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Electrochemical reduction of carbon dioxide to valuable fuel is one of the most promising 

and rapid approaches to reduce CO2 emission in atmosphere beside store energy in the form 

of liquid fuels. Due to the drawback of the high cost of hydrogenation and low yield of 

photochemical processes, electrochemical reduction of CO2 is the most common, simple, 

and high product yield process. Comparing to different renewable energy sources such as, 

solar and hydrogen energy, conversion of CO2 to liquid fuels is superior and more 

convenient way to store energy due to the high density per weight and per volume which 

render CO2 conversion come on top of other renewable energy sources. In this study, we 

fabricated graphene(GN)/metal oxide nanocomposites such as GN/Cu2O, GN/ZnO, and 

G/ZnO/ Cu2O-based electrode where graphene is known to be the most efficient cathode 

due to its large surface area and high electron mobility due to its extended pi-bond structure. 

Cu2O is a universally agreed form of copper (I) oxide to be the most efficient metallic oxide 

that aid in the transformation of the CO2 to methanol specifically. Graphene/Cu2O based 

electrode showed high catalytic activity for CO2 reduction towards ethanol in compare to 

Cu2O. Also, the contribution of Cu2O into graphene/ZnO composite showed a reasonable 

enhancement in the cathodic reduction current density. Different ZnO/Cu2O weight ratios 

has been tested, and the results indicated the conversion of CO2 to n-propanol. 
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 ملخص الرسالة
 
 

 رمضان عبد المنعم ربیع محمد جیوشى :االسم الكامل
 

 تصنیع أقطاب ذات كفاءة عالیة لتحویل ثانى أكسید الكربون الى ھیدروكربونات عالیة القیمة :عنوان الرسالة
 

 الكیمیاء التخصص:
 

 2017 أبریل:تاریخ الدرجة العلمیة
 

مواد ذات قیمھ عالیھ ھى واحدة من اكثر االسالیب الواعدة ى االختزال الكھروكیمیائى لغاز ثانى أكسید الكربون الیعتبر 

للحد من انبعاثات ثانى اكسید الكربون فى الغالف الجوى بجانب انھا احدى الطرق لتخزین الطاقة فى شكل وقود سائل. 

كن بسبب ولمثل الھدرجة والعملیات الكھروضوئیة  مواد عالیة القیمةھناك طرق اخرى لتحویل ثانى اكسید الكربون الى 

یل الناتج من العملیة الكھروضوئیة لذلك طریقة االختزال الكھروكیمیائى ھى لالتكلفة العالیة لعملیة الھدرجة والعائد الق

عائد عالى. فى نفس الوقت مقارنة لمختلف مصادر الطاقة المتجددة مثل الطاقة الشمسة  تجالعملیة الشائعھ وبسیطھ وتن

قتراح ولذلك ھذا اال. غاز ثانى اكسید الكربون كوسیلة مالئمة وممتازة لتخزین الطاقة زالاختوالھیدروجین تأتى عملیة 

یھدف الى تصنیع الكترود قائم على مادة الجرافین مع بعض اكسید العناصر النانومتریة مثل اول اكسید النحاس واكسید 

سھولة وسرعة بجانب سطح كبیرة جداً الزنك كل على حدة. حیث تأتى مادة الجرافین على رأس المواد ذات مساحة 

انتقال االلكترونات بین طبقات الجرافین لتسھیل عملیة اختزال ثانى أكسید الكربون. أیضاُ اشباه الموصالت مثل  أول 

فولت  والمعروف بفعالیتة العالیة لتحویل ثانى أكسید الكربون الى میثانول بجانب  2.14اكسید النحاس ذات فجوة الطاقة 

جین الذى یزید من فجوات االلكترونات ومن خاللھا تزید امتصاص ثانى اكسید الكربون على سطح االلكترود. االكس

لذلك من خالل جمع الخصائص لكل من الجرافین واشباه الموصالت لالكأسید المذكورة داخل المقترح مع المنھجیة 

وكربونات ذات قیمة ھیدروالكفاءة الفارادیة العالیة النتاج  الخاصة بنا فاننا نتوقع تعزیز كبیر لالنتقائیة واالنتاج العالى

وقد أثبتت تلك الدراسة كما سیتضح من خالل النتائج المعروضة قدرة االلكترود  من غاز ثانى أكسید الكربون. عالیھ

قیم الكترود قمصنوع من الجرافین/اول اكسید النحاس على اختزال ثانى أكسید الكربون الى الكحول االیثیلى. كما تم ت

 مصنوع من الجرافین/ اكسید الزنك/ أول اكسید النحاس لتحویل ثانى أكسید الكربون الى البروبانول.



1 
 

CHAPTER 1 

INTRODUCTION 

1.1 Carbon Dioxide 

CO2 occurs naturally in small amounts (about 0.04%) in the atmosphere.  As a major 

greenhouse gas, CO2 acts to maintain the natural greenhouse effect that keeps our planet 

hospitable to life. CO2 is added to soft drinks to make them bubbly. CO2 is also used in fire 

extinguishers. Every day, millions of tons of CO2 are injected into underground geologic 

zones to help produce oil in a well-known industry practice called "CO2 flooding" or 

enhanced oil recovery. 

  

1.2 Is CO2 a Pollutant? 

CO2 formed by human action is called anthropogenic CO2. Plowing the land, making 

cement, and burning fossil fuels for energy all generate anthropogenic CO2, which adds 

carbon to the global carbon cycle. Between 1751 and 2013, approximately 1440 billion 

metric tons of CO2 has been emitted to the atmosphere from these sources. This raises 

concerns about climate change.  The U.S. Environmental Protection Agency has considred 

CO2 a pollutant in order to be able to regulate anthropogenic CO2 emissions from human 

activities under the Clean Air Act of 1970. 
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1.3 Carbon capture and sequestration (CCS) 

Since the industrial revolution in the 19th century, the fossil fuels (petroleum, coal, and 

natural gas) are burned in the power plants to produce energy. On the other hand, the global 

demand for energy is increasing in parallel with the fast development of economy and 

population. In addition, the fossil fuels as non-renewable resources are excessively 

depleted, leading to an energy crisis. Also, the huge consumption of fossil fuels causing 

large amounts of CO2 accumulation in the atmosphere [1]. Around 496 gigatonnes of CO2 

was predicted to produce from many factories, vehicles, chemical and power plants in the 

coming few decades. As a result, the atmospheric CO2 concentration has far exceeded the 

upper safety limit of 350 ppm. Recently, the International Energy Agency (IEA)-World 

Energy Outlook (WEO) revealed that by 2030 CO2 emissions will attain 63% from today's 

level, which is almost 90% higher than those of 1990.  Carbon dioxide is the major 

greenhouse which contributes significantly to the global warming [2][3][4][5]. On the other 

hand, CO2 is a typical renewable feedstock for manufacturing chemicals such as; 

hydrocarbons and alcohols. The scientists believe that the average temperature will rise up 

if CO2 concentration reaches 550 ppm, which could disrupt our eco-environment system. 

It was agreed by 195 nations in Paris agreement on climate change to keep a global 

temperature rise this century well below 2 degrees Celsius.  

To mitigate CO2 emission, during the previous decades, fossil fuels have been replaced by 

clean and renewable energy sources. Solar and wind energy were considered the most 

viable option to drive clean and renewable energy demand, but the challenges associated 
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with storage and the utilization of these sources require the development of economically 

viable technology. Figure 1.1. shows the concept of restoring balance in CO2 cycle [6]. 

Later, carbon capture and sequestration (CCS) was the common and essential way to 

prevent the release of large amount of CO2 into the atmosphere. Nevertheless, there are 

some limitations of CCS technology, such as energy consumption and high cost in addition 

to the leakage of stored CO2. Recently, conversion of carbon dioxide to useful organic 

molecules like hydrocarbons or alcohols received more attention as an ideal solution to 

reduce the amount of atmospheric CO2 level and assist in switching from fossil fuels to 

renewable energy sources[7][8][9][10], thus overcomes the energy storage problem as it 

provides the suitable potential solution to store the renewable energies in chemical forms 

as shown in figure 1.2.   
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Figure 1.1 The carbon dioxide cycle in life [6]. 
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Figure 1.2 Possible pathways to convert carbon dioxide to chemicals [8]. 
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1.4     Thermodynamic considerations of CO2 

CO2(g) + 3H2(g)  CH3OH(l) + H2O(l)                   ∆H = -131.0 kJ mol-1 

The above equation shows the reaction between carbon dioxide and hydrogen to form 

stable products and it is considered to be thermodynamically favorable. So that the limited 

use of CO2 is more likely kinetic.  Both terms (∆S and ∆H) of the Gibbs free energy (∆G) 

are not favorable for converting CO2 to other molecules [11]. The carbon-oxygen bonds 

are relatively strong and substantial energy has to be supplied for their cleavage. The 

entropy contribution through the term (- T∆S) makes little contribution to the 

thermodynamic driving force for any reaction involving CO2 so that the value of the 

enthalpy change AH is a good guide to the thermodynamic feasibility. Table 1.1 shows 

thermodynamic terms for several CO2 reactions. The kinetics are favorable CO2 reduction 

may also be possible at metallic surfaces where the free energy of oxide formation is highly 

favorable. 
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Table 1.1 Thermodynamics of CO2 reactions [11]. 

 ∆H -T∆S ∆G 

 H2(g) + CO2(g)   CO(g) + H2O(g) 41.2 22.6 18.6 

 H2(g) + CO2(g)   CO(g) + H2O(l) -2.8 22.8 20 

 H2(g) + CO2(g)   HCOOH(l) -31.2 64.2 33 

 2H2(g) + CO2(g)  \ CH2O(g) + H2O(L) -9 55 44 

 3H2(g) + CO2(g)  \ CH3OH(l) + H2O(l) -131.3 122.1 -9.2 

 4H2(g) + CO2(g)  \ CH4(g) + 2H2O(L) -252.9 122.1 -130.8 
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1.5     Molecular orbitals of CO2  

CO2 contains 22 electrons, 16 of which are valence electrons (4 e- from C + 12 e- from 2 

O) accommodating four σ orbitals (eight electrons) and two π orbitals (eight electrons) in 

which four bonding pairs and four non-bonding pairs as shown in figure 1.3. The 

unoccupied 2πu molecular orbital is the only valence orbital for which the bent molecule is 

strongly favored. Processes at surfaces involve electron transfer from a substrate into the 

CO2 molecule which in turn would lead to occupation of this orbital via the formation of a 

CO2 anion (CO2 + e-   CO2
-). The undistorted CO2 molecule exhibits two bonding modes, 

namely via the oxygen atom(s) forming a linear CO2-metal bond or via the pi-bonds of the 

CO2 molecule. In comparison, anionic CO2 molecule could exhibit three modes of 

coordination: (a) a pure carbon coordination, or (b) a pure oxygen bidentate coordination, 

or (c) a mixed carbon-oxygen coordination. 

 

 

 

 

 

 

 

 



9 
 

 

Figure 1.3 Molecular orbital diagram of CO2. 

 

1.6     Electrochemical reduction of CO2 

CO2 is thermodynamically stable fully oxidized molecule. The process to convert CO2 to 

reduced carbon species is kinetically very poor. Different methods such as thermochemical, 

photochemical, and electrochemical have been carried out for CO2 reduction reaction 

(CO2RR) [12]. Thermochemical process required high temperature and large amount of 

H2. Photochemical process has very poor selectivity and low production rate. Numerous 

studies have revealed that the electrochemical reduction of carbon dioxide to valuable 

chemicals like CO, HCOOH, CH3OH, C2H5OH, and ethylene is one of the attractive route. 

This is attributed to the simplicity, moderate efficiency, controllable selectivity, 

environmentally friendly, cost effectiveness. Moreover, this reaction can be carried out 

under ambient conditions in aqueous and non-aqueous electrolytes [13][14][15][16]. The 

major drawbacks are; the electrochemical reduction of CO2 requires high overpotentials to 
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be reduced efficiently, hydrogen evolution reaction (HER) poses a main challenge as it 

competes with CO2 reduction at the cathode surface and hence consumes the electrons. As 

a result, the faradaic efficiency of CO2 conversion decreases. Up till now no economical 

and commercial process is available for the reduction of CO2.  

Therefore, an efficient electrocatalyst should be developed for the production of the 

selective desired product and the high faradic efficiency. Homogeneous and heterogeneous 

electrocatalysts have been widely used for CO2 electroreduction. Homogeneous catalysts 

have some disadvantageous such as high cost and toxicity which hinder their application 

in industry. In contrast, heterogeneous catalysts have great potentiality for large-scale 

application due to their simple synthesis and environmentally friendly. 

 

1.6.1   Reaction mechanism of CO2 electroreduction 

The electrochemical reduction of CO2 takes place at the electrode-electrolyte interface. 

Reduction pathway proceeds usually in an aqueous electrolyte solution via multi-steps 

process involving number of electrons based on the product yielded. This catalysis process 

involves three major steps: i) adsorption of CO2 on an electro-catalyst surface; ii) electron 

transfer and proton migration to form C-H bond; iii) desorption of the product from the 

electro-catalyst surface. The products generated as a result of CO2 reduction are strongly 

dependent on different parameters such as, the nature of the electrode material, the applied 

potential and the electrolyte [17][18]. 
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1.6.2   Electro-catalyst 

Electro-catalyst should be designed as a highly selective cathode towards desired products 

and should suppress the hydrogen evolution side reaction. Metallic, non-metallic, and 

molecular are the most common electro-catalysts (Fig. 1.4). during the early stage, the 

electrochemical reduction of CO2 studies have been based on several kinds of metallic 

electrodes such as; amalgamated copper, amalgamated zinc, lead, and mercury. 

Monometallic catalysts can be divided into subgroups based on the product selectivity: CO 

selective (e.g., Zn, Ag, and Au), formate selective (e.g., Fe, Ni, and Pt).  
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Figure 1.4 Different categories of electro-catalysts for CO2 reduction [19]. 

 

 

 

 

 

 

 

 

 

 

 



13 
 

Recently, Copper metallic electrode was found to exhibit higher catalytic activity to wide 

range of products like CO, formate, ethanol, and ethylene. Hori et al. have used metallic 

copper as an electro-catalyst for CO2 reduction to hydrocarbons at high efficiencies. To 

date, various nanostructured catalysts have been used in aqueous solutions to reduce CO2. 

Since nanostructured materials provide more surface active sites. Among these metals are 

Zn and Cu which has medium hydrogen overpotential characteristics [20][21]. Zn has weak 

CO binding energy while Cu has strong CO binding energy. As Cu-Zn catalysts have been 

demonstrated for CH3OH production [22][23]. Figure 1.5 shows the pourbaix diagram for 

carbon dioxide reduction as a function of pH. Table 1.2 presents a wide range of CO2 

products as a result of the proton-assisted processes which makes the selectivity very 

challenging because of the similarity of all redox potentials for different reaction pathways. 

 

However, most metals are expensive and not applicable for large scale applications. So, 

more efforts are needed to design an effective metal-free catalysts for CO2 conversion with 

higher selectivity towards C-H and C-C bond-containing products. Cuprous oxide (Cu2O) 

as a p-type semi-conductor with 2.14 eV bandgap has received high extensive investigation 

for electrochemical CO2 reductions. Cu2O was found to be the most active and selective 

electrode towards alcohols production from CO2 reduction [24]. The oxygen species in Cu 

(I) increases the number of defect electrons so that CO2 is easily adsorbed onto the surface 

of the catalyst which facilitates its reduction as well as conversion.  
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Table 1.2 Standard redox potentials for CO2 electroreduction. 

 

 

 

 

Reaction E (V) vs. SHE 

                                                                 2H   -+ 2e +2H 0.41- 

HCOOH                                        -+ 2e ++ 2H 2CO 0.61- 

O                                      2= CO + H -+ 2H+ + 2e 2CO 0.53- 

O                                      2C + 2H  -+ 4e ++ 4H 2CO 0.20- 

O                                      2HCHO + H  -+ 4e ++ 4H 2CO 0.48- 

O                                      2OH + H3CH  -+ 6e ++ 6H 2CO 0.38- 

O                                      2+ 2H 4CH  -+ 8e ++ 8H 2CO 0.24- 
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Figure 1.5 Pourbaix diagram for carbon dioxide reduction at 25 oC. 
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Low selectivity, low products yield, large overpotential and low Faradic efficiency (FE) 

are the main problems associated to these systems. To overcome these drawbacks, metal 

and/or metal oxides dispersed on carbon materials supports which provide high surface 

area and more active sites have been used [25]. Graphene as a new carbon material has 

large specific surface area and excellent electron mobility over its surface which is 

expected to be a promising catalyst for CO2 reduction process [26]. 

 

 1.7   Statement of the problem 

Carbon dioxide is a greenhouse gas which is produced from different resources around us 

and its atmospheric level increases rapidly. Capture and conversion of CO2 to useful 

chemicals are the proper way to reduce the CO2 level in the atmosphere. Methanol and 

ethanol have high energy density, easily stored, nontoxic and safe, and are considered as 

renewable energy sources need more attention to be produced form CO2 reduction. The 

electrochemical reduction of CO2 needs a high overpotential and is accompanied by many 

products such as CO. HCCOH, and CH4.  Besides the high potential and poor selectivity, 

hydrogen evolution reaction (HER) presents a big competition during the CO2 reduction 

over the electrode surface. So, the electrochemical reduction of CO2 requires an electro-

catalyst which should be designed with high selectivity towards alcohols and to overcome 

the HER problem. Material properties and the catalyst behaviour such as the active sites, 

the geometries, the compositions, the substrate as well as the electron transfer mechanisms 

have to be thoroughly investigated. Also, the high product yield, the high Efficiency and 

the reproducibility are of great challenge. 
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1.8    Objectives of the study 

Conversion of CO2 to C1 products (CO and formate) have been intensively studied. New 

trends lie in designing advanced cathode materials to convert CO2 to more value-added C2-

C4 products. Up to date, no electro-catalyst exhibited a good selectivity C2-C4 products. 

Many scientists have used carbon nanomaterials and developed an alternate conversion of 

CO2 to useful chemicals. We expected by reviewing the literature of the past three decades 

that carbon nanomaterials/metal oxides would direct a new path in the electrochemical 

reduction of CO2. High yield and high selectivity of the desired products are the main 

challenge. We expect that using bimetallic and/or carbon supported catalysts would be a 

new alternating direction for CO2 reduction due to the synergy effect and the unique 

reaction sites arises from the new structure building and morphology. The main objectives 

proposed in this work are as follows: 

 

1. Proper preparation of the copper surface through either Electro-polishing Cu foil, 

mechanical and chemical treatment. 

2. The synthesis of Graphene oxide using Hummer method and its characterization 

via XRD and Raman spectroscopy.  

3. The synthesis of graphene/metal oxides (Cu2O, and ZnO) nanocomposites using 

co-precipitation method and characterize samples via different tools like, XRD, 

SEM, EDS, TEM, Raman, XPS, and Uv-vis Absorption.  

4. Fabrication of the cathode material by depositing the as-synthesized graphene-

based metal oxides on the copper surface  and using three electrode cell for CO2 

reduction followed by product analysis using GC-MS  
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5. To design a suitable electrochemical cell of three electrodes for the CO2 conversion 

and to enhance the efficiency of the electrochemical conversion of CO2 to methanol 

or other hydrocarbons via studying the pH, electrolyte type and temperature 

parameters and electroreduction starting voltage range from -0.2 to -1.8 V vs 

Ag/AgCl. 

6. Analysis of the liquid products generated as a result of the CO2 reduction via either 

direct injection or head-space GCMS instrument 

7. Calculation of the Faradaic efficiency for the products produced for each electrode 

material. 

 

1.9   Overview 

The main goal of this study is to fabricate an efficient graphene-based metal oxides 

electrodes for the electrochemical reduction of CO2 to value-added products with high 

selectivity and yields. 

Chapter 2 present several studies that have investigated the reduction of CO2 

electrochemically using various categories of monometallic, bimetallic, non-metallic, and 

molecular electro-catalysts. Also, this chapter introduces several parameters that affect the 

electrochemical reduction process such electrolyte type, temperature, pH, and carbon 

supporting materials which affect the selectivity, efficiency, and the product yields. 
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Chapter 3 focuses on the experimental details of the designing and compartments of the 

three electrodes electrochemical cell used. Also, this chapter describes the synthesis of 

graphene oxide precursor and the proceeding used for synthesis and the fabrication of 

graphene/Cu2O, graphene/ZnO, and graphene/ZnO/Cu2O electrodes. Characterization 

techniques used to confirm the synthesis of the desired catalysts have been investigated. 

Chapter 3 describes the electrochemical measurements for electro-catalytic activity 

evaluation of the fabricated electrodes and the calculation of Faradaic efficiency. 

Chapter 4 presents the results and the discussion of the as-synthesized electro-catalysts 

performance for the electrochemical reduction of CO2 at graphene/Cu2O in comparison 

with Cu2O. Also, the effect of incorporating Cu2O into graphene/ZnO and its catalytic 

activity for the CO2 electroreduction using GCMS analysis and the Faradaic efficiency 

calculations. Chapter 5 concludes the experimental and the results obtained in this study. 
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CHAPTER 2 

LITERATURE REVIEW 

2.1   Different pathways for CO2 reduction 

Scientists have investigated the different methods for CO2 conversion to value-added 

products as a promising way to reduce CO2 atmospheric level [27][28][29]. Hydrogenation 

and photochemical reduction pathways are the most common methods used before 

[30][31][32]. However, the high temperature and the large amounts of hydrogen used in 

hydrogenation process makes it less efficient. Also, the very limited product yields and the 

low efficiency are the most critical drawbacks of photochemical method.  Recently, 

electrochemical conversion of CO2 has been intensively studied and found to be more 

advantages over other methods due to its simplicity, low cost, and high efficiency and high 

product yields [33][34] [35][36][37][38]. In addition, the selectivity of the electrochemical 

method over different structure of electro-catalyst electrodes towards desired value 

products such as methanol [39], CO [40], formate [41][42][43][14], and ethanol [44]. 
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2.1.1 Hydrogenation of CO2 

In the past century, the hydrogenation of carbon dioxide to fuels such as formic acid, 

methanol, and ethanol has been intensively investigated.  The most common process is the 

formation of methanol from synthetic gas, which contains CO, H2, and CO2 mixtures. The 

process is carried out at high temperature (300-400 oC) and under high pressure (~ 300 

atm). The methanol formation through catalytic hydrogenation is an exothermic process, 

and the reverse water gas shift (RWGS) plays a critical role to slow down the rate of 

formation. So, a proper catalyst for CO2 hydrogenation should be designed to be able to 

overcome water intolerance as well as to improve the activity and selectivity. Metallic 

copper catalysts showed a good activity toward methanol formation, and is directly 

proportional with the surface area of copper. Later, Cu (I) showed high activity toward 

methanol production than the metallic form by an order of magnitude. This is related to the 

strong intermediates (carbonates, formate, and methoxy species) stabilization over Cu (I) 

active sites [45]. Also, Cu/Zn oxide showed a high activity and selectivity toward methanol 

formation than Cu alone. ZnO is a wurtzite, n-type semiconductor. Besides oxygen 

vacancies, ZnO contains an electron pair which may serve as an active site for methanol 

synthesis. The electron pair in Zn+ may create cation and anion lattice vacancies which can 

improve the adsorption and transformation of the reactant, as well as enhance copper 
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dispersion forming Cu-Zn active sites [46]. The CO2 hydrogenation process is high 

hydrogen energy consuming, more H2 per consumption than hydrocarbon produced. 

 

2.1.2 Photoelectrochemical CO2 conversion 

Photoelectrochemical CO2 conversion is a process in which carbon dioxide is reduced in 

the presence of sun light by aids of semiconductor photocatalysts. The role of the 

photocatalyst is to absorb the light and create electrons and protons needed for the 

reduction of CO2 (CO2RR). Various photocatalysts such as WO3, TiO2, ZnO, CdS, GaP, 

and SiC have been investigated for the CO2 reduction to produce organic useful chemicals 

like formaldehyde and methanol. The drawback of the photoelectrochemical process is the 

low efficiency. Thermodynamically, 228 kJ of energy is required to convert one mole of 

CO2 to methanol. H• and •CO2ˉ are the two main radicals formed upon photon absorption 

having an energy equal to or greater than the band gap of the semiconductor. Several 

studies have been investigated to improve the efficiency of photoreduction of CO2 by 

modifying the surface with metal [47].  The electron-positive hole recombination leading 

to limited product formation on the catalyst surface lowers the efficiencies of the 

photocatalysis process. As a result the product yield should be improved in order to upgrade 

the photocatalytic CO2 reduction to an industrial scale. Therefore, another alternative 

proper method for CO2RR is necessary. 
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2.1.3 Electrochemical reduction of CO2  

Electrochemistry studies the chemical reactions occurring at the interface of an electron 

conductor (the working electrode) and an ionic conductor (the electrolyte). Electrons are 

transferred between the electrode and the electrolyte in the solution. It is called an 

electrochemical reaction when an external voltage drives the reaction or a voltage is 

produced by a chemical reaction. The oxidation - reduction (redox) reaction occurs when 

electrons are transferred between oxidants and reductants. Electricity is required for the 

electrochemical reduction of carbon dioxide to yield hydrocarbons and alcohols. This 

electricity can be produced from renewable energy sources including hydro, solar, wind, 

geothermal, wave and tides for the generation of electrons. Theoretically, water is oxidized 

at the anode and releases electrons followed by reduction of carbon dioxide at the cathode 

to hydrocarbons and alcohols. Unfortunately, the reduction potential of carbon dioxide is 

very close to water reduction. We would like to utilize all the potential to achieve the 

highest yield; however, increasing the reduction rate of carbon dioxide may also lead to 

the reduction of water, which will result in hydrogen formation. To solve the problem, a 

stable catalyst that has a high overpotential is required for the reduction of hydrogen. 
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2.2    Factors affecting CO2 electroreduction  

2.2.1 Supporting electrolyte for CO2 electroreduction  

Bicarbonate with a pH value of 7 is commonly used as an electrolyte for CO2 

electroreduction. This is attributed to the fact that, bicarbonate acts as a buffer and as a 

proton source. In addition it is relatively cheap, easy to handle, and environmentally 

friendly. Ionic liquid based electrolytes are proper electrolytes for CO2 reduction due to 

their higher CO2 solubility and lower reduction overpotentials. Few studies have 

investigated the effect of the supporting electrolyte on the activity and selectivity of 

electrochemical reduction of CO2. As reported before the H2 evolution is suppressed in 

presence of halide anion and smaller cation facilitates a higher hydration and hence more 

reductive product rather than CO, HCHO, and HCOOH.  M. Muruganathan et al [4] have 

studied the effect of the supporting electrolyte (LiClO4) in cold methanol on CO2 reduction 

over Cu wire cathode at different potentials that range from -3 to -4 V under high pressure 

and low temperature. HPLC and GC were used for the analysis of the liquids produced. As 

shown in table 2.1 methane, ethylene, CO , and methyl formate are the main products and 

methane production increases with high negative potential (-4 V). Also, Li+1 ion with 

smallest cation size favoured high reductive products rather than ethylene and methyl 

formate. In addition to the effect of  the small cation size Li+1, the high negative potential 

and the Cu electrode which favors high reductive products. 

 

 



25 
 

Table 2.1 Electrochemical reduction of CO2 at Cu electrode in LiClO4/Methanol [4]. 

Faradaic efficiency (%) Potential (V vs. Ag. QRE) 

 Total CO2 
red. 

H2 HCOOCH3 CO C2H4 CH4 

105.0 75.1 29.9 7.2 48.3 0.56 19 -3.00  

107.6 66.9 40.7 6.5 39.3 0.46 20.6 -3.25 

112.5 67.1 45.4 6.5 33.5 0.69 26.4 -3.50 

125.4 51.5 73.9 6.0 8.6 0.83 36.1 -3.75 

127.8 67.6 60.2 6.5 22.7 0.93 37.5 -4.00 
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Among the metals, Zinc is considered as a promising catalyst towards the electroreduction 

of CO2 to CO in nonaqueous electrolyte solutions, however its catalytic activity diminishes 

in aqueous solution. F. Quan et al. [48] have enhanced the efficiency of nanoscale Zn in 

NaCl electrolyte solution for the conversion of CO2 to CO. Nanoscale Zn synthesized after 

anodization of Zn foil, the electroreduction of ZnO nanoplate in NaCl solution for 30 min 

at -1.3 V. The study evaluated the electroreduction of CO2 of ZnO foil and nanoscale Zn 

in NaHCO3. It was observed that faradaic efficiency of CO production was significantly 

increased three times over nanoscale Zn than Zn foil at -1.6 V vs. SCE. Moreover, replacing 

the cathodic electrolyte of NaHCO3 with NaCl, the faradaic efficiency of CO production 

over nanoscale Zn was 93% at -1.6 V vs. SCE (Fig. 2.1) even for long electrolysis (10 h). 

This explains the role of the electrolyte solution on the CO2 conversion efficiency which 

can be explained by the adsorption strength of halide anion (Cl-) on the surface of the metal 

electrode. 
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Figure 2.1 Comparison between Zn foil and n-Zn electrodes in CO2 reduction. (a) FECO versus 

applied potential. (b) FECO versus electrolysis time at -1.6 V [48]. 
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Copper is the most common and active electro-catalyst for the reduction of CO2 despite the 

fact that the reaction proceeds at a high overpotential. The solubility of CO2 is the main 

reason for this drawbacks. Many attempts are made to increase the CO2 concentration in 

the electrolyte solution. Among them, one group reported the use of clathrate hydrate (ice-

like substances) which has capability to capture large amounts of CO2 on  a copper foam 

which acts as a working electrode [49]. Moreover, the addition of tetrahydrofuran (THF) 

will enhance the clathrate hydrate formation at ambient pressure and a temperature of 0 oC 

allows vacancies for CO2 enrichment. The electrolysis study (Fig. 2.2) showed the faradaic 

efficiencies of different gaseous and liquid products at different potentials -1, -1.3, and -

1.7 V vs. Ag/AgCl. The results indicate the suppression of hydrogen evolution in presence 

of clathrate electrolyte solution. At a potential of -1.0 V the FE of CO reached up to 70% 

in presence of clathrate while the maximum FE of formic reached at -1.3 V with clathrate 

electrolyte. Also, FE all carbonaceous products reached 80% with clathrate compared to 

20% without clathrate at -1.0 V vs. Ag/AgCl. Some hydrocarbons (C2, C3, and C4) are 

formed and its FEs not significantly changes in presence or absence of clathrate. This 

scenario enhancement is attributed to the change in CO2 concentration at Cu foam electrode 

surface in presence of clathrate electrolyte which facilitate the rate reaction of CO2 

reduction compared to HER rate. 
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Figure 2.2 Faradaic efficiencies of the resulting products produced at copper-foam electrode in 
electrolytes without (A and C) and with (B and D) clathrates as a function of applied voltage. 
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The low solubility of CO2 in aqueous solution is one of the main drawbacks of 

electrochemical reduction with low faradaic efficiency and hydrocarbons formation. S. 

Ohya et al. [50] have investigated the effect of electrochemical reduction of CO2 in 

methanol-based electrolyte (methanol + KOH) with the aid of Zn pressed with and without 

presence of Cu or Cu2O electrode. The results revealed that the current density decreases 

with the addition of copper oxide to Zn electrode. CO and H2 were the only reduced 

products formed at Zn electrode. While in the presence of copper oxides, hydrocarbons are 

formed. Cu2O/Zn electrode (Fig. 2.3) shows higher current efficiencies for hydrocarbons 

than CuO/Zn electrode. This study showed how much the formation efficiencies of 

methane and ethylene improved with Zn/Cu2O electrode [2.5 wt. % Cu2O content]. In 

addition, Cu2O/Zn have performed low current density of hydrogen evolution at low 

temperature. They suggested a mechanism for the formation of hydrocarbons, as they are 

formed by the interaction between adsorbed CO and atomic hydrogen in the presence of 

copper oxide and zinc close together assist to prevent the evolution of CO and H2. 
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Figure 2.3 Effect of Cu2O content on FE for the products produced at Cu2O/ZnO powder-pressed 
electrode in KOH/methanol, ©CH4, C2H4, °CO, HCOOH,  H2. 
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2.2.2 Nanostructured materials  

Several studies have shown that the selectivity of Cu towards CO2 reduction was dependent 

on the surface structure. J. Xie et al. [16] have studied the effect of the surface structure on 

CO2 using Cu nanoflower compared to plycrsytalline Cu. Using two compartment cell 

separated by nafion membrane and 0.1 M KHCO3 as an electrolyte, Pt and Ag/AgCl as a 

counter and a reference electrode, respectively at 10 oC. Copper foil ultrasonically treated 

with 2 M HCl and the electropolished in solution containing phosphoric acid 85%, 

sulphuric acid 95%, and water in a ratio of 13:4:2. Then electrochemical pulsed anodic 

oxidation (Chronoamperometry) for CuO NFs preparation. As shown in figure 2.4 Cu NFs 

has catalytic performance of CO2 reduction higher than Cu foil, due to the large surface 

area of Cu NFs. In addition, the faradaic efficiency of H2 evolution was 47% at Cu foil. 

However, a much lower Faradaic efficiency of 23% at Cu NFs which means that more H2 

suppression occurred at Cu NFs and more CO2 reduction. Also, it was noted that Cu foil 

favours C2H4 production while Cu NFs favours CH4 production. The above results are an 

evidence that the surface structure could alter the reaction pathways.  

 

S. Sen et al. [51] have studied the difference between copper nanofoams and smooth copper 

in the electrochemical reduction of CO2. The surface morphology of Cu NFs yields formic 

acid as a result of CO2 reduction with faradaic efficiency 26% at -1.1 V which is higher 

than that obtained at a smooth copper (1% at -1.1 V). This improvement can be attributed 

to the high surface area, porosity, and the reactive species of Cu NFs which facilitate the 

reaction between hydrogen and adsorbed CO2 to form high-order hydrocarbons.  
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Figure 2.4 CO2 reduction with Cu NFs and Cu foil at different potentials in 0.1 M KHCO3. Total 
current densities (a), FEs for H2 and HCOOH (b), and FEs for CH4 and C2H4 (c) [16]. 
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It is reported that the morphology, geometry, and roughness of copper surface has a big 

influence on the catalytic activity and products selectivity during CO2 reduction. R. Reske 

et al. [52] have worked on the activity and the selectivity based on varying the size of the 

active species where they studied the catalytic activity of the Cu NPs from 2- 15 nm size 

range compared to bulk Cu. Airtight cell having three electrodes, Pt as a counter and 

Ag/AgCl as a reference electrode in 0.1 M KHCO3 and CO2 30 ml/min at pH 6.8 and 

potential range from + 0.22 to -1.1 V/RHE. As shown in figure 2.5, Cu bulk (foil) has the 

lowest catalytic activity as its current density was -23 mA/cm2. In contrast Cu NPs show 

higher catalytic activity (high negative current density) towards the CO2 reduction with 

decreasing size. The selectivity measurement showed that NPs below than 15 nm produced 

more H2 and CO while hydrocarbons increased with increasing size. Y. Chen et al. [40] 

studied the reduction of CO2 over Au nanoparticles compared to polycrystalline Au in 0.5 

M NaHCO3 at pH 7.2. It was found that Au NPs verified high current density and high 

faradaic efficiency of CO2 reduction to CO at low overpotentials. 
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Figure 2.5 Linear sweep voltammetry of CO2 reduction on Cu NP (S1-S6) with -5 mV/s scan rate 
[52]. 
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E. Nursanto et al. [53] have studied the relation between Au morphologies and their activity 

towards the CO2 reduction from nanoparticles to aggregates to layered Au. The 

electrochemical reduction process carried out in 0.5 M KHCO3 and pH 7.03 after saturated 

with CO2 for 30 min. As seen from figure 2.6, the current density of Au nanoparticles 

increases with a thickness increase of Au layer compared to bare carbon paper and Au foil. 

The Faradaic efficiency was investigated for each potential and the data shows that all Au 

NPs to layered Au were selective for CO formation from -0.59 to -0.79 V vs. RHE and 

decreased in lower and higher potential regions due to H2 evolution. It was noted that as 

the size of Au decreases the selectivity to CO production decreases as well, which means 

that high thickness is required to be efficient for CO formation. The lowest selectivity of 

the smaller Au NPs size towards CO formation related to the active corner sites on Au NPs 

which selective for H2 evolution and less edge sites which selective for CO. 
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Figure 2.6 Total current densities of bare carbon paper, Au foil, and Au-T samples as a function of 
bias potential measured in 0.5 M KHCO3 [53]. 
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High overpotential and low faradic efficiency are the fundamental challenges of CO2 

reduction due to the competitive HER. But CO2 adsorption, intermediate formation and 

product removal on the active sites are the key points to overcome these challenges. So, 

the relation between the activity and the selectivity towards CO2 reduction and Pd particle 

sizes ranging from 2.4 to 10.3 nm based on the ratios of corner, edges, and terrace sites of 

Pd NPs has been studied [54]. The study shows that as the particle size of Pd NPs decreases 

the Faradaic efficiency of CO production increases along with increasing the current 

density, which varies from 5.8% at -0.89 V vs RHE over 10.3 nm particle size to 91.2% 

over 3.7 nm size (Fig. 2.7). DFT calculations indicate that this increase is due to the ratio 

of corner and edge sites of Pd NPs. Furthermore, corner and edge sites facilitate the CO2 

adsorption and COOH* intermediate formation compared to the terrace site.  
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Figure 2.7 Applied potential dependence of (a) Faradaic efficiencies and (b) current densities for CO 
production at Pd NPs [54]. 
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It was reported in the literature that the products depend on many factors such as the nature 

of the electrode material. Many studies are shown that Cu electrode modifications will 

enhance the activity and the selectivity of the CO2 reduction.  G. Keerthiga et al. [20] have 

studied the product selectivity for electrochemical reduction of CO2 on pure Cu with (111) 

orientation and electrodeposited Cu (Cu/Cu) with (220) orientation. The product 

distributions showed that methane was the dominating product over the pure Cu electrode 

while ethane was the predominant product over the electrodeposited Cu electrode. At -1.0 

V vs. RHE no products were detected other than methane and ethane with maximum 

faradaic efficiencies up to 6% and 18%, respectively. Figure 2.8 shows the value of the 

current densities with and without CO2 saturation for different Cu forms. The products 

distribution of methane, ethane, and hydrogen over pure Cu and electrodeposited Cu 

(Cu/Cu-L, Cu/Cu-H) at different potentials. Cu/Cu-L with (220) orientations favors ethane 

production. The production of C2 product also claimed by the role played by Cl- ion which 

supress the proton adsorption and hence facilitate the C-C formation and so stabilizes the 

CH2 intermediate which undergoes dimerization to C2 formation. 
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Figure 2.8 Cyclic voltammogram for (a) Cu, and electrodeposited (b) Cu/Cu-L, and (c) Cu/Cu-H 
[20]. 
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TiO2 is a well-known photo-catalyst for the CO2 reduction. Here a number of scientists 

have studied the electro-catalytic activity of TiO2 towards CO2 reduction [55]. The study 

indicated that Ti3+ is the catalytic active sites formed on TiO2 surface which is responsible 

for CO2 reduction (scheme 2.1). The cyclic voltammetry indicated that the reduction of 

CO2 on TiO2 modified GCE can only be observed at a potential that is more negative than 

-1.3 V vs. Ag/AgCl. 

 

 

 

 

Scheme 2.1 Electrochemical conversion of Ti4+ to Ti3+ and electron transfer from Ti3+ to CO2 [55]. 

 

The role of Ti3+ is confirmed by carrying out the electrochemical process in LiClO4 where 

no CO2 reduction was observed. This is due to Li+ ions that have blocked the active sites 

of Ti3+. In contrast, when reduction was carried out in TEAP solution which failed to block 

the Ti3+ active site and CO2 reduction took place. GC-MS indicated that Methanol was the 

dominating product formed at TiO2 electrode. 
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Due to the high surface area and the unique properties of the nanostructured materials, they 

have attracted much attention for the CO2 reduction. The catalytic activity difference 

between nanostructured Zn (dendrites) and bulk Zn for electrochemical reduction of CO2 

to CO has been reported [21]. Electrochemical reduction studies of CO2 in 0.5 M NaHCO3 

solution exhibited that the current density of Zn nanostructured is two times higher than 

that of bulk Zn (Fig. 2.9a).  Also, its selectivity towards CO formation was enhanced three 

times higher than that of Zn bulk at a potential range from -0.9 to -1.1 V vs. RHE (Fig. 

2.9b) in addition to the suppression of hydrogen evolution by Zn dendrites. 
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Figure 2.9 Comparison of (a) total current density, (b) CO Faradaic efficiency of bulk and dendritic 
Zn catalysts at -1.1 V vs RHE [21]. 
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Among most metals, Au is the most selective catalyst for the reduction of CO2 to CO, but 

it is not applicable for large scale application due to its high costs. Compared to Au metal 

electrode, silver is a promising selective catalyst for CO production from CO2 

electroreduction. Q. Lu et al. [56] have studied the activity and the selectivity difference 

between nanoporous Ag and polycrystalline Ag towards CO2 reduction in 0.5 M KHCO3 

aqueous solution. Figure 2.10 shows that the total current density and clarify the current 

density enhancement at nanoporous Ag than polycrystalline Ag. Also, CO faradaic 

efficiency is significantly increased over np-Ag than Polycrystalline one. The study 

revealed that trace amount of formate was formed besides CO over np-Ag at a more 

negative potential than -0.8 V vs. RHE. The high activity and selectivity of np-Ag is 

attributed to the high surface area and intrinsic activity of nanoporous with curved internal 

surface and hence high density of step sites. So, np-Ag stabilize the CO2
- intermediate 

adsorption on its surface followed by two protons and another electron reduction to form 

CO as explained by tafel analysis (Fig. 2.11). 
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Figure 2.10 CO2 reduction activity of np-Ag and polycrystalline Ag at -0.6 V vs RHE. 

 

 

 

 
Figure 2.11 Overpotential vs CO production partial current density on polycrystalline Ag and np-Ag 

[56]. 
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T.Y. Chang et al. [57] have studied the reduction of CO2 in a cell of three electrodes using 

Cu2O/ Carbon cloth as a working electrode and an alkaline electrolyte solution of 0.5 M 

NaOH. Cyclic voltammetry (Fig. 2.12) with a scan rate of 50 mV/s was selected, applying 

a potential range from 0.0 to -1.7 V for catalyzed and non-catalyzed carbon cloth 

electrodes. Solutions saturated with N2 and CO2  have shown that Cu2O acts as a notable 

catalyst for the CO2 reduction, The current response was -5.57 mA/cm2 compared to other 

non-catalyzed carbon electrode (- 3.58 mA/cm2). Also, the potentostatic measurement for 

both catalyzed and non-catalyzed electrodes with CO2 saturated solution showed high 

current density with catalyzed one compared to the other electrode which shows the 

catalytic ability of Cu2O catalyzed electrode. GC/FID analysis confirmed the methanol is 

the primary product for both electrodes. 

 

Another study has been undertaken on polyaniline/Cu2O based electrode by A. Nirmala et 

al. [3]. Cyclic voltammetry data showed a reduction peak at -0.1 V on polyaniline/Cu2O 

electrode saturated with CO2. The function of this electrode was confirmed by two cases, 

the first case by studying the current-potential curve from -0.2 to 0.4 V vs. SCE at a scan 

rate of 50 mV/s in the absence of CO2. The second case, the same conditions were used in 

the presence of CO2 on bare Pt loaded C electrode. In both cases, no reduction peaks were 

observed. This imply the catalytic activity of polyaniline/Cu2O electrode towards CO2 

reduction. The electroreduction of CO2 at different constant potentials showed that the 

higher current density was observed at -0.3 V chosen as the low overpotential for CO2 

reduction. The main products were acetic acid at a current efficiency of 63% and formic 

acid at 30.4% which were confirmed by GC-MS, ion chromatography and 1H NMR. 
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Figure 2.12 CV profiles for Cu2O-catalyzed and non-catalyzed carbon clothes in (a) N2-saturated and 
(b) CO2-saturated electrolytes [57]. 
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Formation of different products CO, HCOOH, and CH3OH  over Cu/CuO core/shell 

through electrochemical reduction of CO2 investigated by Yangchun Lan et al. [58] using 

three electrode cell, Pt and Ag/AgCl as counter and reference electrodes, respectively in 

0.1 M KHCO3 electrolyte solution. Analysis of the products showed that CO produced with 

faradic efficiency 21.5 % at -1.73 V, HCCOH with faradaic efficiency 20.2% at -1.73 V 

and small amount of the desired methanol produced with a Faradic efficiency of 2.5% at -

1.35V which is about ten times higher than that reported using Cu foil as a working 

electrode (0.2 % at -1.751 V vs Ag/AgCl) in 0.1 M KHCO3. The high catalytic activity of 

Cu/CuO core/shell can be explained by the high promotion of Cu(I) produced from 

reduction of CuO. This result was confirmed by the XPS analysis which indicates the 

reduction of CuO to Cu(I) and then Cu(I) is reduced to Cu during the electrochemical 

reduction of CO2. As mentioned before the COad species can undergoes to form HCOOH 

or released to produce CO. Here, the COad protonated on the surface to form CH3O and the 

surface of Cu/CuO core shell promotes the addition of hydrogen to produce CH3OH. 

 

Unfortunately, the faradic efficiencies of alcohol formation from CO2 reduction is very 

low. F. Jia et al. [59] have focused on the selectivity of the electrochemical reduction of 

CO2 to alcohols using nanostructured Cu-Au alloys compared to nanostructured Cu. 

Although gold metal catalyzed CO2 to CO only.  The electrochemical reduction of CO2 on 

Cu-Au alloy revealed the high cathodic current at more negative potential than -1 V vs. 

SCE than that recorded on nanostructured Cu electrode as shown in figure 2.13.The results 

showed that the Cu63.9Au36.1/ NCF electrode favors conversion of CO2 and GC analysis of 

the reduction products indicate the formation of methanol (retention time 2.21 min) and 

ethanol (retention time 2.66 min) in addition the faradic efficiency of methanol on that 
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electrode was 15.9% (19 times that for pure Cu). The study claimed the effect of 

nanostructure and size on faradic conversion of alcohols. 

 

 

Figure 2.13 LSV curves of Cu63.9Au36.1/CNF (a) and Cu NPs (b) in 0.2 M PBS saturated with CO2 
(black line) and Ar (red line). (c) GC spectrum of liquid products produced on Cu63.9Au36.1/CNF. (d) 

FE of methanol and ethanol in 0.5 M KHCO3 solution [59]. 
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Another study have shown that the morphology effect of nanostructure materials on 

faradaic efficiency of CO2 electroreduction have been investigated by J. Qu et al. [60]. The 

study evaluated the RuO2/TiO2 nanocomposites with two different morphologies modified 

Pt electrode, one as TiO2 nanotubes and the other as TiO2 nanoparticles. Cyclic 

voltammetry (CV) measurement showed better electrocatalytic activity towards CO2 

reduction in 0.5 M NaHCO3 for RuO2-TiO2 nanotubes than the other with nanoparticles 

shape. Moreover, GC-MS result indicates the conversion of CO2 to methanol with high 

faradic efficiency (60.5 %) at RuO2/TiO2 NTs compared to 40.2 % at RuO2/TiO2 NPs. This 

study have shown that the importance of nanostructures in CO2 reduction to get high 

efficiency in addition to selectivity, belongs to high surface area which could create more 

active sites.  
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 2.2.3 pH Effect 

The pH value of the solution is a key factor for the electrochemical reduction of CO2 due 

to the suppression of hydrogen evolution as an undesired side reaction. Copper electrode 

is one of the most promising metal electrode for the CO2 reduction to hydrocarbons like 

methane and ethylene. To understand the mechanism of the reaction selectivity, many 

parameters should be considered, among these parameters the pH of the solution. As 

discussed before, methane formation is a pH dependent while ethylene formation does not 

depend on the pH value. Here, K. Schouten et al. [61] have studied the effect of the pH on 

CO2 and CO reduction on Cu (111) and Cu (100). Cell of three electrodes system with a 

potential change from 0 to -1.5 V, in phosphoric acid (pH 1) and phosphate buffers (pH 7 

and 12). Online electrochemical mass spectrometry (OLEMS) used to detect the gaseous 

products. During CO reduction it was clear that H2, CH4, and C2H4 are the three main 

products detected. For hydrogen, it started at -0.35 V and increasing with more negative 

potential. Methane has different characteristics between Cu (111) and Cu (100) at a pH 1 

where it starts early at – 0.45 V on Cu (100). Ethylene starts early at -0.4 V at pH 7 and 12 

on Cu (100) rather than Cu (111). For CO2 reduction at pH 1, CH4 forms at -0.55 V on Cu 

(100) while no CO2 reduction on Cu (111). At pH 7, ethylene forms at lower potential than 

methane on Cu (100) while they have similar potential on Cu (111). It can be concluded 

that methane formation is a pH dependent and CHO adsorbed is the key intermediate. In 

contrast, ethylene formation is a pH independent and CO dimer is the key intermediate 

(Fig. 2.14). 
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Figure 2.14 Reaction mechanism for CO2 reduction on Cu single crystal electrode. 
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2.2.4. Temperature Effect 

The temperature effect on the electrochemical reduction of CO2 to methane, ethylene, and 

ethane using Cu foil as a working electrode, NaHCO3 as catholyte, KHCO3 as anolyte, with 

a potential ranged from -1.6 to -2 V was investigated by S. Kaneco et al. [13]. They have 

reported that as the temperature is lowered the Faradic efficiencies (46 %) of methane 

increased (as shown in fig. 2.15) and below 273 K was selective for methane formation in 

addition hydrogen evolution was suppressed with lowering the temperature. 

 

Figure 2.15 Temperature effect on FE of products at Cu electrode at -2 V.  CH4, HCOOH, H2 
[13]. 
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A. Naitoh et al. [62] have reported that the electrochemical reduction of CO2 used H-type 

cell with copper as a cathode and platinum as an anode in methanol and in the presence of 

benzalkonium salt at two different temperature, 0 oC and -15 oC with potential range from 

-1.3 to -2.3 V vs SCE. The results showed that the main products of CO2 reduction are CO, 

methane, and ethylene. The Faradic efficiencies of these products were found increase with 

decreasing the potential at both temperatures and the best potential was found to be -2.2 V. 

They have claimed that the best products faradaic efficiencies at low temperature results 

compared to those at ambient conditions related to the fact of better CO2 solubility in 

methanol at low temperature. Also, the same group  [36] have studied the electrochemical 

reduction of CO2 at -30 oC using H-type cell, Cu foil ac cathode and Pt as anode, and SCE 

as reference electrode in benzalkonium and methanol electrolyte and a potential scan from 

-1.8 to -2 V. Methane, carbon monoxide, and ethylene were the products obtained from 

CO2 reduction. The Faradaic efficiency of methane 52.5 % at -2 V at -30 oC compared to 

the previous study in addition to the depression of hydrogen evolution at the lower 

temperature. 
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2.3   Carbon-based electrode for CO2 electroreduction 

Carbon has different forms like carbon nanotube, graphene, and fullerene. These forms 

have conductivity properties which vary based on the carbon structure form. This 

conductivity can be a great support for CO2 electroreduction by facilitating the electron 

transport. Some scientists have reported the effect of metal doped carbon/TiO2 

heterogeneous catalyst on the electroreduction of CO2 [63]. The electrolysis of Pt/C-TiO2 

and Pt-Pd/C-TiO2 loaded on glassy carbon RDE were performed in 0.2 M NaF/10 mM 

pyridine solution and potential range from -0.2 to -1 V vs. Ag/AgCl. Figure 2.16 shows the 

voltammogram of Pt/C-TiO2 electrode with N2 and CO2 saturated NaF/pyridine solution 

and compared to Pt electrode. It is clear that the current density has significantly increased 

at s potential that is more negative than -0.9 V vs. Ag/AgCl in case of Pt/C-TiO2 electrode 

surface. In addition to the role played by Pt and co-catalyst (pyridine) towards CO2 

reduction. The liquid products were analyzed by GC, reveals the methanol and isopropanol 

were the major products at Pt/C-TiO2. While, at Pt foil only methanol product was observed 

(Fig. 2.17). 
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Figure 2.16 Comparison of hydrodynamic voltammogram for a Pt/C-TiO2 RDE with a Pt RDE in 
PyH+-loaded NaF saturated with N2 and CO2 [63]. 
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Figure 2.17 GC analyses as a function of time for constant current electrolysis using (a) Pt/C-TiO2 

and (b) Pt foil cathodes [63] 

 

Carbon nanofibers, carbon nanocoils, and ordered mesoporous carbon present high 

efficient in CO2 electroreduction varies significantly based on crystallinity, morphology, 

and porosity properties. In addition to selectivity enhancement, also high hydrocarbons C1-

C9 and alcohols have been surprisingly produced. On the other hand, modified carbon 

materials with some metals like Pd take more attention due to the low hydrogen 

overpotential and its high capability to adsorb hydrogen on its surface, hence this paly a 

very important role for the intermediate formation to proceeds CO2 reduction. Here, S. 

Perez-Rodriguez et al. [12] have demonstrated the effect of Pd catalyst modified carbon 

materials for electroreduction of CO2. The 20% Pd/C electrocataylst synthesized and 

coated on glassy carbon with net material loading around 0.038 mg, carbon electrode was 
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used as counter and Ag/AgCl as reference electrodes in 0.1 M NaHCO3. At the beginning 

the electrochemical studies of Pd/C electrocatalyst was recorded in the range from -0.8 to 

0.9 V vs. Ag/AgCl with and without CO2 saturated solution. It is clear from the 

measurements recorded that Pd/OMC and Pd/CNF favoured hydrogen evolution with the 

highest current density at -0.8 V. 

 

Figure 2.18 shows the CVs of Pd/C catalysts studied in the range from -1.4 to 0.9 V vs. 

Ag/AgCl in Ar and CO2 saturated solution. It is clear from figure 2.18 that a peak appeared 

at -1 V for all Pd/C catalyst is attributed to CO2 reduction. More focus, Pd/OMC presented 

the high reduction peak compared to the others. At the same time it is mentioned that this 

catalyst has the highest tendency for hydrogen evolution. This results confirmed the role 

played by hydrogen adsorbed on Pd active site and hence interact with adsorbed CO2 

reduced species. 
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Figure 2.18 CVs of Pd/C catalyst in 0.1 M NaHCO3 with and without CO2 saturated solution [12]. 

 

 

By considering the comparison between CO and reduced CO2 stripping (Fig. 2.19), the 

results have revealed that the oxidation of reduced species as a result of CO2 reduction 

takes place at a potential lower than that of CO oxidation.  Briefly, it is realized that at -1 

V vs Ag/AgCl, CO2 is not only reduced to CO but also COOHad, COHad, and CHx. In 

addition, hydrogen blocking occurred over catalyst surface with the presence of these 

species which explains the role played by the absorbed hydrogen atoms over Pd surface 

enhanced the reactivity of electrochemical reduction of CO.   
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Figure 2.19 Comparison of CO and reduced CO2 stripping voltammograms for Pd/C catalyst [12]. 
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R. Zhang et al. [64] have studied the electrochemical reduction of CO2 over SnO2/N- 

MWCNTs composite modified GCE in 0.1 mol/L KHCO3 aqueous solution. The cyclic 

voltammetry curves showed that SnO2 will not be reduced to Sn+2 or Sn if the cathode 

potential higher than -1.3 V vs. Ag/AgCl. Also, the average current density of SnO2/N-

MWCNTs electrode is higher than that of N-MWCNTs as the potential decreases from -

0.9 to -1.3 V which improved the enhancement of electrochemical reduction of highly 

conductive N-MWCNTs when decorated with n-type semiconductor SnO2. In addition, 

SnO2/N-MWCNTs produced formate more efficiently than N-MWCNTs only as faradic 

efficiency decreases from 46% to 9.4 % as potential decreases (Fig. 2.20 b). Ion 

chromatography using 30 mmol/L KOH as mobile phase were used for liquid product 

analysis.  

 

Figure 2.20 Average current densities (a) and FE for formate (b) of N-MWCNTs and SnO2/N-
MWCNTs at different potentials [64] 
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CHAPTER 3 

EXPERIMENTAL SECTION 

Through a very deeply study of literature, design of a suitable metal oxide catalyst with an 

excellent support particularly with large surface area, an excellent electron mobility, and 

high CO2 adsorption will play a critical role in the electrochemical reduction of CO2 in 

terms of selectivity and high product yield. So, we prepared a different metal 

oxides/graphene catalysts, have different morphologies to evaluate its performance for CO2 

reduction. In this experimental section, we will discuss a details of catalyst preparation, 

electrode fabrication, characterization, and electrochemical measurements as well as 

faradaic efficiency calculation of the product. 

3.1   Materials  

Graphite powder and sodium nitrate (NaNO3, 98%) was obtained from Koch-Light 

Laboratories Ltd. Sulfuric acid (H2SO4 95–97%) and potassium permanganate (KMnO4, 

99.5%) and ethanol solution (99.9%) were purchased from Fluka. Hydrogen peroxide 

solution (30%, w/v), copper (II) chloride anhydrous, Zinc chloride, sodium dodecyl sulfate 

(SDS, 99 %), sodium hydroxide, and hydroxylamine hydrochloride (NH2OH.HCL, ≥ 

98.5%) were obtained from BDH Chemicals Ltd.  Nafion perfluorinated ion-exchange 

resin (5 wt. %), dichloromethane (≥ 99.9 %, GC grade), acetone, and isopropanol were 

purchased from Sigma Aldrich. Carbon dioxide and nitrogen gas cylinders with purity of 
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99.99 % were purchased from SIGAS Company. All chemical were of analytical grade and 

used as received without any purification. All water used are ultrapure water.  

 

3.2   Synthesis of Electro-catalysts 

3.2.1 Synthesis of graphene Oxide (GO) 

The graphene oxide (GO) synthesized using modified Hummers, methods as described 

previously [65]. A 2 g graphite powder and 1 g sodium nitrate were mixed with 46 ml 

H2SO4 in ice bath and stirred for 15 min, then 6 g potassium permanganate was added 

gradually to the above solution with continuous stirring and kept for 1 hour. After that, 92 

ml of deionized water was added slowly with stirring for 15 minutes. The suspension 

solution was diluted by adding 280 ml of warm water. Followed by titrating with 10 ml 

hydrogen peroxide (30 %). The suspended solution was filtrated then washed with water 

several times. The solid precipitated was dried at 60 oC for 24 hours. 

 

3.2.2 Synthesis of Cu2O and graphene (GN)/Cu2O 

Cuprous oxide (Cu2O) and GN/Cu2O nanoparticles were synthesis according to the method 

described earlier [66]. A 1 mg/ ml GO solution was prepared and sonicated for 2 hr. 3 ml 

GO solution was dissolved in 15.1 ml ultrapure water then sonicated for 30 min. Then 

added the calculated amount of 0.1 M CuCl2 to the above solution and 0.087 g sodium 

dodecyl sulfate (SDS), then left solution under stirring for 1 h to obtain various GN/Cu2O 

weight ratios. After that 0.9 ml 1M NaOH was added to the mixture, followed by 4 ml 
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NH2OH.HCl was rapidly injected to the solution mixture. Stirring for 30 min for growth 

nanoparticles. Yellowish brown precipitate was observed, centrifuged and washing with 

ethanol and water several times to remove the desirable impurities and surfactant. Cu2O 

was prepared by the same method without adding GO solution. Schematic 1 shows the 

procedure synthesis of GN/Cu2O nanocomposite. 

 

3.3.3 Synthesis of graphene (GN)/ZnO/Cu2O composites 

The graphene/ZnO/Cu2O composites were synthesized via modified co-precipitation 

method as follows: 0.1 M ZnCl2, 0.1 M CuCl2, and 0.087 gm sodium dodecyl sulfate (SDS) 

were mixed with 1 mg/ ml GO solution under vigorous stirring for 2 h. 1 M NaOH and 1 

M NH2OH.HCl were rapidly injected into the solution mixture and stirred for 30 min. Then, 

centrifuged and washed with ethanol and water repeatedly, and dried in vacuum at 40 oC 

for 18 h. The calculated amounts of ZnCl2 and CuCl2 were added to obtain various 

ZnO/Cu2O weight ratios. Also, graphene/ZnO was synthesized using the same procedure. 
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Scheme 3.1 Schematic show synthesis route of graphene/Cu2O nanocomposite. 

. 
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3.3    Characterization of the as-synthesized composites 

X-ray diffraction (XRD) data were collected using Rigaku MiniFlexII X-ray diffractometer 

(Japan) to identify phases present in the synthesized samples in the range of 2 theta angle 

from 200 - 800, using Cu Kα1 radiation (g=0.15416 nm), accelerating voltage = 30 kV and 

tube current = 10 mA. Surface morphologies were examined under a field emission 

scanning electron microscope (FESEM, Lyra 3, Tescan, Czech Republic) using both 

secondary electron (SE) and back-scattered electron (BSE) detectors, with accelerating 

voltages of 20-30 kV in order to characterize grain morphologies, and an energy dispersive 

X-ray spectroscope (EDS, Oxford Inc., UK) was used for elemental analysis of the phases 

present. Raman spectroscopy (Raman) pattern were analyzed the D and G bands of 

graphene structure in the range from 500 to 200 cm-1. A JEOL-2100F field emission 

transmittance electron microscope (FE-TEM) conducted at 200KV was used for TEM & 

HR-TEM particle size measurement. The oxidation state of elements were determined 

using X-ray photoelectron spectrometer (XPS, Thermo Scientific ESCALAB 250 Xi). 

 

 3.4    Electrode Fabrication 

To fabricate the working electrodes, copper foil (fisher scientific company) was first cut 

into 1.3 cm x 1.3 cm dimensions as shown in figure 3.1, and polished using silicon carbide 

grain (150 mesh), and ultrasonically treated in diluted sulfuric acid (H2SO4). Then cleaned 

with acetone and dried under N2 atmosphere. 1 mg prepared powder was dispersed in 60 

μl nafion solution (5 wt. %)  and 1 ml acetone and then ultrasonicated for 15 min. one 
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portion of  the suspension ink (100 μl) was dropped on the copper foil and dried under hot 

incandescent lamp for 24 h. 

 

 

Figure 3.1 Copper foil electrode. 

 

 

 3.5   Electrochemical Cell 

Electrodes can be assembled in one compartment, or in several. In many compartments we 

can avoid interactions between reaction and electrode interface, which have great 

importance to prevent adsorption of impurities on working electrode. In two electrode 

compartment, products formed at counter electrode do not go to block active sites on 

working electrode. 

 

Electrochemical reduction of CO2 was carried out in a three-electrode cell where a Pt and 

Ag/AgCl were used as the counter and reference electrodes, respectively. GNs/ Cu2O 

electrode (3.38 cm2) was used as working electrode. Divided two compartment 

electrochemical cell was connected with potentiostat (Gamry) for electrochemical 

measurements as shown in scheme 3.2. A 25 ml 0.5 M NaHCO3 (pH= 7.25) used as 
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electrolyte. Working and reference electrodes were assembled in one side and the counter 

electrode was in the other side. The two compartments were filled with same 0.5 M 

NaHCO3 solution as electrolyte. Before CO2 reduction experiments, N2 will pure into the 

cell to remove the dissolved oxygen in the cell. Potential was applied between working and 

reference electrodes, while the current was measured between working and counter 

electrodes. The two compartments were separated by fitted glass membrane. 

 

 3.6   Electrochemical measurements 

LSV were scanned in the range from -0.2 to -1.8 V vs Ag/AgCl with scan rate 20mV/s. 

prior to measurement,  High purity N2 or CO2 (99.99 %) saturated electrolyte solution were 

employed to evaluate the electrode behavior. Current response of electrode were measured 

at different potentials under CO2-saturated solution via chronoamperometry process. All 

electrochemical measurements were carried out at room temperature. All potentials 

measurements in these experiments measured with respect to Ag/AgCl reference electrode. 

 

3.6.1 Linear sweep voltammetry 

To investigate the performance of our catalyst. Electro-catalyst electrode under different 

conditions of N2 and CO2 saturated in 0.5M NaHCO3 and run the linear sweep voltammetry 

in potential range of -0.2 to -1.8 V vs. Ag/AgCl. After the inception of given potential, we 

recorded current vs voltage behavior and measured constructive results. In both cases, 

under N2 and CO2 purging, there was no physical change in working electrodes which 
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basically signify stability of our catalysts. Similarly in N2 saturated electrolyte, whole 

current was due to hydrogen evolution reaction while in CO2 saturated electrolyte we 

noticed two type of reactions, CO2 reduction and hydrogen evolution. Both of these 

reactions competes each other’s. Hydrogen evolution consumes electrons and lowers the 

CO2 reduction.  
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Figure 3.2 The electrochemical cell for CO2 reduction. 
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3.6.2 Chronoamperometry 

To investigate the stability of the catalyst, chronoamperometry was done for graphene-

based electrodes. We conducted chronoamperometry test for fixed potential value. We 

measured the current or current density as a function of time. Actually, most of the surface 

modification electrodes presented a decreasing in current/current density with time. This is 

related to detachment of electrode surfaces. Sometimes some electrode will presents an 

increase in the current/current density as a function of time. This can be explained by the 

continuous reduction of the CO2 molecules over electrode surface and no species as a result 

of CO2 reduction adsorbed on the electrode surface.  

 

 3.7   GC-MS Analysis 

Liquid product was analyzed by GC-MS (Agilent technologies). In our case, we used 

aqueous electrolyte solution which cannot be injected to the GC column. So, to avoid the 

damage of GC column, the CO2 reduction product should be extracted from the aqueous 

solution. We used dichloromethane (≥ 99.9 %, GC grade, SIGMA ALDRICH) for organic 

product extraction. After that sample directly injected into GC-MS. Helium gas was used 

as carrier gas and 0.2 ul liquid samples was injected. Column temperature was held for 5 

min at 40 oC and increased by 10 oC/min upto 200 oC and held for 10 min.  
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3.8    Calculation of Faradaic efficiency 

Faradaic efficiency is describes the efficiency with which charge (electrons) are transferred 

in a system facilitating an electrochemical reaction. Based on number of electrons passed 

through the electrolyte solution to proceed the reaction. Also, Faradaic efficiency is 

expressed the selectivity of the electrochemical reaction for the production of desired 

product. Faradaic efficiency can be calculated via the following equation;  

 

FE (%) = (Z.N.F/q) x 100 

 

Where, Z is number of electrons, n is number of mole produced, and q is the total charge 

applied during the electrolysis process.   
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CHAPTER 4 

RESULTS & DISCUSSION 

4.1   Graphene oxide: XRD and Raman spectra 

4.1.1 XRD structural of graphene oxide 

First, we starting our procedure with synthesis of graphene oxide using using modified 

Hummers, methods. Then, the as-synthesized graphene oxide used as a precursor for 

graphene/Cu2O catalyst synthesis. Graphene nanosheet (GN), which is a two-dimensional 

(2D) carbon material serve as a support because of its unique properties such as;  high 

conductivity (103-104 S/m) and surface area (2630 m2/g). We expect that these unique 

structure make graphene a promising component for the electrochemical reduction of CO2. 

Figure 4.1 shows the X-ray diffraction (XRD) patterns of graphene oxide and graphite 

powder. Clearly, it was observed the characteristic peak (002) of graphene oxide centered 

at 2 theta 11  which corresponding to the interlayer d-spacing of 0.784 nm compared to 

that of graphite powder at around 2 theta 26o. XRD result reveals that the graphite powder 

was oxidized to graphene oxide using the strong oxidizing agent (KMnO4). This explained 

by the attaching of oxygenated functional groups such as hydroxyl (–OH), carboxyl (–

COOH) and carbonyl (–C=O) groups on both sides of carbon sheets [67].   
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4.1.2 Raman spectra 

Raman scattering is a well-known as an essential technique for carbonaceous materials 

characterization. Fig. 4.2 shows the Raman spectra of GO. The two obvious peaks at 

around 1330 cm-1 and 1589 cm-1 were related to the D and G bands, respectively. G band 

is characteristic of graphitic sheets and D band is characteristic of defects within the 

hexagonal graphitic structure. XRD and Raman spectra results confirms the sp2 carbon 

structure of graphene oxide [68]. 
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Figure 4.1 XRD patterns of graphite and graphene oxide (GO). 
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Figure 4.2 Raman spectra of GO showing the D & G bands. 
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The main target is to synthesis and fabricate graphene as supporting high-conductivity 

material for Cu2O and ZnO catalysts for the electrochemical reduction of CO2. The 

electrochemical reduction of CO2 is a process involving electrons and protons transfer. The 

CO2RR is very complex process because of the insufficient knowledge of surface-mediated 

electrochemical reaction pathways. The wide variety of products ranging from C1-C3 as 

well as number of electrons transferred ranging from CO (2e), CH3OH (6e) and 

CH3CH2OH (12e) up to CH3CH2CH2OH (18e) during the CO2 reduction demonstrates big 

challenges in understanding the reaction mechanisms. The choice of the desired CO2 

reduction products is still very critical, since CO2 reduction process has different pathways. 

Table 4.1 shows the estimates costs for different CO2 reduction products. As seen from 

table 4.1, it is not economically to convert CO2 to methane, methanol, ethanol, or ethylene. 

In contrast, CO, formic acid, formaldehyde, and propanol have high market values. 

Designing an active, selective, and stable electro-catalyst for CO2 reduction still need more 

efforts. Many studies have been investigated the reduction of CO2 to C1 products. 

Moreover, the design of advanced catalyst to convert CO2 to more value-added products 

such as C2-C4 through C-C coupling reaction is very challenging task. There are no 

appreciable catalysts able to achieve this task since the CO2 reduction reaction mechanism 

is still unclear. Bimetallic and carbon supported metal/metal oxide catalysts may presents 

some opportunities due to their synergic effect. The structure control and morphology 

which arises active reaction sites should be investigated. 
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Table 4.1 The estimated costs for major CO2 reduction products assuming electricity at a price of $0.07 
per KWh, a cell potential of 2V [19]. 

 

a Unit: USD per metric ton; the values are extracted from multiple sources in the internet. 
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4.2 Graphene/Cu2O electrode for the electrochemical reduction of CO2 to   

ethanol 
 

4.2.1 A brief overview 

Electrochemical reduction of CO2 occurs at large negative overpotentials and is limited by 

hydrogen evolution as a competitive reaction in an aqueous electrolyte. Hence, an efficient 

catalyst should be designed to overcome these limitations. Furthermore, the product formed 

as a result of CO2 reduction depends on nature of electrode material, pH, and electrolyte 

[17][18][69]. To date, copper/copper oxides catalysts were extensively investigated for 

electrochemical reduction of CO2 [24][70][61][71][72]. Oxygen species in copper (I) 

increase the number of defect electrons so that CO2 was easily adsorbed onto the catalyst 

surface; however, CO2 reduction at relatively high overpotentials and poor selectivity 

towards alcohols over Cu2O catalyst are the major obstacles. Therefore, surface 

modifications are highly desired [16]. 

 

In this study, we evaluate the role of graphene as supporting catalyst for the electrochemical 

reduction of CO2 in aqueous solution. Graphene provide large surface area for the Cu2O 

active sites, subsequently enhance the electron mobility which can promote the CO2 

adsorption and reduction activity as well [26]. The as-synthesized graphene/Cu2O catalyst 

not only exhibited high performance for CO2 reduction compared to Cu2O, but also showed 

good selectivity towards ethanol production. The product yield as well as the Faradaic 

efficiency (FE) have been investigated.  

  



81 
 

4.2.2 XRD analysis of Graphene (GN) / Cu2O NPs 

The reaction of graphene oxide with CuCl2 in alkaline medium and in the presence of 

NH2OH.HCl as reducing agent was carried out to synthesis graphene (GN)/Cu2O 

nanocomposite. To demonstrate the successful synthesis of Cu2O and GN/Cu2O catalysts, 

various analytical techniques were employed. The crystal structure of the as-synthesized 

catalysts were analysed by XRD technique and their patterns are given in figure 4.3. It was 

observed that characteristic peaks appeared at 2 theta angles  36.4o, 42.3o, 61.3o, and 73.5o 

which can be assigned to reflections (111), (200), (220), and (311) cubic crystal structure 

of Cu2O planes, respectively. These results are agreed with JCPDS card no. 87-2076 

[57,66]. XRD data revealed that crystalline size of Cu2O in the range from 40-60 nm. 

According to XRD pattern there are no impurities detected indicating the purity and 

crystallinity of Cu2O. Also, it was found the difference between unsupported Cu2O and 

GN/Cu2O composite, as the peaks of pure Cu2O are sharper and narrower than those of 

GN/Cu2O which is related to the role of graphene in controlling the size of 

nanoparticles/cubes.  
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Figure 4.3 XRD patterns of Cu2O and graphene (GN)/Cu2O composite. 
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4.2.3 FE-SEM & TEM analysis 

The surface morphology of Cu2O and GN/Cu2O NPs was investigated with FE-SEM as  

shown in figure 4.4 the SEM images clearly indicates the surface morphology and size of 

Cu2O nanoparticles, it can be seen from (fig. 4.4 a) the cubic structure of Cu2O is a cluster 

of particles agglomeration and the cubic edge length varying from 200- 500 nm. On the 

other side as we can observe from the difference between unsupported Cu2O and GN/ Cu2O 

NPs. Graphene wrapped Cu2O very well and keeping the cubic structure shape of Cu2O as 

shown in figure 4.4 (b and c).  The size of Cu2O dispersed onto graphene was reduced to 

around 200 nm smaller than that unsupported Cu2O, Which strongly confirmed the 

enhancement of nanoparticles size due to graphene addition. This is result are compatible 

with the results obtained by XRD. As shown in figure 4.5, Cu, O, and C peaks are clearly 

observed by EDS analysis which in good agreement with XRD results. Al and Mg peaks 

appeared in EDS spectra are coming from the sample holder. 

 

The TEM image of GN/Cu2O revealed that the graphene layers were wrapped the Cu2O 

nanoparticles with an average size of 20-50 nm as shown in figure 4.6 (a). HRTEM image 

exhibited a lattice fringe spacing of 0.213 nm in several orientation regions, corresponding 

to (200) crystal plane of Cu2O as shown in figure 4.6 (b). These results are in good 

agreement with the results obtained from XRD. 
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Figure 4.4 FE-SEM images of (a) Cu2O and (b,c) GN/Cu2O composite. 
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Figure 4.5 EDS spectra of GN/Cu2O composite. 
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Figure 4.6 TEM image (a) and HRTEM (b) of GN/Cu2O composite. 
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4.2.4 Raman Spectroscopy 

Raman scattering is a well-known as an essential technique used for characterize the 

carbonaceous materials. Raman spectra shows two obvious broad G and D bands appeared 

at 1586 cm-1 and 1350 cm-1, respectively for graphene oxide (GO) and GN/Cu2O samples 

as shown in figure 4.7. Further observation showed that ID/IG ratio for GN/Cu2O composite 

larger than that of GO, confirming the removal of oxygen functional groups in GO during 

the reduction process [73]. 
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Figure 4.7 Raman spectra of GO and GN/Cu2O showing the intensity ratio of D/G bands. 
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4.2.5 Electrochemical tests 

4.2.5.1 Linear Sweep Voltammetry measurement 

The voltammetric behavior of the copper modified with Cu2O and GN/Cu2O electrodes 

compared with copper foil, in aqueous 0.5 M NaHCO3 (Sigma Aldrich) electrolytes 

saturated with CO2 (99.99%) were investigated by studying the linear sweep voltammetry 

(LSV) measurements ranging from -0.2 to -1.8 V versus Ag/AgCl scanned at a sweep rate 

of 20 mV/s. Figure 4.8 demonstrates the linear sweep voltammetry curves of bare Cu foil, 

Cu2O, and GN/Cu2O electrodes under N2 saturation to clarify the influence of hydrogen 

evolution. The current density gradually increased with increasingly the negative potential 

applied to the cathode as shown in figure 4.8. Under N2 saturation, the recorded currents 

were mainly related to hydrogen evolution reaction. There is an obvious reduction peak at 

-1.3 V, while the solution remained clear. This peak is related to the reduction of Cu+1 to 

Cu0 (metallic form) on the electrode surface. As seen from this figure, copper modified 

electrodes (Cu2O and/or GN/Cu2O) exhibited higher current densities values than copper 

foil (bare electrode). Briefly, GN/Cu2O electrode performed the highest current density 

value compared to the other electrodes, revealing the graphene contribution. Figure 4.9 

illustrates the LSV measurements curves of the electrodes in CO2 saturated 0.5 M NaHCO3 

solution. There is no significant change in the voltammograms shape between the 

electrodes, moreover the onset potentials depends on pH and adsorption/desorption mode 

at electrode surface. However, the highest current density value has been recorded over 

GN/Cu2O compared to Cu2O modified electrodes. Based on 0.1 mg of loaded material, the 

current density values at -1.7 V over GN/Cu2O and Cu2O were 12.2 and 8.4 mA/cm2, 
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respectively.  Graphene has high electrical conductivity and high surface area properties 

leads to increases the available surface area of the catalyst. Therefore, the higher current 

density value for GN/Cu2O electrode is indicative of the graphene enhancement of this 

electrocatalytic effect. Comparing with some previous reports over copper based 

electrodes, the measured current at GN/Cu2O electrode is a promising [57][74][75][59]. 

GN/Cu2O electrode performed higher cathodic current values in the N2 saturated than in 

the CO2 saturated electrolyte (inset fig. 4.9). The exact nature of this behavior may 

associated with the reduction of CO2 on GN/Cu2O surface and resulting in adsorption of 

some species [57][74]. These results concluded that graphene may be a promising support 

for Cu2O active sites in catalytic activity toward CO2 reduction. 

 

 

 

 

 

 

 

 

 

 



91 
 

 

Figure 4.8 Linear sweep voltammetry curves over Cu, Cu2O, and GN/Cu2O saturated with N2 in 0.5 
M NaHCO3 at scan rate of 20 mV/s. 
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Figure 4.9 Linear sweep voltammetry curves over Cu, Cu2O, and GN/Cu2O saturated with CO2 in 

0.5 M NaHCO3 at scan rate of 20mV/s. Inset is LSV over GN/Cu2O under N2 (dashed line) and CO2 
(straight line) saturated electrolytes. 
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4.2.5.2 Chronoamperometry 

To evaluate the electrochemical activity of electrode surface towards CO2 reduction, 

electrolysis was carried out at fixed electrode potential for 20 min reduction. Figure 4.10 

demonstrate the current responses for GN/Cu2O at -0.9 and -1.3 V vs. Ag/AgCl. The 

current started at high value and decreased gradually with time. At -0.9 V, the electrode 

possess high current started approximately at -10 mA and declined slowly to -0.5 mA. 

Also, at -1.3 V, GN/Cu2O electrode exhibited an initial current value of -31 mA and 

decreased rapidly to -4 mA after 20 s of electrolysis, then it goes constantly for the 

remaining time as shown in figure 4.10. The degradation nature of the high recorded 

current explained by the detachment of the oxide surface [74][76] [77]. 
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Figure 4.10 Current responses at different potentials over GN/Cu2O with CO2 staurted 0.5 M 
NaHCO3 electrolyte. 
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4.2.6 GC-MS analysis & Faradaic Efficiency 

After the electrolysis processes and CO2 reduction at GN/Cu2O electrode surface, the liquid 

product was analyzed by GC-MS, varying fixed potentials have been tested. Ethanol was 

found to be the predominant product produced as a result of CO2 reduction at a retention 

time of 1.66 minute as shown in figure 4.11. Furthermore, the produced ethanol is highly 

dependent on the electrode potential. The faradaic efficiencies of ethanol is up to 9.93 % 

and 6.75 % at -0.9 and -1.3 V, respectively as shown in table 4.2. FE is calculated based 

on 12 electrons are required to convert CO2 to ethyl alcohol. The decreasing of faradaic 

efficiency is associated with the reduction of Cu2O to Cu0 at -1.3 V as investigated from 

figure 4.8. Consequently, it can be seen that GN/Cu2O electrode seems to be highly 

selective towards ethanol production. In comparison, no liquid products were detected at -

0.9 V over Cu2O-based electrode under the same reaction conditions. Other products may 

have formed as well, but in much smaller quantities. For comparison with analyte samples, 

standard ethanol solutions were injected. The maximum Faradaic efficiency was obtained 

at -0.9 V and decreased with increasing the applied potential up to -1.3 V as can be seen in 

figure 4.12. The decrease of FE % value is associated with the partial reduction of Cu (I) 

and the increasing of the hydrogen evolution rate.   
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Figure 4.11 GC-MS chromatogram (top) shows ethanol peak at RT=1.66 min produced over 
GN/Cu2O at -1.3 V vs. Ag/AgCl for 20 min reduction. Mass spectra (bottom) shows defragments of 

ethanol. 
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Table 4.2 Faradaic efficiency of ethanol produced over 0.1 mg GN/Cu2O weight loading at different 
potentials. 

Electrode potential (vs. Ag/AgCl)         Current density (mA/cm2)      charge (C)         Ethanol conc. (ppm)                 FE (%) 

-0.9                                           0.5257                   2.1324           0.3369                  9.93      

-1.3                                           2.754                    11.1708            1.2                     6.75 
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Figure 4.12 Faradaic efficiency and ethanol concentration (ppm-dashed line) produced using 
GN/Cu2O surface at different applied potentials. 
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4.2.7 Summary 

In summary, the electrochemical reduction of CO2 was performed using copper modified 

graphene/Cu2O electrode revealed that the current density was improved due to graphene 

contribution. Based on 0.1 mg of GN/Cu2O catalyst loading, LSV measurements resulted 

in a high current density value of 12.2 mA/cm2 at -1.7 V versus Ag/AgCl. Ethanol was 

found to be the predominant liquid reduction product at -0.9 V under ambient conditions. 

No liquid products other than ethanol were detected, implying the selectivity towards C2 

products. These results suggest that graphene-based catalyst can be efficiently used for 

electrochemical reduction of CO2. 
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Table 4.3 Comparison of Faradaic efficiency for ethanol production on different copper based 
electrodes. 

Electrode Electrolyte/Condition Ethanol (FE %) Ref.  

Cu2O (1 mg cm-2) 0.5 M KHCO3 /  
-1.39 V vs. Ag/AgCl 

10.1 [71] 

HKUST-1a (1 mg cm-2) 0.5 M KHCO3/ 
-0.9 V vs. Ag/AgCl 

10.3 [72] 

Electropolished Cu 0.1 M KHCO3/ 
-0.99 V vs. RHE 

N.D. (not 
detectable) 

[78] 

0.1 μm Cu2O 0.1 M KHCO3/ 
-0.99 V vs. RHE 

6  

3.6 μm Cu2O 
 

0.1 M KHCO3/ 
-0.99 V vs. RHE 

16.37  

Polycrystalline Cu 0.1 M KHCO3/ 
-5 mA/cm2 

6.9 [35] 

Electrodeposited Cu2O 0.5 M KHCO3/ 
-1.82 V vs. Ag/AgCl 

N.R. (not 
reported) 

[79] 

Cu (100)  0.1 M KHCO3/ 
-5 mA/cm2 

9.7 [80] 

GN/Cu2O (0.1 mg 
material loading) 

 

0.5 M NaHCO3/ 
-0.9 V vs. Ag/AgCl 

9.93 This 
work 

a Cu-based MOF supported on gas diffusion electrode. 
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4.3 Graphene/ZnO/Cu2O electrocatalyst for highly selective CO2 

conversion into n-propanol 
 

4.3.1 A brief overview 

Recently, various metallic electrodes have been used for the electrochemical reduction of 

CO2 [20][21][49]. Based on the product selectivity, these metallic catalysts can be divided 

into groups. Au, Ag, and Zn metals are exhibits CO2 electroreduction selectivity towards 

CO, while Fe, Ni, and Pt are hydrogen selective metals [19]. However, most of these metals 

are not applicable for large-scale applications due to their high cost. Therefore, more efforts 

are needed to design highly active and selective electro-catalysts for the electrochemical 

reduction of CO2 to products containing C-H and C-C bonds. In recent years, copper have 

been widely used as an active cathode for converting CO2 into high-value products 

[76][24]. Cu exhibits catalytic activity to reduce CO2 to C1-C2 products [19]. Note in this 

regard that ZnO has been reported to stabilize Cu atoms and to strengthen Cu-CO- links, 

and thus result in increased the activity and selectivity towards alcohol production [81][23].  

Here, we fabricated graphene/ZnO/Cu2O as an electrocatalyst for CO2 reduction. Graphene 

has a large surface area and an excellent electron mobility properties which considered to 

be a promising support for CO2 reduction [82]. The linear sweep voltammetry of 0.2 mg 

catalyst loading was carried out for GN/ZnO and GN/ZnO/Cu2O. In CO2 saturated 

electrolytes, the cathodic current of the catalyst containing Cu2O showed significant 

increase from 4 to 8 mA/cm2 at -1.8 V vs. Ag/AgCl, and the largest current density value 

was obtained for a Cu2O/ZnO weight ratio of 2:1 on graphene. The process mainly 

produced n-propanol using GN/ZnO/Cu2O-based electrodes The Faradaic efficiency for 
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CO2 conversion to n-propanol was 22% and 30% for GN/ZnO/Cu2O (with a Cu2O/ZnO 

weight ratios of 2:1 and 1:2) at an applied potential of -1.2 and -0.9 V vs. Ag/AgCl, 

respectively. In contrast, no alcohol was detected using GN/ZnO under all of the conditions 

tested. 

 

4.3.2 Graphene (GN)/ZnO/Cu2O structure 

We used the following procedure for synthesis of graphene (GN)/ZnO/Cu2O as a binary 

and tertiary composites as follow: 3 ml of 1 mg/ ml GO solution was added to 180 ml 

ultrapure water and sonicated for 30 min. Then, calculated amount of 0.1 M ZnCl2, 0.1 M 

CuCl2, and 0.087 gm sodium dodecyl sulfate (SDS) were mixed with GO solution under 

vigorous stirring for another 2 h at 34 oC. After that,1 M NaOH and 1 M NH2OH.HCl were 

rapidly injected into the solution mixture and stirred for 30 min. Then, centrifuged and 

washed with ethanol and water repeatedly, and dried in vacuum at 40 oC for 18 h. A two 

tertiary composites with different ZnO/Cu2O weight ratios were prepared. Sample S1 

assigned to composite with ZnO/Cu2O weight ratios of 2:1, while S2 sample assigned to 

composite with ZnO/Cu2O weight ratios of 1:2. Figure 4.13 shows the XRD patterns of as-

synthesized composites. XRD patterns of GN/ZnO show diffraction peaks at 31.7o, 34.3o, 

36.2o, 47.4o, 56.5o, 62.7o, and 67.8o with crystal orientations (100), (200), (101), (102), 

(110). (103), (112), and (201) Planes which compatible with hexagonal wurtzite crystal 

structure of ZnO JCPDS card no. (01-075-1526), respectively [83][84].  
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And those peaks appeared at 2 theta angles  36.4o, 42.3o, 61.3o, and 73.5o which can be 

assigned to reflections (111), (200), (220), and (311) are consistent with the cubic crystal 

structure of Cu2O planes (JCPDS card no. 087-2076) [66]. Pure ZnO and Cu2O were 

prepared using the same procedure for comparison as shown in figure 4.13. The intensive 

and clear peaks reveal the well and highly crystalline ZnO synthesized particles. The 

broadening of GN/ZnO peaks than those of ZnO peaks implying the effect of graphene 

incorporation into ZnO. 
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Figure 4.13 Powder XRD patterns of as-prepared Cu2O, ZnO, and GN/ZnO/Cu2O catalysts. 
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4.3.3 FE-SEM & TEM images of composites 

The morphology and microstructure of the as-synthesized ZnO, GN/ZnO, and 

GN/ZnO/Cu2O composites were characterized using FE-SEM as shown in Figure 4.14. 

The ZnO deposits as look like rods morphology have an average particle size around 500 

nm as shown in figure 4.14 (A). This reflects the successful synthesis of well crystalline 

ZnO nanoparticles at very low temperature using NH2OH.HCl in alkaline media.  

Graphene incorporation into ZnO is clear appear as transparent layer graphene wrapped 

ZnO particles on both sides forming GN/ZnO hybrid structure as shown in figure 4.14 (B).  

Figure 4.14 (C-D) show the structure morphology of GN/ZnO/Cu2O with different 

ZnO/Cu2O weight ratios, i.e., S1 and S2 nanocomposites. Here, the morphology of tertiary 

composite is differ than that of GN/ZnO coincide the incorporation of Cu2O. It is clear that 

ZnO dendrites decorated with small spherical particles. EDS of S2 and S1 (not shown here) 

samples exhibits the presence of Zn and Cu peaks in the material composition as shown in 

figure 4.15, which compatible with the XRD results. In addition, the EDS elemental 

mapping of the as-synthesized GN/ZnO/Cu2O composite (S1) shown in figure 4.16. The 

elemental mapping confirms the presence and the well distribution of C, O, Cu, and Zn 

elements. These results are in a good agreement with the XRD results. A transparent 

graphene sheet decorated with Cu2O particles and long leaf-like shapes of ZnO were 

observed in the HR-TEM image as shown in figure 4.17.  
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Figure 4.14 FE-SEM images of as-prepared (A) ZnO, (B) GN/ZnO, (C) GN/ZnO/Cu2O (S1) , and (D) 
GN/ZnO/Cu2O (S2) composites. 
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Figure 4.15 EDS analysis of GN/ZnO/Cu2O (Cu2O/ZnO weight ratio of 2:1) catalyst indicates the 

presence of Zn and Cu elements. 
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Figure 4.16 EDS elemental mapping of GN/ZnO/Cu2O (Cu2O/ZnO weight ratio of 2:1) composite. 
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Figure 4.17 HR-TEM image of the as-synthesized GN/ZnO/Cu2O (Cu2O/ZnO weight ratio of 2:1) 
composite. 
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4.3.4 Raman Spectra 

Figure 4.18 shows the Raman spectra for GO and GN/ZnO/Cu2O composites. The G and 

D bands of graphene structure appeared at 1586 cm-1 and 1350 cm-1, respectively as shown 

in figure 4.18. As can be seen, the D/G intensity ratio in case of S1 or S2 is larger than that 

of GO (inset fig. 4.18), indicating the removal of the oxygen functional group in GO and 

hence the reduction of graphene oxide to graphene [83].  

 

 
 

Figure 4.18 Raman spectra of GN/ZnO/Cu2O (S1 and S2) composites. Inset is Raman spectra of GO. 
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4.3.5 UV-vis absorption spectra 

To further demonstrate the successful synthesis of GN/ZnO/Cu2O composites, various 

analytical techniques are employed. Figure 4.19 shows the absorption edge of ZnO NPs 

which is located at 360 nm. It is obvious that, the ZnO absorption edge was shifted to the 

lower wavelength at 220 nm with graphene contribution in GN/ZnO sample (synthesized 

via the same procedure for comparison). This is related to the decrease in ZnO band gap 

[85]. Cu2O has high and intense absorbance than ZnO, therefore, the effect of introducing 

Cu2O into GN/ZnO appeared as broadening peak covers the range from 200 to 300 nm as 

seen in S1 sample. There is a big remarkable change occurred with increasing the Cu2O 

weight ratio as detected in S2 sample [86]. 
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Figure 4.19 UV-vis absorption spectra of the as-synthesized ZnO, GN/ZnO, and GN/ZnO/Cu2O 
composites. 
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4.3.6 XPS spectral characterization 

To investigate the composition and the oxidation states of the elements, XPS for S2 sample 

was employed. Figure 4.20a shows the binding energies peaks of C 1s at 284.2, 286.6, and 

288.4 eV, which were attributed to C-C, C-O, and C=O bands, respectively [87]. The O 1s 

binding energies at 529.6, 531.9, and 534.8 eV (Fig. 4.20b), peaks characteristic of Zn-O, 

OH, and C-O bands, respectively [88]. Figure 4.20c revealed that peaks at 1022.2 and 

1045.6 eV were assigned to Zn 2p3/2 and Zn 2p1/2, respectively which agree with the Zn 

(II) oxidation state for ZnO [89]. Moreover, a peak characteristic of Cu 2p3/2 of the Cu (I) 

oxidation state at 932.2 eV also appeared as shown in figure 4.20d. The Cu 2p1/2 peak at 

652.6 eV corresponds to Cu (II) oxidation state. However, no CuO peaks were detected by 

XRD analysis indicates a very trace amount of CuO in the synthesized composites. These 

results are consistent with XRD data, which confirm the presence of Cu (I) and Zn (II). 
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Figure 4.20 XPS spectra of GN/ZnO/Cu2O (S2) composite: (a) C 1s scan, (b) O 1s scan, (c) Zn 2p 
scan, (d) Cu 2p scan after 90 sec etching. 
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4.3.7 Electrochemical tests 

4.3.7.1 Linear sweep voltammetry 

The electrochemical behavior of GN/ZnO, S1 and S2-based electrodes under N2 saturation 

was investigated via the linear sweep voltammetry measurement (LSV) as shown in figure 

4.21. As can be seen, the recorded currents were mainly attributed to the hydrogen 

evolution reaction (HER). Obviously, two reduction peaks at -1.0 and -1.3 V versus 

Ag/AgCl were attributed to the reduction of ZnO and Cu2O, respectively. GN/ZnO 

exhibited the highest current density under N2 saturated electrolyte, indicate the increasing 

rate of hydrogen evolution above electrode surface. The electrochemical reduction activity 

of CO2 was measured by linear sweep voltammetry in the potential range of -0.2 to -1.8 V 

vs. Ag/AgCl at a scan rate of 20 mV S-1 as shown in figure 4.22. Under CO2 saturation, 

GN/ZnO/Cu2O (S2) electrode performed the highest current, i.e., as the Cu2O/ZnO weight 

ratio was decreased, the current density decreased denoting the synergic effect of the both 

oxides (fig. 4.22). GN/ZnO/Cu2O (S1) electrode exhibits high current density under CO2 

than N2 saturation. In contrast, the current density value at GN/ZnO/Cu2O (S2) electrode 

under CO2 saturated electrolyte was found to be reduced than that under N2 saturation, 

indicate the suppression of hydrogen evolution reaction at S2 electrode surface coincides 

with CO2 reduction. T.Y. Chang et al. observed that Cu2O-catalyzed carbon cloth exhibited 

lower current value under CO2 saturated electrolyte compared to that under N2 saturation 

[57]. Consequently, the LSV profiles revealed that the GN/ZnO/Cu2O (S1 and S2) 

electrodes can efficiently promote the reduction of CO2. 
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Figure 4.21 Linear sweep voltammograms of GN/ZnO (dotted line), S1 and S2-based electrodes in N2 

saturated 0.5 M NaHCO3 solution at scan rate of 20 mV/s. 
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Figure 4.22 Linear sweep voltammograms of GN/ZnO (dotted line), S1 and S2-based electrodes in 

CO2 saturated 0.5 M NaHCO3 solution at scan rate of 20 mV/s. 
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4.3.7.2 Chronoamperometry 

The electro-catalytic activity of GN/ZnO, GN/ZnO/Cu2O (S1 and S2) electrodes towards 

CO2 reduction was carried out at fixed potentials ranging from -0.8 to -1.8 V vs. Ag/AgCl 

at a sweep rate of 20 mV/s as shown in figure 4.23. After one hour of CO2 bubbling and 

20 min of CO2 reduction, all electrodes showed the following feature: the current value 

was very high for the first 15 s and then decreased gradually. Then, current goes constantly 

during the remaining period. GN/ZnO, S1, and S2-based electrodes were tested at different 

fixed potentials to evaluate their catalytic activity towards CO2 electroreduction. 
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Figure 4.23 Current responses for GN/ZnO/Cu2O (S1 and S2)-based electrodes in CO2-saturated 

electrolyte. 
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4.3.8 GC-MS analysis & Faradaic efficiency 

The liquid samples after CO2 reduction were analyzed by a headspace gas chromatograph 

(Agilent technologies-7890A GC system) equipped with mass spectrometer (Inert MSD-

with triple axis detector). Compounds were separated on a HP-5, 30 m x 0.32 mm x 0.25 

μm GC column, with an injection and detector temperature of 220 and 250 oC, respectively. 

Helium was used as a carrier gas with a flow rate of 50 ml/min. N-propanol was found to 

be the predominant product over GN/ZnO/Cu2O (S1 and S2) electrodes at -0.9 and -1.2 V, 

respectively after a 20 min reduction. In contrast, no liquid products have been detected at 

GN/ZnO electrode under the same conditions. It was identified by co-injection with 

standard samples and their quantifications were accomplished by integrating peak areas 

using calibration curves as depicted in figure 4.24. The GC peaks of real and propanol 

standard samples appear at approximately 1.37 min retention time. No other liquid products 

were detected, suggesting that n-propanol is the only liquid product produced. Table 4.4 

shows the Faradaic efficiency for n-propanol produced using GN/ZnO/Cu2O electrodes. 

FE is calculated based on 18 electrons are required to convert CO2 to n-propanol. Also, this 

study did not investigate the gaseous products. Figure 4.25 shows the Faradaic efficiency 

for n-propanol as a function of applied potentials over S1 and S2 surfaces. The maximum 

Faradaic efficiency (30%) was obtained at -0.9 V using S1 surface, suggesting the strong 

stabilization of Cu(I) by ZnO. It can be seen that the FE decreased with increasing the 

applied overpotential at S1 surface, this may be due to the change of the product selectivity 

of the reaction coincide with the partial reduction of Zn(II). On the other hand, S2 

performed high FE of 22% at -1.2 V. The increasing of FE with increasing the applied 

potential (starting from -0.9 to -1.2 V) at S2 surface might be related to the effect of the 
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high content of the Cu2O active site. Table 4.5 shows the maximum Faradaic efficiency for 

n-propanol produced using GN/ZnO/Cu2O-based electrodes comparing with some recent 

reports. 

 

 

 

Figure 4.24 (a) GC-MS chromatogram shows n-propanol Peak (Black arrow) at RT= 1.37 min 

produced using GN/ZnO/Cu2O surfaces. (b) Mass spectra show defragments of alcohol. 
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Table 4.4 Faradaic efficiency and n-propanol concentration obtained by CO2 electroreduction using 

GN/ZnO/Cu2O (S1 and S2) electrodes. 

Electrode E vs. Ag/AgCl j (A/cm2) n-propanol (ppm) FE (%) 

GN/ZnO/Cu2O (S1: 

ZnO/Cu2O weight 

ratio of 2:1) 

-0.9 6.34 x 10-4 1.335 30 

GN/ZnO/Cu2O (S2: 

ZnO/Cu2O weight 

ratio of 1:2) 

-1.2 2.364 x 10-3 3.68 22 
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Table 4.5 Comparison of Faradaic efficiency for n-propanol produced by CO2 electroreduction using 

GN/ZnO/Cu2O (S1 and S2) electrodes comparing with some related reports. 

Electrode E  and/or  j FE (%) Ref. 

Cu nanocrystal -0.95 V vs. RHE 10.6 [12] 

Cu (100) 

Cu(S)-[4 (100) × (111)] 

-5 mA/cm2 

-0.23 mA/cm2 * 

1.5 

4.6 

[14] 

Cu nanoparticles -0.4 V vs. RHE 10 [15] 

Cu2O 1.39 V vs. Ag/AgCl 2.4 [16] 

GN/ZnO/Cu2O (S1: 

ZnO/Cu2O weight ratio of 

2:1) 

GN/ZnO/Cu2O (S2: 

ZnO/Cu2O weight ratio of 

1:2) 

-0.9 V vs. Ag/AgCl 

 

 

-1.2 V vs. Ag/AgCl 

30 

 

 

22 

This work 

* Current density of n-propanol production 
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Figure 4.25 Faradaic efficiency for n-propanol produced over S1 and S2 (dashed line) surfaces at 

different applied potentials. 
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4.3.9 Summary 

In summary, graphene/ZnO/Cu2O binary and tertiary composite were synthesized via 

simple procedure with varying Cu2O/ZnO weight ratios at very low temperature. The linear 

sweep voltammetry indicates that, the current increase upon increasing Cu2O/ZnO weight 

ratio. Graphene/ZnO/Cu2O (different Cu2O/ZnO weight ratios) electrodes showed 

excellent catalytic activity and selectivity towards CO2 electroreduction to isopropyl 

alcohol in 0.5 M NaHCO3 aqueous solution and under ambient conditions. The high 

selectivity toward C3 product stems from graphene contribution as well as stabilization of 

Cu (I) by ZnO.  In addition, these results clearly shows the synergic effect of ZnO/Cu2O 

weight ratio. We can concluded that graphene acting well as supporting high-conductivity 

material for ZnO/Cu2O in the electrochemical reduction of CO2. 
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CHAPTER 5 
 

MECHANISM PATHWAY 

 

 

5.1 Proposed mechanism at graphene/Cu2O surface 

As discussed in chapter 4 the electroreduction of CO2 over graphene/Cu2O surface produce 

ethanol. The GN/Cu2O electrode seems to be highly selective towards ethanol as indicated 

at different potential. The electroreduction of CO2 over various copper-based electrodes 

have been deeply studied [76][90]. However, the catalytic mechanisms proposed are still 

controversial. We suggest the mechanistic pathways for the electrochemical reduction of 

CO2 to ethanol as described earlier [78]. It is well known, the adsorbate *CO species is the 

first intermediate formed during electrochemical CO2 reduction at relatively high negative 

potentials [12][91][92]. In a recent electrokinetic study, *CHxO intermediate is favored C-

C coupling reaction rather than *CO intermediate [93]. Moreover, graphene enhances the 

electron transfer mobility over Cu2O surface. As a result, *CO adsorbed species can further 

easily reduced to *C2HxO2 intermediate through dimerization and hydrogenation reactions 

[70][78]. In addition, the critical role played by the edges formed as Cu+ reduced to Cu 

during CO2 reduction to coverage the surface of *CHxO reactive species and facilitate their 

dimerization to *C2HxO2 intermediate. Subsequently, *C2HxO2 intermediate undergoes 

reduction to ethanol. Table 4.3 (chapter 4) shows comparison of faradaic efficiency for 

ethanol production over different copper-based electrodes. The Faradaic efficiency of 
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ethanol is mostly depend on the thickness of catalyst and the applied potential [78]. 

Therefore, from the results presented in table 4.3 (chapter 4) this likely reveal the graphene 

role in improvement the selectivity toward C2 product using 0.1 mg GN/Cu2O catalyst at - 

0.9 V (vs. Ag/AgCl). Figure 5.1 illustrated the proposed mechanism for ethanol production 

(C2 product) as a result of the electrochemical reduction of CO2 at graphene/Cu2O surface. 
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Figure 5.1 Proposed mechanism for the electroreduction of CO2 to ethanol at GN/Cu2O surface. 
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5.2 Proposed mechanism at graphene/ZnO/Cu2O surface 

Graphene/ZnO/Cu2O based electrodes showed high selectivity toward n-propanol 

production as discussed in chapter 4. Up to now, there is no suggested mechanism for the 

conversion of CO2 to C3 product. In contrast, the electrochemical reduction of CO2 to C1 

products has been extensively studied over different electrodes surfaces. However, the 

reaction mechanisms of CO2 converting to C1 or C2 products have been proposed, the exact 

mechanism for CO2 electroreduction is still unclear. It is reported that, Cu (I) stabilized by 

ZnO and a strengthening the link between active sites and CO-, and thus result in increased 

alcohol production selectivity [81]. Propanol is produced in very trace levels as a result of 

CO2 reduction using various surfaces [94][95]. E. Andrews et al. claimed that selectivity 

toward n-propanol production is improved over Cu/ZnO surface rather than Cu surface 

[95]. However, n-propanol has been produced as a result of CO2 reduction over Cu surface 

at more negative potential (-1.1 V vs. RHE) and proposed by repeated dihydroxylation of 

enol-like surface intermediates [94]. On the other hand, J. Albo et al. have been evaluated 

the performance of Cu2O/ZnO at different weight ratios for CO2 reduction into methanol 

and traces of ethanol and propanol. This finding suggested that Cu2O is supposed to be the 

active site for alcohol formation since the alcohol production was decreased with 

increasing ZnO loading [74]. The study claimed that the lower catalytic activity of 

Cu2O/ZnO surfaces related to the coverage of the small Cu2O particle size by large ZnO 

particle size. As well as, ZnO was fabricated without copper oxide for only HCOOH and 

CO formation [23][50]. In the present study, SEM and XPS results confirmed the 

deposition of Cu2O over ZnO particles. Therefore, these results interpret the higher 

catalytic activity of GN/ZnO/Cu2O (S1 and S2)-based electrodes as shown in figure 4.22 
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(chapter 4). Thus, step sites of Cu (I) with Zn decoration contains Cu-ZnOx special active 

sites that make significant contributions to the activity toward n-propanol production. In 

addition, graphene does more than the high surface area, but also enhance the electron 

mobility causing more reduction of CO- adsorbed species, leads to high molecular 

products. Graphene/Cu2O was performed for efficient and high selectivity of CO2 

reduction to ethanol [96]. Graphene as non-metallic supporting high conductive material 

showed a critical role in stabilizing the adsorbed species and coupling of two C1 to C2 

product.  Also, some earlier studies indicated the formation of large hydrocarbons C1-C9 

over carbon-based electrodes [12][63]. This is explain the suggested mechanism over 

GN/ZnO/Cu2O (S1 and S2) surface as a highly selective electro-catalyst towards CO2 

reduction to n-propanol.  Figure 5.2 illustrated the proposed mechanism for n-propanol 

production (C3 product) as a result of the electrochemical reduction of CO2 at 

graphene/ZnO/Cu2O surface. 
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Figure 5.2 Proposed mechanism for the electroreduction of CO2 into n-propanol at GN/ZnO/Cu2O 

surface. 
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CHAPTER 6 

CONCLUSIONS & RECOMMENDATIONS 
 

6.1 Conclusions 

Graphene/Cu2O and graphene/ZnO/Cu2O were successfully synthesized at very low 

temperature at 34 oC using simple wet chemical approach and fabricated as cathodes for 

CO2 electroreduction in aqueous electrolyte solution.  

The electrochemical reduction of CO2 was performed using copper modified 

graphene/Cu2O electrode revealed that the current density was improved due to graphene 

contribution. Based on 0.1 mg of GN/Cu2O catalyst loading, LSV measurements resulted 

in a high current density value of 12.2 mA/cm2 at -1.7 V versus Ag/AgCl. Ethanol was 

found to be the predominant liquid reduction product at -0.9 V under ambient conditions. 

No liquid products other than ethanol were detected, implying the selectivity towards C2 

products. These results suggest that graphene-based catalyst can be efficiently used for 

electrochemical reduction of CO2. 

Graphene/ZnO/Cu2O binary and tertiary composites were synthesized via simple 

procedure with varying Cu2O/ZnO weight ratios at very low temperature. The linear sweep 

voltammetry indicates that, the current increase upon increasing Cu2O/ZnO weight ratio. 

Graphene/ZnO/Cu2O (different Cu2O/ZnO weight ratios) electrodes showed excellent 

catalytic activity and selectivity towards CO2 electroreduction to n-propanol in 0.5 M 

NaHCO3 aqueous solution and under ambient conditions. The high selectivity stems from 
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graphene contribution as well as stabilization of Cu (I) by ZnO.  In addition, these results 

clearly shows the synergic effect of ZnO/Cu2O weight ratio. The Faradaic efficiency for 

CO2 conversion to n-propanol was 22% and 30% for GN/ZnO/Cu2O (with a Cu2O/ZnO 

weight ratios of 2:1 and 1:2) at an applied potential of -1.2 and -0.9 V vs. Ag/AgCl, 

respectively. In contrast, no alcohol was detected using GN/ZnO under all of the conditions 

tested. We can concluded that graphene act well as supporting high-conductivity material 

for ZnO/Cu2O in the electrochemical reduction of CO2. 

 

6.2 Recommendations for future work 

Based on the difficulties encountered in this work such as the reduction of the metal oxides 

under applied potential and for better understanding of the reaction mechanism pathways, 

the following has been suggested for further analyses in the future: 

1- Study the pulse-electrolysis approach to refresh the oxide phase of the electrode 

surfaces for more catalysts stability enhancing. 

2- Some functionalization of graphene surface may enhance the performance of the 

electro-catalysts. 

3- Fabrication and evaluation of electro-catalysts-based MOF for the electrochemical 

conversion of CO2. 

4- In this work, the results showed some synergic effect of ZnO/Cu2O catalysts for 

conversion of CO2 into n-propanol, we believe that more study are necessary for 

better understanding this synergic effect of both oxides. 
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