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In this work, Zn/Cu alloy electrocatalysts prepared by electrodeposition of
Zn on Cu foil (Zn/Cu) and electrodeposition of Zn and Cu on Cu foil (ZnCu/Cu) in
different electrodeposition baths consisting of NaCl bath (Zn/Cu-Na, ZnCu/Cu-Na)
and HCl bath (Zn/Cu-H, ZnCu/Cu-H) with deposition times 60 and 200 s were
investigated in the electrochemical reduction of CO, (CO,-ERC). As revealed by
SEM-EDX and XRD results, the electroplating conditions affected the Zn structure
being formed (dendrite or bulky). Under the conditions used, the electrochemical
reduction of CO, using these electrodes led to the formation of gaseous products
including carbon monoxide and hydrogen and liquid products including formate
and n-propanol as confirmed by GC and NMR, respectively. Among the catalysts
studied, Zn/Cu-Na200 is the best electrocatalyst that produces high CO product
with low H, at potential -1.6 V vs. Ag/AgCl because of the high coverage of Zn
particles on Cu substrate. The catalyst is stable during the 4 hour reaction time
although larger dendritic Zn particles were observed after reaction, suggesting the
re-depositing of Zn during CO, ERC. Zn/Cu-H with bulky structure, on the other
hand, led to formate as the outstanding product due probably to the presence of
hexagonal close pack (0001) facet that promotes formate production via the

reduction of HCOO* intermediate.
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CHAPTER |
INTRODUCTION

1.1 Introduction

Energy sources in this world more than 80% come from fossil fuels because of
easiness and high energy density whereas using fossil fuels cause carbon dioxide in
the atmosphere [1]. Carbon dioxide is a major contribution that causes the
greenhouse effect, so converting carbon dioxide into useful chemicals is an
important issue [2].

Among many methods, electrochemical carbon dioxide reduction on
electrocatalysts is a clean process when the process is powered by renewable
electricity sources (e.g. sunlight, wind, etc.). Electrochemical carbon dioxide reduction
in aqueous electrolytes can produce many carbon-containing products such as
carbon monoxide, formic acid/formate, methanol and methane [2].

Among many products, carbon monoxide is interesting because it can be fed as
a reactant for the Fischer-Tropsch process to produce hydrocarbon fuels. Moreover,
carbon monoxide is a gas product, so it does not need to be extracted from
electrolyte as liquid products [2].

There are various catalysts for selective CO production including Au, Ag, and Zn
[3]. Among these catalysts, Zn is interesting because Zn is cheaper than Au and Ag
[4]. Normally, Zn foil was used as catalyst for electrochemical carbon dioxide
reduction but it had still low efficiency and selectivity of CO production [5]. Many
literature reported that modified Zn catalyst in different structures such as dendritic
structure [6], hexagonal structure [7], and foam structure [8] can improve efficiency
and selectivity of CO production but each literature tested modified Zn catalyst in
electrochemical carbon dioxide reduction with different parameters. So, it is
motivation of this work that compare Zn structures in electrochemical carbon
dioxide with same parameters. It was also reported that mixing of Cu and Zn can
modified Zn structure [8]. Zn/Cu Alloy catalysts also exhibited higher CO selectivity
than pure Cu and pure Zn [9].



In this work, Zn/Cu alloy electrocatalysts were prepared by electrodeposition
of Zn on Cu foil (Zn/Cu) and electrodeposition of Zn and Cu on Cu foil (ZnCu/Cu) in
various electrodeposition bath consisting of NaCl bath (Zn/Cu-Na, ZnCu/Cu-Na) and
HCl bath (Zn/Cu-H, ZnCu/Cu-H) with different deposition times. These catalysts were
tested in the electrochemical reduction of CO, to CO. The morphology, bulk
composition and crystalline structure of these catalysts were investigated by several
characterization techniques such as scanning electron microscope-energy dispersive

X-ray spectroscopy (SEM-EDX) and X-ray diffraction (XRD).

1.2 Objectives of the Research

1. To study the characteristics and catalytic performances of Zn/Cu alloy
electrocatalysts prepared by electrodeposition of Zn on Cu foil (Zn/Cu) and
electrodeposition of Zn and Cu on Cu foil (ZnCu/Cu) in various electrodeposition
bath consisting of NaCl bath (Zn/Cu-Na, ZnCu/Cu-Na) and HCl bath (Zn/Cu-H,
ZnCu/Cu-H) with different deposition times in the electrochemical reduction of CO,
to CO.

2. To identify appropriate potential and stability of the best Zn/Cu alloy
electrocatalyst that gave the highest ratio of CO/H, rate from the first objective.

1.3 Scope of the Research

1. Before the electrodeposition and electrolysis experiment, Zn foil
(10x25mm’) and Cu foil (10x25mm°) were mechanically polished with 800G
sandpaper and were rinsed with DI water before drying with N.,.

2. For NaCl bath, Zn/Cu alloy electrocatalysts prepared by electrodeposition
of Zn on Cu foil (Zn/Cu) and electrodeposition of Zn and Cu on Cu foil
(ZnCu/Cu) in NaCl solution (Zn/Cu-Na, ZnCu/Cu-Na). Various deposition
times including 60 s and 200 s. 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 washed with deionized

water several times before drying with N.,.



For HCl bath, Zn/Cu alloy electrocatalysts prepared by electrodeposition

of Zn on Cu foil (Zn/Cu) and electrodeposition of Zn and Cu on Cu foil

(ZnCu/Cu) in HCL solution (Zn/Cu-H, ZnCu/Cu-H). Various deposition times

including 60 s and 200 s. The current density for electrodeposition was set

at 03 A/cm’. Pt rod was used as counter electrode. After the

electrodeposition method, the catalysts were washed with deionized

water several times before drying with N,.

The catalysts were tested in the electrochemical reduction of CO, in an H-

type cell at room temperature, ambient pressure, potential -1.6 V vs.

Ag/AgCl and inlet CO, flow rates 20 mL/min for 70 minutes. The cathodic

part and the anodic part of H-type cell were separated by Nafion® 117. Pt

foil was used as counter electrode. Ag/AgCl was used as reference

electrode.

The best one Zn/Cu electrocatalyst that gets the highest CO selectivity

was further tested at potential -1.4, -1.8 and -2.0 V vs. Ag/AgCL.

The best one Zn/Cu electrocatalyst and appropriate potential that gets the

highest CO/H; rate ratio was further tested at appropriate potential for 4 h.

20 mL of KHCO;3 0.1 M was used as both catholyte and anolyte. Before the

electrolysis experiment, the electrolyte was saturated with 100 mL/min

CO, gas for 30 minutes.

A potentiostat was used for the electrodeposition method and the

electrochemical CO, reduction experiments.

The catalysts were characterized by

6.1 Scanning electron microscope-energy dispersive X-ray spectroscopy
(SEM-EDX)

6.2 X-ray diffraction (XRD)



CHAPTER Il
BACKGROUND AND LITERATURE REVIEWS

2.1 Fundamental of electrochemical reduction of CO,
The reactions in aqueous solutions vs. NHE at pH 7, 25°C, 1 atm) are given

below.

CO; +H,O+2¢ - HCOO +OH (E°=—-043V)
CO; + H,O+2¢” -CO™ +20H" (E°=-0.52V)
CO; + 6H,0 + 6e” - CH3;0H +60H™ (E°= —0.38V)
CO, +6H, 0 +8e” = CHy +80H™ (E°=—0.25V)
2C0O; + 8H,O + 12¢7 - CHy + 120H™  (E° = —0.34 V)
2C0, +9H,0 + 1267 - CoHsOH + [20H™  (E°= —0.33V)
3C0, + 13H,0 + 18¢~ - C3H,0H + 180H™  (E°= —0.32 V)
2H,0 +2e —20H +Hy (E°=—041V)
The real potentials are more negative than equilibrium potentials because of single-
electron reduction of CO, to CO,. This reaction requires -1.90 V thatis a lot of
energy for changing linear molecule of CO, into bent radical anion. This step is the
first step and the rate determining step (RDS) for reduction of CO, [10].
CO,+e —»CO* (E°=—190V)
Although thermodynamically methane and ethylene occur at less negative potential
but this reaction is still limited by kinetics at less negative potential [11]. Increment

of negative potential will increase transfer of proton and electron [12].

2.2 Study on electrodes

Various products from electrochemical CO, reduction occur depending on
electrode and electrolyte that are used in reaction. Various reactions occur on the
surface of electrode. The selectivity of product depends on the adsorption strength
of substrate [3]. Most studies focus on transition metals beginning in 1985. Hori and
Suzuki reported that methane and ethylene are the main products for CO, reduction
reaction on copper electrode. Many studies have compared the activity of transition

metals and found that the product yield of CO, reduction reaction depends on the



bind energy of CO with transition metal. Therefore, it is believed that it is an
important key for reduction of CO,. Metals with strong CO binding energy will
produce less products form CO, reduction reaction because poisoning from CO or
other media on the transition metal surface during reaction. Therefore, Hydrogen that
occurs from reduction of water is the main product. On the other hand, Metals with
weak CO binding energy will produce a lot of CO because CO is released from the
metal surface before it can be reduced to other products such as alcohol and
hydrocarbons [13].

Mechanism for electrochemical CO, reduction on metal surfaces in water show

in Figure 1 [10].
0.-.0 Coordinating Non-coordinating

-~ CO; y & — O{:’/.O

— I

H,0 H,O
O._OH Oy O e 0.0
A S

Group 1 OH-
‘ e Hg, Pb, Bi, etc.
N OH~
A
C ——— CO Growp2
m Au, Ag, Zn, etc.
=
l Group 3
+
O\\c' —H;e .Cu
Higher

——— products

Figure 1 Mechanism for electrochemical CO, reduction on metal surfaces in water

CO, will occur in the first step. CO, is high energy and rapidly reacts with water or
another CO,. Subsequent steps occur almost immediately. Metals are classified by
binding of CO, intermediate and reducing of CO. Group 1 such as Pb, Hg, In, Sn, Cd,
and Tl. These metals are low tendency for binding of CO,. CO, reduction reaction

occurs through an outer-sphere mechanism and normally produces formate or



formic acid. Group 2 such as Au, Ag, Zn, and Ga. These metals bind CO, intermediate

but it cannot further reduce CO. So, CO is the main product. Group 3 such as only

Cu. This metal bind CO, and it can further reduce CO into other products such as

alcohols and hydrocarbons. Some metals cannot reduce CO, readily such as Ni, Fe,

Pt, and Ti. These metals strongly bind hydrogen [10]. Table 1-5 show summary of Sn,

Au, Ag, Zn and Cu electrodes. Faradaic efficacy (FE) is the selectivity of products [10].

Table 1 Sn based-electrode in electrochemical CO, reduction

E (V vs. Faradaic efficiency
Electrode Reference
SCE) CcO Formate | Hydrogen
Sn foil -1.7 N/A 95% N/A Wu, J. 2012 [14]
Sn plate -1.85 N/A >91% N/A Lv, W. 2014 [15]
Sn particles
deposited over C -1.45 N/A 95% N/A Castillo, A. D. 2015 [16]
paper
OE-Sn -1.85 N/A 85% N/A Zhang, R. 2015 [17]
Sn/Cu -1.4 N/A >91% N/A Zhoa, C. 2016 [18]
Sn/f-Cu -1.85 N/A 83.5% N/A Wang, Y. 2016 [19]
SnO,/CA GDE -1.65 N/A 76% ~24% Yu, J. 2017 [20]
SnS,/rGO -1.45 ~6% 84.5% ~17% Li, F. 2017 [21]
Sn plate -1.8 N/A 40.2% N/A Jiang, H. 2018 [22]
mesoporous SnO, -1.44 ~37% ~40% ~23% Ge, H. 2018 [23]
Ag-Sn -1.47 ~10% 85% ~5% Wang, S. 2019 [24]
Sn metal -2.04 N/A 80% N/A Rasul, S. 2019 [25]
SnO,/Y-AlL,O5/CPF -2.05 N/A 65% N/A Kim, Y, E. 2019 [26]
SnO, -NCs loaded
-1.59 ~13% ~73% ~8% Yang, H. 2019 [27]
C fiber
Cu-Sn -1.24 >90% N/A <8% Sarfraz, S. 2016 [28]
Cu-Sn foam -1.44 94% ~1% ~5% Zeng, J. 2018 [29]




Table 2 Au based-electrode in electrochemical CO, reduction

E (V vs. Faradaic efficiency
Electrode Reference
SCE) Cco Formate | Hydrogen
Oxide-derived Au -1.02 >96% ~1% N/A Chen, Y. 2012 [1]
Gold sheet -2.8 93% N/A N/A Li, Q. 2017 [30]
Au foil -3.14 92% N/A ~5% Shi, J. 2017 [31]
Au/Cu -1.64 58% 1% 41% Kim, J. 2017 [32]
PF-Au-75 -1.27 90.5% N/A ~10% Chen, C. 2017 [33]
Au foil -1.32 97.01% ~3% ~5% Cave, E. R. 2017 [34]
Au foil 2.7 92% N/A 8% Shen, F. 2018 [35]
Au on hydrophobic
-1.37 94% N/A ~3% Park, G. 2019 [36]
carbon substrate
Ahangari, H. T. 2019
Gold disc -1.35 74% N/A ~26%
[37]
Au/Cu foam -1.4 41.3% N/A N/A Lee, H. 2017 [38]
PVA-Au/C -1.25 97% N/A N/A Ma, L. 2019 [39]

Table 3 Ag based-electrode in electrochemical CO, reduction

E(Vvs. Faradaic efficiency
Electrode Reference
SCE) CO Formate | Hydrogen
Silver foil -1.74 >90% ~3% ~10% Hatsukade, T. 2014 [12]
Ag GDE -3.05 >80% N/A <20% Kim, B. 2015 [40]
Agyqo dendrite -1.7 64.6% N/A ~13% Choi, J. 2016 [2]
Aggs.0IN340 -1.04 65.3% N/A ~30% Park, H. 2017 [41]
Ag/Cu -1.5 60.81% N/A ~22% Ham, Y. S. 2017 [42]
Dendritic Ag/CP -1.5 80.7% N/A ~15% Ham, Y. S. 2018 [43]
Ag foil -2.7 85% N/A 15% Shen, F. 2018 [35]
Ag/In/Cu foam -1.2 77.4% N/A ~19% Lee, H. 2018 [44]
-1.43 to -
Ag foam >94% N/A ~1% Rudnev, A. V. 2019 [45]

1.73




Table 4 Zn based-electrode in electrochemical CO, reduction

E (V vs. Faradaic efficiency
Electrode Reference
SCE) Cco Formate | Hydrogen
Neuyen, D. L. T. 2017
RE-Zn -1.77 95.2% N/A N/A
(4]
Porous network
1.77 ~80% ~10% ~10% Lu, Y. 2018 [46]
Zinc
Zn foil 2.7 90% N/A 5.2% Shen, F. 2018 [35]
Multilayered Zn
-1.8 86% N/A ~14% Zhang, T. 2018 [47]
nanosheets
Porous Zn -1.43 81% N/A ~11% Morimoto, M. 2018 [48]
ZnS/Zn -2.8 92% N/A 5.2% Zhen, J. 2019 [49]

Table 5 Cu based-electrode in electrochemical CO, reduction

E(V Faradaic efficiency
Elec
VS, For | Hydro | Me | Ethy | Etha | n-Pro Allyl | Reference
trode CcO
SCE) mate | gen | thane | lene | nol | panol | alcohol
Copper ~27 | ~10 Kuhl, K. P.
-1.69 | ~1% | ~1% | ~22% | ~25% ~25% | ~1%
foil % % 2012 [50]
Cu
XIE, J.
oxide | -1.84 | N/A | ~19% | ~17% | ~14% | ~6% | N/A N/A N/A
2015 [51]
NNs
2.3 Modification of morphology of Zn electrocatalysts
Table 6 Modification of morphology of Zn electrocatalysts in electrochemical CO,
reduction
Researcher | Electrode Catalyst preparation Faradaic
name efficiency
Quan, F. nanoscale | Zn foil was anodized at 0.3 mA/cm2 for 90 | CO : 57%
et al. Zn min in zincate-saturated solution. Then, Zn | at -1.6 V




(2015) [5]

foil was activated at 5 mA/cm” for 5 min in
0.2 M NazPQO,4. Then, Zn foil was reduced at
-1.3 V vs. SCE for 30 min in 0.5 M NaHCOs. in
50% HsPO,4 for 2 min at 2.1 V.

vs. SCE

Rosen, J.
et al.

(2015) [6]

Zn
dendrite

Zn foil was polished with sand paper. Then,
Zn foil was sonicated in acetone and water.
Zn foil was used as working electrode for
deposition. Current density was applied at -
1 A/cm” for 60 s. ZnO powder was dissolved
in 6 M KOH and was used as supporting

electrolyte.

CO : 79%
at-1.1v
vs. RHE

Won, D.H.

et al.

(2016) [7]

Hexagonal

n

Zn foil was polished with sand paper. Then,
Zn foil was cleaned with ethanol, acetone,
and DI Zn foil was used as working
electrode for deposition. Current density
was applied at multi-step potentials for 3 s
each of -2 and -2.5 V vs. SCE with 30
cycles. SCE was wused as reference
electrode. Pt coil was used as counter
electrode. Supporting electrolyte include

0.05 M ZnCl,.

CO : 85%
at-0.95V
vs. RHE

Moreno-
Garcia, P.
et al.

(2018) [8]

Foam Zn

Cu foil (0.8x20 mm’) was electropolished in
50% H3PO4 for 2 min at 2.1 V. Then, Cu foil
was rinsed by Milli-Q water and sonicated in
ethanol for 15 min. Area for deposition was
1 cm’. Cu foil was used as working
electrode for deposition. Current density
was applied at -3 Acm’ for 20 s. Ag/AgCl
was used as reference electrode. Zn foil

was used as counter electrode. Supporting

CO:90%
at -0.95 Vv
vs. RHE
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electrolyte include 1.5M H,SO4 0.203M

ZnSO4 and 0.006 M CuSOy.

Quan, F. et al. (2015) [5] studied nanoscale Zn that was prepared by a facile
electrochemical strategy. CO faradaic efficiency was 57% at -1.6 V vs. SCE for NaHCO;
solution. Highest CO faradaic efficiency was 93% at -1.6 V vs. SCE for NaCl solution.
The high conversion efficiency is the result of the nano-size of the catalyst.
Nanoscale Zn has resistance to deactivation during electrolysis.

Rosen, J. et al. (2015) [6] studied Zn dendrite by electrodeposition method.
The results showed highest CO faradaic efficiency 79% at -1.1 V vs. RHE. Because Zn
dendrite has a higher density of stepped sites that suppress hydrogen evolution.

Won, D.H. et al. (2016) [7] studied Hexagonal Zn by electrodeposition method.
The results showed highest CO faradaic efficiency 85% at -0.95 V vs. RHE. Because
Zn(101) facet was developed for Hexagonal Zn and Zn(101) facet has low reduction
potential for CO, reduction to CO.

Moreno-Garcia, P. et al. (2018) [8] studied Zn-Cu alloys by electrodeposition
method with different ratio of Zn ion and Cu ion in bath. The results showed Zng,Cug
(ratio Zn 30 : Cu 1) was the best in this work. Highest CO faradaic efficiency 90% at -
0.95 V vs. reversible hydrogen electrode because of high density of low-coordinated

active sites and more Zn(101) than Zn(002).

2.4 Electrodeposition of Zn/Cu alloy electrocatalysts
Electrodeposition was performed in electrolysis cell including an electrolytic
bath, an anode (the positive electrode), a cathode (the negative electrode), a current
source and an ampere/volt meter. Reduction reaction occurs at cathode. Oxidation
reaction occurs at anode. Cathode is substrate that is deposited by metal (M). Anode
is soluble or inert [52].
Reduction reaction: M* +ne —M
Oxidation reaction for soluble anode: M — M#" +ne"

Oxidation reaction for inert anode: 1,0 —2H"+120,1+2¢"
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Figure 2 show schematic representation of steps in the cathodic deposition of
metals in simple salt solutions. Metal ion in bulk solution is a form of hydrated ions
M(HZO)XZ+, where X is number of water molecules. Hydrated ions are transported to
cathode surface. Alignment of water molecules occurs in diffusion layer and is
removed in Helmholtz layer. Then, adsorption of ions occurs at cathode surface
(adatoms). Then, surface diffusion and the incorporation of adatoms occur into the

crystal lattice [52].

| T
| |
| |
| |
| |
. O
|
Site of grow:th : H,O molecule
| |
| |
. | |
; | |
| ' ©
| |
i

N\

Surface
diffusion

/| 8 OO

E OO Ot 00

Vv AV ey ‘@] Q |
Neutralization 4 T Ol 0O | 0
X |
Dgt?;:ré:niﬁsm Alignment of | Hydrated
S 2 Clp the H,0 dipoles o

: | |
< | |
| |
| |
Helmholtz : :

| double layer | Diffusion layer | Bulk of electrolyte

Cathode Electrolyte

Figure 2 Schematic representation of steps in the cathodic deposition of metals.
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The quantity of metal deposited (W) on cathode surface is calculated from the

electrochemical equivalent of the metal (z) and the product of quantity of total

coulombs passed (Qp).

Q.=f10t
z, ZMW/nF

W=[13tM,/nF

Where | is applied current, t is times, M,, is molecular weight of metal, F is faradaic

constant and n is number of electron [52].

Table 7 Zn/Cu alloy electrocatalysts by electrodeposition

Researcher

Electrode

name

Catalyst preparation

Faradaic

efficiency

Katah, A.
et al.

(1994) [53]

pure Zn

Gold flag electrode (1.5x1.5 cm’) was used
as working electrode for electroplating with a
10 C charge. Current density was applied at
200 A/m’. Bath compositions include 150
o/dm’ ZnCl, and 25 ¢/dm’ NaCl (pH3.7).

CO : 30%
at-1.50 Vv
vs. SHE

Cu-Zn

alloy

Gold flag electrode (1.5x1.5 sz) was used
as working electrode for electroplating with a
10 C charge. Current density was applied at
222 A/m’. Bath compositions include 17
¢/dm’ Cu(CN),, 60 g/dm’ Zn(CN),, 80 g/dm’
KCN and 60 g/dm’ KOH.

CO: 80%
at -1.50 Vv
vs. SHE

Keerthiga,
G. et al.
(2017) [9]

Cu/Zn-A

Zn sheet was polished with sand paper and
then used as counter electrode. Potential for
deposition was applied at -0.3 V vs. platinum
for 15 min. Cu was polished with sand paper

and immersed in 1 M H;PO, and 1 M H,SO,

CHg : 15%
C,Hg : 10%
at-1.8V
vs. NHE
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for 15 min. Then, Cu was washed with
acetone and DI before drying with N,. Then,
Cu was used as working electrode. Platinum
was used as reference electrode. 0.6 M
sodium zincate was used as electrolytic

solution.

Cu/Zn-B | Zn sheet was polished with sand paper and | CHy : 52%
then used as counter electrode. Potential for | C,Hg : 25%
deposition was applied at -0.3 V vs. platinum | at -1.6 V

for 15 min. Cu was polished with sand paper | vs. NHE

and immersed in 1 M H3PO, and 1 M H,SO,
for 15 min. Then, Cu was washed with
acetone and DI before drying with N,. Then,
Cu was used as working electrode. Platinum
was used as reference electrode. 6 M
sodium zincate was used as electrolytic

solution.

Katah, A. et al. (1994) [53] studied Cu-Zn alloys electrodes by electroplating
with different composition of Zn ion and Cu ion in bath. The results showed various
crystals of Zn and Cu when deposition with different composition bath. Selectivity
and reactivity of CO were excellent for CusZng crystals.

Keerthiga, G. et al. (2017) [9] studied zinc-modified copper electrodes by
electrodeposition method. The bath concentration of Zn was varied during low
concentration (low deposit of Zn on Cu, Cu/Zn-A) and high concentration (high
deposit of Zn on Cu, Cu/Zn-B). The results showed Cu/Zn-B got conversion efficiency
more than Cu/Zn-A. Descending order of CH, faradaic efficiency was shown as:
Cu/Zn-B (52%) > Cu (23%) > Zn (7%). Hydrogen was suppressed for Cu/Zn-B (8%)

when compared with bare Cu (68%).



CHARPTER Il

MATERIALS AND METHODS

3.1 Materials

Table 8 Chemicals used as precursors and electrolyte.

Chemicals Formular

Suppliers

Zinc chloride ZnCl,

Ajax Finechem Pty Ltd

Copper(ll) chloride dihydrate CuCl,#2H,0

Aldrich Chemical Ltd

Potassium hydrogen carbonate KHCO, Acros Organics
Hydrochloric acid HCL Merck Ltd
Sodium chloride NaCl Sigma-Aldrich
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Table 9 Metals used as electrodes in electrodeposition method and electrochemical

reduction of CO,

Electrodes Suppliers
Copper foil Alfa Aesar

(0.1mm thick, 99.9999%)
Zinc foil Alfa Aesar

(0.1mm thick, 99.994%)
Platinum foil Alfa Aesar

(0.1mm thick, 99.997%)
Platinum rod Metrohm

(Length 76mm, Diameter 2mm)
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3.2 Catalyst preparation

3.2.1 Preparation of zinc foil and copper foil

Before the electrodeposition and electrolysis experiment, Zn foil (1Ox25mm2)
and Cu foil (10x25mm°) were mechanically polished with 800G sandpaper and were

rinsed with DI water before drying with N,.

Zn foil  Cu foil

mechanically

polished with 800G - rinsed with DI water
sandpaper

used in l

electrodeposition and
electrolysis - drying with N,

experiment

25 mm
A

10 mm 10 mm

Figure 3 Schematic of preparation of zinc foil and copper foil

3.2.2 Preparation of Zn/Cu-Na and ZnCu/Cu-Na in NaCl bath

The Zn/Cu-Na catalysts were prepared on a Cu foil substrate using an
electrodeposition method. ZnCl, was used as the Zn precursors with NaCl. The
concentrations of ZnCl, and NaCl was fixed at 0.05 M. Various deposition times
including 60 s and 200 s (Zn/Cu-Na60, Zn/Cu-Na200). The ZnCu/Cu-Na catalysts were
prepared on a Cu foil substrate using an electrodeposition method. ZnCl, and CuCl,
were used as the Zn and Cu precursors with NaCl. The concentrations of ZnCl, and
NaCl were fixed at 0.05 M. The concentration of CuCl, was fixed at 0.0015 M. Various
deposition times including 60 s and 200 s (ZnCu/Cu-Na60, ZnCu/Cu-Na200). The
current for electrodeposition was set at 20 mA/cm’. Pt rod was used as counter
electrode. After the electrodeposition method, these catalysts were washed with

deionized water several times before drying with N.,.
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Deposition current : 20 mA/cm?
Deposition times : 60s, 200s

Potentiostat

Working electrode : « < PC
Cu foil

------- Counter electrode :
Pt rod

Solution : '

1. ZnCl, 0.05 M, NaCl 0.05 M (Zn/Cu-Na)
2. ZnCl, 0.05 M, NaCl 0.05 M, CuCl, 0.0015 M (ZnCu/Cu-Na)

Figure 4 Schematic of preparation of Zn/Cu-Na and ZnCu/Cu-Na in NaCl bath

3.2.3 Preparation of Zn/Cu-H and ZnCu/Cu-H in HCl bath

The Zn/Cu-H catalysts were prepared on a Cu foil substrate using an
electrodeposition method. ZnCl, was used as the Zn precursors with HCL. The
concentrations of ZnCl, and HCl were fixed at 0.2 M and 1.5 M, respectively. Various
deposition times including 60 s, and 200 s (Zn/Cu-H60, Zn/Cu-H200). The ZnCu/Cu-H
catalysts were prepared on a Cu foil substrate using an electrodeposition method.
ZnCl, and CuCl, were used as the Zn and Cu precursors with HCl. The concentrations
of ZnCl, and HCl were fixed at 0.2 M and 1.5 M, respectively. The concentration of
CuCl, was fixed at 0.006 M. Various deposition times including 60 s, and 200 s
(ZnCu/Cu-H60, ZnCu/Cu-H200). The current for electrodeposition was set at 0.3
A/cmz. Pt rod was used as counter electrode. After the electrodeposition method,
these catalysts were washed with deionized water several times before drying with

N,.



17

Deposition current : 0.3 A/cm?
Deposition times : 60s, 200s

Potentiostat

Working electrode : « PC
Cu foil
EE Bt Counter electrode :
Pt rod
Solution : :

1. ZnCl, 0.2 M, HCL 1.5 M (Zn/Cu-H)
2. ZnCl, 0.2 M, HCL 1.5 M, CuCl, 0.006 M (ZnCu/Cu-H)

Figure 5 Schematic of preparation of Zn/Cu-H and ZnCu/Cu-H in HCl bath

3.3 Catalyst Characterization

3.3.1 Scanning electron microscope-energy dispersive X-ray spectroscopy (SEM-

EDX)

Zn foil, Cu foil, Zn/Cu-Na60, Zn/Cu-Na200, ZnCu/Cu-Na60, ZnCu/Cu-Na200,
Zn/Cu-H60, Zn/Cu-H200, ZnCu/Cu-H60, and ZnCu/Cu-H200 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.

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 Kq radiation.

3.4 Electrochemical CO, reduction

Electrochemical reduction of CO, was performed in an H-type cell, and all
experiments were performed at room temperature and ambient pressure. The
cathodic part and the anodic part were separated by Nafion® 117. All the

experiments were carried out in a three-electrode cell system. Zn foil, Cu foil, Zn/Cu-
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Na60, Zn/Cu-Na200, ZnCu/Cu-Na60, ZnCu/Cu-Na200, Zn/Cu-H60, Zn/Cu-H200,
ZnCu/Cu-H60, and ZnCu/Cu-H200 were used as the working electrodes which were
immersed in electrolyte solution with a geometrical area of 1 cm’. Silver/silver
chloride electrode (Ag/A¢Cl) was used as the reference electrode. Platinum foil was
used as the counter electrode. KHCO5; 0.1 M 20 mL was used both as catholyte and
anolyte. The electrolyte was saturated with 100 mL/min CO, gas for 30 minutes. CO,
flow rate of 20 mL/min was performed during reaction. A potentiostat was used for
all the electrochemical CO, reduction experiments. Potential was used at -1.6 V vs.
Ag/AgCl. Electrolysis was performed for 70 minutes. The gas chromatography system
with a thermal conductivity detector (TCD), which was used to analyze H, and CO.
Liquid phase products were identified and quantified using NMR. The best one Zn/Cu
alloy electrocatalyst that gets the highest CO selectivity was further tested at
potential -1.4, -1.8 and -2.0 V vs. Ag/AgCl. For stability test, the best one Zn/Cu alloy
electrocatalyst and appropriate potential that gets the highest CO/H, rate ratio was
further tested at appropriate potential for 4 h.

Reaction times: 70 min
-1.6 V vs. Ag/AgCl Potentiostat
|
Counter electrode PC
Pt foil,
) L __ 3] GcTep
Electrolyte
KHCO3 0.1 M 20 mL
_ __--- Reference electrode
for each side 1
.. Ag/AgCl
__,--""‘- : e — — = CO, 20 mL/min
Nafion® 117--""~ M
NMR

Figure 6 Schematic of electrochemical CO, reduction.
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Table 10 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
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3.5 Research methodology
Part I. To study the characteristics and catalytic performances of Zn/Cu alloy
electrocatalysts prepared by electrodeposition of Zn on Cu foil (Zn/Cu) and
electrodeposition of Zn and Cu on Cu foil (ZnCu/Cu) in various
electrodeposition bath consisting of NaCl bath (Zn/Cu-Na, ZnCu/Cu-Na) and HCl
bath (Zn/Cu-H, ZnCu/Cu-H) with different deposition times in the

electrochemical reduction of CO, to CO.

/Zn/Cu—Na were prepared by\ / \

electrodeposition of Zn on Zn/Cu-H were prepared by
Cu foil in NaCl bath with electrodeposition of Zn on Cu foil
deposition times 60 s and in HCl bath with deposition times
200 s (Zn/Cu-Na60, Zn/Cu- 60 s, and 200 s (Zn/Cu-H60,
Na200). ZnCu/Cu-Na were Zn/Cu-H200). ZnCu/Cu-H were
prepared by prepared by electrodeposition of
electrodeposition of Zn and Zn and Cu on Cu foil in HCl bath
Cu on Cu foil in NaCl bath with deposition times 60 s and
with deposition times 60 s 200 s (ZnCu/Cu-H60, ZnCu/Cu-
and 200 s (ZnCu/Cu-Na60, H200).

K ZnCu/Cu-Na200). / K /

Catalyst test in the electrochemical reduction of

CO, at potential -1.6 V vs. Ag/AgCl for 70 min.

v

GC-TCD, NMR

Catalyst characterizations

analysis and data v/ SEM-EDX

v’ XRD

Discussions and ]
—>
conclusions
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Part Il. To identify appropriate potential and stability of the best one Zn/Cu

alloy electrocatalyst that gets the highest CO/H, rate ratio from Part I.

-

o

the highest CO/H, rate ratio

tested at potential -1.4, -1.8

\

electrocatalyst that gets

The best one Zn/Cu

from Part | was further

and -2.0 V vs. Ag/AgCL.

y

GC-TCD, NMR

/ For stability test, the \

best one Zn/Cu
electrocatalyst and
appropriate potential
that gets the highest
CO/H, rate ratio was
further tested at

appropriate potential for

analysis and data

3

K 4 h. /

GC-TCD analysis
and data J

\

Catalyst characterizations

v/ SEM-EDX

Discussions and

conclusions
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CHARPTER IV
RESULTS AND DISCUSSION

Part I. To study the characteristics and catalytic performances of Zn/Cu alloy
electrocatalysts prepared by electrodeposition of Zn on Cu foil (Zn/Cu) and
electrodeposition of Zn and Cu on Cu foil (ZnCu/Cu) in various electrodeposition
bath consisting of NaCl bath (Zn/Cu-Na, ZnCu/Cu-Na) and HCl bath (Zn/Cu-H,
ZnCu/Cu-H) with different deposition times in the electrochemical reduction of CO,

to CO.

4.1 Characterization of Zn/Cu alloy electrocatalysts with different deposition
times
4.1.1 X-ray diffraction (XRD)

The samples were examined by X-ray diffraction, and Figure 7 showed the
XRD patterns of Zn foil, Cu foil, Zn/Cu-Na60, Zn/Cu-Na200, ZnCu/Cu-Na60, ZnCu/Cu-
Na200, Zn/Cu-H60, Zn/Cu-H200, ZnCu/Cu-H60, and  ZnCu/Cu-H200. All
electrocatalysts except Zn foil showed the XRD characteristic peak around 50.1° that
related to Cu(200) facet [9]. Cu(200) facet occurs from Cu substrate that is used for
electrodeposition method. Cu(200) intensity of Cu foil is higher than deposited
electrocatalysts. Decreasing Cu(200) intensity of deposited electrocatalysts is affected
from electrodeposition Zn on Cu foil. In the part of Zn/Cu-Na, ZnCu/Cu-Na, Zn/Cu-H
and ZnCu/Cu-H, the Cu(200) intensity decreased when increasing deposition time
from 60 s to 200 s because Cu substrate was deposited by a lot of Zn. When
comparing between Zn/Cu-Na and ZnCu/Cu-Na, Cu(200) intensity of ZnCu/Cu-Na is
higher than Zn/Cu-Na this was probably due to the effect of Cu that is deposited on
Cu foil affecting the increasing of Cu(200) intensity. However, when comparingZn/Cu-
H and ZnCu/Cu-H, intensity of the Cu(200) was not affected by the addition of Cu
Maybe because of the changes in morphology. When compared electrocatalysts
from NaCl bath with HCl bath, Cu(200) intensity of electrocatalysts from HCl bath is

lower than NaCl bath because of the higher ZnCl, concentration and deposited
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current for HCl bath. Thus, electrocatalysts from HCl bath resulted in a lot of Zn on
Cu foil. Figure 8 shows the enlarged XRD patterns of Zn foil, Cu foil, Zn/Cu-Na60,
Zn/Cu-Na200, ZnCu/Cu-Nab60, ZnCu/Cu-Na200, Zn/Cu-H60, Zn/Cu-H200, ZnCu/Cu-
H60 and ZnCu/Cu-H200. The XRD pattern of Zn foil and Cu foil (Figure 8a and 8b)
corresponded to Zn and Cu by their reported diffraction peaks (Cu: JCPDS 04-0836,
Zn: JCPDS 00-004-0831). The XRD patterns of deposited electrocatalysts match well
with diffraction peaks of Zn foil and Cu foil. Among the XRD patterns of deposited
electrocatalysts, CugZn phase was detected on the XRD patterns of Zn/Cu-H60,
Zn/Cu-H200, ZnCu/Cu-H60 and ZnCu/Cu-H200 [8]. The intensity of Zn facet increased
with increasing deposition time from 60 s to 200 s. However, for ZnCu/Cu-H60, the
Zn(002) intensity is relatively high and the Zn(002) intensity of ZnCu/Cu-H60
decreased with increasing deposition time from 60 s to 200 s (ZnCu/Cu-H200).
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Figure 7 XRD pattern of (a) Zn foil, (b) Cu foil, (c) Zn/Cu-Na60, (d) Zn/Cu-Na200, (e)

ZnCu/Cu-Na60, (f) ZnCu/Cu-Na200, (g) Zn/Cu-H60, (h) Zn/Cu-H200, (i) ZnCu/Cu-H60
and (j) ZnCu/Cu-H200
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Figure 8 Enlarged XRD pattern of (a) Zn foil, (b) Cu foil, (c) Zn/Cu-Na60, (d) Zn/Cu-
Na200, (e) ZnCu/Cu-Na60, (f) ZnCu/Cu-Na200, (g) Zn/Cu-H60, (h) Zn/Cu-H200, (i)
ZnCu/Cu-H60 and (j) ZnCu/Cu-H200
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4.1.2 Scanning electron microscope-energy dispersive X-ray spectroscopy (SEM-

EDX)
Table 11 Percent by weight of deposited electrocatalysts
Entry Electrocatalyst Percent by weight
Zn (%) Cu (%)
1 Zn/Cu-Na60 74.9 25.1
2 Zn/Cu-Na200 92.9 7.1
3 ZnCu/Cu-Na60 72.5 27.5
a4 ZnCu/Cu-Na200 93.1 6.9
5 Zn/Cu-H60 96.0 4.0
6 Zn/Cu-H200 98.1 1.9
7 ZnCu/Cu-H60 86.1 13.9
8 ZnCu/Cu-H200 88.8 11.2

Table 11 shows the percent by weight of Cu and Zn on the deposited
electrocatalysts. All deposited electrocatalysts, percent by weight of Zn increased
with increasing deposition time from 60 s to 200 s. For electrodeposition using HCl
bath, when Cu ion was added, higher percent by weight of Cu was observed. This
was not the case for electrodeposition using NaCl bath that there was no significant
change in percent by weight of Cu upon addition of Cu ion during electrodeposition,
due probably to the low concentration of CuCl, in deposited bath.

The scanning electron microscopic images of Zn foil, Cu foil, Zn/Cu-Naé0,
Zn/Cu-Na200, ZnCu/Cu-Na60, ZnCu/Cu-Na200, Zn/Cu-H60, Zn/Cu-H200, ZnCu/Cu-
H60 and ZnCu/Cu-H200 are shown in Figure 9. Figure 9a corresponds to Zn foil and
Figure 9b corresponds to Cu foil, showing a rock-like surface with some streaks,
presumably left by the mechanical polishing pretreatment. As shown in Figure 9c
and 9d, Zn/Cu-Na60 and Zn/Cu-Na200 have dendritic structures. Because deposition
rate of Zn is very high for concentration of ZnCl, (0.05 M), the regions of
electrocatalyst surface have low concentration of Zn ion. Thus, It forced the

dendritic structures to grow outward toward high concentration regions of Zn ion [6].
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The morphology of Zn/Cu-Na60 and Zn/Cu-Na200 are similar. Thus, it can be
concluded that deposition time does not affect the morphology of Zn/Cu-Na. When
adding Cu ion during the electroplating, dendritic structures were also observed as
seen on Figure 9e for ZnCu/Cu-Na60 and Figure 9f for ZnCu/Cu-Na200, due probably
to the low concentration of CuCl, (0.0015 M) in deposited bath. Figure 9¢
corresponds to Zn/Cu-H60 and Figure 9h corresponds to Zn/Cu-H200, Zn/Cu-H60 and
Zn/Cu-H200 have bulky structures with average particle sizes of 1-4 Jdm and 4-10
Mm, respectively. It is suggested that bulky structure is formed because of high Zn
ion near the electrocatalyst surface while electrodeposition [6] may be the result of
high ZnCl, concentration (0.2 M) was used in deposited bath. Increasing deposition
time resulted in increased particle size of Zn/Cu-H. However, when Cu ion was
simultaneously added in the HCl bath with Zn ion, another form of dendritic
structure was observed as shown in Figure 9i for ZnCu/Cu-H60 and Figure 9j for
ZnCu/Cu-H200. In this case, deposition time does not affect the dendritic
morphology of ZnCu/Cu-H. But Cu ion in deposited bath can change morphology
from bulky structure to be dendritic structure. When Cu was added, conditions of
low concentration regions of Zn ion near electrocatalyst surface may occurred
because Cu ions can compete with Zn ions for deposition on Cu foil and Cu that is
deposited on Cu foil also accelerates the formation of hydrogen gas during
electrodeposition method. In addition, Cu has higher hydrogen bond strength than
Zn [8] so, hydrogen gas that occurs during electrodeposition also compete with Zn
ion, resulting in Zn ion being more difficult to move to the electrocatalyst surface.
The conditions of low concentration regions of Zn ion near electrocatalyst surface
promotes the formation of dendritic structure, to grow outward toward high
concentration regions of Zn ion. It can be noticed that the particle size of the
dendritic structure in the case of ZnCu/Cu-HCl bath is bigger than those formed
under NaCl bath because of the higher concentration of ZnCl, in deposited bath.
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Figure 9 SEM images of (a) Zn foil, (b) Cu foil, (c) Zn/Cu-Na60, (d) Zn/Cu-Na200, (e)
ZnCu/Cu-Na60, (f) ZnCu/Cu-Na200, (g) Zn/Cu-H60, (h) Zn/Cu-H200, (i) ZnCu/Cu-H60
and (j) ZnCu/Cu-H200
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Figure 7 SEM images of (a) Zn foil, (b) Cu foil, (c) Zn/Cu-Na60, (d) Zn/Cu-Na200, (e)
ZnCu/Cu-Na60, (f) ZnCu/Cu-Na200, (g) Zn/Cu-H60, (h) Zn/Cu-H200, (i) ZnCu/Cu-H60
and (j) ZnCu/Cu-H200
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Figure 7 SEM images of (a) Zn foil, (b) Cu foil, (c) Zn/Cu-Na60, (d) Zn/Cu-Na200, (e)
ZnCu/Cu-Na60, (f) ZnCu/Cu-Na200, (g) Zn/Cu-H60, (h) Zn/Cu-H200, (i) ZnCu/Cu-H60
and (j) ZnCu/Cu-H200
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Figure 7 SEM images of (a) Zn foil, (b) Cu foil, (c) Zn/Cu-Na60, (d) Zn/Cu-Na200, (e)
ZnCu/Cu-Na60, (f) ZnCu/Cu-Na200, (g) Zn/Cu-H60, (h) Zn/Cu-H200, (i) ZnCu/Cu-H60
and (j) ZnCu/Cu-H200
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Figure 7 SEM images of (a) Zn foil, (b) Cu foil, (c) Zn/Cu-Na60, (d) Zn/Cu-Na200, (e)
ZnCu/Cu-Na60, (f) ZnCu/Cu-Na200, (g) Zn/Cu-H60, (h) Zn/Cu-H200, (i) ZnCu/Cu-H60
and (j) ZnCu/Cu-H200



4.2 Activity test in the electrochemical CO, reduction

Table 12 The catalytic performances of Zn foil, Cu foil and Zn/Cu alloy

electrocatalysts with different deposition times

33

Entry | Electrocatalyst Rate (Mmol/min) CO/H,
CcO H, formate n- rate ratio
Propanol
1 Zn foil 0.87 0.21 0.07 0.04 4.1
2 Cu foil 0.96 221 0.48 0.15 0.4
3 Zn/Cu-Na60 293 0.92 0.13 0.06 3.2
4 Zn/Cu-Na200 3.61 0.77 0.09 0.06 a7
5 ZnCu/Cu-Na60 3.28 0.93 0.05 0.04 3.5
6 ZnCu/Cu-Na200 4.72 1.29 0.06 0.03 3.7
7 Zn/Cu-H60 0.65 0.45 0.36 - 15
8 Zn/Cu-H200 1.01 0.54 0.36 - 1.8
9 ZnCu/Cu-H60 3.21 0.89 0.13 0.02 3.6
10 ZnCu/Cu-H200 4.14 1.63 0.16 0.02 2.5

Reaction (Electrolyte: 0.1 M KHCO;) at potential -1.6 V vs. Ag/AgCl in 70 minutes

Under potential at -1.6 V vs. Ag/AgCl, the working electrodes including Zn foil,

Cu foil, Zn/Cu-Na60, Zn/Cu-Na200, ZnCu/Cu-Na60, ZnCu/Cu-Na200, Zn/Cu-H60,

Zn/Cu-H200, ZnCu/Cu-H60, and ZnCu/Cu-H200 were tested in the electrochemical

reduction of CO, for 70 minutes. The molar flow rate of the products including CO,

H,, formate and n-propanol are shown in Table 12. The CO molar flow rate using Cu

foil is slightly higher than Zn foil because resistance of Cu metal is lower than

resistance of Zn metal. Thus, potential that is lost with resistance of Cu metal is

lower than Zn metal, resulting in the faster rate of transfer of proton/electron pair to

the surface of the working electrode. The higher amount of reactants on Cu foil

resulted in the formation of higher hydrocarbon products (CO, formate, and n-

propanol) whereas Cu foil still produced more H, gas. Thus, CO/H, rate ratio of Cu

foil is low. Formate molar flow rate of Cu foil is higher than Zn foil. That can be




34

rationalized by two effects: First, resistance of Cu metal is lower than Zn metal as
described above. Second, Theoretical limiting potentials of Cu metal for formate
production is lower than Zn metal [54]. As a consequence, Cu foil can easily produce
formate than Zn foil. In case of Zn foil, the major product is CO. Owing to the fact
that Zn binds CO more weakly so that CO was rapidly released from Zn surface
before occurring CO reduction reaction [13]. n-Propanol molar flow rate of Cu foil is
higher than Zn foil about 4 times. Because Cu possesses higher binding energy for
CO than Zn, the CO product can be further reduced to other products such as n-
propanol [13]. Deposited electrocatalysts exhibited higher total molar flow rate than
Zn foil because deposited electrocatalysts have higher surface area than Zn foil. In
case of Zn/Cu-Na60, Zn particles may not sufficiently cover on Cu substrate. As
observed from percent by weight of Cu of Zn/Cu-Na60 (25.1%) that is still hish when
compared with Zn/Cu-Na200 (7.1%), of the presence of Cu substrate on Zn/Cu-Na60
may be the reason for higher H, being produced than Zn/Cu-Na200. Because the
theoretical limiting potentials of Cu metal for H, production is lower than Zn metal
[54], Zn/Cu-Na60 can easily produce H, than Zn/Cu-Na200. Comparing the
electrodepositing Zn/Cu catalysts prepared in NaCl bath with different deposition
times, CO molar flow rate is higher for the one prepared with longer deposition time
(Zn/Cu-Na200) as compared to Zn/Cu-Na60. The reaction results are correlated well
with the higher surface area of Zn/Cu-Na200 than Zn/Cu-Na60. Both Zn/Cu-Na60 and
Zn/Cu-Na200 have similar dendritic structure, so surface area of Zn particles that are
deposited on Cu foil increased with increasing deposition time. For the bimetallic
ZnCu on Cu foil prepared in NaCl bath with 60 s deposition time, CO and H, molar
flow rate of ZnCu/Cu-Na60 is not much different from Zn/Cu-Na60, due probably to
the low concentration of CuCl, (0.0015 M) in deposited bath and low deposited
current (20 mA/cmZ) so the catalysts exhibited similar characteristics and activity in
CO, electrochemical reduction. However, for those prepared with 200 s deposition
time (ZnCu/Cu-Na200), CO and H, molar flow rate of ZnCu/Cu-Na200 is found to be
higher than Zn/Cu-Na200 but CO/H, rate ratio is lower than Zn/Cu-Na200 owing to
Cu particles deposited on Cu foil leading to the increase of H,. The higher CO molar

flow rate in case of Zn/Cu-H200 compared to Zn/Cu-H60 is maybe due to the higher
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surface area of Zn/Cu-H200 than Zn/Cu-H60 as the deposition time increases.
However, among the other deposited electrocatalysts, the total molar flow rate of
Zn/Cu-H60 and Zn/Cu-H200 is relatively low, suggesting the influence of low surface
area bulky structure of the Zn/Cu-H60 and Zn/Cu-H200 on the electrochemical
reduction activity [6]. Nevertheless, the production of formate on Zn/Cu-H60 and
Zn/Cu-H200 is outstanding although the molar flow rate of CO and H, is lower than
the other deposited electrocatalysts. It is possible that the bulky structure may
possess more hexagonal close pack (0001) facet that promotes formate production
via reduction of HCOO* intermediate. This pathway leads to the production of
formate with limited formation of CO and H, [54]. For the ZnCu/Cu-H60 and
ZnCu/Cu-H200, the molar flow rate of CO and H, increases as deposition time
increases  with  ZnCu/Cu-H200 producing large amount of H,. Among the
electrocatalysts studied, Zn/Cu-Na200 is the best electrocatalyst to provide the
highest CO/H, rate ratio about 4.7 because dendritic structure of Zn/Cu-Na200 has a
higher density of stepped sites that suppress hydrogen evolution [6]. Zn/Cu-Na200
was selected to be further tested in part Il. In 2015 [6], it was reported that Zn
dendrite electrode showed CO/H, ratio about 4 that is lower than Zn/Cu-Na200 in
this work may be the result of higher concentration of electrolyte (0.5 M NaHCO,).
Higher cat ion (Na") will block the adsorption of CO, on working electrode [55].
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Part Il. To identify appropriate potential and stability of the best one Zn/Cu
alloy electrocatalyst that gets the highest CO/H, rate ratio from part |.

4.3 Activity test of Zn/Cu-Na200 in the electrochemical CO, reduction at various

potential
Table 13 The catalytic performances of Zn/Cu-Na200 at various potentials
Entry | Potential (V Rate (Mmol/min) CO/H,
vs. Ag/AgCl) CcO H, formate n- rate ratio
Propanol

1 -1.4 1.08 0.48 - 0.02 2.3
2 -1.6 3.61 0.77 0.09 0.06 a.7
3 -1.8 6.98 2.95 0.10 0.06 2.4
a4 -2.0 7.97 10.18 0.19 0.06 0.8

Reaction (Electrolyte: 0.1 M KHCOs) in 70 minutes

Zn/Cu-Na200 is further tested at potential -1.4, -1.8 and -2.0 V vs. Ag/AgCL.
The results are shown in Table 13. At potential -1.4 V vs. Ag/AgCl, CO, reduction
products (CO and n-propanol) is relatively low and formate is not found. Owing to
the relatively low potential, the transfer of proton/electron pair also is slow.
Increasing negative potential to -1.6, -1.8, and -2.0 V vs. Ag/AgCl, formate is found as
a liquid product and the molar flow rate of CO H, and formate increase with
increasing negative potential. However, as the potential increases, the CO/H, rate
ratio decreases. It is suggested that at higher negative potential, the transfer of
proton/electron pair will be faster while the mass transfer of CO, is still unchanged,
resulting in mass transport limitations at higher overpotentials [12] which causes H,
formation. At potential -1.6, -1.8, -2.0 V vs. Ag/AgCl, the molar flow rate of n-propanol
are similar. This is probable because n-propanol formation requires 18 electron
reduction [50], which is very high when compared with CO and formate. CO and

formate require only 2 electron reduction [50]. The CO/H, rate ratio is found to be
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highest at potential -1.6 V vs. Ag/AgCl. So, potential -1.6 V vs. Ag/AgCl is chosen as
the condition for stability test.

4.4 Scanning electron microscope-energy dispersive X-ray spectroscopy (SEM-
EDX) of Zn/Cu-Na200 before and after stability test
Table 14 Percent by weight of Zn/Cu-Na200 before and after stability test

Entry Zn/Cu-Na200 Percent by weight
Zn (%) Cu (%)
1 before reaction 92.9 7.1
2 after reaction (4 h) 93.3 6.7

Zn/Cu-Na200 is further tested at potential -1.6 V vs. Ag/AgCl for 4 h. Table 14
shows the percent by weight of Zn/Cu-Na200 before and after stability test. The
Zn/Cu-Na200 before and after stability test have similar percent by weight of Zn and
Cu.

The scanning electron microscopic images of Zn/Cu-Na200 before and after
stability test are shown in Figure 10. Figure 10a corresponds to Zn/Cu-Na200 before
stability test. It has dendritic structures with a particle size of 0.2-0.5 MUm. Figure 10b
corresponds to Zn/Cu-Na200 after stability test. It has dendritic structures with a
particle size of 0.5-1.2 Jm. Particle size of Zn/Cu-Na200 after stability test is bigger
than Zn/Cu-Na200 before stability test. The increase of Zn particle size may be the
result of dissolution of Zn particles that are deposited on Cu foil and redeposition
under CO, electrolysis conditions. Redeposition of Zn ion may result in larger
particles. In 2015, Rosen, J. et al. also reported the redeposition of electrocatalyst

under CO, electrolysis conditions [6].
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Figure 10 SEM images of Zn/Cu-Na200: (a) before and (b) after stability test
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4.5 Stability test of Zn/Cu-Na200 in the electrochemical CO, reduction at
potential -1.6 V vs Ag/AgCl

Table 15 The catalytic performances of Zn/Cu-Na200 in 4 hour
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Entry Reaction time (h) Rate (Mmol/min)
Cco H,
1 1 3.55 1.25
2 2 3.66 1.32
3 3 3.53 1.32
4 q 3.47 1.58

Reaction (Electrolyte: 0.1 M KHCOs) at potential -1.6 V vs. Ag/AgCl in 4 hour

Zn/Cu-Na200 is further tested at potential -1.6 V vs. Ag/AgCl for 4 h. The

result is shown in Table 15. The molar flow rate of CO is relatively stable with an

average value of about 3.55 mol/min. In case of H, the molar flow rate of H,

slightly increases at reaction time 4 h due probably to the result of dissolution of Zn

particles that are deposited on Cu foil [6], causing more exposure of Cu substrate on

the surface. The Cu substrate can produce higher H, because theoretical limiting

potentials of Cu metal for H, production is lower than Zn metal [54].
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CHAPTER V
CONCLUSIONS

5.1 Conclusions

Electrochemical reduction of CO, (ERC) using Zn/Cu-foil and ZnCu/Cu-foil
electrocatalysts was investigated at ambient conditions in an H-cell type reactor.
Electrodeposition of Zn on Cu foil at low Zn concentration (0.05 M) resulted in Zn
dendritic structure. In case of Zn bulky structure, It was formed that may be due to
high Zn concentration (0.2 M). However, when Cu ions were added simultaneously
with Zn at high Zn concentration (0.2 M), dendritic structure of CuZn particles
deposited on Cu-foil was observed. Adding Cu ions led to an increase of CO and H,
products from the ERC.

Deposition time does not affect the morphology of dendritic structure.
However, for the catalysts prepared using low deposition time (60 s), Zn particles
may not be sufficiently covered on Cu substrate, and the exposure of Cu substrate
resulted in an increase of H, production. Among the catalysts studied, Zn/Cu-Na200
is the best electrocatalyst that produces high CO gaseous product with low H,
because dendritic structure of Zn/Cu-Na200 has a higher density of stepped sites that
suppress hydrogen evolution. In contrast, increasing deposition time resulted in larger
size of the bulky structure. The Zn bulky structure, however, produces outstanding
liquid formate products. It is possible that the bulky structure may possess more
hexagonal close pack (0001) facet that promotes formate production via reduction of
HCOO* intermediate.

The optimized over potential was determined to be at -1.6 V vs. Ag/AgCl as
the best condition for the formation of high CO while keeping low H, production. The
activity of Zn/Cu-Na200 is quite stable during 4 h reaction test, the rate of CO
production did not significantly change while H, production rate slightly increased. As
revealed by SEM images of the catalysts after reaction, the particle size of dendritic
stricture increased. It is suggested that redeposition of Zn ion occurred under CO,

electrochemical reduction conditions.
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5.2 Recommendation

1. The increase of surface area of deposited electrocatalysts may have to be
confirmed by electrochemical technique.

2. The stability of the electrocatalysts should be investigated at longer

reaction times.
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APPENDIX A
SCANNING ELECTRON MICROSCOPY

Zn/Cu-H is further deposited by deposition time 500 s and 1000 s. Scanning
electron microscopic images of Zn/Cu-H500 and Zn/Cu-H1000 are shown in Figure

Al
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Figure A.1 SEM images of (a) Zn/Cu-H500 and (b) Zn/Cu-H1000
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APPENDIX B
THE CALIBRATION CURVE OF GAS PRODUCT
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Figure B.1 The calibration curve of hydrogen
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Figure B.2 The calibration curve of hydrogen
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APPENDIX C
THE LIQUID PRODUCT IDENTIFICATION FOR NMR ANALYSIS

Table C.1 The liquid product identification for NMR analysis [50].

51

Product name 'H splitting Chemical Shift
Formate s 8.33
DMSO (Internal Standard) S 2.6
n-Propanol t 0.77
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