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oxidation of 5-
hydroxymethylfurfural to 2,5-furandicarboxylic
acid using Co–Mn/N–C catalysts in aqueous media

Shuolin Zhou, *a Sha Wen,b Ying Liua and Xianxiang Liu *b

Aerobic oxidation of 5-hydroxymethylfurfural (HMF) can yield numerous furan-based chemicals, and

enhancing the selectivity for specific products poses a significant challenge. In this study, a novel non-

noble bimetallic catalyst supported on N-doped carbon (Co–Mn/N–C) was designed and synthesized,

and various characterization techniques, including XRD, BET analysis, TEM, XPS and VSM studies, were

employed to investigate the catalyst's structure and properties. Catalytic testing studies demonstrated

that Co–Mn/N–C exhibits superior catalytic performance in the selective oxidation of HMF to 2,5-

furandicarboxylic acid (FDCA) in aqueous media, outperforming both Co/N–C and Mn/N–C catalysts.

Nearly 100% HMF conversion and 98.3% selectivity towards FDCA were achieved using the Co–Mn/N–C

catalyst at 150 °C with Na2CO3 (0.5 mmol) as a base. Furthermore, the Co–Mn/N–C catalyst exhibited

good stability, maintaining its catalytic activity throughout the recycling experiments. This stable

performance is attributed to the robust interaction between the metal and nitrogen-carbon materials.
Sustainability spotlight

As humanity's rapid development continues, the once-abundant reserves of fossil resources are steadily dwindling, intensifying concerns over the long-term
sustainability of energy and raw material supplies. In this study, the oxidation of 5-hydroxymethylfurfural (HMF) to furan-based chemicals was achieved
under an O2 atmosphere in water using Co–Mn/N–C catalysts. This approach offers a promising strategy for developing non-precious-metal catalytic processes
under mild conditions. The ndings presented here are expected to signicantly advance the eld of biomass conversion, aligning with the United Nations
Sustainable Development Goals 12 (responsible consumption and production).
1 Introduction

As human society continues its rapid development, the once-
plentiful reserves of fossil resources are gradually di-
minishing, thereby raising a pressing concern for the sustain-
able future of energy and raw material supplies.1 The
continuing decline in the supply of fossil resources highlights
the urgent need to explore alternative resources to meet the
growing needs of an evolving human civilization.2 Biomass
resources, the most abundant renewable resource on the earth,
have garnered signicant attention from the perspective of
scientic research and industrial applications.3–6 Among the
biomass-based platform chemicals, 5-hydroxymethylfurfural
(HMF) can be further converted into a series of various ne
chemicals with promising application prospects via esterica-
tion,7,8 hydrogenation9–12 and oxidation.13–22 As shown in
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Scheme 1, there are several industrially valuable furan
compounds such as 2,5-diformylfuran (DFF), 5-formyl-2-
furancarboxylic acid (FFCA), 5-hydroxymethyl-2-
furancarboxylic acid (HFCA) and 2,5-furandicarboxylic acid
(FDCA), which are oxidized from HMF.15,23–28 As an oxidation
product of HMF, FDCA possesses two carboxylic acid groups,
making it akin to terephthalic acid (TPA). In addition, FDCA can
be utilized in the production of polyethylene furanoate (PEF)
polymers, a bio-based polymer that can serve as a sustainable
alternative to polyethylene terephthalate (PET).29,30 Besides,
FDCA, as a promising furan chemical, can be further used for
synthesizing various derivatives such as succinic acid, 2,5-di-
hydroxymethylfuran, 2,5-dihydroxymethyl tetrahydrofuran, and
2,5-furandicarbaldehyde.31 Considering the promising potential
of FDCA, numerous endeavors have been undertaken to devise
effective chemocatalytic approaches to efficiently convert HMF
into FDCA.32 Due to the variability in oxidation products
resulting from variations in the degree of HMF oxidation,
achieving high selectivity in the production of FDCA remains
a formidable challenge for most researchers.33,34

In recent years, there have been many studies focusing on
the development of non-noble metal catalysts for the catalytic
RSC Sustainability
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Scheme 1 Reaction pathways for HMF oxidation.
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View Article Online
oxidation of HMF to produce FDCA.16,35–37 Transition metals
typically exhibit tunable pH adaptability, redox capabilities,
crystal defects, and diverse oxygen species. This is attributed to
the variable three-dimensional electron orbital congurations
of transition metals. These characteristics can effectively
improve the selectivity of desired products of the oxidation
reaction.38 Transition metals such as manganese (Mn), cobalt
(Co), and iron (Fe) were investigated as promising candidates
for the catalytic oxidation of HMF. This may be motivated by the
desire to harness the unique properties of these metals for
targeted oxidation processes.39,40 For example, Han et al.
prepared a MnOx-CeO2 bimetal oxide catalyst and applied it in
the aerobic oxidation of HMF to prepare FDCA, and the yield of
FDCA was as high as 91.0%, and the catalyst could be reused 5
times.41 Lu et al. introduced Fe3O4 into a-MnO2 to form complex
metal oxides, and studied the oxidation behavior of these Mn–
Fe oxides catalyzing HMF. Among them, Mn8Fe3Ox showed the
best catalytic performance for HMF oxidation to synthesize
FDCA.42 Under the optimal conditions, HMF can be completely
transformed, and the yield of FDCA was 76.9%. Yang et al.
synthesized nano-spherical mesoporous silica (NS-MS) with
modication by bimetal (Co–Mn) oxides via a modied micelle
template method.43 The HMF conversion rate was close to
100%, and the yield of FDCA was up to 72.4%. Despite the
signicant progress made in the utilization of non-precious
metal catalysts for the oxidation of HMF, the quest for
achieving high selectivity towards the desired products under
conditions that are both mild and environmentally benign
remains a challenge that necessitates further research and
development.44

Based on our recent work toward oxidation catalysts for HMF
conversion,45–47 we herein synthesize a novel rod-like magnetic
Scheme 2 Schematic of the synthesis steps for the Co–Mn/N–C cataly

RSC Sustainability
Co–Mn/N–C bimetal supported on N-doped carbon, using citric
acid, melamine, MnSO4 and CoCl2 as precursors. Character-
ization techniques, including XRD, nitrogen adsorption–
desorption studies, XPS, and TEM, were employed to analyze
the structure of the catalyst. As expected, the Co–Mn/N–C
catalyst was successfully obtained. The catalytic performance of
this catalyst in the oxidation process for the production of FDCA
from HMF in water was evaluated. In addition, the effect of
various reaction parameters on the oxidation of HMF was
investigated. A HMF conversion of nearly 100% with an FDCA
selectivity of 98.3% was achieved under optimal conditions.
2 Experimental section
2.1 Chemicals

5-Hydroxymethylfurfural (97.0%), 2,5-furandicarboxylic acid
(98.0%), CoCl2$6H2O ($99.0%) and melamine ($99.0%) were
purchased from Shanghai Macklin Biochemical Co., Ltd
(Shanghai, China). Citric Acid ($99.5%), MnSO4$H2O
($99.0%), NaHCO3 ($99.5%) and Na2CO3 ($99.8%) were ob-
tained from Sinopharm Group Co., Ltd (Shanghai, China).
2.2 Synthesis of Co–Mn/N–C

The catalysts were prepared according to the procedure pre-
sented in Scheme 2. Citric acid primarily acts as a chelating
agent to coordinate with Co2+ and Mn2+ ions, and melamine is
employed as a nitrogen-rich precursor for the N-doped carbon
support. Firstly, CoCl2$6H2O, MnSO4$H2O, citric acid and
melamine were dissolved in deionized water at 100 °C for 3 h.
Subsequently, the mixture was washed and ltered, followed by
drying in an oven at 100 °C. The resulting sample was calcined
at 700 °C for 3 h, yielding the product denoted as Co–Mn/N–C.
st.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 XRD spectra of Co–Mn/N–C, Co/N–C, and Mn/N–C.
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Under identical operational conditions, Co/N–C and Mn/N–C
were synthesized. The Co/N–C catalyst was derived from
a precursor mixture comprising CoCl2$6H2O, citric acid, and
melamine. Similarly, the Mn/N–C catalyst was prepared from
Fig. 2 HRTEM images of Co–Mn/N–C at different resolutions of (a) 200

© 2026 The Author(s). Published by the Royal Society of Chemistry
a precursor mixture comprising MnSO4$H2O, citric acid, and
melamine.
2.3 Characterizations techniques

The catalyst morphology was characterized by transmission
electron microscopy (TEM, JEM 2100F). Thermogravimetry-
differential thermal analysis (TG-DTG, Germany) curves were
recorded in an N2 ow on a Netzsch Model STA 409 PC instru-
ment using a-Al2O3 as the standard material. Data were recor-
ded at a temperature range from room temperature to 800 °C
with a heating rate of 10 °C min−1. X-ray diffraction (XRD)
studies were carried out using a Bruker diffractometer with Cu
Ka radiation to survey the crystal structure and diffraction
angles (2q) ranging from 10° to 80°. The magnetic properties
were probed using a Lake Shore superconducting vibrating
sample magnetometer (VSM). XPS was conducted using
a Thermo Scientic K-Alpha+ spectrometer, and the XPS Peak
4.1 soware was utilized to t the curves using the Shirley-type
background subtraction.
2.4 HMF oxidation reaction

The catalytic oxidation reaction of HMF was carried out
according to the following procedure: HMF (0.5 mmol) was di-
ssolved in 10mL of water, while the catalyst (20mg) and Na2CO3

(0.5 mmol) were added. At 5 bar O2 pressure, the reaction was
nm, (b) 50 nm, and (c) 5 nm and (d) the corresponding zoomed-in area.
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Fig. 3 Elemental mappings of Co–Mn/N–C: (a) overall, (b) Co, (c) C, (d) N and (e) Mn.

Fig. 4 VSM curve of Co–Mn/N–C.

RSC Sustainability Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

5/
20

26
 1

1:
48

:0
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
carried out at 100 °C for 6 h in an autoclave with a Teon liner.
Aer the reaction, the reactor was cooled to room temperature.
The reaction mixture was further analyzed using an Agilent
1260 HPLC system equipped with a Venusil XBP C18 chro-
matographic column (4.6 × 250 mm, 5 mm, Phenomenex, USA)
and a UV-Vis (280 nm) detector. Quantication was carried out
using the external standard method. The mobile phase con-
sisted of an acetic acid solution (0.1 wt%) and acetonitrile with
a volume ratio of 95 : 5, and the samples were eluted at a ow
rate of 0.7 mLmin−1 at 30 °C. Typical HPLC results and 1H NMR
RSC Sustainability
analysis for HMF oxidation products are shown in Fig. S1 and S2
in the SI. The HMF conversion and the selectivity of the main
products were calculated using the following equations:

HMF conversion = (1 − moles of HMF/added moles of HMF) ×

100%

FDCA selectivity = moles of FDCA/(added moles of HMF −
moles of HMF) × 100%

HFCA selectivity = moles of HFCA/(added moles of HMF −
moles of HMF) × 100%

FFCA selectivity = moles of FFCA/(added moles of HMF −
moles of HMF) × 100%
3 Results and discussion
3.1 Catalyst characterization

The X-ray diffraction (XRD) spectra of Co–Mn/N–C, Mn/N–C,
and Co/N–C are shown in Fig. 1. Co–Mn/N–C, Co/N–C, and Mn/
N–C showed a wide peak centered at a 2q value of 26°, which was
attributed to the (002) reection plane graphitic carbon (JCPDS
41-1487).48 In Fig. 1, the peaks at about 44.2°, 51.5° and 75.9°
correspond to the (111), (200) and (220) lattice planes, respec-
tively, of the cubic Co phase (JCPDS 15-0806).49 In the XRD
patterns of Mn/N–C, the peaks at 2q values of 34.9°, 40.5°, 58.7°,
70.2° and 73.8° were attributed to the characteristic peaks of
MnO.50 The addition of a low content of Mn improves the
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 N2 adsorption–desorption isotherm (a) and pore size distribution curves (b) of Co–Mn/N–C, Co/N–C, and Mn/N–C.

Table 1 Surface area and pore volume of the Mn/N–C, Co/N–C and
Co–Mn/N–C catalysts

Entry Catalyst SBET (m2 g−1) Vp (cm3 g−1) Sp (nm)

1 Mn/N–C 10.0 0.03 16.2
2 Co/N–C 239.1 0.36 7.7
3 Co–Mn/N–C 210.7 0.25 6.7

Fig. 6 XPS spectra for Co–Mn/N–C: (a) survey scan; (b) Co 2p; (c) Mn 2

© 2026 The Author(s). Published by the Royal Society of Chemistry

Paper RSC Sustainability

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

6 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/1

5/
20

26
 1

1:
48

:0
5 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
dispersion of the Co–Mn phase. It was noted that Mn species
were not observed in the Co–Mn/N–C spectra due to the Mn
elements being homogenously dispersed on the Co–Mn/N–C
catalyst.

TEM analysis was employed to further investigate the
morphology of the Co–Mn/N–C catalyst, as depicted in Fig. 2. As
shown in Fig. 2a, the Co–Mn/N–C catalyst exhibits a rod-like
structure. Many Co nanoparticles were randomly embedded
in the carbon layer, as observed in Fig. 2b. Fig. 2d represents an
p; (d) O 1s; (e) C 1s; and (f) N 1s.

RSC Sustainability
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Table 2 Oxidation of HMF in the presence of various catalysts and bases in watera

Entry Catalyst Base HMF conv. (%)

Sel. (%)

HFCA FFCA FDCA Others

1 Mn/N–C Na2CO3 62.8 25.0 56.5 0 18.5
2 Co/N–C Na2CO3 62.3 22.3 64.2 5.3 8.2
3 Co–Mn/N–C Na2CO3 78.0 20.0 69.4 9.5 1.1
4 Co–Mn/N–C None 19.6 40.2 47.3 0 12.5
5 Co–Mn/N–C NaOH 63.6 37.4 55.0 4.5 3.1
6 Co–Mn/N–C NaHCO3 43.7 18.1 75.3 3.6 3.0

a Reaction conditions: 0.5 mmol HMF, 0.5 mmol base, 20 mg catalyst, 10 mL H2O, 6 h, 100 °C, and 0.5 MPa O2.
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enlarged portion of Fig. 2c. The measured lattice spacing of
0.29 nm and 0.14 nm corresponds to the (002) crystal plane of
graphite carbon and the (200) crystal plane of cobalt, respec-
tively (Fig. 2d). The elemental distribution of Mn, Co, N, and C
on the Co–Mn/N–C catalyst was investigated and visually rep-
resented using distinct colors, as depicted in Fig. 3a. As illus-
trated in Fig. 3b, some agglomeration of metallic Co was
observed. This observation is consistent with the presence of
diffraction peaks associated solely with metal Co in the XRD
spectra. Both Mn and N elements exhibited a uniform distri-
bution on the carbon support. This phenomenon may be
attributed to the relatively low content of Mn. Furthermore, the
strong coordination between Mn and N may effectively avoid
the aggregation of Mn atoms, resulting in a homogeneous
dispersion on the Co–Mn/N–C catalyst.51

The magnetic property of the Co–Mn/N–C catalyst was
measured by a VSM at a magnetic eld of ±1.5 T/MH at room
temperature, and the results are shown in Fig. 4. From Fig. 4,
the magnetic hysteresis curve the coercivity eld (Hc) and
saturationmagnetization (Ms) values were 436.1 G and 15.4 emu
per g, respectively. The results indicate that Co–Mn/N–C
belongs to hard magnetic materials, suggesting that it can be
used as a magnetic-supported catalyst.

The N2 adsorption–desorption isotherms of Co/N–C, Mn/N–C,
and Co–Mn/N–C were investigated. In Fig. 5a, N2 adsorption
isotherms of both Co/N–C and Co–Mn/N–C are type IV according
to the IUPAC classication, indicating the existence of
Scheme 3 Possible pathway for the HMF oxidation catalyzed by the Co

RSC Sustainability
mesoporous structures. Moreover, N2 adsorption isotherms of Co/
N–C and Co–Mn/N–C did not show any adsorption limitation at
high relative pressure, indicating a type H3 hysteresis loop, which
may be caused by the slit pores of the catalyst. Table 1 reveals that
Mn/N–C exhibits the lowest specic surface area and pore volume
(10.0 m2 g−1 and 0.03 cm3 g−1, respectively), whereas Co/N–C
possesses signicantly higher values (239.1 m2 g−1 and 0.36 cm3

g−1). The primary reason for the very low surface area and pore
volume of Mn/N–C is likely due to the inability of manganese to
facilitate the formation of a porous carbon framework during
pyrolysis unlike cobalt. Notably, Co–Mn/N–C exhibits a larger
specic surface area and pore volume, reaching 210.7 m2 g−1 and
0.25 cm3 g−1, respectively. A greater specic surface area and
higher pore volume are advantageous for facilitating contact
between the catalyst and reactants, thus enhancing the catalytic
activity of the catalyst.52

XPS characterization was further performed to investigate
the composition and valence states of elements. Elemental
signals of C, N, O, Mn and Co are observed in the XPS survey
spectrum of Co–Mn/N–C (Fig. 6a), whereas only C, N, O and Co
are detected for Co/N–C (Fig. S3), and C, N, O andMn for Mn/N–
C (Fig. S4). The tted peak at 778.3 eV observed in the high-
resolution spectrum of Co 2p3/2 (Fig. 6b) indicates the pres-
ence of Co0, while the peak at 779.6 eV corresponds to Co–Nx

with a pair of satellite peaks at 782.2 and 803.2 eV.53 It is worth
noting that the Co 2p binding energies of Co–Mn/N–C exhibit
a slight shi compared with those of Co/N–C, attributable to the
–Mn/N–C catalyst.

© 2026 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5su00783f


Fig. 7 Effects of the Na2CO3 amount on the HMF oxidation over Co–
Mn/N–C in water. Reaction conditions: 0.5 mmol HMF, 100 °C, 20 mg
Co–Mn/N–C, 10 mL H2O, 6 h, and 0.5 MPa O2.

Fig. 8 Effects of the catalyst amount on the HMF oxidation in water.
Reaction conditions: 0.5 mmol HMF, 0.5 mmol Na2CO3, 100 °C, 6 h,
10 mL H2O, and 0.5 MPa O2.

Fig. 9 Effects of temperature on HMF oxidation over Co–Mn/N–C in
water. Reaction conditions: 0.5 mmol HMF, 0.5 mmol Na2CO3, 70 mg
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electronic-structure modulation induced by Mn introduction
(Fig. S5). Fig. 6c shows the high-resolution spectra of Mn 2p in
Co–Mn/N–C catalysts, and the Mn 2p3/2 peak at 641.3 eV is
attributed to the Mn–Nx moieties.51 Similarly, the binding
energy of Mn in Co–Mn/N–C differs from that in Mn/N–C due to
the presence of Co (Fig. S6). The O 1s high-resolution spectra
were further analyzed to explore the surface oxygen species
(Fig. 6d). The peak at ca. 529.6 eV corresponds to lattice oxygen
provided by metal–oxygen bonds. The peak at a binding energy
of 531.1 eV is attributed to oxygen-related defects and conse-
quent adsorbed oxygen, including free oxygen molecules, which
© 2026 The Author(s). Published by the Royal Society of Chemistry
act directly in catalytic reactions on the surfaces/interfaces of
different metal elements and carbon. The peak at a binding
energy of 532.8 eV indicates the presence of surface oxygen
species with low reactivity. In the C 1s spectrum (Fig. 6e), the
three peaks at the binding energies of 284.6, 286.1 and 287.4 eV
belong to C–C, C–N and C–O bonds, respectively. The presence
of the C–N bond in the catalyst implies the possibility of rapid
electron transfer during the reaction, thereby enhancing the
catalytic activity of the catalyst.54 The high-resolution spectrum
of N 1s (Fig. 6f) can be divided into three peaks corresponding
to pyridinic N (398.4 eV), pyrrolic N (399.7 eV) and graphitic N
(400.7 eV).55 These results prove the successful integration of
Mn and N into the carbon matrix.
3.2 Catalytic evaluation of the Co–Mn/N–C catalysts

As presented in Table 2, all the samples demonstrated good
catalytic activity in the conversion of HMF, producing HFCA
and FFCA as the main products. The monometallic Mn/N–C
catalyst primarily facilitates the oxidation of the alcohol group,
leading to high FFCA selectivity (Table 2, Entry 1). In contrast,
the Co/N–C catalyst shows a greater tendency to activate
molecular oxygen, promoting further oxidation toward FDCA
(Table 2, Entry 2). Notably, the Co–Mn/N–C catalyst exhibits
superior activity and FDCA selectivity (Table 2, Entry 3), likely
due to a synergistic interaction between the Co and Mn sites
that enhances oxygen activation and facilitates the sequential
oxidation pathway from HMF to FDCA. 78.0% HMF conversion
and 9.5% FDCA selectivity were achieved using Na2CO3 as the
base, and the carbon balance of the reaction reached 99.3%.
More importantly, the addition of a base was also crucial, as
evidenced by the low conversion (19.6%) in its absence (Table 2,
Entry 4). Different bases, such as NaOH and NaHCO3, were
further screened under the same reaction conditions. It was
Co–Mn/N–C, 10 mL H2O, 0.5 MPa O2, and 6 h.
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Fig. 10 Recyclability experiments of Co–Mn/N–C. Reaction condi-
tions: 0.5 mmol HMF, 0.5 mmol Na2CO3, 70 mg Co–Mn/N–C, 10 mL
H2O, 0.5 MPa O2, 6 h, and 150 °C.
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observed that more FFCA and less FDCA were produced under
strong alkaline conditions (Table 2, Entry 5). This suggests that
strong alkalinity efficiently promotes the oxidation of the
alcohol group to form FFCA, but may inhibit the nal step of
FFCA oxidation to FDCA potentially due to excessive
deprotonation of the reaction intermediates or catalyst
surface. However, the conversion of HMF decreased signi-
cantly when the weaker base, NaHCO3 was added (Table 2, Entry
6). Therefore, Na2CO3 as a suitable base was further investigated
for the oxidation of HMF over the Co–Mn/N–C catalyst. The by-
product DFF was not detected in the reaction solutions for any
of the three catalysts, underscoring that the oxidation of HMF
predominantly proceeds via the aldehyde group pathway (HMF
/ HFCA/ FFCA/ FDCA). The possible reaction pathway for
HMF oxidation is proposed, as shown in Scheme 3. Notably,
Fig. 11 Comparison of various catalysts for the selective oxidation of HM

RSC Sustainability
FFCA accumulates with high selectivity, which indicates that
the oxidation step (FFCA / FDCA) is rate-limiting. Based on
these ndings, Co–Mn/N–C was selected for further
investigation.

The effect of Na2CO3 amount on HMF oxidation was also
studied, and the results are shown in Fig. 7. The HMF conver-
sion increased with the increase in the amount of Na2CO3, up to
0.5 mmol. It was clearly observed that the presence of Na2CO3

can facilitate the oxidation reaction of HMF, which probably
increases the pH of the solution, thus favoring the oxidation of
the aldehyde groups of HMF.56 However, with a further increase
in the amount of Na2CO3, the FDCA selectivity decreased, which
could be explained by the generation of by-products such as
other furan-based intermediates and/or humins in the reaction
mixture.

The effect of Co–Mn/N–C dosage on HMF oxidation was
studied. In Fig. 8, as expected, the conversion of HMF exhibits
a gradual increase with the increase in the catalyst amount.
Upon incrementing the catalyst dosage from 20 mg to 70 mg,
a discernible decrease in the selectivity of the intermediate
products, 5-hydroxymethyl-2-furancarboxylic acid (HFCA) and
5-formyl-2-furancarboxylic acid (FFCA), was observed. The
selectivity for 2,5-furandicarboxylic acid (FDCA) exhibited
a consistent and progressive enhancement. At a catalyst dosage
of 70 mg, the conversion of HMF and the selectivity towards
FDCA reached a maximum of 99.6% and 50.4%, respectively.
Based on the above results, a catalyst dosage of 70 mg was opted
for subsequent experimental studies.

The effect of temperature on HMF oxidation was investigated
between 100 and 150 °C, and the results are displayed in Fig. 9.
It was observed that complete conversion of HMF was achieved
at 110 °C. In addition, the selectivity for 2,5-furandicarboxylic
acid (FDCA) increased considerably with rising temperature,
giving 98.3% selectivity for FDCA at 150 °C. Furthermore,
during the reaction process, the intermediate products HFCA
F to FDCA.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and FFCA were detected, whereas the by-product DFF was not
detected. Meanwhile, the detected intermediate products, FFCA
and HFCA, decreased with increasing temperature. This
phenomenon can be explained by the further oxidation of both
FFCA and HFCA to FDCA at high reaction temperatures.

The recyclability of the catalyst is very important for HMF
oxidation in water. The Co–Mn/N–C catalyst can be easily
separated using magnets aer each use owing to the magnetic
properties of the catalyst. As presented in Fig. 10, the selectivity
of FDCA decreased from 97.1% to 66.2% aer the rst use. The
ICP-OES analysis showed that no Co or Mn element was
detected in the solution aer the reaction, indicating that the
Co and Mn elements on the catalyst were stable. The used
catalyst was further characterized by XRD to compare with the
fresh catalyst, and a new diffraction peak at 36.8°, which
belonged to Co3O4, was observed (Fig. S7), which may lead to
a decrease in the catalyst activity. Therefore, the catalyst was
calcined in a H2 atmosphere before the next use. Notably, the
catalytic activity of Co–Mn/N–C could be partly restored, giving
relatively acceptable selectivity towards FDCA.

The catalytic performances of various catalysts for the
selective oxidation of HMF to FDCA were further compared
using O2 as an oxidant in an aqueous medium. As shown in
Fig. 11, manganese dioxides with different crystal structures,
such as b-MnO2-HS57 and Mn2O3 nanoakes,58 show high
activity for the aerobic oxidation of HMF. Moreover, bimetals of
Co and Mn, such as MnCo2O4,59 Co–Mn-0.25 (ref. 60) and Co-
MnOx,61 can be rationally designed and prepared and exhibit
high effectiveness for the oxidation of HMF into FDCA. It can be
found that the Co–Mn/N–C catalyst exhibits a relatively high
HMF conversion and satisfactory FDCA selectivity under mild
conditions.

4 Conclusion

A novel rod-like magnetic catalyst, Co–Mn/N–C, was obtained
using citric acid, melamine, manganese sulfate, and cobalt
chloride as precursors through a calcination process at 700 °C.
Co–Mn/N–C catalyst shows excellent catalytic performance for
the oxidation of HMF into FDCA in water. Under optimal
reaction conditions, HMF could be completely converted and
the selectivity of FDCA could reach as high as 98.3%. Addi-
tionally, the magnetic properties of the catalyst facilitated easy
separation from the catalytic system. This study provides
a signicant and challenging effort in the utilization of non-
noble metal catalysts supported on N–C materials for the
conversion of HMF into FDCA using molecular oxygen as the
oxidant.
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