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An Efficient Hydrogenation Catalyst in Sulfuric Acid for 

Nitrobenzene to p-Aminophenol: N-doped Carbon with 

Encapsulated Molybdenum Carbide  

Tao Wang, Zhen Dong, Weimeng Cai, Yongzheng Wang, Teng Fu, Bin Zhao, Luming Peng, Weiping 

Ding∗ , and Yi Chen

The transfer of catalytic function from molybdenum carbide to N-1 
doped carbon has tested by encapsulating the molybdenum 2 
carbide with N-doped carbon in an one-pot preparation process. 3 
The outer layer of N-doped carbon, inert itself, exhibits a high 4 
activity and an excellent selectivity with the catalytic function 5 
from molybdenum carbide for the hydrogenation of nitrobenzene 6 
to p-aminophenol in sulfuric acid. 7 

Carbides of transition metals with small carbon atoms in the 8 
interstitial voids of the densely packed host lattice as non-9 
precious metal hydrogenation catalysts often show a similar or 10 
surpassing catalytic properties when compared with the 11 
precious metals such as Pd-, Pt- or Rh-based catalysts.

1
 For 12 

instance, molybdenum carbide has been proved to be an 13 
excellent catalyst for plenty of hydrogenation-related 14 
reactions such as hydrodeoxygenation,

2
 hydrodesulfurization,

3
 15 

hydrodenitrogenation,
4
 and hydrogenation of aromatic 16 

compound.
5
 However, molybdenum carbide itself may be not 17 

appropriate for some hydrogenation reactions which need to 18 
be conducted in a strong acid environment, such as the 19 
hydrogenation of nitrobenzene (NB) to p-aminophenol (PAP).

6
 20 

Because molybdenum carbide could hardly survive from the 21 
harsh condition of 10−15 wt. % sulfuric acid that is usually 22 
necessary for rearrangement of phenyl hydroxylamine (PHA) 23 
into PAP, otherwise, aniline would be the major production. 24 
(Scheme 1). Recently, a novel catalyst is designed and 25 
prepared as N-doped carbon (CN) with underlying nickel and 26 
the material could function well as a robust hydrogenation 27 
catalyst for synthesis PAP from NB under strong acid 28 
condition.

7
 It has been demonstrated that CN becomes new 29 

active sites for hydrogen adsorption and activation by 30 
accepting electrons donated from the encapsulated nickel 31 
which is successfully protected from corrosion in the reaction 32 
system by CN at the same time. 33 

34 
     Considering its unique metallic character with high electrical 35 
and thermal conductivity as well as the outstanding electron-36 
donating ability, molybdenum carbides seem to be a better 37 
candidate for the replacement of nickel. Recently, the 38 
composites of molybdenum carbides and N-doped carbon 39 
have been reported in fields such as electrode material for 40 
lithium-ion batteries

8
 and lithium-oxygen batteries

9
 and 41 

electrocatalysts for hydrogen generation reactions
10

 with 42 
excellent performances due to the strong interaction between 43 
molybdenum carbides and N-doped carbon

8b
 and synergistic 44 

effect between molybdenum carbides and N dopants is 45 
thought responsible for the high electrocatalytic activity

10b
. 46 

Furthermore, such a hybrid material is usually obtained based 47 
on a solid reaction under an inert atmosphere different from 48 
the temperature programmed reduction using mixture of 49 
CH4/H2 

11
 or merely H2 

12
 as reagents, making the process 50 

simple and safe. 51 
     Herein we report a facile, one-pot route towards the 52 
preparation of molybdenum carbides by an in situ solid 53 
reaction under nitrogen atmosphere with molybdenum 54 
chlorides

13
 and urea as precursor while glucose is added for 55 

the formation of CN at the same time according to the 56 
report.

14
 The material, denoted as CNMC, to the best of our 57 

knowledge, is first used for catalytic hydrogenation of NB to 58 
PAP in sulphuric acid with an excellent performance, indicating 59 
the new design of catalyst with hydrogenation activity by CN 60 
encapsulation is also applicative for molybdenum carbides 61 
besides Fe, Co

15
 and Ni.

16 62 

Scheme 1. The catalytic hydrogenation of NB to PAP. 
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1 
     The as-prepared catalyst was characterized by various 2 
techniques to gain an insight into the crystallinity and 3 
morphology. As shown in Fig. S1, the material exhibits a 4 
characteristic diffraction peaks of metastable α−MoCx (2 θ = 5 
36.6 ° and 42.6 ° for (111) and (200), respectively)

17 
rather 6 

than stable Mo2C, because it is said that α phase MoCx could be 7 
stabilized in a carbon-rich environment.

18
 Moreover, a broad 8 

peak in the diffractogram at 23.7 ° could be assigned to (002) 9 
of the amorphous CN, which is further confirmed by Raman 10 
spectrum with a ID/IG value of 0.94. The presence of CN are 11 
also clearly displayed in the HRTEM image in Fig 1b with 12 
several layers surrounding MoCx particles which show a size 13 
distribution around 2 nm with high dispersity (Fig S2, ESI†). 14 
The catalyst shows a plate-like morphology according to the 15 
TEM image (Fig 1a) and SEM image (Fig S3, ESI†) and its 16 
uniform distribution of Mo is illustrated by EDX elemental 17 
mappings (Fig S3, ESI†). 18 
     X-ray photoelectron spectroscopy (XPS) experiments are 19 
carried out for chemical state of component elements and the 20 
results are displayed in Fig. 2. C1s peak could be deconvoluted 21 
into three peaks with binding energies at approximately 284.6, 22 
285.4 and 287.9 eV. The peak at 284.6 eV is identified as 23 
graphitic sp

2
-bonded carbon

19
 and the signal at 285.4 eV is 24 

ascribed to carbon atoms single bonded to nitrogen atoms
20

 25 
while the peak with the highest binding energy at 287.9 eV 26 
corresponds to carbon atoms that have one double and two 27 
single bonds with the nitrogen atoms

21
. As shown in N 1s 28 

spectrum, the peak located at 398.5 eV is ascribed to sp
2
 29 

hybridized aromatic N atoms bonded to carbon atoms 30 
(pyridinic nitrogen)

22
 and the other peak at 400.9 eV is related 31 

to graphitic nitrogen
23

. Meanwhile, the signal at 394.0 eV is 32 
ascribed to Mo 3p3/2

24
 and the other two peaks at 395.2 eV 33 

and 396.5 eV correspond to anionic N-doping where O is 34 
replacement by N atoms according to previous reports

25
, 35 

indicating a strong interaction between Mo and N. 36 
Furthermore, the spectrum of Mo 3d exhibits six peaks, which 37 
are assigned to 3d5/2 (232.7 eV) and 3d3/2 (235.7 eV) of Mo

6+
, 38 

3d5/2 (229.9 eV) and 3d3/2 (233 eV) of Mo
4+

, as well as 3d5/2 39 
(228.9 eV) and 3d3/2 (231.8 eV) of Mo–C,

26
 which accounts for 40 

about 28 % of the Mo species. In order to give an accurate 41 
content of carbon, nitrogen and hydrogen, elemental analysis 42 
is carried out, and the results are shown in Table S1 (ESI†). 43 
Carbon exhibits a high proportion about 38 wt. % and nitrogen 44 
accounts for nearly 1.8 wt. % while the content of hydrogen is 45 
0.88 wt. %. The mass fraction of Mo in the catalyst is 46 
determined according to the result of thermal gravity analysis 47 

48 

49 
 (TGA) for the catalyst showed in Fig. S4 (ESI†). There is a 50 
weight increase in the curve occurred at ca. 350−450 °C, which 51 
could be attributed to the oxidation of MoCx with the presence 52 
of oxygen.

27
 The weight loss beginning at about 500 °C is 53 

resulted from the decomposition of CN and the platform at 54 
600−800 °C indicates that CN has been decomposed 55 
completely with a residual of MoO3 (63.0 wt. %). Therefore, 56 
content of Mo in the material is calculated to be 42 wt. % and 57 
thus O accounts for ~17 wt. %, spontaneously. 58 
     According to the result of hydrogen/deuterium (H−D) 59 
exchange experiment shown in Fig. 3, surface adsorbed 60 
hydrogen of CNMC-2 is discussed with the previously reported 61 
Ni/CN

7b
. It could be seen that H−D exchange begins at a lower 62 

temperature for CNMC-2 than that of Ni/CN, indicating its 63 
higher activity. Hydrogen species α with a peak temperature at 64 
750 K is identified as hydrogen tightly bonded to CN according 65 
to the reports

7
. Meanwhile, the peak located at 547 K detected 66 

as hydrogen species β could be assigned to the activated 67 
hydrogen for catalytic hydrogenation of nitrobenzene based 68 

Fig. 2 XPS spectra of C 1s, N 1s and Mo 3d for CNMC-2. (The 

gray lines in the spectra give the original data). 
 

Fig 1. (a) TEM and (b) HRTEM images of CNMC-2. Inset of b is 

the selected area electronic diffraction. 

Fig. 4 Schematic diagram of catalytic hydrogenation of NB to 

PAP with CNMC-2. 

Fig. 3 H−D exchange profiles of CNMC-2 and Ni/CN. Red line is 

the experimental data. 
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Table 1 Catalytic performance of catalysts for catalytic 1 
hydrogenation of NB to PAP. 2 

Entry Catalyst 
a
 Solvent 

Temp. 

(°C) 

Conv. 

(%) 

Sel. 

(%) 

1 CNMC-1 H2O 120 100 − 
b
 

2 CNMC-1 1.5 M H2SO4 120 94.3 25.2 

3 CNMC-1 1.5 M H2SO4 100 77.9 80.8 

4 CNMC-1 1.5 M H2SO4  80 51.9 87.9 

5 CNMC-2 1.5 M H2SO4 100 68.1 91.8 

6 CNMC-3 1.5 M H2SO4 100 47.5 > 99 

7 CNMC-4 1.5 M H2SO4 100 77.1 64.2 

8 CNMC-5 1.5 M H2SO4 100 84.2 35.1 

9 MC 1.5 M H2SO4 100 36.3 75.5 

10 CN 1.5 M H2SO4 100 − − 

11 Ni/CN 
7b

 1.5 M H2SO4 120  43 > 99 
a 

The different catalysts are prepared with a series CN loading 3 
by adding a various amount of glucose in the synthesis of 4 
CNMC and the details are displayed in the supporting 5 
information. 6 
b  

Aniline is the only product. 7 
8 

 on the previous work
7
. Moreover, XRD pattern confirms the 9 

phase of MoCx after H/D exchange experiments (Fig. S5, ESI†), 10 
indicating that the catalyst sample doesn’t suffer phase change. 11 
     As described in the schematic diagram of the catalytic 12 
hydrogenation of NB to p-aminophenol with CNMC (Fig. 4), 13 
molybdenum carbides endow CN with the ability for hydrogen 14 
adsorption and activation by denoting electrons to CN, making 15 
it active for catalytic hydrogenation reactions and it is reported 16 
that N-doped carbon is responsible for H2 activation.

28
 17 

Meanwhile, molybdenum carbide is isolated from the strong 18 
acid condition which is necessary for hydrogenation of NB to p-19 
aminophenol. The catalytic performance of CNMC is listed in 20 
Table 1. Entry 1 and 2 show the catalytic results of CNMC-1 21 
with different solvent, indicating that a strong acid 22 
environment is certainly necessary for the formation of p-23 
aminophenol. Entries 2−4 provide the catalytic performance of 24 
CNMC-1 conducted at different temperature and therefore the 25 
optimal condition is set to be 373 K when taking both NB 26 
conversion and PAP selectivity into account. Meanwhile, effect 27 
of CN loading is also investigated by adjusting the quantity of 28 
glucose in the synthesis process. As illustrated in the results of 29 
TGA analysis for the as prepared catalysts (Fig S6, ESI†), CNMC-30 
1 possesses the lowest CN loading, while CNMC-3 exhibits the 31 
highest CN loading. According to the results listed in Table 1, 32 
CNMC-3 exhibits the poorest catalytic activity but the highest 33 
PAP selectivity while CNMC-1 shows the highest NB conversion 34 
but the lowest PAP selectivity, because it is reported that a 35 
thinner CN shell which is benefit for electron transfer would 36 
result in a higher catalytic activity.

29
 Extremely, catalyst MC 37 

obtained without an addition of any glucose does possess a 38 
lower catalytic activity due to the surrounding CN obtained 39 
from decomposition of urea with the aid of the catalytic 40 
performance of Mo species for growth of carbon

26b 
and it is 41 

clearly displayed in the HRTEM image of MC (Fig. S7, ESI†), 42 
however, it could not be reused for even one more time, 

 43 

44 
because MoCx would gradually dissolve in the strong acid 45 
condition without the protection from robust carbon nitride 46 
made from glucose, only left a little residual carbon. In 47 
contrast, pure CN does not show any catalytic activity, 48 
indicating that presence of MoCx is essential for such a CN 49 
encapsulated catalyst to be an electron donator. In conclusion, 50 
CNMC-2 seems to be the most appropriate candidate for the 51 
hydrogenation reaction and it does show a higher catalytic 52 
activity even when the catalytic hydrogenation reaction is 53 
conducted at a lower temperature than the reported Ni/CN 54 
(Entry 11). Given the poor surface specific area (SSA) of CNMC-55 
2 (1.9 m

2
 g−

1
) that calculated from its N2 56 

adsorption−desorption isotherm using the 57 
Brunauer−EmmeR−Teller (BET) method (Fig. S8, ESI†), effects 58 
of SSA are studied by adjusting the mass ratio of urea and 59 
glucose to 10/1 and 40/1 and SSA for the two samples is 60 
calculated to be 28 m

2
 g−

1
 (CNMC-4) and 121 m

2
 g−

1
 (CNMC-5), 61 

respectively (Fig. S9, ESI†). Their catalytic performances are 62 
displayed in entry 7 and entry 8 in Table 1, NB conversion 63 
shows an increasement from 64.8 % to 84.2 %, however PAP 64 
selectivity decreases from 91.8 % to 35.1 % with increasing SSA 65 
from CNMC-2 to CNMC-5, which may be ascribed to the strong 66 
adsorption of NB and PHA on catalyst surface, inclined to a 67 
further hydrogenation of PHA. Additionally, a recycle test for 68 
CNMC-2 is conducted for a better understand of its stability. As 69 
shown in Fig. 5, CNMC-2 still possesses a NB conversion about 70 
50 % and PAP selectivity is calculated to be 96.6 % even when 71 
used for 5 times, which is a indicative of its high stability. The 72 
deactivation may result from adsorption of substances on the 73 
surface of catalyst through π−π interaction considering that 74 
both N-doped carbon and organic compounds in the reaction 75 
system are characterized with aromatic properties and content 76 
of carbon shows an increase by 1.4 wt. % for the spent catalyst 77 
in Table S2 (ESI†) compared with the fresh one. Furthermore, 78 
corrosion of the catalyst under such a harsh condition is 79 
estimated by inductively coupled plasma (ICP) investigation 80 
and concentration of Mo in the solution which is diluted to a 81 
constant volume (100.0 mL) after reaction is measured to be 82 
2.49 ppm and thus Mo content of the spent catalyst is 83 
estimated to be 39.0 wt. %, a slightly lower than that of the 84 
fresh one. 85 

Fig. 5 Recyclable catalytic hydrogenation of NB to PAP with 

CNMC-2. 
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     Moreover, XPS tests are carried out to study chemical state 1 
of component elements for spent CNMC-2. As listed in the Mo 2 
3d core level spectrum (Fig. S10, ESI†), there are six peaks 3 
which are ascribed to 3d5/2 (232.6 eV) and 3d3/2 (235.7 eV) of 4 
Mo

6+
, 3d5/2 (229.6 eV) and 3d3/2 (233 eV) of Mo

4+
, as well as 5 

3d5/2 (228.8 eV) and 3d3/2 (231.8 eV) of Mo–C, which accounts 6 
for about 31.3 % of Mo species and the results are in well 7 
consistent with the fresh one, suggesting that the catalyst is 8 
efficiently protected by CN from the acid corrosion. Meanwhile, 9 
spectra of C 1s and N 1s show little changes from the as-10 
prepared catalyst, indicating a high stability of CN. And it is 11 
further demonstrated by elemental analysis for carbon, 12 
nitrogen and hydrogen of the spent catalyst (Table S2 ESI†). 13 
Compared with the fresh catalyst, the spent one shows a 14 
comparative composition. Therefore, O accounts for 19.0 wt. % 15 
in the spent catalyst. Furthermore, the crystallization and 16 
particle size of spent CNMC-2 almost keep the same with the 17 
as-prepared one based on the TEM and HRTEM images (Fig. 18 
S11, ESI†) and the crystal phase of α-MoCx in the used catalyst 19 
is further confirmed by its XRD spectrum (Fig. S12, ESI†). 20 
     In summary, although molybdenum carbides exhibit a high 21 
catalytic activity for hydrogenation reactions, it could hardly 22 
maintain its structure in a strong acid environment and also it 23 
would be oxidized into molybdenum oxide rapidly when 24 
exposed to ambient atmosphere without any passivation. Here, 25 
a novel structure of molybdenum carbides as an acid-resistant 26 
hydrogenation catalyst is designed and prepared by N-doped 27 
carbon encapsulation through a solid reaction. The catalyst 28 
with a robust structure shows excellent stability in sulphuric 29 
acid for the one-pot hydrogenation of nitro-benzene to p-30 
aminophenol with a high catalytic activity. The unique 31 
construction would pave the way for designs of functional 32 
catalysts with promising properties distinguished from those in 33 
traditional structures. 34 
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