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Abstract
Constructing nitrogen-doped porous hollow carbon with loading of non-precious metal for highly efficient hydrogenation 
of nitroarenes is desirable but challenging. Herein we report a facile self-sacrificing template strategy to prepare Co embed-
ded in nitrogen-doped porous hollow carbon (Co/NPHC) from pyrolysis of well-designed core–shell ZIF-8@ZIF-67. The 
pyrolysis of ZIF-8@ZIF-67 at 900 °C endowed as-resultant Co/NPHC-900 with high specific surface area, hollow structure 
and hierarchical mesopore, favoring the dispersion of Co species and then generating abundant Co-Nx active sites, also 
promoting mass transport of substrates and products. As a result, the Co/NPHC-900 catalyst showed excellent activity 
and extraordinary selectivity in the hydrogenation of nitrobenzene, which far surpassed Co/NPC-900 and ZnCo/NPC-900 
catalysts derived from sole ZIF-67 and ZnCo-BMZIF, respectively. It also had a broad substrate scope and good reusability. 
Furthermore, characterization and control experiments showed that Co single atoms should be catalytic active sites rather 
than Co nanoparticles for Co/NPHC-900. Our work provides a good candidate for the replacement of precious metal cata-
lysts for selective hydrogenations as well as contributes to the rational design of high-performance single-atom catalysts.

Graphical abstract
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1 Introduction

As pivotal organic raw materials and intermediates, aro-
matic amines have been widely used in the fields of dyes, 
medicines and pesticides [1, 2]. Aromatic amines are 
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mainly manufactured from corresponding nitroarenes with 
stoichiometric reducing agents such as Fe, Zn, Sn, and 
NaSH in chemical industry [3]. These non-catalytic pro-
cesses unavoidably produced a large number of undesir-
able waste and then led to environmental problems. There-
fore catalytic hydrogenation of nitroarenes with molecular 
hydrogen has become the preferred choice due to envi-
ronmental friendliness and high efficiency [4–6]. Noble 
metal catalysts are known to show high catalytic property 
for this kind of reaction, but most of them cannot meet the 
dual requirements of activity and selectivity. The widely 
used Pt group metals with high intrinsic activity usually 
sustain low selectivity in the hydrogenation of nitroarenes 
containing other reductive groups [5, 6]. To improve the 
selectivity, these catalysts are modified by poisoning with 
well-chosen additives or alloying with other metals but at 
the expense of activity. Au catalysts with extraordinary 
selectivity delivered the low intrinsic activity, thereby 
requiring a high reaction temperature and/or high pres-
sure of  H2. [7–9] Recently, some noble metal single atom 
catalysts have been reported to show high activity and 
selectivity for the hydrogenation of nitroarenes even under 
mild conditions [4, 10]. Nevertheless, the scarcity and high 
cost of noble metal catalysts tremendously restricted the 
large-scale application in chemical industry [7–16]. It is 
highly desired to explore high-performance non-noble 
metal catalyst for hydrogenation of nitroarenes.

In this spirit, many earth-abundant metal catalysts 
(i.e., Fe, Co, and Ni) have been developed successfully 
[17–25]. Raney-Ni catalysts were extensively used in many 
hydrogenation reactions, but they required special han-
dling and also suffered from dehalogenation phenomenon 
in the hydrogenation of halogen-substituted nitroarenes 
[17, 18]. Till now, Co supported on carbon-based catalysts 
would be preferred because of good activity and excel-
lent selectivity in the hydrogenation of nitroarenes, espe-
cially substituted nitroarenes. Beller et al. for the first time 
used stable and nanoscale  Co3O4 surrounded by N-doped 
carbon layer for the hydrogenation of nitroarenes with a 
wide scope under 5 MPa  H2 at 110 °C [20]. Afterwards 
Co-Co3O4@NCNTs was report to be a promising catalyst 
for selective nitroarene hydrogenation under 3 MPa  H2 
at 110 °C, whereas Co@C displayed excellent catalytic 
performance at more than 120 °C [21, 22]. Although sig-
nificant achievements over Co-based metal catalysts in 
recent years, most catalysts still required high pressure of 
 H2 (> 2 MPa) and/or high reaction temperature (> 100 °C) 
due to low intrinsic activity. To increase the activity, a use-
ful template strategy to enlarge the dispersion of Co active 
sites and mass transport of substrates and products was 
widely employed, but it possessed some drawbacks such 
as the relatively complicated preparation process and the 

high cost of specific reagents. Developing Co-based cata-
lysts with a facile and efficient strategy is still challenging.

As a kind of representative metal–organic frameworks, 
zeolitic imidazolate frameworks (ZIFs) have been excellent 
platforms to fabricate non-noble metal catalysts due to con-
trollable composition, adjustable structure, abundant carbon 
and nitrogen [26–29]. For instance, ZIF-67 derived Co-based 
catalysts have exhibited fascinating potential for hydrogenation 
of nitroarenes to corresponding anilines [30–32]. However, 
the derivatives from single ZIF-67 had certain disadvantages 
of the low specific surface area and poor porosity, which 
obstructed the dispersion of active sites, accessibility of active 
sites and mass transport, thus resulting in a low activity [33]. 
Constructing hierarchical porous hollow carbon materials with 
loading of Co from well-designed MOF precursors, facilitat-
ing the dispersion of active sites and transport and diffusion of 
substrates, would significantly increase the catalytic property.

Bearing the above consideration in mind, herein a facile 
self-sacrificing template strategy was reported to obtain Co 
embedded in nitrogen-doped hierarchical porous hollow car-
bon (Co/NPHC) from pyrolysis of well-designed core–shell 
ZIF-8@ZIF-67. ZIF-67 was used as carbon, nitrogen and 
cobalt precursor, whereas ZIF-8 acted as additional carbon 
and nitrogen precursor as well as the template to generate 
the hollow structure due to Zn vaporization at high tem-
perature. The as-resultant Co/NPHC-900 catalyst at pyroly-
sis temperature of 900 °C possessed the abundant Co-Nx 
active sites with a hollow and hierarchical nanopore struc-
ture. Therefore the Co/NPHC-900 catalyst showed excel-
lent activity and extraordinary selectivity in the hydrogena-
tion of nitrobenzene, which far surpassed Co/NPC-900 and 
ZnCo/NPC-900 catalysts, respectively. It also had a broad 
substrate scope and good reusability. Characterization and 
control experiments showed that Co single atoms instead 
of Co nanoparticles should be catalytic active sites for Co/
NPHC-900 catalysts. To our knowledge, it is the first report 
on a MOF-derived hollow nanostructure for nitroarene 
hydrogenation with excellent activity and selectivity. These 
made Co/NPHC-900 promising for the replacement of pre-
cious metal catalysts for nitroarene hydrogenation.

2  Experimental

2.1  Materials

Cobalt nitrate (Co(NO3)2·6H2O, 98.5%) and zinc nitrate 
(Zn(NO3)2·6H2O, 99%) were purchased from Tianjin Kermel 
Chemical Reagent Co. Ltd. 2-methylimidazole (2-MeIM, 
98%), nitrobenzene (AR, 99%), 4-nitrochlorobenzene (AR, 
99.5%), 4-nitrostyrene (AR, 97 wt %), p-nitrobenzaldehyde 
(AR, 97 wt %), 3,5-dimethylnitrobenzene (AR, 98 wt %), 
p-nitrosotoluene (AR, 99%) and aniline (AR, 99.5%) were 
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bought from Shanghai Macklin Biochemical Co. Ltd. 
Methanol (AR, ≥ 98.5%) and ethanol (AR, ≥ 99.7%) were 
obtained from Tianjin Zhiyuan Chemical Reagent Co. Ltd.

2.2  Preparation of ZIF‑8

ZIF-8 was synthesized using Zn(NO3)2·6H2O and 2-methyl-
imidazole according to the reported previous research with 
some modifications [34]. 0.94 g of Zn(NO3)2·6H2O was first 
dissolved in the mixture composed of 20 mL of methanol 
and 20 mL deionized water and stirred 10 min. 20 mL of 
methanol containing 2.0 g 2-methylimidazole was added to 
the above solution and stirred 2 h at room temperature. The 
precipitation was collected by centrifugation, washed with 
methanol several times, and dried in vacuum at 60 ℃ for 
overnight.

2.3  Preparation of ZIF‑67 and ZnCo‑BMZIF

1.45 g of Co(NO3)2·6H2O and 1.54 g of 2-methylimidazole 
were dissolved in 50 mL methanol and stirred for 10 min, 
respectively. 2-methylimidazole solution was dropped into 
the Co(NO3)2 solution and stirred at room temperature for 
24 h. The purple precipitate was centrifuged, washed with 
methanol for 3 times, and dried in vacuum at 60 ℃ for 12 h. 
50 mL methanol containing 0.97 g of Co(NO3)2·6H2O and 
0.5 g of Zn(NO3)2·6H2O was used instead of the Co solution 
above to obtain ZnCo-BMZIF by the similar preparation 
process.

2.4  Preparation of ZIF‑8@ZIF‑67

250 mg of ZIF-8 was dispersed 50 mL methanol and soni-
cated for 15 min. The 50 mL methanol containing 1.46 g 
of Co(NO3)2·6H2O was first added into ZIF-8 solution and 
stirred for 30 min, and then the 50 mL methanol containing 
1.54 g of 2-methylimidazole was dropped into the above 
mixed solution and stirred for 24 h at room temperature. 
The precipitation was collected by centrifugation, washed 
with methanol several times, and dried in vacuum at 60 ℃ 
for 12 h.

2.5  Preparation of Co@NPHC‑T

The as-prepared ZIF-8@ZIF-67 were heated to the desig-
nated temperature with a heating rate of 2 °C  min−1 under 
 N2 atmosphere, and maintained for 1 h to obtain Co/NPHC-
T. T represented the pyrolysis temperature. Other Co-based 
materials were prepared from their corresponding precursors 
by the similar treatment process.

2.6  Characterizations of Catalysts

Their phase structures of samples were tested by X-ray dif-
fraction (XRD) patterns using a Bruker D8 diffractometer 
system with Cu Kα1 incident radiation (λ = 1.5406 Å, 20°-
80°). The surface morphologies of samples were measured 
using field emission scanning electron microscopy (FESEM, 
JSM-7001F), transmission electron microscopy (TEM, JEM-
2100) and aberration-corrected high-angle annular-dark-field 
scanning transmission electron microscopy (AC-HADDF-
STEM, NEOARM). The specific surface area and pore dis-
tribution of samples were characterized via Brunner-Emmet-
Teller (BET, Belsorp-mini II) measurements. The chemical 
compositions and states of samples were tested by the X-ray 
photoelectron spectrometer (XPS, Thermo Fisher Scientific). 
The metal loadings were tested by atomic absorption spec-
trophotometry (AAS).

2.7  Property of Catalysts

Selective hydrogenation of nitroarenes was performed in 
a batch reactor. Typically, 0.01 g of catalysts, 4.0 mL of 
ethanol and 0.5 mmol of nitroarenes were added to the auto-
clave. Then the reactor was purged with  H2 for 4 times and 
pressured to 1.0 MPa  H2, followed by being stirred under 
reaction conditions. After the reaction ended, the analysis 
of reaction mixture was carried out by GC and GC–MS 
with o-xylene as the internal standard. The used catalyst 
was obtained by centrifugation and dried for the next run.

3  Results and Discussion

3.1  Catalysts Characterizations

The synthetic procedure of Co/NPHC-900 catalysts was 
presented in Scheme 1. Briefly, ZIF-8 was first prepared 
according to the reported research [34]. And then core–shell 
ZIF-8@ZIF-67 was obtained through growth of ZIF-67 on 
the surface of ZIF-8 due to their homologous crystal struc-
tures [35, 36]. Figure 1A and Fig. 1S showed that ZIF-8@
ZIF-67 and ZIF-8 possessed identical rhombic dodecahe-
dral structures, respectively, but the former had a little larger 
diameter (about 500 nm) compared to ZIF-8 (a diameter 
of around 400 nm), which was caused by epitaxial growth. 
EDS elemental mapping images from Fig. 1B showed that 
Zn and Co were mainly distributed over the center and out-
side of the sample, indicating the generation of ZIF-8@
ZIF-67 core–shell nanostructures with the shell thickness 
of approximately 50 nm. ZIF-67 and CoZn-BMZIF were 
also synthesized for comparison and their SEM images were 
provided in Fig. 2S. Figure 3S demonstrated that these sam-
ples exhibited the same diffraction patterns, consistent with 
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Scheme 1  The synthetic proce-
dure of Co/NPHC-900 catalysts

Fig. 1  A, B SEM and HAADF-STEM elemental mapping images of 
ZIF-8@ZIF-67; C SEM images of Co/NPHC-900; D, E TEM and 
HRTEM images of Co/NPHC-900, insets show lattice fringe image 

of Co@NPHC-900; F–I TEM images of Co@NPHC-800, Co@
NPHC-1000, Co@NPC-900 and CoZn@NPC-900
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those of previous reported ZIF-8 and ZIF-67 [37]. These 
confirmed the successful formation of core–shell nanostruc-
tured ZIF-8@ZIF-67.

After the annealing of ZIF-8@ZIF-67 under  N2, nitrogen-
doped hollow carbon framework wrapped by many carbon 
nanotubes with the loading of Co (Co/NPHC-900) were 
observed in Fig. 1C. The formation of carbon nanotubes was 
mainly related to the catalytic behavior of Co nanoparticles 
derived from ZIF-8@ZIF-67, and then the evaporation of 

Zn accelerated this process [38, 39]. Figure 1D showed that 
Co nanoparticles with an average size of 14.3 nm generated 
due to the reduction of reductive gases from the pyrolysis 
of organic ligands and coated by nitrogen-doped carbon 
layer or confined in carbon nanotubes. The HRTEM image 
in Fig. 1E revealed that the lattice distance of Co nanopar-
ticles is around 0.202 nm, which was ascribed to the (111) 
plane of metallic Co. It was also observed that Co nano-
particles were encapsulated in few-layered carbon with a 

Fig. 2  A XRD patterns of samples; B  N2 sorption isotherms, C porous size distribution plots of samples; D XPS survey spectra, E, F high-reso-
lution Co 2p, N 1 s spectra of Co@NPHC-900 and Co@NPC-900, respectively

Fig. 3  A Effect of  H2 pressure on catalytic performance of Co/
NPHC-900 (temperature,100  °C); B reaction temperature effect  (H2 
pressure, 1.0 MPa  H2); C Arrhenius plots for nitrobenzene hydrogen-

ation over Co/NPHC-900 and Co/NPC-900 catalysts. Other reaction 
conditions: nitrobenzene, 0.5 mmol; ethanol, 4 mL; catalyst, 0.01 g; 
stirring speed, 600 rpm
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lattice distance of 0.340 nm, assigned to the (002) plane of 
graphitic carbon. Typical TEM images of samples from the 
carbonization of ZIF-8@ZIF-67 at different temperatures 
were listed in Fig. 1F and G. It can be found that the size of 
Co nanoparticles gradually increased with increasing pyroly-
sis temperature. They obviously tended to aggregate when 
it reached 1000 °C, which resulted in the agglomeration of 
metal species. For comparison, the corresponding SEM and 
TEM of Co/NPC-900 and CoZn/NPC-900, acquired from 
the thermal treatment of plain ZIF-67 and ZnCo-BMZIF, 
respectively, were provided in Fig. 4S, Fig. 1H–I. It showed 
that the evaporation of Zn from ZIF-8@ZIF-67 not only gen-
erated the hollow structure at high pyrolysis temperature, but 
also partly avoided the agglomeration of Co nanoparticles, 
in accordance with the previous reports [38–40].

XRD patterns of Co/NPHC-800, Co/NPHC-900, Co/
NPHC-1000, Co/NPC-900 and CoZn/NPC-900 were 
listed in Fig.  2A. Three peaks at around 44.4, 51.5 
and 76.2° are seen, which belonged to the (111), (200) 
and (220) facets of face-centered cubic Co (PDF No. 
15–0806). No Co oxide and carbide were found, sug-
gesting that divalent Co had been completely reduced 
to metallic Co at high pyrolysis temperature. The peak 
located at 25.8° was ascribed to the (002) plane of gra-
phitic carbon. These results agreed well with TEM results 
above. The porous properties of samples, closely associ-
ated with catalytic activity, were investigated by nitro-
gen adsorption/desorption (Fig. 2B and Table 1S). These 
samples showed a type-IV isotherm with a H1 hysteresis, 
suggesting the existence of the mesoporous structure [41, 
42]. Co/NPHC-900, Co/NPHC-800 and Co/NPHC-1000 
had large surface areas of 404.0, 255.9 and 327.6  m2/g 

Fig. 4  A TEM and B AC-HADDF-STEM images of Co@NPHC-900-AL

Table 1  Catalytic hydrogenation of nitrobenzene over as-prepared Co 
catalysts

Reaction conditions: nitrobenzene, 0.5 mmol; ethanol, 4 mL; catalyst, 
0.01 g; 100 °C; 1 MPa  H2; stirring speed 600 rpm
a The weigh amount of Co was test by AAS
b The conversion of nitrobenzene and selectivity towards aniline were 
determined by GC
c TOF  (h−1) was also calculated from moles of converted nitrobenzene 
per mole of Co per hour with the results at 15 min
d The results of the four use
e The Co/NPHC-900-AL catalyst was obtained by treating Co/NPHC-
900 in 2 mol/L HCl aqueous solution under stirring for 10 h at room 
temperature
f KSCN of 20 equiv to Co were added
g Co NPs/NPC was prepared from the incipient wetness impregnation 
method with Co(NO3)2·6H2O and NPC-900 as Co precursor and sup-
port, respectively

Entry Catalysts Co 
content /
wt% a

Conv
/% b

Sel
/% b

TOF
/h−1 c

1 blank – – –
2 NC-900 – 0.4  > 99
3 Co/NPHC-800 26.5 86.7 98.3 9.8
4 Co/NPHC-900 29.5 100  > 99 11.2
5 Co/NPHC-1000 30.2 71.2 98.7 3.1
6 Co/NPC-900 34.3 34.8 98.4 2.4
7 ZnCo/NPC-900 32.8 68.2 97.6 4.3
8d Co/NPHC-900 29.5 92  > 99
9e Co/NPHC-900-AL 16.0 100  > 99
10f Co/NPHC-900-AL-KSCN 16.0 16.7  > 99
11g Co NPs/NPC-900 16.0 18.5  > 99
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and pore volumes of 0.62, 0.40 and 0.51  cm3/g, respec-
tively. The pore size distribution plots of them indicated 
that the mean pore sizes were mostly in the range of 
2–5 nm (Fig. 2C). Besides, the Co/NPHC-900 also pos-
sessed two kinds of mesopore with porous size of about 
7.5 nm and 12.5 nm. As comparison, Co/NPC-900 from 
sole ZIF-67 gave a low specific surface area of 142.2 
 m2/g and pore volume of 0.22  cm3/g, which also displayed 
worse porous property than ZnCo/NPC-900 with a BET 
surface area of 301.9  m2/g and pore volume of 0.47  cm3/g, 
derived from ZnCo-BMZIF. The different porous struc-
tures demonstrated the pivotal role of core–shell ZIF-8@
ZIF-67 architecture as precursor. So the Co/NPHC-900 
possessed large specific surface area, hollow structure 
and hierarchical nanopore, in favour of anchoring and 
exposing the catalytic sites (e.g., Co-Nx) and promoting 
mass transport of substrates, respectively, which finally 
contributed to the catalytic hydrogenation activity.

The elemental composition and chemical states of sam-
ples were presented by XPS. The full XPS spectra showed 
the signal of C, N, O and Co, indicating the successful 
doping of Co and N atoms into the carbon network by 
the pyrolysis process (Fig. 2D). High-resolution N 1 s 
spectra from Fig. 2E exhibited three peaks positioned at 
about 398.9, 401.4 and 404.7 eV, which were assigned 
to pyridinic-N, graphitic-N and oxidized-N, respectively 
[40, 43]. It was reported that nitrogen species exercised 
a considerable influence over catalytic performance. The 
presence of nitrogen species not only facilitated the dis-
persion of Co, but also generated Co-Nx species during 
the pyrolysis process because of the interaction between 
Co and N, which was considered to be catalytic active 
sites [32, 40, 44, 45]. Noted that the peak located at 
398.9 eV was also partially originated from a contribu-
tion of nitrogen bound to the metal (Co-Nx) due to the 
similarity in chemical environment of pyridinic N and 
Co-Nx. [45] In any case, Co/NPHC-900 had more sur-
face content of N species than Co/NPC-900 (Table 2S), 
related to ZIF-8@ZIF-67 as precursor, which was advan-
tageous for catalysis. Likewise, the Co 2p spectra was 
deconvolved. Four peaks located at binding energies of 
778.8, 780.2, 781.6 and 786.1 eV in Fig. 2F were ascribed 
to  Co0, Co-Nx,  Co2+ and satellite peak, respectively [32, 
43]. The generation of  Co2+ species was probably associ-
ated with the surface oxidation of exposed Co nanopar-
ticles that were not encapsulated with graphitic layers 
[46]. The Co/NPHC-900 catalyst possessed 35.5% content 
of Co-Nx species, higher than Co/NPC-900 catalyst with 
32.6%, which would be conductive to catalytic activity 
enhancement.

3.2  Catalytic Properties

As an important chemical reaction in both academic and 
industry, hydrogenation of nitrobenzene to aniline was cho-
sen to assess the catalytic properties of as-prepared cata-
lysts and the results were listed in Table 1. No activity for 
nitrobenzene hydrogenation was found without catalyst 
(Table 1, entry 1). It showed this reaction only proceeded 
in the presence of catalyst. Similarly, almost no conversion 
of nitrobenzene was obtained over NC-900 catalysts from 
pyrolysis of ZIF-8 at 900 °C, indicating that only nitrogen-
doped carbon cannot catalyze the reaction (Table 1, entry 2). 
Under the identical reaction conditions, the Co/NPHC-800 
derived from ZIF-8@ZIF-67 showed significantly enhanced 
property with 86.7% conversion of nitrobenzene and 98.3% 
selectivity towards aniline, proving that Co species (e.g., 
Co-Nx) was catalytic active sites for nitrobenzene hydro-
genation (Table 1, entry 3). And then the Co/NPHC-900 
catalyst delivered the complete conversion and more than 
99% selectivity (Table 1, entry 4). To further show the 
intrinsic activity of catalysts, the nitrobenzene conversion 
was restricted to less than 30% by using the results at reac-
tion time of 15 min, and the turn-over frequency (TOF,  h−1) 
was calculated from on the basis of the molar amount of Co. 
It was seen that the Co/NPHC-900 catalyst gave the TOF of 
11.2  h−1, exhibiting higher activity than Co/NPHC-800 and 
Co/NPHC-1000 catalysts (Table 1, entries 3–5). Moreover, 
the catalytic performance of Co/NPHC-900 catalyst was 
superior or comparable to other reported Co-based catalysts 
(Table 3S). According to characterization results above, the 
Co/NPHC-800 and Co/NPHC-900 catalysts had comparable 
specific surface area and particle size distribution, so the 
effects of them on catalytic property were excluded. The 
hollow nanostructured framework formed for Co/NPHC-
900 because of Zn evaporation at 900 °C, which probably 
resulted in the enhanced activity. The matrix structure was 
seriously broken (e.g., the breakage of C-N and Co-Nx) and 
the active sites agglomeration were also severe at 1000 °C, 

Table 2  Substrate scope of nitroarene hydrogenation over Co/NPHC-
900 catalysts

Reaction conditions: nitrobenzene and its derivatives, 0.5 mmol; etha-
nol, 4 mL; catalyst, 0.01 g; 100 °C;1 MPa  H2; stirring speed 600 rpm
a The conversion of nitrobenzene and its derivatives and selectivity 
towards aromatic amines were determined by GC and GC–MS

Entry Substrate Time(h) Conv./% a Sel./% a

1 Nitrobenzene 2 100  > 99
2 p-Nitrotoluene 4 98.6  > 99
3 4-Nitrostyrene 8 94.4 98.3
4 4-Nitrochlorobenzene 6 97.4  > 99
5 p-Nitrobenzaldehyde 8 98.5 97.1
6 3,5-Dimethylnitrotoluene 7 96.3 98.5
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so the Co/NPHC-1000 catalyst displayed the inferior cata-
lytic activity.

To further clarity the advantages of ZIF-8@ZIF-67 as 
precursor, the Co/NPC-900 catalyst was prepared from 
pyrolysis of sole ZIF-67 and used as catalyst for hydrogena-
tion of nitrobenzene. It delivered the TOF of 2.4  h−1, which 
is almost one fifth of that of Co/NPHC-900, showing a very 
low catalytic activity (Table 1, entry 6). As the characteri-
zation results above, the Co/NPHC-900 catalyst had high 
specific surface area and rich surface N content relative to 
Co/NPC-900, thus generating the more Co-Nx species and 
then boosting catalytic performance. Besides, its hollow 
structure and hierarchical nanopore promoted mass trans-
port of reactants and products, enhancing the nitrobenzene 
conversion. The ZnCo/NPC-900 catalyst was also obtained 
from ZnCo-BMZIF as comparison, exhibiting low conver-
sion with maintaining the similar selectivity (Table 1, entry 
7). All of these results confirmed the unique role of ZIF-8@
ZIF-67 as precursor.

The effects of  H2 pressure, reaction temperature and time 
were studied. The influence of  H2 pressure on hydrogena-
tion of nitrobenzene was carried out under the temperature 
of 100 °C and reaction time of 2 h. As seen from Fig. 3A, 
the conversion of nitrobenzene increased with the increas-
ing pressure of  H2. It was related to the enhanced disso-
lution of  H2 molecules in the solvent derived from higher 
 H2 pressure. Around 100% nitrobenzene conversion and 
more than 99% selectivity towards aniline were accom-
plished when  H2 pressure remained 1.0 MPa. The effect 
of reaction temperature on the nitrobenzene hydrogenation 
was investigated under 1 MPa  H2 (Fig. 3B). As expected, 
increasing the reaction temperature led to higher conver-
sion of nitrobenzene when the reaction proceeded for the 
same time. For example, the conversion of nitrobenzene 
increased from 47 to 71% and 100% with reaction tempera-
ture increasing from 60 °C to 80 °C and 100 °C at the reac-
tion time of 2 h. Furthermore, the Co/NPHC-900 and Co/
NPC-900 catalysts gave the apparent activation energies of 
37.1 and 43.8 kJ/mol with their pre-exponential factors of 
4.5 ×  106  h−1 and 2.6 ×  106  h−1, respectively, which were 
derived from the Arrhenius plots obtained in the tempera-
ture range of 80–120 °C (Fig. 3C). Both the lower activation 
energy and higher pre-exponential factor of Co/NPHC-900 
led to higher catalytic activity. Noted that more than 99% 
selectivity towards aniline was achieved, indicating that the 
selectivity was independent on reaction conditions used in 
our work. The excellent selectivity towards aniline was prob-
ably ascribed to preferential adsorption of the nitro group 
on Co-Nx sites, which was reported by Li’s group [30]. An 
increase in reaction time resulted in an enhanced nitroben-
zene conversion and complete conversion was obtained 
at 100 °C after 2 h (Fig. 3B). Besides, the Co/NPHC-900 
catalyst gave good recyclability, which delivered about 92% 

nitrobenzene conversion and unchanged selectivity when 
it used for four consecutive runs (Table 1, entry 8). The 
XRD (Fig. 5S) and TEM (Fig. 6S) of Co/NPHC-900 after 
recycling showed little change, confirmed the good stability. 
Therefore it was a highly active, selective and stable catalyst 
for hydrogenation of nitrobenzene.

To identify the catalytic active sites is of great importance 
for illuminating the catalytic mechanism and designing high-
performance catalysts. So far, a great number of heterogene-
ous Co catalysts showed high performance for hydrogena-
tion of nitroarenes, whereas the nature of catalytic sites was 
still at the center of intense debate. Beller’s group attributed 
the high activity of nanoscale  Co3O4 surrounded by N-doped 
carbon layer to the Co oxide-N moiety [20]. It was commu-
nicated that  H2 could access the surface of Co nanoparticles 
by small cracks of thin carbon layers for the Co@C catalyst 
and so accessible Co nanoparticles accounted for catalytic 
activity [21]. Some researchers claimed that nitrogen-doped 
graphene or carbon nitride tuned by underlying Co or Ni 
nanoparticles served as active sites for  H2. [17, 22] Both 
Co nanoparticles and atomically dispersed Co species were 
also reported to be active sites for Co@NC-800 derived from 
pristine ZIF-67 [31]. Recently, Co single atoms anchored 
different nitrogen-doped carbon have been confirmed to be 
efficient catalysts for selective hydrogenation of nitro com-
pounds [47–49]. With regard to our catalyst, what were the 
real catalytic sites? To address this problem, control experi-
ments were performed. First, the Co/NPHC-900 catalyst 
were treated in 2 mol/L HCl aqueous solution under stirring 
for 10 h at room temperature. The Co/NPHC-900-AL cata-
lyst was tested by a series of characterization techniques. 
Figure 4A showed that many voids were observed for the 
as-prepared etched-Co catalyst (Co/NPHC-900-AL), indi-
cating that many accessible Co particles were removed after 
acid treatment. It was confirmed by the reduced Co content 
of Co/NPHC-900-AL, which was 16.0 wt% tested by AAS. 
As seen from XRD results (Fig. 7S), the peak intensity of 
face-centered cubic Co for Co/NPHC-900-AL decreased, 
which was associated with the removal of accessible Co 
particles from acid treatment. It was in accordance with 
the AAS and TEM test. The results from  N2 adsorption/
desorption (Fig. 8S and Table 1S) showed that no obvious 
change about the porous properties of Co/NPHC-900-AL 
was observed. XPS (Fig. 9S) characterizations confirmed the 
presence of Co, C and N elements for Co/NPHC-900-AL, 
however, its content of Co-Nx (34.8%) was lower than that 
of Co/NPHC-900, which was probably related to the loss of 
Co particles. Noted that some Co particles still existed in 
the Co/NPHC-900-AL catalyst, indicating that Co nanopar-
ticles were totally encapsulated by multiple graphitic car-
bon shells. These Co were inaccessible even to  H2, thereby 
making little contribution to catalytic activity [31, 50]. It 
was worth nothing that the Co/NPHC-900-AL showed no 
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decrease in conversion and selectivity in the nitrobenzene 
hydrogenation (Table 1, entry 9). These results suggested 
that Co nanoparticles including accessible Co nanoparticles 
and Co nanoparticles fully encapsulated by carbon layer are 
unlikely to be active sites.

To obtain further information on the active sites, the 
poison test on the Co/NPHC-900-AL catalysts was car-
ried out. As a well-known poison reagent for metal single 
atom catalysts, KSCN was used to explore the poison effect 
[51, 52]. When KSCN (20 equivalent relative to the molar 
of Co) was introduced into the reaction, the nitrobenzene 
conversion significantly decreased from 100% to 16.7% 
over the Co/NPHC-900-AL catalyst (Table 1, entry 10). 
This phenomenon was be explicated by the strong interac-
tion between  SCN− and Co single atoms, suggesting that 
Co single atoms provided catalytic sites for nitrobenzene 
hydrogenation. Meanwhile, AC-HADDF-STEM (Fig. 4B) 
showed that many bright dots (marked by red circles) were 
found in Co nanoparticle-free regions, indicating the pres-
ence of Co single atoms. Transitional metal atoms such as 
Co and Fe formed during pyrolysis process were reactive 
towards heteroatoms such as N to generate atomically dis-
persed metal-Nx species embedded in the carbon matrix, 
and these as-formed metal-Nx species were very stable and 
exhibited good acid resistance property [46–49]. Combined 
with TEM and HRTEM characterizations of Co/NPHC-900, 
there was indeed the coexistence of Co nanoparticles and 
Co–N-C sites in Co/NPHC-900. Due to strong ferromag-
netism of Co nanoparticles, herein the HADDF-AC-STEM 
characterization of Co/NPHC-900-AL was only provided. 
According to reported researches, however, the coexistence 
phenomenon of Co nanoparticles and Co–N-C sites could be 
found for Co/NPC-900 [31, 48]. As comparison, the Co NPs/
NPC-900 catalyst was prepared from the incipient wetness 
impregnation method with Co(NO3)2·6H2O and NPC-900 
as Co precursor and support, respectively. [49] It showed 
the inferior activity, only affording 18.5% conversion of 
nitrobenzene under identical reaction conditions (Table 1, 
entry 11). According to control experiments and characteri-
zation results, Co single atoms existing in the form of Co-Nx 
species for Co/NPHC-900 were the main catalytic active 
sites rather than accessible Co nanoparticles or Co nanopar-
ticles encapsulated by thick carbon layer.

The N-doping type in carbon had an important influence 
on catalytic property of M-Nx-C [53–55]. To clarify their 
effect, the N species were required to be precisely regulated. 
Wang et al. reported that the major N species as pyrrolic-N 
and pyridinic-N respectively were obtained through com-
pounding with different metal oxides, and the as-resultant 
pyrrolic-N coordinated Cu single atom catalyst displayed 
much higher activity for transfer hydrogenation of quinoline 
[54]. Chen et al. found that the  FeN4/graphitic N atomic 
interface facilitated the synergistic adsorption of  H2O and 

 CO2 and then promoted  CO2 electrocatalytic reduction, con-
structed by preferentially eliminating undesired pyrrolic-N 
and pyridinic-N using a hydrogen-pyrolysis strategy [55]. 
Both Co/NPHC-900 and Co/NPC-900 had two major kinds 
of N species (pyridinic-N and graphitic-N) (Table 2S). Due 
to the commonly random doping behaviors of N species in 
N-doped carbon, they can not be differentiated from N1s 
XPS. So the effect of N species for our catalysts on hydro-
genation of nitrobenzene and their cooperation was not elu-
cidated. It was worthy of further study in future. Besides, the 
catalytic recycling of Co/NPHC-900-AL was evaluated in 
the hydrogenation of nitrobenzene. No noticeable decrease 
in activity was observed without modifying the selectivity to 
aniline when it reused for four runs (Fig. 10S), the conver-
sion changing from 100 to 90%. It show that the Co/NPHC-
900-AL catalyst possessed good reusability.

Finally, the scope of nitroarene hydrogenation catalyzed 
by the Co/NPHC-900 catalyst were investigated (Table 2). 
The transformation of different nitroarenes to aromatic 
amines was accomplished over Co/NPHC-900 catalysts with 
high conversion and selectivity. For substituted nitroben-
zens, it took longer reaction time to achieve almost full 
conversion. Noted that Co/NPHC-900 catalysts selectively 
hydrogenated the nitro group instead of other competi-
tive groups such as -Cl, -C = C and -CHO, which was very 
important for hydrogenation of nitroarenes with co-existence 
of other reductive groups. These results showed that the Co/
NPHC-900 catalyst was highly active and chemoselective for 
hydrogenation of different nitro compounds.

4  Conclusions

We report a self-sacrificing template strategy to achieve 
Co embedded in nitrogen-doped hierarchical porous hol-
low-structured carbon (Co/NPHC-900) from pyrolysis of 
well-designed core–shell ZIF-8@ZIF-67. The as-resultant 
Co/NPHC-900 catalyst exhibited excellent activity and 
extraordinary selectivity in the hydrogenation of nitroben-
zene, which far surpassed Co/NPC-900 and ZnCo/NPC-900 
catalysts, respectively. The enhanced propertied were related 
to abundant Co-Nx active sites and fast mass transport of 
substrates and products, which were resulted from its hol-
low structure, hierarchical nanopore and high specific area. 
It also had a broad substrate scope and good reusability. 
Characterization and control experiments showed that Co 
single atoms should be catalytic active sites rather than Co 
nanoparticles for Co/NPHC-900. These made Co/NPHC-
900 catalysts promising for the replacement of precious 
metal catalysts for selective hydrogenations.
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