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Abstract

There are two platforms of the work from this research: 1) hydrogen (Hz2) and
syngas production from steam and carbon dioxide (COz2) through solid oxide electrolysis
cell (SOFC) and 2) methanol production from carbon dioxide and hydrogen through
alcohol-assisted method. The connection between both research platforms is the idea
that hydrogen or syngas produced from the first platform can be utilized in the second
research platform.

For the first platform, solid oxide electrolysis technology has been developed.
The research in this platform has been divided into two focus: 1.1) improving chemical
stability of SOEC and 1.2) improving fabrication of SOEC. The second research platform
presents the correlation between Cu/ZnO catalyst preparation conditions on the catalyst
properties and activity in methanol synthesis from CO2 and Ho.

For the first research platform - improving chemical stability of SOEC,
proton conductor material has been synthesized. Effect of strontium and zirconium doped
barium cerate on the performance of proton ceramic electrolyser cell for syngas
production from carbon dioxide and steam has been studied. Syngas has been produced
from carbon dioxide (CO2) and steam using a proton ceramic electrolyser cell. Proton-
conducting electrolytes which exhibit high conductivity can suffer from low chemical
stability. In this study, to optimize both proton conductivity and chemical stability, barium
cerate and doped barium cerate are synthesized using solid state reaction method:
BaCeOs (BC), BaosSrosCeOsa (BSC), BaosSrosCeosY0103« (BSCY), and
BaCeo.6Zr0.403-.a (BCZ). The BC, BSC, and BSCY are calcined at 1100°C for 2 h and BCZ
is calcined at 1300°C for 12 h, respectively. All samples exhibit 100% perovskite and
crystallite sizes equal 37.05, 28.46, 23.65 and 17.46 nm for BC, BSC, BSCY and BCZ,
respectively. Proton conductivity during steam electrolysis as well as catalytic activity
toward the reverse water gas shift reaction (RWGS) is tested between 400 and 800°C.
The conductivity increases with temperature and the values of activation energy of
conduction are 64.69, 100.80, 103.78 and 108.12 kJ mol for BSCY, BC, BSC, and BCZ,
respectively. It is found that although BCZ exhibits relatively low conductivity, the material
provides the highest CO yield at 550-800°C, followed by BSCY, BSC, and BC, correlating
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to the crystallite size and BET surface area of the samples. Catalytic activity toward
RWGS of composited Cu and electrolytes is also measured. Additional Cu (60 wt.%)
significantly increases catalytic activity. The CO vyield increases from 3.01% (BCZ) to
43.60% (Cu/BCZ) at 600°C and CO can be produced at temperature below 400°C. There
is no impurity phase detected in BCZ sample after exposure to CO2-containing gas
mixture (600°C for 5 h) while CeO2 phase is detected in BSC and BSCY and both CeO:
and BaO are observed in BC sample.

For the second research platform - improving fabrication of SOEC, the
effect of sintering additives (NiO, C0203, and ZnO) on the performance of barium-cerate-
based solid oxide electrolysis cell (SOEC) is investigated. The performance of the SOEC
with different sintering additives is determined in terms of relative density, electrochemical
performance, and catalytic activity toward reverse water gas shift reaction. BaCeOs (BC)
and BaCeo.9Gdo.103-5 (BCG) are synthesized using conventional precipitation method,
comparing to ultrasonic-assisted precipitation. The sintering additives promote both
densification and grain growth. The relative density of the BCG without sintering additive
is 69% while that of the BCG with 1 wt.% of C0203, NiO and ZnO is 95%, 95% and 88%,
respectively. The SEM images indicate that the BCG with sintering additives exhibits
dense grains with relatively large grain size. Although the BGC with NiO and Co203 exhibit
maximum relative density, the sample with ZnO shows relatively highest conductivity with
the lowest activation energy of conduction and the sample with NiO provides the largest
CO yield and CO:2 conversion. The activation energy of conduction is found to be 375.41,
70.06, 66.86 and 61.80 kJmol?! for BCG, BCG with 1 wt.% Co0203, NiO and ZnO,
respectively. The BCG with 1 wt.% NiO provides the highest CO2 conversion and CO
yield at temperature below 700°C (62% CO2 conversion and 32% CO vyield at 700°C).
Temperature program of oxidation (TPO) reveals that carbon deposition can cause the
low CO vyield at the operating temperature above 700°C.

For the second research platform — synthesize of methanol from COz and
H2 through alcohol assisted method, CuO/ZnO catalysts are synthesized using a co-
precipitation method with different precipitation temperatures (298-353 K) and pH values

(5-9). A conventional precipitation is compared to an ultrasonic-assisted precipitation at
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each precipitating temperature. Methanol is directly synthesized from CO2 and Hz (1:3
mol ratio) through an alcohol-assisted reaction (423 K, 5 MPa, 24 h) by using different
alcohols (ethanol, propanol and butanol) as a medium. There are two parts for the
challenge of this research, including the preparation of CuO/ZnO catalysts using an
ultrasonic-assisted precipitation and, methanol synthesis through an alcohol-assisted
method. It is found that the precipitation temperature and pH value significantly affect the
catalyst properties and the reaction activity. An ultrasonic irradiation helps facilitate the
crystalline phase formation and decrease precipitation temperature. The highest yield of
methanol is obtained when CuO/ZnO is precipitated at 333 K from the conventional
precipitation (31%) while it is at 313 K from the ultrasonic-assisted precipitation (32%). In
addition, the different type of alcohol strongly affects methanol yield and COz conversion.
The use of larger alcohol molecules offers higher CO2 conversion but lower methanol

yield.
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Abstract

There are two platforms of the work from this research: 1) hydrogen (H2) and
syngas production from steam and carbon dioxide (CO2) through solid oxide electrolysis
cell (SOFC) and 2) methanol production from carbon dioxide and hydrogen through
alcohol-assisted method. The connection between both research platforms is the idea
that hydrogen or syngas produced from the first platform can be utilized in the second
research platform.

For the first platform, solid oxide electrolysis technology has been developed.
The research in this platform has been divided into two focus: 1.1) improving chemical
stability of SOEC and 1.2) improving fabrication of SOEC. The second research platform
presents the correlation between Cu/ZnO catalyst preparation conditions on the catalyst
properties and activity in methanol synthesis from CO2 and Ho.

For the first research platform - improving chemical stability of SOEC,
proton conductor material has been synthesized. Effect of strontium and zirconium doped
barium cerate on the performance of proton ceramic electrolyser cell for syngas
production from carbon dioxide and steam has been studied. Syngas has been produced
from carbon dioxide (CO2) and steam using a proton ceramic electrolyser cell. Proton-
conducting electrolytes which exhibit high conductivity can suffer from low chemical
stability. In this study, to optimize both proton conductivity and chemical stability, barium
cerate and doped barium cerate are synthesized using solid state reaction method:
BaCeOs (BC), BaosSrosCeOsa (BSC), BaosSrosCeosY0103« (BSCY), and
BaCeo.6Zr0.403-.a (BCZ). The BC, BSC, and BSCY are calcined at 1100°C for 2 h and BCZ
is calcined at 1300°C for 12 h, respectively. All samples exhibit 100% perovskite and
crystallite sizes equal 37.05, 28.46, 23.65 and 17.46 nm for BC, BSC, BSCY and BCZ,
respectively. Proton conductivity during steam electrolysis as well as catalytic activity
toward the reverse water gas shift reaction (RWGS) is tested between 400 and 800°C.
The conductivity increases with temperature and the values of activation energy of
conduction are 64.69, 100.80, 103.78 and 108.12 kJ mol for BSCY, BC, BSC, and BCZ,
respectively. It is found that although BCZ exhibits relatively low conductivity, the material
provides the highest CO yield at 550-800°C, followed by BSCY, BSC, and BC, correlating
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to the crystallite size and BET surface area of the samples. Catalytic activity toward
RWGS of composited Cu and electrolytes is also measured. Additional Cu (60 wt.%)
significantly increases catalytic activity. The CO vyield increases from 3.01% (BCZ) to
43.60% (Cu/BCZ) at 600°C and CO can be produced at temperature below 400°C. There
is no impurity phase detected in BCZ sample after exposure to CO2-containing gas
mixture (600°C for 5 h) while CeO2 phase is detected in BSC and BSCY and both CeO:
and BaO are observed in BC sample.

For the second research platform - improving fabrication of SOEC, the
effect of sintering additives (NiO, C0203, and ZnO) on the performance of barium-cerate-
based solid oxide electrolysis cell (SOEC) is investigated. The performance of the SOEC
with different sintering additives is determined in terms of relative density, electrochemical
performance, and catalytic activity toward reverse water gas shift reaction. BaCeOs (BC)
and BaCeo.9Gdo.103-5 (BCG) are synthesized using conventional precipitation method,
comparing to ultrasonic-assisted precipitation. The sintering additives promote both
densification and grain growth. The relative density of the BCG without sintering additive
is 69% while that of the BCG with 1 wt.% of C0203, NiO and ZnO is 95%, 95% and 88%,
respectively. The SEM images indicate that the BCG with sintering additives exhibits
dense grains with relatively large grain size. Although the BGC with NiO and Co203 exhibit
maximum relative density, the sample with ZnO shows relatively highest conductivity with
the lowest activation energy of conduction and the sample with NiO provides the largest
CO yield and CO:2 conversion. The activation energy of conduction is found to be 375.41,
70.06, 66.86 and 61.80 kJmol?! for BCG, BCG with 1 wt.% Co0203, NiO and ZnO,
respectively. The BCG with 1 wt.% NiO provides the highest CO2 conversion and CO
yield at temperature below 700°C (62% CO2 conversion and 32% CO vyield at 700°C).
Temperature program of oxidation (TPO) reveals that carbon deposition can cause the
low CO vyield at the operating temperature above 700°C.

For the second research platform — synthesize of methanol from COz and
H2 through alcohol assisted method, CuO/ZnO catalysts are synthesized using a co-
precipitation method with different precipitation temperatures (298-353 K) and pH values

(5-9). A conventional precipitation is compared to an ultrasonic-assisted precipitation at
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each precipitating temperature. Methanol is directly synthesized from CO2 and Hz (1:3
mol ratio) through an alcohol-assisted reaction (423 K, 5 MPa, 24 h) by using different
alcohols (ethanol, propanol and butanol) as a medium. There are two parts for the
challenge of this research, including the preparation of CuO/ZnO catalysts using an
ultrasonic-assisted precipitation and, methanol synthesis through an alcohol-assisted
method. It is found that the precipitation temperature and pH value significantly affect the
catalyst properties and the reaction activity. An ultrasonic irradiation helps facilitate the
crystalline phase formation and decrease precipitation temperature. The highest yield of
methanol is obtained when CuO/ZnO is precipitated at 333 K from the conventional
precipitation (31%) while it is at 313 K from the ultrasonic-assisted precipitation (32%). In
addition, the different type of alcohol strongly affects methanol yield and COz conversion.
The use of larger alcohol molecules offers higher CO2 conversion but lower methanol

yield.
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Research significance and introduction

Thailand mainly relies on energy from petroleum, including refining or
reforming of imported crude oil. Regarding the issue of national energy security as well
as increasing price of the oil which is limited resource, an alternative energy technology
has gained much interest and urgently required for research and development. Moreover,
significant amount of carbon dioxide (COy) is being released out of the processes
involving energy management and conversion. The global CO2 emission is at 6.2 trillion
tons per year and it tends to increase. The increasing CO2 concentration in atmosphere
was predicted to be 44% from 2006 to 2030 [1]. Carbon capture and sequestration (CCS)
has been proposed as a strategy to decrease accumulated CO: in the atmosphere.
However, the technological challenge is remained as it is not possible to evaluate the
impact of storing large amount of CO2 into uncontrolled undergrounds layers. The leakage
of the gas back to the surface is still a concerned.

The importance of this project is to increase national energy security at the
same time as solving environmental problem. The strategy is the utilization of CO> and
water to produce methanol. It is well known that methanol (CH3OH) is an important
precursor to the production of many chemicals such as formaldehyde, acetic acid, methyl
tertiary butyl ether (MTBE) or even DME. These all chemicals are necessary for other

industrial sectors such as transportation and construction. Moreover, methanol is a
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reactant in the process of bio-diesel production which is one of the alternative fuels,
strongly driven in Thailand. However, there is no methanol production process in country
at the present. This results a high imported rate of methanol each year. The methanol
consumption in Thailand is varied with the production rate of bio-diesel which is 2.5 million
liters per day [Department of alternative energy development and efficiencies, Ministry of
energy]. For the global figure, methanol consumption is 65 million ton per year [2] and 75
percent of methanol is synthesized from natural gas or coal which results in a liberation
of CO2 from the processes [3-15].

Methanol is generally synthesized through thermochemical process that
syngas (CO+Hy) was used as a precursor. However, syngas is normally derived from
natural gas which is limited natural resources and the reforming process results in CO>
emission. Apart from thermochemical process, syngas can be synthesized using
electrochemical process of co-electrolysis between steam and CO.. If the electricity
required for this process is derived from renewable energy sources, then this represents
a low (or zero) carbon route to syngas production. The important advantage is producing
very pure H2 and CO without the need for further processing to remove impurities that
would negatively impact system performance and durability. Relatively high operating
temperatures can reduce the electrical energy requirement of the electrolysis process
and, thereby, the cost of production. Operating temperatures improve the electrode

kinetics and reduce the SOEC electrolyte resistance, leading to lower losses in cell
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performance. If waste heat from power stations or other industrial processes can be used

to sustain the electrolyser operation, SOECs have the potential to generate H> at a

significantly higher efficiency compared to the low temperature electrolysers.
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Research objective

1. To develop the scientific knowledge for the production of methanol from carbon
dioxide and water through an electrochemical process in solid oxide electrolysis cell
(SOEC) connected with a thermochemical process

2. To develop the scientific knowledge for the production of methanol from carbon
dioxide and water through an intermediated-temperature and pressurized solid
SOEC in a single step

3. To achieve a prototype of proton-conducting SOEC for methanol production through

a study of proper ceramics, synthesis method, and sintering additives
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Research output

Research outputs over the three-year project are as followed:

Output Number

1. International publications 3

2. Bachelor degree graduate 14

3. Master degree graduate 3

4. Prototype reactor for methanol synthesis 1

5. Prototype of proton-conductor SOFC 2

List of publication in international journal is as followed:

Year Publication Quartile
Likhittaphon S, Pukkrueapun T, Seeharaj P, Wetwathana Hartley U,

2018 Laosiripojana N, Kim-Lohsoontorn P, The effect of sintering additives o
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cell. Fuel Processing Technology. 2018; 173: 119-125.
Effect of CuO/ZnO catalyst preparation condition on alcohol-assisted
methanol synthesis from carbon dioxide and hydrogen, Likhittaphon

2018 | S, Panyadee R, Fakyam W, Charojrochkul S, Sornchamni, Q1
Laosiripojana N, Assabumrungrat S, Kim-Lohsoontorn P.
International journal of hydrogen energy. 2018. In Press.
Sarabut J, Charojrochkul S, Sornchamni T, Laosiripojana N,
Assabumrungrat S, Wetwattana-Hartely U, Kim-Lohsoontorn P.

2018 Effect of strontium and zirconium doped barium cerate on the a1

performance of proton ceramic electrolyser cell for syngas
production from carbon dioxide and steam. International Journal of

Hydrogen Energy. 2018 (Accepted)
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Research platform 1

Hydrogen and syngas production from steam and carbon dioxide through

solid oxide electrolysis cell (SOEC)

1.1 Effect of strontium and zirconium doped barium cerate on the
performance of proton ceramic electrolyser cell for syngas production

from carbon dioxide and steam

1.1.1 Research platform 1.1 - Introduction

Significant amount of carbon dioxide (CO2) has been released from processes
involving energy conversion. The emission enhances the green-house effect and
contributes to global climate change which could endanger environment and mankind.
Consequently, CO2 utilization as a carbon source for the production of fuels and
chemicals has gained much interest. Proton ceramic electrolyser cells (PCECs) can
convert CO2 and steam into syngas (hydrogen (H2) and carbon monoxide (CO)) which is
known as important precursor for industrial chemicals such as higher olefin and alcohols
[1-5]. With CO2 and H20 as a feed, H2 is produced through steam electrolysis reaction
(equations (1)-(3)). Hydrogen then further reacts with CO> to form CO. The reverse water
gas shift (RWGS) reaction provides syngas (H2 and CO) as a product through equation

(4).
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Electrochemical reaction:

Anode: H20O - 2H*+ 2e-+ /2 O2 (1)
Cathode: 2H* + 2e > H> (2)
Overall reaction: H2O - Hz + 1/202 (3)

Thermochemical reaction:

RWGS: CO2+H2 - H0+ CO 4)

The electrolyte of an electrolyser can be oxygen-ion (O2-) conductor or proton
(H*) conductor. In theory, proton exhibits much smaller ionic radius comparing to oxygen-
ion. Therefore, the mobility is relatively higher, leading to higher conductivity and the cell
performance [6-9]. Proton-conducting electrolytes also permit a significant decrease in
operating temperature (400-700°C), resulting in increasing system robustness and
reducing system cost [10, 11].

However, the materials which exhibit high proton conductivity often suffer from
poor chemical stability when being exposed to COz-containing gas. Barium cerate
(BaCeO3) is known to exhibit high proton conductivity but low chemical stability against
CO2 [9, 12-19] while barium zirconate (BaZrO3) shows relatively higher chemical stability

but lower proton conductivity [14, 15, 20-22]. Therefore, zirconium doped barium cerate
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(BCZ) has been used as an electrolyte and composites with metal as an electrode [23-
26]. Doping trivalent such as Y3*, Yb3*, Nd3* and Gd3* into BCZ to achieve higher
conductivity was also reported [8, 11, 13, 14, 16, 17, 20, 21, 25, 29]. Strontium cerate
(SrCe03) exhibits conductivity and chemical stability against CO2 and the performance
lies between BaCeO3s and BaZrOs [8, 22, 29]. Therefore, strontium doped barium cerate
(BSC) and the BSC with trivalent doping have also been investigated [8, 15, 18, 22, 27-
29].

The objective of this study is to optimize both proton conductivity and chemical
stability by using a combination of the BaCeOs (exhibiting high proton conductivity),
SrCeOs3, and BaZrOs (exhibiting high chemical stability). The perovskite compositions of
strontium doped barium cerate (Bao.eSro4CeO3.q, BSC), and zirconium doped barium
cerate (BaCeo6Zro.403.q, BCZ) have been synthesized. To achieve higher conductivity,
Y3+ was also doped into SCB structure (BaosSrosCeosY0.1034, BSCY). The
electrochemical performance and catalytic activity of the samples were investigated. The
catalytic activity of electrode and electrolyte materials toward RWGS reaction was
discussed. The chemical stability of prepared samples when being exposed to CO, was

also measured.
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1.1.2 Research platform 1.1 — Experimental

1.1.2.1 Research platform 1.1 — Sample preparation

The BC, BSC, BSCY, and BCZ were prepared using solid state reaction
method. Stoichiometric amounts of BaCOs3 (In house), CeO2 (99.95%, Sigma Aldrich
SrCO3 (99.9%, Sigma Aldrich,), ZrO2 (99.0%, Kanto Chemical Company), Y203 (99.99%,
Sigma Aldrich), were used as precursors. The precursors were mixed by ball milling for
24 h using zirconia balls having 5 mm and 10 mm diameter and ethanol (95%, Sigma
Aldrich) as a medium, followed by drying in oven at 105 °C for 24 h and calcination at
1100°C for 2 h (BC, BCS and BCSY) and 1300°C for 12 h (BCZ2).

To fabricate a button-type electrolyser, prepared powder of 3 g was pressed
into a pellet at 1500 psi for 30 seconds and sintered at 1450°C for 15 h. The sintering
temperature and time could be reduced if sintering aid is added [30]. However, sintering
aid was not applied in the sample, not to interfere the experimental results in this study.
The relative density of fabricated cell was calculated and the method of calculation can
be referred in our previous work [30]. The sintered cell was then coated by silver
conductive paste (Sigma-Aldrich). The coated pellet was fired at 900°C for 2 h, giving an

electrode layer with an area of 0.785 cm? and a thickness of ~30 uym.
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1.1.2.2 Research platform 1.1 — Characterization

The X-ray diffraction (XRD) was used (BRUKER model D8 advance, using Ka
radiation of Cu) with scanned 26 between 10° — 80°. The phase was identified by
comparing with JCPDS database. Crystallize size (d) was calculated using Scherrer
equation:

d=0.9M/(BFWHM Cos(0)) (5)
where A is the wavelength (1.54 A), BFWHM is the full width for the half-maximum intensity
of main peaks (FWHM), and 6 is diffraction angle.

%Perovskite was determined from equation (6) through a measuring of the
intensity of XRD major peaks.

%PerOVSkite=(Z( Iperovskite)/lT x100 (6)

where lperovskite IS the intensity of perovskite peaks, It is the total intensity of perovskite
peaks and impurity peaks.
Surface area of the materials was measured through N2 adsorption and

desorption (Autosorb 1-AG, Quantachrome).
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1.1.2.3 Research platform 1.1 - Electrochemical performance measurement

The electrochemical performance measurement was carried out between 400-
800°C with humidified H2/N2 feed. Single cell polarisation curves were generated using
linear sweep current techniques to obtain a V/I curve. A potentiostat (Metronm Autolab,
Netherlands) was used to control the voltage between open circuit voltage (OCV) and 1.5
V with a scan rate of 20 mV/s. Platinum wires were attached to the cell for an electrical
connection. The cell was placed in a cell holder which was sealed using glass sealant
(Untra-Temp 516, Aramco, USA) to separate the gas environment of two electrode
chambers. A vertical furnace (Chavachot, Thailand) was used to control the temperature
of the test rig. The test system allowed variable gas compositions of steam, and H-2
(20%H20, 24%H2 and 56%N2, 100 ml min-1 total flow rate) to be introduced to the
electrode. After passing through flow controllers, the H: line passes through the
humidifier, which is a bubble column situated inside a thermocirculator bath, to saturate
the gas with water.

The value of activation energy (Ea) of conductivity can be related to proton
conductivity. Activation energy of conduction decreases when proton conductivity
increases. Proton conductivity was calculated using equation (7) and activation energy of
conduction was calculated using Arrhenius, equation (8):

o= LIVA (7)
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o= A/T e(-Ea)RT) (8)
When o is proton conductivity (S cm); L is the sample cell thickness (cm); | is a current
(A); V is a controlled voltage (V); A is an electrode area (cm2); T is temperature (K); Ea is

an activation energy of conductivity (J mol-'); and R is gas constant (8.314 J K- mol-')

1.1.2.4 Research platform 1.1 — Catalytic activity performance test

The activity toward reverse water gas shift reaction was tested between 400-
800°C with an interval of 50°C, using a heating rate of 10°C min-1. The electrolyte
powders were sieved to 70 -100 nm. After that, 0.1 g of an electrolyte power was packed
inside a 4 mm inner-diameter quartz tube reactor. A gas mixture of 10%CO2, 10%H2 and
80%Ar2 (100 mL min-' total flow rate) was fed to the reactor. Out-gas products were
detected by gas chromatography (GC-2014, Shimadzu CORP).

Composited Cu and electrolytes were also tested. The electrolyte power was
mixed with CuO (98% CuO, Sigma Aldrich) at a proper ratio to obtain a ratio of Cu to
electrolyte at a 60:40 wt.%. Mixed powder were sieved to 70 -100 nm and 0.1 g of samples
were used for catalytic activity test. The samples were reduced in-situ at 350°C for 40 min
in a flow of a 10% Hx/Ar mixture (20 mL min-1) prior to the reaction. The catalytic activity

toward reverse water gas shift reaction was then performed.
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1.1.2.5 Research platform 1.1 — Chemical stability test

The chemical stability of the sintered pellets was carried out in CO2-containing
environment. The sintered pellet was placed in the cell holder and the cell ridge was
sealed using glass sealant (Ultra-Temp 516, Aramco, USA). A vertical furnace
(Chavachot, Thailand) was used to control the temperature of the rig. The cell was
exposed to 10%CO2, 30%H2> and 60%N2 (300 ml min-1 total flow rate) at 600°C for 5 h.
The phases of the sintered pellets after CO2 exposure were analyzed using XRD.

The Goldschmidt tolerance factor (1) was used to predict a distortion of a
crystal structure and was related to chemical stability of a perovskite structure [23]. The
factor can be calculated using equation (9), as result T = 1 is for a perfect cubic perovskite.

1= (rat ro)/(~¥2 (re+ ro)) 9)
where ra is the ionic radius of the A site which is Ba2* (1.35A) or Sr2* (1.18A); rs is the
ionic radius of the B site which are Ce#* (0.87A), Zr4+ (0.72A), or Y3+ (0.9A); and ro is the

ionic radius of the oxygen 02 (1.40 A).

18| Page



1.1.3 Research platform 1.1 — Results and discussion

1.1.3.1 Research platform 1.1 — Characterization

The XRD patterns of all prepared electrolyte poweders were shown in Fig. 1.
All samples exhibited perovskite structure (JCPDS 82-2425). There was no impurity
phase detected and 100% perovskite was obtained in all prepared powder. The crystallite
sizes calculated from XRD patterns are also presented in Table 1. They were 37.05,
28.46, 23.65 and 17.46 nm for BC, BSC, BSCY, and BCZ, respectively. The crystallite
sizes of the BCZ and the BSC are smaller than that of the BC due to a Zr4* substitution
at Ce#* sites and a Sr2* substitution at Ba2* sites, resulting in a decreased unit cell volume.
Relatively smaller size of Zr4* ions (radius of 0.72 A) substituted the larger Ce** ions
(radius of 0.87 A) and Sr2* ions (radius of 1.18 A) substituted Ba2* ions (radius of 1.35 A),

respectively.

Table 1 %Perovskite, crystallite size, relative density, tolerance factor, and surface area
of synthesized electrolyte powder and surface area of composited

Culelectrolytes

BC BSC BSCY BCz
% Perovskite 100 100 100 100
Crystallize size (nm) 37.05 28.46 23.65 17.46
Relative density (%) 70.15 85.99 87.22 56.68
Tolerance factor () 0.857 0.835 0.834 0.880
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BC BSC BSCY BCZ
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Figure 1 The XRD patterns of synthesized electrolytes: (a) barium cerate (BC), (b)

strontium doped barium cerate (BCS), (c) yttrium and strontium doped

barium cerate (BCSY), and (d) zirconium doped barium cerate (BCZ)

When barium cerate was doped by Zr4+ ions and Sr2+ ions, the main peak

shifted to a larger diffraction angle due to a decrease in lattice parameters as presented

in Fig.2. This result corresponded to other work [14] and confirmed the incorporation of

Zr*+ ions in the BCZ as well as the Sr2*in the BCS. For the BSCY sample, co-doping Sr
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and Y into barium cerate resulted in a shift of main peak to a lower diffreaction angle due

to an increase in unit cell volume.

Figure 2
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Magnified scale of XRD patterns representing the shift in the main peak of
(a) barium cerate (BC), (b) strontium doped barium cerate (BCS), (c) yttrium
and strontium doped barium cerate (BCSY), and (d) zirconium doped

barium cerate (BCZ)

1.1.3.2 Research platform 1.1 — Activation energy of conduction

The synthesized powder was prepared into a pellet and an V/I curve was

generated between 400-800°C. Figure 3 presents the conductivity of electrolyte pellet and

calculated activation energy of conduction. It was found that the conductivity increased

with temperature and the BSCY pellet exhibited the highest conductivity, followed by BC,
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BSC and BCZ, respectively. The activation energy of condcuction was 64.69, 100.80,

103.78 and 108.12 kdJ mol-1 for BSCY, BC, BSC, and BCZ, respectively. The H2

production rate was also calculated from current at 1.1 V and 800°C, and the rate was

1.39x 108, 3.38 x 108, 6.06 x 10-°, and 1.24 x 10-'9 mol s-* for BC, BSC, BSCY, and BCZ,

respectively.

Figure 3
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Activation energy of conduction (Ea) of fabricated electrolytes: barium cerate
(BC), strontium doped barium cerate (BCS), yttrium and strontium doped

barium cerate (BCSY), and zirconium doped barium cerate (BCZ)

The content of barium ion and zirconium ion can affect a proton conductor. It

was reported that the conductivity increases with an increasing barium content [32] while

the conductivity decreases with an increasing zirconium content [20]. A rare-earth ion

dopant also affects BaCeO3 proton conductor [18, 31]. Fu and Weng [31] investigated the

22| Page



conductivity of various rare-earth ions doped BaCeO3 (BaCeo.9Mo.102.95, M is Gd, Nd, Sm
and Y) and BaCeo.9Y0.10295 was reported to show relatively higher proton conductivity
(9.20x10-3 S cm-') than BaCeO3 (1.13x104 S cm-1) at 800°C in 5%H2-95%Ar while Wang
et.al [18] reported that the conductivity of Bao.sSro.4Ceo.8Y0.203-5 is between 2.25 x10-2 and
2.5x102 S cm.

The % relative density was also calculated from the sintered electrolyte pellets
and is presented in Table 1. It was found that the BSCY exhibited the highest %relative
density (87.22%), followed by BSC (85.99%), BC (70.15%), and BCZ (56.68%),
respectively. The relative density could also affect the electrochemical performance of the
electrolyte pellets. It should be noted that the relative density reported in this study was
rather low. The relative density of the sample can be related to sinterability which mainly
depends on mass transport diffusion mechanism and can be affected by factors such as
starting power size, sintering temperature and time, and sintering additive. Although the
relative density could be increased by adding a sintering additive [30], it was not applied
in this study, not to interfere the experimental results.

Although doping barium cerate with Zr4* and Sr2* slightly increased activation
energy of conduction (decreased conductivity), it was found that doping barium cerate
with Zr4+ or Sr2* significantly improved catalytic activity toward the RWGS reaction and
Zr++ dopant also helped improve chemical stability of the cell in CO2-containing

environment (Sections 3.3 and 3.4).
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1.1.3.3 Research platform 1.1 — Catalytic activity toward RWGS reaction

The catalytic activity was tested toward the RWGS reaction and the conversion
of CO2 and the yield of CO are presented in Fig. 4(a)-(d). It was found that the CO2
conversion and the CO yield can be gained at a temperature between 550-800°C for all
electrolyte samples (Figs 4(a) and 4(b)) and at a temperature between 400-800°C for all
composited Cu and electrolyte samples (Figs 4(c) and 4(d)). The catalytic activity
increased with increasing temperature. Adding Cu metal significantly increased catalytic
activity of the samples and allowed the RWGS reaction to occur at the intermediate
temperatures of an electrolyser. This could emphasize an advantage of a cermet type as
an electrode for CO2/H2O-fed electrolyser. An increase in catalytic performance of
Cu/BSCY toward the RWGS reaction is still unclear and requires further experimental
investigation. However, the effect of catalyst support on Cu dispersion has been reported
in other work [33]. This could be responsible for difference in catalytic performance of the

electrolyte samples after adding Cu component.
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Figure 4
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Catalytic activity of electrolytes (BC, BSC, BSCY, and BCZ) and electrode
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electrolyte powder as catalyst; (¢) CO2 conversion and (d) CO yield when

using electrode powder as catalyst
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An increase in catalytic activity of doped barium cerate when compared to bare
barium cerate is not clearly known; however, it can be attributed to an increase in oxygen
vacancy (V;°), resulting from Zr4+/Sr2+/Y13* substitution. Equation (10)) represent the Y13+
substitution in Ce?#* site, generating V,;°. Generated oxygen vacancy can help promote the

conversion of CO2 to CO and creates holes (h*), giving in equation (11) and equation (12).

2Cefs + Y,05 + 05 — 2Y(. + V3§ + 2Ce0, (10)
CO, + V§ = 0g + 2h" + CO (11)
H,0 + V&' — 0o +2h* +H, (12)

Although BCZ presented low conductivity, the material showed relatively high catalytic
activity toward the RWGS reaction. Catalytic surface acidity was also reported to increase
with Zr content in other work [33]. The correlation between catalytic surface acidity and

Zr content in the electrolyte sample has also become of interest.

1.1.3.4 Research platform 1.1 — Chemical stability

Chemical stability of the electrolyte samples (BC, BSC, BSCY and BCZ) was
investigated when exposing to a CO2-containing gas mixture (10%CO2, 30%H> and
60%N2, 300 ml min-1 total flow rate) at 600°C for 5 h. Figure 5 presents the XRD patterns
of all samples after the test. Impurity peaks (CeO2) was detected in the BSC and the

BSCY samples while both CeO2 and BaO were detected in the BC sample. The impurity
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phase was not observed in the BCZ sample. Although the products from BaCeO3
perovskite reacting with CO2 can be both BaCO3 and CeO> [34], BaCO3 was not detected
in this study. Barium is easily removed from barium-based electrolyte when reacting with
COg; leading to BaO formation [35]. The BaO can further react with CO> to form BaCO3
[35]. Goldschmidt’s tolerance factor is generally used as a criterion for perovskite
structure formation. Chemical stability of the barium zirconate-based materials was
reported to increase with tolerance factor [13, 17] and the factor was calculated and
presented in Table 1. The BCZ exhibited the highest tolerance factor (0.880), follow by

BC, BSC, and BSCY, respectively.
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Figure 5 The XRD patterns of the samples after being exposed to CO2-containing

environment
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1.1.4 Research platform 1.1 — Conclusion

The BC, BSC, BSCY, and BCZ were successfully synthesized using solid state
reaction method with different calcination conditions. The effect of doping Zr4+, Sr3+, and
Y3+in barium cerate structure was investigated in term of electrochemical performance
and catalytic activity. Activation energy of conduction of barium cerate decreased when
doping with Zr++ and Y3+. The BSCY exhibited the lowest activation energy of conduction
at 64.69 kJ mol-'. Although the BCZ sample presented relatively low conductivity with
high activation energy of conduction (108.12 kJ mol-1), the sample offered high catalytic
activity toward the RWGS reaction in terms of CO2 conversion and CO yield. Moreover,
the BCZ was rather stable after exposed to CO2-containing gas mixture at 600°C for 5 h.
There was no impurity phase detected in the BCZ sample, unlike the BC, BSC and BSCY
samples which showed impurity phases after the exposure. Additional Cu in the form of
Cu/electrolyte composite significantly improved catalytic activity toward the RWGS
reaction. This implied that the use of cermet-type electrode could be preferable in an

CO2/H20O-fed electrolyser.
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Research platform 1
Hydrogen and syngas production from steam and carbon dioxide through

solid oxide electrolysis cell (SOEC)

1.2 Effect of sintering additives on barium cerate based solid oxide

electrolysis cell for syngas production from carbon dioxide and steam

1.2.1 Research platform 1.2 — Introduction

Solid oxide electrolysis cells (SOECs) are considered as promising system for H>
and syngas production from steam and carbon dioxide through steam electrolysis

application coupling reverse water gas shift reaction, as shown in equation (1)-(4).

Steam electrolysis:  H,O0 —»H, +0.50, (1)
Anode: H,O —» 2H" +2e” +0.50, (2)
Cathode: 2H" +2e” — 0.5H, (3)
Reverse water gas shift:  H, + CO, <> CO+H,0O 4)

Conventional SOECs consist of oxide ion (O2-) conducting electrolyte such as
yttria stabilised zirconia (YSZ) or doped ceria [1-6]. However, proton (H*) conducting

electrolyte has received considerable attention for an application in SOEC [7, 8]. Due to
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its much smaller ionic radius, proton mobility is theoretically faster than oxygen-ion [7].
Among the ABOs perovskite-type proton-conductor, BaCeO3 exhibits relatively high
conductivity (0.04 S cm-1 at 600°C) [9]. However, barium cerate cannot be easily densified
at low temperature. High sintering temperature (1500-1700°C) is required to obtain a
relative density above 90% [10, 11]. This leads to issues relating the cell fabrication
process; insufficient density of the cell; and, high sintering temperature. Low cell density
leads to poor conductivity and gas leakage while high sintering temperature can cause
undesired phases and poor chemical homogeneity. The evaporation of BaO can occur at
temperature above 1550°C [12].

Sinterability of polycrystalline ceramics mainly depends on mass transport
diffusion mechanism which can be controlled by temperature, time, the size of starting
powder, and the addition of sintering aid [1, 13, 14]. Small amounts of transition metal
(e.g. Cu, Ni, Fe, Co) have been reported to enhance sinterability of the materials [15-23].
The gadolinium doped barium cerate co-doped by small amounts of transition metal such
as 1 %mol Cu was reported to allow a decrease in both calcination and sintering [20].

Transition metals were found to improve the densification of sample; however,
their effect on the total conductivity is contradicted since there is a difference between
relative density of the sample with and without the additive [13, 17, 20]. The sample added
with sintering additive was reported to exhibit lower bulk conductivity [1]. After sintering,

residual of sintering additive can incorporate into grain or segregate at grain boundary,
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leading to additional unwanted electronic conductivity in the electrolyte or increasing grain
boundary resistance. In case of barium-cerate based electrolyte, it is important to
determine a positive effect of dense electrolyte on an increased conductivity, comparing
to a negative effect of sintering additive residual remaining in the sample. Although the
sintering additives have been reported to influence sintering behavior, microstructure, and
electrical properties, most of reports are substantially on the field of solid oxide fuel cells
and best to our knowledge there is no report on the effect the sintering additive on
CO2/H20 electrolysis performance in term of both steam electrolysis and CO production
which involves the RWGS reaction. Therefore, the focus of this research is toward the
effect of sintering additives on the SOEC densification; on the cell electrochemical
performance under steam electrolysis conditions; and, on the RWGS reaction. The
RWGS reaction was also studied since syngas can be produced through both steam
electrolysis reaction and RWGS reaction in an SOEC system

In this research, 0.5-1.5 wt.% of Co203, NiO and ZnO were added in BCG
perovskite as a sintering additive. The influence of the sintering additive on relative
density of the electrolyser, electrochemical performance for steam electrolysis (activation
energy of conduction) and catalytic performance for carbon monoxide production (CO>
conversion and CO yield) were investigated. The perovskite phase was prepared using

conventional precipitation comparing to ultrasonic-assisted precipitation method to

36|Page



determine the effect of ultrasonic irradiation on size of starting powder and relative density

of the electrolyser.

1.2.2 Research platform 1.2 — Experiment

1.2.2.1 Research platform 1.2 — Synthesis of barium cerate and characterization

A solution of 1M Ce(NO3)3-6H20 and 1 M Ba(NO3)2 (Sigma-Aldrich, 99.9%
purity) was prepared as a precursor. A solution of Ba(NO3)> was formed by reacting
between BaCl,-2H20 and HNOs. A solution of 1 M (NH4)2C204 was used as precipitating
agent (Sigma-Aldrich, purity >98%). To avoid self-precipitation of the concentrated
precipitation agent, the precursor was added drop wise into the agent using a feed rate
at 60 ml min-'. The solution was continuously stirred using magnetic stirrer at 120 rpm.
The reaction was allowed to proceed for 30 minutes after completing addition of the
precursors while temperature was maintained at 80°C. A solution of 1 M Gd(NO3)3 was
introduced to synthesize Gd doped barium cerate synthesis (BCG). For the ultrasonic-
assisted precipitation, irradiation of high-intensity ultrasonic (150 W cm=2) was used
instead of magnetic stirrer through a direct immersion of an ultrasonic probe into the
precipitating solution (Tihorn, Sonic and Material Inc., USA). After completing the

precipitation, the precipitate was centrifuged and separated, and washed with DI water
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until the washing was neutral. The precipitated was dried at 110 °C for 24 h, followed by
calcination at 1000 °C for 5 h. More detail preparation was presented previously [24].
Sintering additive (NiO, Co203, and ZnO from Sigma-Aldrich, 99% purity) was
added into the BCG powder. After that, the mixture was ball milled for 24 h. Due to
solubility limit of the additive in the B-sublattice of barium cerate, 0.5-1.5 wt.% of the

additive was used in this study [25, 26].

The crystalline phase of sample was determined using X-ray diffraction (XRD,
Bruker D8 Advance, Germany). The Debye-Scherrer equation (5) was used to calculate

an average crystallite size (ad) of the sample.

B 0.9%
BrwnmCOs(6)

(5)

where A is the wavelength, Srwrmis the full-width for the half-maximum (FWHM) intensity
peak, and @is diffraction angle.
The intensity of XRD major peaks was measured and the purity of perovskite

phase was presented in term of %perovskite using the following equation (6):

| .
%Perovskite = perovskite 1,100 (6)
Iperovskite + ICeO2

Microstructural images of the sample were taken using scanning electron
microscopy (SEM, JEOL JSM-7610F, Japan). The average grain sizes were calculated

by linear intersection method.

38| Page



1.2.2.2 Research platform 1.2 — Sample preparation

An electrolyte-supported cell was fabricated for electrochemical performance
measurement. The BCG powder with and without sintering additive was pressed into a
pellet (1 metric ton for 2 minutes). The pellet was then sintered at 1450°C for 10 h to
obtain an electrolyte pellet with a thickness of ~1.4 mm and a diameter of ~25.0 mm.
Silver conductive paste (Sigma-Aldrich, purity = 75%) was deposited on both sides of the
electrolyte pellet followed by firing at 900°C for 2 h, giving an electrode with thickness of
~30 um and area of 0.785 cm2.

The relative density of prepared pellets was determined using equation (7) with

the error in relative density less than 1.5%.

Actual density
Theoretical density

Relative density= (7
The actual density in this research is bulk density. Closed and opened pores
are included in the measured volume. For theoretical density, the unit cell volume was

obtained from XRD analysis which provided lattice parameters of the unit cell and

theoretical density was calculated using equation (8)

(Molecular weight x Number ofmolecules per unit cell)
Unit cell volume x Avogardo's number

Theoretical density=
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(8)
For catalytic performance measurement, the electrolyte pellet was crushed

and sieved (50-60 meshes) to obtain granular catalyst with an average size of ~200 um.

1.2.2.4 Research platform 1.2 — Electrochemical performance measurement

A current linear sweep method was used to generate I/V curves. Potential was
controlled between open circuit voltage and 1.5 V with a scan rate of 20 mV s-' (Metrohm
Autolab, Netherlands). The electrolyte-supported cell was placed in the cell holder and
was sealed using high-temperature zirconia and zirconium silicate filled adhesive (Untra-
Temp 516, Aramco, USA). Platinum wires were used for electrical connection. The cell
holder was then placed in a vertical furnace (Chavachot, Thailand) which controlled the
cell temperature (400-800°C). The test system allowed variable gas compositions of
steam, Hz, and N2 to be introduced to the electrode. Therefore, at the cathode, a gas
mixture of 20%H20, 24%H2 and 56%N2 was introduced to the electrode chamber (total
flow rate of 100 mL min-*). N2 with the flow rate of 100 mL min-! was used as a sweep
gas for H2 production at the anode. A humidifier used in this study is a bubble column
situated inside a thermocirculator bath, to saturate the gas with water at 70°C. The
experimental set up for electrochemical performance measurement can be found in our
previous publication [24].

The bulk resistance of the cell was obtained from the slope of I/V curve. The

cell conductivity was then calculated (8):
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o = L/RA (8)
where ois conductivity (S cm-1), L is thickness of the cell (cm), R is cell resistance (Ohm)
and A is area of electrode (cm?2). The activation energy of conduction (£z) was calculated
using Arrhenius equation (9):

ol = A-exp[-E,/RT] 9)
where g is conductivity (S cm-1), £;is activation energy (J mol-'), Ris gas constant (8.314

J K-"mol-'), and T is absolute temperature (K).

1.2.2.5 Research platform 1.2 — Catalytic activity measurement

Reverse water gas shift reaction (RWGS) was performed in a 4 mm inner
diameter quartz tube reactor, operated under an atmospheric pressure within a
temperature range from 400 to 800 °C with interval of 50°C using a heating rate of 10°C
min-1. The gas mixture of 10%CO, 10%H2 and 80%Ar was fed with the flow rate of 100
mL min- to catalyst bed containing 100 mg of catalyst. The feed and product gas streams
were analyzed using a Faraday MID detector (QUADERA) and a Mass spectroscopy with
a stainless steel capillary (GSD320 O1, Omnistar gas analysis system, Germany). The
gas inlet was maintained for 30 minutes until product lines from online-mass spectrometer
were steady to ensure steady state and isothermal condition before collecting data at

each temperature. The catalyst was taken up to up to 600 °C at a rate of 10 °C min-! and
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was reduced in situ for 40 minutes in a flow of a 20% H2/N2 mixture (50 mL min-) prior to
the reaction.

The experiment in section 2.3 and 2.4 were replicated three times and the
reported results were a mean value of three tests. The uncertainty of the measurement

was quantified and the error was 0.7-2.1%.

1.2.3 Research platform 1.2 — Results and discussion

1.2.3.1 Research platform 1.2 — Phase formation of BC and BCG

Barium cerate (BaCeOs, BC) and gadolinium-doped barium cerate
(BaCe0.9Gdo 10295, BCG) were synthesized using conventional precipitation and
ultrasonic assisted precipitation method. The XRD patterns of the samples after calcined
at 1000°C for 5 h are presented in Fig.1. It can be seen that the precipitated products
contained a mixed phase of a desired phase (BC or BCG) and undesired phase (CeOy).
The XRD patterns showed BaCeOs3 with an orthorhombic structure, corresponding to
main peaks at (220), (122), (213), (422), (233), (440) and (613) planes, respectively
(JCPDS card no. 22-0074). The XRD patterns also showed CeO2 with a cubic structure,
corresponding to main peaks at (200), (213), (400), (311), (420), and (422) planes,
respectively (JCPDS card no. 34-394). The detection of CeO, means that all the

precursors did not completely react (94-95% perovskite formation). However, barium

42 |Page



carbonate was not detected from the samples. The intensity and the width of XRD peaks

can be calculated into the %perovskite and the crystallite size and was reported in section

3.1.1.
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Figure 1 XRD patterns of BC and BCG synthesized by conventional precipitation and

ultrasonic-assisted precipitation

1.2.3.2 Research platform 1.2 — %Perovskite, crystallite size, and relative density of BC

and BCG

A comparison of BC and BCG in term of %perovskite, crystallite size and

relative density are shown in Fig.2. This result demonstrates that doping gadolinium
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replacing cerium in the BC structure has no significant impact on %perovskite, crystallite
size, and relative density of the sample. The total conductivity of the BCG system was
reported to increase with the increase of the gadolinium substitution [20]. The Gd3* was
also reported to have higher solubility than others [26, 27]. In term of crystallite size, the
Gd3* exhibited slightly higher ionic radius than Ce#*, but the criterion of size matching was
acceptable. Doping Gd showed insignificant impact on the cell relative density (62% for

BC and 64% for BCG).

100
80
Perovskite (%)
60
& Crystallite (nm)
40
& Relative density
20 (%)
0 .

BCG

Figure 2 %Perovskite, crystallite size, and relative density of BC and BCG (conventional

precipitation)
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1.2.3.3 Research platform 1.2 — The effect of synthesis method: ultrasonic assisted

precipitation comparing to conventional precipitation

It was known that sinterability and densification of the electrolyte can be
improved by controlling nano-particle size and using suitable sintering additives. The
effect of synthesis method on %perovskite, crystallite size, and relative density was then
investigated and is presented in Fig.3. Ultrasonic-assisted precipitation provided slightly
higher %perovskite and smaller crystallite size, likely due to cavitation effect generated
from an ultrasonic irradiation. The group of small bubble was formed, gathered and split.
This creates the shock wave and increases kinetic and the product formation [24, 28].
The relative density of BCG prepared using ultrasonic-assisted precipitation was 69%,
which was slightly higher than BCG prepared using conventional precipitation (64%),
relating to smaller crystallite size. This corresponds to the results from the BET
measurement. As shown in Table 1, the BET surface area of the precipitated prepared
from ultrasonic assisted precipitation was 3.189 m2/g, while it was 2.691 m2/g for the
precipitated prepared from conventional precipitation. The precipitated from ultrasonic
assisted method also had relatively smaller pore size (1.255 x 102 A) and lower pore
volume (1.133 x 10-3ml g') when compared to the sample from conventional precipitation
(pore volume at 1.678 x 102 A and pore size at 9.562 x 10-3ml g-*). Although an alternative
preparation method could help increase the cell relative density, the increase was still

unacceptable for a dense membrane which generally requires >90% relative density [10,
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11]. Therefore, sintering additives were introduced in order to achieve higher relative

density of the cell.
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Figure 3 %Perovskite, crystallite size, and relative density of BCG synthesized using

conventional precipitation and ultrasonic-assisted precipitation
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Table 1 BET surface area, pore size and pore volume of BCG synthesized using

ultrasonic assisted precipitation and conventional precipitation

BET surface . Pore volume
Method e Pore size (A) (ml g)
conventional 2.691 1.678 x 102 9.562 X 102
precipitation
ultrasonic assisted 3.189 1.255 x 102 1.133 x 10°3

precipitation

1.2.3.4 Research platform 1.2 — The The effect of sintering additives: NiO, Co203, and

Zn0O

The effect of different types of sintering additives on the cell relative density
and microstructure has been investigated. The BCG pellets with and without sintering
additives (NiO, Co0203, and ZnO) were sintered at 1450°C for 10 h. The content of the
sintering additives was varied from 0.5 to 1.5 wt.%. As shown in Fig. 4, sintering additives
had a significant impact on the cell relative density. The BCG with NiO and Co0203
exhibited the same highest relative density at 97% for 1.5 wt.% additives and it was 95%
relative density for 1.0 wt.% additives. The BCG with ZnO reached the highest relative
density at 88% for 1 wt.% ZnO and the BCG without additive exhibited the cell relative
density at only 69%. Babilo et.al [29] reported that Ni, Cu, and Zn were effective to
enhance densification. The relative density of these transition metal modified
BaZro.s5Y0.1503-5 (BYZ) were approximately 86-88% by sintering at 1300°C for 4 h, while
the relative density of BYZ without transition metal was only 60%. Guo et.al [30] also
reported that introducing of ZnO, the relative density of BaZro.4Ceo.4Y0.203-5 reached to
90% after sintering at 1150°C for 5 h.
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Figure 4 The effect of sintering additives (C0203, NiO, and ZnO) on relative density of

BCG synthesized using ultrasonic-assisted precipitation

The SEM images of bare BCG and the BCG with sintering additives are shown
in Fig. 5. In detail, Fig. 5a-5h presents the SEM images of BCG with different sintering
additives and different contents. The addition of sintering additive was found to increase
both densification and grain growth. In Fig. 5i, it can be seen that there were many open
pores along the grain boundaries in the BCG without sintering additive while less open
pores and some trapped pores were observed in the BCG with sintering additives. The
BCG with the additives also exhibited relatively larger grain size. The addition of transition
metals significantly affected microstructure of the sample in this work. Zhang et.al also
reported that 1 %wt. ZnO addition enhanced grain growth apparently [19]. However, this
contrasts to the work of Amsif et.al [17] which reported that there is no significant impact
of sintering aid on the grain size of BCG. The grain size was reported not to depend on
the type of sintering additives and the average grain size is similar for an addition of Ni,
Zn, Co, and Cu at different contents (0.5-5 mol%) [17]. It should be noted that the
temperature used in the work of Amsif et.al [17] was 1200°C for 10 h while it was 1450°C
for 10 h in this work and 1300°C for 10 h in the work of Zhang et.al [19]. This implies that
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sintering aid may promote densification but not grain growth at low sintering temperature.
The average grain size depends on the type and content of sintering additives. As shown
in Fig.5, the SEM image of 1.0 wt. % C0203-BCG was similar to that of 1.5 wt.% C0203-
BCG and the average grain size of C0203-BCG (13.98 um) was slightly larger than 1 wt.%
NiO-BCG (11.70 um) and 1 wt.% ZnO-BCG (11.98 um). The average grain size of bare
BCG was only 5.98 um. As increasing additive content, the grain size increased. The
sample with 1.5 wt.% NiO-BCG shows the highest average grain size at 22.78 um. The
data relating to the solubility limit of transition metals in the B-sublattice of barium-cerate-
based materials are still uncertain and there are some contradictions in the literature [25].
It was reported that the solubility limit of nickel in B-sublattice of barium cerate, barium
zirconate and barium cerate zirconate was very low at 1-2 mol.% while the solubility limit
for cobalt was ranging from 0.75-15 mol.% depending on different sintering temperature
and preparation method. Tao et.al [31] also reported that if the zinc content was too high,
the main perovskite phase decreased, accordingly the formation of Zn-rich perovskite
phases. The SEM image of ZnO-BCG was rather different from others. The look-alike
impurity phase was observed along with perovskite phase. The densification process of
ZnO added barium cerate is reported due to the formation of BaO-ZnO eutectic. In such

system, BaO-ZnO or ZnO can co-exist along with the perovskite phase [31].
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Figure 5 SEM images: (a) 0.5 wt.% NiO-BCG, (b) 1 wt.% NiO-BCG, (c) 1.5 wt.% NiO-
BCG, (d) 0.5 wt.% ZnO-BCG, (e) 1 wt.% ZnO-BCG, (f) 1.5 wt.% ZnO-BCG, (g)
0.5 wt.% C0203-BCG, (h) 1.5 wt.% C0203-BCG and (i) BCG

1.2.3.5 Research platform 1.2 — The electrochemical performance under steam

electrolysis

The sintering additive was known to enhance the relative density through a
reduced surface energy and an increasing particle diffusion rate [1, 13, 14]. However, too
high content was also reported as negative to the electrochemical performance of the cell
due to an introduction of unwanted electronic conductivity. In this work, the BCG with 1
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wt.% addition of sintering additives was tested in term of total conductivity. The activation
energy of conduction was calculated from I/V curve at temperature from 400-800°C. The
uncertainty from the I/V measurement was quantified and it was observed that the error
was 2.1%, 0.7%, 2.0% and 1.0% for ZnO-BCG, NiO-BCG, C0203-BCG and BCG sample,
respectively. The sample with sintering additives (ZnO, Co0203, and NiO) exhibited
relatively much lower activation energy of conduction leading to higher total conductivity,
comparing to BCG without sintering additive as shown in Fig. 6. The activation energy of
conduction was 61.80 kJ mol?, 66.86 kJ mol?, 70.06 kJ mol?, and 375.41 kJ mol* for
ZnO-BCG, NiO-BCG, C0203-BCG, and BCG, respectively. It should be noted that the
BCG obtained this study was 97%perovskite which contained CeO2 as impurity phase
and this could lead to reduced proton conductivity of the sample. Among all the additives
added, the BCG with ZnO exhibited relatively highest conductivity with the lowest
activation energy of conduction. A benefit of ZnO on the electrical properties are due to
the fact that ZnO does not lead to an unwanted increase in electronic conductivity in the
electrolyte [13, 19, 25, 26, 29-32]. Amsif et.al [17] reported that the grain interior increases
slightly after the ZnO addition in BaCeo.9xZrxY0.103-5, whereas the grain boundary
decreases due to denser and larger grains [15]. Zhang et.al reported that ZnO addition
not only increases the bulk conductivity of Bai.osCeo.5Zro.4Y0.103-5 but also enhances the
grain conductivity [19]. However, the sample added with other transition metals was
reported to exhibit lower bulk conductivity, especially for samples with cobalt [17]. Babilo
et.al [29] reported that the activation energy of BaZro.ssY0.15s03-5 with 4 %mol ZnO was
0.47 eV (45.35 kJ/mol) while Presto et.al [33] reported that the activation energy of
BaCeo.85Y0.1502.925 with 0.75 wt.% CuO was 0.68 eV (65.61 kJ/mol). The difference in
activation energy was likely due to difference in ZnO content, material composition, and
gas mixture conditions during measurement. The humidity content used in this study is
20% while it was 3% in the mentioned works.

The color change was observed in the BCG when NiO and Co0203 were
introduced. It changed from white to dark green and black upon sintering for NiO and
Co203 addition, respectively. Darker coloring in an oxide can indicate substantial
electronic conductivity [29]. Although the transition metals can lead to unwanted increase

in electronic conductivity, the higher total conductivity of the samples shown in this study
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can be attributed to an increase in density of the samples that leads to denser and larger
grain.

It should be noted that in our previous work [24], barium cerate (BC) prepared
using ultrasonic-assisted precipitation (150 W cm?) required a sintering temperature at
1500°C for 10 h to obtain a BC cell having 79% relative density and activation energy of
conduction at 75 kJ mol. In this work, BCG cell with sintering additives required relatively
lower sintering temperature (1450 °Cfor 10 h) and could reach up to 88-97% relative

density and activation energy of conduction ranging from 61.80 to 70.06 kJ mol.
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Figure 6 Activation energy of conduction (Ea) for the SOEC fabricated from BCG, BCG-
C0203, BCG-NIO, and BCG-ZnO

1.2.3.6  Research platform 1.2 — The catalytic activity toward RWGS reaction

Since syngas can be produced through steam electrolysis reaction and reverse
water gas shift (RWGS) reaction in an SOEC system [34], the effect of sintering additives
on the RWGS reaction was also investigated. The bare BCG pellet and the BCG with

addition of 1 wt.% sintering additives (NiO, Co0203, and ZnO) were sintered, crashed and
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sieved to obtain catalyst granule at 200 um. Figure 7 and 8 present % conversion of COz2
and % yield of CO, respectively. It can be seen that the %CO2 conversion and %CO yield
were rather similar for Co203-BCG, ZnO-BCG and BCG when the temperature was 400-
650°C. Above 650°C, the %CO2 conversion and %CO yield were in the order: C020s3-
BCG > BCG > ZnO-BCG. The uncertainly in measure was taken into account. The
reported value is a mean value of three replicated measurements and the error in

measurement was less than 1.5%.
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Figure 7 CO2 conversions toward the reverse water gas shift (RWGS) reaction for BCG,
BCG-Co0203, BCG-NiO, and BCG-ZnO catalyst
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Figure 8 CO yield toward the reverse water gas shift (RWGS) reaction for BCG, BCG-
Co0203, BCG-NIO, and BCG-ZnO catalyst

Although ZnO additive could provide relatively highest electrochemical
performance, it offered the lowest catalytic performance toward RWGS. The NiO-BCG
exhibited significantly higher CO2 conversion and CO yield than other samples when the
operating temperature was below 700°C. Nickel-base catalyst has been studied
extensively for RWGS reaction and Ni-CeO: catalyst was reported to be active and
selective for the RWGS reaction [35, 36]. Above 700°C, CO yield did not increase as CO:
conversion increased, likely due to carbon deposition on the sample. Figure 9a and 9b
presents NiO-BCG before and after the RWGS reaction. Darker color of the catalyst after
the test was clearly seen. The temperature program of oxidation (TPO) was also carried
out. The used catalyst after the RWGS reaction was exposed to a flow of Oz while
temperature was increased from 400-800°C. Amount of O, consumed and CO; produced
were detected by online-mass spectrometer in which the ion current of main species of
mass fragments was followed to indicate carbon deposition. Carbon deposition was
calculated and presented in Fig. 9c. Carbon deposition was determined from a differential

of carbon molecular in feed and product. As increasing temperature from 400-800°C, the
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carbon deposition was increased. At temperature above 700°C, CO:2 detected from NiO-

BCG sample, corresponding to the carbon balance and the result of CO yield.
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Figure 9 Carbon deposition on NiO-BCG sample: (a) before RWGS test, (b) after RWGS
test, (c) calculated carbon balance and (d) the results of temperature program
of oxidation (TPO)

1.2.4 Research platform 1.2 — Conclusion

The %perovskite, crystallize size, relative density, electrochemical
performance, and catalytic performance of BaCeo9Gdo10295 (BCG) with sintering
additives (NiO, Co0203, and ZnO) were investigated. Although an ultrasonic-assisted
precipitation for powder preparation could provide an increase in the cell relative density
(69%), comparing to conventional precipitation (64%), the cell relative density was still
unacceptable for a dense membrane. Sintering additives significantly affected relative
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density, electrochemical performance, and catalytic activity of the cell. Adding NiO and

Co020s3 as sintering additive, the BCG exhibited the highest cell relative density at 97% for
1.5 wt.% addition and 95% for 1.0 wt.% addition. The ZnO additive provided rather low
relatively density (88% for 1.0 wt.% ZnO addition) but the cell with ZnO exhibited the

highest electrochemical performance, having the activation energy of conduction at 61.80

kJmol2. In term of catalytic activity, adding ZnO insignificantly affected CO2 conversion

and CO yield while NiO could help increase CO2 conversion and provided the highest CO

yield (32% yield) when operating temperature below 700°C.
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Research platform 2

Methanol production from carbon dioxide and hydrogen through alcohol-

assisted method

2.1 Effect of CuO/ZnO catalyst preparation condition on alcohol-assisted

methanol synthesis from carbon dioxide and hydrogen

2.1.1 Research platform 2 - Introduction

Fossil fuel is commonly used as a major energy supply, which is also a main
source of CO2 emission [1-5]. Currently, CO2 emission is 6.2 million tons per year, and
tends to increase each year. The increasing CO> concentration in atmosphere was
predicted to be 44% from 2006 to 2030 [6]. Carbon capture and sequestration (CCS) has
been proposed as a strategy to decrease accumulated CO2 in the atmosphere. However,
the technological challenge still remains as it is not possible to evaluate the impact of
storing large amount of CO2 into uncontrolled undergrounds layers. The leakage of the
gas back to the surface is still a concern. Therefore, a utilization of CO: into valuable
chemicals is of great interest [7-10].

Methanol is one of the primary feedstock for many industrial chemical
productions, such as formaldehydes, acetic acid, methyl tertiary butyl ether (MTBE) or
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dimethyl ether (DME), which are necessary for other industrial sectors such as
transportation and construction [11-13]. Currently, methanol consumption is about 65
million tons per year, while 75 percent of the world methanol has been produced from
syngas (CO+H2). However, syngas is normally derived from natural gas which is a limited
natural resource and the reforming process results in CO2 emission [14, 15]. In this
research, methanol has been synthesized directly from CO2 and H2 through a process
called alcohol-assisted methanol synthesis.

In general, methanol can be produced from CO or CO. with H> through
equilibrium reactions (Egs, (1) and (2)), which are based on catalytic hydrogenation [16,
17]. The reactions are naturally highly exothermic; therefore, low temperature is

thermodynamically required.

CO-rich methanol synthesis; CO + 2H: <+  CH3OH (1)
AHz98= -90.97 kJ mol-*
COz-rich methanol synthesis; CO2 + 3H: «+ CH3OH +H0 (2)
AH298= -49.43 kJ mol-’
However, when using conventional reaction pathways, methanol is well
synthesized at rather high temperature and pressure (523-573 K, 5-10 MPa) [18-30].
Therefore, a conflict between highly exothermic reaction and high reaction temperature

is a challenge for conventional methanol synthesis process. Alcohol-assisted low
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temperature methanol synthesis was firstly proposed by Tsubaki et.al [31]. An addition of
alcohol changes the reaction pathway and the process can be carried out at relatively
lower operating temperature and pressure (423-443 K and 3-5 MPa) [13, 25, 31, 32]. The

reaction pathway consisted of five reaction steps, shown in Egs. (3-7):

co + H,0 ~ CO + Ha (3)
CO, +1/2H, +Cu - HCOOCu (4)
HCOOCu + ROH ~HCOOR  + CuOH (5)
HCOOR + 2H; - ROH + CH3OH (6)
CuOH  + 1/2H; - H;0 +Cu (7)

For Eq. (4), formate is well-recognized as an intermediate for the water-gas
shift reaction, presented in Eqg. (3). In a conventional route, hydrogenation of formate
species which is an intermediate for methanol synthesis is available at 523-573 K. In an
alcohol-assisted route, the hydrogenation of formate species is decreased to 298-443 K
when adding ethanol into the system [25]. In addition, the ethyl formate (HCOO-CzHs),
the hydrogenation product of formate species from alcohol assisted route, is very easy to
be reduced by active hydrogen atoms to form methanol (Eq. (6)). Equation (5) is an
esterification reaction which preferably proceeds over an acidic catalyst. Methanol is

generated through Eq. (6) which can be operated at 453 K and 3 MPa on modified Cu-
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based catalyst [31]. The structure of Cu—-Zn—O was reported to be the main active site for
the reaction in Eq. (3), while a copper-based site is for the reaction in Eq. (6). Therefore,
CuO/ZnO has been considered as an efficient catalyst for methanol synthesis in this
reaction. Various catalyst modification was proposed to offer high catalytic activity for
methanol synthesis such as the Al, Ce, and Zr modified Cu-ZnO [30] or Pd-Cu alloy
catalyst [41]. It should be noted that alcohol (ROH) is not consumed in the net reaction of
alcohol assisted method (Egs. (1)-(7)).

Preparation conditions of CuO/ZnO catalyst have been reported to significantly
affect the catalyst properties and their activities [11]. Either dry-chemical technique or
wet-chemical technique can be used to prepare the catalyst. For the dry process, a solid
state reaction is generally used. It was reported that the calcination conditions such as
temperature, time, and gas-containing environment are crucial for a catalyst performance
[33, 34]. A solid state reaction can be simplified but high temperature calcination is often
required which leads to inhomogeneous product with a large crystallite size. A co-
precipitation is one of wet chemical techniques in which reactants are mixed in an atomic-
level, resulting in small particle products with narrow size distribution. The parameters for
catalyst synthesis conditions such as precipitating pH, temperature, aging time, and Cu
to Zn ratio are reviewed for their effects on catalyst properties such as surface area,
crystallite size, and surface acidity relating to the catalyst performance during methanol

synthesis [25, 31, 32, 35, 36]. Ultrasonic-assisted precipitation is a high performance
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method for controlling shape and size distribution of products. The energy from ultrasonic
waves leads to acoustic cavitation. The accreted and popping of bubble create a
frequency which is a cause of local heating swapping with extreme cooling. This
phenomenon generates a homogeneous mixing [37]. In this study, the use of ultrasonic
during precipitation exhibited a potential to be applied for CuO/ZnO preparation. The
precipitation temperature could be reduced while the catalyst properties were improved.

The challenge of this research has been divided into two parts, which are
CuO/ZnO catalyst preparation using ultrasonic-assisted precipitation; and, methanol
synthesis using alcohol-assisted method. Effects of catalyst preparation parameters
(precipitation temperature, pH, and ultrasonic irradiation) as well as the methanol

synthesis conditions (alcohol type) were investigated.

2.1.2 Research platform 2 - Experimental

2.1.2.1 Research platform 2 - Preparation of CuO/ZnO using conventional precipitation

The CuO/Zn0O catalysts were synthesized by a conventional precipitation with
different precipitation temperatures (298-353 K) and pH values (5-9). Copper nitrate
(Cu(NO3)2+3H20, Sigma-Aldrich, 298%) and Zinc nitrate (Zn(NO3)2*6H20, Sigma-Aldrich,

>99%) were used as metal precursors by fixing the atomic ratio of Cu/Zn at 1/1 while 1 M
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sodium carbonate (Na>CO3, Sigma-Aldrich, 299.5%) was used as a precipitating agent.
The precursor was added drop wise to the precipitation agent such that the concentrated
agent could be stirred to avoid self-precipitation. The ratio of precipitated product to
precipitating agent was 5 g to 600 ml. The precursor feed rate was 0.5 ml min-'. The
solution was stirred using magnetic stirrer at 120 rpm in case of conventional precipitation.
The reaction was allowed to proceed for 1 h at controlled precipitation temperature (298-
353 K) after completing addition of the precursors. During the precipitation process, the
temperature was controlled from ambient temperature to 353 K and the pH value was
controlled from 5 to 9 with an interval of 1 using a Na2COs. The precipitated product was
washed with distilled water to remove sodium ion and then centrifuged. The washing
solution was measured using a conductivity meter to check the remaining ion.
Consequently, the precipitated samples were dried at 378 K for 24 h and calcined in air

at 623 K for 1 h with a heating rate of 10 K min-1.

2.1.2.2 Research platform 2 - Preparation of CuO/ZnO using ultrasonic assisted

precipitation

The ultrasonic-assisted precipitation technique was used to synthesize
CuO/ZnO comparing to the conventional precipitation. The CuO/ZnO was prepared with

the same precursors and process used in the conventional precipitation. An ultrasonic
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probe was inserted into the solution instead of using a magnetic bar. The ultrasonic
intensity was maintained at 50 W cm-2. The ratio of precipitated product to precipitating
agent was maintained as same as that of the conventional precipitation. Precipitation
temperature was varied from 298-353 K while pH was maintained constantly at 7. After
that, the precipitated sample was washed, centrifuged, dried at 378 K for 24 h, and
calcined in air at 623 K for 1 h with a heating rate at 10 K min-'. There are reported that
lower calcination temperature is propitious to get a higher Cu dispersion, a smaller Cu

crystal size [4, 30].

2.1.2.3 Research platform 2 - Catalyst characterization

Crystallite phases of the catalysts were investigated by x-ray diffraction (XRD,
Rigaku, MiniFlex I1) using Cu-Ka (A= 1.541841 A). The XRD patterns were measured with
20 from 10 to 80 degrees with a scanning rate of 2 degree min-' at 30 kV and 15 mA. The

crystallite size (d) of the catalysts was calculated using Scherrer’s equation (8).

_ 0.91
BrwrmCOs(6) 8)

where A is the wavelength, Brwhm is the full-width for the half-maximum (FWHM) intensity

peak, and 0 is the diffraction angle.
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The Brunauer-Emmett-Teller (BET) surface area of catalysts was analyzed using
nitrogen adsorbed-desorbed (Autosorb 1-AG, Quantachrome). The scanning electron
microscopy — energy dispersive spectroscopy (SEM-EDS) images (Jeol, JSM-6610) were taken

to investigate the surface morphology of the catalysts.

The reduction temperature of the catalysts was analyzed using the
Temperature Program of Reduction (TPR, Chembet 3000) by placing the catalysts in a
flow reactor. After placing the catalysts in a flow reactor, they were heated to 423 K in N2
atmosphere to dry the sample. The reactor was then taken up to 773 K at a heating rate

of 20 K min-1 under 80 ml min-' flow of Ho.

The surface acidity of the catalysts was analyzed using ammonia temperature
program of desorption (NH3-TPD, Bel-Cat B) by packing the catalysts in a quartz reactor
which is located inside the TPD equipment. Helium gas was introduced at 473 K for 1 h
to remove the adsorbed organic impurities on the surface of the catalysts. Subsequently,
NH3 was added at 473 K to be adsorbed on the acid sites of the catalyst. After that, the
sample was left at 323 K for 1 h to remove the unabsorbed NHs. The temperature range

of 303-873 K with a heating rate of 10 K min-! was used in all experiments.

2.1.24 Research platform 2 - Alcohol-assisted methanol synthesis
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In this research, a method called alcohol-assisted methanol synthesis was
used. The methanol was synthesized from CO2 and H> as reactants. The experimental
set up including schematic drawing and test rig is presented in Fig. 1. The 3 g of catalyst
was loaded in a batch reactor. The catalyst was reduced in-situ in the reactor under Hz
gas flow with a flow rate of 30 ml min-' at 573 K for 3 h to convert CuO/ZnO into Cu/ZnO.
After that, 50 ml of alcohol (ethanol, propanol and butanol) was introduced, and the
reactant gas was fed with CO2 and Hz at the molar ratio of 1:3 (CO2:H2), controlled using
mass flow controllers (GFC17, AALBORG). The reactor was initially pressurized to 3.6
MPa and heated to 423 K. During the heating process, the reactor pressure was
increased to 5 MPa at 423 K. Vigorous stirring was applied at 1000 rpm for 24 h. When
the reaction was complete, the reactor was left to cool down to room temperature, and

the liquid products were collected for methanol analysis.

taj MFC
— mFC |
1

Furnace

Figure 1 Experimental setup: (a) schematic drawing and (b) test rig
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The products were analyzed using gas chromatography (Clarus680,
PerkinElmer) having the COL-VELOCITY column (30 m x 0.32 mm [.D. 0.25 um film
thickness). Finally, the conversion of CO2, and yield and selectivity of methanol were

calculated (Egs. 9-11).

Mole of converted CO,
Mole of feeding CO,

%CO, conversion = x100

(9)

Mole of methanol product
Mole of feeding CO,

Yeild of methanol =

100
(10)

. Mole of methanol product
Selectivity of methanol = x100
Mole of all products

2.1.3 Research platform 2 - Results and Discussion

2.1.3.1 Research platform 2 - Effect of precipitation temperature

The CuO/ZnO catalysts were successfully synthesized at different conditions,
confirmed by the XRD patterns shown in Fig. 2. The XRD patterns showed CuO and ZnO

phases corresponding to main peaks at (111) for CuO (26=39°, ref. JCPDS card no. 45-
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0937) and (101) planes for ZnO (26=36°, ref. JCPDS card no. 79-0206). The crystallite
size of CuO and ZnO were calculated using the Scherrer’s equation, as shown in Table
1. Fig. 2(a) shows the XRD patterns of CuO/ZnO synthesized at different temperatures
(239-353 K) with constant solution pH of 7. It can be seen that the catalysts precipitated
below 333 K exhibited relatively lower crystallite size. The crystallite growth rate is known
to linearly increase with increasing temperature, while nucleation rate exponentially
decreases [35]. Consequently, as increasing the precipitation temperature, the crystallite
size decreased in the early stage. At above 353 K, the crystallite growth rate becomes
relatively higher than the nucleation rate, leading to relatively larger crystallite size. The
BET surface area of catalysts was determined as presented in Table 1. The catalysts with
relatively smaller crystallite size exhibited larger BET surface area, and the largest BET

surface area was obtained from the catalyst precipitated at 333 K (80.02 m2 gcat).
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Figure 2 The XRD patterns of CuO/ZnO synthesized at different conditions: (a)
conventional precipitation at different temperatures (239-353 K); (b) ultrasonic-
assisted precipitation at different temperatures (239-353 K); and (c)
conventional precipitation at different pH (5-9)
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Table 1  Specific surface area, crystallite size and reducing temperature of the catalysts
synthesized using different precipitation temperatures, pH values, and
ultrasonic intensity

Specific Crystallite size (nm)

Catalysts surface area NERlEng
(M? Gear) CuO (111) (ZnO (101) temperature (K)
CuO/ZnO_298K_C 67.63 5.83 6.40 359.2
CuO/ZnO_313K_C 67.83 5.70 6.61 347.4
CuO/ZnO_333K_C 80.02 5.60 6.56 351.8
CuO/ZnO_353K_C 41.70 7.24 7.65 404.1
CuO/ZnO_298 K_U 75.00 4.87 6.03 341.8
CuO/ZnO_313 K_U 73.02 4.33 3.57 334.0
CuO/ZnO_333 K_U 102.15 4.02 6.26 335.5
CuO/ZnO_353 K_U 74.23 4.49 4.82 383.0
CuO/ZnO_pH5_C 8.00 23.13 19.64 514.1
CuO/ZnO_pH 6_C 30.00 8.01 7.45 429.5
CuO/ZnO_pH7_C 80.02 6.63 7.01 352.2
CuO/ZnO_pH 8_C 90.67 5.56 6.08 327.4
CuO/ZnO_pH9 C 52.73 6.32 6.66 359.9

Catalyst reducing temperature was investigated using the TPR, as presented
in Table 1. The catalysts precipitated at 313 and 333 K exhibited relatively lower reducing
temperature than catalysts precipitated at 298 K and 353 K. The low reducing
temperature can be attributed to the reduction of highly dispersed CuO/ZnO catalyst [4].
In addition, the lower reducing temperature may provide slower grain growth rate, leading
to a smaller crystallite size of catalyst.

Among the reaction pathways of the alcohol-assisted methanol synthesis, the
esterification reaction in Eq. (3) was reported as the rate determining step, and this
reaction can be facilitated on an acid-site of catalyst [14]. In this study, the surface acidity

of the catalyst was determined using NH3-TPD. Peak deconvolution of NH3-TPD reveals
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that all Cu/ZnO catalysts in this study exhibited three types of acid sites, and the
corresponding results are summarized in Table 2. The weak, the medium, and the strong
acid sites corresponds to the NHs-TPD peaks observed in the temperature range of 333—
443 K, 463-583 K, and 583-683 K, respectively. It can be seen in Table 2 that the catalyst
precipitated at 298 K obtained the highest total surface acidity (0.37 mmol NH3 gcat);
however, the strong acid site was not found. In this study, the relation between acidity
strength distribution and precipitation temperature is still unclear. However, it was
observed that not only a large amount of total acidity and strong acid sites are required
but the surface acidity distribution is also important factor to determine the catalytic

activity in this reaction.

Table 2 Acid properties of the surface of the catalysts synthesized at different
precipitation temperatures, precipitation solution pH values, and ultrasonic

intensity
Acidity (mmol NH3 gcar?)
Catalysts Weak acid Medium acid  Strong acid -
; : . Total acidity
site site site
CuO/ZnO_298K_C 0.095 0.275 - 0.370
CuO/zZnO_313K_C 0.037 0.053 0.077 0.166
CuO/ZnO_333K_C 0.040 0.122 0.029 0.191
CuO/ZnO_353K_C 0.019 0.022 0.072 0.113
CuO/ZnO_298 K_U 0.101 0.301 0.005 0.407
CuO/ZnO_313K_U 0.095 0.183 0.102 0.380
CuO/ZnO_333K_U 0.075 0.057 0.331 0.463
CuO/ZnO_353 K_U 0.103 0.090 0.155 0.348
CuO/ZnO_pH 5 0.006 0.015 0.050 0.071
CuO/ZnO_pH 6 0.025 0.021 0.081 0.126
CuO/ZnO_pH 7 0.035 0.024 0.157 0.217
CuO/ZnO_pH 8 0.036 0.022 0.176 0.234
CuO/ZnO_pH 9 0.027 0.039 0.090 0.156
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The SEM images also revealed that the catalyst precipitated at 298 K obtained
different morphology from others (239-353 K). As presented in Figs. 3 (a)-(d), when SEM
images were magnified, the precipitated product was seen to exhibit rod-like morphology
with different length of the rods (< 1 um) while the catalyst was seen to agglomerate as
spherical shape in a large scale with a dimeter < 7 um) (Figs. 3(e) and (f)). The
precipitated sample at 298 K contained rather large rods mixed with plate-like structures.
It is known that zincian-malachite [(Cu,Zn)2(OH)2COs3] exhibits rod-like morphology [38]
which is normally a preferred phase [39]. Aurichalcite [(Cu,Zn)s(OH)e(CO3)2 generally
exhibits plate-like morphology and a large plate-like morphology was reported to develop
in zinc-rich samples [38]. Various precipitated CuO/ZnO morphology was reported

depending on Cu/Zn ratio of the precipitate [38, 40, 41], aging time [8], and pH value [32].
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Figure 3 SEM images of the catalysts synthesized at (a) 298 K, (b) 313 K, (c) 333 K,
(d) 353 K, (e) and (f) magnified scales of Figure 3(c)

However, in this study precipitation temperature also affected the precipitate
morphology. Moreover, it should be noted that the color change of mother liquor from blue
to green was observed in all samples during precipitation, except the precipitation at 298
K which remained as blue solution. After 1 h of aging time, the color change was

completed. It was reported that the color change of mother liquor after a certain aging
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time indicates a formation of hydroxylcarbonate crystalline such as malachite
[Cu2CO3(0OH)2], zincian-malachite and aurichalcite [35, 42, 43] which are precursors of
required catalyst after calcination.

The catalytic activity toward methanol synthesis (in terms of methanol yield
and selectivity as well as CO2 conversion) was determined. As presented in Fig. 4, the
precipitation temperature during catalyst synthesis significantly affected methanol yield
and CO- conversion. Methanol yield increased with increasing precipitation temperature.
The maximum yield at 31% was obtained from the CuO/ZnO catalyst prepared at 333 K,
consistent with relatively small CuO crystallite size (5.83 nm), large BET surface area
(80.02 m2 gcat), low reducing temperature (624.8 K) and high surface acidity (0.191 mmol
NH3 geat?). At 353 K precipitation, methanol selectivity increased but yield decreased.
This corresponds to the work of Farahani et al. [35] which reported that the catalysts aging
at 333 K provided the smallest CuO crystallite size, the highest Cu surface area and STY

(space time yield) of methanol.
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Figure 4 Yield and selectivity of methanol and CO2 conversion using the catalysts
synthesized through conventional precipitation at different temperatures (298,
313, 333, and 353 K)

2.1.3.2 Research platform 2 - Effect of ultrasonic irradiation during precipitation

The ultrasonic-assisted precipitation technique was used to synthesize
CuO/ZnO comparing to the conventional precipitation. Precipitation temperature was
varied from 239-353 K while pH was maintained constantly at 7 and the ultrasonic
intensity of 50 W cm-=2 was applied during precipitation. Phases of the catalysts were
investigated using XRD investigation, as shown in Fig. 2(b). The XRD patterns of the
catalysts exhibited CuO/ZnO crystallized phases, and the catalyst crystallite sizes were

calculated.
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Table 1 presents that ultrasonic-assisted precipitation helped increase the BET
surface area of catalyst. Moreover, the requirement for precipitation time decreased from
1 h to 0.5 h. The color change of mother liquor was observed after 0.5 h of aging time
when ultrasonic was used, indicating that the ultrasonic wave facilitated the crystalline
phase formation. It was reported that the catalyst precipitated until the phase changing
occurs (color change is observed) can provide relatively small catalyst crystallite size and
high surface area [28]. Table 2 indicates that the surface acidity of the catalyst
synthesized using ultrasonic-assisted method was higher than that of the conventional
method. The catalyst dispersion was also improved as presented in Fig. 5. The ratio of
Cu to Zn was 1.30 for conventional precipitation while it was 1.06, close to stoichiometric
ratio (1:1 for Cu:Zn), for ultrasonic-assisted precipitation. From the reaction test, similar
trends of methanol yield were obtained from both catalyst preparation methods, from
which the yield increased as the precipitation temperature increased before decreasing
after reaching its maximum as presented in Fig. 6. However, the maximum yield was
obtained at 313 K for ultrasonic-assisted precipitation (32%) whereas it was at 333 K for
conventional precipitation (31%). This indicated that although the methanol yield only
slightly increased when ultrasonic irradiation was applied, the ultrasonic could help
decrease the precipitation temperature of the catalyst. As presented in Table 1, an
improved catalyst property was observed in 333 K_U sample, relatively more than 313

K_U sample but methanol yield decreased. However, an increase in CO2 conversion was
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observed, indicating a selectivity of the catalyst to by-products of the reaction. A
correlation between an improved catalyst property on an increasing by-product selectivity
(ethyl acetate) is not clear and require a further understanding to the mechanistic path of

the reaction.

(a) Conventioanl
precipitation

# | (b) Conventioanl (¢ ) Conventioanl
precipitation_Cu precipitation_Zn

£ i
i
| % e J A

*® o [
(d) Ultrasonic-assisted
precipitation
& «

I

(e) Ultrasonic-assisted (f) Ultrasonic-assisted
: precipitation_Cu precipitation_Zn
8,

Figure 5 SEM-EDX images of the catalysts synthesized through a conventional

precipitation and ultrasonic-assisted precipitation
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Figure 6 Yield and selectivity of methanol and CO:2 conversion using the catalysts
synthesized through a conventional precipitation and ultrasonic-assisted
precipitation at different temperatures (239-353 K), pH = 7 for all samples.

2.1.3.3 Research platform 2 - Effect of precipitation pH

Figure 2(c) presents the XRD patterns of CuO/ZnO synthesized using different
pH values of mother liquor (pH 5-9) while the precipitating temperature was maintained
at 333 K. The pH value during precipitation significantly affected the crystallite size of
CuO and ZnO and precipitation at pH 8 provided the smallest crystallite size as presented
in Table 1. All the samples exhibited similar XRD patterns, except the precipitation with
pH 5. During the precipitation process at pH 5, the color change of mother liquor was not
observed. The XRD peaks were relatively sharp and attained high intensity, indicating

relatively large crystallite size.
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The BET surface area was found to correlate with the catalyst crystallite size.
The smaller crystal size provided the larger BET surface area and pore volume. The BET
surface area and the pore volume interestingly increased when the pH increased and the
largest BET surface area was obtained at pH 8 (90.67 m2 gcat?). In addition, the reducing
temperature was decreased with pH value and again the lowest reducing temperature
was obtained at pH 8, as shown in Table 1. The highest surface acidity (0.234 mmol NH3
g cat'') was also obtained at pH 8, as presented in Table 2. It was reported that pH value
changes the growth of the species, leading to the formation of different crystal structures
[44]. In this study, the dissolution of Cu2* and Zn2*ions from copper nitrate and zinc nitrate
precursors as same as OH- and CO3- from Na>COs3 solution was believed to occur first.
Then, the formation of precipitated product which can be a complex form of zinc-copper
hydroxyl carbonate occurred. Varying pH value therefore affects the OH- species and the
formation of precipitated product.

Figure 7 exhibits the yield and selectivity of methanol and CO2 conversion from
the catalyst synthesized with different pH values. Methanol yield increased as increasing
the pH value. The maximum methanol yield and CO conversion was obtained at pH 8
(33% yield of methanol and 44% CO- conversion), where the CuO/ZnO catalyst exhibited
relatively the highest surface acidity and the largest BET surface area. Methanol
selectivity was 83% and the by-product was ethyl acetate and acetic acid. It was reported

that ethyl acetate can be produced by catalytic dehydrogenation of ethanol [43].
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It is worth discussing about possible products from alcohol-assisted method.
Apart from methanol, a variety of ethyl acetate, methyl acetate, ethyl formate, and acetic
were detected as by-products in previous works [11, 32, 38, 43]. Activated formate
(CHOO) is an intermediate product from CO2/H: reaction (Eq. (5)) before further reacting
with H2 to form methanol. However, it is possible that the activated formate reacts with
ethanol (used in alcohol-assisted method) to generate ethyl acetate (CH3COOC:2Hs)
through dehydrogenation of alcohol over Cu/ZnO catalyst [38]. Therefore, alcohol used
in this study (ethanol) acted as both medium and reaction intermediate in the case of ethyl
acetate production. Methyl acetate can be formed after ethyl acetate reacts with methanol
[11]. A further study is required to identify mechanistic path of methanol synthesis through
the alcohol-assisted method. It is also of interest to control the product diversity through
a control of operating conditions.

When comparing results from this work to those of Jeong et al. [32], although
the CuO/ZnO from this work exhibits relatively much larger BET surface area, the
methanol yield is relatively lower (33% in this work and above 45% from the work of Jeong
et al.). This could be caused by difference in reactants, catalyst preparation, and reducing
condition used. In detail, syngas was used as reactants in the work of Jeong et al. while
CO2/H2 was applied in this work. In-situ catalyst reduction was used in this work while the
work of Jeong applied ex-situ reduction which could be a preferable choice for further

experiments. The relatively much higher surface area of the CuO/ZnO in this work was
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likely due to low precipitation temperature which was found to have a significant impact
on catalyst properties. Furthermore, the catalyst was precipitated at 333 K in this work

while it was 343 K in the work of Jeong et al. [32].

-

<) [=]

o o
1

[+1]
(=]
1

|

CO, conversion (%)

Methanol yield and selectivity
N
(=]

o

pH value

—{} Methanol selectivity
—— CO, conversion
—— Methanol yield

Figure 7 Yield and selectivity of methanol and CO2 conversion using the catalysts

precipitated at different pH (5-9)

2.1.3.4 Research platform 2 - Effect of alcohol type during alcohol-assisted methanol

synthesis

During the alcohol-assisted methanol synthesis, alcohol was used as a
medium. The effect of alcohol type was studied. Ethanol was replaced with propanol and

butanol for methanol synthesis reaction and the results are shown in Fig. 8. Ethanol
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provided the highest yield and selectivity of methanol, while the yield and selectivity
decreased following the larger alcohol molecule. This was conflicting to the report that the
electron density of oxygen atoms is higher in a larger alcohol molecule and hence
promotes the ROH to react with the carbon atom of HCOOCu more quickly [19]. Acetate
group was produced when the promoting alcohol was used as mentioned previously. The
acetate compound is likely generated from a catalytic dehydrogenation of alcohol. Ethyl
acetate, propyl acetate, and butyl acetate were detected when ethanol, propanol, and
butanol were used as the promoting alcohol, respectively. It should be noted that acetic
acid was slightly detected in the case of ethanol. It was likely that acetic acid further
reacted with ethanol to produce ethyl acetate.

Although, the larger alcohol molecules exhibited lower yield and selectivity of
methanol, it can be advantageous in term of purification unit after the reaction to separate
methanol from alcohol medium since propanol and butanol have higher boiling point than
ethanol. To improve the methanol yield while using large-molecule alcohol has become

of interest.
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Figure 8 Yield and selectivity of methanol and CO2 conversion when using different

types of alcohol (ethanol, propanol and butanol)

2.1.4 Research platform 2 - Conclusions

In this study, CuO/ZnO catalysts were prepared using an ultrasonic-assisted
precipitation and, methanol was synthesized through an alcohol-assisted method. The
ultrasonic-assisted precipitation exhibited a potential to be applied for CuO/ZnO
preparation while an alcohol-assisted method can be efficiently used for methanol
synthesis. Preparation conditions significantly affected catalyst properties and activity
during methanol synthesis. Although a further study to identify mechanistic path of
methanol synthesis through the alcohol-assisted method, the catalyst properties such as

smaller crystallite size, larger BET surface area, lower reducing temperature, and higher
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surface acidity were related to an increase in yield and selectivity of methanol.
Precipitation temperature significantly affected CuO/ZnO catalyst properties and
methanol yield. The precipitation temperature could be decreased (from 333 K to 313 K)
when ultrasonic was applied (50 W cm-2). The ultrasonic-assisted precipitation method
provided relatively larger surface area and well-dispersed catalyst, compared to
conventional methods. Precipitating pH also affected the catalyst properties as well as
the catalyst activity during methanol synthesis and pH 8 was found to be an optimal
condition. From the reaction test, when the larger-molecule alcohol was used as a
medium such as propanol and butanol, CO. conversion increased but the yield and
selectivity of methanol decreased. Ethyl acetate, propyl acetate, and butyl acetate were
obtained as by-products, depending on the alcohol type. It is therefore of challenge for
future research to develop more suitable catalyst which offers high methanol yield when
using a large-molecule alcohol for the alcohol-assisted methanol synthesis as it could

offer a potential benefit in simplifying the subsequent product purification.
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1. Introduction imic radive, proton mobility is thearetieally faster than oxygen-ion [7].
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Solid oudde electmlysis eells (SOECE) are considerad a8 promising
system for Hy and syngas production from stesm and carbon diosdde
thmugh steam elecirolysis application coupling reverse water gas shift
meaction, 2 shown in Ege. (1)-{4).

Steam electrofysts: H,0 — H, + 0,50, 1}
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Reverse water gasshifi- H, + 00, — CO + H,0 [

Conventional S0ECE consist of oxide jon (077) conducting slec-
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[1,12,14]. Small amounts of tmnsition metal (eg. Cu, Ni, Fe, Co) have
been reported 1o enhance sinterahbility of the materiak [15-23] The
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