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The local structure of a supported active metal plays a vital role in determining the desired product’s
selectivity in heterogeneous catalysis. Herein, we have developed a simple protocol for the synthesis
of Cu doped on cubic ZrO2 mixed metal oxide catalysts and used it for the selective oxidation of various
functional groups. The catalyst was synthesized by varying the wt.% of Cu (1–20%) on ZrO2 by co-precip-
itation, followed by hydrothermal treatment. The X-ray diffraction pattern of the catalysts confirmed the
formation of the cubic phase of ZrO2, and the growth of CuO occurred along the (111) plane. The micro-
scopy analysis revealed the uniform distribution of Cu on the ZrO2 surface, while XPS analysis confirmed
the presence of copper in the +2 oxidation state. The synthesized catalyst with 2 wt% loading of Cu on
ZrO2 showed excellent liquid-phase oxidation properties and gave good to best conversion of active
methyl groups, alcohols, and amines with high selectivities to corresponding ketones, aldehydes, and
amides, respectively, under milder reaction conditions. Furthermore, the synthesized catalyst showed
a broader substrate scope for the various substituted active methyl groups, alcohols, and amines with
good conversion and selectivity.

� 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Mixed metal oxides (MMOs) are widely used in many areas of
science, including chemistry, physics, and material science. Mainly,
MMOs have been found to be potential candidates for catalysis,
owing to their tunable physical and chemical properties (acidic,
basic) and morphological changes [1]. However, most of the
reported MMOs are in bulk, and the exact nature of the active spe-
cies involved is still a widely studied subject [2,3]. Thus, under-
standing the catalytic activity associated with such a complex
system is extensively carried out by different synthetic methods
[4]. Notably, copper-containing materials have received attention
because of their oxidative properties and lower cost compared to
noble metal-based catalysts. The key feature of copper metals
involves its interaction with other metals, both geometrically as
well as electronically, and the variable oxidation states [5]. Hence,
it has been widely used in various catalytic reactions. For instance,
the halogenation of aromatic compounds was carried by a hetero-
geneous Cu-containing CuMn spinel oxide catalyst for the regiose-
lective halogenation of phenol and N-hetero aromatic compounds
[6]. In another report, Xie et al. report the mixed metal oxide
hierarchical flower-like Al2O3@CoCuAl microspheres catalyst for
selective ethylbenzene oxidation with 92.8% conversion and
89.4% selectively for acetophenone [7]. Shukla et al. utilized a sur-
factant-assisted hydrothermal method to prepare a CuCeO2 cata-
lyst to oxidize aromatic amines to azoxy compounds using H2O2

[8]. Sadjadi et al. synthesized a Cu/MgO catalyst by a co-precipita-
tion method and used it for vapor-phase hydrogenation of furfural
to furfural alcohol with excellent conversion (89%) and selectivity
(97%) in 240 min [9]. Petitjean et al. reported copper doped porous
metal oxide catalyst synthesized by a co-precipitation method for
hydrogenation of alkenes and carbonyl groups [10].

Zirconia-supported Cu-containing catalysts have been inten-
sively developed to improve the catalytic performance and selec-
tivity for the reduction of CO2 and other organic compounds. In
particular, Tada et al. designed an active interfacial site with Cu
loaded on an amorphous ZrO2 bimetallic catalyst for the reduction
of CO2 to methanol at high temperature (230 �C) and pressure
(10 bar) [11–13]. Zhong et al. used a similar type of material for
methanol synthesis from CO2 under milder conditions at 240 �C,
and pressure of 3.0 MPa, a CO2 conversion of 9.9% with 45% selec-
tivity and 4.5% yield towards methanol at 3600 h�1 GHSV was
observed [14].

These literature reports indicate that, in heterogeneous cataly-
sis, support plays an important role in achieving high activity
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and selectivity by stabilizing the active metal intermediate species,
preventing the sintering of active metals, and providing an elec-
trophilic and nucleophilic environment [15,16]. Among the differ-
ent supports utilized, ZrO2 finds a special place in catalysis owing
to its amphoteric nature, thermal stability, variable phases, and
tuneable surface area. The high thermal stability of cubic ZrO2

(2400 �C) as compared to its analogues, i.e., monoclinic (1100 �C)
and tetragonal (1400 �C) [17] and the presence of both acidic and
basic sites on the surface, and it makes an excellent candidate for
redox type of catalysis [18]. Furthermore, zirconia was stabilized
into the cubic phase using copper and nickel oxide and used for
light alkane oxidation [19,20]. Considering these points, herein,
we have developed a facile synthetic method for the synthesis of
active Cu-containing Zr-supported metal oxide catalysts by a co-
precipitation-hydrothermal method at milder temperatures. The
catalyst is active towards the liquid-phase oxidation of alkanes,
alcohols, and amines under mild reaction conditions, which might
result from the structural aspect arising from the synthetic
procedure.

2. Experimental

See Supporting information for materials and methods (SI, S1-
S2).

2.1. Synthesis of CuxZrO100-x

The CuxZrO100-x catalyst was synthesized by loading different
wt.% of copper (x = 1–20%) through a combination of the co-precip-
itation-hydrothermal method. In a typical synthesis, 10 g of ZrO
(NO3)2�xH2O was added to 50 mL of distilled water and stirred
for 30 min at room temperature until complete dissolution. Then,
the required amount of Cu(NO3)2�3H2O was added to this solution.
After the solution became homogeneous, 5.5 mL ammonia solution
(25%) was added dropwise as a co-precipitating agent, maintaining
a constant pH 9. Further, the reaction mixture was aged by stirring
for 20 h at room temperature and transferred to a 100 mL stainless
steel hydrothermal reactor and kept in a muffle furnace at 180 �C
for 3.5 h. After cooling the reactor to room temperature, the solid
was collected by simple filtration and washed several times with
deionized water until the filtrate showed neutral pH and then
finally washed with 10 mL methanol. The obtained solid was dried
in an oven at 70 �C for overnight and calcined in a muffle furnace at
500 �C at the heating rate of 5 �C/min for 5 h.

2.2. Synthesis of ZrO2

The synthesis of pristine ZrO2 was also carried out using a sim-
ilar procedure as above without the addition of copper salt.

2.3. Catalytic activity

The liquid-phase oxidation reaction was performed in a two-
necked dry 25 mL round-bottom flask. Typically, 1 mmol of the
substrate, 3 mmol aq. TBHP, 15 mg of freshly prepared CuxZrO100-

x catalyst, 2 mL acetonitrile as a solvent, and chlorobenzene as an
internal standard were mixed. The reaction mixture was heated
to the desired temperature using a temperature-controlled oil
bath. The progress of the reaction was monitored by withdrawing
reaction aliquots, which were analyzed by gas chromatography
(Agilent GC-7890B) and GC–MS (Shimadzu, QP-2010, Japan) with
HP-5 column (5% diphenyl and 95% dimethyl polysiloxane capil-
lary column). The catalyst was collected by filtration, washed twice
with acetone (2 � 10 mL), dried in an oven at 100 �C for 5 h, and
reused for the next cycle (See in S11 Table S4).
2

3. Results and discussion

For the synthesis of CuxZrO100-x mixed metal oxide catalyst, a
combination of co-precipitation followed by the hydrothermal
method was used. A co-precipitation method aids in exchanging
ligands giving metal complexes with catalytically active phases,
while hydrothermal processes yield crystalline metal oxides under
aqueous solutions, temperature, and autogenous pressure condi-
tions. Hydrothermal synthesis is usually carried out below
300 �C. Water in supercritical conditions favours particle growth
by increasing reaction rate and supersaturation based on the
nucleation theory [21]. The metal salt-containing aqueous solution
changes the reaction equilibrium, which results in the formation of
metal hydroxide or metal oxides. Scheme 1 shows the formation of
hydrated zirconia from zirconium nitrate aqueous solution [22]
followed by the addition of aqueous copper nitrate with stirring
to yield a hydrated complex of both metals. The addition of aque-
ous NH3 solution act as a co-precipitating agent by dissociating
hydroxyl complex (NH3 being a strong ligand) forming an ammo-
nium complex, which is stabilized by dissociated nitrate groups.
During the course of the reaction, it produces monomers, followed
by nucleation and crystal growth, and then finally calcined at high
temperature to remove impurities to produce a phase pure oxide
[23]. The material was characterized using various physicochemi-
cal methods (see SI, S3).

The phase purity of the materials was confirmed by PXRD
(Fig. 1A). The diffraction peaks at 2h = 30.5, 35.3, 50.7, 60.2, 62.9
and 74.6� correspond to the crystal planes (111), (200), (220),
(311), (222), and (400) of cubic ZrO2 support (JCPDS No. 00-
027-0997). However, the diffraction peaks of Cu or CuO were not
observed in the case of 1–5 wt% Cu on ZrO2, maybe due to the
lower wt.% of Cu, non-crystalline nature of Cu/CuO or may be
due to Cu been repressed inside the zirconia support [24]. How-
ever, a shift in the diffraction peaks between the pure ZrO2 and
the Cu doped ZrO2 could be observed, which may be attributed
to the effect of copper loading in the ZrO2 samples. The average
crystallite particle size of the CuxZrO100-x catalyst calculated from
the (111) plane using the Debye-Scherer equation and was found
to be 8.60 nm (See SI, S4). The XRD profile of 20 wt% CuZrO2

showed the presence of the peaks originating from the monoclinic
CuO planes (200), (�200), (200), (202), (�113), (�311), (220)
and (311) along with the ZrO2 planes (See Fig. 1B or SI, S4). Thus,
monoclinic CuO ( JCPDS 04-005-4712) was loaded on ZrO2 lattice.

FESEM analysis of the ZrO2 support (Fig. 2a) as well as 2 wt%
CuZrO2 (Fig. 2b), both showed an irregular morphology. The uni-
form distribution of the elements was confirmed by elemental
mapping of the catalyst, as shown in Fig. 2(c-f). HRTEM analysis
confirmed the loading of copper onto the ZrO2 support (Fig. 2g).
The average particle size of 2 wt% CuZrO2 catalyst was 5.3 nm
(See SI, S6 fig.3.4). The fringes relating to the support, as well as
CuO (111) and (200) phases, can be seen in (Fig. 2g(1�4)). The d-
spacing of the ZrO2 support, as well as CuO, matches well with
the JCPDS data. The CuO fringes from the (111) plane having a
d-spacing of 0.232 nm can be seen in Fig. 2g3. The SAED pattern
of the 2 wt% CuZrO2 (Fig. 2h) showed the presence of (220) and
(422) facets of cubic ZrO2 and (400) facets of Cu, supported in
cubic zirconia phases (JCPDS file No. 00–004-0836). The FESEM
and TEM analysis of other samples are given in SI, S6 Fig. S3.

The BET surface area and pore size of the series of CuxZrO100-x

catalysts measured by N2 gas adsorption and desorption are tabu-
lated in Table 1 (See SI, S7 Fig. S4). The surface area of pure ZrO2

was 131.5 m2/g with a pore size of 132.6 Å. The increase in the
loading wt.% of Cu from 1 to 5 wt% gave a decreasing trend in
the surface area while pore size was found to increase. The ICP-
OES analysis of the catalyst showed the presence of 1.95 wt% of



Scheme 1. Synthesis of CuxZrO100-x catalyst by a co-precipitation followed by hydrothermal method.

Fig. 1. XRD pattern of (A) (a) ZrO2; (b) 1 wt% CuZrO2; (c) 2 wt% CuZrO2; (d) 3 wt% CuZrO2; (e) 5 wt% CuZrO2. (B) 20 wt% CuZrO2.
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the total copper in the sample. The cumulative quantity of the
adsorbed H2 gas, as confirmed by pulse TPR, was 4.334 � 10-2

cm3/g at STP with metal dispersion of 0.244% and a metallic surface
area 1.57 m2/g. The copper dispersion was determined by pulse H2

chemisorption. The cumulative quantity of the adsorbed H2 gas
was 8.635x10-2 cm3/g at STP with metal dispersion of 0.2448%
and a metallic surface area of 1.5778 m2/g and cubic crystal size
of 355.2 nm.

The electronic state of the 2 wt% CuZrO2 catalyst was confirmed
by XPS studies (Fig. 3). The survey spectra of catalyst confirmed the
presence of Cu, Zr, and O in the sample (Fig. 3A). The XPS spectra of
Zr (Fig. 3B) showed the presence of a peak at binding energies of
182.5, 184.8, and 187.1 eV corresponding to Zr 3d5/2, 3d5/2, and
3d3/2, respectively [25]. The presence of the Cu 2p3/2 peak at the
binding energies of 935.8 and 956 eV confirmed the presence of
Cu+2 species in the material (Fig. 3C). The peak at a binding energy
of 944.8 eV indicates the presence of a satellite peak of Cu2+

[26,27], confirming that Cu2+ is a significant species present in
the material. Fig. 3D shows the XPS spectra of O 1 s with three dif-
ferent peaks at 530.5, 533, and 535.5 eV, corresponding to the lat-
tice oxygen species present in the material.

3.1. Catalytic reactions

The carbonyl functional groups are key intermediates in many
organic molecules like perfume, pharmaceuticals, resins, and fla-
3

voring agents [28,29]. There are many synthetic methods reported
for the synthesis of carbonyl compounds [30]. However, some or
the other disadvantages are exist in these methods; hence there
is always a need to search for alternative methods. The catalytic
activity of the different synthesized CuxZrO100-x materials was
evaluated for liquid-phase oxidation of various functional groups,
including aromatic alkyl, alcohol, and amine.

For the optimization of the reaction conditions for the oxidation
reaction, ethylbenzene was selected as a model substrate
(Scheme 2). Initially, the oxidation of ethylbenzene in the absence
of a catalyst did not show any conversion of ethylbenzene (Table 2).
The use of pure ZrO2 and 1 wt% CuZrO2 as catalysts for this reaction
in the absence of oxidant (TBHP), again gave no conversion of
ethylbenzene (See Table 2, entries 2 and 3). This suggests that
the reaction does not proceed in the absence of a catalyst and an
oxidant. The use of 1 wt% CuZrO2 as catalyst showed 55.2% conver-
sion of ethylbenzene with 100% selectivity to acetophenone (See
Table 2, entry 4). On increasing the copper loading to 2 wt%, an
increase in the conversion of ethylbenzene to 98% with complete
selectivity to acetophenone as the product was observed (See
Table 2, entry 5). However, a further increase in the copper content
did not improve the activity of the catalysts (Table 2, entries 5–8).
When the oxidant to substrate molar ratio was 1, only 62.5% con-
version of ethylbenzene was observed (Table 2, entry 9), while the
reaction with oxidant to a molar ratio of 2 gave 89.5% conversion of
ethylbenzene (Table 2, entry 10). Thus, we selected 2 wt% CuZrO2



Fig. 2. SEM images of (a) ZrO2 (scale 1 lm), (b) CuZrO2 (scale 1 lm), elemental mapping of (c) Mix map of Cu, Zr and O, (d) Zr, (e) Cu; (f) O, (g) HRTEM images of 2 wt% CuZrO2

showing different fringes in (g) 1. ZrO2, 2 ZrO2, 3. CuO, 4. ZrO2 and (h) SAED pattern.

Table 1
Physical properties of synthesized catalysts.

Catalyst Composition wt. % BET surface area (m2/g) Pore Size in Å

Cu ZrO2

ZrO2 – 100 131 132
CuZrO2 1 99 103 139
CuZrO2 2 98 80 223
CuZrO2 3 97 70 231
CuZrO2 5 95 62 250
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catalyst and oxidant to substrate molar ratio of 3 for further opti-
mization of the reaction conditions.

Since the solvent plays a significant role in the dispersion of the
substrate, catalyst as well as oxidant, the effect of the solvent on
the oxidation of ethylbenzene was also studied (See SI, S8,
Table S2). Often, these solvents are directly involved in the elemen-
tary step of the reaction. Most of the literature reported that polar
aprotic solvents are favourable for oxidation reaction as compared
to nonpolar solvents. However, to check a suitable solvent for this
4

reaction, different solvents were screened. When the reaction was
carried out in toluene, only 25% ethylbenzene was converted to
acetophenone (See SI, S8, Table S2, entry 1). When a polar protic
solvent like tert-Butanol was used, the conversion of ethylbenzene
increased to 44% (See SI, S8, Table S2, entry 2). Further, polar protic
solvent like H2O gave excellent conversion of ethylbenzene with
100% selectivity (See SI, S8, Table S2, entry 3). The highest conver-
sion of ethylbenzene was achieved in the polar aprotic solvent. The
use of DCM as an 87% solvent gave a conversion of ethylbenzene



Fig. 3. XPS analysis of 2 wt% CuZrO2 catalyst, (a) Survey spectra of the CuZrO2, (b) Zr 3d, (c) Cu 2p, and (d) O 1s.

Scheme 2. Oxidation of ethylbenzene to acetophenone.

Table 2
Catalysts screening for the oxidation of ethylbenzene to acetophenone.a

Entry Catalyst % Conversion % Selectivity

1 Blank 0 0
2 Without Oxidant 0 0
3 ZrO2 0 0
4 1 wt% CuxZrO100-x 55.2 100
5 2 wt% CuxZrO100-x 98 100
6 3 wt% CuxZrO100-x 98.1 100
7 5 wt% CuxZrO100-x 98.3 100
8 20 wt% CuxZrO100-x 100 100
9b 2 wt% CuxZrO100-x 62.5 100
10c 2 wt% CuxZrO100-x 89.5 100

aReaction Conditions: 2 mL Acetonitrile; Substrate: 1 mmol Ethylbenzene; Oxi-
dant: 3 mmol Aq- TBHP; Catalyst: 15 mg, Cu/ZrO2; Reaction temp.: 80 �C;
Time:18 h.; b Substrate: 1 mmol Ethylbenzene; Oxidant: 1 mmol Aq- TBHP; c

Substrate: 1 mmol Ethylbenzene; Oxidant: 2 mmol Aq- TBHP.
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(See SI, S8, Table S2, entry 4), while the use of the acetonitrile sol-
vent gave 98% conversion with 100% selectivity (See SI, S8,
Table S2, entry 5). Thus, we selected acetonitrile as the solvent
5

for further parametric study. The effect of reaction temperature
on the oxidation of ethylbenzene was studied in the range of 60
to 80 �C (See SI, S9, Table S3). With an increase in the temperature
of the reaction, the conversion of ethylbenzene increased from 44
to 95% with almost single product selectivity.

For the leaching studies, the catalyst was separated from the
hot reaction mixture after 2 h (30% conversion), and the mixture
was further allowed to react for 18 h. Only a 17% increase in the
conversion was observed after the removal of the catalyst (See SI,
S10, Fig. S5), which may be due to the remaining peroxy radical
intermediate present in the mixture. ICP-OES analysis of the reac-
tion mixture showed negligible copper leaching (0.0012%) (See SI,
S10). The elemental mapping using the STEM analysis of the used
catalyst confirmed the presence of the copper in the catalyst, thus
confirming no leaching (See S10, Fig. S6). To probe the mechanistic
route, we added 2 mmol of hydroxyl butylated toluene (HBT) as a
quencher at the beginning of the reaction and allowed to react for
18 h. However, there was no conversion of ethylbenzene, which
confirmed that the reaction occurred via a radical route. The cat-
alytic performance of the synthesized catalyst for the oxidation
of ethylbenzene was also compared to different reported heteroge-
neous catalysts with Cu supported catalysts and different metal
complexes/oxide catalysts (See SI, S14). Also, the merit of metal-
doped cubic ZrO2 is well studied. Incorporation of the metal in
the ZrO2 bulk structure not only stabilizes the cubic (fluorite) metal
oxide but also drastically increases the reactivity of the lattice oxy-
gens, which can be used for the low-temperature oxidation reac-
tion. It was also reported that CuO/ZrO2 showed better oxidation
activity than the other catalysts because of the easy reduction of
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highly dispersed copper species on ZrO2 [19,31]. As expected, our
catalyst outperforms in the liquid phase oxidation reaction at
low temperature.

Furthermore, the optimized reaction protocol was extended to
various substrates using our best catalyst, i.e., 2 wt% CuZrO2 cata-
lyst and aq. TBHP as an oxidant. The oxidation of ethylbenzene
using the CuZrO2 catalyst gave 98% conversion with complete
selectivity towards acetophenone (Table 2, entry 1).

When highly reactive diphenylmethane was used as a substrate,
it was completely oxidized to give benzophenone as the sole prod-
uct. The presence of phenyl ring on both sides of the active methyl
group makes it more reactive, and thus, it easily oxidize (Table 3,
entry 2). The effects of electron-withdrawing and donating groups
on the substrate were also studied. The oxidation of 4-hydroxy
ethylbenzene gave only 98% conversion (Table 3, entry 3), while
that of 4-nitro ethylbenzene gave only 66% conversion (Table 3,
entry 4). Furthermore, the oxidation of 4-chloro ethylbenzene gave
60% conversion with complete selectivity towards 4-chloro ace-
tophenone. The oxidation of heterocyclic molecule like 4-ethyl
pyridine gave 30% conversion with complete selectivity towards
1-(pyridin-4-yl) ethan-1-one. Most importantly, cyclic unsaturated
compounds were also oxidized under the optimized conditions
with excellent selectivity towards the corresponding product. The
oxidation of a-pinene gave a 91.8% conversion with 100% ver-
benone selectivity, while 85% of cyclohexene was converted, giving
72% cyclohex-2-en-1-one, as the major product (Table 3, entries 7
and 8).

The catalyst was also examined for the oxidation of various aro-
matic amines. Benzyl amine was completely converted to 85% ben-
zamide and 15% benzaldehyde (Table 4, entry 1). Also, we
extended the substrate scope by selecting various aromatic
amines. The electron-donating substrate, like 4-methoxy benzy-
Table 3
Results of oxidation of different ethylbenzene and cyclic alkenes with 2 wt% CuZrO2 catal

Entry Substrate

1.

2.

3.

4.

5.

6.

7.

8.

a Reaction conditions Substrate: 1 mmol; Oxidant: aq. TBHP 3 mmol; 2 wt% CuZrO2 c
1 mmol; Reaction time: 18 h.
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lamine completely converted to give 4-methoxy benzamide with
75% selectivity (Table 4, entry 2). Further, the conversion in the
case of 4-nitro benzylamine decreased to 60% with 40% selectivity
(Table 4, entry 3). The catalyst was also efficient in converting dif-
ficult substrate like N-benzylpyridine-2-amine completely. How-
ever, the selectivity towards N-(pyridine-2-yl) benzamide was
only 35.5% (Table 4, entry 4). In the case of dibenzyl amine, the
presence of two active methylene groups gave 35% N-benzylbenza-
mide and the remaining side products like 26% benzaldehyde, 3.4%
benzoic acid, 18.6% Benzenemethanamine, N-(phenylmethylene),
and 17% Benzamide (Table 4, entry 5).

The oxidation of benzyl alcohol gave 70% benzaldehyde and 30%
benzoic acid using the synthesized catalyst (Table 5, entry 1). Fur-
ther, when the electron-donating substrate was used, the rate of
reaction decreased with improved selectivity to aldehyde (Table 5,
entry 2). The oxidation of 2-nitro benzyl alcohol gave 86% conver-
sion with 50% selectivity, while 3-nitro benzyl alcohol gave 86%
conversion and 68% selectivity. The oxidation of the benzyl alcohol
with electron-withdrawing substituents like 4-chloro benzyl alco-
hol gave 90% conversion. However, the selectivity was very poor
(Table 5, entry 5). Also, cyclic alcohols like cyclohexanol, cyclohep-
tanol, and cyclooctanol were completely oxidized to the corre-
sponding ketones in 16 h using 2 wt% CuZrO2 (Table 5, entries 7–9).
3.2. Activity and mechanism

The EPR study of the solid catalyst has been reported to be a
very effective technology to identify paramagnetic species in solid
materials even when present in very low amounts and for the
effective measurement of the surface oxygen vacancies [19].
Herein, we have performed solid EPR experiments at a different
temperature ranging from �140 to 25 �C. EPR was applied to probe
yst.a

Product % Conv. % Sel.

98 100

100 100

98 100

66 100

60 80

30 100

91 100

85 72

atalyst: 15 mg,; Acetonitrile: 2 mL; Temp. 80 �C; Internal standard: Chlorobenzene



Table 4
Results of oxidation of different amines 2 wt% CuZrO2 catalyst.a

Entry Substrate Product % Conv. % Sel.

1. 100 85

2. 100 75

3. 60 40

4. 100 35

5. 100 35

a Reaction conditions Substrate: 1 mmol; Oxidant: aq. TBHP 3 mmol ; catalyst: 15 mg, 2 wt% CuZrO2; Acetonitrile: 2 mL; Temp. 60 �C; Internal standard: Chlorobenzene 1
mmol; Reaction time: 9 h.

Table 5
Results of oxidation of different alcohols 2 wt% CuZrO2 catalysta.

Entry Substrate Product %Conv. % Sel.

1a 100 70

2a 43 90

3b 86 50

4b 86 68

5b 90 44

7c 100 97

8c 100 96

9c 100 86

a Reaction conditions Substrate: 1 mmol; Oxidant: aq. TBHP 3 mmol; 15 mg, catalyst: CuZrO2; Reaction temp.: 60 �C; Acetonitrile: 2 mL; Internal Standard Chlorobenzene:
1 mmol; Reaction time: a. 7 h, b.9 h, c.16 h.
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the hyperfine structure of the Cu species and the crystal structure
of the 2 wt% CuZrO2 catalyst. The signal centered around g\ = 2.16
and a magnetic field of 315 mT shows Cu+2 ions in the synthesized
crystal catalyst. The feature of this g\ = 2.16 value and the mag-
netic field signal is mainly attributed to the dipolar broadening
effect, which arises from the interaction between the paramagnetic
7

Cu+2 ion in the 2 wt% CuZrO2 crystal system [32]. When decreasing
the temperature from 25 to �140 �C, the peak intensity increased
with no parallel peak signal of Cu in this system, which may be due
to the lower percentage of Cu content in this catalyst system. This
confirms the presence of Cu+2 species working as a radical initiator
(Fig. 4).



Fig. 4. Electron paramagnetic resonance (EPR) analysis of solid 2 wt% CuZrO2

catalyst at different temperature (a) �140 �C, (b) �80 �C, and (c) 25 �C.
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The mechanistic path for the CuxZrO100-x catalyzed oxidation of
ethylbenzene was confirmed using a free radical scavenger, hydro-
xyl butylated toluene (HBT). The reaction under the optimized con-
ditions gave 98% selectivity with the complete formation of
acetophenone (Scheme 3). However, in the presence of HBT, no for-
ward reaction was observed, which confirmed that the reaction
takes place via free radical formation. The proposed mechanism
involves the adsorption of TBHP on the catalytic surface as the first
step.

The reaction proceeds via a homolytic dissociation of TBHP giv-
ing activated radicals, which is considered to be the chain initiation
step [33]. The tert-butoxy radical traps the benzylic proton from
the substrate and forms a benzylic radical. On the other hand,
the hydroxyl radical reacts with a fresh TBHP to form activated
Scheme 3. A plausible mechanism of ethylbenzene to acetophenone using Cux-
ZrO100-x catalyst.

8

tert-butyl peroxide radical [34]. In the last step, i.e., the termina-
tion step of the reaction, an intermediate is formed using a tert-
butyl peroxide radical and substrate. This intermediate then disso-
ciates to give acetophenone and TBHP t-butanol as the final prod-
ucts. A similar mechanistic route for the oxidation of benzyl
alcohol is also proposed (see SI, S12).

4. Conclusions

Herein, we successfully synthesized Cubic CuxZrO100-x by co-
precipitation, followed by the hydrothermal method, at a far lower
temperature than that reported. The synthesized catalysts were
well characterized and all spectroscopic techniques agreed with
the formation of CuO loaded on cubic zirconia. These catalysts
were found to be highly active and gave almost complete conver-
sion of active methyl groups, amines and alcohols under mild reac-
tion conditions. It was also found that even at a low loading of Cu
(i.e. 2 wt%) the catalyst was highly active. We believe that the cubic
phase of the CuxZrO100-x catalyst is responsible for the excellent
oxidation activity. The reaction proceeded via the radical pathway
giving different carbonyl groups and the catalyst was found to be
highly recyclable.
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