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ABSTRACT (THAI) 
 อธิคม หงษเ์หมือน : ตวัเร่งปฏิกิริยาเคมีไฟฟ้าโลหะคอปเปอร์นิกเกิลทินท่ีชุบโดยไม่ใช่ไฟฟ้าบนผา้คาร์บอน

ส าหรับการรีดกัชนัดว้ยไฟฟ้าเคมีของคาร์บอนไดออกไซด์. ( ELECTROLESS CuNiSn 

ELECTROCATALYST SUPPORTED ON CARBON FABRIC FOR 

ELECTROCHEMICAL REDUCTION OF CO2) อ.ท่ีปรึกษาหลกั : ศ. ดร.จูงใจ ป้ัน
ประณต 

  

ในงานวิจยัน้ีไดศึ้กษาการเตรียมตวัเร่งปฏิกิริยาเคมีไฟฟ้าโลหะคอปเปอร์นิกเกิลและทินท่ีชุบโดยไม่ใชไ้ฟฟ้าบนผา้
คาร์บอน  ตวัเร่งปฏิกิริยาคอปเปอร์นิกเกิลทินจะถูกน าไปใชส้ าหรับการรีดกัชนัดว้ยไฟฟ้าเคมีของคาร์บอนไดออกไซด ์ในเคร่ือง
ปฏิกรณ์ชนิด H-cell ส าหรับผลของเวลาท่ี 15 30 และ 45 นาที ในการเตรียมตวัเร่งปฏิกิริยาโลหะผสมไตรเมทลัลิกท่ีชุบ
โดยไม่ใชไ้ฟฟ้าบนผา้คาร์บอน ผลลพัธ์น้ีแสดงให้เห็นว่าไม่มีความแตกต่างอย่างมีนัยส าคญัส าหรับตวัเร่งปฏิกิริยาทั้งหมดซ่ึง
แสดงจากเทคนิควิเคราะห์การเล้ียวเบนของรังสีเอก็ซ์ (XRD) ดงันั้นจึงสรุปไดว้่า เวลาส าหรับการเตรียมตวัเร่งปฏิกิริยาไม่มี
ผลกบัโครงสร้างของตวัเร่งปฏิกิริยา นอกจากน้ีการประเมินความสามารถในการรีดกัชนัดว้ยไฟฟ้าเคมีของคาร์บอนไดออกไซด์ 
บนตวัเร่งปฏิกิริยาโลหะผสมไตรเมทลัลิกในช่วงเวลาต่างๆซ่ึงถูกตรวจสอบดว้ยเทคนิคลิเนียร์สวีปโวลแทมเมตรี (LSV) 

ผลลพัธ์น้ีแสดงให้เห็นว่า ตวัเร่งปฏิกิริยาโลหะผสมไตรเมทลัลิกท่ีชุบโดยไม่ใช้ไฟฟ้าบนผา้คาร์บอนท่ีเวลา 30 นาที จะให้
ประสิทธิภาพในการเร่งปฏิกิริยาท่ีสูงกว่าท่ีเวลา 45 และ 30 นาทีตามล าดบั นอกจากน้ีประสิทธิภาพแบบฟาราเดย ์และการ
ผลิต H2  ส าหรับโลหะผสมคอปเปอร์นิกเกิลและทิน นั้นต ่ากว่าประสิทธิภาพของตวัเร่งปฏิกิริยาแบบโมโนและไบเมทลัลิก 
จากผลดงักล่าวแสดงใหเ้ห็นวา่ตวัเร่งปฏิกิริยาโลหะผสมไตรเมทลัลิกคอปเปอร์นิกเกิลและทิน มีประสิทธิภาพส าหรับการรีดกัชนั
ดว้ยไฟฟ้าเคมีของคาร์บอนไดออกไซด์ นอกจากน้ีไดมี้การศึกษาการรีดกัชนัดว้ยไฟฟ้าเคมีของคาร์บอนไดออกไซดใ์นโลหะผสม
คอปเปอร์นิกเกิลและทิน ท่ีศกัยไ์ฟฟ้า -1.6V เทียบกบั Ag/AgCl ส าหรับผลิตภณัฑท่ี์อยูใ่นรูปของแก๊สถูกตรวจสอบดว้ย
เทคนิคแก๊สโครมาโทกราฟี (GC) พบว่า H2 ซ่ึงเป็นผลิตภณัฑท่ี์ไม่ตอ้งการเกิดข้ึนมา ส าหรับ โลหะผสมคอปเปอร์ทิน และ 
โลหะคอปเปอร์ แสดงให้เห็นถึงผลิตภณัฑท่ี์อยู่ในรูปของแก๊ส คือ CO นอกเหนือจาก H2 เม่ือเทียบกบัตวัเร่งปฏิกิริยาอ่ืนๆ 

ดังนั้น CO บนโลหะผสมคอปเปอร์ทิน และ โลหะคอปเปอร์ส่วนใหญ่จึงสามารถส่งผลให้เกิดผลิตภัณฑ์สารประกอบ 

formate C2 และ C3 ได้ จากทั้งหมดท่ีกล่าวมาข้างต้น งานวิจัยน้ีให้ข้อมูลเชิงลึกใหม่เก่ียวกับการพฒันาของตัวเร่ง
ปฏิกิริยาแบบไม่ใช่ไฟฟ้าท่ีมีราคาต ่าโดยใชว้ิธีการชุบโดยไม่ใชไ้ฟฟ้า 
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ABSTRACT (ENGLISH) 
# # 6370318621 : MAJOR CHEMICAL ENGINEERING 

KEYWOR

D: 

Electroless CuNiSn electrocatalyst supported on carbon fabric for 

electrochemical reduction of CO2 

 Atikom Hongmeuan : ELECTROLESS CuNiSn ELECTROCATALYST 

SUPPORTED ON CARBON FABRIC FOR ELECTROCHEMICAL 

REDUCTION OF CO2. Advisor: Prof. JOONGJAI PANPRANOT, Ph.D. 

  

In the present work, tri-metallic alloy electrocatalysts containing copper 

(Cu), nickel (Ni), and tin (Sn) supported on Pd-catalyzed carbon fabric substrate were 

prepared through a simple electroless deposition method. As-deposited Cu-Ni-Sn 

electrocatalyst was employed in the CO2-ERR in an H-cell type reactor. For the effect 

of electroless deposition time (15, 30 and 45 mins) on tri-metallic alloy 

electrocatalyst, the result showed that there is no significant difference for all samples 

based on the XRD pattern, indicating the deposition time had no effect on the 

crystalline structure of all catalyst. In addition, the evaluation of the ability of the 

CO2-ERR on trimetallic alloy electrocatalyst at different times was investigated using 

LSV. CuNiSn/CS_30 has a higher catalytic activity than CuNiSn/CS_45 and 

CuNiSn/CS_15 respectively. Furthermore, the Faradaic efficiency and 

H2 production of the Cu-Ni-Sn alloy electrode was lower than that of the 

monometallic and bimetallic electrocatalysts, suggesting  Cu-Ni-Sn alloy electrode 

was active in the CO2-ERR. The CO2-ERR using the Cu-Ni-Sn alloy electrode was 

studied at the applied potential -1.6 V vs. Ag/AgCl. The gaseous products were 

analyzed by gas chromatography (GC) but an undesired by-product, hydrogen was 

also produced. For, CuSn/CS_30 and Cu/CS_30 produce gas products with CO other 

than H2 compared to other electrocatalysts. Thus, most of CO on CuSn/CS_30 and 

CuSn/CS_30 can be easily converted into formate, C2 product and C3 product. 

Overall, this work provides new insights into the further development of low-cost 

non-noble electrocatalysts by a simple electroless deposition method. 
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CHAPTER I   

INTRODUCTION 
1.1 Introduction 

 Due to the mass consumption of fossil fuels, an increasing CO2 concentration in 

the atmosphere has posed serious challenges [1], causing a global climate problem as 

known as “a greenhouse effect”. Therefore, CO2 reduction reaction (CO2-RR) is 

required to address the global issue of increasing CO2 emission. To this aim, many 

researchers have used several approaches to reduce the negative effect related to the 

increasing CO2 concentration in the atmosphere including chemical, biological, 

photochemical, inorganic, and electrochemical methods [1] Additionally, CO2-RR  is 

able to produce energetic compounds [2]–[4]. Among these technologies, CO2-RR is 

an attractive technique because of its features compared with other methods. This 

reaction can operate at room temperature and atmospheric pressure. In addition, the 

operational parameters of the reaction (for example, metals, electrolytes, and redox 

potentials) can be varied to produce various products. 

 The high-effective electrode is the key factor affecting the performance of CO2-

RR. Such catalyst must be able to adsorb CO2 on catalytic surface strongly. Metallic 

electrodes are classified into 4 types based on their product selectivity : (1) metals that 

mainly produce HCOOH (Pb, Hg, Cd, In, Sn, and Tl), (2) metals that mainly produce 

CO (Au, Ag, Pd, Ga, and Zn), (3) metals that form hydrocarbons such as CH4 and C2H4 

(Cu), and (4) metals that mainly produce hydrogen, H2 (Pt, Ni, Fe, and Ti) [5]. 

 Recently, the CO2-RR on modified carbon material electrodes such as glassy 

carbon electrodes (GCE), graphite, graphene, carbon black, carbon nanotubes (CNTs), 

carbon fiber and carbon fabric has been investigated. The carbon electrode has distinct 

properties compared to the metal-based ones, such as extensive lifetime for 

electrochemical application, relatively low-cost, wider potential window, and 

controllable surface modification [6] 
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 Carbon fabric is utilized in a variety of industrial applications, including aerospace, 

electrical equipment, and automobiles. It was also used to make reinforced polymers 

because it has a lot of good qualities, like high tensile strength and modulus, low 

density, and good dimension stability [7]. However, the limitations of carbon fabric 

have been previously focused on its low conductivity and poor wettability in 

comparison to metals, severely limiting its future applications. To address these issues, 

metalized carbon textiles with high conductivity have garnered growing scientific 

interest in the past few years. A variety of methods for metallization have been 

reported, including electro deposition, chemical vapor deposition, and sputter coating. 

Most of these methods require expensive equipment and are difficult to scale up. 

However, this is not the case for the electro deposition. This technique is related to 

chemical or autocatalytic plating that did not involve external electrical power. In 

addition, it is cheap and easy to use, and uniform coatings can be made on a wide range 

of substrates with different shapes and sizes [8]. 

  Solid catalysts have been studied for CO2-RR. Copper has also been getting a lot 

of attention because hydrocarbons, aldehydes, and alcohols have been produced on this 

metal at high current densities. However, copper electrodes provide low product 

selectivity due to weak adsorption of CO2 on catalytic surface. Therefore, copper 

electrodes have been combined with other non-noble metals (such Ni or Sn). Not only 

do those metals have low cost, but they favor CO2 adsorption [9].  

 For mono-metallic electrodes, Azuma et al. [10] reported that the CO2 reduction 

efficiency increased dramatically on some metal electrodes (such as Ni) as the 

temperature decreased. On the other hand, formic acid and carbon monoxide generation 

in the presence of short and long chain hydrocarbons (methane, ethane, or propane) has 

been seen on Ni electrodes. When CO2-RR was performed on commercial Sn electrode, 

FE of HCOO- production was over 91% in 0.1 M KHCO3 at − 1.8 V vs. Ag/AgCl [11]. 

As mentioned earlier, Sn has high selectivity toward HCOO-. This phenomenon 

suggests that the surface oxide of Sn plays an important role in HCOO- formation. It 

has been reported that Sn etched with HBr showed significantly low FE for HCOO- 

production compared with untreated Sn electrode in 0.5 M NaHCO3 at − 0.7 V vs. RHE 

[12].  
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 However mono-metallic electrodes show low product selectivity. Recently, multi-

metallic electrodes are used for CO2-RR because they have multiple active sites able to 

function during the reaction. 

  For bimetallic alloy, it could be better for CO2-RR performance if Sn or Cu were 

mixed with another element. This could change the binding energies of reaction 

intermediates by changing the surface electronic structure of the alloys [13]. For 

example, Pd-Sn alloy catalysts inhibited the competitive hydrogen evolution reaction 

(HER) while improving the performance of the CO2-RR selectively [14]. Au-Sn alloys 

exhibited a high Faradaic efficiency for formate [15], and Ag-Sn alloys significantly 

increased the Faradaic efficiency and current density for formate production when 

compared to pure Ag or Sn catalysts [16]. In summary, Ke Ye[13] demonstrated a novel 

strategy for designing a Sn-Cu alloy catalyst using a decorated co-electrodeposition 

method to achieve high-performance CO2-RR to formate conversion. The Sn-Cu alloy 

is critical in maintaining the devices high Faradaic efficiency and current density when 

converting CO2-RR to formate. With a Faradaic efficiency of 82.3 % at -1.14 V vs. 

RHE, the Sn-Cu alloy inhibits H2 and CO evolution and promotes formate production.  

 Additionally, Xiaolong Zhang [17] studies a coordination enabled galvanic 

replacement method to decorate atomic Ni clusters on defect-rich Cu surface to provide 

the first Ni/Cu bimetallic system that significantly enhances the production of C2 

products from electrocatalytic CO2 reduction. They were found an optimum condition 

with a surface Ni/Cu ratio of 0.82 %, a 7-fold increase in the selectivity for C2 products 

was found in comparison with pristine Cu. A maximum FE of 62 % for C2+ products 

was obtained at -0.88 V vs. RHE in a flow cell with an alkaline 1.0 M KOH electrolyte. 

For other research related to CuNi bimetallic, Tomiko M. Suzuki [18] studies 

electrochemical CO2 reduction over nanoparticles derived from an oxidized Cu–Ni 

intermetallic alloy. They were found the activated catalyst consists of metallic Cu, Cu–

O, Ni, and Ni–O species, as confirmed by XAFS. The product selectivity was highly 

dependent on the initial Ni composition, and the faradaic efficiency for C2H4 and 

C2H5OH production was improved by the addition of a few percent of Ni. 

 For trimetallic alloy, Tran-Van Phuc [19] studies the Pd, Cu, and Zn trimetallic 

metal-organic framework electrocatalysts (PCZs) based on benzene1,3,5-tricarboxylic 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 6 

were synthesized using a simple solvothermal synthesis. They were found the as-

synthesized PCZ catalysts exhibited as much as 95% faradaic efficiency towards CO, 

with a high current density, low onset potential, and excellent long-term stability during 

the electrocatalytic reduction of CO2.  

 In this study, the main goal was to demonstrate the feasibility of using a trimetallic 

composition (Cu, Ni, and Sn) on a carbon fabric through the electroless deposition 

method for reducing carbon dioxide electrochemically. The effect of deposition times 

for the metal deposition (15, 30 and 45 min) was studied. In addition, the reaction 

performances of the tri-metallic compositions were compared to that of bimetallic and 

monometallic compositions. Last but not the least, electrochemical stability of the 

electrocatalysts was determined using chronoamperometry. 

1.2 Objectives of the Research 

1.2.1 To investigate the characteristics and the CO2-RR performances of CuNiSn 

electrocatalysts prepared by a simple electroless deposition method 

1.2.2 To investigate the effect of electroless deposition time for electrocatalyst  

1.2.3 To investigate the CO2-RR performance of the composition for electrocatalyst  

1.2.4 To investigate the stability of electrocatalyst 

1.3 Scope of the Research 

1.3.1 CuNiSn electroless plating, the Pd-catalyzed carbon fabric substrate (CCS) was 

cut and immersed in the electroless bath for deposition time (15, 30, or 45 

minutes). For other electrocatalysts (bi- and mono-metallic compositions), the 

best deposition time was used to prepare the sample. 

1.3.2 The electrocatalytic activity of the electrocatalyst was measured and analyzed 

using linear sweep voltametric (LSV) techniques. 

1.3.3 CO2-RR was proceeded under various applied potential (-1.6V vs Ag/AgCl )                    
for 150 mins. 

1.3.4 CO2 flow rate before electrolysis was 100 mL/min to achieve the saturated 

conditions and CO2 flow rate during electrolysis was 20 mL/min. 

1.3.5 The catalysts were characterized by 

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

EDX) 

- X-ray diffraction (XRD) 
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1.4 Expected results 

We expect that our study could be an alternative way to development of non-

noble electrocatalysts by a simple electroless deposition method for the electrochemical 

reduction of CO2 into higher value chemicals. 
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CHAPTER II   

BACKGROUND AND LITERAURE REVIEWS 
 

2.1 Electrochemical reduction reaction of CO2 (CO2-RR) 

 There has not been an increase in the intensity of natural carbon sinks, which 

has led to an overall rise in greenhouse gas concentrations in the atmosphere. This has 

an impact on global climate change, air quality, human health, and energy security [20].  

Carbon dioxide (CO2) is the primary byproduct of fossil fuel combustion. It 

comes from both point sources, like fossil fuel-fired power plants, and more diffuse 

sources, like cars and planes. There were 36.2 billion metric tons of CO2 released into 

the air by humans in 2015. This caused the global average temperature to rise by 0.1°C 

since then.[20].  

Researchers and entrepreneurs have been working hard to come up with ways 

to reduce CO2 in the atmosphere. There are several ways to reduce CO2 into valuable 

products, such as thermochemical reduction, photochemical reduction, biochemical 

reduction, and electrochemical reduction as shown in Figure 1 shows example of these 

pathways. 

 

 

 

  

 

 

 

Figure 1.Carbon Dioxide Conversion Strategies A schematic depicting selected (A) 

photochemical and photoelectrochemical, (B) biochemical, (C) thermochemical, and 

(D) electrochemical methods [20] 
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A thermochemical approach may be more advantageous in the long run if there 

is access to underutilized hydrogen, such as from a chlor-alkali facility [20]. By 

utilizing solar energy, which is abundant, inexpensive, and ecological, photochemical 

processes can transform CO2 into a variety of valuable goods. It's also very expensive, 

doesn't work very well, and doesn't have a lot of CO2 affinity, This is a downside to this 

method [15]. Biochemical reduction of CO2 involves the production of a specific 

enzyme by bacteria, algae, or yeast. This enzyme is employed to collect CO2 and 

catalyze its reduction to complex compounds. Although this method is environmentally 

beneficial, it takes a long time to culture bacteria, algae, or yeast and is not stable at 

high temperatures or pH values [21]. 

Electrochemical reduction reaction of carbon dioxide (CO2-RR) is a cost-

effective and ecologically acceptable method of converting CO2 to a variety of useful 

chemicals such as hydrocarbon, alcohol, or aldehyde. CO2-RR is powered primarily by 

electricity. CO2-RR is an appealing strategy since it offers numerous benefits, including 

[22]. 

1. CO2-RR can occur at room temperature and pressure. 

2. Easy for scale-up application. 

3. Electrocatalyst with high selectivity and low cost for the conversion of CO2 

to a variety of valuable compounds in aqueous reaction systems. 
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2.2 Fundamental for CO2-RR 

 A CO2 molecule is in a linear geometry in which the carbon is attached to each 

oxygen atom by a double bond. As a result, the adsorption and activation of CO2 

molecules has been thought of as the first step in electrochemical CO2-RR. This is 

because CO2 molecules bend to weaken the C––O bond by forming chemical 

interactions with active sites on the surface of electrocatalysts, which bend CO2 [23].  

The electrochemical reduction of CO2 on a catalyst surface is a multi-step 

process. First, CO2 transfers from the gas phase to the bulk electrolyte. The dissolved 

CO2  then transports from a bulk electrolyte to the cathode-electrolyte interface and 

adsorbs at the cathode surface. Following that, the adsorbed CO2 species dissociate into 

adsorbed CO2 and adsorbed CO2.*COOH, *CO, *CHO, and *COH are intermediates. 

Then, electrons are transferred from the to the from the operating electrode to the 

intermediates. Finally, the products are ejected from the electrode. Migrate out of the 

cathode/electrolyte interface and into the bulk gas or liquid phase [24]. 

 

 

 

 

 

 

 

Figure 2.Schematics of H-cell [25]. 

 

Currently, the most common CO2-RR tool is the H-cell electrolyzer, which can 

be used in a laboratories and is easy to use [25]. The schematic of an H-cell is shown 
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in Fig. 2, with the working electrode and reference electrode placed in the cathodic cell 

and the counter electrode in the anodic cell. A proton exchange membrane separates 

the cathode and anode to keep products from getting mixed up between them. CO2 gas 

flows into the catholyte all the time during the  CO2-RR process. It is then collected in 

a gas collecting bag or sent to a gas chromatograph (GC) to detect gas products. 

Additionally, the liquid products produced by CO2-RR are collected from the catholyte 

and analyzed using nuclear magnetic resonance (NMR) or high-performance liquid 

chromatography (HPLC), which are processed to produce a variety of products, 

including carbon monoxide, formate, methane, methanol, and ethylene.  

When CO2-RR used in electrocatalysis in water, the possible products and their 

standard redox potentials are shown in Table 1. The standard hydrogen electrode with 

a pH of 7 at 25°C and a pressure of 1 atm is called E0. 

Table 1.CO2-RR performed in an H-cell type reactor 
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Parameters used for electro-catalyst performance analysis [23] 

Onset potential 

The onset potential denotes the point at which the CO2-RR begins. 

Voltammogram data isn't all that is used to figure out the onset potential of CO2-RR 

GC/NMR/HLPC are also used. 

Total current density 

 The total current density is the total number of charges flowing through a unit 

area of an electrode per unit time, which is used to explain the rate of reaction. 

Faradaic efficiency 

Faradaic efficiency (FE) represents the selectivity of the desired products in a 

reaction and can be calculated by using Eq (1) 

𝐹𝐸 =  
𝛼𝑛𝐹

𝑄
   (1) 

α = the number of transferred electrons  

n = the number of mole of a desired product  

F = Faraday’s constant (96,485 C/mol)  

Q = total charge passed during electrolysis 

 

Many factors influence CO2-RR product selectivity, including metal electrode 

type, reactor type, electrolyte, reaction conditions, and electrode surface preparation 

methods. However, CO2-RR is mainly affected by type of metal electrode 
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2.3 Study on Electrodes 

 The high-effective electrode is the key factor affecting the performance of CO2-

RR. Such a catalyst must be able to adsorb CO2 on catalytic surface strongly. Metallic 

electrodes are classified into 4 group based on their product selectivity. Sn, Pb, Bi, In, 

Hg, and Cd are included in the first group. These substrates have a difficult time 

adsorbing the CO2 intermediate. The molecule then desorbs and undergoes protonation, 

changing its form to formate or formic acid. The second group of elements,  

which includes Au, Ag, Zn, Pd, and Ga, readily bind to the CO2 intermediate. Due to 

the low adsorption energy of the CO intermediate, this intermediate is further reduced 

to CO. Pt, Ti, Ni, and Fe are included in the third group. They are selective for the HER 

due to the fact that these metals were used as inert catalysts for the CO intermediate. 

As a result, they are not in direct competition with CO2 reduction. Cu is the only metal 

that can be used to produce C1-C3 hydrocarbons or alcohols without passing through 

COH or CHO intermediates [26]. 

 CO2-RR has two major pathways, as illustrated in Figure 3. When CO2
•− is 

produced, it reacts with water to form HCOO•, which can be reduced to formate 

(HCOO−). As mentioned previously, this pathway is related to the first group. CO2
•− is 

protonated from water in the second route to form •COOH. This intermediate undergoes 

a rapid reduction to CO. This pathway has the potential to occur in the second group. 

Additionally, the CO intermediate formed on Cu can be converted to hydrocarbons. 

 

 

 

 

 

 

 

 

 

Figure 3.Possible pathways for CO2-RR on metal surfaces in aqueous solution [27] 
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 D. Ren et al. [27] proposed the mechanism depicted in Figure 4 for the formation 

of products over a Cu electrode. The mechanisms can be classified into two distinct 

pathways: the C1 formation pathway (Fig.4a) and the C2 formation pathway (Fig.4b). 

The CO intermediate is reduced to either *OCHO or *COOH via a proton and an 

electron transfer in the C1 formation pathway. Following that, *OCHO or *COOH is 

further reduced to HCOO or *CO. * Additionally, CO could be converted to CH4.             

In the case of C2 products, *CO may undergo C-C coupling with another *CO to 

produce C2 products such as ethylene (C2H4) and ethanol (C2H5OH) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.Proposed mechanism for carbon dioxide electroreduction. a The pathway to 

C1 products (formate, carbon monoxide, and methane) and b the pathway to C2 

products (ethylene and ethanol) [28] 
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2.4 Electroless deposition 

 Electrodeposition utilizes a power source such as a battery or rectifier to 

electrically charge a component immersed in a chemical solution, altering the chemical 

composition, and depositing a hard, durable metal coating on the component's surface. 

Electrodeposition is a more involved process than electroless deposition, requiring 

clean environments, the use of potentially hazardous equipment, and, in some cases, 

multiple applications to achieve the desired plating thickness. 

Electroless deposition is a chemical or auto-catalytic plating method that occurs 

without the use of external electrical power. It also has advantages such as low cost and 

simple handling, and uniform coatings can be obtained on any substrate with various 

shapes. In a typical electroless deposition process, a metal coating was directly formed 

on the substrate, which would transform the textile from insulative to conductive. 

 While the main advantages of electroless plating are uniformity and high quality 

[8] Electroless deposition is limited by its low deposition rate and the high cost of 

chemical components in mass production. 

 Electroless plating solutions contain four main components: (1) the metal ion 

salt, (2) the pH adjustor, (3) the complexing agent, and (4) the reducing agent. 

Furthermore, in some recipes, one or more additives are introduced, such as (1) 

stabilizing agents, (2) brightening agents, and (3) deposition rate-controlling agents 

[28]. 

Table 2.The basic elements of any electroless bath and their role are briefly reported 
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The CO2-RR activity of the Cu electrode has attracted attention over the years 

because it can produce hydrocarbons like methane, ethylene, methanol, and ethanol 

with a relatively high efficiency. In polycrystalline Cu, CO formation competes with 

HCOO formation at applied potentials of less than 0.9 V vs. reversible hydrogen 

electrode (RHE). At 0.9 V, hydrocarbon formation begins with the formation of 

ethylene, followed by methane. At applied potentials greater than 0.9 V, methane 

formation takes precedence over ethylene formation, and ethanol, methanol, and C3 

products begin to form. The HER directly competes with the CO2RR, but its activity 

decreases with increasing applied potential [26]. 

Ni-based alloys and intermetallic offer a unique opportunity to investigate 

alternatives to Cu-based materials, as Ni is the only other single metal known to reduce 

CO2 to C2 products Furthermore, Ni has been demonstrated to have the second highest 

CH4 yields, albeit at a 0.5 % Faradaic efficiency at extremely low reducing potentials 

(i.e. less than 1 V vs RHE) [29]. The synthesis of Ni-based intermetallic or alloys should 

offer the opportunity to modify The reactivity of Ni may possibly improve the activity 

of Ni for CO2 reduction. 

Sn has been preferably chosen to fabricate copper-based hybrid electrocatalysts 

due to its high hydrogen evolution overpotential, low cost and non-toxicity [30]. 

Takanabe et al. [31] reported the Cu−Sn bimetallic surface exhibits highly selective and 

stable performance, resulting in >90% FE toward CO for at least 14 h of CO2 reduction 

reaction at −0.6 V vs RHE. A strategy to design selective surfaces is presented, in which 

the H-binding sites are perturbed to diminish the competitive H2 evolution without 

altering the activity toward CO2 reduction. 

Carbon electrodes, including glassy carbon electrodes (GCE), boron doped 

diamond (BDD), graphite, graphene, carbon black, carbon nanotubes (CNTs), and 

carbon fabric, have been widely used in electrochemical applications, including 

electrochemical sensors and electrocatalysis. The carbon electrode has distinct 

properties compared to the metal-based ones, such as extensive lifetime for 

electrochemical applications, relatively low cost, wider potential window, and 

controllable surface modification [6]. 
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Carbon fabric has been used in various industrial fields, such as aerospace, 

electrical equipment, and automotives. It has also been used in reinforced polymers 

because it possesses superior properties such as high tensile strength and modulus, low 

density, and good dimension [7]. However, the disadvantages of carbon fabric were 

previously focused on its low conductivity and poor wettability in comparison to 

metals, severely limiting their future applications. To address these issues, metalized 

carbon fabrics with high conductivity have garnered increasing research interest in the 

past few years. Electroless deposition, chemical vapor deposition, and sputter coating 

are some of the many metallization methods that have been reported [8].The majority 

of these methods require expensive equipment and are difficult to scale up. 

 Fan Liao [32] studied the nickel-coated carbon fabric with continuous and 

uniform coating was fabricated at 85°C by a simple electroless plating methods. It was 

found that the  nickel-coated carbon fabric composites with compact nickel coating and 

excellent conductivity were prepared at 85 °C through a facile electroless plating 

method. The plating parameters, such as the amount of reducing agent used and the 

reaction temperature, had a significant effect on the quality of the nickel coating and 

the conductivity of the samples. Increased temperature would provide sufficient energy 

and accelerate the reaction. However, excessive heat can result in the decomposition of 

ammonia molecules. The current method was simple and cheap, and it could easily be 

used to make nickel coatings on other materials. 

 Reem Y. [33] studied a surface modification and electroless copper (Cu) plating 

on the carbon fiber (CF) surface. It is also observed that there is no deficiency on the 

Cu-coated carbon fiber. This is due to the uniform deposit of Cu on the carbon fiber 

surface by electroless plating. 

 KARTAL Muhammet [34] synthesis of tin-coated carbon fibers (CFs) by 

electroless deposition method in aqueous solution was studied. Sn-coated CFs have 

been successfully synthesized via an electroless deposition method. Could effectively 

prevent tin particles from aggregation and oxidization. The current approach can be 

extended to the fabrication of copper coatings on other substrates, and hence it is 

expected to have various applications in catalysis, sensors, and other fields. 
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 Wasu Chaitree  [35] studied Trimetallic electrocatalyst containing Cobalt (Co), 

Nickel (Ni), and Molybdenum (Mo) was prepared through electroless deposition 

technique and evaluated for ethanol electro-oxidation. The effects of catalyst 

composition (correlated to electroless deposition time) and oxidation temperatures (30-

60°C) were investigated using an as-deposited Co-Ni-Mo electrocatalyst supported on 

a Pd-catalyzed carbon substrate (CCS). It was found the trimetallic catalyst showed 

very low onset potential (−0.39 V vs. Ag/AgCl). 
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CHAPTER III   

MATERIALS AND METHODS 
3.1 Materials 

Chemicals Grade of 

purity 

Suppliers 

 

1. Palladium (II) Acetate (Pd(OCOCH3)2) 

 

2. Polyvinyl Butvral (Butvar B-98) 

 

3. Copper (II) sulfate pentahydrate     

(CuSO4·5H2O) 

 

4. Nickel (II) sulfate hexahydrate               

(NiSO4·6H2O) 

 

5. Tin (II) Sulfate (SnSO4) 

 

6. Potassium sodium tartrate tetrahydrate  

(KOCOCH(OH)CH(OH)COONa·4H2O) 

 

7. Potassium D-gluconate (C6H11KO7) 

 

8. Boric acid (H3BO3) 

 

9. Sodium citrate dihydrate 

(HOC(COONa)(CH2COONa)2·2H2O) 

 

10. Sodium hypophosphite monohydrate 

(NaH2PO2·H2O) 

 

11. EDTH (C10H16N2O8) 

 

12. Formaldehyde  

 

13. Deionized water  

 

14. Sodium hydroxide solution 

 

15. Ethanol solution 

 

16. Methanol solution  

 

17. Ammonium hydroxide solution 

 

98.0% 

 

 

 

98.0% 

 

 

98.0% 

 

 

98.0% 

 

99.0% 

 

 

99.0% 

 

99.8% 

 

99.0% 

 

 

99.0% 

 

 

99.0% 

 

99.0% 

 

 

 

99.0% 

 

99.0% 

 

99.0% 

 

99.0% 

 

TCI 

 

Eastman Chemical 

 

Sigma-Aldrich 

 

 

Sigma-Aldrich 

 

 

Sigma-Aldrich 

 

Sigma-Aldrich 

 

 

Alfa aesar 

 

KemAus 

 

Sigma-Aldrich 

 

KemAus 

 

 

Sigma-Aldrich 

 

Sigma-Aldrich 

 

 

 

Loba Chemie 

 

Sigma-Aldrich 

 

Sigma-Aldrich 

 

Sigma-Aldrich 
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3.2 Catalyst preparation 

3.2.1 Preparation of Pd-polymer ink.  

Palladium polymer ink was made by two separate mixtures. First, 0.098 g 

palladium acetate was mixed with 2 ml NH4OH. The second mixture was made by 

dissolving 22 g of polyvinyl Butvral (Butvar B-98) in 140 ml of methanol. Then, the 

two mixtures were mixed together (approximately 20 h) and stirred until the mixture 

was well-mixed. The color of the final mixture was light yellow. The catalyst is usually 

ready to use after 2 hours of stirring, and it can last for up to 10 years in storage. 

Table 3.Materials for the preparation of the electroless baths 

Chemicals 
Electroless baths 

CuNiSn CuNi CuSn NiSn Cu Ni 

1.Tin (II) Sulfate ✓  ✓ ✓   

2.Potassiumsodiumtatrate tetrahydrate ✓ ✓ ✓ ✓ ✓ ✓ 

3.Potassium D-gluconate ✓ ✓ ✓ ✓ ✓ ✓ 

4.Boric acid ✓ ✓ ✓ ✓ ✓ ✓ 

5.Nickel (II) sulfate hexahydrate ✓ ✓  ✓  ✓ 

6.Sodium citrate dihydrate ✓ ✓ ✓ ✓ ✓ ✓ 

7.Copper (II) sulfate pentahydrate ✓ ✓ ✓  ✓  

8.Sodium hypophosphite monohydrate ✓ ✓ ✓ ✓ ✓ ✓ 

9.EDTH ✓ ✓ ✓ ✓ ✓ ✓ 

10.Formaldehyde ✓ ✓ ✓  ✓  

11.Deionized water ✓ ✓ ✓ ✓ ✓ ✓ 
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3.2.2 Preparation of the Electrocatalysts. 

The carbon fabric substrate (CS) from Fuel Cell Earth, AvCarbele, 99.5% was 

made catalytically active for electroless plating with Pd-polymer ink. Electroless baths 

were prepared as shown in Table 3 

The plating condition was set to a temperature range of 80–85°C and a pH range 

of 10 − 11 by maintaining pH with NaOH. For CuNiSn electroless plating, the Pd-

catalyzed carbon fabric substrate (CCS) was cut and immersed in the electroless bath 

for a specific time (15, 30, or 45 minutes). After that, DI water and ethanol were used 

to rinse the plated substrate. The electrocatalyst was then dried overnight at 80°C. 

CuNiSn/CCS15, CuNiSn/CCS30, and CuNiSn/CCS 45. For other electrocatalysts (bi- 

and mono-metallic compositions), the best deposition time was used to prepare the 

sample. 

3.3 Catalyst Characterization 

3.3.1 Scanning electron microscope-energy dispersive X-ray spectroscopy      

(SEM-EDX) 

 CuNiSn/CCS, CuNi/CCS, CuSn/CCS, NiSn/CCS, Cu/CCS and Ni/CCS were 

characterized by scanning electron microscopy (SEM) of Hitachi mode S-3400N and 

energy dispersive X-ray spectroscopy (EDX) to investigate the morphology of the 

surface and the bulk composition, respectively. 

3.3.2 X-ray diffraction (XRD) 

  The X-ray diffraction (XRD) pattern of electrocatalyst samples were recorded 

in the 2θ range 20°-80° (scan rate = 0.5 sec/step) using a Siemens D5000 diffractometer 

using nickel filtered Cu Kα radiation. 

 3.3.3 Linear sweep voltammetry (LSV) 

  Linear sweep voltammetry is a technique for measuring the current at a working 

electrode while the potential difference between the working electrode and the 

reference electrode is swept linearly in time. This method was used to determine the 

amount of CO2 reduction that happened as a result of the applied potential. LSV 

recorded at 10 mVs-1 and between 0.6 to -1.7 V. 
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3.4 Electrochemical reduction reaction of CO2 (CO2-RR) 

 The CO2-RR was carried out in an H-cell type reactor as shown in Figure 5, and 

all reaction tests were measured at room temperature and ambient pressure. To separate 

the anode and cathode compartments and prevent the oxidation of liquid products in the 

cathode compartment, a Nafion® 117 proton exchange membrane was used. All the 

reaction tests were directed in a three-electrode cell consisting of the working electrode, 

the reference electrode (Ag/AgCl), and the counter electrode (Pt foil). The 

electrocatalyst was used as the working electrodes which were put in electrolyte with a 

surface area of 1x1 cm2. 25 mL of 0.1 M KHCO3 was used on both sides of the anode 

and cathode. The electrolyte was saturated with a CO2 flow rate of 100 mL/min for 60 

minutes. After saturated, CO2 gas was continuously bubbled with flowrate 20 mL/min 

during the running reaction. Then, the electrolysis was proceeded under constant 

potential (-1.6V vs Ag/AgCl) for 150 minutes by employing a potentiostat. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.CO2-RR performed in an H-cell type reactor 
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3.5 Products analysis 

 The gas chromatography (GC) system with a thermal conductivity detector (TCD) 

was used to detect H2 and CO and the operating condition of GC was shown in Table 4 

Liquid phase products were analyzed and quantified using NMR. 

 

Table 4.The operating conditions of gas chromatograph with a thermal conductivity 

detector 

 

 

 

 

 

 

 

 

 

 

 

Gas chromatography (Shimadzu GC-2014) Conditions 

Detector TCD 

Column information Shincarbon ST(50/80) 

Carrier gas Helium (99.999%) 

Injector temperature 180°C 

Column initial temperature 40°C, Hold time 5 min 

Column temperature rate 10°C/min 

Column final temperature 200°C 

Detector temperature 170°C 

Total time analysis 21 min 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 24 

3.6 Research methodology 

 Part I.  To investigate the effects of electroless deposition time (15, 30 and 45 

min) on the tri-metallic alloy electrocatalysts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The tri-metallic alloy electrocatalysts containing copper (Cu), nickel 

(Ni), and tin (Sn) supported on Pd-catalyzed carbon fabric substrate 

were prepared through a simple electroless deposition method.                                                                 

(Compared to electroless deposition times 15, 30 and 45 min) 

Catalyst characterizations 

- XRD 

 

The electrocatalytic activity of the 

electrocatalyst was measured and analyzed 

using linear sweep voltametric (LSV) 

techniques. 

Discussion and conclusions 
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 Part II.  To investigate the characteristic and the electrocatalytic activity of tri, bi 

and monometallic alloy electrocatalyst  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The tri, bi and monometallic alloy electrocatalysts containing copper 

(Cu), nickel (Ni), and tin (Sn) supported on Pd-catalyzed carbon fabric 

substrate were prepared through  a simple electroless deposition 

method. (The best electroless deposition time from Part I) 

Catalyst characterizations 

- SEM-EDX 

- XRD 

The electrocatalytic activity of the 

electrocatalyst was measured and analyzed 

using linear sweep voltametric (LSV) 

techniques. 

GC-TCD, NMR analysis  

techniques. 

Discussion and conclusions 
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Part III.  To investigate the activity and stability of electrocatalysts 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The tri and monometallic alloy electrocatalysts  

The stability of electrocatalysts was studied using a 

constant potential technique.  

Discussion and conclusions 
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CHAPTER IV   

RESULTS AND DISCUSSION 

 

Part I.  To investigate the effects of electroless deposition time (15, 30 and 45 min) on 

the tri-metallic alloy electrocatalysts 

4.1 Effect of electroless deposition time on the tri-metallic alloy electrocatalyst 

4.1.1 X-ray diffraction (XRD) of CuNiSn/CS electrocatalysts  

The structure of electrocatalysts were investigated by using X-ray diffraction. 

Figure 6 shows the crystalline structure of CuNiSn/CS_15, CuNiSn/CS_30 and 

CuNiSn/CS_45 obtained from electroless deposition of Cu, Ni and Sn on carbon 

substrate. The result shows that the formation of Cu-Ni was observed at 2=40 and 

50, respectively. In addition, the formation of Ni was also observed at 2=54. 

However, the peaks corresponding to tin were not detected probably due to low amount 

of metal appearance. The XRD result indicates the alloy formation of Cu, Ni, and Sn 

on the carbon substrate. Furthermore, no significant difference for all samples based on 

the XRD patterns was observed. Thus, it can be concluded that the deposition time had 

no effect on the crystalline structure of all catalysts. 

 

Figure 6.XRD patterns of CuNiSn/CS for deposition time (15, 30, or 45 minutes) 
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4.1.2 Electrochemical reduction reaction of electrocatalysts of CO2 

The reaction performances using CuNiSn/CS_15, CuNiSn/CS_30 and 

CuNiSn/CS_45 electrocatalyst for the CO2-ERR were evaluated. Current curves at the 

most negative potentials were also monitored in the base electrolyte following 20 

minutes of CO2 saturation. 

LSV for the electrocatalysts prepared by electroless deposition method are 

displayed in Fig.7a-7c. Generally, in absence of CO2 (dotted curve), the currents below 

-1.00V vs. Ag/AgCl are associated with hydrogen formation, whereas the signals 

developed in the base electrolyte following CO2 saturation (black curves) are associated 

with both hydrogen evolution reaction (HER) and CO2 reduction. 
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Figure 7.LSV curves of a) CuNiSn/CS_15 b) CuNiSn/CS_30 and c) CuNiSn/CS_45 

in N2 and CO2 saturated solutions (0.1M KHCO3) with a scan rate 100 mV/s. 

 

All the tri-metallic alloy electrocatalysts at different deposition times behaved 

similarly in the presence of CO2, the cathodic current was decreased at potentials less 

than -1.0 V vs. Ag/AgCl, which is attributed to the inhibition of HER due to the 

adsorption of species derived from CO2 reduction such as CO and formates [30]. These 

results show that CO2 is effectively reduced to adsorbed species on all the catalyst 

surfaces [9]. In addition, the evaluation of  the ability of the CO2-ERR on tri-metallic 

alloy electrocatalysts at different times was investigated using LSV (Figure 7-9). The 

dotted curve and black curve corresponded to rate of hydrogen evolution reaction 

(HER) and rate of the CO2-ERR respectively. For CuNiSn/CS_30 in Fig.7b, the gap 

between these curves, which related to the rate of product, was larger than that for 

CuNiSn/CS_15 and CuNiSn/CS_45 in Fig.7a and Fig.7c respectively. It suggested that 

CuNiSn/CS_30 had higher catalytic activity than CuNiSn/CS_45 and CuNiSn/CS_15, 

respectively. 
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Part II.  To investigate the characteristic and the electrocatalytic activity of tri, bi and 

monometallic alloy electrocatalyst 

4.2 Characteristic of tri, bi and monometallic alloy electrocatalyst 

4.2.1 Scanning electron microscope-energy dispersive X-ray spectroscopy                      

(SEM-EDX) of electrocatalyst 

Figures 8a-8d represent SEM images of the electrocatalysts synthesized by 

electroless deposition method (30 min). A carbon fabric substrate shows clean surface 

and cylindrical structure (Fig. 8a). For CuNiSn/CS, CuSn/CS, CuNi/CS and Cu/CS 

electrocatalysts (Fig.8b, 8c, 8d and Fig.8g respectively), the figures show that particles 

were deposited on the carbon fabric. The images demonstrate that the particles 

deposited on the surface were spherical and non-uniform. For NiSn/CS and Ni/CS 

electrocatalysts (Fig.8e and Fig.8f), the nickel layer on the surface of the carbon fabric 

is uniform and compact, with no observable scattered nickel particles on the coating 

surface. It indicates that nickel was deposited mainly on the surface of the carbon fabric 

and not in the reaction solution [32].  
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Figure 8.SEM images of (a) CS, (b) CuNiSn/CS, (c) CuSn/CS, (d) CuNi/CS, (e) 

NiSn/CS, (f) Ni/CS and (g) Cu/CS 
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Table 5.EDX results of tri, bi and monometallic alloy electrocatalyst 

EDX is used to study the elements distribution on the carbon fabric and the 

result are shown in Table 5. For copper-based electrocatalysts, CuNiSn/CS_30, 

CuSn/CS_30 and CuNi/CS_30 showed that copper was the main species and small 

amount of deposited nickel and tin was observed.  It is suggested that Cu was reduced 

by both reducing agents, including sodium hypophosphite monohydrate and 

formaldehyde, while Ni was reduced by sodium hypophosphite monohydrate only [36]. 

In addition, the trace amount of added Sn was observed during the electroless 

deposition preparation. For nickel-based electrocatalysts, nickel was the main species 

for NiSn/CS_30 because nickel and tin could be reduced by sodium hypophosphite 

monohydrate, but the smaller amount of tin percussor (SnSO4) was used compared to 

the amount of NiSO4. Finally, for monometallic electrodes, Cu/CS_30 and Ni/CS_30 

show that the copper and nickel were deposited on the carbon surface, respectively. 

Electrocatalysts 
The percent by atom (%) 

Cu(%) Ni(%) Sn(%) C(%) 

1.CuNiSn/CS_30 54.63 11.28 1.40 32.69 

2.CuSn/CS_30 88.06 - 0.86 11.08 

3.CuNi/CS_30 28.95 3.47 - 67.58 

4.NiSn/CS_30 - 39.61 1.23 59.16 

5.Cu/CS_30 94.22 - - 5.78 

6.Ni/CS_30 - 49.48 - 50.52 
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4.2.2 X-ray diffraction (XRD) of electrocatalyst 

Next, the electrocatalysts were investigated by using X-ray diffraction (XRD). 

Figure 9a – 9g shows the crystalline structure. All patterns of electrocatalysts show 

amorphous phase. The XRD of carbon substrate after catalyzing surface with Pd-

polymer ink (Fig.9a), the XRD shows peak at 2=33°, 55° and 61°, indicating that PdO 

was formed [35] and peak at 40.1° are attributed to Pd [35]. For tri-metallic alloy 

electrocatalyst, the CuNiSn/CS_30 (Fig.9b) that the formation of Cu-Ni was observed 

at 2=40 and 50[37] respectively. For bi-metallic alloy electrocatalysts, the 

CuSn/CS_30 (Fig.9c) shows sharp peak at 2=40°, 50° and 75°, indicating that Cu was 

formed [33]. For CuNi/CS_30 (Fig.9d) show the formation of Cu-Ni was observed 

2=40 and 50 [37] respectively and peak at 2=36 indicating that Cu2O was formed 

[38]. The XRD pattern of NiSn/CS_30 (Fig.9e) shows the peak at 44 and 54, 

indicating that Ni are formed [32]. For mono-metallic electrocatalyst, the Cu/CS_30 

(Fig.9f) shows a sharp peak at 2=40°, 50° and 75°, indicating that Cu was formed [33] 

which looks like the XRD pattern of CuSn/CS_30. Finally, the XRD pattern of 

Ni/CS_30  (Fig.9g) shows the peak at 44 and 54, indicating that Ni was formed [32] 

which was similar to the XRD pattern of NiSn/CS_30. However, For CuNiSn/CS_30 

(Fig.9b), CuSn/CS_30 (Fig.9c) and NiSn/CS_30 (Fig.9e) the peaks corresponding to 

tin were not detected, probably due to the low amount of metal appearance. 
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Figure 9.XRD patterns of (a) CS, (b) CuNiSn/CS, (C) CuSn/CS, (d) CuNi/CS, (e) 

NiSn/CS, (f) Cu/CS and (g) Ni/CS 
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4.2.3 Electrochemical reduction reaction of electrocatalysts of CO2 

To evaluate the ability of the CO2-ERR on carbon fabric and tri, bi and 

monometallic alloy electrocatalysts prepared by electroless deposition method at 30 

minutes, linear sweep voltammetry (LSV) was applied under N2 and CO2 saturated 

solution. As shown in Figure 10a. – 10g., dotted curve and black curve corresponded 

to rate of hydrogen evolution reaction (HER) and rate of the CO2-ERR respectively. 

The gap between these lines represents the rate of products. The result shows that, in 

0.1 M KHCO3, the gap observed in CuNiSn/CS_30 (Fig.10b), CuSn/CS_30 (Fig.10c) 

and Cu/CS_30 (Fig.10f) was larger than that of  CuNi/CS_30, NiSn/CS_30 and 

Ni/CS_30. It suggests that CuNiSn/CS_30, CuSn/CS_30 and Cu/CS_30 had a higher 

catalytic activity than CuNi/CS_30, NiSn/CS_30 and Ni/CS_30 in 0.1 M KHCO3
 over 

studied potentials. 

In addition, For the CuNiSn/CS_30, CuSn/CS_30 and Cu/CS_30 

electrocatalysts behaved similarly in the presence of CO2, the cathodic current was 

decreased at potentials less than -0.9 V vs. Ag/AgCl, which is attributed to the inhibition 

of HER due to the adsorption of species derived from CO2 reduction such as CO and 

formats [19], [22], [30]. These results show that CO2 is effectively reduced to adsorbed 

species on all the catalyst surfaces. 
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Figure 10.LSV curves of a)Carbon fabric b)CuNiSn/CS_30 c)CuSn/CS_30 and 

d)CuNi/CS_30 e) NiSn/CS_30 f)Cu/CS_30 and g)Ni/CS_30 in N2 and CO2 saturated 

solutions (0.1M KHCO3) with a scan rate 100 mV/s. 
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4.2.4 Activity test of electrocatalyst for the CO2-ERR 

To compare the activity of tri, bi and monometallic alloy electrocatalysts, all the 

electrocatalysts were tested via the CO2-ERR at -1.6 V vs. Ag/AgCl for 150 minutes in 

CO2 saturated 0.1 M KHCO3 as shown in Table 6. The obtained gas product included 

H2 as a main product. When CO2-ERR was performed on Cu/CS_30, Ni/CS_30 (mono-

metallic) and CuSn/CS_30, CuNi/CS_30 and NiSn/CS_30 (bi-metallic), Faradaic 

Efficiency (FE) of H2 production was over 100% and produced a high rate of H2 

production in 0.1 M KHCO3 at -1.6 V vs. Ag/AgCl. Because Cu is the only metal that 

can be used to produce hydrocarbons and oxygenate[20] but Cu promotes high 

hydrogen coverage at voltages more negative than –0.8 V [39] and Ni is regarded as 

increasing activity towards hydrogen evolution [39]. 

For, the CuSn/CS_30 and Cu/CS_30 were able to provide gas products 

including CO and H2 ,while other electrocatalysts produced only H2 .  The result was 

consistent with the research of  Saad Sarfraz [31], indicating a selective and stable 

electrocatalyst for the efficient and selective conversion of CO2 to CO over a large 

potential range using non-noble metals such as Cu and Sn. The Cu-Sn bimetallic 

electrocatalyst creates a surface that prevents adsorbed H*, leading to enhanced CO 

production, whereas the pure monometallic surfaces (Cu) fail to selectively reduce CO2. 

Thus, most of CO on CuSn/CS_30 and Cu/CS_30 can be easily converted into formate, 

C2 product and C3 product. 

Moreover, the CuNiSn/CS_30 (tri-metallic) showed the decrease in the H2 

production, subsequently H2 evolution was greatly decreased to a FE of 33%, compared 

to bi-metallic and mono-metallic electrocatalyst, probably because they have multiple 

active sites able to function during the reaction. 

Additionally, the liquid products from NMR analysis showed that formate, 

ethylene glycol, acetone, and ethanol were produced from the CO2-ERR. It was 

indicated that copper was the active metal for the formation of formate, which could be 

observed from CuSn/CS_30 and Cu/CS_30. Tin could help increase the rates of 

formations of formate (CuSn/CS_30 and Cu/CS_30) and ethanol (NiSn/CS_30 and 

Ni/CS_30). Moreover, nickel was the active metal for the formation of ethylene glycol, 
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acetone, and ethanol. For CuNiSn/C_30, the main two products were ethanol and 

ethylene glycol, respectively. 

For reaction pathway, we suggested that Cu-based catalysts have a proton 

coupled electron transfer to an adsorbed intermediate like *OCHO to form formate. For 

Ni-based catalysts, it is believed that the intermediate *OCHO can transform to *CHO, 

flowed by CO insertion to form ethanol and ethylene glycol; additionally, *CHO with 

CO coupling can produce acetone. Although the %FEs of liquid products were 

relatively low, the present study’s objective was to demonstrate the feasibility of the 

concept used for the synthesized electrocatalysts. In our next study, to improve the 

reaction performance, the stoichiometry of deposited metals and the influences of 

electrolytes, including types, pH, and concentrations need to be studied. 

Table 6.The catalytic activity of tri, bi and monometallic alloy electrocatalyst of CO2-

ERR  

Electrocatalyst 

Rate of gas 

products 

(µmol/min) 

Faradic 

Efficiency 

(FE) 

Rate of liquid products (µmol/min) Faradic Efficiency (FE) 

H
2
 

C
O

 

H
2
 

C
O
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co
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ce

to
n
e 

E
th

an
o
l 

1.CuNiSn/CS_30 3.50 - 33% - 0.0030 0.0140 0.0030 0.0140 0.07% 1.38% 0.57% 1.71% 

2.CuSn/CS_30 11.80 1.30 100% 13% 0.1030 0.0250 0.0050 0.0240 1.81% 2.17% 0.76% 2.50% 

3.CuNi/CS_30 10.90 - 100% - 0.0400 0.0590 0.0080 0.0250 0.74% 5.78% 1.31% 2.94% 

4.NiSn/CS_30 9.90 - 100% - 0.0009 0.0130 0.0100 0.0200 0.02% 1.22% 1.49% 2.38% 

5.Cu/CS_30 9.50 0.02 100% 0.2% 0.0920 0.0300 0.0170 0.0240 1.41% 2.28% 2.09% 2.22% 

6.Ni/CS_30 13.40 - 100% - 0.0090 0.0130 0.0100 0.0050 0.16% 1.07% 1.33% 0.48% 
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Part III.  To investigate the activity and stability of electrocatalysts 

4.3 Stability of electrocatalysts 

 Finally, stability of electrocatalyst was studied using a constant potential at -

1.6V vs. Ag/AgCl applied for CuNiSn/CS_30, Cu/CS_30 and Ni/CS_30 

electrocatalyst. Figure 11 showed that CuNiSn/CS_30 remained stable even after 1800 

seconds. During the reaction, the current density for monometallic Cu and Ni appeared 

to drop quite quickly and eventually approach a very low current density. It was 

indicated that the synergistic effect of copper, nickel, and tin could improve the catalyst 

stability. Therefore, the conclusion can be drawn that CuNiSn/C_30 provided high 

stability and strong resistance toward CO2-ERR. 

 

Figure 11.Electrochemical stability of electrodes in 0.1M KHCO3 
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CHAPTER V 

CONCLUSIONS 

5.1 Conclusion 

 The tri, bi and mono metallic alloy electrocatalysts were prepared by electroless 

deposition method. As-deposited tri, bi and mono metallic alloy electrocatalyst 

supported on carbon fabric by palladium polymer ink was used for CO2-ERR. For the 

effect of electroless deposition time for CuNiSn electrocatalysts, the structure of 

CuNiSn/CS_15. CuNiSn/CS_30 and CuNiSn/CS_45 obtained from electroless 

deposition showed no significant difference for all samples based on the XRD pattern. 

Thus, it can be concluded that the deposition time had no effect on the crystalline 

structure of all catalysts. In addition, the evaluation of the ability of the CO2-ERR on 

trimetallic alloy electrocatalyst at different times was investigated using linear sweep 

voltammetry (LSV). The result showed that CuNiSn/CS_30 had a higher catalytic 

activity than CuNiSn/CS_45 and CuNiSn/CS_15 respectively. 

 Mono-metallic and bi-metallic alloy electrocatalyst displayed different 

activities toward the H2 evolution reaction, which occurs during CO2 reduction in 

aqueous electrolytes. Despite these apparent differences, a significant reduction in the 

current developed in the H2 evolution region was observed for all the electrocatalysts, 

demonstrating the adsorption of species derived from CO2 reduction on all the electrode 

surfaces. For, CuSn/CS_30 and Cu/CS_30 was found to be able to provide gas products 

with CO other than H2 compared to other electrocatalysts. Thus, most of CO on 

CuSn/CS_30 and CuSn/CS_30 can be easily converted into formate, C2 product and 

C3 product. Moreover, the trimetallic electrode (CuNiSn/CS) provides better reaction 

performance than monometallic and bimetallic electrodes and this is supported by its 

lower FE for H2 production, suggesting that it has multiple active sites able to function 

during the reaction.  

The liquid products including formate, ethylene glycol, acetone, and ethanol 

were produced from the CO2-ERR. Copper was the active metal for the formation of 

formate. Tin could help increase the rates of formations of formate and ethanol. Nickel 

was the active metal for the formation of ethylene glycol, acetone, and ethanol. 
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Moreover, different intermediates over Cu-based and Ni-based catalysts were 

proposed.  

5.2 Recommendations 

1. The electroless bath composition need to be studied. For instance, 

NiSO4:CuSO4 need to be varied to obtain the optimum ratio 

2. The influences of electrolytes, including types, pH, and concentrations need to 

be studied.  

3. The applied potential may need to be varied less than -1.6 V vs Ag/AgCl 
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