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5-Hydroxymethylfurfural (HMF) serves as a key platform compound for the production of value-added

chemicals from biomass. Consequently, its catalytic oxidation to 2,5-furandicarboxylic acid (FDCA), a

highly promising renewable monomer substance, is of particular importance. But this process entails a

complex dehydroxylation reaction, which can lead to numerous competing side reactions. Therefore,

developing highly selective catalysts for this transformation remains a critical challenge. This study pio-

neers the use of a polyoxoniobate (PONb) incorporating vanadium and copper amine complexes,

Nb12V3Cu, for the catalytic oxidation of HMF. Unlike conventional polyoxometalates (POMs), this PONb-

based catalyst exhibits superior stability under alkaline reaction conditions. Comparative experiments

reveal that incorporating hetero-metallic components into PONb anions promotes the catalytic centers at

the terminal or bridging oxygen atoms. These sites demonstrate enhanced synergistic catalysis towards

both the hydroxyl and adjacent methylene groups in HMF, thereby facilitating the dehydrogenation and

oxidation processes. Under the optimized conditions, the Nb12V3Cu catalyst achieved 90.3% HMF conver-

sion with 81.4% FDCA yield, outperforming most reported counterparts, and maintained its activity over

five consecutive cycles. This research presents a novel hetero-metallic incorporation approach for the

design of polyoxometalate-based catalysts specifically customized for biomass conversion in alkaline

media, establishing a robust pathway for cutting-edge research on the selective oxidation of HMF to

produce its derived platform chemicals.

1. Introduction

The inherent conflict between rapid global economic develop-
ment and the finite supply of fossil resources has established
biomass as a critical alternative carbon source for the chemical
and petrochemical industries.1–3 Among various biomass-
derived compounds, 2,5-furandicarboxylic acid (FDCA), pro-
duced from the catalytic oxidation of 5-hydroxymethylfurfural
(HMF), is recognized as one of the twelve most valuable plat-
form chemicals.4,5 FDCA is a promising candidate for a wide
range of industrial applications, notably as a bio-based substi-
tute for terephthalic acid in the synthesis of polymers such as
polyesters, polyamides and polyurethanes.6 For example, its
condensation with diamines yields bio-based polyamides
(PAs), which are suitable for use in textiles and engineering
plastics.7,8 Additionally, FDCA serves as a key intermediate in
pharmaceutical synthesis, contributing to the production of

diverse drug molecules, including anti-inflammatory and anti-
tumor agents.9 Current technical pathways for the catalytic oxi-
dation of HMF to FDCA include biological enzymatic,10 electro-
catalytic,11 photocatalytic,12,13 and thermocatalytic14 methods.
Among these, thermocatalysis offers distinct advantages for
practical industrial groups,16 which activates the aldehyde
hydrogen atoms in HMF and its intermediate DFF, thereby
lowering the apparent activation energy and facilitating the
overall oxidation.17,18 It is noteworthy that an acidic catalytic
environment tends to promote the hydration of HMF, leading
primarily to levulinic acid (LA) and formic acid (FA).15

In contrast, alkaline conditions favor the selective oxidation
of HMF to FDCA.15 Alkaline additives provide hydroxyl
groups,16 which activate the aldehyde hydrogen atoms in HMF
and its intermediate DFF, thereby lowering the apparent acti-
vation energy and facilitating the overall oxidation.17,18

Additionally, FDCA’s low solubility in conventional media is
improved under alkaline conditions (e.g., with NaOH,19

NaHCO3,
20 Na2CO3,

21 or KHCO3
22) through ionization into

soluble salts, enhancing mass transfer and promoting FDCA
formation. However, excessively high pH or alkali loading can
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lead to side reactions such as furan ring opening23 and carbon
chain degradation19 and may accelerate corrosion of catalytic
sites and reactor materials.

Although noble metal catalysts (e.g., Au, Ag, Pd, Ru) exhibit
high catalytic activity, their large-scale industrial deployment
faces significant challenges, including scarcity, high cost, and
deactivation issues in alkaline media, such as metal leaching,
active site degradation, and structural corrosion.20–26

Polyoxometalates (POMs),27–29 a class of metal–oxygen clusters
comprising high-valence transition metals (e.g., V, Mo, W)
linked by bridging oxygen atoms, offer distinct advantages
such as tunable structures, diverse compositions,30–32 high
thermal stability,33,34 and unique redox properties.35–37 Owing
to these characteristics, POMs demonstrate considerable
potential for advanced applications, including pharmaceutical
synthesis,38,39 advanced magnetic materials,40 photochromic
materials,41,42 gas sensors,43–45 and energy conversion-storage
technologies.46–48 In biomass catalytic conversion, POMs have
been demonstrated to effectively convert biomass platform
molecules like HMF into high-value chemicals, including
DFF49–52 and FDCA.53,54 Recent studies indicate that
vanadium-substituted Keggin-type phosphomolybdates53 and
organo-ligand-modified polyoxomolybdates54 can significantly
enhance the catalytic efficiency of HMF oxidation to FDCA.

Most FDCA catalytic systems require alkaline additives,
whereas conventional POMs maintain structural integrity only
under acidic conditions. This incompatibility often leads to
the structural collapse of POM frameworks and leaching of
active components, preventing catalyst reuse. Consequently,
developing novel POM-based catalysts that concurrently
demonstrate high activity, robust stability under alkaline con-
ditions, and low cost is of considerable scientific and practical
importance. Among diverse POMs, polyoxoniobates (PONbs)
are notable for their stability in alkaline media. Their struc-
tural features, including high charge density and specific
surface area, underpin potential applications in virology,55 cat-
alysis, and degradation processes.56–58 In biomass catalysis,
PONbs are commonly employed in reactions such as dehydro-
genation and lignin cleavage.57,59,60 Unlike POMs based on
tungsten, molybdenum, or vanadium, the Nb5+ centers in
PONbs are not readily reducible, conferring high structural
stability.59,62 Consequently, their high charge density enables
them to catalyze reactions by adsorbing and activating polar
terminal hydrogen atoms on organic substrates. Reported
studies suggest that PONbs typically operate synergistically
with redox-active transition metals (e.g., Co, Cu, or Zr). In such
catalytic systems, PONbs activate substrates by adsorbing term-
inal hydrogen atoms, while the transition metal ions serve as
redox centers to accelerate substrate conversion.61,62 Previous
studies have shown that in the Nb6 structure, adjacent term-
inal oxygen (Ot) and bridging oxygen (Ob) sites can synergisti-
cally activate the Cβ–H bond of the PP-monomer.
Subsequently, molecular oxygen is inserted, followed by Cu/
C3N4-catalyzed selective cleavage of the Cα–Cβ bond, ultimately
yielding high-value aromatic products. DFT calculations reveal
that a similar Ot/Ob synergistic activation mechanism also

operates during the oxidation of HMF: these dual sites can
concurrently initiate the activation of the hydroxyl group and
the adjacent C–H bond, thereby promoting the oxidation
reaction.

In previous studies on the base-mediated oxidation of HMF,
PONbs exhibited relatively weak redox activity. Unlike the com-
posite system PONb-Co/Cu, Nb12V3Cu is a single-component
material that combines good stability and high catalytic
activity in the oxidation of HMF, while also allowing systematic
theoretical calculations and mechanistic investigations at the
molecular level. Building on the aforementioned insights, this
work systematically evaluates the catalytic performance of
stable PONbs for HMF oxidation under alkaline conditions,
resulting in the identification of an efficient PONb catalyst
comprising a copper complex and vanadium-substituted com-
ponent. This ternary catalytic system markedly enhanced the
HMF oxidation efficiency through synergistic interactions
among its components. Under the optimized conditions, this
catalyst achieves efficient conversion of HMF to FDCA,
affording a conversion rate of 90.3% and a selectivity of
90.14%, significantly surpassing the performance of most
reported catalysts.

2. Results and discussion

In the research on the pathway for converting HMF to FDCA
using POMs as a catalyst (Fig. S1), the primary structural
types employed include Keggin-type phosphomolybdates
and their vanadium-substituted derivatives, as well as POMs
by organic cations (Table S1, index 2). Representative
catalysts include H3[PMo12O40], H4[PMo11VO40],
H5[PMo10V2O40], H9[PMo6V6O40], [EMIM]4Mo8O26,
[CTAB]4Mo8O26, [EPy]4Mo8O26, etc.53,54 However, in catalytic
systems based on polyoxomolybdates, the introduction of
basic additives such as NaOH severely compromises their
structural stability. Consequently, these catalysts are unsuita-
ble for the recyclable or stable production of FDCA. However,
while H9[PMo6V6O40] (PMo6V6) exhibits catalytic activity, its
reported reactions are conducted in ionic liquid media
(Table S1, indexes 6 and 7).53 The high cost of ionic liquids
substantially raises the overall production cost, thereby limit-
ing their practical applicability. Fig. 1 illustrates the two
PONbs investigated in this work and their associated catalytic
process. K7[HNb6O19]·13H2O (Nb6) contains the Lindqvist-type
polyoxoanion [Nb6O19]

8−, which exhibits a highly symmetric
architecture characteristic of the PONbs family. The [Nb6O19]

8−

polyoxoanion is constructed from six NbO6 octahedra that
share edges to form a compact, superoctahedral cluster. This
anion can be viewed as a dimer of two corner-sharing [Nb3O13]
trimeric subunits,56 while [Cu(en)2]3.5[Cu(en)2(H2O)]
{[VNb12O40(VO)2][Cu(en)2]}·17H2O (Nb12V3Cu, en = ethylene-
diamine) can be interpreted as being composed of four
[Nb3O13] units, one {VO4} tetrahedron, two {VO5} polyhedra,
and one [Cu(en)2]

2+ complex.63 Within this structural configur-
ation, the vanadium sites in two distinct types of VOx polyhe-
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dra adopt differing oxidation states: the central vanadium
cation adopts a V5+ oxidation state, while the two capping
vanadium cations are present as V4+. The ultraviolet-visible
diffuse reflectance spectrum (UV-Vis DRS) of Nb12V3Cu dis-
plays distinct absorption bands between 450–900 nm
(Fig. S2c), attributable to d–d electron transitions and inter-
valence charge transfer (IVCT) between V4+ and V5+. In con-
trast, Nb6 exhibits only a narrow absorption band centered at
250 nm (Fig. S2). The Fourier transform infrared spectrum
(FTIR) confirms the successful synthesis of the catalysts
(Fig. S3).

The positions and shapes of all characteristic absorption
peaks in the spectrum are consistent with the target structure.
Additionally, the powder X-ray diffraction (PXRD) patterns
(Fig. S4) and Raman spectra (Fig. S5) demonstrate that all
three catalysts possess well crystallized structures and exhibit
high phase purity. The Mulliken atomic charges and bond
lengths for Nb6 and the structurally optimized [VNb12(VO)2]

11−

clusters (without copper–ammonia complexes) are presented
in Fig. 2a, b and Fig. S6a, b, respectively. Computational
results reveal that bridge oxygen (Ob) exhibits a higher electron
cloud density compared to terminal oxygen (Ot) in the PONbs.
Therefore, protonation of Ob sites is more favorable than that
of Ot sites, which aligns with previously reported findings.62

After insertion of V, similarly, the Ob site possesses a superior
capacity for proton adsorption compared to the Ot site.

Moreover, oxygen atoms within the {NbO6} units exhibit
higher charge densities compared to those in the {VO5} units,
which can be attributed to the differences in the radius and
electronegativity between the Nb and V atoms. The coordi-
nation of [Cu(en)2]

2+ introduces notable alterations in the
atomic charges and bond lengths. As depicted in Fig. 2c and
Fig. S6c, compared to the [VNb12(VO)2]

11− cluster, the electron
cloud density increases variably across all oxygen sites in the
Nb12V3Cu. The incorporation of the copper complex elongates
the bond lengths within the PONbs framework, thereby modu-
lating the atomic charge distribution and enhancing the
proton adsorption capacity of all oxygen sites. Hirshfeld
charge (Fig. S6d and e) analysis also leads to the same con-
clusion: the introduction of the copper complex alters the elec-
tron density distribution on the surface, thereby enhancing its
proton adsorption and activation capabilities.

The external standard method was employed to quantitat-
ively analyze the contents of HMF, DFF, HMFCA, FFCA, and
FDCA during the reaction process (Fig. S7). A systematic evalu-
ation of the catalytic performances of the three catalysts and
common vanadate was carried out at 110 °C under 0.8 MPa O2

(Fig. 3a). Among them, the Nb12V3Cu catalyst exhibited the
highest catalytic oxidation activity. When conventional NaVO4

was used as the catalyst, the HMF conversion reached only
60.02%, with an FDCA yield of 18.58%. For comparison, the
reference catalyst Nb6 was first evaluated alongside Cu

Fig. 1 Schematic illustration of the synthesis of the Nb12V3Cu and the
catalytic detection procedure (color codes: C, grey; N, blue; O, red; Cu,
purple; V, yellow; Nb, cyan).

Fig. 2 Mulliken population atomic charges of Ob and Ot in Nb6 (a),
[VNb12(VO)2]

11− (b), and Nb12V3Cu (c) (some oxygen atoms were omitted
for clarity; color codes: C, grey; N, blue; O, red; Cu, orange; V, yellow or
green; Nb, cyan).

Fig. 3 Catalytic oxidation performance of various catalysts for HMF
conversion (a). Reaction conditions: HMF (40 mg), catalyst (10 mg),
KHCO3 (70 mg), 110 °C, 6 h, O2 pressure (0.8 MPa), H2O/DMSO mass
ratio = 1 : 3 (6 mL total solvent). Effects of reaction parameters on HMF
oxidation over Nb12V3Cu: H2O/DMSO mass ratio (6 mL total solvent) (b),
reaction duration (c), temperature (d), catalyst loading (e), and alkaline
additives (f ). Reaction conditions: HMF (40 mg), O2 pressure (0.8 MPa),
alkaline additive (70 mg), solvent (6 mL).

Dalton Transactions Paper

This journal is © The Royal Society of Chemistry 2026 Dalton Trans., 2026, 55, 4085–4096 | 4087

Pu
bl

is
he

d 
on

 0
6 

Fe
br

ua
ry

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

1/
20

26
 7

:5
1:

42
 A

M
. 

View Article Online

https://doi.org/10.1039/d5dt03085d


(en)2SO4. Although Cu(en)2SO4 is known to promote the oxi-
dation of the hydroxyl group in HMF to an aldehyde,64 it
showed lower selectivity toward FDCA than Nb6. Notably,
under identical conditions, Nb12V3Cu outperformed Nb6
(Fig. S8), indicating a significant enhancement in overall cata-
lytic performance. The effects of key reaction parameters on
the oxidation of HMF catalyzed by Nb12V3Cu were systemati-
cally investigated, including the H2O/DMSO solvent mass
ratio, reaction time, temperature, catalyst loading, and the type
of alkaline additive. Four organic solvents were screened to
evaluate the performance of Nb12V3Cu in the catalytic oxi-
dation of HMF (Fig. S9). The results indicate that among aceto-
nitrile (ACN), ethylene glycol (EG), dimethyl sulfoxide (DMSO),
and N,N-dimethylformamide (DMF), the catalyst exhibited the
highest catalytic activity in the DMSO system. This can likely
be attributed to the relatively high solubility of FDCA in
DMSO, which facilitates product desorption from the catalyst
surface and thus promotes the forward reaction. The H2O/
DMSO mass ratio markedly influenced the catalytic perform-
ance (Fig. 3b). Utilization of pure water as the reaction
medium resulted in suboptimal catalytic efficiency. Both HMF
conversion and FDCA yield gradually increased with higher
proportions of DMSO. This trend can be attributed to the
higher polarity, elevated boiling point, and superior FDCA
solubility of DMSO. Specifically, DMSO facilitates the dis-
solution of FDCA at concentrations up to 30.7 wt%, represent-
ing a 256-fold increase compared to the maximum solubility of
0.12 wt% observed in aqueous solutions.65

Moreover, the base requirement correlates with water
content: although a higher water content enhances the solubi-
lity of the base, it may simultaneously increase the medium’s
alkalinity, thereby promoting HMF degradation. On the other
hand, DMSO interacts strongly with the intermediate DFF,66,67

facilitating its formation and stabilization. However, this
strong interaction may also arrest the oxidation at the DFF
stage, which suppresses the formation of downstream inter-
mediates like 2,5-furandicarboxylic acid (FFCA) and ultimately
hinders the accumulation of the final product, FDCA. This
effect accounts for the observed performance decline at exces-
sively high DMSO content.

Additionally, DMSO enhances oxygen dissolution in the
reaction system, which further accelerates the overall oxidation
process.68 The FDCA yield and HMF conversion reached their
maximum values at a reaction time of 6 hours (Fig. 3c). Fig. 3d
indicates that the reaction temperature was positively corre-
lated with the HMF conversion rate. The FDCA yield initially
increased with temperature but decreased upon further
heating beyond an optimum point. This trend can be
explained by the enhanced activation of substrate molecules
and improved contact with catalytic active sites at elevated
temperatures. However, when the reaction temperature was
further raised to 120 °C and 130 °C, the FDCA yield decreased
markedly, which can be attributed to the thermal decompo-
sition of FDCA and the propensity of HMF to undergo
polymerization or degradation into humic substances.53 At
catalyst loadings of 15 mg and 20 mg (Fig. 3e), the selectivity

toward FDCA decreased significantly, possibly due to increased
formation of other by-products in the reaction system.
Furthermore, alkaline additives promote FDCA formation, as
OH− facilitates the stepwise oxidation of aldehyde groups in
HMF to carboxyl groups via nucleophilic action.56 When
NaOH and KOH were used as alkaline additives, although
HMF conversion was nearly complete, the selectivity toward
FDCA remained low (Fig. S10), indicating the occurrence of
side reactions under strong alkaline conditions. Therefore, a
milder alkali was selected for the subsequent experiments.
The performance of various alkaline additives, including
NaHCO3, Na2CO3, KHCO3, and K2CO3, was systematically eval-
uated (Fig. 3f). The oxidation of HMF shows a strong depen-
dence on the alkali type: HMF conversion followed the order
KHCO3 ≈ K2CO3 > NaHCO3 ≈ Na2CO3, whereas the FDCA yield
decreases in the sequence KHCO3 > K2CO3 > NaHCO3 ≈
Na2CO3. The optimal dosage of KHCO3 was investigated
(Fig. S11). The Nb12V3Cu catalyst exhibited optimal perform-
ance for HMF oxidation when 70 mg of KHCO3 was added.
Further increasing the base amount led to a gradual decline in
FDCA yield, which may be attributed to the nonselective
decomposition of HMF and a decrease in FDCA selectivity
induced by excess alkali. This phenomenon can be attributed
to the tendency of DMSO to induce side reactions of furan pro-
ducts in the presence of excess alkali. Among the screened
bases, KHCO3 exhibits moderate alkalinity and induced the
least furan-related side reactions within the Nb12V3Cu catalytic
system. Therefore, KHCO3 was identified as the optimal alka-
line additive for maximizing FDCA production while suppres-
sing undesired side reactions. Compared with other catalysts
reported in the literature, Nb12V3Cu demonstrated superior
catalytic activity for HMF oxidation. Under a high HMF-to-cata-
lyst (HMF/cat.) ratio, this system achieved 90.3% HMF conver-
sion and 81.4% FDCA yield.

The kinetic behavior of the HMF oxidation reaction was
evaluated by determining the apparent activation energy
(Fig. S12). Based on the Arrhenius graph in Fig. 4a, the appar-
ent activation energy (Ea) for Cu(en)2SO4, Nb6, and Nb12V3Cu
was calculated to be 64.5 kJ mol−1, 52.8 kJ mol−1, and 44.8 kJ
mol−1, respectively. The differences in Ea and observed reac-
tion rates reflect the variations in the frequency factor (A)
among the three catalysts. The cyclic voltammetry (CV) test
curve shown in Fig. 4b revealed initial oxidation potentials of
−0.05 V for Cu(en)2SO4 and +0.08 V for Nb12V3Cu, while no
distinct oxidation signal was detected for Na3VO4 and Nb6.
These electrochemical results suggest that Nb12V3Cu possesses
the most favorable oxidation catalytic performance. It is also
noteworthy that, compared to heterogeneous systems, homo-
geneous catalytic reactions face the inherent challenge of cata-
lyst separation and recycling. To enable efficient catalyst reuse,
homogeneous catalysts must retain high activity, selectivity,
and structural integrity even at elevated product concen-
trations. The operational stability of Nb12V3Cu was assessed
via batch cycling experiments, in which HMF was added
sequentially without isolating the FDCA product. Over five con-
secutive reaction cycles, Nb12V3Cu maintained high catalytic
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stability, with a marginal decrease (∼5%) in HMF conversion
(Fig. 4c). The post-reaction solution was dried, and the result-
ing solid was sequentially washed with ethanol, centrifuged,
and dried again. The mass of the recovered catalyst was
approximately 95% of the initial mass. This mass loss may be
attributed to the adherence of the sample to the container
walls during the drying process and minor losses during cen-
trifugation and transfer. However, the FDCA yield declined by
approximately 10% after the fourth cycle. This decrease is
likely due to the formation of humic substances from HMF
during the reaction,69–71 which may deposit on the catalyst
surface and block active sites, thereby hindering the reactant
access and lowering the efficiency. To probe the structural
integrity of the catalyst after the reaction, post-reaction charac-
terization was conducted. The transmission electron
microscopy (TEM) images of Nb12V3Cu before and after the
reaction (Fig. S13) and UV-Vis DRS after the reaction with
Nb12V3Cu (Fig. S14) provide further insight into its stability.
More importantly, FTIR analysis of the spent catalyst (Fig. 4d)
indicated that the positions and line shapes of the character-
istic absorption peaks remained consistent with those of the
fresh Nb12V3Cu sample. The XRD patterns of the catalyst after
cycling (Fig. S15) indicate that its structure and crystal phase
remain intact. The corresponding elemental mapping
(Fig. S16) further shows that no leaching or loss of copper and
vanadium elements occurred. These results collectively
confirm that the structural integrity of the catalyst was main-
tained throughout the catalytic process. Unlike reported POM
catalysts, the Nb12V3Cu catalyst exhibits notable stability under
alkaline conditions and maintains high efficacy in the catalytic
oxidation of HMF to FDCA over multiple cycles. To elucidate
the mechanism of HMF catalytic oxidation, the active site

structure was systematically investigated. A control experiment
was conducted by replacing O2 with N2 under identical solvent
and pressure conditions (Fig. 5a). The catalytic performance of
Nb6 remained largely unaffected under these conditions. In
contrast, when Nb12V3Cu was employed as the catalyst, the
FDCA yield decreased significantly, indicating that O2 was the
key substance involved in this oxidation reaction.

To further probe the active sites in Nb12V3Cu, catalytic
experiments were performed using pyridine as a molecular
probe at varying concentrations (Fig. 5b). When the addition
amount of pyridine reached 100 μL, HMF conversion
decreased to 71% and the FDCA yield dropped to 52%. This
suppression of catalytic activity is attributed to the selective
adsorption of pyridine onto the Lewis acid site (Cu2+), thereby
blocking its catalytic function. Radical quenching experiments
were carried out to investigate the reaction pathway (Fig. 5c).
Adding quenching agents such as isopropanol (2-PrOH),
p-benzoquinone (P-BQ), and L-tryptophan, did not significantly
alter either the HMF conversion rate or the FDCA yield. These
results suggest the absence of conventional radical species,
such as superoxide radicals (•O2

−), in the catalytic mechanism.
This conclusion is further corroborated by UV-vis analysis,
which detected no formation of H2O2 during the reaction
(Fig. S17). X-ray photoelectron spectroscopy (XPS) was per-
formed on the spent Nb12V3Cu catalyst under both aerobic
and anaerobic conditions to elucidate the redox behavior of its
metal centers. As shown in Fig. 5d, the Cu 2p spectrum after
the O2 reaction exhibited peaks at 931.9 eV (for 2p3/2) and
951.8 eV (for 2p1/2) corresponding to Cu+, along with peaks at
933.9 eV and 953.8 eV assigned to Cu2+. Under a N2 atmo-
sphere, the corresponding binding energies shifted slightly to
931.8/951.7 eV for Cu+ and 933.8/953.7 eV for Cu2+.72 Semi-

Fig. 4 Activation energy of different catalysts for HMF oxidation (a). The CV curves of Cu(en)2SO4, Na3VO4, Nb6, and Nb12V3Cu in KHCO3 solution
(0.3 M) (b). Cycle tests for HMF oxidation by Nb12V3Cu (c). Reaction conditions: HMF (40 mg), catalyst (10 mg), KHCO3 (70 mg), 110 °C, 6 h, O2

pressure (0.8 MPa), H2O/DMSO mass ratio = 1 : 3 (6 mL total solvent). FTIR spectra of Nb12V3Cu before and after the reaction (d).
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quantitative analysis of the XPS peak areas revealed that 45.4%
and 46.3% of Cu2+ was reduced to Cu+ under O2 and N2 con-
ditions, respectively, confirming the participation of copper in
redox cycling. A similar redox behavior was observed for the
reference compound Cu(en)2SO4 (Fig. S18). In the V 2p region
(Fig. 5e and f), only the V5+ characteristic peaks (517.4 eV and
524.6 eV) were detected after the reaction under O2. In con-
trast, all vanadium species existed as V4+ (516.0 eV and 523.2
eV) under N2.

49 This indicates that when O2 is present, the
reduced state of V4+ is re-oxidized to the higher oxidation state
of V5+, and V5+ continues to participate in the oxidation
process of HMF, thereby significantly enhancing the catalytic
oxidation performance. Control experiments performed
without any catalyst at identical O2 pressure showed no signifi-
cant conversion of HMF to FDCA (Fig. S19), demonstrating
that O2 alone cannot directly and selectively oxidize HMF to
FDCA, and its oxidation efficiency is extremely low.
Furthermore, XPS analysis of the Nb 3d region in both Nb6
(Fig. S20) and Nb12V3Cu (Fig. S21) showed no change in the
niobium element after the reaction, which once again demon-
strates the stability of niobium in the PONbs structure. In
summary, O2 facilitates the redox cycle between Cu+/Cu2+ and
V4+/V5+ during the catalytic conversion process, which signifi-
cantly accelerates the conversion of HMF to FDCA.

To elucidate the catalytic reaction mechanism, systematic
density functional theory (DFT) calculations were performed.

As illustrated in Fig. 6a and b, the electron density distribution
and electrostatic potential of Nb6 and Nb12V3Cu were exam-
ined. The results reveal high electron density around the term-
inal and bridging oxygen atoms in the peripheral {VO5} and
{NbO6} coordination polyhedra, suggesting that these sites
possess high electronegativity and nucleophilic character
toward hydrogen atoms. Frontier orbital analysis of Nb12V3Cu
was subsequently performed to identify potential catalytic
sites. As shown in Fig. 6c and d, the highest occupied mole-
cular orbital (HOMO) is primarily localized on the PONb
cluster, the sites prone to involvement in electron transfer pro-
cesses. In contrast, the lowest unoccupied molecular orbital
(LUMO) is predominantly located on the [Cu(en)2]

2+ cation.
Moreover, the LUMO distribution further indicates that Cu
serves as the primary electron-accepting site, followed by V as
the secondary one. In addition, structural optimization and
energy calculations were carried out to model the interaction
between the terminal oxygen sites of Nb6 or Nb12V3Cu and the
terminal hydroxyl groups of HMF (Fig. S22). The results indi-
cate that despite minor differences in the adsorption free
energy (Eads) of HMF across various terminal oxygen sites,
adsorption remains spontaneous at all sites.

Notably, XPS analysis confirmed that the oxidation state of
Nb remained constant. To gain deeper insight into the role of
the {NbO6} unit in the catalytic oxidation mechanism, sub-
sequent DFT calculations were performed on various configur-
ations of HMF adsorbed onto the Nb12V3Cu catalyst. It was
found that HMF interacts with the {NbO6} structural unit via
two distinct binding modes. The first is characterized by –OH
adsorption on Ot, resulting in O–H bond activation and C–H
bond activation by an adjacent Ob (Nb12V3Cu–Nb–Ot, Fig. 6e).
In the second mode, Nb12V3Cu–Nb–Ob (Fig. 6f) features –OH
adsorption on Ob, activating the O–H bond while the C–H
bond is activated by Ot. Both of these combination modes can
simultaneously activate the O–H bond and the C–H bond. In
contrast, unlike the {NbO6} unit, HMF binding to {VO5} shows
key differences. When –OH binds to Ot (VvOt), the O–H bond
is activated, but the C–H bond activation is mediated solely by
an Ot from a neighboring {NbO6} unit, not by the {VO5} itself
(Nb12V3Cu–V1–Ot, Fig. 6g). Similarly, when –OH binds to Ot of
V2, the C–H bond activation occurs by an Ot from a neighbor-
ing {NbO6} unit (Nb12V3Cu–V2–Ot, Fig. 6h). However, the
Nb12V3Cu–V1–Ob mode results in no bond activation (Fig. 6i).
Given that the interaction between HMF and the {VO5} unit at
V2 yielded the same non-activating result (Fig. S23), it further
supports the conclusion that the {NbO6} unit is a principal
active site responsible for O–H and C–H bond activation in the
Nb12V3Cu catalyst. Similarly, no change in the valence state of
Nb was observed in the XPS analysis after catalysis with Nb6.
Accordingly, binding models of –OH with Ob and Ot were
simulated. In the Nb6–Ob binding model (Fig. S24), the O–H
bond was activated by Ob, while the C–H bond was activated
by an adjacent Ot. Likewise, in the Nb6–Ot binding model
(Fig. S25), the O–H and C–H bonds were activated by Ot and an
adjacent Ob, respectively. It was further demonstrated that the
catalytic oxidation capability of PONbs for HMF originates

Fig. 5 The catalytic performance of Nb6 and Nb12V3Cu in an N2 atmo-
sphere (a). Pyridine probe experiment for HMF oxidation over Nb12V3Cu
(b). Radical quenching experiments for HMF oxidation over Nb12V3Cu
(c). Reaction conditions: HMF (40 mg), catalyst (10 mg), KHCO3 (70 mg),
110 °C, 6 h, gas pressure (0.8 MPa), H2O/DMSO mass ratio = 1 : 3 (6 mL
total solvent), scavenger (0.25 mmol). Cu 2p XPS analysis of Nb12V3Cu
after reaction under O2 and N2 (d). V 2p XPS analyses of Nb12V3Cu
before and after reaction under O2 (e) and N2 (f ).
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from the synergistic activation of O–H and C–H bonds by brid-
ging and terminal oxygen atoms. The interaction energy
between the –OH group of HMF and the various O atoms of
Nb6 and Nb12V3Cu and the bond length variation (Δd ) of O–H
(ΔdOH), C–H (ΔdCH), and O–H⋯Ot (or Ob) distances are shown
in Table S2 and Table 1. DFT calculations reveal that compared
with the Ot and Ob atoms connected to V, the Ot and Ob atoms
related to Nb are more effective in cooperatively activating the
O–H and C–H bonds. This cooperative activation facilitates the
extraction of protons from HMF, which are transferred to the
Nb12V3Cu catalyst.

Based on XPS analysis and DFT calculations, Cu, V, and Nb
in the Nb12V3Cu catalyst constitute a ternary synergistic cata-
lytic center that facilitates the dehydrogenation and oxidation
of HMF and its intermediates. This catalytic conversion
involves the directional transfer of electrons and protons, con-

stituting a complete cycle. Furthermore, the unique structure
of Nb12V3Cu provides excellent substrate adsorption perform-
ance, enabling the cooperative activation of the –OH and –CH
groups. As illustrated in Fig. 7a, the –OH and adjacent –CH

Fig. 6 Electron density maps for Nb6 (a) and Nb12V3Cu (b). The frontier orbital analysis of Nb12V3Cu: HOMO (c) and LUMO (d). Structure, interaction
energy (ΔEint) and H⋯O distances (the hydroxyl H atom of HMF and the O atom site of Nb12V3Cu, Å) of the Nb12V3Cu–Nb–Ot (e), Nb12V3Cu–Nb–Ob

(f ), Nb12V3Cu–V1–Ot (g), Nb12V3Cu–V2–Ot (h), and Nb12V3Cu–V1–Ob (i) binding modes.

Table 1 The interaction energies between the hydroxyl group of HMF
and distinct oxygen species within the Nb12V3Cu clusters, along with the
activated bond length variation (Δd ) for O–H (ΔdOH), C–H (ΔdCH), and
H⋯O distance (specifically H⋯Ot or H⋯Ob)

System ΔEint (kcal mol−1) ΔdOH (Å) ΔdCH (Å) H⋯Ot (or Ob) (Å)

Nb–Ot −115.52 0.793 3.261 0.998
Nb–Ob −101.23 0.748 2.257 0.974
V1–Ot −100.70 0.655 2.549 1.021
V2–Ot −95.00 0.619 2.891 1.026
V1–Ob −31.82 0.035 0.012 1.605
V2–Ob −24.23 0.010 0.005 2.368
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groups of HMF and its reaction intermediates adsorb onto the
Ot atom and the neighboring Ob atom of Nb12V3Cu.
Subsequently, the O–H and C–H bonds within this group were
activated. The protons from both the –CH and –OH groups
then transferred to the terminal and adjacent bridging oxygen
atoms of the Nb12V3Cu catalyst. The elimination of these two
protons allows the resulting electron-deficient carbon and
oxygen atoms to couple, forming a new CvO bond.
Concurrently with dehydrogenation, electron transfer occurs
from the substrate to the metal centers. Cu2+ and V5+ act as
electron acceptors, being reduced to Cu+ and V4+, respectively.
Finally, O2 re-oxidizes these reduced species (Cu+ to Cu2+ and
V4+ to V5+), thereby regenerating the catalytic activity and com-
pleting the catalytic cycle. The incorporation of heterometallic
species (Cu and V) accelerates electron transfer and modulates
the electron distribution across the PONb surface, thereby
enhancing the overall interaction energy and catalytic
efficiency.

Furthermore, the reaction pathways and corresponding rela-
tive Gibbs free energy profiles for HMF dehydrogenation/oxi-
dation over the Nb12V3Cu catalyst were investigated (Fig. 7b).

The catalytic oxidation step of HMF on Nb12V3Cu is shown in
Fig. S26. The calculated energy barriers reveal a distinct prefer-
ence in the reaction itinerary: the conversion of HMF to DFF
requires overcoming an energy barrier of −0.86 eV, whereas
the pathway toward 5-hydroxymethyl-2-furancarboxylic acid
(HMFCA) proceeds with a significantly lower barrier of −2.93
eV. This result indicates that Nb12V3Cu effectively suppresses
kinetic stalling at the stable intermediate DFF, thereby facilitat-
ing subsequent reaction steps. In addition, the overall reaction
exhibits a monotonic decrease in Gibbs free energy throughout
the catalytic cycle. This consistently exergonic profile confirms
that the oxidation of HMF is thermodynamically favorable on
Nb12V3Cu, underscoring the catalyst’s role in driving the reac-
tion forward.

3. Conclusions

In conclusion, this study establishes PONbs as effective cata-
lysts for the oxidation of HMF to FDCA under alkaline con-
ditions. The incorporation of copper and vanadium into the

Fig. 7 (a) The proposed catalytic mechanism of Nb12V3Cu for the conversion of HMF to FDCA. (b) Reaction pathway and the corresponding energy
of Nb12V3Cu in the HMF dehydrogenation/oxygenation process (* represents the adsorption of the corresponding intermediate).
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PONb framework proves to be a pivotal strategy, markedly
enhancing the catalytic performance. The optimized catalyst,
Nb12V3Cu, effectively combines the inherent HMF adsorption
capability of the PONb matrix with the synergistic oxidation
activity of V5+ and Cu2+ sites. Under alkaline conditions,
Nb12V3Cu achieves high HMF conversion, excellent FDCA
selectivity, and cycling stability. DFT calculations revealed that
the catalytic performance originates from the cooperation
between VvO or NbvO species and bridging oxygen (Nb–O–
Nb) pairs, which collectively activate C–H and O–H bonds in
HMF. During oxidative processes, proton transfer synchronizes
with electron transfer, inducing the reduction of V5+ and Cu2+

catalytic sites. These reduced centers are subsequently reoxi-
dized by molecular oxygen, thereby regenerating the active
catalyst and sustaining catalytic turnover. This work estab-
lishes design principles for alkaline POM catalysts: employing
stable PONbs, utilizing Nb-centered Ot/Ob pairs for bond acti-
vation, and integrating redox heterometals. This framework
extends beyond HMF oxidation to biomass valorization,
organic C–H functionalization, and energy conversion pro-
cesses. These findings not only provide a theoretical foun-
dation for the rational design of polyoxometalate catalysts in
alkaline media, but also open new pathways for biomass con-
version, demonstrating considerable scientific and practical
potential.
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