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ABSTRACT 
The oxidation of hydrocarbons to produce high value-added compounds (ketones or alcohols) using oxygen in air as the only 
oxidant is an efficient synthetic strategy from both environmental and economic views. Herein, we successfully synthesized cobalt 
single atom site catalysts (Co SACs) with high metal loading of 23.58 wt.% supported on carbon nitride (CN), which showed excellent 
catalytic properties for oxidation of ethylbenzene in air. Moreover, Co SACs show a much higher turn-over frequency (19.6 h−1) 
than other reported non-noble catalysts under the same condition. Comparatively, the as-obtained nanosized or homogenous Co 
catalysts are inert to this reaction. Co SACs also exhibit high selectivity (97%) and stability (unchanged after five runs) in this 
reaction. DFT calculations reveal that Co SACs show a low energy barrier in the first elementary step and a high resistance to water, 
which result in the robust catalytic performance for this reaction. 
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1 Introduction 
Acetophenone and its derivatives are vital chemical intermediates 
in the synthesis of various pharmaceuticals, agrochemicals, 
perfumes, etc [1–3]. Traditional synthetic processes of aceto-
phenone, using Friedel–Crafts acylation or oxidizing styrene by 
KMnO4, lead to the production of a large amount of corrosive 
and toxic wastes [4]. Currently, selective oxidation especially 
aerobic oxidation of ethylbenzene to obtain acetophenone 
has attracted much more interests from researchers. Air is the 
most convenient, cheap, moderate and environmentally benign 
oxidant in this process, while air is also unreactive and hard to 
activate, especially to the strong C–H bond of alkylaromatics. 
Nowadays, several efforts have been employed to optimize the 
catalytic system in the oxidation of ethylbenzene with oxygen 
especially the oxygen in air [5–10]. Whereas, some important 
subjects are still unsettled, such as: (a) the use of environmental- 
unfriendly inhibitors (peroxides, N-hydroxyphthalimide, etc.) 
or corrosive solvent (acetic acid), (b) the oxygen in air can 
hardly be activated, (c) dependence of noble metals. Therefore, 
catalytic oxidation of ethylbenzene with air as the only oxidant is 
still a challenge and the exploration of novel catalysts to improve 
the catalytic performance is essential.  

Recently, metal single atom sites embedded on CN supports 
(M SACs /CN) have drawn a lot of attentions from researchers,  

because the highly active M-Nx (M = Fe, Co, Ni, Pt, Ir, Er, etc.; 
X = 2–6) moieties always show excellent performances in photo-
catalysis, eletrocatalysis, and organocatalysis etc. [11–30]. Among 
those M SACs/CN, Co SACs/CN show exceptional catalytic 
properties [31–39]. For example, Zhao and his co-workers 
synthesized Co-SA/AC@N-CNTs with CoNx moiety as active 
sites and obtained excellent catalytic properties towards selective 
hydrogenation of quinolines [33]. Fei et al. prepared single 
atomic Co on nitrogen-doped graphene, which showed robust 
activity in hydrogen evaluation reaction (HER) [39]. However, 
the potential catalytic properties and the further practical 
applications of Co SACs/CN are far from fully explored, because 
their relatively low metal loading brings about series of puzzles. 
On one hand, low metal loading in SACs causes low volumetric 
activity, which will enlarge the dosage of total catalysts and 
increase the volume of the reaction container in practical 
applications and thus results in high cost [40–42]. On the other 
hand, the high metal loading in catalysts increases the density 
of the active sites and accelerates the mass transfer in the reaction, 
which can enhance the reactivity of catalysts [43, 44]. 

Herein, we successfully synthesized Co SACs which possess 
a high metal loading of 23.58 wt.%. Moreover, Co SACs exhibit 
excellent catalytic performance towards oxidation of ethylbenzene 
in air. Specifically, Co SACs affords higher turnover-frequency 
(TOF; 19.6 h−1), conversion (46%), selectivity (97%) and stability  
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(nearly unchanged after 5 cycles) than all of reported base metal 
catalysts under the same condition, while the as-obtained 
nanosized or homogeneous Co catalysts are inactive to this 
reaction. 

2 Experimental details 

2.1 Chemicals 

Co(NO3)2 and dicyandiamide were purchased from Alfa Aesar 
Chemical Co. Ltd. (USA). Formaldehyde was purchased from 
Sinopharm Chemical Reagent Co. Ltd. (China). Ethylbenzene, 
n-dodecane and other organic compound were purchased 
from Acros organics (Belgium). The distilled water used in all 
experiments was obtained through ion-exchange and filtration. 
All of the chemicals used in this experiment were of analytical 
grade and used without further purification.  

2.2 Synthesis of Co SACs  

In a typical synthesis of Co SACs, dicyandiamide (59.47 mmol, 
5 g), formaldehyde (59.47 mmol, 4.4 mL; 37 wt.% solution) 
and Co(NO3)2·6H2O (8.48 mmol; 2.47 g) were mixed in distilled 
water (ca. 25 mL). After vigorous stirring (5 min), the mixed 
solution was heated to about 100 °C and kept for more than  
12 h to ensure the complete vaporization of the solvent. In the 
process, formaldehyde was polymerized with dicyandiamid and 
Co ions are coordinated with dicyandiamide-formaldehyde 
resin thoroughly. The purple solid was next heated in a tube 
furnace to 600 °C under Ar atmosphere for 120 min. Then the 
as-obtained dark brown solid cooled to room temperature and 
was heated to 400 °C under H2/Ar (5%) atmosphere for 120 min. 
The as-obtained solid was denoted as Co SACs, which can be 
used directly without any post-treatment. 

2.3 Synthesis of Co NPs/CN  

Co NPs/CN was synthesized as previous reported [45]. In a 
typical procedure, Co(NO3)2·6H2O (0.546 g; 1.87 mmol) was 
dissolved in 15 mL methanol to form a clear solution, which 
was subsequently injected into 15 mL of methanol containing 
2-methylimidazole (0.616 g; 7.5 mmol) under ultrasonic treatment 
for 10 min at room temperature. The mixed solution was then 
transferred into 50 mL Teflon-lined stainless-steel autoclaves 
and heated at 120 oC for 4 h. The as-obtained precipitates were 
centrifuged and washed with ethanol several times and dried 
in vacuum at 60 °C for overnight. The as-obtained purple 
powder was placed in a tube furnace and then heated to 800 °C 
for 3 h at the heating rate of 5 °C/min under flowing N2 gas 
and then naturally cooled to room temperature to obtain the 
representative samples. The as-prepared products were directly 
used without any post-treatment. 

2.4 Typical procedure of catalytic oxidation of 

alkylaromatics  

In a typical oxidation, 1 mL alkylaromatics (calculated using a 
microliter syringe; 1,200 mg for fluorene) and 2 mg Co SACs 
(20 mg Co NPs/CN or Co-porphyrin) were added into a 10 mL 
Schelenk tube with a magnetic stirrer. The whole reaction system 
connected with air through a condenser. The reaction was 
performed at 120 °C for a desired time. After the completion 
of the reaction, internal standard (dodecane; 100 μL) was 
added to the liquid phase. The liquid mixture was collected  
by centrifugation and 10 mL ethyl acetate was added to the 
reaction system (dichloromethane was used for the oxidation 
of fluorene) for further GC-FID analysis. 

2.5 Catalyst recycling test  

The reaction mixture was centrifuged after the reaction finished 
and the liquid layer was then siphoned out by a microliter syringe. 
The residues were washed with 8 mL ethanol and ethyl acetate 
twice respectively. The as-obtained solid was centrifugated and 
dried in a vacuum for a whole night over 70 °C. Finally, the 
recovered Co SACs was used in the following reactions. 

2.6 Characterizations  

Powder X-ray diffraction patterns (XRD) were recorded with 
a Rigaku D/max 2500Pc X-ray powder diffractometer with 
monochromatized Cu Kα radiation (λ = 1.5406 Å). Transmission 
eletron microscopy (TEM) and scanning TEM (STEM) images 
were recorded by a Hitachi HT7700 working at 100 kV, and  
a FEI Tecnai G2 F20 S-Twin working at 200 kV, respectively. 
An ARM-200CF (JEOL, Tokyo, Japan) transmission electron 
microscope operated at 200 keV and equipped with double 
spherical aberration correctors (Cs) is used to take AC- 
HAADF-STEM images. The attainable resolution of the probe 
defined by the objective pre-field is 78 picometers. Inductively 
coupled plasma optical emission spectrometry (ICP-OES) was 
carried out on Thermo Fisher IRIS Intrepid Ⅱ. The element 
analysis test was performed on Eurovector EA3000. X-ray 
photoelectron spectroscopy (XPS) spectra were performed by 
a Thermo Fisher ESCALAB Scientific ESCALAB 250Xi XPS 
System. The N K-edge NEXAFS spectra were collected at BL12B 
station of National Synchrotron Radiation Laboratory (NRSL) 
in Hefei, China. The GC analysis was conducted on a Thermo 
Trace 1300 series GC with a FID detector using a capillary 
column (TR-5MS, from Thermo Scientific, length 30 m, i.d. 
0.25 mm, film 0.25 μm). 

3 Results and discussion 
At first, Co SACs are fabricated via a facile strategy. Dicyandiamide 
was polymerized with formaldehyde to form dicyandiamide– 
formaldehyde resin and coordinated with Co precursors (Co(NO3)2) 
in one pot. The Co SACs are formed by pyrolyzing the Co- 
coordinated polymer in argon and H2/Ar atmosphere respectively. 
From XRD pattern, we can see the only broad peak representing 
amorphous carbon nitride (CN) in Co SACs (Fig. S1 in the 
Electronic Supplementary Material (ESM)) [46]. The laminar 
structure of Co SACs can be observed in TEM (Fig. S2 in the 
ESM) and STEM (Fig. 1(a) and Fig. S3 in the ESM) images, 
from which no nanoparticles are detected. The thickness of 
Co SACs is about 3.6 nm, which is certified by atomic force 
microscope (AFM) measurement (Fig. S4 in the ESM). Energy- 
dispersive X-ray (EDX) elemental mapping analysis shows the 
homogeneous dispersion of C, N and Co in Co SACs (Fig. 1(b)). 
The aberration-corrected high-angle annular dark-field STEM 
(AC-HAADF-STEM) image is shown in Fig. 1(c). Since the 
clearly distinct Z-contrast between Co and C (N), the single 
atom Co sites can be identified by Z-contrast analysis (Fig. S5 
in the ESM). The interatomic distance of adjacent Co sites is 
about 0.35–0.5 nm, further suggesting the ultra-high Co loading 
of Co SACs. More single atom Co sites in the enlarged 
AC-HAADF-STEM images are cycled to certify the non-existent 
of nanoparticles or clusters in Co SACs (Fig. 1(d) and Fig. S6 in 
the ESM). The Co loading in Co SACs is verified by ICP-OES, 
which reaches up to 23.58 wt.%. The element analysis test of 
Co SACs shows that the content of C, N, O and H is 26.4 wt.%, 
39.1 wt.%, 1.7 wt.% and 9.9 wt.%, respectively. The high nitrogen 
content (the atomic ratio of C and N is about 1:1.27) is one of 
the reasons leading to the high density of cobalt atoms.  
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Figure 1 Characterizations of Co SACs. (a) STEM image of Co SACs; 
scale bar: 20 nm. (b) STEM images and corresponding EDX-mapping of 
Co SACs. ((c) and (d)) AC-HAADF-STEM and enlarged image of Co 
SACs; the single atom Co sites in (d) are highlighted by red circles; scale 
bars: 2 nm. 

To confirm the local structure of Co sites in Co SACs, we per-
formed extended X-ray absorption fine structure spectroscopy 
(EXAFS). From Co K-edge X-ray absorption near edge structure 
(XANES) spectra, we can see that the absorption edge of Co 
SACs is located near that of CoO, indicating the oxidation 
state of Co atoms in Co SACs is +2 (Fig. 2(a)). Co SACs 
display only one main peak at 1.50 Å in Fourier-transformed 
k3-weithted EXAFS (FT-EXAFS) spectra, corresponding to the 
Co-N first coordination shell (Fig. 2(b)). Moreover, no visible 
Co–Co coordination peak is detected, which indicates no Co 
clusters or nanoparticles in Co SACs. Wavelet transform (WT) 
analysis was carried out to certify this result. We can see the 
intensity maximum at about 6.2 Å−1 that arises from Co–Co 
bond in Co foil, CoO and Co3O4 (Figs. 2(c), 2(e) and 2(f)), 
while only one intensity maximum at around 4.0 Å−1 is detected 
in Co SACs, which can be attributed to the first coordination 
shell of Co–N bond (Fig. 2(d)). The quantitative structural 
parameters of Co sites in Co SACs are obtained from EXAFS 
curve fitting (Figs. 2(g) and 2(h)). The corresponding EXAFS 
fitting parameters are shown in Table S1 in the ESM, from 
which we can see that the coordination number of center Co 
atoms is about 2.3 and the average bond length of Co SACs is 
1.95 Å (Table S1 in the ESM). These results indicate that Co 
atoms are coordinated with two nitrogen atoms in Co SACs 
(the inset of Fig. 2(g) shows the corresponding model of atomic 
structure).  

To illustrate the interaction between Co atoms and CN 
support, we measured XPS and near-edge X-ray absorption 
fine structure (NEXAFS) spectra of Co SACs. XPS survey 
spectrum shows that C, N, O and Co are the main components in 
Co SACs (Fig. S7 in the ESM). Co 2p XPS spectrum of Co 
SACs shows two main peaks at 796.0 and 780.6 eV with two 
satellite peaks at 785.4 and 802.1 eV, indicating the Co2+ species 
in Co SACs (Fig. 3(a)), which is consistent with results of 
XANES analysis. N 1s XPS spectrum of Co SACs (Fig. 3(b)) 
can be deconvoluted into two peaks with binding energies   
of 398.8 and 399.9 eV, which are attributed to pyridinic N 
and pyrrolic N [47]. C 1s XPS spectrum of Co SACs (Fig. 3(c))  

 
Figure 2 XAFS analysis of Co SACs. (a) XANES spectra and (b) FT-EXAFS 
at the Co K-edge of Co SACs, Co foil, CoO and Co3O4 respectively. (c)–(f) 
wavelet transform (WT) of Co foil (c), Co SACs (d), CoO (e) and Co3O4 (f) 
samples. EXAFS curve fitting of Co SACs at (g) R space and (h) k space. 
The inset of 2g is structure model of Co SACs. 

 
Figure 3 XPS and NEXAFS spectra. (a) Co 2p, (b) N 1s and (c) C 1s XPS 
spectra of Co SACs. (d) NEXAFS spectra of Co SACs and g-C3N4. The 
peak at 391 eV in (d) is related to the second-order photon excited Co L2. 

deconvolves into four peaks at 284.8, 285.5, 286.5 and 288.0 eV, 
which are appointed to the graphitic C (C–C), C-sp3 (C–C3 or 
C–N3), C–oxide (C–O), and pyridinic C (C=N), respectively [48]. 
The only peak located at 531.4 eV can be detected in O 1s XPS 
spectrum of Co SACs, suggesting the form of O species in Co 
SACs is absorbed O2 (Fig. S8 in the ESM) [49]. 

From N K-edge NEXAFS spectra of Co SACs and g-C3N4, we 
can see that g-C3N4 shows three main resonances in π* region 
(400.3 eV, pyridinic N; 401.0 eV, pyrrolic N and 402.8 eV, 
graphitic N). Resonance of graphitic N (402.8 eV) shows a huge 
decline for Co SACs (Fig. 3(d); other peaks are almost identical), 
indicating non-existence of graphitic N. In the σ* region of N 
K-edge NEXAFS spectra (~ 408 eV), Co SACs show a broader 
resonance than g-C3N4, which indicates the diversified length 
of C–N bonds [50, 51]. These results suggest the addition  
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of Co spices in CN support induces large number of defects. 
Defects, high nitrogen content combined with low coordination 
number of Co atoms endow Co SACs with ultra-high metal 
loading. 

To explore the potential heterogeneous catalysts, we test the 
oxidation of ethylbenzene in air using Co SACs as catalysts. 
We surprisingly discovered that Co SACs showed extremely 
high catalytic performance (46% conversion and 97% selectivity) 
at 120 °C for 24 h (Table 1, Entry 1). The TOF value is as high 
as 19.6 h−1, which is several times higher than other base metal 
catalysts ever known [4–6]. It should be highlighted that only 
a tiny amount of Co SACs (2 mg) is able to catalyze 1 mL 
ethylbenzene, which is attributed to the high loading of single 
atom sites. For comparison, Entry 2 and 3 in Table 1 show that 
Co nanoparticles/CN (Co NPs; TEM images and XRD pattern 
are shown in Figs. S9 and S10 in the ESM) and Co-porphyrin 
are inactive in this reaction. When the oxidation reaction is 
performed in nitrogen atmosphere, none detectable product is 
observed, which gives the evidence that air plays the key role in 
this reaction system (Table 1, Entry 4). When hydroquinone 
(a free radical scavenger) is added to the reaction, reaction is 
quenched, which indicates that the oxidation of ethylbenzene 
on Co SACs proceeds via a radical chain pathway (Table 1, 
Entry 5). The capability of recovering and reusing Co SACs 
shows that Co SACs is almost unchanged during five runs 
(Table 1, Entry 6). We collected the liquid phase of reaction 
mixture by centrifugation and analyzed the solution by ICP-OES. 
Only a slight amount of dissolved Co (Co: 6.45 ppm; 1.19% of the 
total cobalt in Co SACs) was detected. XRD patterns (Fig. S11 
in the ESM) show no modification after catalytic test. TEM 
(Fig. S12 in the ESM), STEM (Fig. S13 in the ESM) images 
combined with EDS mapping (Fig. S14 in the ESM) further 
confirm that Co SACs is almost unchanged after catalytic 
reactions. 

We further investigated the evolution of catalytic performance 
with reaction time over the oxidation of ethylbenzene in air  
to study the reaction kinetics. The plots in Fig. S15 in the  
ESM indicate the first-order kinetics of this reaction and the 
corresponding rate constant is shown in Fig. S16 in the ESM. 
The conversion reaches 62% and the selectivity is as high as 99% 
when we prolong the reaction time to 40 h. In most references, 
with the reaction time increases, the selectivity of acetophenone 
usually decreases and the yield of 1-phenylehanol increases [7, 52]. 
However, the yield of by-product (1-phenylethanol) decreases 
and the selectivity of acetophenone increases gradually with  

Table 1 Selective oxidation of ethylbenzene in air 

 

Sel. (%) 
Entry Catalysts 

Yield 
(%)a OHb C=Oc 

TOF 
(h−1) 

1 Co SACs 46 3 97 19.6 
2d Co- porphyrin ND    
3d Co NPs ND    
4e Co SACs ND    
5f Co SACs ND    
6g Co SACs 42 1 99 17.9 

Standard reaction conditions: ethylbenzene: 1 mL, catalyst: 2 mg, air 
atmosphere, temperature = 120 °C, reaction time = 24 h. aCon. and Sel. 
are determined by GC-FID with 100 μL dodecane as internal standard. 
b1-phenylethanol, cacetophenone, dcatalyst (20 mg) was used. eReaction 
in nitrogen atmosphere. fHydroquinone (20 mg) was used. gReaction 
after 5 runs. 

the reaction time increase, which also indicates the high 
stability of Co SACs. 

From Table S2 in the ESM, we can see the scope of substrates 
for oxidation of alkylaromatics using Co SACs catalyst under 
same condition. The oxidation of indan affords a conversion 
of 42% with 1-indanol and indanone as main products (Table S2 
in the ESM, Entry 1). The oxidation of tetralin affords a moderate 
conversion to α-tetralol and α-tetralone, possibly owing to the 
steric hindrance (Table S2 in the ESM, Entry 2). Co SACs also 
function for the oxidation of diphenylmethane and fluorene to 
corresponding products (benzophenone and fluoreone) with 
excellent selectivity (100%) in the reaction system (Table S2 in 
the ESM, Entry 3 and 4). When using 1, 3, 5-triethylbenzene 
as substrate, the oxidation will mainly proceed in one or two 
ethyl group with a high conversion (Table S2 in the ESM, 
Entry 5). Cumene can also be smoothly activated with a high 
conversion and selectivity with Co SACs (Table S2 in the ESM, 
Entry 6). Phenylcyclohexane is an important product in petro-
chemistry and the oxidation of phenylcyclohexane is a vital route 
to produce phenol [53]. The oxidation of phenylcyclohexane 
can also proceed towards 1-phenyl-cyclohexanol (Table S2 in 
the ESM, Entry 7).  

To further understand the reaction mechanism, density 
functional theory (DFT) calculations are carried out setting 
oxidation of ethylbenzene as a model reaction. According to 
the results of NEXAFS analysis and element analysis test, the 
optimized geometry of Co SACs is constructed (Fig. 4(a) and 
Fig. S17(a) in the ESM) and used in the continuous calculations. 
The distances between cobalt and four coordinated nitrogen 
atoms are 1.917, 1.928, 2.125 and 2.158 Å, respectively suggesting 
the formation of only two Co–N covalent bonds (The calculated 
atomic radii for cobalt and nitrogen are 2.08 Å (1.52 Å for Co 
and 0.56 Å for N) [54]. Therefore, the coordination number  
of atomic Co sites is two, which is in good coincidence with 
experimental results. A possible pathway for the oxidation of 
ethylbenzene to acetophenone over Co SACs with O2 as the 
oxidant was hypothesized based on the previous literature 
[55, 56]. According to the pathway, O2 adsorbs on the surface by 
forming Co–O bond, while ethylbenzene adsorbs on the surface 
by dispersion force. In the first step, O2@Co SACs abstracts one 
H atom from CH2 group of ethylbenzene, with the formation 
of the phenylethyl and hydroperoxyl radicals. According to 
Gao’s report [57], these two radicals are active intermediates of 
the process. Consequently, we focused on the first step only. 
Calculated initial, transition and final states are shown in  
Figs. 4(b)–4(d) and Figs. S17(b)–S17(d) in the ESM, respectively.  

 
Figure 4 DFT calculations of aerobic oxidation of styrene. (a) Optimized 
geometries of Co SACs. (b)–(d) Initial, transition and final states in the 
first elementary step of the proposed mechanism (Scheme S1 in the ESM). 
(e) and (f) Optimized geometries of O2@Co SACs and H2O@Co SACs, 
respectively. 
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The energy barrier for transition states is 26.2 kcal/mol, which 
suggests that the active intermediates (phenylethyl and hydro-
peroxyl radicals) are readily to be generated. Meanwhile, in the 
last step of the process, one H2O molecule was generated. The 
optimized geometry of H2O@Co SACs is shown in Fig. 4(e) 
and Fig. S17(e) in the ESM. The distance between oxygen and 
cobalt is 2.173 Å, which is longer than corresponding Co–O bond 
in O2@Co SACs (Fig. 4(f) and Fig. S17(f) in the ESM, 1.890 Å). 
The calculated desorption energy for H2O@Co SACs is only 
10.6 kcal/mol, which indicated that water molecule is easy to be 
desorbed and the center Co site cannot be poisoned. 

4 Conclusion 
In summary, we discovered a facile synthetic method to prepare 
Co SACs catalysts with a high metal loading of 23.58 wt.%. 
The high metal loading of Co SACs is chiefly attributed to the 
combined effects of low coordinated Co spices, high nitrogen 
content and high defect density. Surprisingly, Co SACs show 
excellent catalytic activity (19.6 h−1 TOF, 46% conversion and 
97% selectivity) and stability (nearly no change after five runs) 
for oxidation of ethylbenzene in air. DFT calculations reveal 
that Co SACs show a low energy barrier in the first elementary 
step and a high resistance to water, which results in its robust 
catalytic performance. This work points out a possible way for 
practical applications of SACs catalysts. 
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