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Abstract  

Nitrogen-doped carbon materials (NCMs) were prepared via hydrothermal treatment together with py-

rolysis under nitrogen atmosphere by using melamine as nitrogen source and sucrose as carbon source. 

The NCMs were characterized by X-ray diffraction (XRD), laser Raman spectroscopy and X-ray photo-

electron spectroscopy (XPS). The results showed that nitrogen species were successfully doped into 

NCMs in the form of pyridinic N, pyrrolic N, graphitic N, and oxidized N. With the temperature of py-

rolysis increasing, the total amount of nitrogen species decreased, while the proportion of graphitic N 

increased. The catalytic performance was investigated by the reduction of p-nitrophenol with excessive 

KBH4 at 30 ℃. The reaction rate constant can reach 1.06 min-1 for NCM-800. The NCM-800 has good 

stability, which can be used for 8 cycles without obvious deactivation. Copyright © 2018 BCREC 

Group. All rights reserved 
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1. Introduction 

Carbon material has a large specific surface 

area and rich pore structure, so it is commonly 

used as an adsorbent [1,2]. The hydrophilicity of 

carbon material is not very well, which limits 

its application. The doping of non-metallic ele-

ments, such as O, N, and B, attracts increasing 

attention as an interesting and effective method 

for modifying and creating chemical functions. 

The way of doping heteroatom can change the 

charge distribution on the surface of carbon ma-

terial and enhance its ability to adsorb ions or 

polar molecules, thus expanding the scope of its 

application [3,4]. 

Nitrogen atoms can easily replace carbon at-

oms due to their similar radii. Since the charge 

distribution in nitrogen-doped carbon materials 

(NCMs) is uneven, its ability of adsorbing metal 

particles is enhanced, and it can be served as a 

good catalyst carrier for various metals. There 

are many ways to prepare NCMs, for instance, 

CVD method, solvothermal method, epitaxial 

growth method, arc discharge method, flame 

method, hydrothermal method, and so on [5]. 

Usually, NCMs can be used as supercapacitor 

electrode materials, catalysts for oxygen reduc-

tion reaction (ORR), and catalyst supports. As 

catalyst supports, NCMs can improve the sur-
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face charge density of metal particles, such as: 

Co [6] and Ru [7], which facilitates the catalytic 

activity. Recent studies indicate that NCMs 

can be directly used as catalysts for some het-

erogeneous catalytic reactions, such as: dehy-

drogenation of ethylbenzene [8], the catalytic 

reductions of nitrobenzene [9] or phenylacety-

lene [10], catalytic oxidation of ethylbenzene to 

acetophenone [11], and catalytic hydrogen 

chlorination of acetylene [12]. Compared with 

metal-loaded NCMs, metal-free NCMs would 

not suffer from the aggregation and loss of 

metal particles, which are certain disadvan-

tages for metallic catalysts [13]. Therefore, as 

metal-free catalysts, NCMs have some advan-

tages, for instance, low cost and good stability. 

p-Nitrophenol is an intermediate raw mate-

rial that is commonly used in chemical synthe-

sis, but it is high toxic and not easy to degrade 

in the environment [14]. On the contrary,        

p-aminophenol, the reduction substance of      

p-nitrophenol, is less toxic and easy to degrade. 

Hence, the catalytic reduction of p-nitrophenol 

to p-aminophenol has been extensively studied. 

Some of catalysts for the reduction of               

p-nitrophenol are loaded with precious metals 

as active components, such as: gold [15] and sil-

ver [16]. Non-precious metals can also be 

loaded in the material as active components, 

such as: cobalt/hydrotalcite [17] and cop-

per/perlite [18]. 

NCMs can be directly used for catalytic re-

duction of p-nitrophenol with NaBH4 [9], but 

most of the preparations are of too much trou-

ble. In this work, a facile method was used to 

prepare NCMs with melamine and sucrose as 

raw materials via hydrothermal method and 

pyrolysis. The NCMs served as metal-free cata-

lysts showed excellent catalytic performance in 

the reduction of p-nitrophenol. 

 

2. Materials and Methods 

2.1 Reagents and Instruments 

Melamine and KBH4 (95 wt%) purchased 

from Sinopharm Chemical Reagent Co. Ltd. 

(China) were of analytical pure grade. Sucrose 

(95 wt%) was purchased from supermarket. p-

Nitrophenol purchased from Shanghai Qiang-

shun Chemical Reagent Co. Ltd. (China) was of 

analytical pure grade. 

 

2.2 Preparation and Characterization of Cata-

lysts 

NCMs were fabricated by hydrothermal re-

action and pyrolysis of melamine and sucrose. 

In a typical procedure, melamine (8 g), sucrose 

(2 g) and 30 mL of deionized water were added 

into a beaker and stirred for 30 min at room 

temperature. The obtained mixture was di-

rectly transferred into a 50 mL of Teflon-lined 

autoclave, and heated to 200 ℃ for 8 h. After 

washed with alcohol and deionized water, the 

resulting solid was further heated at a rate of 

10 ℃/min to 800 ℃ for 2 h in a tubular furnace 

under nitrogen atmosphere. The as-prepared 

sample was marked as NCM-800. The samples 

treated at 700 ℃ and 900 ℃ with the same 

process were marked NCM-700 and NCM-900, 

respectively. 

The X-ray diffraction (XRD) patterns were 

recorded on a diffractometer (Rigaku Ultima 

IV) equipped with a Cu-Kα radiation source. It 

was operated under the following conditions: 

tube voltage 40 kV, current 40 mA, λ = 0.15406 

nm, and scanning range 2θ = 10-80°. The 

chemical compositions of the as-prepared sam-

ples were obtained with an X-ray Photoelectron 

Spectrometer (XPS, Thermo ESCALAB 250XI) 

using Al-Kα X-ray as the excitation source (225 

W). Raman spectra were recorded by a Raman 

spectrometer (Thermo Fisher Scientific DXR2) 

using 532 nm incident. The morphology and 

microstructure of the as-prepared samples 

were investigated with Transmission Electron 

Microscope (TEM, JEOL JEM-2100). 

 

2.3 Catalytic Reduction of p-nitrophenol 

The catalytic performance of the as-

prepared NCMs was investigated by using the 

reduction of p-nitrophenol with KBH4 as a 

model reaction. Briefly, 95 mL of deionized wa-

ter and 5 mL of p-nitrophenol (40 mmol/L) 

aqueous solution was added into a 250 mL 

beaker. The temperature of the solution was 

kept at 30 ℃ and stirred. Then 0.31 g of KBH4 

(8 mmol) and 0.03 g of NCM catalyst were 

added into the solution. Samples were directly 

withdrawn from the reaction mixture at cer-

tain time intervals. 

In alkaline conditions, the characteristic ab-

sorption wavelength of p-nitrophenol and p-

aminophenol are about 400 nm and 300 nm, re-

spectively. With the consumption of p-

nitrophenol, the absorbance at 400 nm de-

creases gradually, and the continuous produc-

tion of p-aminophenol leads to the gradual in-

crease of the absorbance at 300 nm [9,19] si-

multaneously. Therefore, the reaction progress 

can be directly monitored by a UV-vis spec-

trometer (Shanghai Metash UV-5500PC). Af-

ter the reaction completed, the catalyst was 

recovered by centrifugalization, washed, and 

reused repeatedly. 



 

Bulletin of Chemical Reaction Engineering & Catalysis, 14 (1), 2019, 107 

Copyright © 2019, BCREC, ISSN 1978-2993 

3. Results and Discussion 

3.1 Characterization of the Catalysts 

The phase of the as-prepared samples was 

examined by XRD. For all the three samples, 

the peaks at about 25° and 44° of the patterns 

shown in Figure 1 were attributed to the (002) 

and (100) diffraction planes of graphitic carbon 

(JCPDS No. 41-1487) [20], respectively. The 

diffraction peaks in the three patterns are rela-

tively wide, which indicate the low degree of 

graphitization of the materials. 

Raman spectroscopy is a good technique to 

detect the structure and electronic properties of 

NCMs. To further analyze these samples, the 

three Raman spectra of the NCM samples are 

illustrated in Figure 2. As it can be seen from 

Figure 2, two peaks at 1350 and 1580 cm-1 are 

observed from the NCM samples. D band at 

1350 cm-1 is mainly ascribed to the defects and 

disorders in the crystal lattice. G band at 1580 

cm-1 is ascribed to the in-plane vibrational 

mode of the sp2 hybridized carbon atoms. Both 

D band and G band indicate the presence of 

crystalline graphite carbon [4,21]. All the three 

spectra show broad D bands, which indicate 

that all the three samples have a large degree 

of disorder [7]. Furthermore, the intensity ratio 

of D band (ID) and G band (IG) is usually used to 

evaluate the structural defects of carbon mate-

rials brought by nitrogen-doping. The larger 

the IG/ID ratio is, the higher the degree of 

graphitization of carbon material is [22,23]. 

The IG/ID ratios of NCM-700, NCM-800, and 

NCM-900 are 0.92, 0.93, and 0.97, respectively, 

indicating that NCM-900 has higher degree of 

graphitization. The results of Raman spectra 

are consistent with the results of XRD charac-

terization. 

XPS is a common powerful tool to detect dif-

ferent N species by different bind energies. The 

three XPS spectra (Figure 3a) indicate that the 

NCMs contained C, N, and O elements. That 

is, N was successfully doped in the materials. 

The N 1s high-resolution spectra of the three 

NCMs samples are deconvoluted into four sin-

gle peaks (Figure 3b-d), corresponding to 

pyridinic N (398.04 eV), pyrrolic N (400.25 eV), 

graphitic N (401.09 eV) and oxidized N (403.2 

eV) [4,7,24]. The contents of various forms of 

nitrogen species were calculated from different 

areas of the peaks (Table 1). As it can be seen 

from Table 1, with the increase of pyrolyzation 

temperature, the content of total nitrogen de-

creases, but the proportion of graphitic N in-

creases, which is consistent with the results of 

related references [25,26]. It is supposed that 

graphitic N appears higher thermal stability. 

The morphology was characterized by TEM. 

As shown in Figure 4, it is clear that there are 

wrinkled and transparent layers in the NCM-

800 sample. The results indicate that gra-

phene-like material was prepared successfully. 

 

3.2 Catalytic Activity 

The as-prepared NCMs are used as cata-

lysts for the reduction of p-nitrophenol with ex-

cessive KBH4. Figure 5a indicates the time-

dependent UV-Vis absorption spectra changed 

for the reduction process with NCM-800 as the 

catalyst. When the catalyst was introduced 

into the reaction solution, the absorption peak 

at 400 nm significantly decreases within 4 min, 

meanwhile, a new peak at 300 nm appeared. 

This result indicates that p-nitrophenol was re-

duced to p-aminophenol [19]. Due to excessive 

KBH4 during the reaction, this reduction can 

be regarded as a first order reaction [18]. 

Figure 1. XRD patterns of the NCMs  Figure 2. Raman spectra of the NCMs  
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Hence, the kinetic equation for the reduction 

can be written as Equation (1). 
 

ln (A/A0) = ln (c/c0) = -kt                        (1) 
 

According to the slope of the straight line, the 

reaction rate constant k can be obtained from 

Figure 5b. As it can be seen from Figure 5b, the 

reaction rate constants of NCM-700, NCM-800 

and NCM-900 are 0.13, 1.06, and 0.44 min-1,  

respectively. NCM-800 appears the highest 

catalytic activity, but NCM-700 appears almost 

no catalytic activity. 

Although NCM-700 possesses the highest 

content of N, its activity is the lowest among 

the three NCM samples, which is inconsistent 

with the normal conclusion of good effects re-

Samples N (%) 
Nitrogen species (%) 

Pyridinic   Pyrrolic Graphitic Oxidized 

NCM-700 19.54 31.88 30.36 19.42 18.34 

NCM-800 12.29 33.06 27.95 21.53 17.46 

NCM-900 9.56 22.26 28.72 35.14 13.88 

Table 1. Deconvolution of N1s Spectra of NCMs  

Figure 3. (a) XPS survey scan. High-resolution of N1s spectrum of (b) NCM-700, (c) NCM-800, and (d) 

NCM-900  
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Figure 4. TEM image of NCM-800  
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sulting from the large amount of N [11,27]. The 

increased content of N atoms can cause topo-

logical defects leading to the decrease in the 

conductivity of the NCMs in some way, which 

affects the catalytic activity of NCM [22,28]. 

The surface chemistry and the surface struc-

tures including defects, graphitic edge and va-

cancies notably affect the properties of catalyti-

cally active sites. The appropriate amounts of 

surface defects, graphitic edges and vacancies 

are essential for the reaction [29]. NCM-900 

has the highest degree of graphitization, but its 

total nitrogen content is the lowest of the three 

NCM samples, so its catalytic activity is not 

very high. Since both the graphitization degree 

and N atoms work for the catalytic perform-

ance, NCM-800 with appropriate content of N 

and graphitization degree exhibits highest 

catalytic activity. 

 

3.3 Reusability 

The reusability of NCM-800 is shown in Fig-

ure 6. It can be reused for 8 cycles without obvi-

ous deactivation. This result indicates that the 

NCM-800 catalyst was not deactivated signifi-

cantly during the reaction, washing, and sepa-

ration processes. Compared with a metal-based 

catalyst, since no metal particle was loaded on 

the NCM, there is no aggregation or loss of 

metal particles during the reaction, which fa-

cilitates the stability of the NCM catalyst in 

the reaction. However, the activity of the cata-

lyst decreased slightly after each use, which 

may be ascribed to the loss of NCM particles 

during their separation from the solution. 

4. Conclusions 

The NCMs were prepared by hydrothermal 

reaction and pyrolysis of melamine and su-

crose. As a metal-free catalyst, the NCM, pyro-

lyzed at 800 ℃, has appropriate proportion of 

N and graphitization degree, which leads to 

higher catalytic activity and better stability for 

the reduction of p-nitrophenol with excess 

KBH4. The reaction rate constant with NCM-

800 as the catalyst can reach 1.06 min-1 at 30 

℃, and NCM-800 catalyst can be reused for 8 

cycles without obvious deactivation. 
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Figure 5. (a) Successive UV-vis absorption spectra of the reduction of 4-nitrophenol in the presence of 

NCM-800. (b) Plot of ln (At/A0) against reaction time  
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