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ABSTRACT: Constructing catalysts with electronic metal−support interaction
(EMSI) is promising for catalytic reactions. Herein, graphene-supported positively
charged (Pt2+/Pt4+) atomically dispersed Pt catalysts (AD-Pt-G) with PtxC3 (x = 1, 2,
and 4)-based EMSI coordination structures are achieved for boosting the catalytic
ozonation for odorous CH3SH removal. A CH3SH removal efficiency of 91.5% can be
obtained during catalytic ozonation using optimum 0.5AD-Pt-G within 12 h under a
gas hourly space velocity of 60,000 mL h−1 g−1, whereas that of pure graphene is
40.4%. Proton transfer reaction time-of-flight mass spectrometry, in situ diffuse
reflectance infrared Fourier transform spectroscopy/Raman, and electron spin
resonance verify that the PtxC3 coordination structure with atomic Pt2+ sites on AD-Pt-G can activate O2 to generate peroxide
species (*O2) for partial oxidation of CH3SH during the adsorption period and trigger O3 into surface atomic oxygen (*Oad), *O2,
and superoxide radicals (·O2

−) to accomplish a stable, high-efficiency, and deeper oxidation of CH3SH during the catalytic ozonation
stage. Moreover, the results of XPS and DFT calculation imply the occurrence of Pt2+ → Pt4+ → Pt2+ recirculation on PtxC3 for AD-
Pt-G to maintain the continuous catalytic ozonation for 12 h, i.e., Pt2+ species devote electrons in 5d-orbitals to activate O3, while
Pt4+ species can be reduced back to Pt2+ via capturing electrons from CH3SH. This study can provide novel insights into the
development of atomically dispersed Pt catalysts with a strong EMSI effect to realize excellent catalytic ozonation for air purification.

KEYWORDS: atomically dispersed Pt, catalytic ozonation, Pt2+ → Pt4+ → Pt2+ recirculation, methyl mercaptan,
electronic metal−support interaction

1. INTRODUCTION

As one of the main contributors to malodorous pollution, the
elimination of sulfur-containing volatile organic compounds
(SVOCs) like methyl mercaptan (CH3SH) has attracted
increasing public attention.1,2 With the concentrations ranging
from tens to hundreds of ppm, CH3SH with an ultralow
olfactory threshold exists widely in the petroleum industry,
sewage/waste water treatment plants, and sanitary landfill.3−5

High concentrations of CH3SH can poison the human nervous
system, cause acid rain, corrode reactors, and inactivate
catalysts in chemical industry.5,6 Hence, numerous techniques
have been investigated to remove CH3SH such as
adsorption,7,8 biological degradation,9 catalytic oxidation,10

photocatalytic oxidation,11,12 and catalytic ozonation.13

Especially, catalytic ozonation is an effective and economic
technology for the removal of SVOCs owing to its high
efficiency, enhanced mineralization, and mild operation
conditions.14,15 To achieve the efficient and complete
SVOCs removal, it is necessary to develop highly active
catalysts for catalytic ozonation to eliminate CH3SH.
Supported Pt-based catalysts are considered as high-

performance catalysts for catalytic ozonation owing to their
unoccupied 5d-orbitals and strong adsorption/activation
ability for reactants.16,17 However, their practical performance

is still hampered by the low dispersion of active sites and
insufficient catalytic activity.17,18 Actually, constructing a
strong electronic metal−support interaction (EMSI) for
supported metal catalysts can solve these two issues
simultaneously.19−21 For one thing, the EMSI effect is
beneficial to the dispersion and stabilization of the supported
metals into sub-nanometer clusters or even atomically
dispersed atoms.19,20 For another, EMSI can also regulate
the electronic properties and d-band center of active sites as
well as the adsorption for reactants and intermediates, thus
leading to an excellent catalytic activity.22 Especially, carbon
supports with versatile structures and conductive properties are
more likely to induce the EMSI effect since they can
substantially influence the geometric configuration, electronic
structure, and interaction with the metal catalysts.20,23 For
instance, the carbon defects on graphene are beneficial to
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stabilizing the atomic Pt1C3 coordination environment via a
covalent Pt−C bond with a higher binding energy so as to
construct Pt-based atomically dispersed catalysts (Pt-ADCs)
and maximize the EMSI effect.24 In addition, the excellent
electrical conductivity of delocalized π-electrons in graphene
can promote the electron transfer and active-site circulation in
catalytic ozonation.25 Thus, it is still challenging to develop the
graphene-supported atomic Pt catalysts with strong EMSI for
catalytic ozonation.
Generally, in the catalytic ozonation process, it is essential to

improve the adsorption and dissociation ability of catalysts for
O3 and SVOCs molecules. Due to the Lewis basicity of the
terminal oxygen atom of O3 molecules, O3 tends to be
adsorbed on the Lewis acid sites with empty d-orbitals.26,27

Compared with the widely reported Pt nanoparticle-based
catalysts (Pt0), the construction of graphene-supported Pt-
ADCs with EMSI-induced positively charged Pt sites (Pt2+/
Pt4+) may promote the formation of Lewis acid sites for O3
adsorption and the devotion of electrons to activate O3 during
catalytic ozonation.22,28 Moreover, compared with the redox
pair of Pt0/Ptδ+ (δ = 2 or 4) in nanoparticular Pt catalysts that
probably leads to the aggregation of active sites, the redox pair
of Pt2+/Pt4+ in graphene-supported Pt-ADCs is beneficial to
maintaining the dispersion and stability of active species.22

Importantly, the atomic Pt sites with a higher valence (Pt4+)
was also proven to be beneficial to the adsorption of VOCs via
trapping electrons, which may also be readily applicable for
SVOCs.29 Furthermore, with the electron-deficient atomic Pt4+

sites as electron acceptors and conductive graphene as an
electron shutter, graphene-supported Pt-ADCs can maintain
high activity via rapid circulation of Pt2+/Pt4 sites.30 Therefore,
it is desired to develop and construct the graphene-supported
Pt-ADCs with a strong EMSI effect for boosting catalytic
ozonation to eliminate SVOCs.
In this research, the atomically dispersed Pt species were

successfully anchored on the reduced graphene oxide (AD-Pt-
G) with the Pt−C covalent bond-based EMSI effect for
catalytic ozonation to eliminate CH3SH. The as-prepared AD-
Pt-G samples obtained excellent activity and superior stability
for catalytic ozonation over a 12 h long-term test owing to the
rapid circulation of the Pt2+/Pt4+ redox pair. The catalytic
mechanism is investigated by in situ DRIFTS/Raman and DFT
calculation. This study can open up a strategy for the
development of atomic catalysts in ozonation and air
purification.

2. EXPERIMENTAL SECTION
2.1. Preparation of AD-Pt-G. The chemical reagents used

in this study are listed in Text S1 of the Supporting
Information. The synthesis of graphene oxide (GO) and
reduced graphene oxide (rGO) is described in Text S2. To
prepare AD-Pt-G, 60 mL of GO aqueous suspension (2 mg
mL−1) was first sonicated for 3 h in an ice bath. Then, x μL (x
= 64, 128, and 256) of aqueous H2PtCl6 solution (5 mg mL−1)
was added into the GO suspension followed by stirring for 12
h and sonication for another 15 min. The precursor solution
was then freeze-dried to obtain the brown sample followed by
annealing at 600 °C for 3 h under N2 protection at a heating
rate of 5 °C min−1. After collecting and washing, the products
were dried in vacuum at 40 °C overnight and denoted as xAD-
Pt-G (x = 0.25, 0.5, and 1.0), where x represents the weight
percentage ratio of platinum to carbon. For example, the
weight ratio of platinum to carbon in 0.5AD-Pt-G is

approximately 0.5 wt %. For comparison, the pure graphene
was prepared and denoted as PG, and the preparations of
0.5NP-Pt-G, 0.5Pt-CNTs, and 0.5Pt-g-C3N4 are listed in Texts
S3−S5. The regeneration method of the used catalysts is listed
in Text S6.

2.2. Characterization. The morphology of the catalysts
was observed with a field-emission scanning electron micro-
scope (FESEM, Quanta 400F, Netherlands) and transmission
electron microscopes (TEM, FEI Tecnai G2 Spirit and FEI
Tecnai G2 F30, USA). The atomic-scale images of high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) of catalysts were collected using spherical
aberration-corrected scanning transmission electron micro-
scopes (Cs-corrected STEM, FEI Themis G2 and FEI Themis
Z, USA). The X-ray diffraction (XRD) patterns of the catalysts
were collected using an X-ray diffractometer (Rigaku UltimaIV,
Japan) equipped with Cu Kα radiation. The Pt loadings were
determined using an inductively coupled plasma optical
emission spectrometer (ICP-OES, Aglient 5110, USA). The
chemical compositions of the catalysts were determined with
the Al Kα X-ray source using an X-ray photoelectron
spectroscope (XPS, ESCALAB 250, Thermo Fisher Scientific,
USA). Raman spectra were obtained using a Laser Micro-
Raman Spectrometer (Renishaw inVia, UK) with a wavelength
of 514.5 nm laser excitation. Electron paramagnetic resonance
(EPR) spectra in the solid state were obtained using an
electron paramagnetic resonance spectrometer (Bruker A300,
Germany) at room temperature. Pt L3-edge X-ray absorption
fine structure (XAFS) spectra were acquired at the National
Synchrotron Radiation Research Center in Hsinchu, Taiwan,
China, and experimental details are described in Text S7.

2.3. Catalytic Ozonation of CH3SH. Ozone was
generated by an ozone generator (YDG, YE-TG-02PII) from
pure oxygen (99.99%), and the inlet concentration was set to
be 467 ppm approximately. The catalytic ozonation experi-
ment was conducted in a flow-through quartz reactor with 0.1
g of catalysts under ambient conditions under room temper-
ature (24 °C ± 2 °C) and a relative humidity of 65%, unless
otherwise specified. The flow rate of ozone was 10 mL min−1,
while the total flow rate of feed gas was kept at 100 mL min−1,
equal to a gas hourly space velocity (GHSV) of 60,000 mL h−1

g−1. The inlet CH3SH concentration was controlled at 50 ppm
by diluting 1000 ppm of CH3SH (Air Liquide, balanced using
N2) using clean air or pure nitrogen (99.99%). A CH3SH
sensor (Detcon, DM-400IS, USA) was used to monitor the
concentration of CH3SH in the inlet and outlet gas. A
flowmeter and a buffer bottle were placed between the reactor
outlet and the CH3SH sensor to measure the outlet flow rate
and protect the sensor, respectively. The 180 min removal
efficiency was taken as an index to compare the catalytic
performance of different catalysts.

2.4. Analysis and Calculation. The degradation volatile
intermediates and products during adsorption and catalytic
ozonation were identified by a proton transfer reaction time-of-
flight mass spectrometer (PTR-ToF-MS) using a PTR-TOF
1000 instrument (Ionicon Analytik GmbH, Austria). The in
situ diffuse reflectance infrared Fourier transform spectroscopy
(in situ DRIFTS) was conducted using a Fourier transform
infrared spectrometer (Bruker, TENSOR II, Germany).
Atomic oxygen and reactive oxygen species (ROS) were
analyzed by in situ Raman (Renishaw inVia, UK) and electron
spin resonance (ESR, Bruker A300, Germany). The spin-
polarized density functional theory (DFT) calculations were
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conducted in the Vienna ab initio simulation package (VASP
5.4.1) with the generalized gradient approximation to calculate
the adsorption energy (Ead) of CH3SH, O2, and O3 molecules
on PtxC3 models including Pt1C3, Pt2C3, and Pt4C3 structures
according to the following equation:

E E E E( )ad c p m= − + (1)

where Ec, Ep, and Em represent the energies of the adsorption
complex, the PtxC3 model, and the individual CH3SH, O2, or

O3 molecule, respectively. The detailed methods for analysis
and calculation are listed in Texts S8−S11.

3. RESULTS AND DISCUSSION

3.1. Characterization of AD-Pt-G Catalysts. The
atomically dispersed Pt anchored on graphene nanosheet
catalysts (AD-Pt-G) were synthesized via a simple freeze-
drying and annealing procedure (Figure 1a). The morphology
of the as-prepared catalysts was investigated using FESEM,
TEM, and HAADF-STEM at first. As shown in Figure 1b,c and

Figure 1. (a) Schematic illustration for the synthesis of AD-Pt-G samples. (b) SEM image, (c) TEM image, (d, e) HAADF-STEM images, and (f−
i) element mapping for 0.5AD-Pt-G. (j) XRD patterns for 1.0AD-Pt-G, 0.5AD-Pt-G, 0.25AD-Pt-G, PG, and GO. The yellow and white circles in
(e) represent single Pt1 atoms and Pt2 dimers, respectively. The inset in Figure 1e shows the intensity profile along the yellow dashed rectangle,
demonstrating the dispersion and size of Pt atoms.

Figure 2. (a) XPS spectra of Pt 4f for PG and 0.5AD-Pt-G samples. (b) Solid-state EPR spectra of PG, 0.5AD-Pt-G, and 1.0AD-Pt-G. (c)
Normalized Pt L3-edge XANES spectra and (d) k2-weighted FT-EXAFS of 0.5AD-Pt-G, 1.0AD-Pt-G, and references. Fitting results of EXAFS for
(e) 0.5AD-Pt-G and (f) 1.0AD-Pt-G.
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Figure S1a,b, the SEM and TEM images of 0.5AD-Pt-G show
that 0.5AD-Pt-G exhibits the nanosheet-like surface of
graphene with wrinkles, and no obvious Pt nanoparticles are
observed on its surface. The HAADF-STEM images (Figure
S1c,d) further indicate the smooth surface of graphene
nanosheets of 0.5AD-Pt-G. However, as depicted in the
atomic resolution HAADF-STEM images (Figure 1d,e and
Figure S1e,f), the randomly distributed brighter spots (yellow
and white circles in Figure 1e) indicate Pt atoms due to the
larger atomic number compared with the carbon atoms of
graphene supports, which demonstrates that Pt species are
atomically dispersed on the graphene nanosheet of 0.5AD-Pt-
G. The randomly measured distances of Pt−Pt atoms suggest
that the main atomic Pt species exist as single Pt1 atoms with
distances of 0.3−0.8 nm and Pt2 dimers with Pt−Pt distances
of 0.2−0.3 nm (Figure S2). The energy-dispersive spectrosco-
py (EDS) mapping results (Figure 1f−i) also show the uniform
distribution of C, O, and Pt elements on 0.5AD-Pt-G.
Additionally, the TEM and HAADF-STEM images of
0.25AD-Pt-G (Figure S3) prove that there are similar wrinkled
graphene layers and a relatively lower density of atomic Pt
species dispersed on 0.25AD-Pt-G, due to its lower Pt loading
than 0.5AD-Pt-G. Notably, compared with 0.5AD-Pt-G and
0.25AD-Pt-G, the TEM and HAADF-STEM images of 1.0AD-
Pt-G (Figure S4) indicate the obvious coexistence of numerous
Pt nanoparticles and atomic Pt species on 1.0AD-Pt-G with a
higher Pt loading. As for the XRD patterns in Figure 1j,
0.25AD-Pt-G and 0.5AD-Pt-G display no additional peak
related to Pt species due to its trace amount and high
dispersion on graphene, whereas 1.0AD-Pt-G exhibits a weak
peak of Pt(111) at around 40°, consistent with the existence of
Pt nanoparticles observed in the HAADF-STEM images of

1.0AD-Pt-G. These results collectively prove the successful
preparation of graphene-supported atomically dispersed Pt
samples. In addition, the obvious peaks corresponding to
Pt(111) and Pt(200) in XRD as well as Pt nanoparticles in
TEM for 0.5NP-Pt-G prepared by a chemical reduction
method (Figure S5) indicate the abundant existence of Pt
nanoparticles on 0.5NP-Pt-G.
XPS was used to further probe the surface element

compositions and valence states of atomic Pt on 0.5AD-Pt-G
(Figure 2a and Figures S6 and S7). Besides the presence of C
and O, the survey spectrum in Figure S6 demonstrates the
extra existence of the Pt element on 0.5AD-Pt-G (with 0.06 at
% Pt) compared with PG. The deconvolution of the Pt 4f peak
of 0.5AD-Pt-G (Figure 2a) indicates that Pt exists in a
prominent oxidized state with 72.02% of Pt2+ (72.2 eV for Pt
4f7/2) and 27.98% of Pt4+ (73.6 eV for Pt 4f7/2).

31 The
presence of positively charged Pt species rather than Pt0

species (71.2 eV) verifies that the Pt elements on 0.5AD-Pt-
G exist in atomically dispersed states with a strong EMSI effect
instead of metallic states, similar to those reports on
ADCs.31−33 In contrast, the major Pt0 valence state in the Pt
4f spectrum of 0.5NP-Pt-G (Figure S8) indicates the existence
of metallic Pt0 species on 0.5NP-Pt-G with nanoparticular Pt
due to the weak interaction between Pt nanoparticles and the
graphene support. The positively charged Pt on 0.5AD-Pt-G
can be attributed to the Pt−C bond-based EMSI-induced
electron transfer from atomic Pt to the graphene support,
which can modulate the bond network and electronic structure
of graphene.34,35 This is well evidenced by the Raman spectra
of AD-Pt-G (Figure S9), as the G and 2G bands of AD-Pt-G
samples show different red shifts compared with that of PG,
and 0.5AD-Pt-G presents the largest red shifts of ∼4 and ∼9

Figure 3. CH3SH removal in catalytic ozonation using (a) different AD-Pt-G and NP-Pt-G samples, (b) different carbon-supported Pt samples, and
(c) in different processes using 0.5AD-Pt-G. (d) O3 conversion using different AD-Pt-G samples. (e) CH3SH removal in catalytic ozonation using
PG and 0.5AD-Pt-G under a 12 h reaction. (f) Pt 4f XPS spectra of 0.5AD-Pt-G samples after adsorption and catalytic ozonation for CH3SH
removal. (g) CH3SH removal in catalytic ozonation by continuous use of 0.5AD-Pt-G regenerated by washing or annealing.
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cm−1 for the G band and 2G band, respectively.36 The uneven
charge density distribution constructed by the strong Pt−C
interaction was further evidenced by solid-state EPR (Figure
2b), as 0.5AD-Pt-G obtains a higher intensity peak than PG
and 1.0AD-Pt-G at g = 2.01. Therefore, it is expected that the
electron-deficient Pt active sites (Pt2+/Pt4+) on AD-Pt-G
ADCs may boost the catalytic ozonation compared with
nanoparticular Pt (Pt0). In addition, the actual Pt loadings of
0.25AD-Pt-G, 0.5AD-Pt-G, and 1.0AD-Pt-G were measured as
0.23, 0.44, and 0.99 wt % by ICP-OES, respectively.
To verify the oxidation states and configuration structures of

the Pt species on AD-Pt-G catalysts, XAFS analysis was
conducted. As shown in Figure 2c, the normalized Pt L3-edge
X-ray absorption near-edge structure (XANES) spectra reveal
that the white line intensities of as-prepared AD-Pt-G samples
are between those of Pt foil and PtO2, illustrating that the
valence states of atomic Pt on AD-Pt-G are between 0 and
+4.22,37 Fourier transform extended X-ray absorption fine
structure (FT-EXAFS) spectra were conducted to further
analyze the atomic coordination signature of Pt on AD-Pt-G
samples. As shown in Figure 2d, a strong peak at ca. 1.5 Å
(without correction) corresponding to the Pt−C bond can be
observed for both 0.5AD-Pt-G and 1.0AD-Pt-G, suggesting the
strong Pt−C interaction between atomic Pt and the graphene
support.38,39 In addition, the peaks located at 2−3 Å (without
correction) can be attributed to the Pt−Pt bond derived from
Pt2 dimers on 0.5AD-Pt-G or Pt dimers/nanoparticles on
1.0AD-Pt-G.38,39 To identify the coordination environment
around the atomic Pt species, the FT-EXAFS of 0.5AD-Pt-G
and 1.0AD-Pt-G were fitted in R space, as shown in Figure 2fe,.
The fitting results (Table S1) indicate coordination numbers
of 3.0 and 2.6 for the first shell of Pt atoms on 0.5AD-Pt-G and
1.0AD-Pt-G, respectively, which may be ascribed to the
stabilization of atomic Pt by three C atoms on single carbon
defect to construct the PtxC3 coordination structure. In
addition, the calculated coordination number of Pt−Pt bonds
on 1.0AD-Pt-G is 3.4, much larger than that of 0.5AD-Pt-G,
which is consistent with the larger proportion of Pt
nanoparticles on 1.0AD-Pt-G identified by HAADF-STEM
(Figure S4). Obviously, both XAFS and XPS analyses confirm
the abundance of positively charged atomic Pt species (Pt2+/
Pt4+) deposits on graphene via a Pt−C bond to construct the
PtxC3 configuration, which are beneficial to promoting the
utilization of active sites and catalytic reactions due to the
EMSI-constructed uneven electron distribution.
3.2. Catalytic Ozonation of CH3SH Using AD-Pt-G

Catalysts. The performance of catalytic ozonation to remove
CH3SH over the as-prepared AD-Pt-G catalysts was evaluated
and is depicted in Figure 3. First, only 17.8% of CH3SH
removal is achieved by sole ozonation (Figure 3a), whereas
60.6% of CH3SH removal is achieved within a 30 min
adsorption for 0.5AD-Pt-G in air (0.5AD-Pt-G/air process in
Figure 3c). In catalytic ozonation, as shown in Figure 3a, with
respect to AD-Pt-G, in the initial period, the catalytic
degradation efficiency increases significantly, and then the
catalytic degradation trend reaches a relatively stable trend
during the 30−180 min period. This is because the
concentration of CH3SH in the reaction system decreases
rapidly due to the catalytic degradation of AD-Pt-G and then
quickly decreases to their minimum values along with time
extension. Within a 180 min reaction, 0.5AD-Pt-G can realize a
removal efficiency of 97.5% for 50 ppm of CH3SH, significantly
higher than those of 1.0AD-Pt-G (79.1%), 0.25AD-Pt-G

(43.3%), 0.5NP-Pt-G (62.3%), and PG (39.6%), verifying
that graphene-supported atomically dispersed Pt catalysts can
readily facilitate the catalytic ozonation to remove CH3SH.
The improved CH3SH removal efficiency with the increase in
the Pt content from 0.25 to 0.5 wt % can be ascribed to the
increased atomic active sites of PtxC3 configuration on the
catalysts. However, 1.0AD-Pt-G with a higher Pt loading
content and 0.5NP-Pt-G with abundant Pt nanoparticles show
a lower CH3SH removal performance than 0.5AD-Pt-G,
indicating that the formation of Pt nanoclusters or nano-
particles may reduce the catalytic ozonation activity.17,40 In
addition, the normalized CH3SH removal of per mg Pt values
for different graphene-supported Pt catalysts (Figure S10) are
72.6 and 78.2 μmol for 0.25AD-Pt-G and 0.5AD-Pt-G with
atomic Pt species, respectively, much higher than those of
1.0AD-Pt-G (31.8 μmol) and 0.5NP-Pt-G (49.1 μmol) with
metallic Pt nanoparticles, further implying the high Pt
utilization and efficient CH3SH removal ability of positively
charged atomic Pt species on graphene nanosheets even at a
lower Pt loading for the optimum 0.5AD-Pt-G.
Since the mutual interaction between atomic Pt species and

the support needs to be considered for elaborating the EMSI
effect, commercial carbon nanotubes (CNTs) and graphitic
carbon nitride (g-C3N4) were also used to deposit atomic Pt
for CH3SH elimination in catalytic ozonation. As shown in
Figure 3b, 0.5AD-Pt-G shows the best CH3SH removal
efficiency (97.5%) in catalytic ozonation compared to 0.5Pt-
CNTs (84.2%) and 0.5Pt-g-C3N4 (40.9%), which may be
ascribed to the stronger EMSI effect of PtxC3 configuration
induced by the covalent Pt−C bond between atomic Pt and
graphene as well as the favorable physicochemical properties of
graphene including a higher conductivity and abundant carbon
defects.24,41 These results illustrate the advantages of carbon
defects on graphene for anchoring atomically dispersed Pt,
which can not only stabilize the atomic Pt but also construct a
stronger EMSI effect to regulate the electronic properties of
catalysts, thus improving its O3 activation ability.
In order to further confirm the ability of AD-Pt-G to activate

O3, the CH3SH removal performance of 0.5AD-Pt-G was then
investigated under nitrogen, air, and ozone atmospheres. As
shown in Figure 3c, the CH3SH removal efficiency after 30
min for 0.5AD-Pt-G/O3 (98.4%) is much higher than those for
0.5AD-Pt-G/air (60.6%) and 0.5AD-Pt-G/N2 (22.0%), con-
firming the catalytic ozonation ability of AD-Pt-G catalysts.
Especially, 0.5AD-Pt-G/air shows a higher efficiency than
0.5AD-Pt-G/N2, indicating that the atomic Pt species on
0.5AD-Pt-G can probably activate O2 for the removal of
CH3SH. This is because the atomically dispersed PtxC3
configuration with uneven charge density distribution has a
strong activation ability for O2 and O3, thus boosting its
catalytic performance.34,35 In addition, the optimum mass of
the catalyst (0.1 g) and the relative humidity (RH = 65%) have
been identified for 0.5AD-Pt-G (Figures S11 and S12) for the
following experiments.
To comprehensively evaluate the potential of the as-

obtained AD-Pt-G catalysts in practical application, the O3
concentration in outlet gas was monitored to investigate
whether the residual O3 causes secondary pollution. Figure 3d
indicates that 99.94% O3 conversion efficiency is realized by
the 0.5AD-Pt-G/O3 process with a residual O3 concentration
of less than 0.04 ppm (meeting China Ambient Air Quality
Standards, 0.2 mg m−3, ≈0.094 ppm), suggesting the high
utilization rate of O3 during catalytic ozonation. In addition,
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the humidity resistance and stability of catalysts for VOCs
elimination are also important for their industrial applications.
Therefore, the effect of different relatively humidities (RH) on
CH3SH removal efficiency by catalytic ozonation over the as-
prepared AD-Pt-G catalysts was investigated. As shown in
Figure S12, AD-Pt-G catalysts can maintain a relatively stable
CH3SH removal activity in catalytic ozonation under different
humidities. In particular, 0.5AD-Pt-G can maintain a
satisfactory catalytic performance under extreme atmospheric
conditions, with CH3SH removal efficiencies of 76.7% and
85.8% under RH < 5% and RH > 95%, respectively. As for the
durability, as shown in Figure 3e, the 0.5AD-Pt-G/O3 process
achieves a CH3SH removal efficiency of 91.5% within a 12 h
reaction, still higher than those of PG/O3 (40.4%) and
individual O3 (17.2%) processes. Especially, no evidence
associated with the formation of Pt nanoparticles is observed in
the XRD spectra and SEM, TEM, and HAADF-STEM images
at different magnifications for the used 0.5AD-Pt-G (Figures
S13 and S14), suggesting an excellent stability of atomic Pt on
AD-Pt-G catalysts. Since the activity declined to 48.7% after a
48 h reaction (Figure S15), the XPS (Figure 3f, Figure S16,
and Table S2) and FTIR (Figure S17) results indicate that the
deactivation is probably due to the oxidation of atomic Pt2+

species (Pt2+ ratio decrease from 76.60 to 63.32%) and the
accumulation of sulfur- and carbon-containing oxidation
products. Hence, two strategies were carried out to regenerate
the catalysts and investigate the main reason for deactivation.
The regenerated catalysts after washing exhibit a removal
efficiency of 58.5% after a 180 min reaction, whereas the
regenerated catalysts by annealing in a N2 atmosphere exhibit
an obvious recoverable removal efficiency of 96.5%, suggesting
that the main deactivation reason could be related to the
oxidation of the active PtxC3 sites. Fortunately, the catalysts
can be regenerated and reused via the simple annealing
method to remove the accumulated products and reduce the
oxidized Pt4+ species into active Pt2+ species. Furthermore, the
catalytic performance of 0.5AD-Pt-G for CH3SH removal is
superior to most metal oxide-based catalysts reported
previously, including MnO2- and CuO-based catalysts (Table
S3), further revealing the potential industrial application of

graphene-supported atomically dispersed Pt catalysts with a
strong EMSI effect in catalytic ozonation for air purification.

3.3. Intermediates and Final Products of CH3SH
Elimination. In order to analyze the conversion pathway of
CH3SH after adsorption and catalytic ozonation over 0.5AD-
Pt-G, the intermediates and products of CH3SH were
systematically identified. First, the volatile compounds in the
exhaust gas after reaction were analyzed by PTR-ToF-MS. The
identified typical products based on the detected m/z patterns
for different cases (Figure S18) are displayed in Table S4.
Figure 4a−c shows the concentration of identified typical
volatile organic products during CH3SH removal in 0.5AD-Pt-
G/N2, 0.5AD-Pt-G/air, and 0.5AD-Pt-G/O3 processes. Only
weak signals of CH3SH can be detected at m/z = 49.01 for
0.5AD-Pt-G/air and 0.5AD-Pt-G/O3 processes, while obvious
peaks of CH3SH still survive for the 0.5AD-Pt-G/N2 process,
indicating the efficient CH3SH removal using 0.5AD-Pt-G in
the presence of air or O3 rather than N2, consistent with the
above activity test results. In addition, a higher concentration
of CH3SSCH3 and limited CH3SH are detected in the 0.5AD-
Pt-G/air process, whereas a trace amount of CH3SSCH3 is
detected in the 0.5AD-Pt-G/N2 process, further confirming
that AD-Pt-G ADCs can activate molecular O2 for CH3SH
oxidation. As reported, Pt2+ species can activate O2 and
transform into Pt4+ adsorbed with active oxygen species, and
the formed Pt4+ species are liable to extract electrons from
VOCs directly, resulting in the partial oxidation of CH3SH
during adsorption under an air atmosphere.29,42 In contrast,
during the 0.5AD-Pt-G/O3 process, the signals of CH3SH and
oxidation intermediates (CH3SSCH3, HCOOH, etc.) become
weaker and even undetectable as the reaction proceeds (Figure
S19), suggesting that CH3SH is completely decomposed into
inorganic final products. Next, the inorganic products
including CO2 and SO4

2− after CH3SH mineralization were
also analyzed. The concentrations of CO2 in the outlet gas
during adsorption and catalytic ozonation were measured, and
the calculated mineralization rates are shown in Figure S20. In
the catalytic ozonation process, the mineralization rate reaches
the highest 47.0% at 105 min and maintains at 35.3% after a
180 min reaction, whereas in the adsorption process, the

Figure 4. Concentration of identified typical volatile organic products in PTR-ToF-MS for CH3SH removal by the (a) 0.5AD-Pt-G/N2, (b) 0.5AD-
Pt-G/air, or (c) 0.5AD-Pt-G/O3 process after 30 min. In situ DRIFTS in the process of (d) adsorption and (e) catalytic ozonation over 0.5AD-Pt-
G. (f) Normalized spectra of in situ DRIFTS (A and O represent the adsorption and catalytic ozonation processes, respectively).
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mineralization rate only reaches 16.47% at 45 min (the highest
value during the adsorption process) and declines to 2.35%
after 180 min. The sulfur oxides including SO4

2− and
CH3SO3

− on 0.5AD-Pt-G after adsorption and catalytic
ozonation were detected by ion chromatography (IC). As
shown in Figure S21, tiny amounts of SO4

2− and CH3SO3
− are

formed in the adsorption process using 0.5AD-Pt-G under an
air atmosphere, proving the incomplete mineralization of
CH3SH during adsorption, whereas higher concentrations of
SO4

2− and CH3SO3
− ions are detected in the 0.5AD-Pt-G/O3

process, revealing that catalytic ozonation over 0.5AD-Pt-G
provides a deeper oxidation and mineralization of sulfur in
CH3SH. Hence, the higher CO2 and SO4

2− formation in
catalytic ozonation over AD-Pt-G comprehensively indicates
the higher mineralization and deeper oxidation degree of
CH3SH in the AD-Pt-G/O3 process, resulting from the
efficient oxidation ability of O3 activation on AD-Pt-G.
To gain deeper insights into the decomposition pathway

during SVOCs elimination, in situ DRIFTS experiments were
performed to analyze the interface reaction between catalysts
and CH3SH. The IR spectra during the adsorption process are
shown in Figure 4d. Upon exposure to the mixture of N2 and
CH3SH, the peak of ν(C−S) associated to CH3SH appears at
765 cm−1, whereas no peak in a range of 2500−2600 cm−1

(due to ν(S−H)) is observed, suggesting the fast adsorption
and transformation of CH3SH into CH3SSCH3 on AD-Pt-G, in
line with the detection of CH3SSCH3 in PTR-ToF-MS.43,44

Simultaneously, the appearance of peaks relevant to C−O−S
bonds at 826 cm−1, sulfate species at 1048 and 1362 cm−1 for
ν(SO3) and ν(OSO), and sulfonate species at 1342 cm−1

for ν(OSO) as well as the generation of carbonate,
bicarbonate, and HCOOH species at 1422, 1620, and 1561
cm−1 indicates the breaking of C−S of CH3SH and further
oxidation after its adsorption on 0.5AD-Pt-G.44,45 These
observed peaks indicate the direct oxidation of CH3SH on
0.5AD-Pt-G, with the formation of sulfur- and carbon-
containing oxides during the CH3SH adsorption process.
After introducing ozone into CH3SH-containing feed

stream, similar bands related to the oxidative products but
with a higher intensity are observed as the process prolongs,
suggesting a more intensive oxidation during the catalytic
ozonation process using 0.5AD-Pt-G (Figure 4e). The
emerging new peaks of sulfonate ions (ν(SO3)) at 1164 and
1188 cm−1 as well as the increased peak of sulfate ions (SO4

2−)
at 1048 cm−1 suggest that sulfonate and sulfate ions are the
final oxidation products adsorbed on the AD-Pt-G surface.46

Combining with the PTR-ToF-MS results, it can be considered
that the sulfur element in CH3SH undergoes the cleavage of
the S−H bond, partial oxidation into CH3SSCH3, organo-
sulfates, and sulfonate species, and final oxidation to sulfate
ions after cleavage of the C−S bond during catalytic ozonation.
As for the carbon element, the new absorption bands at 1900,
1850, and 1799 cm−1 ascribed to ν(CO) of anhydride
species increase first and then decrease, which are probably
derived from anhydride intermediates during the oxidation of
alcohol to acid.47 Moreover, the blue-shifted and intensely
obvious peak at 1605 cm−1 (νas(COO) of formic acid species)
and the new peak at 1269 cm−1 (νas(COO) of bidentate
carbonates species) indicate that the fast oxidation of CH3SH
leads to the rapid formation of acid and carbonates species on
the AD-Pt-G surface.14,48 Notably, the bands at 2360 and 2338
cm−1 are attributed to gaseous CO2, while the peak at 1629
cm−1 represents the H2O molecules, which illustrates the final

mineralization of CH3SH into CO2 and H2O.
48−50 The above

observed peaks reveal that the carbon element of CH3SH
undergoes the evolution of aldehydes, carboxylic acid, and
carbonates species and is finally oxidized into harmless CO2
after catalytic ozonation over 0.5AD-Pt-G.
According to the normalized IR spectra (Figure 4f), it can be

found that certain peaks representing oxidation products
(including organosulfates, carboxylic acids, and carbonates
species) appear during the adsorption process, and the reaction
equilibrium is achieved within 10 min due to the absence of
O2/O3. Once purged with ozone, the deeper oxidation
products including CO2 and sulfate ions increase obviously,
confirming the boosting oxidation in catalytic ozonation. In
addition, the XPS result (Figure S16 and Table S2) shows that
the proportion of residual sulfur oxides on the used 0.5AD-Pt-
G increases from 44.44 to 57.60% after air and O3 purging,
respectively. The results of PTR-ToF-MS, in situ FTIR, and
XPS collectively confirm the mineralization of CH3SH into
SO4

2− and CO2/H2O via catalytic ozonation over AD-Pt-G
ADCs.

3.4. Atomic Oxygen and Reactive Oxygen Species
Analysis. Generally, catalytic ozonation can greatly lead to the
formation of surface adsorbed oxygen species, which further
transform into other reactive oxygen species (ROS, ·OH, ·O2

−,
1O2, etc.) involved in catalytic reactions.13 Hence, in situ
Raman was first used to investigate the generated surface
adsorbed oxygen species on AD-Pt-G catalysts in the presence
of O2 or O3. As shown in Figure 5a, compared with 0.5AD-Pt-

G under a N2 atmosphere, a new band appears at 862 cm−1

after exposure to O2, which can be ascribed to the formation of
peroxide species (*O2) due to the activation of O2 by atomic
Pt2+.51,52 In contrast, the obvious signals at 918 and 838 cm−1

for 0.5AD-Pt-G under the O3 atmosphere indicate the
simultaneous formation of surface atomic oxygen species
(*Oad) and *O2, suggesting that O3 is activated by atomic Pt2+

on 0.5AD-Pt-G and transform into *Oad and *O2.
26,51 The

Figure 5. (a) In situ Raman spectra of 0.5AD-Pt-G under various
atmospheres. (b) Catalytic ozonation activity for CH3SH removal of
0.5AD-Pt-G quenched by 25 mM scavengers. ESR spectra of (c) ·O2

−

and (d) 1O2 in different processes.
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surface oxygen species including *Oad (oxidation−reduction
potential (ORP) = 2.43 V) and *O2 (ORP = 1.35 V) can
participate in the elimination of CH3SH through direct
oxidation due to their oxidation ability and even transform
into ROS such as ·OH, ·O2

−, 1O2, etc.53 Hence, the
transformed ROS has been collectively identified by scavenger
study and electron spin resonance (ESR) analysis.54,55 As
shown in Figure 5b and Figure S22, there is no significant
quenching effect in the removal of CH3SH after adding TBA
and NaN3, suggesting that ·OH and 1O2 can be ignored in the
0.5AD-Pt-G/O3 system. In contrast, the addition of p-BQ
reduces the removal efficiency to 48.68%, indicating that ·O2

−

participates actively in the catalytic ozonation for CH3SH
removal. Especially, the addition of K2Cr2O7 (electron
quencher) greatly inhibits the removal efficiency to 11.48%,
proving the critical role of electron transfer in catalytic
ozonation over 0.5AD-Pt-G, which may be attributed to the
nonradical reaction derived from surface *Oad oxidation and
the direct electron transfer between higher valent Pt and
CH3SH.

29,53 Coincidently, the enhanced signals of DMPO-·
O2

− and TEMP-1O2 adducts were observed over 0.5AD-Pt-G/
O3 compared to the sole ozonation and PG/O3 process (ESR
analysis in Figure 5c,d), confirming that the PtxC3-based EMSI
effect accelerates the decomposition of O3 and the formation
of ·O2

−/1O2 during catalytic ozonation. In addition, Figure S23
demonstrates that neither O3 alone nor catalytic ozonation
displays the characteristic signal of the DMPO-·OH adducts,
proving the trace concentration of ·OH in the 0.5AD-Pt-G/O3
system. Combined with the results of scavenger study and ESR
results, it can be inferred that ·O2

− is the critical ROS in the
0.5AD-Pt-G/O3 process. It can be concluded that O3 is
decomposed into *Oad and *O2 to directly oxidize CH3SH or
convert into ·O2

− for CH3SH elimination during catalytic
ozonation over 0.5AD-Pt-G.
3.5. Catalytic Mechanism. DFT calculations were carried

out to further reveal the mechanism for the catalytic ozonation
activity over AD-Pt-G ADCs. Considering the EXAFS fitting
results and STEM images of 0.5AD-Pt-G, PtxC3 coordination
including Pt1C3, Pt2C3, and Pt4C3 structures are constructed as
the atomic Pt species including mainly single Pt1 atoms, Pt2
dimers, and a small number of clusters on 0.5AD-Pt-G.24,56

Figure S24 illustrates that these atomic Pt species located
above the carbon defect lead to a significant lattice
deformation of graphene. In addition, the uneven charge
density in Figure 6a−c illustrates the charge transfer of the Pt−
C bond in PtxC3 configuration due to the EMSI effect between
atomic Pt and the graphene support, consistent with the solid-
state EPR analysis (Figure 2b). As reported, after devoting
charges to the adjacent C atoms, the constructed electron-
deficient Pt2+ sites exhibit a stronger ability to adsorb O3
molecules owing to the Lewis basicity of the terminal oxygen
atom of O3.

26,27 Therefore, the uneven charge density
distribution induced by EMSI can promote the catalytic
ozonation performance of 0.5AD-Pt-G.
Subsequently, the adsorption energies (Ead) for O3 and O2

adsorbed on Pt1C3, Pt2C3, and Pt4C3 configuration structures
were calculated. As shown in Figure 6d−g, Figure S25, and
Table 1, the calculated Ead values for O3 on Pt1C3, Pt2C3, and
Pt4C3 are −2.73, −2.16, and −2.24 eV, respectively, whereas
the Ead values for O2 on Pt1C3, Pt2C3, and Pt4C3 are −2.58,
−1.55, and −2.08 eV, respectively, indicating that Pt1C3
coordination exhibits the strongest O3 and O2 adsorption
ability in these models. In addition, the Pt(111) surface is also

designed as the model for nanoparticular Pt (PtNP) to compare
the O3 activation ability between PtNP and atomic Pt species.
Ead for O3 on PtxC3 is stronger than that of Pt(111) (−2.05
eV), indicating that the O3 adsorption activity of the atomic Pt
species is better than that of PtNP (Figure S26). Since Pt1C3
presents the strongest O3 and O2 adsorption ability among
these PtxC3 models, Pt1C3 is chosen as the typical structure for
further DFT analysis. After adsorption, the length of O2
molecules adsorbed on Pt1C3 configuration increases to
1.450 Å as well as an O−O bond in O3 is also greatly enlarged
to 3.241 Å, suggesting the easier cleavage O−O bond of O2
and O3 on Pt1C3 configuration to form *Oad/*O2 species to
participate in the oxidation.57,58 The deformation charge
density of Pt1C3 adsorbed with O3 (Figure 6i) also illustrates
that charges transfer from atomic Pt to the O3 molecule, and
the O3 molecule is decomposed into a free *O2 and an *Oad
remaining on Pt sites after accepting electrons. The *O2
species can convert into ·O2

− to participate in the oxidation
of CH3SH along with *Oad, consistent with in situ Raman and
ESR results (Figure 5). The lower adsorption energies, obvious
deformation of molecules, and large quantities of electron
transfer prove that the positively charged Pt species on AD-Pt-

Figure 6. Charge difference iso-surfaces and the optimized adsorption
of O3 molecule on (a, d) Pt1C3, (b, e) Pt2C3, and (c, f) Pt4C3 models.
Optimized adsorption of (g) O2 and (h) CH3SH molecules on Pt1C3
coordination. Charge difference iso-surfaces of (i) Pt1C3 after
adsorption of O3 and (j) Pt1C3-*Oad after adsorption of CH3SH.
Cyan and light yellow represent electron accumulation and electron-
deficient regions, respectively. (k) Proposed reaction mechanism for
CH3SH elimination using AD-Pt-G during adsorption and catalytic
ozonation.

Table 1. Adsorption Energy and Bond Length of O2 and O3
Molecules Adsorbed on Different Coordination Structures
of AD-Pt-G

structure

O2
adsorption
energy (eV)

LO1‑O2
of O2
(Å)

O3
adsorption
energy (eV)

LO1‑O2
of O3
(Å)

LO2‑O3
of O3
(Å)

Pt1C3 −2.58 1.450 −2.73 3.241 1.254
Pt2C3 −1.55 1.299 −2.16 1.447 1.362
Pt4C3 −2.08 1.313 −2.24 1.783 1.249
Pt(111) −2.05 1.407 1.408
molecule 1.236 1.286 1.286
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G are favorable to activate the O3 molecule for catalytic
ozonation.
As for CH3SH, the calculated Ead for CH3SH in the Pt1C3

configuration structure was −0.46 eV, weaker than those for
O3 and O2, indicating that Pt1C3 prefers to adsorb O3 and O2
molecules compared to CH3SH in catalytic ozonation.
Moreover, the cycling of Pt2+ species after activating O3 is
crucial for the catalytic stability of AD-Pt-G. After devoting
electrons to O3, the atomic Pt2+ sites tend to convert into Pt4+

adsorbing ROS (Pt1C3-*Oad), which can probably adsorb and
capture electrons from CH3SH strongly.29,42 Hence, the
deformation charge density of Pt1C3-*Oad after CH3SH
adsorption (Figure 6j) indicates that the electrons of H and
S atoms in CH3SH are transferred to O and Pt atoms in the
Pt1C3-*Oad site. This result suggests the electron compensation
of the atomic Pt4+ sites on AD-Pt-G from CH3SH oxidation,
thus promoting the cycle of Pt4+ into Pt2+ during the catalytic
ozonation process. The XPS analysis of 0.5AD-Pt-G used after
CH3SH adsorption and catalytic ozonation could provide the
collateral evidence, as presented in Figure 3f and Table S2. The
depletion of Pt2+ (from 72.02 to 63.32%) after catalytic
ozonation confirms the key role of Pt2+ in the decomposition
of O3 into *Oad/*O2/·O2

−, whereas the increase in Pt2+ (from
72.02 to 76.60%) after CH3SH adsorption may be ascribed to
the cycle from Pt4+ to Pt2+ via direct electron transfer of
CH3SH, which is predicted by the above DFT calculation. The
cycle of Pt2+/Pt4+ can also maintain the stability of AD-Pt-G by
avoiding the aggregation of Pt0.22

As discussed above, the possible reaction mechanism for
CH3SH elimination during adsorption and catalytic ozonation
using AD-Pt-G can be proposed as the following equation and
Figure 6k, taking the optimum Pt1C3 coordination as a typical
example. First, the strong EMSI between atomic Pt and
graphene leads to the positively charged state (Pt2+) of Pt1C3
configuration. The relatively electron-deficient atomic Pt2+ can
capture and activate O2 in air, thus partially oxidizing CH3SH
during the adsorption process (eqs 2 and 3). Second, similar to
Lewis acid sites, the atomic Pt2+ exhibits a boosting
adsorption/activation ability for O3, which can decompose
the adsorbed O3 into *Oad/*O2 by donating electrons to O3
and converting itself into Pt4+ species (eq 4). The generated
*O2 can further transform into ·O2

− to collectively oxidize
CH3SH (eqs 6 and 7). Finally, atomic Pt4+ can convert back
into Pt2+ species via direct electron transfer between Pt4+ and
CH3SH, thus achieving the redox cycles of Pt

2+ → Pt4+ → Pt2+

and accomplishing the regeneration of Pt active sites (eq 5).
After donating the electrons to Pt4+ species and oxidized by
ROS, CH3SH can be oxidized into final inorganic oxidation
products. The construction of Pt2+/Pt4+ at Pt1C3 with
unoccupied 5d-orbitals plays a significant role in the fast
activation of O3 and rapid circulation of active sites, thus
boosting the performance of catalytic ozonation for CH3SH
removal.
Under an air atmosphere:

Pt C (Pt ) O Pt C (Pt ) O1 3
2

2 1 3
4

2+ → − *+ +
(2)

Pt C (Pt ) O 4CH SH

Pt C (Pt ) 2CH SSCH 2H O
1 3

4
2 3

1 3
2

3 3 2

− * +

→ + +

+

+
(3)

Under an O3 atmosphere:

Pt C (Pt ) O Pt C (Pt ) O O1 3
2

3 1 3
4

ad 2+ → − * + *+ +
(4)

Pt C (Pt ) O 2CH SH

Pt C (Pt ) CH SSCH H O
1 3

4
ad 3

1 3
2

3 3 2

− * +

→ + +

+

+
(5)

O O2 2* → · − (6)

O CH SH/CH SSCH CH SO and other 

organosulfate intermediates HCOOH, CO

, SO CO , SO , H O

2 3 3 3
3 3

3
2

3
2

2 4
3

2

· + →

→

→

−
−

−

− −
(7)

3.6. Environmental Implication. In this study, graphene-
supported atomically dispersed Pt catalysts (AD-Pt-G) were
designed and utilized for CH3SH removal in catalytic
ozonation. The boosting catalytic ozonation performance of
AD-Pt-G can be ascribed to the positively charged Pt sites
(Pt2+/Pt4+) of the PtxC3-based strong EMSI effect. The
constructed redox pair of Pt2+/Pt4+ can maintain high activity
during long-term tests via fast circulation, with ∼90% removal
efficiency up to 12 h under a GHSV of 60,000 mL h−1. AD-Pt-
G catalysts can be applied in large-scale odor treatment
facilities based on catalytic ozonation technology for deodor-
ization in sewage treatment and petroleum plants. In addition,
AD-Pt-G can be loaded on a filter or nonwoven fabric via hot-
pressing, which can be used as air purifier accessories or masks
for portable deodorizing equipment. This work can shed light
on the development of high-efficiency and low-cost catalytic
ozonation catalysts and lays a foundation for the large-scale
applications of catalytic ozonation in SVOCs elimination and
air purification in the future.
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