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Abstract 

Solar energy is regarded as one of the most promising renewable energies to replace the 

fossil fuels in the 21st century. However, the solar energy is not stable and not available at 

night. Therefore, energy conversion, storage and transportation systems are needed for better 

utilizing the solar energy. Photoelectrochemical and electrochemical CO2 reduction 

combining with solar energy to produce hydrocarbons and other organic chemicals, such as 

CH3OH and HCOOH, are promising ways to transform and store solar energy into chemical 

energy. In these methods, CO2 bubbling into the aqueous electrolytes (KHCO3, KCl, etc.) is 

used and generally regarded as the active species. Since CO2 can react with water to generate 

H2CO3, which further decomposes into HCO3
- and CO3

2-, the effect of CO2 bubbling on the 

electrolyte and CO2 reduction needs to be studied. Meanwhile, in the electrochemical 

reduction of KHCO3 without CO2 bubbling, formation of HCOOH was reported. However, 

both CO2 and HCO3
- were reported as the active species for the HCOOH production. The real 

active species is still not clear. Therefore, the active species in the electrochemical reduction 

of KHCO3 and the effect of CO2 bubbling in different solutions were studied and presented in 

this dissertation. 

This dissertation is divided into 7 chapters, and the details are as follow: 

Chap 1 is the general introduction. The background of the solar energy conversion, 

storage and transportation were first presented. Then, technologies and previous reports of 

electrochemical reduction of CO2 in aqueous solutions were introduced. Finally, the 

motivations and objects of this research were given, which included investigating the active 

species and effect of CO2 bubbling in the electrochemical reduction of CO2 in aqueous 

solutions. 

Chap 2 is the experimental section, in which the electrochemical cells, experimental 

setups, experimental materials and procedures, and analysis methods were presented. 

Chap 3 studied the electrochemical reduction of NaHCO3 and KHCO3 without CO2 

bubbling using I-V measurement (products analysis is discussed in Chap 4). Voltammograms 

were obtained at various NaHCO3 and/or KHCO3 concentrations, and different temperatures 

on Cu working electrode. Reasons for why current density was increased by the high 



 
 

temperature and high HCO3
- concentration were also thermodynamically studied. 

Chap 4 analyzed the products in the electrochemical reduction of KHCO3 without CO2 

bubbling and studied the active species in this reaction. Results showed that H2 was the main 

products (over 90%) after 1 hour’s reaction. The current increase caused by the high 

concentration of HCO3
- and elevated temperature was mainly contributed by the H2 evolution. 

However, the CO, CH4 and C2H4 were also detected in the gas products, which had not been 

reported before. After examining the decomposition of HCO3
-, results revealed that high 

concentration and elevated temperature strongly promoted the decomposition of the HCO3
- 

into CO2. The active species in the electrochemical reduction of KHCO3 is probably the CO2 

rather than the HCO3
-. The chemical reaction pathway of the decomposition of HCO3

- into 

CO2 was also discussed. 

Chap 5 studied the electrochemical reduction of CO2 in different electrolytes (KHCO3, 

KCl, and KOH) under CO2 bubbling at various conditions. The effects of CO2 bubbling, 

temperature, electrolyte, applied potential, reaction time, stirring, and geometrical shape of 

the working electrode on the faradaic efficiency of CO2 reduction were investigated. Results 

showed that the HCO3
- concentration and the applied potential strongly affected the CO2 

reduction and product selectivity. Lower concentration (0.1 mol/L) of HCO3
- had better 

performance for the CO2 reduction than higher concentrations (0.5, 1.0, and 1.5 mol/L). The 

best faradaic efficiency of CO2 reduction of 55.1% was obtained in 0.1 mol/L KHCO3 at 

applied potential of -2.1 V (vs Ag/AgCl) on a Cu wire working electrode. 

Chap 6 examined the effect of CO2 bubbling into different solutions (KHCO3, KCl, KOH, 

K2CO3 etc.) by measuring the pH changes and total carbon concentrations. The concentrations 

of different carbonaceous species (CO2, H2CO3, HCO3
-, CO3

2-) in these solutions before and 

after bubbling with CO2 were calculated according to the experimental data. Results showed 

that much higher ratio of dissolved CO2 to total dissolved carbon ([H2CO3
*]/TC) was 

contained in 0.1 mol/L KHCO3 (23.6%) than that in 1.5 mol/L KHCO3 (2.8%), which 

possibly promoted the CO2 reduction. 

Chap 7 summarized the results above and discussed the progresses made in this 

dissertation. The limitations in this dissertation and suggestions to the future works were also 

given in chapter 7. 



 
 

 

 

Contents 

Chapter 1 Introduction ................................................................................................ 1 
1.1 Background ......................................................................................................................... 2 

1.1.1 Energy crisis ............................................................................................................. 2 

1.1.2 Global warming ........................................................................................................ 3 

1.1.3 Alternative energies .................................................................................................. 4 

1.2 Solar energy conversion and storage ................................................................................... 8 

1.2.1 Necessities of solar energy conversion and storage ................................................. 8 

1.2.2 Methods for solar energy conversion and storage in large scale .............................. 9 

1.2.3 H2 production from photoelectrochemical water splitting ..................................... 10 

1.2.4 Photoelectrochemical CO2 reduction ..................................................................... 12 

1.3 Electrochemical reduction of CO2 .................................................................................... 15 

1.3.1 History of electrochemical CO2 reduction ............................................................. 15 

1.3.2 Electrolytes in the electrochemical CO2 reduction ................................................. 16 

1.3.3 Electrodes in the electrochemical CO2 reduction ................................................... 17 

1.3.4 Reaction mechanism in the electrochemical CO2 reduction .................................. 19 

1.4 Research motivation and purpose ..................................................................................... 23 

1.5 Outline of this thesis ......................................................................................................... 24 

Chapter 2 Experimental ............................................................................................ 26 
2.1 Experimental method ........................................................................................................ 27 

2.1.1 Electrochemical measurement ................................................................................ 27 

2.1.2 Dissolved CO2 measurement .................................................................................. 29 

2.2 Analysis method ................................................................................................................ 29 

2.2.1 Gas analysis ............................................................................................................ 29 

2.2.2 Total organic carbon (TOC) analysis...................................................................... 33 

2.2.3 Efficiency calculation ............................................................................................. 33 

Chapter 3 I-V study of the electrochemical reduction of KHCO3 and/or NaHCO3 
at elevated temperatures without CO2 bubbling .................................. 34 

3.1 Introduction ....................................................................................................................... 35 

3.2 Experimental ..................................................................................................................... 36 

3.3 Effect of NaHCO3 and KHCO3
 concentrations at room temperature ................................ 37 

3.4 Effect of temperature ......................................................................................................... 39 

3.5 Thermodynamic study ....................................................................................................... 43 

3.6 Summary ........................................................................................................................... 46 

Chapter 4 Study of the active species in the electrochemical reduction of KHCO3 
without CO2 bubbling ............................................................................. 47 

4.1 Introduction ....................................................................................................................... 48 

4.2 Experimental ..................................................................................................................... 49 

4.3 Effect of KHCO3 concentration, temperature and applied potential on the product 

selectivity ................................................................................................................................ 53 



 
 

4.4 Study of active species ...................................................................................................... 55 

4.5 Summary ........................................................................................................................... 62 

Chapter 5 Electrochemical reduction of CO2 in KHCO3, KCl and KOH   
electrolytes under CO2 bubbling ......................................................... 64 

5.1 Introduction ....................................................................................................................... 65 

5.2 Experimental ..................................................................................................................... 66 

5.2.1 Materials. ................................................................................................................ 66 

5.2.2 Methods .................................................................................................................. 67 

5.3 Effect of CO2 bubbling on the product selectivity at various temperature ........................ 69 

5.4 Effect of different KHCO3 concentrations with CO2 bubbling ......................................... 72 

5.5 Effect of reaction time on the CO2 reduction in different KHCO3 concentrations ............ 77 

5.6 Electrochemical reduction of CO2 in KCl solution ........................................................... 82 

5.6.1 Effect of applied potential ...................................................................................... 82 

5.6.2 Effect of reaction time on the faradaic efficiency .................................................. 83 

5.7 Comparison of KHCO3 and KCl electrolytes ................................................................... 85 

5.8 Effect of working electrode position and stirring .............................................................. 90 

5.9 Reproducibility of CO2 reduction in KHCO3 solution ...................................................... 93 

5.10 Effect of the geometrical shape of Cu working electrode on the CO2 reduction ............ 96 

5.11 Energy conversion efficiency ........................................................................................ 101 

5.12 Stability of Cu working electrode ................................................................................. 103 

5.13 Electrochemical reduction of CO2 in KOH solution ..................................................... 105 

5.14 Summary ....................................................................................................................... 107 

Chapter 6 Effect of CO2 bubbling into typical aqueous solutions used for 
electrochemical CO2 reduction ............................................................ 110 

6.1 Introduction ..................................................................................................................... 111 

6.2. Experimental .................................................................................................................. 112 

6.2.1 Materials ............................................................................................................... 112 

6.2.2 Methods ................................................................................................................ 113 

6.3 Carbonate equilibrium in water solution ......................................................................... 113 

6.4 Effect of CO2 bubbling on the pH changes of different solutions ................................... 115 

6.5 Total carbon concentrations of different solutions before and after CO2 bubbling ......... 119 

6.6. [H2CO3
*], [HCO3

-], and [CO3
2-] in different solutions before and bubbling with CO2. . 121 

6.7 Thermodynamic calculation ............................................................................................ 125 

6.8 Summary ......................................................................................................................... 126 

Chapter 7 Conclusions ............................................................................................. 129 
7.1 Purpose of this research .................................................................................................. 130 

7.2 Summary of the main findings ........................................................................................ 130 

7.3 Achievements compared with others’ works ................................................................... 132 

7.4 Limitations in this dissertation and recommendations for future research ...................... 133 

7.5 Conclusion ...................................................................................................................... 133 

References  ................................................................................................................. 134 
List of publications and conference presentations ................................................ 141 
 



1 
 

 

 

 

 

 

 

Chapter 1 

 

Introduction 

 

  



2 
 

1.1 Background 

1.1.1 Energy crisis 

 Human beings have used the fossil fuels as the major energy source for over 300 years 

since the industrial revolution. Human society becomes more and more relying on the fossil 

fuels for its developing. Fig. 1.1 shows the composition of world energy consumption in 2013 

by energy source (data from ref [1]). It can be seen that fossil fuels (including petroleum, 

natural gas and coal) contributed up to 86% of the world’s total annual energy consumption in 

2013. The fossil fuels formed by the anaerobic decomposition of buried ancient organisms 

contain so high energy density that strongly promoted the developing of human civilization. 

Meanwhile, fossil fuels especially for petroleum are crucial raw materials for making many 

important chemicals, such as pesticides, pharmaceuticals, solvents, fertilizers, and plastics. 

These chemicals extremely improve the living condition of human society. 

 

 

 

Fig. 1.1 Composition of world annual energy consumption of 2013 by energy source (data 

source: BP report 2014 [1]). 
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 However, unfortunately, this great boom of human civilization relying on the fossil fuels 

will not last long. The utilization rate of the fossil fuels is far beyond the generation rate of the 

fossil fuels. It took millions of years for buried ancient organisms finally became the fossil 

fuels through complicated and delicate natural process [2]. However, the utilization rate of the 

fossil fuels by humankind is ten thousand times faster than their formation rate. Moreover, 

this utilization rate is keeping rising rapidly. The total world annual energy consumption in 

1850 was only about 30 EJ. However, this number greatly increased nearly 18 times to about 

530 EJ in 2008 [3]. As a result, the fossil fuels are believed to be soon run out in the next 

century. It is reported that the global proved storage of petroleum and natural gas can be used 

for only 53.3 and 55.1 more years, respectively, at current production rate [1]. Situation for 

coal is a bit better (113 more years), but is still not optimism [1]. 

1.1.2 Global warming 

 Since fossil fuels are organic materials, the main products for combusting fossil fuels are 

carbon dioxide (CO2) and water (H2O). As huge amount of fossil fuels are combusted by 

human being to supply energies, large quantities CO2 have been released to the atmosphere, 

which severely destroy the natural carbon cycle [4,5]. Approximately 960kg/MWh of CO2 

emitted during the generation of electricity from coal fired power plants [6]. As a result, the 

concentration of CO2 in the atmosphere increased sharply from ca. 280 ppm in 18th century to 

nearly 400 ppm in the 21st century as shown in Fig. 1.2 [7]. CO2, as well as CH4, N2O, H2O 

and O3, are known as the greenhouse gas (GHG) which absorb and emit radiation within the 

thermal infrared range and hence affect the temperature of the earth. As the concentration of 

atmospheric CO2 increasing, the earth is gradually warming up due to the greenhouse gas 

keep the heat from discharging. This process is known as the greenhouse effect. It is reported 

that the annual average temperature of the earth increased about 0.5 oC during the last 50 

years [8]. The global warming caused by the increasing atmospheric CO2 can cause a series of 

serious environmental problems, such as iceberg melting, sea level rising, extreme weather 

frequency and severity increasing, which will greatly affect the ecosystem and/or threaten 

human existence. Ice reflects solar radiation much more effective than water, therefore, as the 
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iceberg melting to water caused by the global warming, the trends for earth’s temperature 

rising will become irreversible. 

 

 

 

 

Fig. 1.2 Atmospheric concentrations of important long-lived greenhouse gases over the last 

2,000 years (presented by IPCC report 2007 [7]). 

1.1.3 Alternative energies 

 Since the problems of fossil fuels are so serious and urgent, finding alternative sources to 

replace the fossil fuels to supply not only reliable energy source but also raw materials for 

chemical synthesis are in urgent need. Renewable energies, such as solar energy, hydropower, 

wind and biomass, and nuclear energy are two possible selections. 

1.1.3.1 Nuclear energy 

 Nuclear energy uses the exothermic nuclear process to generate useful heat and 

electricity [9,10]. The utilization of nuclear energy to generate electricity begun in the middle 



5 
 

of 20th century and then has been used worldwide now [11]. The extraordinarily high energy 

density of nuclear fuel makes it able to satisfy the energy requirement of human society. The 

CO2 emission from a nuclear power plant is lower than the traditional fossil fuels plants by 

two orders of magnitude [9]. It can be seen in Fig. 1.1 that nuclear energy contributed 4.4% of 

the total world energy consumption in 2013. However, it is still not high. The safety, Uranium 

reserves, and the management of nuclear waste are typical problems that limit the utilization 

of nuclear energy. Therefore, there is still a long way to go for a better utilization of the 

nuclear energy. 

1.1.3.2 Renewable energy 

 Renewable energy, which can be naturally replenished on a human time scale, is one of 

the most potential ways to replace the fossil fuels. Typical renewable energy includes solar, 

biomass, wind, geothermal, hydropower and tide etc. 

 Biomass has been used as the energy source by human beings for a very long time in the 

human history since we learnt how to use fire. Combustion biomass such as woods provided 

our ancient ancestors with heat, helped avoiding from danger and finally made the human 

civilization thrive on the earth. Modern methods transform the biomass into value added 

biofuels, such as biohydrogen, bioethanol, biomethanol and fatty acid (m)ethylester, etc, using 

thermochemical and biochemical conversion technologies to generate not only heat but also 

electricity [12-14]. Advantages for biomass derived energy includes: (1) easily available from 

common biomass source; (2) bio-fuels are potentially environmental friendly; (3) 

biodegradable and sustainable. However, the problem of CO2 emission through the 

combustion of biofuels still exists. Furthermore, most of the traditional biofuels such as 

bioethanol and biodiesel are produced from agricultural food crops such as corn, wheat and 

sugar seeds which demand high-quality agricultural lands for growing [12]. The production of 

biofuels from such food crops might cause the world food crisis more severe, especially in 

poor countries. 

 Hydropower derived from the falling and/or running water is mainly used for electricity 

generating. Hydropower energy is the most widely used renewable energy nowadays. As 

shown in Fig. 1.1, the hydro-electricity constituted 6.7% of the world total energy 
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consumption in 2013, which is more than three times than the sum of other renewable 

energies. However, the environmental problems caused by the hydro-electricity generation 

should be taken into account carefully. Constraint in a river system will lead to multiple 

modifications of its metabolism and its environmental fabric [15]. Sediment generation and 

local precipitation pattern changing caused by the hydro-electricity generation system, 

especially for a large scale, are critical problems which are still not easy to predict precisely 

so far [15,16]. Since most of world biggest rivers run across multi countries, the geopolitical 

contention is another intractable issue. Most importantly, it is reported that the world’s 

hydropower available in readily accessible locations is only 2TW [17]. The world’s energy 

consumption in 2013 was 41.1 TW [1], which is far beyond the total capacity of hydropower. 

Therefore, other renewable energies should be considered for a 100% replacing fossil fuels. 

 Wind power mainly indicates using wind energy extracted from wind using wind 

turbines to generate electricity. Wind power is the largest developed and commercially used 

renewable energies except hydro-power, which hold about 60% of the world renewable power 

capacities except hydro-power [6,18]. The utilization of wind power divided into onshore and 

offshore according to its location. The onshore wind farm is usually restricted by land 

availability. Wind turbine noise and their visual impact on the natural environment are main 

problems for building onshore wind turbines [19]. Offshore wind farm installed at sea has 

dozens of advantages: (1) more available spaces and fewer effects of the noise and visual 

intrusion; (2) stronger, smoother and more consistent wind can be obtained [19]. Therefore, 

offshore wind farm are much more concerned during the developing of wind energy. However, 

offshore wind turbines are more expensive and difficult to install and maintenance which 

inevitably increase the cost of the wind power. The capital cost of offshore wind-electricity is 

around 3760–5870 USD/kW, which is higher than that of rooftop photovoltaics (PV) 

(2480–3270 USD/kW) and ground-mounted PV (1830–2350 USD/kW) [6]. Therefore, how to 

decrease the cost is the main problem for further enlarging the utilization of wind energy. 

 Solar energy is regarded as one of the most promising renewable energy to replace the 

fossil fuels because of its huge potential resource. The annual energy capacity growing rate of 

solar energy is the fastest among all the renewable energies [18]. The major solar energy 

utilization is divided into solar thermal and solar photovoltaics. The utilization of solar 
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thermal has two categories: (1) solar thermal non-electric and (2) solar thermal electric [20]. 

Solar thermal non-electric method is mainly used for water heating and space heating and 

cooling [21,22]. Solar thermal electric technologies use lens or mirrors to concentrate solar 

heat to produce water steam and then generate electricity. This process is also known as 

concentrated solar power (CSP). Typical technologies for CSP include Parabolic Trough, 

Fresnel Mirror, Power Tower and Solar Dish Collector according to different concentrating 

systems [20]. The capacity of solar hot water (non-electric) utilization was 326 GW in 2013, 

which is much higher than the capacity CSP (3.4 GW) [23]. The strict requirement for the 

concentrating system and relatively high cost limited the utilization of CSP. Photovoltaic 

method converts the solar energy into electricity directly by using the ingenious properties of 

semiconductors, which is called as photovoltaic effect. Photovoltaic is one of the fastest 

growing technologies in the world with a growth rate of 35–40% per year [24]. The total solar 

PV capacity of the world in 2013 was 139 GW, which increased 39% than 2012 [23]. 

Crystalline silicon-based PV cells and thin film technologies made out of series of different 

semi-conductors, such as amorphous silicon, cadmium-telluride and copper indium gallium 

diselenide, are two main PV technologies currently available in market [20]. 

 Fig 1.3 shows the estimated long-term technical and economical potentials of the main 

renewable energy sources except hydro power. Although the installed total wind power 

capacity of 2013 was two times higher than the solar PV capacity [23], the estimated available 

energy potential of solar is much higher than that of wind power (>10 times). The estimated 

energy potential of wind power at production cost less than 10 ¢/kWh is only 38 PWh/year. 

However, the total world energy consumption was 148 PWh in 2013 [1], which means wind 

energy cannot satisfy the energy requirement of human beings. The estimated energy potential 

of solar power at production cost less than 10 ¢/kWh is 603 PWh/year. This suggests that the 

energy requirement of human society can be solely satisfied by the solar energy. Therefore, it 

is crucial to develop solar energy to achieve the human society without fossil fuels. 
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Fig. 1.3 Estimated long-term technical and economical potentials of renewable energy 

sources (data source: Vries et al. 2007 [25]). 

1.2 Solar energy conversion and storage 

1.2.1 Necessities of solar energy conversion and storage 

 Although solar energy is one of the most promising renewable energies to replace the 

fossil fuels due to its huge potential resource, several innate disadvantages need to be solved 

for a better utilizing of the solar energy. First, solar energy is only available at daytime 

without clouds blocking the sunlight. Second, density of solar energy strongly depends on the 

sun position which is strongly affected by the time and geographic coordinates on earth. The 

solar energy density fluctuates with time and varies from place to palace. Effective solar 

irradiance reaching the earth’s surface ranges from about 0.06 to 0.25 kW/m2 at the highest 

and lowest latitudes, respectively [20]. As a result, the solar energy is mainly concentrated in 

equatorial area and lack in high latitude areas in north and south hemisphere. However, most 

of the developed countries which have a large energy requirement lie in the north hemisphere, 
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where are lack of solar energy. As a result, solar energy conversion, storage and transportation 

systems are indispensible to stabilize the solar power and make it available at night and areas 

lack of solar energy 

1.2.2 Methods for solar energy conversion and storage in large scale 

 Mechanical methods. Electricity generated from solar energy can be used to lift water to 

higher location or compress air by using electromotor. As a result, solar energy is stored into 

potential energy. So far, most of the electrical energy storages are using mechanical methods. 

Pumped hydroelectric system accounts for 99 % of a worldwide storage capacity of 127,000 

MW of discharge power and compressed air storage with a capacity of 440 MW is a distant 

second [26]. However, these mechanical methods can only store the electrical energy in a 

specific location. The issue of energy transportation requires new technologies. 

 Rechargeable batteries. Using Rechargeable batteries is another promising method for 

the energy storage and transportation because it is easy to use and can transform and store the 

electrical energy into a chemical energy with a very high conversion efficiency and can output 

electricity directly. Typical rechargeable batteries used for large scale energy storage include 

lead-acid batteries, sodium-sulfur batteries, redox-flow batteries and lithium-ion batteries etc 

[26,27]. However, the energy density and cost of the rechargeable batteries cannot be satisfied 

together. A typical lifetime of 10 to 20 years of the battery exists, which lead to an 

environmental problem of disposal the waste batteries. 

 Chemical products. Chemical products, such as H2, CH4 and EtOH, produced from 

water splitting and CO2 reduction using solar energy or electricity generated from the 

renewable energies could be another promising way for the energy storage. The energy 

density of H2 on a mass basis is 141.9 MJ/kg for both liquid and gaseous forms, which is 

much higher than the batteries [28]. Meanwhile, H2 is a clean energy source because only 

H2O is generated after its combustion, which means no environmental problems need to be 

concerned. Hence, chemical products could be a better intermediate than batteries for the 

energy storage and transportation. 
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1.2.3 H2 production from photoelectrochemical water splitting 

 Electricity generated from the solar energy can be used for the electrochemical water 

splitting to produce H2, which has been invented more than one hundred years [29]. Based on 

different electrolytes, the water electrolysis can be divided into alkaline electrolysis, acid 

electrolysis and proton exchange membrane (PEM) electrolysis [30]. Common industrial 

electrolyzers for H2 production have a nominal energy conversion efficiency of around 70% 

[31]. By combining with photovoltaics with electrolyzers, a solar to H2 overall energy 

conversion efficiency over 12% was reported [32]. 

 H2 can be produced directly from the solar energy by using semiconductor 

photoelectrodes, which is called as photoelectrochemical (PEC) method. Photo-induced 

electrons generated on the semiconductor after absorbing photons can transferred to the H+ in 

the water solution through the semiconductor or some co-catalyst (such as Pt) and finally 

produce H2. The photoelectrochemical effect was firstly found by Fujishima and Honda in 

1972 [33]. As shown in Fig. 1.4, by connecting a TiO2 electrode with a Pt black electrode 

through an external load, O2 and H2 were formation on TiO2 electrode and Pt electrode 

respectively after shining with light [33]. However, due to the large band gap of TiO2, very 

small amount of solar energy can be used, which is not good for improving the energy 

conversion efficiency. Fig. 1.5 shows the band structures of typical semiconductors and the 

redox potentials of water splitting. There is a strict requirement for the band structure of the 

semiconductor used for water splitting. The conduction band edge of the semiconductor must 

be more negative than the H+/H2 redox potential and the valence band edge of the 

semiconductor must be more positive than the O2/H2O redox potential to achieve the PEC 

water splitting. The more negative of the conduction band edge and more positive of the 

valence band edge are the easier of the water splitting achieves. This leads to a larger band 

gap semiconductor is more favorable for the water splitting. However, large band gap is not 

good for the light absorption. As a result, the band structure of the semiconductor should be 

large enough to satisfy the redox potential requirement of water splitting and small enough to 

absorb solar light as much as possible. There isn’t so many natural materials can fulfill such a 

strict requirement. Hence the band engineering of semiconductors is required. By delicately 
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control the synthesis of multi-junction semiconductors, a 12.4% energy conversion efficiency 

from solar to H2 was achieved by using a GaInP2/GaAs photocathode [34]. 

 

 

Fig. 1.4 Electrochemical cell for photoelectrochemical water splitting and H2 production 

using TiO2 photoanode (presented by Fujishima et al. 1972 [33]). 

 

Fig. 1.5 Relationship between band structures of typical semiconductors and redox potentials 

of water splitting (presented by Kudo et al. 2009 [35]). 
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1.2.4 Photoelectrochemical CO2 reduction 

 As discussed above, H2 has much higher energy density than batteries which could be a 

better material for energy storage than batteries. However, H2 is very hard to liquefy. The H2 

needs to be cooled below its critical point of 33 K (-240.15oC) to be liquefy. Commercial used 

H2 usually stored as compressed gas state. As a result, the energy density of H2 decreased 

tremendously from 141.9 MJ/kg on a mass basis to only 5.6 MJ/L on a volume basis. 

Comparison of energy density of different energy storage materials on a volume basis were 

depicted in Fig. 1.6. The energy density of Li-ion battery ranges from 0.9 to 2.63 MJ/L, which 

is slightly lower than the energy density of H2. Liquid organic materials, such as methanol and 

ethanol have much higher energy density than H2 and Li-ion battery. The energy densities of 

methanol and ethanol are 15.6 and 24 MJ/L, respectively, which are much higher than the H2. 

Therefore, liquid chemical fuels are more suitable for energy storage and transportation than 

H2. 
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Fig. 1.6 Energy densities on a volume basis of typical energy storage materials (data source: 

Wiki [36]). 
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 In the photoelectrochemical water splitting system, by introducing CO2 source and using 

proper electrode materials and/or co-catalysts, CO2 can be directly reduced into CO, CH4, 

CH3OH, EtOH and HCOOH etc, using solar energy [37]. However, the situation in the 

photoelectrochemical reduction of CO2 is more complicated than in H2. Typical CO2 

reduction products with its redox potentials (vs. SHE (standard hydrogen electrode)) and 

half-electrochemical thermodynamic equations at 1atm and 25oC are shown in Table 1.1 [38]. 

It can be seen that a series of different products can be produced during the reduction of CO2. 

The standard potentials of these reactions are very close to each other as well as the H2 

evolution. Therefore, a mix of CO2 reduction products together with H2 is usually generated 

in the photoelectrochemical reduction of CO2. As a result, the product selectivity becomes 

another serious problem besides the energy conversion efficiency. 

 

 

Table 1.1 Standard potentials of typical CO2 reduction reactions and H2 evolution in aqueous 

solutions at 1.0 atm and 25oCa 

Entry Half-electrochemical thermodynamic reactions 

Electrode potentials 

(V vs. SHE) under 

standard conditions 

1 CO2 (g) + 4H+ + 4e- = C (s) + 2H2O (l) 0.210 

2 CO2 (g) + 2H+ + 2e- = HCOOH (l) -0.250 

3 CO2 (g) + 2H+ + 2e- = CO (g) + H2O (l) -0.106 

4 CO2 (g) + 4H+ + 4e- = HCHO (l) + H2O (l) -0.070 

5 CO2 (g) + 6H+ + 6e- = CH3OH (l) + H2O (l) 0.016 

6 CO2 (g) + 8H+ + 8e- = CH4 (g) + 2H2O (l) 0.169 

7 2CO2 (g) + 2H+ + 2e- = HOOC-COOH (aq) -0.500 

8 2CO2 (g) + 12H+ + 12e- = CH2CH2 (g) + 4H2O (l) 0.064 

9 2CO2 (g) + 12H+ + 12e- = CH3CH2OH (l) + 3H2O (l) 0.084 

10 2H+ + 2e- = H2 (g) 0.000 

adata source: Qiao et al. (2014) [38]. 
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 To improve the product selectivity and energy conversion efficiency, co-catalysts are 

often used in the photoelectrochemical reduction of CO2. There are four different schemes of 

photoelectrochemical reduction of CO2 according to the catalyst applying method as shown in 

Fig. 1.7 [37]. Fist one is heterogeneous catalysis on a semiconductor electrode. Some 

semiconductors have the innate ability to catalyze the photoelectrochemical reduction such as 

p-Si and p-InP for CO production, p-GaP for CH3OH and HCOOH production [39-43]. 

Transition metals such as Ni, Cu, Zn, Ag, Pb decorated semiconductor electrodes including 

p-InP, p-GaP and p-CdTe etc can also improve the product selectivity [44-46]. Homogeneous 

catalysts such as Re(bpy)(CO)3Cl and Re(bipy-But)(CO)3Cl were reported to catalyze the 

reduction of CO2 into CO with a selectivity over 90% [47,48]. More complicated methods 

using both heterogeneous catalysis and homogeneous catalysis for the photoelectrochemical 

reduction of CO2 have been also reported. It is reported that the homogeneous catalyst of 

pyridine combining with the heterogeneous photocathodes of p-GaP or CuInS2 achieved the 

selectively reduction of CO2 into CH3OH with a faradaic efficiency over 96% [49,50]. 

 Although the selectivity of the photoelectrochemical reduction of CO2 can be relatively 

high as long as using proper co-catalysts, the overall energy conversion efficiency from solar 

energy to chemical energy is still very low. Actually, very few report discussed the energy 

conversion efficiency because it is so low. The band structure dilemma, which is the band 

edge of the semiconductor must satisfy both requirements of solar energy absorption and CO2 

reduction, is the main reason that limits the energy conversion efficiency. Therefore, like the 

suggestion in photoelectrochemical water splitting, separating the photoelectrochemical 

process into photovoltaic and electrolysis parts could be a much more available way because 

the CO2 reduction is so complicated. Then the problems of solar energy absorption and CO2 

reduction efficiency could be solved separately, which greatly simplify this problem. In this 

dissertation, only electrochemical reduction of CO2 is discussed. 
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Fig. 1.7 Four schemes of photoelectrochemical reduction of CO2 according to the catalyst 

applying method: (a) heterogeneous catalysis on a semiconductor electrode, (b) 

heterogeneous catalysis on a metal-decorated semiconductor electrode, (c) homogeneous 

catalysis through a semiconductor/molecular catalyst junction, and (d) heterogeneous 

catalysis through a molecular catalyst–decorated semiconductor electrode (presented by 

Kumar et al. 2012 [37]).  

1.3 Electrochemical reduction of CO2 

1.3.1 History of electrochemical CO2 reduction 

 Fundamental studies of electrochemical reduction of CO2 began as early as in the 19th 

century by Royer, in which the main product obtained was formic acid by using a Zinc 

cathode [51,52]. Due to the oil embargoes in 1970s, the studies of electrochemical reduction 

of CO2 were intensified in 1980s because chemicals and fuels could be produced through this 

method [53-58]. Products of CO, CH4, C2H4, HCOOH, EtOH (ethanol) etc were found at 
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various metal electrodes [59]. Since the energy crisis become more and more serious recently, 

researches on electrochemical reduction of CO2 have been further promoted, which are 

mainly focus on decreasing the over potential, improving product selectivity and current 

density [36,60-62].  

 Compared with the traditional CO2 reduction method such as hydrogenation, which 

reduce CO2 gas by using H2 at 300-400oC [63,64], electrochemical method is more 

convenient and can be operated at ambient conditions. More importantly, there is no gaseous 

H2 needed during the electrochemical CO2 reduction. Water, as the most abundant source in 

our planet, provides the hydrogen source during the reaction. As a result, there is no need for 

H2 production, storage and transformation, which are high energy consumption processes. 

1.3.2 Electrolytes in the electrochemical CO2 reduction 

 Electrochemical reduction of CO2 can be divided by aqueous and non-aqueous according 

to the electrolyte used. Aqueous electrolyte is the most common used in the electrochemical 

reduction of CO2. Various inorganic chemicals can be used as the aqueous electrolyte. 

Potassium (K) and/or sodium (Na) cation with different anions such as bicarbonate, carbonate, 

chloride, sulphpate, etc. are frequently used in the electrochemical reduction of CO2 

[54,65-67]. It is reported that different anions and cations in the electrolyte can affect the 

product selectivity. Thorson et al. reported that cations with a large atomic radius such as Cs 

and Rb promoted the CO production, while small cations such as Na promoted the H2 

generation on Ag electrode, which could be explained by the interplay between the level of 

cation hydration and the extent of cation adsorption on Ag electrodes [68]. Schizodimou et al. 

investigated a series of cations with different valences and found that the electrochemical 

reaction rate increases with the surface charge of the cation in the order of Na+ < Mg2+ < Ca2+ 

< Ba2+ < Al3+ < Zr4+ < Nd3+ < La3+ in the acid solutions on a Cu88Sn6Pb6 alloy cathode. The 

acceleration effect was attributed to the participation of the radical anion (CO2•
−) in the rate 

determining step [69]. Hori et al. studied the effect of different anions and found that HCO3
-, 

Cl-, ClO4
- and SO4

2- had better performance on the CO2 reduction than HPO4
- on a Cu 

working electrode at 5 mA/cm2 [54]. 
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 Although Propylene Carbonate and Bmim-PF6 (1-Butyl-3-methylimidazolium 

hexafluorophosphate) were reported [70,71], methanol was the most common used solvent in 

the non-aqueous electrochemical reduction of CO2 [72-74]. The main product obtained in the 

electrochemical reduction of CO2 in non-aqueous solutions is CO. Due to the low solubility of 

CO2 in water (about 35 mmol/L at CO2 partial pressure of 1 atm), current density in the 

electrochemical reduction of CO2 in aqueous solutions usually smaller than 10 mA/cm2 [37]. 

The solubility of CO2 in methanol is more than 4 times higher than in water at ambient 

conditions [75]. Therefore, much higher current density could be achieved in non-aqueous 

solutions in general. However, from the literature results, the current density showed no 

advantage in non-aqueous solutions at ambient pressure. Most of the electrochemical 

reduction of CO2 in non-aqueous solutions were conducted in high pressure to further 

increase the solubility of CO2 (5 to 40 atm), which then led to a current density increase to as 

high as 300 mA/cm2 [74]. However, high current density achieved by high pressure usually 

leads to a high over potential, which is not good for energy conversion [36]. 

1.3.3 Electrodes in the electrochemical CO2 reduction 

 Metal electrodes have been widely used as the working electrodes in the electrochemical 

reduction of CO2. Effect of the metal working electrodes on the product selectivity have been 

intensively studied in 1980s, and their results are summarized in Fig. 1.8. It can be seen that, 

most of the transition metals from group 4 to 9 have no catalytic activity for CO2 reduction. 

Only H2 was produced when these metals were used as working electrode. However, 

transition metals from group 10 to 12 have an innate catalytic activity to catalyze the CO2 into 

different products. In, Sn, Tl and Pb from group 13 and 14 also have the ability to reduce CO2 

mainly into HCOOH. The detail of the mechanism of product selectivity on different metal 

electrodes will be introduced in the next section. 
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Fig. 1.8 Product distribution on different metal based cathodes in the electrochemical 

reduction of CO2 in KHCO3 based media (presented by Ganesh [76]). 

 Although many metal electrodes can be used as the cathode to catalyze the CO2 

reduction, the over potential for CO2 reduction are very high. Therefore, methods for using 

nano-particle decorated electrodes and metal oxides were presented recently to reduce the 

CO2 reduction over potential. The research results are summarized in Table 1.2. Au 

nanoparticles was reported to achieve a CO2 reduction into CO with a faradaic efficiency over 

60% at an overpotential as low as 140 mV, in which increased stabilization of the COଶ
•ି	 

intermediate on the surfaces of the Au electrodes was regarded as the main reason [77]. 

Nano-SnO2 load carbon and grapheme, and annealed Cu2O film showed the ability to 

decrease the over potential of formate generation to 340 and 250 mV, respectively [78,79]. 

Although the faradaic efficiencies of CO2 reduction were not high at low over potential in 

these reports, it still suggested that nano-particles could be the future direction to improve the 

energy conversion efficiency of electrochemical reduction of CO2. 
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Table 1.2 Recent progresses in the electrochemical reduction of CO2 for decreasing over potential 

Electrode product 
faradaic 

efficiency 
over potential Year Ref 

Nano-Au (Oxide dereived) CO 
>60% 

>98% 

140 mV 

240 mV 
2012 [77] 

Annealed Cu2O film (~ 3μm) 
formate 

CO 

33% 

45% 

250~450 mV 

190~390 mV 
2012 [78] 

Nano-SnO2 loaded 

graphene or carbon black 
formate 

~10% 

~90% 

340 mV 

~1140 mV 
2014 [79] 

 

 

1.3.4 Reaction mechanism in the electrochemical CO2 

reduction 

 It is reported that different catalytic activity and product selectivity of the metal 

electrodes mainly depend on the CO2 and H2 adsorption and intermediate desorption abilities 

on the metals. Fig. 1.9 shows the relationship between the electrode adsorption properties and 

the reaction paths. Although the reaction mechanism of CO2 is still not clear, the first step of 

CO2 reduction is generally accepted as the adsorption of CO2 on the metal electrode and form 

a COଶ
•ି radical, which further reduced into different products. It can be seen from Fig. 1.9, 

the product selectivity in different metal electrodes started in the very first step. If the metal 

electrode is weak in adsorbing CO2, COଶ
•ି	radical cannot generated, and then the main 

product of the electrochemical reaction is H2. Since H2 evolution always competes with CO2 

reduction, the ability to adsorb H and CO2 of the metal electrode becomes the second 

determine point of the product selectivity. After metal electrodes adsorbing the COଶ
•ି 

radical, 

if COଶ
•ି 

is easy to desorb, formate or oxalate are easy to form. If the adsorbed COଶ
•ି  

allows 

OH- group to be removed, CO and further reduced products are possible to generate. Or else, 

H2, CO2 or formate is formed. As a result, high hydrogen overvoltage electrodes with 

negligible CO adsorption (such as Hg, Cd, Pb, Tl, In and Sn) can reduce CO2 into formate 
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with a high current efficiency. At the low hydrogen overvoltage metals with a high CO 

adsorption strength (such as Pt, Ni, and Fe), CO2 is reduced to form tightly adsorbed CO, then 

H2 is produced. The electrode materials with a medium hydrogen overvoltage and a weak CO 

adsorption (such as Au, Ag, Zn and Cu) catalyze the breaking of the carbon–oxygen bond in 

CO2 and produce more reduced product [62]. 

 Although the reaction pathways of CO2 reduction is so complicated and still not clear so 

far. A relatively detailed pathway for HCOO-, CH4, CH3OH and C2H4 production from 

electrochemical reduction of CO2 on Cu electrode was proposed recently by Schouten et al. as 

shown in Fig. 1.10 [80]. Besides the overall rate determine step of CO2 adsorption onto the 

Cu surface, a proton coupled electron transfer step and a electron transfer step account for 

another rate determine step in the CH4 and C2H4 production process, respectively. Therefore, 

the production of CH4 was reported to be affected by the pH since the proton is required in the 

rate determine step while C2H4 synthesis was independent with the pH [81]. 
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Fig. 1.9 Reaction paths as a function of electrode adsorption properties (presented by Chaplin 

et al. 2003 [82]) 
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Fig. 1.10 Proposed mechanism for the electrochemical reduction of carbon dioxide on copper 

(presented by Schouten et al. 2011 [80]). 
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1.4 Research motivation and purpose 

 Although the detailed reaction mechanism of CO2 reduction is still not clear, CO2 is 

generously regarded as the active species, which is always bubbled into the electrolyte to 

supply the carbon source. However, it is also reported that CO2 reduction can be achieved 

without CO2 bubbling. 

 In 1983, Hori reported that HCOO- was found in the electrochemical reduction of HCO3
- 

without CO2 bubbling at room temperature on a Hg electrode [83]. The CO2 dissociated from 

HCO3
- was suggested as the active species for HCOO- production [83]. However, HCO3

- 

rather than CO2 was recently reported as the active species for HCOO- production in the 

electrochemical reduction of HCO3
- with or without CO2 bubbling at Pb or Cu electrodes, 

respectively [67,84]. Therefore, the active species are probably CO2 and/or HCO3
- according 

to these reports. However, the actual active species is still not clear. Therefore, the active 

species in the electrochemical reduction of CO2 is studied in this research to help further 

studying the mechanism of CO2 reduction and improving the efficiency. 

 Although various chemicals can be used as supporting electrolytes, KHCO3 and NaHCO3 

are two most used electrolytes in the electrochemical reduction of CO2 [77,85-90]. It is known 

that CO2 can dissolve in and react with H2O to form H2CO3, which further decomposes into 

HCO3
- and CO3

2-, as shown as follow [91]. 

       CO2 (g) ⇄ CO2 (aq)       (1.1) 

       CO2 (aq) + H2O (l) ⇄ H2CO3 (aq)    (1.2) 

       H2CO3 (aq) ⇄ H+ (aq) + HCO3
- (aq)    (1.3) 

       HCO3
- (aq) ⇄ H+ (aq) + CO3

2- (aq)    (1.4) 

These processes are strongly pH dependent. At pH between 7.5-8.5, HCO3
-
 is the dominant 

anion, at the pH above 11.5, CO3
2- 

becomes the major anion, and only H2CO3 exists at pH 

below 5 [91]. H2 evolution reaction (HER) is an unavoidable side reaction in the 

electrochemical reduction of CO2. HER is prevalent in acidic solutions, whereas CO2 does not 
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exist in a basic solution. This could be the reason why CO2 reduction experiments are 

normally conducted in 0.05–0.5 mol/L NaHCO3 or KHCO3 supporting electrolyte which is 

close to neutral pH [76]. On the other hand, effect of the concentration of HCO3
- on the CO2 

reduction has been rarely studied. Only Hori et al. studied the effect of 0.03 to 1.5 mol/L 

HCO3
- on the electrochemical CO2 reduction on a Cu electrode using a galvanostatic method 

in 1980s [54]. It is reported that the best faradaic efficiency of CO2 reduction was obtained 

only when the concentration of HCO3
- was 0.1 mol/L, lower or higher concentrations led to a 

faradaic efficiency decrease [54]. However, the reason was not discussed. Possible reason 

could be the HCO3
- concentration affected the CO2 absorption and led to a decrease in the 

active species in the electrolytes. Therefore, how much CO2 was absorbed in different 

electrolytes after CO2 bubbling needs to be studied to verify the real amount of active species 

in different electrolytes. However, the amount of dissolved CO2 in typical electrolytes under 

CO2 bubbling has not been reported before. Since this could be an important data to reveal the 

reason of why low KHCO3 concentration promoting the CO2 reduction faradaic efficiency, the 

concentrations of CO2 in different solutions before and after CO2 bubbling were studied. The 

effect of CO2 bubbling into different solutions were also discussed in this research. 

1.5 Outline of this thesis 

This dissertation is divided into 7 chapters, and the details are as follow: 

Chap 1 is the general introduction. The background of the solar energy conversion, 

storage and transportation were first presented. Then, technologies and previous reports of 

electrochemical reduction of CO2 in aqueous solutions were introduced. Finally, the 

motivations and objects of this research, including investing the active species and effect of 

CO2 bubbling in the electrochemical reduction of CO2 in aqueous solutions, were given. 

Chap 2 is the experimental section, in which the electrochemical cells, experimental 

setups, experimental materials and procedures, and analysis methods were introduced. 

Chap 3 studied the electrochemical reduction of NaHCO3 and KHCO3 without CO2 

bubbling using I-V measurement (products analysis is studied in Chap 4). Voltammograms 

were obtained at various NaHCO3 and/or KHCO3 concentrations and different temperatures 
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on Cu working electrode. Reasons for why current density was increased by the high 

temperature and high HCO3
- concentration were also thermodynamically studied. 

Chap 4 studied the active species in the electrochemical reduction of KHCO3 without 

CO2 bubbling at elevated temperature by using very high KHCO3 concentration solution. The 

reaction pathway of HCO3
- decomposing into CO2 was also examined. 

Chap 5 studied the electrochemical reduction of CO2 in different electrolytes (KHCO3, 

KCl, and KOH) under CO2 bubbling at various conditions. The effects of CO2 bubbling, 

temperature, electrolyte, applied potential, reaction time, stirring, and geometrical shape of 

the working electrode on the faradaic efficiency of CO2 reduction were investigated. 

Chap 6 examined the effect of CO2 bubbling in different solutions (KHCO3, KCl, KOH, 

K2CO3 etc.) by measuring the pH changes and total carbon concentrations. The concentrations 

of different carbonaceous species (CO2, H2CO3, HCO3
-, CO3

2-) in these solutions before and 

after bubbling with CO2 were calculated according to the experimental data.  

Chap 7 summarized the results above and gave the conclusions. 
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2.1 Experimental method 

2.1.1 Electrochemical measurement 

 Electrochemical reduction of CO2 was conducted in two different electrochemical cells. 

A normal one compartment three electrodes electrochemical cell with a diameter of 28 mm 

and height of 50 mm purchased from ALS Company (SVC-3 Voltammetry cell, ALS Co., Ltd) 

was used for the I-V study (Fig. 2.1). This cell is not leak-tight, therefore, gas products 

generated during the experiments were directly released to the atmosphere. A copper wire (Φ 

0.5 mm, 99.999%, Nilaco), a Pt coil (Φ 0.5 mm, ALS Co., Ltd) and a standard Ag/AgCl (3.0 

mol/L NaCl) electrode (RE-1B, ALS Co., Ltd) were used as the working, counter, and 

reference electrodes, respectively. 17-20 mL electrolyte was filled in the cell during the 

reaction. A Solartron 1280C electrochemical system was used to conduct all the 

electrochemical experiments. For the I-V measurement, a typical potential scan is started from 

the open circuit potential and negatively increased to -2.0 V (vs Ag/AgCl) with a scan rate of 

20 mV/s. 

 A home-made H-type leak-tight electrochemical cell was used for CO2 bubbling and gas 

products collection for further analysis. The schematic of this cell is shown in Fig. 2.2. A 

three electrodes system was used in this electrochemical cell. The working and reference 

electrodes were put in the same compartment and separated from the counter electrode by a 

Nafion film (DuPont: N117). Since CO2 reduction is a redox reaction. During the reduction of 

CO2, OH- is oxidized into O2. By separating the working and counter electrodes, the 

recombination of generated products on these two electrodes can be effectively prohibited. 

The gas sample could be either sampled manually through syringe or directly connected to the 

gas chromatographer (GC) for online analysis. Both gas in and out route can be totally closed 

by valves when not use. A typical experimental procedure for using the H-type cell is as 

follow. Same amount (35 mL) of electrolyte was added into both WE and CE chambers of the 

electrochemical cell. Then CO2 gas was bubbled into the WE chamber for 30 min when 

necessary. The pH values of both chambers were measured. Working, counter and reference 

electrodes were placed in the electrochemical cell. The outlet gas tube was either directly 



28 
 

connected to gas chromatographer or closed by valve. A Solartron 1280C electrochemical 

system was used to conduct the electrochemical experiments. Both I-V and potentiostatic 

method were used. 

 

 

Fig. 2.1 One compartment three electrode electrochemical cell (SVC-3 Voltammetry cell, 

ALS Co., Ltd). 

 

Fig. 2.2 H-type electrochemical cell used for experiments with CO2 bubbling and gas 

collection. 



29 
 

2.1.2 Dissolved CO2 measurement 

 For the measurement of dissolved CO2 in different solutions, CO2 was continuously 

bubbled into 30-mL solutions contained in a 40-mL TOC sample vial with a controlled flow 

rate as shown in Fig. 2.3. The pHs of the solutions were measured continuously. An obvious 

pH decrease in the solutions could be observed during the CO2 bubbling due to the dissolved 

CO2 transformed into H2CO3 and further dissociated to generate H+. When the pH remained 

stable for over 30 min, the total carbon concentrations (TC) of these solutions were measured 

immediately by a Shimadzu TOC analyzer (TOC-V CPH). The TCs of different solutions 

before bubbling were also measured for comparison.  

 

 

 

 

Fig. 2.3 Schematic of CO2 bubbling setup for dissolved CO2 measurement. 

2.2 Analysis method 

2.2.1 Gas analysis 

 Gas chromatographer equipped with a thermal conductivity detector (GC/TCD) was 
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widely used for the qualitatively and quantitatively analysis of gas samples. By sweeping 

through a series of columns of the GC, different gas molecules can be separated and 

determined from different retention time which was caused by the adsorption strength 

differences between different gas molecules and the column walls or packing materials in the 

column. A thermal conductivity detector (TCD) was used to monitor the outlet stream from 

the column. By sensing the changes in the thermal conductivities between the gas sample and 

carrier gas, the amount of specific gas products can be quantified. 

 An Agilent 7890A GC/TCD was used in this study to analysis the gas products. The gas 

sample can be either manually sampled and injected by using a syringe or directly connected 

to the GC for online measurement. This GC system allows the sample gas flow through five 

different columns and hence can analyze H2, CO, CO2, CH4, C2H4, C2H6, O2 and N2 within 

one test. The schematic of the valves and columns system of the GC/TCD is shown in Fig. 2.4. 

The detailed analysis method of the GC/TCD are summarized in Table 2.1. There are two 

sample loops in this system, each has a volume of 2 mL. The total volume of the sample route 

is about 10 mL, which means that at least 10 mL of sample needs to be injected to fill the 

sample route. If the sample amount was not enough for the measurement, sample diluting was 

used. 0.1 – 0.3 mL sample was collected by a syringe. Then, it was injected into another 

syringe, which was pre-filled with 20 mL Ar gas, through a silicone placed Luer connector. 

The mixed gas sample was then sealed in the syringe and waited for 10 minutes before being 

finally injected into the GC. According to the oven temperature program, a typical analysis 

process lasted about 10 min.  
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Fig. 2.4 Schematic of valve and column system of GC/TCD. 

 

 

 

 

 

 



32 
 

 

 

Table 2.1 Analysis method of GC/TCD 

Detectors 
Thermal Conductivity Detector (TCD) 

(Back TCD & Side TCD) 

Column 

Column #1: MS5A 8ft 

Column #2: HAYASEP Q 3ft 

Column #3: HAYASEP Q 0.5m 

Column #4: HAYASEP Q 6ft 

Column #5: MS5A 8ft 

Carrier gas 

Side TCD: Ar (99.9999%) (for: H2) 

Back TCD: He (99.99995%) (for: CO, CO2, CH4, C2H4, 

C2H6,) 

Reference flow rate 
Side TCD: 30 mL/min 

Back TCD: 45 mL/min 

Inlet temperature 120 °C 

Detector temperature 200 °C 

Oven temperature 

60 °C for 1 min                                  

then 20 °C/min to 150 °C for 0 min                  

then 12 °C/min to 170 °C for 0 min                  

then 30 °C/min to 190 °C for 2 min 
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2.2.2 Total organic carbon (TOC) analysis 

 Carbon is existed in both organic (hydrocarbons, proteins, lipids etc) and inorganic (CO2, 

bicarbonate and carbonate) materials. The total organic carbon (TOC) analyzer can measure 

and calculate the concentration of the TOC in solutions, which are frequently used as an 

indicator of water quality. Actually, the TOC analyzer cannot detect the TOC directly. It can 

only detect CO2 by a non-dispersive infrared sensor. Therefore, there are two main methods 

for the TOC measurement. First one is catalytically transform all the IC (inorganic carbon) 

and TOC (total organic carbon) in the sample into CO2 at 600~900oC, and then analyze the 

CO2 amount to determine the total carbon (TC) concentration. And then another sample was 

extracted and added with acid (HCl) until pH below 3. All the IC reacts with HCl and releases 

CO2. By analyzing this amount of CO2, IC is known. Finally, the TOC was derived from TC 

minus IC. Another method for TOC calculation is called Non-Purgeable Organic Carbon 

(NPOC) method, which is not related to this research and will not introduce here. 

 Since the TC in the water solution can be directly measured by using the TOC analyzer, 

the TCs in different solutions before and after bubbling with CO2 were analyzed. 

2.2.3 Efficiency calculation 

 The faradaic efficiencies (FE) of different products were calculated as follow: 

ܧܨ     ൌ 	
௡೛ೝ೚೏ೠ೎೟		ൈ	௡೐೗೐೎೟ೝ೚೙ൈி

ொ
ൈ 100%      (2.1) 

where, nproduct means the molar amount of target product, nelectron represents electron transfer 

number per molecule (for CO, n = 2; CH4, n = 8; C2H4, n = 12; H2, n = 2), F is the faradaic 

constant (96485.3 C/mol), Q is the total electron transferred during the whole reaction. The 

number of Q can be obtained from the electrochemical software used for conducting the 

experiment. According to this equation, faradaic efficiency represents the efficiency of current 

utilization, or in other words, the product selectivity. 
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Chapter 3 

 

I-V study of the electrochemical reduction of 

KHCO3 and/or NaHCO3 at elevated 

temperatures without CO2 bubbling 
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3.1 Introduction 

It was reported that formate was produced in the electrochemical reduction of KHCO3 

without CO2 bubbling [67,83,84]. Both CO2 and HCO3
- were reported as the active species. 

However, the real active species in this reaction is still not clear. Since that there is no CO2 

bubbling used in the electrochemical reaction, the possibility of the HCO3
- as the active 

species is higher than the CO2. Then the concentration of HCO3
- should affect the CO2 

reduction. Therefore, the effect of electrochemical reduction of high concentration HCO3
- 

solutions without CO2 bubbling were studied in this chapter. 

Fig 3.1 showed the solubility of NaHCO3 and KHCO3 in water as a function of 

temperature. The solubility of both NaHCO3 and KHCO3 increases with temperature. 

Therefore, an elevated temperature up to 60 oC was used to improve the solubility of HCO3
- 

in water solution and make the preparing of high concentration KHCO3 solution easier. 

 

Fig. 3.1 Solubility of KHCO3 and NaHCO3 in the water as a function of temperature (data 

source: CRC Handbook of Chemistry and Physics (90th Edition) [92]). 

In this chapter, the I-V characteristic is used because of the first order checking of the 

reaction process. Since the current in the electrochemical reactions is often used to indicate 

the chemical redox reaction. The effect of the HCO3
- on the electrochemical reduction of 
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KHCO3 without CO2 bubbling were mainly studied by I-V analysis in this chapter for a 

preliminary study. 

3.2 Experimental 

It has been widely reported that Cu has the ability to effectively reduce the CO2 into CO, 

CH4, C2H4 and HCOOH in water solutions [54,62]. Therefore, the Cu wire was chosen as the 

working electrode in here. A copper wire (Φ 0.5 mm, 99.999%, Nilaco) was used as the 

working electrode. The length of the working electrode was 22 or 30 mm at different 

conditions, which gave a surface area of ca. 0.35 or 0.47 cm2, respectively. The native copper 

oxide was removed from the wires by etching for 60 s in 0.1 mol/L aqueous HCl. The 

reference electrode was a standard Ag/AgCl (3 mol/L NaCl) electrode (RE-1B, ALS Co., Ltd). 

A Pt coil (Φ 0.5 mm, ALS Co., Ltd) was selected as the counter electrode. All the potentials 

mentioned in this research were referred to Ag/AgCl unless otherwise specified. NaHCO3 

(99.5%) and KHCO3 (99.5%) (Kanto chemical Co., Inc) were used directly without any 

further treatment. The chemicals used in this chapter are shown in Table 3.1. All 

electrochemical experiments were conducted in a one compartment electrochemical cell 

which was introduced in chapter 2 (Fig. 2.1) through a Solartron 1280C electrochemical 

system. A water bath (EWS-100RD, AS ONE Corporation) was used for the temperature 

control. 

 

Table 3.1 Materials used in Chapter 3 

Entry Item Specification Producer 

1 Cu wire 99.999%, Φ 0.5 mm The Nilaco Corporation 

2 Pt wire 99.999%, Φ 0.5 mm The Nilaco Corporation 

3 KHCO3 99.5% Kanto chemical Co., Inc 

4 NaHCO3 99.5% Kanto chemical Co., Inc 

5 HCl 0.1 mol/L Kanto chemical Co., Inc 

6 Deionized water 18.2 MΩ, Organo Corporation (PRA-0015) 
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3.3 Effect of NaHCO3 and KHCO3
 concentrations at room 

temperature 

 Since the HCO3
- is assumed as the active species, high concentration of the HCO3

- 

should facilitate the CO2 reduction especially for the case without CO2 bubbling. Fig. 3.2 

illustrated the voltammograms obtained in the electrochemical reduction of various 

concentrations of NaHCO3 and/or KHCO3 solutions at room temperature without CO2 

bubbling. The current density increased with the electrolyte concentration when KHCO3 or 

NaHCO3 solution was used solely as the electrolyte. Due to the solubility of NaHCO3 in the 

water, the highest concentration of NaHCO3 used here was 0.5 mol/L. When the concentration 

of KHCO3 increased to 1.5 mol/L, the highest current density was obtained. This suggested 

that the HCO3
- concentration can strongly improve the current density which means that the 

reaction was promoted. On the other hand, the current density was very similar when 

NaHCO3 or KHCO3 solution was used in the same concentration (0.1 and 0.5 mol/L). In Fig. 

3.2 (b), the current density obtained in the electrolytes with 0.1 mol/L NaHCO3 plus 0.5 mol/L 

KHCO3, and 0.5 mol/L NaHCO3 plus 0.1 mol/L KHCO3 showed no big difference. These 

results suggested that the K+ and Na+ in the solution showed no obvious effect on the 

electrochemical reaction. The electrochemical reaction was strongly related with the HCO3
- 

concentration. High concentration of HCO3
- was favorable for obtaining high current density. 
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(a) 

 

(b) 

Fig. 3.2 Voltammograms obtained in (a) various concentrations of NaHCO3 or KHCO3 

solutions and (b) solutions contain both NaHCO3 and KHCO3 at a Cu working electrode (M: 

mol/L, scan rate: 20 mV/s, temperature: room temperature (20 oC); length of WE: (a): 30 mm, 

(b): 22 mm).  
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3.4 Effect of temperature 

Results in section 3.3 showed that the high concentration of HCO3
- could effectively 

improve the current density, which suggested that a further increase in the HCO3
- 

concentration would probably lead to a further increase in the current density. However, this 

is hard to achieve at room temperature due to the solubility limit of the bicarbonate salts. 

Therefore, the temperature elevated experiments using different concentration of KHCO3 with 

or without NaHCO3 were carried out to study the effect of temperature and the higher 

concentration of the electrolyte. Fig. 3.3 showed the voltammograms obtained in different 

concentrations of KHCO3 solutions at temperature ranges from 20 to 60 oC. When the 

temperature increased from 20 to 60 oC, the current densities increased with the temperature 

in both 1.5 and 3.0 mol/L KHCO3 solutions. However, compared with the temperature, the 

HCO3
- concentration had a stronger effect on the current density. This suggested that the 

HCO3
- concentration was a more important factor to affect the current density than the 

temperature. 
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Fig. 3.3 Voltammograms obtained in various concentrations of KHCO3 solutions at elevated 

temperatures on a Cu working electrode (scan rate: 20 mV/s, length of WE: 30 mm). 
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 It is reported that C2H4, CH4, CO, HCOOH, and H2 are the most common products found 

in the electrochemical reduction of CO2 on Cu working electrode [54]. Actually the current 

density increase might not relate to the increase of the CO2 reduction, it could be caused by 

the enhancement of H2 evolution. However, according to the literature, H2 production is 

markedly prohibited at the potential from -1.5V to -1.6 V (vs. Ag/AgCl) when the Cu was 

used as the working electrode in KHCO3 electrolyte, and hydrocarbons such as CH4 and C2H4 

becomes the dominant products [54]. Therefore, the current density obtained at -1.5 V at 

various concentrations of KHCO3 and/or NaHCO3 in the I-V studies were recorded and 

showed in Fig 3.4. It can be seen in Fig 3.4 (a), the current density increased with the 

temperature in different HCO3
- concentration solutions. The current density increased about 

40 mA/cm2 when the temperature increased from 20 to 60 oC in the solution with 1.5 mol/L 

KHCO3 plus 0.5 mol/L NaHCO3. Compared with the temperature, HCO3
- concentration had a 

much higher effect on promoting the current density. The current density increased about 70 

mA/cm2 when the HCO3
- concentration increased from 1.5 to 4.0 mol/L at 60 oC (Fig. 3.4 (b)). 

The highest current density of -114.2 mA/cm2 was obtained at 60 oC in the solution with 4.0 

mol/L HCO3
-. 

 In a general electrode redox reaction of 

               (3.1) 

the cathodic current density of ic can be given as [93] 

        ݅௖ ൌ .௢ሺ0ܥ௙݇ܨ݊  ሻ       (3.2)ݐ

where 

ic is the cathodic current density, A/m2 

n is the electron transfer number per molecule 

F is the faradaic constant, 96485 C/mol 

kf is the forward reaction rate constant, s-1 for a one order reaction 

Co(0,t) is the concentration of reactant O at the electrode surface as a function of time, mol/L. 
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(b) 

Fig. 3.4 Current densities obtained in the electrochemical reduction of various concentrations 

of KHCO3 and/or NaHCO3 solutions without CO2 bubbling at -1.5 V as a function of (a) 

temperature and (b) HCO3
- concentration (M: mol/L). 
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Meanwhile the reaction rate constant kf is related to the temperature as follow, 

        ݇௙ ൌ  ாೌ/ோ்       (3.3)ି݁ܣ

where, A is the pre-exponential factor, Ea is the activation energy, R is the ideal gas constant, 

and T is the absolute temperature. Insert Eq. 3.3 into Eq. 3.2, one can obtain 

       ݅௖ ൌ ,௢ሺ0ܥܨ݊ ݁ܣሻݐ
ିாೌ/ோ்      (3.4) 

Although the reaction of electrochemical CO2 reduction should be much more complicated 

that reaction 3.1 (see Table 1.1), and the Co(0,t) should be different from the bulk 

concentration of the electrolytes (especially at a high current density), the Eq. (3.4) still can 

be used to explain the relationship of current density, HCO3
- concentration, and temperature 

roughly. As a result, the temperature increase led to a rate constant increase and then caused 

the current density increase. Since the factors of n, C0(0,t), and Ea, are difficult to measure, 

assuming they are constants in Eq. (3.4), then one can obtain, 

       ݅௖ ൌ  ே/்         (3.5)݁ܯ

in which,  

ܯ        ൌ ,௢ሺ0ܥܨ݊ (3.6)        ܣሻݐ

       ܰ ൌ െܧ௔/ܴ         (3.7) 

Therefore, using two knowing experimental data (current density at given temperature), one 

can obtain the factors M and N. Then the ic – t curve can be plotted, which is shown in Fig. 

3.5. The calculation results showed that the experimental data were in accordance with the 

calculation except the current density obtained in 3.0 mol/L KHCO3 at 50 oC, which could be 

attributed to some experimental error. 

 It can be seen from Table 1.1, the production of H2, CO and HCOOH are all two electron 

transfer reactions. It is hard to distinguish the real reaction happened in the electrochemical 

reduction of KHCO3 from the voltammetry studies. Therefore, the product analysis is required, 

which will be discussed in the next chapters. 
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Fig. 3.5 Calculated current densities (orange line) and experimental data (red star, green 

triangle, blue square, black dot) as a function of temperature (applied potential: -1.5 V).  

3.5 Thermodynamic study 

 The relationship between the standard enthalpy of formation and the temperature at 

constant pressure can be described as [94] 

        dH = CpdT        (3.8) 

where, Cp is the heat capacity at constant pressure. Usually, the variation of heat capacity with 

the temperature can be omitted if the temperature range is small. However, if it is necessary to 

calculate the Cp at different temperature, an empirical equation can be used as follow, 

       Cp = a + bT + c/T2       (3.9) 

where, a, b, and c are empirical parameters that are independent of temperature, T is the 

absolute temperature. Insert Eq. 3.9 into Eq. 3.8, and integrate the obtained equation, one can 

get, 

  ΔfH
0 (T2) = ΔfH

0 (T1) + a (T2 – T1) +1/2 b (T2
2 – T1

2) – c (1/T2 – 1/T1)  (3.10) 

Therefore, the standard enthalpy of formation of chemicals at different temperature can be 
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calculated if a, b, c, and ΔfH
0(T1) are known. Table 3.2 listed the empirical parameters of the 

heat capacities of typical CO2 reduction products and their standard enthalpy of formation at 

298.15 K and 333.15 K. The ΔfH
0(298.15 K), a, b, and c in Table 3.2 are obtained directly 

from reference book [95,96], ΔfH
0(333.15 K) is calculated from Eq. 3.10. It can be seen that 

the standard enthalpies of all the chemicals increased slightly when the temperature increased 

from 298.15 to 333.15 K. This suggests that the temperature does not obviously affect the 

standard enthalpies of these chemicals at this temperature ranges. Using the data obtained in 

Table 3.2, the standard enthalpies of possible reactions in the electrochemical CO2 reduction 

at 298.15 and 333.15 K can be calculated, and the results are shown in Table 3.3. The 

standard enthalpies of all the reactions are not changed too much as the temperature increase. 

All the standard enthalpies of the CO2 reduction reactions are negative. However, the standard 

enthalpy of H2 evolution changes from 0 to 1.02 kJ/mol when the temperature increased from 

298.15 to 333.15 K. These results suggest that the reactions of CO2 reduction are exothermic 

while the H2 evolution at elevated temperature is endothermic. Therefore, elevated 

temperature should benefit the H2 evolution but prohibit the CO2 reduction. According to 

these results, the current density increase in the electrochemical reduction of KHCO3 at 

elevated temperature could be attributed to the enhancement of H2 evolution. Therefore, the 

gas products analysis is necessary. 
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Table 3.2 Standard enthalpies of formation of typical chemicals in the CO2 reduction and 

their empirical parameters of heat capacity 

 ΔfH
0 (298.15 K)a  ΔfH

0 (333.15 K)a Cp
0 (J K-1 mol-1) = a + bT + c/T2 

 (kJ/mol) (kJ/mol) ab b/(10-3 K-1)b c/(105 K2)b

CO2 (g) -393.5 -392.2 44.22 8.79 -8.62 

C2H4 (g) 52.4 53.9 39.29 57.13 -13 

CO (g) -110.53 -109.5 30.96 2.44 -2.8 

CH4 (g) -74.6 -73.3 11.93 77.65 1.4 

HCOOH (l) -425 -421.5 99.16 N/A N/A 

H2O (l) -285.83 -283.2 20.36 109.2 20.3 

H+ (aq) 0 0 0a N/A N/A 

H2 (g) 0 1.0 26.88 3.59 1.1 

aData source: Lange's Handbook of Chemistry [95];  

bData source: Thermochemical Data of Elements and Compounds [96]. 

 

 

 

Table 3.3 Calculated standard enthalpies of possible reactions in the electrochemical CO2 

reduction at 298.15 and 333.15 K 

Reactions 
ΔrH

0 (298.15 

K) (kJ/mol) 

ΔrH
0 (333.15 

K) (kJ/mol) 

ΔrH
0 changesa

(kJ/mol) 

CO2 (g) + 2H+ + 2e- = CO (g) + H2O (l) -2.86 -0.55 2.31 

CO2 (g) + 8H+ + 8e- = CH4 (g) + 2H2O (l) -252.76 -247.51 5.25 

2CO2 (g) + 12H+ + 12e- = C2H4 (g) + 4H2O (l) -303.92 -294.52 9.4 

CO2 (g) + 2H+ + 2e- = HCOOH (l) -31.5 -29.37 2.13 

2H+ + 2e- = H2 (g) 0 1.02 1.02 

aΔrH
0 changes from ΔrH

0 (298.15 K) to ΔrH
0 (333.15 K). 
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3.6 Summary 

 The electrochemical reductions of KHCO3 and/or NaHCO3 with very high HCO3
- 

concentrations (up to 4.0 mol/L) at elevated temperatures were investigated. Summaries of 

these results were given as follow: 

 1. The voltammetry studies showed that the current density in the electrochemical 

reduction of KHCO3 and/or NaHCO3 was strongly affected by the HCO3
- concentration. 

Increasing the HCO3
- concentration remarkably enhanced the current density. 

 2. There is no big difference in the voltammograms obtained in the solutions with same 

HCO3
- concentration but different Na+ and K+ concentration, which suggested that the Na+ 

and K+ did not obviously affect the electrochemical reaction. 

 3. Temperature increase can also promote the current density. However, compared with 

the HCO3
- concentration, temperature increase had a less effect on the current density 

enhancement. This probably because the temperature did not change too much compared with 

the HCO3
- concentration variation. 

 4. H2 evolution reaction often companies the electrochemical CO2 reduction in aqueous 

solutions. Results from the calculation of standard enthalpies of possible reactions in the 

electrochemical CO2 reduction showed that the reactions of CO2 reduction were exothermic 

while the H2 evolution was endothermic at elevated temperature. This suggested that elevated 

temperature should benefit the H2 evolution while prohibit the CO2 reduction. Therefore, 

whether the current density increase was attributed to the CO2 reduction or H2 evolution 

should be investigated by the products analysis. 
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Chapter 4 

 

Study of the active species in the electrochemical 

reduction of KHCO3 without CO2 bubbling 
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4.1 Introduction 

 In Chapter 3, the electrochemical reduction of KHCO3 and/or NaHCO3 without CO2 

bubbling was studied by the I-V measurement. Although the current density was strongly 

promoted by the high HCO3
- concentration, the products analysis is required to distinguish 

whether the CO2 reduction was promoted. Since there was no CO2 bubbling used during the 

electrochemical reaction, the active species for the CO2 reduction also needed to be studied. 

 In photoelectrochemical or electrochemical reduction of CO2 in aqueous solutions, CO2 

bubbling is always used during these reactions and regarded as a carbon source [54,65,78,87]. 

However, CO2 can dissolve in and react with H2O to form H2CO3, which further decomposes 

into HCO3
- and CO3

2-, as shown in reactions 4.1 to 4.4 [91]. 

      CO2 (g) ⇄ CO2 (aq)        (4.1) 

     CO2 (aq) + H2O (l) ⇄ H2CO3 (aq)      (4.2) 

     H2CO3 (aq) ⇄ H+ (aq) + HCO3
- (aq)      (4.3) 

     HCO3
- (aq) ⇄ H+ (aq) + CO3

2- (aq)      (4.4) 

Therefore, there are four different carbonaceous species in aqueous solutions, which are 

dissolved CO2, H2CO3, HCO3
-, and CO3

2-. The actual active species in the electrochemical or 

photoelectrochemical reduction of CO2 need to be clarified to further study the mechanism of 

CO2 reduction and improve reduction efficiency. However, there have been very few studies 

on the active species in the electrochemical reduction of CO2. 

 In 1983, Hori reported that HCOO- was found in the electrochemical reduction of HCO3
- 

without CO2 bubbling at room temperature with an Hg electrode [83]. The CO2 dissociated 

from HCO3
- was suggested as the active species for the HCOO- production [83]. However, 

recently, HCO3
- rather than CO2 was reported as the active species for HCOO- production in 

the electrochemical reduction of HCO3
- with or without CO2 bubbling at Pb or Cu electrodes 

[67,84]. Therefore, the active species are probably CO2 and/or HCO3
- according to these 

reports. However, the actual active species is still not clear. 
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 If HCO3
- is the active species in the electrochemical reduction of CO2/HCO3

- without 

CO2 bubbling, increasing the concentration of HCO3
- should promote CO2 reduction. 

Therefore, we investigated the gas products after the electrochemical reduction of very high 

concentration of KHCO3 electrolyte without CO2 bubbling, and studied the active species in 

this reaction. The temperature increase reduces the solubility of CO2 gas while improving the 

solubility of KHCO3 in water, as shown in Fig 4.1[92]. Therefore, an elevated temperature (up 

to 60oC) was used to decrease the effect of dissolved CO2 and make high-concentration 

KHCO3 electrolyte easier to prepare. 
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Fig. 4.1 Solubility of CO2 and KHCO3 in water as function of temperature (partial pressure of 

CO2: 100 kPa) (data source: CRC Handbook of Chemistry and Physics (90th Edition) [92]). 

4.2 Experimental 

 Schematic drawing of the home-made leak-tight H-type glass electrochemical cell used 

in this chapter is shown in Fig. 4.2. The working electrode and counter electrode were 
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separated with a Nafion film (DuPont: N117) in the H-type cell. A copper wire (Φ 0.5 mm, 

99.999%, Nilaco) was used as the working electrode. The length of the working electrode was 

44 mm. Thus, the surface area of the working electrode was 0.69 cm2. The native copper 

oxide was removed from the wire by etching for 60 s in 0.1 mol/L aqueous HCl solution. The 

reference electrode was a standard Ag/AgCl (3.0 mol/L NaCl) electrode (RE-1B, ALS Co., 

Ltd). All the potentials in this research are referred to Ag/AgCl unless otherwise specified. A 

Pt wire (Φ 0.5 mm, Nilaco) with the same length as the working electrode was selected as the 

counter electrode. Chemical of KHCO3 (99.5%, Kanto chemical Co., Inc) was used directly 

without any purification. The electrolytes were produced by mixing the chemicals with 

deionized water (18.2 MΩ, Organo Corporation, PRA-0015). The volume of the electrolytes 

was 35 mL in both compartments of H-type cell. We did not use CO2 bubbling in this research. 

The chemicals used in this chapter were summarized in Table 4.1. 

 

 

 

Fig. 4.2 Schematics of the H-type leak-tight electrochemical reaction cell. 
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Table 4.1 Materials used in Chapter 4 

Entry Item Specification Producer 

1 Cu wire 99.999%, Φ 0.5 mm The Nilaco Corporation 

2 Pt wire 99.999%, Φ 0.5 mm The Nilaco Corporation 

3 KHCO3 99.5% Kanto chemical Co., Inc 

4 HCl 0.1 mol/L Kanto chemical Co., Inc 

5 Deionized water 18.2 MΩ, Organo Corporation (PRA-0015) 

6 Ar gas 99.9999% Taiyo Nippon Sanso Corporation 

 

 

 

 

 

 

 

 All the electrochemical experiments were conducted using a Solartron 1280C 

electrochemical system. A water bath (EWS-100RD, AS ONE Corporation) was used for 

temperature control. After the reactions, the gas samples were collected and analyzed using a 

customized Agilent 7890A gas chromatographer equipped with a thermal conductivity 

detector (GC/TCD). This GC system can be used for both online and offline test. In this 

chapter, an offline mode was used. Due to the special design of this GC analysis system, over 

20 mL sample gas is required for one measurement in the offline mode. H2, CO, CH4, C2H4, 

and CO2 can be detected in one measurement, which is usually not available for normal 

GC/TCDs. If the gas production was less than 20 mL after the reaction, the gas sample was 

collected and diluted into 20 mL with Ar gas using two syringes. The mixed gas sample was 

then sealed in the syringe and waited for 10 minutes before being finally injected into the GC. 

The gas analysis method used in the GC/TCD is shown in Table 4.2.  
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Table 4.2 Analysis method of GC/TCD 

Detectors 
Thermal Conductivity Detector (TCD) 

(Back TCD & Side TCD) 

Column 

Column #1: MS5A 8ft 

Column #2: HAYASEP Q 3ft 

Column #3: HAYASEP Q 0.5m 

Column #4: HAYASEP Q 6ft 

Column #5: MS5A 8ft 

Carrier gas 

Side TCD: Ar (99.9999%) (for: H2) 

Back TCD: He (99.99995%) (for: CO, CO2, CH4, C2H4, 

C2H6,) 

Reference flow rate 
Side TCD: 30 mL/min 

Back TCD: 45 mL/min 

Inlet temperature 120 °C 

Detector temperature 200 °C 

Oven temperature 

60 °C for 1 min,                                  

then 20 °C/min to 150 °C for 0 min,                  

then 12 °C/min to 170 °C for 0 min,                  

then 30 °C/min to 190 °C for 2 min 

Sample injection amount 20~40 mL 

 

 

 The faradaic efficiency (FE) was used to evaluate the product selectivity. The faradaic 

efficiency is calculated as follow: 

ܧܨ       ൌ 	
௡೛ೝ೚೏ೠ೎೟		ൈ	௡೐೗೐೎೟ೝ೚೙ൈி 

 ொ
ൈ 100%      (4.5) 

where, nproduct means the molar amount of target product, nelectron represents electron transfer 

number per molecule (for CO, n = 2; CH4, n = 8; C2H4, n = 12; H2, n = 2), F is the faradaic 

constant (96485.3 C/mol), Q is the total electron transferred during the whole reaction. 
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4.3 Effect of KHCO3 concentration, temperature and 

applied potential on the product selectivity 

 Gas products after the electrochemical reduction of 0.1 and 3.0 mol/L KHCO3 for 60 min 

at -1.6 V and various temperatures were analyzed to study the effect of KHCO3 concentration 

and temperature. The volumes of the gas generated after the reactions are listed in Table 4.3. 

Results showed that H2 was the main product after the reactions no matter what temperature 

or KHCO3 concentration were used. The volume of H2 increased nearly 10 times as the 

KHCO3 concentration increased from 0.1 to 3.0 mol/L. Although the temperature increase 

also improved H2 production, the effect was much smaller compared with that of KHCO3 

concentration. This was possibly because the change of temperature was small compared with 

the KHCO3 concentration. As a result, the high current density obtained at high KHCO3 

concentration and temperature discussed in chapter 3 was mainly attributed to H2 evolution. 

However, CO, CH4, and C2H4 were detected in the gas phase after the electrochemical 

reduction of 3.0 mol/L KHCO3 at 40 and 60oC even without CO2 bubbling. It should be noted 

that only formate production was reported in previous studies of electrochemical reduction of 

HCO3
- without CO2 bubbling [83,84]. Faradaic efficiencies of these gas products after the 

electrochemical reactions were calculated and listed in Table 4.4. The faradaic efficiency of 

CO2 reduction represents the sum of CO, CH4, and C2H4. In the 3.0 mol/L KHCO3, there was 

no CO2 reduction observed at 20 oC. However, when the temperature increased to 40 and 60 

oC, the faradaic efficiencies of CO2 reduction increased to 0.51% and 0.66%, respectively. 

This suggested that elevated temperature can promote the reduction of CO2 (or HCO3
-). When 

the concentration of KHCO3 decreased from 3.0 to 0.1 mol/L and the temperature remained at 

60 oC, the CO2 reduction was not detected. This suggests that high KHCO3 concentration is 

necessary in the electrochemical reduction of KHCO3 without CO2 bubbling. 

 The liquid samples after the electrochemical reduction of 3.0 mol/L KHCO3 at -1.6 V for 

60 min without CO2 bubbling was measured by ion chromatography for HCOOH. However, 

there was no HCOOH detected in the liquid phase. 
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Table 4.3 Volumes of different products after the electrochemical 

reactions at various temperatures and KHCO3 concentrationsa 

KHCO3 

(mol/L) 

Temp 

(oC) 

Volume (mL) 

CO CH4 C2H4 H2 

3.0 20 N/Db N/D N/D 24.49 

3.0 40 0.039 0.010 0.008 25.16 

3.0 60 0.038 N/D 0.024 26.7 

0.1 60 N/D N/D N/D 2.89 
aReaction condition: Potential: -1.6 V (vs. Ag/AgCl), time: 60 min. 
bN/D: not detected (detect limitation: 10 ppm). 

 

 

 

Table 4.4 Faradaic efficiencies of different products after the electrochemical 

reactions at various temperatures and KHCO3 concentrationsa 

KHCO3 

(mol/L) 

Temp 

(oC) 

Faradaic efficiency (%) 

CO CH4 C2H4 
CO2 

reductionb 
H2 Total 

3.0 20 N/Dc N/D N/D N/D 93.1 93.1 

3.0 40 0.16 0.16 0.19 0.51 104.9 105.4 

3.0 60 0.14 N/D 0.52 0.66 96.7 97.4 

0.1 60 N/D N/D N/D N/D 97.0 97.0 
aReaction condition: Potential: -1.6 V (vs. Ag/AgCl), time: 60 min. 
bCO2 reduction is the sum of CO, CH4 and C2H4. 

c N/D: not detected (detect limitation: 10 ppm).  

 

 

 It is reported that the applied potential strongly affects the product selectivity in the 

electrochemical reduction of CO2 [54,97]. Therefore, the effect of applied potential on 

product selectivity was investigated by conducting the electrochemical reactions in 3.0 mol/L 

KHCO3 without CO2 bubbling at 60 oC for 60 min at various potentials. The faradaic 

efficiencies of the products after the reactions are shown in Fig. 4.3. The main product was H2, 

which composed over 90% of the faradaic efficiency at the applied potential ranged from -1.4 

to -1.8 V. The faradaic efficiency of H2 increased with negative applied potential, which 

means more negative potential promotes hydrogen evolution and prohibits CO2 reduction. 

The faradaic efficiency of CO was 5.1% at -1.4 V and reduced greatly with the negative 

increase in potential. The faradaic efficiency of C2H4 first increased with negative potential 
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and then decreased when the applied potential exceeded -1.6 V. For CH4 production, there 

was no CH4 detected at -1.4 and -1.6 V, and very few amount of CH4 (faradaic efficiency: 

approx. 0.07%) was detected at -1.8 V. The highest faradaic efficiency of CO2 reduction (CO 

+ CH4 + C2H4) of 5.2% was achieved at -1.4 V and 60 oC in 3.0 mol/L KHCO3. 

 

Fig. 4.3 Faradaic efficiencies of gas products after electrochemical reactions at various 

applied potentials (reaction condition: electrolyte: 3.0 mol/L KHCO3, temp: 60 oC, reaction 

time: 60 min). 

4.4 Study of active species 

 According to the discussion in Section 4.3, CO2 reduction can be achieved in the 

electrochemical reduction of KHCO3 even without CO2 bubbling, however, the production 

and faradaic efficiencies are very low. If assuming that HCO3
- is the active species, high 

KHCO3 concentration should lead to high CO2 reduction. However, results in Table 4.3 

showed that increasing the KHCO3 concentration strongly promoted the H2 evolution rather 

than CO2 reduction. Therefore, the active species in the electrochemical reduction of KHCO3 

without CO2 bubbling was probably not HCO3
-. Then, the active species was probably the 
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dissolved CO2, which was generated from the decomposition of HCO3
-, since it is the only 

carbon source. Possible reaction pathway for the decomposition of HCO3
- into CO2 was the 

HCO3
- first reacting with H2O to generate H2CO3 and OH- as shown in reaction 4.6. 

     HCO3
- (aq) + H2O (l) ⇄ H2CO3 (aq) + OH- (aq)    (4.6) 

It is well known that very few H2CO3 exists in the water solutions because it is easy to 

transform to dissolved CO2 as shown in reaction 4.7 [91]. 

     H2CO3 (aq) ⇄ H2O (l) + CO2 (aq)       (4.7) 

Therefore, the overall reaction for the decomposition HCO3
- (aq) into CO2 should be the sum 

of reaction 4.6 and 4.7, which is 

     HCO3
- (aq) ⇄ CO2 (aq) + OH- (aq)      (4.8) 

 To confirm the reaction 4.8, spontaneous gas generation from the decomposition of 

HCO3
- in different concentrations of KHCO3 solutions (35 mL) at various temperatures were 

measured. The gas volumes were always measured at room temperature (25oC), even the 

temperature of KHCO3 solution was different. The gas chromatography (GC) quantitative 

analysis showed that only CO2 was generated during the experiments. The results of CO2 

generation are shown in Fig. 4.4. In 0.1 mol/L KHCO3 at 25 oC, very few CO2 was produced. 

The volume of the CO2 gas was only ca 2 mL after 50 min. When the KHCO3 concentration 

increased to 3.0 mol/L, the CO2 generation slightly increased to about 3.5 mL after 50 min. 

This suggested that high HCO3
- concentration could promote the decomposition of HCO3

- into 

CO2, however, the effect was not strong. When the temperature of 3.0 mol/L KHCO3 solution 

ascended to 60 oC, a sharp increase in the CO2 generation was observed. Over 45 mL CO2 

was generated after 50 min. These results showed that elevated temperature strongly 

promoted CO2 generation due to the decomposition of HCO3
-, this probably due to the 

solubility of CO2 decreased as the temperature increasing (Fig. 4.1). The reaction of dissolved 

CO2 transforming into gaseous CO2 was shown below, 

     CO2 (aq) ⇄ CO2 (g)  ΔrH
0(298.15) = 19.76 kJ/mol (4.9) 
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The calculated standard enthalpy of this reaction at 298.15 K is 19.76 kJ/mol. Meanwhile, the 

standard enthalpy of reaction 4.8 is calculated to be 46.6 kJ/mol. These results indicate that 

reaction 4.8 and 4.9 are endothermic, which means increasing the temperature enhance the 

decomposition of HCO3
- into gaseous CO2. As a result, high temperature promotes the 

decomposition of HCO3
- into CO2. Compared with KHCO3 concentration, temperature had a 

much stronger effect. 
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Fig. 4.4 CO2 generation from the decomposition of different concentrations of 35 mL KHCO3 

at various temperatures as function of time (gas volumes were measured at 25oC, 1 atm). 

 In reaction 4.8, the reaction rate of HCO3
- decomposition can be written as 

ݒ        ൌ െ
ௗሾு஼ைయ

షሿ

ௗ௧
ൌ ݇ሾܱܥܪଷ

ିሿ௡     (4.10) 

where, 

v is the reaction rate, 

[HCO3
-] is the concentration of HCO3

- in the solution, 

k is the reaction rate constant at given temperature, 

n is the reaction order. 

If the reaction order n is 0, [HCO3
-] should vary linearly with time. If the reaction order n is 1 

or 2, Ln[HCO3
-] or 1/[HCO3

-] should change linearly with time, respectively. Therefore, the 
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reaction order of reaction 4.8 can be determined by checking the linearity of [HCO3
-] – t, 

Ln[HCO3
-] – t, and 1/[HCO3

-] – t. Since the volume of CO2 production was measured, if 

assuming 1 mol CO2 production requires 1 mol HCO3
-, which means there is no other 

reactions, the change of [HCO3
-] versus time can be calculated using the CO2 production data. 

Then the reaction order n of reaction 4.8 can be investigated. The relationships of [HCO3
-] – t, 

Ln[HCO3
-] – t, and 1/[HCO3

-] – t obtained in 0.5 mol/L KHCO3 at 60 oC were plotted in Fig. 

4.5. However, from these results, it is hard to distinguish which relationship is more linear, 

which means the reaction order can hardly be determined here. This was probably because the 

[HCO3
-] variation was so small compared with the original [HCO3

-]. Therefore, all the 

relationships showed a relatively good linearity. 
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Fig. 4.5 [HCO3
-] (a), Ln[HCO3

-] (b), and 1/[HCO3
-] (c) variations as function of time obtained 

in 0.5 mol/L KHCO3 at 60 oC. 

 If assuming the decomposition of HCO3
- into CO2 is a one order reaction, the rate 
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equation can be written as 

ݒ        ൌ െ
ௗሾு஼ைయ

షሿ

ௗ௧
ൌ ݇ሾܱܥܪଷ

ିሿ      (4.11) 

Integrate this equation, one can obtain 

       Ln[HCO3
-] = –kt + C       (4.12) 

where C is the constant of integration. Therefore, the rate constant k at different temperatures 

can be obtained from the slope of the Ln[HCO3
-] – t plot at different temperatures. The 

Ln[HCO3
-] – t plots with their linear fitting curves in 3.0 mol/L KHCO3 solutions at 25, 40, 50, 

and 60 oC were depicted in Fig. 4.6. From the linear fitting curves obtained from the 

experimental data, the reaction rate constant of the decomposition of HCO3
- into CO2 

(reaction 4.8) were 0.3163×10–4, 1.0909×10–4, 1.7417×10–4, and 4.9885×10–4 s–1 at 25, 40, 

50, and 60 oC, respectively. 
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Fig. 4.6 Ln[HCO3
-] variations with time and their linear fittings obtained in 3.0 mol/L KHCO3 

at different temperatures (E–4 represents ×10–4). 

 The rate constant k is defined as 

        ݇ ൌ  ாೌ/ோ்       (4.13)ି݁ܣ
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where, 

A is the pre-exponential factor, 

Ea is the activation energy, 

R is the ideal gas constant, 

T is the absolute temperature. 

After taking the natural logarithm of both sides of Eq. 4.13, one can obtain 

        ln k ൌ lnܣ െ
ாೌ

ோ

ଵ

்
       (4.14) 

Then, the activation energy of Ea can be solved from the slope of the ln k – 1/T curve. Fig 4.7 

shows the ln k as function of 1/T and its linear fitting line. The slope of the linear fitting line 

is –7520.2, which represents the value of –Ea/R. Therefore, the activation energy of the 

decomposition of HCO3
- into CO2 (reaction 4.8) was 62.5 kJ/mol according to the 

experimental results. 
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Fig. 4.7 Ln k variation as function of 1/T obtained in 3.0 mol/L KHCO3. 

 It should be noted that in reaction 4.8, OH- is generated in the decomposition of HCO3
- 

into CO2, which would lead to a pH increase in the solution. However, HCO3
- is well known 

as a buffer solution, which can easily react with OH- to produce CO3
2- at high pH as shown 

below, 
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     HCO3
- (aq) + OH- (aq) ⇄ CO3

2-
 (aq) + H2O (l)    (4.15) 

Combining reaction 4.8 and 4.15, the overall reaction in the decomposition of HCO3
- into 

CO2 should be 

    2HCO3
- (aq) ⇄ CO3

2- (aq) + CO2 (aq) + H2O (l)       (4.16) 

 Fig. 4.8 shows the pH changes in 3.0 mol/L KHCO3 solution with time at 60 oC. The 

KHCO3 solution reached the required temperature of 60 oC within 10 min after being put into 

the water bath (60.1 oC) and remained stable thereafter. The initial pH of KHCO3 was 8.59, 

which was caused by the reaction of HCO3
- with H2O, as shown in reaction 4.6. The 

equilibrium constant K1 of reaction 4.6 is 10-7.65 at 25 oC [92]. As the temperature of KHCO3 

solution increased from room temperature to 60 oC, the pH of the KHCO3 solution reduced 

from 8.59 to 8.37. This was caused by the decrease in the ion product of water (Kw) from 14.0 

to about 13.1 when the temperature increased from 25 to 60 oC, which means both [H+] and 

[OH-] decreased with the increase in temperature [92]. When the temperature of the KHCO3 

solution remained at 60 oC, the pH of the solution gradually increased with time from 8.37 to 

8.50 after 60 min. 
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Fig. 4.8 pH and temperature changes of 3.0 mol/L KHCO3 in 60oC water bath as function of 

time. 
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According to reaction 4.16, part of the HCO3
- transformed into CO3

2- during the 

decomposition of HCO3
- into CO2. The equilibrium constant K2 of CO3

2- reacting with H2O 

(reaction 4.17) is 10-3.67 at 25 oC [92], which is more than 9500 times higher than K1. This 

suggested that more OH- was produced when HCO3
- transformed into CO3

2-, which then 

caused the pH of the KHCO3 solution increase. 

     CO3
2- (aq) + H2O (l) ⇄ HCO3

- (aq) + OH- (aq)      (4.17) 

 Therefore, the active species in the electrochemical reduction of KHCO3 without CO2 

bubbling was probably CO2, which was generated in-situ from the decomposition of HCO3
-. 

 

4.5 Summary 

 The electrochemical reduction of CO2 in KHCO3 solutions on a Cu working electrode at 

elevated temperatures without CO2 bubbling was investigated in an H-type cell, and the gas 

products were analyzed. The activation energy of the decomposition of HCO3
- into CO2 was 

also calculated. Summaries of this chapter can be given as: 

 1. Although H2 was the main product in all cases (faradaic efficiency over 90%), CO, 

CH4, and C2H4 were detected in 3.0 mol/L KHCO3 at 40 and 60 oC after 60 minutes’ 

electrochemical reaction.  

 2. High KHCO3 concentration and elevated temperature are necessary to obtain CO2 

reduction in the electrochemical reactions without CO2 bubbling. This is because high 

KHCO3 concentration and elevated temperature strongly promoted the CO2 generation from 

the decomposition of HCO3
-. 

 3. The decomposition of HCO3
- into CO2 provided the source of CO2 reduction when no 

CO2 bubbling was used. The reaction pathway of the HCO3
- decomposition is probably 

      HCO3
- (aq) ⇄ CO2 (aq) + OH- (l) 

 4. The reaction order of the decomposition of HCO3
- into CO2 was hard to be determined 

from the experimental results due to the HCO3
- consumption was extremely low. If assuming 
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the decomposition of HCO3
- was one order, the activation energy of this reaction was 

calculated to be 62.5 kJ/mol according to the experimental data. 

 5. The active species in the electrochemical reduction of KHCO3 without CO2 bubbling 

was probably the dissolved CO2 rather than HCO3
-. 
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Chapter 5 

 

Electrochemical reduction of CO2 in KHCO3, 

KCl and KOH electrolytes under CO2 bubbling  
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5.1 Introduction 

 Chapter 3 and 4 discussed the electrochemical reduction of CO2 in KHCO3 without CO2 

bubbling. Although CO, CH4 and C2H4 were produced even without CO2 bubbling, the 

faradaic efficiencies of these products were very low (<5%). Since CO2 rather than HCO3
- 

was the real active species in the electrochemical reduction of KHCO3 solution, CO2 bubbling 

was necessary to promote the CO2 reduction. Therefore, the electrochemical reduction of CO2 

in different electrolytes, especially in KHCO3, with CO2 bubbling on Cu working electrode at 

various applied potentials were studied in this chapter. 

 Bicarbonate aqueous solutions, such as KHCO3 and NaHCO3, have been widely used as 

the supporting electrolytes in the electrochemical and photoelectrochemical reduction of CO2 

[54,83,90,98,99]. However, very few reports discussed the effect of bicarbonate ion 

concentration on the CO2 reduction. Hori studied the effect of KHCO3 concentration (ranging 

from 0.03 to 1.5 mol/L) on the electrochemical reduction of CO2 at a Cu working electrode 

using galvanostatic method (current density = 5 mA/cm2) [54]. It is reported that KHCO3 

concentration strongly affected the product selectivity and faradaic efficiency of CO2 

reduction [54]. The best faradaic efficiency of CO2 reduction was obtained in 0.1 mol/L 

KHCO3, higher or lower KHCO3 concentration leads to a faradaic efficiency of CO2 reduction 

decrease [54]. However, the electrolytes with lower KHCO3 concentration have lower 

conductivity. If maintaining the current the same, the applied potentials should be much 

higher in low KHCO3 concentration solution compared with that in higher KHCO3 

concentration solution. It is well known that the applied potential strongly affected the 

product selectivity in the electrochemical reduction of CO2 [59,97]. Therefore, galvanostatic 

study, as reported by Hori [54], of the effect of KHCO3 concentration on the electrochemical 

CO2 reduction should be less appropriate than a potentiostatic method due to the potential 

effect. Hence, the effect of the KHCO3 concentration on the CO2 reduction was examined by 

comparing the optimum faradaic efficiency of CO2 reduction in different KHCO3 solutions 

using potentiostatic method at various potentials in this chapter. 
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5.2 Experimental 

5.2.1 Materials. 

 The experimental materials used in this chapter were listed in Table 5.1. Copper wire (Φ 

0.5 mm, 99.999%, Nilaco) and Pt wire (Φ 0.5 mm, 99.999%, Nilaco) were used as the 

working and counter electrode, respectively. Copper foil (99.9999%, 0.1×10×20 mm, Alfa 

Aesar) with a surface area of ca. 4.3 cm2 was also used as a working electrode in some cases. 

The photograph of the Cu foil was shown in Fig. 5.1. If no specific announcement, the 

working electrode was always referred to the Cu wire working electrode. A standard Ag/AgCl 

(3.0 mol/L NaCl) electrode (RE-1B, ALS Co., Ltd) was used as the reference electrode. All 

the potentials in here were referred to this Ag/AgCl reference electrode unless otherwise 

specified. Chemicals of KHCO3 (99.5%, Kanto chemical Co., Inc) and KCl (99.5%, Kanto 

chemical Co., Inc) were used directly without any purification to make the supporting 

electrolytes. The electrolytes were prepared by mixing the chemicals with deionized water 

(18.2 MΩ) made by Organo PRA-0015 deionized water maker. Carbon dioxide (CO2) gas 

(99.995%, Taiyo Nippon Sanso Corporation) was used as the source of CO2 during the 

experiment. 

 

Table 5.1 Materials used in Chapter 5 

Entry Item Specification Producer 

1 Cu wire 99.999%, Φ 0.5 mm The Nilaco Corporation 

2 Cu foil 99.9999%, 0.1×10×20 mm Alfa Aesar 

3 Pt wire 99.999%, Φ 0.5 mm The Nilaco Corporation 

4 KHCO3 99.5% Kanto chemical Co., Inc 

6 KCl 99.5% Kanto chemical Co., Inc 

7 KOH 0.1 mol/L Kanto chemical Co., Inc 

8 HCl 0.1 mol/L Kanto chemical Co., Inc 

9 Deionized water 18.2 MΩ, Organo Corporation (PRA-0015) 

10 CO2 gas 99.995% Taiyo Nippon Sanso Corporation 
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Fig 5.1 Photograph of Cu foil working electrode. 

5.2.2 Methods 

 A home-made leak-tight H-type electrochemical cell was used in this chapter to analysis 

the effect of the electrolytes in the electrochemical reduction of CO2. The schematic of this 

cell is shown in Fig. 5.2. A three electrodes system was used in this electrochemical cell. The 

working and reference electrodes were put in the same compartment and separated from the 

counter electrode by a Nafion film (DuPont: N117). The electrolytes in both compartments 

were identical unless otherwise specified. A Solartron 1280C electrochemical system was 

used to conduct all the electrochemical experiments. The details of the experimental 

conditions of the electrochemical reduction of CO2 are listed in Table 5.2. The lengths of the 

working and counter electrode was 44 mm. Thus, the surface area of the working electrode 

was 0.69 cm2. A typical experimental procedure is as follow. Same amount (35 mL) of 

electrolyte was added into both WE and CE chambers of the electrochemical cell. Then CO2 

was bubbled into the WE chamber for 30 min with a flow rate of 17.7 mL/min until saturation. 

The pH values of both chambers were measured then. After removing the native copper oxide 

from the working electrode (Cu wire or foil) by etching for 60 s in 0.1 mol/L aqueous HCl, 

the WE, CE and RE were placed in the electrochemical cell. The gas outlet tube was directly 

connected to an Agilent 7890A gas chromatographer equipped with a thermal conductivity 

detector (GC/TCD) for online gas analysis. A typical electrochemical reaction time was 60 
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min. The gas samples were analyzed at 5, 20, 40 and 60 min, respectively. The gas analysis 

method used in the GC/TCD is shown in Table 5.3. This online gas analyzing system allows 

the sample gas flow through five different columns and hence can analyze H2, CO, CO2, CH4, 

C2H4, C2H6, O2 and N2 within one test. The liquid samples were analyzed by an ion 

chromatography (Tosoh IC-2001, Tosoh Corporation, Japan). The surface morphologies of the 

Cu wire before and after electrochemical reactions were examined by a Hitachi S-4300 

scanning electron microscope (SEM). 

 

Fig. 5.2 Schematic of leak-tight H-type electrochemical reaction cell. 

Table 5.2 Experimental conditions of chapter 5a 

WE 
Cu wire (Φ 0.5 mm, length: 44 mm) 

Cu foil (0.1×10×20 mm) 

CE Pt wire (Φ 0.5 mm, length: 44 mm) 

RE Ag/AgCl (3.0 mol/L NaCl) 

Electrolyte 
0.01 – 1.5 mol/L KHCO3 

0.1 mol/L KCl 

Potential -1.35 – -2.7 V (vs. Ag/AgCl) 

Reaction time 60 – 180 min 

Temperature 23 – 60 oC  

CO2 flow rate 17.7 mL/min 
aWE: working electrode, CE: counter electrode, RE: reference electrode. 
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Table 5.3 Analysis method of GC/TCD 

Detectors 
Thermal Conductivity Detector (TCD) 

(Back TCD & Side TCD) 

Column 

Column #1: MS5A 8ft 

Column #2: HAYASEP Q 3ft 

Column #3: HAYASEP Q 0.5m 

Column #4: HAYASEP Q 6ft 

Column #5: MS5A 8ft 

Carrier gas 

Side TCD: Ar (99.9999%) (for: H2) 

Back TCD: He (99.99995%) (for: CO, CO2, CH4, C2H4, 

C2H6,) 

Reference flow rate 
Side TCD: 30 mL/min 

Back TCD: 45 mL/min 

Inlet temperature 120 °C 

Detector temperature 200 °C 

Oven temperature 

60 °C for 1 min                                  

then 20 °C/min to 150 °C for 0 min                  

then 12 °C/min to 170 °C for 0 min                  

then 30 °C/min to 190 °C for 2 min 

Sample flow rate 17.7 mL/min 

 

 

 

 

5.3 Effect of CO2 bubbling on the product selectivity at 

various temperature 

 The electrochemical reduction of CO2 in 0.1 and 3.0 mol/L KHCO3 with CO2 bubbling at 

20 and 60 oC were conducted and the faradaic efficiencies of the gas products were calculated 
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and compared with those obtained without CO2 bubbling (in Chapter 4) to study the effect of 

CO2 bubbling. The results were shown in Fig 5.3. The applied potential in 0.1 and 3.0 mol/L 

KHCO3 was -1.6 and -1.4 V, respectively. As discussed in Chapter 4, there was no CO2 

reduction observed in 0.1 mol/L KHCO3 without CO2 bubbling at 60 oC, while CO and trace 

amount of C2H4 was found in 3.0 mol/L KHCO3 without CO2 bubbling at 60 oC. When the 

CO2 bubbling was introduced into the electrolytes, CO2 reduction was found in 0.1 mol/L 

KHCO3 and was promoted in 3.0 mol/L KHCO3 at 60 oC. This further proved that the CO2 

was the active species in the electrochemical reduction of CO2 in KHCO3 solutions. 
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Fig. 5.3 Faradaic efficiencies (FE) of different gas products in the electrochemical reduction 

of CO2 in 0.1 and 3.0 mol/L KHCO3 with or without CO2 bubbling (M: mol/L, reaction 

temperature: 60 oC, reaction time: 60 min, CO2 flow rate: 17.7 mL/min, applied potential: -1.6 

V for 0.1 mol/L KHCO3, -1.4 V for 3.0 mol/L KHCO3). 

 As discussed in Chapter 3, most of the electrochemical CO2 reduction reactions are 

exothermic, which suggests elevated temperature is not suitable for the CO2 reduction. 

Therefore, the effect of temperature on the product selectivity was studied by carrying out the 
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experiments of electrochemical reduction of CO2 in 0.1 mol/L KHCO3 with CO2 bubbling at 

-2.1 V for 60 min at 25 and 60 oC. The results were shown in Fig 5.4. It can be seen that, 

although CH4, CO, and C2H4 were found in the reaction at 60 oC, H2 evolution composed 

most of the faradaic efficiency. When the temperature decreased to 25 oC, faradaic efficiency 

of CO2 reduction increased tremendously to 37.7% while the faradaic efficiency of H2 

evolution decreased to 44.0%. This result proved that elevated temperature could decrease the 

CO2 reduction. Therefore, all the experiments of CO2 reduction were studied in room 

temperature then. It also can be seen that the total faradaic efficiency of the gas products was 

81.7% at 25 oC, which was possibly because some liquid products were generated when the 

temperature decreased. This will be discussed later. 
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Fig. 5.4 Effect of temperature on the faradaic efficiencies (FE) of different gas products in the 

electrochemical reduction of CO2 in 0.1 mol/L KHCO3 with CO2 bubbling (reaction condition: 

potential: -2.1 V, reaction time: 60 min, CO2 flow rate: 17.7 mL/min). 
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5.4 Effect of different KHCO3 concentrations with CO2 

bubbling 

 The effect of KHCO3 concentration were studied by conducting the electrochemical 

reduction of CO2 in 0.01, 0.1, 0.5, and 1.5 mol/L KHCO3 electrolytes on a Cu working 

electrode at 25 oC for 60 min. The gas samples were measured at 5, 20, 40, and 60 min, 

respectively. The faradaic efficiencies of different gas products after the electrochemical 

reduction of CO2 for 40 min in different KHCO3 concentrations at various potentials were 

shown in Fig 5.5.   

 In 0.01 mol/L KHCO3 (Fig. 5.5 (a)), H2 was the main product when the applied potential 

ranged from -1.35 to -2.7 V (vs. Ag/AgCl). Besides H2, CO, CH4 and C2H4 were also 

generated during the reaction. When the applied potential increased negatively from -1.35 to 

-2.7 V, the faradaic efficiency of H2 was decreased from 81% to 42% while the faradaic 

efficiency of CO2 reduction (sum of CO, CH4 and C2H4) increased from 20% to 32%. This 

suggested that more negative potential prohibited the H2 evolution and promoted the CO2 

reduction in here. Meanwhile, CO was the only CO2 reduction product at -1.35 V, and there 

was no CH4 or C2H4 detected. When the potential negatively increased to -2.7 V, the faradaic 

efficiency of CO reduced to 5.6%, while the faradaic efficiencies of CH4 and C2H4 increased 

to 4.1% and 22.4%, respectively. On the other hand the current density increased from 0.3 to 

9.4 mA/cm2 when the applied potential negatively increased from -1.35 to -2.7 V. These 

results suggested that the potential had a strongly effect on the product selectivity. This is 

because different reactions had different standard redox potential, which had been already 

introduced in Chapter 1 (Table 1.1). As a result, varying the potential leads to a product 

selectivity change. 

 In 0.1 mol/L KHCO3 (Fig. 5.5 (b)), when the applied potential negatively increased from 

-1.7 to -2.2 V, the faradaic efficiency of H2 first decreased from 34.2% to 27.1% and then 

increased to 44.6%, while the faradaic efficiency of CO2 reduction first increased from 26.9% 

to 43.7% and then decreased to 36.0%. This suggested that potential strongly controlled the 

product selectivity, too low or too high potential is not suitable for the CO2 reduction. This is 

probably because CO2 reduction has a higher overpotential than the H2 evolution on Cu 
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electrode. At lower potential, H2 evolution was the dominant due to the high overpotential of 

CO2 reduction. As the applied potential increasing, faradaic efficiency of CO2 reduction was 

promoted because the inherent catalytic activity of Cu working electrode. However, when the 

potential further increased, the faradaic efficiency of CO2 reduction decreased probably due to 

the limit of CO2 concentration in the electrolyte. A suitable potential region for CO2 reduction 

according to the experimental results ranges from -1.9 to -2.1 V in 0.1 mol/L KHCO3. The 

optimum faradaic efficiency of CO2 reduction of 43.7% was obtained at -2.1 V, in which the 

faradaic efficiencies of CO, CH4, and C2H4 were 1.7%, 20.9%, and 21.0%, respectively. 
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Fig. 5.5 Faradaic efficiencies (FE) of different gas products and current densities in the 

electrochemical reduction of CO2 in different KHCO3 concentration solutions at various 

applied potentials for 40 min (reaction temperature: 25 oC, reaction time: 40 min, CO2 flow 

rate: 17.7 mL/min, KHCO3 concentration: (a): 0.01 mol/L, (b): 0.1 mol/L, (c): 0.5 mol/L, (d) 

1.5 mol/L). 



74 
 

 In 0.5 mol/L KHCO3 (Fig 5.5 (c)), H2 was the main product. The faradaic efficiency of 

H2 increased from 47.7% to 90.5% when the applied potential negatively increased from -1.6 

to -1.9 V. The faradaic efficiency of CO2 reduction first increased with the negative applied 

potential and then decreased. The best faradaic efficiency of CO2 reduction in 0.5 mol/L 

KHCO3 was obtained at -1.7 V, in which the faradaic efficiencies of CO, CH4, and C2H4 were 

0.8%, 24.4%, and 6.6%, respectively. It can be seen that CH4 was the main CO2 reduction 

product at -1.7 V. 

 In 1.5 mol/L KHCO3 (Fig 5.5 (d)), the faradaic efficiency of CO2 reduction reduced 

tremendously compared with that obtained in lower KHCO3 concentration electrolytes. The 

optimum faradaic efficiency of CO2 reduction was only 4.2% which was obtained at -1.5 V 

with a current density of 5.4 mA/cm2. CO became the major product of CO2 reduction, and 

there was no CH4 and C2H4 detected at -1.5 V. Only trace amount of CH4 and C2H4 were 

detected at -1.6 and -1.7 V. When the applied potential increased to -1.9 V, nearly all the gas 

product was H2. 

 It can be seen that in Fig. 5.5 the product selectivity not only affected by the applied 

potential but also affected by the KHCO3 concentration. In 0.01 mol/L KHCO3 electrolyte, 

C2H4 was the main product of CO2 reduction when the optimum faradaic efficiency of CO2 

reduction was achieved. When the KHCO3 concentration increased to 0.1 mol/L, CH4 and 

C2H4 were the main products of CO2 reduction with almost the same faradaic efficiencies. In 

0.5 mol/L KHCO3, the faradaic efficiency of C2H4 decreased and CH4 became the main 

product of CO2 reduction. Although the faradic efficiency of CO2 reduction was very low in 

1.5 mol/L KHCO3, the CO became the main product of CO2 reduction instead of CH4 and 

C2H4. As a result, lower KHCO3 concentration promotes the C2H4 generation. This probably 

because low KHCO3 concentration solutions has low pH after CO2 bubbling, which promotes 

the most hydrogen consuming process of C2H4 production. 

 The faradaic efficiencies of CO2 reduction and H2 evolution at various potentials in Fig. 

5.5 were summarized in Fig. 5.6, which can be used for comparing the CO2 reduction and H2 

evolution more clearly. It can be seen that, the faradaic efficiency of CO2 reduction was much 

higher in 0.1 mol/L KHCO3 than others. Increasing or decreasing the KHCO3 concentrations 

leads to a decrease in the CO2 reduction. 
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Fig. 5.6 Faradaic efficiencies (FE) of CO2 reduction and H2 evolution, and current densities in 

the electrochemical reduction of CO2 in different KHCO3 concentration solutions at various 

applied potentials for 40 min (M: mol/L; reaction temperature: 25 oC, reaction time: 40 min, 

CO2 flow rate: 17.7 mL/min, KHCO3 concentration: (a): 0.01 mol/L, (b): 0.1 mol/L, (c): 0.5 

mol/L, (d) 1.5 mol/L). 

 The reaction conditions for obtaining the optimum faradaic efficiencies of CO2 reduction 

in different concentrations of KHCO3 solutions were summarized in Table 5.4. As the KHCO3 

concentration increasing from 0.01 to 1.5 mol/L, the applied potential for obtaining the 

optimum CO2 reduction reduced from -2.7 to -1.5 V. This is probably because the 

conductivity of the electrolytes increased with KHCO3 concentration. Therefore, less potential 

was needed to overcome the resistance of the electrolytes. The current density was relatively 

low in 0.01 and 1.5 mol/L KHCO3 solutions. This could be attributed to the low conductivity 
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of 0.01 mol/L KHCO3 and low potential applied in 1.5 mol/L KHCO. The optimum CO2 

reduction faradaic efficiency of 43.7% was obtained in 0.01 mol/L KHCO3 electrolyte at -2.1 

V. Although this conclusion was similar with Hori’s report [54], this result should be more 

convincible because the effect of potential on the product selectivity was also considered in 

this research. In Hori’s research, a galvanostatic study method with a constant current density 

of 5 mA/cm2 was used. To compare with Hori’s results, faradaic efficiencies of CO2 reduction 

in different KHCO3 concentrations at current density around 5 mA/cm2 in this research were 

listed in Table 5.5. It can be seen that the best faradaic efficiency of CO2 reduction of 28.0% 

was obtained in 0.01 mol/L KHCO3
 with a current density of 4.5 mA/cm2, which was 

different from Hori’s result. This further proved that galvanostatic method for studying the 

effect of KHCO3 concentration was not suitable. This is because different concentrations of 

KHCO3 solutions have different conductivity. Thus different potentials need to be applied to 

achieve the same current density. Therefore, the effect of the potential on the product 

selectivity should be considered. 

 

 

 

Table 5.4 Optimum faradaic efficiencies of CO2 reduction in different KHCO3 

concentration solutionsa 

CKHCO3
 

(mol/L) 

Potential 

(V vs Ag/AgCl) 

Current density 

(mA/cm2) 

Faradaic efficiency (%) 

CO2 reduction H2 

0.01 -2.7 9.4 32.1 42.0 

0.1 -2.1 25.0 43.7 36.7 

0.5 -1.7 28.0 31.8 55.2 

1.5 -1.5 5.4 4.2 70.9 

aReaction condition: temperature: 25 oC, reaction time: 40 min, CO2 flow rate: 17.7 

mL/min. 
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Table 5.5 Faradaic efficiency of CO2 reduction in different KHCO3 concentration 

solutions at current density around 5 mA/cm2 a 

CKHCO3
 

(mol/L) 

Potential 

(V vs Ag/AgCl) 

Current density 

(mA/cm2) 

Faradaic efficiency (%) 

CO2 reduction H2 

0.01 -2.1 4.5 28.0 37.2 

0.1 -1.7 5.8 26.9 34.2 

0.5 -1.6 8.1 21.5 47.7 

1.5 -1.5 5.4 4.2 70.9 

aReaction condition: temp: 25 oC, CO2 flow rate: 17.7 mL/min. 

 

 Although 0.1 mol/L KHCO3 was the most suitable concentration for the electrochemical 

reduction of CO2, which was also reported by other groups [54,86], the reason why this 

specific concentration is the most suitable has not been reported yet. Therefore, this would be 

studied in the next chapter. 

5.5 Effect of reaction time on the CO2 reduction in different 

KHCO3 concentrations 

 As introduced in the experimental section, the gas samples were directly connected to the 

GC-TCD and were online measured at 5, 20, 40 and 60 min. Therefore, the effect of the 

reaction time on the electrochemical reduction of CO2 can be investigated. However, the 

faradaic efficiency of H2 evolution and CO2 reduction obtained in 5 min were abnormal which 

might because of the gas products were not well mixed in the beginning of the experiment. 

Therefore, results obtained only after 20 min were used. Fig. 5.7 shows the faradaic 

efficiencies of gas products, and current densities in the electrochemical reduction of CO2 in 

0.01mol/L KHCO3 at -2.1 V as function of time. The faradaic efficiency of CO2 reduction and 

H2 evolution at 20 min were 28.0% and 40.1%, respectively. As the time increasing to 60 min, 
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the faradaic efficiency of CO2 reduction slightly increased to 29.0% while the faradaic 

efficiency of H2 evolution decreased to 38.8%. The product selectivity of CO, CH4 and C2H4 

was not affected by the time in 0.01 mol/L KHCO3. 

0 10 20 30 40 50 60
0

10

20

30

40

50

60

70

80

90

100

110

 

F
E

 (
%

)

Time (min)

0

1

2

3

4

5

0.01 mol/L KHCO
3
, -2.1 V

CO

C
2
H

4

CH
4

CO + CH
4
 + C

2
H

4

H
2

Total

 

C
ur

re
n

t 
de

ns
ity

 (
m

A
/c

m
2 )

 

Fig. 5.7 Faradaic efficiencies (FE) of gas products and current densities in the electrochemical 

reduction of CO2 in 0.01 mol/L KHCO3 as function of time (reaction condition: temp: 25 oC, 

potential: -2.1 V, CO2 flow rate: 17.7 mL/min). 

 Fig. 5.8 depicted the faradaic efficiency of gas products, and current density in the 

electrochemical reduction of CO2 in 0.1 mol/L KHCO3 at various potentials as function of 

time. When the applied potential was -1.9 V, the faradaic efficiencies of CO2 reduction and H2 

evolution did not change too much with the time. The faradaic efficiency of CO2 reduction 

slightly increased from 38.5% to 41.4% as the time increased from 20 to 60 min. CH4 and 

C2H4 were the main CO2 reduction products. The faradaic efficiencies of CH4 and C2H4 were 

20.2% and 19.0% after 60 min, respectively. The faradaic efficiency of CO was 2.3% after 60 

min. The current density slightly increased from 16.7 to 17.2 mA/cm2. When the applied 

potential increased to -2.1 V (Fig. 5.8 (b)), the faradaic efficiency of CO2 reduction first 

increased from 40.9% to 43.7% when the time increased from 20 to 40 min, and then 

decreased to 39.8% when the time further increased to 60 min. However, the faradaic 

efficiency of H2 evolution increased from 32.7% to 37.2% as the CO2 reduction decreasing, 
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which means the product selectivity was affected by the time in 0.1 mol/L KHCO3 at a 

relatively high potential.  
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(b) 

Fig. 5.8 Faradaic efficiencies (FE) of gas products and current densities in the electrochemical 

reduction of CO2 in 0.1 mol/L KHCO3 at different potentials as function of time (reaction 

condition: temp: 25 oC, CO2 flow rate: 17.7 mL/min, potential: (a): -1.9 V, (b): -2.1 V). 
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 There are two possible reasons for the decrease of faradaic efficiency of CO2 reduction 

with time. One is that the adsorption of impurity heavy metals (mainly Fe and Zn) in the 

electrolyte on Cu working electrode caused the CO2 reduction decrease. It is reported that the 

impurities in the electrolyte and working electrode could lead to a deactivation of the working 

electrode and affect the product selectivity [100,101]. Therefore, as the reaction time 

increasing, the impurity heavy metals in the electrolyte was reduced and covered on the 

surface of the working electrode, and then leaded to a decrease in the catalytic activity for 

CO2 reduction of the working electrode. Another possible reason for the decrease in the 

faradaic efficiency of CO2 reduction with time at higher potential could be the corrosion of 

the WE, which will be discussed later. Since the CO2 reduction and H2 evolution were 

competing reactions in this system, when the CO2 reduction reduced, the H2 evolution was 

promoted. As a result, the product selectivity was affected by the time when a more negative 

potential was applied.  

 Fig. 5.9 shows the faradaic efficiencies of gas products, and current densities in the 

electrochemical reduction of CO2 in 0. 5 mol/L KHCO3 at -1.7 V and -1.9 V as function of 

time. When the applied potential was -1.7 V, the faradaic efficiencies of CO2 reduction and H2 

evolution were not affected by the time too much in 0.5 mol/L KHCO3 electrolyte. The 

faradaic efficiency of CH4 slightly decreased from 24.6% to 24.0%, while the faradaic 

efficiency of C2H4 slightly increased from 5.2% to 7.1% when the reaction time increased 

from 20 to 60 min. However, the current density decreased from 29.7 to 25.8 mA/cm2 as the 

time increasing. This was probably because that the reduced intermediates covered the Cu 

surface and reduced the catalytic activity as discussed above. When the applied potential 

increased to -1.9 V (Fig. 5.9 (b)), an obvious decrease in the faradaic efficiency of CO2 

reduction was observed. Since the main product of CO2 reduction was CH4 at -1.9 V, the 

decrease of the faradaic efficiency of CO2 reduction was mainly attributed to the decrease of 

CH4 production. The faradaic efficiency of CH4 reduced from 12.5% to 5.7% as the time 

increasing from 20 to 60 min. When the faradaic efficiency of CO2 reduction decreased, the 

faradaic efficiency of H2 evolution increased from 87.6% to 95.6%. The current density also 

decreased from 78.5 to 71.8 mA/cm2 as the reaction time increasing. As discussed above, the 

current density represented the electrochemical reaction rate. The current density in 0.5 mol/L 
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KHCO3 at -1.9 V was much higher than that in 0.1 and 0.01 mol/L KHCO3. Therefore, much 

more reduced intermediates adsorbed on the surface of Cu and cause the faradaic efficiency of 

CO2 reduction reducing tremendously. As a result, lower concentration and smaller potential 

should be used in the electrochemical reduction of CO2 to achieve higher and more stable 

CO2 reduction faradaic efficiency (for example: 0.1 mol/L KHCO3 at -1.9 V). 
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(b) 

Fig. 5.9 Faradaic efficiencies (FE) of gas products and current densities in the electrochemical 

reduction of CO2 in 0.5 mol/L KHCO3 as function of time (reaction condition: temp: 25 oC, 

CO2 flow rate: 17.7 mL/min, potential: (a): -1.7 V, (b): -1.9 V). 
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5.6 Electrochemical reduction of CO2 in KCl solution 

5.6.1 Effect of applied potential 

 KCl is another widely used supporting electrolyte in the electrochemical reduction of 

CO2 in aqueous solutions. The effect of the KCl on the product selectivity was studied. Fig. 

5.10 shows the faradaic efficiencies of different gas products and current densities in the 

electrochemical reduction of CO2 in 0.1 mol/L KCl as function of applied potential. H2, CH4, 

C2H4, and CO were detected in the gas phase which was the same as in KHCO3. The product 

selectivity was also affected by the potential. The faradaic efficiency of H2 evolution 

increased from 33.1% to 78.6% when the applied potential negatively increased from -1.7 to 

-2.1 V, which means more negative potential was favorable to the H2 evolution. The faradaic 

efficiency of C2H4 first increased with the negative applied potential and reached the peak of 

28.0% at -1.8 V, and then decreased with a further increase in the negative potential. The 

faradaic efficiency of CH4 slowly increased with the negative potential. The optimum faradaic 

efficiency of CH4 (9.9%) was obtained at -2.0 V. Further increasing the potential leaded to the 

decrease in the CH4 faradaic efficiency. Similar as in the KHCO3 solution, CO generation was 

also easier at lower applied potential in KCl solution. The faradaic efficiency of CO was 10.1% 

at -1.7 and reduced with the negative increase in applied potential. The overall faradaic 

efficiency of CO2 reduction was first increased with the negative applied potential and then 

decreased, which was similar with the variation of C2H4 faradaic efficiency. This was because 

C2H4 was the main product of the CO2 reduction. The optimum faradaic efficiency of CO2 

reduction in 0.1 mol/L KCl for 40 min was 35.7% at -1.8V. 
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Fig. 5.10 Faradaic efficiencies (FE) of different gas products and current densities in the 

electrochemical reduction of CO2 in 0.1 mol/L KCl at various applied potentials (reaction 

condition: temp: 25 oC, CO2 flow rate: 17.7 mL/min, reaction time: 40 min). 

5.6.2 Effect of reaction time on the faradaic efficiency 

 The effect of the reaction time on product selectivity in the electrochemical reduction of 

CO2 in KCl solution was studied. The faradaic efficiencies of gas products and current 

densities in the electrochemical reduction of CO2 in 0.1 mol/L KCl as function of time at -1.9 

and -2.1 V were showed in Fig 5.11. When the applied potential was -1.9 V, the current 

density was about 16 mA/cm2 and varied a little as the time increasing. The faradaic 

efficiency of H2 slightly increased with time. The faradaic efficiencies of CH4 and CO 

increased from 5.5% to 6.1% and 2.5% to 4.6% when the reaction time increased from 20 to 

60 min, respectively. However, the faradaic efficiency of C2H4, which was the main product 

of CO2 reduction, decreased from 22.0% to 18.0% as the reaction time increasing. The overall 

faradaic efficiency of CO2 reduction was slightly decreased from 30.0% to 28.7% with the 

time. This decrease was possibly attributed to the adsorption of impurities and intermediates 

on the surface of Cu which caused the deactivation of the catalytic activity of the working 
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electrode and then leaded to a change of the product selectivity as discussed in section 5.5. 

When the applied potential increased to -2.1 V, the decrease of the faradaic efficiency of CO2 

reduction and increase of the faradaic efficiency of H2 evolution with time was more obvious. 

The faradaic efficiency of CO2 reduction decreased from 16.7% to 12.3% when the reaction 

time increased. This phenomenon was very similar with that in KHCO3 solutions which was 

already discussed in section 5.5.  
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(b) 

Fig. 5.11 Faradaic efficiencies (FE) of gas products and current densities in the 

electrochemical reduction of CO2 in 0.1 mol/L KCl as function of time (reaction condition: 

temp: 25 oC, CO2 flow rate: 17.7 mL/min, potential: (a): -1.9 V, (b): -2.1 V). 
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5.7 Comparison of KHCO3 and KCl electrolytes 

 The effect of different electrolytes of KHCO3 and KCl on the electrochemical reduction 

of CO2 on Cu electrode at various potentials were studied and compared. Fig. 5.12 showed the 

faradaic efficiencies of H2 evolution and CO2 reduction, and the current density at applied 

potentials ranged from -1.7 and -2.2 V in 0.1 mol/L KHCO3 and 0.1 mol/L KHCO3 KCl. It 

can be seen that, faradaic efficiency of CO2 reduction was higher in KCl solution than in 

KHCO3 solution at -1.7 and -1.8 V. However, when the applied potential exceeded -1.8 V, the 

faradaic efficiency of CO2 reduction was higher in KHCO3 solution than that in KCl solution. 

The optimum faradaic efficiency of CO2 reduction in 0.1 KHCO3 was 43.7%, which was 

achieved at -2.1 V. The optimum faradaic efficiency of CO2 reduction in 0.1 mol/L KCl was 

35.7%, which was achieved at -1.8 V. These results suggested that KHCO3 was a better 

electrolyte than KCl for obtaining high CO2 reduction faradaic efficiency. The pH of 0.1 

mol/L KHCO3 saturated with CO2 bubbling was measured to be 6.8 while the pH of 0.1 mol/L 

KCl saturated with CO2 bubbling was 2.9. Therefore, much more H+ (nealy 8000 times) was 

contained in KCl solution than in KHCO3 solution. The huge amount of H+ in the KCl 

solution possibly promoted the H2 evolution and then reduced the faradaic efficiency of CO2 

reduction. As a result, higher faradaic efficiency of CO2 reduction was obtained in KHCO3 

solution rather than in KCl solution. 
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(b) 

Fig. 5.12 Faradaic efficiencies (FE) of CO2 reduction and H2 evolution, and current densities 

in the electrochemical reduction of CO2 for 40 min in (a) 0.1 mol/L KHCO3 and (b) 0.1 mol/L 

KCl at various applied potentials (M: mol/L, reaction temperature: 25 oC, reaction time: 40 

min, CO2 flow rate: 17.7 mL/min). 
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 Possible reactions with the standard potentials in the electrochemical reduction of CO2 in 

aqueous solutions (at 298.15K and pH = 0) are listed as follow [62]. 

CO2 + 2H+ + 2e- ⇄ CO + H2O   E0 = -0.103 V vs. SHE  (5.1) 

CO2 + 8H+ + 8e- ⇄ CH4 + 2H2O  E0 = 0.169 V vs. SHE  (5.2) 

2CO2 + 12H+ + 12e- ⇄ C2H4 + 4H2O E0 = 0.079 V vs. SHE  (5.3) 

2H+ + 2e- ⇄ H2      E0 = 0.0 V vs. SHE  (5.4) 

The standard potentials of these equations are affected by the concentration of H+, or in other 

words, affected by the pH of the solution. The relationship between the equilibrium potential 

and pH of reaction 5.1 – 5.4 can be calculated according to Eq. (5.5) based on the Nernst 

equation. 

pHE
HF

RT
EE   059.0

][

1
ln

n 0n0      (5.5) 

where E0 represents the standard potential in reaction 5.1 – 5.4, R is the ideal gas constant, T 

is the absolute temperature, n is the number of electrons transfer per molecule, F is the 

faradaic constant. Therefore, the relationship between the equilibrium potential of CO2 

reduction and H2 evolution, and pH at 25oC can be plotted in Fig. 5.13. The equilibrium 

potential linearly decreased with the pH with a slope of -0.059 V/pH. Therefore, the pH 

difference of 3.9 between 0.1 mol/L KHCO3 and KCl after saturated with CO2 bubbling leads 

to a CO2 reduction and H2 evolution equilibrium potential difference of 0.23 V. The optimum 

CO2 reduction potential in 0.1 mol/L KHCO3 and KCl were -2.1 and -1.8, respectively. This 

difference of 0.3 V, which was close to 0.23 V, was probably caused by the pH difference of 

these two electrolytes. 
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Fig. 5.13 The equilibrium potentials of CO2 reduction reactions and H2 evolution as a 

function of pH (at 25oC). 

  

 

 Fig. 5.14 (a) and (b) show the faradaic efficiencies of different products after 

electrochemical reduction of CO2 in 0.1 mol/L KHCO3 and KCl at various potentials, 

respectively. It is obvious that the major CO2 reduction products in KHCO3 solution were CH4 

and C2H4, while it was C2H4 in KCl solution at the potential for obtaining the optimum CO2 

reduction faradaic efficiency. This suggested that the electrolyte had the ability to affect the 

product selectivity. This was probably caused by the pH difference between the KHCO3 and 

KCl electrolytes. It is reported that the pH can affect the product selectivity, especially for the 

CH4 production, however, the detailed effect of the pH is still not clear [54,81]. 
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(b) 

Fig. 5.14 Faradaic efficiencies (FE) of different products, and current densities in the 

electrochemical reduction of CO2 in (a) 0.1 mol/L KHCO3 and (b) 0.1 mol/L KCl for 40 min 

at various applied potentials (reaction temperature: 25 oC, reaction time: 40 min, CO2 flow 

rate: 17.7 mL/min). 



90 
 

5.8 Effect of working electrode position and stirring 

 The position of the working electrode was accidentally found to be able to affect the 

faradaic efficiency of the products during the electrochemical reduction of CO2 in KHCO3. It 

was found that the CO2 reduction efficiency was promoted by placing the working electrode 

in the CO2 bubbling zone compared with placing in the normal position which was about 3 

mm away from the bubbling zone. Fig. 5.15 shows the faradaic efficiencies of different 

products, and current densities in the electrochemical reduction of CO2 in 0.1 mol/L KHCO3 

placing working electrode at different positions for 40 min at -2.1 V. The faradaic efficiencies 

of CH4 and CO were not affected by the working electrode position too much. However, the 

faradaic efficiency of C2H4 was increased from 21.0% to 22.6%, while the faradaic efficiency 

of H2 was reduced from 36.7% to 32.6% by placing the working electrode from normal 

position to the CO2 bubbling zone. The faradaic efficiency of CO2 reduction was increased 

from 43.7% to 44.4% after placing the working electrode in the bubbling zone. Moreover, the 

current density was also improved from 24.9 to 26.0 mA/cm2 by placing the working 

electrode in the bubbling zone. Fig. 5.16 depicted the gas generation rate of different products 

during electrochemical reduction of CO2 in KHCO3. It is clear that the production of C2H4 

and CO was enhanced while the H2 generation was reduced after placing the working 

electrode in the bubbling zone. There are two possible reasons could be attributed to the 

enhancement of the CO2 reduction by placing the working electrode in the bubbling zone. 

One is that CO2 was much easier to adsorb and react on the Cu working electrode since the 

local CO2 concentration was higher in the bubbling zone. Another reason could be the CO2 

bubbling improved the mass convection in the electrolyte. Since there is no stirring was used 

in the electrochemical reaction, the mass transfer was not good. Placing the working electrode 

in the bubbling zone somehow achieved the effect of stirring and then promoted the mass 

transfer. Therefore, the effect of stirring on the electrochemical reduction of CO2 needs to be 

studied. 
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Fig. 5.15 Effect of working electrode position on the faradaic efficiencies (bars) of different 

products, and current densities (blue star) in the electrochemical reduction of CO2 in 0.1 

mol/L KHCO3 for 40 min at -2.1 V (reaction temperature: 25 oC, CO2 flow rate: 17.7 

mL/min). 
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Fig. 5.16 Gas generation rate in the electrochemical reduction of CO2 in 0.1 mol/L KHCO3 

after 40 min at -2.1 V (reaction condition: temp: 25oC, working electrode: Cu, CO2 flow rate: 

17.7 mL/min). 
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 The effect of stirring on the electrochemical reduction of CO2 was studied in 0.1 mol/L 

KHCO3 at -2.1 V for 40 min by placing the working electrode in normal position and using a 

magnetic stirrer with a rotation rate of 1000 rpm. The faradaic efficiencies of different 

products were calculated and compared with those obtained without stirring, which were 

shown in Fig. 5.17. It has been discussed above that placing the working electrode in the CO2 

bubbling zone can promote the CO2 reduction. The faradaic efficiency of H2 evolution 

reduced to 22.1%, while the faradaic efficiency of CO2 reduction further increased to 50.5% 

by stirring the electrolyte even when the working electrode was placed in normal position. 

Actually, when stirring was used, it was hard to determine the bubbling zone. These results 

prove that stirring of the electrolytes can improve the mass transfer and remove of the 

adsorbed CO2 reduction products from the working electrode, and hence promote the faradaic 

efficiency of CO2 reduction. Furthermore, the current density was also increased from 24.9 to 

30.3 mA/cm2 after stir was used. Considering that the faradaic efficiencies of CO2 reduction 

were 43.7% and 50.5% with or without stirring, respectively, the partial current densities for 

CO2 reduction was 10.9 and 15.3 mA/cm2 with or without stirring. It should be noticed that 

the reported current density for the electrochemical CO2 reduction in aqueous solutions 

without gas diffusion electrode (GDE) at pressure of 1 atm was generally lower than 10 

mA/cm2, although the faradaic efficiency for CO2 reduction can be as high as 90% 

[54,78,79,87]. Therefore, results obtained in this research showed a very high current density 

for CO2 reduction. However, the detailed reason was still not clear and need to be studied in 

the future. 
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Fig. 5.17 Effect of stir on the faradaic efficiencies of different products, and current densities 

in the electrochemical reduction of CO2 in 0.1 mol/L KHCO3 for 40 min at -2.1 V (reaction 

temperature: 25 oC, CO2 flow rate: 17.7 mL/min, stirring rate: 1000 rpm). 

5.9 Reproducibility of CO2 reduction in KHCO3 solution 

 The reproducibility of CO2 reduction in KHCO3 solution were studied by repeating the 

experiments of electrochemical reduction of CO2 in 0.1 mol/L KHCO3 under CO2 bubbling 

with or without stirring at -2.1 V for 60 min at room temperature for several times. These 

experiments were totally independent, the Cu working electrode, electrolyte, and Nafion film 

were all changed to new ones after each experiment. Fig.5.18 shows the faradaic efficiencies 

of different gas products obtained without stirring. It can be seen that the reproducibility of 

the electrochemical reduction of CO2 is not very good. The highest faradaic efficiency of CO2 

reduction was 43.7%, however, the lowest faradaic efficiency of CO2 reduction was only 

31.4%. As the faradaic efficiency of CO2 reduction decrease, the faradaic efficiency of H2 

evolution increased from 36.7% to 54.4%. The average faradaic efficiency of CO2 reduction 

in 0.1 mol/L KHCO3 without stirring at -2.1 V was 37.7%, while the average faradaic 

efficiency of H2 evolution was 44.0%. 
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Fig. 5.18 Faradaic efficiencies (FE) of (a): C2H4, (b): CH4, (c): CO, (d): H2, and (e) CO2 

reduction (CO + CH4 + C2H4) in four independent experiments of electrochemical reduction 

of CO2 in 0.1 mol/L KHCO3 without stirring at -2.1 V (reaction temperature: 25oC, reaction 

time: 40 min, CO2 flow rate: 17.7 mL/min; the horizontal lines represent the average faradaic 

efficiencies calculated from the four different experiments). 

 Fig.5.19 shows the faradaic efficiencies of different gas products obtained in three 

independent experiments of electrochemical reduction of CO2 in 0.1 mol/L KHCO3 with 

stirring at -2.1 V for 60 min. It can be seen from the figure that the difference of the faradaic 
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efficiencies in each experiment is much smaller when stirring was used compared with those 

without stirring. The average faradaic efficiency of CO2 reduction in 0.1 mol/L KHCO3 with 

stirring at -2.1 V was 50.1%, while the average faradaic efficiency of H2 evolution was 26.5%. 

These results suggested that stirring the electrolyte can improve the reproducibility. This is 

probably because the stirring helped the mass transfer of both CO2 and generated gas products, 

and helped mixing the sample gas well before injecting into the GC analyzer. The fluctuation 

of the faradaic efficiencies in the electrochemical reduction of CO2 without stirring probably 

because the dissolved CO2 was not well mixed in the solution and sample gas injected into the 

GC were also not well mixed, which then caused the difference. Therefore, stirring the 

electrolyte is necessary in the electrochemical reduction of CO2 to help the mass transfer, 

mixing the products, and promote the CO2 reduction. 
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Fig. 5.19 Faradaic efficiencies (FE) of different gas products obtained in three independent 

experiments of electrochemical reduction of CO2 in 0.1 mol/L KHCO3 with stirring at -2.1 V 

for 60 min (CO2 reduction = CO + CH4 + C2H4, reaction temperature: 25 oC, reaction time: 60 

min, CO2 flow rate: 17.7 mL/min, stirring rate: 1000 rpm). 
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5.10 Effect of the geometrical shape of Cu working electrode 

on the CO2 reduction 

 Cu wire was used as the working electrode (WE) in all the experiments above. However, 

the geometrical shape of the Cu working electrode might have an effect on the CO2 reduction. 

Therefore, Cu foil (Fig 5.1) with a surface area of ca. 4.5 cm2 was used as the working 

electrode to study the effect of geometrical shape of Cu working electrode. The counter 

electrode (CE) geometrical shape effects were also discussed by using Pt wire and Pt foil with 

a surface area of 0.68 and 5.2 cm2, respectively. Faradaic efficiencies and production rate of 

different gas in the electrochemical reduction of CO2 in 0.1 mol/L KHCO3 under CO2 

bubbling at -2.1 V for 40 min with stirring using Cu wire or Cu foil WE and Pt wire or Pt foil 

CE were shown in Fig. 5.20. When the Cu foil was used as the WE instead of Cu wire, while 

keeping the CE as Pt wire, the sum of CH4, C2H4, and CO production rate decreased from 

0.43 to 0.27 μL/s, while the H2 production strongly increased from 0.79 to 1.96 μL/s. As a 

result, the faradaic efficiency of CO2 reduction decreased tremendously from 50.1% to 19.2% 

when Cu foil was used. However, when Pt foil was used as the CE instead of Pt wire, the 

production rates of all the products increased obviously. The faradaic efficiency of CO2 

reduction increased from 19.2% to 52.9% when replacing Pt wire with Pt foil on Cu foil WE. 

This CO2 reduction faradaic efficiency was similar to that obtained on Cu wire WE with Pt 

wire CE. These results suggested that the CO2 reduction was limited by the surface area of the 

CE when Cu foil was used as the WE instead of Cu wire. By changing the Pt wire CE to Pt 

foil CE (increasing the surface area of CE), the faradaic efficiencies of CO2 reduction 

obtained on Cu wire and Cu foil WEs were similar. 

 It can be seen that in Fig. 5.20, the total faradaic efficiencies, which represent the sum H2 

evolution and CO2 reduction, were much lower than 100% when Cu wire WE + Pt wire CE or 

Cu foil WE + Pt wire CE were used, while the total faradaic efficiency was almost 100% 

when Cu foil WE + Pt foil CE were used. This was possibly because some unknown liquid 

products existed in the liquid phase. HCOOH is widely reported as the main liquid product in 

the electrochemical reduction of CO2 on Cu working electrode [54,78]. Therefore, the liquid  
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Fig. 5.20 Gas producing rate (a) and faradaic efficiencies (FE) (b) of different gas products 

obtained in the electrochemical reduction of CO2 in 0.1 mol/L KHCO3 with stirring at -2.1 V 

for 40 min using Cu wire or Cu foil working electrodes (WE), and Pt wire or Pt foil counter 

electrodes (CE) (reaction temperature: 25 oC, CO2 flow rate: 17.7 mL/min, stirring rate: 1000 

rpm). 
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samples after the electrochemical reactions on Cu wire or Cu foil WEs both with Pt wire CE 

were collected and analyzed by ion chromatography to examine the HCOOH production. 

Results showed that the faradaic efficiencies of HCOOH production were 5.0% and 14.0% on 

Cu wire and Cu foil WE, respectively, when using Pt wire CE. Combing the faradaic 

efficiency of HCOOH production, the total faradaic efficiencies obtained on Cu wire or Cu 

foil WEs both with Pt wire CE were 81.6% and 97.5%, respectively. The total faradaic 

efficiency obtained on the Cu wire WE + Pt wire CE was still less than 100%, which possibly 

caused by other unknown liquid products or some unknown back reactions. However, these 

are still not clear so far and will be studied in the future. 

 Fig. 5.21 shows the currents and current densities obtained in the electrochemical 

reduction of CO2 in 0.1 mol/L KHCO3 at -2.1 V using Cu wire or foil WE and Pt wire or foil 

CE. When the Cu foil was used as the WE instead of Cu wire while keeping Pt wire as the CE, 

the reaction current increased ca 5 mA. This was mainly attributed to the increasing surface 

area of WE promoting the H2 evolution as discussed above. When substituting the Pt wire CE 

by Pt foil, the reaction current further increased. This was contributed by the enhancements of 

the production rates of all products. However, considering that Cu foil had a larger surface 

area than Cu wire, the current density was much higher in the case of using Cu wire WE (ca 

30.9 mA/cm2 at 40 min). The current density decreased to only ca 6.2 mA/cm2 at 40 min 

when Cu foil WE and Pt wire CE were used. The CO2 reduction currents and current densities 

on different WE and CE were summarized in Table 5.6. The CO2 reduction current was 10.5 

mA on Cu wire WE and Pt wire CE. However, it decreased to 5.3 mA when Cu foil WE was 

used while keeping Pt wire as the CE. When Pt foil CE was used (surface area increased ca 

7.8 times compared with Pt wire), a much higher CO2 reduction current of 25.8 mA was 

obtained. This suggested that the CO2 reduction was limited by the surface area of Pt CE 

when Cu foil WE was used. However, the CO2 reduction current density obtained on Cu foil 

WE and Pt foil CE (5.7 mA/cm2) was still much lower than that obtained on Cu wire WE and 

Pt wire CE (15.4 mA/cm2). Although the faradaic efficiencies of CO2 reduction were similar 

in these two cases, the faradaic efficiency of H2 was much higher when Cu foil WE and Pt foil 

CE were used. This indicated that there were some other factors limited the CO2 reduction 

increase with the surface areas of WE and CE. One possible reason was that when Cu foil was 
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used as the WE, only one side was faced to the CE, the opposite side was much less active. 

Meanwhile, the mass transfer to the WE is effective from any direction when Cu wire WE 

was used, while it is less effective from a non-perpendicular direction when Cu foil WE was 

used. Furthermore, the diffusion constant of H+ (9.311×10-5 cm2s-1) was much higher than that 

of CO2 (1.91×10-5 cm2s-1) [92]. Hence, the CO2 reduction current density decreased when Cu 

foil WE was used. 
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Fig. 5.21 Currents (a) and current densities (b) obtained in the electrochemical reduction of 

CO2 in 0.1 mol/L KHCO3 at -2.1 V using Cu wire or Cu foil WE and Pt wire or Pt foil CE 

(reaction temperature: 25 oC, CO2 flow rate: 17.7 mL/min, stirring rate: 1000 rpm). 



100 
 

Table 5.6 CO2 reduction current and current densities obtained in 0.1 

mol/L KHCO3 at -2.1V on different WE and CEa 

WE CE 
CO2 reduction 

current (mA) 

CO2 reduction current 

density (mA/cm2) 

Cu wire Pt wire 10.5 15.4 

Cu foil Pt wire 5.3 1.2 

Cu foil Pt foil 25.8 5.7 
aReaction condition: temp: 25 oC, reaction time: 40 min, CO2 flow rate: 

17.7 mL/min, surface area of Cu wire and Pt wire: 0.68 cm2, surface area 

of Cu foil: 4.5 cm2, surface area of Pt foil: 5.2 cm2. 

 

 

 The real applied voltage between WE and CE in the electrochemical reduction of 0.1 

mol/L KHCO3 at –2.1 V (vs Ag/AgCl) on Cu wire WE + Pt wire CE or Cu foil WE + Pt foil 

CE were measured by the voltmeter and showed in Fig. 5.22 as function of time. The average 

real applied voltage between WE and CE was ca 10.2 V when Cu wire WE and Pt wire CE 

were used at the applied potential of –2.1 V (vs Ag/AgCl). However, the real applied voltage 

between WE and CE was much higher when Cu foil WE and Pt foil CE were used. Although 

further studies are required, this possibly caused by the proton transfer limitation from the CE 

to WE. Much higher voltage was required to promote more protons transferring through the 

relatively small Nafion film between WE and CE when Cu foil WE and Pt foil CE were used. 

Moreover, it can be seen in Fig 5.22, the voltage kept increasing with time quickly on Cu foil 

WE, which exceeded the maximum voltage (30 V) that can be provided by the 

electrochemical workstation after 50 min. As a result, a current density decrease was observed 

after 50 min in the electrochemical reduction of CO2 on Cu foil WE and Pt foil CE. The 

voltage increase was probably caused by the K+ also passing through the Nafion film from the 

CE to WE side during the reaction, which leaded to a decrease in the conductivity of the 

electrolyte as reported by Murata [102]. Therefore, to improve the electrochemical CO2 

reduction, the area of the ion exchange membrane between WE and CE should be designed as 

large as possible and the distance between WE and CE should be as short as possible. 
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Fig. 5.22 Current density (lines) and real applied voltage between WE and CE (squares and 

circles) variations in the electrochemical reduction of CO2 in 0.1 mol/L KHCO3 on different 

WEs and CEs as function of time (Blue line and circles: data obtained on Cu wire WE and Pt 

wire CE, black line and squares: data obtained on Cu foil WE and Pt foil CE, applied 

potential between WE and RE: –2.1 V (vs Ag/AgCl), reaction temperature: 25 oC, CO2 flow 

rate: 17.7 mL/min, stirring rate: 1000 rpm). 

5.11 Energy conversion efficiency 

  Since the real applied voltage between WE and CE was measured, the energy conversion 

efficiency of CO2 reduction can be calculated by Eq. (5.6). 

஼ைమߟ ൌ 	
ଵ

ாೌ೛೛೗
ሾሺܧைమ/ைுష െ ஼ைܧܨ஼ை/஼ைమሻܧ ൅ ሺܧைమ/ைுష െ ஼ுరܧܨ஼ுర/஼ைమሻܧ ൅ ሺܧைమ/ைுష െ

஼మுరܧܨ஼మுర/஼ைమሻܧ ൅	ሺܧைమ/ைுష െ ு஼ைைுሿܧܨு஼ைைு/஼ைమሻܧ ൈ 100%    (5.6) 

where, 

ηCO2 is the energy conversion efficiency of CO2 reduction, %, 

Eappl is the real applied voltage between WE and CE, V, 

஼ை/஼ைమܧ ,ைమ/ைுషܧ ஼ுర/஼ைమܧ , ஼మுర/஼ைమܧ , ு஼ைைு/஼ைమܧ ,  are the standard electrode potentials 

of different half reactions, V, 
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 .ு஼ைைு are the faradaic efficiencies of different productsܧܨ	,஼మுరܧܨ ,஼ுరܧܨ ,஼ைܧܨ

The measured voltage between Cu wire WE and Pt wire CE was ca 10.5 V at 40 min during 

the reaction. However, there was an initial voltage of 1.35 V between WE and CE before the 

reaction, which was probably caused by the pH difference of the electrolytes. Therefore the 

real applied voltage between WE and CE (Eappl) was 9.15 V. The relationship between the 

standard electrode potential and pH has been discussed in section 5.7. Table 5.7 summarized 

the calculated standard electrode potentials at the real experimental pH and the best faradaic 

efficiencies of different products obtained in this research. Therefore, the best energy 

conversion efficiency of CO2 reduction was calculated to be 6.4%. If adding the energy 

conversion efficiency of H2 production, the total energy conversion efficiency was 13.9%. 

However, these energy conversion efficiencies were not high, which was not only caused by 

the high over potential of CO2 reduction and H2 evolution but also caused by the high 

resistance of the electrochemical cell. Therefore, besides reducing the over potential of CO2 

reduction, decrease the cell resistance is also important to promote the energy conversion 

efficiency. 

Table 5.7 Standard electrode potential of different products at 25 oC 

and different pHa 

 

Standard electrode potential (V) Faradaic 

efficiency (%) pH = 0 at real experimental pH

CO/CO2 –0.103 –0.504 (pH = 6.8) 4.8 

CH4/CO2 0.169 –0.232 (pH = 6.8) 26.0 

C2H4/CO2 0.079 –0.322 (pH = 6.8) 19.3 

HCOOH/CO2 –0.225 –0.626 (pH = 6.8) 5.0 

H+/H2 0 –0.401 (pH = 6.8) 26.5 

O 2/OH- 1.23 0.740 (pH = 8.3) N/A 
areaction conditions: electrolyte: 0.1 mol/L KHCO3, applied potential: 

-2.1 V, temperature: 25 oC, reaction time: 40 min, CO2 flow rate: 17.7 

mL/min, stir rate: 1000 rpm. 
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5.12 Stability of Cu working electrode 

 The stability of the Cu wire working electrode was examined by conducting the 

electrochemical reduction of CO2 in 0.1 mol/L KHCO3 at -2.1 V for 3 hours with stir. Gases 

producing rates and their faradaic efficiencies during the electrochemical reactions as a 

function of time were shown in Fig 5.23. It can be seen that the producing rate of C2H4 slowly 

decreased with time while that of CH4 slightly increased. The producing rate of CO did not 

change too much during the reaction. Although the overall producing rate of CO2 reduction 

products (CO + CH4 + C2H4) did not change too much as the reaction time increasing, the 

producing rate of H2 increased more than two times after 3 hours’ reaction. As a result, the 

faradaic efficiency of H2 evolution increased from 23.4% to 41.6% while the faradaic 

efficiency of CO2 reduction reduced from 50.8% to 42.8% when the reaction time increased 

from 20 min to 180 min. The current density slightly increased with the time from ca. 28 

mA/cm2 to ca. 37 mA/cm2. Fig. 5.24 shows the SEM images of Cu wires before and after 1 

and 3 hours’ electrochemical reactions. The Cu wire was corroded after the electrochemical 

reaction according to the SEM images. Longer time caused more severe corrosion. Although 

further studies are needed, these corrosions probably caused by the local pH increase during 

the reaction and/or adsorption and desorption of the CO2 and CO2 reduction intermediates. 

These corrosions probably increased the surface area of WE, which then promoted the H2 

evolution as discussed above. Furthermore, the corrosion probably changed the crystal faces 

of the Cu WE. It is reported that the production of CH4 and C2H4 on Cu WE is affected by the 

crystal face in the electrochemical reduction of CO2 [62]. Therefore, the producing rate 

changes of CH4 and C2H4 in Fig 5.22 (b) was possibly caused by the crystal faces change in 

the Cu WE during the corrosion. 
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Fig. 5.23 Gas producing rates (a) and faradaic efficiencies (b) of different gas products as a 

function of time in the electrochemical reduction of CO2 in 0.1 mol/L KHCO3 at -2.1 V with 

stirring on a Cu wire working electrode (reaction temperature: 25 oC, CO2 flow rate: 17.7 

mL/min, stirring rate: 1000 rpm). 
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Fig. 5.24 SEM images of Cu wire before (a), after 1 hour (b), and 3 hours’ (c) electrochemical 

reactions in 0.1 mol/L KHCO3 at -2.1 V with stirring (reaction temperature: 25 oC, CO2 flow 

rate: 17.7 mL/min, stirring rate: 1000 rpm). 

5.13 Electrochemical reduction of CO2 in KOH solution 

 Experiments for studying the effect of KOH solution on the CO2 reduction were 

conducted in 0.1 mol/L KOH at -2.1 V for 60 min at room temperature under CO2 bubbling. 

Faradaic efficiencies of different gas products obtained at 40 min were shown in Fig. 5.25. It 

can be seen that the faradaic efficiency of CO2 reduction and H2 evolution were very similar 

in KOH and KHCO3 solutions with the same concentration. This suggested that there is no 

big difference between KOH and KHCO3 solution in the electrochemical reduction of CO2. 

This was because the OH- transformed into HCO3
- under the CO2 bubbling. Therefore, the 

effect of the CO2 bubbling on the electrolyte needs to be studied. Detailed studies of the effect 

of CO2 bubbling will be discussed in the next chapter. Fig 5.26 showed the current density 
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obtained during the electrochemical reactions in 0.1 mol/L KHCO3 and KOH. A higher 

current density was achieved in KOH solution. This probably caused by two reasons. The first 

is that the pH value in the CE chamber (chamber with counter electrode placed in) in KOH 

solution is higher than that in KHCO3 solution due to the CO2 bubbling was only performed 

in the WE chamber (chamber with working electrode placed in). OH- remained unchanged in 

the CE chamber. Therefore, a pH difference made the pH voltage difference between WE and 

CE, which probably enhanced the current density. Another reason could be the electrical 

conductivity of 0.1 mol/L KOH solution (2.366 Ω-1 m-1) was higher than that of 0.1 mol/L 

KHCO3 solution (0.904 Ω-1 m-1) which lead to the current density increase. Therefore, KOH 

should be a better electrolyte than KHCO3 for obtaining higher current density while 

maintaining the product selectivity in the electrochemical CO2 reduction. 
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Fig. 5.25 Faradaic efficiencies (FE) of different gas products after the electrochemical 

reduction of CO2 in 0.1 mol/L KHCO3 and 0.1 mol/L KOH for 40 min at -2.1 V (reaction 

temperature: 25 oC, reaction time: 40 min, CO2 flow rate: 17.7 mL/min, stir rate: 1000 rpm). 
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Fig. 5.26 Current densities obtained during the electrochemical reduction of CO2 in 0.1 mol/L 

KHCO3 or 0.1 mol/L KOH solutions at -2.1 V (reaction condition: temp: 25oC, working 

electrode: Cu, CO2 flow rate: 17.7 mL/min). 

 

5.14 Summary 

 The effect of CO2 bubbling, temperature, electrolyte, applied potential, reaction time, 

stirring, and geometrical shape of the WE on the electrochemical reduction of CO2 on Cu WE 

were studied in this chapter. The gas products after the electrochemical reaction were 

analyzed and their faradaic efficiencies were calculated. The best energy conversion 

efficiency of the CO2 reduction was also calculated. Summaries of these results were given as 

follow: 

 1. Since the CO2 is the active species in the electrochemical reduction of CO2, the CO2 

bubbling is important and necessary for obtain high faradaic efficiency of the CO2 reduction. 

 2. Elevated temperature is not suitable for the CO2 reduction because the CO2 reduction 

reactions are exothermic while the H2 evolution is endothermic. 
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 3. Concentration of KHCO3 solution strongly affected the faradaic efficiencies of the 

CO2 reduction and current density. The optimum faradaic efficiency of CO2 reduction 

increased from 4.2% to 43.7% when the KHCO3 concentration decreased from 1.5 to 0.1 

mol/L without stir. However, further decreasing the KHCO3 concentration to 0.01 mol/L 

caused the faradaic efficiency of CO2 reduction reduced to 32.1%. The best KHCO3 

concentration for achieving highest CO2 reduction was 0.1 mol/L. The reason will be 

discussed in chapter 6. 

 4. Product selectivity was also affected by the KHCO3 concentration. C2H4 was the main 

CO2 reduction product in 0.01 mol/L KHCO3. When the KHCO3 concentration increased to 

0.5 mol/L, CH4 became the dominant product of CO2 reduction. CO becomes the main 

product of CO2 reduction when KHCO3 concentration further increased to 1.5 mol/L. This 

probably caused by the pH difference of the electrolytes. 

 5. Faradaic efficiency of CO2 reduction was more stable with time at lower current 

density. This is because high current density increased the corrosion of Cu WE, which then 

promoted the H2 evolution. The corrosion of Cu WE also caused a selectivity change in the 

CH4 and C2H4 production, which could be attributed to the crystal faces changed during the 

corrosion. 

 6. The optimum faradaic efficiency of CO2 reduction in 0.1 mol/L KCl without stir was 

35.7% (at -1.8 V), which was lower than that in 0.1 mol/L KHCO3 solution. The product 

selectivity was also different in KHCO3 and KCl solutions. The main product of CO2 

reduction was CH4 and C2H4 in KHCO3, while C2H4 was the main product in KCl. These 

differences probably caused by the pH difference between KHCO3 and KCl solution. KCl 

solution has much lower pH (2.9) which probably promoted the H2 evolution while prohibited 

the CO2 reduction compared with the KHCO3 (pH 6.8). 

 7. Stirring the electrolyte can effectively improve the mass transfer, and help removing 

the adsorbed products on the working electrode and then promote the faradaic efficiency of 

CO2 reduction. The reproducibility of CO2 reduction faradaic efficiencies was much better 

when stirring was used. The best faradaic efficiency of CO2 reduction of 55.1% was obtained 

in 0.1 mol/L KHCO3 at -2.1 V with a current density of 30.9 mA/cm2 at room temperature 

with a stir rate of 1000 rpm. 
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 8. Increase the surface area of WE and CE did not promote the CO2 reduction, but 

reduced the current density and enhanced H2 evolution. This is probably because the mass 

transfer is less effective on the foil WE than wire WE. 

 9. Faradaic efficiencies of all the gas products in the KHCO3 and KOH solutions were 

almost the same. However, the current density in KOH was slightly higher, which suggested 

that KOH could be a better electrolyte than KHCO3 in the electrochemical reduction of CO2. 

 10. The best energy conversion efficiency of CO2 reduction achieved in KHCO3 was 

only 6.4%, which was probably limited by the high resistance of the electrochemical cell as 

well as the high over potential of CO2 reduction. 
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6.1 Introduction 

 CO2 bubbling into the aqueous electrolytes is generally used as the carbon source in the 

electrochemical and photoelectrochemical reduction of CO2 

[36,37,48-50,56,61,62,85,103-110]. However, the effect of CO2 bubbling on the electrolytes 

has been rarely studied. As discussed in chapter 5, bubbling CO2 into the KOH can transform 

the KOH into KHCO3, which led to the faradaic efficiencies of CO2 reduction become almost 

the same in KOH and KHCO3 solutions. Therefore, the effect of CO2 bubbling into typical 

electrolytes used for electrochemical and photoelectrochemical reduction of CO2 needs to be 

studied. Furthermore, the concentrations of the dissolved CO2 in the different solutions 

probably limit the CO2 reduction. However, the real amount of dissolved CO2 in different 

solutions used in the electrochemical reduction of CO2 under the CO2 bubbling has not been 

reported before. Therefore, the amount of CO2 in different aqueous solutions under CO2 

bubbling were studied in this chapter to help further study the mechanism of CO2 reduction. 

 It is known that the CO2 gas can dissolve into and react with H2O to form H2CO3, which 

further decomposes into HCO3
- and CO3

2- as shown in reaction 6.1 to 6.4 [91]. 

      CO2 (g) ⇄ CO2 (aq)        (6.1) 

      CO2 (aq) + H2O (l) ⇄ H2CO3 (aq)     (6.2) 

      H2CO3 (aq) ⇄ H+ (aq) + HCO3
- (aq)     (6.3) 

      HCO3
- (aq) ⇄ H+ (aq) + CO3

2- (aq)     (6.4) 

Thus, there are four different carbonaceous species (CO2, H2CO3, HCO3
-, and CO3

2-) in the 

aqueous solutions. The concentrations and equilibrium of these different carbonaceous 

species in aqueous solutions without CO2 bubbling have been widely studied [91]. However, 

the concentrations of these carbonaceous species after CO2 bubbling have not yet been 

reported. Meanwhile, the pH, the ion composition and concentration, and the CO2 absorption 

into the electrolyte are affected by the CO2 bubbling according to reaction 6.1 to 6.4, which 

probably influences the CO2 reduction. Therefore, the effects of the CO2 bubbling into typical 

electrolytes used for the CO2 reduction were studied in this chapter. 
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6.2. Experimental 

6.2.1 Materials 

 The experimental materials used in this chapter were listed in Table 6.1. KHCO3 (99.5%), 

K2CO3 (99.5%), KCl (99.5%), and KOH (flakes, 86.0%) (Kanto chemical Co., Inc., Japan) 

were used directly without any purification to make the aqueous solutions. Potassium 

hydrogen phthalate (99.8%, Sinopharm Chemical Reagent Co. Ltd, China) was used to make 

standard total organic carbon (TOC) solutions for calibration. Potassium hydrogen phthalate 

was baked in isothermal oven at 110oC for 1 h and stored in desiccator before using. All the 

solutions were prepared by mixing the chemicals with deionized water (18.2 MΩ) made by 

Organo PRA-0015 deionized water maker. Carbon dioxide (CO2) gas (99.995%, Taiyo 

Nippon Sanso Corporation, Japan) was used as the source of CO2 bubbling during the 

experiment. 

Table 6.1 Materials used in Chapter 6 

Entry Item Specification Producer 

1 K2CO3 99.5% Kanto chemical Co., Inc. 

2 KOH 86.0% Kanto chemical Co., Inc 

3 KHCO3 99.5% Kanto chemical Co., Inc 

4 KCl 99.5% Kanto chemical Co., Inc 

6 HCl 0.1 mol/L Kanto chemical Co., Inc 

7 

Potassium hydrogen phthalate 

 

99.8% 
Sinopharm Chemical Reagent 

Co. Ltd, China. 

8 Deionized water 18.2 MΩ, 
Organo Corporation 

(PRA-0015) 

9 CO2 gas 99.995% Taiyo Nippon Sanso 
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6.2.2 Methods 

 CO2 was continuously bubbled into 30-mL sample solutions contained in a 40-mL TOC 

sample vial, and pHs of the solutions were measured online. The experiment setup was shown 

in Fig. 6.1. The CO2 gas flow rate ranged from 50 to 100 mL/min. The total carbon 

concentrations (TC) of these solutions before and after bubbling with CO2 until saturation (pH 

remained unchanged for 30 min) were analyzed by a Shimadzu TOC analyzer (TOC-V CPH).  

 

Fig. 6.1 Schematic of experiment setup in chapter 6. 

6.3 Carbonate equilibrium in water solution 

 As shown in reaction 6.1 to 6.4, the CO2 can dissolve into and react with H2O to form 

H2CO3, HCO3
-, and CO3

2-. The concentration of the H2CO3 is, however, much smaller than 

that of the dissolved CO2 (CO2 (aq)) (≤ 0.3 %) [91]. The sum of the two electronic neutral 

forms are chemically inseparable [91]. Therefore, [H2CO3
*] is generally used to denote the 

sum of [H2CO3] and [CO2 (aq)] in the aqueous solution. Note that the carbonate equilibrium 

in water solution is not denoted by the reaction path ways. It is generally denoted as follows 

[91]: 
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   (6.5) 

Then the equilibrium constants of K1 and K2 are given as: 

           (6.6) 

               (6.7) 

where pK1= 6.35 and pK2= 10.33 at 25 oC [95]. The total concentration of dissolved 

carbonaceous forms (TC) is expressed as follows: 

      TC = [H2CO3
*] + [HCO3

-] + [CO3
2-]     (6.8) 

Then the [CO3
2-], [HCO3

-], and [H2CO3
*] can be derived from Eqs (6.6) to (6.8) as follows: 

           (6.9) 

           (6.10) 

      [H2CO3
*] = TC − [HCO3

-] − [CO3
2-]     (6.11) 

Since the K1 and K2 are constants, the dependence of [HCO3
-], [CO3

2-], and [H2CO3
*] on the 

[H+] at given TC in aqueous solution can be plotted in accordance with Eqs. (6.9) to (6.11) as 

shown in Fig. 6.2. The composition of carbonaceous species is dependent on [H+] and 

independent of TC. The TC affects the maximum concentration of each species. The H2CO3
* 

is the dominant species at pH below 5. The HCO3
- becomes the major anion when the pH 

ranges from 7.5 to 9. There is only CO3
2- when the pH is above 12. When [HCO3

-] is the same 

as [H2CO3
*], it can be derived immediately from Eq. (6.6) that the pH is equal to pK1, which 

is 6.35. This is indicated by the intersection A in Fig. 6.2. A similar reasoning holds for 

][

]][[

)]([

]][[
*

32

3

2

3
1

COH

HCOH

aqCO

HCOH
K





][

]][[

3

2
3

2 




HCO

COH
K

211
2

212
3 ][][

TC 
][

KKHKH

KK
CO


 



211
2

1
3 ][][

TC][
][

KKHKH

HK
HCO


 






115 
 

intersection B in Fig. 6.2, where the pH is equal to pK2 (10.33) and [HCO3
-] is equal to 

[CO3
2-]. 
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Fig. 6.2 Variations of the compositions of the carbonaceous species in water solution with the 

pH at different total dissolved carbon concentrations (TC) (TC: solid line: 0.5 mol L-1; dashed 

line: 0.1 mol L-1). 

6.4 Effect of CO2 bubbling on the pH changes of different 

solutions 

 As shown in reactions 6.1 to 6.4, the dissolved CO2 in the aqueous solutions decomposes 

into HCO3
- and CO3

2- and produces H+, which probably leads to a pH decrease in the 

solutions. The time dependences of the pH changes in different solutions were investigated by 

measuring the pH under a constant CO2 bubbling rate of 50 mL min-1 to study the effect of 

CO2 bubbling on the pH. The results are shown in Fig. 6.3. The pHs of the solutions 

obviously decrease after bubbling with CO2 in all cases except for 0.1 mol L-1 HCl, in which 

the pH remains almost the same during the experiment. As shown in reaction 6.5, the pK1 and 
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pK2 of the H+ generation from the reaction of CO2 with H2O are 6.35 and 10.33, respectively. 

This suggests that the H+ generated from the decomposition of the absorbed CO2 is extremely 

lower than the concentration of the H+ contained in 0.1 mol L-1 HCl. Therefore, no significant 

change is observed in the pH of 0.1 mol L-1 HCl. 
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Fig. 6.3 pHs as functions of time in different electrolytes under the bubbling of CO2 (CO2 

flow rate: 50 mL min-1, temperature: room temperature (23 oC)). 

 In solutions of KOH, KHCO3, and KCl, the pH dropped quickly in the first 10 min but 

kept stable after that. This means the CO2 absorptions in these electrolytes were reached a 

steady state after bubbling of CO2 for 10 min. In 0.1 mol L-1 KOH, the pH dropped from 13.0 

to 7.2 after CO2 bubbling. This can be attributed to the reaction of H2CO3
* (dissolved CO2) 

with the OH- contained in the KOH solution as shown in reaction 6.12. 

     H2CO3
* (aq) + OH- (aq) ⇄ HCO3

- (aq) + H2O (l)    (6.12) 
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This reaction can be derived from reaction 6.1 to 6.4. As a result, the KOH solution changed 

into KHCO3 solution after bubbling with CO2 until saturation. The pH of 0.1 mol L-1 KOH 

after the CO2 bubbling (pH = 7.2) was very similar to that of 0.1 mol L-1 KHCO3 after the 

CO2 bubbling (pH = 7.1). This suggests that the final solutions of 0.1 mol L-1 KOH and 0.1 

mol L-1 KHCO3 are similar after the CO2 bubbling. 

 In the KHCO3 solution, the CO2 bubbling did not affect the pH much. Both pHs were ca. 

8.3 in 0.1 and 0.5 mol L-1 KHCO3 before the CO2 bubbling. The basicity before bubbling was 

caused by the OH- generated from the reaction of HCO3
- with H2O as shown in reaction 6.13. 

   HCO3
- (aq) + H2O (l) ⇄ H2CO3

* (aq) + OH- (aq) pK3 = 7.65  (6.13) 

The equilibrium constant K3 of this equation can be derived as: 
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ൌ 	
௄ೢ

௄భ
     (6.14) 

Therefore,  

        pK3 = pKw – pK1 = 7.65     (6.15) 

The reaction 6.13 is actually the reverse reaction of reaction 6.12. In the KHCO3 solutions 

before CO2 bubbling, reaction 6.13 was the dominant reaction. During the bubbling of CO2, 

the dissolved CO2 increased the concentration of H2CO3
* and then made reaction 6.13 shift to 

the left, which means reaction 6.12 became the dominant. As a result, the OH- was consumed 

by H2CO3
* and leaded to the pH decrease and [HCO3

-] increase. This suggested that reaction 

6.12 was the dominant reaction under CO2 bubbling. The pHs in 0.1 and 0.5 mol L-1 KHCO3 

after bubbling with CO2 were 7.0 and 7.6, respectively. Less pH drop was observed in higher 

concentration KHCO3 solution. This is because increasing the HCO3
- concentration can 

prevent the H2CO3
* from reacting with OH- as shown in reaction 6.12, and then prohibit the 

pH drop. 

 In 0.5 mol L-1 K2CO3, it took over 2 h for the pH drop to reach the steady state than other 

solutions under CO2 bubbling as shown in the inset of Fig. 6.3. The pH decrease under the 

CO2 bubbling can be roughly separated into three parts: a quick drop in the first 30 min, a 

slow drop between 30 to 90 min, and a relatively quick drop from 90 to 120 min. In the 
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K2CO3 solution before the CO2 bubbling, OH- were generated from the reaction of CO3
2- with 

H2O as shown in reaction 6.16. 

    CO3
2- (aq) + H2O (l) ⇄ HCO3

- (aq) + OH- (aq)  pK4 = 3.67 (6.16) 

The equilibrium constant K4 of this equation can be derived as: 
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Therefore,  

       pK4 = pKw – pK2 = 3.67      (6.18) 

This leads to the basicity of the K2CO3 solution before bubbling. Although the generated 

HCO3
- from reaction 6.16 can further react with H2O to form OH- as shown in reaction 6.13, 

pK3 of reaction 6.13 is much bigger than pK4 of reaction 6.16. The effect of reaction 6.13 in 

K2CO3 solution can be omitted. Therefore, reaction 6.16 was the dominant reaction in K2CO3 

solution without CO2 bubbling. In the beginning of CO2 bubbling into K2CO3, the absorbed 

CO2 reacted with the OH- and produced HCO3
- in accordance with reaction 6.12. This leaded 

to the quick pH drop in the first 30 min. The decrease of OH- caused the reaction 6.16 shifted 

to the right side and then leaded to the CO3
2- transforming into HCO3

-. Although both reaction 

6.12 and reaction 6.16 produced HCO3
-, the concentration of HCO3

- was very low in the 

starting state, which was not able to affect reaction 6.12 and 6.16 obviously. However, as the 

reactions processed, the increased concentration of HCO3
- prohibited the reaction 6.12 and 

6.16. Since the CO2 was keep bubbling into the solution, reaction 6.12 should still dominate 

in the system. As a result, the pH drop slowed down from 30 min. After all the CO3
2- 

transformed into HCO3
-, situations became the same as bubbling of CO2 into KHCO3 

solutions. The pH drop speeded up again from 90 min. Therefore, the pH drop pattern of CO2 

bubbling into K2CO3 showed three different parts. The detailed mechanism should be 

controlled by the reaction kinetics which needs to be studied in the future. By combining 

reactions 6.12 and 6.16, the total reaction of CO2 bubbling into K2CO3 solution can be derived 

as follows: 

     CO3
2- (aq) + H2CO3

* (aq) ⇄ 2HCO3
- (aq)     (6.19) 
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As a result, the 0.5 mol L-1 K2CO3 became 1.0 mol L-1 KHCO3 after bubbling with CO2 until 

saturation. The reaction 6.12 should be the dominant reaction to drive the pH decrease in all 

the solutions under CO2 bubbling. 

6.5 Total carbon concentrations of different solutions before 

and after CO2 bubbling 

 The concentrations of different carbonaceous species (H2CO3
*, HCO3

-, and CO3
2-) can be 

calculated through Eqs. 6.9 − 6.11 if the TC is known. Then the TCs of different solutions 

before and after bubbling with CO2 were measured by TOC and the results are shown in 

Figure 6.4. The TCs in 0.1, 0.5 and 1.5 mol L-1 KHCO3 were 0.105, 0.523 and 1.575 mol L-1 

before bubbling and 0.141, 0.549 and 1.599 mol L-1 after bubbling, respectively. Therefore, 

the TCs increased 0.036, 0.026, and 0.024 mol L-1 in 0.1, 0.5, and 1.5 mol L-1 KHCO3 after 

bubbling with CO2, respectively. These TC increases were caused by the absorption of CO2 

into the solutions. However, the absolute increases in TC reduced from 0.036 to 0.024 mol L-1 

as the KHCO3 concentration increased from 0.1 to 1.5 mol L-1. Hence, more CO2 was 

absorbed in lower concentration of KHCO3, which suggested that the lower concentration of 

KHCO3 promoted the absorption of CO2 into the solution. This can be also explained from 

reaction 6.12. Decreasing the HCO3
- concentration caused the reaction 6.12 shifted to the 

right, which led to a decrease of H2CO3
* concentration. As the H2CO3

* concentration decrease, 

more CO2 was absorbed into the solution to maintain the H2CO3
* concentration which was 

controlled by the Henry’s law. Results in chapter 5 showed that the optimum CO2 reduction 

was obtained in 0.1 mol/L KHCO3. Hori et al. also reported similar results [54]. This was 

probably because more CO2 was absorbed in the lower concentration KHCO3 electrolytes and 

hence promoted the CO2 reduction. 
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Fig. 6.4 Total dissolved carbon concentration (TC) and pH changes in different solutions 

before and after bubbling with CO2 until saturation (blue bar: TC before bubbling, orange bar: 

TC after bubbling, open green circle: pH before bubbling, solid green circle: pH after 

bubbling, M: mol L-1, CO2 flow rate: 100 mL min-1, temperature: room temperature (23oC)). 

 In the case of K2CO3, the TC doubled after the CO2 bubbling. The TCs increased from 

0.55 to 1.17 and 1.61 to 3.16 mol L-1 in 0.5 and 1.5 mol L-1 K2CO3 after CO2 bubbling, 

respectively. This proved that all the original CO3
2- was transformed into HCO3

- after 

bubbling with CO2, and the same amount of HCO3
- was generated from the absorbed CO2 

depending on the electroneutrality of the solution as discussed in the former section. As a 

result, the 0.5 and 1.5 mol L-1 K2CO3 solutions change into 1.0 and 3.0 mol L-1 KHCO3 

solutions after the CO2 bubbling, respectively, which can be explained by reaction 6.19. 

 In the solutions of 0.1 mol L-1 HCl, 0.5 mol L-1 KCl, and pure H2O, the TCs were almost 

zero before CO2 bubbling. The TCs were very similar in these solutions after bubbling with 

CO2, ranging from 0.03 to 0.04 mol L-1. This suggests that the major ions such as K+ and Cl- 

in these solutions have no obvious effect on the absorption of the CO2. 

 The TC increased from zero to 1.1 mol L-1 after the CO2 bubbling in the OH- abundant 

solution of 1.0 mol L-1 KOH. Considering that the pH of the KOH solution after bubbling 
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with CO2 was ca. 7.8, the dominant anion changed into HCO3
- in accordance with the reaction 

of OH- with H2CO3
*

 in reaction 6.12. As a result, the solutions of 1.0 mol L-1 KOH, 1.0 mol 

L-1 KHCO3, and 0.5 mol L-1 K2CO3 probably change into 1.0 mol L-1 CO2 saturated KHCO3 

after the CO2 bubbling. 

 If we assume the CO2 is a simple gas and can be applied to Henry’s law, which describes 

the equilibrium between vapor and liquid as below: 

       
2CO32

p  = c *COH         (6.20) 

where the pCO2 is the partial pressure of the CO2 in the bulk atmosphere, κ is the Henry’s law 

constant for CO2 ( = 0.035 mol L-1 atm-1, at 25 oC) [111], and cH2CO3* is the concentration of 

dissolved CO2. Therefore, the concentration of H2CO3
* is calculated to be 2.46×10-4 

mmol/mol (1.38×10-5 mol L-1) and 0.622 mmol/mol (0.035 mol L-1) in water under CO2 

partial pressure of ca. 3.95×10-4 atm (the real partial pressure of CO2 in the atmosphere) and 1 

atm at 25oC, respectively. Our experiment results showed that the TC in pure H2O was 

observed to be ca. 0.036 mol L-1 after bubbling with CO2 until saturated in comparison that 

the TC was almost zero before CO2 bubbling. These results were very close to the theoretic 

results. According to Henry’s law, this suggests that the CO2 bubbling increased the CO2 

partial pressure into about 1 atm and then lead to the concentration of CO2 in water increased 

over 2500 times. 

6.6. [H2CO3
*], [HCO3

-], and [CO3
2-] in different solutions 

before and bubbling with CO2.  

 The concentration of each carbonaceous species (H2CO3
*, HCO3

-, and CO3
2-) can be 

calculated by Eqs. 6.9 to 6.11 from the measured TC and pH of different solutions before and 

after CO2 bubbling as discussed. Fig. 6.5 shows the composition and concentrations of 

H2CO3
*, HCO3

-, and CO3
2- in different solutions before and after bubbling with CO2 until 

saturation. The major anion in the KHCO3 solutions is always HCO3
- before and after CO2 

bubbling. It is not affected by the KHCO3 concentration. However, the major anion changed 
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from CO3
2- into HCO3

- after bubbling in K2CO3 solutions, as already discussed. A small 

amount of H2CO3
* was also found in both KHCO3 and K2CO3 solutions after CO2 bubbling. 

This was caused by the pH decrease that affected the distribution of carbonaceous species, 

which could be explained by Fig. 6.2. In the case of 0.1 mol L-1 HCl, 0.5 mol L-1 KCl, and 

pure H2O, the dissolved carbonaceous forms are H2CO3
* after CO2 bubbling. In the case of 

1.0 mol L-1 KOH, the dominant anion is the HCO3
- after bubbling, which holds ca. 96% of the 

TC. Therefore, the major anion in KHCO3, K2CO3, and KOH is HCO3
-, while H2CO3

*
 is the 

dominant species in HCl, KCl, and pure H2O after bubbling with CO2. 

 Since the active species in the electrochemical reduction of CO2 is dissolved CO2, the 

concentration of H2CO3
* (represents the active species) and the ratio of [H2CO3

*]/TC were 

calculated and shown in Fig. 6.6 to clarify the amount of the active species in different 

solutions. The [H2CO3
*] increased from 33 to 45 mmol L-1 in the CO2 saturated KHCO3 

solutions with the concentration from 0.1 to 1.5 mol L-1. The ratio of [H2CO3
*]/TC was 23.6% 

in 0.1 mol L-1 KHCO3, while it was only 2.8% in 1.5 mol L-1 KHCO3, after CO2 bubbling. The 

relationship between [H2CO3
*]/TC ratio and the optimum faradaic efficiency of CO2 reduction 

in different concentration KHCO3 solutions (data from chapter 5) were showed in Fig. 6.7. It 

can be seen that, the optimum faradaic efficiency of CO2 reduction increased with the 

[H2CO3
*]/TC ratio. Therefore, the promotion of CO2 reduction in low concentration KHCO3 

solution probably caused by the high [H2CO3
*]/TC ratio. Although further evidences are 

needed, a possible explanation of why high [H2CO3
*]/TC ratio in low concentration KHCO3 

solutions promotes the CO2 reduction could be suggested as follow. Low concentration 

KHCO3 solution also contains low concentration of K+. Although K+ cannot be reduced at the 

operation potential (redox potential of K+/K is −2.925 V vs NHE @ 25oC), it should be 

attracted around or even adsorbed on the Cu electrode which might prevent the CO2 

adsorption and/or reduction. As a result, the prevention effect of K+ was smaller in low 

concentration KHCO3 solution with high [H2CO3
*]/TC ratio. 
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Fig. 6.5 Concentrations of H2CO3
* (green bar), HCO3

- (blue bar), and CO3
2- (orange bar) 

calculated from TC and pHs (orange circle) in different solutions before and after bubbling 

with CO2 until saturation ((a): in solutions of KHCO3 and K2CO3; (b) in solutions of HCl, 

KCl, KOH, and deionized H2O. BF: before bubbling, AF: after bubbling, M: mol L-1, 

temperature: room temperature (23oC)). 
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Fig. 6.6 H2CO3
* concentrations and molar ratios of H2CO3

* to TC in different solutions before 

and after bubbling with CO2 until saturation (orange bar: [H2CO3
*] before bubbling, blue bar: 

[H2CO3
*] after bubbling, solid green circle: [H2CO3

*]/TC ratio after bubbling, temperature: 

room temperature (23oC)). 
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Fig. 6.7 Optimum faradaic efficiency of CO2 reduction obtained in chapter 5 as function of 

[H2CO3*]/TC ratio (reaction condition: temp: 25oC; potential: -2.1 V, -1.7V and -1.5 V for 0.1, 

0,5 and 1.5 mol/L KHCO3 respectively; reaction time: 40 min).  
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 The concentration of H2CO3
* in the K2CO3 solution is generally higher than that in the 

KHCO3 solution. A 62 and 72 mmol L-1 of H2CO3
* were obtained in 0.5 and 1.5 mol L-1 

K2CO3, respectively, after the CO2 bubbling. However, the ratio of [H2CO3
*]/TC is still very 

low: only 5% of the TC is in the form of H2CO3
* in 1.5 mol L-1 K2CO3. In the case of 0.1 mol 

L-1 HCl, 0.5 mol L-1 KCl, and pure H2O, almost 100% of the TC is H2CO3
*, and the 

concentrations of H2CO3
* are around 30 to 40 mmol L-1, which is close to that in the 0.1 mol 

L-1 KHCO3 (33 mmol L-1). This suggests that the HCl, KCl, and H2O could be good 

electrolytes for the electrochemical reduction of CO2 from the viewpoint of a high active 

species ratio. However, considering the low pH of HCl with a large amount of H+ and the 

poor conductivity of pure H2O, they are not suitable for CO2 reduction. Only KCl is 

appropriate for the electrochemical reduction of CO2. Therefore, the KHCO3 and KCl 

solutions are two of the most widely used electrolytes in the electrochemical and 

photoelectrochemical reduction of CO2 in aqueous solutions probably because they have a 

high ratio of the active species (H2CO3
*) according to our results [37,54,86,87,112]. Note that 

in the electrochemical reduction of CO2, H+ was consumed and the local pH around the 

electrode was increased, which was not good for the CO2 reduction because the standard 

redox potential of the CO2 reduction shifted negatively as the pH increased (Fig. 5.13). 

Therefore, the KHCO3 solution is probably better than KCl solution because the existence of 

HCO3
- in KHCO3 solution has a buffer effect to maintain the pH of the solution. In the case of 

0.1 mol L-1 KOH, the ratio of [H2CO3
*]/TC was similar to that obtained in 0.1 mol L-1 KHCO3. 

Therefore, the faradaic efficiencies of CO2 reduction obtained in KOH and KHCO3 solutions 

were no big difference as discussed in chapter 5. 

6.7 Thermodynamic calculation 

 Thermodynamic study suggested that the pH of H2O under CO2 bubbling was decided by 

the carbonate equilibrium as shown in reaction 6.5. Since the equilibrium constants K2 is 

much smaller than K1, the pH was mainly decided by the decomposition of H2CO3 into H+ 

and HCO3
- as shown in reaction 6.3. According to the definition of K1 as shown in Eq. 6.6, 

the pH can be obtained as: 
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      pH = pK1 + log[HCO3
-] － log[H2CO3*]    (6.21) 

Replacing the [H2CO3*] with P(CO2) using Henry’s law as shown in Eq. 6.20, and using pK1 

= 6.35, κ = 0.035, the pH can be calculated as: 

      pH = 7.81 + log[HCO3
-] － log P(CO2)    (6.22) 

If started calculating the pH from reaction 6.12 or 6.13, which represented the equilibrium of 

KHCO3 solutions under or without CO2 bubbling, the same equation was derived. Assuming 

the pressure of CO2 was 3.95 × 10-4 and 1 atm before and under bubbling, respectively, and 

using the experimental data of [HCO3
-] shown in Fig. 6.5, the pHs of 0.1 and 0.5 mol L-1 

KHCO3 under bubbling can be calculated to be 6.84 and 7.52, respectively. These were very 

close to our measured pHs (6.97 and 7.60), which suggested that a thermodynamic 

equilibrium was almost achieved under the CO2 bubbling until the pH remained unchanged. 

However, the calculated pHs of 0.1 and 0.5 mol L-1 KHCO3 before bubbling should be 10.24 

and 10.92 respectively, which were totally disagree with the experiment results (both about 

8.3). This suggested that the fresh made KHCO3 solution was far from equilibrium. OH- 

would generate to increase the pH according to reaction 6.13. 

 

6.8 Summary 

 The effect of the CO2 bubbling into different solutions, such as KHCO3, KCl and K2CO3, 

on the pH, TC and carbonaceous equilibrium in the aqueous solutions were studied. The 

concentration of different carbonaceous species (CO2, H2CO3, HCO3
-, CO3

2-) in typical 

solutions before and after bubbling with CO2 were examined and calculated. The reason why 

low concentration KHCO3 solution could promote the CO2 reduction was also discussed. 

Summaries of these results were given as follow: 

 1. CO2 bubbling decreased the pH of all the electrolytes except HCl, in which the pH 

remained unchanged. The CO2 bubbling induced pH decrease in KHCO3, KCl and KOH was 

much faster than in K2CO3. The pH drop quickly saturated within 10 min in KHCO3, KCl and 

KOH, while it took 120 min in K2CO3. This was probably because the reaction between CO2 
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and CO3
2- was a slow process. 

 2. The existence of the dissolved carbonaceous species changes as CO3
2- → HCO3

- → 

H2CO3
*

 with decreasing pH. The CO3
2- is the dominant species at pH above 12. The HCO3

- 

becomes the major anion when the pH ranges from 7.5 to 9. There is only H2CO3
* when the 

pH is below 5. 

 3. The [H2CO3
*] increased from 33 to 45 mmol L-1 in the CO2 saturated KHCO3 solutions 

with the concentration from 0.1 to 1.5 mol L-1. However, the [H2CO3
*]/TC ratio decreased 

from 23.6% to 2.8% as the KHCO3 concentration increasing from 0.1 to 1.5 mol/L. This 

probably because high concentration of HCO3
- contained in high concentration KHCO3 

solution before bubbling reduces the CO2 absorption ability. 

 4. Experimental results suggested that low concentration (0.1 mol/L) KHCO3 electrolyte 

promoting the CO2 reduction was probably because low concentration (0.1 mol/L) KHCO3 

contained high [H2CO3
*]/TC ratio. 

 5. CO2 bubbling changes the anion composition and concentration in the electrolytes. 

The solutions of KOH and K2CO3 changed into CO2 saturated KHCO3 after CO2 bubbling.  

 6. Solubility of CO2 in water was improved tremendously from 0.0135 to 36 mmol/L 

under CO2 bubbling due to the increased CO2 partial pressure, which is in accordance with 

Henry’s law. 

 7. KHCO3, KOH and KCl solutions are suitable electrolytes for the electrochemical 

reduction of CO2 from the viewpoint of a high ratio of active reactant. 

 8 Thermodynamic study showed that the KHCO3 solution reached the equilibrium when 

pH remained steady under CO2 bubbling. However, fresh made KHCO3 is far from 

equilibrium. 

 

 

 

Author’s note: works in this chapter were published in the Journal of Physical Chemistry C. 

Detailed information is as follow: 

Heng Zhong, Katsushi Fujii, Yoshiaki Nakano and Fangming Jin. Effect of CO2 bubbling into 

aqueous solutions used for electrochemical reduction of CO2 for energy conversion and 

storage. J. Phys. Chem. C, 2015, 119 (1), 55–61. 
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7.1 Purpose of this research 

 This study was set out to confirm the active species in the electrochemical reduction of 

CO2, and examine the effect of CO2 bubbling into different aqueous solutions on the 

electrochemical CO2 reduction. The reasons and motivations for this research are trying to 

help understanding the reaction mechanism of electrochemical CO2 reduction and then 

improve the CO2 reduction efficiency. To fulfill these targets, this dissertation mainly aimed 

to solve three questions as below: 

 1. Is HCO3
- or CO2 the active species in the electrochemical reduction of HCO3

- solutions 

without CO2 bubbling? 

 2. What is the best electrolyte for electrochemical CO2 reduction and why? 

 3. How much active species exist in different electrolytes and how does CO2 bubbling 

affect it? 

7.2 Summary of the main findings 

 The experiments in this dissertation were carried out step by step to solve the questions 

above. Question 1 was solved in chapter 3 and 4 by examining the I-V characteristics, gas and 

liquid products during the electrochemical reactions, and gas production from the 

decomposition of HCO3
-. Chapter 5 worked out the first half of question 2 (What is the best 

electrolyte for electrochemical CO2 reduction) by analyzing the gas products under various 

experimental conditions. The second half of question 2 and question 3 were together solved in 

chapter 6 by determining the dissolved CO2 concentration in different solutions using total 

carbon concentration (TOC) analyzer. The answers to the questions and main findings in this 

dissertation are summarized as below: 

1. Is HCO3
- or CO2 the active species in the electrochemical reduction of HCO3

- solutions 

without CO2 bubbling? 

 a. The active species in the electrochemical reduction of HCO3- solutions is probably 

CO2, which comes from the decomposition of HCO3
- as: HCO3

- (aq) ⇄ CO2 (aq) + OH- (aq). 
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Although the reaction order cannot be determined from the experimental data, if assuming 

this reaction is a one order reaction, the activation energy of this reaction is calculated to be 

62.5 kJ/mol according to the experimental data. 

 b. CO, CH4, and C2H4 were the main CO2 reduction products found in the gas phase, 

however, H2 production was much higher than the CO, CH4, and C2H4 production. There was 

no HCOOH detected in the liquid sample. 

 c. Elevated temperature (60 oC) strongly promoted the decomposition of HCO3
- into CO2. 

Although increasing HCO3
- concentration also enhanced the HCO3

- decomposition, it was 

much less effective than elevating the temperature. 

2. What is the best electrolyte for electrochemical CO2 reduction and why? 

 a. 0.1 mol/L KOH should be the best electrolyte for electrochemical CO2 reduction.  

 b. The reason is probably the high ratio of dissolved CO2 to total carbon concentration 

([H2CO3
*]/TC) in 0.1 mol/L KOH promoted the CO2 reduction and inhibited the H2 evolution. 

 c. 0.1 mol/L KOH actually transformed to 0.1 mol/L KHCO3 after CO2 bubbling. 

Although the faradaic efficiencies of CO2 reduction were similar in 0.1 mol/L KHCO3 and 

KOH, the current density obtained in KOH was ca 1.1 times higher than that obtained in 

KHCO3. This is probably caused by the pH difference between WE and CE chambers after 

CO2 bubbling. 

 d. The highest CO2 reduction faradaic efficiency obtained in this research was 55.1% 

with a current density of 30.9 mA/cm2. The energy conversion efficiency of CO2 reduction 

was 6.4%, and the total energy conversion efficiency of CO2 reduction and H2 evolution was 

13.9%. 

 e. The optimum reaction condition for obtaining the highest CO2 reduction faradaic 

efficiency in KHCO3 was: electrochemical reduction of CO2 in 0.1 mol/L KHCO3 at 25 oC 

and -2.1 V for 40 min with CO2 bubbling rate of 17.7 mL/min and stirring rate of 1000 rpm. 

3. How much active species exist in different electrolytes and how does CO2 bubbling 

affect it? 
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 a. [H2CO3
*] in 0.1 mol/L KHCO3 was 0.51 and 33.24 mmol/L before and after CO2 

bubbling, respectively. [H2CO3
*]/TC in 0.1 mol/L KHCO3 was 23.6%, and it decreased with 

the increase in KHCO3 concentration. 

 b. The dissolved CO2 concentration ([H2CO3
*]) in different solutions was controlled by 

the Henry’s law and pH of the solutions. 

 c. CO2 bubbling increased the partial pressure of CO2 and then promoted the solubility of 

CO2. CO2 bubbling also decreased the pH of the solutions and then affected the carbonate 

equilibrium in the solutions. 

7.3 Achievements compared with others’ works 

 As discussed in the introduction chapter, Hori el al. reported that the CO2 generated from 

the decomposition of HCO3
- should be the active species in the electrochemical reduction of 

HCO3
- without CO2 bubbling [83]. This dissertation confirmed this statement, and further 

observed the CO2 generation from the decomposition of HCO3
- and calculated the activation 

energy of this reaction. CO, CH4, and C2H4 were generated in this dissertation, which haven’t 

been reported before. However, HCOOH was not observed in this research. The possibility of 

HCOOH (or formate) directly reduced from HCO3
- as reported by Koper [84] and Kokoh [67] 

cannot be excluded from this research. 

 Hori et al reported that the electrolyte concentration had an important effect on the CO2 

reduction, but did not explain the detailed reason [54]. This dissertation further studied the 

effect of electrolyte concentration on the CO2 reduction in more details and explained the 

possible reason. 

 Although the CO2 reduction faradaic efficiency in this dissertation (55.1%) was lower 

than the reported data (81.1%) [54], a much higher CO2 reduction current density of 17.0 

mA/cm2 was achieved, which was rarely reported before in the electrochemical reduction of 

CO2 on metal electrodes in aqueous solutions under atmospheric pressure. 

 This dissertation also determined the concentration of the dissolved CO2 in different 

solutions after CO2 bubbling, which haven’t been reported before. These data can be used for 

further study of the CO2 conversion efficiency and reaction rate calculation. 
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7.4 Limitations in this dissertation and recommendations for 

future research 

 The CO2 reduction faradaic efficiency and energy conversion efficiency obtained in this 

dissertation were not high. This was probably caused by high over potential of CO2 reduction 

and high resistance of the electrochemical cell, the detailed reason needs to be studied. The 

total faradaic efficiency of CO2 reduction and H2 evolution obtained in the optimum 

conditions for yielding the highest CO2 reduction faradaic efficiency was only ca 77%, which 

was less than 100%. The reason should be further examined. When Cu foil used as the 

working electrode instead of Cu wire, although the CO2 reduction faradaic efficiency did not 

vary too much, the H2 evolution faradaic efficiency increased and the current density 

decreased. It possibly caused by the CO2 mass transfer limitation, however, detailed studies 

should be further conducted. 

7.5 Conclusion 

 Ratio of dissolved CO2 concentration to total carbon concentration ([H2CO3
*]/TC) in 

aqueous solutions is a more important factor than the dissolved CO2 concentration ([H2CO3
*]) 

to affect CO2 reduction. High [H2CO3
*]/TC can promote the CO2 reduction. Decrease the pH 

can effectively increase the [H2CO3
*]/TC. However, low pH would lead to a high H2 

evolution. Therefore, the balance between the pH and [H2CO3
*]/TC in the aqueous solutions 

needs to be carefully controlled to promote the CO2 reduction. 
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