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1. Introduction

A comparative study of medium-entropy oxide
and metal oxide nanoparticles on graphene oxide
for benzyl alcohol oxidation under solvent-free
conditions

Seyedsaeed Mehrabi-Kalajahi, &2 **° Seyed Amir Hossein Vasigh,®
Behrouz Shaabani, 2 *® Hassan Yousefi Bavili, Ahmad Ostovari Moghaddam,®
Ameen Al-Muntaser® and Mikhail A. Varfolomeev (2°

A series of monometallic catalysts, such as FesO,4, CoO, NiO, and CuO, along with their entropy-stabilized
nanoparticles [(Fe,Co,Ni,Cu)3s04 medium-entropy oxide (MEO)], were synthesized and subsequently utilized
for the solvent-free and selective aerobic oxidation of benzyl alcohol when supported on graphene oxide
(GO). The resulting nanocomposites underwent characterization through various techniques including
X-ray diffraction (XRD), scanning electron microscopy (SEM), atomic force microscopy (AFM), transmission
electron microscopy (TEM), Brunauer—Emmett—Teller (BET) analysis, thermogravimetric analysis (TGA),
Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS), which collectively confirmed the
successful formation of monometallic and spinel (Fe,Co,Ni,Cu)sO4 MEO nanoparticles integrated into GO.
Among the utilized catalysts, the (Fe,Co,Ni,Cu)30, MEO-GO nanoparticles exhibit remarkable catalytic effi-
ciency. A conversion rate of up to 17.2% and 28.8%, along with selectivity rates of 71.4% and 65.7% for ben-
zaldehyde, can be attained in just 5 h at air pressures of 1 and 10 atm, respectively. A comprehensive
analytical investigation indicates that the remarkable performance of (Fe,Co,Ni,Cu)s04 MEO-GO nanocom-
posites can be ascribed to the synergistic interaction between the active sites of GO and the plentiful oxy-
gen vacancies present in the (Fe,Co,Ni,Cu)s0, MEO nanoparticles. The exceptional catalytic behavior of
(Fe,Co,Ni,Cu)z0, MEO-GO nanocomposites is attributed, according to detailed analyses, to the synergy
between GO active sites and the numerous oxygen vacancies within the MEO nanoparticles. In summary,
the extensive experimental findings indicate the promising use of (Fe,Co,Ni,Cu)304 MEO-GO nanocompo-
sites within the chemical sector for the targeted oxidation of alcohols into high-value products.

dyes." The conventional method typically involves the use of
harmful organic solvents like acetonitrile and toluene, along

The selective oxidation of alcohols to aldehydes represents a
critical transformation in fine chemical synthesis, particularly
for converting benzyl alcohol to benzaldehyde—a vital inter-
mediate in pharmaceutical, agrochemical, and fragrance indus-
tries. This challenging reaction requires precise cleavage of
O-H bonds followed by C-H activation while preventing over-
oxidation to carboxylic acids. The process gains industrial
significance as benzaldehyde serves as a key building block
for manufacturing drugs, agrochemicals, perfumes, and
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with dangerous oxidizing agents such as dichromate, peroxide,
and permanganate, leading to significant environmental
concerns.”® Consequently, the catalytic oxidation of benzyl
alcohol using molecular oxygen as an environmentally friendly
and cost-effective oxidant is regarded as a sustainable synthesis
pathway with significant promise for the production of benzal-
dehyde. Noble metals such as gold (Au) and palladium (Pd)
exhibit outstanding catalytic activity for the oxidation of benzyl
alcohol under relatively mild conditions. However, their scar-
city and high cost significantly limit their feasibility for large-
scale utilization. As an example, the Au,Pd,/CNT bimetallic
nanocomposite catalyst has been reported to oxidize benzyl
alcohol to benzaldehyde under alkali-free conditions with a
selectivity of 91.8%.”° Metal oxides are absolutely crucial as
heterogeneous catalysts for industrial oxidation reactions,
thriving in petrochemical processes and the synthesis of
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specialty chemicals. Moreover, they are indispensable in the
treatment of pollutants, especially for adjusting selectivity to
minimize by-products.’®* The development of reliable hetero-
geneous catalysts for solvent-free aerobic alcohol oxidation
under mild conditions represents a critical need in sustainable
chemistry, particularly for selective transformations such as the
conversion of benzyl alcohol to benzaldehyde. Transition metal
oxides offer an ideal platform for these reactions, combining
earth abundance with tunable redox properties that facilitate
selective C-H bond activation while suppressing over-
oxidation. Their exceptional adaptability in oxygen-mediated
transformations—from primary alcohol oxidation to selective
amine functionalization—stems from modifiable surface oxy-
gen vacancies and adaptable electronic structures."*'* Shi et al.
suggested that manganese dioxides exhibiting various crystal
structures, specifically a-, -, v-, and 6-MnO, catalysts, serve as
effective metal oxides for the selective oxidation of benzyl
alcohol to benzaldehyde. Their findings indicated that (-
MnO,, characterized by a high surface area, achieved the
greatest conversion of benzyl alcohol relative to the other
structures, which can be attributed to its elevated number of
oxygen vacancies.”” In a separate study, Hu et al. prepared
mesoporous nickel oxide, cobalt oxide, and mixed nickel-
cobalt oxides with various Ni/Co ratios for the catalytic oxida-
tion of benzyl alcohol in the presence of DMF as the solvent.
The mixed oxides showed superior activity compared to the
monometallic counterparts, with Ni;Cos (Ni/Co = 1/3) perform-
ing the best due to its high density of oxygen vacancies. Their
results indicated that Ni;Co; achieved over 90% conversion,
though only when the reaction was conducted at 120 °C for
8 hours, reflecting its need for a relatively high temperature and
extended reaction time to reach optimal efficiency.'® Further-
more, latest studies indicate that combining transition-metal
oxides with graphene-based supports—forming metal oxi-
de@GO or metal oxide@rGO hybrids—can significantly enhance
catalytic performance.’”'® GO provides abundant functional
groups for uniform metal oxide dispersion, while rGO offers
superior electrical conductivity, enabling faster electron transfer
and stabilizing oxygen vacancies."® These synergistic effects
improve reactant adsorption, redox activity, and structural sta-
bility, allowing such hybrids to achieve high conversion under
milder conditions compared to bare metal oxides.

Recent studies have increasingly focused on high-entropy
oxides (HEOs) and medium-entropy oxides (MEOs) due to their
significant potential as heterogeneous catalysts, offering super-
ior catalytic performance and enhanced product selectivity com-
pared to conventional single-component metal catalysts.>*>” A
medium-entropy oxide (MEO), defined as a multicomponent
oxide with three or four near-equimolar cations and a config-
urational entropy between 1.0R and 1.5R (where R is the gas
constant), exhibits intermediate structural and property tunabil-
ity between low- and high-entropy oxides. The lattice potential
energy variation from differing atomic environments increases
atomic migration barriers, enhancing catalytic stability,*® while
the strategic integration of multiple components enables
advanced design and optimization of novel catalytic systems,
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positioning HEOs and MEOs as highly promising candidates in
heterogeneous catalysis.*® In 2022, Fereja and colleagues devel-
oped a high entropy oxide (HEO) nanostructure designated as
(FeNiCoCrCu);0,, characterized by a significant presence of
oxygen vacancies, an extensive surface area, and numerous active
sites conducive to urea oxidation and oxygen -evolution
reactions.’® This innovative synthesis exhibited remarkable per-
formance and stability, underscoring its potential applications in
relevant chemical processes. In 2020, Feng and his research team
developed a high entropy oxide characterized by the formula
Co0g2Nig ,Cug Mg ,Zn, ,0.>" This material exhibits a porous
lamellar architecture enriched with oxygen vacancies, which
collectively contribute to its outstanding catalytic efficiency in
the oxidation of benzyl alcohol to value-added products. The
major oxidation products were identified as benzaldehyde and
benzoic acid, confirming its superior catalytic performance
compared with related systems. Notably, the holey-lamellar
HEO catalyst shows remarkable activity under solvent-free aero-
bic conditions, achieving over 90% conversion within 2 hours,
with a benzaldehyde selectivity of approximately 29%. Our
research has shown that a medium-entropy oxide (MEO) and
high entropy oxide (HEO) attached to reduced graphene oxide
(rGO) exhibit superior selectivity for the solvent-free aerobic
oxidation of toluene and benzyl alcohol within a brief duration,
surpassing the performance of catalysts documented in prior
studies.>*?°

In this research, we present a novel and sustainable method
for the selective oxidation of benzyl alcohol to benzaldehyde,
employing a MEO nanostructure that is supported on graphene
oxide (GO) in a solvent-free setting while varying the pressure
conditions. Additionally, we conducted a comparative analysis
of the MEO and MEO-GO catalysts alongside their respective
monoxide and composite forms to evaluate their catalytic
performance. The MEO-GO catalyst exhibited conversion rates
of 17.2% and 28.8%, achieving remarkable selectivities of
56.3% and 47.1% for benzaldehyde under atmospheric and
10 atm O, pressure conditions.

2. Experimental

2.1. Chemicals and experimental methods

The study utilized a variety of materials, including iron(m)
chloride hexahydrate (FeCl;-6H,0), iron(u) chloride tetrahy-
drate (FeCl,-4H,0), cobalt(u) chloride hexahydrate (CoCl,:
6H,0), nickel(n) carbonate hydrate CH,NiO4, and copper(u)
chloride (CuCl,-2H,0). Additionally, 1-octadecene (C;sHjg),
sodium hydroxide (NaOH), graphite, sodium nitrate (NaNOj),
and potassium permanganate (KMnO,) were sourced from
Merck Company in Germany. Deionized water (DIW) was
obtained from Ghazi Company based in Tabriz, Iran. Further-
more, solvents such as benzyl alcohol (C¢H;CH,OH) and hex-
ane (CgHi4), along with sulfuric acid (H,SO,), oleic acid
(C18H340,), oxalic acid (C,H,0,), hydrochloric acid (HCI), and
hydrogen peroxide (H,0,), were acquired from Sigma Aldrich.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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2.1.1. Synthesis of metal oxide (MO) nanoparticles. Initi-
ally, ferric chloride (FeCl;-6H,0) and ferrous chloride (FeCl,-
4H,0) were individually dissolved in DIW, maintaining a molar
ratio of 2: 1. Subsequently, the two solutions of Fe(m) and Fe(u)
were combined in a three-necked flask and subjected to stirring
under an inert nitrogen atmosphere for a duration of 3 h at a
temperature of 60 °C. During this stirring process, a 3.5 M
solution of NH,OH was introduced as a precipitating agent.
Finally, the resulting mixture was separated and the obtained
Fe;0, allowed to dry at room temperature for 12 h.*’> To
produce cobalt monoxide nanoparticles, a combination of
2.60 g of cobalt oleate complex, 30 ml of 1-octadecene, and
1.5 ml of oleic acid was placed in a flask and stirred for 2 h at
room temperature within a neutral nitrogen environment. The
resulting mixture was then gradually heated to a designated
temperature, where it was refluxed and aged for 1 h under
nitrogen while being continuously stirred mechanically. Fol-
lowing this process, the mixture was allowed to cool to 20 °C,
after which it was transferred to centrifuge tubes and then
centrifuged at 5000 rpm for 30 min in the presence of a 15 ml
mixed solvent of ethanol and hexane in a 1: 3 volume ratio.*® In
order to synthesize NiO nanoparticles, nickel carbonate hydrate
and oxalic acid were thoroughly blended in a 1:1 molar ratio
through grinding with a mortar and pestle. Subsequently, a
suitable quantity of water was added to create a rheological
body. This mixture underwent a reaction at a temperature of
100 °C for a duration of 12 h, after which it was washed with
both water and ethanol. Finally, the product was subjected to
treatment in a furnace at 500 °C.** Copper oxide (CuO) nano-
particles were synthesized using copper chloride dihydrate and
sodium hydroxide pellets as precursors in an aqueous medium.
Initially, 2 g of CuCl,-2H,0 were dissolved in 100 ml of ethanol
while stirring continuously at room temperature. Following
this, 40 ml of 1 M sodium hydroxide solution in ethanol was
added gradually. The mixture was stirred persistently at room
temperature to promote the necessary chemical reactions.
During this process, the solution’s color changed from green
to black, indicating the formation of a copper hydroxide pre-
cipitate. To ensure that the precipitation reaction was com-
plete, stirring was continued for an additional hour. The
resulting sample was then subjected to centrifugation and
thoroughly washed with DIW to remove any unreacted materi-
als, after which the collected sediments were calcined at a
temperature of 550 °C.>*

2.1.2. Synthesis of medium-entropy oxide (MEO) nano-
particles. The synthesis of medium-entropy oxide (MEO) nano-
particles typically employs the co-precipitation technique,
which begins with the formation of a uniform mixture of metal
ions in a solution.***” This mixture is subsequently subjected
to high-temperature calcination to yield the desired oxide
materials. In the case of synthesizing (Fe,Co,Ni,Cu);0, MEO,
an initial step involves dissolving 0.01 mol of Fe(ir), Co(ir), Ni(11),
and Cu(n) chloride salts in 30 ml of deionized water, followed
by stirring the solution for 20 min using a mechanical stirrer.
Subsequently, a 1 M solution of NH,OH is introduced into the
mixture to adjust the pH to approximately 8.5. After an
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additional 4 h of stirring, the solution is heated to 160 °C for
12 h in a stainless steel autoclave. The resultant material is
subsequently subjected to a calcination procedure at a tem-
perature of 800 °C for a duration of 4 h.

2.1.3. Synthesis of graphene oxide (GO) nanosheets. In this
study, we employed Hummers method to synthesize graphene
oxide from graphite powder.’®*° Initially, 1 g of graphite
powder was combined with 28 ml of concentrated sulfuric acid
and placed in an ice bath to maintain a low temperature. After a
stirring period of 20 min, 0.5 g of sodium nitrate was intro-
duced into the mixture, and stirring was continued for an
additional 2 h. Subsequently, 3 g of potassium permanganate
were gradually incorporated into the mixture over a span of 45
min, followed by another 30 min of stirring. The reaction
temperature was then raised to 40 °C by removing the ice bath
and placing the flask in an oil bath, after which the mixture was
diluted with 40 ml of DIW. The temperature of this diluted
solution was further increased to above 90 °C, at which point
150 ml of DIW and 5 ml of hydrogen peroxide were added. The
final step involved centrifuging the mixture, followed by wash-
ing the resulting precipitate with the mixed hydrochloric acid
solution and DIW for a duration of 24 h.

2.1.4. Synthesis of MO-GO and MEO-GO composites. The
treatment process involved the utilization of metal oxidation
composites, specifically Fe;O0,, CoO, NiO, and CuO, in
conjunction with graphene oxide (MO-GO) and a medium-
entropy oxide composite, (Fe,Co,Ni,Cu);0, MEO, which was
combined with graphene oxide nanosheets (MEO-GO). A
weight ratio of 1:3 was established, allocating one part to the
metal oxide nanoparticles and medium entropy oxides, while
three parts were designated for the graphene oxide nanosheets.
This mixture was then dispersed in 60 ml of DIW and subjected
to mechanical stirring for 1 h. Subsequently, the resulting
mixture was transferred to an autoclave, where 200 ml was
added and subjected to autoclaving overnight at a temperature
of 140 °C. The final product underwent multiple washes with
acetone and was subsequently dried at room temperature.

2.2. Apparatus

The X-ray diffraction (XRD) patterns of the synthesized samples
were obtained using a Tongda X-ray diffractometer (TD-3700
Model, China), which employed Cu-Ka radiation (4 = 0.154 nm,
40 kv, 40 mA). Raman scattering provides insights into mole-
cular bonding, resulting in a unique Raman spectrum corres-
ponding to each specific molecular configuration. The
morphological characteristics and elemental composition of
the samples were examined through field emission scanning
electron microscopy (FESEM) using a TESCAN MIRA3 FEG-SEM
model, operating at an accelerating voltage of 15 kV, with
samples affixed to metal stubs via double-sided carbon adhe-
sive tape. Further morphological studies have also explored the
use of the atomic force microscope (AFM) system from ARA
Research Company (Iran) for nanometer imaging. This instru-
ment offers high resolution and quality imaging capabilities
and is designed as a desktop device suitable for a range of
applications. All operational modes can be utilized by
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assembling the appropriate kit for this device. Additionally,
transmission electron microscopy (TEM) analyses were con-
ducted with a Hitachi HT7700 Exalens at 120 kV. X-ray photo-
electron spectroscopy (XPS) served as a pivotal technique for
the characterization of catalysts utilized in the oxidation reac-
tion process, enabling the assessment of their chemical com-
position and oxidation states. XPS analyses were performed
within an ultra-high vacuum (UHV) chamber, maintaining a
base pressure of approximately 5 x 10~ ' mbar. The measure-
ments employed an Mg K, X-ray source operating at 12.5 kV
and 250 W, in conjunction with a PHOIBOS 150 hemispherical
energy analyzer, all sourced from SPECS GmbH. The '"H NMR
(300 MHz, DMSO-dg) spectra were recorded on a Bruker Avance
III 300 MHz spectrometer to characterize the organic com-
pounds formed during the oxidation of benzyl alcohol, using
TMS as the internal reference. Details of the separation proce-
dure for benzaldehyde, the major product, are provided in the
SI. Electron paramagnetic resonance (EPR) measurements were
carried out on a Bruker E500 instrument under X-band condi-
tions (9.41 GHz, 2.0 mW) with a swept magnetic field at room
temperature. An Agilent 7890B gas chromatograph, featuring
an Agilent J&W GC column that is 30 m long, 0.530 mm in
diameter, and has a film thickness of 1.50 mm, was employed
to assess the consumption of benzyl alcohol and the formation
of oxidized compounds across a temperature spectrum of 60 to
320 °C.

2.3. Catalytic performance

The experiments were carefully designed and carried out to
facilitate the selective oxidation of benzyl alcohol under
solvent-free conditions. Initially, 5 mL of benzyl alcohol was
placed in a 250 mL reaction flask, which was then exposed to
atmospheric air under controlled temperature conditions. For
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the oxidation process, a compressed air cylinder was employed
as the oxygen source. The air flow into the reaction flask was
precisely monitored and regulated using a pressure gauge to
ensure consistent and controlled reaction conditions. The
oxidation of benzyl alcohol was subsequently conducted under
increased air pressure within a 400 ml autoclave, which was
fitted with a mechanical stirrer to ensure proper mixing.
Following this initial phase, catalysts at specified concentra-
tions were introduced, along with an additional 5 ml of benzyl
alcohol, into the autoclave, where both air pressure and tem-
perature were carefully regulated to maintain consistent stir-
ring throughout the reaction. The assessment of the stability
and reusability of the synthesized catalysts was conducted.

3. Results & discussion

3.1. Characterization of the catalysts

Fig. 1a and Fig. S1 display the X-ray diffraction (XRD) patterns
of graphene oxide (GO) and its composites with Fe;0,, CoO,
NiO, CuO, as well as the medium-entropy oxide (Fe,Co,Ni,
Cu);0,, along with their indexed peaks and corresponding
JCPDS reference numbers. The XRD spectra for the combina-
tions of Fe;0,~GO, CoO-GO, NiO-GO, and CuO-GO exhibit
distinct peaks that are indicative of the respective materials,
with specific indices marking their positions, consistent with
previously established research on nanoparticles.**™** Notably,
the XRD analysis of the (Fe,Co,Ni,Cu);0, MEO-GO reveals an
entropy-stabilized oxide phase characterized by an inverse
spinel structure, devoid of any additional phases, particularly
oxides, in the powder XRD pattern.*® The conventional inverse
spinel structure, as seen in Fe;O,, is characterized by a dis-
torted face-centered cubic (fcc) lattice of oxygen, where cations
occupy one-eighth of the tetrahedral sites and half of the

(@) XRD patterns of GO, Fez04—-GO, CoO-GO, NiO-GO, CuO-GO, and (Fe,Co,Ni,Cu)304 MEO-GO, and the SEM micrographs of (b) GO, (c)

Fez04-GO, (d) CoO-GO, (e) NiO-GO, (f) CuO-GO, and (g) (Fe,Co,Ni,Cu)sO4 MEO-GO samples.
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octahedral sites. It is expected that this structure will undergo
slight distortion in the (Fe,Co,Ni,Cu);0, MEO. Additionally,
within the lattice of the (Fe,Co,Ni,Cu);0, MEO, four cations are
required to occupy the interstitial sites of the fcc lattice, which
necessitates the occupation of an extra interstitial site com-
pared to the typical inverse spinel structure. Fig. 1b-g presents
scanning electron microscopy (SEM) images of GO, Fe;0,-GO,
Co0-GO, NiO-GO, CuO-GO, and (Fe,Co,Ni,Cu);0, MEO-GO.
The GO displayed a characteristic plate-like morphology with a
somewhat elevated level of agglomeration. Conversely, the
mono oxide nanoparticles and (Fe,Co,Ni,Cu);0, MEO powder
exhibited a reduced level of agglomeration and more finely
dispersed particles on the surface of GO. Additionally, energy
dispersive X-ray (EDX) mapping analysis revealed a uniform
distribution of the constituent elements within the final pro-
ducts (Fig. S2). To conduct a more in-depth examination of the
morphology of the composite structure, we utilized atomic
force microscopy (AFM). Fig. S3 illustrates that several island
structures, each approximately several hundred nanometers in
width, have formed irregularly on the surface, creating distinct
boundaries between each island. The measured film thickness
is 25.8 nm. Additionally, cross-sectional observations reveal a
strong bonding between the (Fe,Co,Ni,Cu);0, MEO and GO
within the composite structure. The surface fluctuation of the
island structure ranges from 13.2 nm to —12.7 nm, as depicted
in Fig. S3, which demonstrates the smooth surface and the
high-quality nature of the composite structure.

The FTIR spectra of the samples shown in Fig. S4 clearly
illustrate the differences between pure GO and the metal oxide-
GO composites. In the spectrum of GO, strong and distinct
peaks corresponding to O-H stretching (around 3400 cm™ %),
C=O0 stretching (~ 1720 ecm '), C=C vibrations (x~ 1620 cm %),
and C-O-C/C-O stretching (x~1050-1250 cm™ ') are observed.
When metal oxides such as Fe;0,, CoO, NiO, CuO, and (Fe,Co,-
Ni,Cu);0, MEO are incorporated onto the GO surface, the
characteristic GO peaks significantly decrease in intensity. This
reduction indicates that the oxygenated functional groups of
GO are partially consumed or modified during the formation of
the composites. Additionally, the metal oxide-GO samples
exhibit new or shifted vibrations in the lower-wavenumber
region (below 700 cm "), which correspond to the M-O lattice
stretching modes, confirming the presence of metal oxides.
Fig. 2a and Fig. S5 present a comprehensive Raman spectral
analysis of graphene oxide (GO) and its nanocomposites with
various metal oxide nanoparticles, including Fe;0,-GO, CoO-
GO, NiO-GO, CuO-GO, and the mixed metal oxide (Fe,Co,Ni,-
Cu);0, MEO-GO. An enhanced-resolution view of these spectra
is provided in Fig. S6 (SI). The spectra exhibit two prominent
bands: the D-band at 1345 cm ™', associated with disorder-
induced phonon modes arising from structural defects and
sp® hybridized carbon, and the G-band at 1595 cm*, corres-
ponding to the in-plane vibrational mode of sp®>-bonded carbon
atoms in the graphitic lattice. The intensity ratio (Ip/I) serves
as a key indicator of the degree of structural disorder and the
extent of sp” domain restoration in GO. The observed Ip/lg < 1
suggests that the MEO nanoparticles are effectively anchored

© 2026 The Author(s). Published by the Royal Society of Chemistry
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onto the GO sheets, reducing the defect density and promoting
partial graphitic restoration. In the Fe;0,~GO nanocomposite,
distinct vibrational modes of magnetite (Fe;0,) are observed at
216 cm ! (Ey), 283 cm ' (T,), and 402 em ™' (A,y), consistent
with its cubic spinel structure.**** For the CoO-GO sample, the
characteristic peaks at 378 ecm™ ' (Fa), 452 cm ™' (Ey), and 667
em™! (A,y) correspond to the phonon modes of rock-salt
structured CoO.*® The NiO-GO spectrum reveals three notable
peaks at 536 cm ™!, 657 em ™!, and 1077 ecm ™', attributed to the
first-order and second-order modes of NiO, indicative of its
cubic phase.*”*® This detailed Raman analysis not only con-
firms the structural integrity of the synthesized nanocompo-
sites but also highlights the distinct vibrational fingerprints of
each metal oxide, reinforcing their successful incorporation
into the GO framework.” Transmission electron microscopy
(TEM) analysis of the (Fe,Co,Ni,Cu);0, MEO-GO nanocompo-
sites (Fig. 2b and c) demonstrates the formation of intercon-
nected (Fe,Co,Ni,Cu);0, MEO nanoparticles with an irregular
polyhedral morphology. These nanoparticles appear to be uni-
formly distributed across the graphene oxide (GO) support,
suggesting effective integration between the mixed metal oxide
phase and the carbonaceous matrix. Quantitative particle size
distribution analysis (Fig. S7), obtained through statistical
measurement of over 200 nanoparticles from multiple TEM
images, reveals a relatively narrow size distribution with an
average particle diameter of 73 £+ 5 nm. The observed particle
size and morphology are consistent with the high surface area
measured by Brunauer-Emmett-Teller (BET) analysis, and this
nanoscale architecture is expected to provide numerous active
sites for catalytic applications. The intimate contact between
the (Fe,Co,Ni,Cu);0, MEO nanoparticles and the GO support,
as evidenced by the TEM images, likely facilitates efficient
charge transfer during catalytic processes. To assess the mate-
rial adsorption capacity, the BET surface areas of the (Fe,Co,-
Ni,Cu);0, MEO and MEO-GO catalysts were evaluated using
nitrogen adsorption-desorption isotherms. Fig. 2d illustrates
the isotherm curves for both the (Fe,Co,Ni,Cu);0, MEO and
MEO-GO catalysts. The MEO-GO catalyst exhibited a signifi-
cantly larger surface area of 53.11 m”> g~ ' compared to the
(Fe,Co,Ni,Cu);0, MEO nanoparticles, which had a surface area
of 21.15 m* g~ . This increase is attributed to the dispersion of
the (Fe,Co,Ni,Cu);0, MEO particles on the GO surface, which
effectively prevents their aggregation. Fig. 2e illustrates the TGA
curves of GO, (Fe,Co,Ni,Cu);0, MEO and MEO-GO, which were
acquired at a heating rate of 10 °C min~". The TGA analysis of
graphene oxide (GO) under an air atmosphere reveals three
primary weight loss stages: the first (below 125 °C) corresponds
to moisture evaporation, the second (125-300 °C) results from
the decomposition of oxygen-containing functional groups
(e.g., epoxy, hydroxyl, and carboxyl), releasing CO, CO,, and
H,0, and the third (above 300 °C) involves the combustion of
the carbon skeleton, leading to near-complete oxidation with a
minimal residue at ~600 °C. In contrast, (Fe,Co,Ni,Cu);0,
medium-entropy oxide (MEO) nanoparticles exhibit exceptional
thermal stability, showing negligible weight loss up to 950 °C.
For the MEO-GO composite, a minor mass loss (2.1%) below
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morphology of the nano-sized MEO on the surface of GO, (d) and (e) nitrogen adsorption—desorption isotherms and TG-DTG curves of (Fe,Co,Ni,Cu)3s04

MEO and (Fe,Co,Ni,Cu)s04 MEO-GO samples.

180 °C is attributed to moisture desorption, while a significant
weight reduction between 180 °C and 710 °C reflects GO
decomposition. The TGA data indicate that the MEO-GO
composite consists of approximately 25 wt% MEO nano-
particles and also suggest interactions between GO and the
oxide, evidenced by shifts in decomposition temperatures
compared to pure GO. This analysis highlights the enhanced
thermal stability imparted by the MEO nanoparticles in the
composite structure.

Fig. S8 illustrates the survey XPS spectra of MEO-GO. The
primary Fe 2p doublet appears at approximately 710.5 eV and
723.7 eV (Fig. 3b), which corresponds to the spin-orbit peaks of
Fe 2ps/, and Fe 2p,/, within an oxide chemical environment.>°
In Fig. 3b, the Co 2p spectrum reveals two spin-orbit doublets
simultaneously. The doublet observed at 780.4 eV and 796.3 eV
is associated with Co®" and Co®" oxidation states.’® As depicted
in Fig. 3c, the Ni 2p XPS spectrum presents at least two
doublets, indicating that Ni is present on the surface of the
MEO structure in various chemical environments.”” The high-
resolution Cu 2p XPS spectrum displays a prominent doublet at
932.6 eV and 953.6 eV, along with a satellite peak at 941.7 eV
(Fig. 3d), which can be attributed to Cu’* and Cu** within
Cu0.>® The O 1s XPS spectrum was fitted with three bands
corresponding to lattice oxygen, adsorbed oxygen species, and
oxygen ions near oxygen vacancies (Fig. 3e). The significant
intensity of the latter contribution suggests that the MEO-GO
sample, particularly the (Fe,Co,Ni,Cu);0, MEO nanoparticles,
possesses a high abundance of oxygen vacancies. This elevated
concentration of oxygen vacancies may play a crucial role in
enhancing the catalytic activity of the oxidation reaction,
thereby accelerating the dehydrogenation rate of the organic
substrate.”®* Furthermore, the C 1s XPS spectrum was fitted
by considering several contributions (Fig. 3f): non-oxidized
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carbon at 284.3 eV with a slight downshift, carbon in the
functional group of C-OH at 286.2 eV, and the carbonyl
(C=o0) group identified at 288.3 eV.>®

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

Fe;0,-GO, CoO-GO, NiO-GO, CuO-GO, (Fe,Co,Ni,Cu);0,
MEO-GO, and GO were employed as heterogeneous catalysts
for the solvent-free oxidation of benzyl alcohol to benzaldehyde
with selectivity. A range of experimental conditions were exam-
ined, including the temperature (100-140 °C), air pressure (5-
20 atm), reaction duration (5-48 h), and catalyst quantity (0.2-
0.6 g). The conversion and selectivity of benzyl alcohol to
benzaldehyde, benzoic acid, and benzyl benzoate are presented
in Table 1 and Table S1. In the absence of catalysts, a conver-
sion rate of less than 1% was recorded under various condi-
tions, which was markedly improved with the introduction of
catalysts. The conversion of benzyl alcohol over the catalysts
was found to increase with both temperature and pressure. As
indicated in Table 1, all tested catalysts, including GO, Fe;0,4-
GO, CoO-GO, NiO-GO, CuO-GO, and (Fe,Co,Ni,Cu);0, MEO-
GO, achieved a higher conversion and selectivity rates. The
optimized reaction using the (Fe,Co,Ni,Cu);0, MEO-GO nano-
composite exhibits promising catalytic performance in the
solvent-free oxidation of benzyl alcohol, achieving 17.2-28.8%
conversion and 47.1-56.3% selectivity. Although the catalyst
performs comparably to other noble-metal-free systems under
similar conditions, the overall yield remains limited, with
selectivity fluctuations of approximately 40.05.>*>"*"%* While
noble metals (Pt and Ir) face scalability challenges due to cost
and scarcity, transition metal-based systems (Ni, Cu, and Fe)
and medium-entropy oxides (MEOs) offer sustainable alterna-
tives with earth-abundant components and competitive
activity.**® Preliminary data suggest that these systems may
reduce energy inputs and waste compared to conventional
oxidants (KMnO, and H,0,), though further life-cycle studies
are needed to fully assess their environmental and economic

Table 1 Aerobic and solvent-free oxidation of benzyl alcohol under
different reaction conditions

Selectivity (%)

Entry® Pressure (atm) Catalyst  Conversion (%) BAd BAc BBz
1 1 — 0.2 71.3 25.6 3.1
2 10 — 0.5 65.5 29.1 5.4
3 1 GO 5.3 53.4 31.1 15.5
4 10 GO 7.6 47.2 35.5 19.3
5 1 Fe;0,-GO 9.7 56.7 25.3 18.0
6 10 Fe;0,-GO 16.5 54.5 23.7 21.8
7 1 CoO-GO 9.6 55.1 27.8 17.1
8 10 CoO-GO 17.1 53.6 29.1 17.3
9 1 NiO-GO 9.4 56.3 24.3 194
10 10 NiO-GO 17.8 55.4 26.7 179
11 1 CuO-GO 10.1 58.1 23.4 185
12 10 CuO-GO 18.1 59.6 21.7 18.7
13 1 MEO-GO 17.2 71.4 15.1 13.5
14 5 MEO-GO 20.7 68.1 17.5 14.4
15 10 MEO-GO 28.8 65.7 22.1 12.2
16 20 MEO-GO 45.4 61.8 239 14.3

“ Typical aerobic oxidation conditions of benzyl alcohol: 5 mL of benzyl
alcohol, 0.2 g of the catalyst (actual weight ratio of (Fe,Co,Ni,Cu);0,
MEO to GO in the synthesized nanocomposite is 1:3), rotation speed
500 rpm, under optimal pressures (air) of 1 and 10 atm and a
temperature of 120 °C during 5 h. BAd: benzaldehyde, BAc: benzoic
acid, and BBz: benzyl benzoate (see Fig. S6 for the GC spectrum).

© 2026 The Author(s). Published by the Royal Society of Chemistry
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benefits.® Our MEO-GO catalyst demonstrated pressure-
dependent activity in benzyl alcohol oxidation, achieving
remarkable turnover numbers (TONs) of 165 and 436 under
1 atm and 20 atm air pressure, respectively, during 5 h reac-
tions. These values correspond to turnover frequencies (TOFs)
of 33 h™' and 87 h™', highlighting two key findings: (1) the
intrinsic high activity of our catalyst even at ambient pressure,
and (2) a 2.6-fold enhancement in activity under elevated
pressure (20 atm). The TON of 436 represents particularly
outstanding performance, indicating that each active site facili-
tated nearly 450 productive reaction cycles while maintaining
stability. This pressure-dependent activity boost suggests that
oxygen availability is a key limiting factor in the oxidation reaction
process, and that our catalyst’s nanostructure remains stable
under high-pressure conditions. For comparison, a catalyst
composed of the holey lamellar Co,,Ni,,Cug,Mgy,Zn,,0 HEO
was previously noted for its superior selectivity (29%) towards
benzaldehyde, operating at 1 atm O,, 120 °C, and utilizing 10 mg
of the catalyst over a 2 h period.** (Fe,Co,Ni,Cu);0, MEO-GO
demonstrates enhanced selectivity relative to the holey lamellar
Coy5Nig,Cuy Mgy ,Zn, ,O catalyst at the same temperatures and
in the presence of air rather than pure O,.

Based on our earlier research, unsupported catalysts demon-
strate a greater conversion rate of benzyl alcohol when com-
pared to composite catalysts that incorporate GO; however, they
exhibit a lower selectivity rate, as illustrated in Table 1. Conse-
quently, we have also performed the oxidation reaction in a
solvent-free environment utilizing composite materials as high-
performance catalysts for the transformation of benzyl alcohol
into benzaldehyde.

The medium-entropy oxide (Fe,Co,Ni,Cu);0, MEO-GO
nanocomposites exhibit remarkable performance among the
applied catalysts, which can be attributed to the presence of a
variety of redox couples, including Fe**/Fe**, Co**/Co®", Ni**/
Ni**, Cu™*/Cu**, and surface oxygen species within the catalyst.
These components facilitate the adsorption of oxygen species
and expedite the oxidation process of benzyl alcohol.®”*® The
(Fe,Co,Ni,Cu);0, MEO component exhibits a high density of
oxygen vacancies, which play a crucial role in the catalytic
process. These vacancies, generated through the entropy-
driven cation disorder characteristic of medium-entropy oxides,
create electron-deficient sites that significantly enhance the
adsorption and activation of benzyl alcohol molecules. The
oxygen vacancies facilitate charge transfer processes and lower
the activation energy for O-H bond cleavage.®® This vacancy-
mediated mechanism aligns with recent studies demonstrating
how oxygen vacancies in transition metal oxides serve as
active centers for alcohol oxidation reactions.”®”* The syner-
gistic interaction between these vacancy-rich (Fe,Co,Ni,Cu);0,
MEO surfaces and the GO support further stabilizes the defect
sites while promoting efficient electron transfer throughout
the catalytic cycle. We propose that the GO present in the
nanocomposites offers a significant number of active sites on
its surface, which are crucial for the effective adsorption of
benzyl alcohol and the subsequent desorption of oxidized
products during the oxidation reaction. Additionally, within
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the (Fe,Co,Ni,Cu);0, MEO-GO nanopatrticles, the GO environ-
ment mitigates aggregation by supplying ample active surface
sites that promote the selective oxidation of benzyl alcohol.”
Moreover, the GO sheets facilitate a more profound oxidation
of organic compounds and intermediates through self-
decomposition, leading to the generation of reactive oxygen
species.”

The production of free radicals is the probable mechanism
for oxidizing benzyl alcohol (Fig. $9).”>”” The oxygen vacancies
on the surface of the transition metal-based (Fe,Co,Ni,Cu);0,4
MEO-GO catalyst absorb oxygen molecules and various species
due to their electron deficiency.”®”® The diffusion of benzyl
alcohol to the electron-deficient catalyst surface weakens its
methylene-H bond, promoting dissociation.®” The electron-
deficient metals can easily adsorb benzyl alcohol, forming the
active intermediate. Meanwhile, the electron-rich GO surface
stabilizes the oxygen molecule (O,) and generates the super-
oxide radical (*0,7).#"®> The proton (H") produced can yield
the hydrogen peroxide radical (HOO*®), which interacts with the
intermediate species to form benzyl hydro-peroxide.**** This
hydro-peroxy radical can produce H,0,, which may decompose
into reactive hydroxyl radicals (HO®). These then interact with
benzyl alcohol to synthesize benzaldehyde via a free radical
mechanism. A highly electron-deficient surface is essential for
the selective oxidation of benzyl alcohol to benzaldehyde,
which has a less basic characteristic, making it easier to desorb
from the catalyst surface.®” Additionally, the lipophilic and
hydrophobic properties of the GO structure enhance the
desorption of benzaldehyde from (Fe,Co,Ni,Cu);0, MEO-GO,
making the selective aerobic oxidation of benzyl alcohol to

View Article Online
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benzaldehyde more effective due to the synergistic effects of the
metal cations in the medium-entropy oxide and GO structures.

In addition, the "H NMR spectrum confirms that benzalde-
hyde is the major product (Fig. S10). The characteristic aldehy-
dic proton appears around 9.8-10 ppm, along with the expected
aromatic signals in the 7-8 ppm region. The benzaldehyde
product was isolated; however, a small amount of the starting
benzyl alcohol remained in the isolated fraction. A weak CH,
signal near 4.5-5 ppm indicates the presence of this residual
benzyl alcohol. EPR measurements showed the radical-based
mechanism of the oxidation reaction by tracking the organic
free radicals (g = 2.0023). In Fig. 4a, the EPR signal is absent at
the start of the catalyst-assisted oxidation of benzyl alcohol
without the solvent. However, the EPR signal appears over time,
increasing in intensity as the reaction continues. This indicates
that oxidation of benzyl alcohol under solvent-free conditions
involves a radical-based mechanism. Additionally, we examined
the impact of radical scavengers on the oxidation of benzyl
alcohol. The results showed that the scavenger (NaNj;) signifi-
cantly reduced the total concentration of unpaired electrons
(Fig. 4a).

The stability and reusability of the (Fe,Co,Ni,Cu);0, MEO-
GO catalyst in the aerobic oxidation of benzyl alcohol, a catalyst
known for its high performance, is illustrated in Fig. 4b and c.
The conversion rate of benzyl alcohol experienced a slight
decline from 17.2% to 16.8%, while the selectivity for benzal-
dehyde decreased from 71.4% to 69.3% after undergoing 6
oxidation cycles at an air pressure of 1 atm and a temperature
of 120 °C for a duration of 5 h. In addition, when subjected to
an air pressure of 10 atm, the catalyst demonstrated a

24
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Fig. 4 (a) EPR spectra of the solvent-free oxidation of benzyl alcohol in the presence of (Fe,Co,Ni,Cu)z04 MEO-GO as the optimum catalyst with and
without a radical scavenger at ambient temperature; (b) and (c) reusability test of the (Fe,Co,Ni,Cu)s04 MEO-GO catalyst for the solvent-free oxidation of
benzyl alcohol under 1 and 10 atm.
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commendable level of reusability and stability, with conversion
and selectivity rates changing from 28.8% and 65.7% to 27.7%
and 64.1%, respectively, after the same 6 oxidation cycles at
1 atm air pressure at 120 °C for 5 h. The (Fe,Co,Ni,Cu);0, MEO-
GO catalyst exhibited remarkable structural and chemical
stability over repeated use. This stability is strongly supported
by the XRD analysis, where the characteristic diffraction peaks
were largely retained after six consecutive oxidation cycles,
showing only minor shifts or slight broadening. Such minimal
changes indicate that the crystalline framework of the catalyst
remains well-preserved during the reaction process, further
confirming its robustness and suitability for repetitive catalytic
applications (Fig. S11). Raman spectroscopy confirmed strong
nanoparticle adhesion to GO sheets, with characteristic D
(1345 em ") and G (1595 cm™ ') bands and an I/l ratio below
1 (Fig. S12). Importantly, ICP analysis revealed nearly identical
metal compositions before and after cycling, proving excep-
tional resistance to leaching or degradation (Table S2). These
findings collectively demonstrate the catalyst’s remarkable
robustness, retaining structural integrity through repeated
oxidation while preserving its active components—key attri-
butes for high-performance catalytic applications. The decrease
in rates is attributed to a slight reduction in the number of
active surface sites or the surface area resulting from the
aggregation of the MEO catalyst on the surface of GO. In
summary, the (Fe,Co,Ni,Cu);0, MEO-GO catalyst shows out-
standing activity and reusability for the aerobic oxidation of
benzyl alcohol, positioning (Fe,Co,Ni,Cu);0, MEO-GO nano-
composites as highly promising candidates for selective alcohol
oxidation within the chemical industry.

4. Conclusion

This study demonstrates that the entropy-stabilized (Fe,Co,Ni,-
Cu);0, MEO-GO nanocomposite acts as a practical and reusa-
ble heterogeneous catalyst for solvent-free benzyl alcohol
oxidation under mild conditions, achieving 28.8% conversion
and 65.7% benzaldehyde selectivity at 10 atm, enabled by the
synergistic contributions of oxygen vacancies, exposed active
sites, and graphene oxide stabilization. The catalyst’s excep-
tional durability (>90% activity retention after 6 cycles) and
pressure-tunable selectivity highlight its advantages over noble-
metal systems, while characterization reveals three key perfor-
mance factors: an entropy-stabilized defect-rich spinel struc-
ture, enhanced electron transfer from the GO support, and
tailored redox properties from multimetallic synergy. These
findings establish a foundation for expanding this catalytic
platform to diverse alcohol oxidations, particularly for pharma-
ceutical intermediates and biomass transformations, with
future work needed to elucidate cooperative mechanisms
through kinetic/DFT studies and develop scalable synthesis
protocols for industrial adoption, ultimately showcasing how
entropy-driven design combined with smart support interac-
tions can advance sustainable heterogeneous catalysis.

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