achieved by loading an effective active species on
the conductive supports, which are often modified electro-
des.”” The modified electrode is usually designed for specific
functional group conversion or similar reactions, and thus the
obtained FE is higher than that of the inert electrode. Ideally,
the active species could be normally regenerated in situ during
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Fig. 2 General mechanisms/pathways in the electrocatalytic hydrogenation (ECH) and hydrogen evolution reaction (HER).
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Fig. 3 The inert electrode (A), active electrode (B), and redox-mediated
system (C) for electrocatalysis.

the reaction process. In this aspect, massive anodic reactions
(e.g., water, HMF, and glycerol oxidation) have been well-estab-
lished, which provide sufficient support for cathodic
reactions.*®" Another mode is to use a redox-active medium
to complete the conversion of substrates to high-value chemi-
cals (Fig. 3C), in which electricity is exploited to directly
actuate the medium oxidation-reduction cycle to fulfill the
reactant conversion, thus avoiding a greater over-potential.>*

In these systems, inert electrodes can overcome the
problem of the catalyst stability. However, the high cost, scar-
city, and dependence on potential are unfavorable factors. For
active electrode systems, abundant strategies can be used to
inhibit HER, resulting in a higher FE and selectivity. However,
much effort is still needed to overcome the dissolution of
active sites and the identification of the active species during
the reaction process. In the redox-mediated system, the trans-
formation of substrates is determined by the property of the
medium, which can bypass the inherent high over-potential of
the reaction. However, some adverse reactions and unwanted
wastes may be detected.

2.2. Identifying the function of the electrocatalyst and
electrolyte

The combination of reaction processes and electrocatalytic
mechanisms indicate that the roles of the electrocatalyst and
electrolyte are vital for ECH. Thus, the relevant discussions are
given in this section. The synergy of the electrocatalyst and
electrolyte —aims to maximize the application of
electrons.'®>*>* The former mainly offers active sites for sub-
strate reduction, while the latter supplies conductivity to boost
electron transfer and forms a circuit.

The catalyst is considered as the key to a reaction, and how
to select an appropriate catalyst is primary. Taking the
reduction of furan-based compounds as an example, Ag- or
Cu-based materials are better catalysts, while aromatic com-
pounds are more prone to form over Pt group metals (e.g., Pt,
Rh, and Pd).>**® With the optimal catalytic sites, optimizing
the morphology, constructing the interface and introducing
auxiliary sites to the catalyst will help to further improve the
catalytic activity.>” A catalyst or electrode with high surface
area, high chemical stability, and suitable coordination
numbers of the active sites are generally able to deliver better
activity.**® The optimized catalyst in an acidic medium
exhibited poor activity and stability in a basic medium, imply-

This journal is © The Royal Society of Chemistry 2024
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ing that a negative cathodic potential is required to offer
rational current densities to reduce the substrate. For specific
electrodes and substrates, even at the same potential, a change
of electrolyte pH will lead to different products, giving a hint
that the catalytic mechanism may be distinguishing in
different electrolytes, as detailed in section 3. Considering
that H,qs is broadly involved in ECH, the generation of Haqs is
a vital step of the whole process, whose rate is directly deter-
mined by pH and over-potential, because the Volmer reaction
can be promoted in a H™-abundant environment. Although the
distribution of the product is significantly affected by pH, the
absolute selectivity is still determined by the electrode.

3. Electrocatalytic reduction of
biomass feedstocks

3.1. Electroreduction of the cellulose-derived platform
molecule

3.1.1. Levulinic acid (LA). LA is a multifunctional platform
molecule derived from cellulose or hemicellulose, which can
be further transformed (e.g., deoxygenated) to provide abun-
dant high-value chemicals.>*"®" Of these products, valeric acid
(VA), y-valerolactone (GVL), and 4-hydroxyvaleric acid (HVA)
can be selectively produced from LA via the tailored electrore-
ductive methods. The main upgrading routes are depicted in
Fig. 4 with the related parameters, and the results are listed in
Table 1.

In addition to the carbonyl group, the LA molecule still con-
tains an additional -COOH group, but only the carbonyl group
can react under the electroreductive conditions. From the
energy densities point of view, both VA (2.84 MJ mol™') and
GVL (2.65 MJ mol™") are higher than LA (2.42 MJ mol ™),
which means that LA can be used as a benign starting feed-
stock to store electricity.®® Alternatively, VA is primarily used to
produce biofuels and lubricants, followed by the preparation

(Electrochemical reductive upgrading of levulinic acidg

1 1
1 1
1 1
i '
' [o] - + OH : + 1
2e"+2H 2e+2H 1

! )l\/\[rOH OH > N\IfOH :
! e} o -H0 o d
: LA HVA VA '
1

| CHgNH, | 2+ 21 H,0 '
: 1
1 1
1 ~ !
] NH “H.,O | .
! OH 25 oM 0{7/ ‘
LY o :
1

: 4-(methylamino)-pentanoic acid 1,5-dimethyl-2-pyrrolidone GVL 1

(Thermochemical hydrogenation upgrading of levulinic acii-

'
:

:)ol\/\[ro»-c Ha oH OH
1 e Oﬁ/ —_— R —

: T o /\/\g« /\/\Ior

1

1

1

'

H,
LA GVL (E)-pent-3-enoic acid VA

—> Electrochemical Process —> Thermochemical Process

g g g SR

Fig. 4 The comparison of upgrading routes in the electrochemical and
thermochemical reduction of levulinic acid (LA).
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Table 1 Summary of electroreductive products from and performance of levulinic acid under various reaction parameters

FE
Entry Substrate Product Catalyst (%) Y{S] (%) Electrochemical parameters Ref.
1 0.5 M LA VA Pb 86.5 90[95] 0.5 M H,S0,, E = —1.5 Vgug 63
2 0.5 M LA VA Pb >47 [>90] 0.5 M H,S0,, E = —1.5 Vgug 64
3 0.5 M LA VA In, Zn >44 96-99 1M H,SO,, 50 °C 65
4 0.1 M LA VA InPb/CF 60.8 86.1[99.7] 0.1 M H,S0,, E = —1.5 Vgug 66
5 0.1MLA VA PbO- 89.2 41.4[97.8] 0.5 M H,S0,, E = —1.3 Vgug 67
In,0;
6 0.5 M LA GVL Fe 20 [70] 1 M NaOH, E = —1.8 Vagiagai 70
7 0.1 M LA GVL PbS-400/ 78.6 — [Bmim|BF,-MeCN-H,0, E = —2.15 Vagiag's 71
cp j=-13.5mAcm™>
8 0.1 M LA HVA Pb 81 93[99.9] 0.1 M KHCO; + 0.1 M KCIOy, E = —=1.9 Vgug 72
9 2MILA+ 4-(Methylamino)- Cu 78 60 0.5 M KH,PO, (pH 12),j = —0.04 A cm™> 73
methylamine pentanoic

Levulinic acid (LA), valeric acid (VA), gamma-valerolactone (GVL), 4-hydroxyvaleric acid (HVA), faradaic efficiency (FE), and Y[S] is yield

[selectivity].

of spices and feeds, implying that the development of promis-
ing methods for the conversion of LA to VA is necessary.
Clearly, the C=0O bond in LA must be cleaved to obtain VA,
meaning that an acidic environment is required. Along with
this speculation, an ECH route of LA to VA was implemented
in 0.5 M H,SO, solution over the Pb-electrode, giving a 70.8%
electricity storage efficiency.®® In terms of reaction efficiency,
an ideal selectivity (95%) and FE (86.5%) were also achieved at
optimized conditions. In a relevant work, this electrocatalytic
protocol was employed to further upgrade the acid-catalyzed
downstream products of cellulose (containing FA + LA +
H,S0,) in a flow cell reactor, coupled with a formic acid (FA)
fuel cell.®* With this method, LA is able to be upgraded to VA
as a biofuel intermediate, whereas FA is removed and fed into
a fuel cell for producing electricity. The generated electricity is
capable of suitably supplementing the energy cost in the
electrocatalytic reduction of LA. This green catalytic scheme is
expected to circumvent the complicated treatment procedures
of the side-product (FA + H,SO,) isolated from the downstream
cellulose hydrolysis. Although the Pb-electrode seems to be
suitable for LA reduction, large-scale production may be
restricted due to the incorporation of toxic Pb element. Thus,
the exploration of alternative electrodes to minimize the use of
Pb is of vital importance. Several valid cathodic materials that
have been tested by Bisselink et al, such as Cd, In, and Zn,
can efficiently produce VA from FA.®®> Thereinto, both In and
Zn are recognized to be more benign, with no or less by-
product GVL formation. An exceptional VA selectivity (99% at
In, 96% at Zn) was recorded, but the FE was unsatisfactory.
This work suggests that the condition of Cd or In alone acting
as a site to catalyze this reaction is untenable since the EF is
negligible. As reported recently, utilization of In or Cd to con-
struct bimetallic sites can not only provide an impressive per-
formance for VA production, but also decrease the use of
Pb.®¢"°® In the two-step reaction, LA is initially protonated to
give HVA, followed by reduction to VA via the C-O bond clea-
vage. Admittedly, the conversion of LA to VA tends to occur in
acidic environments, as the acidic medium is more conducive

2458 | Green Chem., 2024, 26, 2454-2475

to forming H,qs. The electroreduction of LA holds an extra
benefit to operating in a H,SO, medium, which can simplify
the biomass upgrading process, because they (LA + H,SO,) are
normally present in biomass product streams.

Like VA, GVL is a secondary product derived from LA
reduction, which can be used not only as a food and fuel addi-
tive, but also as a green solvent for biomass processing.
Despite the thermocatalytic method being considered as the
most mature system for reducing LA to GVL, it is still necessary
to seek greener and more sustainable conversion methods to
minimize energy consumption.®® From LA to GVL, two steps
must be experienced (Fig. 4), namely, hydrogenation of LA to
HVA and cyclization of HVA (lactonization). The former can be
achieved by electrochemical approach, while the latter is a
thermochemical process and sensitive to pH. Based on pre-
vious studies, the electrocatalytic reduction of LA to GVL
should be feasible, but the pH optimization of electrolytes is
often required. Unlike the electrocatalytic reduction of LA to
VA, neutral or alkaline media appear to favor GVL production.
As an example, Xin et al. employed a Pb-electrode to reduce LA
to GVL in a phosphate buffer (pH 7.5), with an extraordinary
selectivity (100%) and a low FE (6.2%).%* In addition, this reac-
tion was executed at elevated pH (1 M NaOH, pH 13) with Fe-
electrodes, and an integrated catalytic activity (20% FE and
70% selectivity) was obtained.”® In the electrochemical syn-
thesis of GVL, it is difficult to simultaneously satisfy the
selectivity and FE. To obtain a higher FE, the selectivity of the
product is usually sacrificed. Typically, a ternary electrolyte
([Bmim]BF,~MeCN-H,0) and partially oxidized PbS-electrode
were utilized for this reaction, giving a record FE (78.6%).”"
Regarding the reduction of LA to GVL, the synchronous
acquirement of the ideal FE and selectivity is highly antici-
pated, but challenging.

For LA electroreduction, HVA only appears as an intermedi-
ate whether VA or GVL is generated. It has been produced less
often as a dominant product, which may be correlated with
the electrolyte. As a valuable monomer, HVA can be exploited
to produce biopolymers and bioplastics, apart from further

This journal is © The Royal Society of Chemistry 2024
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production of GVL and VA. With further detailed research, an
unprecedented pathway to produce HVA from LA was identified
by Lucas et al., which proceeds in a co-supporting electrolyte
(containing 0.1 M KHCO; + 0.1 M KClO,).”* This electro-
chemical protocol could achieve 99.9% selectivity and 81% FE,
with a productivity higher than 40 g L™ h™'. More interest-
ingly, HVA can be converted to GVL within 15 min when 0.55
M H,SO, was used to treat the above-completed reaction.
Unlike the formation of VA, HVA was produced through an
outer sphere electron transfer mechanism, without the partici-
pation of H,gs.

Another interesting methodology is to synthesize organic
nitrogenous chemicals from LA, designated as electrocatalytic
reductive amination. Miirtz et al. accomplished the prepa-
ration of 1,5-dimethyl-2-pyrrolidone in a basic electrolyte (pH
12) by combining a heating step, using LA and methylamine
as the starting substrates.”> Cu was identified as a benign
cathodic material to reduce LA, and pyrrolidone with a yield of
78% was acquired. In this reductive process, the current
density was regarded as the primary influential factor aside
from the pH. With the current density increasing from
—40 mA cm™> to —200 mA cm™?, the yield of the by-product
HVA increases from 1% to 33%. Also, adjusting the electrolyte
pPH to 12 guarantees that a considerable part of the amine
exists in alkaline form, which is beneficial to react with the
aldehyde group to form an imine. The mechanism manifests
that the reductive amination of LA involves three basic steps
(Fig. 5): (1) formation of imine - recognized as a dynamic equi-
librium process and unstable in a non-alkaline environment,
(2) reduction of imine to secondary amine - deemed as an
electrochemical process and dictated by the electrolyte pro-
perties and applied potential, and (3) dehydration of 4-
(methylamino)-pentanoic acid - viewed as a thermochemical
process and determined by temperature. Via this conversion
route, C-N bonds can be introduced into biomass-derived
molecules like carbonyl-containing groups to form nitrogen-
containing chemicals, which extends the type of products
derived from biomass.

In all cases, the electroreductive upgrading of LA is overly
dependent on planar single metal sites, making it difficult to
obtain the desired current efficiency and selectivity, simul-
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Fig. 5 The proposed mechanism for the reductive amination of levuli-
nic acid (LA).
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taneously. Viable strategies include optimizing the catalyst
morphology, exploring new electrolytes, and constructing mul-
tiple catalytic sites, which will be discussed in detail in the
section on HMF electroreduction (see below).

3.1.2. 5-Hydroxymethylfurfural (HMF). In sharp contrast to
LA, the aldehyde group of HMF is actively affected by the aro-
maticity of the furan ring, showing higher activity than that of
LA in ECH.”*””” For HMF reduction, many products have been
identified (Fig. 6), such as 2,5-bis(hydroxymethyl)furan
(BHMF) and 2,5-bishydroxymethyl-tetrahydrofuran (BHMTHF)
evolved from hydrogenation, 2,5-dimethylfuran (DMF) origi-
nated from hydrogenolysis, 2-hydroxymethyl-5-(methyl-
aminomethyl)furan (HMMAMF) from amination, 2,5-hexane-
dione (HD) derived from ring-opening, and 5,5"-bis(hydroxy-
methyl)hydrofuroin (BHH) from dimerization. The related
parameters and catalytic performances are listed in Table 2.

Among the many reductive products, DHMF is hailed as a
functionalized precursor, and can be employed for producing
polyethers and polyamides. To date, DHMF can be acquired
through the hydrogenation of HMF, involving thermochemical
and electrochemical pathways.”” The electrochemical pathway
is regarded as a relatively greener strategy for HMF hydrogen-
ation due to the use of H,qs as a hydrogen source, rather than
traditional high-pressure hydrogen. Ag and Cu seem to be the
most advanced electrodes for HMF reduction in previous
reports. In terms of electrolytes, the borate buffer (pH 9.2)
offered an excellent operating environment for selectively pro-
ducing BHMF and effectively restraining side reactions. As an
example, Choi et al. reported that the conversion of HMF to
BHMF could be achieved over an Ag electrode, with a selecti-
vity nearing 100%, but the FE was not mentioned.”® This
planar electrode only exposed limited active sites, making it
extremely difficult to simultaneously obtain the expected FE
and selectivity. Controlling the morphology and constructing
self-supporting structures in situ are feasible methods to
enhance the catalyst activity because they can increase the
exposed active sites and reduce the immoderate agglomera-
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Fig. 6 Schematic diagram of the electroreductive products obtained
from HMF.
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Table 2 Summary of the electroreductive product and performance on 5-hydroxymethylfurfural under various reaction parameters

E.F.

Entry Substrate Product Catalyst (%) Y[S] (%) Electrolysis conditions Ref.

1 0.02 M BHMF Ag — [>99.9] Borate buffer (pH 9.2), E = —1.5 Vagagal 78
HMF

2 0.02 M BHMF Ag/C 87 85 Borate buffer (pH 9.2), E = —1.3 Vagagal 79
HMF

3 0.02 M BHMF Ag-TiO, NTs 82.2 0.1 mmol cm™ 0.5 M K,HPO,, E = —1.4 Vagagal 80
HMF h™'[89.8]

4 0.02 M BHMF Ag@CuNWAs/  97.1  [96.5] Borate buffer (pH 9.2), E = —0.51 Vggg 81
HMF CF

5 0.05 M BHMF Ag/Cu >80 >80[80] 0.5 M borate buffer (pH 9.2), E = —0.51 Vi 82
HMF

6 0.02 M BHMF RuCu 85.6 0.47 mmol cm™>h™* 0.5 M phosphate buffer solution (PBS), E=—-0.3 83
HMF Vrus

7 0.01M BHMF AgCu/PA 61.8  [94] Borate buffer (pH 9.2), E = —1.4 Vagiagal 84
HMF

8 0.05 M BHMF AgCu — 0.567 mmol cm™> Borate buffer (pH 9.2), E = —0.51 Vgug 85
HMF h™'[85]

9 1 mM HMF BHMTHF Pd/VN >86 80[88] 0.2 M HCIOy, E = —0.11 Vgug 86

10 0.01M BHH GC/BDD 39/38  [36]/[35] 0.1 M carbonate buffer (pH 9.2), E= —0.7 Vgyg 87
HMF

11 2gL7? DMF Cu 50 [35.6] 500 MM H,S0y, E = —1.05 Vagiagcr,j = —10 mA 88
HMF em™?

12 2¢L7" DMF CuNi 88 [91.1] 0.2 M sulfate buffer (pH 2.0), E = —0.8 Vag/agcl 89
HMF

13 0.02 M HMMAMF  Ag(Ag,q) >99 [>99] 0.7 M methylamine buffer (pH 11.0), E= -0.25 90
HMF Vrug

14 5 mM HMF HEMF TiS, 34.4 [>99] 0.7 M ethanolamine, E = —0.6 Vgyg 91

15 0.02 M HD Zn 724 [81.6] 0.2 M sulfate buffer (pH 2.0), E = —1.2 Vagiagai 92
HMF

16 0.02 M HD Ag-aerogel-CN, 78 [77] 0.5 M H,804, E = —1.1 Vagiaga 93
HMF

5-Hydroxymethylfurfural (HMF), 2,5-bis(hydroxymethyl)furan (BHMF), 2,5-bishydroxymethyl-tetrahydrofuran (BHMTHF), 5,5"-bis(hydroxymethyl)

hydrofuroin ~ (BHH),  2,5-dimethylfuran  (DMF),

2-hydroxymethyl-5-(methylaminomethyl)furan

(HMMAMF),  2-hydroxymethyl-5-

(ethanolaminemethyl)furan (HEMF), 2,5-hexanedione (HD), glassy carbon (GC), boron-doped diamond (BDD), faradaic efficiency (FE), and Y[S] is

Yield[selectivity].

tion, together with the improvement of the electrode stability
during long-term electrolysis. A self-synthesized Ag/C (Ag
nanoparticles deposited on a carbon substrate) electrode was
employed for electrochemical conversion of HMF to BHMF in
a borate buffer (pH 9.2).”° Thanks to the high dispersion and
exposure of the catalytic sites, the Ag/C catalyst exhibits high
reactivity, resulting in 87% FE and 85% yield. Also, titanium
dioxide (TiO,) holds a high HER over-potential, which can be
recognized as a potential substrate for loading Ag to avoid
excessive agglomeration of the catalytic sites, which was veri-
fied by Zheng and co-workers.*® With in-depth research, an
Ag@Cu NWAS/CF (in situ growth of the Ag-decorated Cu nano-
wire arrays on the Cu foam) catalyst with a layered structure
has been proven to be effective for reducing the aldehyde
group of HMF.®" The catalyst with an efficient electron trans-
port network and widespread nano-structures can achieve
rapid ion diffusion, mass transfer, and close electrolyte
contact. In addition, the combination of Cu nanoarrays and
Ag-nanoparticles revealed an electronic synergy and geometric
effect in terms of improving the electroreductive activity.*” The
construction of bimetallic sites (including alloy) is attracting
substantial attention since it can effectively reduce the con-
sumption of precious metals with improved reactivity. For the

2460 | Green Chem., 2024, 26, 2454-2475

construction of double sites, the combination of a precious
metal (Ag or Ru) with Cu is found to be a suitable candidate
for the hydrogenation of HMF.**"®° In the macro aspect, the
introduction of Cu directly leads to the dispersion of noble
metal sites and the improvement of the electrocatalytic activity.
In the micro aspect, the electron transfer from the catalyst to
HMTF increases, resulting in the decrease in energy barrier and
Gibbs free energy of the HMF hydrogenation reaction relative
to the direct utilization of Ag, as certified by density functional
theory (DFT) calculations. The synergistic effect of the bi-
metallic sites truly offers an upbeat effect for the electroreduc-
tion of HMF to BHMF, but the interaction and catalytic mecha-
nism between the two synergic sites and individual site was
not fully understood.

The electrochemical hydrogenation of HMF to BHMTHF
was rarely explored, while BHMTHEF is considered as the best
candidate for next-generation biofuels. Therefore, developing
effective catalytic systems for BHMTHF production is of great
significance.’* Starting from the concept of promoting electron
transport and ion diffusion, Wang et al. successfully fabricated
a workable Pd/VN catalyst with a hollow nanosphere struc-
ture.®® The resulting Pd/VN catalyst was operated in an acidic
medium (0.2 M HCIO,) for the preparation of BHMTHF at

This journal is © The Royal Society of Chemistry 2024
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—0.11 Vgyg. The reductive products were quantified by high-
performance liquid chromatography (HPLC), and an excellent
electrolytic performance (86% FE and 88% selectivity) was
observed. The formation of H,4s was promoted. However, its
desorption was inhibited on this distinct Pd/VN catalyst, hence
facilitating HMF adsorption and activation.

Electroreduction of high-concentration HMF is easier to
industrialize. However, most investigations have undergone
severe dimerization (i.e., C-C coupling), leading to the for-
mation  of  5,5-bis(hydroxymethyl)hydrofuroin ~ (BHH).
Dimerization is often identified as a side-reaction for HMF
conversion. Therefore, BHH is rarely synthesized. In fact,
dimerization can be designed as an effective strategy to extend
the carbon chain, providing an interesting path to yield BHH
(C12) from HMF (C6), which can be exploited to produce
diesel or jet fuels after hydrogenolysis. The dimerization be-
havior of HMF was investigated in 0.1 M carbonate buffer (pH
9.2) using sp*-hybridized glassy carbon (GC) and sp’-hybri-
dized boron-doped diamond (BDD) electrodes as cathodic
materials.®” Both catalytic materials provided the possibility of
preparing BHH, but the catalytic behavior was different. On
BDD, the BHH always appeared as the target product regard-
less of the applied potential. When the applied potential
decreased from —0.7 Vgyg to —1.0 Vggg, the BHH selectivity
remained almost unchanged. On GC, the product was mainly
determined by the applied potential. Along with the decrease
of the applied potential (from —0.7 Vgyg to —1.0 Vgyyg), BHMF
appeared as the main quantifiable product (selectivity from 0
to 31%). As a proof of concept, even an ordinary graphite foil
could also be used to catalyze HMF dimerization for BHH
generation. This can be attributed to the high HER over-poten-
tial of the carbon-substrate, which allows direct electron trans-
fer, thus initiating the C-C coupling reaction.

Two major competitive reactions have been identified for
the hydrogenation of HMF: (1) HER can be promoted at low
HER over-potentials, leading to a decreased FE, and (2) dimeri-
zation is favored at high substrate concentrations, resulting in
a low carbon balance. Considering that the hydrogenation
reaction mainly occurs under non-acidic conditions, hydroge-
nolysis is therefore not its competitive reaction, as it mainly
takes place under acidic conditions.’*>®®

For the hydrogenolysis of HMF, the alcohol C-O and the
aldehyde C=O bond in HMF are simultaneously cracked.
Thus, DMF (regarded as a gasoline alternative) is the final
product of this process.”” Cu seems to be the best catalyst for
this reaction, exhibiting ideal reactivity under acidic con-
ditions.®® Even when using an ordinary Cu plate as the catho-
dic material, 35.6% selectivity and 50% FE of DMF were
achieved. In the aim to simultaneously obtain the expected
productivity and high EF, a bimetallic CuNi electrode with a
dendrite morphology was prepared and used to produce DMF
from HMF in 0.2 M sulfate buffer (pH 2.0).*° Benefitting from
the high surface area and nano-effect of the catalyst, the inter-
facial charge transfer of the reduction process was enhanced,
leading to DMF formation in 91.1% selectivity and 88.0% FE.
Also, only a slight activity decay was observed (88% to 83.5%)

This journal is © The Royal Society of Chemistry 2024
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Fig. 7 The electrocatalytic transformation pathway of 5-hydroxy-
methylfurfural (HMF) to 2,5-dimethylfuran (DMF).

for the CuNi electrode after five runs under the optimal con-
ditions. Based on the examples discussed above, a possible
mechanism/pathway for the electrocatalytic reduction of HMF
to DMF is summarized and depicted in Fig. 7. In this pro-
cedure, HMF is converted through the pathway of HMF —
5-methylfurfural (MFF) — DMTF, rather than that of HMF —
5-methylfurfuryl alcohol (MFA) — DMF. Once MFA is formed,
it is improbable for its alcohol group to be further electroche-
mically deoxidized to give DMF under the same conditions
used for the reduction of HMF to DMF, unless advanced cata-
lysts and/or harsh conditions are developed and/or utilized.
However, in other thermodynamical reports, the pathway of
HMF — MFA — DMF is admissible.’®

Considering that there is an aldehyde group in the HMF
structure, it should be feasible to prepare organic nitrogen
chemicals through reductive amination. Roylance and Choi
performed the reductive amination of HMF in a 0.7 M methyl-
amine buffer, for which metal electrodes like Ag, Cu, Pt, Sn,
and Zn were investigated for the production of 2-hydroxy-
methyl-5-(methylaminomethyl)furan (HMMAMF).’® In particu-
lar, the morphology of Ag was further optimized to obtain a
high-surface-area dendritic Ag electrode, giving a nearly 100%
FE and selectivity at the optimal potential (—0.25 Vgyg). Under
identical conditions, other HMF-derived compounds can also
react with methylamine to form the corresponding nitrogen-
ous chemicals (Fig. 8). Through a vacancy construction strat-
egy, Yan et al. fabricated a TiS, catalyst with a high concen-
tration of sulfur vacancy and thin nanosheet structure.’” Then,
the catalytic activity of TiS, for the reductive amination of
HMF was tested in a 0.7 M ethanolamine electrolyte. The pres-
ence of sulfur vacancies is able to enhance the adsorption of
HMF, and the thin nanosheets are capable of offering ade-
quate surface active centers, resulting in a small Tafel slope
and favorable kinetics.

Of the numerous HMF reduction reactions, the electro-
chemical conversion of HMF to 2,5-hexanedione (HD) is an
interesting but challenging task, because this process requires
six (e~ + H') to destroy the furan ring and reduce the ~-OH and
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Fig. 8 The electrocatalytic reductive amination of 5-hydroxymethyl-
furfural (HMF).

-CHO groups, concurrently. For the thermochemical conver-
sion, HD can be obtained by hydrogenation and hydration
(DMF ring-opening) of HMF, and DMF is identified as the
main intermediate in this process. On the electrochemical
side, direct use of (e~ + H') as reductants can reduce HMF to
HD, and no intermediates (including DMF) are observed,
implying that this procedure is likely accomplished through a
one-step reaction. Choi and Roylance affirmed that the direct
one-step reduction of HMF to HD is viable under acidic con-
ditions in the presence of a Zn electrocatalyst, providing 72.4%
FE and 81.6% selectivity of HD.®> The electrochemical mecha-
nism to open the furan ring is akin to that of well-established
thermochemical ring-opening processes, and one experi-
mental example is that the two carbonyl oxygen atoms of HD
are from the furan ring and water, respectively. Recently, a
Ag-aerogel-CN, (carbon-supported Ag nanoparticle
aerogel) catalyst has been illustrated to be active for HD pro-
duction from HMEF.”® Regulating the applied potential could
offer an ideal efficiency and circumvent unwanted HER, and
78% FE and 77% selectivity were recorded. The other reasons
for the promotion of HMF conversion to HD are that the three-
dimensional network structure exposes more catalytic sites
and facilitates the dominant growth of the Ag (111) plane.
Taken together, these works suggest that the occurrence of
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electroreduction (hydrogenolysis of alcohols and aldehydes,
similar to the Clemmensen reaction) and acid-catalyzed ring-
opening undergo a concerted mechanism, as displayed in
Fig. 9. Here, three crucial steps must proceed for the conver-
sion of HMF to HD: the hydrogenolysis of -OH, conversion of
the -CHO group to a terminal alkane, and then ring-opening.

The hydrogenation or hydrogenolysis of aldehyde groups in
HMF is largely affected by pH, but the absolute selectivities are
still determined by the electrode type. Notably, reductive amin-
ation, dimerization, and ring-opening reactions are intriguing
cases for HMF electroreduction, since they create novel ways to
furnish a variety of value-added bioproducts and contribute to
simplifying the HMF upgrading processes.

3.2. Electroreduction of furfural

Furfural is an extremely significant biomass-derived platform
molecule, originating from hemicelluloses acidolysis. Similar
to HMF, furfural can also be easily reduced, and several reac-
tion pathways are identified in the electroreductive network of
furfural (Fig. 10).°° The reductive products are relatively simple
in comparison with HMF reduction, mainly involving furfuryl
alcohol (FFA), hydrofuroin, 2-methylfuran (MF) and tetrahydro-
furfuryl alcohol (THFA), and the related parameters and per-
formances are listed in Table 3.'°°7'°* Thereinto, FFA has
received substantial attention and efforts, owing to the bright
prospects for the production of plasticizers, fuel additives, and
synthetic resins. Hydrofuroin and MF are often utilized as vital
precursors for producing diesel or jet fuels.

Unlike the electrochemical conversion of HMF to BHMF, an
obvious difference was observed in the electrocatalysts and

FFA o THFA

OH
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L
$
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Fig. 9 Proposed mechanism for the conversion of HMF to 2,5-hexanedione (HD).
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Table 3 Summary of the electroreductive product and performance on furfural under various reaction parameters

E.F.

Entry Substrate Product Catalyst (%) Y{S] (%) Electrolysis conditions Ref.

1 0.05 M FFA Cu 71 [87] 0.1 M Na,CO; + NaHCOj; buffer solution (pH 10), E 104
furan =—1.4 Vscg

2 0.05M FFA NP-Cu 95 96 PBS/MeOH = 5:1, 25 °C, E = —1.5 Vag/agal 105
furan

3 0.05 M FFA Cu-NPNi/NF  — 118.7 + 8pumol h™ 0.5 M NaOH, E = —1.45 Vagiaga 106
furan cm™?

4 0.05M FFA Cu;P/CFC 98 [>99.9] 1.0 M KOH, E = —0.55 Vrug 107
furan

5 0.03M FFA 15%-Cu/ 95 99[100] 1.0 M KOH (pH 13.6), E= —1.3 Vag/agcl 108
furan NC900

6 0.05 M FFA AgeoPd 4o 87 85 0.1 M potassium phosphate buffer (pH 6.9), E = 109
furan —0.5 Vrug

7 0.02 M FFA MoS, — 82.5[92.1] Borate buffer: MeCN (4:1, pH 9),j=-10 mAcm™> 110
furan

8 0.05 M Hydrofuroin MoS, — [47] MeOH : buffer (1:4, pH 9), E = —1.2 Vag/agal 111
furan

9 0.01 M Hydrofuroin Carbon paper 93 94 0.1 M KOH (pH 13), E = —1.4 Vag/agci 112
furan

10 0.1 M furan MF Cu — [71] 0.5 M H,S0, (H,0: MeCN = 4:1), E = —0.5 Vpyp 113

11 0.02 M MF Ru/RGO 95 91 2.0 M H,S80y, E = —1.25 Vagiaga 114
furan

12 0.04 M MF Cu,/PC >90 — Acetate buffer (pH 5), E = —1.0 Vgyg 115
furan

13 0.05 M THFA Pd;/Pt — [15.3] 0.5 M H,S0,, 15% MeCN, j = —30 mA cm™> 116
furan

14 0.25 M THFA Pd membrane — [98] 1 M H,S0y, t-BuOH, j = =75 mA cm ™2 117
furan

Furfuryl alcohol (FFA), 2-methylfuran (MF), tetrahydrofurfuryl alcohol (THFA), faradaic efficiency (FE), and Y[S] is yield[selectivity].

electrolytes used for the hydrogenation of furfural to FFA. The
electrocatalysts are less dependent on precious metals (Ag or
Pd) which are still effective, and Cu is the mainstream cata-
lyst.'®® Regarding the electrolytes, a wide pH window (6.9-13.6)
can selectively produce FFA from furfural. Lin et al. tested the
electrochemical behavior of several metal electrodes (Pb, Cu,
Ni, and Pt) in carbonate buffer (pH 10), and the sequence for
the HER over-potential is in the order of Pb > Cu > Ni > Pt, in
which the Cu electrode is only a bit lower than the Pb elec-
trode.'® Theoretically, the occurrence of HER on the Pb elec-
trode is difficult to observe, and the current efficiency is likely
to be the highest. However, the experimental results demon-
strated that the highest current efficiency was observed on the
Cu electrode, as Pb produced more side-products than Cu.
Other reports also showed that Cu was the best catalyst for
reducing furfural to FFA and close to commercial goals, while
its ECH efficiency was mainly challenged by the HER and
dimerization. In addition, further reducing the size of Cu to
nanoscale would help to enhance the electrocatalytic activity.
Taking the nanoporous Cu (NP-Cu) as an example,'® a high-
surface-area and porous structure offered sufficient Hyqs for
the hydrogenation of furfural, resulting in 95% FE and 96% to
FFA. Upon retaining this nanoporous structure, the introduc-
tion of Ni could optimize the electronic structure of Cu.'® It is
indicated that metal doping can clearly decrease the consump-
tion of Cu, and is able to easily adjust its electrocatalytic per-
formance. Besides metal doping, non-metal doping can also
effectually tune the electronic structure of Cu, thereby enhan-

This journal is © The Royal Society of Chemistry 2024

cing the ECH activity of furfural. Zhang et al. fabricated CuzP
nanosheets on a carbon fiber cloth (denoted as CuzP/CFC)
through a vapor-phase hydrothermal method, which could
acquire high H,gs-coverage but a limited H, desorption
process, leading to high electrocatalytic performance.*®”
Another solution is to disperse the active sites onto the con-
ductive substrate for gaining high ECH activity, where the con-
ductive substrate usually has a special morphology and struc-
ture, such as pores or multilayers.'*®

Many studies have recognized that single metal catalysts
can be used for ECH of furfural, but the effect of bimetallic
sites has been less explored. In other reports, the combination
of Ag and Pd can also provide good productivity for FFA
without considering the economic cost.'® For instance, Zhang
et al. conducted potentiostatic electrolysis experiments to sys-
tematically study the selective conversion of furfural to FFA in
a neutral medium using AgeoPds, alloy nanoparticles.'*®
Considering that furfural is easily subjected to the Cannizzaro
reaction in an alkaline medium, FFA and furoic acid would be
formed, which can be avoided by using a neutral medium. In
addition to Cu-based and noble metal catalysts, MoS, is
reported to be a potential catalyst for yielding FFA from fur-
fural."*® MoS, was synthesized through electrochemical depo-
sition and solvothermal methods. The ECH behavior of MoS,
was evaluated in an alkaline solution (borate buffer: MeCN =
4:1, pH 9), affording FFA with 82.4% yield and 92.1% selecti-
vity, while the current efficiency was not recorded due to
severe HER.
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As this field matures, MoS, has been recently reported to
catalyze the C-C coupling of furfural for hydrofuroin pro-
duction in an alkaline environment (pH 9)."** The electro-
chemical dimerization of furfural could be intentionally
achieved by controlling the structural phase distribution of
MoS,, but the hydrofuroin selectivity (only 47%) was restricted.
According to previous tips from the electrochemical dimeriza-
tion of HMF, a good dimerization behavior is more easily
observed using carbon-based electrodes. For example, Sun
et al. conducted the electrochemical dimerization of furfural
in a batch electrolyzer with carbon paper as the working elec-
trode.’** In this typical process, a high pH (0.1 M KOH) was
needed, and 94% yield of hydrofuroin and 93% FE were
detected. Recent studies have reported that this reaction can
be extended to the organic electrolytic systems, which can not
only avoid HER but also improve the solubility of furfural in
electrolytes.*®119

In short, two catalytic mechanisms for furfural conversion
on metal electrodes have been generally recognized in non-
acidic conditions, namely, ECH and electroreductive reduction
(Fig. 11). To be specific, furfural is directly electroreduced to
the FFA-radical, followed by the adsorption of H,4s to obtain
FFA, or direct dimerization to provide hydrofuroin.

An acidic electrolyte is of crucial importance for selectively
producing MF from furfural, and this tendency is consistent
with the hydrogenolysis of HMF. In this case, increased selecti-
vity toward MF would be observed at pH values below 2, as
illustrated by Jung and Biddinger."'® This reaction was exe-
cuted in a 0.5 M H,SO, electrolyte using a Cu foil electrode,
and 71% selectivity of MF was observed. To maximize the pro-
duction efficiency of the target product, a catalyst with higher
ECH performance can be considered. Bharath and Banat
reported a novel tactic to fabricate Ru/RGO (reduced graphene
oxide) nanocomposites using a simple microwave irradiation
technique."'* The prepared Ru/RGO could catalyze the electro-
reduction and electrooxidation of furfural using 2.0 M H,SO,
as a cathodic electrolyte and 1.0 M KOH as an anodic electro-
lyte. In particular, the paired electrolyzer cell exhibited better
catalytic activity than that of a half-cell. This is because it is
easier for the cathode to obtain electrons from the anode,
which are used for furfural reduction. In terms of reduction,
MF could be obtained with 95% FE and 91% selectivity. Aside
from the coupled electrooxidation strategy, a unique water/oil
bi-phasic system was adopted for improving furfural hydroge-
nolysis. Specifically, the conversion of furfural to MF occurred

' OH .
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. O e OH  *Has FFA '
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@ e OH |
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Fig. 11 Plausible mechanisms/pathways for the ECH (upward) and
dimerization (downward) of furfural.
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Fig. 12 The pathways for the eletroreduction of furfural to furfuryl
alcohol (FFA) or 2-methylfuran (MF).

in the aqueous phase, but the generated MF was more easily
dissolved in the oil phase, resulting in a positive shift toward
MF, which is a favorable equilibrium."*® Similar to HMF hydro-
genolysis, electroreduction of furfural to MF is a one-step reac-
tion, implying that the electrocatalytic reduction of furfural to
MF and furfural to FFA are likely parallel reactions (Fig. 12).
Although the conversion of FFA to MF can be possibly achieved
at a highly negative potential, it does not mean that FFA is an
intermediate for the electroreduction of furfural to MF. As an
experimental example, when FFA was employed as the starting
substrate to undergo electrolysis under the condition that fur-
fural could be decidedly reduced to MF, only a slight MF was
produced."*® In this regard, introducing ancillary sites to
enhance the specific adsorption and reduction of hydroxyl
groups at the catalyst surface is expected to promote the con-
version of FFA to MF.

An interesting electroreduction reaction under acidic con-
ditions has been reported, through which furfural undergoes
aldehyde hydrogenation and ring-saturation to provide tetrahy-
drofurfuryl alcohol (THFA)."'*'"” The THFA with high misci-
bility and biodegradability is usually used as the green solvent
of industrial cleaners, epoxy resins, and dyes. However, the
electrochemical route to THFA from furfural has rarely been
reported due to the excellent stability of the furan ring. To
handle this challenge, Lenk et al. investigated the electro-
chemical hydrogenation performance of furfural over the Pds/
Pt electrode, with a focus on the formation of THFA.''® The
high Pd content seems beneficial to yield THFA, and the extra
minor Pt content helps to increase the THFA selectivity and
FE. Furfural and FFA were found to have some ring hydrogen-
ation ability in this system, giving THFA with selectivity of
15.3% and 33%, respectively, whereas furoic acid and MF did
not show this behavior. However, there is no explicit evidence
to certify that this phenomenon is caused by the electronic
effect of the substituent group in the furan ring, as such a reac-
tion is in its infancy. Obviously, the Pd site is a pivotal factor
for selective THFA production, and exposing more Pd sites
may be beneficial to obtain higher selectivity. Excellent selecti-
vity (98%) to THFA was observed when this reaction was
carried out using a Pd-membrane reactor.'’” In this unique
reactor, the Pd site was electrodeposited on the Pd foil mem-
brane to fabricate the Pd/Pd membrane catalyst, and the resul-
tant catalyst displayed about 218-fold catalytic surface area
relative to the ordinary Pd-electrode. The effects of solvent
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Fig. 13 The pathway for electrochemical hydrogenation of furfural to
tetrahydrofurfuryl alcohol (MTHF).

polarity and nucleophilicity on the reaction were also studied,
and the results indicated that high reactivity and selectivity
were detected when using a bulky and weakly nucleophilic
solvent (¢-BuOH). Otherwise, various by-products would be
observed when using other types of solvents (e.g., EtOH,
MeOH, 7-BuOH, and i-PrOH). This can be attributed to the
steric hindrance of these solvents that inhibit the unwanted
chemical reactions. In addition, the hydrogenation of furfural
to FFA was identified as the rate-determining step of the whole
reaction (from furfural to THFA), and THFA might also be
further reduced to yield 2-methyltetrahydrofuran (Fig. 13).
Overall, the electrochemical hydrogenation reactions of
HMF and furfural are different in terms of the electrolytic con-
ditions. For HMF, Ag and Cu are the most active elements, and
the buffer electrolyte (pH 9.2) is capable of providing the most
suitable electrolytic environment to generate BHMF. For fur-
fural, Cu-based materials are reported to be the best catalysts,
and the wider pH windows (6.9-13.6) are able to selectively
produce FFA. It is worth noting that the preference of the elec-
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trolysis parameters for HMF and furfural hydrogenolysis is
consistent, but some interesting reactions like ring-opening
have not been reported in electrochemical furfural
transformations.

3.3. Electroreduction of lignin-derived aromatic compounds

3.3.1. Phenolic compound. Electroreductive upgrading of
phenolic compounds is a pivotal reaction for converting
lignin-derived feedstocks into valuable products.’*’ Phenol,
guaiacol, and syringol are the most familiar phenolic com-
pounds for ECH studies. Further reduction (including hydro-
genation and hydrogenolysis) of phenol can provide cyclohexa-
none and cyclohexanol, as well as cyclohexane. Guaiacol and
syringol can also be reduced to access the methoxy retention
products. Thereinto, cyclohexanone and cyclohexanol, denoted
as ketone-alcohol oil (KA), can be oxidized to produce adipic
acid, which is identified as an industrial intermediate for
synthesizing nylon polymers. In this section, the ECH of phe-
nolic compounds and the effect of the electrochemical para-
meters on the formation of reductive products are outlined,
including aromatic ring hydrogenation and C-O bond clea-
vage, as summarized in Table 4.

Taking ECH of phenol as an example, it is commonly
accepted that Pt group metals (e.g., Pt, Rh, and Ru) are cata-
Iytic sites. Also, an appropriately elevatory temperature (5 °C to
60 °C) is beneficial to improve the electrocatalytic rate for the
ECH of phenol, but it decreases beyond 60 °C."** This means
that the utilization of higher temperatures (>60 °C) to acceler-

Table 4 Summary of the electroreductive product and performance on the phenolic compound under various reaction parameters

EF
Entry Substrate Product Catalyst (%) C[S] (%)  Electrochemical parameters Ref.
1 0.05 M phenol  Cyclohexane 1.5% Pt/G 44.1  [68] 0.2 M HCIOy, j = =30 mA cm™>, 60 °C 123
2 0.01 M phenol  Cyclohexanol Pt 85 — 0.05 M H,S0,,j = =5 mA cm™> 124
3 0.01 M phenol  Cyclohexanol Pt/C 72 94 0.5 M H,S0,,j = —15 mA cm™> 125
4 0.01 M phenol  Cyclohexanol Pt/C 72 99 0.5 M H,SO,,j = -5 mA cm™? 126
5 0.02 M phenol  Cyclohexanol Pt/C 40 [95] HCI (pH 5), E = —0.3 Vryg, 25 °C 127
6 0.05 M phenol KA Pt/SSB — 100[98] 0.1 M Na,SO,,j=—22.5mA cm 2, 50 °C, 5 h 128
7 0.05 M phenol  Cyclohexanol Graphite rod, 98 >99 0.1 M SiW,,, MeOH/H,0 =1:9, j = =100 mA 130
Pt/C ecm™?, 35 °C, 20 min
8 0.018 M phenol Cyclohexanol Rh/C 63 >99 Acetic acid (pH 5), E = —0.62 Vag/agct, 40 °C 129
9 0.01 M phenol  Cyclohexanol Rh/C — 95 Acetate buffer (pH 5), E = —0.45 Vgyg, 23 °C 122
10 0.01 M phenol  Cyclohexanol Pt,Rh,/MCN 86 [87] 0.2 M HCIO,, E = —0.2 Vgyp, j = —3.125 mAecm ™2 131
11 0.01 M phenol  Cyclohexanol Pt;RuSn/CC 39.5 91.5[96.8] 0.2 M H,SOy,,j = —20 mA cm™2, 50 °C, 100 min. 132
12 1 mM phenol Cyclohexanol Ru/TiO, — 94 0.2 M phosphate buffer, E = —0.9 Vgyg, 50 °C 133
13 0.05 M guaiacol Cyclohexanol Graphite rod, 96 95[56] 0.1 M SiW;,, MeOH/H,0 =1:9,j = =250 mA 130
Pt/C ecm™2, 55 °C, 20 min
14 0.01 M guaiacol Cyclohexanol Rh/ACC <10 90[62] 0.2 M HCl, j = =22 mA cm ™2, 80 °C 134
15 0.02 M guaiacol KA PtNiB/CMK-3  86.2  98.9[90.3] 0.2 M HCIO,,j=—-10 mA cm™2, 60 °C, 60 min 135
16 0.01 M guaiacol KA RANEY®-Ni 26 <100% 0.1 M borate buffer (pH 8),j = —8 mA cm™?, 136
75°C,8h
17 0.1 M guaiacol ~ Cyclohexanol Pt/C 78 100 0.2 M methanesulfonic acid, j = 160 mA ecm™, 137
40 °C, 4 h, 240 rpm
18 0.1 M guaiacol  Cyclohexanol Pt/C 80 98 0.2 M H,S0,,j =—109 mA cm ™2, 50 °C, 4 h, 240 121
rpm
19 0.12 M guaiacol 2-Methoxycyclohexanol PtRhAu 58 — 0.2 M HCIO,, j = -200 mAcm > 1 h 138
20 0.02 M guaiacol Methoxy-cyclohexanes = RhPtRu 62.8  [91.2] 0.2 M HCIO,4,j=—-50 mAcm > 2 h 139
21 0.02 M syringol KA PtNiB/CMK-3 86.2 98.9[90.3] 0.2 M HCIO,, j = =10 mA em™2, 60 °C, 90 min 135

Cyclohexanone and cyclohexanol (KA), faradaic efficiency (FE), and C[S] is
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ate reaction rates is excluded. It allows the ECH process to
combine with an acid-base-catalyzed reaction for the synthesis
of hydrocarbons. Fu et al. studied the ECH of phenol in 0.2 M
HCIO, electrolyte, with a 1.5% Pt/G (1.5% Pt supported on
graphite) cathode.'” The temperature is the most important
variable for cyclohexane production aside from current. For
instance, the yield of cyclohexane increased from 44.1% to
63.7% with rising temperature from 20 °C to 60 °C, but it fell
back to 50.3% at 80 °C. The difficulty was found to lie in the
simultaneous hydrogenation and deoxidation (i.e., C-O bond
cleavage) of phenol under mild conditions. As the C-O bond
cleavage required more energy input (E, = 1.80 eV), the reac-
tion for the synthesis of cyclohexane was performed at an elev-
ated temperature. As the temperature decreased, the ECH
product was switched to cyclohexanol and cyclohexanone. In
earlier studies, dispersed Pt was widely reported to catalyze the
hydrogenation of phenol to KA, while the reactivity was not
impressible to the Pt particle size.">*'*” However, the current
efficiency and product selectivity are affected by electrode
materials. For example, the activity of the Pt/C electrode was
visibly superior to that of the platinized Pt (Pt/Pt) electrode in
terms of competence.'*® This is due to the strong interaction
between the metal Pt and the carbon support, resulting in an
enhanced Pt electron density. Recently, shrimp shell biochar
(SSB) was also found to serve as a Pt catalyst carrier for phenol
ECH."® After 5 h, the resultant Pt/SSB catalyst exhibited com-
plete phenol conversion and 98% overall selectivity toward
cyclohexanone and cyclohexanol. The ECH and thermocataly-
tic hydrogenation of phenol are demonstrated to be executed
through the Langmuir-Hinshelwood mechanism, which
means that the Hpqs of ECH is only generated by the Volmer
reaction, rather than H, re-adsorption.'* Although the elec-
trons consumed by phenol — cyclohexanone are two times
greater than that of cyclohexanone — cyclohexanol, the reac-
tion rate of the former is faster, leading to the formation of
cyclohexanone as the primary product at a low conversion. In
contrast, cyclohexanone is easily converted to cyclohexanol
under electrochemical conditions, suggesting that cyclohexa-
nol is the main product after a complete reaction. Liu et al.
reported that the ECH of phenol to cyclohexane was accom-
plished using a dual-catalyst system containing a suspended
Pt/C catalyst and solvable SiW,,."*° The SiW,, acted as a
charge transfer catalyst to accelerate electron transfer from the
cathode (graphite rod) to the Pt/C surface, and then enhance
the catalytic efficiency. Almost all phenol conversions were
observed at a high FE (98%), along with three quantifiable pro-
ducts including cyclohexanol (yield: 85%), cyclohexane (yield:
14%), and cyclohexanone (yield: 0.3%) at 35 °C within 20 min.
It was manifested that more energy (E, = 1.95 eV) was required
to directly cleave the phenol C-O bond over the Pt/C electrode.
Thus, phenol tends to undergo aromatic ring saturation to give
cyclohexanone (E, = 1.12 eV), as displayed in Fig. 14.
Cyclohexanone can be easily converted to cyclohexanol under
electrochemical conditions, while the C-O bond cleavage of
cyclohexanol still requires more energy input (E, = 1.80 eV).
Hence, cyclohexanol is the dominating product in most cases.
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Fig. 14 The proposed pathway for ECH of phenol to cyclohexanol in a
dual-catalyst system.

Highly dispersed nanoparticles are vastly capable of increasing
the collision rate between the substrate and electrolyte,
leading to a higher rate for ECH compared with that for HER.

In addition to Pt sites, dispersed Rh was reported to cata-
lyze ECH of phenol to cyclohexanol under mild conditions.
Even though the conversion was able to reach a plateau
(>95%), the anticipated selectivity and/or FE could not be
afforded concurrently."”>'*® The ECH of phenol may be a zero-
order reaction, indicating that the substrate concentration is
relatively independent of the reaction rate, allowing for faster
and more stable adsorption on the catalyst surface."”® Given
that individual Pt and Rh have a certain activity for the ECH of
phenol, constructing them into alloys may provide an unex-
pected result. Zhou et al. reported that the highly overlapped
d-orbitals in Pt and Rh facilitated phenol adsorption, and the
introduction of Rh was able to generate a beneficial electronic
effect to weaken the alloy-H,qs interaction." A reliable FE
(86%) and selectivity (87%) for ECH of phenol were obtained
at —0.02 Vyyg. Recently, a better selectivity was observed when
a ternary alloy (Pt;RuSn/CC) was used as the catalyst for this
reaction, but the FE was not anticipated.'*> Compared with a
monometallic or bimetallic catalyst, the introduction of Pt and
Ru as catalytic sites for the ternary Pt;RuSn/CC catalyst syner-
gistically could promote the hydrogen saturation of the aro-
matic ring, while the addition of Sn supplied extra adsorption
sites for phenol ECH.

In addition, phenolic pollutants are common organic com-
pounds in wastewater, which are mainly derived from the
release of many industries like coal chemical, oil, and pharma-
ceutical refineries."**™** Gu et al. developed a feasible ECH
protocol to remove phenolic pollutants and recover useful
cyclohexanol from wastewater, using a hierarchical Ru/TiO,
electrode.'®® Remarkably, the pseudo-first-order rate constant

This journal is © The Royal Society of Chemistry 2024
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Fig. 15 The network of the electrocatalytic transformation of guaiacol
to cyclohexanol.

of ECH was 0.135 min~", which was 34 times higher relative to

traditional electrochemical oxidation. Also, this method could
retain good reactivity at a high phenol concentration (1000 mg
L") and complicated water content. The substrate scope can
also be extended to other substituted phenols, such as chloro-
phenols and methylphenols.

Considering that guaiacol bears one extra -OCHj relative to
phenol, the chemical properties should be partially over-
lapped. However, the presence of -OCHj; in guaiacol also leads
to the diversity of ECH products, such as cyclohexanone, cyclo-
hexanol, 2-methoxycyclohexanone, and 2-methoxycyclohexanol
(Fig. 15). In the synthesis of cyclohexanol, the -OCH; of guaia-
col must be removed via demethoxylation, which is a thermo-
dynamically favorable process. Clearly, two routes are executed
to offer cyclohexanol in the existing literature, namely,
demethoxylation-ring saturation and ring saturation-
demethoxylation, suggesting that the selectivity and carbon
balance of the target product may be reduced under conven-
tional conditions.

In the dual-catalyst system discussed above, guaiacol was
used as the starting substrate to investigate the ECH behavior,
and 95% guaiacol conversion and 56% cyclohexanol selectivity
were obtained at 96% FE, but a relatively high temperature
(55 °C) was needed.'®® The elevated temperature is critical for
the selective production of cyclohexanol from guaiacol as it
facilitates the demethoxylation step. However, a temperature
over 80 °C is unfavorable for selectivity and FE,"** since hydro-
carbons may be further formed via -OH hydrogenolysis, which
is consistent with the phenol ECH. In contrast, the guaiacol
ECH is not a zero-order reaction and is easily affected by oper-
ating parameters, such as catalyst loading, substrate adsorp-
tion, and stirring rates. In a pertinent work, Wang et al.
reported a boron-doping strategy to tune the electronic struc-
ture of PtNi, and the resultant PtNiB nanoparticles were then
implanted into a substrate (CMK-3) with mesoporous channels
for facilitating the ECH process.'* Benefiting from this
unique electronic structure (from boron-doping) and large
specific surface area (from CMK-3), the as-prepared PtNiB/
CMK-3 catalyst exhibited excellent catalytic performance and
extensive substrate range. The related performance and para-
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Fig. 16 The ECH of guaiacol and other phenolic compounds on the
PtNiB/CMK-3 electrode.

meters are depicted in Fig. 16. Specifically, the local electrons
around PtNi were slightly transferred to boron atoms, giving
rise to higher adsorption energy on PtNiB (—0.59 eV to —0.91
eV), thus accelerating the substrate and intermediate adsorp-
tion."*> Also, the high-surface-area and porous structure of
CMK-3 can maximize the exposed active sites and supply low-
resistance diffusion channels. Apart from changing the elec-
tronic structure through doping strategies, the use of a stirred
slurry electrochemical reactor (SSER) also helps to improve
phenol ECH. In this case, this reaction is allowed to operate at
an industrial-grade current density (>|100 mA cm™?|), and the
liquid-solid mass and heat transfer between reactive mole-
cules and catalyst particles in the reaction can also be
improved. Other superior properties of the SSER structure
include the elimination of the requirement to deposit catalysts
onto conductive substrates and the scale-up possibility using a
fluidized/floating bed as an electrochemical reactor. In a clas-
sically fixed bed system, Jackson et al. studied the deficiency in
carbon balance (80%) from guaiacol ECH with a RANEY®
nickel electrode at a moderate temperature (75 °C), while FE
was only 26% even at a low current density (-8 mA cm™?)."*°
Instead, an ideal carbon balance (>90%) could be obtained
using this SSER configuration, of which carbon loss may be
caused by transmembrane diffusion, cathodic adsorption,
anodic oxidation, and evaporation.'®” The adverse mass trans-
port or diffusion limitations could be overcome at an optimal
stirring rate (240 rpm), leading to improved reactive activity
(full conversion of guaiacol) at a high FE (78%). Similarly,
several viable noble-metal catalysts (e.g., Pt/C, Pd/C, and Ru/C)
were tested for guaiacol ECH with different catholyte-anolyte
pairs in SSER."” The substrate conversion and FE were
improved using NaCl catholyte and H,SO, anolyte pairs in all
cases, demonstrating that the anodic protons were successfully
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transported to the cathode and available for utilization for
ECH. Among the three tested catalysts, Pt/C offered better
activity over Ru/C and Pd/C in light of the measured reaction
rates.

To date, many ECH studies are focused on the conversion
of guaiacol to cyclohexanol, resulting in the formation of some
products with ~OCH; groups being ignored. In the ECH of
guaiacol, the selective production of methoxy-cyclohexanes
(2-methoxycyclohexanol and 2-methoxy-cyclohexanone) is of
crucial significance owing to their antimicrobial and anti-
cancer activities."**'** However, an unfavorable step exists
when utilizing ECH to yield methoxy-cyclohexanes from guaia-
col; namely, demethoxylation has thermodynamic advantages
over aromatic ring hydrogenation under electroreductive con-
ditions. Originating from the desire to promote the hydrogen-
ation of guaiacol but inhibit its demethoxylation, some novel
electrocatalysts and operating parameters have been devel-
oped. Au and Ru are often selected for regulating the elec-
tronic structure of PtRh to inhibit the adsorption of -OCH; on
the electrode surface, thus suppressing the demethoxylation
and promoting the production of methoxy-cyclohexanes.*®*3°
In addition, the shorter running time (<2 h) and room temp-
erature help to avoid further demethoxylation based on pre-
vious reports. For example, Peng et al. reported that a ternary
alloy (PtRhAu) could catalyze the conversion of guaiacol to
2-methoxycyclohexanol in an HCIO, electrolyte.'*® It was pro-
posed that the electron of PtRh was transferred to Au, and the
introduction of Au enhanced the adsorption energy of the sub-
strate, bringing about an increased reactive activity. In terms
of efficiency, 58% FE was recorded over the PtRhAu catalyst at
a high current density (—200 mA cm™?), but the selectivity was
unclear. Likewise, 62.8% FE and 91.2% selectivity of methoxy-
cyclohexanes could be observed using the RhPtRu catalyst
within 2 h at a low current density (~50 mA cm>)."*® This is
caused by a synergistic effect in the RhPtRu catalyst, in which
Rh and Pt bear high adsorption energies for guaiacol, thus
providing a high guaiacol coverage on the RhPtRu surface. The
introduction of Ru suppresses the HER, since Ru possesses
the ideal ability to restrict HER as compared with that of Pt
and Rh.

In contrast to phenol and guaiacol, syringol has not
received much attention due to its more complex product dis-
tribution resulting from two symmetrical -OCHj; groups (at the
2-position and 6-position) in its structure. Typically, the con-
version efficiency and current efficiency decrease with the
increase of molecular complexity.”*>*° Given that syringol
also has a certain profitability in producing cyclohexanol
(Fig. 16), it is usually used as an extended substrate investi-
gation for phenol and guaiacol."*® Obviously, a longer running
time (1.5-fold) is required for the conversion of syringol to
cyclohexanol in comparison with that of phenol and guaiacol
under the same conditions. Hence, its ECH behavior is rarely
studied separately. Overall, the selective synthesis of methoxy-
cyclohexanes from guaiacol or syringol via ECH is a primary
bottleneck reaction since the ~-OCH; group is in an electron-
rich environment, which is easily cleaved to give cyclohexanol.
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3.3.2. Carbonyl-containing aromatic compounds. In this
section, the electroreductive behavior of carbonyl-containing
aromatic compounds is discussed, including benzaldehyde,
acetophenone, and benzoic acid. The target functional group
in the electrocatalytic conversion of benzaldehyde and aceto-
phenone is the carbonyl group, while the electroreduction of
benzoic acid is the benzene ring, probably due to the for-
mation of a stable p—n conjugate configuration between carbo-
nyl and hydroxyl groups.

The ECH of benzaldehyde has been extensively investigated
over various metal catalysts (e.g., Pd, Cu, Pt, Rh, and Ni), and
these metals are usually loaded on conductive substrates such
as Cu foam and carbon felt."*>"*® Among them, Pd-based cat-
alysts are more inclined to form benzyl alcohol, and Cu-based
catalysts are more prone to produce dimer products (Fig. 17).
The related parameters and performances are listed in Table 5.

Pd is often deemed as the most reliable electrocatalyst for
converting benzaldehyde to benzyl alcohol by virtue of its low
electrochemical over-potential and good anti-poisoning
capacity. The ECH of phenol, furfural, and benzaldehyde were
surveyed using a carbon-supported catalyst (Pd/C), where the
reactivity of benzaldehyde was better than that of furfural (FE:
96% vs. 42%, TOF: 517 h™" vs. 64 h™'), while phenol was not
reactive.'*® Under this reaction condition, if the three sub-
strates coexisted in the same system, benzaldehyde was prefer-
entially hydrogenated, indicating that Pd was the most
effective active site for yielding benzyl alcohol from benz-
aldehyde as far. A similar verdict was verified by Song et al., of
which four carbon-supported catalysts (i.e., Rh/C, Pt/C, Pd/C,
and Ni/C) were tested for the electroreduction of benzaldehyde
to benzyl alcohol in a weakly acidic environment.'*° It was dis-
covered that the ECH of benzaldehyde underwent a one-order
reaction on Rh/C and Pt/C electrodes, while a zero-order reac-
tion on Ni/C and Pd/C electrodes, which was ascribed to high
substrate coverages and low H,q4s-coverages on the surface, con-
sistent with the phenol ECH. Specifically, the turnover fre-
quency (TOF) of four catalysts for benzaldehyde ECH was in
the order of Pt/C (2198 h™") < Rh/C (2267 h™") < Pd/C
(3389 h™") < Ni/C (14200 h™)."*° Although Ni/C bears higher
intrinsic activity, a highly negative potential is needed to drive
this reaction. A trend of Ni/C (35%) < Pt/C (39%) < Rh/C (64%)
< Pd/C (99.6%) was observed for FE. Taken together, the Haqs
was consumed through ECH on Pd, leading to low H,qs-cov-
erages, while the H,4s was drained via HER on Ni, resulting in
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Fig. 17 Electroreductive pathways of benzaldehyde over Pd or Cu
electrode.
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Table 5 Summary of the electroreductive product and performance on benzaldehyde, acetophenone, and benzoic acid under various reaction

parameters
E.F. TOF
Entry Substrate Product Catalyst (%) Cls] (%) (h™h Electrolysis conditions Ref.
1 0.02 M benzaldehyde Benzyl alcohol Pd/C 96 — 517 Sodium acetate acetic acid buffer 149
(pH 5.2), E = —0.1 Vgyg
2 0.02 M benzaldehyde Benzyl alcohol Pd/C 99.6 [99] 3899 Acetate buffer (pH 5), E = —0.9 150
Vag/agcl
3 0.02 M benzaldehyde Benzyl alcohol Pd/C 25-100 — 100-900  Alcohol: H,0, j = —(2.8-8.3) mA 151
-2
cm
4 0.02 M benzaldehyde Benzyl alcohol Pd/CF 80-95 — 2762 Acetate buffer (pH 5.2), E= —0.1 152
VrHE
5 0.02 M benzaldehyde Benzyl alcohol Pd/Cu- 92.01 98.51 — 0.1 M H,SOy, E = —0.3 Vryug 153
CF [95.46]
6 0.024 M benzaldehyde Hydrobenzoin Cu 37 — — Phosphate buffer (pH 4.6), E=—0.5 154
VrHE
7 0.04 M benzaldehyde Hydrobenzoin Pd/Cu 63.2 85.3 — 0.1 M KOH, E = —0.4 Vgyug 155
8 0.02 M benzaldehyde Dimer products Cu 80 — — Phosphate buffer (pH 6.7), E=-0.5 156
and furfural VRHE
9 0.5 M benzophenone Diphenylmethanol Pd,,/C/T — [>90] — 0.1 M H,S0,,j = —10 mA cm™> 158
10 0.02 M acetophenone 1-Phenylethanol Rh/C ~40%  — 1419 Acetate buffer (pH 4.6), E = —0.8 159
VAg/AgC]
11 0.02 M acetophenone 1-Phenylethanol Graphite 100 [>99.9] — 0.2 M NH,CI, j = —350 mA dm > 161
12 1 M benzoic acid CCA Pt;Ru; 5 99 — — 0.05 M H,S0,,j = —1.5 mA cm™2 164
13 0.45 g L™ benzoicacid ~ CCA Pt/C/CFP 57 100[100] — 0.05 M H,S0y, E = —0.51 Vpyp 165

Cyclohexanecarboxylic acid (CCA), faradaic efficiency (FE), turnover frequency (TOF), and C[S] is conversion[selectivity].

low H,qs-coverages, certifying that Pd is still an effective cata-
lytic site for the electroreduction of benzaldehyde to benzyl
alcohol. In a relevant work by Lopez-Ruiz et al., the effect of
alcohols (including methanol, ethanol, and isopropanol) as
cosolvents on the benzaldehyde ECH and HER over Pd/C in
aqueous phase was investigated.">" Notably, the ECH rates and
FE were lessened with the enhancement of the alcohol concen-
tration, while the HER rates were unchanged. More impor-
tantly, the suppression of the ECH reaction became more
obvious with the extension of the carbon chain of alcohol.
Increasing the cathodic potential not only heightened the ECH
rate, but also largely enhanced the HER rate, thereby reducing
the FE of the target product. As a result, enhancement of the
benzaldehyde concentration should be considered to furnish
the high activity and desired FE. Koh et al. reported that acid-
functionalization of the carbon support allowed for the
increase in the ECH activity of the Pd catalyst, in which the
introduction of Brensted-acid sites was critical for the
reduction of benzaldehyde to benzyl alcohol.*>* The Bronsted-
acid site near the Pd particles facilitated the proton-coupled
electron transfer process to promote the ECH of benzaldehyde,
which became more obvious with the decrease of the H;0"
concentration. The Brgnsted-acid site is usually provided by
carboxylic and phenolic groups, which can be obtained by O,
plasma treatment or oxidation with HNO;. Theoretical and
experimental results indicated that the carboxylic group played
an important role in the benzaldehyde ECH, since the proton
transferred from the carboxylic group to electrolyte only
required minimal energy (6 kJ mol™"), while the proton trans-
fer in the phenolic groups needed more energy (168 kJ mol™).
A relatively high intrinsic activity (TOF: 2762 h™") and 80%-

This journal is © The Royal Society of Chemistry 2024

95% FE were obtained for reducing benzaldehyde to benzyl
alcohol. For the involved mechanism, the acid-functionalized
carbon support and/or its generated H;O" are capable of parti-
cipating in the ECH of benzaldehyde, but this process must
occur at the interface between Pd and support (Fig. 18). Four
steps are involved in this reaction: (i) adsorption of benz-
aldehyde, (ii and iii) ECH of benzaldehyde and regeneration of
the acidic sites, and (iv) desorption of benzyl alcohol and
regeneration of the acidic sites. To retain the superior pro-
perties of the Pd-based catalyst but reduce the production cost,
Wu et al. successfully fabricated a dendritic-like Pd/Cu-CF elec-
trode via two-step electrodeposition for the ECH benz-
aldehyde."® Owing to its unique dendritic-like structure, Pd/
Cu-CF could expose sufficient active sites, and promote electro-
Iyte penetration and reactant adsorption, thus resulting in
92.1% FE and 95.46% selectivity at nearly full conversion of
benzaldehyde.

The electroreductive coupling of benzaldehyde is a valuable
reaction because it can extend the carbon chain and increase
the molecular weight, and the resulting hydrobenzoin can be
used for antiepileptic drugs. In early studies, Anibal et al
tested the profitability of several metals (Au, Cu, Pd and Pt) to
access hydrobenzoin in phosphate buffer (pH 4.6), using benz-
aldehyde as the starting substrate.>* Although all of the tested
catalysts were active for the hydrogenation of benzaldehyde,
only Cu exhibited unique C-C coupling ability (FE: 37%),
attributed to the high free-radical (Ph-C™-OH) coverage on Cu
catalyst, on which free radicals were generated but not accu-
mulated, so no product was formed. On Pd and Pt, the poten-
tial dependence and generated CO likely poisoned the catalyst,
thereby limiting the accumulation of free radicals and restrain-
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Fig. 18 The ECH cycle of benzaldehyde over an acid-functionalized
catalyst (Pd/CF).

ing the occurrence of C-C coupling. In recent work, Yu et al.
proposed that the ability of Pd sites to activate benzaldehyde
was still better than that of Cu sites, and Cu was mainly
responsible for the vital C-C coupling, rather than the whole
reductive process.'> The experiments were carried out in an
alkaline electrolyte (0.1 M KOH), with a Pd/Cu electrode. It is
indicated that the direct electroreduction of benzaldehyde to
benzyl alcohol is a relay process (Fig. 19), where the Pd site
activates benzaldehyde to a free-radical intermediate, while Cu
promotes subsequent free-radical coupling. Under the balance
of these two sites, 63.2% FE and 85.3% yield towards hydro-
benzoin were recorded by HPLC. More interestingly, cross-
coupling and self-coupling were observed on Cu and Pd elec-
trodes when both benzaldehyde and furfural were used as
starting substrates to undergo electrolysis (Fig. 20)."°® After
electrolysis, hydrogenated products (benzyl alcohol and FFA)
and coupled products (hydrobenzoin, hydrofuroin, and 1-(2-
furyl)-2-phenyl-1,2-ethanediol) were detected. Therefore, the
former is mainly yielded at a low potential (<—0.5 Vgyg), and
the latter is chiefly formed at a high potential (>—0.5 Vgyg),
consistent with the dimerization of HMF and furfural dis-
cussed above. The reactivity tests manifested that the cross-
coupling reaction was more likely to occur on the Cu electrode,
while the Pd electrode tended to produce hydrofuroin. In
general, the total FE of the coupled product was close to 80%
on the Cu electrode at —0.5 Vryg, superior to Pd.

Similar to benzaldehyde, the target functional group of
acetophenone to undergo electrocatalytic conversion is carbo-
nyl, but its reactivity is relatively lower than that of benz-

OH

®

Hydrobenzoin

ﬁDimerization
ketyl radical e +H* ﬂAdsorption
O g

OH HO

O
Benzaldehyde Benzaldehyde

Adsorptionﬂ e +H'
—

AU AL AL A AT A AL AL AL AL AU AL A A Al A A A AL AL A A
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S i om0

Fig. 19 The reaction mechanism for the electroreductive coupling of
benzaldehyde on the Pd/Cu catalyst.
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Fig. 20 Schematic diagram of electroreductive routes in the mixed
benzaldehyde-furfural system.

aldehyde, which may be caused by the electronic effect and
steric hindrance of the adjacent methyl group.'®” The combi-
nation of noble metal catalysts (Pd and Rh) and acidic electro-
Iytes is still the best condition for the hydrogenation of aceto-
phenone, and 1-phenylethanol is the end product of this
reaction.'”® %" In addition to Pd and Rh, graphite was
reported to convert acetophenone to 1-phenylethanol with the
assistance of ultrasound and achieved excellent results (FE
and yield of 100%)."®" The ultrasound irradiation accelerates
the mass transport of acetophenone from bulk electrolyte to
graphite surface, enhancing acetophenone’s availability to
react with the H,qs, and resulting in high current efficiency
and yield. Unlike benzaldehyde ECH, there is still no effective
catalyst for the directional coupling of acetophenone so far. In
this sense, the search and tailored design of functional electro-
catalysts are crucial to realizing the electroreductive coupling
of acetophenone.

Benzoic acid is composed of an electron-withdrawing group
(-COOH) and an electron-donating group (phenyl), in which
the -COOH group attached to the benzene-ring easily reduces
the electron density of the phenyl group, making the phenyl
moiety become easily adsorbed onto the electron-rich metal
surface.'®® Alternatively, ~-COOH is an extremely stabilized
group under electroreductive conditions due to the presence of
the p-n conjugate configuration between the carbonyl and
hydroxyl groups. Accordingly, benzoic acid can be reduced to
cyclohexanecarboxylic acid (CCA), which is a valuable inter-
mediate for the synthesis of caprolactam and amrinone.
Viewing that a high benzene-ring resonance energy needs to
be overcome in this process, a majority of investigations were
carried out under intensive pressure and/or elevatory tempera-
ture, which may lead to concurrent hydrogenation of benzene-
ring and ~COOH."® Adjusting the electronic structure of the
metal Pt to an electron-rich state enhances the adsorption of
the benzene ring on the catalyst, thereby realizing the oriented
conversion of benzoic acid to CCA. For example, Fukazawa
et al. introduced Ru to optimize the electronic structure of P,
and the electrons of the resultant Pt;Ru, 5 catalyst were trans-
ferred from Ru to Pt according to the result of X-ray photo-

This journal is © The Royal Society of Chemistry 2024
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Fig. 21 Schematic diagram for the electroreduction of benzoic acid to
cyclohexanecarboxylic acid over the Pt;Ru, 5 catalyst.

electron spectroscopy (XPS).'®* The introduction of Ru also
greatly inhibited the hydrogen evolution reaction as it had
high HER over-potential, generating 99% FE towards CCA
(Fig. 21). As reported by Kong et al, the use of carbon fiber
paper (CFP) as a support for commercial Pt/C catalysts could
adjust the selectivity of CCA and conversion of benzoic acid."®®
The authors found that Pt exhibited an electron-rich state after
Pt/C was deposited on CFP, while CFP existed in an electron-
deficient state. More intriguingly, if the CFP was replaced with
a carbon fiber cloth, it would display the opposite trend. This
is due to the fact that Pt/C particles display a highly dispersive
state on CFP, but a significantly agglomerating state on carbon
fiber cloth. Following the results of DFT and XPS, the CFP with
fewer defects was capable of inducing the intentional gather-
ing of electrons on Pt-areas and increasing the adsorption of
electron-deficient benzene-ring, thereby enhancing the reactive
activity of CCA over Pt/C/CFP. In terms of electrocatalytic per-
formance, 100% selectivity for CCA was recorded at full
benzoic acid conversion within 3 h. Although the electro-
chemical pathways to obtain CCA from benzoic acid have been
realized, the involved mechanisms remain unclear.

4. Conclusions

By and large, biorefinery technology is the current and future
competitive direction to produce value-added chemicals and
biofuels. Although significant progress has been made in the
electroreductive upgrading of biomass, it is still in its infancy
due to the deficiency of mature and industrializing technology.
The electroreductive system offers a green and direct trans-
formation pathway for promising biomass valorization, but
there are still many challenges to overcome before industrializ-
ation. This goal is largely limited by the type of electrodes
because precious metals or toxic catalysts are widely used in
these upgrading processes. The reaction mechanism study
also retains enormous blanks, e.g., the electrocatalytic hydro-
genation of acetophenone and benzoic acid, indicating that
vast efforts need to be devoted to this direction. To overcome
the current technical bottlenecks and achieve future industrial-
ized objectives, the following aspects should be considered.

(1) The rational construction of catalytic sites is crucial to
improve the inherent activity of the reaction, which should be
cost-effective. Electrocatalysts with high HER over-potential

This journal is © The Royal Society of Chemistry 2024
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and strong acid/alkali resistance are highly touted for electro-
catalytic hydrogenation, in which Ag, Cu, Ru, and Rh are
typical examples. In addition, selecting the catalytic site
according to the reaction preference is more conducive to
obtaining the desired results, and the relevant cases have been
summarized in the above tables.

(2) On the basis of the optimal sites, further introduction of
auxiliary sites is of great significance for increasing the reactiv-
ity (activity, rate, selectivity, current density, and current
efficiency). Other strategies for enhancing the intrinsic catalyst
activity and increasing the number of active sites are focused
on optimizing the morphology of the catalyst or adjusting the
electronic structure of metals.

(3) The role of electrolytes should also be considered, as
most reactions occur at high proton concentrations. These
effects become more obvious in the hydrogenation and hydro-
genolysis of furan-based compounds (furfural and 5-hydroxy-
methylfurfural). Coupling oxidation reaction to upgrade
biomass is an attractive objective, but cross electrolysis is often
used, meaning that substantial studies are required to opti-
mize electrolyte composition.

(4) One of the barriers to the electroreductive upgrading of
biomass is the scarcity of an in-depth understanding of reac-
tion mechanisms and structure-activity relationship, mainly
due to the difficulty in identifying those pivotal intermediates
or species at the catalyst/electrolyte interface. With the rapid
advances of in situ technologies and theoretical calculations,
the deficiency of the involved reaction mechanisms can be
supplemented, which will remarkably guide the establishment
of highly efficient electrocatalytic systems.

(5) Realization of high-current-density (>|100 mA cm?|)
and continuous product separation are pivotal steps to indus-
trialization. Most of the previous studies mainly focused on
parameter optimization and feasibility analysis, which greatly
limits the industrialized goals. The advent of a continuous
flow reactor overcomes this limitation because it can avert
product over-reduction and provide high current density, high
selectivity, and high current efficiency.

In the present review, we have established a complete over-
view of the electroreductive upgrading of biomass-derived plat-
form molecules into high-value chemicals (e.g., valeric acid,
cyclohexanol, and hydrobenzoin) and biofuels (e.g., 2,5-di-
methylfuran, 2-methylfuran, and hydrofuroin), with a focus on
reactive mechanisms and feasible conversion pathways for
each type of reaction. Additionally, with the outstanding
materials of each catalytic system as a cornerstone, concentrat-
ing on the development of the modification tactics for these
advanced catalysts and summarizing positive effects for the
reactivity of target compounds are beneficial to accelerate the
practical implications. Electroreduction is a prospective cata-
Iytic method for biorefinery, and an extra merit is to store elec-
tricity aside from the production of fine chemicals and bio-
fuels. Although these biomass-derived renewable resources
can relieve the pressure from traditional fossil fuels, continu-
ous efforts are still required to address the remaining technical
hurdles before designing economically viable and large-scale

Green Chem., 2024, 26, 2454-2475 | 2471
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processes. To better integrate electrocatalysis and biorefinery,
interdisciplinary cooperation is required to accelerate this pro-
gress, aiming at sustainably supplying clean and renewable
chemical products to our society.
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