
Journal of
Materials Chemistry A

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

26
 4

:0
8:

58
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
An efficient H2O
aInstitute of Chemistry, Academia Sinica,

E-mail: sfyu@gate.sinica.edu.tw
bDepartment of Applied Chemistry, Natio

Hsinchu 300093, Taiwan, ROC
cSustainable Chemical Science and Tec

Graduate Program (TIGP), Academia Sinica
dDepartment of Chemistry, National Tsing H

ROC. E-mail: cmyang@mx.nthu.edu.tw
eCollege of Semiconductor Research, Nationa

Taiwan, ROC

† Electronic supplementary informa
https://doi.org/10.1039/d4ta08256g

Cite this: J. Mater. Chem. A, 2025, 13,
5261

Received 20th November 2024
Accepted 6th January 2025

DOI: 10.1039/d4ta08256g

rsc.li/materials-a

This journal is © The Royal Society o
2-based propylene to propylene
oxide (HPPO) reaction catalyzed by ZnO/ZnO2

materials†
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Propylene oxide (PO) is an essential feedstock in the plastic industry. Herein, unprecedented, inexpensive

and robust zinc oxide (ZnO)-based catalysts were prepared. A ZnO nanorod (ZnO-NR) catalyst was

synthesized using a solvothermal method. Another type of ZnO catalyst supported and immobilized on

a mesoporous MCM-41 material (ZnO/MCM-41(x)) was also prepared with varied proportions (x = 0.82–

9.41 wt%) of Zn content. The catalytic reactions of propylene epoxidation over ZnO-NR and ZnO/MCM-

41(x) with H2O2 as an oxidant and acetonitrile as a solvent were studied at 30–70 °C and 5–20 bar. The

ZnO catalysts were found capable of catalyzing the reaction with high H2O2 utilization and PO

selectivity. Among them, ZnO/MCM-41(7.99) achieved nearly 100% PO selectivity and the highest

turnover number of 124.4 (moles of PO per moles of Zn). The fresh catalysts, including ZnO-NR and

ZnO/MCM-41(7.99), the spent catalysts, and the ZnO2 nanoparticles were characterized by synchrotron

powder X-ray diffraction, transmission electron microscopy, and X-ray absorption spectroscopy. The

fractions of ZnO2 in the spent catalysts were quantified to be higher than 50%. Electron paramagnetic

resonance and X-ray photoelectron spectroscopy revealed that the ZnO2 phase formed by reacting ZnO

with H2O2 in acetonitrile, stored as green redox oxide materials, contained hydroperoxide, peroxide and

superoxide species, which can be essential for catalytic production of PO. The observed 18O enrichment

in PO using H2
18O2 suggested that the reactive oxygenated species are generated from H2O2 and

anchored on/in ZnO2 for electrophilic epoxidation, with the assistance of acetonitrile.
1 Introduction

Propylene oxide (PO) is an essential feedstock in the plastic
industry, as it is utilized in the production of chemicals and
polymers.1,2 According to forecasts, the yearly demand for PO is
expected to surpass 20 Mt by 2025.2 PO can be generated by the
epoxidation of propylene. The three industrial techniques for
PO production are the chlorohydrin process, organic hydro-
peroxide-based processes, and hydrogen peroxide (H2O2)-to-
propylene oxide (HPPO) processes.2–7 The chlorohydrin
process is known to have signicant environmental drawbacks
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as it generates halogen and alkali salt wastes.3,5 The processes
based on organic hydroperoxides (e.g., cumene hydroperoxide,
tert-butyl hydroperoxide and ethylbenzene hydroperoxide)
usually need additional purication steps to separate PO from
co-products (e.g., styrene and tert-butanol).3,8 With the high
reactivity of cumene with O2, however, the Sumitomo process
using Ti-containing silica catalysts can efficiently recycle
cumene for PO production.6 In comparison, the direct use of
H2O2 for epoxidizing propylene with water as the only co-
product is much more appealing from both environmental
and economic points of view. The developed commercial HPPO
plants produce H2O2 by the oxidation and reduction of
anthraquinones or related molecules9,10 and use titanosilicalite-
1 (TS-1)11,12 catalysts for the epoxidation reaction.13–16 Alterna-
tively, H2O2 can be generated in situ by gas-phase reactions of H2

and O2,13 but temperature control is crucial for the gas-phase
HPPO process because over-oxidation of PO may take place at
high temperatures. In addition to the three industrial
processes, direct epoxidation of propylene with O2 over copper
and silver-based catalysts has also been studied.4,17 However,
the reaction typically occurs at high temperatures, thermody-
namically favoring C–H bond cleavage rather than double bond
J. Mater. Chem. A, 2025, 13, 5261–5274 | 5261
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epoxidation,18 and therefore PO's selectivity and formation rate
are typically low.4

Reports have shown that the reaction conditions and catalyst
type greatly affect the selectivity of PO (SPO), conversion of H2O2

(XH2O2
), and the utilization efficiency of H2O2 (UH2O2

) in the
HPPO process. The reaction is typically carried out under mild
conditions (around 40 °C and 1–10 bar) with protic (e.g.,
methanol, water, and other alcohols) or aprotic (e.g., acetoni-
trile and acetone) solvents.19,20 For the reaction catalyzed by TS-
1, Liu et al. compared the catalytic performance in methanol
and acetonitrile. They found that lower PO selectivity (SPO =

95%) and higher conversion of H2O2 (XH2O2
= 97%) were ob-

tained for the reaction conducted in methanol than that in
acetonitrile (SPO = 100% and XH2O2

= 66%).21 As a protic solvent,
methanol may coordinate with the Ti centers and employ
hydrogen bonding to stabilize a ve-membered Ti-
hydroperoxide (Ti–OOH) intermediate with high efficiency,22,23

but solvolysis (or hydrolysis in the case of water) of PO may take
place, lowering the PO selectivity.6,24 In an aprotic solvent like
acetonitrile, on the other hand, apart from the higher solubility
of propylene than that in methanol, the Ti–OOH intermediate is
not stabilized by hydrogen bonding,25,26 but possible solvolysis
of PO may be prevented.27 Moreover, acetonitrile may react with
H2O2 to form a peroxyacetimidic acid intermediate (CH3–C(]
NH)–O–O–H) to create an additional organic hydroperoxide-like
route of epoxidation.7,28,29 In addition, the coordination state of
Ti species has been shown to inuence the catalytic activity of
TS-1 and related Ti-based catalysts for the HPPO reaction and
epoxidation of other alkenes.30–33 For example, Wang et al.
prepared a TS-1 material with penta-coordinated (Ti(OH)2(-
OSi)3) and hexa-coordinated (Ti(OH)4(OSi)2) Ti sites. They found
that the hexa-coordinated Ti sites exhibit signicantly higher
catalytic activity than the penta- and tetra-coordinated sites in
TS-1.32 Other Ti-containing catalysts, including Ti-substituted
BEA zeolites,11,34 Ti-substituted MWW zeolites,12,25 and even
zeolites or oxide materials containing Nb, Ta or other
metals,35,36 have also been investigated for the HPPO reaction
and alkene epoxidation.

Herein, we report the study on the HPPO reaction over zinc
oxide (ZnO) with acetonitrile as a solvent. ZnO is a cheap,
nontoxic material with unique physical and chemical properties
and shows attractive applications in optoelectronics, elec-
tronics, laser technology, and photocatalysis.37,38 It has been
demonstrated that ZnO with a hexagonal wurtzite structure
could interact with H2O2 and convert to cubic zinc peroxide
(ZnO2)39 and that ZnO2 may partially decompose to produce O2

and hexagonal ZnO with a signicant number of defects as the
temperature increases, with a complete decomposition taking
place at around ∼250 °C.39 ZnO2 may react with water to
produce paramagnetic superoxide species40,41 and has been
applied for reactions including the oxidation of aromatic alco-
hols to the corresponding carbonyl compounds,42 decomposi-
tion of dye molecules in wastewater,43 and detoxication of
mustard gas.44 As for the HPPO or related reactions, rather
limited studies on ZnO-based catalysts, mainly in photo-
catalysis, e.g., photocatalytic olen epoxidation with O2 over Pd/
ZnO45 and cyclohexane oxidation/epoxidation with H2O2 over
5262 | J. Mater. Chem. A, 2025, 13, 5261–5274
Fe2O3–ZnO46 have been reported. It is noted that Arca and
coworkers reported the preparation of zinc salt pre-treated TS-1
for the HPPO reaction47 and found that the coordination of Zn
to the Ti site (through bridging oxygen) resulted in the increase
in the solvent donor properties to the Ti site as well as the
reduction of the Ti–OOH electrophilicity, thereby giving rise to
high SPO and UH2O2

. However, the contribution from ZnO2

possibly formed during the reaction was not discussed. In this
study, ZnO nanorods (NRs; the sample is designated as ZnO-
NR) and the composites of ZnO-NR and mesoporous MCM-41
materials (designated as ZnO/MCM-41) were prepared and
applied to catalyze the reaction of propylene epoxidation with
aqueous H2O2 in acetonitrile. As compared to ZnO-NR, ZnO/
MCM-41 with optimum composition exhibited superior epoxi-
dation performance with an SPO of 100% and a UH2O2

of over
98%. The fresh and spent catalysts of ZnO-NR and the best ZnO/
MCM-41 composite, as well as the ZnO2 nanoparticles (NPs),
were characterized by multiple techniques, including synchro-
tron powder X-ray diffraction (SXRD), transmission electron
microscopy (TEM), and X-ray absorption spectroscopy (XAS).
Electron paramagnetic resonance (EPR) spectroscopy and X-ray
photoelectron spectroscopy (XPS) were applied to investigate
the possible reactive species formed in the working catalysts.
Based on the results, a possible reaction mechanism of the
HPPO process over ZnO/ZnO2 catalysts was proposed.
2 Materials and methods
2.1. Chemicals and materials

All chemicals, including zinc acetate dihydrate (Zn(CH3COO)2-
$2H2O, 99.8%), zinc nitrate hexahydrate (Zn(NO3)2$6H2O, 98%),
ethanol (EtOH, 99.9%), sodium hydroxide pellets (NaOH,
99.9%), hydrogen peroxide (H2O2, 35 wt% aqueous solution),
and acetonitrile (CH3CN, 98%), were of analytical grade
purchased from Sigma-Aldrich and were used without further
purication. The propylene oxide standard (C3H6O, 99%) and
methanol (CH3OH, 99%) were purchased from Sigma-Aldrich,
whereas 7 N ammonia (NH3) solution was purchased from
Acros Organics. The propylene gas was purchased from Huei
Chyi Gas Co. Ltd, Taiwan. The mesoporous MCM-41 material
(CAS no. 1318-02-1) was also purchased from Sigma-Aldrich.
Isotope-labeled H2

18O2 (90 atom%, 2.0–2.4% aqueous solu-
tion) and 18O2 (97 atom%) were purchased from ICON Isotopes
and Sigma-Aldrich, respectively.
2.2. Catalyst preparation

The ZnO-NR sample was prepared by a reported solvothermal
method.48 Zn(CH3COO)2$2H2O (2.195 g) and NaOH (0.8 g) were
rst dissolved in ethanol (80 mL). The solution was poured into
a 15 mL Teon-sealed autoclave and was heated at 180 °C for
12 h. The solid product was collected by centrifugation and was
repeatedly washed with ethanol and water. The dried solid was
further heated at 500 °C for 3 h with a temperature ramp of 10 °
C min−1. The composites of ZnO-NR and MCM-41 were
prepared by the immobilization method.49,50 A total of 25 mg of
ZnO-NR was added into 75 mg of MCM-41 and stirred in
This journal is © The Royal Society of Chemistry 2025
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a mixture of CH3CN (40 mL) and 10 mL of EtOH (4/1 v/v) at 30 °
C, and 7 N ammonia solution in methanol (2 mL) was added
dropwise into the mixture to reach a pH value of 9.0. Aer the
mixture was further stirred for 12 h, the solid was collected by
centrifugation, washed with ethanol, and dried at 60 °C in
a vacuum. The composites are designated as ZnO/MCM-41(x),
where x denotes the content of Zn in the composites (wt%; x =

0.82–9.41). A reference sample of ZnO2 NPs was also prepared
by mixing an aqueous solution of Zn(CH3COO)2$2H2O (1.0 g in
50 mL of water) with an aqueous solution of H2O2 (35 wt%, 2
mL).51 The mixture was stirred at room temperature for 12 h,
and the solid product of ZnO2 NPs was collected by centrifu-
gation, washed with water, and dried at 60 °C under vacuum.
2.3. Catalyst characterization

SXRD patterns were recorded using the TPS 19A1 beamline,
with an X-ray wavelength of 0.77489 Å, at the National
Synchrotron Radiation Research Center (NSRRC), Taiwan. TEM
images were obtained using a JEOL JEM-F200 microscope
operating at 200 kV. The compositions of the ZnO-based
materials were determined using an inductively coupled
plasma-mass spectrometer (ICP-MS, Thermo-element XR) and
energy dispersive X-ray spectroscopy (EDX) on a eld-emission
scanning electron microscope (SEM, FEI Quanta 200F) with
an EDX detector (ULTRA PLUS, Carl Zeiss). The SEM images
were obtained using the microscope operated at 10 kV. Nitrogen
physisorption isotherms were obtained at 77 K using a Micro-
meritics 3Flex instrument. Each sample was evacuated at 120 °C
for 12 h prior to the measurement. The Brunauer–Emmett–
Teller (BET) surface area was calculated from the adsorption
branch in the relative pressure range of 0.05–0.30, and the
average pore diameter was calculated from the desorption
branch using the Barrett–Joyner–Halenda (BJH) method. The
total pore volume was evaluated at a relative pressure of 0.95.
XAS measurements at the Zn K-edge were conducted in trans-
missionmode using the TLS 17C1 and TPS 44A beamlines at the
NSRRC, Taiwan. Zinc foil was measured simultaneously as
a reference sample for energy calibration. Multiple scans were
performed and averaged to enhance the signal-to-noise ratio.
For a measured spectrum, the extended X-ray absorption ne
structure (EXAFS) function c was obtained by subtracting the
post-edge background from the initial spectrum and then
normalizing to the edge jump step. The energy space spectrum
of the normalized c(E) was then transformed into the k-space
spectrum of c(k). The c(k) was multiplied by k3 to compensate
for the oscillation dampening in the high-k region, and the k3-
weighted EXAFS data in the range of 3.0–14 Å−1 were converted
to the R-space data by Fourier transform (FT). Athena soware
was used to process the XAS spectra, including background
subtraction, normalization of the edge jump step, and FT of the
k3-weighted EXAFS data. Artemis soware was used to t the FT
proles. Wavelet transform analysis was further conducted to
gain more insights into the k-space resolution. Athena soware
was also used for linear combination tting (LCF) of XANES and
k3-weighted EXAFS data of the spent catalysts. EPR spectra were
recorded on a Bruker EMX spectrometer (Bruker ST4102 cavity)
This journal is © The Royal Society of Chemistry 2025
operating at X-band frequency and 100 kHz eld modulation.
To insert the sample (10 mg), a cylindrical quartz tube container
was used, which was maintained at a temperature of 77 K.
Thermogravimetric analysis combined with gas chromatog-
raphy and mass spectrometry (TGA-GC/MS) was conducted on
a Mettler-Toledo 2-HT analyzer coupled with an Agilent 7890
GC/5975 MS system. XPS measurements were performed on an
ultrahigh vacuum system using an Omicron DAR400 Al Ka X-ray
source and an Omicron EA125 energy analyzer. The C 1s core
level peak (284.8 eV) was used as an energy reference, and the
XPS spectra were analyzed using CasaXPS soware.
2.4. Epoxidation of propylene with hydrogen peroxide

The catalytic HPPO reactions were carried out in a 50 mL
stainless steel Parr autoclave reactor equipped with a Teon
liner. The autoclave was loaded with a catalyst (12.5–62.5 mg),
H2O2 (35 wt% aqueous solution, 5.87–14.10 mmol), and CH3CN
(5 mL). The reactor was sealed, pressurized with propylene (5–
20 bar), and then heated to the designated temperature (30–70 °
C). The reaction mixture was stirred at 880 rpm and allowed to
react for 1–8 h (starting from the time when the reaction
mixture reached the designated temperature). Aer the reaction
was complete, the stirring was stopped, and to avoid loss of PO
(with a boiling point of ∼35 °C), the reactor was cooled to 10 °C
using iced water before being slowly depressurized and opened.
The reaction products were analyzed by gas chromatography
(GC, Shimadzu GC-2010plus) or GC/MS (Agilent GC/MS-5977B/
MSD) with methyl tert-butyl ether (MTBE) as an internal stan-
dard. The amount of H2O2 remaining aer the reaction was
determined by UV-vis spectroscopy with a potassium titanium
oxalate solution.52,53 For the catalytic test of ethylene epoxida-
tion, the products were analyzed by 1H-NMR on a Bruker AVA-
AV400 (400 MHz) spectrometer. All resonances were refer-
enced to the deuterated solvent CD3CN (d = 1.93 ppm). The
ZnO-NR and ZnO/MCM-41(7.99) catalysts aer the catalytic
tests under optimum reaction conditions were collected by
centrifugation for further characterization, and the spent cata-
lysts are designated by adding “sp” to the designation of the
original catalysts (e.g., ZnO-NRsp refers to the ZnO-NR collected
aer the catalytic reaction). Small losses of the spent catalyst
during collection by centrifugation were accounted for to keep
themass of the applied catalyst constant in the recyclability test.
The values of conversion of H2O2 (XH2O2

), the utilization effi-
ciency of H2O2 (UH2O2

), the yield of PO (YPO, based on the initial
molar amount of H2O2), the selectivity of PO (SPO), the
productivity of PO (PPO), and the turnover number (TON) were
calculated using these criteria:

XH2O2
ð%Þ ¼ n0H2O2

� nH2O2

n0H2O2

� 100% (1)

UH2O2
ð%Þ ¼ nPO

n0H2O2
� nH2O2

� 100% (2)

YPO ð%Þ ¼ nPO

n0H2O2

� 100% (3)
J. Mater. Chem. A, 2025, 13, 5261–5274 | 5263

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4ta08256g


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
Ja

nu
ar

y 
20

25
. D

ow
nl

oa
de

d 
on

 1
/1

1/
20

26
 4

:0
8:

58
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
SPOð%Þ ¼ nPO

nPO þ nothers
� 100% (4)

PPO

�
mg h�1 gcat

�1� ¼ wPO

time � wcat

(5)

TON ¼ nPO þ nothers

nZn
(6)

where n0H2O2
and nH2O2

denote the molar amounts of H2O2 before
and aer the reactions, nPO denotes the molar amount of PO
formed (calculated from the volume of the reaction mixture and
the value of molar concentration determined by GC or GC/MS),
nothers denotes the molar amount of other byproducts detected,
wPO and wcat denote the weights of PO formed and the catalyst
and nZn denotes the molar amount of Zn in a catalyst. Some
catalysts also produced acetic acid (AC) or acetaldehyde (AA),
and the criteria for the yields and selectivity of these reaction
products were the same as those for PO.

3 Results and discussion
3.1. Catalytic study of propylene epoxidation

The structure and morphology of all the ZnO-NR and ZnO/
MCM-41(x) materials were well characterized by SXRD, TEM,
and SEM. The compositions of the ZnO/MCM-41(x) composites
were determined by ICP-MS and EDX. The catalytic perfor-
mance of ZnO-NR for propylene epoxidation with H2O2 in
CH3CN was rst examined with varied amounts of H2O2

(Entries 1–5, Table 1). While no PO was produced in the absence
of H2O2 (Entry 1, Table 1), efficient conversion of propylene to
PO with nearly 100% selectivity was observed in the presence of
H2O2 and ZnO-NR. With an amount of 5.87 mmol H2O2 for
a reaction of 6 h, the conversion of H2O2 (XH2O2

) and the utili-
zation efficiency of H2O2 (UH2O2

) reached 97.98% and 97.53%,
respectively. Under the reaction conditions, the yield of PO (YPO)
based on the initial molar amount of H2O2 reached 95.56% and
the productivity of PO (PPO) was 1448 mg h−1 gcat

−1. The value of
TON based on the molar amount of Zn was 14.3. As the amount
of H2O2 increased up to 14.10 mmol, the reactions gave a higher
TON and PPO (23.3 and 2398 mg h−1 gcat

−1 with 14.10 mmol
H2O2, Table 1), but at the cost of reduced conversion and
utilization efficiency of H2O2. The amount of 5.87 mmol H2O2

with the highest values of XH2O2
, UH2O2

, and YPO was thus chosen
Table 1 Results of propylene epoxidation over ZnO-NR with H2O2 usin

No ZnO-NR (mg) H2O2 (mmol) XH2O2
(%) UH2O2

(%) YPO

1 37.5 0 0 0 0
2 37.5 5.87 97.98 97.53 95.5
3 37.5 9.34 74.43 85.82 64.1
4 37.5 11.75 74.70 85.26 63.6
5 37.5 14.10 77.19 85.33 65.8
6 12.5 5.87 72.07 48.04 34.6
7 25.0 5.87 86.71 75.91 65.8
8 50.0 5.87 86.39 93.61 80.8
9 62.5 5.87 88.95 96.28 85.6

a Reactions were conducted with 5 mL of CH3CN and a propylene pressu

5264 | J. Mater. Chem. A, 2025, 13, 5261–5274
to study other reaction parameters. Next, catalytic reactions
with varied amounts (12.5–62.5 mg) of ZnO-NR were conducted
(Entries 2, 6–9, Table 1). Basically, volcano relationships were
observed between the amount of ZnO-NR, with an optimum
value of 37.5 mg, and the parameters of XH2O2

, UH2O2
, and YPO.

No PO was formed in the blank test with no ZnO-NR. It was
noted that acetic acid (AC) as an over-oxidized minor product
was detected with smaller (12.5 and 25.0 mg) amounts of ZnO-
NR, and an AC selectivity of 10.41% was measured with 12.5 mg
of ZnO-NR. Finally, the choice of solvent was examined and the
mixtures of acetonitrile and water, water, and methanol were
applied to the reaction. Under conditions similar to those for
Entry 2 of Table 1 (5.87 mmol of H2O2, 37.5 mg of a catalyst,
5 mL of solvent, and 20 bar propylene pressure at 50 °C for 6 h),
we found worse catalytic performance of ZnO-NR in the
acetonitrile/water mixtures than in pure acetonitrile and
observed no conversion of propylene in water or methanol
(Table S1†). The results clearly demonstrated the crucial role of
acetonitrile as a solvent in the catalytic reaction over ZnO-based
catalysts.

Since ZnO-NR contained aggregates of nanorods and
exhibited a relatively low surface area (31 m2 g−1, cf. Fig. S1 and
Table S2†), an attempt was made to disperse and immobilize
varied amounts of ZnO-NR on mesoporous MCM-41 alumino-
silicate (with a BET surface area of 856 m2 g−1 and an average
pore diameter of 3.1 nm, cf. Fig. S1 and Table S2†) for the
catalytic reaction. We rst examined the catalytic performance
of the composite catalysts ZnO/MCM-41(x) with varying Zn
content x (in wt%) (Table 2). While MCM-41 alone did not
exhibit any catalytic activity, the composites with a Zn content
higher than 1.45% were capable of epoxidizing propylene (Table
2). Except for ZnO/MCM-41(1.45), for which acetaldehyde (AA)
appeared as the major product, other composite catalysts with
higher Zn contents showed 100% selectivity of PO. The values of
XH2O2

and UH2O2
, as well as YPO, increased with increasing the Zn

content of the composites. The best catalyst among the
composites prepared and studied was ZnO/MCM-41(7.99),
showing nearly 100% PO selectivity (SPO), H2O2 utilization effi-
ciency (UH2O2

= 98.33%) and PO yield (YPO = 97.44%) under the
reaction conditions at 50 °C for 6 h. The catalytic performance
of ZnO/MCM-41(7.99) (Entry 7, Table 2) and ZnO-NR under
otherwise the same reaction conditions (Entry 2, Table 1) was
g varied amounts of ZnO-NR and H2O2
a

(%) SPO (%) PPO (mg h−1 gcat
−1) YAC (%) SAC (%) TON

NDb 0 — — 0
6 100 1448 — — 14.3
1 100 1546 — — 15.1
9 100 1932 — — 18.8
7 100 2398 — — 23.3
2 89.59 1574 4.02 10.41 15.3
2 97.23 1496 1.88 2.77 14.6
7 100 919 — — 9.0
4 100 779 — — 9.0

re of 20 bar at 50 °C for 6 h. b Not determined.

This journal is © The Royal Society of Chemistry 2025
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Table 2 Results of propylene epoxidation over ZnO/MCM-41(x) with H2O2 using varying Zn loadingsa

No Zn content x (wt%) XH2O2
(%) UH2O2

(%) YPO (%) SPO (%) PPO (mg h−1 gcat
−1) YAA (%) SAA (%) TON

1 0 NDb ND 0 ND 0 — — 0
2 0.82 ND ND 0 ND 0 — — 0
3 1.45 10.36 24.52 2.54 15.84 39 5.12 84.16 20.5
4 4.23 44.06 80.79 35.60 100 538 — — 90.7
5 4.34 49.91 80.54 40.20 100 609 — — 94.5
6 4.83 60.83 94.38 57.41 100 871 — — 120.5
7 7.99 99.09 98.33 97.44 100 1476 — — 124.4
8 9.41 95.46 97.35 92.93 100 1408 — — 101.0

a Reactions were conducted with 5.87 mmol of H2O2, 37.5 mg of catalyst, 5 mL of solvent, and a propylene pressure of 20 bar at 50 °C for 6 h. b Not
determined.

Fig. 1 Effects of (a) propylene pressure (at 50 °C) and (b) reaction
temperature (with 20 bar propylene pressure) on PO yield (YPO) and
TON for the reactions over ZnO-NR and ZnO/MCM-41(7.99) with fixed
amounts of H2O2 (5.87 mmol), catalyst (37.5 mg), and acetonitrile (5
mL) for 6 h.
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compared. With the same catalyst amount of 37.5 mg, the Zn (or
ZnO) content in ZnO/MCM-41(7.99) was much lower than that
for ZnO-NR. The fact that both catalysts produced PO as the only
product and exhibited similar or comparable values of XH2O2

,
UH2O2

, YPO, and PPO clearly indicated that ZnO-NR was success-
fully dispersed and immobilized on MCM-41 to expose a larger
catalytically active surface area to convert propylene to PO with
H2O2 in acetonitrile. As a result of low Zn (or ZnO) content, the
calculated value of TON for ZnO/MCM-41(7.99) (124.4) was
nearly an order of magnitude higher than that for ZnO-NR
(14.3). The reactions with varied amounts of H2O2 and ZnO/
MCM-41(7.99) were further conducted (cf. Table S3†). In these
reactions (except the one without adding H2O2), PO was the only
product (i.e., SPO = 100%) and acetic acid was not detected.
Similar to the trends observed for ZnO-NR, an increase in the
amount of H2O2 resulted in lower values of H2O2 conversion,
H2O2 utilization efficiency, and PO yield but better TON and PO
productivity. The highest values of TON (225.0) and PPO
(2691 mg h−1 gcat

−1) were observed for the reaction with
14.1 mmol H2O2. Besides, similar volcano relationships
between the catalyst amount and parameters of XH2O2

, UH2O2
,

and YPO were also observed for ZnO/MCM-41(7.99).
The inuences of propylene pressure and reaction temper-

ature on the catalytic performance of ZnO-NR and ZnO/MCM-
41(7.99) with xed amounts of catalyst (37.5 mg), H2O2 (5.87
mmol), and acetonitrile (5 mL) were then studied. The results of
the reactions with propylene pressures of 5–20 bar at 50 °C for
6 h are shown in Fig. 1a and Tables S4 and S5.† For both cata-
lysts, PO was the only detected product, and the conversion and
utilization efficiency of H2O2, the yield of PO, and TON all
increased with increasing propylene pressure. The results
suggest that the mass transfer of the gaseous reactant is
a limiting factor for the catalytic process. Next, catalytic reac-
tions with a propylene pressure of 20 bar over the two catalysts
at 30–70 °C were conducted for 6 h. As shown in Fig. 1b and
Tables S4 and S5,† while all the reactions exhibited 100%
selectivity for PO, volcano relationships were observed between
the reaction temperature and XH2O2

, UH2O2
, YPO, and TON for

both ZnO-NR and ZnO/MCM-41(7.99). The poorer catalytic
performance at a temperature higher than 50 °C may be
attributed to the accelerated decomposition of H2O2.54
This journal is © The Royal Society of Chemistry 2025
Changes in catalytic performance with time for the reactions
over ZnO-NR and ZnO/MCM-41(7.99) were then compared. As
shown in Fig. 2a, for both catalysts, no induction time was
observed for the catalytic reactions to start, and the evolutions
of H2O2 conversion and PO yield are very close to each other,
implying a one-to-one equivalence of the limiting reactant H2O2

and the produced PO. The values of XH2O2
and YPO (and UH2O2

,
Table S6†) for the two catalysts are similar, which should be, as
aforementioned, associated with the dispersion of ZnO-NR on
MCM-41. The 6 h and 8 h TON values are very close (Table S6†),
J. Mater. Chem. A, 2025, 13, 5261–5274 | 5265
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Fig. 2 (a) Changes in H2O2 conversion (XH2O2
) and PO yield (YPO) with

reaction time for propylene epoxidation over ZnO-NR and ZnO/MCM-
41(7.99) with 5.87 mmol of H2O2, 37.5 mg of catalyst, 5 mL of CH3CN,
and a propylene pressure of 20 bar at 50 °C. (b) Time courses fitted
with the pseudo-first-order kinetic model. (c) YPO and TON for the two
catalysts in cycle tests of propylene epoxidation with 5.87 mmol of
H2O2, 37.5 mg of catalyst, 5 mL of CH3CN, and a propylene pressure of
20 bar at 50 °C for 6 h.
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indicating that the reactions over the two catalysts approached
completion within 6 h. The time courses shown in Fig. 2a and
b could be well tted with the pseudo-rst-order kinetic model,
and the derived rate constants (k) from PO yield are 0.43 h−1 for
ZnO-NR (with a correlation coefficient (R2) of 0.941) and 0.50
h−1 for ZnO/MCM-41(7.99) (R2 = 0.948). Poorer ttings were
found for the data of H2O2 conversion, and the rate constant
values derived from H2O2 conversion are slightly higher than
5266 | J. Mater. Chem. A, 2025, 13, 5261–5274
those derived from YPO (k= 0.54 h−1 and R2= 0.929 for ZnO-NR;
k = 0.58 h−1 and R2 = 0.875 for ZnO/MCM-41(7.99)). This may
be attributed to the spontaneous decomposition of H2O2 under
the reaction conditions.

The stability of ZnO-NR and ZnO/MCM-41(7.99) was further
examined. Aer the reactions with 5.87 mmol of H2O2, 37.5 mg
of catalyst, 5 mL of CH3CN, and a propylene pressure of 20 bar
at 50 °C for 6 h, the spent catalysts were collected and reused to
catalyze the reactions under the same conditions for four cycles.
The results of cycle tests are shown in Fig. 2c and Table S7.†
Slight decreases in XH2O2

, UH2O2
, YPO, PPO, and TON were found

for both catalysts, and around a 10% drop in TON was observed
aer the fourth cycle. The decreases may be mainly associated
with the loss of catalysts during the collection of spent catalysts
by centrifugation. For ZnO/MCM-41(7.99), a slight degree of
leaching of Zn species was another reason, and a Zn leaching of
∼5.7% was detected by ICP-MS aer the fourth cycle. With
factors of catalyst loss and Zn leaching being taken into
account, the calculated values of TON and other parameters are
very close to those for the rst catalytic cycle, suggesting high
stability of the catalysts. A comparison of the catalytic perfor-
mance of ZnO-NR and ZnO/MCM-41(7.99) with reported HPPO
catalysts was made. As shown in Table S8,† the values of PO
yield, PO selectivity, H2O2 conversion, and H2O2 utilization for
ZnO-NR and ZnO/MCM-41(7.99) are comparable to those for
industrially applicable TS-1 catalysts25,55 for the epoxidation of
propylene with H2O2(aq). The two ZnO-based catalysts outper-
form the Nb-EISA catalyst35,36 in terms of PO yield and H2O2

conversion.
An attempt was made to test the catalytic activity of the best

catalyst, ZnO/MCM-41(7.99), for the epoxidation of ethylene.
The reaction was conducted with 2.94 mmol of H2O2, 37.5 mg of
catalyst, 2.5 mL of deuterated acetonitrile (CD3CN), and an
ethylene pressure of 20 bar at 50 °C for 6 h, and the solution
collected aer the reaction by centrifugation was analyzed by
1H-NMR. Ethylene oxide (EO), identied by the signal at
2.64 ppm (Fig. S2†), was the major product of the reaction with
a selectivity of 92.73%, with ethylene glycol as the only minor
product. The conversion and utilization of H2O2 were lower
than the values for the reaction of propylene epoxidation (Table
S9†), despite a lower initial amount of the oxidant. Nevertheless,
the results show that ZnO/MCM-41(7.99) could catalyze the
epoxidation of ethylene, giving an EO yield of 67.26%, an EO
productivity of 387 mg h−1 gcat

−1, and a TON of 46.3 under the
reaction conditions.
3.2. Structural analysis of fresh and spent catalysts

The synchrotron powder X-ray diffraction (SXRD) patterns (X-
ray wavelength of 0.77489 Å) of ZnO-NR and ZnO/MCM-41(x)
all showed sharp peaks at 15.96°, 17.15°, 18.16°, 23.52°, 27.87°,
and 30.53° (Fig. 3 and S3†), which correspond to the (100), (002),
(101), (102), (210), and (103) reections of crystalline ZnO with
a hexagonal wurtzite structure (space group: P63mc; lattice
constants: c = 5.21 Å and a = 3.25 Å).56 For ZnO/MCM-41(x), the
peaks in the small-angle region correspond well to the reec-
tions of MCM-41 exhibiting a two-dimensional hexagonal
This journal is © The Royal Society of Chemistry 2025
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Fig. 3 SXRD patterns of ZnO-NR, ZnO-NRsp, ZnO/MCM-41(7.99),
ZnO/MCM-41(7.99)sp, and ZnO2 NPs (X-ray wavelength of 0.77489 Å).
The peaks marked by asterisks are attributed to cubic ZnO2.
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mesostructure (with a unit cell parameter of ∼3.9 nm).57 The
nanorod morphology of ZnO was conrmed by SEM (Fig. S4†).
The nanorods in ZnO-NR were mostly assembled or bundled,
while those in ZnO/MCM-41(x) were mainly segregated,
presumably by the mixed MCM-41 particles. The MCM-41
particles could be observed in the samples with a relatively
Fig. 4 TEM (a and c) and HRTEM (b and d) images of ZnO-NR (a and b)

This journal is © The Royal Society of Chemistry 2025
higher amount of the material (e.g. ZnO/MCM-41(4.23), Fig.
S4e†), but they could not be clearly discerned in ZnO/MCM-
41(7.99) due to the low contrast and low relative amount of
MCM-41. The SEM observation conrmed the role of MCM-41
in dispersing ZnO nanorods to expose the surface of segre-
gated nanorods for catalysis. TEM was further performed to
analyze ZnO-NR and ZnO/MCM-41(7.99). For ZnO-NR, the
bundled nanorods were again found (Fig. 4a), and fringe
patterns were clearly observed in the ZnO nanorods in the high-
resolution TEM (HRTEM) images (Fig. 4b). In ZnO/MCM-
41(7.99), on the other hand, individual ZnO nanorods with
high crystallinity were observed among irregularly shaped
MCM-41 particles (Fig. 5a and b). Basically, the results of TEM
are consistent with the SEM observations.

The ZnO-NR and ZnO/MCM-41(7.99) catalysts aer the
catalytic reactions under optimum conditions (i.e., 5.87 mmol
of H2O2, 37.5 mg of catalyst, 5 mL of CH3CN, and a propylene
pressure of 20 bar at 50 °C for 6 h) were collected by centrifu-
gation, and the spent catalysts ZnO-NRsp and ZnO/MCM-
41(7.99)sp were further characterized in order to identify the
active species for the reaction. ZnO-NRsp gave an SXRD pattern
with some broad and weak reections, in addition to those
attributed to hexagonal ZnO (Fig. 3), suggesting the presence of
some minor phase with relatively low crystallinity in the spent
catalyst. For ZnO/MCM-41(7.99)sp, the SXRD pattern is
completely different from that of ZnO/MCM-41(7.99) and
contains relatively broad reections that could be indexed to
and ZnO-NRsp (c and d).

J. Mater. Chem. A, 2025, 13, 5261–5274 | 5267
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Fig. 5 TEM (a and c) and HRTEM (b and d) images of ZnO/MCM-41(7.99) (a and b) and ZnO/MCM-41(7.99)sp (c and d).
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ZnO2 with a cubic-pyrite structure (space group: Pa�3 lattice
constants: a = 4.87 Å).39 A reference sample of phase-pure cubic
ZnO2 NPs was synthesized by following a reported procedure.51

Its SXRD pattern is also shown in Fig. 3, and analyses of TEM,
HRTEM, and EDX revealed that the sample comprised particles
with tens of nanometers in size, each of which contained
nanosized domains of cubic ZnO2 (Fig. S5†). Based on SXRD,
the minor phase in ZnO-NRsp was identied to be ZnO2 and the
three additional peaks were indexed to be the (200), (220), and
(331) reections of cubic ZnO2. The spent catalysts were further
analyzed by TEM. Most ZnO nanorods in ZnO-NRsp were much
shorter than those in the as-prepared catalyst, and some
nanoparticles with irregular shapes (several to tens of nano-
meters in size) were also observed (Fig. 4c). The nanoparticles
showed a lattice fringe spacing of 0.282 nm, corresponding to
the (111) plane of cubic ZnO2 (Fig. 4d). For ZnO/MCM-
41(7.99)sp, no rod-shaped particles were observed (Fig. 5c). EDX
elemental mapping images conrmed that the Zn-containing
species were dispersed in the composite (Fig. S6†), and the
particles with darker contrast also showed lattice fringes of
ZnO2 (Fig. 5d). The results of SXRD and TEM/EDX indicated that
ZnO nanorods interacted with H2O2 and converted to ZnO2 NPs
during the catalytic reaction. Moreover, while only part of the
ZnO nanorods in ZnO-NR were converted, most ZnO nanorods
in ZnO/MCM-41(7.99) were transformed into ZnO2. Such
a dramatic transformation may be attributed to the much better
accessibility of the dispersed ZnO nanorods in the catalyst.
5268 | J. Mater. Chem. A, 2025, 13, 5261–5274
XAS measurements at the Zn K-edge were further conducted
for bulk and quantitative analysis of the catalysts. ZnO-NR and
ZnO/MCM-41(7.99) exhibited identical absorption edges
(9661.30 eV) in their XANES spectra, while the edge for ZnO2

NPs is slightly blue shied to 9664.70 eV (Fig. 6a and b). The
measured values of the absorption edge for the samples are
almost identical to the reported values of bulk hexagonal ZnO58

and cubic ZnO2.39 The slight difference in absorption edges for
ZnO and ZnO2 may be associated with the coordination geom-
etry of Zn2+ in the two structures (four-coordinated tetrahedral
geometry in hexagonal ZnO and six-coordinated octahedral
geometry in cubic ZnO2)58,59 and the oxidation state of the
coordinating oxygen anions. Moreover, the normalized white
line absorption of ZnO-NRsp is more intense than that of ZnO-
NR, possibly also associated with the change in the coordina-
tion state of Zn.59 The tted results of Zn K-edge k3-weighted
EXAFS data and their FT proles as well as the wavelet trans-
forms for EXAFS signals further conrmed the crystalline
structure of hexagonal ZnO and cubic ZnO2 in the samples
(Table S10 and Fig. S7†). Next, the spent catalysts were analyzed.
The absorption edges for ZnO-NRsp and ZnO/MCM-41(7.99)sp
were in between those for ZnO-NR and ZnO2 NPs (Fig. 6a and b),
suggesting that the spent catalysts contained both ZnO and
ZnO2. The XANES spectra were tted with those of ZnO-NR and
ZnO2 NPs by linear combination, and the results of LCF (Fig. 6c
and d) suggested that around 50% (R factor= 0.001) and 77% (R
factor = 0.003) of ZnO in ZnO-NRsp and ZnO/MCM-41(7.99)sp,
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 (a and b) Normalized Zn K-edge XANES spectra of Zn foil, ZnO-NR, ZnO-NRsp, ZnO/MCM-41(7.99), ZnO/MCM-41(7.99)sp, and ZnO2 NPs.
(c and d) LCF results for the Zn K-edge XANES of the spent catalysts. (e and f) LCF results for the k3-weighted EXAFS data of the spent catalysts.
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respectively, were converted to ZnO2. The relative amounts of
ZnO2 in spent catalysts were also estimated by tting the k3-
weighted EXAFS data (Fig. 6e and f), and the values of 57% (R
factor = 0.034) for ZnO-NRsp and 84% (R factor = 0.034) for
ZnO/MCM-41(7.99)sp were obtained. The quantitative analysis
conrmed a higher degree of conversion of ZnO nanorods in
ZnO/MCM-41(7.99) during the catalytic reaction than those in
the ZnO-NR catalyst.
3.3. Study on active sites and the mechanism of the HPPO
process over ZnO-based catalysts

The fact that a signicant amount of ZnO converted to ZnO2

during a catalytic reaction points to the possibility that ZnO2might
This journal is © The Royal Society of Chemistry 2025
be the actual active species for the epoxidation of propylene. The
catalytic performance of ZnO2 NPs for the reaction was therefore
studied. Under identical reaction conditions (i.e., 37.5 mg of ZnO2

NPs, 5.87mmol ofH2O2, 5mL of CH3CN, and a propylene pressure
of 20 bar at 50 °C for 6 h), it gave a PO yield of 85.12% (100% PO
selectivity) and a PO productivity of 1290mg h−1 gcat

−1, with a TON
of 14.4, a H2O2 conversion of 91.66%, and a H2O2 utilization effi-
ciency of 92.86%. No conversion of propylene was observed when
CH3CNwas replaced by water. Overall, the catalytic performance of
ZnO2 NPs is very similar to that of ZnO-NR (Entry 2 of Table 1 and
Entry 1 of Table S1†). This strongly suggests that ZnO2, formed
from ZnO under reaction conditions, is the main catalytically
active species for the epoxidation reaction.
J. Mater. Chem. A, 2025, 13, 5261–5274 | 5269
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The key role of H2O2 in the epoxidation of propylene over
ZnO-based catalysts was further conrmed by reactions with
18O-enriched oxidants. The catalytic reactions with H2

18O2

(conditions: 37.5 mg of ZnO-NR, 300 mL of the aqueous solution
of 2.0–2.4% H2

18O2, 5 mL of CH3CN, and a propylene pressure
of 20 bar at 50 °C for 6 h) or with H2

16O2 and
18O2 (conditions:

37.5 mg of ZnO-NR, 5.87 mmol of H2O2, 5 mL of CH3CN, 20 bar
of propylene pressure with ∼5% 18O2 at 50 °C for 6 h) were
conducted and the resulting product of PO was analyzed by GC/
MS. As shown in Fig. 7, no 18O-enriched PO was detected for the
reaction with H2

16O2 and
18O2, while an enrichment of 72% was

observed for the reaction with H2
18O2, with roughly one-to-one

stoichiometry of H2O2 and PO. The results indicated that the
ZnO-based catalysts reacted with H2O2 but not with O2 to
generate reactive oxygenated species to further react with
propylene to produce PO.

The HPPO process over ZnO-based catalysts should be
associated with the reactive species in the ZnO2 NPs formed
upon the reaction of ZnO with H2O2. Selected catalysts were
Fig. 7 The MS data of propylene epoxidation over ZnO-NR with (a)
H2

16O2, (b)
18O2 (97 atom%) and H2

16O2, and (c) H2
18O2 (90 atom%,

2.0–2.4% aqueous solution).

5270 | J. Mater. Chem. A, 2025, 13, 5261–5274
further analyzed by EPR and XPS to probe and investigate the
possible reactive species. The EPR spectra of fresh and spent
catalysts of ZnO-NR and ZnO/MCM-41(7.99) as well as the
spectrum of ZnO2 NPs were recorded at 77 K. In principle, both
ZnO and ZnO2 are EPR silent, but the peroxide (O2

2−) ions on
ZnO2 may react with water to form EPR-active superoxide (O2

−)
species.40 As shown in Fig. 8a, while the fresh catalysts did not
show any signals in their spectra, the spectrum of ZnO2 NPs
displayed an axial peak at g‖ ∼ 2.030 and gt ∼ 2.000, where the
perpendicular absorption linewidth is large so that the differ-
ence between gyy and gxx cannot be signicantly resolved. The
corresponding results further supported the presence of
superoxide species adsorbed to Zn2+ in the sample.40,41,60 The
signals were also observed for the two spent catalysts. The
integration intensity ratio for ZnO-NRsp, ZnO/MCM-41(7.99)sp,
and ZnO2 NP was determined to be 1.0 : 1.0 : 2.0 (Fig. S8†).
Interestingly, the Zn species with a relatively small amount
(7.99%) in ZnO/MCM-41(7.99)sp resulted in comparable spin
intensity (no signal of the MCM-41-only material) for para-
magnetic superoxide species, implicating the role of the mes-
oporous materials in assisting the dispersion and storage of the
reactive species in the composite. The comparable values of PO
productivity (PPO, per gram of catalyst) for ZnO-NR and ZnO/
Fig. 8 (a) EPR spectra of MCM-41, ZnO-NR, ZnO-NRsp, ZnO/MCM-
41(7.99), ZnO/MCM-41(7.99)sp, and ZnO2 NPs measured at 77 K. (b) O
1s XPS spectra and deconvoluted peaks of ZnO-NR, ZnO-NRsp, and
ZnO2 NPs.

This journal is © The Royal Society of Chemistry 2025
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MCM-41(7.99) further support this point (Table S1†). For ZnO-
NRsp and ZnO2 NPs, the additional signal at g ∼ 1.95, which
could be attributed to the oxygen vacancy with trapped elec-
trons,40,61,62 was also observed. Since water was present in the
reaction media for all the catalytic tests, one could conclude
that both peroxide and superoxide species should be present in
the ZnO-based catalysts in the HPPO process. The peroxide and
superoxide species were thermally stable up to 200 °C and were
converted to O2 at 210–250 °C, as revealed by analysis of TGA-
GC/MS (Fig. S9†).

XPS was further applied to probe the binding energy (BE) and
chemical state of oxygen-containing species on the surface of
these catalysts. The O 1s spectra of the fresh and spent catalysts
and ZnO2 NPs are shown in Fig. 8b and S10.† The spectrum of
ZnO-NR can be deconvoluted into three peaks at ∼530.6, 531.5,
and 532.5 eV, corresponding to the O2− anions in the lattice
(OL), the oxygen anions (Ox

−) in the vicinity of oxygen vacancies
(VO), and the chemisorbed O2 or H2O (OC), respectively.63,64 The
values of BE for VO and OC are characteristic of defect-rich
oxides.65 Similarly, the spectrum of ZnO/MCM-41(7.99) was
tted with the contributions of the three species (Fig. S10†),
with a much more intense peak at 532.6 eV mainly attributed to
the framework oxygen (Si–O–Si/Al) of MCM-41 as well as the
surface OH groups and the OC on ZnO-NR.53,66 For ZnO2 NPs, on
the other hand, its spectrum can be well tted with three
components (Fig. 8b). The most intense peak at 531.7 eV should
be mainly attributed to both the O2

2− anions (and related
hydroperoxide, OOH−) of ZnO2 as well as the EPR-active
superoxide species on the surface.63,64 The presence of VO

species, as suggested by EPR, might also contribute to the peak.
The other two peaks at 530.3 and 532.7 eV are relatively weak
and they are assigned to the O2− anions of ZnO, possibly formed
by the decomposition of ZnO2

59 and the chemisorbed species
(OC), respectively. The spectrum of the spent catalyst ZnO-NRsp

resembles that of ZnO2, with the values of BE of the three tted
Scheme 1 A proposed mechanism for the HPPO process over ZnO-NR

This journal is © The Royal Society of Chemistry 2025
peaks being identical to those for ZnO2. Comparing the relative
intensities of the three peaks suggests that ZnO-NRsp possessed
fewer peroxide (and hydroperoxide), superoxide, and VO

species, yet more OC on its surface than ZnO2 did. Similar
changes in the surface species were also observed for ZnO/
MCM-41(7.99)sp aer catalytic reaction (Fig. S10†).

Based on our ndings, we propose a catalytic cycle for the
HPPO process over ZnO-based catalysts with acetonitrile as
a solvent. As shown in Scheme 1, under the reaction conditions,
the hexagonal ZnO-NR rst reacts with H2O2 to transform the
four-coordinated Zn2+ cations with tetrahedral geometry to the
six-coordinated octahedral Zn centers of cubic ZnO2. The
process can store additional oxygen atoms from H2O2 with the
reactive species anchored at the Zn centers. The Zn-peroxide
species may react with water to form EPR-active Zn-superoxide
species and may also generate related Zn-hydroperoxide
species (suggested by XPS) on ZnO2. All these species may be
capable of epoxidizing propylene via a direct O-atom transfer
reaction6 with the assistance of acetonitrile and a nearby
aqueous hydrogen bonding network. The acetonitrile molecule
may serve as a decent ligand33,67 to coordinate and interact with
Zn2+ through the nitrogen atom and open up the Zn–O coor-
dination during the catalytic cycle for O-atom transfer to the
olen to selectively produce PO. The coordination and geometry
of the proposed intermediate states might resemble those in TS-
1 catalysts.5,6 Moreover, the presence of a nearby water molecule
can be essential for forming the H-bonding network to activate
the peroxide (and other reactive species) and enable epoxida-
tion. In our study, acetonitrile was the solvent and the water
molecules needed for the proposed catalytic cycle came from
the aqueous solution of H2O2. Such reaction conditions seemed
to be necessary, noting that the corresponding chemistry
cannot be conducted in a protic solvent of methanol or an
aqueous environment. Aer forming PO, the Zn center within
a six-membered ring of (ZnO)3, resembling the structure of ZnO,
with H2O2 in CH3CN.

J. Mater. Chem. A, 2025, 13, 5261–5274 | 5271
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may further react with another molecule of H2O2 to regenerate
the active site on ZnO2, forming one molecule of water as
a byproduct. It is noted that similar species of peroxide,
hydroperoxide and superoxide were also detected for olenic
epoxidation and aromatic hydroxylation with H2O2 over TS-1
and TiMCM-41.68–70 In our study, the results of XAS and
nitrogen physisorption reveal that the dispersion of ZnO by
MCM-41 is benecial for forming and accumulatingmore (up to
84%) reactive ZnO2 in the spent ZnO/MCM-41(7.99) catalyst.
With the assistance of acetonitrile, an aprotic polar organic
solvent, the hydrophobic propylene substrate may diffuse into
the mesopores of MCM-41 and may also approach the active
sites on ZnO2 more easily with reduced activation free energy
due to enthalpy–entropy compensation.20 We could thus bridge
the microscopic properties and the macroscopic catalytic
performance for the HPPO process over highly active ZnO/ZnO2

catalysts.71–73 Finally, the fact that no amide or organic peroxide
was detected in our catalytic studies strongly suggests that an
organic peroxide process was not involved in the HPPO process
over the ZnO-based catalysts.

4 Conclusions

ZnO-based catalysts, including ZnO-NR and ZnO/MCM-41(x)
composites, have been prepared and applied for the epoxida-
tion of propylene with H2O2 in acetonitrile under low temper-
atures (30–70 °C) and high pressures (5–20 bar). The ZnO
catalysts exhibited high epoxidation activity with high H2O2

utilization and PO selectivity. The amount of ZnO in ZnO/MCM-
41(x) composites has been optimized to give $98% H2O2 utili-
zation and nearly 100% PO selectivity. The catalytic perfor-
mance of the ZnO-based catalysts is comparable to that of TS-1
catalysts under similar reaction conditions. Moreover, ZnO2 has
been identied as forming from the reaction of ZnO with H2O2

and served as a novel green oxygen-storage oxide material. The
reactive species on ZnO2, including peroxide, hydroperoxide,
and superoxide, are proposed to epoxidize propylene through
a direct O-atom transfer reaction with the assistance of aceto-
nitrile and a nearby aqueous hydrogen bonding network. The
ZnO-based catalytic system with H2O2 in acetonitrile shows
high efficiency and recyclability and may be promising for
practical applications.
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