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Proper aggregation of Pt is beneficial for the
epoxidation of styrene by O2 over Ptx/γ-Al2O3

catalysts†
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Zhewei Zhang, Feifei Mei, Taotao Zhao, Xiangke Guo, Nianhua Xue and
Weiping Ding *

The dispersion of metal catalysts has multiple effects on catalytic performance, and higher dispersions

do not necessarily imply better performance. Herein, we report the epoxidation reaction of styrene over

supported platinum catalysts as an example. Compared with the Pt1/γ-Al2O3 catalyst, the Ptn/γ-Al2O3

catalyst with a larger Pt cluster size showed a much better performance. Combining the results of various

characterizations and density functional theory calculations, Ptn/γ-Al2O3 was found to be more favorable

for oxygen adsorption and activation to generate singlet oxygen species, further promoting the styrene

oxidation reaction to styrene oxide in terms of kinetics. In contrast the metallic center of Pt1 in Pt1/

γ-Al2O3 was too small to efficiently activate the diatomic oxygen molecule. These insights provide valu-

able guidance for designing high-performance metal catalysts.

1 Introduction

Supported precious metal catalysts offer a broad spectrum of
applications in the modern chemical industry, environmental
protection, and energy technology. Their effectiveness is closely
tied to structural features including particle size, composition,
morphology, and metal–support interactions.1 Particle size, in
particular, can fundamentally influence the catalytic perform-
ance and availability of active sites within these catalysts.2,3

Recent developments have highlighted the potential of single-
atom catalysts (SACs) for their nearly complete surface exposure
of active atoms, which can directly facilitate catalytic reactions.4–6

However, despite their advantages, the instability and structural
variability of SACs limit their practical applications. In response,
further research is needed to determine whether single-atom cat-
alysts, nanoparticles or cluster catalysts are more effective for a
particular reaction.7 By carefully adjusting the size,8,9 shape,10,11

composition,12,13 and surface modifications,14,15 researchers can

significantly alter the electronic properties and surface activity of
the catalysts. Such enhancements would not only capitalize on
the benefits of extreme dispersion but also improve stability and
customization, fostering synergistic interactions at the interface
between the active sites and reactants.16,17 However, achieving
uniformity and predictability in the distribution of active sites of
supported precious metal catalysts remains challenging despite
the advancements made in nanoparticle- and cluster-catalysts in
the past decades. Nevertheless, addressing this issue is crucial
for maximizing the catalytic efficiency and selectivity in practical
applications.

Epoxidation reactions, such as the transformation of
styrene into styrene oxide, are crucial for producing essential
industrial chemicals used in products like surfactants and
resins.18 The catalytic oxidation of styrene through molecular
oxygen presents an environmentally friendly and economically
feasible alternative to traditional peroxide-based methods. In
this process, molecular oxygen is activated and then converted
to reactive oxygen species (ROS), and this procedure is vital for
supported heterogeneous catalysts to effectively catalyze the
epoxidation of styrene under aerobic conditions.19 Although
many advancements have improved ROS generation, these
reactions typically require harsh conditions, such as high
temperature or photothermal synergy.20–22 Multiple mecha-
nisms have been proposed for molecular oxygen activation.
One involves the absorption of molecular oxygen at the oxygen
vacancies (Ov) on defective oxide supports.23–25 Alternatively,
the adsorption-dissociation process primarily occurs on noble
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metal surfaces.26–28 In this context, platinum (Pt) catalysts are
particularly effective owing to their outstanding catalytic
activity and efficiency in promoting these activation mecha-
nisms. In general, the particle size of platinum is critical to its
catalytic activity since the particle size dictates the amount of
active sites on the catalytic surface, thereby influencing the
adsorption and activation efficiency of oxygen molecules.
Recent studies have underscored the importance of particle
size in catalysis, highlighting how its variations can influence
the electronic properties and chemical reactivity of the
catalyst.29–31 These studies emphasize the significance of the
catalyst size in the activation of molecular oxygen, which is
essential for enhancing the epoxidation of styrene and a criti-
cal step in this reaction.

Herein, we adopted a facile and effective impregnation
strategy to construct catalysts with different Pt sizes to explore
the species that can promote the generation of more singlet
oxygen species and have a higher selectivity of styrene epoxi-
dation. These Pt catalysts are composed of atomically dis-
persed Pt at the γ-Al2O3 support (labelled as Pt1/γ-Al2O3) and
nanocluster Pt at the γ-Al2O3 support (denoted as Ptn/γ-Al2O3).
The latter catalyst in styrene oxidation, in which the dispersion
and interaction of Pt with the support is modified by the pres-
ence of oleic acid during preparation, shows higher selectivity
and activity with reduced metal–support interaction, achieving
81.8% styrene conversion ratio and 70.1% styrene oxide (SO)
selectivity, which is more stable compared with the Pt1/γ-Al2O3

catalyst. According to the characterizations using X-ray absorp-
tion spectroscopy (XAS), aberration-corrected transmission
electron microscopy (AC-TEM), as well as density functional
theory (DFT) calculations, Pt in Pt1/γ-Al2O3 or Ptn/γ-Al2O3 cata-
lysts is atomically dispersed or in nanoclusters, respectively.
The oxygen activation mechanism over the two catalysts was
analyzed through oxygen temperature-programmed desorption
(TPD) and in situ electron paramagnetic resonance (EPR)
measurements, revealing that Pt particle size can influence
oxygen activation and overall catalytic performance.

2 Results and discussion
Ptx/γ-Al2O3 catalyst texture

Both Pt1/γ-Al2O3 and Ptn/γ-Al2O3 catalysts were prepared using
the incipient wetness impregnation method.32 Generally, pre-
cisely controlling the volume of the precursor solution ensures
a thorough coating of the support. Following impregnation,
the materials are subjected to drying and calcinating to
achieve the final catalyst. For the synthesis of Ptn/γ-Al2O3, an
additional step of surface modification is necessary, which
alters the interactions between platinum and the support
(Fig. S1, ESI†).33 As shown in Table S1,† the practical loadings
of platinum are 0.77 and 0.82 wt% for Pt1/γ-Al2O3 and Ptn/
γ-Al2O3, respectively, analyzed by ICP, which are close to the
theoretical amount (0.80 wt%). Also, compared with bare
γ-Al2O3, sufficient pore volume (∼0.50 cm3 g−1) with a high
surface area (∼130 m2 g−1) is exhibited by both catalysts in

Fig. S3.† Based on the XRD patterns in Fig. S2,† all diffraction
peaks of the two catalysts can be indexed to γ-Al2O3 (PDF # 10-
0425). The absence of a discernible phase of the platinum-
related species is due to the low content and high dispersion
of Pt species. HR-TEM images and the corresponding EDS
elemental mappings of Pt1/γ-Al2O3 and Ptn/γ-Al2O3 are shown
in Fig. 1. Both the catalysts show similar morphology as the
γ-Al2O3 support used. For the Pt1/γ-Al2O3 catalyst (in Fig. 1a),
no apparent trace of any Pt species can be identified, but the
Ptn/γ-Al2O3 catalyst (in Fig. 1b) gives evident aggregation of Pt
as nanoparticles (NPs) loaded on alumina. The EDS elemental
mappings (in Fig. 1c and d) confirm the different dispersion
states of the two catalysts.

Due to the intrinsic interactions between the Pt and
γ-Al2O3, the Pt species disperse atomically on the surface of
the support (Fig. 2a and b and Fig. S4†). For Ptn/γ-Al2O3, Pt
NPs can be observed at low magnification in Fig. 2d, revealing
that the weakened metal–support interactions induced the
aggregation of Pt atoms. Subsequent statistical analysis also

Fig. 1 (a) HR-TEM images of Pt1/γ-Al2O3 and (b) Ptn/γ-Al2O3; EDX
elemental map distributions of Pt, Al and O of (c) Pt1/γ-Al2O3 and (d)
Ptn/γ-Al2O3.

Fig. 2 AC-HAADF-STEM images of Ptx/γ-Al2O3 samples. (a and b) Pt1/
γ-Al2O3; (d and e) Ptn/γ-Al2O3; in situ CO DRIFTS spectra of Ptx/γ-Al2O3

samples. (c) Pt1/γ-Al2O3 and (f ) Ptn/γ-Al2O3.

Nanoscale Paper

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 7474–7481 | 7475

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
Fe

br
ua

ry
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/1
9/

20
25

 8
:1

6:
57

 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

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nr05256k


confirmed that the average size of Pt NCs is ca. 3.5 nm.
Furthermore, the lattice fringes of 0.22 nm are observed in the
metal particle in Ptn/γ-Al2O3 (Fig. 1b and 2e), which corres-
ponds to the {111} plane of PtO2. The images confirm that Pt
species in the Pt1/γ-Al2O3 catalyst is atomically dispersed on
the γ-Al2O3 support surface, while in the Ptn/γ-Al2O3 catalyst, Pt
aggregates into nanoparticles and are evenly dispersed on the
support.

In situ CO diffuse reflectance infrared Fourier transform
spectroscopy (CO-DRIFTS) was used to characterize the elec-
tronic properties of the two catalysts. The CO band position
can be influenced by the particle sizes, surface coverage, and
interaction with the support. Fig. 2 shows the CO-DRIFTS
spectra of Pt1/γ-Al2O3 and Ptn/γ-Al2O3 catalysts. Two evident
distinctive peaks at 2172 and 2175 cm−1 in the two catalysts
are attributed to gaseous CO.34 For the Pt1/γ-Al2O3 catalyst, dis-
cernible peaks within the range of 1700 to 2300 cm−1 distinctly
signify the vibrational and stretching modes associated with
the adsorption of CO by Pt sites (Fig. 2c).35 Moreover, the
singular and faint adsorption band manifested at a wavenum-
ber of 2111 cm−1 implies that CO is linearly bonded to the
atomically dispersed Pt sites with a positive charge.36,37 The
CO-DRIFTS spectrum of Ptn/γ-Al2O3 catalysts shown in Fig. 2f,
except for CO gas adsorption, manifests a novel band posi-
tioned at 2080 cm−1, indicating CO adsorption on the posi-
tively charged Ptδ+ species, which is a discernible state exclu-
sively presented at the Pt–O-metal interfacial site.38–40

Throughout the whole purging process, the intensity of these
peaks remains consistently stable, revealing the enduring
stability of the CO adsorption state on the Pt nanocluster
surface. In addition, the CO-DRIFTS results of both the Pt cata-
lysts show the oxidation state of Pt with positive valence.

Further insights into the structure of Pt1/γ-Al2O3 and Ptn/
γ-Al2O3 catalysts were acquired by X-ray absorption fine struc-
ture (XAFS) experiments. Pt L3-edge X-ray absorption near-edge
structure (XANES) spectra shown in Fig. 3a were used to deter-
mine the valence state of the Pt species. The corresponding
reference spectra of Pt1/γ-Al2O3, Ptn/γ-Al2O3, as well as PtO2

and Pt foil, are plotted. Thereinto, the Ptx/γ-Al2O3 peak (white
line) is located between the PtO2 and Pt foil peaks, which indi-
cates that both atomically dispersed Pt atoms and NPs species
are in the form of oxidized platinum. The intensity of the
white line for each Pt catalyst is very similar to that of PtO2,
with a consistent oscillation shape.41 However, the white line
intensity of the Pt nanocluster is higher than that of the Pt
SAC, which is shown in an enlarged view in the inset of
Fig. 3a, indicating that Pt nanoparticles have a higher valence
state, which is consistent with the XPS results. Owing to the
overlapping of the Pt 4f peaks with Al 2p,42 the Pt 4d binding
energies were used for the analysis (Fig. S5†). In the two Pt cat-
alysts, Pt species are detected with Pt2+ and Pt4+ valence states,
while the ratio of Pt4+/Pt2+ in Pt1/γ-Al2O3 is significantly higher
than that in Ptn/γ-Al2O3. Notably, the oxidized Ptδ+ peak in the
Pt 4d binding energy of Pt1/γ-Al2O3 distinctly shifts approxi-
mately 0.3 eV lower than that of Ptn/γ-Al2O3. This shift implies
electron transfer from the Pt atoms to alumina, attributed to

their strong interatomic interactions. It is also proven by the Al
2p peak shown in Fig. S5a.†

Further, we used Fourier-transformed (FT) k2-weighted
extended X-ray absorption fine structure (EXAFS) spectra to
analyze the bond lengths and coordination number of Pt
species (Fig. 3b). In both Pt1/γ-Al2O3 and Ptn/γ-Al2O3, sharp
peaks corresponding to the Pt–O layer of coordination at
1.64 Å and 1.68 Å, respectively, are observed, similar to the
PtO2 reference.

43 The least squares method was used to fit the
EXAFS spectra to quantify the coordination number of the Pt
species (Fig. 2d, e and Table S2†). In both Pt catalysts, there is
no Pt–Pt bond, but the Pt–O bond exists, while the Pt–O
coordination number is ∼5.3 at a distance of 2 Å for Pt1/
γ-Al2O3 or ∼6 at a distance of 1.93 Å for Ptn/γ-Al2O3, respect-
ively. The wavelet transform (WT) analysis is a powerful tech-
nique to discern the scattering atoms and provide resolutions
in both R-space and k-space. In Fig. 3e, the WT-EXAFS spec-
trum of Pt1/γ-Al2O3 exhibited a peak at 1.5 Å in the R space
and 4.4 Å−1 in the k-space, similar to the Ptn/γ-Al2O3 catalyst,
which showed a maximum at 1.6 Å in the R space and 4.3 Å−1

in the k-space, attributable to Pt–O bonds.44 In contrast, the
WT-EXAFS spectrum of the Pt foil displayed a peak at 2.7 Å
inthe R space and 8.3 Å−1 in the k-space in the WT-EXAFS spec-
trum, corresponding to Pt–Pt bonds.45 This indicates that Pt
atoms were only bonded to oxygen in both catalysts.

Combined with the above systematic characterization ana-
lyses, it is discerned that the Pt atoms in both catalysts are in
the oxidized state. Notably, the Pt1/γ-Al2O3 catalyst was highly
dispersed in the form of a single atom, whereas the Ptn/γ-Al2O3

catalyst was a nanocluster-type.

Catalytic performance

The catalytic properties of the Pt1/γ-Al2O3 and Ptn/γ-Al2O3

samples were explored using styrene epoxidation using O2 as

Fig. 3 (a) Pt L3-edge X-ray absorption near-edge structure; (b) Fourier-
transform EXAFS spectra of Pt1/γ-Al2O3, Ptn/γ-Al2O3, and the corres-
ponding references; (c and d) Fourier transform EXAFS fitting spectrum
of Pt1/γ-Al2O3 and Ptn/γ-Al2O3 at R space; (e). Wavelet transform EXAFS
of Pt1/γ-Al2O3, Ptn/γ-Al2O3, PtO2 and Pt foil.
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the oxidant. Initial optimization revealed that Pt-based cata-
lysts oxidize solvents and reactants simultaneously due to their
strong oxidation capabilities. N,N-Dimethylformamide (DMF),
reported to be an effective solvent for achieving the epoxi-
dation of styrene,46,47 was utilized to assess the oxidation per-
formance at different temperatures (Fig. S7a and S7b†).
However, its strong interaction with the Pt center caused cata-
lyst passivation and low styrene conversion, indicating its
unsuitability. Subsequently, other solvents were tested, and it
showed that 1,4-dioxane was the best solvent for the reaction
(Fig. S7c†). Mannitol was added to prevent the oxidation of
1,4-dioxane at elevated temperatures.19 To exclude the effect of
mass transfer on the reaction kinetics,48,49 we conducted a
series of experiments at different stirring speeds (ranging from
100 rpm to 500 rpm) to assess the effect on catalytic perform-
ance. As shown in Fig. S6,† the styrene conversion rate first
increased with the stirring speed, reaching a maximum at 300
rpm, and then decreased at higher stirring. Nevertheless, the
selectivity of SO mainly decreased with the increase in stirring
speed, indicating a shift in the reaction pathway at stirring
speeds higher than 300 rpm, which could be due to the dis-
turbance in oxygen transfer and adsorption. Therefore, it was
speculated that the reaction kinetics are not significantly
affected by mass transfer at 300 rpm, and this stirring speed
was chosen for further optimization of the reaction conditions.
Fig. 4a and b illustrate that the reaction temperature can influ-

ence the catalytic performance for styrene epoxidation after
10 h. An increase in both styrene conversion ratio and SO
selectivity was observed as the reaction temperature rose.
Notably, the performance of the Ptn/γ-Al2O3 catalyst consist-
ently surpassed that of the Pt1/γ-Al2O3 catalyst. As shown in
Fig. 4c and d, reaction time can also obviously influence the
styrene conversion ratio and SO selectivity, and in this pro-
cedure, Ptn/γ-Al2O3 maintains superior catalytic activity over
the Pt1/γ-Al2O3 catalyst. Moreover, as the reaction time
extended under 100 °C, the optimum temperature, the reac-
tion rate of both Pt catalysts showed an increasing trend. After
10 hours of the reaction, the Ptn/γ-Al2O3 catalyst shows the best
catalytic activity, achieving 81.8% styrene conversion and
70.1% selectivity for SO, surpassing the Pt1/γ-Al2O3 catalyst,
which reached a 65.3% of styrene conversion ratio and 51.5%
of SO selectivity. The turnover frequency value for Ptn/γ-Al2O3

was confirmed to be 155 h−1, which is much higher than that
of Pt1/γ-Al2O3 (99 h−1) in a 3 h reaction (Fig. 4e). The re-
usability tests showed that Ptn/γ-Al2O3 maintained high selecti-
vity and activity over five cycles (Fig. 4f). X-ray diffraction
(XRD) patterns of the used catalysts showed no significant
changes compared with fresh catalysts, confirming the struc-
tural integrity (Fig. S8a†). Furthermore, the size of the Pt nano-
particles remained consistent, as evidenced by the high-resolu-
tion transmission electron microscopy (HR-TEM) images
(Fig. S8b†).

Kinetics and mechanism

A kinetic study was performed to clarify the kinetic behaviors
and Arrhenius plots for styrene epoxidation on Pt1/γ-Al2O3 and
Ptn/γ-Al2O3 catalysts. According to the various reaction data
obtained by the mass transfer and controlling the reaction
temperature, the kinetics analysis for the Pt1/γ-Al2O3 and Ptn/
γ-Al2O3 catalysts were processed, which can be linearly plotted
against reaction time, as illustrated in Fig. 5a and b. Here, the
application of pseudo-first-order kinetics is suitable for asses-
sing the catalytic rate.50,53 The kinetic equation of this epoxi-
dation reaction may be formulated as follows (eqn (1)):51

� ln
C
C0

� �
¼ kt ð1Þ

Fig. 4 Catalytic performance of Pt1/γ-Al2O3 and Ptn/γ-Al2O3 as a func-
tion of (a and b) temperature and (c and d) time; (e) calculated TOF
values of Pt1/γ-Al2O3 and Ptn/γ-Al2O3 for the oxygen of styrene; (f )
cyclic stability of Ptn/γ-Al2O3. Reaction conditions: 4.33 mmol styrene,
100 mg catalysts, 20 mL 1,4-dioxane, 1 atm oxygen.

Fig. 5 Kinetic study of styrene epoxidation by Pt1/γ-Al2O3 and Ptn/
γ-Al2O3 catalysts. (a and b) ln(C/C0) versus reaction time; (c) Arrhenius
plots and the calculated apparent activation barriers of styrene epoxi-
dation for Pt1/γ-Al2O3 and Ptn/γ-Al2O3 catalysts.
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where t is the reaction time; C is the concentration of the reac-
tants at time t; C0 is the initial concentration of the reactants
and k is the rate constant of the reaction. From the analysis of
the slopes in the fitted lines, the calculated rate constants (k
values) for the reactions conducted at different temperatures
are listed in Table S3.† The results imply that higher reaction
temperature favors faster kinetics, which is consistent with the
reaction results.

Based on the results of kinetic analysis, the apparent reac-
tion constants (k) were used to calculate the apparent acti-
vation energy (Ea) in the Arrhenius equation. Ea can be deter-
mined based on the Arrhenius equation (eqn (2)):53

ln k ¼ ln A� Ea

RT
ð2Þ

where A is the pre-exponential factor, R is the molar gas con-
stant (8.314 J K−1 mol−1) and T is the reaction temperature of
the epoxidation of styrene. The fitting results and the corres-
ponding Ea are shown in Fig. 5c.

Compared with Pt1/γ-Al2O3, Ptn/γ-Al2O3 exhibits a higher
reaction rate and lower activation energy, as shown in
Table S3.† This result further demonstrates that the Ptn/
γ-Al2O3 catalyst significantly enhances the reaction rate, which
is conducive to accelerating the oxidation process of styrene.

The O2-TPD results are depicted in Fig. S9.† Generally,
there are three regions of oxygen desorption, respectively,
corresponding to the reactive oxygen species (O2

−/O−,
100–300 °C), surface lattice oxygen species (Olatt

2−,
350–500 °C), and bulk lattice oxygen species (Olatt

2−,
500–700 °C).52 Ptn/γ-Al2O3 shows two peaks at 376 and 475 °C,
assigned to the adsorbed and lattice oxygen, respectively, while
Pt1/γ-Al2O3 has only one peak at 447 °C, attributed to the acti-
vated lattice oxygen (Olatt

2−). The Ptn/γ-Al2O3 catalyst exhibits a
lower temperature of oxygen desorption and a larger peak area
compared to the Pt1/γ-Al2O3 catalyst. With the same loading of
Pt, the Ptn/γ-Al2O3 sample is more active for oxidation.

Fig. 6a shows the catalytic performances of Pt1/γ-Al2O3 and
Ptn/γ-Al2O3 with various quenchers and experimental results

for investigating the mechanism. Firstly, negligible styrene
conversion was observed under a nitrogen atmosphere. When
2,2,6,6-tetramethyl-1-piperidinyloxy (TEMPO) was introduced
into the system, the reaction was inhibited completely, con-
firming the ROS-mediated route over the two catalysts. When
1,4-benzoquinone, an efficient O2

− scavenger, was added into
the system, the reaction was also shut down, indicative that
O2

− is not the main factor affecting SO production. It is inter-
esting that the addition of mannitol (a hydroxyl radical •OH
trap) cannot change the conversion of styrene and selectivity
to SO, which suggests the •OH species do not influence styrene
epoxidation.19 However, with the addition of 2,2,6,6-tetra-
methylpiperidine (TMP, an effective scavenger of 1O2)

53 to the
reaction system, the styrene conversion was reduced and SO
selectivity was completely inhibited, revealing the singlet
oxygen species 1O2 is responsible for the styrene epoxidation.
In situ electron paramagnetic resonance (EPR) spectra were
used to monitor the 1O2 species over Pt1/γ-Al2O3 and Ptn/
γ-Al2O3 catalysts from 25 °C to 100 °C. As shown in Fig. 6b, a
triplet peak with an intensity ratio of 1 : 1 : 1 was attributed to
TEMP-1O2. The intensity of the 1O2 radical for the Pt1/γ-Al2O3

catalyst is very weak, irrespective of the temperature at 25 °C or
100 °C. For the Ptn/γ-Al2O3 catalyst, however, an intense EPR
signal was observed at 100 °C, though it was weak under
25 °C, indicating that the Ptn/γ-Al2O3 catalyst is more condu-
cive to the generation of 1O2 driven by heat. These results
demonstrate the higher catalytic activity of Ptn/γ-Al2O3 com-
pared to Pt1/γ-Al2O3.

Mechanism elucidated by DFT calculations

We have conducted density functional theory (DFT) calcu-
lations to thoroughly understand the mechanism of Pt cata-
lysts with varying sizes for the epoxidation of styrene.

The DFT analyses explored the interaction dynamics
between the Pt species and oxygen molecules on γ-Al2O3 sur-
faces. The optimized configurations of Pt1O2/γ-Al2O3 and
Pt11O18/γ-Al2O3 (Fig. 7a and Fig. S10†) revealed significant
differences in electronic properties. According to the Bader
charge analysis, both Pt catalysts are positively charged. The
isolated platinum atom in Pt1O2/γ-Al2O3 is positively charged
with +0.78 |e|, while more electrons were accumulated on
Pt11O18, as shown in Fig. 7b, revealing the platinum atoms in
Pt11O18/γ-Al2O3 with higher valence, agreeing well with the XPS
analysis. In addition, the d-band center upward shift of
Pt11O18 concerning the Fermi level was observed (Fig. S11†),
which may strengthen the bond with oxygen molecules accord-
ing to the d-band center theory9 and also benefit the adsorp-
tion and activation of molecular oxygen to a certain degree.

Based on the kinetic results, O2 activation is the first step
within the consecutive styrene oxidation. According to the cal-
culations, the adsorption of oxygen molecules over oxidized
platinum NPs (−1.24 eV) was much stronger than the oxidized
platinum single atom (−1.89 eV) (Fig. S12†). In Fig. 7c, the acti-
vation barrier of the adsorbed oxygen (O2*) and subsequent
dissociation over Pt1O2/γ-Al2O3 was 1.38 eV (II to TS), which is
kinetically difficult. By contrast, the reaction occurring on the

Fig. 6 (a) Catalytic performance of Pt1/γ-Al2O3 and Ptn/γ-Al2O3 with
various quenchers, the red short dash represents the SO selectivity and
column represents the styrene conversion; (b) in situ EPR spectra of Pt1/
γ-Al2O3 and Ptn/γ-Al2O3 with TEMP-1O2 at 25 °C and 100 °C.
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Pt11O18/γ-Al2O3 surface (ΔE = −0.44 eV) is thermodynamically
favorable with a barrier of 0.56 eV (II to TS), which is easy to
overcome. This result indicated that the formation of the O*
species with Pt NPs was far more facile, which is consistent
with the EPR results (Fig. 6b). Configurations involved in the
initial, transitional and final states are shown in Fig. S13 and
S14.†

Along the reaction path, molecular oxygen is firstly
adsorbed and activated to the O* species over both Pt1O2/
γ-Al2O3 and Pt11O18/γ-Al2O3 and the latter has low exothermic
values. Subsequently, a styrene molecule was activated (IV) and
transformed to the epoxidation product SO (V), with an energy
barrier of −0.93 eV on Pt11O18/γ-Al2O3 and −1.30 eV on Pt1O2/
γ-Al2O3 (IV to V), which confirmed the Pt11O18/γ-Al2O3 catalyst
with low energy barrier for the epoxidation progress. By over-
coming relatively low energy barriers (V to VI), the remaining
oxygen is transformed to new one-coordinated oxygen atoms.
In this process, Pt11O18/γ-Al2O3 can more easily overcome the
energy barrier of 0.15 eV compared to Pt1O2/γ-Al2O3, with a
higher energy barrier of 0.73 eV. Subsequently, another new
styrene molecule was activated and converted to SO (VII to IX).
The energy barrier of Pt11O18/γ-Al2O3 is just 0.03 eV; however,
the Pt1O2/γ-Al2O3 energy barrier was 0.35 eV, which demon-
strated that the SO product is hardly desorbed from the Pt1O2/
γ-Al2O3 catalyst surface. Hence, the DFT calculation results
further proved that for the activation of styrene substrates and
O2, Ptn/γ-Al2O3 is the optimum catalyst, while the desorption
of SO products is also easier compared to that in Pt1/γ-Al2O3,
consistent with the experimental results.

3 Conclusions

By precisely tuning the metal–support interaction, the single-
atom Pt1/γ-Al2O3 and nanocluster-dispersed Ptn/γ-Al2O3 cata-
lysts were prepared. Compared with Pt1/γ-Al2O3, the Ptn/γ-Al2O3

catalyst exhibited superior catalytic performance for styrene
epoxidation. It was confirmed by experimental characteriz-
ations and theoretical calculations that Ptn/γ-Al2O3 was more
active for the activation of O2 to reactive singlet oxygen species.
In addition, owing to its larger size, it offers more sites simul-
taneously for styrene adsorption and epoxidation at the Pt
clusters. Over the Pt1/γ-Al2O3 catalyst, however, both the O2

activation and the desorption energy of styrene oxide show a
higher energy barrier. The results provide a comprehensive
understanding of the impact of Pt size on the epoxidation of
styrene and offer insights into regulation by the metal support
for controlling the dispersion and size distribution of plati-
num on alumina.

4 Experimental
Catalyst preparation

Reagents used for the catalyst preparation and detailed pro-
cedures are described in ESI.†

Catalyst characterizations

Catalyst characterization and instruments used as well as
specific test methods are given in the ESI.†

Catalytic test

The styrene oxidation was conducted in a three-necked glass
flask equipped with a reflux condenser. In a typical experi-
ment, styrene, catalysts, and solvent were mixed and added to
a 100 mL three-necked glass flask. 1 atm oxygen was then
introduced into the system using a balloon. The reaction
vessel was conducted at 100 °C in a silicon oil bath with con-
tinuous stirring. Once the reactor was cooled to room tempera-
ture, the liquid mixture was collected by filtration using a filter
membrane (0.22 μm) and then analyzed with a gas chromato-
graphy system (GC 9560) connected to a mass detector, in
which a known amount of nitrobenzene was introduced as an
internal standard. The turnover frequency (TOF) was deter-
mined using the following equation (eqn (3)):

TOF ¼ Nstyrene � Cstyrene

NPt � t
ð3Þ

where Nstyrene is the mole number of styrene, Cstyrene is the con-
version of styrene, Npt is the total mole number of platinum
atoms in the catalyst, and t is the reaction time (3 h).

The styrene conversion (eqn (4)) and SO selectivity (eqn (5))
was calculated by the following equation:

Styrene conversion ð%Þ ¼ converted styrene inmolar
initial styrene inmolar

ð4Þ

Fig. 7 DFT calculations. (a) Optimized configurations of Pt1O2/γ-Al2O3

and Pt11O18/γ-Al2O3 models; (b) Bader charge analysis of the platinum
atoms in both models. The black dotted line represents the number of
valence electrons in platinum; (c) energy profiles of the styrene epoxi-
dation reaction over Pt1O2/γ-Al2O3 and Pt11O18/γ-Al2O3. Color code: Pt
(dark golden), Al (brown), O (red), C (black) and H (white).
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SO selectivity ð%Þ ¼ SO in the product inmolar
converted styrene inmolar

ð5Þ

DFT calculations

All spin-polarized DFT calculations were carried out using the
Vienna Ab initio Simulation Package (VASP 5.4.4),54,55 a peri-
odic DFT code with projector augmented wave (PAW) poten-
tials. The exchange–correlation energy was described using the
generalized gradient approximation (GGA) formulated by the
Perdew–Burker–Ernzerhof (PBE) functional.56 The plane-wave
basis sets were converged by a kinetic energy cutoff of 400 eV
and a Monkhorst–Pack (3 × 3 × 1) k-point was applied for the
sampling of the Brillouin Zone. The convergence criterion of
energy and gradient was set as 10−5 and 0.03 eV Å−1, respect-
ively. The reaction energy (ΔE) and activation barrier (Ea) were
defined as the energy difference between the initial state (IS)
and final state (FS) and the energy difference between the
initial state and transition state (TS), respectively. The tran-
sition states were located via the climbing-image nudged
elastic band (CI-NEB) method57 together with the improved
dimer method (IDM),58 and finally confirmed by the frequency
vibrations. Atomic charges were computed through the Bader
charge analysis.59

The pristine γ-Al2O3(111) surface was modelled by a peri-
odic (1 × 1) supercell slab containing three Al–O–Al atomic
layers. A vacuum height of 15 Å along the Z direction was set
between the slab surfaces to eliminate unphysical interactions.
During the structural optimization, the atoms in the bottom
layer were frozen in the bulk positions while the remaining
atoms were fully relaxed. Based on the structural characteriz-
ations, two different models were taken into account. As for
modelling the single-atom structured platinum, an isolated
Pt1O2 was supported above the γ-Al2O3(111) surface and
named Pt1O2/γ-Al2O3. Moreover, platinum oxides with bigger
sizes were represented by substituting the Pt1O2 with an opti-
mized Pt11O18 cluster, which was named as Pt11O18/γ-Al2O3.
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