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Summary: This study is aimed to investigate the electro-catalytic activity of Au supported on both
CeO, and activated carbon (AC) to convert CO, to mixture of C;-C4 hydrocarbons in the presence of
ionic liquid (IL) 1-butyl-3-methylimidazolium methylsulfonate. The studied catalyst samples were
prepared by using simultaneous wet impregnation method. The sample containing 0.6 % Au showed
higher electro-catalytic activity than the sample contained 0.3 % Au. Both, the average Au particles
size and the transformation of layered non-uniformed semi-oval structure to flaked tiny circular like-
structure were mainly responsible for the higher catalytic activity of 0.6Au-CeO,-AC sample. In
addition, the overall electro-catalytic activity depends upon the applied reaction voltage. Overall, the
presence of IL, the surface morphology, and average Au particles size had played a key role in the
electro-catalytic conversion of CO, to hydrocarbons.
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Introduction

The global warming, resulted from the
massive release of CO; and other greenhouse gases
due to industrial activities and intensive fossil fuel
utilization, is a serious threat to both environmental
and ecological balance on our planet. Reported global
annual average increase of atmospheric CO;
concentration is 2.54 ppm, which is yet very high
comparing to existing stringent environmental quality
standards [1].

Various methods for utilization of CO;
emissions like an artificial photosynthesis [2, 3],
photocatalysis [4-6] and electrolysis [7, 8] had been
proposed. They are applied with certain level of
success; however, none of the reported methods is
economically viable because either it requires very
high current density, high photon energy and/or very
high temperature to overcome the thermodynamic
behavior CO,.

Among possible pathways for the abatement
of the CO,, is to hydrogenate it to value added liquid
hydrocarbon mixtures, which can be used as a motor
fuel.

In the recent past, many studies [9-11] had
used IL for the carbon capture technologies. The
reasons for this tendency are the unique properties of
IL compared to traditional solvents. These include
negligible vapor pressure, high thermal and chemical
stability, selective and high solubility capacity and
good recyclability [9]. Because of

thermodynamically stable nature of CO. [4], it
requires a lot of reaction energy to activate CO; and
facilitate CO; conversion to liquid hydrocarbon fuels.

Recently, many researchers have focused to
study electrocatalytic methods for conversion of CO;
into harmless and useful hydrocarbon fuels [12-23].

As per author’s best knowledge, no study
was reported using combination of both
electrochemical and catalytic methods for CO;
abatement. The novelty of this work is the use
combination of both catalytic and electro catalytic
methods, in the presence of ionic liquid. The electro-
chemical redox reactions are facilitated by the
electro-catalytic method via decreasing of the
activation energy (voltage applied i.e., CO;
overpotential). This is an important approach to
facilitate CO. conversion to useful products.

The electrochemical bath may or may not be
aqueous. As CO; is sparingly soluble in water.
Therefore, the other electrochemically active solvents
like ionic  liquid  (such as  1-butyl-3-
methylimidazolium methanesulfonate) might be used
in the presence of catalysts (in our case gold
supported on activated carbon and ceria).

Experimental
Catalyst Preparation

The studied samples were prepared by using
simultaneous wet impregnation technique [24-26].
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Precise amount of each component of the catalyst
recipe were obtained from freshly prepared stocks
solutions. All the stock solutions were prepared by
using the deionized water (DIW). Well mixed Au salt
solution was added to the dried powder mixture
composed of cerium oxide and activated carbon (AC)
in a Rotavapor flask at 60 °C. After 4 h of wet
impregnation, a vacuum was applied to obtained
semi-dry paste. Next, the grinded powder was dried
atl20 °C for 5 h and calcined at 450 °C for an
overnight. The dried and calcined powder was
pelletized by using laboratory palletizer. Two
different Au loadings 0.3% wt and 0.6% wt were
used to obtained 0.3Au-CeO,-AC and 0.6Au-CeO,-
AC samples.

Activity Tests

The catalytic activity of 0.3Au-CeO,-AC
and 0.6Au-CeO,-AC samples were tested in a three-
electrode system coupled with PG STAT-101
potentiostat (AUTOLAB) equipped with NOVA
software. Ag/AgCl electrode was used as standard
electrode and a platinum electrode was used as
counter electrode (Fig. 1). A graphite electrode was
used as a working electrode for the electro-catalytic
reaction. A temperature probe was used to monitor
the reaction temperature, immersed in oil circulation

Fig. 2:
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in the cell jacket. All the experiments were performed
under atmospheric pressure. Pure carbon dioxide was
bubbled through the solution continuously at a
constant flow rate of 1 cm3.min. Before starting the
reaction, the electrodes were immersed in the IL and
left for 30 mins to achieve a steady state. The
reaction products were monitored by using as gas
chromatogram (SRI 8610C, USA) equipped with
both FID and TCD detectors. A TG-BOND Alumina
KCI column under highly pure N2 flow was used to
analyse reaction products.
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Fig1:  Schematic of three electrode system, for

electrochemical reaction.

Suggested mechanism of CO, conversion to hydrocarbons in IL.
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Catalyst Characterization

STA 449 F3 simultaneous TG-DSC was
used to analyze the catalyst’s thermal stability, phase
transition and decomposition behavior. A precise
amount of grounded powder sample was placed in a
DSC/TG alumina crucible. The temperature
programme was set from 20 to 900 °C with a
different temperature step size under either air and/or
nitrogen flow of 10 c¢cm® min?'. The morphology
micrograms were obtained by using field emission
scanning electron microscope (FESEM) from JEOL-
JSM 7600F and TEM. A conductive carbon tape was
used to place the sample to specimen stub. Before
FESEM, all the samples were sputtered with
platinum by using auto fine coater (JFC-1600, JEOL-
JSM 7600F) for 30 s under 30mA and 3.5 Nm. The
detailed FESEM was performed at 5 kV with WD of
7.6 mm.

Results and Discussions

The catalytic activity of studied samples is
shown in Figs. 3a-e and Table-1. The catalytic
activities of both the samples were measured in terms
of total C1-C4 hydrocarbons produced, the amount of
CO produced, and remaining reaction products
(termed as others).

The % conversion of CO, and Ci:-Cs4
hydrocarbons % selectivity was calculated by using
following equations:

unreacted Moles of CO,
0, C 101 Q] —
o Conversion - — x 100
Moles of CO, in feed

Moles of desired product

% Selectivity = -
! Y= Moles of undesired product

In case of 0.3Au-CeO,-AC sample, the
overall conversion of CO; to C;-C4 hydrocarbons was
6.8%. In addition to C;-Cs hydrocarbons, a
significant amount of CO was also produced during
the catalytic reaction. The selectivity of C;-C4, CO
and others were 58.40 %, 22.60% and 19.40%
respectively. Whereas, in case of the 0.6Au-CeO,-AC
the sample, the overall conversion of CO; to C;-Cs
hydrocarbons was 13.5%. Also, the 0.6Au-CeO,-AC
sample had shown reduced formation of CO during

Table-1: Summary of the Catalytic Activity Tests.
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the reaction. The selectivity of C1-C4, CO and others
were 60.45 %, 6.70% and 32.85 % respectively. The
sample without containing Au, almost show
negligible conversion. The presence of sulfonyl and
sulphonic acid group in the same ionic liquid is
mainly responsible for influencing/enhancing the
catalytic activity with better yield of desired
products.

In comparison, the 0.6Au-CeO,-AC sample
had shown an overall higher conversion of CO; to
hydrocarbons as to 0.3Au-CeO»-AC sample. Also,
the 0.6Au-CeO,-AC catalyst had shown least
formation of CO during the reaction as to 0.3Au-
Ce0,-AC sample. However, in case of 0.6Au-CeO,-
AC sample, the selectivity of others was higher as to
0.3Au-CeO2-AC sample. This could be because of
the smaller Au particle size (see the Table 1) as well
as favorable impact of the ionic liquid interaction
with either Au, CeO, and AC.

To study the effect of the operational
voltage to the catalytic activity, the best performed
catalyst (in terms of % conversion), the 0.6Au-CeO,-
AC sample were tested under different electrode
potentials.

The results showed that with gradual
increase in operational voltage, up to 0.35 V, a slight
increase in overall conversion was observed.
However, beyond 0.35 V no further increase was
observed, and the overall catalytic activity remained
unchanged up to 0.40 V. This showed an optimal
operational voltage is essential and favorable.

The faradaic efficiency (FE) vs applied
voltage results is shown in Fig. 3b. For both 0.3Au-
Ce0,-AC and 0.6Au-CeO,-AC 0.6, the FE remained
almost constant and stable in the voltage range of
0.32 V to 0.37 V. The average FE in this voltage
range for both 0.6Au-CeO,-AC and 0.3Au-CeO,-AC
catalysts was 75% and 27.5% respectively. The value
of FE, in the voltage range of 0.32 V to 0.37 V,
conforms to both conversion of CO, and Ci-Cs
hydrocarbons selectivity. In addition, based on linear
sweep voltammetry (LSV) comparison (see Figs. 3c),
the 0.6Au-CeO,-AC catalyst had higher catalytic
activity as to 0.3Au-CeO-AC catalyst under similar
reaction conditions.

YoSelectivity

Particle Size (nm) Sieve size (mm)

Catalyst CO: % Conversion C1-C4 Hydrocarbons CO Others Au CeO2 AC
CeO2-AC ~1.0 20.32 16.36 63.32 12.54 0.58
0.3Au-Ce0O2-AC 6.8 58.30 22.60 19.10 4.90 12.54 0.58
0.6Au-Ce0O2-AC 13.56 60.45 6.70 32.85 4.34 10.79 0.58
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(@) Electrocatalytic activity of 0.3Au-CeO,-AC and 0.6Au-CeO,-AC samples; (b) The faradaic

efficiency; (c) comparison of linear sweep voltammetry (LSV); (d) Tafel plots at different applied
potential; (e) long-term durability test comparison of 0.3Au-CeO,-AC and 0.6Au-CeO,-AC samples

and (f) impedance analysis.
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To get an insight to kinetics, a Tafel slope was
calculated, and results are shown in Fig. 3d. The Tafel’s
slope, an indication kinetics for CO formation, for both
0.6Au-Ce02-AC and 0.3Au-CeO-AC catalysts were
65.27 mV dec?! and 54.29 mV dec? respectively. The
formation of Ci-C4 hydrocarbons may be attributed to
HCOO* intermediate at certain applied voltage range
and presence of suitable ionic liquid [19, 27]. The high
electron mobility (Fig. 3f) further enhanced the
formation of favorable reaction species of Ci-Ca
hydrocarbons [28]. In addition, both 0.6Au-CeO»-AC
and 0.3Au-CeO,-AC catalysts exhibited a very stable
and consistent electrocatalytic activity for 7.5 hrs (see
Fig. 3e). The stable and consistent activity is attributed
to the ability of an ionic liquid can be re-used multiple
times without jeopardizing the catalytic activity [29].

Table-1: Summary of the effect of the operational
voltage to the catalytic activity of 0.6Au-CeO.-AC.

Operating %

Voltage Conversion YoSelectivity
Ci-C4
Hydrocarbons CO  Others
0.30 13.15 58.85 724 3391
0.32 13.20 60.30 670 3285
0.35 13.56 60.45 6.70 32.85
0.37 13.56 60.45 6.75 3280
0.40 13.56 60.45 6.77 3278

To elucidate it further, a detailed surface
morphology of both un-used and used samples were
studied by using filed emission scanning electron
microscopy (FESEM) and transmission electron
microscopy (TEM). The results are shown in Figs. 4 and
6. Before the electrocatalytic reaction, the layered non-
uniformed semi-oval morphology of 0.6Au-CeO,-AC
partially resemble to the similar morphology of 0.3Au-
CeO,-AC sample. The slight difference is attributed to
the different amount of Au loadings. The FESEM
results suggested that higher content of Au produced a
clear and uniform morphology as to lower content of Au
(see Figs. 4A and 4C).

After the electrocatalytic reaction, layered non-
uniformed semi-oval morphology significantly changed
to flaked tiny circular like-structure (Figs.4A-B and
Figs.4C-D). This change in 0.6Au-CeO,-AC sample
was more prominent as to 0.3Au-CeO»-AC sample. It
clearly indicated that either the presence of ionic liquid
and/or electrode potential has significantly changed the
surface  morphologies. Apparently, it helped in
increasing the surface area. Because, flaked tiny circular
like-structure has higher surface area as to layered semi-
circular structure. In addition, the less change occurred
in surface morphology of 0.3Au-CeO,-AC as to 0.6Au-
CeO,-AC sample after the electrocatalytic reaction. It
was also observed that Au particles were mostly present
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in the vicinity between AC and CeO, (Figs. 4 and
6).The higher overall conversion of 0.6Au-CeO,-AC
catalysts could be attributed to the increased available
surface area of the layered non-uniformed semi-oval
morphology during the electrocatalytic reaction. Due to
an interfaced structure of the as-made hybrid system is
also equally important for the significant catalytic
activity of 0.6Au-CeO,-AC and 0.3Au-CeO,-AC
catalysts. In addition, The change in morphology is
attributed to the potential transition of crystal lattice due
to the reduced/oxidizing species generated after the
applied voltage [30]. In general, both nature of the
morphology and available surface area during the
electrocatalytic reaction played a key role to convert
CO- to hydrocarbons.

In general, the enhanced the electro-catalytic
activity of 0.6 Au-CeO.-AC sample is attributed to:
i. Auand Ce particle size
ii. surface morphology
iii. Possible interacted states between Ce, Au and
AC.

To encapsulate it further, simultaneous TG-
DSC analysis of both electro-catalytically used and
unused 0.3Au-CeO,-AC and 0.6Au-CeO2-AC samples
were also studied. The results are shown in Figs. 5A-D.
Simultaneous TG-DSC profiles of both un-used 0.3Au-
CeO-AC and 0.6Au-CeO-AC sample almost
resembles to each other. Almost, both un-used 0.3Au-
CeO-AC and 0.6Au-CeO,-AC samples exhibited
similar morphologies composed of single semi-
crystalline structure. In addition, both the 0.3Au-CeO,-
AC and 0.6Au-CeO,-AC samples had shown two
regions of glass transition at temperatures after 800 °C,
which is beyond the studied electrocatalytic reaction
temperature range. So, both the samples remained stable
(in terms of glass transition temperature) and there no
formation polymeric products at these reaction
temperatures.

However, after the reaction, the TG-DSC
profiles of used 0.3Au-CeO,-AC and 0.6Au-CeO»-AC
samples exhibited a significant change in surface
morphologies [see Figs. 5A, 5C and Figs 5B, 5D]
belonged to same crystal structure. This change in
surface morphologies is attributed to the potential
release of energy during the electrocatalytic reaction in
the presence of ionic liquid. In addition, no polymeric
product is formed on the surface of both used and un-
used 0.3Au-CeO,-AC and 0.6Au-CeO,-AC samples.
This finding clearly indicated that during the reaction at
different applied voltage, both the surface morphology
and apparent surface area did change, and this
phenomenon played a key role in the overall electro-
catalytic activity of both samples.
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Fig. 4: FESEM analysis of 0.6Au-CeO,-AC and 0.3Au-CeO,-AC sample both before and after the
electrocatalytic reaction.
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Fig 3: Simultaneous TG-DSC analysis of 0.6Au-CeO,-AC and 0.3Au-CeO»-AC both before and after the
electrocatalytic reaction.



Arshid M. Ali et al.,

0.6Au-CeO»-

L

Fig 4:
Conclusions

In summary, 0.6Au-CeO»-AC and 0.3Au-
CeO,-AC samples were prepared by using
simultaneous wet impregnation method. The electro-
catalytic activity for CO; conversion of both samples
was measured, in the presence of ionic liquid, to
hydrocarbon. The 0.6Au-CeO,-AC sample had
shown higher electro-catalytic activity. The higher
electro-catalytic activity, attributed to the formed
layered non-uniformed semi-oval morphology of
support and smaller Au particle size of 4.34 nm.
During the reaction, the formed layered non-
uniformed semi-oval morphology was significantly
changed to flaked tiny circular like-structures, which
apparently increase the available surface area and
easy accessibility of Au to initiate reaction. In
addition, the overall electro-catalytic activity also
depends upon the applied reaction voltage. Overall,
the presence of ionic liquid, the surface morphology,
and average Au particles size had played a key role in
the electro-catalytic conversion of CO, to
hydrocarbons.
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