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SUMMARY
Biomass is the only renewable organic carbon resource in nature, and utilization of biomass is important for
carbon neutrality. Currently, depolymerizing biomassmacromolecules into small organic monomers via ther-
mocatalytic pyrolysis is a well-established technique. Further valorization of these biomass small molecules
to value-added products has attracted increasing attention, especially via electrochemistry coupling green
electricity. Electrocatalytic hydrogenation (ECH) directly uses hydrogen from water and operates under
mild conditions (e.g., ambient temperature and pressure), which plays an important role for upgrading
biomass small molecules and avoids substantial CO2 emission. In this review, we will provide a summary
of recent achievements in ECH of biomass small molecules, with a review focus on the research about push-
ing ECH toward industrial-scale productivities. We will also discuss the existing problems and challenges in
this field and propose an outlook for the future developments.
INTRODUCTION

The widespread utilization of petrochemical feedstocks, contrib-

uting to greenhouse effect, makes energy conservation, emis-

sion reduction, and sustainable development dominant topics.

As the cost of renewable electricity decreases, there is growing

interest in seeking alternatives to fossil resources with electricity.

In contemporary efforts to reduce greenhouse gas emissions,

advancing and applying bioenergy is critical for developing clean

energy and pursuing carbon neutrality.1–3 Biomass stands out

due to its abundance, cost-effectiveness, and environmental

friendliness, coupled with a substantial capacity for use, making

it a critical component of future energy supplies.4,5 Valorizing

biomass small molecules into high value organic chemicals of-

fers a promising alternative to fossil resources. For example,

5-hydroxymethylfurfural (HMF), derived from lignocellulose

biomass, serves as a widely used industrial organic substrate.

HMF can be selectively hydrogenated into 2,5-bis(hydroxy-

methyl)furan (BHMF), a robust bio-derived diol used as a mono-

mer in biomaterials and fuel production.6 Similarly, guaiacol, a

prototypical aromatic monomer derived from lignin biomass,

can be electrocatalytically reduced to 2-methoxy-cyclohexanol

(2MC), an intermediate in producing high-value b-lactam antibi-

otics for treating human immunodeficiency viruses.7,8

Biomass small molecules valorization primarily employs

biochemical and thermochemical processes.9 Biochemical pro-

cesses offer superior product selectivity but suffer from slow re-

action kinetics and strict feedstock requirements.10 Although
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thermochemical processes can expedite biomass small mole-

cules conversion into solid (biochar), liquid (bio-oil), and gaseous

products (e.g., CO and H2), they often involve significant draw-

backs. Thermocatalytic hydrogenation (TCH), in particular,

generally associates with high hydrogen pressure and reaction

temperature (150�C–400�C and 0.5–20 MPa H2 pressures).
11,12

And the experimental conditions employed for TCH can lead to

catalyst deactivation due to coking, poisoning, or sintering is-

sues.13 Additionally, the hydrogen produced during TCH pro-

cesses will lead to substantial CO2 emission.14

Recent years have seen a significant reduction in the cost of

renewable electricity,15 sparking increased interest in applying

electrochemical processes to biomass small molecules valoriza-

tion. Electrocatalytic hydrogenation (ECH) is regarded as an envi-

ronmentally sustainable route with several advantages: (1) the

ECH can be powered by intermittent energy sources, such as so-

lar energy; (2) the hydrogen source is water instead of H2, bypass-

ing the cost and transportation for hydrogen; and (3) the process

operates under mild conditions, avoiding the high heat expenses

required for TCH and severe polymerization of biomass.12,16–21

Although there have been significant advancements in ECH pro-

cess, it still faces challenges in achieving industrial production

due to the competition of hydrogen evolution reaction (HER)

and the insufficient economic value of conversion process. At

large current densities, the rate of ECHwill get improved. Howev-

er, concurrently, the competition of HER intensifies, which limits

the yield of target products.22,23 And the selection of target prod-

uct will affect profitability. For example, when guaiacol is
ary 21, 2025 ª 2025 The Author(s). Published by Elsevier Inc. 1
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Figure 1. Technoeconomic analysis breakdown costs for different biomass small molecules at various current densities

(A) KA oil from ECH of guaiacol.

(B) Tetrahydrofurfuryl alcohol (THFA) from ECH of furfural alcohol (FA). Reprinted with permission from Peng et al.24 Copyright 2023 Springer Nature.
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hydrogenated to produce KA oil ($1600 ton�1), the entire process

fails to achieve profitability even at 500 mA cm�2 (Figure 1A).24

Consequently, the focus should be shifted to the production of

higher-value products. Achieving industrial-scale productivities

requires operating at larger current densities while maintaining

reasonable FEs. Swift and effective conversion can lower capital

costs per unit of products associated with electrolyzer surface

area and improve economic efficiency (Figure 1B), which is crit-

ical for the commercialization and sustainable development of

biomass small molecules valorization technology.25

Up to now, many reviews have discussed the electrocatalytic

conversion of biomass for upgrading, but lacked of discussions

about industrial-relevant current densities production. This re-

view focus on how the engineering of electrolyzers improve the

ECH of biomass small molecules and aims to present detailed

discussions on design of ECH electrolyzers, electrode surface

area, catalyst design, and selection of electrolyte to advance

ECH toward achieving industrial current density. Additionally,

the current issues and challenges within this field will be investi-

gated, and insights will be provided for the future developments

toward industrial production (Figure 2).

ENGINEERING OF ECH ELECTROLYZERS

The electrocatalytic performance is primarily evaluated by the

FE, which quantifies the effectiveness of charge (electrons)

transfer in a system, enabling the electrocatalytic reaction to-

ward the desired products. Additionally, the current density is

a critical metric. Achieving both high FE and large current density

are imperative for the industrial application of electrocatalysis.

H-cell and flow cell configurations, along with the membrane

electrode assembly (MEA) based flow cell, are utilized electro-

chemical electrolyzers for the ECH of biomass small molecules.

Undivided cell
Undivided cells are traditional electrolyzer that features working

electrode, reference electrode, and counter electrode within one

single chamber. Owing to its straightforward, the undivided cells
2 iScience 28, 111908, February 21, 2025
have been widely used within the field of electrochemistry. For

example, Prof. Weix’s group reported a nickel-catalyzed reduc-

tive cross-electrophile coupling reaction in acetonitrile, employ-

ing diisopropylethylamine as the terminal reductant within an un-

divided cell. This approach avoids the use of metal reductants

and amide solvents.26 Mei et al. reported an example of a Ni-

catalyzed electrochemical enantioselective reductive homocou-

pling of aryl bromides, utilizing chiral pyridine-oxazoline ligands.

This approach makes biaryls a good yield and enantioselectivity

with an undivided cell.27 Nobe et al. employed an undivided

packed-bed reactor to simultaneously oxidize glucose to glu-

conic acid and reduce it to sorbitol. Utilizing a Raney Ni powder

cathode in conjunctionwith a graphite chip anode, they achieved

a glucose conversion rate of 28% and a current efficiency of up

to 100%.28 However, in contrast to undivided cells, divided cells,

separated by a suitable membrane, can prevent substrates and

target products from being oxidized at the anode electrode.12

Therefore, the divided cells are more widely applied in the ECH

of biomass small molecules.

H-cell
In a standard H-cell configuration, the working and reference

electrodes are situated within the cathode compartment, where

the ECH of biomass small molecules takes place at the cathode.

Concurrently, the oxygen evolution reaction (OER) occurs at the

anode. The counter electrode is located within the anode

compartment. The cathode and anode sections are divided by

an ion exchange membrane and are filled with the respective

electrolytes (Figure 3A).29–33 The straightforward configuration

of H-cell allows for rapid evaluation of catalysts and operational

conditions.34 Catalysts can be coated onto a substrate (e.g., car-

bon felt) and fixed using an electrode clamp to ensure an

adequate exposed area. Various deposition techniques

including electrodeposition, impregnation, and hydrothermal

can be employed to fabricate the working electrode.35–40

Some catalysts with superior activity for the ECH of biomass

small molecules catalysts have been shown in H-cells.41–45

For example, Zhao et al. loaded the metallic Pd on carbon felt



Figure 2. Schematic diagram of the topics covered in this review
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(Pd/CF) for the ECH of cinnamaldehyde. The Pd/CF achieved a

total FE of 87.54%, a partial FE of 41.15% for the main product

cinnamic alcohol, and stability of 23 h at 50 mA cm�2.41 Duan

et al. constructed Ru1Cu Single-atom catalysts (SACs) by

dispersing isolated Ru atoms on Cu nanowires. The Ru1Cu

SACs exhibited an ECH of HMF to BHMF with an FE of

�85.6% and stability of �4 h at �42 mA cm�2.42

However, the industrial application of H-cell is limited by

several reasons. First, the reactions and pathways involved in

the ECH of biomass small molecules are acutely dependent on

the local microenvironment, which affects the energetics of the

reactions taking place on a catalyst’s surface.50,51 Since the

local microenvironment is altered by variations in current density

and applied potential, the results from H-cells are not entirely

applicable to industrial settings. Second, in most H-cells, the

relatively large distance between the anode and the cathode,

along with the associated resistance to ion transport, leads to

significant voltage losses. Third, unsaturated substrates must

diffuse considerable distances to reach the electrode pores

where the metal catalyst is deposited, which is necessary for

initiating the reaction. Although 3D porous electrodes offer a

substantial surface area for ECH, mass transport limitations

and kinetic diffusion still significantly constrain the reaction rate.

To address the aforementioned challenges, certain measures

have been implemented to modify the H-cell. For minimizing in-

ternal Ohmic resistance, an improved H-cell with a short dis-

tance between the electrodes and the membrane was imple-

mented (Figure 3B).46 As for the mass transport in the H-cell,

some researchers have attempted to modify the catalyst types,

suspending catalysts in the electrolyte.47,48,52,53 For example,
Gyenge et al. investigated ECH of guaiacol using a membrane-

divided stirred slurry electrochemical reactor (SSER) configura-

tion with a dispersed catalyst Pt/C in the cathode compartment

(Figure 3C). Their experiments demonstrated that the reactor can

be efficiently operated at current density ranging from 109 to 225

mA cm�2 with an FE up to 48%.47 Deng et al. developed a dual-

catalyst electrochemical method that achieved a high FE over

99% for various chemicals and a large current density at 800

mA cm�2 in the ECH of model bio-oil compounds, phenol and

guaiacol (Figure 3D). The dual-catalyst system consists of sus-

pended catalyst particles and a soluble polyoxometalate

(POM) that serves as an electron transfer (ET) catalyst. Since

the Pt catalyst is dispersed in the solution, the diffusion and colli-

sion of reactant molecules with the catalyst surface are signifi-

cantly enhanced, enabling both high FE and large current density

to be attained concurrently.48 However, the development of the

SSER system is hindered by several challenges, including

the erosion of catalyst caused by intense particles friction, the

non-uniform polarization of the electrocatalyst bed due to loss

of electric contact, and the requirement to separate and recover

the catalyst from the liquid product. Meanwhile, the dual-catalyst

system employs a considerable amount of catalysts to achieve

high FE and large current densities when comparedwith conven-

tional ECH systems, which is a factor thatmust be considered for

industrial production when compared to conventional ECH sys-

tems.54 The existing researches have yet to offer effective solu-

tions to these challenges, necessitating further investigation in

the future. For the ECH reactions occur at potentials much

more negative than the HER, indicating H2 formation is more

thermodynamically favored, a membrane reactor was utilized.
iScience 28, 111908, February 21, 2025 3



Figure 3. The schematic illustrating of the H-cell based electrolyzer system

(A) H-cell reactor. Reprinted with permission from Chen et al.41 Copyright 2022 Royal Society of Chemistry.

(B) Improved H-cell reactor. Reprinted with permission from Song et al.46 Copyright 2016 Elsevier.

(C) Stirred slurry electrochemical reactor (SSER) with suspending Pt/C. Reprinted with permission from Wijaya et al.47 Copyright 2019 John Wiley and Sons.

(D) POM-Pt/C dual-catalyst system. Reprinted with permission from Liu et al.48 Copyright 2020 Royal Society of Chemistry.

(E) Palladium membrane reactor. Reprinted with permission from Stankovic et al.49 Copyright 2023 Royal Society of Chemistry.
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Within this H-cell based configuration, the site of water electrol-

ysis is isolated from the site of hydrogenation (Figure 3E). Pro-

tons and hydrides were produced in an aqueous environment,

with the ECH taking place in a neighboring compartment using

organic solvents. The membrane reactor achieved the ECH of

furfural (FF) to methyltetrahydrofuran with a selectivity of >75%

at 200 mA cm�2.49

Flow cell
Despitemanyattempts and the realization of goodperformances,

the intrinsic properties of the H-cell render it less than ideal for

large-scale industrial applications. In industrial settings, there is

a higher requirement for the stability,with continuous-flow reactor

typically being favored over a batch process system.12 In a com-

plete experimental process, H-cell would prefer be used to

explore theconditionsat thebeginningofECHexperimentdesign,

which demonstrate the availability for further development.55

As a continuous reactor, in a flow cell, the catholyte and ano-

lyte are constantly pumped into the cathode and anode cham-

bers, respectively, which promotes the diffusion of biomassmol-

ecules to the electrode surface, while minimizing mass transfer

restrictions caused by hydrogen bubble interference at the elec-

trode surface.56 An ion exchangemembrane separates the cath-

ode and anode compartments to reduce crossover and prevent
4 iScience 28, 111908, February 21, 2025
product oxidation (Figure 4A). In contrast to the H-cell, the short-

ened distance between the electrodes, coupled with the

improved mass transfer efficiency, results in decreased Ohmic

resistance and increased reaction rate, showing the potential

for industrial-scale ECH of biomass small molecules (Figure 4B).

For example, Zhao et al. used the ternary PtRhAu catalysts for

the ECH of guaiacol. During the experiment, the metals were

loaded onto CF, which is composed of abundant carbon fibers.

The properties of high conductivity, large specific surface area,

robust chemical stability, and enhanced mass transfer make

CF an excellent support material. Coupled with the application

of flow cell, the PtRhAu achieved a 58% FE toward

2-methoxycyclohexanol and maintained stability for 60 h at

200 mA cm�2.8 And these modified characteristics can effec-

tively relieve heat release from configuration and reduce the

full-cell voltage during production (Figure 4C).24

However, the increased resistance caused by the liquid elec-

trolytes between the cathode and the anode in flow cells reduces

the energy efficiency of the systems. The prospect of markedly

decreasing internal resistance through the removal of the liquid

electrolyte layer between the electrodes holds great promise.

This advancement facilitates a higher current density and a lower

cell voltage, which is in harmony with the demands of industrial

usage. The MEA, commonly known as the zero-gap electrolysis



Figure 4. The schematic illustrating of the

flow cell and comparison compared to

H-cell

(A-B) Schematic of flow cell. Reprinted with

permission from Dai et al.55 Copyright 2024

Elsevier.

(C) Comparison of flow-cell and H-cell at 200 mA

cm�2 for 2 h continuous reaction. Reprinted with

permission from Peng et al.24 Copyright 2023

Springer Nature.
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cell, has a sandwich-like structure (Figure 5).57–59 The cathode

layer, ion exchange membrane, and anode layer are tightly inte-

grated, minimizing Ohmic resistance and cell potentials. Due to

this design and the resulting decreased Ohmic losses, MEA-

based cells enable higher current density, lower cell potential

and improved energy efficiency. For example, Zhao et al. used

anMEA of flow cell configuration with a Rh/CFworking electrode

to hydrogenate aromatic monomers derived from lignocellulose

into high-value chemicals, achieving an FE up to 64% at indus-

trial-scale current densities of 300–500 mA cm�2. The Rh/CF

sustained an FE over 56% at 300 mA cm�2 during a 32 h contin-

uous operation for transforming guaiacol into the desired prod-

uct.24 MEA electrolyzers outperform flow cells and H-cells in

terms of energy efficiency, which enhances their appeal for in-

dustrial production. Herein, we summarized the ECH of various

biomass in different electrolyzer systems in Table 1 for a more

comprehensive performance comparison.

TECHNOECONOMIC ANALYSIS

Technoeconomic analysis (TEA), an economic-technical assess-

ment, evaluates the viability of process and technology for com-

mercial application from technical and economic perspectives.

TEA concentrates not only on the performance of technology,

but also on cost and market prospects. The TEA is mainly

composed of the following aspects: (1) Capital cost: Electrolyzer

cost + catalyst cost + membrane cost (5% of the electrolyzer) +

electrolyte cost, (2) Installation cost: Lang factor (50%) 3 (elec-

trolyzer cost + catalyst cost + membrane cost), (3) Maintenance

cost: Maintenance frequency (1/day) 3 maintenance factor

(5%) 3 (electrolyzer cost + catalyst cost + membrane cost), (4)

Balance of plant: Balance of plant factor (35%) 3 (electrolyzer

cost + catalyst cost + membrane cost), (5) Operational cost:
iSc
Product separation cost + other opera-

tional cost (10% of the electricity cost),

(6) Electricity cost: Full-cell potential, FE,

and electricity price, and (7) Input chemi-

cal cost: Reactant cost + electrolyte

cost.24

The capital cost is composed of elec-

trolyzer, catalyst, membrane, and elec-

trolyte. The capital cost per unit of prod-

uct is related to the geometric area of

electrode. When the current density is

constant, the capital cost is in direct pro-

portion to the increase of geometric area
of electrode with unchanged capital cost per unit of product.

When keeping production scale constant, the current density is

in inverse proportion to the geometric area of electrode. Thus,

the increase of current density will lead to a reduction in the cap-

ital cost per unit of product and lower the plant-gate levelized

cost of the product. The high capital cost, attributed to electro-

lyzer and precious metal catalyst, can be reduced by increasing

the current density. That is why the current density is crucial in

determining the profitability of ECH and why a large current den-

sity is required for industrial-scale production. Current density,

FE, and full-cell potential are the primary parameters influencing

the plant-gate levelized cost of product. However, these three

parameters are inherently interconnected, making it impractical

to adjust onewhile keeping the others fixed. Optimally, ECHben-

efits from large current density, high FE and low full-cell poten-

tial. FE determines the selectivity of ECH and efficiency of energy

utilization, and the full-cell potential is correlated with the elec-

tricity cost.

ACHIEVING INDUSTRIAL-SCALE CURRENT DENSITY

Industrial-scale current densities signify an increased electron

transfer rate and chemical reaction rate, which accelerate the hy-

drogenation process of biomass small molecules. The capacity

of processing bulk feedstocks is essential to achieve large-scale

valorization of biomass small molecules. Furthermore, FE multi-

plied by total current density, which is partial current density,

represents the real production rate of target products. The in-

crease in current density results in a more negative applied po-

tential and increased surface coverage of *H (adsorbed H), lead-

ing to the enhanced hydrogenation rate of biomass small

molecules. However, on the other hand, HER will be also

enhanced as the *H coverage increases. Furthermore, an
ience 28, 111908, February 21, 2025 5



Figure 5. The schematic illustrating of the

MEA based flow cell

(A) ECH electrolyzer cell.59 (B) Catalyst-coated

membrane in electrolyzer.59 (C) The components

of electrolyzer.59 (D) Schematic of ECH reaction

system.59 Reprinted with permission from Zhou

et al.59 Copyright 2019 John Wiley and Sons.
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increased generation of hydrogen gas bubbles from the catalyst

surface obstruct the diffusion of biomass reactants and the

adsorption of reactants on the catalyst, leading to a decline in

FE. Moreover, given the multiple potential hydrogenation path-

ways in biomass small molecules, the final product distribution

could be complex with various competing side-reactions.43,56

Thus, the key for industrial-scale ECH of biomass production is

achieving large current densities with simultaneously maintain-

ing relatively high FE for the target product. To realize that, we

propose researchers can contribute from the following three as-

pects: novel and efficient electrode catalysts, new design of

electrolyzer device, and new electrolytes specifically for elec-

tro-organic reactions.

Catalyst
A larger current density indicates a faster reaction rate, which is

influenced by electronic and surface structures of the catalysts.

Initially, the electronic effect, or the selection of electrocatalytic

material, should be considered. Subsequently, the impact of the

surface structure of the catalysts on the kinetics and mechanistic

pathways of the electrocatalytic reaction, should be examined.

The interaction between the catalyst and the reactant, governed

by the catalyst’s structure and composition, alters the reaction

pathway.35 The electron configuration and properties of the cata-

lyst significantly impacts electrocatalytic activity.38,67,68 Catalysts

predominantly feature transition metals possessing free d orbitals

and unpaired d electrons. Chemisorption on transition metal cat-

alysts’ d orbitals activates molecules, lowering the activation en-

ergy and boosting electrocatalysis (e.g., Cu, Pd, Ru, Rh).29,36,41,58

Different catalysts in the same reaction system can alter adsorp-

tion free energies, influencing the reaction rate. An optimal cata-

lyst binds adsorption intermediates with moderate strength, as

binding that is too weak or strong is detrimental.11,12 Alloying

and surface modification can adjust the adsorption free en-

ergies.22 Binary or ternary noble metal nanocomposite structures
6 iScience 28, 111908, February 21, 2025
exhibit the unique properties of their

constituents plus synergistic effects from

heteroatoms. Manipulating alloy compo-

sition and structure enhances physical

and chemical properties for optimal

performance.8,33,69

The catalytic activity varies for the same

catalyst with different structures due to

distinct surface geometries.44 The impact

of surface structure on electrocatalysis is

based on two main factors. First, the per-

formance of catalysts depends on its sur-

face chemical structure (composition and

valence), geometric morphology, atomic
arrangement and electronic structure.31,39,59 Second, almost all

ECH reactions are highly sensitive to surface structure. In most

electrocatalytic system, the catalyst is supported.29,37,40,41

Dispersing the nanoparticle catalysts on a support not only im-

proves the catalytic efficiency of the active component but also

promote the even dispersion of the catalysts. This is due to the

support’s high specific surface area and porous structure,

which helps to prevent the aggregation of catalyst nanoparticles,

and improves the utilization rate and stability of the cata-

lysts.8,24,34,58,70 Furthermore, the support material can act as a

co-catalyst, boosting the catalyst’s performance through syner-

gistic interactions during the catalytic process.30,32,55

Reactor
Reactor design is crucial to the efficiency of biomass small mol-

ecules ECH. An optimized experimental configuration is benefi-

cial for scaling up applications and mitigating mass transfer is-

sues. The design of flow cells and MEAs ensures consistent

delivery of biomass small molecules to the working electrode

while minimizing mass transfer restrictions caused by hydrogen

bubble interference at the electrode surface.8,24 The advanced

membrane with high ionic conductivity can speed up the rate

of ion exchange, thereby reducing the Ohmic resistance within

electrolyzers. With the development of Solid-state batteries,

the application of solid electrolytes becomes widespread, attrib-

uted to their uniform ion-conducting path with lower resistance

compared to traditional liquid electrolytes. Polymer ion conduc-

tors are suitable for use in ECH processes, outperforming

various other solid conductors due to their rapid ion conduction

at room temperature, high reliability, and ease of processing71,72

Owing to enhanced mechanical stability and reduced concerns

about leakage and evaporation, advanced membrane and solid

electrolyte are expected to exhibit superior performance in in-

dustrial manufacturing. Reduced Ohmic resistance indicates

that a larger current density can be achieved at a given potential.



Table 1. ECH of various biomass molecules in different electrolyzer systems

Setup Catalyst Biomass Product Catholyte

Current density

(mA cm�2) FE (%) Reference

H-cell Ru1Cu 50 mM

HMF

BHMF 0.5 M

PBS

35 89.5 Ji, K et al.42

H-cell Ag@CuF 30 mM

HMF

BHMF PBS 55 45 Dai, Z et al.55

H-cell Pd/CF 50 mM

HMF

BHMF 0.2 M

NaClO4

100 50 Zhang, D et al.43

H-cell BiSn 2 M

HMF

BHMF 0.5 M phosphate >140 �100 Piao, G et al.60

H-cell PMo12/Cu 250 mM

HMF

BHMF 0.5 M

PBS

�300 >70 Cao, X et al.61

H-cell MoS2-DMA 35 mM

FF

FA 0.05 M

Na2B4O7

5 75 Tan, J et al.39

H-cell Cu1.15/PAg 10 mM

FF

FA 1.0 M

KOH

5 99 Wen, H et al.44

H-cell 15%-Cu/NC900 30 mM

FF

FA 1.0 M

KOH

8 95 Xu, W et al.62

H-cell Cu3N Nw/CuF 20 mM

FF

FA PBS (pH = 7) 20 83.9 Wen, H et al.37

H-cell ED-Cu 50 mM

FF

FA 1 M

PBS

100 63 Xia, Z et al.63

H-cell ED-Cu 50 mM

FF

FA 1 M

KHCO3

250 93 Xia, Z et al.63

H-cell Cu-CTAB 50 mM

FF

2-methylfuran (MF) 0.05 M

H2SO4

200 61.3 Ji, K et al.36

H-cell CoS/oms-NSC 0.2 mM

Cinnamaldehyde

Hydrocinnamaldehyde 1.0 M PBS and

acetonitrile (v/v = 4:1)

12 40 Yuan, X.-S et al.64

H-cell Rh/CF 100 mM

Cinnamaldehyde

Cinnamic alcohol 0.2 M

NaCl

50 41.15 Chen, H et al.41

H-cell RhPtRu/CF 100 mM

Guaiacol

Methoxy-cyclohexanes 0.2 M

HClO4

50 62.8 Wang, M et al.34

SSER

H-cell

Pt/C 10 mM

Diphenyl ether

Cyclohexane/Benzene,

Cyclohexanol and

Dicyclohexyl ether

0.25 M PW12 and

0.68 M NaBH4 (80
�C)

25 54.9 Zhai, Q et al.65

SSER

H-cell

Pt/C 10 mM

Benzyl phenyl ether

Toluene,

Methylcyclohexane,

Cyclohexanol and

Cyclohexanone

0.25 M PW12 and

0.68 M NaBH4 (80
�C)

25 / Zhai, Q et al.65

(Continued on next page)
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Table 1. Continued

Setup Catalyst Biomass Product Catholyte

Current density

(mA cm�2) FE (%) Reference

SSER

H-cell

Pt/C 10 mM

Phenethoxybenzene

2-Cyclohexylethanol,

Phenol,

2-Cyclohexylethanol

and Cyclohexanol,

0.25 M PW12 and

0.68 M NaBH4 (80
�C)

25 / Zhai, Q et al.65

SSER

H-cell

Pt/C 10 mM

4-allyl-2,

6-dimethoxyphenol

Propylcyclohexane and

4-propyl-2,

6-dimethoxycyclohexane

0.25 M PW12

and 0.96 M

NaBH4 (80
�C)

75 77.41 Han, S et al.66

SSER

H-cell

Pt/C 100 mM

Phenol

Cyclohexanol and

Cyclohexanone

0.2 M

NaCl (50�C)
109 92.39 Wijaya, Y.P et al.47

SSER

H-cell

Pt/C 100 mM

Guaiacol

Cyclohexanol 0.5 M H2SO4 (50
�C) 255 37 Wijaya, Y.P et al.47

SSER

H-cell

Pt/C 89 mM

Phenol

Cyclohexanol and

Cyclohexane

0.1 M

SiW12 (35
�C)

800 95.3 Liu, W et al.48

Three-electrode

three-compartment cell

Cu-CeO2 50 mM

HMF

BHMF 0.5 M borate buffer 23 76 de Luna, G.S et al.40

Membrane reactor Pd black 100 mM

FF

Methyltetrahydrofuran

(MTHF)

t-BuOH 200 <17.5 Stankovic, M.D et al.49

Flow-cell Ag@CuF 30 mM

HMF

BHMF PBS (pH7.2–7.4) 40 56.8 Dai, Z et al.55

Flow-cell Ag/SnO2 50 mM

HMF

BHMF 0.5 M

KHCO3

300 80.2 Huang, S et al.30

Flow-cell PtRhAu/CF 120 mM Guaiacol 2-Methoxycyclohexanol 0.2 M

HClO4

200 58 Peng, T et al.8

MEA Pd/VN 10 mM

HMF

2,5-bishydroxymethyl-

tetrahydrofuran (BHMTHF)

0.2 M

HClO4

100 �36 Li, S et al.58

MEA PtNiB/CMK-3 10 mM

Guaiacol

KA-oil 0.2 M

HClO4

10 / Zhou, Y et al.59

MEA Rh/CF 50 mM

FA

THFA 0.2 M HClO4

and 30% ethanol

300 54 Peng, T et al.24

MEA Rh/CF 80 mM

Syringol

Methoxy-cyclohexanes 0.2 M

HClO4

400 32 Peng, T et al.24

MEA Rh/CF 120 mM

Guaiacol

Methoxy-cyclohexanes 0.2 M

HClO4

500 44 Peng, T et al.24
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The OER is characterized by its kinetic sluggishness, and the

value of the produced O2 is comparatively low. Integrating the

cathodic reduction with an anodic organic oxidation reaction,

substituting theOER, facilitates the generation of valuable chem-

icals.29,30,33,55,58 Li et al. coupled the ECH of HMF at the cathode

with oxidation of HMF over theCoFeP catalyst (denoted asHMF-

ER||HMF-EO). The FE of FDCA over CoFeP are >80% at the po-

tential from 1.73 to 1.93 V (vs. RHE). The voltage the HMF-ER||

HMF-EO system needs at 500 mA cm�2 is 370 mV lower than

that of the HMF-ER||OER system (2.76 V at 500 mA cm�2). This

indicates that the HMF-ER||HMF-EO process exhibits superior

kinetic favorability.30 Bharath et al. developed a bifunctional

catalyst Ru/RGO for ECH and electrooxidation (ECO) of FF.

They found the paired electrolyzer achieved a higher MF yield

(91%) compared to the MF yield (88%) obtained from the

cathodic half-cell reaction. This indicates that anodic H+ and

e� generated during ECO might have played a role in the ECH

of FF, thus contributing to an enhanced selectivity of 2-MF

with a high FE of 95%.29 The coupled system outperformed

the uncoupled system in terms of added value per unit electric

energy generated, suggesting that the integrated coupled sys-

tem would be beneficial for the valorization of biomass to high-

value products.

Electrolyte
In electrolyzers utilizing traditional liquid electrolytes, the reason-

able selection of electrolyte is crucial to enhance conductivity, sta-

bilize intermediates, and improve catalyst performance. The ki-

netics of HER are slower in alkaline media compared to acidic

media, attributed to additional water dissociation steps and a

more intricate process. However, a catalyst exhibiting good per-

formance in acidic media may show significantly reduced activity

in alkaline media.11 The pH and composition of electrolytes can

significantly influence the FE and selectivity of ECH.44,56 Zou

et al. highlighted the proton environment governs the rate of pro-

ton-coupled electron transfer (PCET) during hydrogenolysis pro-

cess and consequently influences the ECH selectivity of FF on

Cu electrodes.35 Zhao et al. found that the ECH FE and selectivity

of HMFdecrease in order of NaClO4>NaCl >Na2SO4, which corre-

late with the strength of adsorption of the corresponding anions

(SO4
2�>Cl�>ClO4

�) on the Pd surface.43 And when Gyenge

et al. substituted acidwithweakelectrolytemonopotassiumphos-

phate,which has lower conductivity compared toacids, the guaia-

col conversion decreased from 85%–91%–0%.47 For additives in

the electrolytes, Duan et al. reported a strategy to steer selectivity

in ECH of FF fromproducing FA to 2-methylfuran. They used butyl

trimethylammoniumbromideasasurfactant tomodifyCucatalyst,

which modulates the electrical double layer. This modification re-

pels interfacial water and weakens the hydrogen-bond (H-bond)

network, which is crucial for proton transfer. Therefore, the

hydrogen atom transfer (HAT) process is suppressed, conse-

quently inhibiting the conversion of FF to FA.36

And the mixed organic compounds may exhibit the interaction

during ECH. Recently, Hou et al. found that phenol enhanced the

conversion of benzaldehyde, while benzaldehyde impeded the

ECH of phenol. Phenol can enhance the adsorption of benzalde-

hyde and promotes its conversion on the active site by diminish-

ing the energy barrier required for the reaction.73 Increasing tem-
perature can enhance the *H adsorption within a certain

temperature range. Hydrogen desorption takes place simulta-

neously, competing with the ECH of biomass small molecules.

The negative impact of rising temperatures might be attributed

to the obstruction of the active site by the reaction substrate

adsorbate and accelerated HER.65,66 Increased substrate con-

centrations can lead to enhanced coverage of the catalyst sur-

face by the substrate, promoting an enhancement in ECH.32

However, ECH is constrained by a deficiency in electrocatalytic

active sites. Additionally, the overabundance substrate interme-

diates can result in polymerization reaction, as the inadequate

supply of *H prevents it from timely reacting with the excessive

intermediates.37

Concurrently, biomass with higher molecular weight exhibits

limited water solubility. Lignin is a polymeric macromolecule

randomly connected by C–O–C and C–C bonds.4 The b–O–4

linkage, the most prevalent in lignin, is particularly promising

for research and applications as it can be cleaved with lower en-

ergy, thereby maintaining the structural integrity of lignin mono-

mers and their aromatic frameworks, in contrast to the more

energetically demanding cleavage of b–1 and b–5 linkages that

yield numerous byproducts.16 Zou et al. depolymerized the b–

O–4 linkage through selective Caryl-O(C) bond cleavage, with

the CuO nanorod demonstrating a yield of hydroquinone

(95.3%) and benzyl alcohol (88.6%).74 Nevertheless, the limited

solubility of lignin in aqueous media poses a significant

constraint on its utilization in electrochemical lignin depolymer-

ization. Although the addition of organic solvent can enhance

the solubility, it can lead to restrictions in mass transport and

electron transfer, reducing the substrate conversion and electro-

lyte conductivity. Moreover, the diluted concentration of H+,

coupled with the competitive occupation of the catalysts’ active

sites by organic solvents, can decrease the activity of ECH.

Additionally, ionic liquid and deep eutectic solvents are em-

ployed as electrolytes owing to their superior lignin solubility,

broad electrochemical windows and low volatility. However,

the high cost and laborious recovery constrain their large-scale

applicaton.16,54 An electrically conductive organic solvent may

thus assume a pivotal role in the ECH of biomass with high

concentrations.

CONCLUSIONS AND PERSPECTIVES

ECH of biomass small molecules presents a promising pathway

under mild conditions, utilizing green electricity. This review con-

centrates on the engineering of electrolyzers and available

methods of achieving industrial current densities. From the

perspective of minimizing Ohmic resistance and increasing

mass transport, some modifications, e.g., shorting the distance

between electrodes, suspending catalysts in the electrolytes

and making the reactor continuous, were applied to improve

the performance of ECH of biomass small molecules. Mean-

while, achieve industrial current densities need to consider the

intrinsic characteristics of catalysts and supporting materials.

The continuous efforts of numerous researchers, supported by

abundant green electricity sources, are bringing us closer to

large-scale application of this technology. However, achieving

industrial-scale production remains a critical challenge.
iScience 28, 111908, February 21, 2025 9
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Currently, only a few studies have attained large current den-

sities (over 100 mA cm�2) while maintaining the high FE, high

selectivity and high durability.

To advance the industrial production of ECH of biomass small

molecules, the primary goal of catalyst development is to ensure

the catalytic activity and durability of the catalyst while reducing

the catalyst loading and improving the utilization efficiency of

metals. Although noble metals have attracted much attention

due to their excellent properties, their industrial applications

are limited by high cost and scarcity. Therefore, developing

low-cost, high-performance catalysts to replace noble metals

is crucial. Alloying with non-noble metals not only has significant

catalytic effects but also effectively reduces catalyst costs and

improves the utilization rate of metals. Both catalysts loaded

on a support as working electrode and suspended catalysts

can exhibit excellent performance. For the former, despite im-

provements in the stability of carbon carriers through modifica-

tion and the development of new materials, many problems

persist. For example, carbon support can be corroded,

damaging their porous structure and reducing surface area,

which causes the catalysts to detach and aggregate, thereby

decreasing catalytic activity. Consequently, the development

of alternative carriers has significant potential. Suspended cata-

lysts in the electrolyte, characterized by their high specific sur-

face area, effectively overcome kinetic and diffusion challenges

posed by reactants and products. This leads to substantial en-

hancements in both the electrochemical reaction rate and FE,

which can be an effective method for achieving industrial-scale

current densities.

In ECH processes operating at industrial-scale current den-

sities, the use of flow cells and MEAs, with constantly pumped

electrolytes into chambers, ensures a steady supply of biomass

small molecules to the catalyst surface. The reduced Ohmic

resistance, due to the shorter distance between electrodes, al-

lows the ECH system to improve energy efficiency. However,

the stability of current systems does not meet the requirement

of thousands of operating hours; the current densities are

below the levels needed for amperes, and the handling capac-

ity is insufficient necessary for industrial applications. As the

electrolyzer is expanded to an industrial scale, its performance

may not increase proportionally, resulting in reduced efficiency,

increased costs and increased operational difficulty. Elec-

trodes may not maintain the same activity and stability at larger

scales, which may require the development of new electrode

materials and designs. The current may be unevenly distributed

across the electrode surface, leading to local overheating and

reduced electrolysis efficiency. Industrial-grade electrolyzers

require integration with upstream feedstock supply and down-

stream product handling systems, therefore, multistep and

cascade reaction reactor will be preferable. The scalability of

modular reactor systems can be achieved by the addition of

extra modules, enabling an improvement in production capac-

ity without changes in existing infrastructure. Moreover, the

modular reactor systems can be customized to optimize the

specific ECH process. The modular reactor systems and

the integrated strategies combining ECH with conventional

approaches can effectively incorporate the ECH into existing

industrial settings.
10 iScience 28, 111908, February 21, 2025
In general, integrated strategies consist of various factors that

are essential for achieving good performance at industrial-scale

production. Some suggestions are as follows.

(1) Try to employ non-noble metals and their derivatives as

catalysts; efforts can be focused on developing a novel

structure material with enhanced catalytic performance

through size and morphology optimization, structural

modulation, and support regulation. Additionally, explore

multifunctional electrocatalysts to ECH the more chal-

lenging substrates.

(2) Compared to the traditional H-cell, the MEA, which oper-

ates at lower applied voltages and achieves a high yield, is

more applicable for industrial-scale ECH. Try to scale up

these fluid electrolyzers to pilot scale production and

achieve decentralized production that utilizes the abun-

dant and naturally available wind and solar energy. More-

over, future research should also concentrate on replac-

ing the OER, which exhibits sluggish kinetics and

excessive energy consumption, with the valorization of

chemicals on anode.

(3) Factors such as temperature, substrates concentration,

electrolyte composition, and the interaction of mixed

organic compounds play a role in the ECH process. Ad-

justments and refinements of these factors are essential

for optimizing the ECH performance. Despite ongoing ef-

forts being made to optimize electrolytes, the prevalent

approach tends to be mixing aqueous electrolytes with

varying proportions of methanol or acetonitrile, aiming

to strike a balance between high conductivity, cost-effec-

tiveness, and environmental safety. This underscores the

requirement for more rigorous research in this field.
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