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MATERIALS AND METHODS
Materials and regents

Pure copper mesh (300 mesh, T1 Cu > 99.9%, CP) was purchased from Yingtan
Zhongzhen Copper Co., Ltd. Dicyandiamide (DCDA, > 99%, AR.), acetonitrile
(MeCN, >99%, AR.), methanol (MeOH, > 99%, AR.), N, N-Dimethylformamide
(DMF, 99%, AR.), dimethyl sulfoxide (DMSO, > 99%, AR.), acetone (> 99%, AR.), n-
etradecane (99%, AR.), sulfuric acid (H,SOy4, > 98%, AR.), benzene (CsHg, > 99%,
AR.), hydrogen peroxide solution (H,O,, 35%, AR.) were bought from Sino pharm
Chemical Reagent Co., Ltd. (China). All chemicals were used as received without any
further purification unless stated otherwise. The deionized:-(DI)-water was obtained
from an ULUPURE system (2.06 MQ-cm resistivity) and used throughout the whole
experiment.
Synthesis of SA,Cu-NRGO catalysts

Graphite oxide (GO) was first synthesized according to the modified Hummer’s
method. ! The N-doped reduced graphene oxide (NRGO) based single-atom Cu catalyst
(SACu-NRGO) were prepared via one—pot pyrolysis of the mixture of DCDA and GO
with different mass ratios at high temperature, where the single-atom Cu species was
originated from the Cu mesh wrapped around the mixture reactant. As schematically
illustrated in Figure 1a, 100 mL of GO aqueous suspension (2 mg mL™") and 3.6 g of
DCDA were first mixed under continuous stirring for 10 h, followed by freeze-drying
to obtain a homogeneous mixture, marked as DCDA&GO. The solid mixture was then
carefully wrapped with one layer of Cu mesh and placed in a partially covered quartz
boat with a quartz plate to avoid contamination. Afterwards, the quartz boat was
inserted in a tube furnace for sequential pyrolysis at 600 °C for 2 h and 800 °C forl h,
respectively, under flowing N, with the same heating rate of 2 °C min~!. Upon cooling
down naturally to room temperature, the solid residue in the quartz boat, labelled as Cu-
NRGO, was dispersed in H,SO4 aqueous solution (0.5 mol L!) and held at 80 °C for
10 h to remove Cu nanoparticles. After washing with DI water until neutral and drying
in the vacuum oven at 80 °C, the single atomic Cu catalyst supported on NRGO was

obtained, labelled as SA,Cu-NRGO (x=0, 3, 6,9, 12, 15, 18 and 21, which represents
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the corresponding DCDA&GO mass ratios of 0/1, 3/1, 6/1, 9/1, 12/1, 15/1, 18/1 and
21/1, respectively). For comparison, metal-free pristine N—doped reduced graphene
oxide (NRGO) as the reference sample was also prepared following the same synthetic
procedure, but without the participance of Cu mesh.
Characterization

The morphologies of the catalysts were observed by field emission scanning electron
microscopy (FESEM, Zeiss, SUPRAS55 SAPPHIRE) at an U, = 5 kV, transmission
electron microscopy (TEM, JEM-2100, JEOL) at U, =200 kV, and high-angle annular
dark-field scanning transmission electron microscopy (HAADF-STEM, JEOL JEM-
ARM200CF probe-aberration corrected microscope) at Uy = 200 kV equipped with a
cold field emission gun. The crystalline structures of the catalysts were obtained
according to powder X-ray diffraction (XRD) patterns recorded on a Rigaku powder X-
ray diffractometer using Ni-filtered CuKa radiation with 20 ranging from 5 to 80°.
Information about the functional groups and defects from the catalysts were
characterized by Fourier transform infrared spectra (FTIR, Nicolet 1S20), and Raman
spectra (Renishaw InVia Raman microscope) with an excitation laser wavelength of
532 nm at room temperature. Chemical environment of each element in the catalysts
was analyzed via X-ray photoelectron spectroscopy (XPS, PerkinElmer, BD upgraded,
PHI-5000C ESCA system coupled with Auger spectrum) with Mg Ka radiation (hv =
1253.6 eV). Detailed chemical structures of the samples were further examined using
Cu K-edge X-ray absorption near edge structure (XANES) and extended X-ray
absorption fine structure (EXAFS) measurements, conducted at the HXMA beamline
of the Taiwan Light Source. The apparent specific surface area and pore size
distribution of the catalysts were measured on a Beishide 3H-2000PS2 analyzer at 77
K, where the values were obtained according to the isotherm data points of the nitrogen
adsorption branch based on the Brunauer-Emmett-Teller (BET) model. The Cu content
of each catalyst was measured by Thermogravimetric analysis (TGA, Q500) and
Inductive coupled plasma (ICP) atomic emission spectrum (SHIMADZAU, ICPS-
7510).

Catalytic Performance
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The oxidation of benzene to phenol was employed as the model reaction to evaluate
the catalytic performance of SA,Cu-NRGO catalysts. Typically, to a mixture in a 10
mL sealed round-bottom flask containing 2.0 mL of CH3;CN, 0.1 mL of benzene and
1.5 mL of H,O, (30 wt%), 12.5 mg of the catalyst was added and dispersed
homogeneously with the help of sonication. Then the flask was placed in a water bath
at room temperature with continuous magnetic stirring to start the reaction. When the
reaction was completed and cooled down to room temperature, the product was
extracted with dichloromethane, and a certain amount of n-tetradecane was added as
the internal standard. The yield and selectivity were analyzed on an Agilent 7820A gas
chromatograph (GC) equipped with a 30 m x 0.32 mm x 0.25 pm HP-5 capillary
column and a flame ionization detector (FID).

Density functional theoretical calculations

Density functional theoretical (DFT) calculations were performed by using the
Perdew—Burke-Ernzerhof (PBE) functional within the formulation of generalized
gradient approximation (GGA) as implemented in the Vienna ab initio simulation
package. The Gamma meshes of 2 X 2 % 1 k-points sampling in the Brillouin zone was
employed in all calculations of geometry optimization. The catalyst models were set in
a 6 x 6 supercell of graphene, where the vacuum thickness between the catalyst slabs
was set as 20 A to get rid of the influence from the virtual interlayer interaction.
Structural optimizations were conducted by using the Gaussian smearing finite-
temperature broadening method (= 0.05 Hatree). To ensure high-quality results, the
kinetic energy cut-off for the plane-wave basis sets was set as 400 eV. The energy
criterion was set to be 107° eV in iterative solution of the Kohn—Sham equation. All the
atoms were relaxed during the structure optimization until the maximum force on any
ion was less than 0.01 eV A~!. The climbing-image nudged elastic band method was
used to identify the transition states until the maximum force on any ion was less than
0.03 eV A~!. Vibrational frequency analysis was performed to gain the thermodynamic
results. According to the vibrational analysis, the correlation of thermodynamic
parameters (with the zero-point energy included) such as enthalpy (AH), entropy

(AScorr) and free energy (AG,;) were taken into consideration in the study of the
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reaction mechanism. And the free energy at specific temperature were calculated by the
formula G = Ejy + Geor, Where Eqo 1s the total energy of the specific moiety on the
minimum energy path (MEP) and G, is the free-energy correlation with the zero-point
energy included at the specific temperature. The related free energy change at 298.15
K in each step was calculated according to the equation AG = AE . + AGeor, Where
AE ., 1s the energy difference of the total energy between each species, and AG,,, is

the energy difference of the free energy.
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Supplementary Figures

Fig. S1. TEM images of Cu-NRGO.
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Fig. S2. TG results of all as-prepared samples.
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Fig. S5. The i*-weighted Fourier transform spectra for Cu K-edge EXAFS of Cu foil,
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Fig. S6. EXAFS R-space fitting curve of SA3Cu-NRGO with a CuNj, structure as the
inset.
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Fig. S7. EXAFS R-space fitting curves of SA;sCu-NRGO with a CuN, structure as
the inset.
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Fig. S8. EXAFS £ space of SA3Cu-NRGO.
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Fig. S9 The effect of different catalysts on the oxidation of benzene. (Reaction
conditions: 12.5 mg of the sample, 0.1 mL of benzene, 2.0 mL of MeCN and 1.5 mL
of H,O,, reaction for 24 h at 25 °C.)
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Fig. S10. The effect of reaction time on the oxidation of benzene. (Reaction

conditions: 12.5 mg of the sample, 0.1 mL of benzene, 1.5 mL of solvent, and 1.5 mL

of H,0,, reaction for 24 h at 25 °C.)
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Fig. S11. XRD patterns before and after the oxidation of benzene.
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Fig. S12. FTIR spectra before and after the oxidation of benzene.
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Fig. S13. Mapping images of SAsCu-NRGO after the oxidation of benzene.

18



Electronic Supplementary Information

Intensity (a.u.)

6.0 h

L _/\A/__
Oh

2000 1600 1200 800 400
Wavenumber (cm™)

Fig. S14. In situ FTIR spectra of SA;3Cu-NRGO in the oxidation of benzene process.
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Fig. S15. Optimized configures of H,O, activation on CuNj site (a) and CuNy site (b

and c): (a) direct dissociative adsorption of H,O, on CuN,, (b) adsorption of H,O, on

CuNy center, and (c) generated O species with a weak hydrogen bond linked water
molecule on CuNy center. Where the gray, blue, red, magenta and white balls

represent C, N, O, Cu and H atoms, respectively.
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Table S1. TG results of all as—prepared samples

TGweighttoss ~ TGRemain weight TGcuwo TGey
Samples
(Wt %) (Wt %) (Wt %) (Wt %)

NRGO 94.06 5.94 0 0
SA(Cu-NRGO 95.22 4.78 / /
SA;Cu-NRGO 92.77 7.23 1.29 1.03
SA¢Cu-NRGO 91.81 8.19 2.25 1.80
SA¢Cu-NRGO 89.85 10.15 4.21 3.37
SA,Cu-NRGO 87.96 12.04 6.10 4.88
SA;5Cu-NRGO 87.77 12.23 6.29 5.03
SA3Cu-NRGO 87.13 12.87 6.93 5.54
SA,;Cu-NRGO 89.01 10.99 5.05 4.04

TGweignt loss 15 the mass ratio of the sample lost in the air atmosphere at 800 °C, and TGremain weight 15
the remaining mass ratio (TGremain weight =100 — TG weignt 10ss (Wt%) ). TGeyo is the mass fraction of
CuO after the sample is calcined in air atmosphere at 800 °C (TGcyo = TGRremain weight = TGRemain
weighttNRGO) (Wt%) ). Finally, the mass fraction of Cu (TGc, ) in the sample is calculated like this

TGeu = TGeuo X Mcy/( My + Mo) (Wt%).
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Table S2. Textural properties of all as-prepared samples

SBET Vp? D, b
Samples

(m?/g) (cm?/g) (nm)
SA(Cu-NRGO 24.0 0.06 15.3
SA;Cu-NRGO 56.7 0.24 13.3
SAsCu-NRGO 59.2 0.21 14.7
SAyCu-NRGO 594 0.20 14.0
SA,Cu-NRGO 67.8 0.20 11.7
SA5Cu-NRGO 68.1 0.23 13.3
SA3Cu-NRGO 78.9 0.29 14.6
SA,;Cu-NRGO 84.7 0.40 16.0

3 Pore volume measured at the single point of P/Py=0.99

5 BJH desorption average pore diameter.

22



Electronic Supplementary Information

Table S3. Structural parameters of SA3Cu-NRGO extracted from the EXAFS fitting.

Active site CN R(A) 6 2(103A2) AEy(eV) R factor So?
CuN; 3.0£0.5 1.92+0.02 10.0+£0.2 7.6£0.4 0.004 0.986
CuN, 1.84+0.2 1.91+0.01 8.1+0.2 6.2+1.4 0.011 1.255
CuNy 3.87£0.5 1.92+0.02 7.2+0.2 7.2£1.5 0.032 0.581

So? is the amplitude reduction factor; CN is the coordination number; R is interatomic
distance (the bond length between central atoms and surrounding coordination atoms);
o? is Debye-Waller factor (a measure of thermal and static disorder in absorber-scatter
distances); AE, is edge-energy shift (the difference between the zero kinetic energy
value of the sample and that of the theoretical model). R factor is used to value the

goodness of the fitting.
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Table S4. Comparison of the catalytic performance of SA;3Cu-NRGO with catalysts

reported in literatures on the oxidation of benzene.

Time Temp Benzen-e Selectivity
Catalyst (h) °C) Conversion of phenol Ref.
(%) (o)
This
SA;sCu-NRGO 24 25 16.1 98.6
work
Fe/Pt/TiO, 4 30 6.5 91 2
V/MCM-41 6 60 1.4 93 3
Fe/SBA-16 8 65 12.1 96 4
Fe;04/CMK-3 4 60 18.0 92 3
FeCls/eg-C3Ny 3 60 22.0 99 6
FesV,5Cu, 5/Ti0, 4 30 9.8 73 7
CuO-Cr,03 12 80 28.2 75 8
FeSO, 1 25 8.6 97 ?
Re@DWNT 5 80 10.2 99 10
Cu-SA/HCNS 24 25 334 91 1
Cu;N,/HCNS 12 60 70.9 91.3 12
Cu;N3/HCNS 12 60 15.6 99.3 12
ISAS Fe/NPC 24 60 42 99 13
ISAS Co/NPC 24 60 26 99 13
ISAS Ni/NPC 24 60 7.1 99 13
Cu/NC-1000 1 60 82 96 14
FeNy 24 30 78.4 100 15
FeNs,-GN 24 25 23.4 80 16

Cu SAC/S-N 24 25 423 93.4 17
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