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n mechanism of ethyl acetate on
O-ligand-single-atom-Ni/2-dimensional reduced
graphene oxide: the essential role of the O ligand†
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Ligands play an important role in the dispersion of metal and catalytic activity in single-atom transition

metal-doped catalysts (SATMCs). In this work, a series of oxygen-ligand (O-ligand)-single-atom-Ni/2-

dimensional reduced graphene oxide (RGO) materials (SANiX-O-2DRGO (X = 0.5–5)) were fabricated by

a simple one-step co-reduction method. The single Ni atom on SANi5-O-2DRGO is embedded into the

RGO and ligated by four O-ligand atoms. A systematic study confirms that the O-ligand is conducive to

the dispersion of Ni and the formation of SATMCs with high metal loading. Density functional theory

(DFT) calculation results demonstrate that the d-band center value of O-ligand-single-atom-Ni is closer

to the Fermi level than that of the conventional N coordination, which is beneficial for electronic

transition and enhances catalytic activity, i.e., the O-ligand accelerates the electron transfer between the

carrier and the single metal atom, thus improving the catalytic oxidation capacity of volatile organic

compounds (VOCs) on SANi5-O-2DRGO. As a demonstration, SANi5-O-2DRGO exhibits excellent

reusability, water resistance, and stability for ethyl acetate oxidation. The degradation of ethyl acetate

remained at 100% over 150 hours of continuous onstream operation. The catalytic oxidation mechanism

of ethyl acetate on SANi5-O-2DRGO was also investigated. The O-ligand atoms provide the key electron

transfer in the activation of adsorbed oxygen and catalytic oxidation process of reaction intermediates.
1. Introduction

Volatile organic compounds (VOCs) are the main precursors of
air pollution, such as urban haze and photochemical smog.
VOCs are toxic, teratogenic, and carcinogenic, and can pose
a great threat to human health.1,2 Currently, catalytic oxidation
is one of the most effective methods for eliminating VOCs due
to its outstanding advantages, such as high catalytic activity, low
reaction temperature, and less secondary pollution.3–5 In the
catalytic oxidation process of VOCs, the precious metal catalyst
is costly and easily inactivated by sintering. The number of
catalytic active sites for non-precious metal catalysts needs to be
improved. The catalytic oxidation process is a surface reaction,
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and the specic surface area of the transition metal-doped
catalysts exposed to the reactants is positively correlated with
the catalyst activity.6–8 The size effect is a key factor in deter-
mining catalytic performance.9–11 The specic activity of cata-
lysts generally increases with the dispersion in the active
site.12–14 The large size of transition metal-doped catalysts limits
their widespread utilization. Developing transition metal-doped
catalysts with smaller particle sizes, higher dispersion, more
active sites and higher catalytic activity is the key to solving the
problem.15,16

Single-atom transition metal-doped catalysts (SATMCs) have
atomic particle sizes and highly dispersed metal sites, and
appear to be a promising alternative for the catalytic oxidation
of VOCs. Atomically dispersed metal easily migrates and
aggregates, and it is a great challenge to obtain SATMCs with
high loading capacity, good stability and high catalytic activity.
The single transition metal atoms of SATMCs are commonly
stabilized by covalent coordination or ionic interaction with
neighboring surface atoms or bonded to heteroatoms on the
support.17,18 The single transitionmetal atoms facilitate electron
transfer with the ligand atoms, which is one of the reasons for
the high catalytic activity.19 The ligands of transition metal-
doped catalysts have been reported to induce both effective
electronic and steric effects for improving activity and selec-
tivity.20 Nitrogen (N) is usually chosen as a ligand to disperse
J. Mater. Chem. A
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Fig. 1 (a) The preparation methods of SANiX-O-2DRGO catalysts. (b)
The overview TEM image of the synthesized SANi5-O-2DRGO (scale
bar: 100 nm). (c) The energy dispersive spectroscopy (EDS) elemental
mapping of SANi5-O-2DRGO (scale bar: 100 nm). (d) The Ni element
distribution of SANi5-O-2DRGO (scale bar: 100 nm). (e) HAADF-STEM
image of a Ni single-atom on the surface of 2DRGO (scale bar: 2 nm).
(f) HAADF-STEM image of a Ni single-atom on the surface of 2DRGO
(scale bar: 5 nm).
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transition metal atoms of catalysts and generate active
centers.21–25 For instance, Wang et al. used N ligands for
anchoring Fe–N4 sites on an FeNC catalyst to atomically
disperse transition metals, revealing the role of electron trans-
fer in pollutant degradation.26 Although conventional ligands
can disperse transition metals, the main obstacles are the lack
of sufficient connement to hold a large number of single
transition metal atoms (with lower binding energy) and induce
more electron transfer. This dilemma restricts the further
improvement of the overall catalytic activity. Therefore, more
binding energy (with greater electronegativity differences)
elements are needed to hold single transition metal atoms and
enhance electron transfer.

Recent investigations conrmed that the coordinated O was
involved in the electron transfer process or the redox process of
interfacial metal species.27–30 Cao et al. discovered that O ligands
are more electronegative than N ligands and can better regulate
the electron transfer between charge carriers and metals.31 In
this paper, O-ligand-single-atom-Ni/2D graphene materials
(SANiX-O-2DRGO) are prepared for the catalytic oxidation of
VOCs including ethyl acetate, n-hexane, and toluene. The cata-
lytic properties of these VOCs were studied, and their reus-
ability, water resistance and stability were explored. Specically,
SANi5-O-2DRGO has high single-transition metal-atom loading
and the central transitionmetal atoms coordinate with O-ligand
atoms and steadily anchor in an RGO framework. Due to the
more different electronegativity between the transition metal
center, O, and carbon (C), the O-ligand accelerates the electron
transfer between the carrier and the single metal atom, thus
improving the catalytic oxidation capacity of VOCs on SANi5-O-
2DRGO. The structure and morphology of the catalysts were
analyzed by high angle annular dark eld scanning trans-
mission electron microscopy (HAADF-STEM) and extended X-
ray absorption ne structure spectroscopy (EXAFS). The ethyl
acetate degradation pathway was studied through in situ diffuse
reectance infrared Fourier transform spectroscopy (DRIFTS)
and in situ real-time TGA-GCMS. Density functional theory
(DFT) calculations were also used to further explore the path of
O2 activation over the Ni–O4 sites and to reveal the structural
evolution of the bond-breaking of ethyl acetate. This study can
provide new perspectives for the application of transition metal
single-atom composite 2D materials.

Currently, developing low-cost and high-efficiency catalysts
is necessary. In this work, the advantages of low-cost carbon
materials and high-efficiency single atoms were combined by
a simple one-step co-reduction method to prepare a series of
SANiX-O-2DRGO catalysts. The catalysts have excellent catalytic
efficiency and stability for VOC oxidation. We believe that this
work can provide useful references for the development of low-
cost and high-efficiency catalysts for developing sustainable
catalytic processes.

2. Materials and methods
2.1 Experimental reagents

Graphite powder (AR, 99.95%) was bought from Macklin, and
sodiumnitrate (AR, 99.0%) was purchased fromGeneral Reagents.
J. Mater. Chem. A
Potassium permanganate (AR, 99.5%), concentrated sulphuric
acid (AR), concentrated hydrochloric acid (AR), hydrogen peroxide
(GR), and zinc nitrate hexahydrate (AR, 99.0%) were bought from
Guangzhou Chemical Reagent Factory. Manganese nitrate tetra-
hydrate (AR, 98.0%), ferric nitrate nonahydrate (AR, 98.0%), nickel
chloride hexahydrate (AR, 98.0%), and sodium borohydride (AR,
98.0%) were obtained from Aladdin. Cobalt nitrate (AR, 99.0%)
was purchased from Sigma-Aldrich.
2.2 Synthesis of SANiX-O-2DRGO

SA-NiX-2DRGO was obtained by a co-reduction process with
graphene oxide (GO) and the metal precursor (Fig. 1a). The
graphene oxide (200mg) and nickel chloride hexahydrate (5 mg)
were dispersed in 20 mL ultrapure water by ultrasound treat-
ment, followed by stirring overnight. Then, the solution con-
taining 300 mg of freshly prepared NaBH4 was quickly added to
the above mixture while stirring. The obtained products were
washed, ltered, and dried to obtain the SANi5-O-2DRG. The
different multiples of SANiX-O-2DRGO (X = 0.5–5) were
prepared by the same method with different nickel chloride
hexahydrate content. SANi5-O-2DRGO was selected to further
study the performance and catalytic mechanism. The whole
preparation process does not need high temperature treatment,
and there is no expensive material. The preparation method is
simple and easy to operate, and the economic benets are
remarkable. It is suitable for the batch production process for
industrial application.
2.3 Characterization of SANiX-O-2DRGO

In situ diffuse reectance infrared Fourier transform spectros-
copy (In situ DRIFTS) using a Nicolet iS 50 was performed with
VOC gas to continuously detect the changes of the functional
groups on the catalyst surface during the heating process. HR-
TEM was carried out to analyze the microscopic morphology of
This journal is © The Royal Society of Chemistry 2024
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the catalysts. The elemental composition and content of the
material were investigated using an energy dispersive X-ray
spectrometer (EDS). More detailed structural information on Ni
atoms was obtained using a spherical aberration corrected high
angle annular dark eld scanning transmission electron micro-
scope (HAADF-STEM, JEM-ARM300F). Ni K-edge analysis was
carried out with a Si(111) crystal monochromator at the BL14W1
beamline of the Shanghai Synchrotron Radiation Facility (SSRF).
X-ray absorption ne structure (XAFS) spectra of standard
samples (Ni foil, NiO, and Ni2O3) were recorded in transmission
mode. The TGA-GC/MS system consists of a TG analyzer (TGA,
Mettler Toledo, Switzerland), a memory interface collector
(IST16, Mettler Toledo, Switzerland), a gas chromatograph (Trace
1300, Thermo Fisher, USA), and a mass spectrometer (ISQQD,
Thermo Fisher, USA). Infrared information, gas chromato-
graphic information, and mass spectrometric information could
be obtained simultaneously with the programmed temperature
rise. The process stimulated the thermocatalytic reaction of the
material to ethyl acetate, monitored the product species during
the reaction in real time, and provided strong evidence for the
analysis of the reaction pathway of ethyl acetate degradation.

2.4 Catalytic activity tests of SANiX-O-2DRGO

The catalytic performance was tested using a continuous-ow
xed-bed quartz microreactor (the internal diameter is 6 mm)
in combination with on-line gas chromatography (GC), and the
device diagram is shown in Fig. S1.† The weight hourly space
velocity (WHSV) of the catalytic reaction was 60 000 mL g−1 h−1.
20 mg of catalyst was lled in the reactor and passed over with
500 ppm VOC gas (ethyl acetate, n-hexane, and toluene, equil-
ibrated with dry air) at a ow rate of 20 mL min−1. The water
vapor with 1.5, 3.0, and 5.0 vol% was introduced into the
reaction gas to analyze the water resistance of the catalysts.

The conversion of VOCs (CVOCs) was calculated using the
following equation:

CVOCs (%) = (C0 − Ct)/C0 × 100%

where C0 and Ct denote the initial and the detected concentra-
tion (ppm) at time t, respectively.

The CO2 yield (YCO2
) was dened as follows:

YCO2
= CCO2

/C0 × N × 100%

where CCO2
is the concentration of CO2 (ppm) produced by the

reaction. N is the number of carbon atoms in VOCs.

2.5 DFT calculations

The DMol3 module in Materials Studio soware is used to
perform spin-unconstrained DFT calculations.32 The structure
optimization is carried out by the exchange–correlation func-
tional of the generalized gradient approximation and Perdew–
Burke–Ernzerhof method (GGA-PBE) to minimize the energy.33

To account for the interaction of weak van derWaals forces, DFT-
D correction is performed using the method proposed by
Tkatchenko and Scheffler (TS method).34 The double numerical
polarization (DNP) is selected as the atomic orbital basis set.35
This journal is © The Royal Society of Chemistry 2024
According to the d-band model predicted by Nørskov et al., the
important surface parameter determining reactivity is the posi-
tion of the entire d-band with respect to the Fermi level, which
determines the magnitude of bonding and antibonding energy
shis.36 The dimensions of SANi5-O-2DRGO are 7 × 7 × 1 and
the vacuum layer which is constructed to minimize interactions
between repeated surfaces is 15 Å.37 The four C atoms of the
graphene are replaced by O atoms to simulate O doping and a Ni
atom is positioned on the O-doped graphene (Ni–O4) to model
the SANi5-O-2DRGO.31 The O atoms are sp2 hybridized and form
three coordinated covalent bonds with surrounding atoms.38 The
four O atoms are replaced by N atoms (Ni–N4) to build SANi5-N-
2DRGO. The Brillouin zone was sampled with a 2 × 2 × 1
Monkhorst–Pack k-point grid. In the process of energy conver-
gence, the self-consistent iteration convergence deviation, the
maximum interaction force, and the maximum optimization
displacement are set to 2 × 10−5 Ha (1 Ha = 27.21 eV), 2 × 10−3

Ha Å−1, and 5 × 10−3 Ha Å−1, respectively.39 In addition, the
Mulliken method is used to calculate and analyze the charge
transfer. The adsorption energy (Ead) of the catalyst and ethyl
acetate was calculated according to the following formula:

Ead = Etotal − Ecatalyst − Eethylacetate

where Etotal, Ecatalyst, and Eethylacetate represent the energy of the
whole system, the catalyst substrate, and ethyl acetate, respec-
tively. A more negative value of Ead indicates a stronger inter-
action between the adsorbate and the substrate.

The linear synchronous transformation/quadratic synchro-
nous transformation (LST/QST) tool and the nudged elastic
band (NEB) method40 are employed to search for the reaction
transition states (TS) and minimum energy path (MEP). The
energy barrier (Ebar) and reaction energy (DE) are calculated
using the following equations:

Ebar = ETS − EIS

DE = EFS − EIS

where EIS, ETS, and EFS represent the total energy in the initial,
transition, and nal states, respectively.

At present, DFT calculation can only assist the verication of
experimental results, and more rened and complete charac-
terization is needed to fully match the DFT calculation with
experimental techniques, including the detection of pollutants
in the reaction process with higher precision and the moni-
toring of specic paths of oxygen transfer in the reaction
process. This paper has simulated the experimental process as
far as possible with the complete experimental data obtained,
and the obtained results have reference value.
3. Results and discussion
3.1 SANiX-O-2DRGO synthesis, morphology, and textural
properties

It is reported that the thickness of a single layer of GO under
atomic force microscopy (AFM) is about 1 nm.41,42 As shown in
J. Mater. Chem. A
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Fig. S2,† the thickness of GO is 1.05 nm, demonstrating that the
two-dimensional GO akes are successfully exfoliated. The
infrared spectra of SANi5-O-2DRGO, graphene oxide, and
unreduced Ni–GO mixtures are shown in Fig. S3.† The SANi5-O-
2DRGO and Ni-GOmixtures appear at infrared peaks at 583 and
612 cm−1, which is caused by the Ni–O vibration.43 Compared
with SANi5-O-2DRGO, the Ni–O peak position in Ni–GO has
shied, probably due to the Ni element of Ni–GO not being
reduced.44

The images of transmission electron microscopy (TEM) are
displayed in Fig. 1b. The SANi5-O-2DRGO framework appeared
as a thin translucent gauze. Moreover, the images of HAADF-
STEM and the surface sweep energy dispersive spectroscopy
(EDS) of the SANi5-O-2DRGO catalyst show a highly dispersive
single Ni atom (Fig. 1c–f).

The atomic dispersion state and bonding conguration of Ni
in SANi5-O-2DRGO are further investigated by the normalized
Ni K-edge X-ray absorption ne structure (XAFS) and Fourier-
transformed EXAFS (FT-EXAFS). The position of the Ni K-edge
is related to the Ni valence state.31 As shown in Fig. 2a, the Ni
K-edge of SANi5-O-2DRGO lies between that of Ni foil and NiO,
indicating the valence state of Ni in SANi5-O-2DRGO is between
0 and +2. In Fig. 2b, Ni–Ni peaks are not observed in SANi5-O-
2DRGO at the same position with Ni foil (2.1 Å) and NiO (2.6
Å), which indicates that Ni nanoclusters are not formed. SANi5-
O-2DRGO has the same Ni–O bond length as NiO at 1.6 Å.
According to the least squares EXAFS tting curves (Fig. 2c) and
tting results (Table S1†), the Ni atoms are atomically dispersed
on the RGO framework and the number of coordination oxygen
Fig. 2 (a) Ni K-edge XANES spectra. (b) FT-EXAFS at the R space for
SANi5-O-2DRGO, NiO, and Ni foil. (c) EXAFS fitting curves of SANi5-O-
2DRGO. (d) PDOS of Ni among SANi5-O-2DRGO and SANi5-N-
2DRGO. (e) Optimal adsorption configurations of ethyl acetate on
SANi5-O-2DRGO. (f) Charge density distribution of ethyl acetate on
SANi5-O-2DRGO (the red cloud indicates electron enrichment and
blue cloud indicates electron deficiency).

J. Mater. Chem. A
atoms is 4.0. Dan Li et al. reported that TM–O4 (transition
metal) doped structures have higher structural stability, lower
negative formation energy, and are more easily embedded in
the carrier than TM and TM–O3.45

Based on the above results, the SANi5-O-2DRGO model was
constructed (Fig. 2c). The position of the d-band center (3d)
relative to the Fermi level is an important surface parameter
that determines the reactivity of the metal surface.31 As depicted
in the partial density of states (PDOS) of the Ni in Fig. 2d, the 3d
value of SANi5-O-2DRGO is −1.34 eV, which is closer to the
Fermi level than the conventional SANi5-N-2DRGO (−1.79 eV).
The 3d of Ni in SANi5-O-2DRGO is close to the Fermi level which
implies that the antibonding state is less occupied. The lack of
the antibonding state leads to a reduced weakening of the
bonding interaction and allows for the adsorption of more
electrons.46

The Fukui function (FF) has been widely used to predict the
reaction site. FFs are classied into f−, f+, and f0. f+ reects the
ability to be attacked by nucleophiles, f− reects the ability to be
attacked by electrophiles, and f0 measures the ability of
a certain point to be attacked by free radicals. To determine the
reaction site of ethyl acetate, the FF of ethyl acetate is calcu-
lated. The two O atoms of ethyl acetate display higher Fukui
values (f−) than other atoms and will be the targets of electro-
philic attack (Table S2†). Thus, ethyl acetate is likely to provide
electrons to catalysts for its oxidative degradation. The
adsorption properties of ethyl acetate on SANi5-O-2DRGO are
investigated. The optimal adsorption congurations are shown
in Fig. 2e. Ethyl acetate can be stably adsorbed on the Ni site
with the adsorption energy of −2.26 eV. The C1–O4 bond is
stretched from 1.37 Å to 1.54 Å, which makes the molecule easy
to decompose. The calculation and analysis of differential
charge density can obtain the charge shi direction of mate-
rials. Fig. 2f shows that there is a charge transfer between ethyl
acetate and SANi5-O-2DRGO. The transfer of charge leads to the
occurrence of redox reactions, so ethyl acetate will be degraded.
3.2 Catalytic performance in VOC oxidation

Ethyl acetate, toluene, and n-hexane are chosen as representa-
tive VOCs with different structures, i.e., esters, aromatic
compounds, and alkanes, respectively. The conversion effi-
ciency and CO2 yield of those three VOCs by the SANi5-O-2DRGO
were investigated, and the results are shown in Fig. 3c and d.
The conversion of ethyl acetate is 14.8% and CO2 yield is 10.5%
at 280 °C by the undoped metal RGO samples, indicating their
low efficiency for the oxidation of ethyl acetate.

The SANiX-O-2DRGO (X = 0.5–5) shows a signicant increase
in the conversion of ethyl acetate and the yield of CO2. At the
same temperature, the ethyl acetate conversion rate of SANiX-O-
2DRGO (X = 0.5–5) is increased by at least 38% and at most
86%. The T100 (temperatures with a conversion rate of 100%) on
SANiX-O-2DRGO (X = 1–5) are all 280 °C. The difference is that
the trend of T90 (temperatures with a conversion rate of 90%) on
these ve samples is SANi5-O-2DRGO > SANi4-O-2DRGO >
SANi3-O-2DRGO > SANi2-O-2DRGO > SANi1-O-2DRGO. The T50
(temperatures with a conversion rate of 50%) on SANiX-O-
This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Catalytic performances of SANiX-O-2DRGO (X = 0.5–5). (a)
Conversion of ethyl acetate over SANiX-O-2DRGO (X = 0.5–5) with
different Ni loadings at different temperatures. (b) CO2 yield. (c)
Catalytic stability of SANi5-O-2DRGO. (d) Effect of water vapor on the
ethyl acetate conversion over SANi5-O-2DRGO at 280 °C.
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2DRGO (X= 1–5) is 265, 264, 259, 255, and 250 °C, and SANi5-O-
2DRGO has the lowest T50. The increase of conversion rate is
closely related to the content of Ni metal. The ICP-MS results are
shown in Table S3;† the actual content of Ni is 0.73%, 1.86%,
3.43%, 5.44%, 8.13%, and 10.16%, respectively. It can be seen
that the catalytic performance increases gradually with the
increased content of Ni metal at the same temperature. Typi-
cally, SANi5-O-2DRGO has the best catalytic performance, which
shows nearly 100% conversion of ethyl acetate and CO2 yield at
280 °C. Therefore, SANi5-O-2DRGO is selected to further study
the performance and catalytic mechanism.

SANi5-O-2DRGO also shows excellent catalytic performance
in the degradation of n-hexane and toluene. The temperature of
Fig. 4 XPS spectra of fresh and used SANi5-O-2DRGO: (a) C 1s, (b) O 1s,
reaction times. (e) In situ DRIFTS spectra of SANi5-O-2DRGO at 25 °C afte
280 °C.

This journal is © The Royal Society of Chemistry 2024
100% conversion of toluene (Fig. S9†) and n-hexane (Fig. S10†)
is 280 °C and 320 °C, respectively. In contrast, RGO shows only
8.9% and 8.8% conversion of n-hexane and toluene at the same
temperature. The above results show that SANiX-O-2DRGO (X =

0.5–5) exhibits great stability and reusability for the low
temperature catalytic oxidation of various VOCs.
3.3 Degradation mechanism and pathway of VOCs on SANi5-
O-2DRGO

X-ray photoelectron spectroscopy (XPS) is used to determine the
elemental composition and the chemical valence in the fresh
and used SANi5-O-2DRGO. As presented in Fig. S13,† split peak
t plots of the C 1s peak, O 1s peak, and Ni 2p peak of fresh and
used SANi5-O-2DRGO are analyzed. The C 1s peak is divided
into C–C bonds with sp2 orbital hybridization, C–C bonds with
sp3 orbital hybridization, and C]O–O (Fig. 4a).47,48 The C–C
bond binding energies with sp2 hybridization of fresh and used
SANi5-O-2DRGO are 284.02 eV and 283.94 eV, and C–C bonds
with sp3 orbital hybridization are distributed at 285.04 eV and
284.86 eV.49 The C]O–O bond binding energies of fresh and
used SANi5-O-2DRGO are 288.16 eV and 288.77 eV, respectively.
There is no signicant change in the C 1s orbital binding energy
of the catalyst aer the use. It is noteworthy that the atomic
percentage of sp2 hybridized C–C bonds changes signicantly
aer the use from 16.16% to 7.47%. This may be due to some
non-carbon atoms covalently bound to the SANi5-O-2DRGO
carbon atoms during the reaction.50 The difference in the type
of these non-carbon atoms affects the charge distribution of
SANi5-O-2DRGO, which is consistent with the reduction in the
extent of defects aer the reaction shown in the Raman test
results. The slight changes of the Raman test result aer use
might slightly affect the overall catalytic activity of the catalyst.
and (c) Ni 2p. (d) In situ DRIFTS spectra of RGO at 25 °C after different
r different reaction times and (f) at temperatures ranging from 25 °C to

J. Mater. Chem. A

https://doi.org/10.1039/d4ta01073f


Fig. 5 The mass spectroscopy of reaction intermediates including
ethanol (a), acetic acid (b), ketene (c), formic acid (d), ethylene (e), and
formaldehyde (f) during the catalytic degradation of ethyl acetate over
SANi5-O-2DRGO.
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The peaks of O 1s can be divided into the oxygen ligands of
metal (M–O), adsorbed oxygen (Oads), and surface hydroxyl
(OOH).51 It can be seen in Fig. 4b that for fresh SANi5-O-2DRGO,
the peak at 529.73 eV is the O ligand bound to Ni.52 The peak at
531.25 eV can be classied as a large number of defective sites
with low oxygen coordination, which can be attributed to
adsorbed oxygen species (e.g. O2−, O2

2−, or O−).53 The peak at
the 532.65 eV position is associated with hydroxyl species that
adsorb water molecules on the surface, indicating a good
affinity of SANi5-O-2DRGO for oxygen. Compared with the fresh
SANi5-O-2DRGO, the positions of the Ni–O peak, Oads, and OOH

on used SANi5-O-2DRGO are located at 529.99 eV, 531.40 eV,
and 532.68 eV, which were almost unchanged. Interestingly, the
percentage of Oads decreases by 6.5% aer use, which is related
to the involvement of defective sites with low oxygen coordi-
nation on the Oads in the degradation reaction.

Besides, the valence state of the element Ni is also investi-
gated. In the ne spectrum of the Ni 2p orbital, three peaks are
tted to each of the fresh and used SANi5-O-2DRGO (Fig. 4c).
The binding energy peaks are 852.01 eV and 852.00 eV for the
Ni(0), and 855.68 eV and 855.93 eV for the Ni(II). The satellite
peaks of Ni(II) are located at 859.96 eV and 860.01 eV.54,55 The
comparison shows that the binding energy positions of Ni(0)
and Ni(II) remain similar for fresh and used SANi5-O-2DRGO,
although there is a slight shi in the Ni(0)/Ni(II) ratio aer the
reaction, from 2.5 to 2.3. Combined with the H2-TPR results, Ni
is the active site of the reaction. Therefore, in the reaction, Ni is
involved in the reduction oxidation process, and is oxidised
from Ni(0) to Ni(II), and is eventually reduced to Ni(0).

To infer the intermediates of the degradation pathway, in situ
DRIFTS is used to study the changes of the functional groups on
the surface of SANi5-O-2DRGO during the catalytic oxidation of
ethyl acetate. Fig. 4d and e show the changes of the functional
groups on the RGO and SANi5-O-2DRGO surface in ethyl acetate
at 25 °C. The peaks at 1058 and 1246 cm−1 are associated with
the absorption of the bending vibrations n(C–C–O) and n(C–O)
of esters.56 The peaks near 1558 and 1752 cm−1 are caused by
the O–C]O anti-stretching vibration and the C]O stretching
vibration of esters.57 With increasing reaction time, the peaks at
1058, 1246, 1558, and 1752 cm−1 show the same increasing
trend, which indicates the four peaks associated with the
adsorption of ethyl acetate. Fig. 4f shows the DRIFTS spectra
obtained aer the reaction had stabilized at 30, 150, 180, 200,
220, 240, 260, and 280 °C for 30 min, respectively, while
maintaining the same experimental conditions. It can be seen
clearly that the bending vibration peaks around 1058 cm−1 for
n(C–O–C) and 1246 cm−1 for n(C–O) of esters show a decreasing
trend with increasing reaction temperature. This is probably
due to the desorption and degradation of the ethyl acetate
adsorbed on the surface of the SANi5-O-2DRGO as the reaction
temperature increases. The peak at 1378 cm−1 is the stretching
vibration of d(C–H), which belongs to the primary alcohol.58–61

The d(C–H) of the primary alcohol shows a rapid increase at
260–280 °C, which may be related to the formation of the
intermediate product ethanol. The stretching vibration peaks
around 1558 cm−1 for O–C]O and 1752 cm−1 for C]O show
a trend of decreasing and then increasing with the increase of
J. Mater. Chem. A
the reaction temperature. This indicates that the ethyl acetate
adsorbed on the surface of SANi5-O-2DRGO is degraded during
the reaction. When the temperature increases, intermediate
products with an aldehyde group and carboxylic acid in the
same functional group are formed. The large peak in the 2230–
2400 cm−1 band is CO2 in the gaseous state, which shows
a decreasing and then increasing trend with increasing reaction
time and temperature. This is the result of the CO2 desorption
during the reaction, but the increasing CO2 is produced by the
mineralization of ethyl acetate as the temperature increases.

In situ real-time TGA/DSC-IR-GCMS and DFT calculations are
combined to infer the reaction pathways for the catalytic
oxidation of ethyl acetate on SANi5-O-2DRGO. Combined with
the in situ DRIFTs, C4H6O2, C2H4O2, C2H6O, C2H4O, C2H2O,
C2H4, CH2O2, CO2, and H2O are the possible intermediates. Gas
samples collected at 30 °C show these fragment peaks in mass
spectra (C4H8O2, m/z = 88, 70, and 43), indicating the presence
of ethyl acetate (Fig. S14†). As shown in Fig. 5a–f, the interme-
diate product detected by these gas signals at 270 °C is
presumed to be ethanol (C2H6O, m/z = 46, 45 and 31), acetic
acid (C7H6O, m/z = 60, 45 and 43), ketene (C2H2O, m/z = 42, 41
and 30), ethylene (C2H4, m/z = 29, 26 and 24), formic acid
(CH2O2, m/z = 46, 45 and 29), and formaldehyde (C2H4O, m/z =
44, 43 and 29). Information on all detected intermediates
during the reaction is presented in Table S5.†

The bond-breaking reaction catalyzed on SANi5-O-2DRGO
plays a crucial role in the decomposition of ethyl acetate.62 To
elucidate the mechanism, the potential energy surface and
This journal is © The Royal Society of Chemistry 2024
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Fig. 6 (a) The energy pathways and structural evolution of interme-
diates. (b) Schematic diagram of adsorbed oxygen activated at the Ni
site. (c) The possible reaction mechanism for the degradation of ethyl
acetate by SANi5-O-2DRGO.
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structural evolution for the bond-breaking of ethyl acetate on
SANi5-O-2DRGO are analyzed by DFT calculations based on
experimental data. Fig. 6a illustrates two possible reaction
pathways along with their respective relative energies.

In pathway I, the ethyl acetate adsorbed on SANi5-O-2DRGO
is rst broken across the C1–O4 bond to form the CH3CO–Ni–
OC2H5 species with the energy barrier of 0.40 eV. Subsequently,
the H9 atom migrates from the C2 atom to O4, leading to the
production of CH2CO and C2H5OH.

In pathway II, the O4–C5 of ethyl acetate is inserted by Ni to
produce CH3COO–Ni–C2H5 with an energy barrier of 0.92 eV.
Following this, the H13 atom migrates from the C6 atom to O4,
giving rise to the generation of CH3COOH and C2H4. According
to transition state theory, both of the above reactions are ex-
pected to occur readily at a temperature of 550 K. As a result,
they can coexist and take place simultaneously under the
experimental conditions at this temperature. As the reaction
proceeds, oxygen is adsorbed and activated at the Ni sites of
SANi5-O-2DRGO. The O–O bond length is stretched from 1.22 Å
to 1.37 Å and 0.5 electron is obtained from O-ligand atoms and
Ni atoms (Fig. 6b). Next, the above intermediate products are
adsorbed for the following oxidation reaction: C2H5OH/C2H4/

CH3CHO / CH3COOH / HCOOH / CO2 and H2O. The
corresponding electron transfers are listed in Table 1. Electrons
are gradually transferred from SANi5-O-2DRGO to O2 and
eventually oxidize the compounds to CO2 and H2O.
Table 1 The electron transfer between Ni–O4 and O2

SANi5-O-2DRGO

Ni 0.47 eV 0.63 eV 0.64 eV
O1 −0.57 eV −0.56 eV −0.56 e
O2 −0.57 eV −0.49 eV −0.49 e
O3 −0.57 eV −0.56 eV −0.56 e
O4 −0.57 eV −0.49 eV −0.49 e
O5 — −0.25 eV −0.26 e
O6 — −0.25 eV −0.26 e

This journal is © The Royal Society of Chemistry 2024
In summary, a possible reaction mechanism for the degra-
dation of ethyl acetate on SANi5-O-2DRGO is shown in Fig. 6c.
Firstly, the ethyl acetate molecule is chemically adsorbed by Ni
on the catalyst at elevated temperatures. Ethyl acetate is rstly
converted to CH3COO–Ni–C2H5 or CH3CO–Ni–OC2H5, and then
these via bond breaking reform CH2CO, C2H5OH or CH3COOH,
C2H4. At the same time, the oxygen molecules adsorbed on the
surface of the SANi5-O-2DRGO are activated by Ni anchored on
the graphene to form an active low coordination oxygen excited
state. CH2CO and C2H4 are oxidized to CH3COOH and CH3CHO.
Finally, these are oxidized to CO2 and H2O by activated oxygen
molecules. As the activated oxygen is consumed, the catalyst is
reduced to Ni(0), creating an oxygen vacancy. With the genera-
tion of the oxygen vacancy, the oxygen adsorbed on the surface
with the low coordination participates in the reaction, and the
XPS results show that the percentage of adsorbed oxygen
decreases aer the reaction. The adsorbed oxygen molecules are
activated to form an active low coordination oxygen excited state
to participate in the reaction. The used SANi5-O-2DRGO showed
a slight shi in Ni 2p and maintained similar ratio of Ni(0)/Ni(II)
to the fresh SANi5-O-2DRGO. Ni(II) is reduced to Ni(0) aer
participating in the reaction, and then oxidized to Ni(II) to
continue to participate in the reaction, forming a Ni(0)/Ni(II)
redox cycle. Therefore, the catalytic oxidation mechanism of
ethyl acetate on SANi5-O-2DRGO catalysts follows the Eley–Rideal
(E–R) model.

The results of DFT calculations are consistent with the
degradation path predicted by the experimental results and
reveal the micro-degradation mechanism. Therefore, two
possible pathways for ethyl acetate to be degraded on SANi5-O-
2DRGO are proposed (Fig. 7). However, according to the DFT
calculation of the reaction energy barrier in the two paths and
the DRIFTS spectra change intensity, it is speculated that the
degradation of ethyl acetate on SANi5-O-2DRGO is more
inclined to pathway I. The catalytic degradation pathway of
ethyl acetate on SANi5-O-2DRGO can be represented by the
following chemical equation:

Pathway I:

CH3COOCH2CH3 / CH3COO–Ni–C2H5

CH3COO–Ni–C2H5 / CH3COOH + CH2]CH2
0.64 eV 0.40 eV 0.39 eV
V −0.55 eV −0.47 eV −0.47 eV
V −0.47 eV −0.45 eV −0.45 eV
V −0.55 eV −0.44 eV −0.44 eV
V −0.47 eV −0.44 eV −0.44 eV
V −0.55 eV −0.48 eV −0.47 eV
V −0.55 eV −0.37 eV −0.37 eV

J. Mater. Chem. A
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Fig. 7 The possible degradation pathway of ethyl acetate on SANi5-O-
2DRGO.
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2CH2]CH2 + O2
2− / 2CH3CHO

Pathway II:

CH3COOCH2CH3 / CH3CO–Ni–OC2H5

CH3CO–Ni–OC2H5 / CH2CO + CH3CH2OH

CH2CO + O2
2− / CO2 + H2O

2CH3CH2OH + O2
2− / 2CH3CHO + H2O

Pathways I and II together:

2CH3CHO + O2
2− / 2CH3COOH

CH3COOH + O2
2− / HCOOH + CO2 + H2O

HCOOH / CO2 + H2O

4. Conclusions

In this work, SANiX-O-2DRGO (X = 0.5–5) catalysts were
prepared by a simple one-step co-reduction method. SANi5-O-
2DRGO has high single-transition metal-atom loading and
stable structure. The position of the d-band center of SANi5-O-
2DRGO (−1.34 eV) is closer to the Fermi level than that of
SANi5-N-2DRGO (−1.79 eV), and the bonding state between the
SANi5-O-2DRGO and the intermediate becomes stronger.
Compared with traditional N ligand single-atom catalysts,
SANi5-O-2DRGO catalysts have better charge transfer ability
between the carrier and the single metal atom, enhancing the
catalytic activity. SANi5-O-2DRGO is able to degrade ethyl
acetate with stable performance at an air speed of 60 000mL g−1

h−1 for 150 hours. The catalytic oxidation mechanism of ethyl
acetate on SANi5-O-2DRGO catalysts follows the Eley–Rideal (E–
J. Mater. Chem. A
R) model. The O-ligand atoms transfer electrons to adsorbed
oxygen forming activated oxygen to oxidize the intermediates.
When the activated oxygen is consumed, the catalyst is reduced
to Ni(0), creating an oxygen vacancy, forming a Ni(0)/Ni(II) redox
cycle. Further improving the catalytic performance and yield of
non-noble metal single-atom catalysts is still an important
issue. However, we believe that this study can provide a new
idea for the design and application of O-ligand-single-atom
catalysts.
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