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AbstractSelective aerobic oxidation of cyclohexane to cyclohexanone and cyclohexanol (KA oil) with high yield
under mild and green conditions is still a significant challenge in the current chemical industry. Herein, nitrogen doped
graphene loaded non-noble Co (Co-N-rGO) catalysts, prepared by a facile post-impregnation method, exhibited a high
catalytic performance and stability in liquid phase cyclohexane oxidation with molecular oxygen. The experiment and
characterization results show that N doping in the catalysts promotes Co metal particle dispersion and induces carbon
film coating on Co to prevent leaching and agglomeration. Besides, density functional theory (DFT) calculations show
that N doping is beneficial to the O-O bonds breaking in cyclohexyl-hydroperoxides (CHHP), thereby promoting the
dissociation of CHHP and enhancing the yield to KA oil. In addition, the catalyst can be easily separated without
appreciable loss of catalytic activity after recycling for five times, and show potential industrial application value for the
catalytic oxidation of cyclohexane to KA oil in the chemical industry.
Keywords: N-doped Graphene, Non-noble Co Catalysts, Selective Oxidation, Cyclohexane, KA Oil

INTRODUCTION

Catalytic oxidation of cyclohexane to obtain cyclohexanone-
cyclohexanol mixtures (KA oil) is a crucial reaction since KA oil is
key precursor in the synthesis of polymers nylon-6, nylon-66, and
adipic acid [1]. The current industrial processes for selective oxida-
tion of cyclohexane utilize homogeneous cobalt or manganese salts
as catalysts at 125-165 oC and oxygen pressure of 0.8-1.5MPa. How-
ever, it is a low efficient reaction since that cyclohexane conver-
sion is often kept below 5% for obtaining high yield to KA oil by
inhibiting its deep oxidation [2,3]. Besides, the recovery of homo-
geneous catalyst from the liquid phase is usually costly and causes
many environmental problems. To overcome these drawbacks, devel-
oping highly efficient and environmentally friendly heterogeneous
catalysts has been highly desirable.

To date, many new heterogeneous catalysts for the aerobic oxi-
dation of cyclohexane have been developed, including metal oxides
[4-7], molecular sieves supported metals [8,9], metal organic com-
plex (such as metalloporphyrin [10] and Schiff based compounds
[11]), metal organic framework (MOFs) catalysts [12,13], bimetal-
lic supported catalysts [12,13], and any other new materials [14].
Among them, Zhang et al. developed Co-based spinel nanocrystal
catalysts and obtained 17.2% cyclohexane conversion with 95.3%
selectivity to KA oil under O2 pressure of 2.0MPa [12]. Wu et al. pre-
pared bimetallic Au-Pt and Au-Pd supported on mesoporous silica,
and obtained cyclohexane conversion of 6.4% with 99.5% selectiv-
ity to KA-oil [15]. Xu et al. prepared a porous honeycomb-like nano-

structure with N doping supported bimetallic Ce-Cr oxide and
achieved 56.5% conversion of cyclohexane with 95.5% selectivity
to KA oil by using tert-Butyl hydroperoxide (TBHP) as oxidant and
acetonitrile as the solvent [16]. Ye et al. found that cyclohexane con-
version of 13.6% and 92% selectivity to KA oil could be achieved
by the porous material PMS-1 by using acetonitrile as the solvent
[14]. Although new heterogeneous catalysts exhibit excellent per-
formance in the cyclohexane oxidation, severe reaction conditions,
high cost of noble metals and oxidants, and environmentally un-
friendly addition of solvents significantly limit their further appli-
cations. Therefore, it is still highly desirable to design a recyclable
catalyst that is cheap, solvent-free, easy-to-handle, and highly effi-
cient for the aerobic oxidation of cyclohexane.

Graphene prepared from graphite has been widely applied in
many fields for its high electron mobility, high surface area, and
high thermostability. It has been reported that the defects in carbo-
naceous framework can be considered as effective active sites for
catalysis [17-19]. Thus, defective graphene has been widely studied
and used in oxidation reactions [20-24]. Besides, graphene can be
also applied as support to load active metals in many catalysis fields.
However, active metal nanoparticles tend to aggregate due to the
low binding energy of metal nanoparticles (NPs) anchored on the
original graphene surface [25]. Hence, researchers developed vari-
ous strategies to stabilize metal NPs on graphene, and substitutional
doping the graphene matrix with heteroatoms (mainly nitrogen and
boron) represents a convenient route [26]. The aggregation of metal
NPs is greatly restricted because of the enhanced metal-support
interaction by the strong bonding between N doping sites and
metal NPs [27-29]. For instance, Ni@NG (N-doped graphene),
Cu/NG, and Pd/N-HOPG (highly oriented pyrolytic graphite) show
good dispersion of metal NPs, as well as greatly enhanced catalytic
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activity and stability in methanation [30], methanol oxidation [31],
and oxygen-reduction reaction [32].

In this work, a series of N-doped graphene loaded Co (Co-N-
rGO) catalysts were prepared via a facile post-impregnation syn-
thesis method. The physical and chemical properties of catalysts
were systematically analyzed. And the catalytic activity was evalu-
ated in liquid phase catalytic oxidation of cyclohexane with oxy-
gen as an oxidant. These Co-N-rGO catalysts show good catalytic
performance and stability without solvent addition. The influence
of O2 pressure, reaction temperature and reaction time on the reac-
tion was also investigated. DFT calculations were carried out to ver-
ify the role of nitrogen doping in the dissociation of CHHP. This
work will provide a rational strategy for development of highly active
and stable non-noble metal catalysts for oxidation of cyclohexane.

EXPERIMENTAL

1. Materials
Cyclohexane (99.7%), sodium nitrate (99.0%), concentrated hy-

drochloric acid (36-38%), hydrogen peroxide (30%) and potassium
permanganate (99.5%) were purchased from Tianjin Kemiou Chem-
ical Reagent Co., Ltd. Chlorobenzene (99.0%), triphenylphosphine
(99.0%) and melamine (99.0%) were purchased from Sinopharm
Chemical Reagent Co., Ltd. Concentrated sulfuric acid (95-98%)
and absolute ethanol (99.7%) were purchased from Hunan Hui-
hong Reagent Co., Ltd.
2. Preparation of Catalysts

Graphene oxide (GO) was synthesized through a modified Hum-
mers’ method [33]. In a typical procedure, we added sodium nitrate
(0.5 g) and graphite (0.5 g) to concentrated sulfuric acid (22 mL)
and stirred for 8 min in ice bath. 3 g of potassium permanganate
was slowly added with constant stirring for 30 min. Then, the mix-
ture was placed in a water bath and continuously stirred for another
1 h at 45 oC. Subsequently, 45 mL of deionized water was slowly
added to the mixture, and the suspension obtained from the mix-
ture was transferred into an oil bath and continuously stirred for
1 h at 95 oC. Then, the suspension was treated with 30% hydro-
gen peroxide. The suspension was centrifuged and washed sev-
eral times by 5% hydrochloric acid and distilled water. Finally, the
sample was dried by lyophilization, and the GO was obtained. The
physical morphology of GO is shown in Fig. 1.

For the preparation of Co-N-rGO, melamine (0.18 g) and cobalt

acetate (0.4 g) were first dissolved in water and ethanol mixture
(30 ml), respectively. After the two solutions were mixed via ultra-
sonication for 20 min at room temperature, the former obtained
GO (0.4 g) was added to it. The mixture was heated to 80 oC in an
oil bath to remove water under stirring, dried at 80 oC overnight.
After that, the solid was ground finely and calcined under nitrogen
at the specific temperature for 2 h with a ramping rate of 2 oC·
min1. The obtained catalysts were denoted as Co-N-rGO-T (T
represents the calcination temperature, T=600, 700, 800 and 900 oC).

For comparison, Co-N-800, Co-rGO-800, N-rGO-800 were also
prepared with the same procedure, except that GO, melamine or
cobalt acetate were not added, respectively, during their synthesis
procedures. The three samples were calcined under nitrogen for
2 h at 800 oC.

For comparison of the synthesis method, CoNrGO and Co/
NrGO were prepared. CoNrGO was prepared by a hydrothermal
process [34]. 0.18 g of melamine and 0.4 g of cobalt acetate were
dissolved in 30 ml water and ethanol mixed solution, respectively.
After the two solutions were mixed and ultrasonicated for 20 min-
utes at room temperature, the previous obtained GO (0.4 g) was
added, and the mixture was transferred into a Teflon-lined stain-
less steel autoclave (at 160 oC for 12 h). Then, the solid was centri-
fuged and dried overnight at 80 oC after cooling to room tem-
perature, and finally calcined in nitrogen at 800 oC for 2 h. The cat-
alyst was denoted as CoNrGO. The difference between CoNrGO
and Co/NrGO preparation was the introduction time of cobalt
acetate precursor. For Co/NrGO synthesis [34], cobalt acetate
solution was added after the hydrothermal procedure of melamine
and GO mixture. The other conditions were kept the same, and
the obtained catalyst was Co/NrGO. Both samples were calcined
under nitrogen for 2 h at the same temperature of 800 oC.
3. Catalyst Characterization

X-ray diffraction (XRD) measurements were operated at 40
mA and 30 kV on a Japan Rigaku D/Max 2550VB+ 18 kW diffrac-
tometer (Cu Ka radiation) in the range of 5 to 90o at a scanning
rate of 2o·min1. A field emission SEM (Zeiss Gemini 300) was
used to characterize the specific morphology. Transmission elec-
tron microscopy (TEM) was measured on an FEI Tecnai F20 ST
microscope at 200 kV to observe the morphology and detailed
microstructure. N2 adsorption-desorption isotherms were obtained
from a Micromeritics ASAP 2020 analyzer at 77 K. The pore size
distribution was calculated by using the Barret-Joyner-Halenda (BJH)

Fig. 1. SEM (a) and TEM (b) images of obtained GO.
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method, and the BET method was employed to determine the
specific surface areas of the samples. The surface elemental com-
position and element valence distribution were detected by X-ray
photoelectron spectroscopy (XPS) on a Kratos Axis Ultra DLD
spectrometer with Al K X-ray radiation as the X-ray source for
excitation.
4. Catalytic Activity Test

The catalytic activity for the aerobic oxidation of cyclohexane
was tested in a 50 mL stainless steel high-pressure reactor equipped
with a magnetic stirrer. Typically, 15 g cyclohexane and 20 mg cat-
alyst were added. Before reaction, O2 (0.2 MPa) was injected for
three times to remove the air. Then, the reactor was heated to 155 oC
and the O2 pressure of 0.8 MPa under stirring. After 90 min, the
reactor was cooled to room temperature, the pressure was released
and the mixture was dissolved by ethanol. The reaction products
were collected and analyzed using a gas chromatograph (GC, Agi-
lent 7820A) equipped with a flame ionization detector (FID) and
an Agilent-DB-1701 capillary column. Chlorobenzene was added
as internal standard. Cyclohexanone and cyclohexanol (KA oil) can
be directly analyzed by GC. For the remaining cyclohexyl-hydrop-
eroxides (CHHP), it was obtained by calculation the difference of
the cyclohexanol amount before and after the addition of triphen-
ylphosphine, which could convert the CHHP in the product into
cyclohexanol. The concentration of acids and esters in the prod-
uct solution was determined by chemical titration with 0.1 mol·L1

NaOH and 0.1 mol·L1 HCl.
The conversion of cyclohexane and selectivity of KA oil were

calculated as follows:

(1)

(2)

In the recycling catalytic experiments, the catalyst was carefully
collected from the reaction mixture by centrifugation, washed thor-
oughly with ethanol, and dried at 80 oC overnight in a vacuum oven.
Then it was subjected into the next run of oxidation reaction.
5. Computational Methods

Single-layer graphene was introduced as the support to simu-
late the basic structure of graphene support to carry out the theo-
retical calculation and investigate the influence of the nitrogen
doping. All molecular modes were fully optimized by a DFT method.
These modes are optimized using the dMol3 module in the Mate-
rial Studio package. The exchange correlation energy of electrons
was described with the Perdew-Burke-Ernzerhof (PBE) functional
of the generalized gradient approximation (GGA). The calculation
achieves convergence until the maximum force on each atom be-
comes lower than 0.004 Ha·Å1. The k-point grids of 2×2×2 were
employed for structure optimization [35,36].

The binding energy of Co was calculated as follows:

Ebind=E(Co+Support)E(Co)E(Support) (3)

where E(Co+Support) is the total energy of Co on the support,
and E(Support) is the energy of the catalyst mode with nitrogen
species or without nitrogen species. The supports investigated in

the present work include graphene, graphene with defects but with-
out nitrogen species, and nitrogen-doped graphene (graphite N,
pyridine N, and pyrrolic N) for comparison.

Finally, the length of O-O bond and deformation energy of
CHHP were calculated to demonstrate the function of nitrogen
doping. CHHP adsorbed on the different supports (with or with-
out nitrogen species) loaded Co catalysts were as model.

The deformation energy of CHHP was calculated as follows:

Ede.=E(CHHP+Catalyst)E(CHHP)E(Catalyst) (4)

where E(CHHP+Catalyst) is the total energy of CHHP on the
catalysts, and E(Catalyst) is the energy of the different supports
(with or without nitrogen-doped) loaded Co catalysts.

RESULTS AND DISCUSSION

1. Catalysts Characterization Results
The textural properties of the catalysts were tested by the N2

adsorption-desorption, and the results are shown in Fig. S1 and
listed in Table 1. Fig. S1 shows that all catalysts present a IV-type
isotherm associated with an H2 hysteresis loop, indicating that
these samples have typical mesopores structures. The specific sur-
face areas of the Co-N-rGO-T increased from 130.4 to 184.7 m2·
g1 with increasing of the calcination temperatures from 600 to
800 oC, and it decreased again to 176.5 m2·g1 at 900 oC. That may
be due to the carbon component of the material lost as the tem-

Conversion  
cyclohexane consumed in molar

initial cyclohexane in molar
----------------------------------------------------------------------------- 100%

Selectivity  
generated product in molar

converted cyclohexane in molar
---------------------------------------------------------------------------- 100%

Table 1. The textural properties of the catalysts

Catalysts BET surface area
/m2·g1

Pore volume
/cm3·g1

Pore diameter
/nm

Co-N-rGO-600 130.4 0.09 3.97
Co-N-rGO-700 179.2 0.16 4.00
Co-N-rGO-800 184.7 0.16 3.87
Co-N-rGO-900 176.5 0.22 4.22

Fig. 2. XRD images of GO (a), Co-N-rGO-600 (b), Co-N-rGO-700
(c), Co-N-rGO-800 (d) and Co-N-rGO-900 (e) composites.
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perature further increased. In addition, the pore volume of the
samples increased from 0.09 cm3·g1 to 0.22 cm3·g1 from 600 to
800 oC, which may be due to the break of the oxygen-containing
groups on the surface of GO [37].

The XRD patterns of GO and Co-N-rGO-T are shown in Fig.
2. In Fig. 2(a), the peak at 2=10.92o corresponds to the (001) facet
of GO, and no characteristic peak of graphitization was observed,
which confirms successful synthesis of GO. In Fig. 2(b)-(e), the
diffraction peaks detected at 2=26.5o are ascribed to the lattice
planes (002) of graphite carbon. And the characteristic peaks at
2=44.1, 51.5 and 75.9o correspond to (111), (200), and (220) crys-
tallographic planes of Co metal. The results show that Co NPs on
the catalysts were reduced to Co0 by calcinating the samples in N2

atmosphere. The intensities of the Co peaks increase with increas-
ing of calcination temperature. Meanwhile, a weak peak at 2=
36.4o was detected and consistent with the diffraction peak of the
Co3O4, indicating that the Co NPs were not completely reduced to
Co0, and it may be because the oxygen-containing group in the
graphene oxide oxidizes the cobalt during the decomposition pro-
cess. Furthermore, a weak peak at 2=42.3o was observed and
ascribed to the diffraction peak of the CoN, and its intensity grad-
ually increased as the calcined temperature increased.

SEM and TEM were used to observe the morphology and struc-
ture of the samples. The as-prepared GO has been shown in Fig.
1. Fig. S2 shows SEM images of Co-N-rGO-T composites. Com-
pared with GO, the surface of composites became rough after load-
ing Co and calcination. Besides, as the calcination temperature in-
creased, the graphene still retained layered structure and the lay-
ers were stacked, and some particles (might be Co NPs) appeared

on the surface. Fig. 3 shows TEM image comparison of Co-N-800
(without graphene), Co-N-rGO-800 and Co-rGO-800 (without N
species). As in Fig. 3(a), obvious agglomeration was observed by
showing different sizes of metal particles on Co-N-800, which may
due to the absence of GO in the catalyst. While for Co-N-rGO-
800 (Fig. 3(b)), well-dispersed metal NPs with a size of ~30 nm
could be observed after GO addition. Such a phenomenon implies
that GO is an excellent support for promoting metal nanoparticle
dispersion on the catalyst surface. As shown in Fig. 3(c), the regu-
lar lattice fringes with a spacing of 0.205 and 0.215 nm can be
indexed to the (111) and (100) planes of Co0, respectively. It can
also be observed that each Co NPs was coated by some carbon
film with a thickness of about 3-5 nm. Not only can carbon-coated
cobalt NPs prevent metal leaching and improve the stability of cat-
alyst, but also effectively prevent the aggregation of metal NPs and
promote electron transfer, thereby improving catalytic activity [38].
For Co-rGO-800 (without nitrogen doping) in Fig. 3(d), Co-rGO-
800 has poor metal dispersion due to no nitrogen doping. As shown
in the inset of Fig. 3(d), the obtained carbon films around Co are
irregular and not smooth, indicating that nitrogen doping is bene-
ficial for formation of integrated and regular carbon film around
Co metal NPs.

XPS was performed to investigate the composition and chemi-
cal states of the elements on the catalysts. As shown in Fig. 4(a), the
peaks fitted at ~780 eV and 796 eV were assigned to Co 2p3/2 and
Co 2p1/2, respectively. The peaks around 780.7 and 796.1 eV were
assigned to Co2+, the peak at about 778.2 eV corresponded to Co0,
and peak at 782.6 eV corresponded to Co-N. N 1s spectra in Fig.
4(b) can be deconvoluted into three peaks, which were assigned to

Fig. 3. TEM images of Co-N-800 (a), Co-N-rGO-800 (b), HRTEM of Co-N-rGO-800 (c), Co-rGO-800 (d).
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pyridinic N (~398.4 eV), pyrrolic N (~400 eV), and graphitic N
(~401 eV), respectively.

Table 2 shows the chemical composition of different elements
of catalysts. It shows that the concentration of Co0 increased with
the calcination temperature, indicating that more Co NPs were
reduced to Co0, which is consistent with XRD results. For oxygen
species, its content on the surface of the material gradually decreases,
and the content was much lower than that of GO (45%) [39], which
shows that the oxygen-containing groups on the surface of GO
continue to dissociate. For nitrogen species, the total N content
decreased, and the pyrrolic nitrogen gradually transformed into
pyridine nitrogen and graphite nitrogen due to its poor thermal
stability as the temperature increased. Among these samples, Co-
N-rGO-800 had relative high N content. In addition, Co atom in
Co-N-rGO-T samples could coordinate with pyridine N to form
the Co-N active sites [40-42], which may be beneficial to the im-
provement of catalytic performance.
2. Catalytic Performance

The catalytic performance of the prepared materials for cyclo-
hexane oxidation reaction using O2 as oxidant was investigated.
The cyclohexane conversion was extremely low when the reaction
was carried out without catalyst. Investigation of different prepara-
tion methods shows that the catalytic performance of Co-N-rGO-
800 prepared by post-impregnation method was better than CoN-
rGO-800 prepared by hydrothermal method and Co/NrGO-800
prepared by hydrothermal plus impregnation method under the
same reaction conditions (Fig. S3). As shown in Fig. S4, CoNrGO-

800 and Co/NrGO-800 have poor metal dispersion and serious
aggregation, the Co-N-rGO-800 prepared by the post-impregna-
tion method has more uniform distribution and exposure of Co
metal sites, and regular carbon film coating on Co metals that pre-
vent it from aggregation.

By comparing Co-rGO-800 and Co-N-rGO-800 (Fig. 5(a)), rGO-
800 and N-rGO-800 (Fig. 5(b)), it is notable that the content of
CHHP (green bar) in the product was significantly reduced after
nitrogen doping in the catalysts. Especially for Co-N-rGO-800, the
content of CHHP decreased from 9.19 to 0.51 after the Co-rGO-
800 catalyst was doped with nitrogen. These results show that nitro-
gen doping can promote the decomposition of CHHP, which is
beneficial to improving selectivity to KA oil. Furthermore, the effect
of calcination temperature of Co-N-rGO-T catalysts on its cata-
lytic performance was also investigated (in Fig. 5(c)). As the calci-
nation temperature was increased, the conversion of cyclohexane
also increased. Co-N-rGO-800 shows 8.85% conversion of cyclo-
hexane with 85.73% selectivity to KA oil. While further increasing
of annealing temperature to 900 oC resulted in a lower catalytic
performance, which may be due to the GO structure broken and
the nitrogen content reduction at 900 oC, leading to Co-N-rGO-
900 not effectively accelerating the reaction process. In addition,
the catalytic performance of another popular catalyst was com-
pared [13], as shown in Table S1. Under the same reaction condi-
tions, the overall catalytic performance of Co-N-rGO was better
than that of 0.3CeO2-0.6NiO-Co3O4.

The effects of the reaction temperature, time, and O2 pressure

Table 2. The chemical composition of different elements over the prepared catalysts obtained by XPS analysis

Catalysts Co
/%

Different Co Con./% N
/%

Different N Con./% O
/%Co0 Co2+ Co-N Npyri Npyrr Ngrap Noxid

Co-N-rGO-600 4.94 14.51 60.42 25.07 6.46 45.50 20.31 20.33 13.86 15.13
Co-N-rGO-700 3.92 14.75 59.92 25.33 5.44 44.73 20.10 21.82 13.35 11.16
Co-N-rGO-800 3.73 16.13 58.44 25.43 5.60 35.48 22.35 29.16 13.01 09.28
Co-N-rGO-900 3.22 18.46 55.29 26.25 3.22 40.63 10.42 36.44 12.51 09.15

Npyri: pyridine-N, Npyrr: pyrrolic-N, Ngrap: graphitic-N, Noxid: oxidized-N.

Fig. 4. XPS spectra of (a) Co 2p and (b) N 1s.
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on the catalytic activity of the Co-N-rGO-800 catalyst for cyclo-
hexane oxidation were evaluated. As shown in Fig. 6(a), the con-
version of cyclohexane gradually increased from 145 to 155 oC
and then decreased from 155 to 160 oC, with the KA oil selectiv-
ity increased. Taking into account both the catalytic activity and
the KA oil selectivity, 155 oC was the optimized temperature. The
effect of the reaction time on the activity is summarized in Fig.

6(b); the conversion of cyclohexane gradually increased as the
reaction time increased, while the selectivity increased first and
then slowly decreased due to the over-oxidation of KA oil, and the
optimal reaction time appeared to be 90 min. Moreover, the effect
of the O2 pressure (Fig. 6(c)) shows that raising the O2 pressure can
enhance the conversion of cyclohexane, but the selectivity of KA
oil decreases significantly. It demonstrated that desirable KA oil

Fig. 5. The catalytic activity of the prepared catalysts in the liquid phase selective oxidation of cyclohexane. Reaction conduction: cyclohex-
ane 15 g, catalyst 20 mg, O2 0.8 MPa, 155 oC, 90 min.

Fig. 6. Effect of the reaction temperature (a), reaction time (b), O2 pressure (c), and the recyclability tests (d) on the catalytic activity of Co-N-
rGO-800 for cyclohexane oxidation. Reaction conditions: cyclohexane 15 g, catalyst 20 mg; (a) O2 pressure 0.8 MPa, 90 min; (b) O2
pressure 0.8 MPa, 155 oC; (c) 155 oC, 90 min; (d) 155 oC, O2 pressure 0.8 MPa, 90 min.
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products would be inevitably transformed into by-products under
high pressure O2. To investigate the stability of the catalyst, recy-
cling tests were performed over Co-N-rGO-800, and the results
are shown in Fig. 6(d). There was no significant change in conver-
sion and selectivity after five cycling reactions, and there was no
obvious aggregation of metal particles on the catalyst (Fig. S5).
This result confirmed that the catalyst shows very good stability.
3. DFT Calculation Results

To clarify the function of doping nitrogen species in the cata-
lyst, a theoretical calculation was carried out based on DFT the-
ory [35,36]. The original graphene support (without heteroatomic
doping and defect), graphene support with defect but without
nitrogen species, and nitrogen doped graphene support (graphite
N, pyrrolic N, and pyridine N, respectively) were constructed and
geometrically optimized (Fig. S6). The optimal cobalt adsorption
configurations on different supports were prejudged by the com-
parison of three different adsorption sites of cobalt on top, bridge,
and hollow. As shown in Fig. S7, the geometry optimization mod-
els were obtained by loading cobalt at the top, hollow, and bridge
sites on the pyridine nitrogen site. After the geometry optimiza-
tion, Eads (Co/Support) (in Table 3) was calculated and the results
reflect the stability of the Co atom supported on the surfaces of
different catalysts. It can be seen that the adsorption energy of Co
on the original graphene without heteroatoms or defects was the
most unstable, while tuning the graphene support by introduc-
tion of defects and heteroatom can enhance the adsorption energy.
Moreover, the adsorption of Co on the Hollow sites was more sta-
ble than that of Top and Bridge sites. Therefore, the subsequent
work chooses the adsorbed cobalt in the Hollow site. The modes
that underwent geometry optimization are shown in Fig. S8.

The Mulliken analysis and electron density of different models
are shown in Fig. S9 and S10. To verify the effect of the nitrogen
doping, the comparison of defect graphene model without nitro-
gen and pyridine-N graphene model is shown in Fig. 7. It can be

seen that the carbon atoms near the 12r-defect exhibited much more
electronic sufficient (a-1), and the electrons of the original graphene
surface had not changed (Fig. S9(a-1)). After loading Co metal on
12r-defect (a-2), the carbon atoms around Co exhibited more neg-
ative charge. The above phenomena indicate that the existence of
defects and cobalt loading can cause graphene electron transport
on the catalysts. For Pyridine-N Graphene (b-1) and Co on the
Pyridine-N Graphene (b-2), the closer carbon atoms next to nitro-
gen atom are more positively charged. For nitrogen itself, its charge
becomes more negative after Co introduction, and the Co atom
also shows more positively charged compared with (a-2) before
nitrogen doping. These results indicate that there exists obvious
charge transfer between nitrogen and the surrounding carbon atoms
after nitrogen doping, and the nitrogen species affect the electron
circumstance due to its electron pair. There also exists electron
transport from Co to nearby nitrogen on the surface of the cata-
lysts (b-2), which is beneficial to the improvement of catalytic per-
formance.

The function of nitrogen atom doping was investigated by cal-
culating the O-O bond length and deformation energy of CHHP
on the different modes of modified graphene support loaded Co

Table 3. The adsorption energy of Co on the different modes of
modified graphene supports

Co on different support modes Top 
Eads/eV

Hollow
Eads/eV

Bridge
Eads/eV

Original graphene support 1.548 2.049 1.619
Graphene with 12r-defect 8.175 8.179 8.178
Graphene with 14r-defect 7.564 7.567 7.566
Graphite-N Graphene 1.894 2.240 1.764
Pyrrolic-N Graphene 7.071 7.071 7.071
Pyridine-N Graphene 1.894 2.241 1.901

Fig. 7. The electron density and Mulliken analysis of Graphene with 12r-defect (a-1), Co on the Graphene with 12r-defect (a-2), Pyridine-N
Graphene (b-1), Co on the Pyridine-N Graphene (b-2). The red color in the legend of color map represents sufficient electron whereas
the blue color on behalf of the electron scarcity in electron density graphs, and the scale label is consistent.
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with or without nitrogen doping, and the optimized modes are
shown in Fig. 8. The results of O-O bond length and deformation
energy on the different Co-loaded graphene materials are exhib-
ited in Table 4. It can be seen that the O-O bond length of CHHP
on the support with nitrogen doping is much larger than the one
without nitrogen doping, and a lower deformation energy is ob-
served after nitrogen doping, indicating that CHHP can be more
easily dissociated on the Co load graphene support after nitrogen
doping.

CONCLUSIONS

N-doped graphene loaded non-noble Co catalysts were success-

fully prepared, characterized and applied in the liquid-phase selec-
tive oxidation of cyclohexane to KA oil. The preparation method
was investigated. It showed that the catalytic performance of Co-
N-rGO-800 prepared by post-impregnation method was better
than CoNrGO-800 prepared by hydrothermal method and Co/
NrGO-800 prepared by hydrothermal plus impregnation method.
The function of nitrogen doping was also investigated; it was
found that nitrogen doping is beneficial to the formation of a car-
bon film on the metal surface and prevents metal loss and sinter-
ing. Comparing catalytic performance of samples with or without
nitrogen species shows that nitrogen doping can promote the dis-
sociation of CHHP and enhance KA oil selectivity. DFT calcula-
tions were well consistent with the experimental observations.
Moreover, effects of reaction conditions were optimized to obtain
higher cyclohexane conversion and KA oil selectivity. The results
show that Co-N-rGO-800 could achieve best catalytic perfor-
mance of 8.85% cyclohexane conversion with 85.73% selectivity to
KA oil. The catalyst could be simply recovered by centrifugation
and reused for several times, and exhibit excellent stability.
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Graphene with 14r-defect 1.972 3.592
Graphite-N Graphene 2.600 3.700
Pyrrolic-N Graphene 2.907 2.454
Pyridine-N Graphene 2.961 2.363



1616 F. Hao et al.

August, 2021

and National Department of Education Engineering Research
Centre for Chemical Process Simulation and Optimization.

SUPPORTING INFORMATION

Additional information as noted in the text. This information is
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