
ww.sciencedirect.com

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 3 ( 2 0 1 8 ) 4 3 2 1e4 3 3 4
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
The effects of Co/Ce loading ratio and reaction
conditions on CDRM performance of CoeCe/ZrO2

catalysts
A. Ipek Paksoy a,b, Burcu Selen Caglayan b,c, Emrah Ozensoy d, A.N. €Okte e,
A. Erhan Aksoylu a,b,*

a Department of Chemical Engineering, Bogazici University, 34342, Bebek, _Istanbul, Turkey
b SNG&HydTec Lab, Bogazici University, _Istanbul, Turkey
c Advanced Technologies R&D Center, Bogazici University, 34342, Bebek, _Istanbul, Turkey
d Department of Chemistry, Bilkent University, 06800, Ankara, Turkey
e Department of Chemistry, Bogazici University, 34342, Bebek, _Istanbul, Turkey
a r t i c l e i n f o

Article history:

Received 22 September 2017

Received in revised form

26 December 2017

Accepted 1 January 2018

Available online 9 February 2018

Keywords:

Methane dry reforming

CO2 utilization

Catalytic H2 production

Non-PGM catalyst
* Corresponding author. Department of Chem
E-mail address: aksoylu@boun.edu.tr (A.E

https://doi.org/10.1016/j.ijhydene.2018.01.009
0360-3199/© 2018 Hydrogen Energy Publicati
a b s t r a c t

This work mainly aims to establish a link between Co/Ce loading ratio in CoeCe/ZrO2

catalysts and their Carbon Dioxide Reforming of Methane (CDRM) performance. In this

context, catalysts with different Co and Ce loadings were prepared and characterized via

BET, XRD, HRTEM-EDX, XPS and Raman, and parametrically tested under different CDRM

conditions. Dispersion of Co particles was nonhomogeneous on all samples. For the sample

with the highest Co/Ce ratio (10%Coe2%Ce/ZrO2), higher amount of lattice oxygen va-

cancies and lowest degree of ceria reduction were determined. Raman analysis showed

that graphitic carbon coexisted with amorphous carbon on the surface of all spent sam-

ples. The extent of side reactions prevailed in determining selectivity. It was expressed that

both CoeCe synergistic interaction and synchronous contribution of Ce and ZrO2 were

enhanced for the samples having lower Co/Ce ratio. It was confirmed that Ce is only

responsible for oxygen transfer but not its formation.

© 2018 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

IPCC 5th assessment report stated that warming of the

climate system is unequivocal, and since 1950s, many of the

observed changes are unprecedented over decades to

millennia. Cumulative anthropogenic emissions of CO2

largely determine global mean surface warming by the late

21st century and beyond. As CO2 sequestration both in land

and ocean has its own disadvantages and dangers, CO2
ical Engineering, Bogazi
. Aksoylu).
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capture in large point sources and utilizing it in production of

valuable chemicals has been accepted as one of the best al-

ternatives in emission mitigation. Carbon dioxide reforming

of methane (CDRM), a catalytic process utilizing CO2 and CH4

to produce synthesis gas, a value-added product used in pro-

ducing synthetic fuels and methanol via reactions including

Fischer-Tropsch synthesis, has received considerable atten-

tion lately [1]. Compared to other routes of indirect CH4 utili-

zation, such as steam reforming and partial oxidation, the
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most important advantage of CDRM is the consumption of

thermodynamically stable greenhouse gas, CO2. The raw

natural gas, whose CO2 concentration might reach up to 70%,

can even be directly used in CDRM to save from subsequent

gas separation and purification processes [2]. Moreover, ob-

tained H2/CO product ratio is closer to 1, which is preferable

for further processes like Fischer-Tropsch synthesis. Due to

the endothermic nature of the reaction, CDRM can be also

used in areas like a system for solar energy transfer to

chemical energy, energy storage in the form of CO and H2 and

in chemical energy transmission systems [3]. The main

drawback of this process is catalyst deactivation due to carbon

deposition from CH4 decomposition and/or Boudouard reac-

tion; thus, the challenge is to promote CDRM with a very low

coke formation rate [4]. Additional problems that may be

encountered are metal sintering due to high reaction tem-

peratures, and reverse water-gas shift reaction which leads to

H2/CO ratio lower than the appropriate value, 1 [4e6].

Since in general coking and metal sintering occur simul-

taneously, some methods focus on inhibition of both [7]. One

of these methods is to synthesize complex solids with well-

defined characteristics; in which the ability to produce sam-

ples with specific sizes or shapes, or to grow complex solid

nanostructures yields to fulfill specific requirements of catal-

ysis in terms of selectivity and stability [7]. Encapsulation

strategy, which includes the introduction of a coating to sta-

bilize the active metal species in catalysts, is the other pro-

posedmethod in literature. However, this process can become

disadvantageous sincemass transfermight become limited by

the encapsulation structure to some extent [8].

Carbon formation and coke deposition on a CDRM catalyst

can be controlled by using suitable support, metal and pro-

moter combination(s). The primary properties of supports are

their surface area, acid-base nature and ability to disperse the

supported phase [9]. A support that favors CO2 dissociation

reaction, by which surface oxygen necessary to clean carbon

away from themetallic surface is produced, can be utilized for

eliminating coking problems [10]. It was also stated that

metalesupport synergistic effect is beneficial in achieving

coke deposition resistant catalysts exhibiting stable activity

[11]. Supported metals of Groups 8 (ruthenium), 9 (cobalt,

rhodium, and iridium), and 10 (nickel, palladium, and plat-

inum) were reported as potential catalysts in CDRM for their

high activity in breaking CeH and CeC bonds [12,13]. The

limited utilization of noble metals (Pt, Ru, Rh and Pd) due to

their scarcity and high cost has increased the attention to-

wards the studies on abundant and cheap Ni and Co based

catalysts [14].

Forming a bimetallic catalyst by introducing a promoter is

another appropriate option for improving the anti-coking

property of CDRM catalysts, where promoters act as step-

edge site blockers and/or decrease the carbon adsorption en-

ergy to prevent carbon nucleation on the catalyst [15,16].

In addition to correct selection of the catalyst components;

the composition, phases and crystal structure of metal(s) and

promoter(s) as well as optimized operating conditions pro-

nouncedly enhance CDRM performance [17]. It was revealed

that in highmetal content catalysts larger particles, which are

more prone to coke deposition through CH4 decomposition on

their surface, are likely to be formed [18]. Metal-support
interaction was also associated to metal loading [19]. The

relation between CDRM stability, hydrogen selectivity and

promoter loading, on the other hand, was confirmed with the

work on Sr promoted Co/g-Al2O3 catalysts [20]. In another

study, optimum amount of potassium (0.2 wt% K2O) was

determined for very low carbon deposition and high CH4

conversion in tested Ni/Al2O3 catalysts [21]. The study on CeO2

doped Ni/Al2O3 catalysts showed that increase in Ce content

results in decreasing carbon formation, but for catalysts

having more than 10% Ce, lower CDRM activities due to Ni

oxidation was noted [22]. Similar effect of promoter loading

was observed for NieMo and CoeMo carbide catalysts: at

higher molar ratios (i.e. Co/Mo above 0.4 and Ni/Mo above 0.3),

phase separation of the promoter occurs causing decrease in

structural and electronic promoting effects [23].

In our first paper on CoeCe system, 5%Coe2%Ce/ZrO2

catalyst was introduced as a sound alternative to PGM cata-

lysts in CDRM. The results confirmed that this catalyst per-

forms high CDRM activity with desired H2/CO ratio [24]. The

overall purpose of the current work is to establish a link be-

tween Co/Ce loading ratio and CDRM performance of the

catalyst, and to further analyze the roles of Co, Ce and ZrO2 in

CoeCe/ZrO2 system. To achieve this goal, catalysts with

different Co and Ce loadings were prepared and their perfor-

mance was tested parametrically under different tempera-

tures and CH4/CO2 feed ratios. BET, XRD, XPS, Raman and

HRTEM-EDX techniques were utilized for detailed character-

ization. Performance and characterization results were eval-

uated in a combined fashion in order to shed a light to

structure-activity relation for the CoeCe/ZrO2 system.
Experimental

Catalyst preparation, pretreatment and characterization

In this study, zirconia support (Alfa Aesar) was first meshed to

45e60 mesh size and then calcined at 1073 K for 4 h in muffle

furnace for high thermal stability. 2%Ce/ZrO2 sample was

prepared via impregnation of aqueous precursor solution of

Ce (cerium (III) nitrate hexahydrate, Merck). 5%Coe2%Ce/

ZrO2, 5%Coe3%Ce/ZrO2, 10%Coe2%Ce/ZrO2 and 10%Coe3Ce

%/ZrO2 catalysts were also prepared via incipient-to-wetness

impregnation. After Ce impregnation, heat treatment at

773 K for 4 h in muffle furnace and impregnation of aqueous

cobalt (II) nitrate hexahydrate (BDH) solution were conducted.

In both impregnation steps, a Masterflex computerized-drive

peristaltic pump was used to feed the precursor solution (ca.

0.6 mL/g support) to the vacuum flask at a rate of 5mL/min via

silicone tubing. The slurry in the vacuum flask was mixed by

an ultrasound mixer during the impregnation in order to

maintain uniform distribution of the precursor solutions.

During the addition of precursor solutions, amild vacuumwas

applied. After the precursor solution was added, the slurry

was ultrasonically mixed for additional 90 min. The thick

slurry obtained was dried at 388 K overnight at each impreg-

nation step.

As a pretreatment, the catalysts were calcined in situ in dry

air (30 mL/min) for 4 h at 773 K and subsequently reduced in

situ in H2 (50 mL/min) for 2 h at the same temperature based
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on the preliminary tests yielding steady-state CDRM activity

values. Before calcination, the temperature was risen to 773 K

with 10 K/min rate under argon flow (25 mL/min). Argon flow

was also introduced between calcination and reduction pe-

riods for 30 min in order to prevent the mixing of dry air and

hydrogen. After reduction, argon flow was adjusted to 5 mL/

min and the system was left overnight prior to the reaction

tests.

The nitrogen adsorption/desorption isotherms were ob-

tained at liquid nitrogen temperature of 77 K by using Quan-

tachrome Nova 2200e automated gas adsorption system at

Bo�gaziçi University Photochemistry and Photocatalysis Labo-

ratory. The specific surface areas were determined by using

multipoint BET analysis and the pores sizes weremeasured by

the BJH method of adsorption.

The crystal structures of the CoeCe/ZrO2 and Ce/ZrO2

catalyst samples and the support ZrO2 were analyzed via XRD.

The diffraction patterns were collected by Rigaku's D/MAX-

Ultimaþ/PC utilizing monochromatic Cu Ka radiation. All

freshly calcined and reduced samples were continuously

scanned between 2q values of 3 and 90� with scanning speed

of 0.2�/min. The measured patterns were compared with the

JCPDS (Joint Committee on Powder Diffraction Standards) database

for phase identification. Metal and support crystallite sizes

were calculated by Scherrer equation.

The micro-structural properties of freshly calcined and

reduced CoeCe/ZrO2 catalyst samples were elucidated via

HRTEM, EDX and electron diffraction tests. The analyses were

carried out at the Institute of Materials at TUBITAK-MAM on

JEOL 2100 LaB6 HRTEM, and at METU Central Laboratory on

Jem Jeol 2100F both operating at 200 kV.

The nature of interaction between the dispersed metal

species and the support for fresh CoeCe/ZrO2 catalyst sam-

ples was analyzed by XPS via Thermo Scientific K-Alpha

model X-ray Photoelectron Spectrometer at Bo�gaziçi Univer-

sity. All binding energies were referenced to the C1s line. For

data analysis, the peak intensities were estimated by calcu-

lating the integral of each peak, after subtraction of the S-

shaped Shirley-type background, and by fitting the curve to a

combination of Lorentzian (30%) and Gaussian (70%) lines.

The coke deposited spent catalyst samples were analyzed

by Raman spectroscopy. Raman spectra of the spent catalysts

were obtained by using a Renishaw inVia Raman microscope

(Advanced Technologies Research andDevelopment Center of

Bo�gaziçi University) with the following operation parameters:

532 nm 100 mW diode laser as the excitation source; laser

intensity of ~5 mW; 10 s acquisition time; a total of 10 accu-

mulations per spectrum. Before measurements, Raman

spectrum was calibrated by using a silicon wafer peak at

520 cm�1. All the samples were analyzed under atmospheric

condition without pre-treatment with the de-focusing

technique.

Catalytic performance evaluation

CDRM was carried out in a fixed-bed down-flow tubular

12 mm ID, 70 cm long quartz microreactor under atmospheric

pressure. The tests were performed at the temperature in-

terval of 873e973 K with CH4/CO2 feed ratios of 1/1, 2/1, 1/2 at

20000 mL/h.g.catalyst. Hewlett Packard HP5890, temperature-
controlled and programmable gas chromatograph equipped

with a Thermal Conductivity Detector and a HayeSep D

analysis column, was used for analyzing feed and product gas

mixtures.
Results and discussion

Characterization of CoeCe/ZrO2 system

Total surface area of freshly calcined and reduced ZrO2 was

determined as 24.41 m2 g�1. As expected the BET values

calculated for freshly calcined and reduced CoeCe/ZrO2

catalyst samples, slightly decreased to 22.3e23.2m2 g�1 range.

For all samples, the pore volumes were measured between

0.019 and 0.023 cm3 g�1, and pore sizes were approximately

15 �A. The values obtained clearly indicated that ZrO2 physical

structure dominantly determines the characteristics of the

catalyst samples; Co and Ce loadings/loading levels have no

significant effect on physical characteristics.

The crystal structure of CoeCe/ZrO2 system, 2%Ce/ZrO2

and ZrO2 supportwas characterized via XRD. The spectra of all

freshly calcined and reduced samples showed the presence of

monoclinic zirconia (JCPDS 86-1449) (Fig. 1) with (�1 1 1)

crystal plane as themost dominant phase. The intensity of m-

ZrO2 peaks weakened with the increase in total metal loading,

due to relatively decreased ZrO2 percentage, as can be seen at

the inset of Fig. 1. For Co-loaded samples, peaks correspond-

ing to (1 1 1) plane of face-centered cubic (fcc) (JCPDS 15-0806)

and (1 0 1) plane of hexagonal-closed packed (hcp) (JCPDS 05-

0727) structures of Cometal were also observed at 2q values of

44.2� and 47.5�, respectively, with higher intensities for the

high Co-loaded samples. Since the intensities of peaks

attributed to fcc-Co(1 1 1) were higher than that of hcp-Co(1

0 1), face-centered cubic was the dominant Co metal struc-

ture in all Co-loaded samples. This phenomenonwas reported

widely observed among cobalt catalysts reduced at tempera-

tures higher than 723 K [25]. Due to low ceria content and its

homogeneous dispersion in all catalyst samples, peaks

belonging to ceria were not detected in the XRD spectra [26].

Crystallite sizes and lattice parameters (a, b, c) were

calculated for all tested samples through using the most

intense reflection of the dominant structural phases, i.e. (�1 1

1) plane of m-ZrO2 and (1 1 1) plane of fcc-Co, via Scherrer

equation and the related lattice parameter equations. From

the lattice parameters given in Table 1 for all tested samples, it

can be deduced that metal addition does not lead to a major

modification of crystal structures. m-ZrO2 crystallite sizes

were calculated around 21 nm for all samples. Co metal

crystallite sizes, on the other hand, were lower for 10% Co

loaded catalysts and increasedwith the increase in Ce content

due to crystal defects and/or dislocations.

It was also noticed that the peaks in the spectrum of 10%

Coe2%Ce/ZrO2 catalyst shifted to lower 2q values indicating

expansion of interplanar spacing [27] as also shown with d-

spacing values in Table 1. This might be attributed to lattice

mismatching and/or distortion [28] due to more lattice oxygen

vacancies in this sample [29].

Micro-structural properties of CoeCe/ZrO2 system and

dispersion of Co and Ce on catalyst samples were analyzed by

https://doi.org/10.1016/j.ijhydene.2018.01.009
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Fig. 1 e XRD patterns for freshly calcined and reduced (a) ZrO2, (b) 2%Ce/ZrO2, (c) 5%Coe2%Ce/ZrO2, (d) 5%Coe3%Ce/ZrO2, (e)

10%Coe2%Ce/ZrO2 and (f) 10%Coe3%Ce/ZrO2 samples. (C: m-ZrO2, A: fcc-Co metal, -: hcp-Co metal).

Table 1 e d-spacing values and calculated lattice parameters and crystallite sizes for the tested samples. (n.d. ¼ “not
determined”.)

Sample dm-ZrO2 (�A) dfcc-Co (�A) dhcp-Co (�A) m-ZrO2

crystallite
size (nm)

fcc-Co
crystallite
size (nm)

Lattice parameters
for the support (�A)

Lattice parameters
for fcc-Co (�A)

a b c a

ZrO2 3.16 n.d. n.d. 21.44 n.d. 5.11 5.21 5.31

2%Ce/ZrO2 3.16 n.d. n.d. 21.40 n.d. 5.10 5.20 5.30

5%Coe2%Ce/ZrO2 3.16 2.04 3.54 21.61 34.31 5.11 5.21 5.31 3.54

5%Coe3%Ce/ZrO2 3.16 2.04 3.54 21.28 38.64 5.11 5.21 5.31 3.54

10%Coe2%Ce/ZrO2 3.17 2.04 3.54 21.05 13.42 5.12 5.22 5.32 3.54

10%Coe3%Ce/ZrO2 3.16 2.04 3.54 20.95 14.29 5.11 5.21 5.31 3.54
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HRTEM and EDX. The existence of Co, Ce and ZrO2 particles

were verified via EDX analysis given in Fig. 2. The HRTEM

images in the same figure also expressed that local ZrO2 par-

ticles size is 2e5 times higher than that of Co and Ce.

The nanobeam diffraction analysis applied to HRTEM im-

ages for 5%Coe2%Ce/ZrO2 catalyst sample (Fig. 3a) gave d-

spacing values corresponding to monoclinic zirconia of (1 1 0)

and (0 2 2) planes. In another region of the same sample, d-

spacing value for CoO in (1 1 1) plane was detected in addition

to that of monoclinic zirconia of (1 1 0) plane (Fig. 3b).

The comparison of HRTEM area images in Fig. 4 for 5%Coe

2%Ce/ZrO2, 10%Coe2%Ce/ZrO2 and 10%Coe3%Ce/ZrO2

revealed that in general Co/Ce ratio does not impose signifi-

cant micro-physical changes on catalyst surface.

The mapping results obtained in this study verified our

previous findings [24] by showing nonhomogeneous disper-

sion of Co particles and even distribution of Ce particles

(Fig. 5). The EDX-Line analysis utilized for another region of

the 5%Coe2%Ce/ZrO2 catalyst sample also highlighted that Ce

particles are well dispersed but low in amount; whereas Co

particles are found as clusters (Fig. 6). This phenomenon was

also valid for the other tested catalyst samples. According to

HRTEM-EDX results, for example, Co/Ce ratio values ranged in

between 0.18 and 2.63 (wt%/wt%) for 10%Coe3%Ce/ZrO2
catalyst. It might be suggested that Co particles partially cover

Ce particles during its impregnation; as an example, similar

phenomenon was observed in the work of Miyazawa et al.

where some of the Co particles were covered by Mn and Zr

particles during sequential impregnation [30].

In order to analyze the redox ability of CeOx formations and

how it is affected by Co/Ce ratio, Ce3d XP spectra of the freshly

reduced and spent CoeCe/ZrO2 catalyst samples were obtained

(Fig. 7). Overall surface Ce%, on atomic basis, was calculated as

13.2, 17.8, 9.6 and 16.3 for 5%Coe2%Ce/ZrO2, 5%Coe3%Ce/ZrO2,

10%Coe2%Ce/ZrO2, and 10%Coe3%Ce/ZrO2 catalysts, respec-

tively. For 10%Coe2%Ce/ZrO2, this explained the lower in-

tensity values, which were expected because of the highest Co/

Ce ratio (Fig. 7). In literature, three main 3d5/2 peaks at about

882.5 (v), 888.8 (v2) and 898.3 (v3) eV and three main 3d3/2 peaks

at about 901 (u), 907.4 (u2) and 916.6 (u3) eV, belonging to Ce4þ

state were reported, while the peaks at about 880.5 (v0), 885.4

(v1), 898.8 (u0) and 904 (u1) eV were matched to Ce3þ state [31].

The binding energies attributed to Ce4þ and Ce3þ states, given

in Table 2, were found in accordance with literature for all

catalyst samples; as there was no shift in the binding energies

of the Ce peaks compared to those of the literature, the results

pointed out that for the catalyst samples tested, even surface

alloy formation is of small probability.

https://doi.org/10.1016/j.ijhydene.2018.01.009
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Fig. 2 e HRTEM area images and EDX results for freshly calcined and reduced (a) 5%Coe2%Ce/ZrO2, and (b) 10%Coe3%Ce/

ZrO2 catalysts.

Fig. 3 e HRTEM images of freshly calcined and reduced 5%

Coe2%Ce/ZrO2 catalyst.
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The degree of ceria reduction was evaluated after decon-

volution of each spectrum by taking the ratio of the sum of

integrated areas of v0, u0, u
1 and v1 peaks to the sum of the

integrated peak areas of all peaks, as given in Equation (1):

�
Ce3þ� ¼ I� Ce3þ��

I� Ce3þ þ I� Ce4þ� (1)
Fig. 4 e HRTEM area images for freshly calcined and reduced (a)

Ce/ZrO2 catalysts.
where IeCe3þ and IeCe4þ represent the sum of intensities of

two doublets resulting from Ce2O3 and three doublets result-

ing from CeO2, respectively [31]. It was argued that higher

degree of ceria reduction leads to an increase in themobility of

oxygen ions [32]. The deconvolution analysis established the

degrees of ceria reduction as 27.8, 26.5, 22.1 and 27.7% for the

5%Coe2%Ce/ZrO2, 5%Coe3%Ce/ZrO2, 10%Coe2%Ce/ZrO2, and

10%Coe3%Ce/ZrO2 catalysts, respectively. The lowest degree

of ceria reduction estimated for 10%Coe2%Ce/ZrO2 might be

explained by its highest Co/Ce ratio. Therefore, it is suggested

that not only Ce amount but also the Co/Ce ratio should play a

role in CDRM performance -and perhaps CDRM kinetics-of the

CoeCe catalysts.

To obtain information about support defects on catalysts,

O1s spectra was utilized (Fig. 8). Accordingly, the peak at

528e530 eV corresponds to lattice oxygen of CeO2, ZrO2 and

CoO phases [33e36], whereas peaks at 531e533 eV belong to

adsorbed oxygen and lattice oxygen vacancies, which are

formed as a result of highly polarized oxygen atoms at the

surface and interphase of low coordination numbered nano-

crystallites [34,37,38]. Blue shift of the spectrum for 10%Coe2%

Ce/ZrO2 can be attributed to doping effect on support [38]. Since
5%Coe2%Ce/ZrO2, (b) 10%Coe2%Ce/ZrO2, and (c) 10%Coe3%

https://doi.org/10.1016/j.ijhydene.2018.01.009
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Fig. 5 e HRTEM image and Co, Ce, Zr and O mapping of the related region for freshly calcined and reduced (a) 5%Coe2%Ce/

ZrO2 and (b) 10%Coe3%Ce/ZrO2 catalysts.

Fig. 6 e (a) HRTEM image of freshly calcined and reduced 5%

Coe2%Ce/ZrO2 catalyst, (b) Co EDX-Line and mapping

analysis, (c) Ce EDX-Line and mapping analysis of the

selected region. (Selected region is indicated by a line in (a)).

Fig. 7 e XP spectra of Ce3d region for freshly calcined and

reduced (a) 5%Coe2%Ce/ZrO2, (b) 5%Coe3%Ce/ZrO2, (c) 10%

Coe2%Ce/ZrO2, and (d) 10%Coe3%Ce/ZrO2 (
*: Ce4þ, **: Ce3þ).
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the lowest intensity values were already observed at Ce3d

spectrum for this catalyst (Fig. 7), this might hint that cerium

atoms are incorporated in zirconia lattice which causes oxygen

vacancies [38]. Additionally, the highest asymmetry of the

spectrum was observed for this catalyst due to lattice oxygen
vacancies and adsorbed oxygen [34]. This outcome validates

the above mentioned XRD results which hinted higher

amount of oxygen defects in 10%Coe2%Ce/ZrO2 sample.

Differentiation of cobalt species having different oxidation

states and correlation of their (relative) amounts to catalytic

https://doi.org/10.1016/j.ijhydene.2018.01.009
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Table 2 e The Ce valance-binding energy (eV) relation for
different freshly calcined and reduced catalyst samples.

Catalyst Ce Valance Binding energy, eV

5%Coe2%Ce/ZrO2 [18] Ce4þ 916.06, 907.22, 900.56,

897.54, 888.57, 882.5

Ce3þ 903.47, 898.92, 884.85,

879.36

5%Coe3%Ce/ZrO2 Ce4þ 916.75, 907.7, 901.07,

898.29, 889.37, 882.68

Ce3þ 903.43, 898.65, 885.72,

880.63

10%Coe2%Ce/ZrO2 Ce4þ 916.39, 907.76, 900.85,

897.79, 889.1, 882.4

Ce3þ 904.13, 899.44, 885.43,

879.56,

10%Coe3%Ce/ZrO2 Ce4þ 916.15, 906.96, 900.54,

897.62, 888.46, 881.88

Ce3þ 902.69, 899.09, 884.54,

879.77

Fig. 8 e XP spectra of O1s region for freshly calcined and

reduced (a) 5%Coe2%Ce/ZrO2, (b) 5%Coe3%Ce/ZrO2, (c) 10%

Coe2%Ce/ZrO2, and (d) 10%Coe3%Ce/ZrO2.

Fig. 9 e XP spectra of Co2p region for freshly calcined and

reduced (a) 5%Coe2%Ce/ZrO2, (b) 5%Coe3%Ce/ZrO2, (c) 10%

Coe2%Ce/ZrO2, and (d) 10%Coe3%Ce/ZrO2.
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properties, especially when they are in interaction with sup-

port, is known to be a challenging task [39]. The XP spectra of

Co2p region, given in Fig. 9 for all catalyst samples, were

analyzed in detail. The peaks at 778.8 and 793.7 eV, separated

by 14.9 eV, which were reported as Co2p3/2 and Co2p1/2 peaks,

respectively, of Co0 phase in literature [39,40], indicate the

metallic nature of catalyst surface. Surface metallic Co con-

centrationswere calculated as 41.1, 44.1, 37.0 and 35.0% for 5%

Coe2%Ce/ZrO2, 5%Coe3%Ce/ZrO2, 10%Coe2%Ce/ZrO2, and

10%Coe3%Ce/ZrO2 catalysts, respectively, highlighting the

possibility of metal oxidation for catalysts having higher Co

loading. Co oxide phases are reported as hard to distinguish

due to the small shifts in their binding energy values [41,42].

The Co2p3/2 peak at 780e781 eV corresponds to oxide states of

Co [43,44] and the peak with no satellite was stated as a

signature of Co3þ phase [45]. On the other hand, the peak with

an intense satellite at a distance of 6 eV was attributed to Co2þ
phase in CoO [39,46]. As can be clearly seen from Fig. 9, Co2þ

peaks with their satellite features for CoO are present in

spectra of all catalysts. HRTEM analysis (Fig. 3b) has also

verified the existence of CoO. The red shift of Co2þ peak po-

sitions from 781 to 780.4 eV for the catalysts with higher Co

loading verifies that Co species in these samples are more

oxidized [47]. It should be noted that the peak at 782.5 eV,

which is only observed for 10%Coe2%Ce/ZrO2, is attributed to

Co(OH)2 and Co3O4 [42,48] which contain both Co3þ and Co2þ

species.

CDRM performance of CoeCe/ZrO2 system

Aiming to investigate the roles of each species and to observe

the effects of Co and Ce loading and Co/Ce ratio on CDRM

performance of CoeCe/ZrO2 system, 5%Coe2%Ce/ZrO2, 5%

Coe3%Ce/ZrO2, 10%Coe2%Ce/ZrO2 and 10%Coe3%Ce/ZrO2

were parametrically tested for their CDRM activity and selec-

tivity at different temperatures (873 K, 923 K and 973 K) and

CH4/CO2 feed ratios (1/1, 1/2 and 2/1) at fixed space velocity,

20000 mL/h.g.catalyst. In this context, CH4 and CO2 conver-

sion, activity, H2 yield and selectivity were obtained for all the

above mentioned samples. H2/CO product ratio was consid-

ered as a measure of selectivity. The activity values were

calculated according to the given equation (Equation (2)):

CH4 or CO2 Activity ¼ (CH4 or CO2 Flow Rate in Feed

Stream � CH4 or CO2 Flow Rate in Product Stream)/Catalyst

Weight (2)

6 h time-on-stream (TOS) data obtained over the catalysts

in the performance tests conducted at 973 K with 1/1 CH4/CO2

feed ratio (Fig. 10) showed that the highest CH4 and CO2 ac-

tivity values, 76 and 89 mmol/s.g.catalyst, respectively, were

recorded for the catalyst with 10% Co and 2% Ce loading. High

activity values were also noted for 10%Coe3%Ce/ZrO2 cata-

lyst. However, the tests conducted over these catalysts

resulted in more carbon deposition than the ones over 5% Co-

loaded samples. Increased carbon deposition yielded higher

CH4 activity loss values as well; the percentage activity losses
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Fig. 10 e Activity profiles of tested catalysts at 973 K with 1/1 CH4/CO2 feed ratio (a) CH4 activity, and (b) CO2 activity.
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Fig. 11 e Selectivity profiles of tested catalysts at 973 Kwith

1/1 CH4/CO2 feed ratio.
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at the end of 6 h TOSwere calculated as 7% and 5% for 10%Coe

2%Ce/ZrO2 and 10%Coe3%Ce/ZrO2, respectively. This points

out that Co is mainly related to CH4 dehydrogenation activity

[24], and that there is not enough surface oxygen to clean

away carbon formed by CH4 dehydrogenation due to relatively

low amount of Ce and ZrO2 for high Co loaded samples.

Therefore, it can indirectly be seen that both Ce and ZrO2 have

roles in surface oxygen production/transfer. It should be noted

that the reason for low surface Ce concentration of high Co-

loaded samples is explained by Co formations covering Ce

sites during catalyst preparation. The lack of CoeCe syner-

gistic interaction, weakening oxygen storage and transfer

between species, should also be noted for the catalysts with

higher Co/Ce ratio. Moreover, catalysts with 10% Co loading

were found to contain more oxidized Co species according to

Co2p XPS results which may lead to catalyst deactivation due

to metal sintering [49e52], since surface oxidized medium

assists particle migration, coalescence and collision [53]. On

the other hand, low activity values observed in the perfor-

mance tests over 5%Coe3%Ce/ZrO2 catalyst for the first 2 h

TOS can be explained by the relatively lower CH4 dehydroge-

nation activity compared to that of CO2 dissociation, which

also strengthened the idea that Co is primarily effective in CH4

dehydrogenation. The unaffected CO2 activation indicated

that ZrO2 is responsible for surface oxygen production by CO2

dissociation; since the support of this catalyst is less covered

by metals compared to those with 10% Co loading. Therefore,

ceria's role is mainly the transfer of this surface oxygen by

creating a continuous oxidation/reduction cycle to keep the

metal surface free of carbon [11]. Relatively limited CO2 ac-

tivity decrease compared to that of CH4 also supports that

explanation.

When the selectivity profiles of all catalysts were

compared for the tests conducted at 973 K with 1/1 CH4/CO2

feed ratio (Fig. 11), it was seen that the catalyst with 10% Co

and 2% Ce loading gave the highest H2/CO ratio throughout 6 h

TOS. However, the values decreased sharply and stable

product ratio could not be obtained for that sample. This

might be due to the closure of active sites responsible for H2

production by deposited carbon frommethane decomposition

[1,24]. Same trend was also observed for the tests conducted

over 10%Coe3%Ce/ZrO2 and 5%Coe3%Ce/ZrO2 catalysts. On

the other hand, the catalyst with 5% Co and 2% Ce loading

gave the most stable selectivity profile, which can be
explained through the balance between C-formation and C-

oxidation led by enhancedmobility of surface oxygen, verified

by XPS analysis.

Since CDRM contains many side reactions favored at

different temperature levels, changing the temperature af-

fects the performance of catalysts. Carbon forming reactions

e Boudouard reaction and methane decomposition e and oxygen

producing reaction e dissociative adsorption of CO2 e are the

most important reactions affecting the CDRM performance;

dissociative CO2 adsorption needs to be at least as fast as the

former ones in order to prevent coke deposition. Boudouard

reaction is an exothermic reaction favored at low tempera-

tures, whereas methane decomposition is favored at high

temperatures [3]. Considering these trends, performance tests

were applied by keeping the feed ratio as 1/1 but decreasing

the CDRM temperature in order to grasp the performance

characteristics in 873e973 K range. For all tested catalysts,

both CH4 and CO2 activity values and H2/CO ratios decreased

with the decrease in temperature (Figs. 12 and 13). The lower

activity values can be explained with the endothermic nature

of CDRM [1] whereas the trend in selectivity values are related

to favored RWGS at low temperatures [54]. The activity order

of the tested catalysts also changed with the decrease in

temperature, pointing out the effect of metal and promoter

content in rates of side reactions.

At 923 K, 10%Coe2%Ce/ZrO2, the catalyst with the highest

Co/Ce ratio, showed a very unstable CH4 activity, whichmight
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Fig. 12 e Activity and selectivity profiles of tested catalysts at 923 K with 1/1 CH4/CO2 feed ratio (a) CH4 activity, (b) CO2

activity, and (c) H2/CO product ratio.

Fig. 13 e Activity and selectivity profiles of tested catalysts at 873 K with 1/1 CH4/CO2 feed ratio (a) CH4 activity, (b) CO2

activity, and (c) H2/CO product ratio.
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be related to its high Co loading, and therefore, favored CH4

decomposition which caused coke accumulation (Fig. 12). The

highest CH4 and CO2 activity values and H2/CO ratio, on the

other hand, were obtained over 10%Coe3%Ce/ZrO2 catalyst

underlining the positive effect of both Ce and Ce3þ on both

CDRM activity and selectivity. Ce limits the activity loss
related to coke deposition. Additionally, the selectivity values

for the catalysts with 10% Co loading varied a lot as the re-

action proceeded proving that the rate of carbon removal was

less than that of carbon formation. More stable activity and

selectivity profiles were obtained for the catalysts with 5% Co

loading. It was also interesting to note that the effect of Ce on
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both activity and selectivity was less noticeable for the cata-

lysts with 5% Co loading. This might hint that Ce is less uti-

lized when there are more reduced Co species, since surface

Co0 concentrations were recorded as highest for 5% Co loaded

catalysts in XPS analysis.

When the temperature was further decreased to 873 K

(Fig. 13), the highest CH4 andCO2 activity valueswere recorded

for 5%Coe3%Ce/ZrO2 and 10%Coe3%Ce/ZrO2, respectively, at

6 h TOS. This difference most probably stemmed from the

relative change in the rates of CO2 dissociation and CH4

decomposition. It should also be noted that CDRM activities of

the catalysts with 10% Co loading decreased more with

decline in temperature, compared to other catalysts; con-

firming the role of Co on CH4 decomposition which is less

favored at low temperatures. At 6 h TOS, 21% loss in CH4 ac-

tivity values was calculated for 10%Coe3%Ce/ZrO2, which

might result from carbon accumulation. High activity losses,

also observed at 10%Coe2%Ce/ZrO2 and 5%Coe3%Ce/ZrO2

catalysts, yield to a stability problem that stands as an

obstacle for the industrial use of these catalysts. 5%Coe2%Ce/

ZrO2 catalyst, on the other hand, showed a very stable profile

even for 72 h TOS as indicated in our previous study [24].

From the parametric temperature analysis, it might also be

concluded that carbon is deposited at sites that are active in

CH4 dehydrogenation [24], since CH4 activity loss was faster

than that of CO2, especially for the catalysts with 10% Co

loading.

CH4/CO2 feeding ratio is another important CDRM param-

eter as CO2 acts as the oxygen source whereas excess CH4

favors carbon formation. In addition to the performance tests

with CH4/CO2 ¼ 1/1, tests at two other feed ratios, 1/2 and 2/1,

were conducted to analyze how the effect of Co/Ce loading on

CDRM performance was enhanced or suppressed by feed
Fig. 14 e Activity profiles in terms of CH4 conversion for tested ca

ratio of 1/2, and (c) for all tested feed ratios.
composition. It should be noted that as reactant flow rates

would be different for each CH4/CO2 feed ratio, conversion

values, through which the results with different reactant flow

rates can be compared, are used for discussion.

Increasing CH4 source in the feed, i.e. using CH4/CO2 ¼ 2/1,

mainly caused stability problem through coke deposition,

especially during first 2 h of the reaction for all temperature

levels. For example, the activity loss in terms of CH4 conver-

sion was recorded as 41% for the test conducted over 10%Coe

2%Ce/ZrO2 at 973 K (Fig. 14a). The lowest activity loss at this

temperature was noted as 19% over 5%Coe2%Ce/ZrO2. As 5%

Coe2%Ce/ZrO2 and 10%Coe2%Ce/ZrO2 are the catalysts hav-

ing the highest and lowest Ce3þ concentrations, respectively,

and as the highest deactivation was observed for 10% Co

loaded catalysts, which have higher concentration of oxidized

Co species; the combined evaluation of characterization and

performance tests results revealed that Co/Ce ratio plays a

plausible role in CDRM mechanism. This can be explained by

Co/Ce ratio impact on reaction environment (oxidative or

reductive) which favors the regeneration of metallic Co and

the CH4 dehydrogenation reaction when it is reductive, while

yields the oxidation of metallic Co sites when oxidative

[51,52].

On the other hand, the increase in the feeding rate of CO2,

i.e. using CH4/CO2 ¼ 1/2, created a noticeable decrease in the

activity losses in terms of both CH4 and CO2 conversions at 2 h

TOS. This might have occurred because when the feed was

rich in oxygen source, surface oxygen formation and its

effective transfer to Co sites e via CO2 dissociation on ZrO2

forming surface oxygen followed by transfer of surface oxygen to Co

sites regulated by Ce-prevented coke accumulation. At 973 K,

where CH4 dehydrogenation was mostly favored, the com-

bined effect of ZrO2 and Ce can be more clearly observed
talysts at 973 K (a) with the feed ratio of 2/1 (b) with the feed
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Fig. 16 e Raman spectra of (a) 5%Coe2%Ce/ZrO2, (b) 5%Coe

3%Ce/ZrO2, (c) 10%Coe2%Ce/ZrO2 and (d) 10%Coe3%Ce/

ZrO2 used during the reaction at 973 K, CH4/CO2 ¼ 2/1(black

curve); 873 K, CH4/CO2 ¼ 1/1 (grey curve).
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(Fig. 14b); CH4 conversion dropped only by 3% for the test

conducted on the catalyst with the lowest Co/Ce ratio and

relatively high ZrO2 content, i.e. 5%Coe3%Ce/ZrO2. The per-

centage activity loss increasedwith the increase in Co/Ce ratio

and became 10% for the catalyst with the highest Co/Ce ratio,

i.e. 10%Coe2%Ce/ZrO2.

At the feed ratio of CH4/CO2 ¼ 2/1, suffering from lack of

surface oxygen to clean away formed carbon on active sites

also led to lower conversion values, in terms of both CH4 and

CO2, compared to those recorded for the other feed ratios

(Fig. 14c). The effect of favored RWGS at CO2-rich environment

might also be considered, since its by-product H2O enhances

methane steam reforming as a side reaction yielding higher

methane conversion values at the feed ratio of CH4/CO2 ¼ 1/2

[1]. Conversion values at the end of 6 h TOS, on the other hand,

were close to each other for all tested catalysts at each tem-

perature level. At 973 K, for example, 6 h TOS CH4 conversion

values were 34.1%, 33.3%, 34.9% and 35.2% for 5%Coe2%Ce/

ZrO2, 10%Coe2%Ce/ZrO2, 5%Coe3%Ce/ZrO2 and 10%Coe3%

Ce/ZrO2, respectively. At CH4/CO2 feed ratio of 1/2, the highest

conversion values were recorded for the catalysts with 10% Co

loading at all temperature levels showing that increased ox-

ygen source in the feed can overcome the rapid coke forma-

tion that would be led by high CH4 dehydrogenation activity of

the catalysts having high Co loading.

For the tests conducted at CH4/CO2 feeding ratio of 2/1, it

was also clearly noticed that the catalysts with the same co-

balt loading displayed exactly the same selectivity profiles at

all temperatures (Fig. 15). Therefore, it can be said that at CH4/

CO2 feed ratio of 2/1, CH4 dehydrogenation performance plays

the major role in determining the selectivity. It can addition-

ally be concluded that Ce has limited effect on selectivity

when there is not enough surface oxygen, underlining that Ce

is only responsible for oxygen transfer but not its formation.

When CO2 concentration in the feed was increased (figure not

shown), H2/CO ratio values were converged to ca. 0.52 at the
Fig. 15 e Selectivity profiles of tested catalysts with the feed ratio of 2/1 at (a) 873 K, (b) 923 K and (c) 973 K.
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Table 3 e Raman analysis results for all samples tested at different conditions.

Catalyst 873 K, CH4/CO2 ¼ 1/1 973 K, CH4/CO2 ¼ 2/1

Raman shift of
D band (cm�1)

Raman shift of
G band (cm�1)

ID/IG Raman shift of
D band (cm�1)

Raman shift of
G band (cm�1)

ID/IG

5%Coe2%Ce/ZrO2 1344 1573 0.41 1349 1575 0.40

5%Coe3%Ce/ZrO2 1342 1576 0.56 1344 1576 0.55

10%Coe2%Ce/ZrO2 1338 1573 0.63 1340 1576 0.62

10%Coe3%Ce/ZrO2 1336 1576 0.63 1340 1570 0.62
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end of 6 h TOS at 973 K for all tested catalysts. It should be

noted that selectivity shifted towards hydrogen with decrease

in temperature for the catalysts with 10% Co loading. Addi-

tionally, the results indicated that Ce amount, therefore Co/Ce

loading ratio, did not have a distinct impact on selectivity at

873 K for the catalysts with the same Co loading.

As the outcome of the abovementioned discussion on re-

action conditions, it can be deduced that it is not appropriate

to propose an optimum temperature and/or feed ratio due to

variation of both extent of primary/secondary reactions [1] in

response to reaction conditions and downstream process re-

quirements, especially selectivity, of practical operations.

It was observed after the performance tests that the cata-

lyst bed volume increased due to the deposited carbon whose

amount was found dependent on the reaction conditions

used; for severe reaction conditions, i.e. for the highest CH4/

CO2 ratio, the bed volume was more than quadrupled.

Considering the importance of deposited carbon structure on

catalyst deactivation, spent catalyst samples were further

characterized via Raman spectroscopy. The catalyst samples

yielding the highest, at 973 K with CH4/CO2 feed ratio of 2/1,

and themoderate, at 873 Kwith CH4/CO2 feed ratio of 1/1, coke

formation were chosen for analysis. Two well-defined bands

at around 1340 and 1575 cm�1 that are attributed to the D

band, associated with the disordered structural mode of

crystalline carbon species, and G band, corresponding to the

graphitic carbon with high degree of symmetry, respectively,

were shown at the Raman spectra of spent catalyst samples

given in Fig. 16. Thus, graphitic carbon coexisted with amor-

phous carbon on the surface of all samples at the conditions

tested [24,55]. The prevalence of G band on all samples is in

accordance with literature since it was stated that graphitic

carbon formation is energetically favorable on fcc-Co (111)

[55]. The relative intensity of D and G bands (ID/IG) gives in-

formation about the degree of crystallinity; smaller ID/IG value

indicates higher crystallinity. The ID/IG values were deter-

mined as shown in Table 3 for the catalyst samples spent at

873 and 973 K, respectively. Additionally, the graphitization of

deposited carbon decreases with reducing metal crystallite

size and this phenomenon was also observed in the study of

Gurav and co-workers for Ni catalysts [56].
Conclusions

CoeCe/ZrO2 catalysts with different Co/Ce loading ratio were

characterized and their performance was parametrically

tested under CDRM conditions. Total surface area, pore vol-

ume and pore radius values were found comparable in all Coe
Ce/ZrO2 catalyst samples. Monoclinic zirconia and Co metal

with face centered cubic and hexagonal closed packed struc-

tures were detected in all samples, and it was shown that Co

particles partially cover evenly distributed Ce particles during

Co impregnation yielding nonhomogeneous dispersion of Co

particles. Higher amount of lattice oxygen vacancies along

with the lowest degree of ceria reduction were obtained for

10%Coe2%Ce/ZrO2 sample, which apparently has the highest

Co/Ce ratio. In the performance tests, the extent of side re-

actions prevailed in determining selectivity profiles of the

catalysts. The combined evaluation of characterization and

performance results revealed that for the samples having

lower Co/Ce ratio, CoeCe synergistic interaction, that en-

hances oxygen storage and transfer between species, was

stronger, and synchronous contribution of Ce and ZrO2 to

catalytic performance increased. Co/Ce ratio also had an

impact on the shape of accumulated carbon and thus affects

performance stability of the system. All these findings

strongly suggested the possible dominant effect of Co/Ce ratio

in CDRM mechanism over the CoeCe catalysts.
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