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Summary

Catalytic stability with time‐on‐stream is an important aspect in ethanol dry

reforming (EDR) since catalysts could encounter undesirable deterioration

arising from deposited carbon. This work examined the promotional effect of

La on 10%Co/Al2O3 in terms of activity, stability, and characteristics. Catalysts

were characterized by X‐ray diffraction (XRD), transmission electron micros-

copy (TEM), scanning electron microscopy (SEM), Raman, and X‐ray photo-

electron spectroscopy (XPS) measurements whilst catalytic EDR performance

of La‐promoted and unpromoted 10%Co/Al2O3 prepared via wet impregnation

technique was investigated at 973 K for 72 h using a stoichiometric feed ratio

(C2H5OH/CO2 = 1/1). La promoter substantially enhanced both metal disper-

sion and metal surface area from 0.11% to 0.64% and 0.08 to 0.43 m2 g−1,

respectively. Ethanol and CO2 conversions appeared to be stable within 50 to

72 h after experiencing an initial activity drop. The conversion of C2H5OH

and CO2 for La‐promoted catalyst was about 1.65 and 1.34 times greater than

unpromoted counterpart in this order. The carbonaceous deposition was con-

siderably decreased from 55.6% to 36.8% with La promotion due to La2O2CO3

intermediate formation. Additionally, 3%La‐10%Co/Al2O3 possessed greater

oxygen vacancies acting as active sites for CO2 adsorption and hence increasing

carbon gasification. Even though graphitic and filamentous carbons were

formed on used catalyst surface, La‐addition diminished graphite formation

and increased the reactiveness of amorphous carbon.
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1 | INTRODUCTION

Dry reforming of biomass derivatives, namely, glycerol,1

biogas,2 and ethanol 3 to yield sustainable syngas (an H2

and CO mixture) has been recently explored by both
wileyonlinelibrary.com/
industry and academics since this catalytic process is
capable of mitigating anthropogenic CO2 greenhouse
gas and generating green and value‐added synthetic gas.
Indeed, syngas can be utilized as raw feedstock for
gasoline‐ranged hydrocarbons generation in Fischer‐
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Tropsch synthesis (FTS) 4 to replace fossil fuels or further
separated to form H2 gas for fuel cell applications.5

Amongst biomass‐derived feedstocks, the employment
of ethanol has gained significant interests since it is less
toxic, easily generated in large amounts from abundant
biomass resources, safely handled, free from sulfur‐
containing compounds, and relatively high hydrogen
content.6,7 In general, ethanol dry reforming (EDR; cf.
Equation 1), theoretically yields syngas possessing H2/
CO ratio = 1, favored for downstream FTS in terms of
long‐chain hydrocarbon production.8

C2H5OH þ CO2→3H2 þ 3CO

ΔGrxn ¼ 310:59 − 0:52TkJ mol−1;T:K
� � (1)

As an endothermic reaction, EDR normally requires cat-
alysts that can endure high temperature and resist to
deposited carbon, apart from outstanding activity, stabil-
ity, and H2 selectivity. Therefore, various noble (such as
Rh and Ir) and transition metals have been explored for
EDR in recent studies. Zhao et al investigated EDR per-
formance over Rh/CeO2 at varying CO2/C2H5OH molar
ratios from 1 to 3 under temperature range of 723 to
973 K.9 They observed the complete conversion of
C2H5OH, whereas CO2 conversion was achieved at
70%.9 Additionally, carbon buildup was reportedly mini-
mized by increasing CO2/C2H5OH ratio up to 3.9 In
another study, Qu et al examined calcination temperature
impact on Ir/Ce0.75Zr0.25O2 catalysts for EDR and found
that the increment of calcination temperature from 823
to 1123 K significantly decreased ethanol conversion by
61.2%.10 Nevertheless, H2/CO ratio slightly improved
from 1.10 to 1.32 with rising calcination temperature.

Although these supported precious catalysts showed
promising results for EDR, their high cost and scarcity
on earth's crust are the major reasons for economically
impracticable applications in industry. As a cost‐efficient
and abundantly available metal, nickel has been widely
implemented for EDR process. Ni‐based catalysts report-
edly showed fairly similar EDR performance to noble
metals. Hu and Lu tested conventional Ni/Al2O3 and
reported that H2/CO = 1 and ethanol conversion beyond
90% were obtained at temperature above 973 K.11 Fur-
thermore, Zawadzki et al studied Ni catalysts dispersed
on diverse support types, namely, Al2O3, CeO2, MgO,
and ZrO2 during EDR and reported Ni/CeO2 displayed
the greatest ethanol conversion amongst these catalysts.12

Nevertheless, the early deactivation arising from coke
formation and sintering at high temperature is the cur-
rent challenge for Ni catalysts. Recently, cobalt metal
was introduced in ethanol steam reforming (ESR) process
because of its low cost, intriguing activity, and
stability.13,14 Vizcaíno et al. compared the performance
of Ni/SBA‐15 and Co/SBA‐15 in ESR at 873 to 973 K
and feed ratio of C2H5OH/H2O = 0.27.14 Irrespective of
used temperature, Co/SBA‐15 reportedly yielded greater
C2H5OH conversion than Ni/SBA‐15. They also found
lower carbon accumulation on used Co/SBA‐15 in com-
parison with Ni/SBA‐15 because of tinier Co crystallite
size.14 Da Silva et al investigated the impact of cobalt
loading and particle size on catalytic performance of
ESR on carbon nanofiber‐supported Co catalysts at
773 K and C2H5OH/H2O = 1/3.15 Increasing Co loading
from 1% to 22% could raise ethanol conversion from
37.3% to 52.5%.15 They also deduced that carbon deposi-
tion rate significantly reduced with declining Co particle
size because of the lower portion of terrace sites on tiny
Co particles.15

However, limited studies regarding the promotional
effect on cobalt‐based catalysts in EDR are reported in
current literature. In the recent study of EDR over
La‐promoted Ni/Al2O3, Bahari et al 16 found that both
C2H5OH and CO2 conversions increased substantially
with La addition whereas coke formation was reduced.
Even though La‐promoter improved catalytic activity
and coke resistance, there are no previous studies about
the effect of this promoter on Co catalyst for EDR. Hence,
this work's aim is to scrutinize the stability for La‐doped
Co/Al2O3 during the longevity test of EDR to yield syn-
gas. The features of catalysts before and after EDR were
also examined to verify the role of La‐promoter.
2 | MATERIALS AND METHODS

2.1 | Catalyst synthesis

10%Co/Al2O3 and 3%La‐10%Co/Al2O3 were prepared
using a wet impregnation technique. Puralox alumina
(SCCa‐150/200 supplied by Sasol, Hamburg, Germany)
previously heated at 1023 K for 5 h in Carbolite
(Bemaford, Sheffield, UK) furnace with flowing air was
mixed with accurately calculated quantities of Co
(NO3)2.6H2O and La (NO3)3.6H2O solutions (Sigma‐
Aldrich, St. Louis, Missouri). After stirring constantly
for 3 h and afterwards drying at 383 K overnight, air‐
calcination step was conducted for the resulting solid
powder at 773 K (with 5 K min−1) about 5 h. Calcined
sample was crushed followed by sieving to small size
within 125 to 160 μm for catalytic EDR runs.
2.2 | Characterization procedure

Brunauer‐Emmett‐Teller (BET) specific surface area,
average pore diameter, and total pore volume of solid
samples were determined on a Micromeritics ASAP‐
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2020 (Norcross, Georgia) instrument via N2 (77 K)
physisorption. Outgassing under vacuum conditions at
573 K about 1 h was carried out for each sample before
BET measurements. X‐ray diffraction (XRD) patterns of
virgin and used samples were obtained from Rigaku
Miniflex II diffractometer (Akishima‐shi, Tokyo, Japan)
using Cu radiation source. This system was functioned
at 15 mA and 30 kV with wavelength, λ of 1.5418 Å. All
powder samples were recorded from Bragg angle, 2θ of
3°‐80° at scan speed = 1 min−1 and step size = 0.02°.

To measure amounts of carbon accumulating on
spent specimen surface after EDR, temperature‐
programmed oxidation (TPO) was conducted on a ther-
mogravimetric (TGA Q500, TA Instruments, New Castle,
Delaware) analyzer. Specimen was first heated with
100 ml min−1 of N2 gas at 373 K for 0.5 h to eliminate
traced moisture. Afterwards, deposited carbon was oxi-
dized in flowing 20%O2/N2 gaseous mixture at the same
flow rate with rising temperature from 373 to 1023 K
(10 K min−1). Specimen was also maintained at the final
temperature about 30 min before being purged in N2 gas
to cool down to ambient temperature. H2 chemisorption
analysis was carried out in an Autosorb iQ analyzer
(Quantachrome Instruments, Florida) whereas DXR
Raman Microscope Thermo Fisher Scientific (Waltham,
Massachusetts) with a laser beam at 532 nm was used
for phase identification of fresh catalysts. Particularly,
Raman spectra were recorded using a charge‐coupled
device (CCD) detector at ambient temperature with reso-
lution of 2 cm−1. Samples for the Raman measurements
were initially dispersed on a clean silicon wafer and each
sample was recorded for two discrete spots. Prior to each
measurement, calibration was carried out on a silicon
wafer. Excitation power was maintained within 0.3 to
0.7 mW to limit sample heating during measurement.

X‐ray photoelectron spectroscopy (XPS) measurement
was conducted in the ULVAC‐PHI 5000 VersaProbe II
system (Φ ULVAC‐PHI, Inc., Chigasaki, Japan)
employing a monochromatic Al Kα (hν = 1486.6 eV) X‐
ray radiation as excitation source. Scanning electron
microscopy (SEM) was also performed to capture catalyst
morphology on Carl Zeiss AG‐EVO® 50 Series
(Oberkochen, Germany) equipment whilst transmission
TABLE 1 Physicochemical properties of La‐promoted and unpromote

Catalysts
Metal surface
area (m2 g−1)

Metal
dispersion (%)

BET
area

10%co/Al2O3 0.08 0.11 143.1

3%La‐10%co/Al2O3 0.43 0.64 136.0

Abbreviation: BET, Brunauer‐Emmett‐Teller.
aTotal pore volume was obtained from N2 adsorption–desorption isotherms at p/
bBarret‐Joyner‐Halenda (BJH) desorption method was used for calculating averag
electron microscopy (TEM) analysis was conducted on
spent catalysts employing the FEI Titan G2 80‐300 TEM
(FEI, Oregon) instrument.
2.3 | Catalytic runs

EDR runs were conducted in a quartz fixed‐bed reactor
(length: 17 inches and outer diameter: 3/8 inch) at stoi-
chiometric C2H5OH/CO2 feed ratio of 1/1, 973 K and
1 atm. Roughly, 0.1 g of sample used for each run was
activated in situ in the same tubular reactor by flowing
60 ml min−1 of 50%H2/N2 for 2 h at 923 K and
10 K min−1 ramping rate prior to EDR. At the end of
reduction process, the reducing agent was purged out of
catalyst bed by flowing N2 inert gas before it was heated
up to 973 K. KellyMed KL‐602 syringe pump (Beijing,
China) and Alicat mass flow controllers (Tucson, Ari-
zona) were employed for accurately feeding ethanol and
gas (viz, CO2 reactant and N2 diluent), respectively to
the top of reactor. The volumetric composition for gas
effluent from reactor exit was examined in Agilent 6890
Gas Chromatograph (GC) Series (Agilent, Santa Clara,
California). For each reaction, gas hourly space velocity
was set at 42 L gcat

−1 h−1 to warrant minimal external
and internal transport interferences. In order to warrant
the reproducibility and accuracy of experimental data,
all mass flow controllers and syringe pump were cali-
brated using multiple‐point calibration prior to any runs
whereas the exactness of GC measurements was verified
using N2 internal standard continuously co‐fed with reac-
tants. Thus, conducted material balance had minimal
error within 4.2% whilst relative error amongst repeated
EDR runs at same conditions was below 5.8%.
3 | RESULTS AND DISCUSSION

3.1 | Physicochemical features

The textural attributes and H2 chemisorption results of
La‐promoted and unpromoted Co specimens are pre-
sented in Table 1. In comparison between two catalysts,
the textural properties including BET specific surface
d 10%Co/Al2O3 catalysts

specific surface
(m2 g−1)

Total pore volumea

(cm3 g−1)
Average pore
diameterb (nm)

0.36 10.65

0.34 10.41

p0 = 0.99.

e pore diameter.
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area, average pore diameter and total pore volume were
slightly reduced with La addition. The trivial and
unavoidable decline in textural attributes could be indic-
ative of well‐scattered La2O3 particles on catalyst surface.
In particular, 10%Co/Al2O3 and 3%La‐10%Co/Al2O3

owned BET area of 143.1 and 136.0 m2 g−1, respectively
in agreement with other studies.17,18

As given in Table 1, La addition increased both metal
dispersion and metal surface area from 0.11 to 0.64% and
0.08 to 0.43 m2 g−1 in this order. Metal dispersion and
metal surface area of as‐synthesized catalysts are quite
analogous with findings from Song et al 19 and Foo
et al.20 Greater metal surface area and metal dispersion
could allegedly yield higher reactant conversions. The
preferably increasing metal surface area and metal dis-
persion with La promoter were most likely induced by
strong interaction between La2O3 and Co3O4 particles,
which in turn suppresses particle agglomeration. The
dilution effect arising from La2O3 addition could also
segregate Co3O4 particles and hence preventing them
from aggregation.21
3.2 | Raman spectroscopy measurements

Raman spectra of fresh catalysts (virgin 10%Co/Al2O3 and
3%La‐10%Co/Al2O3) are illustrated in Figure 1. Both cat-
alysts possessed typical Co3O4 bands at Raman shift of
about 187.95, 468.55, 511.94, 608.36, and 673.93 cm
−1.22,23 The presence of Co3O4 phase on catalyst surface
was due to Co (NO3)2 decomposition and subsequent oxi-
dation during air‐calcination at 773 K. The Raman peaks
related to La2O3 phase (viz, 280, 342, and 446 cm−1 24)
were not detected on La‐promoted catalyst. It could be
FIGURE 1 Raman profiles for fresh A, 10%Co/Al2O3 and B,

3%La‐10%Co/Al2O3 [Colour figure can be viewed at

wileyonlinelibrary.com]
attributed to the formation of small La2O3 crystallite size
with low Raman reflection.
3.3 | EDR performance

EDR reaction was evaluated for 72 h at stoichiometric
condition and 973 K for both catalysts. The effect of La
addition on reactant conversions with time‐on‐stream
(TOS) is illustrated in Figure 2. An initial and consider-
able decline was observed for C2H5OH and CO2 conver-
sions of La‐promoted and unpromoted catalysts within
10 h on‐stream. However, the drop in catalytic activity
seemed to be gradual after 10 h and reactant conversions
appeared to be unchanged beyond 50 h on‐stream.
Regardless of employed catalysts, C2H5OH conversion
was significantly superior to CO2 conversion with TOS
due to coexisting side reactions (viz, ethanol dehydroge-
nation and/or ethanol decomposition) in EDR.25

As seen in Figure 2, La‐promoted catalyst exhibited
greater C2H5OH and CO2 conversions than those of
10%Co/Al2O3 irrespective of TOS. In particular, at the
steady‐state condition, C2H5OH and CO2 conversions of
La‐promoted catalyst were about 1.65 and 1.34 times,
respectively higher than the corresponding reactant con-
versions of unpromoted specimen. The enhancing cata-
lytic activity by La promotion was most likely because
of substantial increment in active metal surface area
and dispersion (see Table 1). The intrinsic basic nature
of La2O3 promoter could also account for the improve-
ment in reactant conversions. In the study of ethanol
FIGURE 2 C2H5OH and CO2 conversions versus TOS over

10%Co/Al2O3 and 3%La‐10%Co/Al2O3 at stoichiometric feed

composition and T = 973 K [Colour figure can be viewed at

wileyonlinelibrary.com]

http://wileyonlinelibrary.com
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FIGURE 4 CH4 yield and H2/CO ratio with TOS on 3%La‐

10%Co/Al2O3 and 10%Co/Al2O3 at T = 973 K and stoichiometric

feed composition [Colour figure can be viewed at

wileyonlinelibrary.com]
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steam reforming on La2O3‐doped Ni/Al2O3 catalyst,
Osorio‐Vargas et al found that the alkaline attribute
of La2O3 dopant could result in enhancing CO2

reactant adsorption, which in turn increased C2H5OH
and CO2 conversions.

26

Figure 3 shows H2 and CO yields with TOS for both
catalysts at 973 K and stoichiometric feed composition.
The yield of H2 and CO vs TOS for both samples also
followed a similar pattern to the relationship of reactant
conversions and time (see Figure 2) in which H2 and
CO yields experienced a rapid drop at early stage of
10 h and reached to stable performance beyond 50 h
on‐stream. Regardless of TOS, both product yields
on 3%La10%Co/Al2O3 were superior to those of 10%Co/
Al2O3. The initial H2 yield was about 56.1% whereas CO
yield was initially achieved at 51.2% for 3%La‐10%Co/
Al2O3. At steady‐state condition, H2 and CO yields for
La‐promoted catalyst observed at about 31.8% and
26.1%, respectively were significantly higher than those
of unpromoted catalyst (26.2% and 20.9% for yield of H2

and CO in that order). The greater H2 and CO yields with
La promotion were convincingly induced by improving
EDR for converting C2H5OH and CO reactants to final
syngas product.

Apart from the main H2 and CO products, CH4 inter-
mediate by‐product was also formed from concurrent eth-
anol decomposition side reaction (see Equation 2) during
EDR. As seen in Figure 4, CH4 yield was relatively stable
with TOS and achieved about 10.5% and 2.8% for the cor-
responding 3%La‐10%Co/Al2O3 and 10%Co/Al2O3. The
FIGURE 3 Profiles of H2 and CO yields with TOS over 3%La‐

10%Co/Al2O3 and 10%Co/Al2O3 at stoichiometric feed

composition and T = 973 K [Colour figure can be viewed at

wileyonlinelibrary.com]
lowest CH4 yield amongst gaseous product yields could
imply the successful conversion of ethanol to syngas.
Indeed, CH4 intermediate could subsequently react with
CO2 via secondary methane dry reforming to form syngas
during EDR,27 thereby reducing undesirable methane for-
mation rate. Both catalysts showed fairly unchanged H2/
CO values beyond 10 h on‐stream (see Figure 4). The
achieved H2/CO values were greater than the supposedly
stoichiometric H2/CO ratio = 1 of EDR (cf Equation 1).
This behaviour could be a consequence of the simulta-
neous appearance of ethanol dehydrogenation during
EDR.12 Depending on used catalysts, H2/CO ratios were
obtained from 1.1 to 1.3 appropriate as feedstock for
downstream FTS to yield desirable long‐chain hydrocar-
bons.28 These desired H2/CO ratios could be used directly
in FTS without the requirement of adjusting feedstock
composition, thereby reducing operation cost and process
complexity in downstream.

C2H5OH→COþH2 þ CH4

ΔGrxn ¼ 50:60 − 0:24T kJ mol−1
� �

(2)

3.4 | XRD measurements

In order to assess the crystallography of metal com-
pounds and deposited carbon on catalysts after EDR,
XRD measurements were conducted on spent catalysts
obtained from EDR at T = 973 K and stoichiometric feed
composition as seen in Figure 5. X‐ray diffractograms of

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com


FIGURE 5 XRD patterns for A, fresh 10%Co/Al2O3, B, fresh

3%La‐10%Co/Al2O3, C, spent 10%Co/Al2O3 and D, spent 3%La‐

10%Co/Al2O3 [Colour figure can be viewed at wileyonlinelibrary.

com]

FIGURE 6 Weight percentage and derivative weight profiles of

TPO measurements for spent 10%Co/Al2O3 and 3%La‐10%Co/

Al2O3 after EDR at stoichiometric feed composition and T = 973 K

for 72 h [Colour figure can be viewed at wileyonlinelibrary.com]
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fresh catalysts are also given for comparison purpose (see
Figures 5A and 5B). The crystalline phases of catalysts
were interpreted using reference library from the Joint
Committee on Powder Diffraction Standard database
(JCPDS).29 For all fresh and spent samples, Co3O4 phase
was identified at 2θ of 31.45°, 37.10°, and 44.79° (JCPDS
card No. 74‐2120). As catalysts were sufficiently reduced
in H2 prior to EDR, the presence of Co3O4 phase on both
spent catalysts (Figures 5C and 5D) was assigned to the
unavoidable re‐oxidation of Co0 metallic phase in CO2

oxidizing reactant during EDR. The reoxidation of active
metal to inactive metal oxide could contribute to explain
the initial decline in catalytic activity within 50 h (see
Figure 2). However, the active Co0 metallic form arising
from H2 activation was still detected at 2θ of 51.50°
(JCPDS card No. 15‐0806) on both spent promoted and
unpromoted catalysts after 72 h on‐stream.30 The preser-
vation of active metal phase after EDR would account
for the stability of catalytic performance beyond 50 h.

As displayed in Figures 5A and 5B, spinel CoAl2O4

phase was identified at 2θ = 59.51° and 65.38° (JCPDS
card No. 82‐2246) for both fresh catalysts. The formation
of CoAl2O4 form was due to strong metal support interac-
tion between Al2O3 and CoO.31 Although CoAl2O4 form
was observed on spent specimens (see Figures 5C and
5D), the low peak intensity and disappearance of charac-
teristic peak at 2θ = 65.38° would indicate that the
amount of CoAl2O4 phase on spent catalysts was lower
than that of fresh catalysts because of H2 reduction to
Co0 form during catalytic activation. As shown in
Figures 5B and 5D, the typical peaks with 2θ = 29.87°
and 53.42° belonging to La2O3 phase (JCPDS card No.
83‐1355) were not detected on fresh and spent La‐
promoted catalysts. The absence of La2O3 peaks in X‐ray
diffractograms could be attributed to the well‐dispersed
La2O3 particles with nano‐size outside the XRD function-
ing limit in line with other studies. 32,33 It is well‐known
that XRD measurement is not capable of detecting
crystals smaller than 5 nm.34

The broad peak ranging from 20° to 30° with tip at 2θ
of 26.38° (see Figures 5C and 5D) was observed for both
spent catalysts and assigned to graphitic carbon (JCPDS
card No. 75‐0444), most likely formed from ethanol
decomposition and cracking of CH4 intermediate at
high reaction temperature.35 Notably, the peak intensity
of graphitic carbon for La‐doped catalyst was significantly
inferior to that of unpromoted catalyst, indicating that
La addition resisted to graphitic carbon deposition
during EDR.
3.5 | TPO measurements

Since graphitic carbon was detected on spent catalysts by
XRD analyses (cf. Figure 5), TPO measurements were fur-
ther conducted to measure amounts of deposited carbon
on sample surface. TPO results of spent specimens
including weight percentage and derivative weight pro-
files are shown in Figure 6. Total carbon content was sig-
nificantly diminished with La promotion from 55.6% to
36.8%. The reduction of carbonaceous species on pro-
moted catalyst was allegedly induced by the intrinsic
attributes of La2O3 promoter, namely, strong basic
nature, great oxygen storage capacity, and reversible
redox cycle of La2O3 and La2O2CO3 intermediate.36,37

The basic character of La2O3 could attract CO2 adsorption
to yield lanthanum dioxycarbonate, La2O2CO3 (see
Equation 3), further reacting with adjacent surface car-
bon (see Equation 4), thereby prolonging the lifecycle of
3%La‐10%Co/Al2O3.

38,39 Based on theoretical calculation

http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
http://wileyonlinelibrary.com
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using density functional theory in recent study, Li et al
also concluded that the strong CO2 adsorption on La2O3

provoked complex CO2(La2O2‐O) formation and
the partly dissociated oxygen atom of this intermediate
could oxidize surface CxHy species to preserve active
metal sites.39

La2O3 þ CO2→La2O2CO3 (3)

La2O2CO3 þ C→La2O3 þ 2CO (4)

As seen in Figure 6, derivative weight profiles reveal
the existence of two different carbonaceous species on
spent samples. The first peak (P1) located at 690 to
800 K belonged to oxygen gasification of reactive amor-
phous carbon whereas at the higher temperature of 800
to 900 K, the spotted small shoulder peak (P2) was
assigned to less‐reactive graphite.40 Notably, the intensity
of peak P2 was greatly reduced with La promotion signi-
fying that the amount of graphitic carbon was declined
on 3%La‐10%Co/Al2O3 in consistence with XRD data (see
Figure 5). The first peak (P1) of La‐doped catalyst also
shifted towards lower temperature. In consequence, it
could deduce that La‐addition not only lessened graphite
formation but also enhanced the reactiveness of amor-
phous carbon. The facilitated gasification and low content
of carbonaceous species on catalyst surface could result in
greater stability and activity.
3.6 | SEM and TEM images

SEM images of spent samples (see Figure 7) reveal the
inevitable formation of carbon nanofilaments (CNFs) on
catalyst surface in line with other investigations.41,42

Indeed, CNF was reportedly formed from the fast poly-
merization of ethylene intermediate product.43 The
sponge‐like aggregated CNFs cover nearly entire surface
(A)

FIGURE 7 SEM microimages for spent A, 10%Co/Al2O3 and B, 3%L

T = 973 K for 72 h [Colour figure can be viewed at wileyonlinelibrary.c
of both catalysts, thereby inducing the initial loss in reac-
tant conversions within 10 h (see Figure 2). However,
these CNFs would not cause severe deterioration because
of its high reactiveness with CO2 reactant via reverse
Boudouard reaction as seen in Equation 5.44

CO2 þ C→ 2CO (5)

TEM images at different magnifications for spent cat-
alysts are also shown in Figure 8. Unlike SEM micro-
graphs, two different types of surface carbon, ie,
graphite and CNF were evident on both used samples.
Graphitic carbon was not visible in SEM images (see
Figure 7) as it may be located underneath filamentous
carbon. The dark spots are allocated to cobalt particles
encircled by graphitic carbon with an onion‐shell‐like
shape (see Figures 8A and 8C). The filamentous carbon
of 10%Co/Al2O3 (Figure 8B) seems to be thicker and
denser than CNF on 3%La‐10%Co/Al2O3. It could explain
why the CNF on spent unpromoted catalyst requires
greater oxidation temperature for removal as observed
in TPO measurement (Figure 6).
3.7 | XPS measurements

XPS measurements were conducted to further elucidate
surface characteristics and chemical bonding states on
spent catalysts. The survey spectra for both specimens
are illustrated in Figure 9 whereas binding energies for
detected XPS peaks are summarized in Table 2. XPS sur-
vey scan confirms the presence of Co, O, C, and Al ele-
ments in both catalysts whilst the existence of La
element is verified on 3%La‐10%Co/Al2O3. In particular,
the obtained Al 2p signal at binding energy (BE) about
73.8 to 74.0 eV for both catalysts corresponds to Al2O3

support.53,54 The extended La 3d5/2 spectrum inserted in
Figure 9 could be deconvoluted into two discrete peaks
at BE of 835.6 eV and 839.1 eV belonging to the presence
(B)

a‐10%Co/Al2O3 after EDR at stoichiometric feed composition and

om]

http://wileyonlinelibrary.com


(A) (B)

(D)(C)

FIGURE 8 TEM images at different magnifications of spent 10%Co/Al2O3 (A, 5 nm and B, 50 nm) and spent 3%La‐10%Co/Al2O3 (C, 5 nm

and D, 50 nm) [Colour figure can be viewed at wileyonlinelibrary.com]

FIGURE 9 XPS survey spectra of spent A, 10%Co/Al2O3 and B,

3%La‐10%Co/Al2O3 after EDR at T = 973 K and stoichiometric

feed composition for 72 h [Colour figure can be viewed at

wileyonlinelibrary.com]
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of La2O2CO3 phase on La‐promoted catalyst surface.45

This observation further verified the improvement of car-
bon gasification associated with La2O2CO3 intermediate
as aforementioned in TPO measurement.

Figure 10 illustrates the expanded Co 2p3/2 XPS spec-
tra of spent catalysts. Four deconvoluted peaks detected
at binding energies of 778.3 to 778.6, 780.1 to 780.8,
781.8 to 782.2, and 784.9 to 785.1 eV were assigned to
the corresponding metallic Co0, Co3O4, spinel CoAl2O4,
and shake‐up satellite for both spent catalysts as summa-
rized in Table 2.31,46,47 The existence of these phases on
spent catalyst surface is corroborated with XRD results (cf
Figure 5). Additionally, the binding energies of all fitting
Co 2p3/2 XPS peaks on spent La‐promoted catalyst were
slightly lower than those of used unpromoted sample.
This could be due to the addition of La‐promoter acting
as an electron donor and inducing greater electron cloud
density on cobalt atoms.47

The enlarged C 1 s core‐level spectra of spent catalysts
are shown in Figure 11. For both spent catalysts, the low
binding energy (peak CI) detected at 284.6 eV was attrib-
uted to the deposition of nonactivated sp2‐bonded (C = C)
carbon (graphite).51,52 The broad peak CII signal located
at around 285.3 to 285.8 eV signified the presence of
sp3‐bonded (C‐C) amorphous carbon.52,55 The copresence
of these carbon types is in agreement with TPO results
(see Figure 6).

Figure 12 displays the XPS spectra of O 1 s for spent
catalysts. Two fitting Gaussian peaks (OI and OII)
obtained at about 530.5 to 530.8 and 532.2 to 532.3 eV
for spent catalysts could be ascribed to surface lattice oxy-
gen (arising from the existing Co3O4 and Al2O3 phases)

http://wileyonlinelibrary.com
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TABLE 2 Summary of binding energies for X‐ray photoelectron spectroscopy (XPS) peaks of used samples

XPS peak

Binding energy, (BE) (eV)

Assignment Ref.10%Co/Al2O3 3%La‐10%Co/Al2O3

La 3d5/2 ‐ 839.1 La2O2CO3 Gu et al45

835.6

Co 2p3/2 785.1 784.9 Satellite peak Jin et al; Ao et al; Guo et al31,46,47

782.2 781.8 CoAl2O4

780.8 780.1 Co3O4

778.6 778.3 Co0

O 1 s 532.3 532.2 Surface adsorbed oxygen Wang et al; Wang et al48,49

530.8 530.5 Co3O4 and/or Al2O3

C 1 s 285.8 285.3 Amorphous carbon Wang et al; Dang et al49,50

284.6 284.6 Graphitic carbon Wang et al; Campos‐roldán et al51,52

Al 2p 74.0 73.8 Al2O3 Kourtelesis et al53

(A)

(B)

FIGURE 10 Co 2p3/2 XPS spectra for spent A, 10%Co/Al2O3 and

B, 3%La‐10%Co/Al2O3 [Colour figure can be viewed at

wileyonlinelibrary.com]

(A)

(B)

FIGURE 11 C 1 s XPS spectra for spent A, 10%Co/Al2O3 and B,

3%La‐10%Co/Al2O3 [Colour figure can be viewed at

wileyonlinelibrary.com]

(A)

(B)

FIGURE 12 O 1 s XPS spectra of spent A, 10%Co/Al2O3 and B,

3%La‐10%Co/Al2O3 [Colour figure can be viewed at

wileyonlinelibrary.com]
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and surface adsorbed oxygen atoms in this order.48,49 As
the characteristic XPS peak of adsorbed oxygen species
was resulted from carbonate species captured by oxygen
vacancies on catalyst surface, the relative percentage of
adsorbed oxygen, Coxy (see Equation 6) could indicate
the quantity of oxygen vacancies.49,56

Coxy %ð Þ ¼ AOII

AOII þ AOIð Þ × 100% (6)

where AOI and AOII are the corresponding integrated
peak areas of peaks OI and OII.

Notably, spent 3%La‐10%Co/Al2O3 possessed substan-
tially higher amounts of oxygen vacancies (80.1%) than
spent unpromoted specimen (36.8%). The greater oxygen
vacancies in 3%La‐10%Co/Al2O3 could serve as active
sites for CO2 adsorption, thereby enhancing deposited

http://wileyonlinelibrary.com
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carbon gasification.49 As a result, the amount of carbona-
ceous species on spent 3%La‐10%Co/Al2O3 was consider-
ably lessened in comparison with 10%Co/Al2O3 (see
Figure 6).
4 | CONCLUSIONS

The stability of 3%La‐10%Co/Al2O3 and 10%Co/Al2O3

was examined for EDR via longevity tests (72 h) at
C2H5OH/CO2 = 1/1 and 973 K. The Co3O4 phase forma-
tion on catalyst surface was evident for both catalysts.
Metal surface area and metal dispersion of catalyst con-
siderably enhanced from 0.08 to 0.43 m2 g−1 and 0.11%
to 0.64%, respectively with La2O3 addition because of
the dilution effect and strong interaction amongst
La2O3 and Co3O4 particles. The longevity performance
of La‐promoted catalyst showed that C2H5OH and CO2

conversions appeared to be stable within 50 to 72 h.
La‐promotion also enhanced about 1.65 and 1.34 times
for the corresponding C2H5OH and CO2 conversions.
Additionally, H2 and CO yields of 3%La‐10%Co/Al2O3

(31.8% and 26.1%, respectively) were substantially supe-
rior to those of unpromoted counterpart. Resulting H2/
CO ratios varying within 1.1 to 1.3 in this study are ideal
feedstock composition for yielding long‐chain hydrocar-
bons via downstream FTS. Although two types of depos-
ited carbon on surface of used catalysts were evident, the
quantity of carbonaceous species was reduced by 33.8%
with La‐promotion owing to La2O2CO3 intermediate
formation. XPS measurement confirmed that spent
3%La‐10%Co/Al2O3 possessed higher amounts of oxygen
vacancies, thereby improving carbon gasification. La
promoter not only lessened the generation of undesir-
able graphitic carbon but also eased the removal of
amorphous carbon.
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