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## 6270025621 : MAJOR CHEMICAL ENGINEERING
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In this work, the effect of substrates including Cu and Ti on the catalytic activity
of Zn electrocatalysts prepared by electrodeposition method was investigated in the
electrochemical reduction of CO, (COzER). As analyzed by SEM-EDX and XRD results, it
indicated that the different substrates did not have any influence on the morphologies of
catalysts and the conductivity of substrate was the main factor on the CO2ER performance.
The effect of Zn precursor concentration in the range of 0.025 M to 0.4 M was further studied
on the characteristics and the activity of Zn/Cu catalysts in the CO2ER. At low concentrations
of Zn precursor (0.025M and 0.05M), the catalysts exhibited the same dendrite structure.
Increasing Zn concentration to 0.1 M, the morphology changed into mossy structure with the
highest amount of Zn deposited. On the contrary, at higher concentration of Zn precursor
than 0.1M, lower amount of Zn was deposited because of the faster H, evolution rate. In
addition, larger amount of oxide layer was covered on Zn surface, which impeded the
performances of the CO,ER. Among the prepared catalysts, the best catalyst was 0.05 Zn/Cu,
which provided the highest faradaic efficiency (FE) of CO due probably to the highest
amount of catalytic active Zn (101) facet. Finally, comparing the use of 0.05Zn/Cu
electrocatalysts in aqueous electrolyte and ionic liquid, the results showed that ionic liquid
decreased the applied potential in the CO2ER but the Zn catalyst was not stable and then, fell
off the catalyst surface. In contrast, the Zn catalyst in aqueous solution could re-deposit on
the substrate after CO2ER. The highest %FE of CO was achieved in 0.1 M KHCOs.
Moreover, 0.05Zn/Cu provided the nearly 1.5 times higher %FE of CO than Zn fail,
indicating that the dendrite structure enhanced the CO2ER activity.
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CHAPTER |
INTRODUCTION

1.1 Introduction

Nowadays, the amount of carbon dioxide (COy) in the atmosphere is rising
because the depletion of fossil fuels has increased, made by global population growth
and economic advancement [1, 2] This phenomenon has resulted in global climate
problems such as the greenhouse effect, thus the sustainable technologies to decline the
impact of pollution are grown.

Different methods have been employed to convert CO; into fuels for example,
thermochemical, electrochemical, and photochemical methods [3-7]. Among these
technologies, the electrochemical carbon dioxide reduction (CO2ER) is an attractive
technique because of its feature compared with other methods. Firstly, the reaction can
be carried out at ambient conditions. Secondly, the operating reaction parameters (e.g.,
metal, electrolyte, and redox potential) can be modified to obtain various products.
Thirdly, the CO2ER can entirely utilize renewable energy as power sources [8-10].

The CO2ER products contain carbon monoxide (CO), methane (CHa), methanol
(CH30H), formate (HCOOH), ethylene (C2Hs), and ethanol (C:HsOH), etc.[1]
Considering all CO2ER products, CO is an essential product because it is mainly used
as a feedstock for the Fischer—Tropsch synthesis, methanol production, and
pharmaceutical industry. It is also easy to be extracted from electrolytes [11, 12].
However, the CO2 molecules are difficult to be reduced because the CO2ER requires a
high reduction potential to activate the reduction process [13, 14]. Therefore, to
improve this process, many researchers aim to study electrocatalysts and electrolyte.

For CO production, the most selective catalysts are Au, Ag, and Zn. Among
these catalysts, Zn is an encouraging catalyst because it is low-priced, available, low-
toxic, and proper to further scale up for industrial applications [15-18]. Generally, the
Zn electro-catalyst is built by various methods such as electrodeposition [19, 20] and
paste drying [21]. Many exhaustive studies describe the electrodeposition as a
distinguishing process. Due to effective controlling the shape of the metal deposited, it

is simple to operate at room temperature [22, 23]. Accordingly, Zn electrodeposition



was applied under various operating conditions to optimize the performance of the Zn
electrocatalyst.

While the electrocatalysts are indispensable in the catalytic reaction, the
electrolyte used as a medium for the reduction process plays a crucial role in reducing
reaction. Recently, there are several electrolytes, such as aqueous electrolytes, organic
electrolytes, and ionic liquids (ILs), that are employed in the CO; electrochemical
reduction [24, 25].

Among them, ILs are attractive electrolytes, consisting of large organic cations
and small inorganic anions [26]. Their outstanding traits show strong absorption for
CO- [27, 28], high electrical conductivity, and high stability [29-32]. Thus, the CO2ER
in ILs-based electrolytes is imperative to magnify the electrochemical performance.

In this work, the Zn electrocatalysts were prepared by Zn electrodeposition on
different substrates (copper (Cu) and titanium (Ti) foil). The better substrate was
selected to further study the effect of Zn precursor concentration. Then, the catalysts
were tested in the CO:ER in an aqueous electrolyte. The morphology, bulk
composition, and crystalline structure of these catalysts were identified by various
characterization such as scanning electron microscope-energy dispersive X-ray
spectroscopy (SEM-EDX) and X-ray diffraction (XRD). Finally, the catalyst that
exhibited the best performance in terms of the highest CO production in the aqueous
electrolyte, was evaluated in CO2ER in ILs to compare the activity CO2ER between the

two systems.

1.2 Objectives of the Research

1. To study the characteristics and the CO2ER performances of Zn electrocatalysts
prepared by Zn electrodeposition on different substrates (Cu, Ti).

2. To investigate the effects of Zn precursor concentration, by using the better
substrate from the first objective, on the characteristics and the activity in the CO2ER.

3. To analyze the CO2ER activity between the reaction passing in aqueous

electrolyte and ionic liquid (IL) with the best Zn electrocatalyst.



1.3 Scopes of the Research

1. Before the electrodeposition and electrolysis experiments, Zn foil (10x25mm?)
Cu foil (10x25mm?), and Ti foil (10x25mm?) were mechanically polished with 800G
sandpaper and were rinsed with DI water before, then left to dry at room temperature.

2. The substrates used in this study were Cu and Ti foils.

3. The Zn electrocatalysts were prepared by electrodeposition of Zn on the best
substrate (Cu or Ti) at different precursor concentrations of Zn that changing from
0.025 M to 0.4 M. The current density for electrodeposition was set at 20 mA/cm?. Pt
rod was used as counter electrode. After the electrodeposition method, the catalysts
were cleaned with deionized water several times before leaving them to dry at room
temperature.

4. 20 mL of KHCO3 0.1 M was used as aqueous solution for both catholyte and
anolyte. Before the electrolysis experiment, electrolyte was saturated with 100 mL/min
CO:- gas for 30 minutes. While the CO2ER was carried out by using 20 mL/min CO;
flow rate.

5. ILs used in this study is the mixture of propylene carbonate (PC), 1-butyl-3-
methylimidazolium tetrafluoroborate ([BMIM]BFs), and water at 5:4:1 volume ratio,
respectively.

6. A potentiostat (Metrohm Autolab) was used for the electrodeposition method
and the CO2ER experiments.

7. The catalysts were characterized by

1. Scanning electron microscope-energy dispersive X-ray spectroscopy
(SEM-EDX)
2. X-ray diffraction (XRD)



CHAPTER Il

BACKGROUND AND LITERAURE REVIEWS

2.1 Fundamental of electrochemical reduction of CO2

Table 1 concludes the equilibrium potentials used in term the standard hydrogen
electrode (SHE) at pH 7.0 aqueous solution for different products [33]. Although the
formation of methane (CH4) and ethylene (C2Hs4) can be made at lower negative
potentials than that of the hydrogen evolution reaction (HER), the kinetic energy of the
CO:zER is still high. This is caused from the step of CO> to form CO> anion radical
(CO2™). This step requires -1.9 V by without catalysts for rearrangement of CO>
molecule from a straight form into a bend anion radical [34, 35]. Usually, the formation
of this intermediate step is called the rate determining step [36]. As a result, the actual
potentials that applied to produce products are more negative than equilibrium
potentials. Thus, the appearance of electrocatalysts for the CO2ER decreases the kinetic

energy barriers and boosts the energy efficiency.

Table 1. Standard electrochemical potentials for CO> reduction.

Reduction potentials of CO:

E° [V] vs SHE at pH 7

COx+e” — COy™ -1.9
CO; + 2H* + 2e- — HCOOH -0.61
CO; +2H* + 2~ — CO + H,0 -0.52
2C02 + 12H* + 12~ — CoHy + 4H20 —0.34
CO;z + 4H' + 4¢e- — HCHO + H20 —0.51
CO; + 6H* + 6e” — CH3OH + H20 -0.38
CO; + 8H* + 8¢~ — CH; + 2H0 -0.24

2H™ + 2 — H»

—0.42




2.2 Study on electrodes

Since 1989, metals have been widely explored for CO2ER electrocatalysts. Hori et
al. showed that CO, formate, and other hydrocarbons occurred from the CO2ER on the
surface of metals [37]. The selectivity of products was proven based on the adsorption
energy of CO intermediate using density functional theory (DFT) calculations [38]. The
reduction of products is used to categorize metals into three groups. The first group
includes Sn, Pb, Bi, In, Hg, and Cd. The CO2 intermediate is difficultly adsorbed on
these substrates. Then, the molecule desorbs and changes form to formate or formic
acid via protonation. The second group, including Au, Ag, Zn, Pd and Ga, bind on the
CO: intermediate easily. This intermediate is further reduced to CO because of the weak
adsorption energy of the CO intermediate. The third group includes Pt, Ti, Ni and Fe.
They are selective for the HER because these metals were inert catalysts with CO
intermediate. Thus, they are not competing with CO reduction. Besides three groups,
Cu is the only metal used to produce Ci-Czhydrocarbons or alcohols passing COH or
CHO intermediates [39].

Pathways for CO2ER have two main routes as shown in Figure 1. The first routes,
when CO2" is occurring, it will be reacted with water to form HCOQO® which can be
reduced to formate (HCOQ"). This pathway is relative to the first group as mentioned
above. The second route, CO2™ is protonated from water to form ‘COOH. This
intermediate is suddenly reduced to CO. This pathway can be occurred in the second

group. Moreover, the CO intermediate on Cu can be reduce to hydrocarbons.
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Figure 1. Possible pathways for CO2ER on metal surfaces in aqueous solution [40].

Table 2-6 show summary of Sn, Au, Zn and Cu electrodes. Faradaic efficiency
(FE) is the selectivity of products [41].

Table 2. Sn-based electrode in the CO2ER.

Faradaic efficiency
Electrode Potential (V) Reference
CO | Formate | Hydrogen
Sn foil -1.7 (vs. SCE) N/A 95% N/A Wu, J. 2012 [42]
Sn plate -1.85 (vs. SCE) N/A >91% N/A Lv, W. 2014 [43]
Sn quantum sheets/GO -1.8 (vs. SCE) N/A 89% ~2% Lei, F. 2016 [44]
Snse.3Pbasz/carbon paper -2 (vs. Ag/AgCl) N/A | ~79.8% ~18.7% Choi, S.Y. 2016 [45]
AgSn/SnOx -0.8 (vs. RHE) N/A ~80% N/A Jiao et al. 2017 [46]
Urchin-like SnO2 -1.0 (vs. SHE) N/A 62% N/A Liu, Y. 2017 [47]
Sn-CF1000 -0.8 (vs. RHE) 23% 65% 12% Zhao, Y. 2018 [48]
Sn rod/graphite -1.65 (vs. Ag/AgCl) | N/A | 94.5% N/A Yadav, V. S. K. 2018 [49]
SnOx/AgOx -0.8 (vs. RHE) N/A | >95% <5% Choi, Y.W. 2019 [50]
Sn foam -1.6 (vs. Ag/AgCl) | N/A | 956 N/A Li, D. 2019 [51]
Sn-Polyaniline/Ni foam -1.7 (vs. Ag/AgCl) | N/A ~94% N/A Li, F. 2020 [52]
Sn02/CF-40 -1.0 (vs. RHE) N/A 86% N/A Li, H. 2020 [53]
ShogoBio.20 @ Bi-SnOx -1.38 (vs. RHE) | N/A | 95.8% N/A Yang, Q. 2020 [54]
Nanorod@sheet SnO -0.7 (vs. RHE) N/A 94% N/A Qian, Y. 2020 [55]
Sn/Nano-Cu -1.2 (vs. RHE) N/A | 86.80% N/A Chen, G. 2021 [56]
OCSn/CP -1.13(vs. RHE) | N/A | 92% N/A Zhong, H. 2021 [57]
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Table 3. Au-based electrode in the CO2ER.

Electrode Potential (V) Faradalc efficiency Reference
CO Formate | Hydrogen
Planar polycrystalline Au -0.4(vs. RHE) 50% N/A N/A Chen, Y. 2012 [58]
oxided-derived Au -0.4 (vs. RHE) ~98% ~1% N/A Chen, Y. 2012 [58]
2.7 um Au-10 -0.4 (vs. RHE) | 75% N/A 20% Hall, A.S. 2015 [59]
PF-AU-75 -0.5 (vs. RHE) | 90.5% N/A N/A Chen, C. 2017 [60]
PF-AUAg-75 -0.5(vs. RHE) | 88% N/A N/A Chen, C. 2017 [60]
Au foil -1.0 (vs. RHE) ~30% N/A N/A Andrews, E. 2018 [61]
Bulk CursAuzs -1.0 (vs. RHE) | ~45% N/A N/A Andrews, E. 2018 [61]
NPS 2 nm CuzsAuss -0.75 (vs. RHE) | ~35% N/A N/A Andrews, E. 2018 [61]
NPS 6 nm CusAus: -0.95 (vs. RHE) | ~70% N/A N/A Andrews, E. 2018 [61]
AU/PANI -0.7 (vs. RHE) 90.3% N/A N/A Yu, J. 2021 [62]
NPAuCu -0.4 (vs. RHE) 73.2% N/A N/A Liu, Z. 2021 [63]

Table 4. Ag-based electrode in the CO2ER.

Electrode Potential (V) | Frataiqetticiency Reference
(6{0) Formate Hydrogen

Ags7Clus -1.7 (vs. SCE) | ~10% N/A ~70% Choi, J. 2016 [64]
Aga00/Cu foil -1.7 (vs. SCE) | 64.6% N/A ~10% Choi, J. 2016 [64]
Ag/Cu foil -1.5 (vs. SCE) | 37.2% N/A ~43% Park, H. 2017 [65]
Ag foil -1.5 (vs. SCE) 30.2% N/A ~12% Park, H. 2017 [65]
Agss.alNuas -1.5 (vs. SCE) | 75.5% N/A ~20% Park, H. 2017 [65]
Ag foam -1.12 (vs. RHE) | 82.9% ~2% ~20% Yu, Y. 2019 [66]
Pristine Ag -1.12 (vs. RHE) 79% ~3% ~20% Yu, Y. 2019 [66]
Nanoporous silver | -0.36 (vs. SCE) 96% N/A N/A Qian, Y. 2020 [67]
Ag/C -0.82 (vs. SCE) | 95.1% N/A ~5% Yun, H. 2021 [68]




Table 5. Zn-based electrode in the CO2ER.

Faradaic efficiency
Electrode Potential (V) Reference
CcOo Formate Hydnroge
Zn-MOFNOo3 -1.8 (vs. SCE) | 69.8% N/A ~29% Wang, Y. 2017 [69]
Multilayered -1.13 (vs. N
71 nanoeheets RHE) 86% N/A 15% Zhang, T. 2018 [70]
Zn foil -1.13 (vs. 10% N/A 90% Zhang, T. 2018 [70]
RHE)
Porous network Zinc | -1.77 (vs. SCE) | ~80% ~10% ~10% Lu, Y. 2018 [1]
Porous Zn 'OSSE(‘)’S' 94.4% | N/A N/A Luo, W. 2019 [71]
-0.85 (vs.
Zn0-3 RHE() 90% N/A <5% Luo, W. 2020 [72]
Table 6. Cu-based electrode in the CO2ER.
Electrode Copper foil Cu oxide NNS
Potential (V) -1.69 (vs. SCE) -1.84 (vs. SCE)
CcO ~1% N/A
Formate ~1% ~19%
Hydrogen ~22% ~17%
o Methane ~25% ~14%
Faradaic efficiency
Ethylene 27% ~6%
Ethanol 10% N/A
n-Propanol 2.50% N/A
Allyl alcohol 1% N/A
References Kuhl, K .P. 2012 [39] Xie, J. 2015 [73]




2.3  Electrodeposition of Zn electrocatalysts.

Electrodeposition or electroplating is a method that is applied for coating a metal
onto a substrate via the electrochemical reduction of metal ions. The electroplating
system consists of the object that needs to be covered, called a cathode, electrolyte, an
anode, and a power source. The primary function of electrolyte is conductivity which
some electrolyte has low conductivity. Adding supporting electrolytes, such as salt,
inorganic acids, and alkali can improve this problem. Significantly, these substances
can also decrease the potential input [74].

The overall reaction of the electrolysis is illustrated in the following equations. Eq.
1, Eq. 2, and Eq. 3 are reduction reaction, oxidation reaction for the soluble anode, and

oxidation reaction for the inert anode.

Reduction reaction M +ne— M (1)
Oxidation reaction for soluble anode M — M*" + ne’ 2
Oxidation reaction for inert anode H.0 — 2H' + 1/20, T +2¢ (3)

Figure 2 represents the mechanism of the cathodic deposition. In the first step, the

change from metal ions in bulk solution to hydrated ions form (M(H,0)"), where x is

the number of water molecules surrounding metal ions, is happened. While these
molecules are being transported to the cathode surface, water molecules arrange in a
parallel plane in the diffusion layer. Then, these water molecules are detached from
hydrated ions in the Helmholtz layer. In the next step, metal ions move towards the
cathode surface and are adsorbed by the electron source's electrostatic force. At the
cathode surface, atoms' growth is occurred, which can grow into the crystal lattice [75].
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Figure 2. Diagram of steps in the cathodic deposition of metals.

The amount of metal deposited (W) on the cathode surface is calculated from the
electrochemical equivalent of the metal (zc) and the product of the amount of total

coulombs passed (Qc).

Q. =[lat (4)
z, =M, InF (5)
W =[16tM, / nF (6)

Where | is applied current, t is a period, My is metal’s molecular, F is faradaic

constant and n is number of electron [75].



Table 7. Zn electrocatlysts by electrodeposition method.
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for 30 min

Electrode Faradaic
Researcher Catalyst preparation o
name efficiency
Alias, N. et Zn/Cu A Cu plate (1x5 cm?) was used as the substrate -
al. (2015) and a Zn plate (2x4 cm?) was used as the anode
[76] for electrodeposition process. Their surfaces
were polished using a common metallographic
technique. Then, these electrodes were sonicated
in acetone for 10 min and were rinsed with
deionized water. Zn was electrodeposited,
passing a solution of 1 M ZnSQ, for 1 hr. Area of
the Cu plate for deposition was fixed at 1 cm? and
the applied currents were varied in different
values (0.01, 0.02, 0.04, 0.08, and 0.1 A cm™?).
Luo, Wu. et Porous Zn | P-Zn was electrodeposited on a Cu mesh in the | CO : 95%
al. (2019) (P-Zn) electroplating bath, containing 1.5 M (NH4).SO, | at -0.95 V
[71] and 0.1M ZnSO,+7H,0. The electrodeposition | vs. RHE
was operated at a constant current density of -1.0
mA/cm2 for 30 s.
Zn foil | A Zn electrode was mechanically polished using | CO : 50%
sandpaper. Then, this foil was sonicated in water. | at -0.95 V
In electrodeposited process, vs. RHE
Porous Zn | Zn was deposited on a Cu mesh using the same | CO : 84%
—based solution of P-Zn at -0.25 mA cm? for 60 s. Then, | at -0.64 V
gas this sample was washed and dried before the | vs. RHE
diffusion | electrode was immersed into PTFE solution.
electrode | Next step, PTFE mixed with carbon black
(P-Zn- | dispersion in ratio 1 to 1 was coated on the
based sample to form a hydrophobic layer. Finally, the
GDEs) | sample was conducted in heater at 350 °C in N>
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Researcher Electrode Catalyst preparation Fa-rzildalc
name efficiency
Lu, Y.etal. ED Zn ED Zn was fabricated by electrodeposition of Zn | CO : 80%
(2018) [1] on Zn foil (0.5 cmx2.5 cm) in 0.05M Zn(NOs), | at -1.1V
.Multi-step  potentials were used in | vs. RHE
electrodeposited method to study the effects of
cycles and applied potentials. The applied
potential was conducted to -1 V for 3 s. Then,
potential of -1 V was increased to -2.5 V (vs.
Ag/AgCl) for 3 s and these steps were repeated
90 times. The prepared catalyst was cleaned with
deionized water and ethanol and suddenly
introduced for the CO2ER to avoid oxidation of
electrode.

ED Zn-2 | According to the synthesized ED Zn, the solution | CO : 70%
for electrodepostion method was used same as | at-1.1V
mentioned above. ED Zn-2 was prepared by | vs. RHE
using multi-step potentials for 0.3 s in each
potential of -2 V and -2.5 V (vs. Ag/AgCl) and
these steps were repeated 90 times.

ED Zn-3 | ED Zn-3 was prepared by using multi-step | CO : 60%
potentials for 6 s in in each potential of -2 V and | at-1.1V
-2.5 V (vs. Ag/ AgCl) and these steps were | vs. RHE
repeated 30 times.

Luo, W. etal. | Zinc oxide | Zn (1cmx0.5cm) foil was cleaned with 2 M | CO: ~90%

(2020) [72] (ZnO) HNOs, acetone and deionize water, respectively | H, : ~10%
before it was used as a substrate. ZnO was | at-0.85V
synthesized by the electrodeposition of Zn on Zn | vs. RHE

foil in 0.01 M Zn(NOs), and 0.1 M KCl at 60 °C
for 2 h. The current density was fixed at -4 mA
cm2 for electrodeposited method. The obtained
ZnO was reduced to Zn at -1.6 V (vs. RHE) in
CO; saturated 0.1 M KHCO3 for 20 min.
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Electrode ) Faradaic
Researcher Catalyst preparation o
name efficiency

Zn-B, Zn- | The precursor for electrodeposition method | CO :~45%
D contained 0.05 M ZnCl, at -20 mA cm for 3 min, | for Zn-B,
which this catalyst was labeled Zn-B. The | CO :~70%
another catalyst was deposited in 0.1M ZnSO, | for Zn-D
and 1.5 M (NH4)SO, at -500mA cm? for 20 s, | at-0.7V

which this sample was labeled Zn-D. vs. RHE
Rosen, J. et Zn Zn foil were polished using sand paper. Then, this | CO : 79 %
al. (2015) dendrites | substrate was sonicated in acetone and water. Zn | at-1.1V
[17] dendrite  electrode  was  prepared by | Vs RHE

electrodeposition of Zn on Zn foil in ZnO mixed
with 6 M KOH. The experiment was setat -1.0 A
cm? for 60 s. After deposition was finished, the
electrode was rinsed with deionized water and
used to test in COzER.

Alias, N. et al. (2015) [76] studied the morphology of Zn in different forms, which
got from electrodeposition of Zn on Cu at various current densities (0.02, 0.04, 0.08,
and 0.1 A/cm?), to apply as anode for Zn-batteries. The results showed a low current
density (0.01 A/cm?) provided a thin layer of Zn on Cu. When the current density was
increased to 0.02 A cm™, the morphology transformed into a hexagonal structure. At
high current densities (> 0.04 A/cm?), Zn's structure changed to a flake-like form. This
paper indicated that the rate of deposition was proportional to the increasing of current
density. However, a very high current density affected the structure's change from high
dense to dendritic, which this shape was not stable. Thus, a current density of 0.02
A/cm? was chosen as the best condition. Besides, it was observed that the dominant
peak of Zn at (101) plane, which was corresponded to pure Zn at the optimum current
density

Luo, Wu et al. (2019) [71] studied different catalysts' performance, which included
P-Zn, Zn foil, and P-Zn-based GDEs. The results showed that the P-Zn got higher
current density and CO selectivity than those obtained from Zn foil because of the
higher surface area. The Cu mesh used as support played the primary role in increasing
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the surface area of P-Zn. Because this substrate had high conductivity, the uniform Zn
particles were deposited on the surface. At -0.95 V (vs. RHE), the P-Zn exhibited a
higher catalytic activity, such as CO FE of 95 % and current density of 27 mA/cm?,
compared with that of Zn foil (CO FE = 50 %, current density < 5 mA/cm?). However,
the study of kinetic showed the low intrinsic activity of two catalysts. Thus, P-Zn-based
GDEs were applied in a flow reactor to improve this property, which was believed that
this affected by the mass transfer effect. A flow cell, in which the gas and liquid phases
were separated by a gas diffusion electrode (GDE) to decrease mass-transfer
limitations, showed the highest FE for CO (84%) and current density (200 mA/cm?) at
-0.64 V.

Lu, Y. et al. (2018) [1] studies the different morphologies of the Zn catalysts
influencing the catalytic activity by varying the electrodeposition conditions. The
results presented the three catalysts (ED Zn, ED Zn-2, ED Zn-3) had the appearance of
a porous form, which contained a number of particles. As the various electrodeposition
conditions, they affected the different particle size of these catalysts. The ED Zn
exhibited a smaller particle size than that the other electrodes, which resulted in a lot of
surface area. Moreover, when the particles were small, the low-coordinated surface
sites will be dominant. As a higher active surface area, the CO FE of ED Zn (80 %) was
higher than that of the other catalysts (FE 70% for ED Zn-2 and FE 60% for ED Zn-3)
at -1.1 V (vs. RHE). Hence, the porous Zn catalyst, which consisted of the smallest
nanoparticles (size 30 nm), provided the highest CO2ER activity.

Luo, W. et al. (2020) [72] studies the three ZnO catalysts obtained from various
preparation methods, containing hydrothermal, spray-coating, and electrodeposition
method. The results showed that the ZnO catalysts' morphologies appeared in the form
of nanowires, nanoparticles, and nanoflowers. Then, the obtained ZnO samples were
reduced at -1.6 V (RHE) to generate metallic Zn. As the metallic Zn increased, all these
catalysts changed from previous forms to thin hexagonal flakes, which exhibited a
higher surface area. This morphology was occurred by reconstruction of the structure
of Zn, in which ZnO dissolved in ions form, and then these molecules grow into Zn
crystals. It was concluded that the occurring hexagonal structure was independent of

their initial morphologies. When these catalysts were experimented with in CO2ER,
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increasing the surface area of ZnO enhanced the CO FE and the current densities in the
studied potential compared to those of the bulk Zn catalysts.

This literature also studied the effects of various electrodeposition conditions,
including ZnNOs, ZnCl,, and ZnSO4 used as a precursor for the electrodeposition
method. The results indicated that the different precursors affected the morphologies
catalysts. In the ZnNOs solution, the morphology showed a nanoflower form, which
will be changed in thin hexagonal flakes after reducing these catalysts as mentioned
above. In the ZnCl, and ZnSQ; solution, the morphology showed a nanoflower mixed
with hexagonal form and dendritic form. It was found that the performance of these
catalysts was based on the electrochemical surface active area (ESCA) and the local
pH. During CO2ER, the local pH (>8) values were higher than the bulk pH (6.8). This
showed that the increased local pH was caused by consuming proton of both CO2ER
and HER. Thus, the local pH was proportional to the current density and the surface
area of catalysts.

Rosen, J. et al. (2015) [17] studied the electrodeposition conditions by changing
the current densities to investigate the obtained morphologies. The results showed that
a mossy morphology was found at low deposition rates (~10 mA cm?), which this form
was too weak to test in the CO2ER. As a higher deposition rate in the medium region
(~20 mA cm2), the morphology displayed a bulky morphology, which has a low surface
area. When the current density was an increase to 1 mA/cm?, the Zn dendrites could be
formed. In the CO2ER, the Zn catalyst with dendritic form was used as cathode because
it showed the nanostructure, resulting in a higher surface area. The highest CO FE
(79%) of a dendritic Zn was achieved at -1.1 V (vs. RHE), which this value was higher
than that of the bulk Zn foil (CO FE < 35%). During the running reaction, the Zn

catalyst could be redeposited to a substrate with a crystal-like form.

2.4 lonic liquids (ILs)

Electrolytes are a necessary medium exploited for the CO2ER. An important duty
of electrolytes is delivering electron and proton species to easily occur reactivity. As
electrolytes are an important variable, plenty of scientists provide attention for selecting

electrolytes to enable product selectivity. Electrolytes are classified into three types
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such as aqueous electrolytes, organic electrolytes, and ionic liquids. The advantages

and disadvantages of these electrolytes as illustrated in Table 8.

Table 8. Comparison between the advantages and the disadvantages in various solutions
[29, 77, 78]

Solutions Advantages Disadvantages
Aqueous electrolytes - Low cost - Low CO:z solubility
- Wide availability - Low conductivity
- High sustainability - Promoting HER
Organic electrolytes - High CO:z solubility - High price
- Suppressing HER - High toxicity
lonic liquids - High CO:z solubility - High price
- Good solvent stability - High viscosity
- Recyclability
- Low energy demand
- Friendly environment
- High conductivity

From considering the merits and demerits of the three electrolytes, ILs expose the
outstanding features rather than other electrolytes. Most ILs have excellent
conductivity, high stability in a wide potential range, and strong CO2 solubility.
Additionally, because of low their solubility, they are safe for the environment.
Furthermore, ILs have not water content which results in suppressing the HER. Thus,
ILs are the leading candidate which are received attention from scientists to further
study for the CO2ER. ILs contain large bulky asymmetric organic cations and small
inorganic anions which, these molecules have interacted with Coulomb force [26]. The
common structures of cations and anions of ILs are shown in Figure 3. There are many
studies in the CO2ER to search the specific structure of ILs, which can provide high
activity. The structure of ILs has a prominent role, which lets them bind with CO». After
that, CO> can adsorb easier on the catalyst's surface and decline the activation energy.

Thus, the performance of the CO2ER in ILs can be-improved.
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Figure 3. Cations and anions in ILs used the COzER.

Rosen et al. [79] showed that the Addition of 1-ethyl-3-methylimidazolium
tetrafluoroborate ([Emim]BF4) could decrease the overpotential used for CO
production on Ag electrode. Liu et al. [80] showed that Ag nanowires occurred reaction
in a [EMIm]" based ionic liquid provide 14-times of the current density of CO when
compared to that of Ag nanowire in aqueous solution. This thing could be explained
that it occured [EMIm-CO2]"complexes as intermediates. These molecules would take
the CO2 molecules to surface catalyst, which resulted in good adsorption of CO..
However, due to a large number of combinations between cations and anions, selecting

suit kind of ILs is necessary to enhance the efficiency of the CO2ER system.
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At room temperature, ILs have a high viscosity, decreasing mass transport for
exchanging proton and electron. This insufficient property can be improved by mixing
some solvents called supporting electrolytes, such as water and organic solvents [81].
Because water is a hindrance in converting CO2 and can be reduced to H: that is an
undesired product [82]. Organic solvents are considered instead of water, these organic
solvents such as acetonitrile (AN), N,N-dimethylformamide (DMF), and dimethyl
sulfoxide (DMSO), which have a limitation for applying in a real situation. AN is not
selected as a solvent for ILs because it is a dangerous and volatile substance. In another
kind of organic solvent, DMF is also not a suitable solution. It is suffered from
hydrolysis in water. For DMSO, at lower room temperature, it is a solid phase which
restricts to utilize in some process. Therefore, the finding of appropriate liquid solvents
that can be exploited in CO2 conversion remains a hasty task. So far, propylene
carbonate (PC) is a green alternative solvent in electrochemical fields [83]. Because of
its low vapor pressure, low-toxic, and natural biodegradable of PC. Moreover, PC also
stores a high amount of CO>, which allows PC to handle the problem faced in CO-
conversion [84].

For example, in the research that uses PC/ILs as an electrolyte, Ju et al. [85] studied
the conversion of CO2 on an Ag plate in an imidazolium-based electrolyte by varying
the alkyl chain length of the imidazolium cations. The results showed that [Bmim]BF4
was the best ionic liquid because of its low overpotential and high current density
compared with other kinds of ILs. The good obtained performance could be explained
that the imidazolium cation binded with anion radical (COgz¢—), which occured
stabilizing molecules, which favored in the CO2ER. Besides, the order of activity of
PC/ILs were following [Bmim]BF4/PC > [Hmim]BF4/PC > [Emim]BF4/PC >
[Omim]BF4/PC > [Dmim]BF4/PC, which the ability adsorption of CO, depended on
steric hindrance of chain length. Decreasing steric hindrance of chain length caused the
higher adsorption of CO. However, decreasing from butyl to ethyl cause the thick film
layer, which provided a slow diffusion rate of CO..



CHAPTER Il
MATERIALS AND METHODS

3.1 Materials

Table 9. Chemicals used as precursors and electrolyte.

Chemicals Formula Suppliers
Zinc chloride ZnCl; Sigma-Aldrich
Sodium chloride NaCl Emsure
Potassium hydrogen KHCO3 Acros Organics
carbonate
1-Butyl-3- [BMIM]BF4 Sigma-Aldrich
methylimidazolium
tetrafluoroborate
Propylene carbonate P Sigma-Aldrich

Table 10. Metals used as electrodes in electrodeposition method and electrochemical

reduction of CO..

Electrodes Suppliers

Copper foil (0.1 mm thick, 99.9999%) Alfa Aesar
Zinc foil (0.1 mm thick, 99.9999%) Alfa Aesar
Titanium foil (0.127 mm thick, 99%) Alfa Aesar
Platinum foil (0.1 mm thick, 99.9999%) Alfa Aesar
Platinum rod (Length 76 mm, Diameter 2 mm) Metrohm
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3.2  Catalysts preparation

3.2.1 Preparation of electrodes

Zn foil (10x25 mm?), Cu foil (10x25 mm?), and Ti foil (10x25 mm?) as shown in
Table 10 were mechanically polished with 800 G sandpaper and were cleaned with DI

water. Then, the polished electrodes were dried at room temperature.

3.2.2 Preparation of Zn catalysts

Zn catalysts were deposited on Cu foil (10x10 mm?) and Ti foil (10x10 mm?) in
0.05 M ZnCl; and 0.05 M NaCl, used as a supporting electrolyte, as shown in Table 9
to increase ionic strength solutions via the electrodeposition method. These electrodes
were performed in a two-electrode system containing Pt rod used as an anode, and the
electrode, which was Cu foil or Ti foil, used a cathode. The current density was fixed
at 20 mA/cm?for 200 s. during synthesis catalysts. When the electrodeposition process
was finished, the Zn catalysts were washed with deionized water before left them dried
at room temperature.

Next study, the best substrate was used as a cathode for the fabrication of Zn
catalysts. The Zn catalysts were synthesized in a similar manner as mentioned above.
The precursors for electroplating bath containing various concentrations of Zn
precursor (0.025 M, 0.05 M, 0.1 M, 0.2 M, and 0.4 M) and 0.05 M NaCl were
investigated to find the optimum condition. The prepared catalyst were nominated as
follows: 0.05Zn/Ti 0.025Zn/Cu, 0.05Zn/Cu, 0.1Zn/Cu, 0.2Zn/Cu, and 0.4Zn/Cu. The
obtained catalysts were conducted in an H-type cell to further study in the CO2ER.
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Potentiostat: 20
mA/cm?

PC |

Working electrode:
Cu foil or Ti foil

Counter electrode:
Pt rod

Solution:
0.05MZnCl>+0.05MNaCl

Figure 4. Schematic of electrodeposition of Zn catalysts on different substrates.

Potentiostat: 20
mA/cm?

PC

Working electrode:
the best substrate

Counter electrode:
Pt rod

Solution:

(0.025 to 0.4M)ZnClr+0.05MNaCl

Figure 5. Schematic of electrodeposition of Zn catalysts at various Zn precursor

concentrations.

3.3  Catalyst Characterization
3.3.1 Scanning electron microscope-energy dispersive X-ray spectroscopy
(SEM-EDX)

Zn foil, Cu foil, 0.05Zn/Ti, 0.025Zn/Cu, 0.05Zn/Cu, 0.1Zn/Cu, 0.2Zn/Cu,
and 0.4Zn/Cu were characterized by scanning electron microscopy (SEM) of Hitachi
mode S-3400N and energy dispersive X-ray spectroscopy (EDX) to investigate the
morphology of the surface and the bulk composition, respectively.
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3.3.2 X-ray diffraction (XRD)

The X-ray diffraction (XRD) pattern of electrocatalyst samples were
recorded in the 20 range 20°-80° (scan rate = 0.5 sec/step) using a Siemens D5000
diffractometer using nickel filtered Cu K, radiation.

3.4  Electrochemical COz2 reduction

The CO2ER was carried out in an H-type cell, and all reaction tests were measured
at room temperature and ambient pressure. The cathodic chamber and the anodic
chamber were partitioned by Nafion® 117. All the reaction tests were directed in a
three-electrode cell consisting of the working electrode, the reference electrode
(Ag/AgCl), and the counter electrode (Pt foil). Zn foil, Cu foil, 0.05Zn/Ti, 0.025Zn/Cu,
0.05Zn/Cu, 0.1Zn/Cu, 0.2Zn/Cu, and 0.4Zn/Cu were used as the working electrodes
which were put in electrolyte with an area of 1 cm?. 20 mL of 0.1 M KHCO3 was used
on both sides of the anode and cathode. The electrolyte was saturated with a CO> flow
rate of 100 mL/min for 30 minutes. A CO; flow rate of 20 mL/min was exploited during
the running reaction. A potentiostat tool was used for all the CO2ER experiments. The
potential was fixed at -1.6 V vs. Ag/AgCl. Electrolysis was performed for 70 minutes.
The gas chromatography (GC) system with a thermal conductivity detector (TCD) was
used to detect H, and CO and the operating condition of GC was shown in Table 11.
Liquid phase products were analyzed and quantified using NMR. The best Zn
electrocatalyst that obtained the highest CO selectivity was further tested in aqueous

system as shown in Figure 6 and ionic liquid system as shown in Figure 7.
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Counter electrode:
Pt foil

Electrolyte: 20 mL

of 0.l MKHCOs in |

both sides

Nafion® 117

Potentiostat

PC

T

GC-TCD

Reference electrode:
Ag/AgCl

] —

NMR

CO2 20 mL/min

Figure 6. Schematic of the CO2ER in KHCO3 aqueous solution.

Counter electrode:
Pt foil

Electrolyte: 20 mL
0of 0.1 M KHCO3

Nafion® 117

Potentiostat

PC

Ep—_—

GC-TCD

Reference electrode:

Ag/AgCl

Electrolyte: 20 mL of
PC/BMIM|[BF;])/H.O

=] -

CO:2 20 mL/min

NMR

Figure 7. Schematic of the CO2ER in IL.
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Table 11. The operating conditions of gas chromatograph with a thermal conductivity

detector.

Gas chromatography (Shimadzu GC-2014)

Conditions

Detector

TCD

Column information

Shincarbon ST(50/80)

Carrier gas

Helium (99.999%)

Injector temperature

180°C

Column initial temperature

40°C, Hold time 5 min

Column temperature rate 10°C/min
Column final temperature 200°C
Detector temperature 170°C
Total time analysis 21 min




3.5  Research methodology
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Part I. To study the effects of different substrates (Cu, Ti) on the characteristics

and the activity of Zn catalysts in the COzER.

-~

o

The Zn electrocatalysts were deposited on different
substrates, which were Cu foil and Ti foil (0.05Zn/Cu,
0.05Zn/Ti) at 20 mA/cm? for 200 s via the

electrodeposition method.

~

/

-

The catalysts were tested in the CO2ER at

~

potential of -1.6 V vs. Ag/AgCl for 70 min.

o

/

GC-TCD, NMR analysis

Discussion and conclusions

A

Catalyst characterizations

» SEM-EDX
» XRD
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Part Il. To investigate the effects of Zn precursor concentrations, by using the

better substrate from Part I, on the characteristics and the activity in the CO2ER.

-

The Zn electrocatalysts prepared by

changing from 0.025 M to 0.4 M.

-

electrodeposition of Zn on the best substrate (Cu or
Ti) at different precursor concentrations of Zn that

~

/

/

o

The catalysts were tested in the CO2ER
at potential of -1.6 V vs. Ag/AgCl for

70 min.

/

Catalyst characterizations
» SEM-EDX
» XRD

GC-TCD, NMR analysis

Discussion and conclusions
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Part I11. To compare the activity in the CO2ER between KHCO3 aqueous solution

and ionic liquid (PC[BMIM]BF4]) system, using the best Zn electrocatalyst from Part

/

o

two systems.

\

The best Zn electrocatalyst was conducted
in 0.1M KHCO; and PC/[BMIM]BF; to
compare the activity in the CO2ER between

/

A 4

/

\_

The catalysts were tested in the
CO2ER at —-1.6 V vs. Ag/AgCI

for 70 min.

\

)

GC-TCD, NMR analysis

Discussion and conclusions
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CHAPTER IV
RESULTS AND DISCUSSION

Partl. To study the characteristics and the CO:ER performances of Zn
electrocatalysts prepared by Zn electrodeposition on different substrates (Cu, Ti).

4.1  Characterization of Zn electrocatalysts on different substrates (Cu, Ti)

4.1.1 Scanning electron microscope-energy dispersive X-ray spectroscopy
(SEM-EDX) of 0.05Zn/Cu and 0.05Zn/Ti
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Figure 8. SEM images of (a) 0.05Zn/Cu and (b) 0.05Zn/Ti.

Table 12. Percent by atom of 0.05Zn/Cu and 0.05Zn/Ti.

Percent by atom
Catalyst
Zn (%) Cuor Ti (%) O (%)
0.05Zn/Cu 80.2 3.4 16.5
0.05Zn/Ti 95.8 1.2 3.0

Firstly, the obtained catalysts from electrodeposition of Zn on different
substrates were investigated how the substrates affect the morphologies of the prepared
electrocatalysts. Figure 8a and Figure 8b show the SEM images of 0.05Zn/Cu and
0.05Zn/Ti, respectively. The electrocatalysts showed the same structures in form of
dendrite morphology. These results indicated that the substrates did not affect to the
morphology of catalysts but rather depended on concentration of Zn precursor [86]. It

was reported from many reports that the formation of dendritic form occurred by the
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region at near branches of dendrite structure having a low Zn concentration, so the
dendrite is forced to grow into a higher Zn concentration [17, 87]. Comparing the
particle size of dendrites, it was found that the particle sizes of 0.05Zn/Ti were bigger
than those of 0.05Zn/Cu. Because the particle sizes depended on the deposition rate,
the slower deposition rate produces larger particle sizes [17]. Thus, the deposition rate
of Zn on Ti was slower than that of Zn on Cu. It suggested that the properties of
substrates (e.g., conductivity, type of metal) had influence on ability of deposition.
Table 12 shows the percent by atom of Zn that was deposited on each substrate. It was
found that the number of deposited Zn atoms on Ti was higher than those of Zn on Cu.
According to electrodeposition theory [75], the substrate has lower reduction potential
more than the metal precursor, resulting on the lower energy input for deposition. Thus,

those Zn atoms prefer to deposit on Ti more than Cu.

4.1.2 X-ray diffraction (XRD) of 0.05Zn/Cu and 0.05Zn/Ti
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Figure 9. XRD patterns of (a) 0.05Zn/Cu and (b) 0.05Zn/Ti.

Next, the electrocatalysts were investigated by using X-ray diffraction. Figure
9 shows the crystalline structure of 0.05Zn/ Cu and 0.05Zn/ Ti, obtained from
electrodeposition of Zn on substrates (Cu, Ti). Both the diffraction peaks of 0.05Zn/Cu
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and 0.05Zn/Ti were exactly aligned with the pattern of pure Zn metal (JCPDS file#:
#04-0831), indicating that Zn elements were properly deposited on the substrate. The
Zn (101) facet was detected as the major peak at around 43° on both 0.05Zn/Cu and
0.05Zn/Ti. Moreover, it was observed that the intensity of Zn (101) facet of 0.05Zn/Ti
was higher than that of 0.05Zn/Cu, corresponding to the decrease in the particle sizes
of Zn. This characterization was in good agreement with the SEM images as mentioned

above.

4.2 Activity test of Zn electrocatalysts on different substrates (Cu, Ti) in the
CO2ER

Table 13. The catalytic performances of Zn/Cu and Zn/Ti.

/ Faradaic efficiency
Rate (pmol/min) CO/Hzrate | Current
Catalyst \ (FE)
ratio (mA)

CO | Hz | Formate | n-Propanol CcO
0.05Zn/Cu | 3.07 | 1.10 0.17 0.013 2.78 -5.93 83.38%
0.1Zn/Cu 2.27 | 1.36 0.43 0.021 1.68 -6.22 58.89%
0.05Zn/Ti | 0.63 | 0.90 0.09 0.000 0.70 -2.21 46.26%
0.1Zn/Ti 0.70 | 1.53 0.10 0.000 0.46 -3.84 29.56%

To compare the activity of Zn electrocatalysts with different substrates, all
catalysts were tested via the CO2ER at 1.6 V vs. Ag/AgCl for 70 minutes in CO:
saturated 0.1 M KHCOs. The obtained product included CO as a main product, Hz as a
byproduct, and a little amount of liquid products (HCOOH and n-Propanol). The
catalytic performances were evaluated in terms of CO/H2 molar ratio and CO faradaic
efficiency (FE) as shown in Table 13. Generally, Zn did not cover all area on surface,
which it was possible that the area of gap had influence for competing reaction between
CO- and substrate. Ti was classified as inert metal in reduction of CO2. Thus, Ti does
not compete with CO, reaction [88]. Although the results of characterization of
0.05Zn/Ti showed outstanding features, which has a higher Zn (101) face, which favor
on CO production [18] and the higher amount of deposited Zn on substrate. The

performances, including the CO/H2 molar ratio and CO FE of 0.05Zn/Ti were still lower
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than those of Zn/Cu. As displayed by the low CO/H rate ratio of Zn/Ti, the hydrogen
evolution rate was faster than the CO2ER. This indicated that the deposited Zn on
substrate was not main factor on the activity of the CO2ER. When the current density
was considered, it is likely that the property of substrate is the main variable. According
to Luo et al. (2014) [71], they used Cu and Ni mesh as a substrate for electrodeposition
of Zn. Those results showed that the high %FE CO was achieved from Cu and Ni mesh.
It was found that a conductive support boosts the charge electron around surface of
catalyst. In case, Ti has a poor conductivity when compared to Cu. Thus, Ti does not
improve the activity of Zn electrocatalysts. Moreover, it was observed that n-propanol,
which requires 18 electron for reduction [39], was not found in the CO2ER on Zn/Ti.
Because of the high resistant of Ti, the energy input is not enough to overcome the
kinetic energy barrier for CO2ER to n-propanol. In addition, Zn electrocatalyst was
tested at Zn concentration of 0.1 M to confirm the results. Both Zn concentration of
0.05 M and 0.1 M on Cu provided the CO FE of 83.38 % and 58.89 %, respectively.
These values are around 2 times higher than those of Zn/Ti. Thus, Cu foil was selected
as the substrate to further study in the next objective.
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Part Il. To investigate the effects of Zn precursor concentration, by using the
better substrate from the first objective, on the characteristics and the activity in the

COzER.

43  Characterization of Zn foil, Cu foil and Zn/Cu prepared with various Zn

concentrations

4.3.1 Scanning electron microscope-energy dispersive X-ray spectroscopy
(SEM-EDX) of Zn foil, Cu foil, and Zn/Cu at various concentrations
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Figure 10. SEM images of (a) Zn foil, (b) Cu foil, (c) 0.025Zn/Cu, (d) 0.05Zn/Cu, (e)
0.1Zn/Cu, (f) 0.2Zn/Cu, and (g) 0.4Zn/Cu.
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Table 14. Percent by atom of Zn/Cu at various concentrations.

Catalyst Percent by atom
Zn (%) Cu (%) O (%)
0.025Zn/Cu 30.1 62.5 7.5
0.05Zn/Cu 80.2 34 16.5
0.1Zn/Cu 94.2 1.9 3.9
0.2Zn/Cu 53.2 9.5 37.3
0.4Zn/Cu 51.3 1.7 41.0

From part I, the better substrate (Cu) was used to study the effect of
concentrations of Zn precursor from 0.025 M to 0.4 M. The precursor for deposition
included ZnCl2 and NaCl, which was used as a supporting electrolyte. The obtained
catalysts from electrodeposition of Zn at different concentrations were investigated on
the morphologies of the prepared electrocatalysts, as shown in Figure 10. From Figure
10a and 10b, surface of Zn foil and Cu foil were similar rock-like layers which these
scratches obtained by mechanical polishing. At low concentration of Zn precursor,
0.025Zn/Cu and 0.05Zn/Cu showed the dendritic morphologies, as shown in Figure
10c and 10d, respectively. Appearance of dendrite form was described that the
electrodeposition occurred under limitation of mass-transfer [17, 87]. This causes
growth of braches of dendrite toward the higher concentration of Zn ions region. It was
observed that the number of Zn atoms of 0.025Zn/Cu was lower than that of 0.05Zn/Cu,
as shown in Table 14. It was consistent with SEM image (Figure 10c), which Cu surface
was seen clearly. This was indicated that the concentration of Zn ions had influence on
the deposition rate. The low number of Zn atoms on Cu was occurred from the low
deposition rate, which Zn ions hardly diffuse to the electrode surface. When
concentration of Zn precursor was increased to 0.1 M, the morphology of Zn was
changed from dendritic structure to mossy structure [17], as shown in Figure 10e. The
mossy structure contained a high amount of small Zn filaments, obtained from the fast
deposition rate. Among various concentrations of Zn precursor, 0.1Zn/Cu provided the
highest number of Zn atoms. Thus, the 0.1Zn/Cu would provide the highest surface

area. In contrast, increasing of Zn concentration to 0.2 M and 0.4 M resulted in the low
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number of Zn atoms. Because there are large amount of zinc oxide (ZnO), shown in
form of porous structure. 0.2Zn/Cu (Figure 10f) showed the sheet-like foam structures,
containing a numerous of pores [89]. The formation of ZnO was believed to occur from
hydrogen evolution as a competitive reaction. The high number of Zn ions resulted in
the high conductivity. Thus, a large number of H> bubbles were generated. The
molecules of H; acted as a template during electrodeposition of Zn catalyst. Thus, the
metal ions were obstructed from H bubbles and generated as porous structure. For the
other hypothesis, the high number of CI-would chelate with Zn ions, resulting in the
slow rate deposition. Thus, deposited Zn can easier react with H,O. The formation of
ZnO was confirmed at Zn concentration of 0.4 M. 0.4Zn/Cu (Figure 10g) showed
sphere-like foam structures, which composed of larger pores when compared to
0.2Zn/Cu. It was believe that the growth of deposited Zn was formed to keep their

surface energy low [90].
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4.3.2 X-ray diffraction (XRD) of Zn foil, Cu foil, and Zn/Cu at various
concentrations.
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Figure 11. XRD patterns of (a) Zn foil, (b) Cu foil, (c) 0.025Zn/Cu, (d) 0.05Zn/Cu, (e)
0.1Zn/Cu, (f) 0.2Zn/Cu, and (g) 0.4Zn/Cu.

The XRD measurement of the Zn catalysts at different concentrations were
carried out to analyze the crystal structure of Zn deposited. Figure 11 shows the
crystalline structure of Zn foil, Cu foil, and Zn/Cu at various concentrations. Figure 11a
and 11d show Zn foil and 0.05Zn/Cu, which had the Zn (101) at 43.1° as dominant

peak, it indicated that the composition in samples consisted of pure Zn. Figure 11b
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shows Cu foil, which had the Cu (200) at 50.2° as dominant peak, it indicated that the
composition contained pure Cu. When Zn was deposited on Cu, the intensity of peak at
50.2° and 75.4°, corresponding to both the Cu (200) and Cu (220) face would be
decreased. As Figure 11c, 0.025Zn/Cu showed Cu (200) and Cu (220) as main peak,
indicating that the deposited Zn was not covered all area of the substrate. At Zn
concentration of 0.1 M, it was found that the intensity of Zn (101) was decreased while
peak at 70.2°, corresponding to Zn (103) was increased. This was described that the Zn
particles rearranged. Moreover, peak at 36°, corresponding to Zn (002) face and ZnO
(101) face, became dominant peak for 0.2Zn/Cu and 0.4Zn/Cu. This indicated that the
large number of ZnO favor on porous structures. It was suggested that the sheet-like
structure occurred from bonding of Cl ions and hexagonal wurtzite on (0001) and (100)
families of planes, respectively [91].

4.4  Activity test of Zn electrocatalysts of Zn foil, Cu foil and Zn/Cu prepared

with various Zn concentrations

Table 15. The catalytic performances of Zn foil, Cu foil and Zn/Cu prepared with

various Zn concentrations.

z Faradaic efficiency

Rate (umol/min) CO/H, rate Current FE

Catalyst ratzio (mA) )

CcO H, Formate | n-Propanol CcOo
Zn foil 0.66 0.29 0.12 0.004 2.25 -1.85 57.42%
Cu foil 0.44 3.69 0.35 0.065 0.12 -5.60 12.57%
0.025MZn/Cu 0.58 2.15 0.20 0.037 0.27 -4.18 22.53%
0.05M2Zn/Cu 3.07 1.10 0.17 0.013 2.78 -5.93 83.38%
0.1MZn/Cu 2.27 1.36 0.43 0.021 1.68 -6.22 58.89%
0.2MZn/Cu 1.83 2.73 0.14 0.002 0.67 -6.21 47.42%
0.4MZn/Cu 1.69 2.82 0.09 0.004 0.60 -7.23 37.77%

To compare the activity of electrocatalysts, all the catalysts were tested via the
CO2ER at 1.6 V vs. Ag/AgCl for 70 minutes in CO> saturated 0.1 M KHCOzs. The
obtained product included CO as a main product, H> as a byproduct, and a little amount
of liquid products (HCOOH and n-propanol). The catalytic performances were
evaluated in terms of CO/H. molar ratio and %FE CO, as shown in Table 15. The
CO/Hz rate ratio and the CO FE of Zn foil were higher than those of Cu foil, indicating



41

that Zn foil suppress the HER. Because of the high resistant and weak binding of CO,
CO was rapidly produced on surface of catalyst [88]. Although CO/Hz: rate ratio of Cu
foil would be low, it was possible that CO was converted into liquid products (formate
and n-propanol) on Cu foil substrate. Because of the low resistant of Cu, it resulted the
higher current density than Zn foil. Thus, most of CO on Cu foil can be easily converted
into formate and n-propanol. As the concentrations of Zn precursor were varied, it was
found that the highest CO/H: rate ratio and %FE CO were achieved on 0.05Zn/Cu.
Because of the large the number of deposited Zn atoms and the highest intensity of Zn
(100) facet, which favor CO production [18]. The other hypothesis is that the dendrite
structure, which contains numerous stepped sites, that suppress hydrogen evolution
[17]. Although 0.025Zn/Cu have the same morphology, compared to 0.05Zn/Cu, the
area of Cu remained higher than the deposited Zn. This caused the values of CO/H rate
ratio and %FE CO, which were similar to Cu foil. However, for 0.1Zn/Cu, it was found
that it provided the highest surface area, caused by the decrease in particle size of
deposited Zn. As a consequence, the CO/Ha rate ratio and %FE CO of 0.1Zn/Cu were
lower than 0.05 Zn/Cu. It was believed that increasing of the surface area might be not
enough to improve COz reduction [58]. According to previous works, Kanan found that
the different structure affect to the CO selectivity on Cu foil [92] and Chorkendorff et
al. also suggested that roughness of surface affect to CO. activity [93]. It may be
possible that more rough surface would lead to higher low-coordinated active sites,
which help to achieve high production of formate. Moreover, these low-coordinated
sites tightly bond with CO. molecules, resulting in higher activity. When the
concentrations of Zn precursor were higher than 0.1 M, a large amount of ZnO occurred
on the surface of Zn. According to the XRD in Figure 11, the Zn (002) and ZnO (101)
facet show dominant peaks than Zn (100) facet. Thus, the CO/H: rate ratio and %FE
CO of 0.2Zn/Cu and 0.4Zn/Cu were decreased. This indicated that the active facets on
surface of catalysts play an important role on the catalytic performances. Among the
prepared Zn electrocatalysts, the 0.05Zn/Cu provided the highest of CO/H> rate ratio
and %FE CO at 2.78 and 83.38%, respectively. Moreover, the %FE CO of 0.05Zn/Cu
was 1.5 times higher than that Zn foil. It was indicated that dendritic structure of Zn

enable for the CO2ER. In addition, the CO2ER activity also depends on electrolyte. The
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use of ionic liquids may improve the %FE CO of Zn catalysts. Thus, the best Zn catalyst
were tested further in IL in part I1I.

Part I11. To analyze the CO2ER activity between the reaction passing in aqueous

electrolyte and ionic liquid (IL) with the best Zn electrocatalyst.

45 Electrochemical measurement of 0.05Zn/Cu in 0.1 M KHCO3z and ionic
liquid (PC/[BMIM]BF4)

45.1 Linear sweep voltammetry (LSV) of 0.05Zn/Cu in 0.1 M KHCO;3 and

ionic liquid (IL)
40
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Figure 12. LSV curves of 0.05Zn/Cu in N2 and COz saturated solutions (0.1M
KHCOs and IL) with a scan rate 100 mV/s.

To evaluate the ability of the CO2ER on 0.05Zn/Cuin 0.1 M KHCO3z and IL, linear
sweep voltammetry (LSV) was applied under N2 and CO saturated solutions. As shown
in Figure 12, dash lines and thick lines corresponded to rate of hydrogen evolution
reaction (HER) and rate of the CO2ER. At potential of -1.6 V vs Ag/AgCl, the gap
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between these lines, which related to rate of products, in 0.1 M KHCO3 was larger than
in IL. It suggested that 0.05Zn/Cu in IL had a higher catalytic activity than in 0.1 M
KHCOz over studied potentials. Among the cathodic potentials from -0.85 V to -2 V vs
Ag/AgCl, It was seen that the reaction in IL had an onset potential around  -1.3 V,
which it was shifted more positive when compared with those in 0.1 M KHCOs. Thus,
the high conductivity in IL contributed to lower energy consumption. This could be
explained by the fact that IL allows CO> to conveniently transport to the cathode. These
results were similar with previous work [94]. Moreover, reduction peak was found in
0.1 M KHCO:s. It occurred from a little amount of ZnO that was reduced into Zn form.

Thus, in 0.1 M KHCO3 allowed the decreasing in oxide layer on catalyst.

4.5.2 Comparison of the activity tests of 0.05Zn/Cu in 0.1 M KHCO3z and IL.

Table 16. The catalytic performances of 0.05Zn/Cu in 0.1 M KHCOs and IL.

Faradaic
i CO/H2 ici
- Rate (umol/min) t Current efficiency
atalys rate
Yy _ (MA) (FE)
ratio
CcO H: | Formate | n-Propanol Cco
0.05Zn/Cu_0.1M
3.07 1.10 0.63 0.013 2.78 -5.93 83.38%
KHCO3
0.05Zn/Cu_IL 1.42 0.31 - - 4.55 -4.53 50.73%
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Figure 13. SEM images of (a) 0.05Zn/Cu in 0.1M KHCOs and (b) 0.05Zn/Cu
in IL after run reaction.
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Table 17. Percent by atom of 0.05Zn/Cu after run reaction in 0.1M KHCO3z and IL.

Percent by atom
Catalyst
Zn (%) Cu (%) O (%)
0.05Zn/Cu_0.1M
95.2 3.3 1.6
KHCO3
0.05Zn/Cu_IL 11.7 76.2 12.1

To understand the effects of electrolytes, 0.05Zn/Cu were tested in CO:
saturated 0.1 M KHCOz and ionic liquid, containing PC, [BMIM]BF4, and water (5:4:1
by volume ratio) at -1.6 V vs. Ag/AgCl for 70 minutes. The obtained product included
CO as a main product, H> as a byproduct, and a little amount of liquid products
(HCOOH and n-propanol). The catalytic performances were evaluated in terms of
CO/H2 molar ratio and % FE CO, as shown in Table 15. When comparing the activities
of CO2ER on.05Zn/Cu in aqueous electrolyte and ionic liquid (IL), it was found that
the % FE CO from the reaction in aqueous electrolyte was higher than that carried out
in ionic liquid mixture. According to the outstanding role of IL, while the CO2ER was

occurring, the IL, behaving like a surfactant, which will adsorb on cathode surface

before, then will stabilize CQ; radical anions, contributing to the formation of CO [95].

It was possible that while IL molecules shifting down to adsorb on catalyst surface. It
was hit with too high force, resulting the falling of deposited Zn from catalyst surface.
This evidence was confirmed by SEM in Figure 13. As shown in Figure 13a, the
morphology of Zn after run in aqueous electrolyte was the same before, which it
appeared in form of dendrite structure but the size of dendrites were increased from 0.4
pm to 1 um. For the Zn catalyst after CO2ER in IL, the morphology of Zn showed a
low content of dendrites, which indicated partial loss of some Zn from the substrate.
When comparing the Zn catalysts after run reactions between in IL and aqueous
solution, it was found that in IL, the Zn catalyst had much lower amount of deposited
Zn (11.7 %) as compared to that deposited Zn before reaction (80.2%), as shown in
Table 16. On the other hand, in 0.1 M KHCOg3, it was found that there was increasing

number of deposited Zn (95.2%). It was likely that Zn clusters were dissolved and



46

redeposited on the substrate more densely, according to a previous work [17]. This
phenomenon pointed out that deposited Zn may be unstable in IL because the properties
of IL such as a viscosity of [BMIM]BF4. In this study, the ratio by volume of PC,
[BMIM]BF4 and H2O was selected from a previous work using Ag catalysts [85]. This
ratio may be not suitable for Zn catalyst. The high viscosity of [BMIM]BF4 may cause
high surface tension, and Zn could be eroded by the IL. Considering the CO/H: ratio,
it was found that the CO/H: ratio of the CO2 conversion in IL were higher than that of
the CO> conversion in 0.1 M KHCOsa. It is suggested that the IL suppressed the HER
because of a lower content of water. Additionally, it was clearly observed that the liquid
products such as HCOOH and n-propanol were not detected in IL, which was caused
by a lack of proton donor in IL. Thus, the highest performance of the CO2ER on
0.05Zn/Cu were achieved in 0.1 M KHCOg3, which provided the %FE CO of 83.38%.



CHAPTER V
CONCLUSIONS

51  Conclusions

Electrochemical reduction of CO, (CO2ER) to CO using Zn electrocatalysts was
investigated under various conditions at ambient conditions in an H-cell type reactor.
Firstly, the effect of substrates (Cu, Ti) on the characteristics and the CO2ER
performances of Zn electrocatalysts were studied. The results show that the
concentration of Zn precursor during electrodeposition on different substrates had no
influence on the morphology of Zn structures. Although the 0.05Zn/Ti had the higher
number of the deposited Zn than the 0.05Zn/Cu, the use of Ti as the substrate still
provided the lower % FE CO than those prepared on Cu substrate. Accordingly, the
main factor, which plays a role on the performance of the CO2ER on these catalysts,
is the conductivity of substrate. The high conductivity allows easier electron transfer
between cathode surface and the electrolyte.

Next, the electrodeposition conditions with various Zn precursor concentrations
ranging between 0.025 M to 0.4 M on the characteristics and the activity in the CO2ER
of Zn/ Cu were investigated. At low concentrations of Zn precursor (0.025 M and
0.05M), similar morphology in the form of dendrite structure was observed.
Increasing Zn precursor concentration to 0.1 M, the morphology changed into high
surface area mossy structure. Because the higher amount of ions was proportional to
the deposition rate, the mossy structure had the highest amount of Zn deposited. On
the contrary, at concentrations of Zn precursor higher than 0.1 M, lower amount of Zn
was deposited due probably to the faster in the H> evolution rate. Then, oxide layer
could covered Zn surface, which impeded the performances of the CO2ER. The
highest of %FE CO was obtained on the 0.05 Zn/Cu and was attributed to the presence
of the strong appearance of Zn (101) facet.

Finally, the CO2ER activity between the reaction passing in aqueous electrolyte
(0.1 M KHCO3) and ionic liquid (PC, [BMIM]BF4, H20) on the best Zn catalyst were
evaluated. The LSV results showed that the reaction in ionic liquid (IL) started to

occur at lower potential than the reaction in aqueous solution due to the better CO>
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transport to cathode surface in IL. Despite the high conductivity of IL, the obtained
%FE CO in IL was lower than that in aqueous electrolyte. This was probably because
erosion of Zn occurred under IL. Moreover, the Zn clusters after run reaction in
aqueous solution could redeposit on the substrate. Thus, the highest %FE CO was
achieved in 0.1 M KHCO3z on 0.05Zn/Cu (83.38%), which was about 1.5 times higher
compared to Zn foil (57.42%).

52  Recommendations

1. The increasing of surface area of deposited electrocatalysts need to be
confirmed by electrochemical measurement.

2. The in-situ characterization of electrocatalysts should be used to decrease error
from oxidation of Zn in air

3. The volume ratio of PC [BMIM]BF4 and water should be further studied to find
the suitable conditions for Zn catalyst.
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THE CALIBRATION CURVE OF GAS PRODUCT
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Figure A.2. The calibration curve of CO.
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The calibration curves of Hz and CO, as shown in Figure A.1 and Figure A.2
were made by injection gas at 3 values in unit of volume via GC. Then, the obtained
area of peak in GC will be introduced to plot between volume of gas (x axis) and area
of gas (y axis). And finally, an amount gas in unit of volume was converted into unit of

mole by use of the ideal gas law equation as shown below

PV=nRT

where P is atmospheric pressure (atm)
V is volume (uL)
n is mole of substance
R is ideal gas constant (0.0821 L atm K™mol™)
T is room temperature (K)
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THE LIQUID PRODUCT IDENTIFICATION FOR NMR ANLYSIS

Table B.1. *H-NMR Spectra of Cathodic Electrolytes (0.1M KHCO3) in CO>

Reduction [39].

58

Product name H splitting Chemical Shift
Formate S 8.33
DMSO (Internal S 2.6
Standard)
n-Propanol t 0.77

Table B.2. C-NMR Spectra of Cathodic Electrolytes (BMIM+PC system) in CO;

Reduction.
Chemical Shift (6 ppm)
Compounds Molecular Structure Before After
Reaction (0 Reaction (70
mins) mins)
(C1) 155.37 | (C1) 155.64
Propylene carborate Hgé{oyo €741 | (€)7433
3.4 (C3) 70.88 (C3) 70.91
(C4) 18.95 (C4) 18.80
(C2) 136.80 | (C2) 136.60
[:\ (C4) 12252 | (C4)122.30
1-Butyl-3- é0H3 /B\—F (C5) 123.84 | (C5) 123.66
methylimidazolium e F (C6)48.96 | (C6) 49.09
tetrafluoroborate 4&\v2 . %H (C7)31.73 (C7)31.61
5 N\l/// *l(C8)19.28 | (C8)19.07
6 7 (C9)13.43 (C9)13.24
(C10) 35.92 | (C10) 35.70

Note: ds-DMSO used as solvent

Spectrometer 400 MHz
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Table B.3. *H-NMR Spectra of Cathodic Electrolytes (BMIM+PC system) in CO;

Reduction.
Chemical Shift (5 ppm)
Before After
Compounds Molecular Structure Reaction (0 | Reaction (70
mins) mins)
(H2a, 1H,t) | (H2a, 1H, t)
4.88 4.84
4 o1 (H3b, 1H, (H3b, 1H,
HeCr %O dd) 4.54, J=8 | dd) 4.52, J=8
Propylene carbonate H, 3 d Hz Hz
A 2 (H3c, 1H, dd) | (H3c, 1H, dd)
¢ My 4.04,J=8 Hz | 4.01,J=8 Hz
(H4,3H,s) | (H4,3H,s)
1.38 1.35
(H2,1H,t) | (H2, 1H,1)
8.96 8.76
(H5,1H,t) | (H5, 1H, 1)
7.68 7.53
Fy (H4,1H,t) | (H4,1H,1)
10 B—F 7.61 7.50
1-Butyl-3- CHa LA N (H6,2H,t) | (H6, 2H, 1)
methylimidazolium <IN 4.14 4.09
tetrafluoroborate 41\vz o (H7,2H, m) | (H7, 2H, m)
\ s L7 1.72
. \I (H8,2H, m) | (H8, 2H, m)
6 ! 1.24 1.29
(H9, 3H, t) (H9, 3H, t)
0.87 0.83
(H10, 3H,s) | (H10, 3H, s)
3.84 3.84

Note: de-DMSO used as solvent, s = singlet, dd = doublet of doublet, t = triplet, m =
multiplet

Spectrometer 400 MHz



NAME

DATE OF BIRTH
PLACE OF BIRTH
INSTITUTIONS

ATTENDED
HOME ADDRESS

VITA
Krongkwan Poonbun
7 November 1996
Prachinburi, Thailand
B.Eng Chemical Engineering Faculty of Engineering,
Thammasat University

237/10 Yinglak Village, Dongpraram District, Prachinburi
Province, 25000



	ABSTRACT (THAI)
	ABSTRACT (THAI)
	ABSTRACT (ENGLISH)
	ABSTRACT (ENGLISH)
	ACKNOWLEDGEMENTS
	TABLE OF CONTENTS
	LIST OF TABLES
	LIST OF FIGURES
	CHAPTER I INTRODUCTION
	1.1 Introduction
	1.2 Objectives of the Research
	1.3 Scopes of the Research

	CHAPTER II BACKGROUND AND LITERAURE REVIEWS
	2.1 Fundamental of electrochemical reduction of CO2
	2.2 Study on electrodes
	2.3 Electrodeposition of Zn electrocatalysts.
	2.4 Ionic liquids (ILs)

	CHAPTER III MATERIALS AND METHODS
	3.1 Materials
	3.2 Catalysts preparation
	3.2.1 Preparation of electrodes
	3.2.2 Preparation of Zn catalysts

	3.3 Catalyst Characterization
	3.3.1 Scanning electron microscope-energy dispersive X-ray spectroscopy (SEM-EDX)
	3.3.2 X-ray diffraction (XRD)

	3.4  Electrochemical CO2 reduction
	3.5 Research methodology

	CHAPTER IV RESULTS AND DISCUSSION
	4.1 Characterization of Zn electrocatalysts on different substrates (Cu, Ti)
	4.1.1 Scanning electron microscope-energy dispersive X-ray spectroscopy (SEM-EDX) of 0.05Zn/Cu and 0.05Zn/Ti
	4.1.2 X-ray diffraction (XRD) of 0.05Zn/Cu and 0.05Zn/Ti

	4.2 Activity test of Zn electrocatalysts on different substrates (Cu, Ti) in the CO2ER
	4.3 Characterization of Zn foil, Cu foil and Zn/Cu prepared with various Zn concentrations
	4.3.1 Scanning electron microscope-energy dispersive X-ray spectroscopy (SEM-EDX) of Zn foil, Cu foil, and Zn/Cu at various concentrations
	4.3.2 X-ray diffraction (XRD) of Zn foil, Cu foil, and Zn/Cu at various concentrations.

	4.4  Activity test of Zn electrocatalysts of Zn foil, Cu foil and Zn/Cu prepared with various Zn concentrations
	4.5 Electrochemical measurement of 0.05Zn/Cu in 0.1 M KHCO3 and ionic liquid (PC/[BMIM]BF4)
	4.5.1 Linear sweep voltammetry (LSV) of 0.05Zn/Cu in 0.1 M KHCO3 and ionic liquid (IL)
	4.5.2 Comparison of the activity tests of 0.05Zn/Cu in 0.1 M KHCO3 and IL.


	CHAPTER V CONCLUSIONS
	5.1 Conclusions
	5.2 Recommendations

	REFERENCES
	APPENDIX
	VITA

