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The promotional La2O3 effect on the physicochemical features of mesoporous alumina (MA) supported
cobalt catalyst and its catalytic performance for methane dry reforming (MDR) was examined at varied
temperature and stoichiometry feedstock. The Co3O4 nanoparticles were evidently scattered on fibrous
mesoporous alumina with small crystal size of 8e10 nm. The promotion behavior of La2O3 facilitated H2-
reduction by providing higher electron density and enhanced oxygen vacancy in 10%Co/MA. The addition
of La2O3 could reduce the apparent activation energy of CH4 consumption; hence, increasing CH4 con-
version up to 93.7% at 1073 K. The enhancement of catalytic activity with La2O3 addition was also due to
smaller crystallite size, alleviated H2-reduction and the basic character of La2O3. Lanthanum dioxycar-
bonate transitional phase formed in situ during MDR was accountable for mitigating deposited carbon via
redox cycle for 17e30% relying on reaction temperature. Additionally, the oxygen vacancy degree
increased to 73.3% with La2O3 promotion. The variation of H2/CO ratios within 0.63e0.99 was preferred
for downstream generation of long-chain olefinic hydrocarbons.

© 2020 Energy Institute. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The increasingly excessive consumption of fossil-based energies
because of growing industrial production, transportation and
global population has led to many serious issues relating to the
energy security, petroleum depletion, global warming, air pollution
Abidin), vndviet@ntt.edu.vn,
(D.-V.N. Vo).

vier Ltd. All rights reserved.
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and unhealthy human living environment [1e3]. Thus, CO2 miti-
gation and the exploration of petroleum-substituted fuels are
currently required worldwide. Methane dry reforming (MDR, Eq.
(1)) appears to be a promising approach since it converts two
greenhouse gases (CO2 and CH4, main causes of global warming) to
the valuable mixture of CO and H2, so-called syngas [4,5]. Addi-
tionally, syngas-derived H2 could be used as a standalone, green
and efficient fuel in fuel cells and hydrogen car as well as feedstock
in petrochemical industry since it has a high energy density about
120.7 kJ g�1 [6] and its combustion only induces H2O by-product
[7,8].
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CO2 þCH4/2H2 þ 2CO ðDH298 K

¼ þ274 kJ mol�1Þ (1)

Noble metals such as Pd, Pt and Rh and Ni transition metal are
broadly used for MDR [9,10]. Even though precious metals perform
highMDR activity and stability, these metals are rare and expensive
and thus are unsuitable for industrial scale [11]. Additionally, Ni-
based catalysts could easily involve in undesirable catalytic deac-
tivation due to coke formation and metal sintering induced by high
MDR reaction temperature [12]. Thus, designing a cost-effective
catalyst with high activity and coke mitigation is the main
concern in MDR industry.

In recent years, Co-based materials have emerged as potential
and alternative catalysts for the industrial reforming processes
owing to their high thermal stability, abundant resources and great
activity [13,14]. Additionally, Co catalysts are reportedly less prone
to metal sintering and carbon deposition in comparison with Ni-
based catalysts [15]. Apart from active metals, the variety of sup-
ports and promoters plays efficient and important roles in the
prevention of catalyst deterioration.

In fact, mesoporous supports, especially alumina, have been
widely employed to enhance metal dispersion and provide the
confinement effect for active metals to prevent them from agglom-
eration due to their ordered mesoporous structure [16,17]. Unlike
other mesoporous siliceous supports such as MCM-41 and SBA-15
having mesopore collapse induced by high MDR reaction tempera-
ture [18], Ma et al. studied Al2O3-supported bimetallic PdeNi cata-
lysts for MDR and reported that Al2O3 support has great thermal
stability resisting toward thermal sintering and high surface area
beneficial for nanoparticle dispersion [16]. The basic character of
rare-earth metal oxides has reportedly improved the adsorption of
CO2 reactant, thereby increasing carbon gasification from catalyst
surface [19]. Lanthanumoxidewith basic properties and high oxygen
storage capacity was recently found to enhance carbon resistance in
various reforming processes [4,19,20]. The dispersion of Co active
metal on mesoporous Al2O3 with La2O3 promotion could exhibit
high reforming activity and coke resilience, but this potential metal
oxide combination has not been previously examined forMDR to the
best of our knowledge. Since the above-mentioned catalytic recipe
could possess outstanding performance and carbon resistance and
was not explored before in literature, it is crucial to examine its
catalytic behavior in MDR at varied reaction temperature. Thus, the
objective of this work is to scrutinize the promotional La2O3 effects
on Co/MA catalyst for enhanced MDR in terms of H2 generation and
coke mitigation. The influence of reaction temperature ranging from
973 K to 1073 K on reactant conversions and product yields was also
examined in this study.

2. Materials and methods

2.1. Catalyst synthesis

Alumina support was synthesized by dissolving 0.98 g of tri-
block-poly (ethylene glycol)-block-poly (propylene glycol)-block-
poly (ethylene glycol), Pluronic® P-123 (EO20PO70EO20 with mean
molecular weight of 5800 purchased from Sigma-Aldrich, St. Louis,
Missouri, US) in a binary solvent mixture (14.7 ml) containing 25%
water and 75% ethanol by volume using a magnetic stirrer. The
solution was vigorously mixed for 30 min at 303 K, followed by
sequentially adding 3.68 g of aluminum nitrate nonahydrate,
Al(NO3)3.9H2O (98%, Merck Millipore) and 1.6 ml of hydrochloric
acid fuming (37%, Merck Millipore) with continuously stirring for
the next 1 h. Hydrothermal treatment was performed in a Teflon-
lined stainless autoclave for 24 h at 373 K. The resultant mixture
Please cite this article as: N.T. Tran et al., La-doped cobalt supported onme
coke mitigation, Journal of the Energy Institute, https://doi.org/10.1016/j
was slowly evaporated at 333 K in Memmert UF1060 oven
(Schwabach, Germany) for 48 h. Later, the obtained jelly liquid was
exposed to a muffle furnace (Carbolite, CWF 1200, Sheffield, UK) for
5 h calcination at 1073 K and 1 K min�1 to yield mesoporous
alumina denoted as MA.

In our previous ethanol dry reforming studies, the optimal
composition for promoter and active metal was 3% and 10% in this
order [21,22]. Thus, these empirical loadings were applied again in
this study for selecting the recipe of promoted catalyst. Particularly,
3%Lae10%Co/MA was prepared using an incipient wetness co-
impregnation method in which a solution of 0.57 g of Co(N-
O3)2.6H2O (Sigma-Aldrich, St. Louis, Missouri, US) metal precursor
and 0.11 g of La(NO3)3.6H2O promoter source (Merck KGaA,
Darmstadt, Germany) in 0.5 ml of anhydrate ethanol was mixed
with 1 g of as-prepared MA support for 1 h. The impregnated solid
was instantly dried at 373 K overnight in oven and calcined at 873 K
for 5 h with heating rate of 1 K min�1 in furnace. The incipient
wetness impregnation approach was also implemented for un-
promoted 10%Co/MA synthesis using the analogous above-
mentioned procedure without promoter solution addition.

2.2. Catalyst characterization

X-ray diffraction analysis was performed on Miniflex 600
spectrometer (Rigaku, Tokyo, Japan) with Cu radiation source
(l ¼ 1.5418 Å). All the diffraction patterns were recorded at scan-
ning range of 3-80� with step size of 0.02� and scan speed of 1�

min�1. The Joint Committee on Power Diffraction Standards (JCPDS)
databasewas used as references for peak identification [23] and the
crystallize size was calculated using Scherrer's equation (see Eq.
(2)) based on the most intense peak [24].

dCo3O4
¼ 0:94� l
b� Cos q

(2)

where q is Bragg angle and b is line broadening at half the
maximum intensity.

The automated gas adsorption device (Tristar II 3020, Micro-
metrics, USA), employing liquefied nitrogen at 77 K, was used to
examine sample textural properties. Prior to any tests, the spec-
imen was de-gassed in N2 flow at 573 K for 1 h to remove traced
impurities and moisture. H2-thermal programmed reduction (H2-
TPR) was conducted on the AutoChem II-2920 apparatus (Micro-
meritics, Georgia, USA). For each run, about 50mg of catalyst placed
at the center of a quartz U-tube was purged in N2 at 373 K and
30 min followed by reduction step in 10%H2/N2 (50 ml min�1) with
programmed temperature from 373 K to 1173 K using 10 K min�1.
Reduced sample was kept constant at 1173 K for 30 min before
cooling down to ambient temperature in N2.

Thermal programmed oxidation (TPO) was performed in a TGA
Q500 series apparatus from (TA Instruments, Newcastle, DE, USA).
The specimen was first dehydrated at 373 K under N2 flux
(100 ml min�1) for 30 min. The pretreated sample was then
exposed to the premixed flow of 20 ml min�1 O2 and 80 ml min�1

N2 whilst temperature was raised from 373 to 1023 K with a rate of
10 K min�1, followed by isothermal oxidation at 1023 K for 30 min.
Raman spectroscopy was carried out using a NRS-3100 spectro-
photometer (JASCO, Tokyo, Japan) at room temperature. The exci-
tation source was the 532 nm solid-state primary laser. X-ray
photoelectron spectroscopy (XPS) was conducted for the used
samples on ULVAC-PHI 5000 Series equipment (VersaProbe II,
Chigasaki, Japan) fitted with Al Ka X-ray radiation at
hn ¼ 1486.6 eV. The electron microscopy at high resolution
(HRTEM) was performed using a TOPCOM EM-002B microscope
(Japan) at 200 kV.
soporous alumina catalysts for improvedmethane dry reforming and
.joei.2020.01.019



Fig. 1. XRD profiles of (a) MA, (b) 10%Co/MA, and (c) 3%Lae10%Co/MA.
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2.3. Methane dry reforming procedure

The as-prepared catalysts were assessed for MDR from 973 to
1073 Kwith stoichiometry ratio at 0.1MPa. For each run, about 0.1 g
of catalyst was loaded into the center of fixed-bed reactor with
length and outer diameter of 17 in. and 3/8 in., respectively and
mounted by quartz wool. The delivery rates of reactants and ni-
trogen diluent gas were individually controlled by mass flow con-
trollers (Alicat Scientific, Tucson, AZ, USA). All the gases were well
mixed before entering the reactor and the total space velocity was
fixed at 36 L gcat�1 h�1 for all runs.

Prior to catalytic evaluation, H2 activation was performed in situ
at 1073 K for 1 h using 50%H2/N2 (60mlmin�1) mixture. All gaseous
products discharged from reactor bottom were recorded by an
online thermal conductivity detector (TCD) in Agilent 6890 Gas
Chromatography (Agilent Technologies, Santa Clara, CA, USA). Key
reaction metrics, namely, conversion (Xj with j: CH4 or CO2), yield
(YCO and YH2) and H2/CO proportion were estimated using the
corresponding Eqs. (3)e(6) according to the inlet, Qin and outlet,
Qout

flow rates (mol s�1).

Xjð%Þ¼
Qin

j � Qout
j

Qin
j

� 100% (3)

YCOð%Þ¼
Qout

CO

Qin
CH4

þ Qin
CO2

� 100% (4)

YH2
ð%Þ¼ Qout

H2

2Qin
CH4

� 100% (5)

and

H2

CO
¼Qout

H2

Qout
CO

(6)

3. Results and discussion

3.1. Characterization of catalyst

3.1.1. X-ray diffraction analysis
The XRD patterns of MA support, 10%Co/MA and 3%Lae10%Co/

MA are illustrated in Fig. 1. The diffraction peaks at 2q of 37.40�,
39.58�, 45.96�, 60.76�, 67.02� and 77.10� appeared in all sample
patterns were ascribed to g-Al2O3 support (JCPDS card No.
04e0858) [25], whereas the peaks at 31.32�, 37.03�, 44.88�, and
55.82� 2q corresponded to the existence of cobalt oxide in form of
Co3O4 for both catalysts (JCPDS card No. 74e2120) [26]. The un-
avoidable formation of cobalt aluminate spinel, CoAl2O4 in both
specimens was also confirmed by the appearance of peaks at
59.62�, and 65.42� (JCPDS card No. 82e2246) [20,27], indicative of
great interaction amid support and metal. Notably, the typical
diffraction peaks of La2O3 phase at 2q of 29.87� and 53.42� (JCPDS
card No. 83e1355) [28] were not detected in the XRD profile of 3%
Lae10%Co/MA (Fig. 1(c)) suggesting that the highly dispersed La2O3

promoter on catalyst surface could possess nano-size less than the
XRD detection limit in agreement with other studies [29].

As shown in Table 1, the Co3O4 crystallite size of La-promoted
sample possesses a smaller dimension (7.7 nm) compared to the
unpromoted counterpart (9.2 nm). The decrease in the crystallite
size was considered as a result of dilution phenomena in which La
particles could assist Co3O4 interspersion during the impregnation
Please cite this article as: N.T. Tran et al., La-doped cobalt supported onme
coke mitigation, Journal of the Energy Institute, https://doi.org/10.1016/j.
step, thus consequently preventing metal agglomeration [20]. The
smaller Co3O4 nanoparticles could induce a greater active metal
surface area and improve coke suppression [30].

3.1.2. Textural properties
The N2 adsorption-desorption behaviors of MA, 10%Co/MA and

3%Lae10%Co/MA are shown in Fig. S1 (Supplementary data). All
isotherm curves of measuredmaterials were categorized as Type-IV
in conjunction with the characteristic H1 hysteresis loop according
to the IUPAC classifications. These typical features were attributed
to mesoporous materials with cylindrical pore frameworks [31].
Although the quantity of N2 adsorbed was dropped with Co and La
additions, the constant shape of three isotherm plots and the
identical H1 hysteresis loops starting at relative pressure, P/P0 of 0.5
could be indicative of the well-preserved structure of mesoporous
Al2O3 support after metals loading. The unchanged structure of
catalysts in comparison with MA support was reasonably because
of rigorously thermal support pretreatment at 1073 K prior to
impregnation. Thus, the stableMA support could resist to structural
alteration and retain its mesoporous feature during catalyst
preparation.

The pore size distributions of support and catalysts were esti-
mated from the experimental desorption curves by Barrett-Joyner-
Halenda (BJH) approach as depicted in Fig. S2 (see Supplementary
data). The distribution of pore diameters for all samples owned
analogous shapes with peaks at around 6 nm and varied within
2e12 nm. The similar pore size distribution for support and cata-
lysts further validates the unaltered support structure during metal
impregnation.

The detailed textural characters of all samples are summarized
in Table 1. The total pore volume and BET surface area of MA were
about 0.28 cm3 g�1 and 173.4 m2 g�1, respectively. The BET surface
area of synthesized MA in this study is comparable with results
reported for commercial Al2O3 supports supplied by Sasol (Puralox
SCCa-150/200) [32] or Sigma-Aldrich Chemicals [19] and self-
prepared Al2O3 supports in other works [33] signifying the suc-
cessful preparation of MA. These physical attributes were reduced
with Co addition, indicating the successful metal diffusion on MA
surface. In comparison between promoted and unpromoted cata-
lysts, the textural values including BET surface area and total pore
volume only had a slight deviation. This could affirm the high
soporous alumina catalysts for improvedmethane dry reforming and
joei.2020.01.019



Table 1
Physical properties of MA, 10%Co/MA, and 3%Lae10%Co/MA.

Material Specific BET surface area (m2 g�1) Total pore volume (cm3 g�1) Average pore diameter (nm) Average Co3O4 crystallite sizea (nm)

MA 173.4 0.28 6.48 -

10%Co/MA 141.9 0.22 6.28 9.2
3%Lae0%Co/MA 136.4 0.21 6.30 7.7

a Crystallite size of Co3O4 calculated from Scherrer equation at 2q angle of 37.03� after peaks of Al2O3 phase were subtracted from XRD patterns of both catalysts.

Table 2
Summary of peak reduction temperatures during H2-TPR.

Catalyst Peak temperature (K)

P1 P2 P3
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dispersion of both La2O3 and Co3O4 particles during co-
impregnation. The BET surface area of 10%Co/MA (141.9 m2 g�1)
and 3%Lae10%Co/MA (136.4 m2 g�1) is also analogous to findings
from Fayaz et al. [32].
10%Co/MA 768 913 1084
3%Lae10%Co/MA 696 909 1077
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3.1.3. H2-thermal programmed reduction
The H2-reduction behaviors of samples were examined by H2-

TPR as displayed in Fig. 2. Regardless of the catalysts, both Co3O4
and CoAl2O4 forms were reduced to Co0 metallic phase as evi-
denced by three distinct peaks (P1, P2 and P3). Particularly, these
peaks belong to the reduction of Co (III) oxide to Co (II) oxide (peak
P1, Eq. (7)), Co (II) oxide to Co (0) metal (peak P2, Eq. (8)) and Co (II)
in CoAl2O4 spinel to Co (0) phase (peak P3, Eq. (9)) [34].

Co3O4 þH2/3CoOþ H2O (7)

CoOþH2/Co0 þ H2O (8)

CoAl2O4 þH2/Co0 þ Al2O3 þ H2O (9)

Notably, all reduction peaks of 3%Lae10%Co/MA were shifted to
lower temperature zones, especially for the first peak P1 with about
72 �C temperature decline in comparison with 10%Co/MA coun-
terpart as summarized in Table 2. This behavior could signify that
cobalt particles reductionwas facilitatedwith the presence of La2O3
promoter as it enhanced electron intensity on catalyst surface
[35,36]. The eased reduction process with La2O3 promoter could be
indicative of greater quantity of Co0 active sites on 3%Lae10%Co/MA
and hence better catalytic performance.
Fig. 2. H2-TPR profiles of (a) 10%Co/MA, and (b) 3%Lae10%Co/MA.
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3.2. Methane dry reforming evaluation

The MDR performance over 10%Co/MA and 3%Lae10%Co/MA at
different temperatures including 973 K,1023 K and 1073 K is shown
in Figs. 3 and 4. For both catalysts, the conversion of CH4 and CO2
(Fig. 3) and product yields (Fig. 4) increased substantially along
with rising temperature because of the endothermic attribute of
MDR greatly favored at high temperature [4,37]. In general, CO2 and
CH4 conversions were increased from the corresponding 82.4% and
78.8%e93.2% and 93.7% as temperature was elevated from 973 to
1073 K on 3%Lae10%Co/MA (see Fig. 3). Additionally, for 3%Lae10%
Co/MA, both H2 and CO yields were heightened with temperature
and reached to 84.2% and 84.1%, respectively as displayed in Fig. 4.

Irrespective of the operating temperatures, MDR catalytic per-
formance (viz., conversion and yield) on 3%Lae10%Co/MA was al-
ways higher than that of 10%Co/MA (see Figs. 3 and 4), emphasizing
the essential role of La2O3 dopant in boosting MDR performance.
The enhanced performance resulted from the synergic effects of
La2O3 promoter such as smaller crystalline size (see Table 1) and
eased H2-reduction (Fig. 2), thereby increasing the number of active
sites. The basic nature of La2O3 also offered a significant contribu-
tion to improved CO2 reactant adsorption and C]O bond cleavage
[38,39].

The apparent activation energy (Ea) for CH4 consumption in
MDR is normally employed to validate the catalytic reactiveness
and it is broadly determined using Arrhenius plot of ln (� rCH4

) vs.
1/T to avoid the complete acquisition of reaction kinetics [40,41]. As
seen in Fig. 5, the Ea values for these catalysts were estimated
within the temperature range of 973e1073 K at stoichiometric feed
ratiowith high correlation coefficients, R2> 0.99. Particularly, the Ea
value for 3%Lae10%Co/MA was roughly 19.11 kJ mol�1, a half of
value for 10%Co/MA counterpart (43.48 kJ mol�1). The smaller Ea
value of 3%Lae10%Co/MA could imply the easier initiation of MDR
requiring less energy for rupturing CeH and C]O bonds on this
catalyst. Thus, the Ea trend further clarified the superior 3%Lae10%
Co/MA activity over 10%Co/MA.

As seen in Fig. 6, regardless of catalyst types and reaction tem-
peratures, H2/CO ratio was always less than the theoretically stoi-
chiometric proportion of 1 (see Eq. (1)) provoked by the concurrent
existence of the reverse water-gas shift (RWGS, Eq. (10)) reaction in
MDR [4]. Thus, the low ratio of H2 to CO from 0.63 to 0.99 is ideal for
the generation of long-chain olefinic hydrocarbons in Fischer-
Tropsch process [4,42].

CO2 þH2%COþ H2O ðDH298 K ¼ þ41 kJ mol�1Þ (10)
soporous alumina catalysts for improvedmethane dry reforming and
.joei.2020.01.019



Fig. 3. Effect of temperature on CO2 and CH4 conversions in MDR over 10%Co/MA and 3%Lae10%Co/MA at stoichiometry ratio.

Fig. 4. Effect of temperature on CO and H2 yields in MDR over 10%Co/MA and 3%Lae10%Co/MA at stoichiometry ratio.
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3.3. Spent catalyst characterization

3.3.1. XRD analyses
The crystallography of spent catalysts collected from MDR runs

at 1023 K was also assessed by XRD (see Fig. 7). For both samples,
the strong peak appearing at 2q of 26.3� confirmed the existence of
well-crystallized graphite (JCPDS card No. 75e0444), inevitably
formed by CH4 disproportion at high temperature [43]. The crys-
tallite size of graphite on spent 10%Co/MA and 3%Lae10%Co/MA
was about 5.0 and 6.6 nm, correspondingly. Though all Co3þ and
Please cite this article as: N.T. Tran et al., La-doped cobalt supported onme
coke mitigation, Journal of the Energy Institute, https://doi.org/10.1016/j.
Co2þ particles were reduced to cobalt metallic form in H2 activation
prior to MDR run, the Co (0) signal at 2q of 51.5� (JCPDS card No.
15e0806) and identified peaks (37.2� and 44.5�) of Co3O4 phase
were found in both patterns of used catalysts. It could be due to the
partial Co0 re-oxidation during air-exposure when the samples
were discharged from the reactor for XRD measurement [20].

3.3.2. Raman measurements
The Raman scattering of virgin and spent samples was per-

formed to inspect the carbonaceous deposits on used catalysts after
soporous alumina catalysts for improvedmethane dry reforming and
joei.2020.01.019



Fig. 5. Arrhenius plots for activation energy estimation of MDR over 10%Co/MA and 3%
Lae10%Co/MA.

Fig. 7. XRD patterns for spent (a) 10%Co/MA, and (b) 3%Lae10%Co/MA after MDR at
1023 K.
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MDR at 1023 K as illustrated in Fig. 8. Both virgin catalysts disclosed
the presence of Co3O4 phase with typical peaks at about 474, 518,
610 and 679 cm�1 (see Fig. 8(a) and (b)) in line with XRD patterns
(cf. Fig. 1). Like XRD measurements, La2O3 phase owning charac-
teristic bands at 280, 342, and 446 cm�1 [44] was not evident in
Raman spectra of all catalysts most likely because of well-dispersed
La2O3 nanoparticles with smaller crystalline size than the Raman
detection limits [20]. Thus, XPS analysis was used for the verifica-
tion of La2O3 presence and discussed later in Section 3.3.4. For used
catalysts, the typical peaks corresponding to the vibrational modes
of Co3O4 were not observed within Raman shift range of
450e700 cm�1 (see Fig. 8(c) and (d)) although this phase was
previously detected through XRD measurements. This could sug-
gest that the extent of Co0 to Co3O4 re-oxidation owing to air-
exposure was small and hence it could not be identified by
Raman spectroscopy.

As seen in the Raman spectra of spent catalysts (Fig. 8(c) and
Fig. 6. Effect of temperature on H2/CO ratio in MDR over 10%Co/MA and 3%Lae10%Co/
MA at stoichiometry ratio.

106
107

Please cite this article as: N.T. Tran et al., La-doped cobalt supported onme
coke mitigation, Journal of the Energy Institute, https://doi.org/10.1016/j
(d)), the discrete Raman shifts at 1339 and 1574 cm�1 were
attributed to D-band (defect carbon) and G-band (graphitic car-
bon). The D-band arose from the vibration modes of amorphous
sp3-bonded carbon (CeC) network whereas sp2-hybridized
graphitic carbon atoms (C]C) were evidenced with G-band
detection [45]. Thus, the appearance of D- and G-bands verified the
co-existence of amorphous carbon (or filamentous carbon) and
graphite [46].

3.3.3. Thermal programmed oxidation measurements
The quantity and rate of accumulated carbon formation at

different temperatures were accurately determined via TPO results
as illustrated in Fig. 9. The behavior of deposited carbon formation
(i.e., percentage and rate of deposited carbon) with respect to
reforming temperature showed an open-downward parabolic
shape for both used catalysts. At 973 K, there were about 27.9% and
23.0% carbon formed on 10%Co/MA and 3%Lae10%Co/MA catalyst
surface, respectively. As the temperature reached to 1023 K, these
values noticeably increased to 47.7% and 35.5% for the corre-
sponding 10%Co/MA and 3%Lae10%Co/MA as a result of
Fig. 8. Raman spectra of (a) fresh 10%Co/MA, (b) fresh 3%Lae10%Co/MA, (c) spent 10%
Co/MA, and (d) spent 3%Lae10%Co/MA after MDR at 1023 K.
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Fig. 9. Carbon formation on spent 10%Co/MA and 3%Lae10%Co/MA after MDR at 973 K,
1023 K, and 1073 K.
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intensifying extent of endothermic methane disproportion. How-
ever, the opposite trend was observed at elevated reaction tem-
perature of 1073 K, which was attributed to the rising rate of
reverse Boudouard reaction (see Eq. (11)) for deposited carbon
elimination.

Cþ CO2%2CO ðDH298 K ¼ þ172 kJ mol�1Þ (11)

As seen in Fig. 9, the amount of carbons on spent 3%Lae10%Co/
MA was always less than that of used 10%Co/MA about 17e30%
depending on temperature. The positive effect of La2O3 promotion
was accounted for the reduction in carbon deposition. Indeed, the
basic nature of La2O3 could attract more CO2 adsorption for gasi-
fying surface CxHy carbonaceous species [19]. In addition, the
smaller crystalline size of 3%Lae10%Co/MA was allegedly respon-
sible for carbon resistance [47]. The oxidation of carbonaceous
materials on promoted catalyst surfacewas also associatedwith the
high oxygen mobility and redox character of La2O3 [48]. The great
oxygen storage capacity of La2O3 could induce the formation of
lanthanum dioxycarbonate (La2O2CO3) transitional phase via the
reaction between La2O3 and CO2 and this intermediate form could
subsequently eliminate CxHy species from catalyst surface as illus-
trated in Scheme 1.
109
110
111
112
3.3.4. X-ray photoelectron analyses
The XPS scans were conducted for used samples to examine the
Scheme 1. La2O3 redox cycle for surface carbon removal during MDR.

Please cite this article as: N.T. Tran et al., La-doped cobalt supported onme
coke mitigation, Journal of the Energy Institute, https://doi.org/10.1016/j.
surface oxidation states and carbonaceous types. The binding en-
ergy (BE) in all spectra was adjusted based on the C 1s peak of
adventitious carbon at 284.6 eV. The XPS narrow scan spectra for Co
2p3/2, C 1s, La 3d and O 1s are displayed in Figs. 10e13, respectively
whilst the interpreation of binding energy is summarized in
Table 3.

Fig. 10 shows that the expanded Co 2p3/2 spectra of spent cat-
alysts were deconvoluted into four peaks using Gaussian algorithm
in OriginPro 2016 software. As summarized in Table 3, the Gaussian
peaks were observed at BEs of 778.0e778.9, 779.6e780.4,
781.4e782.2 and 786.4e786.5 eV, belonging to the metallic Co0,
Co3O4 oxide, CoAl2O4 spinel phases and a satellite shake-up band in
this order [49,50]. The co-existence of various Co and Co oxide
species is in line with XRD results (cf. Fig. 1). It is noteworthy to
mention that all cleaved peaks of Co 2p3/2 narrow scan on La-
promoted specimen located at lower BE values than those of the
un-promoted counterpart. This could confirm the enriched electron
density over cobalt particles induced by electron-donating La2O3
promoter [20,56]. Hence, the electron-rich environment on 3%
Lae10%Co/MA alleviated the H2 reduction process as aforemen-
tioned in H2-TPR (cf. Fig. 2).

The enlarged C 1s XPS spectra (Fig. 11) demonstrated the co-
presence of graphitic carbon and amorphous carbon in line with
the above-mentioned Raman results (i.e., G-band and D-band,
respectively as given in Fig. 8). In particular, the peak at BE of
284.6 eV was assigned to graphitic carbon whilst amorphous car-
bonwas depictedwith the broad BE signal at around 286 eV [57,58].

Interestingly, the La 3d XPS detailed scan of spent 3%Lae10%Co/
MA (see Fig. 12) revealed two doublet peaks with BE gap of about
16.8 eV typical value for La3þ [55]. These doublet peaks correspond
to La 3d3/2 (BE of 851.9 eV) and La 3d5/2 (BE of 835.1 eV) belonging
to lattice lanthanum in intermediate La2O2CO3 form on catalyst
surface [55]. The detection of this intermediate phase formed by
La2O3 and CO2 reactionwould convincingly prove the simultaneous
carbon gasification in MDR through the in situ redox and oxidation
cycle of La2O2CO3 4 La2O3 as illustrated in Scheme 1. It is note-
worthy to mention that unlike XPS analysis, the XRD pattern of
spent 3%Lae10%Co/MA (cf. Fig. 7) do not identify the formation of
lanthanum dioxycarbonate possessing the characteristic diffraction
peaks at 2q: 13.1�, 22.8�, 29.6�, 30.8�, 41.1� and 44.5� (JCPDS card No.
22e1127) [59]. It could be assigned to the low sensitivity of XRD
measurement induced by small La2O2CO3 crystallite size and low La
loading.
Fig. 10. Co 2p3/2 XPS spectra for spent (a) 10%Co/MA and (b) 3%Lae10%Co/MA after
MDR at 1023 K.
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Fig. 11. C 1 s XPS spectra for spent (a) 10%Co/MA and (b) 3%Lae10%Co/MA after MDR at
1023 K.

Fig. 12. La 3d XPS spectrum for spent 3%Lae10%Co/MA after MDR at 1023 K.

Fig. 13. O 1s XPS spectra for spent (a) 10%Co/MA and (b) 3%Lae10%Co/MA after MDR at
1023 K.
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The mobile oxygen vacancy of catalysts is a key factor deter-
mining the degree of carbon removal from catalyst surface as it is
the preferred site for the adsorption of CO2 oxidizing agent. The
mobile oxygen vacancy was evaluated based on the O 1s XPS signal
as shown in Fig. 13. The surface lattice oxygen atoms from Co3O4

and Al2O3 forms were detected at BE around 529.6e529.7 eV (peak
II) whilst the deconvoluted peak I at 531.0e531.5 eVmatched to the
surface adsorbed oxygen species in carbonate compounds induced
by oxygen vacancies in catalysts [60]. Hence, the degree of oxygen
vacancies, DO-Vac (%) could be quantified via the relative amount of
adsorbed oxygen in spent catalysts as expressed in Eq. (12) [61].

DO�Vacð%Þ¼
OAds

ðOLat þ OAdsÞ
� 100% (12)

where OAdsand OLat , in turn, belong to the integral areas of peaks I
and II (see Fig. 13).

The oxygen vacancy degree of spent 3%Lae10%Co/MAwas about
73.3%, which was 1.4 times higher than that of the spent
Please cite this article as: N.T. Tran et al., La-doped cobalt supported onme
coke mitigation, Journal of the Energy Institute, https://doi.org/10.1016/j
unpromoted counterpart (51.8%). Interestingly, the increasing DO-

Vac value of 1.4 times with La2O3 addition was also close to the
magnification of decreasing carbon deposition (up to 1.3 times).
This further confirms that La2O3 promotion hindered carbonaceous
deposits, and oxygen vacancy degree was one of the main factors
responsible for surface carbon removal.

3.3.5. HRTEM surface morphology study
The HRTEM analyses of fresh and spent catalysts are presented

in Fig. 14. The relatively uniform and filamentous feature of MA
support was apparently evident for both fresh catalysts and these
MA filaments were adhered together as seen in Fig. 14(a) and (b).
The tiny and dark spots labelled with yellow circles (Fig. 14(a))
could demonstrate the presence of Co nanoparticles. Interestingly,
these nanoparticles were randomly dispersed on catalyst surface
without agglomeration although catalysts were previously calcined
at high temperature of 873 K. The thermal agglomeration resistance
could be due to the strong interaction between Al2O3 nanofilament
and Co metal. Thus, it could impede the movement of Co nano-
crystals to form large particles under thermal treatment. The
absence of un-favored metal accumulation could also contribute to
result in a great catalytic activity with reactant conversions of more
than 90% in this work. As seen in Fig. 14(c) and (d), the unavoidable
amorphous carbon and graphite were clearly spotted on used cat-
alysts corroborated with Raman (see Fig. 8) and XPS (see Fig. 11)
results because of thermally preferred CH4 decomposition in
agreement with other studies [46].

4. Conclusions

The role of La2O3 promoter in the enhanced performance and
coke resistance of 10%Co/MA for MDR was investigated. The Co3O4

and CoAl2O4 phases were formed on the catalyst surface, whereas
the highly dispersed La2O3 demonstrated a small crystallite size of
8e10 nm. H2 reduction was also facilitated with La2O3 addition,
thereby increasing the amount of Co0 active sites for greater cata-
lytic performance. Regardless of the reaction temperatures, La-
promoted catalyst not only showed a higher MDR activity but
also yielded less deposited carbon as compared with un-promoted
cobalt catalyst. In particular, La2O3 addition could enhance CH4 and
CO2 conversions up to 93.7% and 93.2%, respectively at 1073 K
reasonably because of the smaller Co3O4 crystallite size, eased H2-
reduction and rising basic character. The formation of La2O2CO3
soporous alumina catalysts for improvedmethane dry reforming and
.joei.2020.01.019
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Q4

Table 3
Summary of XPS peaks assignments for used catalysts after MDR at 1023 K.

XPS peak Binding energy (eV) Assignment Ref.

10%Co/MA 3%Lae10%Co/MA

Co 2p3/2 786.5 786.4 Satellite peak [49]
782.2 781.4 CoAl2O4 [49]
780.4 779.6 Co3O4 [50]
778.9 778.0 Co (0) [50]

C 1s 285.7 285.6 Amorphous carbon [51,52]
284.6 284.6 Graphitic carbon [52,53]

O 1s 531.5 531.0 Adsorbed oxygen species [20,54]
529.7 529.6 Surface lattice oxygen in Al2O3 and/or Co3O4 [20,54]

La 3d3/2 e 851.9 La2O2CO3 [55]
La 3d5/2 e 835.1

Fig. 14. HRTEM images of (a) fresh 10%Co/MA, (b) fresh 3%Lae10%Co/MA, (c) spent 10%
Co/MA, and (d) spent 3%Lae10%Co/MA after MDR at 1023 K.
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intermediate phase from the in situ interaction of La2O3 with CO2
during MDR was confirmed by XPS analysis and this form could
induce the efficient elimination of surface CxHy species from the
catalyst. Even though amorphous and graphitic carbons were
unavoidably formed on spent catalysts due to CH4 decomposition,
the amount of carbonaceous species was reduced significantly with
La2O3 addition (17e30%) owing to its redox cycle and superior
degree of oxygen vacancy (73.3%). The MDR on fibrous Al2O3-sup-
ported Co catalysts exhibited ideal H2/CO ratios from 0.63 to 0.99
preferred for Fischer-Tropsch synthesis.
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