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Unprecedented catalytic performance in amines syntheses via 

Pd/g-C3N4 catalyst–assisted transfer hydrogenation 

Xingliang Xu, Jiajun Luo, Liping Li, Dan Zhang, Yan Wang and Guangshe Li
*
 

The preparation of amine compounds is very important for both the chemical industry and renewable feedstock 

processing. Nevertheless, it remains difficulties in finding a catalytic system that is sufficiently active and environmentally 

benign for producing amine compounds. In this work, we report that g-C3N4 nanosheets as support materials can 

significantly boost the efficiency of Pd nanoparticles for the reduction of nitro compounds to primary amines. Using formic 

acid as hydrogen donor and water as solvent, the optimized 5 wt% Pd/g-C3N4 catalyst exhibited an unprecedented 

performance in the conversion of nitrobenzene to aniline (achieving almost full conversion with an extremely high 

turnover frequency of 4770 h
-1

 at room temperature), showing the best activity ever reported for heterogeneously 

catalyzing nitro compounds reduction. Pd/g-C3N4 catalyst was also active for the one-pot reductive amination of carbonyl 

compounds with nitro compounds to obtain the corresponding secondary amines with excellent selectivity (>90%). We 

proposed that the protic N-H
+
 and hydridic Pd-H

− 
on Pd/g-C3N4 are the active species for the transfer hydrogenation of 

nitro compounds reaction. Furthermore, Pd/g-C3N4 catalyst was highly stable with a wide scope in the synthesis of various 

amine compounds. This work will open up a new approach for transfer hydrogenations of nitro compounds to produce 

primary or secondary amines in green chemistry 

 

 

INTRODUCTION 

Amine compounds, especially those of primary and secondary 

amines, are the significant raw materials and intermediates, 

and are playing remarkable roles in the syntheses of high 

value-added chemicals.
1,2

 Hence, wide extensive interests from 

both academic and industrial researchers have been devoted 

to explore more efficient and environmentally benign 

strategies to synthesize amines. To date, numerous 

preparation systems of primary and secondary amines have 

been developed, including hydrogenation of nitro 

compounds,
3,4

 reduction amination of amides,
5
 direct 

amination of halides,
6
 Buchwald-Hartwigand,

7
 Ullman-

typecarbon-nitrogen cross-coupling reactions,
8
 as well as the 

direct N-alkylation of amines with alcohol.
9
 Among all these 

methods, the synthesis of amines with nitro compounds could 

be the convenient and valuable reactions, because both of 

reactions do not require the separation and purification of 

intermediates and can solve the problem of low yield caused 

by the multi-step reaction. Unfortunately, traditional 

hydrogenation of nitro compounds to amines with molecular 

hydrogen as reductant is widely regarded as an 

environmentally unfriendly and harsh synthetic process, such 

as the use of toxic organic solvents and high pressure H2, 

which greatly limited their industrial applications.
10-12

 

Therefore, it is important to find environmentally friendly 

strategies to synthesize amines more efficiently and easily. 
 
Comparing to hydrogenation reactions involving H2, 

catalytic transfer hydrogenation can provide a mild and safe 

reaction condition
13

 using the hydrogen atoms supplied from 

isopropanol,
 14

 hydrazine,
 15

 ammonium borane,
 16

 carbon 

monoxide,
 17

 and formic acid
18

 to replace hydrogen molecules. 

Among these donors, formic acid (FA), derived from the by-

products of renewable biomass, has a high energy density (4.4 

wt %). Additionally, the non-toxic and stable features suggest 

that formic acid can be used as a safe and economical carrier 

of liquid hydrogen source.
19,20

 Therefore, if choosing FA as a 

proton donor, the preparation of amine compounds might be 

realized in the mild conditions without using harsh conditions 

like autoclaves or high-pressure hydrogen. More importantly, 

in the catalytic transfer hydrogenation reaction, FA undergoes 

a process similar to dehydrogenation (HCOOH→H2 + CO2), the 

two hydrogen atoms in the formic acid can participate in the 
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hydrogenation reaction, and the decomposition only produces 

by-product of carbon dioxide .
21

   

Developing new catalyst is the key to achieve a high 

catalytic performance in transfer hydrogenation of nitro 

compounds with FA. Accordingly, many heterogeneous metal 

catalysts have been conducted.
21-23

 Pd metal is a common 

active component in FA dehydrogenation.
24

 In addition, Pd-

based catalysts also show good activity in hydrogenation 

reaction,
25

 which could be used in the reduction of 

unsaturated chemical bonds. Even so, the preparation 

methods for such reactions are lack of control, the catalytic 

activities need further improvement, and the weak CO 

tolerance of Pd may lead to a reduced stability of the catalyst. 

An alternative to these shortcomings is to modify the surface 

electronic structure of Pd catalyst with suitable supports, 

which can stabilize Pd nanoparticles (NPs), but also improve 

the activity of Pd NPs under transfer hydrogenation conditions 

due to the metal-support electronic interaction. Therefore, 

finding suitable and efficient supports is necessary for the 

transfer hydrogenations of nitro compounds. We took 

graphitic carbon nitride (g-C3N4) as a model support to study 

based on its unusual features: (1) g-C3N4 is a rich-N carbon 

material, which could modify the surface structure of noble 

metal catalysts through providing an enhanced binding ability 

and improved basicity;
26,27 

(2) g-C3N4 has a typical 2D 

nanosheet structure, which is propitious to disperse and 

stabilize Pd NPs;
28,29

 (3) the high stability of g-C3N4 against 

chemical attacks from acid, base, and organic solvents enables 

its direct use for sustainable chemical reactions,
27 

and what's 

more, and (4) different kinds of chemical environments for N 

atoms in g-C3N4 (among of which pyridine nitrogen belongs to 

the Lewis base) could promote the cleavage of oxygen-

hydrogen bonds.
30

 Therefore, g-C3N4-engineered Pd NPs could 

achieve high activities in preparation of amine compounds 

using FA as the hydrogen donor. 

In this contribution，we designed a series of Pd/g-C3N4 

catalysts (1-10 wt% Pd/g-C3N4) by a wet chemical reduction 

method. In comparison to the existent catalysts, the 

engineered Pd/g-C3N4 catalysts, especially 5 wt% Pd/g-C3N4 

showed great improvements in the transfer hydrogenation of 

nitro compounds to synthesize primary amine with FA as 

hydrogen donor at room temperature. Moreover, the catalyst 

was active for the one-pot reductive amination of carbonyl 

compounds with nitro compounds to prepare secondary 

amines (as summarized in Scheme 1). Moreover, the catalyst 

exhibited a superior recyclability and wide scope in the 

syntheses of various primary amine or secondary amines. 

RESULTS AND DISCUSSION  

Characterization of the prepared sample 

We began our research by synthesizing g-C3N4 nanosheets 

with the thermal decomposition of melamine. The obtained g-

C3N4 nanosheets were then loaded with a certain content of 

Pd (1-10 wt% Pd/g-C3N4) by a wet chemical reduction method.  

 
Scheme 1. Schematic illustration for the preparation of 

primary and secondary amine over g-C3N4 supported Pd NPs. 

 

The phase structure and composition of all samples are 

identified by XRD. The obtained data are shown in Fig. 1. Two 

diffraction peaks at two theta around 27.8° and 12.8° observed 

for all samples, are ascribed to the characteristic (002) and 

(100) peaks of g-C3N4,
29,31

 indicating that the typical graphite-

like structure of C3N4-based materials was obtained during the 

thermal decomposition process. In addition to the 

characteristic peaks of g-C3N4, Pd loading samples exhibited 

the diffraction peaks at two theta of 39.5°, 45.6°, and 68.1° in 

their XRD patterns. These peaks can be assigned to the (111), 

(200), and (220) diffractions of Pd metal,
28,32

 respectively (Fig.1 

b-f). Moreover, the (111) diffraction of Pd gets sharper with 

the increase of Pd contents, demonstrating the particle size of 

Pd particles grew big slightly. These observations suggest that 

PdCl2 salt had been converted to Pd metal successfully, and g-

C3N4 could act as an excellent substrate to anchor Pd NPs. 

FT-IR spectra of all samples were recorded to examine the 

chemical species, as shown in Fig. 2. In the FT-IR spectrum of g-

C3N4, the absorption band at 1640 cm
-1

 corresponds to the C-N  

 

 
Fig. 1  XRD patterns of the samples: (a) g-C3N4, and Pd/g-C3N4 

catalysts with different Pd loadings: (b) 1 wt%, (c) 3 wt%, (d) 5 

wt%, (e) 8 wt%, and (f) 10 wt%. 
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Fig. 2 FT-IR spectra of the samples: (a) g-C3N4, and Pd/g-C3N4 

catalysts with different of Pd loading: (b) 1 wt% Pd, (c) 3 wt% 

Pd, (d) 5 wt% Pd, (e) 8 wt% Pd, and (f) 10 wt% Pd. 

 

 

heterocycle stretching vibration,
33,34

 while the four at 1241, 

1320, 1409, and 1567 cm
-1

 to aromatic C-N stretching 

vibrations.
35,36

 The peak at 808 cm
-1

 is associated with the 

breathing mode of triazine units.
37

 The broad band in the 

region of 2900-3500 cm
−1

 can be assigned to the characteristic 

absorption peaks of O-H and amine groups.
38

 FT-IR spectra of 

all samples did not show any observable changes before and 

after Pd loading, suggesting a non-covalently coupled 

interaction between g-C3N4 and Pd NPs in the composite, as 

concluded elsewhere.
39

 Moreover, BET surface areas for the 

 

 
 

Fig. 3 (a) SEM and (b) TEM images of pure g-C3N4. (c,d) TEM 

and (e) HTEM images of 5 wt% Pd/g-C3N4. Inset of (d) is 

particle size distribution of 5 wt% Pd/g-C3N4. (f) SEM-EDS 

elemental mapping images of 5wt% Pd/g-C3N4 and the 

corresponding elemental mapping images of (g) carbon, (h) 

nitrogen and (i) palladium . 

 

Fig. 4 (a) XPS survey spectrum and core level spectra of C 1s (b); 

N 1s (c); Pd 3d (d) for 5 wt% Pd/g-C3N4. 

 

Pd loaded samples are almost the same as that of g-C3N4 

(Table. S1†). 

Morphology and microstructure of samples are further 

monitored by SEM, TEM and HRTEM. As illustrated in Fig. 3, 

pure g-C3N4 shows a wrinkled sheet structure with serious 

aggregation (Fig. 3a, b). TEM images for typical sample of 5 

wt% Pd/g-C3N4 (Fig. 3c,d) reveals that Pd NPs are distinctly 

anchored on the g-C3N4 nanosheets. The average sizes of the 

Pd nanoparticles are 2.48, 2.68, 3.30, 5.08, and 5.19 nm for the 

1 wt%-10 wt% Pd/g-C3N4 catalysts, respectively (Figs. S2†-6†), 

indicating that the mean size of nanoparticles increased with 

loading, which is consistent with our XRD observation. The 

HRTEM image (Fig. 3e) highlights a typical metallic Pd 

nanoparticle with a lattice space of 0.225 nm, which is 

assigned to the (111) plane of metallic Pd.
40

 In addition, SEM-

EDX mapping test demonstrated an uniform distribution of C, 

N and Pd over 5 wt% Pd/g-C3N4, further confirming that Pd 

nanoparticle are well dispersed on the surface of g-C3N4. 

To examine the surface chemical composition and 

chemical states of elements, XPS measurements are 

performed for 5 wt% Pd/g-C3N4 sample. The survey XPS 

spectrum in Fig. 4a show that C, N, O, Pd elements coexist in 

the 5 wt% Pd/g-C3N4 material, which is consistent with the EDX 

results (Fig.S7†). Fig. 4 (b-d) gives the XPS core level spectra of 

C 1s, N 1s, and Pd 3d of 5 wt% Pd/g-C3N4 sample. The peak at 

284.6 eV in C1s is ascribed to surface adventitious carbon, 

whereas the other peak at 287.8 eV corresponds to the sp
3
-

bonded carbon in N-C=N of g-C3N4 (Fig. 4b)
41

. For N1s, four 

peaks can be distinguished (Fig. 4c). The peak at 398.4 eV is 

assigned to the pyridinic-like nitrogen (N−C-N), and the signal 

at the binding energy of 399.8 eV to the tertiary nitrogen N-

(C)3.
42

 The peaks at 400.4 and 404.4 eV are attributed to the 

amino functions carrying hydrogen (C-N-H) and charging 

effects.
43

 Comparing with the g-C3N4 (Fig. S8†), the N1s signals 

of 5% wt Pd/g-C3N4 shifts 0.4 eV towards high binding energy, 

indicating the presence of strong interaction between support 
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of g-C3N4 and Pd NPs. The XPS spectra of Pd 3d (Fig. 4d) 

presents two doublet peaks, corresponding to spin-orbital 

splitting of Pd 3d5/2 and Pd 3d3/2 for two typies of Pd species. 

The stronger peaks at 335.2 and 340.5 eV for Pd 3d5/2 and Pd 

3d3/2 are from metallic Pd
0
,
44,45

 and that with relative low 

intensity at 337.2 and 342.5 eV can be assigned to Pd
2+

, which 

might be the formation of Pd-O or Pd-N bonds on the surface 

of catalyst.
46

 The content of Pd
0
 estimated by the area ratio of 

two doublet peaks is as high as 75% in the total Pd atoms 

(Table. S1† ). These results demonstrate that the amine 

groups in the g-C3N4 carrier can stabilize highly dispersed Pd
0
 

species and prevent their oxidation partly.
47

 

 

Catalytic synthesis of primary amines 

 

1) The selection of catalysts. Firstly, in a preliminary catalyst 

screening, the catalytic transfer hydrogenation for 

nitrobenzene is selected as a model reaction to study. The 

experiments were carried out in deionized water at room 

temperature over various catalysts by using 3 mmol FA 

(Table. 1). Only adding pure g-C3N4, nitrobenzene did not 

undergo any reaction (Table. 1 entry 1). Comparatively, all the 

Pd/g-C3N4 catalysts (Table 1 entries 2-6) exhibited excellent 

catalytic activity, with a conversion of nitrobenzene as high as 

99% and the selectivity of anilines about 99%. Moreover, the 

reaction rate gradually increased with the increase of the Pd 

loading (Fig. S12†). However, the turnover frequency (TOF) 

increased significantly to a maximum of 3172 h
-1

 at the Pd 

loading of 5%, and then slightly decreased when continuously 

increasing Pd loading to 8% and 10% (Fig. S13†). The 5 wt% 

Pd/g-C3N4 gave the highest TOF is ascribed to its containing 

high Pd
0
 (75%) comparing to the samples with light Pd loading 

(1 wt% and 3 wt% ) and possessing small Pd particle size to 

the samples with high loading (8 wt% and 10 wt% ), as listed 

in Table. S1†. We also test the catalytic activity of other noble 

metals (Au, Pt, Ru and Rh) supported on g-C3N4 nanosheets 

under the same reaction conditions (entries 7-10 in Table. 1), 

and found that these catalysts did not show any activity for the 

reduction of nitrobenzene. These results suggest that Pd NPs is 

the most active metal in the catalytic transfer hydrogenation 

for nitrobenzene in the presence of FA.  

To investigate the effect of the supports on the catalytic 

transfer hydrogenation for nitrobenzene, a series of the Pd/ 

supporters composites with different supporters were 

examined in comparison to Pd/g-C3N4 (entries 11-15). The 

Pd/C catalyst showed a very low activity for the reaction. This 

is mainly because Pd/C catalyst tends to catalyze the 

dehydration of formic acid, which cannot effectively break the 

oxygen-hydrogen bonds in FA.
30

 Pd/g-C3N4 exhibited excellent 

performance with higher activity and selectivity in catalytic 

transfer hydrogenation of nitrobenzene than other catalyst. 

This is mainly because g-C3N4 nanosheets with electron-rich 

nitrogen present surface Lewis base properties and modify the 

electron density of the supported metals, which can promote 

performance in the cleavage of oxygen-hydrogen bonds in 

FA.
30,48

 In addition, the formate as intermediate can be  

Table 1. Comparisons of catalytic performance for transfer 

hydrogenation of nitrobenzene to aniline over various 

catalysts
a
. 

[a] Reaction conditions: (1-6) catalyst (20 mg), water (5 mL), 

nitrobenzene (1 mmol), FA (3 mmol), 298 K. (7-15) catalyst 

(metal 1 mol%), water (5 mL), nitrobenzene (1 mmol), FA (3 

mmol), 298 K. [b] Conversions [Con.] and selectivity [Sel.] were 

determined by GC-MS. [c] catalyst (metal 0.1 mol%), water (10 

mL), nitrobenzene (20 mmol), FA (60 mmol), 298 K. [d] Reuses 

of the 5% wt Pd/g-C3N4 catalyst in transfer hydrogenation of 

nitrobenzene after 6 runs.  

 

decomposed into carbon dioxygen and the active hydrogen is 

absorbed in the surface of Pd NPs.
49,50

 

In order to study whether the reaction can be used in the 

industrial production, a gram-scale reaction was studied (Table. 

1, entry 16), and the results show that nitrobenzene was 

completely converted into aniline within 20 min, which 

suggests that the Pd/g-C3N4 has a good prospect in industrial 

production of aniline. In addition, the reusability performance 

of catalyst is an important property for representing its 

stability. The catalyst was recycled at least six times without 

considerable change in conversion of nitrobenzene, and the  

 

 

Entry Catalyst Time [min] Con.b 

[%] 
Sel.b 

[%] 

1 g-C3N4 20 trace trace 

2 10 wt % Pd/g-C3N4 2 99 99 

3 8 wt % Pd/g-C3N4 3 99 99 

4 5 wt% Pd/g-C3N4 3 99 99 

5 3 wt% Pd/g-C3N4 9 99 99 

6 1 wt% Pd/g-C3N4 20 99 99 

7 5 wt% Au/ g-C3N4 3 trace trace 

8 5 wt% Pt/ g-C3N4 3 trace trace 

9 5wt% Ru/ g-C3N4 3 trace trace 

10 5 wt% Rh/ g-C3N4 3 trace trace 

11 5 wt% Pd/CeO2 3 29 99 

12 5 wt% Pd/Al2O3 3 45 99 

14 5 wt% Pd/C 3 <5 99 

15 5 wt% Pd/r-GO 3 <5 99 

16c 5 wt %Pd/g-C3N4 20 98 99 

17e 5 wt% Pd/g-C3N4 3 99 99 
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Table. 2  Catalytic transfer hydrogenation of nitrobenzene to 

anilines over 5 wt% Pd/g-C3N4 in various solvents
a
 

 

selectivity toward aniline was always above 99% (Table. 1, 

entry 17 and Fig.S14†a). 

2) Influence of the solvent. Solvent effects have been an 

important issue for liquid phase organic synthetic reactions, so 

we further studied the effect of different solvents on catalytic 

transfer hydrogenation of nitrobenzene. From Table 2, the 

conversion and TOF are significantly different among the 

solvents examined. It is noted that the catalytic activity of 

reaction in the protic solvents (water, ethanol) is much higher 

than that of the aprotic solvents (toluene, cyclohexane, THF). A 

possible explanation is that the hydrogenation rate is related 

to H-bond donor capability of the protic solvents because the 

strong interaction between protic solvents and substrate by 

hydrogen bonding lowers the activation energy barrier and 

leads to high hydrogenation rate. However, aprotic solvents 

could strongly adsorb onto the catalyst surface and block the 

active sites, thereby inhibiting the hydrogenation rate.
51

 More 

interestingly, water has the highest TOF (3172 min
-1

) and gave 

a full conversion toward aniline, demonstrating its superiority 

as a green functional solvent. Compared to a number of 

organic solvents, water may serve as a reaction promoter for 

organic synthetic reactions, which is ascribable to its high 

hydrogen-bond-donation (HBD) capability and low hydrogen-

bond-acceptance (HBA) capability.
52

 When the concentration 

of nitrobenzene increasing (the volume of water is 1 ml), the 

TOF value can reach 4770 min
-1

, reflecting some of the highest 

activity for heterogeneously catalysed nitrobenzene reduction 

under similar condiVons (Table S2†). These results show that 

Pd/g-C3N4 has excellent catalytic performance for the 

reduction of nitrobenzene using FA as the hydrogen donor in 

water under room temperature. 

Table 3. Catalytic transfer hydrogenation of various nitro 

compounds to the corresponding primary amines over 5 wt% 

Pd/g-C3N4 
a
 

 

Entry Solvent Volume 
[ml] 

Time 
[min] 

Con.[b] 

[%] 
TOF 
h-1 

1 Water 5 3 99 3172 

2 Ethanol 5 5 99 1050 

3 Toluene 5 5 15 154 

4 Cyclohexane 5 5 21 245 

5 DMF 5 5 51 592 

6 THF 5 5 56 612 

7 Water 1 1.5 99 4770 

8 Water 3 2 99 3774 

9 Water 7 5 99 2180 

Reaction condition: Nitrobenzene  (1 mmol), FA (3 mmol), 5 

wt% Pd/g-C3N4(Pd: 1 mol%), 298K 

 

Entry R  Time 
[min ] 

Con.[b]  
[%] 

Sel.[b] 

[%] 

 
1 

 
5 

 
99 

 
99 

 
 
2 

 

 
 
20 

 
 
99 

 
 
99 

 
 
3 

 

 
 
20 

 
 
98 

 
 
99 

 
4 

 

 
5 

 
96 

 
99 

 
5 

 

 
5 

 
99 

 
99 

 
6 

 

 
5 

 
99 

 
99 

 
7 

 

 
  30 
 
 
 

 
96 

 
 
 

 
99 

 
 
 

 
8 
 
 
 

 

 
20 

 

 
92 

 

 
99 

 

 
9 

 

 
20 

 
93 

 
99 

 
10 

 

 
10 

 
94 

 
99 

 
11 

 

 
 
120 

 
 

95 

 
 
99 

 
12 

 

 
 

120 

 
 

92 

 
 
99 

[a] Reaction condition: Nitro compound (1 mmol), FA (3 mmol), 
H2O (5 mL), 5 wt% Pd/g-C3N4(Pd: 1 mol%), 298K. 
[b] Conversion and selectivity were determined by GC-MS. 

Page 5 of 10 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
0 

M
ar

ch
 2

01
8.

 D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
SO

U
T

H
 A

U
ST

R
A

L
IA

 o
n 

20
/0

3/
20

18
 1

4:
31

:1
2.

 

View Article Online
DOI: 10.1039/C8GC00144H

http://dx.doi.org/10.1039/c8gc00144h


ARTICLE Journal Name 

6 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

3) Substrate scope. To illustrate the general applicability of 

Pd/g-C3N4, the method was extended to a variety of other 

nitro compounds, and the results are presented in Table 3. 

All nitro compounds have high selectivity towards the 

corresponding primary amines at water under room 

temperature over Pd/g-C3N4. However, the nitro compounds 

with electron-withdrawing groups showed lower activity 

(Table 3 entries 4-7 vs entries 8-10), possibly because the 

electron-withdrawing group restrain the hydrogenation.
53

 In 

addition, the steric hindrance also greatly affect the activity of 

the substrates.
54

 For example, the reaction rate of the ortho-

isomer was slower than the para-isomers (Table 3, entries 1-3). 

When the ortho has two methyl groups (Table 3, entry 11 and 

12), it needed a longer time to complete reaction. 

 

Catalytic synthesis of secondary amines 

Next, we studied the reductive amination of benzaldehyde 

with nitrobenzene was used as a model reaction for the 

preparation of secondary amines. In our study, aldehydes were 

excessive to nitro compounds (molar ratio=1.5) in order to 

promote the condensation step of the aldehyde with primary 

amines. Due to the transfer hydrogenation of C=N bond was 

much more difficult than that of C=O bond in the nitro group, 

the reactions were performed at higher temperatures. As 

shown in Fig. 5, the experimental temperatures range is set up 

from 60 to 110 
o
C. The selectivity of N-benzylaniline (2) and N-

benzylideneaniline (3) were respectively 13% and 36% at 60 °C 

for 12 h. At the same time, there can also be a part of aniline 

(4) in reaction system. As the temperature increased to 100 
o
C, 

the selectivity of N-benzylaniline (2) reached as high as 95%, 

but the selectivity of N-benzylideneaniline (3) decreased to 1%.  

 

 

Fig. 5 N-benzylaniline formation from benzaldehyde and 

nitrobenzene at different temperatures. Reaction conditions: 

benzaldehyde (1.5 mmol), nitrobenzene (1 mmol), 5 wt%Pd/g-

C3N4 catalyst (2 % mol), water (5 mL), FA (4.5 mmol) and time 

(12 h). The conversion and the selectivity of the intermediate 

and the product were calculated based on nitrobenzene.  

The main reason is that the transfer hydrogenation of C=N 

bond to synthetize secondary amines needs higher higher 

temperatures. However, when the temperature is much higher 

(above 100 
o
C), the by-product of benzamide (4) can be 

generated, resulting in a decrease in selectivity of N-

benzylaniline (2). 

The scope of the developed method also was explored in 

the preparation of secondary amines. From the Table S3†, the 

nitro compounds reacted smoothly with aromatic aldehyde 

compounds to give secondary amines with excellent selectivity. 

The influence of electronic effects and spatial effects was the 

same as the preparation of primary amines. The nitro 

compounds and aldehyde compounds with electron-

withdrawing groups had a slower reaction rates than those 

with electron-donating groups. Their reaction activity 

markedly decreased with the increase of the steric hindrance 

from nitro compounds and aldehyde compounds, respectively. 

These obtained secondary amines are important intermediates 

in chemical industry. Therefore, the present catalytic system is 

highly promising for uses in industrial production of secondary 

amines. 

 

Recyclability of catalyst 

A main advantage of heterogeneous catalyst is its good 

stability, recyclability and ease in separation. The reusability of 

the 5 wt% Pd/g-C3N4 catalyst was investigated using the 

reductive amination of benzaldehyde with nitrobenzene as a 

model reaction. For each run, the reaction was carried out at 

100 
o
C for 12 h. The catalyst after reaction was filtrated and 

washed with water, followed by drying and treatment under 

air at 80 
o
C for 12 h to remove residues. In this way, the 5 wt% 

Pd/g-C3N4 catalyst was recycled six times. No considerable 

change in conversion of nitrobenzene (the conversions were 

ranging from 99% to 97% after 12 h) was observed. Moreover, 

the selectivity toward N-benzylaniline was always above 92% 

(Fig. S14†b), suggesting this catalyst has excellent reusability. 

TEM images taken for the 5 wt% Pd/g-C3N4 catalyst after the 

fifth catalytic cycle did not show obvious change in 

morphology (Fig. S15† a). The XRD patterns and XPS spectras 

(Fig. S15† b and c) showed that the structure and the valence 

state of the 5 wt% Pd/g-C3N4 catalyst after six runs are almost 

the same, confirming the high stability and reusability of the 5 

wt% Pd/g-C3N4 catalyst under reaction conditions. 

A hot-filtration test was carried out to verify the 

heterogeneous nature of the reaction (Fig. S16† ). After 

removal of the solid catalyst at 9 h, no reaction proceeded in 

the filtrate. The conversion of nitrobenzene increased with 

prolonging the reaction time in the presence of the catalyst. 

The conversion would be stable at 99% after 9 h. These results 

indicate that the catalytic effect in this system results from the 

current sample, rather than the leached metal species. 

 

Mechanism analysis 

In order to explore the mechanism of reaction, we studied the 

decomposition rate of FA with and without nitrobenzene (Fig. 

S17). In Fig. S17a, the decomposition rate of  
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Scheme 2. Proposed mechanism for the preparation of 

primary and secondary amine by transfer hydrogenation. 

 

FA is very low in the absence of nitrobenzene. After 3 hours, 

only 20% of FA was decomposed. However, after the addition 

of nitrobenzene, the utilization of FA is significantly improved. 

In 3 minutes, FA can achieve 100% utilization (Fig. S17† b). It is 

clearly see that the reaction rate of FA catalytic transfer 

hydrogenation is much higher than the rate of formic acid 

decomposition. What's more, hydrogen was not observed in 

the presence of nitrobenzene, which indicates that the 

catalytic transfer hydrogenation reaction is preferred when 

nitrobenzene is involved (Fig. S18†). 

According to the above discussion, the possible 

mechanism is proposed as follows (Scheme 2). In the first step, 

g-C3N4 nanosheets have the electronegative nitrogen atoms, 

which can capture the H
+
 from the oxygen-hydrogen bond of 

FA to generate NH
+
 and form the Pd-formate intermediate, 

which is considerable in the FA decomposition. The formate 

anions tended to adsorb on the surface of the Pd nanoparticles, 

as the formate anions can be coordinated with the empty d 

orbitals of Pd. In the second step, the Pd-formate intermediate 

can produce CO2 molecule and PdH
-
. The third step, when the 

hydrogen atoms of NH 
+
 and PdH

-
 combined, the hydrogen will 

be generated.
55

 However, the combinations of hydrogen need 

to be sufficient energy to drive, so the hydrogen production 

rate is very low. When the system exists nitrobenzene, these 

two parts of the hydrogen in the NH 
+ 

and PdH
-
 will be 

preferred react with nitrobenzene nitro group and generate 

amino group, resulting in hydrogen does not produce and 

nitrobenzene reduction rate is higher in the system. The fourth 

step, when the system exists in the benzaldehyde, the aniline 

produced in the previous step will undergo a condensation 

reaction with benzaldehyde to form N-benzylideneaniline. In 

the last step, the generated N-benzylideneaniline will occurs in 

the similar reaction of the reduction of nitrobenzene, reducing 

the nitrogen-oxygen double bond to the nitrogen-oxygen bond 

and generating N-benzylaniline. 

Conclusions 

In this work, we have discovered that g-C3N4 supported Pd 

catalyst are highly active in the transfer hydrogenation of a 

variety of nitro compounds to generate their corresponding 

primary amines or secondary amines by using formic acid  as 

hydrogen donor. Further, the catalysts showed good 

recyclability without significant loss of catalytic activity even 

up to six runs. Moreover, the contrast experiments reveal that 

electronegative nitrogen atoms in g-C3N4 served as the base 

sites to generate the Pd-formate species, followed by the 

generation of a proton (H
+
) and a hydride (H

−
) to reduce the C= 

N bonds by Pd NPs as a metal active center. The outstanding 

catalytic activity, combining with the high selectivity, broad 

substrate scope and recyclability as well as mild reaction 

conditions, makes this system to be attractive alternative 

pathway for transfer hydrogenations of nitro compounds to 

produce their corresponding primary amines or secondary 

amines, showing potential applications in chemical industries. 

 
 
Experimental section 
Synthesis of g-C3N4 nanosheets. g-C3N4 nanosheets were 

synthesized according to the procedure reported in 

literature.
29 

Briefly, 10 g of melamine were first heated in a 

muffle furnace from room temperature to 520 
o
C at a heating 

rate of 4 
o
C/min. After calcination at 520 

o
C for 2 h, the as-

prepared g-C3N4 was naturally cooled to room temperature, 

and ground to powders.  

Synthesis of Pd/g-C3N4. Pd/C3N4 catalysts with a Pd loading of 1–

10 wt % (based on ICP bulk chemical analysis) were prepared 

via a facile wet chemical reduction. Briefly, 0.50 g C3N4 

nanosheets was introduced into 300 mL distilled H2O at 25°C 

under constant stirring, and an appropriate amount of PdCl2 

solution (6 g L
-1

) was added into the solution. After stirring at 

25°C for 1 h, 0.1 M NaOH was slowly added into the mixed 

solution to adjust the pH at the constant value of 9.5. During 

the subsequent stirring for another 2 h, given amounts of 

NaBH4 solution (freshly prepared, nNaBH4: nPd =15:1) was 

rapidly injected into the g-C3N4-PdCl2 solution, while 

continuously stirring the resultant mixture for 3 h again at 25°C. 

Then, the suspension was filtered and extensively washed with 

distilled water till chloride species remained in the reaction 

solution is free. Eventually, the powers were dried in oven at 

50°C for overnight to get Pd/g-C3N4 samples. 

General procedure for the preparation of primary amines. Nitro 

compounds (1 mmol), 5 wt % Pd/g-C3N4 (20 mg), water (5 mL) 

were stirred for 2 min in a 10 mL glass tube at 25 °C. Next, FA 

(3 mmol) was added to the reaction mixture. The solution was 

stirred at 600 rpm at 25 °C for different periods of time. After 

the reaction, the conversion of nitro compounds and the 
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primary amines yields were determined by GC-MS with n-butyl 

alcohol as the internal standard. 

General procedure for the preparation of secondary amines. Nitro 

compounds (1 mmol), 5 wt% Pd/g-C3N4 (20 mg), water (5 ml) 

was stirred for 5 min in a 25 mL flask at 25 °C, FA (4.5 mmol) 

was added to the reaction mixture. The solution was stirred at 

600 rpm at 25 °C for 30 min. Then, aldehyde compound was 

added into the solution and keep it at 100 °C for 12 h. After the 

reaction, the conversion of nitro compounds and the 

secondary amines yields were determined by GC-MS with n-

butyl alcohol as the internal standard. 

Recycling experiments. After the reactions, catalyst was 

exhaustively washed with water and ethanol, respectively, and 

dried at 50 
o
C in a vacuum oven. The collected catalyst was 

used for the next run under the same conditions. Other cycles 

were repeated following the similar procedure. 

Catalytic dehydrogenation of FA. 5 mL scale of 1.0 M aqueous 

FA and 150 mg Pd/g-C3N4 were placed in a reaction vessel (25 

mL) using water bath under steady magnetic stirring (800 rpm) 

at room temperature. The evolved gas (CO2+H2) was then 

measured using a gas burette in real time at room 

temperature. The generated gas composition was analysed by 

GC.  

Conflicts of interest 

There are no conflicts to declare. 

Acknowledgements 

This work was financially supported by NSFC (21671077，

21771171， 21571176, 21611530688, and 21025104) and 

Construction Project of Top Rank Scientific creative Team in 

Jilin University (No. 2017TD-02). 

 

Notes and references 

1  E. Pedrajas, I. Sorribes, K. Junge, M. Beller and R. Llusar, 
Green Chem., 2017, 19, 3764-3768. 

2 A. M. Smith and R. Whyman, Chem. Rev., 2014, 114, 5477-

5510. 
3 M. Tian, X. L. Cui, M. Yuan, J. Yang, J. T. Ma and Z. P. Dong, 

Green Chem., 2017, 19, 1548–1554. 

4 Y. M. Lin, S. C. Wu, W. Shi, B. S. Zhang, J. Wang, Y. A. Kim, M. 
Endo and D.S. Su Chem. Commun., 2015, 51, 13086-13089. 

5 V. Tona, A.D. L. Torre, M. Padmanaban, S. Ruider, L. 

González and N. Maulide,  J. Am. Chem. Soc., 2016, 138, 
8348-8351.  

6 R. N. Salvatore, C. H. Yoon and K. W. Jung, Tetrahedron., 

2011, 57, 7785-7811. 
7 D. S. Surry and S. L. Buchwald, Angew. Chem. Int. Ed. 2008, 

47, 6338 -6361. 

8 D. S. Surry and S. L. Buchwald, Chem. Sci., 2010, 1, 13–31. 

9  M. H. S. A. Hamid, C. L. Allen, G. W. Lamb, A. C. Maxwell, H. 

C. Maytum, A. J. A. Watson and J. M. J. Williams,  J. Am. 

Chem. Soc., 2009, 131, 1766–1774.  
10  R. Kadyrov and T. H. Riermeier, Angew. Chem. Int. Ed., 2003, 

42, 5472-5474. 
11  V. R. Jumde, E. Petricci, C. Petrucci, N. Santillo, M. Taddei 

and M. Taddei, Org. Lett., 2015, 17, 3990−3993. 

12  R. J. Kalbasi and O. Mazaheri, Cataly. Commun., 2015, 69, 
86-91. 

13 F. Alonso, P. Riente and M. Yus, Acc. Chem. Res., 2011, 44, 
379–391. 

14  V. Escandea, C. Poullain, G. Clave, E. Petit, N. Masquelez, P. 
Hesemann and C. Grisona, Appl. Cataly. B-Environ., 2017, 

210, 495–503. 
15 Y. J. Gao, D. Ma, C. L. Wang, J. Guan and X. H. Bao, Chem. 

Commun., 2011, 47, 2432–2434. 

16 X. H. Yang, L. L. Zhao, T. Fox, Z. X. Wang and H. Berke, 
Angew. Chem. Int. Ed., 2010, 49, 2058 -2062. 

17  J. W. Park and Y. K. Chung, ACS Catal., 2015, 5, 4846-4850. 

18 Q. Zhang, S. S. Li, M. M. Zhu, Y. M. Liu, H. Y. He and Y. Cao, 
Green Chem., 2016, 18, 2507–2513. 

19 Z. Liu，W .H. Dong, S. S. Cheng, S. Guo, N. Z. Shang, S. T. 

Gao, C. Feng, C. Wang and Z. Wang, Catal. Commun., 2017, 
95, 50-53. 

20 S. S. Cheng, N. Z. Shang, X. Zhou, C. Feng, S. T. Gao, C. Wang 

and Z. Wang, New J. Chem., 2017, 41, 9857-9865. 
21 D. C. Gowda and S. Gowda, Indian J. Chem., 2000, 39, 709-

711. 

22 L. Yu, Q. Zhang, S. S Li, J. Huang, Y. M. Liu, H. Y. He and Y. 
Cao, ChemSusChem., 2015, 8, 3029-3035. 

23  X. L. Cui, Y. Long, X. Zhou, G. Q. Yu, J. Yang, M. Yuan, J. T. Ma 

and Z. P. Dong, Green Chem., DOI: 10.1039/c7gc03710d. 
24  Q. Q. Luo, G. Feng, M. Beller and H. J. Jiao, J. Phys. Chem. C, 

2012, 116, 4149-4156. 

25 K. D. Kim, S. Pokhrel, Z. C. Wang, H. J. Ling, C. F. Zhou, Z. W. 
Liu, M. Hunger, L. Madler and J. Huang, ACS Catal., 2016, 6, 
2372-2381. 

26  G. P. Gao, Y. Jiao, E. R. Waclawik and A. J. Du, J. Am. Chem. 

Soc., 2016, 138, 6292-6297. 
27  J. H. Sun, J. S. Zhang, M. W. Zhang, M. Antonietti , X. Z. Fu 

and X. C. Wang, Nat. Commun., 2012, 3, 1139. 
28 J. W. Sun, Y. S. Fu, G. Y. He, X. Q. Sun, X. Wang, Appl. Catal. 

B-Environ., 2015, 165, 661–667. 

29 X. F. Chen, L. G. Zhang, B. Zhang, X. C. Guo and X. D. Mu, Sci. 

Rep.,2016, 6, 28558-28560. 
30 Q. Y Bi, J. D. Lin, Y. M. Liu, H. Y. He, F. Q. Huang and Y. Cao, 

Angew. Chem. Int. Ed., 2016, 55, 11849-11853. 
31 C. W. Yang, J. Q. Qin, Z. Xue, M. Z. Ma, X. Y. Zhang and R. P. 

Liu, Nano Energy., 2017, 4, 11-9. 

32 Y. Wang, J. Yao, H. R. Li, D. S. Su and M. Antonietti, J. Am. 

Chem. Soc., 2011, 133, 2362–2365. 
33 C.Y. Liu, H. W. Huang, X. Du, T. R. Zhang, N. Tian, Y. X. Guo 

and Y. H. Zhang, J. Phys. Chem. C, 2015, 119, 17156-17165. 
34  L. Y. Shen, Z. P. Xing, J. L. Zou, Z. Z. Li, X. Y. Wu, Y. C. Zhang, 

Q. Zhu, S. L. Yang and W. Zhou, Sci. Rep., 2016, 7, 41978-

41989. 
35 M. M. Han, H. B. Wang, S. Q. Zhao, L. L. Hu, H. Huang and Y. 

Liu, Inorg. Chem. Front.2017, 4, 1691-1696. 

36 F. J. Qi, Y. B. Li, Y. B. Wang, Y. Wang, S .S. Liu and X. Zhao, RSC 

Adv., 2016, 6, 81378–81385. 
37 Z. Zhu, X. Tang, C. C. Ma, M. S. Song, N. L. Gao, Y. S. Wang, 

P. W. Huo, Z. Y. Lu and Y. S. Yan, Appl. Surf. Sci., 2016, 387, 
366-374. 

38 G. Y. Liu, R. R. Tang and Z. Wang, Catal Lett., 2014, 144, 717-

722. 
39 J. W. Sun, Y. S. Fu, G. Y. He, X. Q. Sun, X. Wang, Appl. Catal. 

B-Environ., 2015, 165, 661-667. 

Page 8 of 10Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
0 

M
ar

ch
 2

01
8.

 D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
SO

U
T

H
 A

U
ST

R
A

L
IA

 o
n 

20
/0

3/
20

18
 1

4:
31

:1
2.

 

View Article Online
DOI: 10.1039/C8GC00144H

http://dx.doi.org/10.1039/c8gc00144h


Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9  

Please do not adjust margins 

Please do not adjust margins 

40 H. J. Huang and X. Wang, Phys. Chem. Chem. Phys., 2013, 15, 

10367-10375. 
41  H. J. Yu , L. Shang , T. Bian , R. Shi , G. I. N. Waterhouse , Y. F. 

Zhao ,C. Zhou , L. Z. Wu , C.H. Tung and T. R. Zhang, Adv. 

Mater., 2016, 28, 5080-5086. 
42  Q. M. Dong, Y. Y. Chen, L. L. Wang, S. S. Ai and H. M. Ding, 

Appl. Surf. Sci., 2017, 426, 1133-1140. 

43  X. L. Weng, Q. S. Zeng, Y. L. Zhang, F. Dong and Z. B. Wu, 
ACS Sustain. Chem. Eng,. 2016, 4, 4314-4320. 

44  E. M. Felix, M. Antoni, I. Pause, S. Schaefer, U. Kunz, N. 

Weidler, F. Muench and W. Ensinger, Green Chem., 2016, 18, 
558-564. 

45 J. Liu, M. F. Li, Y. Z. Yang, L. R. Xu, J. J. Lin, W. Hong and X. D. 

Chen, Adv. Funct. Mater., 2017, 27, 1701674-1701682. 
46  R. Arrigo, M. E. Schuster, Z. L. Xie, Y. M. Yi, G. Wowsnick, L. L. 

Sun, K. E. Hermann, M. Friedrich, P. Kast, M. Havecker, A. K. 

Gericke and R. Schlogl, ACS Catal., 2015, 5, 2740−2753. 
47  V. Z. Radkevich, T. L. Senko, K. Wilson, L. M. Grishenko, A. N. 

Zaderko and V. Y. Diyuk，Appl. Catal. A: General., 2008, 335, 
241-251. 

48  Y. Y. Cai, X. H. Li, Y. N. Zhang, X. Wei, K. X. Wang and J. S. 
Chen, Angew. Chem., 2013, 125, 12038 -12041. 

49 P. Wang, S. N. Steinmann, G. Fu, C. Michel and P. Sautet, 
ACS Catal., 2017, 7, 1955-1959. 

50 J. S. Yoo, F. A. Pedersen, J. K. Nørskov and F. Studt, ACS 

Catal., 2014, 4, 1226-1233. 
51  X. Xu, M. H. Tang, M. M. Li, H. R. Li, and Y. Wang, ACS Catal., 

2014, 4, 3132-3135. 

52  H. Yoshida, Y. Onodera, S. Fujita, H. Kawamori and M. Arai, 
Green Chem., 2015, 17, 1877–1883.  

53 P. Zhou, Z. H. Zhang, L. Jiang, C. L. Yu and K. L. Lv, Appl. Catal. 

B-Environ., 2017, 210, 522–532. 
54 G. S. Foo, A. K. Rogers, M. M. Yung and C. Sievers, ACS Catal., 

2016, 6, 1292-1307. 

55  N. Wang, Q. M. Sun, R. S. Bai, X. Li, G. Q .Guo and J. H. Yu, J. 
Am. Chem. Soc., 2016, 138, 7484-7487.  

 

 

 

Page 9 of 10 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

Pu
bl

is
he

d 
on

 2
0 

M
ar

ch
 2

01
8.

 D
ow

nl
oa

de
d 

by
 U

N
IV

E
R

SI
T

Y
 O

F 
SO

U
T

H
 A

U
ST

R
A

L
IA

 o
n 

20
/0

3/
20

18
 1

4:
31

:1
2.

 

View Article Online
DOI: 10.1039/C8GC00144H

http://dx.doi.org/10.1039/c8gc00144h


Table of Content 

 

Unprecedented catalytic performance in amines syntheses via 

Pd/g-C3N4 catalyst–assisted transfer hydrogenation 

Xingliang Xu, Jiajun Luo, Liping Li, Dan Zhang, Yan Wang and Guangshe Li
*
 

State Key Laboratory of Inorganic Synthesis and Preparative Chemistry, College of Chemistry, Jilin 

University, Changchun, P.R. China. 

E-mail address: guangshe@jlu.edu.cn  Fax: +86-431-85168358 

 

 

Pd/g-C3N4 catalyst exhibited a superb performance in the transfer hydrogenation of 
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