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Abstract 
Selective reduction coupling of nitroaromatics to azoxybenzenes can synthesize value‐added azoxybenzene downstream 
products. In this study, Ag–Co@C–N bimetallic catalysts with different carbonization temperatures were prepared on a 
metal–organic framework (MOF) template. Ag–Co bimetallic nanoparticles and carbon nanotubes were uniformly dispersed 
throughout Ag–Co@C–N. In the reduction of nitroaromatics to azoxybenzenes with Ag–Co@C–N, the optimized yields 
were 93.2% with the 100% of raw material conversion after 30 min of reaction, and no significant decrease in catalyst activ-
ity after five cycles.
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1 Introduction

Azoxybenzene compounds are important chemical interme-
diates in dyeing, organic synthesis, liquid crystals, and other 
applications owing to their special asymmetric structure and 
unique optical properties [1–5]. Azoxybenzene compounds 
are structurally stable in dilute acid or strong base environ-
ments, but metastable reaction intermediates are easily con-
verted into azobenzene or other products during the reaction 
process. Therefore, their utility in large-scale industrial pro-
duction is limited. Classical synthesis methods of azoxyben-
zenes include aromatic amine oxidation, reductive coupling 

 * Hui Liu 
 iamliuhui@live.cn

 * Linglan Li 
 lilinglan@126.com

1 Wuhan Institute of Technology Materials Science 
and Engineering, Wuhan 430205, China

2 College of Chemistry and Chemical Engineering, Hubei 
University, Wuhan 430062, China

http://crossmark.crossref.org/dialog/?doi=10.1007/s10562-023-04311-4&domain=pdf


398 Y. Zhang et al.

1 3

of nitroaromatics, and aromatic nitroso compounds [6–8]. 
The direct reductive coupling of nitroaromatics to azoxy-
benzenes has received special attention because nitroaro-
matics are structurally stable and inert to many functional 
groups [9, 10]. In industry, the conversion of aromatic nitro 
to is usually completed by adding glucose or zinc powder 
as a reducing agent. However, this method imposes harsh 
reaction conditions and seriously pollutes the environment, 
counteracting the drive toward green chemistry. In recent 
years, many efficient and mild catalytic reduction systems 
based on either photocatalysis or more traditional thermal 
catalysis have been developed. The preparation of azoxyben-
zenes compounds supported by metal nanoparticle catalysts 
has been extensively reported [11–13] because such catalysts 
improve the yields of traditional methods. On the downside, 
the product selectivity is limited by the simultaneous conver-
sion of raw materials and over-hydrogenation of azoxyben-
zenes. To improve the product selectivity, many researchers 
have attempted structural control of catalysts.

Metal–organic frameworks (MOFs) consisting of metal 
nodes and organic linkers are considered as good carriers 
for supported carbon-based catalysts. MOFs are composi-
tionally and structurally diverse, affording catalyst supports 
with ideal compositions and structures [14, 15]. Moreover, 
the metal elements and organic compounds in MOFs can be 
pyrolyzed in situ to porous carbon supports with a metal/
metal oxide/metal–carbon composition, or to porous carbon 
without metal or nitrogen doping. The former is a suitable 
precursor of bifunctional catalysts, whereas the latter can act 
as self-sacrificing precursors/templates for the preparation 
of nanoporous carbon [16, 17]. MOF-derived porous car-
bon can inherit the structural properties and advantages of 
the corresponding MOF [18]. Zeolitic imidazolium frame-
works (ZIFs) are particularly favorable precursor materials 
for the carbon base of MOF materials. ZIFs are coordination 
polymers composed of N-containing ligands (e.g., imida-
zole and its derivatives) and metal ions with a tetrahedral 
coordination mode (usually Zn or Co) [19, 20]. Within the 
zeolite-like three-dimensional topology facilitated by its 
intrinsic properties, the 2-methylimidazole in ZIFs generates 
nitrogen-doped (N-doped) carbon during pyrolysis, which 
enhances the mechanical strength and electron-transfer rate 
[21]. Therefore, ZIFs can be used as sacrificial templates in 
the preparation of N-doped carbon materials, and show a 
high development potential in other applications. In most of 
the existing studies on the catalytic performance of ZIFs, the 
structure is improved for enhancing the electron-transport 
efficiency of electrocatalytic reactions; the efficient catalytic 
reduction of nitroaromatics to azoxybenzenes using ZIFs 
derivatives have been rarely reported.

Herein, we prepare a novel Ag–Co@C–N bimetallic cat-
alyst from ZIF-67 precursor and silver nanoparticles. The 
nanoparticles were successfully loaded by reducing silver 

nitrate in ethylene glycol. The as-prepared Ag-based cata-
lyst, Ag–Co@C–N–1000, showed high catalytic efficiency 
and excellent stability owing to its compositional and struc-
tural features. Nitroaromatics were completely transformed 
in 10 min without requiring alkaline conditions. The maxi-
mum product yield was 93.2% at 50 °C after 30 min of reac-
tion. In addition, the cobalt nanoparticles impart a magnetic 
property which enables recovery by rapid separation.

2  Experimental Section

2.1  Catalyst Preparations

All reagents were of analytical grade and used without fur-
ther purification.

2.1.1  Preparation of ZIF‑67

0.6 g Co(NO3)2·6H2O and 7.31 g 2-methylimidazole were 
dissolved to 4 mL and 26 mL deionized water respective, 
then the first solution was slowly added to the second part, 
the color was rapidly turns purple, the mixture was stirred 
for 3 h under stirring conditions at room temperature. After 
the reaction was completed, the blue solid was collected by 
centrifugation at 8000 rpm for 4 min, followed by wash-
ing with ethanol 3 times. Then, the sample was dried under 
vacuum for 8 h at 60 ℃ to obtain ZIF-67.

2.1.2  Preparation of Co@C–N

Under a  N2 atmosphere, the prepared ZIF-67 was heated to 
different temperatures (600, 800, and 1000 ℃) at 5 ℃  min−1 
over 2 h, yielding a series of Co@C–N materials named 
Co@C–N-600, Co@C–N-800, and Co@C–N-1000.

2.1.3  Preparation of Ag–Co@C–N

The Co@C–N support (0.08 g) was added to 50 mL ethylene 
glycol (EG). After ultrasound for 30 min, 2 mL of 0.05 mol 
 L−1  AgNO3–EG solution was added and the mixed solutions 
were stirred at room temperature for 3 h, then refluxed at 
160 °C for 3 h. The products were washed with deionized 
water and ethanol and dried in a vacuum at 60 ℃ overnight. 
The synthesized catalysts were named Ag–Co@C–N-600, 
Ag–Co@C–N-800, and Ag–Co@C–N-1000, respectively.

2.2  Material Characterization

The XRD patterns were recorded on a D8 Advance type X‐
ray powder diffractometer (Bruker, Germany) with Cu  Kα 
radiation. The operating voltage and current were 100 kV 
and 40 mA, respectively. The Brunauer–Emmett–Teller 
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(BET) surface areas and pore structures of the samples 
were determined from nitrogen adsorption–desorption 
isotherm measurements. The morphology and elemental 
compositions of the as-prepared materials were observed 
by scanning electron microscope (SEM) (JEOL, JSW-
5510LV, Japan) with energy dispersive spectroscopy 
(EDS) (FALCON60, USA). The morphologies of the cata-
lysts were examined by transmission electron microscopy 
(TEM) (JEOL, JEM-2100, Japan). The surface states were 
analyzed using X-ray photoelectron spectroscopy (XPS) 
on an ESCALAB XI + spectrometer (Thermo Fisher 
Scientific, USA). The amount of Ag and Co present in 
Ag–Co@C–N catalysts were estimated by ICP-OES (Agi-
lent ICPOES 730, USA).  H1NMR spectroscopy was con-
ducted in a 400/54 Premium Shielded instrument (Agilent 
Technologies, USA) (Scheme 1).

2.3  Catalytic Activity Tests

All catalytic-activity evaluation experiments were conducted 
in a round‐bottomed flask reactor (25 mL) equipped with a 
condenser and magnetic stirring. Nitroaromatic (2.5 mmol) 
and 2wt% Ag–Co@C–N were mixed with 2.5 mL ethanol 
in the flask, then stirred and heated to 25–70 °C until the 
nitroaromatic was completely dissolved. Next, 0.5 g 80% 
hydrazine hydrate was added in batches to the above mix-
ture. The reaction was run at 25–70 °C and indicated by thin-
layer chromatography (TLC). Once the reaction was com-
pleted, 5 mL ethyl acetate was added and the Ag–Co/C–N 
was filtered off. The filtrates were concentrated in a vacuum 
and the residue was purified by flash column chromatog-
raphy (Eluent is petroleum ether, 60–90 °C), affording the 
corresponding azoxybenzenes.

Each component was weighed and the nitroaromatic con-
version rate (C), selectivity (S), and yield (Y) of the azoxy-
benzenes were respectively calculated as follows [22]:

where n0, nt, and np represent the numbers of moles of initial 
nitroaromatic, residual nitroaromatic after the reaction, and 
azoxybenzenes formed, respectively.

To optimize the reaction conditions, the catalytic per-
formances of the different catalysts were compared under 
different conditions (reaction temperature, reaction time, sol-
vent, and catalyst dosage). Next, the universal applicabilities 
of the catalysts were tested on different substrates (1-bromo-
4-nitrobenzene, nitrobenzene, 2-nitrotoluene, 3-nitrotoluene, 
4-nitroluene, p-nitrobenzyl chloride, and 4-nitroanisole).

3  Results and Discussion

3.1  Structural Characterizations

Figure 1a shows the XRD patterns of the prepared sam-
ples. The as-prepared Co@C–N-1000 presented charac-
teristic diffraction peaks at 2θ = 44.2°, 51.5°, and 75.8° 
corresponding to the (111), (200), and (220) crystal 
planes of α-phase metallic cobalt [23], respectively. These 
results confirm the presence of Co in all materials. The 
Ag–Co@C–N-1000 composition presented characteristic 
peaks of Ag at 2θ = 38.1°, 44.3°, 64.4°, and 77.4°, cor-
responding to the (111), (200), (220) and (311) crystal 
planes of metallic silver [24], respectively, which were 
absent in the XRD patterns of Co@C–N materials. It 
was preliminarily judged that the prepared samples were 
successfully loaded with the Ag and Co bicomponent 
metal nanoparticles and contained no valence impurities. 

C =
(

n0−nt
)

∕n0 × 100%,

S = 2 × np∕
(

n0−nt
)

× 100%,

Y = 2 × np∕n0 × 100%,

Scheme 1  Schematic showing the synthetic process of the Ag–Co@C–N
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Moreover, the results of ICP-OES (Fig. 1b) show that the 
content of Ag in Ag–Co@C–N-600, Ag–Co@C–N-800 
and Ag–Co@C–N-1000 samples increases successively, 
while the cobalt content is decreasing successively. This 
is attributed to the fact that with the increase of carboni-
zation temperature, the cobalt in the material will be 
evaporated after being reduced, resulting in more defects 
in the material, which cause the decrease of cobalt con-
tent and the increase of silver adsorption sites. Conse-
quently, the Ag–Co@C–N-600 and Ag–Co@C–N-800 
components displayed poorer catalytic activities than 
Ag–Co@C–N-1000.

The pore textural proper ties of the as-pre-
pared Ag–Co@C–N-600, Ag–Co@C–N-800 and 
Ag–Co@C–N-1000 were determined from the  N2 adsorp-
tion–desorption curves shown in Fig. 2a. All three sam-
ples exhibited type IV adsorption isotherms with type 
H1 hysteresis loops, indicating their mesoporous struc-
tures [25, 26]. The specific surface areas (pore vol-
umes) of Ag–Co@C–N-600, Ag–Co@C–N-800 and 
Ag–Co@C–N-1000 were 219  m2  g−1 (0.28  cm3  g−1), 187 
 m2   g−1 (0.25  cm3   g−1), and 163  m2   g−1 (0.37  cm3   g−1), 
respectively. The  N2 adsorption decreases is in accord-
ance with the specific surface area shown in Table 1. It 

Fig. 1  a XRD patterns of Co@C–N-1000, Ag–Co@C–N-600, Ag–Co@C–N-800 and Ag–Co@C–N-1000. b ICP-OES of Ag–Co@C–N-1000

Fig. 2  a Nitrogen adsorption–desorption isotherm and b pore size distribution of Co@C–N-1000, Ag–Co@C–N-600, Ag–Co@C–N-800 and 
Ag–Co@C–N-1000
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may be attributed to the different catalytic extent of ZIF-
67 [27]. The pore size distributions in Ag–Co@C–N-600, 
Ag–Co@C–N-800 and Ag–Co@C–N-1000 were calculated 
by the Barrett–Joyner–Halenda method and are plotted in 
Fig. 2b. The pore size distribution of Ag–Co@C–N-600 
was wide whereas those of Ag–Co@C–N-800 and 
Ag–Co@C–N-1000 were narrower with averages of 1.78 
and 2.10 nm, respectively.

Figure  3a–c displays TEM images of  the 
A g – C o @ C – N - 6 0 0 ,  A g – C o @ C – N - 8 0 0 ,  a n d 
Ag–Co@C–N-1000 samples. Nanoparticles were observed 
in all samples, but were agglomerated in Ag–Co@C–N-600 
and Ag–Co@C–N-800. Aggregation may have resulted from 
insufficient carbonization temperature, whereby ZIF-67 
formed insufficiently many defects during the carbonization 
process to adsorb the reduced Co particles and to support the 
Ag nanoparticles in the subsequent preparation process; con-
sequently, the catalytic efficiency was reduced in these two 
materials. Two kinds of nanoparticles were clearly observed 
in the Ag–Co-@C–N-1000 material: one with an average 
length of 90–110 nm and the characteristic lattice fringes 
of 0.205 and 0.179 nm, which are ascribed to the (200) and 
(111) planes in fcc Co [28]; the other with a particle size of 
approximately 20 nm and the fringe spacing of 0.236 nm. 
corresponding to (111) planes of Ag [29]. It was prelimi-
narily judged that the two-phase nanoparticles (Co and Ag) 
were successfully loaded. Clearly, the morphology of the 
carbon support was optimized at 1000 ℃.

The morphologies and chemical compositions of the 
Ag–Co@C–N-1000 were observed by SEM and EDS, 
respectively. In the Ag–Co@C–N-1000 sample, the frame-
work collapsed after the removal of H atoms during the 
carbonization process; consequently, Ag–Co@C–N-1000 
exhibited uniform polyhedron morphologies with an average 
length and width of 140–180 and 100–150 nm, respectively 
(Fig. 3d). When the SEM image was combined with the 
TEM image in Fig. 3c, Co nanoparticles and carbon nano-
tubes were clearly observed on the Ag–Co@C–N-1000 sur-
face (Fig. 3d). Because a large amount of  Co2+ was reduced 
into  Co0 during the high-temperature pyrolysis process, the 
 Co0 nanoparticles easily agglomerated into larger-size par-
ticles. Within the porous structure and internal defects of 
Co@C–N, the generated silver nanoparticles were separated 

and their probability of agglomeration was reduced in the 
subsequent silver-nitrate reduction process. The main-
tenance of small Ag nanoparticles helps to improve the 
catalytic performance [30]. In the EDS mapping images of 
Ag–Co@C–N-1000 (Fig. 3e), the uniform distributions of 
the elements indicated the homogeneous incorporation of 
Ag into the Ag–Co@C–N-1000 framework.

The chemical states and elemental compositions of the 
as-prepared Ag–Co@C–N-1000 catalysts were character-
ized by XPS. The XPS spectrum of Ag–Co@C–N-1000 
(Fig. 4a) displayed the peaks of C 1s, Ag 3d, and Co 2p. 
The detailed XPS information confirmed the presence of 
Ag, Co, C, and N in Ag–Co@C–N-1000, consistent with the 
SEM–EDS results. The Co 2p band of the catalyst (Fig. 4b) 
included two pairs of doublets. The first bimodal, compris-
ing the Co 2p1/2 peak at 793.9 eV and the Co 2p3/2 peak 
at 778.6 eV, was assigned to  Co0 [31]. The second bimodal, 
composed of the Co 2p1/2 peak at 796.4 eV and the Co 
2p3/2 peak at 780.6 eV, was assigned to  Co2+ [32, 33]. The 
two peaks in the narrow scans of Ag 3d (one at 368.7 eV, 
the other at 374.5 eV) were assigned to  Ag0 [34], confirm-
ing that Ag nanoparticles were successfully loaded with-
out valence impurities on the Ag–Co@C–N-1000 surface 
(Fig. 4c). Finally, the C 1s spectrum was segmented into 
C–C/C=C, C–N, and C–O–C peaks located at 284.8, 285.9, 
and 289.5 eV, respectively.

3.2  Catalytic Performances

The catalytic performances of the catalysts were evaluated 
in the reduction of 4-chloronitrobenzene to 1,2-bis(4-chlo-
rophenyl)diazene oxide. The results are shown in Table 2. 
As expected from the XRD and TEM results, the conver-
sion rate and product yield of the raw materials were greatly 
improved after loading the Ag nanoparticles. The Co active 
component in Ag–Co@C–N-600 and Ag–Co@C–N-800 
decreased because the Co nanoparticles were excessively 
agglomerated, reducing their final catalytic effect. Increas-
ing the carbonization temperature to 1000 °C improved not 
only the conversion rate and selectivity of the raw materi-
als but also the product yield, indicating an enhanced cata-
lytic effect. In the reaction using the Ag–Co@C–N-1000 
catalyst, the raw-material conversion rate and product yield 
reached 100% and 89.8% at 30 min, respectively, confirming 
Ag–Co@C–N-1000 as an ideal catalyst.

After determining the optimal composition of the cata-
lyst, we optimized the catalytic reaction conditions and 
investigated the influences of different factors (reaction tem-
perature, reaction time, catalyst dosage, and solvent type) on 
the catalytic performance. The results are shown in Table 3.

Next, the detailed effects of various reaction parameters 
on catalytic activity were investigated on the optimal cata-
lyst, Ag–Co@C–N-1000. The effect of reaction temperature 

Table 1  Textural properties of Ag–Co@C–N-600, Ag–Co@C–N-800 
and Ag–Co@C–N-1000

Entry Samples Sa BET  (m2/g) Pore 
volume 
 (cm3/g)

Db p (nm)

1 Ag–Co@C–N-600 219 0.28 1.7
2 Ag–Co@C–N-800 187 0.25 1.8
3 Ag–Co@C–N-1000 163 0.37 2.1
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is shown in Fig. 5. After 30 min of reaction at 25 °C, the 
1,2-Bis(4-chlorophenyl)diazene oxide yield was 51.8% and 
the 4-nitrochlorobenzene-conversion rate was 81.0%. When 
the temperature was raised to 40 ℃, the yield and conversion 
rate improved to 76.1% and 100%, respectively. Raising the 

temperature to 50 °C further improved the product yield to 
89.8% while the raw-material conversion rate remained at 
100%. Heating decidedly improved the conversion rate of the 
raw materials, but the 1,2-Bis(4-chlorophenyl)diazene oxide 
yield began to decrease at reaction temperatures exceeding 

Fig. 3  TEM images of a Ag–Co@C–N-600, b Ag–Co@C–N-800, and HRTEM images of c Ag–Co@C–N-1000, d SEM images of Ag–Co@C–
N-1000, e EDS mapping images of Ag–Co@C–N-1000
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50 °C. At 60 and 70 °C, the product yields were 74.3% and 
68.9%, respectively. The observed trends might be explained 
by insufficient activation-energy requirements of the system 
at low temperatures, resulting in a slow reaction rate and low 
conversion rate, and excessive hydrogenation of 1,2-Bis(4-
chlorophenyl)diazene oxides at high temperatures, with gen-
eration of by-products such as azobenzene or aniline that 
reduce the product yield. Therefore, the optimum reaction 
temperature was 50 °C.

Next we researched the effect of time on the catalytic 
reaction system. The catalytic performances at different 
reaction times are compared in Fig. 6. The initial stage 

Fig. 4  a Full survey XPS of Ag–Co@C–N-1000; high resolution XPS spectra of b Co 2p, c Ag 3d, and d C 1s

Table 2  Catalytic activities of the evaluated catalysts

Reaction conditions: 2.5 mmol 4-chloronitrobenzene, 0.5 g hydrazine 
hydrate, 7.88 mg catalyst, 2.5 mL ethanol (solvent), t = 30 min, T = 50 
℃

Entry Catalyst Conversion (%) Selectivity (%) Yield (%)

1 Co@C–N-1000 79.2 52.5 41.6
2 Ag–Co@C–

N-600
94.7 77.0 72.9

3 Ag–Co@C–
N-800

100 77.7 77.7

4 Ag–Co@C–
N-1000

100 89.8 89.8
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of the reaction typically includes an induction period of 
approximately 10 min. During the induction period, the 
reaction rate was extremely low because hydrazine hydrate 

must be adsorbed and activated on Ag–Co@C–N-1000. 
The reaction rate then increased. The conversion rate of 
4-nitrochlorobenzene conversion reached 100.0% after 
10 min and remained unchanged thereafter. Meanwhile, 

Table 3  Influences of different factors on the catalytic performance of Ag–Co@C–N-1000

Entry Solvent Temperature 
(℃)

Catalyst dosage 
(wt%)

Time (min) Conversion (%) Selectivity (%) Yield (%)

1 Ethanol 50 0 30 0 0 0
2 Ethanol 25 2 5 46.7 40.4 18.9
3 Ethanol 25 2 10 70.7 52.4 37.0
4 Ethanol 25 2 30 81.0 63.9 51.8
5 Ethanol 25 2 240 100 83.3 83.3
6 Ethanol 40 2 30 100 76.1 76.1
7 Ethanol 50 2 5 72.5 44.3 32.1
8 Ethanol 50 2 10 100 72.3 72.3
9 Ethanol 50 2 30 100 89.8 89.8
10 Ethanol 50 2 240 100 85.6 85.6
11 Ethanol 60 2 30 100 74.3 74.3
12 Ethanol 70 2 5 93.2 71.3 66.5
13 Ethanol 70 2 10 100 78.9 78.9
14 Ethanol 70 2 30 100 68.9 68.9
15 Dichloromethane 50 2 30 52.1 3.3 1.7
16 Ethyl acetate 50 2 30 44.9 1.8 0.8
17 Tetrahydrofuran 50 2 30 43.7 4.2 1.8

Fig. 5  Effect of reaction temperature on the catalytic performance of 
Ag–Co@C–N-1000

Fig. 6  Effect of reaction time on the catalytic performance
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the product yield initially increased from 72.3% at 5 min 
to 89.8% at 30 min. As the reaction proceeded to 240 min, 
the yield decreased slightly to 85.6%, possibly because 
it was compromised by over-hydrogenation of 1,2-Bis(4-
chlorophenyl)diazene oxide to 4,4'-dichloroazobenzene 
and p-chloroaniline.

As for the effects of ethanol, dichloromethane, ethyl 
acetate, and tetrahydrofuran solvents on the catalytic reac-
tion with Ag–Co@C–N-1000. The 1,2-Bis(4-chlorophenyl)
diazene oxide yields were very low in all solvents except 
ethanol, and the raw-material conversion rates were only 
around 40–50%. Almost all of the reactions led to p-chloro-
aniline. Therefore, the type of solvent exerts an important 
influence on the catalytic reaction activity. The ethyl acetate, 
dichloromethane and tetrahydrofuran solvents accelerated 
the conversion of 1,2-Bis(4-chlorophenyl)diazene oxide to 
p-chloroaniline, thus reducing the yield of the desired prod-
uct. The best solvent for this reaction was ethanol.

Figure 7 shows the effect of catalyst dosage on the cata-
lytic performance of Ag–Co@C–N-1000. In the absence of 
catalyst, the reaction cannot proceed. As the catalyst dosage 
increased from 1 to 2 wt%, the raw-material conversion rate 
maintained at 100% but the product yield increased from 
72.5 to 89.8%, indicating that Ag–Co@C–N-1000 played a 
key role in the reductive coupling of 4-nitrochlorobenzene 
to 1,2-Bis(4-chlorophenyl)diazene oxide. Increasing the 
number of active sites accelerated the reaction speed and 
enhanced the adsorption and conversion of the intermediate. 
When the catalyst dosage exceeded 2 wt%, the yield started 
to decline, reaching 61.6% at 5 wt%. The conversion rate 

of feedstock also decreased, from 100% at 2 wt% to 88.6% 
at 5 wt%. The decline in conversion rate began at 4 wt%, 
possibly because a large amount of 4-nitrochlorobenzene 
was stored in the holes of excessive catalyst, reducing the 
utilization rate of the raw materials. Meanwhile, the yield 
declined because excessive catalyst promoted the excessive 
hydrogenation of azoxybenzenes, leading to the conversion 
of raw materials into by-products such as aniline. Hence, the 
optimum catalyst dosage was 2 wt%.

After exploring the optimal reaction conditions, we 
studied the catalytic activity of Ag–Co@C–N-1000 for 
different nitro compounds. The catalytic performances for 
nitroaromatic hydrocarbons with different substituents are 
compared in Table 4. The catalyst maintained good cata-
lytic performance with high yields and conversion rates for 
nitrobenzene with an electron-donating group and an elec-
tron-absorbing halogen. Especially for para-halogen substi-
tution, 100% of the raw material was converted after 30 min 
of reaction and the yield exceeded 89%. The catalyst also 
showed good catalytic activity for nitrobenzene with o-and 
m-methyl substituents, but the selectivity of the raw mate-
rial was slightly reduced and a small amount of aniline was 
formed in the reaction with this type of substitution.

Final ly,  we tested  the  reusabi l i ty  of  the 
Ag–Co@C–N-1000 catalyst under the optimized condi-
tions (see Fig. 8). After five cycles, the 4-nitrochlorobenzene 
conversion decreased from 100 to 86.6% and the 1,2-Bis(4-
chlorophenyl)diazene oxide yield was 74.6%, slightly lower 
than the initial yield (89.8%). This result indicates the high 
reusability performance of the catalyst. The slight decrease 
in activity was mainly attributed to weight loss during the 
catalyst recovery process.

4  Conclusion

This study investigated a series of Ag-based catalysts sup-
ported on ZIF-67-derived Ag–Co@C–N. The catalysts per-
formed as effective bifunctional catalysts for the reductive 
coupling of nitroaromatics to azoxybenzeness with hydra-
zine hydrate. Ag–Co@C–N-1000 achieved the optimum 
catalytic performance, with a nitroaromatic conversion of 
100% and an azoxybenzene selectivity of up to 89.8% after 
30 min at 50 °C in a reductant of 0.5 g hydrazine hydrate. 
The catalytic activity of Ag–Co@C–N-1000 was not signifi-
cantly reduced after five cycles. This work offers a promising 
method for the green reduction of nitroaromatics to azoxy-
benzenes under mild conditions.Fig. 7  Effect of catalyst dosage on the catalytic performance of Ag–

Co@C–N-1000
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Table 4  Catalytic performances of Ag–Co@C–N-1000 on various nitrobenzene derivatives

Reaction conditions: 2.5 mmol substrate, 7.88 mg catalyst, 2.5 mL ethanol (solvent), 30 min, 50 ℃

Entry Substrate Product Conversion (%) Selectivity (%) Yield (%)

1 100 89.8 89.8

2 100 93.2 93.2

3 100 69.8 68.8

4 100 83.9 83.9

5 91.2 79.9 72.9

6 90.6 79.9 72.4

7 86.3 86.7 74.8
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