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a b s t r a c t

Single-atomic catalysts (SACs) caught considerable attention due to their unique structural properties,

complete exposed active site, and 100% atom utilization efficiency with remarkable catalytic activity.

Mesoporous single-atomic cobalt catalyst with Co-N4 active sites was synthesized by using nitrogen-

doped graphene derived from acrylonitrile. Single-atomic cobalt was observed by aberration-corrected

high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM) in Co@Nx-C-800.

Notably, the density functional theory (DFT) calculation and the extended X-ray absorption fine structures

(EXAFS) fitting results indicate that the coordination structure of Co-N is four-coordinated. In this work,

the practical hydrogenation of nitroarenes to anilines enabled by Co@Nx-C-800 was established with ex-

cellent yields and selectivity, which proved its advantages and potential applications.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The anilines are among the most fundamental building block in

organic synthesis, and widely assembled in pharmaceuticals, agro-

chemicals, dyes, etc. (Fig. 1) [1–6]. The current industrial processes

of anilines are mainly catalytic hydrogenation of nitroarenes un-

der the H2 atmosphere with transition metals, in which the no-

ble metals of platinum group (such as Pd, Pt, Ru, and Rh) act as

mainstream catalysts and have been comprehensively developed

in academic laboratories and industries [7–11]. In general, indis-

criminate hydrogenation and/or dehalogenation will be conducted

under enough catalysts and excess H2 atmosphere when the sub-

strates possess various unsaturated bonds and/or carbon-halogen

bonds. In order to improve the chemical selectivity, the precious

metal is passivated by attaching it to other metals or metal ox-

ides, but the reaction conditions are harsher, such as higher tem-

perature, longer time, and higher pressure. Indeed, most of the re-

ported noble metal catalysts do not meet the requirements of both

catalytic activity and chemical selectivity in the hydrogenation pro-

cess at the same time [12]. Moreover, the cost of precious metals

limits their large-scale applications in the chemical industry.
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Recently, the nano crystallization of metal materials has

brought about a revolutionary breakthrough in catalysis [13–15].

Further research in the atomic scale of catalytic active centers

(single-atomic catalysts, SACs) is springing up to occupy the cat-

alytic highland. SACs possess the maximum atom-utilization effi-

ciency, unique electronic structures, and unconventional catalytic

activities, which have attracted wide attention and prompted the

development of general synthesis for different applications [16,17].

Moreover, the interaction between isolated metal atoms and solid

carriers effectively prevents the atoms from aggregation, and the

active sites, geometrical configuration, and highly uniform active

centers are analogous to homogeneous catalysts. Meanwhile, SACs

are also featured with easy separation, and recycling of heteroge-

neous catalysts [18–21].

SACs have the advantages of both homogeneous and heteroge-

neous catalysts. Thus, the development of SACs is considered to

narrow the huge gap between homogeneous and heterogeneous

catalysts. Indeed, SACs have already been employed in the fields

of conventional organocatalysis, photocatalysis, and electrocatalysis

[22–26]. Hence, some novel SACs have emerged, in particular, the

supported cobalt catalysts showed excellent catalytic activity and

chemo-selectivity for the reduction of various functionalized ni-

troarenes [27–30]. Considering atomic utilization, economic benefit

and catalytic efficiency, it is very desirable to improve the catalytic

https://doi.org/10.1016/j.cclet.2023.108745
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Fig. 1. The representative functional molecules containing the aniline motif

(Cz= carbazole, Mes=mesitylene).

Scheme 1. Hydrogenation of nitroarenes over cobalt-based heterogeneous catalysts.

activity and selectivity of cobalt SACs. The groups of Beller [31,32],

Gascon [33], and Yang [34] have reported the elegant nitrogen-

doped carbon-supported cobalt catalysts (Scheme 1). However, the

rapid development of SACs also faces some disadvantages such as

high catalyst cost, poor stability, easy aggregation of single atoms,

and serious loss of active sites. Therefore, the design of stable and

cost-effective single-atom cobalt catalysts remains challenging.

In recent years, we have devoted ourselves to the design, prepa-

ration and application of heterogeneous catalysts [35]. Herein,

mesoporous nitrogen doped carbon-supported single-atomic cobalt

catalysts (Co@Nx-C-800) were prepared by self-assembly poly-

merization, pyrolysis and pickling using cheap acrylonitrile as

monomer and cobalt ion as template. Under mild reaction con-

ditions (393K, 1.5MPa H2), Co@Nx-C-800 catalyst showed excel-

lent catalytic performance for the reduction of nitroaromatics to

the corresponding aromatic amines, with the conversion and selec-

tivity up to 99%. Moreover, no significant decrease in activity was

observed after seven cycles of the catalyst. Experiments and den-

sity functional theory (DFT) calculations show that Co-N4 is the

most likely catalytic active center in terms of hydrogen splitting,

adsorption energy and electronic structure.

Fig. 2. Schematic diagram of the preparation of Co@Nx-C-800 catalyst.

Co@Nx-C-800 catalyst was prepared by an acrylonitrile-derived

nitrogen-doped carbon loading strategy (Fig. 2). Acrylonitrile and

cobalt chloride hexahydrate were used as starting materials. In the

presence of AIBN, the blue solid was obtained by reflux in ethyl

acetate, which was recorded as Co/PAN. Co/PAN and colloidal-SiO2

were mixed evenly in the solution and the solvent was removed

under decompression condition to afford the dark green solid

(Co/PAN-SiO2). The carbonization process of Co/PAN-SiO2 was com-

pleted by annealing at different temperatures in N2 atmosphere,

to provide Co@Nx-C-SiO2-T (T=700, 800, 900 °C), followed by the

treatment with hydrofluoric acid to obtain Co@Nx-C-T. Nanometer

CoNPs@N–C-800 catalyst was prepared by increasing the amount

of cobalt chloride hexahydrate and removing silica with 1mol/L

NaOH.

The preliminary structure of the Co@Nx-C-T catalyst was in-

vestigated by Fourier-transform infrared (FTIR) spectra (Fig. S1 in

Supporting information). For the convenience of analysis, PAN and

Co/PAN are used for comparison. The spectra of PAN and Co/PAN

are consistent, indicating that the cobalt ions were indeed coated

with polyacrylonitrile and that no explicit bond was formed. The

FTIR spectra displayed C–H (2940 cm−1), C≡N (2245 cm−1), C=C

(1629 cm−1), and C-C (1458 cm−1) in Co/PAN. After the heat treat-

ment, C-H and C≡N disappeared, while C=C (1572 cm−1) shifted

to lower wavenumbers due to the conjugative effect in Co@Nx-C-

SiO2–800 and Co@Nx-C-800 [36–39]. Co@Nx-C-SiO2–800 contains

Si-O-Si (1037 cm−1), which disappeared after pickling, indicating

that the 10 wt% HF aqueous solution can wash away the silica.

The above results prove that the bond is reconstructed at high car-

bonization temperature.

The structural change of Co/PAN-SiO2 was monitored by ther-

mogravimetric analysis (TGA) with increasing pyrolysis tempera-

ture in the nitrogen atmosphere (Fig. S2 in Supporting informa-

tion). Weight loss prior to 230 °C was due to the physically ab-

sorbed water. Subsequently, the mass loss at 300–500 °C was as-

cribed to the conversion of C≡N to C=N and C=C groups, along

with releasing HCN, NH3, and CH4, resulting in extreme mass loss

during this stage. When the temperature reaches 650 °C, the mass

was further decreased, which indicated that the carbon skeleton

may be broken and decomposed [40,41]. Moreover, the carbon

structures of Co@Nx-C-T catalysts were studied by Raman spectra

(Fig. S3 in Supporting information). D and G bands of the catalysts

are located at 1350 cm−1 and 1580 cm−1, respectively. D bands are

commonly attributed to disordered carbon structures. G bands can

be attributed to sp2 hybrid carbon atoms. The intensity ratios of

ID/IG reduce with the increase of pyrolysis temperature, which in-

dicates that the degree of graphitization of the catalysts increased

with the increase of pyrolysis temperature, resulting in the reduc-

tion of defect sites.
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Fig. 3. (a) XRD patterns of Co@Nx-C-700, Co@Nx-C-800, Co@Nx-C-900, Co@Nx-C-SiO2–800, C–N-800 and CoNPs@N–C-800. (b) TEM images of Co@Nx-C-800. (c, d) Aberration-

corrected HAADF-STEM image of Co@Nx-C-800. (e) Elemental mapping image of Co@Nx-C-800. (f) Co 2p XPS spectrum of Co@Nx-C-800. (g) C 1s XPS spectrum of Co@Nx-

C-800. (h) N 1s XPS spectra of Co@Nx-C-800 and C–N-800. (i) XANES of Co K-edge. (j) FT at the Co K-edge of Co@Nx-C-800, CoO, CoPc, Co-foil, and Co3O4. (k) Co K-edges

EXAFS (points) and the curve-fit (line) for Co@Nx-C-800, shown in R-space (FT-magnitude and imaginary component).

X-ray diffraction (XRD) patterns of the Co@Nx-C-SiO2–800,

N–C-800, Co@Nx-C-T, and CoNPs@N–C-800 are also presented (Fig.

3a). Co@Nx-C-SiO2–800 sample shows a broad diffraction peak

at 2θ =22.4°, which is assigned to amorphous silica. However,

the broad diffraction peak is not observed in Co@Nx-C-T (T=700,

800, 900 °C), indicating that the 10 wt% HF aqueous solution

can etch silica. N–C-800 in XRD patterns shows two prominent

peaks at 26.2° and 44.0°, corresponding to the (002) and (101)

planes of graphitic carbon [42]. Meanwhile, the diffraction peaks

of Co@Nx-C-800 are similar to N–C-800. Therefore, we conclude

that no characteristic peaks of Co-based crystals are found in

Co@Nx-C-800, which shows cobalt species were highly dispersed

in carbon carriers. However, there are three diffraction peaks in

CoNPs@N–C-800, which appeared at θ =44.2°, 51.5° and 75.9°, re-
spectively, corresponding to the (111), (200) and (220) planes of

cobalt nanoparticles (Fig. 3a) [43]. The results indicate that cobalt

species in CoNPs@N–C-800 catalysts mainly exists in the form of

cobalt nanoparticles.

As shown in Fig. 3b and Fig. S4 (Supporting information), the

structure of Co@Nx-C-T was characterized by transmission elec-

tron microscopy (TEM). The porous structures were clearly pre-

sented. No cobalt clusters or nanoparticles in Co@Nx-C-800 was

observed by aberration-corrected HAADF-STEM, which demon-

strated Co species are atomically dispersed in carbon carriers (Figs.

3c and d). Moreover, N and Co atoms are homogeneously dis-

tributed in the carbon matrices (Fig. 3e). The cobalt content of

Co@Nx-C-800 was determined by Inductively Coupled Plasma Op-

tical Emission Spectrometry (ICP-OES) to be 1.10%. In order to gain

a deeper insight into the pore structures, Nitrogen adsorption-

desorption isotherms were performed to investigate the porosities

of Co@Nx-C-T (Figs. S5 and S6 in Supporting information). Nitrogen

adsorption isotherms of Co@Nx-C-T showed a type IV curve and

an H2-type hysteresis loop, characteristic of a mesoporous struc-

ture. According to the Brunauer-Emmett-Teller method, the surface

area of Co@Nx-C-T (T=700, 800, 900 °C) was determined to be

317.25, 349.43, and 487.55 m2/g, respectively. The Barrett-Joyner-
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Halenda average pore size and pore volume were determined to be

13.93, 13.78, 13.43nm, and 0.855, 1.124, and 1.280 cm3/g, respec-

tively. With the increase of temperature, the specific surface area

and pore volume increase, which is conducive to the exposure of

active sites and accelerate the reduction reaction (see Table S1 for

the detailed data).

The valence states of cobalt, carbon, and nitrogen in Co@Nx-

C-800 have been investigated by X-ray photoelectron spectroscopy

(XPS). Due to the very low cobalt content in Co@Nx-C-800, the

peak of Co 2p is so weak that it is impossible to accurately

judge the valence state of Co (Fig. 3f). C 1s XPS can be de-

convoluted into four peaks: C=C (284.7 eV), C-O (286.7 eV), C-N

(288.7 eV), and shake-up carbon (291.0 eV) (Fig. 3g and Fig. S7 in

Supporting information) [44,45]. N 1s XPS can be deconvoluted

into five peaks: pyridine N (398.4 eV), Co-Nx (399.5 eV), pyrrole N

(400.5 eV), graphite N (401.7 eV) and -NO (404.1 eV). However, N

1s XPS spectrum of C-N-800 is only deconvoluted into four peaks

(pyridine N, pyrrole N, graphite N and -NO), suggesting that Co-

Nx is the active site in Co@Nx-C-800 (Fig. 3h) [46–48]. Meanwhile,

there is no Co-Nx peak in Co@Nx-C-700, leading to the low cat-

alytic activity (Fig. S8 in Supporting information).

The electronic and coordination structures of cobalt atoms were

examined by X-ray absorption near side structures (XANES) and

extended X-ray absorption fine structures (EXAFS). XANES shows

the energy absorption threshold of Co@Nx-C-800 situated between

CoO and Co3O4, elucidating that the Co atoms in the catalyst carry

positive charges and the valence state of Co atoms is between

+2 and +3 (Fig. 3i). Fourier-transformed (FT) k3-weighted EXAFS

spectra of Co@Nx-C-800 show one main peak at about 1.5 Å, cor-

responding to the Co-N first coordination. Meanwhile, comparing

with Co foil, CoO, Co3O4, and CoPc (Cobalt phthalocyanine), the

peak of Co-Co (2.19 Å) metal bond is not observed, notarizing the

successful synthesis of atomically dispersed Co single-atomic cat-

alysts (Fig. 3j). It is in consistent with the results of the HAADF-

STEM. The EXAFS fitting results indicate that the Co-N coordina-

tion number is 4.2 with a bond length of 2.06 Å (Fig. 3k and Fig.

S9 in Supporting information). This indicates that the Co atom was

coordinated by four nitrogen atoms (see Table S2 in Supporting in-

formation for the detailed data).

The DFT calculation was performed to further verify the value

of x in the catalytic active site Co-Nx. We studied the dissociation

of H2 on perfect Co@graphene (Co@GP) and Co@N-doped graphene

(Co@xNGP, x=1, 2, 3, 4) respectively (Fig. S10 in Supporting in-

formation). Both Co@1NGP and Co@2NGP catalysts have little ef-

fect on the dissociation of H2, giving a close activation energy

of about 1.1 eV. Once the NGP is doped on the Co atom to form

Co@3NGP and Co@4NGP, the activation energy is significantly re-

duced, which implies that Co-N can improve the activity in H2 ac-

tivation with the activation energies of 0.93 and 0.89 eV. To elab-

orate the formation of the Co-N bond can enhance the catalytic

activity. The adsorption energy of Co@GP and Co@xNGP are ex-

plored in Fig. S11 (Supporting information). The adsorption ener-

gies of Co@GP, Co@1NGP, and Co@2NGP are relatively close, while

the adsorption energies of Co@3NGP and Co@4NGP increase sig-

nificantly, indicating that the stability of Co@4NGP is optimal. The

above facts indicate that Co-N4 is the most likely catalytic active

center. To illustrate the nature of the improved catalytic activity,

the electronic structures of the catalysts are investigated. As for

Co@GP, Co@1NGP, and Co@2NGP, there is an electron transfer of

net 0.13–0.17 e from the adsorbed Co atom to GP and NGP (Fig. S12

in Supporting information). When Co is doped into NGP to form

Co-3NGP and Co@4NGP, more electrons are transferred from Co to

N due to the more electronegative of N, making the Co more pos-

itive charge-rich, which would be beneficial to active H2 because

the 3d empty orbit of Co is easier to receive electrons.

Table 1

Optimization of catalysts.a

Entry Catalysts Conv. (%)c Sel. (%)c

1 Co@Nx-C-800 100 >99

2 Co@Nx-C-900 100 >99

3 Co@Nx-C-700 23.7 >99

4 Cobalt chloride hexahydrate 7 No detect

5 Co/PAN – –

6 N-C-800 – –

7 Co@Nx–C-SiO2–800 3.8 >99

8 CoNPs@N–C-800 50.4 >99

9b Co@Nx-C-800 – –

a General conditions: 4-chloronitrobenzene (1mmol), catalyst (40mg);

ethanol (10mL), 120 °C; 1.5MPa H2; 1.5 h.
b N2 pressure.
c Determined by GC analysis with 4-chlorotoluene as the internal standard.

To inspect the relationship between the structure and the per-

formance of the catalyst, 4-chloronitrobenzene was selected as the

template material to investigate the catalytic performance of differ-

ent cobalt materials. Both Co@Nx-C-800 and Co@Nx-C-900 showed

excellent catalytic performance with 100% conversion and 99% se-

lectivity, while Co@Nx-C-700, CoCl2·6H2O, Co/PAN, and N–C-800 as

catalysts had poor catalytic effect, or even could not catalyze the

reaction (Table 1, entries 1–6). These facts indicated that Co-Nx

may be the active site of hydrogenation reaction, and simple cobalt

ions or weakly coordinated cobalt ions have no effective catalytic

activity. The lower catalytic activity of Co@Nx-C-700 may be due to

the absence of Co-Nx. This conclusion is supported by XPS. Mean-

while, the Co@Nx-C-SiO2–800 catalyst also has very weak activity,

indicating that the pore effect is vital on the activity (entry 7). In

order to further demonstrate the high reactivity of the single-atom

Co@Nx-C-800 catalyst, nano CoNPs@N–C-800 catalyst (Co content

17.2%) was used to catalyze the reaction with conversion was only

50.4% (entry 8). In order to verify the importance of hydrogen, we

performed controlled experiments and found that the reaction did

not occur in nitrogen atmosphere (entry 9). In general, the dehalo-

genated byproducts are usually produced in the hydrogenation of

halogenated nitroarenes by traditional noble metal catalysts [49].

Notably, no such dehalogenated byproducts were observed in gas

chromatography and NMR using the developed monoatomic cobalt

catalysts. Compared with the previously reported catalysts [31–34],

Co@Nx-C-800 and Co@Nx-C-900 showed excellent activity under

milder reaction conditions.

Since the yield of Co@Nx-C-900 is relatively low due to higher

temperature in the synthesis process, Co@Nx-C-800 was selected

as the catalyst for further optimization. In most of tested solvents,

high conversion and selectivity were achieved under 1.5MPa hy-

drogen gas at 120 °C for 1.5 h (Table 2, entries 1–3, 5, 6). However,

the conversion rate is greatly reduced in THF, which may be due to

the oxygen atoms in THF binding to the active center, resulting in

reduced catalytic activity (entry 4). In addition, it was found in the

experiment that THF can make the catalyst caked, which may also

lead to the deactivation of the catalyst. Notably, environmentally

benign and green solvent, water, can successfully lead to efficient

catalysis with good selectivity. Decreasing hydrogen pressure and

temperature led to lower yields with retaining the high selectivity

in EtOH (entries 7–11).

With the optimized reaction conditions in hand, we investi-

gated the generality of Co@Nx-C-800 in the catalytic hydrogena-

tion of aromatic nitro substrates with different substituents. The

results show that the catalyst had high activity and selectivity
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Scheme 2. Substrate scope. Reaction conditions: nitroarenes (1mmol), Co@Nx-C-800 (40mg), ethanol (10mL), 120 °C; H2 1.5MPa, 1.5 h. a 10h, b 4 h. The con. and sel. were

determined using GC.

Table 2

Optimization of reaction conditions.a

Entry Solvent T (°C) H2 (MPa) Conv. (%)b Sel. (%)b

1 H2O 120 1.5 100 >99

2 Toluene 120 1.5 98 >99

3 CH3CN 120 1.5 100 >99

4 THF 120 1.5 36 >99

5 n-Hexane 120 1.5 99 >99

6 EtOH 120 1.5 100 >99

7 EtOH 100 1.5 97 >99

8 EtOH 80 1.5 95.8 >99

9 EtOH 60 1.5 78.2 >99

10 EtOH 120 1.0 91 >99

11 EtOH 120 0.5 82 >99

a General conditions: 4-chloronitrobenzene (1mmol), Co@Nx-C-800 (40mg),

solvent (10mL), 1.5 h.
b Determined by GC analysis with 4-chlorotoluene as the internal standard.

for nitroaromatics with electron-donating or electron-withdrawing

groups (Scheme 2). In addition to the high activity of the Co@Nx-

C-800, the chemoselective reduction of nitro compounds is also

very important. As shown in Scheme 2, in the presence of halo-

gen and nitrile group, Co@Nx-C-800 had high chemical selectivity

for the hydrogenation of substituted nitroaromatics (4–6, 11, 12,

14, 17–20). Furthermore, the catalyst also had good performance

for heterocyclic nitroarenes in a longer reaction time (15–17). The

reusability of the catalyst was examined upon the reduction of 4-

chloronitrobenzene with H2 (Fig. S13 in Supporting information).

It was found that the conversion rate of 4-chloronitrobenzene was

still maintained at >98%, and the chemo-selectivity was main-

tained at >99% after seven times recycling. The cobalt content of

spent SACs Co@Nx-C-800 was 0.79% by ICP-OES detection. The cat-

alyst loses a total of 0.31% of cobalt element after seven cycles

times, indicating that the Co@Nx-C-800 has less active site loss in

the recycling experiment and a good stability and durable struc-

ture in the liquid reaction. All of the facts show that the catalyst is

very promising and encouraging from a practical point of view.

In summary, a novel SAC (Co@Nx-C-800) with excellent cat-

alytic activity and selectivity has been developed for the reduc-

tion of nitroarenes to anilines. Moreover, it shows outstanding sta-

bility and reusability without obvious activity loss after recycling

seven times, which provides a versatile strategy to introduce vari-

ous metal species on nitrogen-doped carbon with targeted and im-

proved properties for diverse catalytic reactions. Further SACs cat-

alysts are under investigation in our lab to achieve large-scale pro-

cesses in the chemical industry.
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