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This research investigates the strategies to enhance copper electrodes for carbon dioxides reduction reactions
(CO;RR) for generation of valuable chemical products, including methanol and acetaldehyde. Through modifications of
physical characteristics of electroplated copper electrodes, particularly introduction of porosity, and chemical composition,
namely formation of copper oxides, the key performance parameters for CO,RR including selectivity, Faradaic efficiency,
and energy efficiency are examined. Furthermore, the relationships between copper electrodes’ plating variables (current
density, deposition time, and bath solution), porosity and compositions, and corresponding CO,RR performances are
constructed. The study has demonstrated that the ratio of CuSO,4and H,SO, of bath solution, current density, and deposition
time influence the obtained porous structure as confirmed by microstructural and physical evaluations (apparent and true
porosity, 2D-morphology, surface roughness, BET surface area and BJH pore distribution).

With controlling concentration of H,SO,, it was found that more concentration of CuSOj, increase the
amount of copper deposit on the substrate creating a porous copper with higher apparent porosity but identical pore size. HCI
minimize the size of porous branch causing the highest apparent pore size and porosity. All constant-current porous coppers
were mesoporous materials (2-50 nm pore size). The arrangement of copper particle as grape seed on the dendrite structure of
porous copper which fabricated in 0.2 M CuSQ, without HCI providing the highest true surface area as 19.56 m?/g. This value
is higher than of other porous coppers approximately 5-6 times. The apparent density, electrodeposition efficiency, and true
porosity calculation was also confirmed that porous copper with higher concentration of CuSO,4 was the densest porous
structure. Both bulk and surface chemical composition of porous coppers were slightly different from copper foil. Cu* and
Cu?" were detected on the surface of copper foil and porous coppers but Cu® was detected only on the surface of porous
copper which fabricated with HCI. Moreover, pulse electrodeposition was another method which can used to fabricate the
denser porous structure manifested by the 10-12 times lower value of surface roughness. Furthermore, increase in surface area
of catalytic electrode cause increase in active site as a result of increasing rate of reaction as shown by the approximately 7
times higher of current density with product distribution enhancement of porous coppers compared with copper foil. Porous
copper with higher concentration of CuSO, provide the highest product distribution, moreover, H, increase with higher
applied voltage as presented in the result which performed at Nanotec. After passing through CO2RR, particles of copper had
more agglomeration with change in apparent pore characteristic and chemical composition. Ethanol is a main product of
porous copper electrocatalyst while aldehyde, ethylene and methanol were also detected.

In case of thermally-induced copper oxides catalytic electrode, with controlling oxidation time,
oxidation temperature cause the different surface composition. Cu* and Cu?* were detected on the surface of oxidized copper
at 300 and 500 as copper foil whereas Cu® was detected only on oxidized copper at 800 and 1,000. There were some copper
particles on the surface, obviously the oxidized copper at 300 and 500. Only the oxidized copper at 300 was not broken after
passing through the oxidation. Copper oxide catalyst provide higher rate of reaction of CO,RR than of copper foil.
Acetaldehyde was detected by the oxidized copper catalyst. Furthermore, thermally-induced porous copper oxides which
fabricated by combining the porous copper and copper oxide can deliver 9 and 4 times higher rate of reaction than copper foil
and porous coppers, respectively. Ethanol is a main product whereas some rare valuable chemicals (i.e., n-propanol,
glycolaldehyde, and propionaldehyde). Cu* and Cu?* were detected on the surface of thermally-induced porous copper oxides
both before and after passing through the CO,RR process indicating that this electrocatalyst have more stability than porous
coppers. It summarized that development in structure and chemistry can enhance the performance of electrocatalyst in CO,RR
process.

Field of Study: Nanoscience and Technology Student's Signature ...........cccoccereerenns
Academic Year: 2022 Advisor's Signature ...........c.coevveeenee.
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images of Cu electrodes mesopores with (b) 30 nm width/40 nm depth (30 nm/40
nm), (c) 30 nm width/70 nm depth (30 nm/70 nm), and (d) 300 nm width/40
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Figure 19 Electrodeposited copper form with varied deposition time for (a) 5s; (b)
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Figure 20 Current density of smooth copper (red line) and copper foam (black and
blue lines) plotted as a function of electrolyte concentration, where the electrolyte was
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Figure 21 Structure of pulse electrodeposited porous copper: (a) Honeycomb-like
structure, (b) Non coalescence hole, (c) Coalescence hole, and (d) Cauliflower-like
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Figure 31 Surface appearance of the constant-current porous copper in groups (a) A,
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Figure 32 Surface appearance of the pulse electrodeposited porous copper P1-10, P4-
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1. Introduction

The amount of carbon dioxide (CO.), a greenhouse gas (GHG), has
increased exponentially. Error! Not a valid bookmark self-reference. shows that all
of the varied sources of CO> emission fossil fuel combustion is the main source which
consists of electricity and heat generation, transportation, industry, residential and
others for 41, 22, 20, 6 and 10 percent, respectively .

Human sources of carbon dioxide: Carbon dioxide emissions fram fossil fuel combustion
4% 10%

W Fosail fonl yss

€032 Emisslans fram Fusl Comsustion (3013),

B Land uue
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Figure 1 Sources of COzemission [1].

According to Figure 2 [2], CO2 emissions develops from fuel combustion
and global atmospheric carbon dioxide. At the present, a main source of CO2 emission
is fuel combustion, approximately 33,000 Mega tons (Mt), and CO. concentration in
the atmosphere is around 400 ppm. According to American Society of Heating and
Air-Conditioning Engineers (ASHRAE), CO; concentration in the atmosphere should
not reach to 1,000 ppm [3]. Therefore, excess CO: is a global problem causing the
climate change and other environmental damages.
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Figure 2 Development of global CO emissions from fuel combustion
and CO- concentration in the atmosphere [2].



Since CO2RR (CO: reduction reaction) is a rather specific field consisting
of many terminologies (i.e., catalytic activity, current density, energy efficiency,
selectivity), they are defined their meanings as following to avoid the
misunderstanding or confusing.

1.1) Definition

1.1.1) Catalytic activity: the increase in rate of a chemical reaction caused by
the presence of a catalyst.

1.1.2) Current density (i): the amount of charge per unit time that flows
through a unit area of a chosen cross section.

1.1.3) Energy efficiency (EE): the goal to reduce the amount of energy
required to provide products and services. For CO2RR, it can be
calculated by equation (1).

ER€k Faradai

€(energetic) — Xk El‘iiri =5 1)

1.1.4) Faradaic efficiency (FE): the efficiency with which charge (electrons)
is transferred in a system facilitating an electrochemical reaction. For
CO2RR, it can be calculated by equation (2).

z'n-F
€(Faradaic) — Q (2)

1.1.5) Reaction rate: the speed at which reactants are converted into products.

1.1.6) Overpotential (n): the potential difference (voltage) between a half-
reaction's thermodynamically determined reduction potential and the
potential at which the redox event is experimentally observed.

Moreover, the criteria of desirable catalyst consist of high catalytic activity
(high reaction rate), low energy consumption (low overpotential), high selectivity
(high faradaic efficiency: FE), and high stability (repeatability).

1.2) CO2 conversion

In General, there are two main approaches of CO, management. The first
method is CO- capture and storage (CCS) [4, 5]. COz has been stored in the land, sea,
and stone. Therefore, CO> storage requires a lot of areas. For a long term, CO> capture
is not a practical way because of risks of getting explosion, high-cost process, and



storage capacity limitations. On the other hand, the second method is CO> reduction
(CCR). CO2 can be converted or reduced to other higher value-added chemicals such
as hydrocarbons and oxygenates [6]. Therefore, CO. in the atmosphere will be
reduced while other chemicals can be produced. CO> conversion is a reduction
reaction called CO> reduction reaction process or CO2RR. This method receives a lot
of attention because it is more practical and sustainable method than CCS. There are
many ways of CCR (i.e., thermochemical, photochemical, electrochemical means as
well as hydrogenation) [7-15]. Each method has different pros and cons as presented
in Table 1.

Four main techniques of CO2RR are compared. Thermochemical is a
simple process but high temperature/energy are required. Hydrogenation is used in the
wide range for methanol synthesis of syngas, but it is not only a highly flammable and
explosive but also easily diffusing process. Moreover, hydrogenation process is an
expensive method because high energy is required. Photochemical and electrical
methods are clean and environmentally friendly processes. However, photochemical
has been studied in the wide range. Some researchers discovered that faradaic
efficiency is declined with the reaction going on by using some material as a catalyst.
Moreover, light which is used as a source of energy is another limitation.

Therefore, in this research, electrochemical reduction method is selected to
study because this method is also a clean process. It is an inexpensive method. It can
be operated at room temperature and provide higher production rate and conversion at
mild condition [16-18]. Nevertheless, there are some limitations of selectivity and
current density when producing more than 2 electrons transfer products such as
methanol, ethylene etc. (except CO and formate; 2 electrons transfer product).

Table 1 Pros and cons of each method of CO2RR.

CO,RR Pros Cons

- Simple process - High temperature process

Thermochemical - High energy requirement

- Generally used in the wide - Highly flammable
range to produce methanol - Explosive
Hydrogenation - Diffuse easily
- Expensive
- High energy consumption
- Clean process - Some material show that the
. - Environmental friendly faraday efficiency decline with
Photochemical . _ . : .
- High efficiency processing the reaction going on
- Can be operated at room - Low selectivity
temperature - Low current density (approx. 100
- Clean Process times comparedto 2 e products
Electrochemical - Inexpensive i.e. CO, formate)

- Provide higher production
rate & conversion at mild
condition

1.3) Electrochemical CO2RR
The electrochemical reduction of CO2RR is operated by consuming the
electricity from other renewable energy sources such as wind or hydro energy. In case



of CO2RR, the electrochemical system consists of three electrodes, one proton
exchange membrane (PEM) and electrolyte as illustrated in Figure 3 [19]. Electrodes
contain working electrode (WE), counter electrode (CE), and reference electrode
(RE). WE is a cathode while CE is an anode. Generally, noble metal is used as CE for
making a stable electrode proving electron of electrochemical reaction. RE acts as a
potential reference of the system.

The PEM is used for separating the system into two parts: catholytic and
analytic parts. Products which formed at catholytic part at cathode will not go through
to the analytic part. Therefore, products of both parts are not combined which
simplify a product detection. Electrolyte is an intermediate which is used to facilitate
the charge transferring between electrodes (i.e., KHCO3, NaHCO3, NaSQO4)

Anode Separator Cathode
QPP co: @ n.0 @o. @co ” HCOOH 9 HCHO
& cn, 9 ca, <6 cuon HCP cncnon 88 c.n,

Figure 3 The electrochemical CO2RR [19].

Table 2 Reaction equations during electrochemical CO2RR.

Electrode Reaction name Reaction equation

CO, reduction reaction, CO,RR CO, + 6H* + 6e — CH,;OH + H,0O
Cathode

Hydrogen Evolution Reaction, HER 2H+ + 2¢ — H,

Anode Oxygen Evolution Reaction, OER 2H,0 — O, +4H™+ 4e

During CO2RR, electrons are transferred from anode to cathode. At
cathode, both CO;RR and Hydrogen evolution reaction (HER), the competitive
reaction of CO2RR, occur at cathode by reduction reaction providing CO2RR products
and Hy, respectively. CO2RR product consists of carbon monoxide (CO), formate
(HCOOH), methane (CHa), ethylene (C2H4), methanol (CH3OH), ethanol (C2HsOH)
and other hydrocarbons and oxygenates. According to the FE, CO and formate can be
produced as major products by CO2RR whereas other products are minor products.
On the other hand, O is produced at anode by oxidation reaction named Oxygen



evolution reaction (OER). Reaction equations at cathode and anode are shown in
Table 2. HER should be suppressed to obtain higher selectivity of CO2RR products.
Moreover, the morphology of cathode can also affect to the of rate product formation.
Therefore, cathode acts as a catalytic electrode of CO2RR that affects both selectivity
and activity. The different cathodes or catalytic electrodes have different catalytic
performance. Catalytic electrode has been developed to obtain a suitable catalyst
which is capable of achieving a stable and cost-effective process with high efficiency
and selectivity at low over-potentials are the key technological challenges for the
electrochemical reduction of COa.

1.4) Motivation, Problems, and Solution approach

According to CO2RR products which produced by copper catalytic
electrode as mentioned previously, valuable chemicals (i.e., ethylene, methanol,
ethanol, and acetaldehyde) were detected as a minor product of CO2RR. Although
their selectivity and activity are low, they have a lot of benefits for the industrial field.
For example, ethylene is used as a feedstock in the manufacture of plastics, fibers, and
other organic chemicals. Methanol is a convenient and safe mean of storing energy
without high pressures needed to store at room temperature, excellent fuel for
combustion engines. Ethanol is used in the manufacture of drugs, plastics, and
cosmetics. Acetaldehyde is used as a prior substance for chemicals production (i.e.,
acetic acid). At the present, some product formation by CO2RR has not been
concentrated enough in the wide range. Their production can be enhanced by using a
suitable catalytic electrode. Copper based catalytic electrode acts as an important
candidate to overcome this limitation. Moreover, porous catalyst can enhance rate of
reaction while copper-based electrode with proper composition can improve product
selectivity. The study on the development of copper electrodes and study of
processing parameters for copper electrodes for CO2 conversion to valuable chemicals
is very limited. Therefore, it is a reason why the purpose of this study is to maximize
product yield as a desirable product to increase both selectivity and activity with
minimal energy input by copper-based catalytic electrode development. This work
will study the relationship of processing parameter of catalytic electrode fabrication
and product formation in CO2RR.



2. Literature reviews

2.1) Electrode, Product, and Mechanism pathway

Since product formation depend on kind of material of catalytic electrode.
Metal (i.e., Au, Ag, Zn, Sn, In, Pb, and Cu etc.) is generally used as a catalytic
electrode for CO2RR [20-23]. According to Hori’s work, he studied the effect of
various metal electrode on product distribution. Table 3 shows the faradaic efficiencies
of CO; reduction products on metal electrodes in CO2-Saturated 0.1 M KHCO3 (pH =
6.8) [20].

Table 3 Faradaic Efficiencies of CO2 Reduction Products on Metal Electrodes in CO,-Saturated 0.1 M
KHCO3 (pH = 6.8) [20].

Electrod Potential vs. SHE  Current density Faradaic efficiency, %
cctrode ’ 2 B
¥ mA ¢m CH, CHy EtOH"  PrOH® co HCOO" Ha Total

Pb -1.63 5.0 0.0 0.0 0.0 0.0 0.0 974 50 102.4
Hg -1.51 0.5 0.0 0.0 0.0 0.0 0.0 99.5 0.0 99.5
Tl -1.60 5.0 0.0 0.0 0.0 0.0 0.0 95.1 6.2 101.3
In ~1.55 5.0 0.0 0.0 0.0 0.0 2.1 949 33 100.3
Sn ~1.48 5.0 0.0 0.0 0.0 0.0 7.1 88.4 4.6 100.1
Cd ~-1.63 5.0 1.3 0.0 0.0 0.0 13.9 784 94 103.0
Bif -1.56 12 - - - : : n
Au -1.14 5.0 0.0 0.0 0.0 0.0 87.1 0.7 10.2 98.0
Ag -1.37 5.0 0.0 0.0 0.0 0.0 81.5 0.8 124 94.6
Zn -1.54 5.0 0.0 0.0 0.0 0.0 79.4 6.1 9.9 954
Pd -1.20 5.0 29 0.0 0.0 0.0 28.3 28 26.2 60.2
Ga —1.24 5.0 0.0 0.0 0.0 0.0 23.2 0.0 79.0 102.0
Cu ~1.44 5.0 333 255 5.7 3.0 1.3 9.4 205 103.5
Ni -1.48 5.0 1.8 0.1 0.0 0.0 0.0 14 88.9 92 .4°
Fe -0.91 5.0 0.0 0.0 0.0 0.0 0.0 0.0 948 948
Pt -1.07 5.0 0.0 0.0 0.0 0.0 0.0 0.1 95.7 958
Ti —1.60 5.0 0.0 0.0 0.0 0.0 tr. 0.0 99.7 99.7

“ethanol; "n-propanol; ‘the data are taken from Hori et al” except Bi which is read from an illustration in a paper by Kunugi et al."’”; “the total

value contains C3H;OH(1.4%), CH;CHO(1.1%), C:HsCHO(2.3%) in addition to the tabulated substances; “the total value contains C;Hd 0.2%)

Metal electrode can be separated into four main groups. Sn, Hg, Pb are the
examples of the first metal group which provide formate with high selectivity. The
second metal group consists of Au, Ag, and Zn. They provide CO as a major product.
Cu is an only metal electrode which can provide the most product distribution. CO,
formate, hydrocabons (i.e., methane, ethylene), and some oxygenates (i.e., ethanol)
can be produced in CO2RR by using Cu catalytic electrode [5, 12, 20, 21, 24]. The
last metal group contains Pt, Fe, Ti, and Ni. They provide H as the main products. In
case of CO2RR, H» plays as a competitive product of other products. Therefore, the H»
group can be ignored and H> is not considered as a product in the CO2RR mechanism
pathway.

In addition to Table 3, Hori and his coworker [20] also classified these
metals in the periodic table by kinds of product distribution with different symbols
(CO, HCOOH, hydrocarbons, and H») as shown in Figure 4 [25]. Moreover, the CO>
reduction metal which is also classified by their binding energy of CO as presented in



Figure 5. Copper is a metal which has intermediate binding energy with CO causing
various products can be produced by copper electrocatalyst.
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Figure 4 Periodic table for CO; reduction products at -2.2V vs. SCE in low-temperature
0.05 mol dm= KHCO; solution [25].
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Figure 5 CO; reduction metal classification by their binding energy of CO [29].

The result of the electrode effect can be related to the mechanism pathway
of CO2RR. This mechanism pathway shows the pathway of electron and proton
transfer beginning from CO:> until turning to another product during reduction
reaction of COz. It can explain which intermediates are formed during each product
formation.

Some prior studies have been conducted to achieve the understanding of the
mechanism of CO2RR which depends on the setup and parameters employed in the
process. Among the CO2RR products, CO and formate formation require only two
electrons in CO2RR. This is a reason why a formation requires relatively low
overpotential. On the other hand, hydrocarbons, alcohols and other oxygenates are
found only at higher applied voltage. Electron transfer and intermediate specie
formation are important factors. Therefore, it is necessary to consider understanding
CO2RR mechanism. When CO. gains the first electron, it can be served as



intermediate specie (C O »"). Moreover, during electron and proton transfer, other
intermediates which adsorb on the surface are changing along the pathway. If CO "
gains only one more pair of proton and electron, formate will be formed as a product.
In addition to another important intermediate is CO". It can desorb from the catalytic
electrode surface providing CO as the product. On the other hand, it can still be on the
catalytic electrode surface for being further reduced to other products which requires
two more electrons. For this way, CO" can gain more electron to form new chemicals
and then desorb as the obtained products. This phenomenon is very influenced and
controlled by material types of the working electrodes (catalytic electrode).

In case of CO formation, Au, Ag, and Zn can bind with CO;" intermediate
but not reduce CO further. It can imply that their binding energy with CO of these
metals are weak. Therefore, CO is got rid of as a product easily [26]. For formate
formation, Sn, Pb, and In can bind with weakly with CO;" intermediate so, formate is
formed [27, 28]. In additions, hydrocarbons and oxygenates (i.e., alcohols) can be
produced by Cu because Cu can bind with CO2’ intermediate and can also reduce CO
further. A simple mechanism pathway of CO2RR are illustrated in Figure 6 [23].

H O

O - € - .
o C‘O Ha o0 .C. o OH H’C‘O Group 2:Sn, Pb, In

|

COT e Group 1: Au, Ag, Zn
. . _ 0 0
H O OH H'+e 8.1 * €CH, CoHy, )

i i — i Group 3: Cu

Figure 6 simple mechanism pathway of CO2RR [23].

Figure 5 illustrates the value of binding energy with CO of each metal [29].
These metals can also be separated into three groups similar as in the groups of metal
that shown in the mechanism pathway (Figure 6). Considering the CO binding energy
and mechanism pathway, these can conclude that copper is a unique metal because it
has the intermediate binding energy with CO compared to other metals such as Au,
Ag, Cd, Hg, and Fe. This is a reason why it can provide various products [11, 16, 20,
21,23, 30-34].

2.2) Copper electrode: possible products
Based on Cu catalytic electrode, Kendra and her coworkers discovered the-
state-of-art research in 2012. They presented that as much as 16 products can be



produced by using copper (Cu) catalytic electrode. Each product formation requires
different number of electrons. Moreover, each product requires different magnitude of
potential to form. Examples of CO2RR reaction are contained in Table 4 [19]. CO
and formate require only two electrons while other products require more than two
electrons up to 18 electrons for 1-proponal formation as presented in Figure 7 [16].

Table 4 Electrochemical potentials of possible CO; reduction reactions in aqueous solutions for the
production of different hydrocarbon fuels [19].

Possible half-reactions of electrochemical Electrode potentials
CO; reduction (V vs SHE) at pH 7
CO, (g) +e~ — *COO~ -1.90
CO, (g) + 2H* + 2e~ — HCOOH (I) ~0.61
CO, (g) + H,0 (l) + 26 — HCOO™ (aq) + OH~ ~0.43
CO; (g) +2H" +2e™ — CO (g) + H,0 (1) -0.53
CO, (g) + H,0 () + 2e” — CO (g) + 20H" -0.52
CO, (g) +4H* +2e” — HCHO (I) + H,0O (I) -0.48
CO, (g) + 3H,0 (I) + 4e- — HCHO (I) + 4OH" ~0.89
CO, (g) +6H" (I) + 6e” — CH;,0H () + H,0 (1) -0.38
CO; (g) + SH20 (l) + 6™ — CH3OH (l) + 60H" -0.81
CO, (g) +8H* +8e™ — CH, (g) + 2H,0 (I -0.24
CO, (g) +6H,0 (l) + 8¢~ — CH, (g) + 80OH~ -0.25
2CO, (g) + 12H* +12e™ — C,H, (g) +4H,0 (I) 0.06
2CO;, (g) + 8H,0 (I) + 12e” = C,H, (g) + 120H -0.34
2CO; (g) + 12H* + 12e™ — CH3CH,0H (1) + 3H,0 (1) 0.08
2CO, (g) + 9H,0 (I) + 12e™ — CH;CH,OH (I) + 120H" (l) -0.33

Currently, according to CO2RR products, CO and formate have been
studied a lot. Their selectivity can reach to approximately 100 percent by gold (Au)
and tin (Sn), respectively [30, 35]. Methane and ethylene are the main hydrocarbons
which can be produced with the acceptable selectivity. Moreover, ethanol and other
oxygenates can also be produced. Many researchers have developed the catalytic
performance of catalytic electrode to improve selectivity and activity of desirable
products. However, methanol (an alcohol consisting of only one atom of carbon)
should be produced easily. It is difficulty produced due to the complicated CO2RR
mechanism pathway of methanol formation. Therefore, electrode can affect to CO2RR
products and their mechanism pathway.
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Figure 7 Products of CO; reduction along with the number of electron requirement of
CO:2RR product formation [16].

For instance, there is a report of faradaic efficiency and current density of
16 products which were formed by using copper foil as a catalytic electrode in
CO2RR as illustrated in Figure 8 [16]. Products are divided into three groups: (1)
major products (H2, CO, formate, methane, and ethylene) (2) intermediate products
(ethanol, n-propanol, allyl alcohol) and (3) minor products (methanol, acetate,
acetone, aldehydes etc.). FE of major products was approximately up to 80 percent
while FE of intermediate products was less than or equal 10 percent. In case of minor
products, FE is very low with the 1 decimal point percent. However, it can imply that
if using more suitable material as a catalytic electrode, the FE of these minor products
may be higher. Therefore, the development of catalytic electrode is needed to enhance
their FE.
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Figure 8 (a) the faradaic efficiency and (b) Tafel plot of the partial current going to each
product produced by Cu catalyst [16].

2.3) Electrochemical reduction CO- to valuable chemicals (i.e., methanol)

To understand the production of some complex products of CO2RR
process. Methanol was selected as a desirably valuable chemical product due to its
wide range of applications, including direct use as a fuel for a fuel cell [36, 37].
Generally, methanol can be produced by many ways such as methanol formation from
natural gas or synthesis by CO> and Ha. In the present, Cu/ZnO/Al>Os is used as the
catalytic electrode to produce methanol in the commercial level [38]. According to
CO: reduction reaction (CO2RR), electrochemical process is an interesting method
that can also be used to produce methanol [39-46]. However, there are some
challenges of methanol production by this method. Methanol production require 6
electron transfer which is higher than of Hz, CO, and formate production [16]. The
equilibrium equation of methanol formation in CO2RR presents as follow,

CO, + 6H + 6e™ - CH30H(,q) + H,0 Methanol, MeOH

Due to more electron transfer, it is a result of more complicated mechanism
pathway of methanol production, including many intermediates. An example of
methanol pathway of Yang and his coworkers is shown in Figure 9 [47].
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Figure 9 mechanism pathway of methanol in COzRR [47].

A lot of studies have reported low current densities and/or low Faradaic
efficiency [30, 40]. There are many factors that can affects both mentioned criteria.
Electrode, electrolyte and other electrochemical factors such as temperature, pressure,
and pH value can affect to methanol yield and rate of formation. Material which is
used to be electrode is important to consider because different material electrodes
provide different products. Copper is outstanding to look forward to studying for
methanol production. Moreover, the development of copper electrode can improve
both selectivity and activity of methanol yield. Methanol has been reported as a
product of electrochemical reduction on a Cu2O surface [48-50]. However, for other
materials, Ru and Mo were also used as an electrode producing methanol in 1900’s
[51, 52]. Other novel materials such as Pt@Adenine-rGO [39], Boron-doped diamond
[43], Pulse-deposited Zn catalytic electrode on Ag foams (PD-Zn/Ag foam)[40] and
MoS2-rods/TiO2 nanotubes heterojunction electrodes were studied in previous
works.

2.4) Catalytic electrode development

However, studying the developing method of selectivity and activity
enhancement of other products is necessary to obtain the direction of methanol
formation development. CO and formate are two products that can provide selectivity
as high as nearly 100 percent with acceptable reaction rate. Moreover, methane,
ethylene, and ethanol yields have also been developed. These higher yields were
caused by using more suitable catalytic electrode. Therefore, studying the catalytic
property of these electrodes and relating to their product yield enhancement may
pursue the understanding of product formation mechanism and effect of electrode
development. According to the previous studies, there were Cu-based alloys studied
by Hirunsit [53]. She used DFT method to estimate CO2 reduction to CHs with
CusAg, CusAu (211) compared to Cu (211) in 2013. CuSn catalytic electrode is a
non-noble metal which is not only low-cost material but also having selectivity of CO
in the wide overvoltage ranges [35]. CO selectivity increase in as a function of
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overvoltages. Moreover, oxide-derived copper or OD-Cu sample in this research
provide CO, H: selectivity as a volcano trend while HCOOH is increasing in
monotonic trend with increasing overvoltages. In additions, methanol is also found,
but very small amount. There are some previous studies consider the catalytic
selectivity of Culn [54, 55]. This kind of catalytic electrode also produces CO;
however, its stability is less than CuSn system. In case of CuPd [56], it is an effective
catalytic electrode for CO formation from CO. with effective cost than Au catalytic
electrode. CuPd also keeps geometric and electronic effect influenced by bimetallic
synergistic effect.

Besides, there are other bimetallic catalytic electrodes studied in previous
research. For example, in 2015, Pd-Pt system was also studied by Koper [57]. He
reviewed the synthesis of PdxPtuoo-x)/C nanoparticles producing formate as a major
product. Although, CO may poison to the catalytic electrode, formic acid was
generated with optimize ratio composition. To develop the catalytic electrode, this
research varied the compositions to achieve formate formation at low overvoltage
with high faradaic efficiency and stability. PdzoPt30/C nanoparticles can provide
reaching the maximum 90% FE of formate at overvoltage —0.4 V vs RHE in 1 hour.
He also claimed that this catalytic electrode has enough high potential activity as the
best formic formation from CO- catalytic electrode in the time.

2.5) Chemical composition development (kind of catalytic electrode)

Based on previous literatures, many researchers have provided a lot of
effort to enhance selectivity and activity of methanol. Varied kinds of catalytic
electrode have been developed. Some studies presented that Cu-based catalytic
electrodes were practical for methanol formation depending on catalytic electrode
preparation method, especially Cu-oxide catalytic electrode. Table 5 lists the previous
studies using Cu-based electrode. This table shows the overpotential, faradaic
efficiency, rate of reaction and lifetime of each electrode.

Copper oxide electrode is an interesting candidate. It can be fabricated by
the simple method. Thermal oxidation and electrodeposition are two main methods
which generally used to fabricate the copper oxide electrode. The chemical
composition of copper oxide electrode is changed, so its catalytic performance will be
differentiated from the metallic copper such as copper foil. Some previous studies
showed that Cu-based electrode can be developed to the optimal catalytic electrode
for methanol formation. Similarly, this also relate to the unique catalytic property of
copper as mentioned previously in this section.
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Table 5 Cu-based electrode for methanol formation in CO2RR.

Electrode E (V vs. SCE) FE Rate (E-6 | Stability Ref.
(%) | mol.m2.s?) (hr)

Cu-based electrodes
Pre-oxidized Cu-TiO,

(45 min., 500 2C) -0.45 30 333 - Frese 1991
Cu,0 carbon paper -1.3 (Ag/AgCl)  45.7 60.8
Albo 2015

CNErD e 1.3 (Ag/AgCl) 177 31.7 5
paper

. 17.6 (44.47 Schizodimou
CuggSngPh, alloy foil -0.7 36.3 umol-h-1) 2012
30% Cu,0-MWCNTs -0.8 (Ag/AgCl) 38 Malik 2016
Electroplated Cu,0 -1.05 (Ag/AgCl) 38 119
Anodized Cu foil -1.35 (Ag/AgCl) 20 5.6 Ren 2011
Air-furnace oxidized Cu ~ -1.45 (Ag/AgCl) 2 0.3
Cu on CNTs -1.5 3.9 Rahman 2014
copper selenide 285 mv 77.6 Han 2019

nanocatalysts

Methanol has been produced as a product of electrochemical reduction on a
Cu-oxide surface. For a good example studied by Ren and his coworkers in 2011 [44],
copper electrode were developed as electrodeposited, anodized and oxidized copper
catalytic electrodes for using in their research. Methanol production rate of them is
shown in Figure 10. The electrodeposited copper catalytic electrode provides the
highest rate of methanol formation followed by anodized and oxidized copper,
respectively. Moreover, FE of methanol which produced by the electrodeposited,
anodized and oxidized copper catalytic electrodes were 38, 20, and 2 percent,
respectively.
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¢ Oxidized Cu
. » Anodized Cu
5] o -
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Figure 10 Methanol production rate of electrodeposited, oxidized, and anodized Cu catalysts.
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Moreover, a work of Minh and his coworker showed that form of copper
(i.e. Cu° Cu*, Cu?") also gave an impact on methanol formation. Cu-oxide surface
provides much higher activity for hydrocarbons. Generally, copper is easily
contaminated with organic compound due to its high affinity for absorbed O,. Oxygen
on Cu-oxide can increase number of defect electron and CO. can be absorbed on the
catalytic electrode surface. Cu-oxide reduction reactions and their standard electrode
potential (E°) are presented in Table 6 [58].

Table 6 Cu-oxide reduction reactions and their standard electrode potential (E®) [59].

Equation no. Cu-oxide reduction reaction Standard electrode potential, E°
1 Cu,0+2H +2¢ = 2Cu+Hy0 E,=0.471 V vs. SHE
5 CuO +2H" +2¢” =2 Cu+ H,0 E,=0.570 V vs. SHE
3 2CuO +2H" + 2¢™ & Cu,0 + H,0 E,=0.669 V vs. SHE

According E° value of Cu-oxide in Table 6, the E° value of Cu(Il)oxide or
CuO reduction to metallic Cu (Cu®) in equation 2 is more positive than of Cu(l)oxide
or Cuz0 reduction to metallic Cu (Cu®) in equation 1. This means that Cu(Il)oxide is
more reactive to form Cu® than Cu(l)oxide. Moreover, Cu(ll)oxide can also be
reduced to Cu(l)oxide at higher E° value than both equation 1 and 2. It can imply that
Cu(l) is a Cu form that has more stability than of Cu(ll) of Cu-oxide. Therefore, it
should be selected to develop further in methanol formation. Moreover, heat
absorption of CO on Cu20O is more than CO on metallic Cu, Cu2O site is more
favorable to the adsorption of CO than Cu-site. Therefore, the controlling Cu(l) is
very important to selectivity of methanol. As a result, surface development actually
affects catalytic performance.

On the other hands, other kinds of materials such as Mo-based, TiO2 and
GaAs electrode also provided good range of selectivity and activity but these
developed electrodes were not practical to be used as catalytic electrode due to their
complicated preparation method (i.e. indigo, organically doped metal) as presented in
Table 7. For example, Molybdenum (Mo) was studied in some research. It found that
Mo can produce methanol, but it can also be corroded during CO2RR. Some materials
can provide methanol, but their sample fabrication was complicated.
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Table 7 Other kinds of developed electrode for methanol formation in CO2RR.

Ru/Mo-based electrodes

Mo foil-Cu (KOH/HF pre-treated) -0.80 84 - - Summers 1986
Ru0,+TiO, (35/65)-Ti -1.48 76 - - Bandi 1990
Mo foil on Cu wire -0.80 55 = Summers 1986
Mo -0.68 46 Frese 1986

Other transition metal: Fe, Ti and Hg
Everitt's salt (ES, K2Fe"[Fe"(CN)6])

coated-Pt -0.90 15.5 5 Ogura 1986
Indigo (C,5H1oN>0,)/ graphite-Pt -0.70 70.2-37.2 0.69-0.42 2-9 Ogura 1987
Indigo/ graphite-Fe -0.70 42.8 1.08 5 Ogura 1987

Post-transition Ga- based electrodes
n-GaAs-crystal-(111)As -1.20to -1.40 100 Canfield 1983
Pt metal group metal- based electrodes
Pt-Ru/C powder deposited-carbon

ST -0.45 75 ~186 1 Shironita 2013
Pd-O-Sn interfacesin Pd/SnO, NSs 34 8 Zheng 2018
Novel materials

Pt@Adenine-rGO -0.3 (Ag/AgCl) 85 Alinajafi 2018
Pyrite-nickel sulfide nanocomposite -0.6 (RHE) 64 Zhao 2017
Organically doped Pd -0.6 (SCE) 35 Yang 2015
Boron-doped diamond -1.3 (Ag/AgCl) 24.3 Jiwanti 2016
Metal deposited on metal foam

e
Pulse-deposited Zn catalyst on Ag 13.3 umole /

-1.38 (RHE) 7.5-8.1 8 Yeo 2018

foams (PD-Zn/Ag foam)
TiO, electrodes
TiO, Nanotube -0.56 (RHE) 85.8 2 Ping 2017

MoS,-rods/TiO, nanotubes
heterojunction electrodes

hr. cm?

42 6 Li 2014

In addition to kind of catalytic electrode or chemical composition
development of metal-based catalytic electrode (i.e., copper oxide), structure of
electrode can also affect catalytic performance. Therefore, structural study is
necessary to enhance the methanol yield. Due to the limitation of catalytic electrode
improvement for enhancing methanol vyield, studying the -catalytic electrode
development method from other major products such as CO, formate, and other
hydrocarbons can facilitate to be as a guideline for catalytic electrode development for
methanol formation.

According to copper oxide fabrication by electrochemical oxidation [59],
Copper is used as an anode part of the electrical circuit in the electrochemical process.
After anodization process, the uniform anodic Cu-oxide will be formed on the metal
surface as shown in Figure 11(b). Similarly, there are two oxides forms namely
cuprous oxide (Cu20) and cupric oxide (CuQ) as well as their mixtures in various
phases such as copper-rich oxide (CusOz3) [60]. In this study, there are three Cu-oxide
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electrodes are fabricated for both comparing with previous study and developing new
Cu-oxide catalytic electrodes. The first electrode is fabricated following the selected
paper to be as reference [44]. The second electrode is a Cu-oxide with the acceptable
performance. And the last electrode is the second Cu-oxide with optimize
electrochemical parameters (such as potential and concentration of electrolyte etc.) for
being a developed Cu-oxide that can provide higher performance. Moreover, the most
proper condition will be studied more by varying with time to obtain the direction of
the effect of time to catalytic electrode development.
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Figure 11 Oxide formation on Cu surface by (a) thermal oxidation (heating) and
(b) electrochemical oxidation (anodization).

According to previous studies, copper oxide is generally formed by thermal
oxidation of Cu [61-63]. The range of temperature which is used in thermal oxidation
is 200-900°C. Castrejon and his coworkers presented that temperature below 400°C
can caused a thin layer of Cu oxide [61]. For 400-700°C, the Cu oxide layer will be
fragile but thermal oxidation at 800-900°C can improve the crystallization of Cu20
and CuO. Moreover, CuO growth rate is less than of Cu.O layer. Moreover, some
research suggested that there are three Cu-oxide layer structures; Cu.O, CuO and
oxygen-rich Cu layer [64]. As mentioned, the occurrence of Cu oxide layer is
depended on the processing parameter such as temperature and time of thermal
oxidation.

2.6) Structural development

High efficiency, selectivity and cost-effective are required for being a
suitable catalytic electrode. Plenty of previous studies making research and
development with structure as an initial priority. Crystallographic orientation of metal
used as catalytic electrode, more surface areas, and porosities of catalytic electrodes
can provide more activity and selectivity of product formation form CO: reduction.
Furthermore, product selectivity is dependent on sizes, expose facets, compositions,
and morphologies. Suitable structure can increase product selectivity because of the
increasing active site on the catalytic electrode surface. Kim and Liu presented that
Ag catalytic electrode structure improvement effect on CO selectivity [65]. Reske
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showed on his report that hydrocarbon selectivity decrease with increasing size of Cu
nanoparticles [66]. Structurally designed metal can be divided in 3 main
characteristics: (1) Crystallographic texture (2) Nanoparticles and (3) Porous structure
of metal which used as catalytic electrode. Both of Nano and Porous structure can
increase over 3 order of magnitude higher activity than the of the bulk structure
because of increasing in step site density [67]. Therefore, this study will focus on
nano and porous structure as structural development.

2.6.1) Crystallographic Texture

Surface morphology is considered as an important factor impacting both
activity and product selectivity of CO2 reduction because they are strongly depended
on surface structure [68]. In 1995, Hori initiated to study the effect of electrode
texture to the product selectivity as presented in many papers. Products from the
electrochemical reduction of CO> at Cu single crystal electrodes. He discovered that
C2Has was preferably formed on the Cu (100) electrode more than CH4, and CHa is the
main product on the Cu (111) surface as illustrated in Table 8 [69].

Table 8 Products from the electrochemical reduction of CO2 at Cu single crystal electrodes [64].

Electrode Potential (V) versus NHE Current efficiency (%)

CH, C,H, CO HCOO  MeCHO E©OH H, Total
Polycrystal —1.44 333 25.5 1.3 9.4 1.1 5.7 20.5 103.5
(100) —1.42 25.0 31.7 0.0 L] 1.9 9.8 233 96.9
(110) —1.55 49.5 15.1 0.0 6.6 3.1 7.4 18.8 100.4
(111) —1:56 389 4.7 0.0 4.8 0.0 0.9 56.5 105.7

Electrolyte solution: 0.1M KHCO,. Current density: 5.0 mA cm~2. Temperature: 18° C.

Table 9 Product distribution in the electrochemical reduction of CO; at a series of copper single crystal
electrodes Cu(S)- [n (111) x (111)] and Cu(S)- [n (110) x (100)] [65].

Crystal orientation n  Potential/V vs. SHE Current efficiency/% C-H4/CH4

CH, CH, CO H, MeD FEOH PD AIOH PrOH HCOOH CH,COOH C,+ Gastotal Total

n(111)-(111)

(11 o —1.55 463 8.3 64 163 21 26 0.6 0.7 0.0 11.5 15 158 610 96.3 0.2
(554) 10 —1.50 514 107 63 104 29 4.6 0.5 04 0.2 10.3 19 212 684 9.6 0.2
(332) 6 =151 39.6 9.9 6.1 103 51 71 0.2 03 0.2 94 34 262 556 91.6 03
221) 4 —154 175 16.1 96 73 64 13.1 Lo 0.0 0.1 10.8 6.3 430 432 882 09
(331) 3 -155 138 166 77 57 11 156 0.5 00 0.4 9.1 7.5 477 381 840 1.2
(110) 2 —1.58 69 135 139 31 199 105 L3 i 0.04 10.1 20.8 660 343 999 2.0
(110) 2 =158 84 151 1.7 34 253 10.8 0.9 0.0 0.0 10.5 17.8 699 352 1039 L8
n(110)-(100)

(650) 6 =159 105 162 145 25 162 10.9 08 0.06 6.1 20.6 648 412 984 L5
(540) 5 —160 161 152 129 33 92 8.8 14 00 0.1 69 13.5 482 442 874 09
(430) 4 =156 252 150 129 35 74 8.1 Ls 03 0.4 9.7 8.6 413 531 926 0.6
(320) 3 =152 524 137 54 53 32 6.5 06 03 04 58 438 295 715 984 03
(210) 2 1352 640 134 22 70 09 6.6 06 02 0.5 55 0.7 229 796 101.6 0.2

Electrolyte solution: 0.1 M KHCOs, Current density: 5 mA cm ™2 MeD: Acetaldehyde, EtOH: Ethanol, PrD: Propionaldehyde, AIOH: Allyl alcohol, PrOH: Propanol. C»+ contains all the
substances, which have more than two carbon atoms. The gas total contains all the gaseous products other than H,. tr: less than 0.05%

Moreover, Table 9 shows the effect of crystal orientation (due to different
number of dangling bonds in each texture) on product distribution in the
electrochemical reduction of CO- at a series of copper single crystal electrodes Cu(S)-
[n (111) x (111)] and Cu(S)- [n (110) x (100)] [70].
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There are many methods to develop the surface structure such as PVD which
is used in the research group of Jaramillo’s laboratories. PVD can be used to form the
large-format electrodes with analogous electrocatalytic properties to single crystals
[68]. Relationships between structure and activity are proved that it can enhance the
activity and selectivity of electrocatalytic electrode. In 2016, Broekmann studied CO-
reduction on single-crystalline Cu catalytic electrodes [71]. C> products (C2H4, C2He)
can be predominantly formed on Cu (100) surface texture while C1 product (CO and
CHy) preferred to be generated as a hydrocarbon reaction product on Cu (111) surface
inside of mesoporous with his superior selectivity foam catalytic electrode. These
results were consistent with the previously mentioned Hori’s work in 1995 [69].
Moreover, the formation of abundant of grain boundary with a lot of active sites
including the preferable facets such as (100) and (111) caused the higher activity and
increasing the product selectivity [72]. This can lead to reconstruct of surface facets.
Additional experiment is a work of Kanan that shown in Figure 12 [73]. which
consisted of (A) bulk electrolysis with two-compartment H-cell and (B) scanning
electrochemical cell microscopy (SECCM) used to test the local electrocatalytic
activity across GBs. The result confirmed that catalytic activity was depended on the
facets, but there was no correlation with the evolution activity of hydrogen.

A B 57

potentiostat boun%ry
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Figure 12 Two approaches for electrochemical characterization of defect effects on CO; reduction.
(A) Bulk electrolysis of a well-defined polycrystalline Au electrode within a glass, two-compartment
H cell. (B) SECCM using a ~300-nm nanopipette electrochemical cell [68]

According to Pussana’s work in 2017, Table 10 [2 4 ] shows the onset
potentials (V vs RHE) and corresponding partial current densities for various CO2RR
products on Cu.O-derived Cu was compared to the Cu single-crystal electrodes
consisting of Cu (100), Cu (111), and Cu (110) in CO; saturated 0.1 M KHCOs3
electrolyte. This research reported two general trends on Cu2O-derived Cu and Cu
single-crystal surfaces. The first trend is the onset potential for CoHs formation always
starts at 300-400 mV more negative than the onset potential for CO evolution. The
second trend is CoHs was formed only after a significant amount of CO gas was
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produced. It can be concluded that a high surface coverage of CO* is essential for the
selective formation of CoH4 of Cu-based systems. Moreover, Noskov’s work in 2012
[74] also showed that facets affected to the product selectivity including the
complicated reaction mechanism.

Table 10 Onset Potentials (V vs RHE) and corresponding partial current densities for various CO2RR
Products on Cu,O-derived Cu was compared to the Cu single-crystal electrodes consisting of Cu (100),
Cu (111), and Cu (110) in CO; in the saturated 0.1 M KHCOg electrolyte [24].

catalyst co CH, HCOO™ CH,
CusO-derived C -028V —-0.63V —-048 V —0.88V
-derlved Lu -13 ,uA/cmz —13 pA/em? -27 yA/cml —26 ,uA/cmz
=030V -0.70 V -0.70 V —085V
Cu(100) 2 2 2 2
—0.8 pA/cm —13 pA/cm —34 pyA/cm —19 pA/em’
—0.60 V -090V —-0.65V —-090V
Cu(111) , oV Vo oV
—0.9 yA/em —6 uA/cm —26 pyA/cm -3 pA/em
—-0.50V —-0.80V —0.60 V —090V
Cu(110) 5 5 N N
—1.4 pA/cny —4 pA/cm —39 uA/cm —13 pA/em’

2.6.2) Nanoparticles (nano)

Nanoparticle method strongly increases the large electrochemical surface
area of material compared with polycrystalline catalytic electrode. It can lead to
provide the higher activity catalytic electrode because of the greater stabilization of
intermediates. As a result, CO2 conversion will require less overpotential to overcome
the thermodynamic barrier. An example of schematic diagram of a nanostructure
characteristic as presented in Figure 13 [75]. There are varied types of nanostructures
(i.e., nanotubes, nanoparticles, nanowires, and nanoneedles etc.) which used to
develop the catalytic electrode of CO> reduction.

Figure 13 A schematic diagram of a nanostructure characteristic [70].

There are a lot of researches studied about the effect of nanomaterial based
on Cu metal [76]. For example, Noskov presented the effect of nanostructure by
comparing the product selectivity among electropolished surface, nanoparticle-
covered surface, and sputtered surface with Cu electrode in 2002. The nanoparticle-
covered surface catalytic electrode is predominant in C2Hsand CO as shown in Figure
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14 [74]. CO2 conversion rate per unit area is approximately 10 times higher on Ag
nanoparticles than the single crystal catalytic electrode in Amin and his coworkers’
study [77]. Rosen also studied the effect of nanostructure Ag catalytic electrode which
both of experiment and computation methods [67]. This pointed that nanostructure Ag
catalytic electrode provided CO selectivity as high as 92%FE. Au nanoparticle also
effect to the productivity of CO [33].
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Figure 14 Faradaic efficiency for the products of electroreduction of CO; on three surfaces in CO»-
saturated 0.1 M KCIO, upon -1.1 V vs. RHE, including Sample A (electropolished surface), Sample B
(copper nanoparticle-covered surface) and Sample C (sputtered surface) [69].

However, product selectivity is also depended on the different kinds of
nanomaterials. For example, Nanowires and nanoneedles structure may give the
different main product. This was supported by Xie’s work in 2015, he discovered that
CoHs was a favorable product of nanowires structure while CH4 was produced more
than C>H4 of nanoneedles structure of Cu electrode as shown in Figure 16 [17]. The
highest %FE of C>Hs which caused by NWs is at -1.3 V, on the other hand, the
highest %FE of CHs which generated by NNs is at -1.2 V. At these overpotentials,
%FE of hydrogen keeps in the low range because of the product competition. SEM
images of nanowires and nanoneedles Cu-oxide electrodes are presented in Figure 15.

According to many reviews, not only monolithic but also bimetallic
catalytic electrode have been improved into nanoscale technique such as nanoparticle
as well as nanotube approximately 2012-present. Some research focused on the
electron efficiency, rate of product generation and product distribution of bimetallic
catalytic electrode. Steven and his coworkers claimed that their AuCu nanotube
catalytic electrode is as a state-of-the-art material in that time (2016) [78].
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Researchers supported that the nanoparticle (NPs) can overcome the drawbacks of
single-component materials [79]. Moreover, different kinds of catalytic electrode
support of Au nanoparticle effect to the selectivity of CO selectivity [80].
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Figure 15 SEM image of the Cu oxide Figure 16 Comparison of the CO; reduction
nanomaterials. (a) belonged to Cu activities on Cu NWs and NNs in the
oxide NWs (b) belonged to Cu oxide solution of 0.1 molL* KHCO3 at 10°C. (a)
NNs [17]. FEs for CH4 and C;H, (b) FEs for H, and

HCOOH [17].

2.6.3) Porous Structure

Mesoporous structure or 3D open-porous catalytic electrode structure has
widely been studied for improving the catalytic activity and selectivity because of
high gas permeability, good mechanical strength, and low density. In additions,
CO2RR can provide higher current density at low overpotential by using improved 3D
structure catalytic electrode as an electrode compared to smooth electrode [72].
Porous foam or honeycomb-like structure can be formed by fast electrodeposition
with hydrogen bubbles including control the deposition parameters such as deposition
temperature, pH value, and current density. High current density provide the smaller
average grain size and lattice constant but high deposition temperature promotes to
get the higher grain size than the lower one as shown in Figure 17 [81]. These
mentioned electrodeposition factors can affect to the morphology and microstructures
(dendrite branch size and grain size) of catalytic electrode. That can also affect to the
physical property of catalytic electrode.
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Figure 17 The effect of electrodeposition factors; (a) current density (b) deposition
temperature on the average grain size [76].

Porous structure can increase gas dynamics diffusion as a result of increasing
CO- concentration at the catalytic electrode because of more active sites. A lot of
research has shown that high porosity, large surface area per unit volume structure can
enhance the electrocatalytic activity and product selectivity [56, 71, 82, 83].
Monolithic foam (one type of metal i.e., Cu) and bimetallic foam (two types of metal
i.e., Cu/Pd) are attractively used as catalytic electrode due to their high porosity and
low-cost material. Uniform porous is not suitable for CO. conversion because the
small porous near the top may limit the transport of the elective ions. Pore size and
wall structure of catalytic electrode can be controlled by deposition conditions. In
2017, there were two interesting papers explained about the 3D-porous metal foam
electrode. Nam studied the role of morphology based on the three different size
(width/depth) of Cu porous foams, 300 nm/40 nm, 30 nm/40 nm and 30 nm/70 nm
electrodes as illustrated in Figure 18 [31]. The result showed that CoH4 preferred to be
generated by 30 nm/40 nm electrode while CoHe was generated with the increasing
pore depth as the 30 nm/70 nm electrode. 300 nm/40 nm electrode provided more
%FE of hydrogen than the two electrodes.

a8 Anodized
aluminum oxide

Cu deposition Transfer of Cu mesh
onto stainless steel

Figure 18 (a) Scheme for preparing of Cu mesoporous electrodes synthesis and SEM images of Cu
electrodes mesopores with (b) 30 nm width/40 nm depth (30 nm/40 nm), (c) 30 nm width/70
nm depth (30 nm/70 nm), and (d) 300 nm width/40 nm depth (300 nm/40 nm) [31].
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Rose compared the %FE of CO of Ag foam by varying the deposition
durations for 30, 60 and 90 seconds to the Ag foil [84]. In this case, 60 seconds was
the best deposition duration reflected by the increase %FE of CO and current density.
Less deposition time caused the pore on the surface of electrode is small compared to
Ag foam at 60 s. on the other hand, the vigorous hydrogen bubble comprising induced
non-homogeneous due to too much deposition time.

Moreover, there is another interesting work of Brown university, Sen and
his coworker developed the Cu electrode by nanoparticle and porous structure method
as a hierarchical structure catalytic electrode in order to enhance the FE of
hydrocarbons (i.e., methane, ethylene, propene). This research selected
electrodeposition method for fabricating the electrodeposited copper with varying
deposition time for (a) 5s; (b) 10s; (c) 15s; (d) 30s; and (e) 60s, moreover, (f)
nanostructure of the electrodeposited foams as presented in Figure 19 [32].

100 ym

Figure 19 Electrodeposited copper form with varied deposition time for (a) 5s; (b) 10s; (c) 15s;
(d) 30s; and (e) 60s, moreover, (f) nanostructure of the electrodeposited foams [32].

Figure 20 [32] illustrates the current density of smooth Cu and Cu foam
electrode at different electrolyte concentration range. This result reported that copper
foam provided higher current density than smooth copper. Especially, trend of current
density at higher electrolyte concentration is clearer than at lower concentration. This
could imply that their catalytic activity is increasing due to porous structure.
Moreover, FE result also showed that selectivity of CO, formate, and hydrocarbons
could be improved because of higher mass and charge transportation. This kind of
catalytic electrode is promising for scaling CO2 reduction up with the reasonable cost.
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Figure 20 Current density of smooth copper (red line) and copper foam (black and blue lines)

plotted as a function of electrolyte concentration, where the electrolyte was KHCO3 saturated
with CO- and the step potential was —1.8 V [32].

In addition to experimental results, it has also theoretically confirmed by
DFT calculations that active sites play the important role in CO; reduction process of
Pd-Cu [56], Cu, Cu-Ag, and Cu-Au [53]. Both of Nano and Porous structure can
increase over 3 order of magnitude higher activity than the of the bulk structure
because of increasing in step site density [67]. Therefore, this study will focus on
nano and porous structure as structural development.

Some researchers supported that surface area and fluid permeability are two
key properties of porous metals [85]. Fabricated hierarchical porous copper consists
of micro-pores (200-450 pm) and nano-pores (200-600 nm). Shin suggested that
lowering hydrophobic force of hydrogen generation can reduce the pore size as well
as increase of porosity [83]. If hydrophobic force is more than hydrodynamic force,
hydrogen bubbles will coalescence together getting a larger hole. Additives such as
acetic acid (< 0.1M) can be used as bubble-stabilizer because it is no metallic ion.
Polyethylene glycol: PEG (< 0.36 g/L) can also be used to reduce pore size [86].
Moreover, branch size in the foam can be reduced by addition of chloride ion. For
instance, 1-50 mM HCI can reduce branch size from 300 nm to 50 nm [83]. Increase
in copper salt can enhance the copper deposition rate but not significant for pore size
and wall density of foam structure. Chloride ion can eliminate the stress and reduce
the particles of the process. Deposition reaction can be accelerated by adding chloride
ion causing more copper film with highly open porous nanostructured wall due to
ramification and catalytic effect of chloride ion.

2.6.4) Pulse electrodeposition of porous fabrication

Pulse electrodeposition is another method to produce the denser porous
copper compared to direct current deposition. Three main factors are (1) pulse current,
(2) pulse on time, and (3) pulse off time. Different pore size, porosity, including
hardness of porous structure depend on pulse frequency, duty cycle, applied current
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density or overpotential [86, 87]. For example, increase of hydrogen evolution due to
higher current density cause getting higher surface area of electrode but lower
adhesion and compactness. This issue can be treated by addition of additives. Effect
of pulse on time can be considered by the pause to pulse ratio. Increasing pause to
pulse ratio cause decrease of hydrogen evolution, increasing copper deposition
providing a dish-like holes structure. On the other hand, longer deposition pulse
providing more saturated solution cause the larger formation of hydrogen bubbles.
Longer pulse off time causes the lower hardness due to grain growth or
recrystallization. Moreover, increase of electrolysis time cause coalescence of
hydrogen bubbles providing larger pore size. Pulse electrodeposition can save energy,
increase specific surface area, and improve the deposit structural stability. Nikolic
[87] suggested the relationship of pulse ratio and structure of porous copper that the
honeycomb-like structure was formed by electrodeposited at the constant current
density. There is non-coalescence hole (individual hole formed by attached hydrogen
bubbles), coalescence hole (coalescence of closely formed hydrogen bubble), and
cauliflower-like agglomerates (very disperse and consisted of small agglomerates of
copper grains) in the pulse electrodeposited porous structure. The longer deposition
pulse cause solution become more saturated, and the larger number of hydrogen
bubbles formation. On the other hand, the shorter deposition pulses, the small number
of hydrogen bubbles is formed at the electrode surface as in the initial stage of
electrodeposition process. The shape, size and number of holes strongly depended on
the length of pulse on time. With high pulse on time, the structure consists of both
coalescence and non-coalescence holes. With lower pulse on time, the structure tends
to have only non-coalescence holes, dish-like holes, and constructing the honeycomb
—like structure as shown in Figure 21.

(a)

Figure 21 Structure of pulse electrodeposited porous copper: (a) Honeycomb-like structure, (b) Non
coalescence hole, (c) Coalescence hole, and (d) Cauliflower-like agglomerates [87].

There are three main advantages of pulse electrodeposition compared to the
direct current electrodeposition consisting of (1) reduction of porosity (reduction of
surface roughness), (2) fine-grained deposits, and (3) low electrical resistance.
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3. Scope of experiments

Copper was selected as a main metal-based catalyst in this work because
copper has the intermediate binding energy between *CO intermediate and the
surface. The *CO intermediate can be absorbed and further reduced to product which
requiring more than 2 electron transfer for formation. Copper-based catalyst can
provide higher product distribution than of other metals, but products are formed with
low activity and faradaic efficiency. Therefore, it is an interesting challenge to
develop it to get the better catalyst from copper metal. The goal of catalytic electrode
fabrication in this work is to study the relationship between processing parameters in
fabrication process for enhancing the catalytic property of copper-based catalytic
electrode in order to maximize the yield of valuable chemicals by increasing
selectivity and activity with minimal energy input. At the present, faradaic efficiency
of CO and formate are as high as approximately 100% by using Au and Sn as
catalytic electrode, respectively. On the other hand, copper is under investigated for
valuable chemicals formation due to its moderate binding energy with CO
intermediate. Moreover, among metal which are used as catalytic electrode in CO2RR,
copper is the only metal that can provide hydrocarbons but not for acceptable valuable
chemicals yield. Copper oxide is an interesting candidate for valuable chemicals
formation due to more performance of copper oxide surface. Moreover,
Cu (I) tend to have more potential than Cu(ll) and Cu® as suggested by previous
studies.

Challenges of this study are (1) how to stabilize CO* intermediate during
CO2RR and (2) how to increase selectivity and activity of valuable chemicals
formation. Since CO* intermediate plays an important role affecting to product
distribution. From these challenges, there are some possible solutions consisting of
changing chemical composition or structure of copper catalytic electrode, selecting
the suitable form of copper, and stabilizing it and developing the physical form of
copper catalytic electrode by the proper preparation method.

The studies are divided into 3 Sections that focus on different electrodes’
fabrication and surface modification processes, as follows:

3.1) Sample fabrication
Sectionl: Electrodeposited porous copper electrocatalysts
Since, increase of catalytic electrode surface area may be the possible

solutions. Previous studies tend to enhance the reaction rate by increasing surface area
of catalyst. Moreover, electrolyte concentration can affect to the porous structure of
catalytic electrode while applied current, deposition time, deposition method also
affects to pore size and pore characteristic.

1.1)  Constant-current electrodeposition

Differentiation of copper metal deposition and porous copper fabrication is
that higher concentration of H.SO4 and higher current density was used to fabricate
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porous copper. High amount of H.SO4 enhance the hydrogen bubbles generation rate
while high current density provides high energy for deposition.

This work focus on the effect of electrodeposition parameters consisting of
deposition time, current density, and bath composition influencing on porous
fabrication performance. The CuSO4 and H2SO4 concentrations of bath composition,
current density (2, 3, and 3.5 A/cm?) and deposition time (20, 40, and 60 s) w ere
assorted to study the pore characteristics, morphology, and their electrocatalyst
performance for CO2RR. All constant-current porous coppers were fabricated at
Metallurgy and Materials Science Research Institute (MMRI), Chulalongkorn
University. The porous B-3-40 was fabricated for CO.RR experiment at 2
laboratories: (1) Chemical Engineering, Chulalongkorn University and (2) Nanotec,
NSTDA to compare the setup and the obtained result, moreover, to alternative study
about the electrochemical property of the fabricated porous B-3-40. The surface area
of copper foil substrate was different size because of the limitation of reactor type.
The surface area of copper foil substrate which used as electrocatalyst in H-cell at
Chemical Engineering, Chulalongkorn University was 2.5 x 2.5 cm? whereas the
surface area of copper foil substrate which used as electrocatalyst in Flat-cell at
Nanotec, NSTDA was 4.2 X 2.2 cm?,

1.2)  Pulse electrodeposition

Pulse electrodeposition was performed at Fraunhofer Institute for
Manufacturing  Engineering and  Automation  (Fraunhofer-Institut  flr
Produktionstechnik und Automatisierung: IPA), Stuttgart, Germany. For this work,
the pulsed electrodeposited porous coppers were fabricated to compare their porous
structure with constant current electrodeposition for being a guideline of next studies.
The four groups of pulse electrodeposited porous copper (PX-10) namely P1-10, P4-
10, P10-10 and P20-10 which fabricated by varying the pulse on time at 1, 4, 10, and
20 milliseconds, respectively. The pause off time, current density, and deposition time
were fixed at 10 milliseconds, 0.44 A/cm?, and 40 seconds, respectively.

Section 2: Thermally-oxidized copper electrocatalysts

Based on previous studies [61], the fabrication of copper can produce valuable
chemicals with higher selectivity than copper electrode. Copper oxide fabrication is
an interesting way (i.e., thermal oxidation and electrochemical oxidation). It is a
simple, cheap process that can provide copper oxide electrode. In this study, soaking
temperature is the variables of focus. Four temperatures consisting of 300, 500, 800,
and 1000°C were selected to represent the temperature range: low (less than 400°C),
moderate (400-700°C), and high (more than 700°C), respectively with fixed oxidation
time for 1 hour to study the effect of physical and chemical properties on catalytic
activity of copper catalytic electrodes. Such designed heat treatment protocols were
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applied onto high purity copper foil substrates. Oxidized copper electrodes namely
A300, A500, A800, and A1000 were fabricated by thermal oxidation in the furnace at
Metallurgy and Materials Science Research Institute (MMRI), Chulalongkorn
University.

Section 3: Copper oxide electrocatalysts thermally-induced from
electrodeposited porous copper

The developed electrodes in this section were the combination of the
representative conditions of surface development in section 1 (A-3-40, B-3-40, and C-
3-40) and chemical development in section 2 (A300). This section focuses on
studying the feasibility of the fabricated catalyst.

3.2) Sample Characterization and Analysis

The 2D-characteristics were demonstrated by 2D-morphology, apparent pore
size, and percentage of apparent porosity whereas the 3D-characteristics were
manifested by 3D-morphology, true surface area, pore distribution, and surface
roughness. Moreover, their chemical composition, including bulk composition and
surface composition were also analyzed. The 2D-surface morphology was observed
by the optical microscope (OM). Image J software was used for analyzing the
apparent pore size and apparent porosity. For in depth characteristics, the 3D-
morphology was also utilized by the scanning electron microscope (SEM). Brunauer-
Emmett-Teller (BET) and Barrett-Joyner-Halenda (BJH) were manipulated for
acquiring the true surface area and pore distribution. Moreover, surface roughness
was also measured by the 3D-profilier. In addition to the physical property, the bulk
and the surface composition were detected by energy dispersive X-Ray (EDX) and X-
ray photoelectron spectroscopy (XPS), respectively. All analysis method were
tabulated in Table 11.

Surface morphology and chemical composition were needed for all samples.
Copper and oxygen content affect the catalytic electrode property. The chemical
composition change of bulk and surface could be confirmed. On the other hand, pore
characteristic investigation was required for only porous copper (section 1) and the
thermally-induced copper oxides from porous copper (section 3).
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Sample Objective Technique Analysis Consequence
analysis
2D-surface Optical Image with 500X | 2D-Morphology
morphology | microscope (OM) | magnification
2D-pore Image J software | Pore diameter and | Apparent pore
characteristics percentage of size and
porosity apparent
Physical measurement porosity
property | 3D-surface Scanning Electron | Image with 3D-Morphology
morphology | Microscope 2000X, 5000X,
(SEM) 15,000X
magnifications
Brunauer- Isotherm plot of | True surface
3D-pore Emmett-Teller adsorption and area
characteristics | (BET) resorption, and
BET surface area
Barrett-Joyner- The correlation Pore
Halenda (BJH) between distribution
dV/dlog(W) Pore
Volume (cm3/g)
and Pore Width
(nm)
3D-profilier Value of Ra, Rz Surface
roughness
Energy dispersive | Atomic of %Cu, | Bulk
Chemical | Chemical X-Ray (EDX) %0, and %C composition
property | composition | X-ray Oxidation state of | Surface
photoelectron Cu (Cu0, Cu+, composition
spectroscopy and Cu2+) with
(XPS) with CASA | CASA software
software analysis

3.3) CO2RR Testing and Chemical Product Detection

After the sample fabrication, all samples were employed as the electrocatalyst
in CO2RR process for investigating their performance. The CO2RR experiment is
tested by two type of reactors (conventional H-cell and Flat cell). Sandwich (flat) cell
is a type of H-cell with shorter distance between working electrode and counter
electrode. Both type of reactors are composing of 3 electrodes: working electrode
(WE), counter electrode (CE), and reference electrode (RE). The conventional H-cell
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is made of glass but the flat cell is made of the teflon. The distance between WE and
CE of H-cell is approximately 6 cm but for flat cell is approximately 2 cm.

The CO2RR was run in the H-cell electrolyzer with three electrodes:
working electrode (WE), counter electrode (CE), and Ag/AgCl reference electrode
(RE). Copper foil and the fabricated samples were used as a working electrode in
catholytic part while platinum foil was used as a counter electrode in analytic part.
These two parts were separated by the proton-exchange membrane (PEM). Schematic

of CO2RR experiment is shown in Figure 22.

Jidsucha's H-cell design

CE:Anode (Pt)

co,

&= O, purgedin /

(Rate of €O, purging = 30 mi/min)

mmm) Gas product out

N

GC

U-shape tube
(contain molecular sieve
for absorbing moisture)

Figure 22 Schematic of CO2RR test.

The current density was acquired by the potentiostat. Subsequently, gas and
aqueous products of CO2RR process were detected by gas chromatography (GC) and
nuclear magnetic resonance (NMR), respectively. The schematics experiments,
including the CO2RR and product detection were shown in Figure 23.

Product detection

GAS CHROMATOGRAPHY

Rectifier and Potentiostat
— applied Voltage (<2V)

Reactor

Figure 23 the overview of operation consisting of (a) CO2RR and (b) product detection.
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4. Objectives

The Objective of this work are (1) for studying the relationship between
processing parameters of copper-based catalytic electrode both porous fabrication and
thermally oxidation processes and their performance for electrochemical conversion
of carbon dioxide to valuable chemicals and (2) to study the directions to develop
copper-based catalytic electrodes for electrochemical conversion of carbon dioxide to
valuable chemicals by controlling structure and chemistry of the copper electrodes'
surfaces.

5. Experimental
5.1) Sample Preparation procedure
Section 1: Electrodeposited porous copper electrocatalysts

1.1) Constant-current electrodeposition
Copper foil was used as pure smooth copper sample in appendix 1 whereas

nanostructured porous copper was represented copper catalytic electrode with
developed surface by electrochemical method in section 1. Since, bath composition
used in electrochemical process influence on the porous structure, the composition
ratio of the electrolyte was optimized for acquiring the desirable porous structure.
Electrodeposition of copper metal at cathode with higher concentration of H.SO4 in
H>SO4 and CuSOs electrolyte was generally used to fabricate porous copper by
applying constant current for a time. Copper metal was deposited on copper foil
substrate at cathode while hydrogen bubbles was also formed by reduction at the

cathode as shown in Figure 24.

H,S0, + CusO,

Figure 24 Constant-current electrodeposition.
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This method called “Dynamic hydrogen bubble template (DHBT)”. Hydrogen
formation create a model like a stack up of different size of hydrogen bubbles. More
distance from substrate, small bubbles will coalescence and become larger as shown
this schematic in Figure 25.

Figure 25 A stack up of different size of hydrogen bubbles which fabricated by
Dynamic hydrogen bubble template (DHBT).

Porous copper was fabricated on the copper foil surface by varying
composition ratio of CuSOs and H,SO4 with the controllable current density and
deposition time. Three groups of porous copper samples, to be named porous A, B,
and C, were fabricated by the process of copper electrodeposition on the high-purity
copper foils (0.1 mm thick, 99.9999% purity, Alfa Aesar) with a dimension of 2.5 cm
x 2.5 cm. The three groups differ from one another by the compositions of H2SOa,
CuSO4 and HCI in the plating solutions (300 ml). Concentration of H2SO4 was fixed
at 1.5M. The electrolyte B contains of twice as high CuSOs4 concentration as
electrolyte A whereas the HCI was added in electrolyte C in order to study effect of
CuSOg4 concentration and HCI addition, respectively. A standard setup of copper
electrodeposition was employed at room temperature (28°C). Prior to
electrodeposition, copper foil substrate was cleaned by propanol and acetone.
Subsequently, the surface of copper foil was also prepared by immersing in the 5%
H2SO4 for 10 seconds. The porous fabrication is a two-electrode process: cathode and
anode. Copper foil was used as cathode while the platinum mesh was used as anode.
The current was applied to the two-electrode electrochemical cell by the rectifier. For
each of the sample groups, the deposition was performed by varying applied current
density (2, 3, and 3.5 A/cm?), and deposition time (20, 40 and 60 s), resulting in 27
sub-sets of sample groups to consider the effect of current density and deposition time
via their apparent pore size and percentage of apparent porosity. Moreover, for in
depth study, this work focus on the representative of porous A, B, and C as A-3-40,
B-3-40, and C-3-40. Electrolyte A (1.5M H>SO4 and 0.2 CuSOs), electrolyte B (1.5M
H2S04 and 0.4 CuSOQas), and electrolyte C (1.5M H2SO04 and 0.4 CuSO4 + 0.05M HCI)
composition and other parameters of constant-current porous copper fabrication is
shown in Table 12. After deposition, samples were rinsed by DI water and dried.
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Table 12 Parameters of constant-current porous copper fabrication.

Parameters Details

Cathode Copper foil (0.1 mm thick, 99.9999% purity, Alfa
Aesar)

Anode Platinum mesh

Sample area (cm?)

25 x 25 = 6.25 (Chemical Engineering,
Chulalongkorn University)

4.2 x 2.2 =9.24 (Nanotec, NSTDA)

Current density (A/cm?)

3

Current (A)

6.25 x 3 = 1875 (Chemical Engineering,
Chulalongkorn University)

9.24 x 3 = 27.72 (Nanotec, NSTDA)

Deposition time (s)

40

Temperature (°C)

Room temperature (28)

Electrolyte composition

(A) 1.5M H2SO4and 0.2M CuSOsa

(B) 1.5M H2SO4and 0.4M CuSOs

(C) 1.5M H2SO4and 0.4M CuSOg4 + 0.05M HCI

1.2) Pulse Electrodeposition

This work focus on varying the pulse on time for pulse plating which can
affect to the porous structure and deposition density compared to the constant current
electroplating. Prior to deposit the pulsed electrodeposited samples, they were
prepared by alkaline degreasing at 60°C. Subsequently, they were treated by 20%
sulfuric acid and rinsed by DI water. Pulse electrodeposition was also a two-electrode
process: cathode and anode. The high-purity copper foils (0.1 mm thick, 99.9999%
purity, Alfa Aesar) was used as cathode with the same surface area as the constant-
current porous copper fabrication while the platinum mesh was used as anode. The
pulse electrodeposition set up was shown in Figure 26.
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Figure 26 The pulse electrodeposition set up: (a) with electrolyte (b)
copper foil cathode and platinum mesh anode.

The current was applied to the two-electrode electrochemical cell by the
pulse rectifier. The 800 ml of bath composition composing of 0.5M H2SO4and 0.15M
CuSO4 was used as electrolyte. The pulse electrodeposition was run at room
temperature (20°C). Pulse off time was fixed at 10 milliseconds whereas pulse on time
was varied as 1, 4, 10, and 20 milliseconds for P1-10, P4-10, P10-10, and P20-10,
respectively. Applied current was also fixed at 2.75 A to consider the effect of pulse
on time. Pulse electrodeposition parameters are shown in

Table 13 Parameters of pulse electrodeposited porous copper fabrication.
After deposition, samples were also rinsed by DI water and dried.

Table 13 Parameters of pulse electrodeposited porous copper fabrication.

Parameters Details
Cathode Copper foil (0.1 mm thick, 99.9999% purity, Alfa
Aesar)
Anode Platinum mesh
Sample area (cm?) 25%x25=6.25
Current density (A/cm?) 0.44
Current (A) 2.75
Deposition time (S) 40
Temperature (°C) Room temperature (20)
Electrolyte composition 0.5M H2S0O4and 0.15M CuSO4
Pause on time (ms) 1 for P1-10
4 for P4-10
10 for P10-10
20 for P20-10
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Pause off time (ms) 10

Section 2: Thermally-oxidized copper electrocatalysts
Smooth pure copper foil in appendix 1 was used as substrate for oxidized

copper fabrication. The surface of copper foils was pre-treated with dilute HCI and
consequently annealed in a furnace for 1 hour. The oxidizing temperatures of
investigation are 300, 500, 800, and 1000°C. The thermal oxidation set up is shown in
Figure 27 and the parameters of thermal oxidation are tabulated in the Table 14.

Figure 27 The thermal oxidation set up

Table 14 Parameters of thermally-induced copper oxides fabrication.

Parameters Details

Sample area (cm?) 25x%x25=6.25

Oxidation time (h) 1

Oxidation temperature (°C) 300 for A300
500 for A500
800 for A800
1000 for A1000

Section 3: Copper oxide electrocatalysts thermally-induced from
electrodeposited porous copper

Thermally-induced copper oxides from porous copper is an amalgamation of
fabricated porous copper (A-3-40, B-3-40, and C-3-40) and oxidized copper (A300).
The constant-current porous coppers were passing through the thermal oxidation at
300°C for 1 hour resulting of the thermally-induced copper oxides from porous copper
as shown in the Figure 28.
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Figure 28 thermally-induced copper oxides from porous copper fabrication by combination of
the best conditions of section 1 and section 2.

The thermally-induce

d copper oxides from porous copper set up is as of

section 1 and section 2. The parameters of the thermally-induced copper oxides from
porous copper are shown in the Table 15.

Table 15 Parameters of thermally-induced porous copper oxides fabrication.

Parameters

Details

Sample area (cm?)

25X25=6.25

Constant-current porous copp

er fabrication

Cathode

Copper foil (0.1 mm thick, 99.9999% purity, Alfa

Aesar)

Anode Platinum mesh
Current density (A/cm?) 3

Current (A) 6.25x0.44=18.75
Deposition time (s) 40

Temperature (°C)

Room temperature (28)

Electrolyte composition

(A) 1.5M H2SO4and 0.2M CuSOs

(B) 1.5M H2SO4and 0.4M CuSO4

(C) 1.5M H2SO4and 0.4M CuSO4 + 0.05M HCI

Thermally-induced copper ox

ides

Oxidation time (h)

1

Oxidation temperature (°C)

300

5.2) COz reduction reaction
After the sample fabri

cation, all samples were employed as the electrocatalyst

in CO2RR process for investigating their performance. The CO2RR was run in the H-
cell electrolyzer with three electrodes: working electrode (WE), counter electrode
(CE), and Ag/AgCI reference electrode (RE). Copper foil and the fabricated samples
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were used as a working electrode in catholytic part while platinum foil was used as a
counter electrode in analytic part. These two parts were separated by the proton-
exchange membrane (PEM). CO2RR setup at Chemical Engineering, Chulalongkorn
University and Nanotec, NSTDA are tabulated in Table 16 and Table 17, respectively.
Schematic of H-cell setup at Chemical Engineering, Chulalongkorn University and
flat-cell setup at Nanotec, NSTDA are shown in Figure 29 and Figure 30.

Table 16 CO;RR setup at Chemical Engineering, Chulalongkorn University.

Parameters

Details

Working electrode (WE)

Copper foil, fabricated electrocatalyst: Cu (EP)

Constant-current
(A-3-40, B-3-40, C-3-40)

porous copper

Thermally-induced copper oxides (A300)

Thermally-induced copper oxides from porous
copper (PAA300, PBA300, PCA300)

Counter electrode (CE)

Platinum foil

Reference electrode (RE) Ag/AgCI

Type of reactor H-cell electrolyzer
Proton-Exchange Membrane | Nafion 117

(PEM)

Sample area (cm?) 25%x25=6.25

Applied voltage (V vs. Ag/AgCl) | -1.3

Electrochemical method Chronoamperometry (CA)
Deposition time (min) 70

Temperature (°C)

Room temperature (28)

Electrolyte composition

CO> saturated in 0.1M KCHOs (for section 1
and section 3)

CO; saturated in 0.5M KCHOs (for section 2)

Rate of CO> purge (ml/min)

10

pH of electrolyte

6.8+0.2
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Figure 29 Schematic of CO2RR setup at Chemical Engineering, Chulalongkorn University.

Before CO2RR test, CO> gas was purged with 10 ml/min in to the 300 ml
electrolyte of the catholytic part. The pH value of saturated CO2/KHCO3z must be 6.8
+ 0.2. The 0.1 M KHCO3 was used in experiment of constant-current porous copper
and the thermally-induced copper oxides from porous copper whereas the 0.5 M
KHCO3 was used in experiment of oxidized copper. The electrical energy was applied
with constant potential by Chronoamperometry (CA) method to generate CO2RR

process for 70 minutes.

Table 17 CO2RR setup at Nanotec, NSTDA.

Parameters

Details

Working electrode (WE)

Copper foil and porous B-3-40

Counter electrode (CE) Platinum foil

Reference electrode (RE) Ag/AgCI

Type of reactor Flat cell

proton-exchange membrane | Selemion

(PEM)

Sample area (cm?) 42x22=9.24

Applied voltage (V vs. Ag/AgCI) | -1.3,-1.8,-2.3
Electrochemical method Chronoamperometry (CA)
Deposition time (min) 70

Temperature (°C)

Room temperature (28)

Electrolyte composition

CO> saturated in 0.1M KCHO3

Rate of CO2 purge (ml/min)

10

pH of electrolyte

6.8+0.2
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W R - 7
Figure 30 Schematic of CO;RR setup at Nanotec, NSTDA.

6. Result and discussion

Section 1: Electrodeposited porous copper electrocatalysts
1.1)  Porous copper fabrication

A hierarchical copper structure composes of a lot of pores inside consisting of
large and small micro pores overlap each other. In additions, there are plenty of more
nano pores locating beside these pores. Therefore, the porous structure would have
much higher of surface area providing high gas permeability and low density. The
surface of porous copper which fabricated by pulse electrodeposited porous copper
seems more uniform and denser than of the constant-current porous copper. The
characteristics of them were described in the following topic.

1.1.1) Constant-current electrodeposition

It was found that the fabricated porous A and porous B seems brown-black
color surface, but porous C has a lighter color surface due to the HCI in the bath
solution. After deposition, the layer of porous C appears thicker than of the other
porous coppers. The small and large pores of the obtained porous structure were
stacked up from the substrates. Although, these porous coppers could be swept out
from their substrate, they have sufficient strength for being as catalytic electrode. The
applied current was constant at 18.75 A for all 40 seconds. Three constant-current
porous coppers after deposition are shown in Figure 31.
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Figure 31 Surface appearance of the constant-current porous copper in groups
(@) A, (b) B, and (c) C varying by bath solution composition.

1.1.2) Pulse Electrodeposition

Pulse electrodeposition consists of two main processes (pulse on time and
pulse off time). During pulse on time, copper ion in the solution bath attracted to
cathode and be reduced as copper metal deposited on the substrate similar to typical
constant-current method. On the other hand, current become zero during pulse off
time causing no copper deposition. Therefore, copper ion in solution bath has more
time to replenish itself preparing to repeat the deposition in the range of pulse on time.
These processes will occur alternately together until reaching the deposition time. The
pulse electrodeposited porous coppers appearance and the square-waved relation of
voltage (blue line), current (red line) and deposition time (s) of P1-10, P4-10, P10-10
and P20-10, respectively are shown in Figure 32. Each condition of pulse
electrodeposited porous copper was fabricated for 40 seconds to compare the porous
structure with the constant-current porous copper. Furthermore, they also were
fabricated for 80 seconds to compared with pulse electrodeposited porous copper
fabricated for 40 seconds. The pulse signal was selected as the square-waved pattern.
The pulsed signal should be as a regular square-waved graph, but it has some gradient
before reaching to the pulse on time and pulse off time due to the extremely short
range of pulse on time and pulse off time. The peak of pulse current should reach at
2.75 A but it reached at 2.5 A. Moreover, the current from zero to 2.5 A still acted as
the regular square-waved shape, excepting the current range from 2.5 A to 2.75 A and
from 0.3 A to zero.
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Figure 32 Surface appearance of the pulse electrodeposited porous copper P1-10,
P4-10, P10-10 and P20-10, respectively which varying pulse on time: 1, 4, 10, and
20 ms, respectively with fixed pulse off time at 10 ms and current density 0.44A/cm?.

1.2 Sample characterization
1.2.1) Surface morphology and pore characteristics of constant-current porous copper

1.2.1.1) Surface morphology and pore characteristics

Surface morphology and pore characteristics of all 27 sub-sets of constant-
current porous coppers, which captured by OM and analyzed by Image J software.
Figure 33a, Figure 33b, and Figure 33c show the morphology of the samples in group
A, group B, and group C, respectively, prepared by varying applied current densities
and deposition times. It is evidenced that the distribution of pore sizes of group A and
group B as observed from the surface is rather more uniform than of group C, and that
both two parameters significantly affect the apparent pore size and apparent porosity
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observed at the surface. Both apparent pore size and apparent porosity of group C
samples are larger than those of the other two groups. This is clearly owed to the
effect of HCI addition in the plating bath that promotes hydrogen generation and
bubble coalescence. HCI can reduce a branch size as presented in previous works.
Therefore, its structure seems tearing from each other become a coral shape.

3 Acm?

(c)

2 Acm?

35Acm?

Figure 33 2D-Surface morphology of the constant-current porous copper in
groups (a) A, (b) B, and (c) C varying by current density and deposition time.

Particularly, the decrease of applied current density and the increase in
deposition time led to enlargement of apparent pore size. This may be attributed to
slow rates of hydrogen evolution in conjunction with bubble coalescence in such
conditions [81, 84, 88]. The effects of the two parameters on apparent porosity is
however inconclusive, and the values of apparent porosity vary less significantly as
compared to pore size.

The group B samples exhibit similar or higher apparent pore size and
apparent porosity. Since the ratio of H*/Cu?" is lower for group B, this may imply
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that the group B samples comprise of a lower number of smaller-sized pores, in a
nano regime, which were not clearly captured by image J software. The group C has
the highest apparent pore size and apparent porosity differentiate from other previous
groups. Apparent pore size and apparent porosity of all 27 sub-sets of sample groups
are plotted as shown in Figure 34. From their result, it has some observation that
increase in applied current density provide smaller apparent pore size and lower
percentage of apparent porosity but increase in deposition time provide larger pore
size and higher percentage of apparent porosity although it may unclear totally. Even
though, it may be used as a trend to study further.

— 2 A-cm?
— 3 Acm?
— 35A-cm?

Apparent pore size (um)
12,
Apparent pore size (um)
3

Apparent pore size (um)

%)

— 2 A-cm?
— 3 A-cm?

3.5A-cm?

Apparent porosity (%)
Apparent porosity (
3
Apparent porosity (%)

20 40 60 20 40 60 20 40 60
Deposition time (sec) Deposition time (sec) Deposition time (sec)

(a) (b) ()

Figure 34 Apparent pore size and apparent porosity of the constant-current porous copper in
groups (a) A, (b) B, and (c) C varying by current density and deposition time.

For in depth analysis, the representative samples of the three groups, namely
A-3-40, B-3-40, and C-3-40, that were electrodeposited with 3 A/cm? for 40 seconds,
were characterized in more details, and their respective characteristics and properties
are summarized as following. The OM images and their analyzed result from Image J
of the representatives are shown in Figure 35.
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Figure 35 OM image and Image J analysis of A-3-40, B-3-40, and C-3-40.

Considering the analysis of 2D-pore characteristics, both apparent pore size
and percentage of apparent porosity of A-3-40, B-3-40, and C-3-40 are plotted with
current density at fixed deposition time (40 seconds) as presented in Figure 36, It
suggests that C-3-40 provide the highest apparent pore size and percentage of
apparent porosity while percentage of apparent porosity of B-3-40 is higher than of A-
3-40 with identical pore size.

Correlation between apparent pore size and Correlation between apparent porosity and
current density for 40s deposition time current density for 40s deposition time
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Figure 36 Apparent pore size and apparent porosity of A-3-40, B-3-40, and C-3-40
varying current density with deposition time 40 second.

Moreover, the cross-sectioned microstructure of porous coppers was also
captured by SEM to investigate the correlation between pore distribution and copper
deposition both inside the porous structure (PX) and at the interface (PX-IF). The
cross-sectioned microstructure of A-3-40, B-3-40 and C-3-40 with magnification
1000X and 4000X are also shown in Figure 37 and Figure 38, respectively. It was
found that there were small and large pores inserting between the copper deposits
indicating that some pores were coalescent together inside the porous structure of A-
3-40 and B-3-40. The deposited copper particle of A-3-40 appear to be finer than of
B-3-40. Shape of some copper particles of B-3-40 seems like cube-shaped or
polygonal-shaped which differentiate from of A-3-40. The cube-shaped with larger



46

particle size of copper deposit of C-3-40 were obviously. Moreover, there are some
cracks at the interface between the porous structure and the substrate due to the
metallurgical polishing; therefore, some copper particles flake off from the interface,
especially C-3-40. However, this can indicate that the copper deposit of C-3-40 was
obvious as the cube-shaped particle with larger size than of other two porous coppers.

Sample

o A-3-40 B-3-40 C-3-40
Position

In porous structure

Interface between
in porous structure
and substrate

Figure 37 The cross-sectioned microstructure of A-3-40, B-3-40 and C-3-40 with magnification
1000X: PX (in porous structure) and PX-IF (interface between porous structure and substrate.

Sample

o A-3-40 B-3-40 C-3-40
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In porous structure

L
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porous structure and
substrate

Figure 38 The cross-sectioned microstructure of A-3-40, B-3-40 and C-3-40 with magnification
4000X: PX (in porous structure) and PX-IF (interface between porous structure and substrate).

To investigate sample analysis deeper in details, 3D-characteristics is required.
SEM images of smooth copper foil, and porous coppers were magnified from top to
bottom (2000X, 5000X, and 15000X, respectively) as illustrated in Figure 39.
Structure of copper foil obvious as a simple planar. The 3D image of A-3-40 appear
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as many grape seeds locating on dendrite structures. B-3-40 structure seems like a
flower-like dendrites. A lot of surface area of B-3-40 were overlap each other. C-3-40
structure seems something that was teared from each other as a coral-shape. The
branch size of C-3-40 was reduced due to the effect of HCI addition whereas the huge
pores was also formed due to the higher amount of hydrogen ion in the bath
composition.

Sample
Copper foil Porous A Porous B Porous C
Technique

OM (500X)

SEM (2,000X)

SEM (5,000X)

SEM (15,000X)

Figure 39 Microstructure of Cu foil (a—d), and porous Cu deposits from groups A (e—h), B (i-),
and C (m-p), electrodeposited with 3 A/cm? for 40 s, presented at different magnifications.

1.2.1.2) 3D-Surface roughness

The 3D-morphology and surface roughness of constant-current porous coppers
were also analyzed by 3D optical profiler as shown in Figure 40. All images were
captured at 50X magnification. There are two values of surface roughness: arithmetic
average roughness (Ra) and the average value of the absolute values of the heights of
five highest-profile peaks and the depths of five deepest alleys within the evaluation
length (Rz).
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Technique Roughness (pum)
Line scan Area scan 3D- morphology
Sample Ra Rz
A-3-40 25.03 162.58
B-3-40 41.43 22281
C-340 49.35 179.61

Figure 40 The 3D-morphology captured by 3D optical profiler and surface roughness
value of constant-current porous coppers.

Surface roughness of A-3-40 was less than of B-3-40, and C-3-40,
respectively as shown in Figure 41, which has the same trend with the apparent
porosity. The Ra value represent the average surface area whereas Rz can be used to
differentiate the average of peak and the valley of each sample. Average surface
roughness (Ra) of A-3-40, B-3-40, and C-3-40 were 25.03, 41.43, 49.35 um,
respectively. Moreover, Rz value of A-3-40, B-3-40, and C-3-40 were 162.58, 222.81,
179.61 pum, respectively, indicating that B-3-40 has the most height between the peak
and the valley as correlate with the 3D structure captured by SEM. Many particles of
deposited copper were overlap each other acquiring the high peak and low valley.
Surface roughness of A-3-40 is low because its porous structure was order
arrangement. Ra value of C-3-40 was high, but Rz value was less than of B-3-40. It
could indicate that the shorter distance between the peak and the valley caused by the
shorter branch of porous C.

Surface roughness of pulsed electrodeposited porous coppers
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Figure 41 The correlation between surface roughness of the representative
constant-current porous copper (A-3-40, B-3-40, and C-3-40).



49

1.2.1.3) True surface area and pore distribution

CO2RR occurs at the interphase between liquid phase (aqueous electrolyte)
and solid phase (the surface of the catalyst) as heterogeneous reaction. Amount of
active site at the surface is crucial factor to increase the performance of CO2RR.
Therefore, surface area analysis is required. Indeed, upon a closer examination using
Brunauer-Emmett-Teller (BET) by the physical adsorption, the buildup one
monolayer of gas on the surface can be calculated to the surface area. It is found that
the true surface area of A-3-40 was much higher than of porous B and porous C,
respectively (Table 18) based on the surface area of each electrode, indicating the
large number of nano-pores distributed along the struts of the porous copper structure.

The magnified microstructure of the A-3-40 sample (Figure 39), composing of
clusters of sub-micron particulates and nano-pore in between each particulate,

underlines this observation.

Table 18 Pore characteristics of Porous A-3-40, Porous B-3-40, and Porous C-3-40 copper.

Pore Characteristics A-3-40 B-3-40 C-3-40
Apparent pore size 58 52 340
Apparent porosity 31.11 36.96 50.63

BET surface Area (m?/g) 19.56 4.00 3.75
Surface area (m?/electrode) 1.263 0.354 0.201
BJH pore distribution (nm) 2-16 2-16 2-16

Surface roughness (Ra) 25.03 41.43 49.35
Surface roughness (Rz) 162.58 222.81 179.61

Moreover, the Barrett-Joyner-Halenda (BJH) pore size & volume analysis was
also used to explain the pore distribution. The BJH graph also confirms that C-3-40
has the largest pore size. Pore distribution of C-3-40 was mostly in the range of 13-14
nm with slightly 8-10 nm and 3-4 nm, respectively. On the other hand, most of pore
size of A-3-40 and B-3-40 were in the range of 2-4 nm with some 12-14 nm, and 5-9
nm pores. Generally, nano means one part per billion or 10° and micro means one
part per million or 10 On the other hand, according to pore size of IUPAC
classification system, there are three main types of pores: micropores (below 2 nm
pore size), mesopores (between 2 and 50 nm pore size), and macropores (above 50 nm
pore size) as illustrated in Figure 42. From this classification, all constant-current

porous coppers are mesoporous materials because their pore size were in the range of
2 and 50 nm.
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Figure 42 Pore size of IUPAC classification system.

Obviously, from the graph of A-3-40, it seems like A-3-40 has various
range of pore size indicating that it has higher distribution of pore than of B-3-40. The
BET isotherm graph and BJH pore distribution graph of porous coppers are shown in
Figure 43. Therefore, that is a result that porous A has the highest surface area as seen
by BET result. Moreover, the true surface area and the pore distribution also relate to
the morphology.

BJH result (Pore distribution) of A-3-40
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Figure 43 Isotherm plot of BET analysis and BJH pore distribution analysis results of
A-3-40, B-3-40, and C-3-40.
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1.2.1.4) Apparent density, Electrodeposition efficiency, and True porosity
calculation

Apparent density of porous coppers was calculated to compare their physical
property. Mass of fabricated porous samples, area of the substrate, and thickness of
the porous layer are required as shown in equation (3). To measure the thickness, each
fabricated porous sample was cut from the edge into almost of the middle of sample.
Subsequently, the cut sample was dipped into the liquid nitrogen to freeze the
microstructure before separating into 2 pieces as shown in Fig. This process can
deliver the cross-sectioned microstructure analysis of the porous coppers. Thickness
of each porous copper was an average value which calculated from 10-time
measurement from both SEM micrographs of 2 sides of sample.

Figure 44 The process of cross-sectioned microstructure analysis of the porous coppers
(a) the fabricated porous sample cut from the edge into almost of the middle of sample,
(b) the cut sample dipped into the liquid nitrogen, (c) after separating the sample into 2 sides
of sample, and (d) sample prepared to be analyzed by SEM

The result showed that B-3-40has higher apparent density than of A-3-40, and
C-3-40, respectively. In additions, the electrodeposition efficiency was also calculated
to support the apparent density result. The electrodeposition efficiency calculation is
presented in equation (4). It provides the same trend as the apparent density. The B-3-
40 has higher electrodeposition efficiency than of A-3-40, and C-3-40, respectively.
Moreover, the true porosity is the most important calculation for 3D-porous structure
characterization. The true porosity calculation is presented in equation (5). The result
show that B-3-40 has lower true porosity than of A-3-40, and C-3-40, respectively.
For all calculations show that there were the same trend of porous structure
calculation indicating that B-3-40 was the densest porous structure. This can imply
that there was more concentration of copper ion in the bath solution B than of bath
solution A. Moreover, compared to C-3-40, although there was the same
concentration of copper ion in bath solution, HCI reduce the branch size of the porous
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C structure. Therefore, apparent density of C-3-40 was less than of B-3-40. The
calculation values are presented in Table 19.

mass

Apparent density (g/cm®) = (3)

substrate area xthickness

weight xinterchanged electron x Faradaic constant ( 4 )

Electrodeposition efficiency(es) = : ——
Current X time X Atomic weight

apparent density of sample

True porosity = (1-

) X100 ®)

density of matel

Table 19 Calculation for pore characteristics.

Characteristics for calculation A-3-40 B-3-40 C-3-40
Mass of porous Cu (g) 0.063 0.088 0.054
Thickness of porous Cu (cm) 0.0141 0.0221 0.0222
Apparent density (g/cm®) 0.739 0.638 0.390
Electrodeposition efficiency (&r) 2.584 3.498 2.146
True Porosity (%0) 91.755 92.884 95.652

It is obvious that bath compositions (A, B, and C) largely influence the
developed porous structure of the copper deposits. Not only their difference in terms
of apparent pore size and apparent porosity, but their detailed features of deposit
nodules along the struts of the porous structure also appear to vary largely. BET
surface area, apparent pore size, apparent porosity, apparent density (determined from
the coating mass and layer thickness), and true porosity. Overall, the true porosity
obtained in this work falls in the range of the copper deposits’ porosity obtained by
the research of Shin et al. (93.30-97.77%).

1.2.2) Surface morphology and pore characteristics of pulse electrodeposited porous
copper

There are some correlations between the percentage of duty cycle, which is
calculated by the equation (6), and the obvious porous copper morphology.

pulse on time

% duty cycle = x 100 (6)

pulse on time+ pulse off time

Percentage of duty cycle are 9.09, 28.57, 50.00, and 66.67 for P1-10, P4-10,
P10-10 and P20-10, respectively. The morphology of sample which fabricated by less
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pulse on time was obviously has a finer structure with smaller particles indicating that
less duty cycle can deliver more homogeneous and finer porous structure as suggested
by the previous studies. Moreover, increase in pulse on time supported the longer time
for copper deposition causing the deposition is similar to the direct current deposition
method. For 10 milliseconds pulsed off time, grain of deposited copper at the pulse on
time will growth. Therefore, the longer pulse off time, the more grain growth causing
the larger particles of copper and less homogeneous.

Surface roughness was observed by line scan to consider the peak and the
valley performance and by area scan to get the value of surface roughness. Moreover,
the 3D-surface roughness image was also captured. Surface roughness result of PX-
10-40s samples were shown in Figure 45.

Technique Roughness (pm)
Line scan Area scan 3D- morphology
Sample Ra Rz
P4-10-40s 1.89 36.32
P10-10-40s 1.76 22.96
2 G
P20-10-40s 4.42 39.48

Figure 45 The 3D-morphology captured by 3D optical profiler and surface roughness value
of pulse electrodeposited porous coppers with 40 s deposition time.

Furthermore, Figure 46. shows the surface roughness of samples both
fabricated for 40 seconds by the constant-current method (PX) and by pulsed
electrodeposition (PX-10-40s). It was observed that the surface roughness of PX were
much higher than of PX-10-40s suggesting that pulse electrodeposition contribute the
denser porous structure and more uniform compared to the constant-current method.
Moreover, there were a lot of difference between peak height and valley depth of the
porous structure. Comparing in the pulse electrodeposited porous copper; P20-10-40s
has the most trend similar as the constant-current due to higher pulse on time than
P10-10-40s and P4-10-40s, respectively. Therefore, more pulse on time encouraging
the increase of surface roughness. On the other hand, the P1-10-40s deposition was
not uniform. It has some copper deposit at only the edge not covering all the copper
foil substrate. Therefore, it was neglected to compare with other PX-10-40s because
the surface roughness should be compared at the same place of the substrate.
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The copper deposition will be probably better if providing more deposition
time. The copper particles were larger for P4-10, P10-10, P20-10, respectively. For
P20-10, some large chunks of copper particles were obvious. Therefore, it also
correlates with the surface roughness result. Moreover, pulsed electrodeposition was
also tested for 80 seconds (twice of 40 s) to study the effect of deposition time on the
deposition efficiency to be a guideline for next works. There were some larger chunks
of copper particle appearing on the surface, especially P20-10 for 80 seconds. The
surface roughness of PX-10-40s and PX-10-80s are shown in Figure 47. The results of
PX-10, which deposited for 80 seconds, contribute more surface roughness
approximately two times of samples, which deposited for 40 seconds as shown in

Figure 48.
Technique Roughness (um)
Line scan Area scan 3D- morphology
Sample Ra Rz
P4-10-80s 4.08 31.35
P10-10-80s 6.47 59.96
P20-10-80s 9.49 61.78

Figure 47 The 3D-morphology captured by 3D optical profiler and surface roughness value

of pulse electrodeposited porous coppers with 80 s deposition time.
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Surface roughness of pulse electrodeposited porous coppers
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Figure 48 Surface roughness of pulse electrodeposited porous coppers.

The finer and more uniform porous structure of pulse electrodeposited porous
copper which deposited for 40 and 80 seconds are shown in Figure 49. Porous copper
which deposited for 80 seconds seems to have more copper particles deposition.
Porous copper deposited with higher pulse on time tend to have more similar porous
structure to the constant-current porous copper than of less pulse on time.

ulse condition
P-4-10 P-10-10 P-20-10

Deposition timé

40's

80s

Figure 49 Microstructure of pulse electrodeposited porous copper
which deposited for 40 and 80 seconds

Moreover, the pulse electrodeposited porous copper was also compared the
surface roughness and 3D-profile with the constant-current porous copper by
controlling the applied current density at 0.44 A/cm? and deposition time for 40
seconds to analyze the effect of electrodeposition method. The result is presented in
Figure 50.
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Figure 50 Comparison of surface roughness and microstructure of the constant-current and pulse
electrodeposited porous copper by controlling the applied current density at 0.44 A/cm? and
deposition time for 40 seconds

The surface roughness has a similar trend to the morphology. Pulse
electrodeposited porous copper with lower pulse on time provide finer and less
surface roughness, the huge pore size also reduces. uniform size of pore may cause
the higher selectivity of CO2RR product. Therefore, the pulsed electrodeposition is a
proposed candidate method to fabricate the porous copper catalyst.

1.2.3) Chemical composition

In addition to the physical property, the chemical composition of porous
copper was also analyzed to compare with copper foil and relate to the CO2 reduction
selectivity. The bulk composition was detected by EDX analysis as shown in Figure
51 presenting those porous coppers has higher percentage of oxygen than of copper
foil. Moreover, it was found that the bulk composition of C-3-40 has higher
percentage of oxygen than other two porous coppers. It can imply that surface area
may correlate to chemical composition. However, while the presenting data of oxygen
cannot be taken as absolute values, as oxygen is considered a light element for EDX
analysis, and more advanced chemical analysis techniques would be required to
determine the exact oxygen contents, it can be observed and qualitatively analyzed
that the measured oxygen contents of the porous copper samples deviate (increase)
rather significantly compared to the copper foil. This suggests the role of porosity in
promoting the absorption of chemical species and transformation of surface chemistry
of the copper deposits.
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EDX result of Cu foil and constant-current porous copper
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Figure 51 EDX result of Cu foil and constant-current porous copper.

Moreover, the surface composition, analyzed by XPS, of copper foil and
porous coppers, it was found that the XPS profile of porous coppers were differentiate
from copper foil. Porous copper surface has less percentage of carbon approximately
2-3 times, on the other hand, the percentage of copper and oxygen increase for porous
copper compared to copper foil. Considering the oxidation state, only Cu® and Cu?*
were detected on copper foil surface with the ratio 1:1 but the Cu* was not detected on
copper foil surface and on the surface of A-3-40and B-3-40. Ratio of Cu% Cu?* were
approximately 2:1 and 2:3 for A-3-40 and B-3-40, respectively. For porous C-3-40,
all state of copper (Cu®, Cu*, and Cu?*) were detected on the surface with the ratio of
approximately 1:1:6 for Cu®, Cu*, and Cu?" respectively. The XPS spectra and ratio of
oxidation state of copper foil (EP) and constant-current porous copper are illustrated
in Figure 52 and

Oxidation state at the surface of copper foil
and constant-current porous copper
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Figure s3, respectively. The oxidation state at the surface supported that
composition bath of porous fabrication affect to the surface chemical composition of
samples.
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Figure 52 The XPS spectra of (a) copper foil (EP) and constant-current porous copper
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Figure 53 The ratio of oxidation state of copper foil (EP) and constant-current porous copper.
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1.3 COzelectrochemical conversion tests (with Cu foil as baseline)

1.3.1) CO2RR result of porous coppers compared with copper foil (tested at Chemical
engineering, Chulalongkorn University)

Copper foil and porous coppers were passing through the CO2RR at -1.3V
Ag/AgCl in 0.1 M KHCOs for 70 minutes. It can be observed that all porous coppers
provided relatively high current density indicating that a faster rate of reduction
reaction, as compared to the copper foil. The CO2RR products composes of those in
gas and liquid forms for all porous copper electrodes under consideration. H2 was the
major gas product found in all testing groups, whereas CO was also detected only in
the systems with porous copper electrodes. The C-3-40 electrode in particular
provided relatively high amount of H, and CO, approximately 3-4 times higher than
that of other porous copper groups. Moreover, whereas the copper foil electrode
provided acetone, ethanol and formate, the use of electrocatalytic porous copper
resulted in additional chemical products not found from the copper foil system,
including acetaldehyde and acetate.

Current density of copper foil, porous A-3-40, B-3-40, and C-3-40 were -0.62,
-4.11, -4.74, and -4.4 Alcm? The constant-current porous coppers contributed
approximately 7 times higher than of copper foil. The B-3-40 electrode, specifically,
provided the highest reduction current density, and gave both acetaldehyde and
acetate, and relatively high selectivity of ethanol compared to other porous copper
electrodes. The A-3-40 electrode also yielded comparatively high selectivity of
ethanol, but acetaldehyde was not detected from this system. The C-3-40 electrode, on
the other hand, is unique in its relatively high production rate of formate, compared to
the other sample groups. According to the mechanism pathway, H2, CO,
acetaldehyde, acetate, acetone, ethanol, and formate formation require 2, 2, 10, 8, 16,
12, and 2 electron transfer, respectively. Generally, ethylene should be detected as
product because it is formed by the same pathway with ethanol. CO should also be
detected by copper foil because it is an elemental product requiring only 2 electron
transfer. It is general product produced by copper foil. Moreover, H> and formate are
also the main products produced by the copper-based electrode with 2 electron
transfer requiring, therefore, they should be detected with the higher amount than the
obtained result. There was also some error from the glue which used to cover getting
the real active area of tested electrode, therefore, the CO2RR result show that acetone
was also detected by copper foil and all kinds of porous copper. The NMR peak of the
detected product and the CO2RR result of copper foil and porous coppers are shown
in Figure 54, respectively.
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Figure 54 Representative NMR spectra obtained from the CO2RR experiments, using
porous copper samples from groups (a) A, (b) B, and (c) C, electrodeposited with 3 A/cm?
for 40 s, and (d) the copper foil as electrodes.

The rate of production of the chemical products of CO2RR, selectivity of the
chemical products of CO2RR, and faradaic efficiency of the chemical products of
CO2RR obtained from copper foil and porous A-3-40, B-3-40, and C-3-40,
electrodeposited with 3 A/cm? for 40 seconds were presented in Figure 55, Figure 56,
and Figure 57, respectively. The faradaic efficiency is a percentage of the ratio of
output chare and input charge as calculated by the equation (7). The n is the number
of mol of product, z is the number of electron transfer, F is the faradaic constant
(96485 C/mol), I is input current (A), and t is the reaction time (S).

% Faradaic efficiency = nI_th )
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Figure 55 Rate of production of the chemical products of CO2RR obtained from Cu foil and
porous A-3-40, B-3-40, and C-3-40, electrodeposited with 3 A/cm? for 40 seconds.
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Figure 56 Selectivity of the chemical products of CO,RR obtained from Cu foil
and porous A-3-40, B-3-40, and C-3-40, electrodeposited with 3 A/cm? for 40 seconds.

Microstructure of PX, PX1301, and PX1601 represents the porous coppers
before passing through the CO2RR, after passing through the CO.RR at -1.3V
(Ag/AgCl), and at -1.6V (Ag/AgCl), respectively, are shown in Figure 58. PX1601
was only captured for the structure comparison not for chemical composition analysis.
It obvious that there is slight change in porous structure for A-3-40 and B-3-40. Their
structure seems smoother than before passing through the CO;RR. Some copper
particles agglomerate together into a larger particle. On the other hand, the structure
of C-3-40 significantly changes from the coral-shaped into circular particles
agglomeration of copper after passing through the CO2RR at -1.3 V (Ag/AgCl).
Moreover, the cubic particles agglomeration of copper after passing through the
CO2RR at -1.6 V (Ag/AgCI). It can indicate that the CO2RR affect to the surface
structure of porous copper.
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Figure 57 Faradaic efficiency of the chemical products of CO2RR obtained from Cu foil

and porous A-3-40, B-3-40, and C-3-40, electrodeposited with 3 A/cm? for 40 seconds.
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Figure 58 Microstructure of PX, PX1301, and PX1601 represents the porous coppers
before passing through the CO2RR, after passing through the CO2RR at -1.3V (Ag/AgCl),
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Apparent pore size and apparent porosity of A-3-40, B-3-40, and C-3-40
slightly increase after passing through the CO2RR as presented in Figure 59. Size in
pore of C-3-40 was much higher increase than of the other porous coppers but change
in porosity of C-3-40 was less than of the other porous coppers.
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Figure 59 (a) Apparent pore size and (b) apparent porosity of constant-current porous coppers.

From EDX result as shown in Figure 60, considering chemical composition of
copper foil and the constant-current porous coppers, percentage of copper content of
porous copper was less than of all copper foil. Percentage of copper content of porous
A, B and C (A-3-40, B-3-40, and C-3-40) are 89.49, 87.19, and 71.96, respectively.
Pore size of C-3-40 was much larger than porous A and B that correspond to the
lower percentage of copper content.
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Figure 60 EDX result of copper foil and constant-current porous coppers
before and after passing through CO2RR.
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After passing through CO2RR, the percentage of oxygen of bulk composition
of porous coppers decrease, especially C-3-40, due to reduction at working electrode.
Figure 61 shows XPS profiles of the porous copper electrodes obtained after the
CO2RR test sessions. The results indicate that the Cu* was detected on the surface of
PA1301 and PB1301, but it was not detected on A-3-40 and B-3-40 (before passing
through the CO2RR). The Cu® and Cu®'still also detected on their surface. Some
copper ion was reduced at the cathode, therefore, Cu™ appeared after passing through
the CO2RR process. On the other hand, all of copper state (Cu®, Cu*, and Cu?*) were
detected on the surface of PC1301 as similar to porous C-3-40 (Figure 62).
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Figure 61 The XPS spectra of the constant-current porous copper before passing through CO.RR
() PA (A-3-40), (b) PB (B-3-40), (c) PC (C-3-40), and after passing through CO;RR at -1.3 V
(Ag/AgCl) in 0.1M KHCO3 (d) PA1301, (e) PB1301, and (f) PC1301.
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Oxidation state at the surface of copper foil (EP) and constant-current
porous copper oxides before and after passing through CO,RR
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Figure 62 The ratio of oxidation state of copper foil (EP) and the constant-current
porous copper before and after passing through at -1.3 V (Ag/AgCl) in 0.1M KHCO:s.

1.3.2) CO2RR result of porous B-3-40 compared with copper foil (tested at National
Nanotechnology Center (NANOTEC), NSTDA)

1.3.2.1) CO; electrochemical conversion result

Since, the B-3-40 provide the most product distribution compared to other two
porous copper electrodes, therefore, B-3-40 was selected to study the effect of the
applied voltage on the product distribution by varying the applied voltage at -1.3, 1,8,
and 2.3 VV Ag/AgCl in 0.1 M KHCO3 for 70 minutes. PB1301, PB1801, and PB2301
were named herein to simplify the name of B-3-40 electrodes, which run at -1.3, -1.8,
and -2.3 V Ag/AgCl. This experiment did at National Nanotechnology Center
(NANOTEC), NSTDA. Some setup is not same as the laboratory at Chemical
Engineer, Chulalongkorn University. There are some methods of sample preparation
before testing CO2RR. For example, cyclic voltammetry in Ar and in CO, were
required to examine the peak of CO2 and acquire the proper voltage range for testing
CO2RR. Chronoamperometry technique (CA), which run at constant applied voltage,
was performed to test the CO2RR. The correlation between current (A) and time (s) of
Cul301, PB1301, PB1801, and PB2301 are plotted as illustrated in Figure 63. It was
found that the current slightly decrease with the increasing reaction time, especially
copper foil. Current of PB1301 seems more stable than of others. For PB1801, there
are some errors due to leaking during CO2RR test, which can be noticed by its CA
graph. Current density of copper foil, PB1301, PB1801, and PB2301 were -2.34, -
5.07, -7.23, and -22.23 Alcm?, respectively. It could imply that current density
increases as increase of applied voltage and physical property of electrocatalyst.
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Figure 63 The correlation between current (A) and time (s) of Cu1301, PB1301, PB1801,
and PB2301 during CO2RR.

Since, CO2RR products were generally produced at the cathode by reduction
reaction, therefore, all liquid products should only be in the catholytic part. On the
other hand, in analytic part, oxygen gas was produced at the anode by oxidation
reaction. However, due to the limitation of the Proton-exchange membrane (PEM), it
was found that there were some products (i.e., formate and some alcohols) in the
analytic part. Therefore, NMR analysis were performed both catholytic and analytic
parts to collect all of products. The NMR peaks of cooper foil and PB1301 are shown
in Figure 64.
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Figure 64 Representative NMR spectra obtained from the CO
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The product distribution of all electrodes herein is shown in Figure 65. It was
found that current density of copper foil, PB1301, PB1801, and PB2301 were -2.34,
-5.07, -7.23, and -22.23 Alcm?, respectively. The rate of reaction of porous B which
run at any applied voltage was higher than of copper foil, especially for PB2301
indicating that current density increases with increase in applied voltage. In case of
product distribution, Hz is the major gas product for all electrodes, especially PB2301
(due to high-applied voltage). H> detected by PB1801 should be higher than of PB
and PB1301 because of the higher applied voltage but the result show that less H. was
detected by PB1801 due to the error during PB1801 experiment. CO was also
detected as a gas product. Formate is the main liquid product for copper foil electrode
whereas ethanol is the main liquid product for porous coppers. Excepting ethanol,
propanol, formate, acetate, and methanol were also detected for porous coppers.
Formate was detected by B-3-40 but it decreases with increasing applied voltage.
Methanol was detected for only PB1301 and PB2301, but not for copper foil.
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However, there probably have some errors for PB1801 because the flat cell was leak
during CO2RR test as mentioned. Moreover, the faradaic efficiency summation of all
products was not equal 100% designating that there probably has some products,
which cannot be detected in this experiment (i.e., acetaldehyde and acetone).
However, from the result, it can conclude that porous copper provides higher current
density and more product distribution than of copper foil. Too high-applied voltage
will cause a lot of hydrogen gas, which reduce the required CO products.

CO,RR result of Copper foil VS. Constant-current porous coppers
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Figure 65 CO2RR result of copper foil and constant-current porous coppers.

According to the CO2RR result of Palmore’s work as shown in Figure 66. His
work focused on the porous coppers which deposited for 15 seconds at -1.1V
(Ag/AgCl) because this is a condition which can provide the most product
distribution. Formate, CO, and H> were detected as the major products whereas CHa,
C2Ha, CoHs, C3He were the minor products (< 2%). Ethanol and methanol were very
small products (< 1%). For C2He, C3Hs, they were detected by porous copper but not
by the smooth copper. Faradaic efficiency percentage of formate of porous copper
was more than of the smooth copper.
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CO,RR result of Palmore’s work
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Figure 66 CO2RR result of Palmore’s work.

Comparison of the CO2RR result between this work and the Palmore’s work is
tabulated in the Table 20. Ethanol was detected as a major product of the fabricated
porous B but CoHe and CsHs were not detected by porous B due to no reference of
them at Nanotec. However, this work fabricated the porous B for 40 seconds but only
15 seconds for Palmore’s work. Moreover, porous B was tested in CO2RR process at -
1.3V (Ag/AgCI) but Palmore’s work focused on at -1.1V (Ag/AgCl).
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Table 20 Comparison of the CO2RR result between this work and the Palmore’s work.

Different Topic Palmore’s work This work
Deposition time of porous 15s 40s
fabrication
Deposition current density > 0.5 Alem? 3 Alem?

Electrolyte concentration

Copper salt (contains CuSO,)

0.4M CuSO, + 1.5M H,S0,

Potential of CO,RR test

-1.1V (Ag/AgCl)

1.3V (Ag/AgCl)

Major product

HCOOH
co
H2

8.19% HCOOH

3.48% CO

29.14% H,

4.74% Ethylene (C,H,) at-1.3V
10.07% EtOH at -1.3V

8.21% n-PrOH at -1.3V

3.17% Acetate at-1.3V

Minor product (< 2%)

Methane (CHy)
Ethylene (C,H,)
Ethane (C,Hy)
Propylene (C;Hy)

1.88% MeOH at -1.3V

Very small product (< 1%)

EtOH
MeOH

Compared to smooth Cu foil

Ethane (C,H;) and Propylene
(C;H,) were detected by porous Cu

- CO and HCOOH decrease

- EtOH and Ethylene increase

- MeOH and n-PrOH were
detected by porous Cu

- Methane was detected by Cu foil
not by PB

Running CO,RR at higher
potential

HCOOH increase

%FE of all products decrease
when running at higher potential
by PB (-1.8V, 2.3V)

Running CO,RR with 60s
deposited porous Cu

HCOOH increase
(Compared to 15s deposited porous
Cu)

*MeOH , EtOH, n-PrOH, and
Acetate were detected by PB

* n-PrOH, and Acetate were not
detected in Palmore’s work

Furthermore, SEM images of porous B before and after passing through
CO2RR are shown in Figure 67. It seems that porous B after passing the CO2RR
become more cube-shaped copper particles. The copper particles split to the small

groups.
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Figure 67 SEM images of porous B-3-40 before and after passing through CO2RR
with magnification 2000X, 5000X, and 15,000X.

According to Figure 68, it was found that the bulk chemical composition of
porous B after passing through the CO2RR was similar to the chemical composition of
copper foil. More percentage of copper increase but percentage of oxygen decrease
compared to PB due to the reduction reaction during CO2RR.

EDX result
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Figure 68 EDX result of Cu foil and porous B-3-40 before and after passing through at -1.3 V
(Ag/AgCI) in 0.1M KHCO:s.tested at Nanotec, NSTDA.
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Oxidation state of porous B-3-40 was similar to copper foil both before and
after passing through CO2RR. Only Cu®, and Cu?* were detected with identical ratio.
Moreover, the surface chemical composition of porous B after passing through the
CO2RR (Figure 69 and
Figure 70) either at -1.3 V (Ag/AgCl) and -2.3 (Ag/AgCl) in 0.1 M KHCO3 consisting
of Cu®, Cu*, and Cu?*. It indicates that there is change in the oxidation state of copper
ion at the surface due to the appearance of Cu*. Moreover, this result also correlates
with the porous copper which tested at Chemical engineering, Chulalongkorn.
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Figure 69 The XPS spectra of the copper foil and the constant-current porous copper before passing through
CO:2RR (a) Cu (EP), (c) PB (B-3-40) and after passing through CO;RR: (b) Cu (1301), (d) PB1301 at -1.3V
(Ag/AgCI) and (e) PB2301 at -2.3 (Ag/AgCl) in 0.1M KHCOs, respectively.
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Oxidation state at the surface of copper foil and constant-current porous
coppers before and after passing through CO,RR
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Figure 70 The ratio of the copper foil and the constant-current porous copper before passing
through CO2RR (a) Cu (EP), (c) PB (B-3-40) and after passing through CO2RR: (b) Cu (1301),
(d) PB1301 at -1.3 V (Ag/AgCI) and (e) PB2301 at -2.3 (Ag/AgCl) in 0.1M KHCOs3, respectively.

1.3.2.2) Electrical test and capacitance of porous copper

Capacitance of electrode was also measured by the electrical mean.
Capacitance is the capability of an electrode to store electric charge, which can be
measured by change in charge in response to potential difference. This work
measured the capacitance of electrodes by considering the relationship between
current density (A/cm?) and scan rate (V/s). Therefore, the capacitance per area was
obtained as presented in Figure 71. From the experiment, it was found that the
capacitance of porous B was 20 pF/cm? which acquired from the gradient of the
graph. The capacitance represents as the true electrical surface area of porous copper
sample. Generally, capacitance of copper foil is in the range of 10-20 pF/cm?.
Therefore, it indicates that porous B has approximately twice capacitance than of
copper foil. While, both capacitance measurement and BET analysis can be used to
measure the total surface area of the electrode, both techniques use different probing
molecules. In capacitance measurement, ions are adsorbed on the surface in a similar
conditions to the electrochemical measurement; on the other hand, in BET analysis, .
N 2 gas is employed to form a monolayer absorbed on the surface of sample, which
could lead to surface area overestimation. Additionally, it is difficult to convert BET
surface area to true surface area per geometrical surface area of a thin film electrode.
Therefore, it is suggested that capacitance measurement should also be conducted in
the future.
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Figure 71 The capacitance of porous B-3-40.

1.4 Analysis
From the results presented above, it is evidenced that the deposition of DHBT

porous copper influences both the electrochemical reduction rate of CO. and
selectivity of species of chemical products developed from CO2RR process. These
improvements may stem from various factors related to the intricate structures of the
porous copper electrodes, as follows: (i) porous structures appear to promote the
absorption of chemical species, including oxygen as noted previously. As
demonstrated by Dutta et al.[71], Lv et al.[89], and Nguyen-Phan et al.[90], surface
copper oxide thus form can play a role in promoting the catalytic activity, owing to
the development of a large number of active sites and roughening of the surface,
following reduction of the oxide phase over the course of CO2RR. Furthermore, the
XPS analysis (Figure 52) signifies that porous copper electrodes of different
morphologies exhibit a variation of oxidation states of copper on the surface (i.e., Cu°,
Cu*, and Cu?"). The oxidation states of copper are known to influence preferential
formations of intermediates and hence affect the CO: reduction pathways and
promote selectivity [91-93]; and (ii) the intricate structure of the porous copper
electrodes may enhance dynamic diffusion of the dissolved gas to provide increasing
CO: concentration at the catalytic electrode-electrolyte interface [89]. Temporal
trapping of gaseous intermediates, e.g., CO, could also be induced inside the pores
[71]. Furthermore, the high porosity of the porous copper provides high surface areas
and hence large active sites for the electrodes. Correspondingly, the retention time for
CO2RR could be effectively enlarged. Unlike Hz, CO and formate which require
minimal amounts of electron transfers (1-2 electrons) to generate, larger hydrocarbon
molecules such as acetate, acetaldehyde and ethanol requires many more electron
transfers (8, 10, 12 electrons, respectively) making them challenging to produce from
the CO2RR process generally. Yet, these three chemical products were detected from
the systems with the porous copper electrodes investigated herein with relatively high
selectivity.

Examining more closely, porous B appears to exhibit the best performance in
term of the reduction rate and a variety of the chemical products, albeit the true
surface area of porous B is somewhat lower than that of porous A. This result thus
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underlines that surface area is not the only primary factors underlining the good
performance of the electrode, but rather other influences such as surface morphology
(i.e., cluster of a berry like structure of porous A vs. flower like morphology of porous
B) and surface chemistry (e.g., alternation of surface chemistry by adsorbed oxygen
and oxidation states) also play important roles. Further examination and analysis will
thus be required to gain insights on the contribution of important factors that lead to
the enhancement of electrode performance observed herein, along with understanding
of the suitable applied overpotentials and other control parameters to optimally induce
CO2RR for respective porous copper electrodes.

Section 2: Thermally-induced copper oxides and CO:2 conversion performance
2.1) Copper oxide fabrication

The oxidized copper electrodes namely A300, A500, A800, and A1000
fabricated by thermal oxidation in the furnace as shown Figure 72. It was found that
the surface of A300 was darker due to the oxide layer on the copper foil substrate
after passing through the oxidation process. The surface of A500 was not uniform.
There are some copper oxide flakes peeling off from the surface. The oxide layer
adhesion was not good, therefore, A500 cannot be used as electrocatalyst in CO2RR.
Both A800 and A1000 were fully oxidized copper. Thicker layer of copper oxide
covering on the substrate with high adhesion. Their surfaces seem shiny gray-black
color. However, they were broken, therefore, they would also not run in CO2RR. It
could summarize that all samples excepting A300 were broken due to the brittleness
of copper oxide. Therefore, only A300 was run in CO2RR experiment.

Sample

. N A300 A500 A800 A1000
Characteristics

Oxidation temperature
(°C)
Oxidation time (h) 1

300 500 800 1000

Appearance after passing
thermal oxidation

Figure 72 Appearance and 3D-morphology of A300, A500, A800, and A1000 fabricated by thermal
oxidation in the furnace.

2.2) Sample characterization

Morphology of oxidized coppers are shown in Figure 73. A300 seems smooth,
but it consists of some chunks of copper oxide on the surface. The groups of particles
as a flower-like particles were obvious on the surface of A500 and A800 whereas
A1000 surface seems smooth with the strips separating into many groups.
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Sample
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Figure 73 Morphology of oxidized coppers (A300, A500, A800, and A1000) captured
at 2000X, 5000X, and 15000X.

Moreover, EDX result shows that percentage of oxygen of all oxidized copper
is more than of copper foil manifestly. Especially A500, A800, and A1000, their

percentage of oxygen in bulk is approximately twice as much as A300 as shown in
Figure 74.

EDX result of oxidized copper
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Figure 74 EDX result of oxidized copper.

According to the XRD result of Hugo’s work as illustrated in Table 21, it
supported that bulk composition of each fabricated oxidized copper were different.
CuP and Cu* were detected on A300 whereas Cu* and Cu?* were detected on A800.
On the other hand, only Cu?" was detected on A1000. Therefore, this work was
inspired to fabricate the thermally oxidized copper for studying the relation between
the surface composition and CO2RR performance.
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Table 21 the XRD result of Hugo’s work.

Temperature Temperature | Time Composition
ranp e (°C) Ambient ?"C) (h) on Cu foil after Oxidation result
& heat treatment
<200 atm 100 1 Cu Thin layer of Cu-oxide (main Cu,0) on
atm 150 1 | cCulcCu0 Cu surface
i atm 300 1 Cu | Cu,0 Passivating oxide layer composed by
air flow 300 24 | cu | cu,0 | cuo |CuO & Cu,0(24h)
Cu-oxide layer was fragile & poor
400-700 - : : : : " | adherence to the surface
800-900 air 800 1 Cu,0 | Cuo Complete oxidation// the bulk
air 900 1 Cu,0 | Cuo | composed by mixture of Cu20 and CuO
air 1000 1 Cu,0 | CuO
air 1000 3 Cu,0 | CuO X
1000 - Pure and high crystal of CuO
air 1000 24 CuO
0, 1000 8 CuO

The XPS spectra and the ratio of oxidation state are shown in Figure 75 and
Figure 76. The percentage of carbon and oxygen of oxidized copper increase due to
thermal oxidation. In case of the oxidation state, only Cu* and Cu?* were detected on
the surface of A300 and A500 but all of oxidation states were detected on the surface
of A800. The oxidation state of A1000 consisting of Cu® and Cu?* without Cu*. Their
chemical composition of surface was different due to the effect of oxidation time.
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Figure 75 The XPS spectra of the thermally-induced copper oxides
(a) A300, (b) A500, (c) A800, and (d) A1000.
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Figure 76 The oxidation state of copper foil and the thermally-induced copper oxides A300, A500,

2.3 CO- electrochemical conversion tests (with Cu foil as baseline)

A800, and A1000.
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The CO2RR result of A300 was compared with copper foil at -1.3 V

0.5M KHCO3
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CO,RR result of Cu foil and A300 at -1.3V (Ag/AgCl) in 0.5M KHCO,
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Figure 77). This experiment performed in different solution from porous
coppers and oxidized porous coppers because the previous work suggested to run in
0.5M KHCOs solution. Since, this concentration is more suitable for reduction of CO-
with A300. It was found that the current density of copper foil and A300 were -0.34
and -5.516 A/cm?, respectively. A300 contributed much higher rate of reaction than of
copper foil approximately 16 times. For product distribution, H2 and CO were
detected as gas product for both copper foil and A300 but CO should be detected at
higher %FE. Acetaldehyde and formate were detected only on A300 whereas
methanol was detected only on copper foil. Although, the previous works suggested
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that methanol has higher possibility to be detected in a copper oxide system. This
suggest that there maybe errors during the gas detection process of CO2RR testing.
Moreover, acetone was also detected with extremely high amount likely due to the
contamination from glue or tape which was employed for sample masking. Therefore,
summation of faradaic efficiency was higher than 100% which could not be possible
for the percentage. As mentioned before, the setup of Chemical Engineering,
Chulalongkorn University was different from Nanotec. Therefore, some results could
not be reliable, but it can relate the result each other to get the trend of products.
However, it could conclude that the fabricated copper oxide was not predominant for
product distribution compared to copper foil, but it has high stability of the surface
composition after passing through CO2RR.

CO,RR result of Cu foil and A300 at -1.3V (Ag/AgCl) in 0.5M KHCO,
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Figure 77 Faradaic efficiency of the chemical products of CO2RR obtained from Cu foil
and the thermally-induced copper oxides (A300) at -1.3 V (Ag/AgCl) in 0.5 M KHCO:s.

The oxidized copper was used to be a sample for studying the outcome of
thermally oxidation. It was run at -1.3 V (Ag/AgCl) in 0.5 M KHCOg3 for 70 minutes
as previous work recommendation, which different from the porous coppers and
oxidized porous copper. Generally, higher concentration should promote higher rate
of reaction due to higher molecule of solute in the solution. Therefore, 0.5M KHCO3
electrolyte should enhance rate of reaction but the obtained current density of copper
foil electrocatalyst was less than of running in 0.1 M KCHOas. It may conclude that
higher concentration of this electrolyte can promote the A300 electrocatalyst
performance more than of copper foil. Figure 78 illustrates the EDX result of copper
foil and A300 before and after passing through CO2RR at -1.3 V (Ag/AgCl) in 0.5M
KHCOs. Bulk composition after passing through the CO2RR of copper foil was
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slightly changed whereas atomic percentage of oxygen of A300 was significantly
reduced due to the reduction reaction at the working electrode.

EDX result of copper foil and oxidized copper before and after
passing through CO,RR at -1.3 V (Ag/AgCl) m 0.5M KHCO;
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Figure 78 EDX result of copper foil and A300 before and after passing through CO2RR
at-1.3'V (Ag/AgCl) in 0.5M KHCOs.

For surface chemical analysis (Figure 79. and Figure 80.), Cu® and Cu?* were
detected on the surface of copper foil (EP). After CO2RR, Cu* and Cu?* were detected
on the surface of copper foil. On the other hand, only Cu* and Cu?* were detected on
the surface of A300, and A300 1305. However, the ratio of Cu*/Cu®* slightly
decrease after passing through the CO2RR. It implies that A300 have high surface
stability compared to copper foil. For oxidized copper summation, A300 was
fabricated to study in section 3 (oxidized porous copper). The other oxidized copper,
A500, A800, and A1000, were much brittle to develop the electrodes. Therefore,
A300 is the best condition for advancing the catalyst.
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Figure 79 The XPS spectra of the copper foil and thermally-induced copper oxides before
(@) Cu (EP), (b) A300 and after passing through COzRR at -1.3 (Ag/AgCl) in 0.5M KHCO3
(c) Cu_1305, and (d) A300_1305.
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Oxidation state at the surface of copper foil and
A300 before and after passing through CO,RR
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Figure 80 The ratio of oxidation state of the copper foil and thermally-induced copper
oxides before (a) Cu (EP), (b) A300 and after passing through CO2RR at -1.3
(Ag/AgCl) in 0.5M KHCO3 (c) Cu_1305, and (d) A300_1305.

2.4 Analysis

According to the result, copper oxide electrocatalyst could contribute different
product distribution of CO2RR from copper foil (i.e., acetaldehyde and acetone) with
much higher current density. Although, some errors affect the product distribution, it
can indicate that copper oxide can enhance the rate of CO2RR and provide more
product distribution.

Section 3: Thermally-induced copper oxides from porous copper
3.1 Fabrication method

Thermally oxidized porous coppers is an amalgamation of fabricated porous
copper (porous A, B, and C) and copper oxide (A300). Porous coppers were passing
through the thermal oxidation at 300°C for 1 hour. Their morphology was visually
similar to porous coppers, but the surface become darker than of porous coppers due
to covering of oxide.

3.2 Sample characterization

Apparent pore size and percentage of apparent porosity of PX (Porous copper),
PXA300 (pre-running CO2RR), and PXA300_1301 (post-running CO2RR) are shown
in Figure 81. The Image J result present that apparent pore size of thermally-induced
porous copper oxides; PAA300 (60 pum) and PBA300 (58.9 um) were slightly more
than of porous coppers; PA (58 um) and PB (52 um). The apparent pore size of them
is equally in the range of 50-60 um with similar apparent percentage of porosity
approximate as 30-40%.

After passing through the thermally-induced porous copper oxides in 0.1M
KHCOs at -1.3 V (Ag/AgCl), diameter of pore slightly increases around 50%, in
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additions, percentage of porosity also increase approximately 27.5% for PAA300 and
49.3% for PBA300. For PC, apparent pore size of PCA300 was larger than PC
approximately 70%. It was found that a large cluster of particles of all thermally-
induced porous copper oxides (PAA300, PBA300, and PCA300) seems to be
separated from each other. Apparent pore size and apparent porosity would larger.
However, OM and SEM image could illustrate the characteristic of 2D-morphology,
Image J analysis result of porous C was not be clear. It might be due to the error when
measuring because thermally-induced porous copper oxides of porous C (PCA300)
was rather much weaker than PAA300 and PBA300.

Morphology characteristic of thermally-induced porous copper oxides and
thermally-induced porous copper oxides after passing through CO2RR, were
investigated by OM and SEM techniques. The result showed that particles on porous
coppers agglomerated together to form a large cluster of these particles after passing
through thermal oxidation as thermally-induced porous copper oxides. A lot of small
particles of porous A were combine altogether, therefore, morphology change from
small grains into a chunk of particles. Particles of porous B combine each other as a
bunch of a lot of large polygon grains (compared to porous A). Particles of porous C
seems connect between them. Copper particle of PAA300 seems as circular but

copper particle of PBA300 and PCA300 appear to be cubic shaped as shown in Figure
82.
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Figure 81 (a) Apparent pore size and (b) apparent porosity of constant-current porous coppers,
thermally-induced porous copper oxides, and thermally-induced porous copper oxides after
passing through CO2RR at -1.3V (Ag/AgCl) in 0.1M KHCO:s.
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Figure 82 Morphology of thermally-induced porous copper oxides
captured at 2000X, 5000X, and 15000X.
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Figure 83 Morphology of thermally-induced porous copper oxides after passing through
the CO2RR at -1.3 V (Ag/AgCl) in 0.1M KHCO3 captured at 2000X, 5000X, and 15000X.

The surface composition of PXA300 after passing through CO2RR were not
significantly change from before running as shown Figure 83. indicating that PXA300
surface is more stable than of PX. It was probably the oxide covering on the surface
support to the stability. The bulk composition of PXA300, and PXA300_1301 of PA,
PB, and PC are shown in Figure 84. Oxygen percentage of PAA300 and PBA300
were higher than of PA and PB, respectively, due to thermal oxidation. Oxygen
percentage of PCA300 is rather similar to PC indicating that the thermal oxidation is
not significantly for oxygen content for PC. After CO2RR, oxygen percentage of PA
decrease but oxygen percentage of PAA300 still equal to before CO2RR indicating
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that PAA300 is more stable for being catalyst at -1.3V (Ag/AgCl) than of PA.
Similarly, oxygen percentage of PB and PC decrease more than of PBA300 and
PCAS300, respectively, indicating that PBA300 and PCA300 were also more stable for
being catalyst at -1.3V (Ag/AgCl) than of PB and PC, respectively.

EDX result of oxidized porous copper
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Figure 84 EDX result of thermally-induced porous copper oxides, and thermally-induced
porous copper oxides after passing through CO2RR at -1.3V (Ag/AgCl) in 0.1M KHCO:s.

Only Cu* and Cu?* were detected of all samples in this group both before and
after passing through CO2RR as illustrated in Figure 85 and Figure 86. After running
CORR, ratio of Cu*/Cu?" of all thermally-induced porous copper oxides increase
indicating that Cu?* ion on surface of was reduced into Cu* ion during CO2RR. This
ratio of PAA300, PBA300, and PCA300 increase approximately 1.75 times (from
1.15 to 2.01), times (from 0.83 to 2.8), 3.3 times (from 1.15 to 2.01), and 2.6 times

(from 0.73 to 1.93), respectively. Therefore, CO2RR affect to oxidation state of Cu
ion at the surface.
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Figure 85 The XPS spectra of the constant-current porous copper before passing through CO2RR
(a) PAA300, (b) PBA300, (c) PCA300 and after passing through CO2RR at -1.3 VV (Ag/AgCl)
in 0.1M KHCO3 (d) PAA300_1301, (e) PBA300_1301, and (f) PCA300_1301.
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Oxidation state at the surface of copper foil (EP) and thermally-induced porous

- copper oxides before and passing through after CO,RR
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Figure 86 The ratio of the oxidation state of the constant-current porous copper before passing
through CO2RR (a) PAA300, (b) PBA300, (c) PCA300 and after passing through CO2,RR at -1.3 V
(Ag/AgCl) in 0.1M KHCO3 (d) PAA300_1301, (e) PBA300_ 1301, and (f) PCA300_1301.

3.3 CO; electrochemical conversion tests

Gas products (H2 and CO) were not detected on all PXA300 electrodes. The
cause of CO absence may be due to the extremely high amount of input CO: reactant
or/and set up of the CO2RR system. Although, the summation of faradaic efficiency
of PXA300 were lower than 25% due to some errors or undetected products, it was
found that PAA300 contribute the most products (i.e., acetaldehyde, acetate, ethanol,
methanol, n-propanol, glycolaldehyde, and propionaldehyde). Acetaldehyde was
detected only on PAA300 and PBA300 whereas methanol, n-propanol,
glycolaldehyde, and propionaldehyde were detected only on PAA300. PCA300
deliver the least amount of product. Ethanol was the main product for all PXA300.
Methanol can be detected on PAA300 but at a very low faradaic efficiency. These
products require more than 2 electron transfer. Moreover, current density of PXA300
was approximately 8-9 mA/cm? which significantly increase compared to porous
copper indicating that change in microstructure and chemical composition strongly
enhance the CO2RR performance. CO2RR result of PXA300 are shown in Figure 87.
Based on the CO; purging at 20 ml/min for 100 minutes (30 minutes before running
CO2RR and 70 minutes during running CO2RR), total of input CO: is 3.954 grams.
Total mass of all products which formed by PAA300, PBA300, and PCA300 are
0.001185, 0.000505, 0.000598 grams. Therefore, percentage of CO2 conversion of
PAA300, PBA300, and PCA300 are 0.0300%, 0.0128%, and 0.0151%, respectively.
Moreover, the CO solubility in the electrolyte is 35 mmol causing the total of
saturated CO; in the experiment (20 ml electrolyte) is 700 pmol. Total mol of all
products which formed by PAA300, PBA300, and PCA300 are 3.77, 5.02, 5.14 mol.
Therefore, percentage of CO. conversion of PAA300, PBA300, and PCA300 are
0.5388%, 0.7168%, and 0.7340, respectively.
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CO,RR result of Cu foil and Thermally-induced copper
oxides from porous copper
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Figure 87 CO2RR result of copper foil and of thermally-induced porous copper oxides
at-1.3V (Ag/AgCl) in 0.1M KHCOs.

3.4 Analysis

Thermally-induced porous copper oxides (PXA300) was fabricated to study
the correlation between the physical and chemical properties and the CO:RR
performance. The current density of CO2RR process of PXA300 was higher than of
PX approximately 2 times. The product distribution of PXA300 were higher than of
PX. Small amount of methanol was detected by PAA300, it was not detected by
porous copper due to the synergistic between physical and chemical properties.
Although, increase in surface area can enhance the active site causing increase in rate
of reaction, it is not the only factor which affect to the CO2RR product distribution.
Porosity and chemical composition also affect to the product distribution. The XPS
analysis can be used to confirm the chemical composition for only 10 nm depth from
the surface of catalyst. The oxidation state of copper detected by XPS is the
hypothetical charge of an atom bonding to a different atom fully ionic. It represents
the degree of oxidation or loss of electrons (Cu®, Cu*, and Cu?*) of an atom in a
chemical compound. The most product distribution are detected by the porous copper
A which passing through the oxidation process (PAA300). On the other hand,
compared in porous copper, porous B provide the highest rate of reaction and product
distribution. For the effect of particle shape and size, the result shows that the cubic
particle and larger particle size provide lower product distribution than of the round
particle and small particles, respectively. In case of the performance of electrode, it is
generally considered from high selectivity of the desirable products or increase in rate
of reaction. According to this work, the fabricated oxidized porous copper A
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(PAA300) is the best candidate of all samples because it can enhance rate of reaction
as high as 16 times and 7 times compared to copper foil, and porous copper,
respectively. Moreover, it also provides the highest product distribution compared to
other fabricated catalysts. Some detected products are formed by requiring much more
electron transfer than of CO and formate.

The correlation of the pore characteristic and porous morphology can be
summarized as following. Increase in concentration of CuSOs in porous copper
fabrication solution enlarge the thickness of porous copper measured from the
substrate. Increase in porosity enhance the surface area causing increase in the active
site on the catalyst surface. Particle shape and size also affect to the surface area.
Dendritic-like structure with round-shaped copper particle provide higher surface area
than of cubic-shaped copper particle. The surface roughness has the similar trend as
the porosity. Porosity has more significantly effect to product distribution than of pore
size. Moreover, pore distribution of pulse electrodeposited porous copper is more
uniform than of constant current porous copper. The variety of pore size of constant
current porous copper may the main cause to provide the diversified product
distribution. Therefore, pulse electrodeposited porous copper probably provide the
higher selectivity of the desirable product due to the uniform pore structure.

7. Conclusion
Since, the electrocatalyst is the important parts of CO2RR to enhance the
performance, acquiring the desirable product or improving the rate of reaction. This
work manifests the insight correlation between parameter of sample fabrication and
the CO2RR performance. The characterization of physical and chemical property was
used as a bridge to clarify them. Key of this study were summarized as follow.

1) Increasing deposition time and decreasing applied current density causing
enlargement of apparent pore size due to slow rate of hydrogen evolution but
the effects of deposition time and current density on apparent porosity is
however inconclusive, and the values of apparent porosity vary less
significantly as compared to pore size.

2) Bath solution strongly affect to the obtained porous structure. Higher
concentration of CuSO4 enhance the copper deposit on the substrate due to
higher copper ion in the bath solution. Porous copper with HCI in bath
solution have the shorter branch of porous structure because the deposition
reaction was accelerated by HCI.

3) The constant-current porous structure augments the true surface area as
confirmed by BET as high as 19.56 A/cm? and probably unique structure with
58 um apparent pore size and 31.11% of apparent porosity. BJH result also
confirm that all constant-current porous coppers were mesoporous with 2-50
nm pore diameter.
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Ra value of constant-current porous coppers was in the range of 25-50 um
whereas Ra value of pulse electrodeposited porous copper was in the range of
1.8-4.4 um. These values were different in one order of magnitude. Pulsed
electrodeposition contributes more condensed porous copper with lower
surface roughness because there was more time when pulse off time to
replenish the copper ion. Pulse electrodeposition can be a promising catalyst to
develop as CO2RR or other applications.

Porous copper enhances 4 times higher of rate of reaction with more variable
valuable chemicals formation in CO2RR performance compared to copper foil
due to the development of structure.

Excessive applied voltage causes redundant hydrogen formation and reducing
in other valuable chemicals formation as confirmed by the result of CO2.RR
tested at Nanotec, NSTDA.

Only Cu* and Cu?* were detected on the surface of sample oxidized at 300°C
and 500°C but all of oxidation states were detected on the surface of sample
oxidized at 800°C. The oxidation state of sample oxidized at 1,000°C
consisting of Cu® and Cu?* without Cu*. Oxidation temperature of thermally
oxidized copper fabrication causing the different surface chemical
composition and oxidation state compared to copper foil causing higher rate of
reaction and more product distribution in CO2RR performance.

Change in microstructure and change in chemical composition of the
thermally-induced porous copper oxides strongly enhance the CO2RR
performance. This electrocatalyst provide 9 time and 4 times of rate of
reaction compared to copper foil, and porous coppers, respectively as well as
more product distribution. Some many electrons required products (i.e.,
glycolaldehyde and propionaldehyde) was also detected as product of this
electrocatalyst.

All conclusions provide the direction of copper-based catalyst consisting of 3

main issues; (1) the higher apparent porosity tend to get higher product
distribution (PB vs. PA), (2) Improvement of physical and chemical method
deliver the better catalyst both in case of rate of reaction and product distribution
(PAA300 which fabricated as oxidized porous A), and (3) the oxidation process
increase the catalyst stability confirmed by the chemical composition on the
surface after running CO2RR.
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Appendix: Copper foil

Copper foil was used for being as a reference to compare the physical
(structure) and chemical properties with other fabricated electrode (porous copper,
thermally oxidized copper, and thermally oxidized porous copper). As-received
copper foil has high purity as 99.99997% with 0.1 mm thick. SEM image and the
detailed  chemical  composition of copper foil was shown in
Figure . Its bulk composition analyzed by EDX consisting of 87.06%Cu, 2.4%0, and
10.54%C. Preparation of copper foil surface or cleaning process was required because
there is high amount of carbon on the copper foil surface where is the place for
reacting the COz reduction. It probably causes the block of electron transfer on the
catalytic surface.

Product No.: 42973

Product: Copper foil, 0.1mm (0.004in) thick,
Puratronic®, 99.9999% (metals basis)

Lot No.: Y16E053

Cu 99.99997 %

Ag <0.01 Al 0003 As <0002 B <0.0005
Bi <0002 C 0.25 Ca <0005 Cd <005
cl 0006 Co <0.0005 Cr <0002 Fe 0.017
H <01 | 0.008 K <0005 Li <0001
Mg <0.001 Mn 0046 N <05 Na < 0.001
Nb <0.0005 Ni <0005 O <05 P <0.002
S 0046 Sb <0005 Si 0.008 Sn <0.01
Th <0.0001 Ti 0.006 U <0.0002 V <0.0002
W <0.002 Zn <0.05 Zr < 0.0005

Values are given in ppm unless otherwise specified.
Hydrogen, Nitrogen, Oxygen determined with LECO
All other elements determined with GDMS

Figure Al the detailed chemical composition of copper foil.

There are two surface preparation processes, washing and electropolishing
(EP), were used to reduce the carbon content of the copper foil surface. For washing
method, the copper foil was sonicated in ethanol, isopropanol, and deionized water
(DI water), respectively by ultrasonic sonicating for 30 minutes each. The
composition of washed copper foil is also similar to the as-received copper foil. After
performing EP by applied +1.5V (Ag/AgCl) for 2 minutes in 85% phosphoric acid
and rinsed in DI water, the treated surface look shiny because of less amount of
carbon proved by EDX results. There is 96.7% Cu, 1.3%0, and 2%C in the bulk.
After passing through the CO2RR process at -1.3V (Ag/AgCl) in 0.1M KHCOg, the
composition do not significantly change indicating that copper foil still acts good
stability (for 1 test of the reaction) as shown in Figure .
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Figure A2 EDX result of copper foil.

Moreover, considering to oxidation state of copper foil, as received and
washed copper foil surface consist of all copper ion species (Cu®, Cu*, and Cu?*) with
similar amount with the ratio of approximate 44:44:12. On the other hand, only Cu®,
and Cu?* with the ratio 1:1 for electropolished copper foil and only Cu*, and Cu?
with the ratio 1:1 for copper foil after passing through CO2RR at -1.3V (Ag/AgCl).
The XPS profile of all copper foil samples are shown in Figure .
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Figure A3 XPS profile and oxidation state of copper foil.

Capacitance of the double electrical layer (DEL) of copper foil usually in the
range of 10-20 uF/cm?. This value was referred from the previous work [1] due to
some errors of the experiment of this work. Although, the graph of this experiment
was shown in Figure A4 Capacitance experiment of copper foil.

Cu2+
Cu+
Cu0
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Figure A4 Capacitance experiment of copper foil.

Comparison of conventional H-Cell and Sandwich (flat) Cell

According to the CO2RR experiment, copper foil was tested by two type of

reactors (conventional H-cell and Flat cell). Both of reactors were shown in Figure 88
CO2RR electrolyzer (1) the conventional H-cell and (b) the flat cell.

. Sandwich (flat) cell is a type of H-cell with shorter distance between working
electrode and counter electrode. Both type of reactors are composing of 3 electrodes:
working electrode (WE), counter electrode (CE), and reference electrode (RE). The
conventional H-cell is made of glass but the flat cell is made of the teflon. The
distance between WE and CE of H-cell is approximately 6 cm but for flat cell is
approximately 2 cm. For the conventional H-cell , the 6.25 cm? (2.5 cm x 2.5 cm)
copper foil was used as WE whereas platinum foil was used as CE. Ag/AgCl was
used as RE. The nafion 117 memebrane was used as anion exchange membrane
positioned in the middle of the cell between catholytic and anolytic parts. 0.1M
KHCO; was used as electrolyte. For flat cell, the 9.24 cm? (4.2 cm x 2.2 cm) copper
foil was used as WE for the flat cell but the platinum rod was used as CE. Ag/AgCI
and nafion 117 membrane were also used as RE and anion exchange membrane,
respectively. Injection of CO> gas of both system were similar. CO, was injected into
the solution system by the tube with 30 ml/min rate of purging for 1 hour before
testing. CO> gas was also injected all time of an experiment with the same rate. Gas
products were detected by Gaschromatography (GC) which directly connected with
the reactor. Aqueous products were detected by Nuclear magnetic resonance (NMR)
technique. Copper foil was tested in both cell at -1.2 V (Ag/AgCl) to compare the
CO2RR performance.
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Figure 88 CO2RR electrolyzer (1) the conventional H-cell and (b) the flat cell.

For product distribution, after running for 30 minutes, H, detected by flat cell
was higher than of the conventional H-cell approximately 15 times with a small
amount of CO whereas no detection of CO in the conventional H-cell. After running
for 70 minutes, it was found that less amount of H, was detected by flat cell.
However, H> detected by flat cell was higher than detected by the conventional H-cell
approximately 5 times. Moreover, less amount of CO was also detected. Therefore,
the result manifest that flat cell has more efficiency to increase the rate of reation or
rate of product formation than of the conventional H-cell. The detected products from
the conventional H-cell, and flat cell were summarized as 78.78% and 30.60%,
respectively as shown in . It indicate that many other products were not detected by
flat cell as high as 70% because probably no reference list of product (i.e., ethylene
and acetaldehyde) as shown in Figure A®6.

CO,RR result of Cu foil electrode in H-cell and Flat cell

90
80
o mH2
< 70
= mCO
=]
T 60 m Acetate
5]
& 50 Acetone
E 40 m Ethylene glycol
<
2 30 m Ethanol
g
m Formate
20
m Hydroxyacetone
10
B n-propanol
0 |
Cu_H-cell Cu_Flat cell
Sample |i(mA/em?)| Ha: co Acetate | Acetone |Ethylene glycol| Ethanol | Formate |Hydroxyacetone |n-propanol ':’}jl,")l
%)
ICu_H-cell -0.12 21.63 | 0.00 6.25 17.31 2.53 5.67 0.28 12.83 12.26 78.78
ICu_Flat cell -1.10 2448 | 0.27 0.33 4.57 0.00 0.67 0.28 0.00 0.00 30.60

Figure 89 CO2RR result of copper foil which tested by H-cell and flat cell electrolyzer.
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