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Abstract: Lignocellulosic biomass, consisting of lignin, cellulose, and hemicellulose, represents a major 

renewable resource, and its efficient utilization is central to green and sustainable chemistry. 

Polyoxometalates (POMs) have emerged as versatile catalysts for biomass valorization owing to their 

tunable Brønsted acidity/basicity, redox properties, and unique electron/proton storage capability. This 

review provides a comprehensive overview of recent advances in POM-catalyzed lignocellulosic 

biomass conversion, with particular emphasis on lignin depolymerization and the selective conversion 

of hemicellulose- and cellulose-derived platform molecules, namely furfural (FF) and 

5-hydroxymethylfurfural (HMF). For lignin depolymerization, the catalytic roles of different POM families 

are systematically discussed. For the valorization of FF and HMF, particular attention is devoted to their 

selective oxidative and reductive transformations. This review encompasses a broad range of POM 

catalysts, including classical POMs and their cation-modified derivatives, supported POM materials, 

and structurally novel POM architectures, and highlights how their intrinsic properties govern reaction 

pathways, product selectivity, and reaction mechanisms under thermal, photocatalytic, and 

electrocatalytic conditions. Finally, current challenges and future opportunities for biomass valorization 

using POM-based catalytic systems are discussed. 
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1 Introduction 

In recent years, the excessive consumption of 

fossil fuels has not only triggered a global energy 

crisis but has also disrupted the carbon balance of 

ecosystems, leading to severe environmental 

problems. In this context, there is an urgent need to 

develop renewable energy sources as alternatives to 

fossil fuels. Biomass energy represents an important 

class of renewable energy, owing to its abundant 

reserves, low cost, and wide availability. Among 

various forms of biomass energy, lignocellulosic 

biomass accounts for the largest proportion (reaching 

up to 75%) and holds great potential as a feedstock for 

the synthesis of high-value-added chemicals and 

liquid fuel.[1] It is primarily composed of cellulose 

(40-50%), hemicellulose (15-25%), and lignin 

(20-25%), resulting in a highly integrated and 

mechanically robust hierarchical structure.[2,3]  

Lignin is primarily a 3D cross-linked polymer 

formed by the connection of phenylpropane units via 

C−O bonds and C−C bonds, featuring a variety of 

active functional groups and complex linkage patterns, 

including β-O-4, β-β, β-5, β-1, α-O-4, 4-O-5, and 5-5 

linkages.[4-7]The selective cleavage of C–O and C–C 

bonds is widely recognized as an effective strategy for 
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lignin valorization, enabling the production of 

valuable aromatic compounds. Among the linkages in 

lignin, the β-O-4 accounts for the highest proportion 

(approximately 46-60%), with a bond dissociation 

energy of around 54-72 kcal/mol. From the 

perspective of bond energy, when β-O-4 bonds break, 

other linkages with lower dissociation energies also 

undergo cleavage.[5,8,9] Consequently, the cleavage of 

β-O-4 bonds has emerged as the key step in lignin 

depolymerization. Due to the structural and 

compositional complexity of natural lignin, model 

compounds are commonly employed in fundamental 

studies. Representative examples include 

2-phenoxy-1-phenylethanol (PP-ol), 

2-phenoxy-1-phenylethanone (PP-one), 

guaiacylglycerol-β-guaiacyl ether (GG), and 

veratrylglycerol-β-guaiacyl ether (VG) (Scheme 1(a)). 

Investigating the cleavage of these model compounds 

enables a deeper understanding of the cleavage 

pathway and catalytic mechanism, thereby providing 

theoretical support for the development of 

high-performance catalysts. To date, several strategies 

have been developed to promote the cleavage of C–O 

and/or C–C bonds in β-O-4 linkages, including 

pyrolysis[10-13], acid-catalyzed depolymerization[14-17], 

base-catalyzed depolymerization[18-20], reductive 

catalytic depolymerization[21-23], and oxidative 

catalytic depolymerization[9,24-29]. During the 

depolymerization of lignin, catalysts play a vital role 

in governing bond cleavage efficiency and product 

selectivity. 

Cellulose and hemicellulose can be hydrolyzed 

into glucose and xylose, respectively, which can 

subsequently undergo dehydration to generate 

biomass-derived furfural molecules: 

5-hydroxymethylfurfural (HMF) and furfural (FF). 

HMF is primarily produced from the dehydration of 

glucose derived from cellulose, whereas FF is mainly 

formed via the conversion of xylose from 

hemicellulose. While the catalytic conversion of 

cellulose and hemicellulose into biomass-derived 

furan molecules is now relatively well 

established,[30-35] recent research has increasingly 

focused on their subsequent transformation into 

value-added chemicals. FF and HMF contain 

abundant functional groups, including aldehyde 

groups, furan rings, and/or hydroxyl groups, which 

can be converted into value-added products through 

reduction, oxidation, ring-opening, and other reactions 

(Scheme 1(b)-(c)).[36-40] The resulting products find 

applications in fuels, pharmaceuticals, fragrances, 

pigments, and various other fields. Accordingly, the 

valorization of FF and HMF has gradually become a 

central aspect of biomass utilization.  

Polyoxometalates (POMs) are nanoscale anionic 

clusters composed of multiple early transition-metal 

ions (such as Mo, W, V, Nb, and Ta) linked through 

shared oxygen atoms.[41,42] The development of POMs 

chemistry spans nearly two centuries. Since Berzelius 

first synthesized ammonium 12-molybdophosphate in 

1826, a wide variety of POM structures have been 

discovered, including classic Keggin, Wells-Dawson, 

Lindqvist, Anderson, etc.[43] POMs not only possess 

unique Brønsted acidity/basicity and redox activity 

but also exhibit highly tunable compositions and 

electronic structures, enabling precise modulation of 

their catalytic properties at the atomic and molecular 

levels.[44-46] In addition, some Lewis acidic metal 

centers can be deliberately incorporated into the POM 

framework, allowing POMs to serve as Lewis acid 

catalysts.[47-49] Moreover, POMs can undergo rapid 

and reversible multi-electron transfer, often 

accompanied by proton transfer, and therefore act as 

electron/proton reservoirs in photocatalysis[50-53] and 

electrocatalysis[54-56]. These distinctive features and 

advantages have driven the application of POMs from 

conventional thermocatalysis to photocatalysis and 

electrocatalysis. 
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Scheme 1 (a) Partial structural schematic of lignin, its main linkages, conversion products, and commonly used lignin β-O-4 model 

compounds. Common reductive and oxidative production of FF (b) and HMF (c).

Recently, POM catalysts have demonstrated 

remarkable activity in biomass conversion by leveraging 

their tunable Brønsted acidity and oxidizing properties. 

Reported POM-based catalysts can be broadly classified 

into three categories: (i) classical POMs and their 

cation-modified derivatives; (ii) supported POM 
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catalysts; and (iii) structurally novel crystalline POM 

catalysts. Among these systems, some directly utilize the 

intrinsic catalytic properties of POMs, including the 

Brønsted acidity of Keggin-type XM12O40 (M = Mo, W; 

X = Si, P)[57-60], the oxidative activity of 

vanadium-substituted polyoxomolybdates[61-64] and 

polyoxovanadates[65-67], and the basicity of 

polyoxoniobates[68-70]. In contrast, other systems integrate 

POMs with additional active sites (e.g., Cu, and 

Co)[49,71,72], thereby cooperatively enhancing biomass 

conversion. Moreover, POM-catalyzed biomass 

valorization is undergoing a transition from thermally 

driven catalysis toward light- and electricity-driven 

catalytic systems. 

In recent years, several reviews have highlighted the 

use of POMs in biomass conversion. In 2021, Yan and 

co-workers published the first comprehensive review on 

POM-based catalysts in biorefineries, covering diverse 

biomass feedstocks (e.g., lignin, husk, corn stover, beech 

wood, cellulose, starch, glycogen) and their derivatives 

(e.g., fructose, glucose, xylan, HMF, levulinic acid, 

glycerol).[73] They focused on the preparation of 

POM-based catalysts, as well as the application of POMs 

and metal-POM composites in the production of 

high-value products. The subsequent review focused 

specifically on lignin, summarizing studies related to its 

separation, depolymerization, and upgrading using POM 

catalysts.[74,75] In 2012, Wang et al. overviewed the 

advances in the application of polyoxometalates for the 

conversion of cellulose and its model compound 

cellobiose to platform chemicals.[76] Additionally, Wei 

and Liu provided a comprehensive review on 

POM-catalyzed synthesis of furan derivatives using 

biomass as the feedstock.[77] More recently, Lv and 

co-workers focused on POM-based photocatalytic 

systems[78], while Lu and Yu reviewed biomass 

conversion over POM@MOF composites[79]. This review 

provides a comprehensive overview of recent advances in 

POM-catalyzed lignocellulosic biomass conversion, with 

particular emphasis on lignin depolymerization and the 

selective transformation of biomass-derived platform 

molecules, including FF and HMF, a topic that has not yet 

been systematically reviewed for POM-based catalytic 

system. This review also summarizes the design and 

synthesis of POM-based catalysts, their catalytic 

performance, and, in particular, emphasizes the 

structure-activity relationships and underlying reaction 

mechanisms. 

2 Depolymerization of Lignin 

In lignin depolymerization studies, some 

investigations are conducted directly using natural lignin, 

whereas others use structurally similar model compounds, 

such as PP-ol and PP-one. The use of model compounds 

simplifies the reaction system, thereby enabling clearer 

elucidation of the depolymerization process and deeper 

understanding of the catalytic mechanisms. POMs have 

been extensively investigated in both model compound 

systems and natural lignin catalytic depolymerization, 

leading to a series of significant advances. To date, 

several reviews have summarized the research progress of 

POMs in lignin depolymerization,[74,75] and this review 

mainly focuses on the relevant research advances in the 

past five years. POM-catalyzed lignin depolymerization 

is dominated by oxidative pathways and the following 

sections summarize these studies according to the type of 

POM catalysts.  

2.1 Polyoxomolybdate-Catalyzed Lignin 

Depolymerization 

2.1.1 Thermocatalytic Depolymerization 

Vanadium-substituted polyoxomolybdates are 

widely used to promote thermocatalytic lignin 

depolymerization, owing to their excellent oxidative 

properties and tunable Brønsted acidity. Such 

depolymerization reactions are generally conducted at 

elevated temperatures with high-pressure molecular 

oxygen as the oxidant. Keggin-type H5PMo10V2O40 and 

H5PMo9V3O40
[80-82] are among the most commonly used 

clusters and their catalytic role has been well established 

in the previous reviews[74,75]. 

To enable the reuse of POM catalysts, a series of 

POM-based ionic liquids have been developed. Wang and 

co-workers chose Wells-Dawson-type H6V2Mo18O62 

(H6V2Mo18), which was subsequently modified by 

betaine (Bet) to yield BetH5V2Mo18O62 (Fig. 1(a)).[63] 

Interestingly, BetH5V2Mo18O62 functions as a 

homogeneous catalyst at temperatures above 80 ℃ and 

can be easily recovered by simply lowering the reaction 
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temperature back to room temperature. The catalyst 

(0.015 mmol) achieved a PP-ol conversion of 92.9%, 

with yields of phenol and acetophenone reaching 86.3% 

and 77.2%, respectively (140 ℃, 0.8 MPa O2). After 10 

cycles of reuse, the conversion of pp-ol remains at 87.4%. 

Mechanistic investigations indicate that the catalyst 

donates protons and electrons to convert O2 into HOO• 

active species, which selectively oxidize the α–OH group 

of PP-ol to a carbonyl group (Fig. 1(b)). Then, the 

catalytic activity was 

 

Fig. 1 (a) Application of BetH5V2Mo18O62 in PP-ol conversion and 

(b) reaction process. Adapted with permission from Ref. [63], 

Copyright 2022 American Chemical Society. 

further improved by using NLLH5V2Mo18O62 (NLL = 

N-lauroyl-L-lysine).[83] Under the reaction conditions of 

130 ℃ and 1.0 MPa O2, a PP-ol conversion of 96.8% was 

achieved, with selectivity of 91.2% for phenol and 83.3% 

for acetophenone (nPP-ol:ncatalyst = 5:1). In Lv’s group, a 

recoverable POM-ionic liquid catalyst was synthesized by 

reacting PMo10V2 with 

1-methyl-3-(4-sulfobutyl)-1H-imidazolium zwitterions 

(Fig. 2).[84] Under 0.1 MPa O2 at 130 ℃ for 12 h, this 

catalyst (0.03 mmol) achieved a 100% conversion of 

PP-ol, with benzaldehyde and phenol yields of 96% and 

80%, respectively. After 5 cycles, the catalyst retains its 

structural integrity. 

 

Fig. 2 (a) Assembly schematic of POM-ionic liquid. (b) 

Depolymerization performance of PP-ol at different time intervals. 

Adapted with permission from Ref. [84], Copyright 2023 The 

Royal Society of Chemistry. 

In addition to Keggin- or Wells-Dawson-type POMs, 

an Anderson-type (NH4)4[CuMo6O24H6] was used by Hou 

and co-workers to catalyze the oxidative cleavage of 

PP-ol.[72] The catalyst (30 mg) afforded a PP-ol 

conversion of 95% and the primary products included 

phenol (yield: 89%), benzoic acid, and acetophenone. 

Notably, the catalyst exhibited remarkable stability, 

maintaining reliable performance over 10 cycles. In the 

oxidative depolymerization of birch lignin, the catalyst 

achieved an 83% conversion of birch lignin with a 

combined yield of dimeric and monomeric products of 

53.4%. 

To enhance practical application value, numerous 

studies have directly adopted natural lignin as the reaction 

substrate.[85-93] Deng et al. reported an oxidative catalytic 

fractionation and depolymerization of lignin through a 

one-pot two-step approach using H3PMo12O40 (PMo12) as 

the only catalyst.[85] The POM enabled 96% extraction of 

stabilized lignin from lignocellulosic sawdust at 100 ℃. 

Subsequent heating to 140 ℃ converted 74.0 wt% of 

lignin (based on Klason lignin) into lignin-derived 

chemicals, including 45.9 wt% aromatic monomers. An 

and Wei synthesized a series of polyoxometalate ionic 

liquids (POM-ILs) for the oxidative depolymerization of 

alkali lignin.[86] PMo12 was demonstrated to be an 

effective catalyst for various lignins, delivering aromatic 

yields up to 23.8 wt%.[89,90] Furthermore, Fe 

incorporation and Cs+ modification of PMo12 enabled its 

application as a heterogeneous catalyst, maintaining 

comparable monomer yields while confirming the 

efficient depolymerization of lignin macromolecules.[91] 
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2.1.2 Photocatalytic and Electrocatalytic 

Depolymerization 

Compared with traditional thermocatalysis, 

photocatalysis and electrocatalysis operate under mild 

conditions and are more environmentally benign, thereby 

attracting extensive research attention in the field of 

lignin depolymerization. Cho et al. selected the giant 

Keplerate-type Mo132 for the depolymerization of PP-ol 

(Fig. 3).[94] Under irradiation with a 300 W xenon lamp 

for 6 h, the selectivity of phenyl formate reached 97.8% 

(Mo132: 1 mol% vs. PP-ol). The post-reaction catalyst can 

regain its activity after heat treatment, demonstrating 

potential recyclability. Zhao et al. fabricated a Z-scheme 

heterojunction photocatalyst CdS/PMo10V2/g-C3N4 via a 

hydrothermal method.[95] Using alkaline lignin as the 

reaction substrate, the total yield of vanillin and vanillic 

acid reached 32.7 mg per gram of lignin under irradiation 

with a 300 W xenon lamp. Recently, Duan, Shi, and Sun 

immobilized H4PMo11VO40 onto g-C3N4 and combined it 

with a choline chloride/p-toluenesulfonic acid deep 

eutectic solvent.[64] Under xenon-lamp rradiation at 80 ℃, 

larch lignin was selectively converted into a single 

monophenolic product, 

1-(4-hydroxy-3-methoxyphenyl)butan-1-one, with an 

11% yield. 

 

Fig. 3 Mo132 for the depolymerization of PP-ol under irradiation 

using H2O2 as the oxidant. Adapted with permission from Ref. [94], 

Copyright 2023 American Chemical Society. 

Electrocatalysis enables the oxidative 

depolymerization of lignin while producing hydrogen, 

thereby achieving the full utilization of lignin. Wang’s 

group employed PMo12 (0.1 mol/L) as the anolyte and 

conducted the reaction in an adiabatic reactor at 80 ℃ for 

3 h.[96] Under these conditions, the corn straw degradation 

rate reached as high as 63.48%, the cathodic Faraday 

efficiency for hydrogen production peaked at 94.54%. 

Subsequently, using lignin as the substrate and 0.1 mol/L 

PMo12 as the anolyte, they achieved a lignin degradation 

conversion of 96.81% with a hydrogen Faradaic 

efficiency of 95.93%.[97] Similarly, Zhang and Liu used a 

FeCl3-PMo12 catalytic system for biomass degradation 

and hydrogen production.[98] 

In 2022, Ryu and co-workers proposed a 

photoelectrochemical cell system integrating a perovskite 

photocathode with lignocellulosic biomass, enabling 

efficient bias-free solar hydrogen production while 

achieving the valorization of biomass (Fig. 4).[99] In this 

system, lignocellulosic biomass serves as an alternative 

electron source, and PMo12 acts as a soluble catalyst as 

well as an electron/proton mediator. Through the redox 

reaction of PMo12 driven by biomass oxidation, electron 

extraction and storage are realized. The cathode 

(perovskite photocathode) is immersed in an acidic 

electrolyte (0.5 mol/L H2SO4) for hydrogen evolution, 

while the anode (carbon nanotube paper) is immersed in 

an electrolyte containing reduced PMo12, which provides 

electrons through the reoxidation of PMo12 without the 

need for external bias. The system operates cyclically: at 

night, biomass reduces PMo12 at 60 ℃ (for 12 h); during 

the daytime, under illumination, the reoxidation of PMo12 

and hydrogen evolution occur (for 12 h). This system 

exhibits excellent performance: 50.6% of lignin is 

converted into high-value-added products, and the 

Faradaic efficiency for H2 production is close to 100%. 

 

Fig. 4 Perovskite photocathode integrated with Pt and PMo12 as an 

electron extraction system coupled to achieve bias-free hydrogen 

evolution from biomass. Adapted with permission from Ref. [99], 

Copyright 2022 Springer Nature. 
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2.2 Polyoxotungstate-Catalyzed Lignin 

Depolymerization 

2.2.1 Thermocatalytic Depolymerization 

Fu et al. synthesized 3D hierarchical flower-like 

bimetallic nitride nanosheets (SiW12@Pd/Co-ZIF-NS) via 

a Pd/Co-ZIF template and H4SiW12O40-induced phase 

transformation (Fig. 5(a)).[58] This catalyst (100 mg) 

efficiently promoted the transfer hydrogenolysis of β-O-4 

model compound (phenethyl phenyl ether), achieving 

100% conversion with 87% ethylbenzene and 93% 

phenol yields using isopropanol as solvent and hydrogen 

donor (Fig. 5(b)). The catalyst can be recycled 4 times 

while maintaining structural stability. It also exhibited 

high activity for C–O bond cleavage in lignin dimers and 

the depolymerization of natural lignin. 

 

Fig. 5 (a) Synthesis process of SiW12@Pd/Co-ZIF-NS. (b) 

Catalytic cleavage of the C−O linkage in β-O-4 lignin model 

dimers. Adapted with permission from Ref. [58], Copyright 2023 

Elsevier B.V. 

A series of vanadium-doped Wells-Dawson-type 

catalysts, H6+xP2W18-xVxO62 (x=1, 2, 3, 4), were used to 

promote the oxidative depolymerization of larch lignin in 

Shi’s group.[100] Total acidity decreased with increasing 

vanadium content. Among these, H9P2W15V3O62 

exhibited the best performance, achieving 11.42% 

aromatic monomer yield at 170 ℃, 3 h, and 1 MPa O2 

with selective cleavage of Cα–Cβ bonds in lignin side 

chains. The excellent activity is attributed to a balance 

between moderate oxidation and acidity. Subsequently, 

Shi and Xu constructed a bifunctional catalyst 

Ni0.75Co0.75@CsPMo12 by doping bimetallic Ni and Co 

onto Keggin-type POMs.[101] Under optimized conditions 

(190 ℃, 3 h, 1.5 MPa O2), this catalyst efficiently 

depolymerized pine lignin into vanillin and methyl 

vanillate, with selectivities of 57.8% and 27.3%, 

respectively. 

2.2.2 Photocatalytic Depolymerization 

Yang and Lv developed a Ni9P3/CdS photocatalyst 

by combining 

K5Na11[Ni9(OH)3(H2O)6(HPO4)2(PW9O34)3]•55H2O 

(Ni9P3) with CdS quantum dots for the selective 

hydrogenolysis of lignin β-O-4 model compounds (Fig. 

6).[102] Under 450 nm LED irradiation for 8-10 h, this 

photocatalytic system achieved 95% conversion 

with >93% selectivity toward various phenols and 

ketones (ncatalyst:nPP-one = 1:100). The POM/CdS system 

exhibits satisfactory stability and can be reused over 

several cycles. On the basis of experimental results and 

spectroscopic analyses, a tentative reaction mechanism 

has been proposed, indicating that the surface-adsorbed 

hydrogen species formed on Ni9P3 are essential for the 

activation and subsequent cleavage of the Cβ–O bond. In 

contrast to the predominantly explored oxidative 

depolymerization strategies, this work establishes a 

POM-catalyzed hydrogenolytic depolymerization 

pathway, broadening the scope of lignin valorization 

under mild and noble-metal-free conditions. 

 
Fig. 6 Proposed mechanism for photocatalytic hydrogenolysis of 

PP-ol. Adapted with permission from Ref. [102], Copyright 2023 

The Royal Society of Chemistry. 

Liu’s group achieved the cleavage of C–C bonds in 

PP-ol by supporting K7P2W17VO62 (P2W17V) on TiO2 

(Fig. 7).[103] Under UV light, 98.8% of PP-ol was 

converted and the primary products were benzaldehyde 

and phenol (10 mg P2W17V). In addition, the catalyst 

boasts the advantages of easy separation and recyclability. 

Mechanistic studies revealed that PP-ol undergoes Cα–Cβ 

bond cleavage predominantly through a Cβ-centered 

radical pathway with photogenerated electrons and O2
•– 
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as the active species. In the same group, a multifunctional 

photocatalyst, Cu/P2W17V/TiO2, was fabricated for 

selective and tunable lignin depolymerization (Fig. 8).[104] 

Using PP-ol or β-O-4 lignin model compounds, bond 

cleavage selectivity can be controlled by reaction time: 

short irradiation favors Cβ–O scission, while prolonged 

irradiation promotes Cα–Cβ cleavage, yielding aromatic 

aldehydes and phenols. In this system, Cu enhances 

charge transfer and facilitates Cβ–O cleavage, whereas 

P2W17V, with acidic, basic, and redox sites, accelerates 

electron transfer to O2 and drives Cα–Cβ bond cleavage. 

Alkaline lignin can also be photocatalytically converted 

to vanillin. This work demonstrates the first example of 

regulating Cα–Cβ versus Cβ–O bond scission simply 

through temporal control, highlighting the potential of 

trifunctional photocatalysts for producing valuable 

lignin-derived chemicals. 

 

Fig. 7 Preliminary mechanism for the photocatalytic conversion of 

PP-ol to benzaldehyde and phenol. Adapted with permission from 

Ref. [103], Copyright 2023 Elsevier Ltd. 

 

Fig. 8 Preliminary mechanism for the photocatalytic conversion of 

PP-ol catalyzed by Cu/P2W17V/TiO2. Adapted with permission 

from Ref. [104], Copyright 2024 Elsevier B.V. 

Distinct from conventional POM-based catalysts, 

Xuan and Cronin reported a novel high-nuclearity 

polyoxotungstate, 

K4Na10H2[Cu9(OH)(C9H7N3O2)9(H2O)22][H16P8W64O236] 

(P8W64), for lignin depolymerization.[105] In this structure, 

both sides of the P8W48 cavity are capped with W8 units, 

leading to the formation of P8W64, which are further 

connected by Cu-triazole-benzoate complexes into 

layered structures (Fig. 9(a)). Upon exfoliation, the 

resulting ultrathin nanosheets exhibited highly selective 

Cα–Cβ bond cleavage of β-1 lignin model compounds 

under 400 nm LED irradiation, achieving up to 99% 

conversion (P8W64: 0.5 mol% vs. PP-ol). For the 

1,2-diphenylethanol (a lignin model), the combined yield 

of benzaldehyde and benzoic acid reached 79%. 

Mechanistic studies reveal that the P8W48 clusters serve 

as photoactive centers, where photogenerated electrons 

reduce O2 to superoxide radicals (O2
•–) and holes abstract 

Cβ–H to form carbon-centered radicals, cooperatively 

enabling selective Cα–Cβ bond scission (Fig. 9(b)). Ju
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Fig. 9 (a) Structural schematic of P8W64. (b) Proposed mechanism for the photocatalytic depolymerization of 1,2-diphenylethanol. Adapted 

with permission from Ref. [105], Copyright 2024 Wiley-VCH GmbH. 

2.3 Polyoxovanadate-Catalyzed Lignin 

Depolymerization 

Although V-substituted polyoxomolybdates and 

polyoxotungstates have been widely explored for the 

oxidative depolymerization of lignin and its model 

compounds, examples employing polyoxovanadate 

catalysts remain very rare. Liu et al. successfully 

synthesized [CuI(bbi)]2{[CuI(bbi)]2VIV
2VV

8O26}•2H2O 

(NENU-MV-5, bbi = 1,1’-(1,4-butanediyl)bis(imidazole)) 

under hydrothermal conditions.[65] This compound 

features a 3D supramolecular architecture, constructed 

through electrostatic assembly of one-dimensional 

cationic chains [Cu(bbi)]+ and 2D anionic layers 

{[Cu(bbi)]2V10O26}2− (Fig. 10(a)). In catalytic tests using 

PP-ol, NENU-MV-5 (0.01 mmol) achieved >99% 

conversion, yielding phenol (60%), benzoic acid (9.5%), 

and methyl benzoate (90%) at 100 ℃ under 0.4 MPa O2 

for 12 h. After 5 cycles, the catalyst remains catalytically 

stable with its structure intact. 

The catalyst incorporates two types of active 

sites—mixed-valence VV–O–VIV moieties and Cu(I) 

centers—which act synergistically to drive the catalytic 

reaction (Fig. 10(b)). The reaction mechanism proceeds in 

two key steps. Initially, VIV species adsorb and activate 

O2 to •O2
−, which then combine with H+ provided by 

methanol to HOO•. Concurrently, VV centers form a 

stable five-membered ring with β-O-4 alcohol, activating 

the Cα–H bond. The HOO• radicals subsequently abstract 

hydrogen atoms from the activated Cα–H bonds, 

oxidizing β-O-4 alcohol to β-O-4 ketone—a process 

identified as the rate-determining step. Following this 

oxidation, Cu(I) sites react with O2 to form Cu(II)-OO• 

species, which catalyze the cleavage of the Cα−Cβ bond in 

β-O-4 ketone, yielding benzoic acid and phenyl formate. 

The phenyl formate further undergoes decarboxylation to 

produce phenol and CO2. 

 

Fig. 10 (a) The structure of NENU-MV-5. (b) Proposed catalytic mechanism of NENU-MV-5 toward PP-ol. Adapted with permission from 

Ref. [65], Copyright 2020 The Royal Society of Chemistry.
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2.4 Polyoxoniobate-Catalyzed Lignin 

Depolymerization 

Polyoxoniobates possess significantly higher 

negative charge densities than their Mo/W analogues, 

owing to the lower oxidation state of Nb(V) relative to 

Mo(VI) and W(VI). This high negative charge density 

endows the surface oxygen atoms with pronounced 

Brønsted basicity. Among known POMs, Lindqvist-type 

{Nb6O19} cluster exhibits the highest negative charge 

density[106] and has been used as a base catalyst in the 

hydrolysis of chemical warfare agents, Knoevenagel 

condensation, and CO2 fixation.[107-114] 

Previous studies have shown that the Cβ–H bond of 

β-O-4 ketones can be activated by inorganic or organic 

bases (e.g., NaOH, KOH, Cs2CO3, K2CO3, pyridine)[115,9], 

however, the requirement for excess corrosive bases and 

their poor recyclability severely limits industrial 

applicability. In this context, we used a catalytic amount 

of the solid base, K7HNb6O19 (KNb6), combined with 

copper-modified graphitic carbon nitride (Cu/C3N4), to 

catalyze the oxidative cleavage of the β-O-4 ketone 

model, PP-one (Fig. 11(a)).[68] Under relatively mild 

conditions (80 ℃, 0.5 MPa O2), the reaction achieved 

96% PP-one conversion, with phenol obtained in 90% 

yield and an overall aromatic monomer yield of 90%, 

giving a high selectivity of 94% toward aromatic 

products. Moreover, the catalytic activity was well 

maintained after five cycles (Fig. 11(b)). 

Kinetic isotope experiments display that Cβ–H 

activation is the rate-determining step. CO2-TPD analysis 

shows that KNb6 possesses weak basic sites and the 

uniquely basic surface oxygen atoms of KNb6 contribute 

to the activation of the Cβ–H bond of PP-one (Figs. 

11(c)-11(e)). Mechanistically, the terminal oxygen (Ot) 

and bridging oxygen (Oβ) on the surface of KNb6 

synergistically activated the Cβ–H bond of PP-one 

through hydrogen bonding interactions, facilitating the 

insertion of molecular oxygen to form hydroperoxide 

intermediates (Fig. 11(f)). Subsequently, Cu/C3N4 

catalyzed the selective cleavage of the Cα–Cβ bond in the 

intermediates, generating benzoic acid and phenyl 

formate. Phenyl formate further underwent 

decarboxylation to produce phenol, while benzoic acid 

reacted with methanol via esterification to form methyl 

benzoate. In addition, the catalysts were also active for 

the oxidative cleavages of oxidized organosolv lignin. 

 
Fig. 11 (a) Cleavage reaction of PP-one by KNb6-Cu/C3N4. (b) Recyclability test. (c) CO2-TPD of KNb6 (d) Absorption spectra of 

phenolphthalein. (e) hydrogen−deuterium exchange reactions. (f) Possible reaction mechanism. Adapted with permission from Ref. [68], 

Copyright 2023 American Chemical Society.
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Compared with the β-O-4 ketone model PP-one, 

the β-O-4 alcohol model PP-ol more closely resembles 

natural lignin. So we combined KNb6 with cobalt-cobalt 

oxide (Co-CoOx) supported on N-doped carbon 

(CoMA/C900) (Fig. 12).[69] The CoMA/C900 catalyst was 

synthesized via the high-temperature calcination of 

cobalt acetate, melamine, and activated carbon. Under 

mild conditions (100 ℃, 0.2 MPa O2), PP-ol was nearly 

fully converted within 3 h, yielding primarily phenol 

(99%) and methyl benzoate (98%). 

In the first step, the hydroxyl group of PP-ol 

interacts with the basic surface oxygen atoms of KNb6, 

while Co0 in CoMA/C900 activates O2 to form •O2
– 

radicals (confirmed by EPR), which react with MeOH 

to generate HOO• species. PP-ol is then oxidized by 

HOO• to form the PP-one intermediate, identified as the 

rate-determining step. In the second step, the Cβ–H 

bond of PP-one is activated by KNb6 and oxidized by 

reactive oxygen species, leading to preferential Cβ–O 

bond cleavage and formation of phenol and methyl 

benzoylformate. Finally, methyl benzoylformate 

undergoes Cα–Cβ bond cleavage via methanol attack, 

producing methyl benzoate and methyl formate, with 

the latter being oxidized and decarboxylated to 

regenerate MeOH and release CO2. Importantly, KNb6 

and CoMA/C900 work synergistically in all three steps. 

Furthermore, this catalytic system was extended to 

other β-O-4 alcohol analogs and birch lignin, exhibiting 

efficient depolymerization activity across all tested 

substrates. 

 

Fig. 12 Possible cleavage mechanism of PP-ol catalyzed by 

KNb6-CoMA/C900. Adapted with permission from Ref. [69], 

Copyright 2025 The Royal Society of Chemistry. 

Lignin depolymerization usually produces 

aromatics containing only C, H, and O. Introducing 

nitrogen sources during β-O-4 cleavage allows the 

synthesis of high-value nitrogen-containing aromatics. 

Therefore, the catalytic performance of KNb6 was 

explored for PP-one depolymerization using 

NH2OH•H2O as the nitrogen source. Under mild 

conditions (120 ℃, 10 min), near-complete conversion 

was achieved, affording phenol (93%) and benzonitrile 

(73%) (KNb6: 0.2 eq. PP-one). KNb6 also maintained 

its basicity and activity over multiple catalytic cycles. 

Interestingly, the catalytic activity of 

Lindqvist-type hexaniobates is strongly influenced by 

their alkali metal counter-cations. Four hexaniobate 

catalysts (LiNb6, NaNb6, KNb6, and CsNb6) were 

evaluated, revealing a catalytic activity trend of KNb6 ≈ 

CsNb6 > NaNb6 > LiNb6 (Fig. 13(b)). Density 

functional theory (DFT) calculations further indicate 

that the bridging oxygen atoms carry higher negative 

charge density than terminal oxygen atoms, and the 

average surface oxygen charge density of CsNb6 is 

highest(Fig. 13(c)). 

PP-oneoxime, formed via oximation with 

NH2OH•H2O, acts as a key intermediate in the catalytic 

pathway. The DFT calculations reveal a four-step 

reaction pathway for the KNb6-catalyzed cleavage of 

the PP-oneoxime intermediate. i) Hydrogen migration. 

The bridging oxygen of {HaNb6O19} interacts with the 

Cβ–H of PP-oneoxime, transferring Hβ to the cluster and 

Ha to the substrate nitrogen, forming an alkenyl 

hydroxylamine intermediate, confirmed by in situ FT-IR 

spectroscopy. ii) Hydroxyl migration. A water molecule 

attacks the C=C bond accompanied by N–OH cleavage 

to generate an imine intermediate. iii) Cβ–O bond 

cleavage. The cluster activates the Cβ–OH group and 

protonates phenolic oxygen, promoting Cβ–O bond 

cleavage to form phenol and imine aldehyde, detected 

by GC-MS. iv) Cα–Cβ bond cleavage. Basic oxygen 

atoms in KNb6 mediate proton transfer, enabling Cα–Cβ 

cleavage to produce benzonitrile and formaldehyde 

(Fig. 13(d)). During the reaction, KNb6 serves as a 

recyclable inorganic proton shuttle: its basic surface 

oxygen atoms accept protons from the substrate, while 

adjacent protonated −OH groups donate protons, 
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enabling the key steps of PP-oneoxime cleavage. KNb6 

also shows high activity toward various lignin β-O-4 

ketone models and oxidized birch lignin. 

 

Fig. 13 (a) Cleavage of PP-one to yield phenol and benzonitrile 

with NH2OH•H2O. The influence by alkali metal counter-cations 

on (b) catalytic performance and (c) charge density distribution 

of bridging and terminal surface O atoms. (d) The proton shuttle 

role of KNb6 in the cleavage of PP-oneoxime intermediate. Adapted 

with permission from Ref. [70], Copyright 2026 American 

Chemical Society. 

In summary, lignin depolymerization is influenced 

by multiple factors. For thermocatalytic processes, 

reaction temperature, pressure, and time play crucial 

roles. Increasing temperature and pressure generally 

promotes the reaction. Typically, the reaction 

temperature ranges from 90 to 190 ℃, while the 

pressure does not exceed 1.2 MPa. In photocatalytic 

systems, parameters such as the light source (e.g., Xe 

lamps, UV light, or LEDs) and reaction temperature are 

key factors affecting catalytic performance. 

Regarding the choice of POM catalysts for 

thermocatalysis, polyoxoniobates usually operate under 

the mildest reaction conditions, followed by 

polyoxovanadates and polyoxomolybdates, while 

polyoxotungstates generally require the most 

demanding conditions. This trend can be attributed to 

the special alkalinity of hexaniobate, which can readily 

activate C−H bond under milder conditions. In contrast, 

polyoxovanadates and polyoxomolybdates promote 

lignin depolymerization mainly by their excellent 

oxidative activity. As polyoxotungstates possess 

relatively weak oxidative ability; higher temperatures 

and pressures are usually required in thermocatalytic 

system. As a result, they are more commonly employed 

in photocatalytic systems, where their excellent 

electron-transfer capability can be effectively utilized. 

From the perspective of catalyst architecture, 

Keggin-type POMs are more widely employed than 

Wells-Dawson and Anderson types. This arises from 

their excellent stability, tunable acidity and redox 

properties. In addition, the design of the reactor is also 

crucial for achieving efficient lignin depolymerization. 

For example, Ryu et al. developed a home-made 

two-compartment H-type photoelectrochemical (PEC) 

reactor featuring a “cathode-anode separated design”. 

On the cathode side, a perovskite photoelectrode is 

employed to harvest solar energy for proton splitting 

and hydrogen evolution, while the anode side achieves 

the oxidative depolymerization of lignin mediated by 

PMo12.  

3 Oxidation of FF and HMF 

The oxidation of FF and HMF has been 

extensively investigated, with particular emphasis on 

HMF. These oxidation processes can afford 

dialdehydes, monocarboxylic acids, and even 

dicarboxylic acids, as well as their corresponding esters, 

all of which have broad applications. In the oxidative 

transformation of HMF, catalysts play a key role in 

regulating substrate conversion and product selectivity. 

Among them, POM-based catalysts have attracted 

considerable attention owing to their intrinsic Brønsted 

acidity and excellent redox properties. 

3.1 Oxidation of FF 

3.1.1 The Production of 2-methyl furoate 

2-Methyl furoate holds significant application 

value in the fine chemical, fragrance, and flavor 

industries. It is typically synthesized via the 

esterification reaction following the oxidation of FF 

under acid conditions (Scheme 2).[116] POMs possess 

Brønsted acidity and strong oxidation properties, 
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making them applicable to this reaction. However, 

common Keggin-type POMs are highly soluble in 

water, which hampers their recyclability. To overcome 

this limitation, a range of strategies has been developed. 

Rodrigues et al. synthesized Cu2SiW12O40 via metal ion 

exchange method.[117] Using hydrogen peroxide as the 

oxidant, the conversion rate of FF reached 98% with 

79% selectivity for 2-methyl furoate. Subsequently, 

Cu1H1PW12O40 was immobilized on montmorillonite 

K-10, yielding the composite catalyst 

Cu-PW12/K-10.[118] Employing tert-butyl hydroperoxide 

(TBHP) as the oxidant, the reaction was conducted at 

120 ℃ after 5 h, achieving a FF conversion of 91% and 

an exceptional 100% selectivity toward 2-methyl 

furoate. In this catalytic system, the Brønsted acidity of 

PW12 and the intrinsic acidity of montmorillonite K-10 

synergistically facilitated the condensation reaction 

between furfural and methanol. Meanwhile, Cu2+ 

cations promote activation of TBHP, thereby generating 

reactive oxygen species that drive the oxidative 

esterification process. 

 

Scheme 2 The conversion of FF to 2-methyl furoate. 

3.1.2 The Production of Maleic acid and Maleic 

anhydride 

Currently, researches on POM-catalyzed oxidation 

of FF remain relatively limited, with most studies 

focusing on the production of maleic acid and maleic 

anhydride (Scheme 3). These two compounds have 

broad applications in resins, lubricant additives, 

plasticizers, agricultural chemicals, and other fields.[119] 

The synthesis of maleic acid and maleic anhydride 

requires catalysts with strong oxidative capability, a 

property intrinsically associated with POMs. 

In 2011, Yin et al. used PMo12 to catalyze the 

aerobic oxidation of FF. Under the reaction conditions 

of 110 ℃, 2 MPa O2 for 14 h, the conversion of FF 

reached 50.3% with a maleic acid yield of 34.5%.[119] 

The reaction follows a pathway in which the furan ring 

undergoes opening before decarboxylation, ultimately 

yielding maleic acid. Subsequently, they employed 

PMo12 in combination with copper nitrate for this 

oxidation, and the synergistic catalytic system improved 

FF conversion to 95.2% and maleic acid yield to 49.2% 

under the conditions of 98 ℃, 2 MPa O2, and 14 h.[120] 

Specifically, Cu2+ serves as the redox-active center, 

abstracting electrons from FF to generate Cu⁺. The 

presence of PMo12 facilitates the oxidative regeneration 

of Cu⁺ back to Cu2+. The combination of PMo10V2 with 

Cu(CF3SO3)2 and PMo12 with copper acetate have also 

been explored.[121,122] 
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Scheme 3 The conversion of FF to maleic acid and maleic anhydride. 

 

Scheme 4 The oxidation of HMF to different products.

Besides, FF can be directly oxidized to produce 

formic acid. Albert et al. synthesized 

vanadium-substituted Anderson-Evans-type 

tungstotellurates, NaTeVxW6-x (x = 1, 2, 3).[123] Among 

these catalysts, NaTeV3W3 exhibited the optimal 

performance, achieving a FF conversion of 98.4% and 

directly producing formic acid with a yield of 33.2%. In 

2024, They selected H4[PVMo11O40] as the catalyst, 

achieving a FF conversion of 69.3%, along with maleic 

acid and formic acid yields of 22.6% and 14.7%, 

respectively.[124] 

3.2 Oxidation of HMF 

HMF can be selectively oxidized into several 

valuable chemical intermediates, including 

2,5-diformylfuran (DFF), 

5-hydroxymethyl-2-furancarboxylic acid (HMFCA), 

2,5-furandicarboxylic acid (FDCA), 

5-formyl-2-furancarboxylic acid (FFCA), maleic 

anhydride and maleic acid (Scheme 4).[125] In the 

following, the discussion is structured according to the 

type of product formed, with a focus on POM-based 

catalyst design, catalytic performance, and reaction 

mechanism. Molecular oxygen, a green and 

cost-effective oxidant, is mainly used for HMF 

oxidation. 

3.2.1 The Production of 2,5-diformylfuran 

Due to its chemical versatility, DFF finds 

applications in the preparation of pesticides, fluorescent 

compounds[126], novel polymeric materials[127], and 

ligands[128]. HMF contains an aldehyde and a hydroxyl 

group, and selective oxidation of the hydroxyl group 

while avoiding oxidation of the aldehyde is a key 

challenge in DFF preparation. This underscores the 

importance of rational catalyst design. To date, Mo- and 

V-containing POMs have been extensively investigated 

in the selective oxidation of HMF to DFF, owing to 

their excellent redox properties compared to their W- 

and Nb-based counterparts. Therefore, we will present 

the content in the order of polyoxomolybdates, 

vanadium-containing molybdates, and finally 

polyoxovanadates. 

Gao et al. used a Keplerate-type 

[(NH4)42[MoVI
72MoV

60O372(CH3COO)30(H2O)72] 

(Mo132) for oxidation of HMF to DFF (Fig. 14).[129] The 

presence of both Mo6+ and Mo5+ in Mo132 endows it 

with outstanding catalytic activity, achieving 99.2% 

HMF conversion and 100% DFF selectivity under both 

atmospheric and anaerobic conditions. More 

importantly, after five consecutive catalytic cycles, the 

catalyst retained high catalytic activity. The reaction 

mechanism was investigated by CV, XPS, and DRIFTS. 

First, the –OH of HMF adsorbs onto the Mo132, 

preventing the –CHO from accessing the active sites 

and thus affording 100% selectivity to DFF. 

Subsequently, two hydrogen atoms from O–H and C–H 

bonds transfer to the terminal oxygen of Mo132, with a 

new C=O bond formed and Mo6+ reduced to Mo5+. 

Finally, O2 reoxidizes the catalyst, regenerating its 

activity for successive catalytic cycles. 
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Fig. 14 (a) Possible reactive sites in Mo132-catalyzed HMF 

oxidation. (b) Proposed mechanism for the selective oxidation of 

HMF to DFF. Adapted with permission from Ref. [129], 

Copyright 2022 Elsevier B.V. 

In the presence of the [PMo12O40]3–, the oxidation 

of HMF to DFF proceeds through a multi-step 

process.[130] Initially, one HMF molecule is oxidized to 

DFF by [PMo12O40]3– and the POM is reduced to 

[H2PMo12O40]–. Molecular oxygen is then incorporated, 

forming a peroxide intermediate ([PMo12O41]3–), which 

subsequently oxidizes a second HMF molecule to DFF, 

thereby regenerating the original [PMo12O40]3– species. 

In each oxidation event, two key bond cleavages occur: 

the O–H bond of the hydroxyl group and the C–H bond 

of the methylene group in HMF. 

Subsequently, several PMo12-based catalysts have 

been reported. Hu et al. fabricated bifunctional catalysts 

by supporting PMo12 on polyaniline (PAN) or 

formyl-functionalized PAN (F-PAN).[131] Huang et al. 

synthesized a zeolite-like crystalline catalyst, 

[La(H2O)3Cl0.5(pdc)][La(H2O)4(pdc)]}2[PMo12O40] 

•2H2O (PZF-1) (H2pdc = pyridine-2,6-dicarboxylate) 

through hydrothermal reaction.[132] In this structure, La 

centers are connected by pdc ligands into a 3D 

zeolite-like framework, while [PMo12O40]3– anions 

interact with the framework by electrostatic and 

hydrogen-bonding interactions. 

Moreover, further studies revealed that partial 

substitution of Mo atoms by V in Keggin-type clusters 

can further enhance their catalytic performance, owing 

to the superior redox properties of V. Therefore, 

Keggin-type PMo10V2 and PMo4V8 have been widely 

employed in the selective oxidation of HMF to DFF. 

Wang et al. immobilized PMo10V2 on various 

support materials for catalyst recycling. In 2018, 

PMo10V2 was encapsulated into the mesopores of silica 

nanofibers, resulting in the successful fabrication of 

PMo10V2/SiO2.[133] In the above case, PMo10V2 interacts 

with the support by hydrogen bonding interaction, 

leading to POM leaching.[134] To address the issue, they 

functionalized the silica surface with –NH2R groups. 

Upon protonation of the –NH2 groups to –NH3
+, strong 

electrostatic interactions enable stable immobilization 

of POMs, resulting in PMo10V2/SiO2–NH2 nanofiber 

catalysts. Subsequently, surface-modified CeO2 

(surf-CeO2) was used as support due to its high oxygen 

release capacity.[135] Furthermore, PMo10V2 was 

immobilized on chitosan nanofiber, forming 

PMo10V2/chitosan nanofiber.[136] Later, they loaded 

PMo10V2 onto layered double hydroxides (LDHs), 

leading to an enhancement in catalytic activity.[137] 

The spindle-shaped Fe3O4/C, obtained from the 

pyrolysis of the metal-organic framework 

MIL-88A(Fe), was used by Gao’s group to combine 

with Keplerate-type POM (Mo72V30). 

Mo72V30@Fe3O4/C achieved nearly complete 

conversion of HMF with 100% selectivity toward DFF 

after 4 h (120 ℃, 0.4 MPa O2).[138] Compared with 

Mo72V30, Keggin-type POMs are attractive due to their 

straightforward and easily scalable synthesis. In this 

system, Fe3O4/C and Co3O4/C facilitate the adsorption 

of HMF molecules, while PMo10V2 acts as the primary 

catalytic center (Fig. 15).[139] Together, these effects 

enhance HMF conversion efficiency and suppress the 

over-oxidation of DFF. Among them, 

PMo10V2@Fe3O4/C achieved a 99.1% conversion of 

HMF and nearly 100% selectivity for DFF. After 10 

cycles of reuse, the HMF conversion remains as high as 

92%, while the DFF selectivity still stays close to 

100%. Ju
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Fig. 15 (a) The synthesis process for the catalysts. (b) Cycling 

tests of PMo10V2@Fe3O4/C (c) The proposed mechanism of 

HMF to DFF. Adapted with permission from Ref. [138], 

Copyright 2023 The Royal Society of Chemistry. 

Hydroxyapatite (HAP) possesses abundant 

ion-exchange sites, enabling effective interaction with 

charged species, and exhibits intrinsic basicity that 

promotes the dehydrogenative oxidation of HMF. Based 

on this, Wang et al. prepared PMo4V8/HAP catalysts via 

ion exchange of hydroxyl groups on HAP with 

{PMo4V8O40} (PMo4V8).[140] In 2023, by immobilizing 

PMo4V8 onto alkyl and alkyl-amino functionalized 

silica nanoparticles, a Pickering interfacial catalyst, 

PMo4V8/SiO2(C8/C8NH2), was successfully 

fabricated.[141] 

In addition to PMo10V2 and PMo4V8, other 

molybdovanadophosphate has also been utilized as an 

effective catalyst for the oxidation of HMF to DFF. 

Zhong et al. developed a series of bifunctional and 

recyclable catalysts based on acidic cesium salts of 

molybdovanadophosphoric POMs (CsMVP-POMs) by 

proton exchange reaction, which enabled the conversion 

of HMF to DFF using oxygen as the oxidant.[143] By 

comparing various CsMVP-POMs, it was found that the 

vanadium content has a significantly influence on their 

catalytic performance. Among them, the CsMVP-POMs 

catalyst with the highest V/Mo ratio exhibited the 

strongest redox activity, indicating that vanadium 

effectively promotes the conversion of HMF to 

DFF[142]. Similar trend was also observed by Zhizhina 

and co-workers. 

In addition to the supported catalysts mentioned 

above, several crystalline POM catalysts with novel 

structure have been reported successively. In 2021, we 

reported three discrete imidazole-functionalized Mo−V 

POMs, HPMo8VIV
4O40(VVO)2[(VIVO)(IM)4]2 (IM = 

1-methylimidazole, 1-ethylimidazole, or 

1-propylimidazole), which contains a bi-capped 

pseudo-Keggin {HPMo8V4O40(VO)2} modified by two 

imidazole-functionalized {(VO)(IM)4}.[62] Notably, 

three different types of vanadium centers are present in 

this cluster, including substituted V species in the 

pseudo-Keggin {PMo8V4}, capped {VO} units, and 

organic-functionalized {(VO)(IM)4} groups (Fig. 

16(a)). These clusters as heterogeneous catalysts were 

active for the oxidation of HMF to DFF. Using 

atmospheric O2 as oxidant, 95% of HMF was converted 

with 95% selectivity for DFF after 4 h at 100 ℃. 

To understand the role of each component in the 

catalyst, two crystalline catalysts, 

[NH4]4[HPMo8VIV
4O40(VVO)2] and (VIVO)(mIM)4SO4, 

were synthesized and used in the catalytic 

transformation. The former exhibited high conversion 

but low selectivity, whereas the latter showed high 

selectivity but lower conversion (Fig. 16(b)). Taken 

together, these results demonstrate that 

[HPMo8V4O40(VO)2]4− anion is primarily responsible 

for the efficient conversion of HMF, while the 

imidazole-functionalized V groups [(VO)(1-mIM)4]2+ 

play a key role in achieving high selectivity toward 

DFF (Fig. 16(c)). Under anaerobic conditions, HMF can 

be oxidized by an imidazole-functionalized Mo–V 

POM, achieving a conversion of maximum 44%, 

accompanied by the reduction of MoVI and VV to MoV 

and VIV, respectively. These observations indicate that 

both Mo and V centers within the cluster participate in 

the oxidation process. Upon the introduction of O2, the 

conversion of HMF is further enhanced, and the 

reduced POM is reoxidized, thereby recovering its 

oxidative capability. 

Recently, we synthesized a multi-ligand 

functionalized polyoxovanadate, 
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V6O6(OCH3)4(mIM)6(C6H5PO3)4 (mIM = 

1-methylimidazole).[144] The cluster features two 

{V2O6(OCH3)2} units linked through four 

phenylphosphonate ligands to construct a 

{V4O4(OCH3)4(PhPO3)4} unit, which is subsequently 

decorated on both sides with two {VO3(mIM)3} (Fig. 

17(a)). In this reaction, V plays a pivotal role (Fig. 

17(b)). O2 first oxidizes P4V6 to generate V5+ from V4+, 

forming the oxidized active species P4V6(ox), 

accompanied by the partial removal of mIM ligands. 

Subsequently, HMF adsorbs onto the surface of P4V6(ox), 

which then oxidizes HMF via a proton coupled electron 

transfer (PCET) pathway to produce DFF, while itself 

being reduced to P4V6(red). Finally, P4V6(red) is reoxidized 

by O2, thereby completing the catalytic cycle. 

Huang and co-workers synthesized the catalyst, 

[Pd(eIM)4][V6O16(eIM)4] (eIM = 1-ethyl imidazole, 

IPP-1), by the electrostatic assembly of Pd-complex 

with polyoxovanadate cluster.[66] This catalyst also 

exhibits excellent performance after 12 h (Figs. 

18(a)-18(b)). The oxidation process proceeds via two 

parallel pathways (Fig. 18(c)). The first pathway centers 

on the Pd site. HMF adsorbs onto the catalyst surface, 

where its hydroxyl group forms hydrogen bonds with 

the imidazole ligands and/or V=O units. Initially, the 

hydroxyl hydrogen atom of HMF is transferred to a 

bridging oxygen atom in [V6O16(eIM)4]2−, accompanied 

by electron transfer to Pd2+. This leads to the formation 

of DFF while simultaneously reducing Pd2+ to Pd0. 

 

Fig. 16 (a) The structure of the catalyst . (b) Selective oxidation of HMF to DFF with various catalysts. (c) Mechanism of selective oxidation 

of HMF. Adapted with permission from Ref. [62], Copyright 2021 American Chemical Society. 
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Fig. 17 (a) The sructure of P4V6. (b) Plausible mechanism of P4V6-mediated aerobic oxidation of HMF to DFF. Adapted with permission 

from Ref. [144], Copyright 2025 American Chemical Society. 

Subsequently, Pd0 is reoxidized by V5+, which in turn is 

reduced to V4+. Finally, V4+ is regenerated to V5+ by O2, 

completing the catalytic cycle. The second pathway 

involves direct oxidation at the V center. Here, HMF is 

directly oxidized by the [V6O16(eIM)4]2− anion via a 

PCET process, yielding DFF along with V4+ species. 

The V4+ species is then reoxidized to V5+ by O2, thereby 

restoring the catalyst. 

 

Fig. 18 (a) The structure of IPP-1. (b) Concentration variations of 

HMF and DFF with reaction time. (c) Plausible mechanism of 

HMF oxidation. Adapted with permission from Ref. [66], 

Copyright 2023 Elsevier Inc. 

The catalytic performances of three representative 

polyoxovanadates, HK5(V10O28)•20H2O (V10), 

K7[V15O36(CO3)]•nH2O (V15), and K10[V34O82]•20H2O 

(V34), have been systematically investigated by Gao et 

al.[67] V10 contains vanadium exclusively in the +5 

oxidation state, V15 comprises seven V4+ and eight V5+ 

centers, and V34 consists of sixteen V4+ and eighteen 

V5+ centers (Fig. 19 (a)). Among these clusters, V34 

exhibited the highest catalytic activity, indicating that 

the presence of mixed-valence V4+/V5+ sites facilitates 

electron transfer between the catalyst and the substrate. 

Then, V34 was immobilized on a porous Fe3O4-doped 

carbon support obtained from carbonized MIL-88. 

Confining V34 within the pores of Fe3O4/C not only 

restricts active-site aggregation and substrate 

over-oxidation but also enables convenient magnetic 

recovery of the catalyst owing to the intrinsic magnetic 

properties of the Fe3O4/C support. Under 0.4 MPa O2 at 

110 ℃, the resulting composite catalyst affords nearly 

quantitative HMF conversion with an almost 100% 

yield of DFF (Fig. 19(b)-19(c)). 

 
Fig. 19 (a) Polyhedral presentations of V10, V15, V34. (b) HMF 

conversion and DFF yield at different reaction times. (c) 

Recycling tests for V34-catalyzed HMF oxidation. Adapted with 

permission from Ref. [67], Copyright 2025 Elsevier Ltd. 

While the aforementioned studies focus on 

thermocatalysis, the application of POMs in the 

electrocatalytic oxidation of HMF remains largely 

unexplored. In Lv’s group, a robust Ru4/PEI-rGO 

composite catalyst was fabricated by immobilizing 

Rb8K2[Ru4(μ-O)4(μ-OH)2(H2O)4(γ-SiW10O36)2]•25H2O 

(Ru4) on polyethyleneimine-functionalized reduced 

graphene oxide (PEI-rGO) (Fig. 20).[145] This 

architecture promotes efficient interfacial charge 

transfer and improved accessibility of active sites. 

Under an applied potential of 0.94 V (vs. Ag/AgCl) in a 

pH 6 HAc/NaAc buffer solution, electrolysis for 6 h 
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resulted in a 50.8% conversion of HMF with 66.2% 

selectivity toward DFF. However, with the addition of 

2,2,6,6-tetramethylpiperidinyloxyl (TEMPO), the 

conversion of HMF surges to 99.7%, while the 

selectivity toward DFF drops to 0 with furanic 

carboxylic acids as the main product. The mechanistic 

investigation reveals that the sandwiched Ru centers in 

POM can shuttle between different oxidation states, 

thereby facilitating the conversion of HMF to DFF. 

3.2.2 The Production of 5-formyl-2-furancarboxylic 

acid 

FFCA is one of the intermediates in the production 

of FDCA, with promising applications as a chemical 

intermediate in drug synthesis, biomaterials, and other 

fields.[146] To obtain HMFCA, which contains –CHO 

and –COOH groups, two synthetic approaches have 

been established. In the first approach, the –CH2OH 

group in HMF is initially oxidized to –CHO to form 

 

Fig. 20 Illustrations of Ru4/PEI-rGO preparation pathway and 

electrocatalytic HMF conversion integrated with hydrogen 

production system. Adapted with permission from Ref. [145], 

Copyright 2022 The Royal Society of Chemistry. 

DFF, followed by further oxidation of one aldehyde 

group to –COOH. In the alternative pathway, the native 

–CHO group in HMF is first oxidized to –COOH to 

yield HMFCA, after which the –CH2OH group is 

selectively oxidized to –CHO. 

Lv and co-workers reported the use of 

Anderson-type Na3H6FeMo6O24•5H2O for the oxidation 

of HMF to FFCA.[147] In this system, Mo centers act as 

the primary catalytic active sites, with DFF inferred as a 

key reaction intermediate. Under optimal reaction 

conditions, the yield of the target product FFCA reached 

up to 75% at 100 ℃ under atmospheric O2 over 8 h. 

Subsequently, the same group examined the catalytic 

performance of an Anderson-type POMs, 

(NH4)3H6CoMo6O24 (CoMo6), for FFCA formation 

(Fig. 21).[71] When conducted in deep eutectic solvents 

(DESs) at 130 ℃ for 8 h, the CoMo6-based system 

enabled nearly complete conversion of HMF, affording 

a maximum FFCA yield of up to 97%. Notably, in 

contrast to their earlier study, HMFCA rather than DFF 

was identified as the key reaction intermediate in this 

process.  

 

Fig. 21 CoMo6 for the catalytic conversion of HMF to FFCA. 

Adapted with permission from Ref. [71], Copyright 2022 The 

Royal Society of Chemistry. 

3.2.3 The Production of 5-hydroxymethyl-2-furan

carboxylic acid 

HMFCA serves as a pivotal intermediate in the 

synthesis of FDCA. Currently, research focusing on the 

conversion of HMF to HMFCA remains limited. 

Additionally, a prominent challenge lies in the 

cumbersome purification of HMFCA under alkaline 

reaction conditions.[148,149] Based on this, Zhang et al. 

developed a heterogeneous Ru/CsPW12 catalyst through 

an impregnation method, wherein cesium-substituted 

tungstophosphate (CsPW12) was supported on 

RuCl3•xH2O followed by reduction with H2.[150] Under 

optimized reaction conditions (130 ℃, 6 h), a 

remarkable HMFCA yield (72.9%) was achieved. 

3.2.4 The Production of 2,5-furandicarboxylic acid 

As a critical building block, FDCA is employed to 

synthesize polyethylene furanoate (PEF), which serves 

as a viable substitute for petroleum-based polyethylene 

terephthalate in the plastics industry.[151] In FDCA 

production, several critical challenges remain, notably 

the difficulty of simultaneously activating both 

aldehyde and hydroxyl functionalities and achieving 

high selectivity toward FDCA. Compared with 

traditional aqueous solutions or organic solvents, 

imidazolium-based ILs exhibit superior solubility for 

furan derivatives, including HMF and FDCA. By 
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combining vanadium-substituted phosphomolybdic 

acid—possesses both Brønsted acidity and redox 

activity—with ILs, the issues can be effectively 

addressed.[152] The yield of FDCA can reach up to 89% 

after 6 h under the conditions of 140 ℃ and 1 MPa O2. 

In this system, Mo/V bimetallic centers serve as the 

active sites to drive the oxidation reaction, while the 

ionic liquid activates HMF through hydrogen bonding 

interactions. Additionally, the ILs enhance the solubility 

of FDCA, thereby preventing aggregation of FDCA and 

suppressing side reactions under base-free conditions, 

ultimately enabling efficient and selective FDCA 

production. 

Encapsulating POMs within MOFs represents a 

viable strategy to further enhance the stability of 

catalysts. Bhargava et al. encapsulated PMo12 into the 

Cu-BTC, successfully fabricating a PMo12-Cu-BTC 

composite catalyst (Fig. 22(a)).[57] The catalyst enables 

the efficient conversion of HMF to FDCA under 

base-free and mild reaction conditions (120 ℃, 2 MPa 

O2, 4 h), achieving an HMF conversion of 89.4% and 

an FDCA selectivity of 92.3%. In this composite 

system, PMo12 generates novel Cu–O–Mo synergistic 

sites via interfacial interactions with Cu-BTC (Fig. 

22(b)-22(c)). Meanwhile, the porous structure of MOFs 

effectively inhibits the aggregation of PMo12 and 

contributes to the adsorption of HMF. This rational 

design effectively overcomes the intrinsic limitations of 

single-component catalysts, namely the relatively low 

catalytic activity of pristine MOFs and the susceptibility 

of POMs to leaching under catalytic conditions. The 

reaction pathway was elucidated by in situ ATR-IR 

spectroscopy through monitoring the evolution of key 

intermediates (DFF and FFCA). The formation of 

PMo12-Cu-BTC interfacial synergistic sites was 

confirmed by EXAFS, while XANES disclosed the 

electronic state variations of Cu and Mo, supporting a 

charge-transfer mechanism. These experimental insights 

were further corroborated by theoretical calculations. 

 

Fig. 22 (a) Structure and preparation process of PMo12-Cu-BTC. 

(b) In situ ATR-IR spectra of HMF conversion reaction. (c) 

Plausible mechanistic pathway for HMF to FDCA. Adapted with 

permission from Ref. [57], Copyright 2023 American Chemical 

Society. 

3.2.5 The Production of Maleic Acid and Maleic 

Anhydride 

Maleic acid and maleic anhydride are a vital 

chemical raw material with high reactivity with 

extensive applications in synthetic resins, coatings, 

pharmaceuticals, pesticides and so on. Yin et al. 

developed a route for the preparation of maleic 

anhydride and maleic acid via the aerobic oxidation of 

HMF using vanadium-substituted POMs.[61] Among the 

catalysts, PMo10V2 exhibited the highest catalytic 

activity. When the reaction is conducted at 90 ℃ under 

1 MPa O2, the yield of maleic acid and maleic 

anhydride are 31.7% and 32.3%, respectively. A series 

of control experiments excluded the involvement of 

conventional oxidation intermediates—FDCA, DFF, 

FFCA, and HMFCA—in the reaction pathway. 

Mechanistic studies revealed that PMo10V2 triggers the 

reaction through an electron transfer-oxygen transfer 

(ET-OT) process, which cleaves the C–C bond between 

the hydroxymethyl group and the furan ring of HMF 

(Fig. 23). This is followed by a 1,4-rearrangement, 

hydrogen abstraction from the aldehyde group, and 

decarbonylation, ultimately yielding maleic anhydride, 

which can be further hydrolyzed to maleic acid under 

the reaction conditions. 
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Fig. 23 Proposed mechanism for HMF oxidation mediated by 

PMo10V2. Adapted with permission from Ref. [61], Copyright 

2015 American Chemical Society. 

Recently, Lyu et al. fabricated a composite catalyst 

denoted as LCN/HPA-5 by loading H8[PV5Mo7O40] 

(HPA-5) on nitrogen-deficient graphitic carbon nitride 

(LCN).[153] A photothermal catalytic strategy was 

employed for the selective oxidation of HMF, in which 

maleic anhydride was identified as the key intermediate 

and subsequently hydrolyzed to maleic acid. Under 

irradiation from a 300 W xenon lamp at 90 ℃ and 0.6 

MPa O2 for 4 h, a maleic acid yield of 50.8% was 

achieved. 

Oxidation of HMF over POM-based catalysts has 

been predominantly investigated under thermocatalytic 

conditions, whereas photocatalytic oxidation remain 

largely underexplored. In this context, Lv and 

co-workers reported a photocatalytic HMF oxidation 

system employing [W10O32]4– as the catalyst with 

2,2,6,6-tetramethylpiperidinyloxyl (TEMPO) as 

co-catalyst.[154] Under 365 nm light irradiation or 2 h, 

and the HMF conversion reached 88.0%, however, a 

mixture of furanic products was obtained, including 

DFF (yield: 14.0%), FDCA (yield: 7.7%), HMFCA 

(yield: 20.3%), and FFCA (yield: 28.2%). Under 365 

nm irradiation, photoexcited [W10O32]4– activates 

TEMPO via a single-electron transfer (SET) process to 

generate TEMPO⁺, which selectively oxidizes 

hydroxymethyl groups in HMF/HMFCA to form DFF 

and FFCA. Meanwhile, excited [W10O32]4– can directly 

promote oxidation of HMF intermediates, particularly 

the conversion of FFCA to FDCA. Both [W10O32]4– and 

TEMPO are regenerated by O2 and hydrogen atom 

transfer (HAT) processes, enabling a photocatalytic 

cycle.

Table 1 Selective oxidation of HMF to DFF catalyzed by POMs. 

Catalysts Oxidant Temp. (℃) Time (h) Conv. (%) Yield (%) TOF (h-1) Ref. 

(NH4)6Mo7O24 Air 130 6 36.7 25.7 61.17 

[129] (NH4)12[Mo36(NO)4O108(H2O)16]·33H2O Air 130 6 87.4 87.4 145.67 

(NH4)42[MoVI
72MoV

60O372(CH3COO)30(H2O)72 Air 130 6 99.2 99.2 165.33 

40-PMo12/PAN Air 160 4 97.2 94.0 17.91 
[131] 

40-PMo12/F3-PAN Air 160 5 100.0 99.9 49.98 

(H2O)3Cl0.5(pdc)][La(H2O)4(pdc)]}2[PMo12O40]·2H2O 1.0 Mpa O2 140 8 99 99 2.48 
[132] 

[La(H2O)4(pdc)]4[SiW12O40]·2H2O 1.2 Mpa O2 140 8 90 90 2.25 

H5PMo10V2O40 1.0 Mpa O2 120 8 99 50 1.46 
[133] 

H5PMo10V2O40/SiO2 1.0 Mpa O2 120 8 92.7 89.2 14.57 

H5PMo10V2O40/SiO2-NH2 1.0 Mpa O2 120 8 93.2 90.0 11.43 [134] 

H5PMo10V2O40@surf(4)/CeO2
a 1.0 Mpa O2 120 6 100 95.3 12.28 [135] 

H5PMo10V2O40/chitosan 0.8 Mpa O2 120 6 96.2 94.1 15.57 [136] 
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Catalysts Oxidant Temp. (℃) Time (h) Conv. (%) Yield (%) TOF (h-1) Ref. 

H5PMo10V2O40@Mg4Al-Surf 1.0 Mpa O2 140 12 94.6 83.8 15.08 [137] 

Mo72V30@Fe3O4/C 0.4 Mpa O2 120 4 99.4 99.0 176.79 [138] 

H5PMo10V2O40@Co3O4/C 1.4 Mpa O2 130 6 98.7 ~98.7 7.90 
[139] 

H5PMo10V2O40@Fe3O4/C 0.8 Mpa O2 130 6 99.1 ~99.1 18.00 

PMo4V8/HAPb O2 130 8 96.0 83.8 9.38 [140] 

PMo4V8/SiO2(C8/C8NH2)c O2 130 10 81.8 73.7 6.81 [141] 

CsH3PMo11VO40 O2 120 3 84 73 3.10 

[142] 

CsH3PMo11VO40 O2 120 6 ＞99 95 2.02 

Cs2H2PMo11VO40 O2 120 3 82 75 3.19 

Cs2H2PMo11VO40 O2 120 6 ＞99 99 2.10 

Cs3HPMo11VO40 O2 120 3 78 71 3.02 

Cs3HPMo11VO40 O2 120 6 ＞99 ＞99 2.10 

CsH4PMo10V2O40 O2 120 3 88 82 1.70 

CsH4PMo10V2O40 O2 120 6 ＞99 ＞99 1.03 

Cs3H3PMo9V3O40 O2 120 3 95 89 1.20 

Cs3H3PMo9V3O40 O2 120 6 ＞99 81 0.55 

H7PMo8V4O40 Air 110 1.5 ＞99 82.2 0.14 

[143] 

H10P3Mo18V7O84 Air 110 1.5 ＞99 89.6 0.10 

H17P3Mo16V10O89 Air 110 1.5 ＞99 90.1 0,07 

Na2H5PMo8V4O40 Air 110 1.5 ＞99 85.3 0.15 

Co2H6P3Mo18V7O84 Air 110 1.5 ＞99 92.1 0.10 

Cs3PMo12O40 O2 balloon 100 4 76 19 0.52 

[62] 

Cs5PMo10V2O40 O2 balloon 100 4 83 27 0.73 

H5PMo10V2O40 O2 balloon 100 4 93 2 0.51 

(NH4)5H6PMo4V8O40 O2 balloon 100 4 78 7 1.93 

(NH4)4[HPMo8VIV
4O40(VVO)2] O2 balloon 100 4 96 7 1.85 

HPMo8VVI
4O40(VVO)2[(VIVO)(IM)4]2·4H2O·(IM)8 O2 balloon 100 4 95 90 2.48 

HPMo8VVI
4O40(VVO)2[(VIVO)(IM)4]2·4H2O·(IM)9 O2 balloon 100 4 94 89 2.46 

HPMo8VVI
4O40(VVO)2[(VIVO)(IM)4]2·(IM)4 O2 balloon 100 4 92 87 2.40 [62] 
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Catalysts Oxidant Temp. (℃) Time (h) Conv. (%) Yield (%) TOF (h-1) Ref. 

V6O6(OCH3)4(mIM)6(C6H5PO3)4 O2 balloon 90 5 95 89 0.42 [144] 

[Pd(eIM)4][V6O16(eIM)4] O2 balloon 90 12 93 91 13.7 

[66] [Pd(mIM)4]2(H2V10O28)·3H2O O2 balloon 90 12 68 41 2.43 

[Pd(mIM)4]2(V4O12)·4H2O O2 balloon 90 12 76 54 3.21 

HK5(V10O28)·20H2O Air 130 6 92.1 90.9 0.01 

[67] 

K7[V15O36(CO3)]·nH2O Air 130 6 85.2 84.1 0.01 

K10[V34O82]·20H2O Air 130 6 98.7 97.2 0.01 

K4[PW11VO40]·2H2O Air 130 6 10.1 7.9 0.0009 

H5[PW10V2O40]·35H2O Air 130 6 11.6 7.4 0.0008 

H6PW9V3O40 Air 130 6 16.1 3.9 0.0004 

K10[V34O82]·20H2O@Fe3O4/C 0.4 Mpa O2 110 4 98.9 98.5 1.52 

Ru4/PEI-rGOd electricity R. T. 6 50.8 33.6 0.56 [145] 

aH5PMo10V2O40 (HPMoV) immobilized on nanofibers functionalized with C4 amino-surfactant. 

bHydroxyapatite (HAP) supported (NH4)5H6PMo4V8O40 (PMo4V8/HAP). 

c(NH4)5H6PMo4V8O40(PMo4V8) immobilized on alkyl/alkyl-amino grafted functionalized silica nanoparticles (Pickering catalyst). 

dRb8K2[Ru4(μ-O)4(μ-OH)2(H2O)4(γ-SiW10O36)2]·25H2O (Ru4) clusters uniformly deposited on PEI-functionalized reduced graphene oxide (PEI-rGO). 

Table 2 Selective oxidation of HMF to FDCA catalyzed by POMs. 

Catalysts Oxidant Temp. (℃) Time (h) Conv. (%) Yield (%) TOF (h-1) Ref. 

H3PMo12O40 1.0 Mpa O2 140 6 98.1 83.3 0.51 

[152] 

H3PW12O40 1.0 Mpa O2 140 6 99.8 18.5 0.11 

H4SiMo12O40 1.0 Mpa O2 140 6 99.8 8.6 0.05 

H4SiW12O40 1.0 Mpa O2 140 6 99.7 38.4 0.23 

HPMV1
a 1.0 Mpa O2 140 6 99.4 70.6 0.43 

HPMV2 1.0 Mpa O2 140 6 99.7 68.8 0.42 

HPMV3 1.0 Mpa O2 140 6 99.8 45.0 0.27 

HPMV4 1.0 Mpa O2 140 6 99.8 23.8 0.14 

HPMV5 1.0 Mpa O2 140 6 99.4 44.6 0.27 

HPMV6 1.0 Mpa O2 140 6 99.4 88.8 0.54 

Cu-BTC_PMAb 2.0 Mpa O2 120 5 89.4 82.5 - [57] 

aHPMVn (n=1~6) : V-substituted H3PMo12O40 derivatives. 

bPMA(H3PMo12O40) encapsulated in Cu-BTC MOFs (Cu-BTC_PMA).
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The thermal oxidation of HMF has been 

extensively investigated, particularly for the production 

of DFF, primarily with molecular oxygen as the 

oxidant. Keggin-type polyoxomolybdates and their 

vanadium-containing derivatives and polyoxovanadates, 

are widely used. Typical reaction conditions involve 

temperatures of 90 ~ 160 °C and O2 pressures ranging 

from ambient pressure (using an air balloon) to 2.0 

MPa, with increasing efforts directed toward milder, 

ambient-pressure operations. For the oxidation of HMF 

and FF, molecular oxygen or air are the most commonly 

used oxidants. High-boiling-point solvents are generally 

preferred as reaction media, including dimethyl 

sulfoxide (DMSO), toluene, chlorobenzene, and deep 

eutectic solvents (DESs), which can effectively 

suppress solvent volatilization and thermal 

decomposition under reaction conditions. 

Mechanistically, HMF adsorbs onto the POM surface, 

where active sites such as Mo6+/V5+ oxidize the 

hydroxyl group to a carbonyl and the reduced catalytic 

active centers are reoxidized by O2. In some case, the 

heteroatom in POMs, such as Fe, Co, can further 

facilitate the regeneration of POM catalysts. Compared 

with DFF production, oxidative transformation of HMF 

into carboxylic acids remains less explored, and 

corresponding mechanistic understanding is quite 

limited. For FFCA formation, different POM systems 

show distinct pathways: in (NH4)3H6CoMo6O24, the 

aldehyde is first oxidized to HMFCA, followed by 

hydroxyl oxidation to FFCA, whereas in 

Na3H6FeMo6O24·5H2O, hydroxyl oxidation to DFF 

precedes nucleophilic addition and dehydrogenation to 

FFCA. FDCA formation generally proceeds through the 

DFF and FFCA intermediates, with Mo and V centers 

serving as the catalytic active sites for the stepwise 

oxidation. 

4 Reduction of FF and HMF 
This section focuses on the reductive 

transformations of FF and HMF catalyzed by 

POM-based systems. According to the nature of the 

hydrogen source, these reductive transformations can be 

classified into three categories, involving molecular 

hydrogen, alcohols (most commonly isopropanol), and, 

in electrocatalytic systems, water. Among them, the 

reductive conversion of FF using isopropanol as a 

hydrogen donor has been most extensively investigated. 

For each representative example, attention is paid to the 

preparation of the POM-based catalyst, the specific role 

of POMs in the catalytic process, the catalytic 

performance (conversion, product yield, and catalyst 

stability), as well as the catalytic mechanism. 
4.1 Molecular hydrogen as reductant 

Molecular hydrogen (H2) is one of the most widely 

used hydrogen sources for the reduction of FF and 

HMF over metal-based catalysts.[37] However, studies 

involving POM-based catalytic systems remain rather 

limited, primarily because POMs themselves are 

generally incapable of directly activating H2. Yadav et 

al. reported a bifunctional metal-acid catalyst, 

Pd-CsDTP/K-10, which can convert HMF into 

2,5-dimethyl furan (DMF), a promising candidate for 

biofuel blending (Fig. 24).[155] The catalyst was 

fabricated by co-loading Cs2.5H0.5PW12O40 (CsPW12) 

and Pd on montmorillonite K-10 clay, which achieves 

98% HMF conversion, yielding 81% DMF under 

relatively mild conditions (90 ℃, 1.0 MPa H2, 2 h). 

Real-time analysis shows that the concentration of 

bis(hydroxymethyl)furan (BHMF) initially increased 

and then decreased as the reaction proceeds, while the 

concentration of DMF increases correspondingly, 

confirming BHMF as a reaction intermediate. 

Generally, the conversion of HMF to DMF proceeds via 

an initial hydrogenation to form BHMF, followed by the 

hydrogenolysis of BHMF to yield DMF. Compared 

with hydrogenation of HMF, the hydrogenolysis of 

BHMF is more challenging. It is found that 

homogeneous strong acid, such as HCl, can promote the 

hydrogenolysis of BHMF to DMF. In this catalytic 

system, Pd activates H2 playing a pivotal role in the 

hydrogenation process, while CsPW12 acting as a 

recyclable solid acid, enables the hydrogenolysis of 

BHMF to occur under mild conditions. 
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Fig. 24 Pd-CsDTP/K-10 for HMF conversion to DMF and its 

proposed reaction mechanism. Adapted with permission from 

Ref. [155], Copyright 2016 American Chemical Society. 

4.2 Alcohols as Hydrogen Source 

Alcohols are well-suited for the catalytic transfer 

hydrogenation (CTH) reaction mechanism. The 

hydrogen atoms on the α–C of alcohols have reduced 

electron density due to the electron-withdrawing effect 

of the hydroxyl group. These hydrogen atoms can be 

readily abstracted with the help of Lewis acid sites, 

forming H– or hydrogen radicals that serve as 

transferable hydrogen species. Compared to H2 as a 

hydrogen source, alcohols offer enhanced safety. 

Currently, isopropanol is widely utilized, primarily due 

to its structural symmetry and moderate steric 

hindrance. These properties not only ensure the ready 

removal of hydrogen atoms but also facilitate efficient 

interaction with the active sites of the catalyst. 

4.2.1 Production of furfuryl alcohol 

 

Scheme 5 The conversion of FF to FAL. 

FF can be reduced to furfuryl alcohol (FAL) via 

CTH (Scheme 5). FAL is a key platform chemical 

derived from biomass, with applications spanning 

multiple fields including chemical engineering, 

materials science, and pharmaceuticals—such as the 

synthesis of high-value-added chemicals and solvents. 

Intrinsically, the CTH process is acid-base-driven 

reaction, and their catalytic performance depends on the 

synergistic cooperation between Lewis acid sites and 

Brønsted acid sites. Along this line, Fu et al. reported 

bimetallic cluster catalysts (yPOMs/UiO-66x), prepared 

by immobilizing POM clusters onto Zr-based 

metal-organic frameworks (UiO-66x) via a 

microwave-assisted approach (Fig. 25(a)).[156] At 40 ℃, 

the reaction achieves a FAL yield of 96.0% with a 

selectivity of 98.1%. When the temperature is elevated 

to 80 ℃, the yield and selectivity are further enhanced 

to 99.2% and 99.4%, respectively. Notably, the catalyst 

maintains exceptional catalytic performance even after 

six consecutive recycles. DFT calculations revealed that 

the synergistic W6+–O2––Zr4+ acid-base sites facilitate 

the dissociation of the α–C(sp3)–H bond in isopropanol 

and the subsequent transfer of hydrogen to the activated 

carbonyl group in FF (Fig. 25(b)). 

 

Fig. 25 (a) The structure of yPOMs/UiO-66x (Right). (b) 

Proposed reaction mechanism over POMs/Zr-MOFs. Adapted 

with permission from Ref. [156], Copyright 2024 Wiley‐VCH 

GmbH. 

4.2.2 Production of levulinic acid 

 

Scheme 6 The conversion of FF to LA. 

As a pivotal platform chemical, LA bridges 

biomass resources and a wide range of 

high-value-added products. Usually, the transformation 

of FF to LA involves two cascade steps: (i) the 
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hydrogenation of FF to FAL, followed by (ii) the 

acid-catalyzed hydrolysis of FAL to yield LA (Scheme 

6). This requires Lewis acid sites in step (i) and 

Brønsted acid sites in step (ii). By impregnating 

H3PW12O40 on high surface area of SiO2, Bokade et al. 

synthesized a bifunctional catalyst, H3PW12O40/SiO2, 

possessing both Lewis and Brønsted acid sites.[157] This 

catalyst enabled the one-pot cascade of FF to LA with a 

yield up to 51% at 170 ℃ for 12 h, with the alcohol 

solvent serving dual roles as both the reaction medium 

and the hydrogen source. 

4.2.3 Production of isopropyl levulinate 

 

Scheme 7 The conversion of FF to IPL. 

Starting from FF, isopropyl levulinate (IPL) can be 

obtained in one pot via the formation of LA followed by 

esterification (Scheme 7). IPL has broad applications, 

serving as a fuel oxygenate additive, a flavor enhancer, 

and a key precursor for the production of 

γ-valerolactone. In 2016, Fan et al. reported a 

metal-acid bi-functional catalyst Au-H4SiW12O40/ZrO2 

for the conversion of FF to IPL.[158] First, H4SiW12O40 

is loaded onto the ZrO2 support via impregnation 

method, followed by the deposition and reduction of Au 

onto H4SiW12O40/ZrO2 under ultrasound assistance, 

ultimately yielding the Au-H4SiW12O40/ZrO2 catalyst. 

Under the conditions of 120 ℃ and 0.1 MPa N2 for 24 

h, the yield of IPL reaches 80.2%. Additionally, the 

catalyst is also applicable to the reaction of FF with 

ethanol, 2-butanol, 1-propanol, and 1-butanol, 

demonstrating its excellent compatibility with various 

alcohols. In this reaction, Au exhibits extremely high 

selectivity towards the reduction of –CHO group in FF, 

effectively promoting the formation of FAL. 

Meanwhile, the presence of POMs facilitates the 

acid-catalyzed alcoholysis of FAL to produce IPL, 

while ZrO2 serves as a support and plays a crucial role 

in regulating catalytic activity. In 2021, a series of 

bifunctional zirconia-zeolite-supported POMs (POMs = 

[PW12O40]3–, [PMo12O40]3–, [SiW12O40]4–) catalysts with 

tunable Lewis and Brønsted acid sites were successfully 

fabricated via an in-situ synthesis strategy by He et 

al.[159] H3PMo12O40/Zr-MCM-41 exhibits the optimal 

catalytic activity. Under the reaction conditions of 

150 ℃ and 24 h, the FF conversion reaches 99.3%, with 

the IPL yield as high as 79.6%. 

 

Fig. 26 Reaction pathway of FF conversion to IPL. Adapted with 

permission from Ref. [158], Copyright 2016 The Royal Society 

of Chemistry. 

In above mentioned studies, catalysts have 

generally been constructed by immobilizing 

Brønsted-acidic POMs onto supports featuring Lewis 

acid sites. More recently, Guo et al. proposed an 

alternative catalyst design strategy, synthesizing a series 

of dual-acidic POMs, MxHyPW12O40 (M = Sn, Fe, Zn, 

Ni, Cu), via an ion-exchange method in which the 

Lewis-acidic metal centers directly interact with the 

polyanion clusters to form insoluble salts.[160] By 

allowing precise tuning of Lewis and Brønsted acid 

sites, MxHyPW12O40 catalysts address two major 

liminations of conventional supported systems: poor 

synergistic effects and the resultant low catalytic 

activity and selectivity, which stem from an inability to 

regulate Lewis and Brønsted acid properties in 

CTH-alcoholysis cascade reactions. In addition, the 

“pseudo liquid-phase” behavior of the POMs also 

contributes to the improvement of catalytic 

performance. Among the synthesized catalysts, 

Sn0.25H2PW12O40 exhibited the best catalytic activities, 

giving IPL yield up to 91.6% at 170 ºC for 120 min. 

4.2.4 Production of γ-valerolactone 

 

Scheme 8 The conversion of FF to GVL. 
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FF can also be converted to γ-valerolactone (GVL) 

through a multi-step cascade as shown in Scheme 8. 

GVL is a versatile molecule with a wide range of 

applications, serving as an illuminating liquid, a 

high-performance biofuel, and a promising fuel 

additive, as well as a key precursor for the synthesis of 

liquid alkanes and high-value biopolymers.[161] In 2019, 

Jae et al. successfully synthesized the PW12/Zr-Beta 

catalyst by supporting H3PW12O40 (PW12) on Zr-Beta 

zeolite via the incipient wetness impregnation 

method.[162] The incorporation of PW12 significantly 

enhanced the catalyst’s hydrolytic ring-opening 

capability. Moreover, PW12 and Zr active sites exhibited 

a synergistic effect, which remarkably accelerated the 

GVL formation rate from LA. As a result, the 

PW12/Zr-Beta catalyst demonstrated exceptional 

performance in the one-pot conversion of FF to GVL. 

Eventually, a remarkable GVL yield of approximately 

70% was achieved under mild reaction conditions (160 

ºC, 24 h).  

Later, Lingaiah et al. successfully fabricated the 

catalyst PW12/ZrO2-SBA-15 by dispersing PW12 onto 

ZrO2-doped mesoporous silica SBA-15, which showed 

the high activity with complete conversion of FF and a 

GVL yield of 81% after 11 h at 170 ºC[163]. In addition, 

combining Zr-based MOFs with POMs is also a 

judicious choice. For instance, Unlu et al. supported 

PW12 on UiO-66. At 90 ºC, FF was completely 

converted with a GVL yield of up to 94.21%. More 

importantly, after 10 cycles of reuse, the catalyst 

retained a FF conversion of 96% and a GVL yield of 

85%, showing negligible activity loss[164]. Similarly, 

Feng et al. confined PW12 within Zr-MOFs for the 

conversion of FF to GVL, achieving a GVL yield of 

58.1%[165]. Recently, the bifunctional PW12/Hf-SBA-15 

(W/Hf = 0.37) catalyst was successfully fabricated via a 

sequential wet impregnation method by Xue et al.. 

Under the reaction conditions of 170 ºC for 4 h, the 

selectivity of GVL reached 73.5%. Specifically, Hf 

provides Lewis acid sites to mediate hydrogen transfer 

reactions, while PW12 acts as Brønsted acid sites to 

promote the ring-opening process. The synergistic 

effect between Lewis acid sites and Brønsted acid sites 

is the key for achieving high GVL selectivity[166].
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Table 3 Catalytic conversion of FF to LA/AL/IPL/GVL by POM catalysts. 

Catalyst Product Temp. (℃) Time (h) Conv. (%) Yield (%) TOF (h-1) Ref. 

50(wt.%)H3PW12O40/SiO2 LA 170 12 — 51 6.12 [157] 

Au-H4SiW12O40/ZrO2 AL 120 24 100 80.2 1.51 [158] 

H3PMo12O40(20)/Zr-MCM-41a IPL 150 24 99.3 79.6 1.05 [159] 

Sn0.25H2PW12O40 IPL 170 2 95.4 91.6 1.90 [160] 

H3PW12O40/Zr-Betab
 GVL 160 24 100 68.0 0.49 [162] 

H3PW12O40/ZrO2-SBA-15c GVL 170 11 100 81 28.7 [163] 

H3PW12O40-UiO-66d GVL 90 7 100 94.21 13.4 [164] 

POMOF-PWe GVL 160 23 — 58.1 1.46 [165] 

H3PW12O40/Hf-SBA-15_0.37 

(W/Hf = 0.37) 
GVL 170 4 100 73.5 353.8 [166] 

aZirconia and H3PMo12O40 catalysts supported on zeolite fabricated via an in-situ approach. 

bZr-Beta: Zr-Beta zeolites. 

cSBA-15: an ordered mesoporous neutral material with large surface area, widely employed as catalyst support in diverse reactions. 

dUiO-66: the zirconium-based MOF. 

eThe postsynthetic functionalization of Zr-MOF via incorporation of H3PW12O40. 

4.2.5 Production of 5-hydroxymethylfurfuryl alcohol 

 

Scheme 9 The conversion of FF to MFA. 

The previous studies have focused on the reductive 

conversion of FF, whereas reports on the reduction of 

HMF are limited. Starting from HMF, 5-methylfurfuryl 

alcohol (MFA) can be obtained (Scheme 9). MFA 

serves as a versatile building block that enables the 

synthesis of diverse high-value materials, including 

flame-retardant composites. Additionally, it acts as a 

key intermediate in the production of bio-oil additives, 

flavor enhancers, and food preservatives. A 

lignin-MOF-based catalyst (Ni3Co-MOF-LS) modified 

with silicotungstic acid (SiW12) was fabricated, in 

which the Ni and Co metallic sites, coupled with the 

acidic sites of SiW12, enabled complete HMF 

conversion (100%) and a high MFA yield of 86.5% 

(240 ℃, 2 MPa N2).[167] Both total acidity and the 

distribution of strong to medium–strong acid sites were 

essential for effective adsorption and desorption of 

reactants and intermediates. 

4.3 Water as Proton Source in Electrocatalytic 

Reduction of FF and HMF 

Conventional thermal hydrogenation generally 

requires harsh reaction conditions, such as elevated 

temperatures and high H2 pressures, which result in 

high energy consumption and stringent equipment 

requirements. Moreover, the use of molecular hydrogen 

poses inherent safety concerns due to its flammability, 

including risks of leakage and explosion.[168] In 

addition, the high reaction temperatures often lead to 

undesired side reactions, decreasing the selectivity 

toward the target product.[169] Although alcohols can be 

employed as alternative hydrogen donors to avoid the 

direct use of molecular H2, alcohol-based transfer 

hydrogenation often suffers from low hydrogen 

utilization efficiency, unavoidable by-product formation 

from alcohol oxidation, and increased energy and 

separation costs. 

4.3.1 Fundamentals of Electrocatalytic Reduction 

Using Water as Proton Source 

In contrast, electrocatalysis offers several 
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advantages over conventional thermocatalysis. Firstly,  

 

Scheme 10 The major pathways and products in the electrocatalytic reduction of FF and HMF. 

electrocatalytic reactions generally proceed under mild 

conditions with lower energy consumption, thereby 

avoiding the harsh high-temperature and high-pressure 

environments required in traditional approaches. 

Additionally, the electrical energy driving 

electrocatalysis can be readily supplied by renewable 

sources, such as wind, solar, and tidal power, enhancing 

the overall sustainability of the process.[170] 

Furthermore, the use of water as a hydrogen source 

makes electrocatalysis both economically attractive and 

environmentally friendly. 

The reduction of FF and HMF primarily involves 

C=O and C–O bonds and can proceed via 

hydrogenation, hydrogenolysis or dimerization 

pathways. Hydrogenation of the C=O bond adds 

hydrogen without cleaving the C–O bond, forming 

alcohols, whereas hydrogenolysis cleaves C–O, 

converting C=O or C–O into –CH3. Dimerization 

involves C–C coupling of ketyl radicals generated 

during the reduction of HMF or FF, including reactions 

such as aldol condensation and 

hydroxyalkylation/alkylation (Scheme 10). The 

electroreduction of FF and HMF involves multiple 

parallel and competing reaction pathways, which often 

leads to low selectivity toward the desired reduction 

products. Moreover, because these reactions are 

typically carried out in aqueous media, the competing 

hydrogen evolution reaction (HER) is unavoidable, 

thereby diminishing the Faradaic efficiency. It has been 

demonstrated that electrocatalytic performance can be 

regulated by various factors, including electrolyte pH, 

applied potential, reactant concentration, electrolyte 

composition, and the nature of the catalyst. Among 

these parameters, the catalyst plays a particularly 

critical role in governing product selectivity.[171] In this 

context, the design of electrocatalysts becomes crucial 

for the enhancement of catalytic activities. Currently, 

research on the electrocatalytic reduction of FF and 

HMF has mainly focused on metal-based catalysts, 

especially Cu due to its relatively high HER 

overpotential. Given that the electroreduction of FF and 

HMF inherently involves both electron and proton 

transfer, integrating electron-proton storage units, 

POMs, with catalytically active Cu centers provides a 

promising new strategy for catalyst design. 

4.3.2 Electroreductive C−C Coupling of Furfural to 

Hydrofuroin 

Electrochemically driven C–C coupling of 

biomass-derived platform molecules, such as FF and 

HMF, offers an attractive approach for sustainable 

biofuel production. The reduction of FF via H⁺/e⁻ 

transfer generates a ketyl radical intermediate, which 
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can undergo self-coupling to form hydrofuroin (HDF) 

or be further reduced through an additional H⁺/e⁻ 

transfer to yield FAL. Previous investigations show that 

Cu and Pb are effective catalysts for converting FF into 

HDF, but high HDF selectivity relies on strongly 

alkaline conditions. Nevertheless, obtaining C–C 

coupled products in high yields under mild reaction 

conditions is still challenging. 

Recently, we reported a highly efficient 

electrocatalyst, [Cu(pz)]3[PW12O40] (Cu-PW12, pz = 

pyrazine), with well-defined structure, in which the 

Cu-pz complex serves as the redox-active catalytic 

center, while the Keggin-type {PW12O40} functions as 

an electron reservoir (Fig. 27(a)).[49] Under neutral and 

ambient conditions, FF was converted almost 

completely ( >99%) with high selectivity toward HDF, a 

key precursor for jet fuel (91.2%). The catalytic activity 

of Cu-PW12 far surpasses that of the Cu-pz complex, 

CsPW12 alone, or their physical mixture, highlighting a 

synergistic catalysis effect between Cu center and PW12 

(Fig. 27(b)). Importantly, the catalyst demonstrates 

excellent cycling stability, maintaining both activity and 

selectivity over multiple cycles (Fig. 27(c)). 

A combination of experimental and computational 

approaches was employed to elucidate the reaction 

pathway and underlying mechanism. Initially, the 

radical scavenger 

4-amino-2,2,6,6-tetramethylpiperidine-1-oxyl 

(4-NH3-TEMPO) was introduced into the reaction 

system, and the formation of the furyl-TEMPO adduct, 

confirmed by GC-MS, directly demonstrated the 

involvement of radical intermediates (Fig. 27(d)). 

Electron paramagnetic resonance (EPR) experiments 

further validated the presence of ketyl radicals. Kinetic 

isotope effect (KIE) studies were then conducted to 

exclude the participation of the Volmer step. 

Electrolysis using D2O instead of H2O revealed that 

water is the primary hydrogen source, although the 

phosphate electrolyte (NaH2PO4/Na2HPO4) can also 

provide partial protons. 

The addition of thiocyanate ions (SCN–), which 

coordinate to and poison the Cu center, caused a 

significant decrease in FF conversion and HDF yield, 

demonstrating that Cu serves as the main active site for 

FF reduction (Fig. 27(e)). To clarify the role of POMs, a 

crystalline Cu-pz catalyst was synthesized. For Cu-pz 

alone, the rate-determining step is the HER, whereas 

incorporation of POMs alters the rate-determining step 

to the reduction of FF. The role of POMs was further 

elucidated by comparing the electrochemical properties 

of Cu-PW12 and Cu-pz, including electrochemical 

impedance spectroscopy (EIS), electrochemically active 

surface area (ECSA), Tafel slope, and cyclic 

voltammetry (CV) (Fig. 27(f)). POMs act as electron 

mediators, enhancing electron-transfer efficiency to 

promote furfural conversion, while simultaneously 

modulating the Cu(I)/Cu(0) redox potential to favor 

HDF formation.  

Based on the above experiments, Cu LMM Auger 

XPS spectrum and density functional theory (DFT) 

calculations, a plausible electroreduction mechanism is 

proposed (Fig. 27(g)). PW12 and the Cu center in 

Cu-PW12 are sequentially reduced. The adsorbed FF is 

then reduced by Cu0 to generate a ketyl radical, while 

Cu0 is oxidized to CuI. The ketyl radical quickly 

detaches from the electrode and undergoes 

self-coupling in solution to form HDF.Ju
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Fig. 27 (a) Fabrication of Cu-PW12. (b) Electroreduction of FF over various catalysts. (c) Recycling test of FF electroreductive C–C 

coupling. (d) GC-MS spectrum of TEMPO. (e) FF reductive C–C coupling electrocatalytic activity with/without KSCN. (f) CV curves of 

PW12 solution (black), Cu-PW12 (orange) and Cu-pz (green). (g) Plausible mechanism of FF conversion to HDF. Adapted with permission 

from Ref. [49], Copyright American Chemical Society 2024. 

4.3.3 Selective Electrocatalytic Hydrogenation of 

5-Hydroxymethylfurfural 

HMF can be reduced to a higher value product of 

BHMF by selective hydrogenation. This reaction 

proceeds via two hydrogenation steps. The initial step is 

through a hydrogen atom transfer (HAT) process 

involving surface-adsorbed H* species, leading to the 

formation of ketyl radical intermediates. However, 

when the catalyst surface cannot supply sufficient H* 

species, the subsequent hydrogenation step is impeded. 

Instead, the coupling of ketyl radicals to form 

bis(hydroxymethyl)hydrofuroin (BHH) becomes the 

predominant reaction pathway. The key to mitigate the 

accumulation of ketyl radicals is to reduce the energy 

barrier for their hydrogenation.  

Sun and co-workers achieved this by depositing 

PMo12 onto Cu nanowires, thereby constructing an 

efficient composite electrocatalyst (PMo12/Cu) (Fig. 

28(a)).[59] The catalyst exhibits excellent electrocatalytic 

activity for the hydrogenation of HMF to BHMF, 

achieving an HMF conversion of up to 93% and a 

BHMF selectivity of up to 97% under a high substrate 

concentration (1.0 M). To understand the role of PMo12 

in the composite catalyst, Cu nanowires were prepared 

as a control catalyst. The introduction of PMo12 

promotes the Volmer step, thereby accelerating the 

generation of surface-adsorbed H* species (Fig. 28(b)).  

Mechanistic investigations combined with density 

functional theory calculations reveal that the PMo12/Cu 

heterointerface functions as the active site for the 

electrocatalytic hydrogenation process (Fig. 28(c)). The 

enhanced electrocatalytic activity can be attributed to 

the stronger adsorption of water—the hydrogen 

source—on PMo12/Cu compared with that on Cu 

nanowires. In addition, hydrogen bonding between the 

O atoms in the POM and the H atoms of water further 

stabilizes the adsorbed water molecules. Upon 

adsorption, water molecules dissociate, and the 

resulting H atoms preferentially bond with O atoms in 

the POM, forming Mo–O–H species. The formation of 

this Mo–O–H configuration effectively lowers the 

energy barrier for O–H bond dissociation, thereby  
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Fig. 28 (a) Synthesis process of PMo12/Cu. (b) Linear sweep voltammetry (LSV) curves and applied potential vs. current density. (c) 

Theoretical calculation of the reaction. Adapted with permission from Ref. [59], Copyright 2024 American Chemical Society. 

facilitating the Volmer step and promoting the 

generation of H* species. For the hydrogenation of ketyl 

radicals, the ketyl radicals are adsorbed at the interface 

between PMo12 and Cu nanowires, where they are 

stabilized through hydrogen bonding with O atoms in 

the PMo12 lattice. Simultaneously, the proximity of H* 

species to the Cu surface synergistically reduces the 

hydrogenation energy barrier. 

Overall, due to the intrinsically weak reducing 

ability of POMs, additional active sites are generally 

required to facilitate the catalytic reduction of FF and 

HMF. To date, only one example using H₂ as the 

hydrogen source has been reported with 

Pd-CsPW12/K-10, in which Pd activates H2 to promote 

hydrogenation, while CsPW12 facilitates the 

hydrogenolysis reaction through its Brønsted acidity. In 

the reductive conversion of HMF and FF, catalytic 

transfer hydrogenation with alcohols (mainly 

isopropanol) as the hydrogen donor has been most 

extensively investigated. In catalyst design, Lewis 

acidic centers are typically combined with Brønsted 

acidic POMs: the Lewis acid centers generate H⁻ or 

hydrogen radicals, while POMs promote subsequent 

reactions such as furan ring opening or esterification. 

Although the use of alcohols as hydrogen donors avoids 

the need for explosive H2, these reactions generally 

require relatively high temperatures (90 ~ 170 °C), long 

reaction times, and suffer from relatively low atom 

economy. In contrast, electrocatalytic reduction with 

water as the hydrogen source offers several advantages, 

such as low cost, environmental benignity, and mild 

reaction conditions, and thus represents a highly 

promising strategy, although research in this area is still 

in its infancy. In terms of catalyst design, Cu typically 

serves as the catalytic active center, while POMs act as 

proton–electron sponges, playing a crucial role in 

facilitating electron transfer and activating water 

molecules. 

In catalytic transfer hydrogenation, alcohols act as 

both the hydrogen source and the solvent, whereas in 

electrocatalytic reduction, water is typically used as the 

main solvent, with a small amount of organic solvent 

added to enhance substrate solubility. Current studies 

mainly focus on the reductive conversion of FF, while 

the reduction of HMF has been much less explored. 

This may be attributed to the fact that HMF contains 

both hydroxymethyl and aldehyde functional groups, 

which makes the reduction reactions more complex and 

difficult to control. 

 Etherification 

 

Scheme 11 The reaction process of HMF to EMF or 5-BMF. 

Hydroxyl groups in HMF can react with alcohols 

to produce corresponding ethers, a process known as 
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etherification (Scheme 11). These ethers are considered 

promising biofuel candidates, including 5- 

ethoxymethylfurfural (EMF), 5-butoxymethylfurfural 

(5-BMF) and so on. POMs are frequently employed as 

catalysts for such etherification reactions[172] due to 

their strong acidity, environmental friendliness, and 

non-corrosive properties. Table 4 lists the currently 

reported POMs catalysts for the etherification of HMF 

and their catalytic performance. Among these catalysts, 

tungsten-based POMs are the most widely employed. 

The mechanism of the etherification reaction between 

HMF and ethanol, catalyzed by [HPW12O40]2− anion, 

was investigated by Yang et al. from a theoretical 

calculation perspective.[173] Their theoretical 

calculations revealed that the protons H+ located on 

the[W−OcH−W] and [W=OdH] active sites play a 

crucial role in the etherification reaction of HMF with 

ethanol to form EMF. 

 

Fig. 29 Reaction routes for fructose conversion to EMF. Adapted 

with permission from Ref. [173], Copyright 2021 American 

Chemical Society. 

Furfural acetals serve as feedstocks for various 

chemicals, including biofuel additives, fragrance 

ingredients, and solvents. The condensation reaction 

between FF and alcohols necessitates the involvement 

of acid catalysts, and POMs stand out as a promising 

option. Brusiquezi et al. fabricated Cs- and Co-doped 

Keggin-type POMs for this acetalization reaction, 

achieving remarkable catalytic performance.[174,175] 
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Table 4 Catalytic conversion of HMF to EMF/5-BMF by POM catalysts. 

Catalysts Product Temp. (℃) Time (h) Conv. (%) Yield (%) TOF (h-1) Ref. 

H4SiW12O40/MCM-41 nanospheresaa EMF 90 4 92.0 77.4 20.87 [176] 

Fe3O4@SiO2-H3PW12O40 EMF 100 11 97.9 83.6 1.15 [177] 

30% wt.% K-10 clay-H3PW12O40
b EMF 100 10 98.3 91.5 1.16 [178] 

40 wt.% MCM-41-H3PW12O40 EMF 100 24 96.1 83.4 5.00 [179] 

Ag1H2PW12O40 EMF 100 10 94.4 88.7 5.21 [180] 

Cs2H2SiW12O40 EMF 120 2.5 100 91 34.92 [181] 

[Cu–BTC][H3PMo12O40] (NENU-5)c EMF 140 12 100 68.4 6.06 [182] 

Pyridine-H3PW12O40-1 EMF 80 24 97 90 1.84 [183] 

30% TaTPA/SnO2
d EMF 120 0.75 99.5 90.2 143.5 [184] 

25 wt% H3PW12O40/NbPe EMF 120 1 95.2 89.0 128.2 [185] 

H14[NaP5W29MoO110] (12.5%)@SiO2 5-BMF 100 1 89 73 1108 [186] 

Fe3O4@SiO2@KCC-1/Al10/H3PW12O40xf EMF 120 1.5 99.5 93.1 99.3 [187] 

aMCM-41 nanospheresa: Monodispersed mesoporous silica nanoparticles.[188] 

bK-10 clay: a layered silicate mineral with a three-layer structural configuration. 

c[Cu–BTC][H3PMo12O40] (NENU-5): a MOF-based compound (BTC = benzene-1,3,5-tricarboxylate). 

dModification of H3PW12O40 via Ta ion exchange of protons and dispersion on SnO2 support. 

eNbP: mesoporous niobiumoxophosphate. 

fCore-shell particles based on dendritic fibrous silica microspheres. 
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During the valorization of FF and HMF, 

especially in oxidation and etherification reactions, 

humins are generated as a byproduct. Humins are 

formed via complex interactions involving ether 

linkages, ester bonds, and other functional groups, and 

can be regarded as small molecular structural units 

based on various furan derivatives.[124] Prolonged 

reaction time, high temperatures, high substrate 

concentrations, and a large number of catalytically 

active sites all promote the formation of humins. 

Moreover, in recycling experiments, humins deposited 

on the catalyst surface block the access of FF and 

HMF to active sites, resulting in a slight decrease in 

controsubstrate conversion.[150] Therefore, appropriate 

l of reaction conditions is necessary to suppress side 

reactions. 

6 Conclusions and outlooks 

Recent progress in the POM-catalyzed 

valorization of lignin, FF and HMF, is summarized. 

POM catalysts possess significant intrinsic 

advantages: they feature designable structures and 

tunable compositions, exhibit dual properties of 

acidity, basicity and redox activity, and possess unique 

electron and proton storage and transfer capabilities. 

These characteristics enable POMs to adapt to various 

reaction systems such as thermal catalysis, 

photocatalysis, and electrocatalysis, providing a 

flexible catalytic solution for different types of 

biomass conversion reactions. Meanwhile, 

homogeneous and heterogeneous POM catalysts are 

compared in terms of stability, reusability and 

practical application. Homogeneous POMs show high 

activity but suffer from difficult recovery and metal 

leaching. Heterogeneous POM systems exhibit better 

stability and recyclability, although mass transfer and 

activity may be compromised. A rational balance 

between catalytic performance and durability is 

critical for biomass valorization. 

For lignin depolymerization, the catalytic roles of 

different POM families, including 

polyoxomolybdates, polyoxotungstates, 

polyoxovanadates, and polyoxoniobates, are 

highlighted, with emphasis on cleavage pathways and 

catalytic mechanisms, particularly in systems studied 

using lignin model compounds. Current challenges in 

lignin depolymerization include the reliance on 

elevated temperatures and high oxygen pressures, as 

well as the fact that most mechanistic studies and 

evaluations of catalytic activity have been performed 

using lignin model compounds, leaving the activity 

toward complex natural lignin uncertain. In addition, 

some depolymerization processes, particularly for 

natural lignin, employ stoichiometric rather than truly 

catalytic amounts of homogeneous POMs, raising 

concerns about catalyst recovery and reusability. Most 

studies to date have focused on exploiting the intrinsic 

acidity, basicity, and oxidative properties of POMs 

under thermal conditions. Looking forward, the 

unique electron and proton storage and transfer 

capabilities of POMs could be harnessed in 

electrocatalytic or photocatalytic systems, enabling 

efficient bond cleavage under milder, greener 

conditions and improving carbon efficiency in lignin 

valorization. 

For the oxidation of biomass-derived furan 

molecules, current studies have primarily focused on 

the oxidation of HMF, typically using molecular 

oxygen as the oxidant (from high to ambient 

pressures) under thermal conditions. Commonly 

employed POM catalysts include polyoxomolybdates, 

vanadium-substituted polyoxomolybdates, and 

polyoxovanadates. While satisfactory catalytic 

performance has been achieved for the selective 

oxidation of HMF, the range of reported oxidation 

products remains limited, mainly yielding DFF, 

whereas other valuable products such as HMFCA, 

FDCA, and FFCA have been less frequently reported. 

In the case of FF, oxidation predominantly produces 

maleic acid and maleic anhydride with relatively low 

yields, possibly due to overoxidation to CO2. 

Although non-POM catalytic systems can produce 

additional oxidation products from FF, these 

transformations have not yet been demonstrated with 

POM catalysts. Furthermore, only a few studies have 

explored electrocatalytic or photocatalytic oxidation 

of HMF over POMs, and there is still considerable 

room for improvement in catalytic efficiency and 
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product selectivity under mild conditions. 

For the reduction of biomass-derived furan 

molecules by POM catalysts, research has focused 

primarily on FF, with most studies relying on transfer 

hydrogenation using isopropanol as the hydrogen 

source. Direct hydrogenation using H2 has been rarely 

reported, largely because POMs are generally 

incapable of activating molecular hydrogen. 

Electrocatalysis offers new opportunities for 

POM-catalyzed reduction of FF and HMF. Although 

electrocatalysis presents several advantages over 

thermocatalysis in the reduction of biomass-derived 

FF and HMF, research in electrocatalytic 

reduction—especially involving POM-based 

catalysts—remains at an early stage. Numerous 

challenges still need to be addressed. The first priority 

is to improve product selectivity and reaction 

efficiency while minimizing competing side reactions, 

such as HER, dimerization and over-reduction. 

Additionally, the rational design of catalytic active 

sites is critical for enhancing intrinsic activity. Beyond 

achieving high activity and stability, an effective 

catalyst should expose sufficient accessible sites to 

facilitate substrate adsorption. Moreover, due to the 

complexity of electrocatalytic reduction, elucidating 

the underlying reaction mechanisms continues to be 

challenging, particularly in tracking reactive 

intermediates. Advanced in situ and operando 

characterization methods play a key role in elucidating 

catalytic mechanisms. Finally, the product scope of 

electrocatalytic reduction remains relatively narrow 

compared to thermocatalysis. High-value products, 

such as furan, n-butanol, and n-butane, which are 

accessible via thermal routes, cannot yet be obtained 

through existing electrocatalytic methods. In this 

context, POMs owing to their unique electron–proton 

storage capability as well as their structurally 

designable and compositionally tunable nature, hold 

great promise for advancing the electrocatalytic 

reduction of biomass-derived molecules. 

The core challenges for industrial application 

mainly include four aspects: i) how to achieve 

efficient recovery and reuse of homogeneous POMs to 

reduce the cost of industrial application; ii) developing 

high-efficiency POM-based catalysts suitable for 

natural biomass feedstocks to bridge the performance 

gap between model compounds and actual raw 

materials; iii) optimizing reaction processes to reduce 

the harshness of reaction conditions and realize mild, 

green, and large-scale production; iv) deepening the 

understanding of catalytic mechanisms through 

advanced characterization techniques to provide 

theoretical support for the rational design of catalysts. 

To promote the practical application of POM catalysis 

in biomass valorization, several concrete research 

directions are proposed. Future efforts should focus on 

the rational design of POM structures, in-depth 

mechanistic studies via operando characterization, and 

the development of stable and recyclable 

heterogeneous POM systems. The integration of POM 

catalysis with renewable energy inputs such as 

photocatalysis and electrocatalysis is highly promising 

for mild and green conversion. Further research 

should also address key bottlenecks including catalyst 

cost, scalability, and compatibility with industrial 

biorefineries, to advance sustainable biomass 

valorization. By systematically summarizing the 

catalytic roles of different POM families in reaction 

pathways, and structure-activity relationships across 

thermal, photocatalytic, and electrocatalytic systems, 

we hope this work provides a comprehensive 

reference for researchers in the field and inspires the 

rational design of next-generation POM-based 

catalysts for sustainable biomass valorization. 
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