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The nitrogen doped activated carbon (AC-N) has been successfully prepared with com-

mercial activated carbon as carbon material followed by a simple N-doping method using

melamine as nitrogen sources. Using AC-N as the supports, cobalt supported on N-doped

activated carbon (Co/AC-N) were developed and used as catalyst for dry reforming reaction

(DRM). It was discovered that the Co/AC-N catalysts revealed much higher catalytic per-

formance for DRM reaction in comparison to activated carbon supported cobalt catalyst

(Co/AC). Moreover, the catalytic activity was influenced by preparation conditions of AC-N

such as calcination temperature and the doping amount of nitrogen. The catalysts were

characterized by BET, XRD, XPS, H2-TPR, Raman spectroscopy and TEM. It was found that

catalytic activities of the catalysts with different calcination temperature and nitrogen

doping were influenced by catalyst surface defects and disorders, Co2þ/Co3þ molar ratio,

the content of nitrogen function groups (graphitic N, pyrrolic-N and pyridinic-N) and

interaction between active metal and support. The Raman spectroscopy illustrated that the

N-doped catalyst surface defects and disorders increased, which improved the perfor-

mances of the Redox catalysts. The XPS valence band also revealed that higher Co2þ/Co3þ

molar ratio and nitrogen function groups was achieved by decreasing calcination tem-

perature and increasing nitrogen doping. In short, the doping of nitrogen increased the

structural defects and the interaction between active metals and supports, modified the

surface electronic structure, which were facilitated the oxidation and reduction of

methane and carbon dioxide.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Global warming has become more serious because of the

emission of greenhouse gas, which appears as one of the
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greatest challenges we have to face in the world [1]. Many

responses such as CO2 utilization and capture technologies

[2,3] can help to reduce the content of greenhouse gas.

Meanwhile, the main components of coke oven gas [4] CH4 is
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also a kind of greenhouse and the release of it causes great

attention of human.

In recent years, various transformation technologies are

proposed to use both greenhouse gases to get valuable

chemical products. Dry reforming of methane (DRM) reac-

tion is one of effective transformation methods to use CH4

and CO2 to produce syngas. Additionally, the H2/CO molar

ratio products are close to 1 and it is appropriate for valued-

added chemical productions through Fischer-Tropsch (FT)

process [5].

A series of metal catalysts, such as Ni, Co and Fe catalysts,

have proven to have high catalytic activity for the DRM [6e8].

Among thesemetals, the Co-based catalysts showed excellent

catalytic activity. Due to the difference in carbon deposition

behavior from Ni-based catalysts and higher oxygen affinity,

Co-based catalysts also be used as a potential catalyst for DRM

reaction [9e11]. Moreover, many reports have demonstrated

that Co-based catalysts showed lower water-gas shift (WGS)

activity [12,13].

Several variables, such as support, modification method of

support, promoter and preparation method can also affect

that the catalytic performance [14e16]. The type of support

has great influence on catalytic performance. Carbon mate-

rials, such as activated carbon (AC) [17,18], carbon nanotubes

(CNTs) [19,20], carbon nanofibers (CNF) [21,22], etc., are

promising supports, because of its large surface area and high

stability. However, most carbon materials are chemically

inert. Doping carbon materials with heteroatoms such as N

and S can effectively enhance surface defects and functional

groups [23e26]. Doping carbon materials with N, which are

able to enhance electronmobility andmodify electron density

of C neighboring the nitrogen doped atoms [27,28]. In addition,

it is well known that the basicity of catalyst is improved by

introducing nitrogenous groups onto carbon surface.

There are two main ways to introduce N in active mate-

rials: 1) pyrolyzing N-containing precursors such as glucos-

amine [29], melamine resin [30,31] and polyurethane [32,33] to

obtain N-doped carbon materials; 2) using N-containing

compounds such as melamine [34,35], NH3 [36,37] and urea

[38,39] tomodify carbonmaterials. There are threemain kinds

of nitrogenous functional group (pyridinic N, pyrrolic N, qua-

ternary N) in N-doped catalysts. Previous studies have shown

that pyridinic-N and pyrrolic-N have good activity for redox

reaction [40e42]. The nitrogen atoms overlap with carbon

atoms on pyridine ring to form a s bond with sp2 hybridized

orbitals. The Pyridinic N can increase the electronic density

near the Fermi level, thus the valence band structure of car-

bon materials can be effectively improved by Pyridinic N

[43,44]. The carbon atoms and nitrogen atom of pyrrole ring

are hybrid sp2, nitrogen atom provide two p electrons to the

pyrrole ring. Pyridinic N and pyrrolic N with lone-pair elec-

trons aremain Lewis basic sites for N-doped carbonmaterials,

these basic sites have an extensive potential for ORR [45,46].

Moreover, nitrogen sources and preparation conditions have

great influence on the type and content of nitrogen functional

groups. Liu et al. [47] has studied the influence of calcination

temperature on FeeN-doped porous carbon catalyst activity

for oxygen reduction reaction. The highest catalytic perfor-

mance was achieved on the catalyst calcined at 900 �C due to

the excellent surface structure and higher content of pyridinic
N. Liu et al. [48] has investigated the influence of melamine

amount on the morphology of N-doped carbon nanotubes. It

demonstrated that the election transfer between valence and

conduction bands has greatly improve when the melamine

concentration increased.

Although a considerable amount of research has been

carried out on the N-doped carbon materials for electro-

chemical reactions, the catalytic performance of N-doped

activated carbon-supported cobalt for DRM reaction has not

been studied specifically so far. As known, the N-doped car-

bon materials could lead to greatly improvement of the redox

potential. Here, we report on the development of a series of

activated carbon catalysts doped with nitrogen and supported

cobalt for DRM reaction. The effect of the nitrogen doping, the

presence of nitrogenous functional groups and valence state

of cobalt in the catalysts was investigated. We will show that

the activity is significantly improved doping with nitrogen.

Additionally, the influence of the calcination temperature and

the doping amount of nitrogen on catalysts activity was

investigated.
Experimental

Catalyst preparation

The coal based activated carbon employed in study was

purchased from Xinhua Activated Carbon Factory, China. It

was crushed into particles and used as support with the

average size of about 0.83e0.88 mm. The nitrogen doping AC

(AC-N) was prepared by melamine amination treatment

route. Typically, 20 g AC was placed in beaker with 13.3 g of

melamine, which was obtained from Aladdin Industrial

Corporation (Shanghai, China.) dissolved in 70 mL of 80%

alcohol-water solution. The homogeneous mixture was

heated up form room temperature to 60 �C under continu-

ously stirring for 5 h, followed by evaporating and drying

under 110 �C for 24 h. The dried samples were heat-treated at

target temperature (650, 750 and 850 �C), with a ramp of 5 �C/
min and calcined in the tube furnace with a nitrogen flow

rate of 100 sccm for 2 h. Finally, the samples were cooled to

room temperature and used as supports. The modified AC

were designated as AC-N-T (where T represents the calci-

nation temperature). A series of catalysts with different

calcination temperature were prepared as follows. In brief,

the AC-N was placed in an aqueous Co(NO3)2$6H2O (from

Aladdin) solution with constantly stirring for 5 h. After the

impregnation, the samples were filtered and dried at 105 �C
in vacuum drying oven for 24 h, and then calcined at

different temperature (5 �C/min ramp rate from room tem-

perature) for 2 h in nitrogen atmosphere.

For further study of the influence of dopant concentra-

tions on the catalytic activity. A series of different nitrogen

content catalysts were prepared by the same method as

above. The adding quantity of the melamine was different

(13.3, 8.86 and 4.43 g), all of the modified supports were

calcined at 650 �C. The prepared catalysts were denoted as

Co/AC-N-M (where M represents the addition of melamine).

The Co/AC catalyst without modification was prepared and

used for comparison.
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Fig. 1 e N2-adsorption-desorption isotherms and pore size

distribution of catalysts at different calcining

temperatures.
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Catalyst characterization

N2 adsorption-desorption experiments of all samples were

conducted by on a constant volume adsorption apparatus

(Beishide Instrument-ST (Beijing) Co., Ltd). All the samples

were outgassed in vacuum at 250 �C under a flow of N2 for

240 min before physisorption measurements. The pore size

distribution and the pore diameter of micropore were deter-

mined by the Density Functional Theorymodel. The total pore

volume of the catalysts was calculated from the volume of N2

adsorption at P/P0 of 0.99.

Bruker D8 instrument was used in transmission mode to

examined the XRD patterns of calcined samples. The instru-

ment was operated in high-throughput mode and was

equipped with a Cu-Ka radiation.

X-ray photoelectron spectroscopy (XPS) analyses were con-

ducted on a Thermo ESCALAB 250 spectrometer, using Al-Ka

(1486.6 eV) X-ray source. The graphitic C1s signal at 284.8 eV

was used as internal standard to correct possible deviations

caused by the catalyst electric charging. The deconvolution and

integration of signals was conducted by the Multipak software.

H2-TPR of samples were collected in Micromeritics

AutoChem 2920 instrument equipped with TCD detector to

record H2 consumption. Each fresh sample were loaded at the

bottom of U-shape reactor. Before reduction, the sample was

outgassed at 300 �C for 30 min in an argon stream, and then

the sample was cooled to 30 �C, the reductant gas 10% H2eAr

(30 mL/min) was introduced and the TPR began from 30 �C to

900 �C with a ramp of 10 �C/min.

Raman spectra were measured with Horiba Scientific in-

strument with an excitation-beam wavelength of 532 nm in

the extended range of 100e1000 cm�1. The active species

distributions of the samples were carried out by using a TEM

apparatus (Philips GM200).

Catalytic activity test

The catalytic performances of the samples for DRM reaction

were carried out in a continuous-flow system using a fixed-

bed quartz tube reactor (I.D. ¼ 25 mm) at atmospheric pres-

sure. For each reaction 10 g catalyst was used, and the reac-

tant gas stream included 60 mL/min CH4 and 60 mL/min CO2

was introduced into the reactor. The contents of effluent gas

from reactor were analyzed by using GC-950 (Shanghai Haixin

Instrument) equipped with two molecular sieve columns. In

this study, the conversions of CH4 and CO2 (XCH4 and XCO2 )

were calculated using the following formulas:

XCH4 ¼ð1�Fout$CCH4 ;out

Fin$CCH4 ;in
Þ � 100%

XCO2
¼ð1�Fout$CCO2 ;out

Fin$CCO2 ;in
Þ � 100%
Results and discussion

Characterization of catalysts

Fig. 1a displays N2-adsorption-desorption isotherms of the

catalysts at different calcining temperatures. All the catalysts
show type I isotherm with a H4 hysteresis loop that sharply

increases at low pressure followed by a slow increase at half

way, demonstrating the micropore structure. The hysteresis

loop for all catalysts are similar, Co/AC-N-850 has broader

hysteresis loop than the other two, demonstrating a higher

calcination temperature would lead to larger specific surface

area and pore volume. Texture parameters of the catalysts are

shown in Table 1, it can be seen that the specific surface area

and pore volume of the catalysts slightly increased with the

increase of calcination temperature. Fig. 1b shows the pore

size distribution of catalysts, all the catalysts hold large

number ofmicro-pores with the size less than 2 nm. There is a

peak between 3 and 4 nm for every catalyst, which indicates

that the existence of a small amount of mesoporous. It can be

seen that the micropores size slightly decreases with the

decrease of calcination temperature.

The XRD patterns of Co/AC-N-650, Co/AC-N-750 and Co/

AC-N-850 are shown in Fig. 2. It is observed that all samples

have a strong peak at 2q ¼ 26.6�, which correspond to the

carbon (PDF-#26e1076). The diffraction peaks appear at

2q ¼ 42.4 and 36.4� are attributed to CoO phase (PDF-

#43e1004). Moreover, the peak of Co2O3 (PDF-#02e0770) and

https://doi.org/10.1016/j.ijhydene.2019.04.250
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Table 1 e Texture parameters of the samples.

Sample N2 adsorption over supports

BET surface
area (m2/g)a

Average pore
diameter (nm)b

Pore volume
(cm3/g)c

Co/AC-N-650 727.2 2.69 0.49

Co/AC-N-750 765.5 2.61 0.50

Co/AC-N-850 770.1 2.75 0.52

a BET specific area.
b Average pore diameter calculated by BJH method.
c Total pore volumes were obtained at P/P0 ¼ 0.99.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 4 4 ( 2 0 1 9 ) 1 6 4 2 4e1 6 4 3 5 16427
Co3O4 (PDF-#43e1003) are detected in the XRD patterns of all

samples. Moreover, the peak at 60.02� corresponds to the SiC

(PDF-#22e1316), thismainly due to the activated carbonwhich

was prepared from coal.

The XPS analysis was used to determine the chemical

composition and state of the N-doped catalysts. Fig. 3a shows

the full XPS spectrum of three catalysts, it can be seen that the

N-doped catalysts mainly composed of C, N, O and Co ele-

ments. Peaks centered at around 400 and 800 eV for all cata-

lysts correspond to N1s and Co2p, respectively. The existence

of N 1s peak in all catalysts demonstrated that N atoms were

successfully doped into activated carbon support catalysts.

Moreover, the XPS element analysis shows the content of N

elements are 8.61%, 7.58% and 7.17% in N-doped catalysts

calcined at 650, 750 and 850 �C, respectively.
The XPS spectrum of Co 2p in the Co/AC-N catalyst with

various calcination temperature is shown in Fig. 3b. According

to the precious studies [49,50], the XPS experimental data and

peak deconvolution indicate that six peaks could fitwell for Co

2p peak, which correspond to the Co2þ satellite, Co2þ and

Co3þ. The generation of satellite peak are attributed to the

energy levels splitting of Co, and it is used to confirm the ex-

istence of Co2þ. The Co2þ satellite/Co3þ and Co2þ/Co3þ ratio

have shown in Table 2, which were obtained by the peak

fitting. However, the Co3þspecies were not observed for Co

2p3/2 on the surface of these catalysts. As shown in Fig. 3b, two
Fig. 2 e XRD patterns of Co/AC-N-650, Co/AC-N-750 and Co/

AC-N-850.

Fig. 3 e (a) XPS survey, (b) Co 2p scan and (c) N 1s scan of

Co/AC-N-650, Co/AC-N-750, Co/AC-N-850.
peaks at 780.3 and 781.8 eV in the Co 2p3/2 XPS spectrum of Co/

AC-N-650, which are attributed to Co3þ and Co2þ. Co0 species
were not detected by XPS analysis, which is consistent with

the XRD analysis. Comparedwith Co 2p3/2 the XPS spectrum of

Co/AC-N-650, the binding energy of Co3þ and Co2þ shifted to

lower energy when the calcination temperature reached 750

and 850 �C. It was noticed that the Co2þ/Co3þ ratio decreased

https://doi.org/10.1016/j.ijhydene.2019.04.250
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Table 2 e XPS data of Co2p region for the Co/AC-N-650, Co/AC-N-750, Co/AC-N-850 catalysts.

Catalyst Binding energy Co 2p1/2 (eV)
a Binding energy Co 2p3/2 (eV)

a Co2þ/Co3þ

(molar ratio)b
Co2þ satellite/Co3þ

(molar ratio)bCo2þ satellite Co2þ Co3þ Co2þ satellite Co2þ Co3þ

Co/AC-N-650 803.18(5424) 797.02(6216) 794.6(0) 786.79(7288) 781.85(14451) 780.30(3629) 5.69 3.50

Co/AC-N-750 803.01(5214) 796.87(7886) 794.3(0) 786.57(7655) 781.69(16930) 780.18(4502) 5.51 2.85

Co/AC-N-850 803.03(6005) 796.60(9995) 794.6(0) 786.57(8700) 781.56(19361) 779.98(7283) 4.03 2.02

a The peak area of different cobalt species.
b The molar ratio of Co2þ/Co3þ and Co2þ satellite/Co3þ was calculated from peak area in Fig. 4b.
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with the increase of calcination temperature. It was suggested

that electron transfer was happened and some of the Co2þ

converted into Co3þ when the calcination temperature

increased. As shown in Fig. 3c, the N 1s spectra was well fitted

into three peaks, which correspond to pyrrolic-N, pyridinic-N

and quaternary-N [40,43,51], all three types of nitrogenous

functional groups were detected in the three catalyst. For

three catalysts, pyridinic-N and graphitic N are main groups,

which take up more than 80% of the total nitrogenous func-

tional groups. More graphitic N was doped in the catalysts,

increasing from 40.37 to 42.59% along with the increase of

calcination temperature. However, the increase of calcination

temperature causes the decrease of the content of pyrrolic-N

and pyridinic-N. This contributed to the higher thermal sta-

bility of graphitic N than pyrrolic-N and pyridinic-N. The in-

crease in calcination temperature also leaded to the decrease

of the content of N atom. Moreover, the ratio decreases of the

Co2þ satellite/Co3þ and Co2þ/Co3þ suggesting that the doping

of N enhance the catalytic reducibility. H2-TPR analysis results

of the calcinated Co/AC-N-650, Co/AC-N-750 and Co/AC-N-850

samples are presented in Fig. 4. It can be found that two main

peaks (peak a in the range of 300e500 �C and peak b in the

range of 500e800 �C) is found for all N-doped catalysts. The

peak a is attributed to the reduction of high dispersion Co3O4

to CoO and the peak b is attributed to the reduction of CoO to

Co0, which strongly interact with the N-doped supports

[15,52e54]. The reduction of Co3O4 to CoO (peak a) produced

quickly to generate a broad profile, which indicated therewere
Fig. 4 e H2-TPR profile of Co/AC-N-650, Co/AC-N-750, Co/

AC-N-850.
many homogeneous particle sizes of Co3O4 and different types

of interaction between active metal and support [55]. The

difference of calcination temperature does not significantly

affect the H2-TPR profiles. However, a shift of the peak a and

peak b towards lower temperature is presented for three cat-

alysts with the increase of calcination temperature, indicating

that much stronger interaction of Co species with the support

at lower calcination temperatures.

The Raman spectra of Co/AC-N-650, Co/AC-N-750 and Co/

AC-N-850 were obtained to further study the graphitization

degrees of the catalysts. In the case of Raman spectra (Fig. 5),

two peaks can be ascribed to the D-band and G-band,

respectively. The D band centered at 1345 cm�1 corresponding

to the disordered carbon and G-band centered at 1580 cm�1

corresponding to the graphite with a higher degree of ordered

carbon. The disordered carbon structures of the catalysts are

obtained by the ratio of the G-band and D-band (ID/IG). It can

be seen that, all theN-doped catalysts display high ratios of ID/

IG, indicating the generation of more defective sites and or-

ders, which can be attributed to the introduction of N.

Comparedwith Co/AC-N-750 and Co/AC-N-850 (1.73 and 1.60),

Co/AC-N-650 has the highest intensity ratio (2.49). The result

indicates more defects and disorders were formed at low

calcination temperature. Moreover, similar positions of the D

and G bands and no other peaks were detected for all cata-

lysts, which indicates that no new structure were generated.

Fig. 6 shows the CH4eCO2 reforming activities of Co/AC-N-

650, Co/AC-N-750, Co/AC-N-850 at different reaction temper-

ature. The experiments were carried out from 650 �C to 900 �C
Fig. 5 e Raman spectra of Co/AC-N-650, Co/AC-N-750, Co/

AC-N-850.
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Fig. 6 e CH4 (a) and CO2 (b) conversion of Co/AC-N-650, Co/

AC-N-750, Co/AC-N-850 at different reaction temperature.
Fig. 7 e Stability tests at 800 �C: CH4 (a) and CO2 (b)

conversion over the catalysts calcined with different

temperature. Reaction conditions: CH4/CO2 ¼ 1:1, total flow

rate ¼ 120 mL/min, 1 atm.
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with CH4: CO2¼ 1:1 and the flow rate ofmixed gaswas 120mL/

min. At each temperature, the reactionmaintained for 30min.

The CH4 and CO2 conversion were evaluated on the basis of

average values. The CH4 and CO2 conversion increased with

the rising of reaction temperature. However, the catalytic ac-

tivity declined when reaction temperature reached 800 �C.
This results are consistent with our previous research study

[56]. Moreover, the CO2 conversion was always higher, which

was attributed to the RWGS reaction (CO2þH2/CO þ H2O). As

evidenced in Fig. 6, the catalytic activity of Co/AC-N-650 is

higher than Co/AC-N-850 and Co/AC-N-750. This might be

related to the high ratio of Co2þ and more defective sites on

catalysts. It has been suggested that the defective sites would

favour the redox reaction, providingmuchmore active sites in

the catalyst and enhancing the electron transfer rate.

To further study the longevity of the catalysts, the CH4 and

CO2 conversion as function of time were investigated to

evaluate performance stability of DRM reaction over the cat-

alysts. Fig. 7a and b shows the CH4 and CO2 conversion over

Co/AC-N-650, Co/AC-N-750, and Co/AC-N-850, respectively.

The initial conversion of CH4 and CO2 over three catalysts are

unstable in the first 100 min, the CH4 and CO2 conversion of

three catalysts could be observed to decrease with prolonging
reaction time. The decrease and increase of the activity may

be attributed that a part of active metals poisoned by surface

oxygen, due to the strong adsorption to oxygen species.

However, the specific reasons for this phenomenon is unclear

[57]. The experimental results indicate that all catalysts

possessed high and same initial activity which decreased

quickly with time. The reaction time was about 100 min, the

catalytic activity reached the lowest level. There was a slowly

increase in activity with time, after reaching a minimum.

Although the conversions were lower than the initial values,

the CH4 and CO2 conversion reached a stably state after the

600 min mark. For Co/AC-N-650, the CH4 and CO2 conversion

were 59% and 73% respectively when the activity was stable.

The CO2 conversion rates of Co/AC-N-750 and Co/AC-N-850

were same but it was lower than Co/AC-N-650. The CO2 con-

version of three catalysts are higher than those of CH4, which

demonstrates that the reverse of WGSR reaction occurred

simultaneously [58,59].

The TEM analysis was used to study the Co particle size

distributions and particle size of fresh and spent catalysts.

Fig. 8aec and d-f shows the TEM micrographs of the fresh Co/

https://doi.org/10.1016/j.ijhydene.2019.04.250
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Fig. 8 e TEM images of the fresh (aec) and used (def) Co/AC-N-650 catalysts.
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AC-N-650 catalysts and used catalysts after 750 min reaction,

respectively. The cobalt species particles size distributions of

fresh and spent catalysts are also shown in Fig. 8a and d. As

shown in Fig. 8aec, the size of cobalt species particles was

varied from 7 to 21 nm with an average particle size of about

12.82 nm. It demonstrated cobalt species were distributed

uniformly on the surface of AC-N-650. Compared the TEM

micrographs before and after the catalyst, the average parti-

cles size (13.7) of spent catalysts was found to increase

slightly. Moreover, the diameter of most particles was in the

range of 10e16 nm, it was indicated that the cobalt species

were dispersed homogeneously over the surface of AC-N-650

and no agglomeration was occurred between particles after

long DRM reaction.
Fig. 9 shows the nitrogen adsorption-desorption isotherms

and pore size distribution of samples with different nitrogen

content andwithout N-doped. As shown in Fig. 9a, all samples

show a type I isotherm with a H4 hysteresis loop, indicating a

high specific surface area. Compared with non-nitrogen

doped catalysts, pore volume of N-doped catalysts decreased

with the increase of melamine content. From Table 3 it can be

seen that the doping amount of nitrogen has great influence

on catalysts physical structure. The specific surface area of the

catalysts decreased from 773.6 to 727.2 m2/g when the addi-

tion of melamine increased from 4.43 to 13.3 g.

For comparison, other Co/AC-N-M were also prepared

using different content of melamine. As shown in Fig. 10a,

peaks centered at about 400 and 790 eV for all catalysts

https://doi.org/10.1016/j.ijhydene.2019.04.250
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Fig. 9 e N2-adsorption-desorption isotherms and pore size

distribution of Co/AC, Co/AC-N-4.43, Co/AC-N-8.86 and Co/

AC-N-13.3.
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correspond to N1s and Co 2p, respectively. The doping levels

of N increased with the increase of melamine addition. A

small amounts of N element were detected for Co/AC cata-

lysts, this mainly due to the existence of N-containing groups

in coal-based activated carbon. The atomic ratios of three

catalysts are shown in Table 4. As shown in Table 4, it can be

seen that the content of O also increased with the increasing

of nitrogen doping and highest content of Co was detected on
Table 3 e Texture parameters of the samples.

Sample N2 adsorption over supports

BET surface
area (m2/g)a

Average pore
diameter (nm)b

Pore volume
(cm3/g)c

Co/AC 956.9 2.54 0.61

Co/AC-N-4.43 773.6 2.63 0.46

Co/AC-N-6.68 764.2 2.71 0.53

Co/AC-N-13.3 727.2 2.69 0.49

a BET specific area.
b Total pore volumes were obtained at P/P0 ¼ 0.99.
c Average pore diameter calculated by BJH method.

Fig. 10 e (a) XPS survey, (b) Co 2p scan and (c) N 1s scan of

Co/AC, Co/AC-N-4.43, Co/AC-N-8.86, Co/AC-N-13.3.

Table 4 e Elemental contents of catalysts obtained by
XPS.

Catalyst Element content/%

C N O Co

Co/AC 84.60 1.62 10.16 1.62

Co/AC-N-4.43 75.71 8.21 13.80 1.29

Co/AC-N-6.68 75.20 6.86 14.70 2.13

Co/AC-N-13.3 74.28 8.61 14.78 2.23
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Table 5 e XPS data of Co2p region for the Co/AC, Co/AC-N-4.43, Co/AC-N-8.86, Co/AC-N-13.3 catalysts.

Catalyst Binding energy Co 2p1/2 (eV)
a Binding energy Co 2p3/2 (eV)

a Co2þ/Co3þ

(molar ratio)b
Co2þ satellite/Co3þ

(molar ratio)bCo2þ satellite Co2þ Co3þ Co2þ satellite Co2þ Co3þ

Co/AC 803.42(3186) 797.05(2608) 795.0(0) 787.04(4126) 782.19(5351) 780.58(1971) 4.03 3.71

Co/AC-N-4.43 803.109(3269) 796.85(4917) 794.6(0) 786.47(5509) 781.78(9503) 780.29(2817) 5.12 3.12

Co/AC-N-8.86 803.06(4937) 796.75(7866) 794.3(0) 786.67(6489) 781.63(17758) 780.06(4900) 5.22 2.33

Co/AC-N-13.3 803.18(5424) 797.02(6216) 794.6(0) 786.79(7288) 781.85(14451) 780.30(3629) 5.69 3.50

a The peak area of different cobalt species.
b The molar ratio of Co2þ/Co3þ and Co2þ satellite/Co3þ was calculated from peak area in Fig. 8b.
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Co/AC-N-13.3 catalyst by XPS analysis, this result is in

consistent with the result that highest content of O on Co/AC-

N-13.3. The characterization results have shown that the

chemical compositions of catalysts were changed by doping N

atoms in the Co-based catalysts. The Co 2p spectra of four

catalysts are shown in Fig. 10b and the corresponding data are

listed in Table 5. As shown in Fig. 4b, the experimental results

were deconvoluted by six peaks, which correspond to the Co2þ

satellite, Co2þ and Co3þ. The Co3þ species were still not

detected for Co 2p3/2 in all catalysts. The surface atomic ratios

are shown in Table 5. It could be observed that Co2þ/Co3þ and

Co2þ satellite/Co3þ ratios increased with the increase of mel-

amine addition. That the doping of N enhances the catalytic

reducibility. H2-TPR analysis results of the calcinated Co/AC,

Co/AC-N-4.43, Co/AC-N-8.86, Co/AC-N-13.3 catalysts is pre-

sented in Fig. 11. It can be seen that two main peaks (peak a

and peak b) is found for all N-doped and undoped catalysts.

For undped catalyst Co/AC, small peak centered around 350 �C
was detected, which contributed to the reduction of high

dispersion Co3O4, the peak at 370 �C could be attributed to the

reduction of CoO. Compared with undoped catalysts, peak b

shifted to the higher temperatures for all N-doped catalysts,

due to the higher interaction between active metals and

supports. Moreover, the intensity of peak b for N-doped cat-

alysts increased,which indicated thatmore active specieswas

loaded on the modified and higher dispersity was achieved on

these catalysts.
Fig. 11 e H2-TPR profiles of Co/AC, Co/AC-N-4.43, Co/AC-N-

8.86, Co/AC-N-13.3.
Fig. 12 shows the conversions of CH4 and CO2 on Co/AC, Co/

AC-N-4.43, Co/AC-N-8.86 and Co/AC-N-13.3 at different reac-

tion temperature. Each temperature interval was sustained

for 30 min until the catalyst bed temperature was stable. The

CH4 and CO2 conversions were obtained on the basis of

average values. The CH4 conversion of all catalyst (Fig. 12a)

shows that the highest conversion is achieved by Co/AC-N-

13.3. The lowest conversion of CH4 is displayed by Co/AC,

the sample without N doping of the. It is obvious that the

conversion of CO2 was higher than that of CH4 for four
Fig. 12 e CH4 (a) and CO2 (b) conversion of Co/AC, Co/AC-N-

4.43, Co/AC-N-8.86, Co/AC-N-13.3 at different reaction

temperature.
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catalysts due to the occurring of RWGS reaction. For all N-

doped catalysts, it was observed that CH4 and CO2 conversions

increased with the increase in reaction temperature because

of the characteristics of endothermic for DRM reaction.

Moreover, the modification of has great influence on catalytic

activity when the reaction temperature was below 900 �C.
To investigate the stability of Co/AC-N-M catalysts, the

DRM reaction was conducted at 800 �C. The conversions of

CH4 and CO2 of Co/AC-N-M catalysts are shown in Fig. 13. For

all catalysts, the initial CH4 and CO2 conversions were basi-

cally same, the conversion of CO2 was higher than CH4 due to

the RWGS reaction. All catalysts deactivated rapidly after

100 min and than the catalytic activity increased and kept

stable after 650 min. This could be attributed to the catalyst

reconstruction during DRM reaction. Compared with un-

modified catalyst, the catalytic performance had varying de-

grees of improve after nitrogen doping. Among all catalysts,

Co/AC-N-13.3 has the highest performance, CH4 and CO2

conversions reached 59% and 73% respectively after 740 min

reaction. Despite a high surface area, Co/AC had lowest
Fig. 13 e Stability tests at 800 �C: CH4 (a) and CO2 (b)

conversion over catalysts with different nitrogen doping.

Reaction conditions: CH4/CO2 ¼ 1:1, total flow

rate ¼ 120 mL/min, 1 atm.
catalytic performance with CH4 and CO2 conversions of

50.16% and 65.94 respectively. The catalytic activity order of

four catalysts for DRM reaction is Co/AC-N-13.3 ˃ Co/AC-N-

4.43 ˃ Co/AC-N-8.86 ˃ Co/AC. It was obvious that chemical

property of the has significantly influenced on the catalytic

performance of catalysts.
Conclusions

Nitrogen doped activated carbon cobalt catalyst was prepared

by impregnation method for DRM reaction. The nitrogen

doping could remarkably improve the catalyst performance.

Characterization results indicated that N introduction

improved the oxidation-reduction ability, increased themolar

ratio of Co2þ/Co3þ and the interaction between active metal

and, which are facilitated for the enhancement of DRM ac-

tivity. Moreover, a series of different calcination temperature

and nitrogen doping catalysts were prepared. The results

demonstrated that preparation conditions of N-doped carbon

material had different effect on the performance of Co/AC-N

catalysts. By comparing the catalytic activities of the cata-

lysts with different calcination temperature and nitrogen

doping catalysts, it was concluded that highest catalytic ac-

tivity was achieved on the catalyst, which the calcination

temperature was 650 �C and the amount of nitrogen doping

was 13.3 g. Highest Co2þ/Co3þ molar ratio and most surface

defects were obtained on this catalyst.
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