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� Mg or Ca modified 1Co-1Ce/AC-N

catalysts were prepared for DRM

reaction.

� The 1Co-1Ce-1Ca/AC-N catalyst

exhibits excellent activity in DRM

reaction.

� Improvement in catalytic perfor-

mance is caused by higher active

metal dispersion.

� The Co2þ/Co3þ and Ce3þ/Ce4þ as

important species to promote

electron transfer.
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The catalytic activity of DRM reaction over 1M-1Co-1Ce/AC-N (M ¼ Ca and Mg) catalysts

was investigated at 800 �C and under atmospheric pressure. By promoting N-doped acti-

vated carbon supported Co-Ce catalysts with alkaline-earth metals to obtain catalysts with

better catalytic performance is the main purpose of study. The catalysts were prepared by

wet-impregnation method and the influence of impregnation sequence on catalytic per-

formance was also studied. The characterization was conducted using TPR, TPD, XPS, TEM

and Raman. The catalyst 1Ca-1Co-1Ce/AC-N promoted with Ca and prepared by co-

impregnation exhibited higher catalytic activity than unmodified. This was mainly due

to the stronger interaction between metal and support as well as better active metals

dispersion. The 1Ca-1Co-1Ce/AC-N catalysts also displayed excellent stability and XPS

results indicated that higher Ce3þ/Ce4þ and Ob/(OaþOb) ratios were observed on this cata-

lyst. However, the catalyst 1Co-1Ce/1Ca/AC-N prepared with sequential impregnation
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exhibited poor stability. In addition, the TEM of the spent catalysts revealed that there were

a large number of carbons were generated on active metal surface.

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

The emission of greenhouse gas (GHG) causes dramatic influ-

ence on global warming, especially for CO2, its concentration in

the ambient air has reached 400 ppm [1,2]. The dry reforming of

CH4 with CO2 to syngas can not only take advantage of two of

the biggest greenhouses, but also the appropriate CO/H2 ratio

can be directly used as raw gas for Fischer-Tropsch synthesis

[3]. However, due to the high degree of carbon deposition and

active metals sintering, the industrial application of DRM re-

action has been limited [4e6]. Moreover, the DRM reaction is

exothermic, which is also operated at relatively high temper-

ature. Consequently, at present the research is mainly focused

on preparing a highly efficient and stable catalyst.

Recently, DRM reaction has been widely studied over

numerous supported catalysts such as Ni-based and Co-based

catalysts [7,8]. Both metals are well-known for their use as a

catalyst in many catalytic reactions including F-T synthesis

[9], methane partial oxidation [10], ethanol steam reforming

[11e13] and steam reforming of acetic acid [14]. In recent

times, numerous studies have focused on Ni-based catalyst

due to its high catalytic activity for DRM reaction. However,

this kind of active metal is more prone to the generation of

carbon deposition as well as metal sintering, and thus lead to

catalyst deactivation. Due to its better anti-coking ability and

low cost, Co-based catalysts also have been widely studied for

DRM reaction, but the catalytic performance is relatively poor

than Ni-based catalysts.

It is well known that support can also influence the per-

formance of catalyst [15,16]. Carbon materials supported cat-

alysts have been extensively investigated for DRM reaction,

due to the exceptional thermal stability and large surface area

[17e19]. Activated carbon is widely used as support for its

higher specific surface area and stability as well as low cost in

catalytic reaction [20e22]. Its high stability and specific sur-

face area could greatly improve the dispersibility and stability

of active metals. However, a certain amount of acid sites on

activated carbonmakes Co-based catalyst prone to reduce the

adsorption and activation of CO2, causing a poor catalytic

performance. Therefore, the introduction of basic groups or

alkaline metals to activated carbon is considered to be one of

effective measure to compensate the negative influence of

acid sites on Co-based catalyst and to furthermore accelerate

the adsorption and activation of reactant.

It is apparent that there are various approaches could be

conducted to develop catalyst with better catalytic perfor-

mance for DRM reaction, such as improving chemical prop-

erties of support [23,24], designing multi-metal catalyst

[25e27], using proper promoters [28e30].

By doping heteroatom on activated carbon to tailor the

electronic structure around carbon atoms and enhance the
adsorption of active sites, which could also improve the cat-

alytic performance of carbon materials [31,32]. Because of its

higher electronegativity than that of C, the nitrogen atom is

one of the most used atoms in the catalytic reaction of carbon

material. The introduction of nitrogen atoms not only can

increase the positive charge density of adjacent carbon atoms,

but also accelerate the transport rate of oxygen and catalytic

reaction rate [33e35].

Due to the ability of periodic oxidation-reduction between

3 þ and 4þ, ceria could be used as a medium for storing oxy-

gen in ORR reaction [36e38]. Co-Ce bimetallic catalysts pre-

pared with different methods have been investigated to

exhibit excellent catalytic performance for many reforming

reactions, such as ethanol steam reforming [39], propane

steam reforming [40], and dry reforming [41,42] reactions.

Eddie et al. [39] prepared a series of Co/CeO2/YSZ bimetallic

catalysts by vapor deposition method for ethanol steam

reforming, the characteristic results showed that the combi-

nation of both Co0 and Co2þ improved the adsorption of eth-

oxide groups and accelerated the formation of intermediate

product in the reaction process. Jeong et al. [40] compared the

catalytic performance of CoxCey/Al2O3 catalysts with different

Co/Ce ratio for the propane steam reforming reaction. The

experiment results demonstrated that the addition of Ce not

only increases the concentration of oxygen vacancies, but also

improves the migration ability of oxygen. It is also advanta-

geous to the generation of CO2 and elimination of carbon

deposition. A. Ipek et al. [41] prepared Co-Ce/ZrO2 catalysts

and found that the addition of Ce reduced the oxidation of Co

duringDRM reactionwhich lead to higher stability. There is no

significant metal sintering and carbon formation on the spent

catalysts surface, the excellent surface oxygen storage/

transfer performance of Ce accelerated periodic redox of

catalysts.

Alkali metals or alkaline-earth metals are the most

extensively studied promoters for Co-based catalysts with

different supports, such as carbon materials [43,44], SBA-15

[45] and SiO2 [46] for catalytic reactions. Because the disper-

sion of active metals, the interaction between support and

metals aswell as the anti-coking performance of activemetals

are improving by adding promoters [47,48]. It is well known

that adding a certain number of promoters on Co-based

catalyst could also increase the catalytic performance for

DRM reaction. Various alkaline-earth metals and alkaline

oxides such as Ca [49], Mg [50], Na [51] and K [52] have been

widely used as promoters for DRM reaction catalysts. Not only

the great improvement of catalytic performance achieved by

adding these promoters, but also they can be used on a large

scale due to its low cost and easily accessible. It is generally

supposed that themodified catalysts with thesemetals would

enhance the interaction between metals and supports as well
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as metal dispersion. The recent researches [53,54] have indi-

cated that alkaline metals such as CaO, MgO and ZrO2 could

effectively restrain side reactions, since the addition of alka-

line could improve the adsorption of CO2, thus enhancing the

content of basic sites of the support. The high concentration of

CO2 on catalyst surface is conducive to shift the equilibrium of

Boudouard reaction to the left, thus, decreasing the genera-

tion of carbon deposition. A. Casanovas et al. [55] has studied

the different promotersmodified Co-based catalysts for steam

reforming reaction. Compared with other promoters, Na

modified Co/ZnO catalysts exhibited a higher catalytic per-

formance and selectivity than unmodified catalysts. Jang et al.

[56] has investigated the different alkaline earth metal oxides

(CaO and MgO) as promoters modified Ni-based catalysts, the

results showed that MgO modified catalyst displayed higher

stability and deposition of carbon was successfully prevented

at a very high reaction space velocity. The higher resistance to

carbon deposition is due to strong Lewis basicity on Mg

modified catalyst, causing excellent chemical adsorption of

CO2. The higher concentration of CO2 is favour to eliminate

the carbon deposition through CO disproportionation

(CþCO2 ¼ 2CO). It reported that the MgO modified Co/Al2O3

showed better carbon deposition resistance than unmodified,

thus the modified catalyst exhibited better stability and

hydrogen selectivity [57]. This can be attributed to the basic

feature of MgO, which increases the content of basic sites and

accelerate the reaction of CO2 and carbon deposition.

In this work, we used N-doped activated carbon as sup-

ports for the preparing of Co-Ce bimetallic catalyst via

impregnation method, then different alkaline-earth metals

Ca, Mg were used as promoters to modify Co-Ce catalysts. For

one hand, the N-doped activated carbon is not only a conve-

nient source of catalysts, but also the abundant functional

groups which are beneficial to the redox reaction. The addi-

tion of Ca significantly improved the content of basic sites and

enhanced the adsorption ability of CO2. The Ca modified cat-

alysts exhibited better anti-coking and higher catalytic per-

formance compared with unmodified catalysts. The influence

of the impregnation sequence of active metals and promoters

was also examined. The sequence of impregnation the metals

had significantly influence on the catalytic performance and

stability.
Experiment

Material

Activated carbon (AC) was purchased from a local activated

carbon factory. Melamine and all nitrates including cobalt

nitrate (Co(NO3)2$6H2O), cerium nitrate (Ce(NO3)3$6H2O),

magnesium nitrate (Mg(NO3)2$6H2O) and calcium nitrate

(Ca(NO3)2$4H2O) were obtained from Aladdin Chemical Agent

Company.

Preparation of N-doped activated carbon

Melamine (13.3 g) was dissolved into 80 v/v% ethanol aqueous

solution (70 mL). The mixture was heated to 60 �C and 20 g of

activated carbon was added into mixed solution. The mixture
was stirred for 5 h at 60 �C followed by keeping it for 24 h at

105 �C. Then the samples were calcined at 650 �C for 2 h at

nitrogen condition with a heating rate of 5 �C/min and the N-

doped activated carbon (AC-N) was obtained.

Preparation of Mg/Ca modified Co-Ce catalyst

10 g Co(NO3)2$6H2O, 14.92 g Ce(NO3)3$6H2O and 8.12 g

Ca(NO3)2$4H2O or 8.81 g Mg(NO3)2$6H2O were dissolved in

70 mL distilled water. Then, 20 g AC-N was added in solution

with vigorously stirring for 5 h at 25 �C. Then the mixtures

were filtered and dried at 105 �C overnight. The samples were

further calcined at 550 �C for 2 h. The catalysts made by co-

impregnation method were donated as 1Co-1Ce-1Mg/AC-N

or 1Co-1Ce-1Ca/AC-N. To further study the effect of impreg-

nation sequence on catalytic performance. The impregnation

sequence of active metals and promoters was adjusted during

the preparation process. The impregnation order of Co-Ce and

then Ca was denoted as 1Co-1Ce/1Ca/AC-N, another samples,

preparing by the impregnation order of Ca and thenCo-Cewas

denoted as 1Ca/1Co-1Ce/AC-N.

Catalyst characterization

H2-TPR profiles were obtained by Micromeritics AutoChem

2920 instrument, the powdery samples were loaded into

quartz packed reactor. The TCD detector was used to record

the consumption of H2. The catalysts were outgassed at 300 �C
for 30min in an inert atmosphere and come to 30 �C. Then the

samples were heated up to 900 �C with a 10 �C/min heating

ramp under a reducing stream of 30 mL/min (10% H2eAr).

CO2-TPD analysis was also carried out on Micromeritics

AutoChem 2920. The sample was outgassed at 200 �C for

60 min under Ar atmosphere to dislodge some basic species

from catalyst surface. Then the adsorption of carbon dioxide

was carried at 50 �C under themixture of CO2/Ar gas (10% CO2-

Ar) with the total stream of 30 mL/min. Then heat the cata-

lysts from 50 �C to 800 �C with the heating rate of 10 �C/min

and the CO2 signal was recorded by TCD detector.

XPS was conducted on a Thermo Scifentific Escalab 250Xi

spectrometer. All catalysts were conducted in ultra-high

vacuum by using Al-Ka X-ray source. For all Co and Ce bind-

ing energies were corrected with the graphitic C 1s signal at

284.8 eV. XPS peak 41 processing software was use for the

peak deconvolution.

Morphologies of the calcined and spent catalysts were

analyzed by TEM apparatus (JEM-2100, Jeol). Before the test

can be performed, all catalysts were well dispersed over cop-

per grids using ethanol, and the grids were dried at 80 �C for

24 h. Raman spectra were measured by the Renishaw spec-

trometer with the laser excitation at 514 nm and a grating of

2400 lines.

Catalytic test

The catalytic performance of DRM reaction was performed in

a fixed bed reactor under atmospheric pressure, which con-

tained a 25-mm-diameter quartz tube. 10 g of sample was

loaded over the bed at the center of the reactor length. The

fixed bed reactor was increased to 800 �C from room

https://doi.org/10.1016/j.ijhydene.2019.07.010
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temperature at N2 flow of 80 mL/min at a rate of 10 �C/min.

When the temperature reached 800 �C, the feed gas (120 mL/

min, CH4/CO2 ¼ 1:1) was introduced into the reactor. The flow

rate of products after reaction was measured by soap-

membrane flowmeter and the composition of products was

determined by an online gas chromatograph (GC 950) which

contained two carbon molecular sieve columns and two

thermal conductivity detectors (TCD). The formulas below

were used to calculate the CH4 and CO2 conversions:

XCH4
¼ð1� Fout$CCH4 ;out

Fin$CCH4 ;in
Þ � 100%

XCO2
¼ð1� Fout$CCO2 ;out

Fin$CCO2 ;in
Þ � 100%

where F and C represent the volume flow rate and the con-

centration of different gas composition, respectively.
Results and discussion

The interaction between metals and supports or metals as

well as the reduction degree of catalysts were studied by H2-

TPR experiments. Fig. 1 displays the H2-TPR profiles of cata-

lysts, which were prepared with different promoters and

impregnation sequence. The results indicated that the addi-

tion of different alkaline-earth metals had not significantly

influence on the profile of reduction of the Co3O4 to Co0. The

profiles of all catalysts could be separated into two major

reduction regions: an area that contains one peak around

300 �C and a higher temperature region, which comprises

several peaks above 350 �C [58]. The first small reduction peak

around 300 �C is designated to the reduction Co3þ to Co2þ

which are easily reduced to Co0, this because the interaction

betweenmetals and support are tooweak, this reduction peak

can also be attributed to bulk metal oxides [59]. The peak

observed around 450 �Cwas attributed to the reduction of CoO

to Co. Obviously, the reduction peaks at higher temperature

can be assigned to the barely reducible Co-Ce bimetallic
Fig. 1 e H2-TPR profiles of calcined catalysts1Co-1Ce-1Mg/

AC-N, 1Co-1Ce-1Ca/AC-N, 1Co-1Ce/1Ca/AC-N, 1Ca/1Co-

1Ce/AC-N and 1Co-1Ce/AC-N.
oxides. Compared with unpromoted catalyst, the reduce

peaks shifted to higher temperature for catalyst, which pro-

moted by Ca and prepared with co-impregnation method. In

addition, comparing this profile with that of Mg promoted

catalysts, it demonstrated that the addition of Ca increased

the interaction between cobalt metal oxides and activated

carbon. The peak area between 350 and 650 �C for 1Ca/1Co-

1Ce/AC-N was significantly bigger than the other two Ca

promoted catalysts, which prepared by different impregna-

tion sequences. This could be related that the co-

impregnation preparation method promoted the generation

of Co-Ce bimetallic oxides.

CO2-TPD experiments was used to examine the basicity of

different calcined samples and the results have displayed in

Fig. 2. Obviously, there are several peaks in the profiles of all

catalysts. The peak around 150 �C can be assigned to the weak

basic sites of catalysts. Obviously, the addition of promoters

has significantly increased the content of weak basic sites.

However, the intensity of this peak is almost same for the

catalysts promoted by different alkaline earth metals and

prepared bymethods. The peak at about 450 �C was attributed

to the medium strength basic sites. As for unpromoted cata-

lyst, the intensity of this profile was much stronger, which

mainly due to the hydroxyl group on the surface of the carbon

material [60]. As for the desorption peaks around 550e850 �C,
with the addition of Mg and Ca, the adsorption peaks of CO2

became stronger and the temperature also changed, espe-

cially for 1Co-1Ce-1Ca/AC-N. The results indicated that the

chemisorption of the CO2 had been significantly improved the

surface basic sites. It is generally acknowledged that basic

sites on the catalyst surface can promote the adsorption and

the dissociation of CO2, which reduces the generation of car-

bon deposition to a large extent on active metals surface and

therefore, effectively inhibiting the deactivation of the

catalysts.

The surface structures of promoted and unpromoted cat-

alystswere investigated by XPSmethods. Fig. 3 displays the Co

2p, Ce 3d and O 1s scans of fresh samples. As shown in Fig. 3a,
Fig. 2 e CO2-TPD profile of calcined catalysts 1Co-1Ce-1Mg/

AC-N, 1Co-1Ce-1Ca/AC-N, 1Co-1Ce/1Ca/AC-N, 1Ca/1Co-

C1e/AC-N and 1Co-1Ce/AC-N.

https://doi.org/10.1016/j.ijhydene.2019.07.010
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XPS spectra Co 2p3/2 regions could be deconvoluted into three

peaks, the peaks around 780.9 and 782.8 eV could be ascribed

to the Co3þ and Co2þ, respectively [61]. A peak at 787.0 eV

correspond to the satellite peak. As for 1Co-1Ce-1Ca/AC-N

catalyst, based on the peaks area of Co3þ and Co2þ species, the

content of Co2þ was basically similar to that of Co3þ, Co2þ/

Co3þ ratio is close to 1 (Table 1). The catalyst promoted by Mg

exhibited the highest Co2þ/Co3þ ratio (1.62). The core level

spectrum of Ce 3d is presented in Fig. 3b, the complex spec-

trum comprising of both Ce2O3 and CeO2 are donated with

letters U and V to demonstrate the spin-orbit state, the Ce 3d3/

2 and Ce 3d5/2 spin-orbit state were labeled with U and V,

respectively [62]. The characteristic peaks for Ce4þ cations are

donated as U and V0 and for Ce3þ species are donated as U0, U00,
U000, V, V00, V000. For all promoted catalysts, the addition of
Table 1 e XPS derived atomic ratio of different catalysts.

Catalysts Co (%) Ce (%) O (%)

1Co-1Ce-1Mg/AC-N 0.52 0.41 10.47

1Co-1Ce-1Ca/AC-N 0.60 0.41 10.91

1Co-1Ce/1Ca/AC-N 1.47 0.35 11.29

1Ca/1Co-1Ce/AC-N 0.65 1.06 12.71

1Co-1Ce/AC-N 0.83 0.70 17.10
promoters improved the content of Ce3þ, the 1Co-1Ce-1Ca/

AC-N possessed the highest Ce3þ/Ce4þ ratio (0.5). It is well-

known that the increase of Ce3þ content could promote the

oxygen vacancies generation [62]. In addition, the increasing

of content of Ce3þ cations expand the opportunities of com-

bination between Ce3þ and oxygen vacancies to generate

chemisorbed oxygen, the generation of chemisorbed oxygen

can further promote the methane oxidation rate. The O1s

spectra of promoted and unpromoted catalysts have four

different peaks in Fig. 3c. One situated around 530 eV is

attributed to the lattice oxygen (Oa), and another peak around

531 eV is ascribed to the adsorbed oxygen (Ob) [63]. The peaks

donated as Od and Og in all catalysts correspond to the oxygen

groups (C-OH, C-O-C and O-C]O) [64,65]. For both catalysts

promoted with Ca and prepared by sequential impregnation,
Co2þ/Co3þ Ce3þ/Ce4þ Ob/(OaþOb)

1.62 0.46 0.80

0.99 0.50 0.78

1.15 0.43 0.62

1.55 0.44 0.60

0.91 0.36 0.81

https://doi.org/10.1016/j.ijhydene.2019.07.010
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the peak area of Oa increased and the ratio of Ob/(OaþOb) is

lower than other catalysts (Table 1), implying the reduction of

the level of chemisorbed oxygen. However, higher Ob/(OaþOb)

ratio on other catalysts can increase methane oxidation rate

and surface chemisorbed oxygen can also promote the elec-

tron transfer rate.

The particle size and particle size distribution of different

calcined catalysts were performed by TEM analysis. As

revealed in Fig. 4, the black dots were associated to Co parti-

cles, the Ca promoted catalysts exhibited more homogeneous

particle distribution than that of Mg promoted. As shown in

Fig. 4b the active metals were homogeneously distributed on

the surface of catalyst and the average particle size for 1Co-

1Ce-1Ca/AC-N is small and active metal particle size was

mainly distributed at 25e30 nm. It is recognized that the

carbon deposition of Co-based catalysts is also related to the

metallic particle size [66].

The stability analysis was performed at 800 �C for 750 min,

the CH4 and CO2 conversions are shown in Fig. 5. It is well-

known that the side reactions (CH4]Cþ2H2, CO]CþCO2)

can promote the generation of carbon deposition during DRM

reaction. As showed in Fig. 5a and b, significant distinction for

the conversions of CH4 and CO2 can be obviously seenwith the

increase of time on stream. It can be observed that the 1Co-

1Ce-1Ca/AC-N catalyst exhibited higher catalytic performance

after the incorporation of Ca to 1Co-1Ce/AC-N. This is

consistent with the CO2-TPD and H2-TPR analysis results that

the addition of Ca led to a significant rise in the catalytic
Fig. 4 e TEM images of calcined catalysts (a) 1Co-1Ce-1Mg/AC-N

1Co-1Ce/AC-N.
performance which due to stronger basic sites and higher

interaction between support and metals. The higher disper-

sion and smaller particle size of active metals characterized

by TEM further confirmed that 1Co-1Ce-1Ca/AC-N displayed

optimum catalytic performance. In addition, the sequence of

dipping promoter had significant effect on catalytic perfor-

mance. The CH4 and CO2 conversions decreased rapidly then

reached to 30% and 53%, respectively, after continuous reac-

tion at 800 �C for 560min for 1Co-1Ce/1Ca/AC-N. Although the

catalytic activity of Mg promoted was lower than unpromoted

catalyst, this catalyst exhibited relatively excellent stability.

The conversions of CH4 and CO2 dramatically decreased and

gradually became stable at the beginning of test for all sam-

ples. The sharp reduction of catalytic performance of catalysts

is speculated to due to the metal dispersion decays rapid [67].

Fig. 5c shows the ratio of H2/CO varied with reaction time. The

H2/CO ratios of all catalysts is less than 1 and the H2/CO ratio

decreased for all promoted catalysts. Moreover, the CO2 con-

version is higher than CH4 conversion for all samples, mainly

as a result of the occurrence of RWGS reaction (CO2þH2]

COþH2O DH298K ¼ 41.1 kJ/mol). The ratio of H2/CO on 1Co-1Ce/

AC-N remains stable at about 0.71 in 12 h and is much higher

than that on 1Co-1Ce/1Ca/AC-N in 560 min, which decreased

from0.64 to 0.41. Comparedwith unpromoted catalyst, theH2/

CO ratio for catalyst, which was promoted with Ca and pre-

pared with co-impregnation slightly decreased.

Fig. 6 displays the XRD patterns of fresh and spent cata-

lysts, it can be seen that all fresh catalysts exhibited
, (b) 1Co-1Ce-1Ca/AC-N, (c) 1Co-1Ce/1Ca/AC-N and (d) 1Ca/

https://doi.org/10.1016/j.ijhydene.2019.07.010
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Fig. 5 e CH4 (a), CO2 (b) conversion and H2/CO ratio (c) of calcined catalysts 1Co-1Ce-1Mg/AC-N, 1Co-1Ce-1Ca/AC-N, 1Co-1Ce/

1Ca/AC-N, 1Ca/1Co-1Ce/AC-N and 1Co-1Ce/AC-N.

Fig. 6 e XRD patterns of fresh (a) and spent (b) catalysts.
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diffraction peaks belonged to CeO2 (JCPDF no. 43-1002) and

CeO2-x (JCPDF no. 49-1415), indicating that the cerium was

successfully impregnated on the catalyst. Compared with

fresh catalysts, the peak at 28.55�, 43.91�, 47.48� and 56.34�

become broader and sharper, which mainly due to that the

part of Ce3þ was oxidized to Ce4þ. For all spend catalysts, the

peak at 31.13� attributed to C (JCPDF no. 46-0945) and the in-

tensity of this peak for the catalysts promoted by Ca and

prepared by sequential impregnation was much sharper than

other spent catalysts, indicating that more carbon deposition

was generated on these two catalysts.
The TEM images of samples after long term DRM reaction

were carried out for better understand of the carbon deposi-

tion and sintering in the process of stability testing. Fig. 7

displays the TEM micrograph of promoted catalysts after

750min reaction. Obviously, great changes took place for 1Co-

1Ce/1Ca/AC-N and 1Ca/1Co-1Ce/AC-N. Fig. 7c clearly displays

a large amount of carbon nanotubes on the spent 1Co-1Ce/

1Ca/AC-N, which is in accordance with XRD analysis results

and further demonstrates poor stability of this catalyst. A

large amount of carbon nanotubes was generated might

mainly due to the higher concentration of basic sites of the

https://doi.org/10.1016/j.ijhydene.2019.07.010
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Fig. 7 e TEM images of spent catalysts (a) 1Co-1Ce-1Mg/AC-N, (b) 1Co-1Ce-1Ca/AC-N, (c) 1Co-1Ce/1Ca/AC-N and (d) 1Ca/1Co-

1Ce/AC-N.

Fig. 8 e Raman spectra of spent catalysts 1Co-1Ce-1Mg/AC-

N, 1Co-1Ce-1Ca/AC-N, 1Co-1Ce/1Ca/AC-N, 1Ca/1Co-C1e/

AC-N and 1Co-1Ce/AC-N.
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1Co-1Ce/1Ca/AC-N. Also, a large number of active metal par-

ticles were encapsulated by the carbon nanobutes which

generated during the process of DRM reaction, causing cata-

lyst deactivation in a relatively short period of reaction time.

However, for 1Co-1Ce-1Ca/AC-N, the active metal particles

were still well dispersed on support surface, which might be

attributed to the synergetic effect that occurred at the inter-

face of metals and carbon support and the particles fixed

firmly on the surface of catalyst. The TEM image of spent 1Co-

1Ce-1Ca/AC-N is particularly compatible with H2-TPR analysis

result.

Raman spectroscopy was carried out to investigated the

degree of graphitization characteristics of the carbon deposi-

tion generated on the spent samples. Fig. 8 shows the Raman

spectra of spent catalysts, it could be observed that all cata-

lysts showed two peaks in the range between 1000 and

2000 cm�1. The peaks around 1350 and 1596 cm�1 can be

attributed to the characteristic D and G bands, respectively

[68]. The D band is attributed to the defects and disorders of

the imperfect structural carbons and the G band is associated

with the vibrations of perfect graphite carbon. The peak areas

ratio of the D and G (ID/IG) bands is used to estimate the

graphitic degree and the amount defects in spent catalysts, a

low ID/IG ratio indicating higher structural perfection of the

spent catalysts. The ratio of ID/IG was determined to 1Co-1Ce/

1Ca/AC-N (1.70) < 1Co-1Ce-1Mg/AC-N (1.72) < 1Co-1Ce-1Ca/
AC-N (1.74) < 1Ca/1Co-C1e/AC-N (1.77) < 1Co-1Ce/AC-N (1.78).

This demonstrated that the degree of graphitization increased

for spent 1Co-1Ce/1Ca/AC-N, which are in consistent with its

catalytic performance that CH4 and CO2 conversions

decreased rapidly with reaction time. Moreover, the Raman

analysis results are also in good agreement with TEM results

https://doi.org/10.1016/j.ijhydene.2019.07.010
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that large number of carbon nanotubes were generated on the

surface of spent catalyst.
Conclusions

The influence of promoters (Ca and Mg) on catalytic perfor-

mance of Co-Ce bimetallic catalyst for DRM reaction was

studied. The influence of impregnation sequence of the active

metals and promoters was also studied. The catalyst pro-

motedwith Ca and prepared by co-impregnation exhibited the

highest catalytic performance. XPS results indicated the 1Co-

1Ce-1Ca/AC-N has the highest amount of Ce3þ as well as the

same content of Co2þ and Co3þ. The higher concentration of

Ce3þ was contributed to the generation of oxygen vacancies,

which significantly enhance the oxygen storage capacity and

accelerate the adsorption and dissociation of CO2. Compared

with unpromoted catalyst, the basic sites content significantly

increased for the promoted catalysts. The impregnation

sequence has significant effect on catalytic performance, the

samples with different impregnation order of promoter Ca

exhibited different catalytic performance and coking resis-

tance ability.
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