HERARL (H9E3)

New Carbon Materials

FaE P4
2026 4% 8 H

A Cu/Cu,O@C composite catalyst derived from wood-chips for the
efficient one-pot oxidation of cyclohexane to adipic acid
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Abstract: Adipic acid is widely used in fine chemical

synthesis, biomedicine and other industrial fields, and is a Natural wood Precursor Cu/Cu,0@C-x
key monomer for the synthesis of nylon-6,6 and nylon-6. Impregnation Annealing
Industrially, it is produced by the efficient catalytic oxida-
tion of cyclohexane. However, the activation of the inert ‘ ‘
C—H bonds in cyclohexane remains a major challenge in A I )
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Cu/Cu,0 active species to obtain Cu/Cu,O@C composite catalysts. The abundant defects in biomass carbon form strong co-

was established for the one-pot oxidative synthesis of Cu/Cu,0
adipic acid from cyclohexane. Wood chips has two func-
tions during pyrolysis: it acts as a carbon support precurs-
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or and an in-situ reducing agent, which reduces Cu*" into

ordination interactions with the copper active components, which effectively regulate the electronic distribution of active sites
and improve the catalytic performance. Under optimized conditions (100 °C, 12 h), the Cu/Cu,O@C-0.1 catalyst achieves a
cyclohexane conversion of 19.36% and an adipic acid selectivity of 73.28%. Mechanistic investigations show that the electron-
ic interaction between the biomass carbon support and the copper species strengthens the adsorption of cyclohexanone, which is
critical for promoting the selective formation of adipic acid. This study provides a viable strategy for developing eco-friendly,
low-cost and high-efficiency advanced catalytic materials.
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backs, including high energy consumption, harsh op-

) o erating conditions, and substantial emissions of N,O,
The aerobic oxidation of saturated C—H bonds . . . L

i . ) which conflicts with the principles of green and low-
under mild conditions represents a considerable chal- )
. ) . 1] ) ) carbon chemistry" .
lenge in chemical synthesis' *. In particular, the oxida- )
. ) ) To address these challenges, extensive research

tion of cyclohexane to produce KA oil (a mixture of _ . _

. . efforts are invested in the development of environ-
cyclohexanone and cyclohexanol) and adipic acid v friend] i ble of oxid:
S . . . mentally friendly catalytic systems capable of oxidiz-
(AA) carries significant industrial relevance, as AA is Y Y yHE Y P

ing cyclohexane under mild conditions. Various cata-
lysts, Au-TiO,, VPO-CeO,, Au-GOS,

a key monomer for the synthesis of nylon-6,6 and

nylon-6, both widely employed in engineering plastics such  as

and synthetic fibers"”). Currently, industrial AA pro-
duction mainly relies on the nitric acid oxidation
route, in which cyclohexane is first oxidized by air or
H,0, to form KA oil, followed by further oxidation of
KA oil to AA using nitric acid. Despite a near-com-
plete conversion of KA oil with 93%—95% selectivity

to AA, this process suffers from several serious draw-
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AuPd/TiO,, and Mn/HTS-1, have been reported to en-

hance the efficiency of adipic acid synthesis while re-
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"1 However, these

ducing nitrous oxide emissions
systems often rely on environmentally unfriendly
strong oxidants, such as tert-butyl hydroperoxide
(TBHP), or require noble metal catalysts, which lim-
its their potential for large-scale industrial applica-
tions'!. In this context, copper-based catalysts have
shown significant promise due to their flexible redox
chemistry and ability to stabilize multiple oxidation
states during reaction conditions, making them effect-
ive for C—H bond activation and selective oxidation

[10-1

processes!' "', Liu et al. developed a stable Cu-based
core-shell catalyst by a facile synthesis. The copper
nanoparticles (Cu NPs) and copper oxides (Cu0O,)
within the structure promote C—H activation in ben-
zyl alcohol, enabling efficient oxidation to benzoic
acid!"”!. Researchers synthesized a catalyst composed
of copper nanoparticles supported on amorphous car-
bon nitride through a simple and environmentally
friendly method. The copper nanoparticles in this
catalyst effectively promote the activation of C—H
bonds in cyclohexane, achieving a 25.5% conversion
rate with 55% selectivity for adipic acid'’. Particu-
larly noteworthy are the Cu/Cu,0O composites, which
feature synergistic interactions between metallic Cu
and Cu,O phases that promote oxygen activation and
enhance the selective transformation of reaction inter-

mediates!'”

. Nevertheless, it remains challenging to
design catalysts with high dispersion, stability of cop-
per active sites, and strong metal-support interactions.

In recent decades, biomass-derived carbon mater-
ials have emerged as highly attractive candidates due
to their excellent sustainability, tunable porosity, and
rich surface functionalities. The inherent oxygen-con-
taining groups and structural defects in such carbon
materials can reduce the hydrophobicity of the sup-
port surface, which facilitates the anchoring and sta-
bilization of metal or metal oxide nanoparticles, while
also modulating their electronic environment through
metal-support interactions. Among all biomass-de-
rived carbon materials, wood-derived ones possess
unique structural advantages. Their natural hierarchic-
al pore systems create ideal confined spaces for metal
nanoparticle loading. Simultaneously, their abundant
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intrinsic defects enhance the adsorption and activa-
tion of key reaction intermediates through defect en-
gineering. Previous studies have shown that structure-
function integrated supported catalysts can be con-
structed by selecting biomass precursors and tuning
pyrolysis processes' . Examples include Bougain-
villea glabra-derived Cu,0/BGC, cyanobacterial bio-
mass-derived HTCC, and sunflower straw-based
CuPc@C systems, all of which have demonstrated en-
hanced catalytic performance in reactions such as the
selective oxidation of cyclohexane! “'". However, ex-
isting biomass carbon-supported catalysts still face
several key challenges. Under practical oxidation re-
action conditions, metal active centers are prone to
migration and aggregation during thermo-catalytic
processes. Hierarchical pore structures may collapse
during prolonged reactions, and the inherent oxida-
tion resistance of the carbon support remains inad-
equate!'”. These issues not only limit the utilization of
active sites but also lead to insufficient catalytic cyc-
ling stability, thereby constraining their industrial ap-

plication potential”

. For the industrially significant
reaction of mild cyclohexane oxidation to adipic acid,
systematic studies on wood-derived carbon-supported
Cu/Cu,0 composite catalysts are still lacking. This
gap in research is particularly evident in the mechan-
istic understanding of the synergistic effect between
the Cu/Cu,O structure and the carbon support and its
impact on catalytic performance, adsorption orienta-
tion, and reaction pathways'’'\. Therefore, this study
aims to construct structurally stable wood-derived car-
bon-supported Cu/Cu,O composites through con-
trolled preparation methods, elucidate the synergistic
effect between the Cu/Cu,O structure and the carbon
support in enhancing catalytic performance, and
provide theoretical foundations and material insights
on the development of efficient and stable biomass
carbon-based oxidation catalysts'"”.

Herein, we reported a facile and sustainable syn-
thesis strategy for a wood chip-derived Cu-based
composite catalyst through one-step in-situ pyrolysis.
In this approach, wood chips serve simultaneously as
a carbon precursor, a structural template, and an in-

situ reducing agent, enabling the controlled formation
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of highly dispersed Cu/Cu,O nanoparticles embedded
within a porous carbon matrix. The resulting catalyst
exhibits excellent activity and selectivity in the one-
pot oxidation of cyclohexane to adipic acid under mild
conditions. Through the combination of spectroscopic
characterization and mechanistic studies, we demon-
strate that the interaction between Cu/Cu,O and the
carbon support alters the chemical state of the materi-
al. Meanwhile, the defect in the carbon support facilit-
ates the recombination of Cu-based catalyst. The syn-
ergistic effect between Cu/Cu,O and the carbon sup-
port plays a critical role in enhancing structural stabil-
ity and optimizing the electronic structure of active
sites, thereby enhancing the adsorption and conver-
sion of key intermediates such as cyclohexanone. This
work not only provides an efficient and eco-friendly
catalytic system for adipic acid production but also of-
fers deeper insights into the design of biomass-sup-
ported metal catalysts for sustainable oxidation chem-

istry.

Wood chips were collected from timber pro-
cessing plants in Baotou, China. Prior to the experi-
ment, they underwent a series of pretreatments. First,
they were thoroughly rinsed with deionized (DI) wa-
ter to remove surface impurities. They were then im-
mersed in 1 mol L™ HCI for 24 h to dissolve inorgan-
ic elements. Finally, the treated chips were washed re-
peatedly with DI water until a neutral pH was reached,
and subsequently oven-dried at 80 °C for 12 h.

All chemical reagents were of analytical grade
and used without further purification. Specifically,
copper nitrate trihydrate (Cu(NO,),'3H,0, 299%)
was obtained from Sinopharm Group Chemical Re-
agent Co., Ltd. Hydrogen peroxide (H,0O,, 30% in wa-
ter) was purchased from Tianjin Damao Chemical Re-
agent Factory, China. Cyclohexane (=99%) and all
other reagents were supplied by Shanghai Aladdin
Biochemical Technology Co., Ltd.

The Cu/Cu,0@C-x catalysts were synthesized

Vol. 41 | Issue 4 | Aug. 2026 |

through an in-situ pyrolysis method. Typically, 1.0 g
of wood chips was immersed in 100 mL of an aqueous
Cu(NO,),-3H,0 solution with concentrations of x mol
L™ (x=0.05, 0.1, 0.2 and 0.4). After sonication for 3 h,
the samples were washed with DI water until neutral
pH was achieved and then dried overnight at 80 °C.
The dried precursor was subsequently carbonized at
1000 °C for 8 h under N, atmosphere with a heating
rate of 5.0 °C min"'. The resulting catalysts were
named as Cu/Cu,0O@C-x. A metal-free wood-derived
carbon material was prepared under identical condi-
tions with the sole exception of copper salt and
labeled as C-0. For comparison, two additional cata-
lysts (Cu/C-0.1-1 and Cu/C-0.1-M) were prepared us-
ing impregnation (24 h immersion time) and mechan-
ical mixing (blending equal masses of solid copper ni-
trate and wood chips) methods, respectively, while

maintaining all other preparation steps consistent.

X-ray diffraction (XRD) patterns were obtained
on a Smartlab-SE with Cu Ko radiation operating at
40 kV and 100 mA with a scanning rate of 20 °/min.
Fourier-transform infrared spectroscopy (FT-IR) ana-
lysis was performed using a NEXUS spectrometer
over the range of 4000-500 cm'. X-ray Photoelectron
Spectra (XPS) was operated on the ESCALAB 250Xi
spectrometer with Al Ko radiation, and the C 1s stand-
ard peak of 284.8 eV was used for calibration. Elec-
tron paramagnetic resonance (EPR) signal was collec-
ted using a Bruker A300-10/12 spectrometer. The
morphology of catalysts was observed by scanning
electron microscopy (SEM, SU8020). Transmission
electron microscopy (TEM) measurements and en-
ergy dispersive X-rays spectroscopy (EDX) were car-
ried out on a Titan ETEM G2 80-300 (FEI Co., USA)
with an accelerating voltage of 300 kV. N, adsorption
and desorption of catalysts were analyzed with an
ASAP 2420 (Micromeritics Co., USA) at 77 K. Ra-
man measurements were performed on a Lab RAM
HR Evolution spectrometer (HORIBA Instruments
Inc., Japan) using a 532 nm He/Ne laser source. The
Cu loading in the samples was determined by induct-
ively coupled plasma optical emission spectrometry
(Thermo Fisher iCAP 7400). The mass change of the
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materials during heating was tested using a simultan-
eous thermal analyzer (STA 2500 Regulus) to determ-
ine their thermal stability and composition. The ele-
mental content of the wood chip carrier was determ-
ined using an elemental analyzer (Elementar Vario
Micro Cube).

A typical reaction condition can be set up by
adding 1 mmol cyclohexane, 4 mmol H,0, (30%) and
10 mg catalyst to a glass tube which was heated to
100 °C for 12 h while stirring at 800 r min~'. After the
reaction finished, 6 mL of ethyl acetate (EtOAc) was
added into the tube. Gas chromatography (GC) was
carried out using a flame ionization detector and KB-5
capillary column. Conversion of cyclohexane and the
selectivity for KA oil using biphenyl were measured
and compared. In addition, adipic acid and by-
products were qualitatively analyzed by liquid chro-
matography-mass spectrometry. The content of adipic
acid was determined by titration with 0.1 mol L™' Na-
OH aqueous solution. The conversion of cyclohexane

(X, ony» %) and selectivity (S, %) were calculated as fol-
lows.
n
Xeom = — % 100% (1)
Ny
n
S = == x100% )
nCHA

here, n, represents the initial amount of cyclohexane
(mol), while sy, and n,, correspond to the amount of
cyclohexane consumed (mol) and the amount of
product (mol) at the end of the reaction, respectively.

To evaluate the catalyst stability, the spent cata-
lyst was recycled from the reaction solution by filtra-
tion, washed with ethanol, and dried at 80 °C for 12 h.
Then, it was used in the next run of the cycle experi-
ment. The total selectivity equals the combined se-
lectivity for adipic acid (AA), cyclohexanone (K),
cyclohexanol (A), and other products.

The steps of synthesis for Cu/Cu,0@C-x are
shown in Fig. la. Initially, copper ions were loaded

onto the wood chips by ultrasonic impregnation to ob-

Vol. 41 | Issue 4 | Aug. 2026 |

tain the Cu-based carbon precursor. The copper-
loaded precursor was then carbonized in a tube fur-
nace under a N, atmosphere. During the heating pro-
cess, the resulting carbon reduced Cu®*" to Cu' and
Cu/Cu,0@C
composite!” . The copper loading in different samples,
as determined by ICP-OES, is 15.5%, 27.9% and
82.3% for Cu/Cu,0@C-0.05, Cu/Cu,0@C-0.1 and
Cu/Cu,0@C-0.4, respectively.

The SEM results show that the C-0 catalyst ex-
hibits a lotus root-like pore structure, which is attrib-

Cu’, ultimately forming the

uted to the intrinsic structure of the wood chips that
remained intact after calcination (Fig. Sla). The rich
pore structure provides ample sites for metal loading.
After copper loading, the surface of the wood chip
carbon becomes rough (Fig. 1b, ¢ and Fig. S1b-d).
This roughness is likely due to the carbon on the sur-
face of the carrier participating in the reduction of
Cu’" during the carbonization process, with the rough-
ness increasing as the Cu®" concentration rises”". Not-
ably, the copper morphology in Cu/Cu,0@C-0.1 is
uniformly sized and evenly dispersed within the pore
channels of the carrier. As the Cu”" concentration con-
tinued to increase, especially in Cu/Cu,0@C-0.4, the
number of copper particles distributed within the
pores and on the surface increases significantly, lead-
ing to agglomeration and inhomogeneity in the metal
particle distribution””!. The results demonstrate that at
an optimal concentration, copper ions form a floccu-
lent catalyst where the species are uniformly distrib-
uted and firmly anchored onto the carbon surface, in-
dicating strong interactions with the carbon carrier
that enhance the catalyst’s stability during the reac-
tion™".

TEM results are shown in Fig. 1d, in which the
catalyst surface is seen decorated with well-dispersed
metal nanoparticles and clusters. High-resolution ima-
ging (Fig. le and el-e3) reveals distinct lattice fringes
with interplanar spacings of 0.249 and 0.212 nm, cor-
responding to the (111) crystal planes of Cu,O and of
Cu, respectively. Furthermore, energy-dispersive X-
ray spectroscopy (EDS) mapping (Fig. 1f) confirms
the uniform distribution of C, O and Cu throughout
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Fig. 1 (a) The schematic of synthesis steps of Cu/Cu,0@C-x catalysts. (b, ¢) SEM and (d, ¢) TEM images of Cu/Cu,0@C-0.1 materials. (e1-e3) The lattice
planes and spacings in the catalyst. (f) EDX images of Cu/Cu,0@C-0.1

the material’””

. Notably, the Cu nanoparticles are
found to be tightly embedded within the carbon mat-
rix, indicating a strong interaction between the metal
species and the biomass-derived carbon support. EDX
analysis on the SEM images of the Cu/Cu,0@C-0.1
material (Fig. S2) aligns with the aforementioned con-
clusion.

Fig. 2a shows the XRD patterns of C-0 and
Cu/Cu,0@C-x (x=0.05, 0.1, 0.4). C-0 exhibits charac-
teristic diffraction peaks at 26°, 44° and 54°, which
correspond to the (002), (101) and (004) crystal planes
of graphite, respectively. Additionally, there is a broad
peak at 22° which is primarily attributed to the
amorphous carbon phase. These observations suggest
that partial graphitization occurred during the carbon-
ization of the wood chips. In the XRD pattern of
Cu/Cu,0@C-x, diffraction peaks centered at 43°, 50°
and 74° correspond to the (111), (200) and (220)
planes of Cu, respectively. Furthermore, distinct peaks
at 36.4°, 42.3° and 61.5° are observed, which are at-
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tributed to the (111), (200) and (220) planes of Cu,0,
respectively”"). It is shown that a portion of Cu*" spe-
cies is reduced to Cu’ during the carbonization pro-
cess, with the remainder forming Cu,O, ultimately
yielding Cu/Cu,O microparticles””. Moreover, the in-
tensity of the graphitic-like carbon peaks in the cata-
lysts decreases as metal loading increases, which may
be attributed to the higher copper content. The intens-
ity of the Cu diffraction peaks first increases and then
decreases with the rise of Cu”" concentration. Notably,
the Cu/Cu,0O@C-0.1 sample exhibits the weakest Cu
diffraction peak, indicating the lowest crystallinity of
the reduced copper among all samples’™”. This phe-
nomenon likely arises from the strong interaction
between the copper species and the carbon support,
which aligns with the flocculent morphology ob-
served in SEM images. Further insights on the sur-
face structure of the prepared samples were obtained
from the Raman spectra (Fig. 2b). The distinct bands
located at 1339 and 1592 cm ™' correspond to the D
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Fig.2 (a) XRD patterns, (b) Raman spectra, (c) N, sorption isotherms and (d) Pore size distribution of C-0 and Cu/Cu,0@C-x catalysts

band (sp’-hybridized carbon) and G band (in-plane vi-
bration of sp’-hybridized carbon), respectively. The
intensity ratio (/,/1;) reflects the degree of structural
disorder and defect density in the carbon framework.
During the pyrolysis process, small organic mo-
lecules in the biomass condense into conjugated aro-
matic rings, generating a considerable number of de-
fect sites along the biochar boundaries” . The 1,/I,, ra-
tios of Cu/Cu,O@C-0.05 (1.23) and Cu/Cu,0@C-0.1
(1.30) are notably higher than that of C-0 (1.08), in-
dicating that the introduction of Cu (NO;), promotes
the formation of additional structural defects during
carbonization. In contrast, the [,/I;
Cu/Cu,0@C-0.4 (1.07) is comparable to that of C-0,
and the overall intensities of the D and G bands are

ratio of

lower'”). This suggests that excessive Cu precursor
concentration hinders the formation of aromatic ring
structures and defect generation. These observations
are consistent with the XRD results.

The N, adsorption-desorption isotherms and pore
size distributions of the samples are presented in
Fig. 2c and 2d. All catalysts exhibit characteristic type
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IV isotherms with distinct hysteresis loops in the
0.4-1.0 p/p, range, confirming their mesoporous
structures (Fig. 2¢). As summarized in Table S1, the
textural properties show a strong dependence on Cu-
loading. Increasing the Cu®" concentration from 0 to
0.1 mol L' significantly enhances both the pore
volume (0.17-0.4 cm’ g ') and BET surface area
(546—1268 m*> g'). This improvement suggests that
copper species promote the development of hierarch-
ical porosity in the lignocellulose-derived carbon mat-
rix, which in turn supports the uniform dispersion of
metallic nanoparticles. However, at excessive Cu’’
loading (0.4 mol L"), both surface area (518 m* g ')
and pore volume (0.17 cm’ g ') decrease dramatically.
Fig. 2d indicates that the pores in the samples are
primarily micropores (<2 nm) and small mesopores
(2—4 nm). However, at high loading levels, the over-
all pore volume decreases significantly, suggesting
that the excessive metal particles block the original
small pores. This deterioration is primarily due to the
aggregation of copper nanoparticles into large clusters
and pore blockage caused by surface deposition.
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These findings highlight the critical importance of
controlling copper loading precisely when designing
high-performance carbon-supported catalysts. Fig. S5
shows the micropore size distributions of the
Cu/Cu,0@C-x catalysts. The micropore volume de-
creases significantly as Cu loading increases. The
FTIR comparative analysis in Fig. S6 indicates that
calcination significantly alters the chemical structure
and functional group composition of wood chips. The
appearance of sharp absorption peaks corresponding
to —OH stretching, C—H stretching, —OH/C—OH
bending, and C—O—C stretching vibrations after cal-
cination demonstrates the successful introduction of
abundant oxygen-containing functional groups. This
spectral evolution directly reflects the structural trans-
formation from raw biomass into a carbon-based ma-
terial rich in oxygen functional groups. The thermo-
gravimetric analysis (TGA) curve in Fig. S7 clearly
shows the mass loss of wood chips. A sharp, single-
step major decomposition process occurs in the range
of 200—400 °C. This significant mass loss stage and
the subsequent plateau indicate the formation of a
stable carbon-based matrix. Elemental analysis (EA)
results (Table S3) show that wood chip biomass is
composed of 46.72% C, 6.30% H, 0.24% N, and
41.87% O, with no sulfur (S) detected. This composi-
tion is typical of lignocellulosic biomass.

The interface electronic states of C-0 and
Cu/Cu,0@C-x were further measured through XPS
characterization to demonstrate interface interactions.
The survey spectrum (Fig. S3) exhibits 3 distinct
peaks at 285 eV (C 1s), 532 eV (O 1s), and 941 eV
(Cu 2p), confirming the elemental composition of the
hybrid materials. The high-resolution C 1s spectrum
(Fig. 3a) was deconvoluted into 4 components corres-
ponding to different chemical environments. The peak
at 283.5 eV is typical of Cu—C bonds, indicating
metal-support interaction. Peaks at 284.7, 285.8 and
288.5 eV are typical of C—C, C—O—C and
O—C=0 (carboxyl) bonds. Quantitative XPS analys-
is in Table S2 reveals that as the Cu loading increased,
the concentration of C—O—C bonds rose from 16.7%
to 21.9%, while that of C—C bonds decreased from
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65.4% to 56.9%, and the content of Cu—C groups in-
creased significantly from 0 to 4.8%. After copper ion
loading, part of the C—O—C bonds in the carbon ma-
terial form C—C and Cu—C bonds, leading to a re-
duction in defect concentration in the loaded catalyst.
Therefore, the presence of defect facilitates the forma-
tion of Cu—C bonds, thereby enhancing the stability
of the resulting catalyst. The O 1s spectra (Fig. 3b)
were deconvoluted into three peaks at 530.2, 531.7
and 533.4 eV, which correspond to the Cu—O (Lat-
tice oxygen O,), C—O (Defect) and O—C=0 (Ad-
sorbed oxygen O, ), respectively. In contrast, the peak
observed at 530.2 eV in sample C-0 can be attributed
to —OH groups. Results indicate that the carbon ma-
terial contains abundant defect, while the concentra-
tion of defect decreases after metal loading, likely due
to the formation of Cu—O bonds (Fig. 3b). FT-IR
spectra of Cu/Cu,0@C-x catalysts (Fig. S4) con-
firmed the presence of Cu—O bonds in the compos-
ites. Cu 2p analysis (Fig. 3c) reveals 2 dominant peaks
at 931.8 eV (2p,,) and 951.6 eV (2p,,,) with a spin-or-
bit splitting of 19.8 eV, characteristic of Cu’ species.
Simultaneously, the presence of peaks at 932 and
951.8 eV, corresponding to Cu’, confirms that some
Cu’" is not fully reduced during synthesis, consistent
with the phase analysis results from XRD. Moreover,
shifts in the binding energies of Cu, C and O also in-
dicate strong interactions between Cu/Cu,0O and the
carbon support, which may contribute to the en-
hanced catalytic performance”. The Cu LMM XPS
spectrum for the Cu/Cu,0@C-0.1 sample is presen-
ted in Fig. S8. Spectral fitting confirms the coexist-
ence of metallic copper (Cu’) and cuprous oxide
(Cu,O) within the composite. The calculated area ra-
tio of the Cu” peak to the Cu” peak is approximately
0.5. As shown in Fig. 3d, the EPR signal observed
after pyrolysis of the biomass-derived carbon materi-
al corresponds to unpaired electrons from radicals and
structural defects. ERP signal intensity decreases after
copper loading despite the fact that oxygen vacancies
may be generated in the formed Cu/Cu,O. The reduc-
tion is mainly attributed to 2 factors. First, during the
pyrolysis process, part of Cu(Il) gains electrons and is
reduced to lower oxidation states, such as Cu(l) or
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Fig.3 XPS spectra: (a) C Is, (b) O 1s and (c) Cu 2p of all Cu/Cu,0@C-x composites. (d) the EPR spectra of C-0 and Cu/Cu,0@C-0.1

Cu(0), which consumes some unpaired electrons and
consequently weakens the EPR signal. Second, the
pyrolysis process enhances the interaction between the
copper species and the carbon support, likely forming
a more stable composite structure. This strong interac-
tion restricts the freedom of the electrons, further re-
the detectable

electrons”. After the introduction of copper species,

ducing signal from unpaired
the interaction between copper ions and the carbon
support surface formed Cu—C and Cu—O bonds, al-
tering the local chemical structure of the carbon mat-
rix. This strong interaction results in a noticeable de-
crease in EPR signal, demonstrating enhanced bind-
ing between Cu species and the carbon support™.
Such strengthened metal-support interaction facilit-
ates the uniform dispersion of Cu on the carbon sur-
face and contributes to improved structural stability of
the catalyst during catalytic reactions. This conclu-

sion aligns well with the XPS results.

The of C-0
Cu/Cu,0@C-x were systematically explored through

catalytic performances and

Vol. 41 | Issue 4 | Aug. 2026 |

1061

the aerobic oxidation of cyclohexane to AA (Scheme
1). As shown in Table 1, pristine biomass-derived car-
bon material exhibited negligible catalytic activity,
achieving merely 4.3% cyclohexane conversion
(Entry 1). The catalytic efficiency demonstrates a dis-
tinct copper-loading dependence, reaching optimal
performance with Cu/Cu,0@C-0.1 at 19.3% cyclo-
AA

(Entries 2-3). Such a pronounced enhancement (4.5-

hexane conversion and 73.28% selectivity
fold increase in conversion) unequivocally establishes
Cu species as the active sites for the oxidation pro-
cess. Notably, when the amount of Cu loading is fur-
ther increased, the selectivity of KA oil shows an in-
creasing trend, but the selectivity of acid decreases to
60% (Entries 4-5). This phenomenon can be attrib-
uted to the aggregation of copper nanoparticles, which
reduces accessible active sites and prevents deep oxid-
ation. In addition, both the reaction conversion and
acid selectivity achieve steady-state values after 12 h
of reaction time (Entries 6-7). In control experiments
employing alternative synthesis methods, Cu/C-0.1-1

and Cu/C-0.1-M yielded inferior conversion rates
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Scheme 1 Cyclohexane oxidation reaction

Table 1 Effect of catalysts on the reaction !

Entry Catalysts Xeonl % Stowl/ % Spal% Sul% Sx/% Sathers/ %0
1 C-0 429 81.95 58.13 3.75 20.07 18.05
2 Cu/Cu,0@C-0.05 1527 79.92 66.09 3.60 10.23 20.08
3 Cu/Cu,0@C-0.1 19.36 96.68 73.28 14.17 9.23 3.32
4 Cu/Cu,0@C-0.2 16.05 89.07 63.54 15.87 9.66 10.93
5 Cu/Cu,0@C-0.4 15.84 86.30 60.00 16.14 10.16 13.70
6 Cu/Cu,0@C-0.1 11.74 91.52 12.06 50.54 28.92 8.48
7t Cu/Cu,0@C-0.1 20.51 96.08 75.58 12.83 7.67 3.92
8 Cu/C-0.1- 11.15 89.81 38.89 29.79 21.14 10.09
9 Cu/C-0.1-M 9.37 75.40 4835 18.20 8.85 24.60

Note: [a] Reaction conditions: 1 mmol cyclohexane, 10 mg catalyst, 4 mmol H,0,, 100 °C, 12 h. [b] 6 h.[c] 24 h.

(11.15% and 9.37%, respectively), though with en- a crucial role in the oxidation performance of cyclo-
hanced KA oil selectivity (25%—60%, Entries 8-9). hexane. Given that, the reaction conditions can be op-
The comparative results highlight the superiority of timized further by increasing the amount of catalyst
our synthesis protocol in creating highly dispersed from 5 to 10 mg. It is observed that the selectivity of
copper sites. Consequently, Cu/Cu,O@C-0.1 is identi- cyclohexanone decreases sharply from 22% to 9.2%,
fied as the optimal catalyst for subsequent mechanist- while the selectivity of AA increases significantly
ic investigations. from 43.1% to 73.3%. This observation suggests that
As shown in Fig. 4a, the dosage of catalyst plays AA is primarily formed by the over-oxidation of cyc-
(a) 30 (b)
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Fig. 4 The effect of (a) catalyst content, (b) H,O, content, (c) solvent and (d) temperature on cyclohexane oxidation performance over Cu/Cu,0@C-0.1
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lohexanone. Further increasing the catalyst dosage to
30 mg leads to a slight decrease in cyclohexanone se-
lectivity to 7.8%. However, an excessive amount of
catalyst (e.g., 50 mg) results in a marked decline in
the selectivity toward the desired products and pro-
motes the formation of byproducts, negatively affect-
ing the overall reaction performance. Notably, the
highest conversion of cyclohexane is also observed at
a catalyst dosage of 10 mg, indicating it as the optim-
al amount for this system. Fig. 4b evaluates the influ-
ence of H,0, as the oxidant. In the absence of H,0,,
no reaction occurs. The addition of H,O, significantly
enhances catalytic activity, with the best performance
observed when the molar ratio of cyclohexane to H,O,
is 1 : 4, yielding a cyclohexane conversion of 19.3%
and total selectivity of 96.7%. Experiments with high-
er amounts of H,O, are not attempted for safety reas-
ons. Previous studies by Sun et al.” have reported
that excessive H,0, leads to accumulation of water
and inefficient consumption of the oxidant, both of
which hinder catalytic efficiency. Fig. 4c explores the
effect of different solvents. Acetonitrile (ACN) exhib-
its excellent performance due to its high polarity and
good solubility for both cyclohexane and H,O,"”.
ACN can also react with H,0, to generate active inter-
mediates that facilitate the transfer of active oxygen
species, thereby enhancing the oxidation efficiency'"".
When comparing various solvents, polar solvents such
as N, N-dimethylformamide (DMF) and ACN achieve
high AA selectivity (67.8% and 73.3%, respectively).
In contrast, solvents with moderate polarity such as
EtOAc or Dichloromethane (DCM) yield lower AA
selectivity ( ~ 60%), while the non-polar solvent 1,2-
dichloroethane (DCE) shows negligible -catalytic
activity!”). These results underscore the critical role of
the solvent in promoting the activation and utilization
of H,0,, with highly polar solvents being more favor-
able for this oxidation system'"”. The influence of re-
action temperature is also investigated (Fig. 4d). At
60 °C, the catalytic efficiency is lowest, with KA oil
(a mixture of cyclohexanol and cyclohexanone) as the
predominant product. Increasing the temperature ac-

celerates the oxidation rate, promoting the sequential
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transformation from cyclohexanol to cyclohexanone
and eventually to AA, as both alcohol and ketone in-

acid formation"".

termediates are crucial for
However, further temperature elevation leads to the
generation of more byproducts, reducing the overall
selectivity. This is likely due to the enhanced occur-
rence of side reactions at higher temperatures. Con-
sequently, 100 °C is identified as the most suitable re-
action temperature, balancing conversion and selectiv-
ity.

To evaluate the stability of the catalyst, eight
consecutive reaction cycle tests were carried out, with
the results shown in Fig. 5a. The conversion of cyclo-
hexane remains stable over the eight cycles, while the
selectivity toward acid products decreases from 73.3%
to 58.8%, indicating a gradual degradation in catalyt-
ic performance during the reaction process. To fur-
ther investigate the reasons for performance degrada-
tion, the spent catalyst was characterized. XRD pat-
terns (Fig. 5b) reveal a deterioration in the crystallin-
ity of the Cu/Cu,O phase in the used catalyst, which
may be the key structural factor responsible for the
decreased selectivity toward acid products'’. This
finding also reinforces that the formation of a well-
defined Cu/Cu,O structure is essential for achieving
enhanced catalytic performance. However, SEM im-
ages (Fig. 5¢ and Fig. S2) confirm that the overall
morphology and the porous structure of the biomass-
derived carbon support remained intact after reaction.
Therefore, the decline in catalytic performance can
only be attributed to the disruption of the Cu/Cu,O
structure, which reduces the synergistic -effect
between copper and the carbon support, consequently
leading to a decrease in active sites' . Furthermore, a
performance comparison is provided in Fig. S9
between the catalyst developed in this work
(Cu/Cu,0@C-0.1) and various reported catalysts, in-
cluding carbon-supported Cu, other Cu-based com-
posites, and nanoparticle catalysts. The results demon-
strate that Cu/Cu,O@C-0.1 achieves superior cyclo-
hexane conversion and adipic acid selectivity, under-
scoring its outstanding catalytic efficacy and potential

for practical application.
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Fig. 5 (a) Recyclability test of catalyst; (b) XRD patterns of fresh and used Cu/Cu,0@C-0.1. (c) SEM spectra of used Cu/Cu,0@C-0.1. (d) Effect of different
scavengers on cyclohexane reaction catalyzed by Cu/Cu,0@C-0.1

Based on relevant literature and experimental
results, this study confirms that the catalytic reaction
proceeds by a free radical mechanism'"”. As clearly il-
lustrated in Fig. 5d, we systematically investigated the
reaction mechanism using 1,4-benzoquinone (BQ),
tert-butanol (t-BuOH), and butylated hydroxytoluene
(BHT) as specific radical scavengers for superoxide
anion radicals (O, ), hydroxyl radicals (*OH), and al-
kyl radicals (Re), respectively. A slight decrease in the
conversion of cyclohexane is observed when BQ is
employed as a scavenger, suggesting a limited role of
O,* in the reaction. Experimental data reveal that the
addition of BHT causes a significant decrease in cyc-
lohexane conversion from 19.3% to 4.18%, demon-
strating the essential role of alkyl radicals (R¢) as re-
active intermediates in the catalytic cycle. Most strik-
ingly, when t-BuOH is introduced into the reaction
system, cyclohexane conversion rate plummets to
near-negligible levels, providing compelling evidence
that hydroxyl radicals ( *OH) serve as the primary

Vol. 41 | Issue 4 | Aug. 2026 |

driving force for the reaction"!. These comprehens-
ive radical trapping experiments unambiguously
demonstrate that the Cu/Cu,0@C-0.1 catalyzed cyc-
lohexane oxidation follows a free radical chain mech-
anism, with both hydroxyl radicals (*OH) and alkyl
radicals (R ¢) being indispensable reactive species.
This mechanistic understanding, supported by robust
experimental evidence, offers valuable insights on
designing more efficient catalytic systems for cyclo-
hexane oxidation'"".

Based on systematic characterization analysis
and catalytic performance evaluation, combined with
current understanding of hydroxyl radical mechan-
isms in cyclohexane oxidation, this study elucidates
the reaction mechanism of cyclohexane selective ox-
idation mediated by Cu/Cu,0@C-0.1 catalyst (Fig. 6).
The radical chain reaction process involves 4 key
steps. Firstly, hydrogen peroxide undergoes homolyt-
ic cleavage at the Cu active sites on the catalyst sur-
face, efficiently generating highly reactive hydroxyl
radicals (*OH). Secondly, these *OH radicals activate
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Fig. 6 Possible mechanism of Cu/Cu,0@C-0.1 catalyzed formation of AA from cyclohexane

cyclohexane molecules through hydrogen abstraction
to form crucial cyclohexyl radical intermediates (Cy®).
These Cye radicals then undergo radical coupling with
*OH in the solution to selectively produce cyclohex-
anol. Ultimately, cyclohexanol is converted to cyclo-
hexanone via dehydrogenation oxidation under con-
tinuous catalytic action'".

Notably, the reaction system simultaneously in-
volves radical recombination pathways. Through the
formation of 2-hydroxycyclohexanone intermediate
and subsequent proton-induced C—C bond cleavage,
1,6-hexanedial intermediate is ultimately formed and
further oxidized to yield adipic acid, the target
product. This mechanism highlights the critical role of
Cu active centers in regulating radical reaction path-
ways, providing a theoretical foundation for under-
standing the superior performance of this catalytic

system.

In conclusion, this study developed a simple and
eco-friendly strategy to synthesize biomass-derived
carbon-supported copper catalysts for the one-step ox-

Vol. 41 | Issue 4 | Aug. 2026 |

idation of cyclohexane to adipic acid. The results re-
veal that during carbonization, Cu*" species are re-
duced to Cu/Cu,O nanoparticles, which are uniformly
anchored onto the carbon support surface with the as-
sistance of inherent defect in the carbon matrix, form-
ing highly dispersed and stable active sites. The op-
timized Cu/Cu,0O@C-0.1 catalyst achieves a cyclo-
hexane conversion of 19.3% and an adipic acid se-
lectivity of 73.3%. The oxidation reaction catalyzed
by Cu/Cu,0@C-0.1 follows a free radical chain
mechanism, in which hydroxyl radicals (¢*OH) and al-
kyl radicals (R*) play important roles. These results
demonstrate that enhanced catalytic performance is at-
tributed to the Cu/Cu,O structure and its synergy with
the carbon support. This work highlights the potential
of biomass carbon as a sustainable catalyst support
and provides insights into the design of more efficient
and sustainable copper-based oxidation catalysts for
industrial applications.
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