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ABSTRACT 

In this review article, we report the development and utilisation of fuel cells, metal 

electrodes in aqueous electrolyte and molecular catalysts in the electrochemical reduction of 

CO2. Fuel cells are able to function in both electrolyser and fuel cell mode and could 

potentially reduce CO2 and produce energy at the same time. However, it requires 

considerably high temperatures for efficient operation. Direct reduction using metal 

electrodes and molecular catalysts are possible at room temperatures but require an additional 

applied potential and generally have low current densities. Density functional theory (DFT) 

studies have been used and have begun to unveil possible mechanisms involved which could 

lead to improvements and development of more efficient catalysts. 
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1. Introduction 

Since the industrial revolution, atmospheric carbon dioxide (CO2) level of about 278 

ppm has continuously increased due to extensive use of fossil fuels [1]. Recent report showed 

that atmospheric CO2 level has reached the 400 ppm mark [2] and it is expected to continue 

to rise. The climate modelling study performed by Solomon et al. has shown that the effects 

of climate change due to the increase in greenhouse gases would have lasting effects of up to 

1000 years even when there is zero emission of greenhouse gases [3-5]. Currently, the release 

of CO2 into the environment is uncontrolled from various industrial and anthropogenic 

processes. The open loop nature of these processes which releases CO2 into the environment 

is not only unsustainable; but is also contrary to the natural carbon cycle which is a closed 

loop process. Although the study by Solomon et al. [3, 4] do not take into account forced or 

artificial sequestration of greenhouse gases especially CO2, it is still important that the release 

of CO2 into the environment has to cease as soon as possible to minimize the adverse impact 

of climate change. Instead of sequestrating atmospheric CO2 only, the captured CO2 should 

also be turned into fuels which not only closes the open loop processes that we have but also 

reduces our dependency on fossil fuels. Various other potential uses for CO2 in the industry 

has also been highlighted where the utilization of CO2 may reach an upper limit of 700 Mt/yr 

[6]. Being able to efficiently turn CO2 into fuels would have the largest benefit and impact in 

the effort to reduce CO2 emissions. This is because 80% of our energy is derived from fossil 

fuels [7]. 

Energy from carbon neutral sources such as renewables and/or nuclear can be used to 

synthesize these fuels by storing the energy in a chemical form. Besides, it would be possible 

to utilize existing infrastructures to transport and store the fuels [8, 9]. Energy from 

renewables and nuclear is generally in the form of electricity, hence electrochemistry 

potentially plays an important role in the production of fuels from CO2. The Fischer-Tropsch 
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(FT) process is also an important process in the endeavour to turn CO2 into fuels. The FT 

process utilizes carbon monoxide (CO) and hydrogen (H2) or synthesis gas (syngas) and 

produces hydrocarbons in the presence of iron or cobalt catalyst (Eq. 1) [10]. A side and 

competing reaction is the water-gas shift (WGS) reaction where CO2 is produced instead (Eq. 

2). 

                                                                          

                                                                          

Various studies in the electrochemical reduction of CO2 have reported the formation 

of CO [11-13]. Studies on high temperature electrochemical reduction of CO2 produces only 

CO and H2 as main products, have good current densities and does not require an applied 

potential [12, 13]. The selectivity and production of CO in the aqueous electrochemical 

reduction of CO2 at room temperature is dependent on the electrode material [11]. The main 

drawback of this process is that it requires an additional applied potential and relatively low 

current density. However, it is possible to obtain other products such as hydrocarbons, 

formate and alcohols from this process which is not possible in the high temperature 

electrochemical reduction process [14-18]. 

It is much more favourable thermodynamically to form stable molecules via proton-

coupled multi-electron steps rather than single electron steps. However, the formation 

kinetics is not favourable as confirmed by other studies where higher applied potentials are 

required [14-18]. Briefly, equations 3-8 are used to estimate the standard reduction potential 

(with respect to the standard hydrogen electrode (SHE)) from formation energies in aqueous 

media at pH 7, atmospheric pressure and 25 °C [19]. 
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Other than metal electrodes, metal complexes have also been studied for 

electrochemical reduction of CO2. The three types of metal complexes for electrochemical 

reduction are metal complexes with (a) macrocyclic ligands, (b) bipyridine ligands and (c) 

phosphine complexes [20]. The combination of metal complexes with a gas diffusion 

electrode was found to have an extremely high current efficiency for the formation of CO 

[21]. 

In this article we review the works on the electrochemical reduction of CO2 using 

solid oxide fuel cells, metal electrodes in aqueous solution and metal complexes and 

advances in understanding the mechanisms involved. 

 

2. Solid Oxide Fuel Cells 

Solid oxide fuel cells (SOFCs) have been studied extensively for the generation of 

power. The authors would like the readers to refer to the review by Choudhury et al. for the 

recent progress made in the study of SOFCs [22]. Briefly, SOFCs have the capability to 

generate power of up to 300 kW and up to several MW when combined with a steam or gas 

turbine. Efficiencies that could be achieved ranged from 50 – 80% depending on the design 

of the process. The types of fuels used are natural gas, methane or pure hydrogen with 

exhaust products consisting of mainly water, CO, CO2, H2 and heat. Methanol can also be 

used as fuel for SOFCs [23]. It is also possible to reduce CO2 to CO by reforming with 

methane (Eq. 9) over rhodium, iridium or nickel [24]. This reforming process (dry reforming) 

is not only able to produce syngas with favourable H/CO ratios but may potentially reduce 

the amount of CO2 in the environment [23]. 
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Reports of using CO2 as a fuel in SOFCs have begun to increase in the recent years 

[12, 15, 25-32]. Nickel [13, 25, 27, 28], platinum [29-32], copper [12] and palladium [26] had 

been reported to be the active components. Despite having different active components, the 

main component of the electrolytes used is essentially the same which is non-porous yttria-

stabilized zirconia (YSZ). The YSZ electrolyte functions as an oxygen ion conductor at very 

high temperatures (800-900 °C) [29]. This oxygen ion transfer phenomenon occurs due to the 

vacancies present in the crystal lattice of the electrolyte. 

 

 

Fig. 1 CO2 electrolysis current density vs. applied cell potential for Pt based SOFC. Roman 

numerals indicate low (I), constant (II) and high (III) current density regions. (Reproduced 

from ref. [31] by permission from Elsevier). 

 

2.1. Platinum 

Initially, the main goal of using SOFCs to reduce CO2 was to produce oxygen from 

the CO2 rich atmosphere of Mars in future missions; not energy [29, 30]. The electrolyte was 



6 

 

sandwiched between porous platinum electrodes and a potential of less than -2.0 V was 

applied to the cell. The current flow of this process was found to be completely due to the 

flow of oxygen ions and not due to electron transport [29]. Oxygen-containing species (OCS) 

present during electrolysis increased the resistance of the oxygen ion flow. Two main types 

of OCS that were identified are weakly adsorbed oxygen (O
∙∙∙

(Pt)n) and stable oxides (O(Pt)n) 

[30]. The OCS partially blocks available sites for oxygen transfer at the electrode/electrolyte 

interface thus causing an increase in resistance of oxygen ion flow. Further studies were 

conducted to determine the rate determining steps and to improve the performance and 

efficiency of the cell [31, 32].  The rate determining step in the low and constant current 

density region was found to be the gas diffusion whereas in the high current density region it 

was the kinetics of CO2 electrolysis (Fig. 1) [31]. Significant improvements were made using 

Pt-YSZ cermet electrodes which reduced the anode overpotentials, ohmic resistance and an 

increased electrochemical reaction at the interfaces [32]. 

 

 

Fig. 2 Proposed mechanism for nickel based SOFC (Adapted from ref. [27] by permission 

from Elsevier). 
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2.2. Nickel 

Due to the rarity and high prices of platinum which may affect commercialization, 

other researchers have turned their focus to use nickel as the active agent in the reduction of 

CO2. Similar to platinum, initial study using nickel was to isolate oxygen therefore a potential 

is applied to perform the reduction process [25]. Methane formation was reported as the 

mixture of CO2 and H2 was used as fuel instead of pure CO2 as in studies using platinum. 

Nickel supported on zeolite together with YSZ and silver electrodes was used. The zeolite 

present adsorbed CO2 and facilitated the methanation process over the nickel particles 

through a one-step reaction (Eq. 10). It was postulated that (a) oxygen is first converted to 

water by the Ni/zeolite catalyst and then transferred through the YSZ electrolyte after the 

water is ionized, (b) CO2 dissociation on the cathode electrode was not responsible for the 

formation of O2 and (c) the rate determining step is the charge transfer process. 

                                                                          

The focus from oxygen production from CO2 reduction then shifted to electrocatalytic 

dry reforming. This process does not require an applied potential and generates power. Kim 

et al. explored this concept and proposed a possible mechanism (see Fig. 2) [27]. Nickel 

cermet (Ni-YSZ-CeO) was used as the active electrode (anode) with feeds of CO2/CH4 

mixture and pure H2. The maximum power generated was 10.4 mW/cm
2
 and 8.6 mW/cm

2
 for 

pure H2 and CO2/CH4 feeds, respectively. The occurrence of coking caused the performance 

of the cell to decrease during open circuit conditions via CH4 decomposition and/or CO 

disproportion (Boudouard reaction) (Eq. 11, 12 respectively). However, during short circuit 

conditions, coking was suppressed due to the oxidation of surface carbon to CO and/or CO2 

by the oxygen ions. 
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Recently, Zhan et al. used a similar SOFC to Kim et al. and demonstrated that it is 

possible to use the cell reversibly as an electrolyser and a fuel cell [13]. The fuel source is a 

mixture of 25% H2–75% CO2 and managed to achieve a current density of 1.0 A/cm
2
 at 1.30 

V. It was postulated that steam undergoes reduction to H2 (Eq. 13) and CO production 

proceeds through the reverse WGS reaction (Eq. 2) when in electrolyser mode. 

                                                                         

Recent experimental and modelling studies at 650, 700 and 750 °C using CO/CO2 

mixtures revealed that carbon deposition is severe especially at the cathode/electrolyte 

interface when the cell is operated in electrolyser mode [33]. Dissociation of CO2 and 

desorption of CO from the active Ni surface occur much easily at higher temperatures in both 

electrolyser and fuel cell mode. 

 

2.3. Palladium 

Although nickel is a much more economical choice for the use in SOFCs, it is prone 

to the formation of nickel carbonyls, coking and reoxidation of the electrode hence palladium 

was used to overcome these drawbacks [26]. A modified version of the electrode which is a 

mixed oxide of lanthanum-strontium-chromium-manganese (LSCM) with Pd/CZY (ceria-

zirconia-yttria mixed oxide) was used and a power density of 0.45 W/cm
2
 was achieved for a 

fuel mixture of equal parts of CO and CO2. 
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Fig. 3 Voltage-current and power-current profile for different CO2 feed concentrations at a 

Cu based SOFC at 800 °C. (Reproduced from ref. [12] by permission from Elsevier). 

 

2.4. Copper 

Huang et al. proposed and demonstrated the use of copper in SOFCs as it was 

frequently used in the electrochemical reduction of CO2 in aqueous solutions [12]. The mixed 

oxide of lanthanum-strontium-chromium-iron (LSCF) with gadolinia-doped ceria (GDC) 

impregnated with copper was used as the electrode. Pure CO2 or CO2/Argon mixture was 

used as the fuel which generated CO as product. Highest power density of 2.67 mW/cm
2
 was 

achieved for pure CO2 feed (see Fig. 3) and the production of CO increases with temperature 

and CO2 feed concentration with no coking observed. It was postulated that in order to 

produce CO, the dissociation of CO2 had to occur (Eq. 14). The reported activation energy for 

the reduction to occur was 2.72 kcal/mol which is much lower than values reported in 

heterogeneous catalysis [34]. 
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Recently, a similar study was performed with equal mixtures of CO and CO2 as fuel 

in electrolyser mode at 750 °C [35]. It was found that CO oxidises at a higher rate compared 

to the reduction rate of CO2. However, the current efficiency for CO production is 100% up 

to -1.5 V. At higher potentials (about > -2.3 V), there is an irreversible degradation to the 

solid electrolyte thus decreasing the efficiency of CO production. 

 

2.5. Other 

Xie et al. used a solid oxide electrolyser based with iron supported on iron oxide as a 

cathode, a solid electrolyte oxide mixture of barium, zinc, ceria, zirconia and yttria (BCZYZ) 

and Ni/BCZYZ as the anode [36]. This electrolyte behaves differently as compared to YSZ as 

it functions like a proton exchange membrane instead of oxygen ions. 3% H2O/H2 and pure 

CO2 was fed to the anode and cathode, respectively. Major product from the process is CO 

while the minor product was methane. Current efficiencies for CO and methane were not 

very high at only 29.5% and 2.4%, respectively at very high applied potentials of -2.6 V and 

current density of 1.5 A/cm
2
. 

 

3. Metallic Electrodes in Aqueous Solution 

 

Early studies into aqueous reduction on CO2 using metallic electrodes began in the 

late 20
th

 century and have continued until today. In spite of the extensive literature, this 

method has yet to be commercialized, citing various drawbacks such as high overpotentials 

and production of mixed product [15]. Much of the focus had been on copper electrodes 

instead of other metals that have been tested. The reason behind this is the ability of copper to 

directly produce hydrocarbons and other products at a high current efficiency as compared to 
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other metals that tend to be very selective towards a single product; namely CO (Au, Ag, Zn, 

Ga, Pd), formate (Pb, Hg, In, Sn, Cd, Tl) or hydrogen only (Ni, Fe, pt, Ti) [11]. 

 

3.1. Copper 

In 1985-1986, Hori et al. reported the ability of copper to produce hydrocarbons via 

electrochemical reduction of CO2 [37, 38]. A current efficiency of 65% for methane 

formation was achieved at 0 °C but dropped rapidly with the rise in temperature while the 

current efficiency for ethylene steadily increased with temperature to about 20% at 40 °C. 

Doubling of the current density from 5 to 10 mA/cm
2
 did not affect the current efficiencies 

for both methane and ethylene [38]. The efficiencies of ethylene formation is higher than 

methane at low current densities (1 mA/cm
2
) and at high pH [39]. Kim et al. showed that 

methane and ethylene begins to form at -1.50 to -1.60 V vs SHE and methane is formed at a 

much lower rate from CO than from CO2. The rate limiting step was suggested to be the 

electron transfer to adsorbed CO [40]. A similar study discovered that the electrode was 

poisoned by graphitic carbon which could be due to the decomposition of formate and a 

possible mechanism was suggested (Eq. 15) [18]. Cook et al. proposed that formaldehyde, 

formic acid and acetaldehyde are possible intermediates in the formation of hydrocarbons and 

reported the formation of carbon deposits on the electrodes in the reduction of formic acid 

[16]. 
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Fig. 4 Pulsed electroreduction technique where Tc and Ta represent the time cathodic and 

anodic biases (Vc, Va) are applied, respectively. 

 

Adsorption of amorphous carbon was also reported to occur within 1 hr of electrolysis 

which can be prevented by modulating the potential which causes the structure of the copper 

surface to change [41]. This method of potential modulation or pulsed potential was 

developed by Nogami et al. and was shown to perform much better than conventional 

electroreduction [42, 43]. Faradaic efficiencies for methane and ethylene were relatively 

constant throughout the process. Peak efficiency of 55% and 10% for methane and ethylene, 

respectively, was achieved at 10 °C with a high applied cathodic potential of -2.60 V vs SHE. 

This process is illustrated in Fig. 4. Applying this method to the CuAg (Cu/Ag = 28/72) alloy 

electrode seems to suggest that it is possible to control the product selectivity especially 

towards C2 products such as ethylene, ethanol and acetaldehyde [44]. Total efficiency for the 

C2 products was approximately 50% and was suggested that an oxide layer was formed and 

caused hydrogen atoms to desorb. In addition, the difference in adsorption on Cu and Ag may 

play a role in the improved C2 efficiency.  
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Fig. 5 Possible mechanism for the formation of methane, ethylene, ethanol and propanol with 

copper as [14]. 

 

An attempt to overcome the poisoning by carbon adsorption was by electroplating the 

copper electrodes with gold. However, electroplating of the electrodes resulted in the 

reduction in current efficiencies for hydrocarbons and alcohols but an increase for CO and H2 

with increasing in gold coverage [45]. Similar results were observed with copper-gold alloy 

electrodes [46]. The poisoning phenomena were later proved to be not caused by any of the 

adsorbed products but by the impurities such as Fe
2+

 and Zn
2+

 present in the electrolyte 

solutions [47]. 

                                                                        

It is evident from these early studies of aqueous electrochemical reduction of CO2 

with copper electrodes that methanol is not formed or detected in any of the studies. However, 

in the industry, one of the main catalysts for methanol production is copper supported on zinc 

oxide (Cu/ZnO) with additional promoters [48]. The reason behind this is still unclear at the 

time. To further understand the process, an in-depth study was performed by Hori et al. [14]. 

The study conducted at ambient temperature (19 °C), ethanol and propanol in addition to 

methane and ethylene were detected as products. It was proposed that CO2 was reduced to 

CO and HCOO
-
 at potentials more positive than -1.10 V vs SHE. The adsorbed CO inhibits 
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the evolution of H2 and undergoes further reduction to hydrocarbons and alcohols when 

higher potentials are applied. The formation of ethylene and alcohols is also much more 

favourable when inorganic salts are used as electrolytes. Methane formation is much more 

favourable when more hydrogen atoms are available on the electrode surface. Finally, it was 

concluded that adsorbed CO binds weakly to the surface of the electrode. The overall 

proposed mechanism is illustrated in Fig. 5 which is similar to the Fischer-Tropsch process. 

 

 

Fig. 6 Current efficiencies for formation of (a) methane, (b) ethylene, (c) formate and other 

C2+  products and (d) applied potential for various crystal series electrodes. Roman numerals 

(I), (II) and (III) indicate Cu(100), Cu(111) and Cu(110) dominant surfaces, respectively [49]. 
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Hara et al. demonstrated that it was possible to control the selectivity of the reduction 

products by manipulating the pressure of CO2, current density and stirring. The increase in 

CO2 pressure, current density and absence of stirring improved the current efficiency for 

methane and ethylene formation while decreased the efficiency for formic acid and CO 

formation and vice versa [50]. Hori et al. was the first to report on the formation of acetic 

acid when using single crystal electrodes [51-53]. Acetic acid and other C2+ hydrocarbons 

were detected when the Cu(110) surface is the dominant surface. The Cu(111) dominant 

surface is much more selective in the formation of methane while the Cu(100) dominant 

surface is much more selective to ethylene. The summary of the current efficiencies of the 

products formed on various crystal series electrodes is illustrated in Fig. 6 [49]. Other than 

crystal facets alone, surface morphology of the electrodes play an important role in the 

selectivity as well. An electrode covered with copper nanoparticles has higher selectivity 

towards hydrocarbons as compared to an electropolished and a surface sputtered electrode 

which could be due to the higher number of uncoordinated sites present due the rough 

morphology [54]. 

Recent work by Reske et al. that focused on hydrocarbon (methane and ethylene) 

selectivity showed that Cu overlayers on Pt electrodes greater than 15 nm will exhibit 

characteristics similar to that of bulk Cu while monolayer Cu will have much less [55]. The 

decrease in Cu overlayer thickness results in the reduction in hydrocarbon selectivity. Little 

change towards hydrocarbon selectivity was observed for monolayer Cu when the applied 

potential was increased while there was a sharp increase in methane selectivity and moderate 

decrease in ethylene selectivity for both 5 nm and 15 nm overlayers. The combination of both 

surface strain (from lattice mismatch of Pt and Cu) and electronic effects is believed to play a 

role in the observed selectivity. 
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Recently, a new mechanism for formation of methane and ethylene in the 

electrochemical reduction of CO2 was proposed by Schouten et al. [56] (see Eq. 16-18). The 

rate determining step for both methane and ethylene formation is the electron transfer to CO2. 

For methane formation, it was proposed that the important intermediate is the CHO molecule 

instead of the COH as proposed by Hori et al. [14] which allows for the breaking of the C-O 

bond thus forming methane. The pathway for ethylene formation was suggested to occur 

from the dimer of two CO molecules. This dimerization would then proceed to form an 

enediol, enediolate or oxametallacycle and then the final product, ethylene. Two possible 

pathways toward ethylene formation were later proposed [57]. The formation of ethylene on 

the Cu(111) surface shares a common intermediate involved in the formation of methane 

while the formation proceeds through the dimerization pathway on the Cu(100) surface. More 

C2 and C3 species products (glyoxal, hydroxyacetone, glycoaldehyde, ethylene glycol and 

acetone) were also identified [15]. Possible mechanisms for the formation of C2 and C3 

species were proposed but it is not clear how the C-C coupling occurs. 

                
                                                              

                
               

                                        

                                                                               

The selectivity of copper electrodes towards ethylene and current density was 

enhanced greatly and hydrogen evolution was greatly suppressed when halide ions were 

present in the electrolyte [58-60]. Higher concentrations of halide ions improve the current 

efficiency of ethylene formation and suppress hydrogen evolution further. A current 

efficiency for ethylene formation of up to 80% is achievable when copper(1) halides are 

confined within the copper mesh electrodes [58]. Ethylene is proposed to be formed through 

the coupling of adsorbed COOH [59]. Stronger bonding of the halide ions with the electrode 
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(Cl
- 
< Br

-
 < I

-
) may have contributed to the improved current efficiency of up to 13.2 mA/cm

2
 

by increasing the stability of adsorbed CO2 thus allowing it to be protonated [60].  

The use of thin copper oxide layer on the electrodes had also attracted some attention 

due to its ability to reduce CO2 to methanol [61, 62]. Frese showed that the faradaic 

efficiency on various types of intentionally oxidised copper electrodes was high (up to 240%) 

at low current densities. p-Cu2O was proposed to be responsible for the high selectivity 

towards methanol [61]. Cu2O electrodeposited onto Cu foils performed better than air-

oxidised and anodised Cu electrodes with two orders of magnitude greater in the production 

of methanol at about -1.60 V vs SHE of applied potential. The Cu2O was also found to be 

reduced to metallic Cu in the process [62]. Both of these studies suggests that Cu(1) may play 

a critical role in the production of methanol but the stability of the oxides may require further 

investigation. 

Despite the potential of copper oxides, there are some studies that did not report any 

methanol formation when copper oxide was present [63, 64]. Terunuma et al. reported that H2 

was the major product with very low amounts of methane and ethylene. A more recent study 

showed that methane formation was suppressed while enhancing the selectivity towards C2 

hydrocarbons [64]. Li et al. suggested that the absence of methane formation was due to the 

use of high annealing temperature of 500 °C (compared to ~300 °C [61, 62]) to produce the 

oxide layer. 

The viability of combining electrical energy from solar cells in the electrochemical 

reduction of CO2 was investigated by Peng et al. together with the possibility of degrading 

azo-dyes [65]. Products that were detected are methanol, methane, formaldehyde, formic acid 

and hydrogen. Current efficiencies for this setup were very low for all products compared to 

the earlier study by Hori et al. [14] except hydrogen. The formation of methanol could be due 

to the high voltage supply of -4.00 V vs SHE supplied by the solar cell. Although 
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improvements in current efficiencies were observed for carbon based products when 

methanol was added to the electrolyte, it is still much lower than in the study by Hori et al. 

[14]. 

Density functional theory (DFT) studies were applied to further understand the 

mechanism in the formation of CO2 reduction production. DFT study of methane formation 

not only suggested a new possible mechanism but also uncovers a possible reason why 

methanol is not detected or detected in very low concentrations in electrochemical reduction 

of CO2. The most favourable pathway for methane formation is proposed by Peterson et al., 

as shown in Eq. 19 [66]. Further modelling studies showed that the intermediates are most 

stable on the Cu(211) followed by Cu(100) and Cu(111) without any change to the reaction 

pathway [67]. This result was somewhat consistent with the single crystal study by Hori et al. 

[53] where the Cu(211) surface required the lowest applied potential to achieve a current 

density of 5 mA/cm
2
 compared to Cu(100) and Cu(111). The mechanism was pointed out by 

Schouten et al. that it was not consistent with their experimental results [56]. However, it still 

supported that CHO as one of the intermediates for methane formation. Methane formation 

was favoured thermodynamically by 0.27 eV which translates to a molar excess of 40000:1. 

Materials having a similar binding strength to stabilise the CO and CHO intermediate were 

proposed to be necessary to improve the efficiency of the process [66]. 

                                                            

The discrepancy between experimental and computational observations was due to the 

models used in the computation [68]. The results obtained from the hydrogen-shuttling model 

closely resembled experimental observations. However, COH was suggested to be the 

important intermediate (similar to Hori et al. [14]) instead of CHO (Eq. 20). This pathway 

only exists in the aqueous electrochemical process as there is a lack of an aqueous 

environment in syngas methanol synthesis. 
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Further studies of C-C coupling revealed that the dimerization of CO is kinetically 

unfavourable [69]. CO has to be protonated to form CHO for favourable kinetics of C-C 

coupling to occur. Montoya et al. suggested that there is equilibrium between three 

intermediates (CHO, OHCCHO and CH2O). The shift of equilibrium can be caused by the 

applied potentials which proceed to form methane and ethylene. 

A DFT study on the effects of CO2 adsorption and surface oxygen vacancy on the 

Cu2O(111) surface was carried out recently [70]. It was calculated that the oxygen vacancy is 

an active site for CO2 radical formation. However, the presence of the vacancy also reduced 

the ability of CO2 to adsorb onto unsaturated Cu and O sites. In addition, the dissociative 

adsorption was found to be thermodynamically unfeasible on this surface. 

The same model used by Peterson et al. [66] was used by Hirunsit to understand the 

mechanisms for methane formation on alloys of copper (Cu3Au and Cu3Ag) [71]. The 

mechanistic pathway is similar for both Cu(211) and Cu3Ag(211) with Cu3Ag being slightly 

more efficient. The rate limiting step is the protonation of the adsorbed CHO for both Cu(211) 

and Cu3Ag(211); and the protonation of adsorbed CO for Cu3Au(211). Although the 

formation of adsorbed OH was much more suppressed on the alloys, adsorbed CO is much 

more likely to desorb from the alloys compared to pure Cu. Adsorbed CO, CHO, HOCO and 

OH are important intermediates for a more effective catalyst.  

Although pure copper does not exhibit the selectivity toward the formation of 

methanol at standard conditions, some modification to the system was shown to be able to 

produce methanol. Watanabe et al. demonstrated that the copper alloys of Cu-Cd (Cu/Cd = 

38/62) and Cu-Ni (Cu/Ni = 90/10) was able to produce methanol [72]. A current efficiency of 

7% and 5% and applied potentials of -0.38 and -1.75 V vs SHE was achieved for the 

formation of methanol on Cu-Ni and Cu-Cd electrodes, respectively. The change of Cu-Ni 
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ratio to 60/40 resulted in an increase in the current efficiency for methanol to 10% at the 

same applied potentials [73]. The modification of Ru electrodes with Cu also resulted in the 

formation of methanol in aqueous electrolyte with current efficiencies reaching up to 40% 

after 8 hours of electrolysis with only -0.80 V vs SHE of applied potential [74]. Other than 

the modification of the electrodes, it is also possible to produce methanol with a pressured 

ethanol-water-LiCl mixture as the electrolyte and pure copper as the electrodes [75]. An 

efficiency of 40% and current density of 9.0 mA/cm
2
 was achieved at -1.10 V vs SHE when 

the electrolysis is carried out at 68 atm. The exact mechanism for the formation of methanol 

is still unclear as methanol was not reported to form (except in high pressure electrolyte) 

when pure metallic electrodes were used. 

 

3.2. Platinum 

Extensive studies have been performed to study the adsorption of CO and CO2 on 

platinum electrodes but with differing opinions. However, most of the studies agreed that 

some form of reduced CO2 is present on the electrode as a product [76]. Studies on single 

crystal electrodes showed that flat platinum surfaces (i.e., Pt(100) and Pt(111)) have the 

lowest activity for CO2 reduction to CO while high kink densities and stepped surfaces have 

the highest activity [77, 78]. Platinum electrodes modified with a composite of RuO2/TiO2 in 

the form of nanoparticles and nanotubes were able to produce methanol with high efficiencies 

of up to 60% at -0.8 V vs SHE [79]. Electrodes modified with the nanotube composite were 

much more selective (60.5%) in the production of methanol as compared to the nanoparticle 

counterpart (40.5%). This could be due to the better dispersion of RuO2 on the TiO2 

nanotubes as compared to the nanoparticles thus providing more surface area for the electro-

reduction to occur. 
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3.3. Palladium 

A series of studies was carried out by Ohkawa et al. using hydrogenated palladium 

electrodes with applied potentials of -1.60 to -1.80 V vs SHE [80-83]. Hydrogenation and 

addition of copper to the palladium electrode increased the current efficiency for the 

production of CO and formic acid as compared to the unmodified electrodes [80, 81]. The 

increased in efficiency is due to the participation of adsorbed hydrogen. Surface morphology 

from the modification with copper had no effect on the efficiency when compared to 

unhydrogenated electrodes. Methanol was reported to have formed with very low Faradaic 

efficiency (1%). Methane and ethylene were also reported with efficiencies of 35% and 5%, 

respectively. The remaining products of CO and formic acid were formed with efficiencies of 

about 20% and 60%, respectively. The copper deposition may have suppressed the formation 

of H2 which allows the hydrogenation of the adsorbed intermediates thus allowing the 

formation of reduction products [82]. 

Kolbe et al. showed that the reduction of CO2 to CO or formic acid on palladium 

electrodes begins at about -1 V vs SHE accompanied by hydrogen evolution. At -1.40 V 

volatile CO is formed thus freeing the surface for further reduction of CO2. At 0.50 V 

oxidation of adsorbates (CO or formic acid) occurs [84]. The effect of different crystal 

structures on the rate of CO2 reduction to CO was studied by Hori et al. and found that the 

Pd(111) surface has the highest activity which is contrary to other Pt group metals (Pt, Rh, Ir) 

at -0.50 V vs SHE [85]. Moreover, the Pd electrodes were prone to poisoning the adsorbates 

[86]. 

 

3.4. Others 

Oxide derived gold nanoparticles were shown to be able to reduce CO2 much more 

efficiently than polycrystalline gold nanoparticles [87]. Oxide derived gold nanoparticles 
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begin to reduce CO2 to CO at -0.25 V vs SHE with a current efficiency of 65% compared to 

the polycrystalline alternative which only begin at above -0.35 V vs SHE. At higher applied 

potentials of up to -0.50 V vs SHE, the efficiency increases to more than 96% for oxide 

derived gold and only about 80% for polycrystalline gold. Current density is an order of 

magnitude higher for oxide derived gold (2-4 mA/cm
2
 compared to 0.3-0.5 mA/cm

2
). In 

terms of stability, oxide derived gold nanoparticles are much more stable and is able to 

maintain activity although sintering occurred within 15 minutes of reduction. The electron 

transfer to adsorbed CO2 was proposed to be the rate determining step on polycrystalline gold 

while hydrogen transfer by HCO3
-
 to adsorbed CO2 radical which indicates that adsorbed 

CO2 radical is much more stable on oxide derived gold nanoparticles.  

Lead (Pb) granules in a fixed bed reactor were used in conjunction with high 

pressures (up to 500 kPa) and temperatures (up to 80 °C) to electrochemically reduce CO2 to 

formic acid [88]. Peak current efficiency using this setup was 94% at -1.80 V vs SHE. This 

result is similar to what has been reported by Hori et al. where Pb electrodes have high 

selectivity towards formate at ambient conditions [11]. Although the electrochemical 

reduction using Pb-granules in a fixed bed reactor does exhibit higher current efficiencies at 

higher temperatures and pressures compared to ambient conditions, such efficiencies were 

achievable under ambient conditions using Pb electrodes alone [11]. 

Electrodeposited tin (Sn) on carbon paper was used to create a gas diffusion electrode 

[89]. The formation of formic acid was only reported when operated at -1.60 V vs SHE and 

slightly elevated temperatures of 40 °C. Current efficiency was very low at only 18% 

compared to the regular Sn electrode used by Hori et al. which reported an efficiency of 88% 

at only -1.48 V [11]. 

Molybdenum (Mo) exhibits the unique ability to electrochemically reduce CO2 directly to 

methanol [90]. When pre-treated with HCl together with voltage cycling between -1.20 and 



23 

 

+0.20 V, the electroreduction at -0.80 V vs SHE is able to achieve an efficiency of 370%. 

The disadvantage of Mo electrodes is that it suffers from corrosion during open circuit 

conditions. 

Recently, a DFT study was performed on metal-functionalised porphyrin-like 

graphene [91]. Various types of metals such as late transition metals (Cu, Ag, Au, Ni, Pd, Pt, 

Co, Rh, Ir, Fe, Ru, Os), B, Al, Ga and Mg had been used as the active site. The best catalyst 

for the system was calculated to be Rh and Fe for production of methanol and methane, 

respectively, due to the low voltage requirements (-0.19 V and -0.93 V respectively). Despite 

being predicted to be able to reduce CO2 at such low voltages, the system also suffers from a 

competing reaction where H* competes for the active site. It was suggested that CO to be 

used instead of CO2 for the reduction due to the competing reaction. 

 

4. Molecular Electrocatalysts 

Various metal complexes such as copper [92-94], palladium [95-99], nickel [100-108] 

and cobalt [21, 109-116] have been reported to be able to catalyse the electrochemical 

reduction of CO2. Benson et al. suggested that specific catalysts should be utilised in specific 

steps of the CO2 electrochemical reduction process as metal complexes can provide high 

selectivity toward specific products such as methanol [20].  

 

4.1. Copper Complexes 

Copper complexes have been shown to be able to fixate CO2 directly from air when 

the pH is above 7 [92, 94]. CO2 fixated to the complexes will form carbamates when there is 

only one copper centre present while two copper centres will cause the formation of 

carbonates instead [94]. The reduction of CO2 at the complex was shown to occur in between 

-1.00 to -1.25 V vs SHE [92]. A dinuclear copper complex synthesised by Angamuthu et al. 
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spontaneously captured and reduced CO2 with applied potentials of only -0.03 V vs SHE. 

Two CO2 molecules formed bridges between the copper complexes forming oxalate which is 

then extracted using lithium salt [93]. 

 

4.2. Palladium Complexes 

Electrochemical reduction under anhydrous conditions begins at about -1.30 V when 

monodentate palladium complexes are used. Presence of water in the electrolyte produced 

hydrogen and formic acid but no CO was detected in both conditions [95]. Presence of 

pyridine and pyrazole ligands in the complexes could function as electron acceptors at 

suitable potentials. However, the increase in donor strength of the ligands enhanced the 

amount of CO and decreases the formic acid production [96]. 

 

 

Fig. 7 Proposed mechanism for electrochemical reduction of CO2 using Pd complexes 

synthesised by DuBois et al. (Reproduced from ref. [99] by permission from the American 

Chemical Society). 
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DuBois et al. synthesised mono- and bipalladium phosphine complexes with 

palladium as reaction centres. The complex consists of a weakly binding solvent portion (i.e., 

acetonitrile) that will dissociate during catalysis revealing a vacant site for binding of water 

and assisting in the cleavage of C-O bond [97-99]. The reaction scheme for their catalyst is as 

shown in Fig. 7. The rate determining step is dependent on the concentration of acid present 

in the electrolyte. At high concentrations, the binding of CO2 to the palladium site is the rate 

determining step (step 3→4) as H2 production is much more favourable. On the other hand, 

the cleavage of the C-O bond (step 8→9) is rate determining and will require much higher 

potentials. 

 

4.3. Nickel Complexes 

Nickel cyclams have been shown to be highly selective in the reduction of CO2 to CO 

under electrochemical conditions in water [100, 101]. Reduction of CO2 was observed to 

begin at appreciably low potentials of -1.00 V with high turnover frequencies of 

approximately 1000 mol of CO per mol of nickel complex. The complex was very stable and 

does not degrade even after 10000 electrocatalytic cycles [100]. The efficiency of CO2 

reduction further improved with the use of dimetallic cyclams. The product was mainly CO 

when the reduction was carried out in water while high selectivity for formate was observed 

in a low water dimethylformamide (DMF) [101]. The use of mercury electrodes showed that 

the complexes are adsorbed onto the electrodes and remained to be the active catalyst in the 

reduction process [102-104]. However, the complexes will desorb when applied voltages are 

lower than -1.70 V vs SHE when CO or CO2 is present. The reason is due to inability of the 

nickel-cyclam-CO complexes to adsorb onto the electrode [102, 104]. 

CO2 was selectively reduced to oxalate with the use of other macrocyclic nickel 

complexes [106]. CO and carbonates were major products with low amounts of formate when 
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dinickel macrocyclic complexes was used to reduce CO2 at about -1.00 V vs SHE [107]. 

Contrary to palladium complexes, dinickel macrocyclic complexes are less effective in 

reducing CO2 due to steric effect of larger ligands. The activity was only half of that of 

mononuclear nickel macrocyclic complexes [105]. Nickel complexes of carbine-pyridine 

were also used to electrochemically reduce CO2 in water with reduction occurring at applied 

potentials of -0.86 to -1.54 V. Although these complexes have high selectivity toward 

reducing CO2 to CO, the production of CO is only moderate and deactivated when used 

continuously at high applied potentials [108]. Both formic acid and formaldehyde was 

detected when Ni-tetra-phthalocyanine (Ni-TaPc) was used [117]. Electroreduction was 

carried out at -1.0 V vs SHE and only the metal centre was reduced in the process. 

 

4.4. Cobalt Complexes 

Reduction potentials of CO2 vary from -0.90 to -1.50 V vs SHE depending on the type 

of ligands of terdentate cobalt complexes in DMF [109-111]. The degree of conjugation of 

the ligands influences the stability and reactivity of the metal complexes. A reduction 

potential of -0.87 V is observed with formaldehyde as the sole product in aqueous media 

[114]. Immobilisation of the cobalt complexes to a dual-film electrode yielded methanol, 

ethanol, acetone and lactic acid at low potentials of -0.60 V vs SHE under ambient aqueous 

conditions [112, 113]. The products were not only detected in the solutions but also within 

the electrodes itself suggesting that the reduction process takes place at the electrode/solution 

interface and the active centres within the electrode. It was proposed that the reduction 

process proceeds via a stepwise hydrogenation by adsorbed hydrogen and coupling of the 

intermediates [113]. 

Macrocyclic cobalt complexes (phthalocyanine, CoPc) were also studied in aqueous 

solutions. CO was produced as main products at low potentials of -1.00 V vs SHE when 
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attached to glassy carbon electrodes. However, the efficiency was low at only 20% [116]. 

Similar results were observed using CoPc complexes trapped in a polyvinylpyridine 

membrane attached to a graphite electrode. A CO/H2 ratio of 6.0 was achieved at applied 

potentials of -1.20 V vs SHE. The selectivity is highly dependent on the concentration of the 

CoPc complex within the membrane [115]. Gas diffusion electrodes modified with CoPc 

complexes were prepared to produce urea. The production of CO was at 99% efficiency but 

no urea was formed with an applied potential of -1.50 V vs SHE in the presence nitrate ions 

and CO2. It was concluded that the CoPc complexes were not able to reduce nitrate ions to 

nitride ions (necessary intermediate to produce urea) and then to ammonia [21]. Reduction of 

applied potentials to -0.18 V vs SHE produced only formic acid with current efficiencies of 

72% was observed when the CoPc complex was supported on polypyrrole (CoPc/PPy). This 

could be due to the improved hydrogen adsorption on the CoPc/PPy electrodes [118]. Co-

tetra-aminophthalocyanine (Co-TaPc) was able to selectively reduce CO2 to formic acid in 

aqueous solution with only -1.0 V vs SHE of applied potential [117]. In this process, both the 

active Co centre and the ligand underwent reduction compared to the Ni-TaPc complex 

where only the metal underwent reduction. 

DFT studies have been employed to better understand the mechanisms in the 

electrochemical reduction of CO2 with macrocyclic cobalt complexes. Leung et al. used 

hybrid functional and cobalt porphyrin (CoP) as their model molecule [119, 120]. 

Calculations showed that the ground state for [CoP]
+
 (where P represents the porphyrin group) 

is not planar and have a Co-N bond distance of 1.947 Å. The key intermediate of the 

reduction process is [CoP-COOH]
-
 [120] and an increased interaction of CO2 with water 

helps to stabilise the intermediate. The calculated activation energy for C-OH bond cleavage 

is 5.2 kcal/mol and the rate determining step was suggested to be the electron transfer from 

the electrodes to the complexes [119]. 
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Fig. 8 Possible mechanism for the regeneration of the pyridinium catalyst [121]. 

 

4.5. Pyridinium 

Pyridinium was found to be able to efficiently reduce CO2 with low applied potentials. 

Methanol was detected when used in conjunction with hydrogenated palladium electrodes 

with efficiencies of up to 30% [121]. Reduction potentials were approximately -0.76 V vs 

SHE for methanol and -1.00 V for formaldehyde.  A possible mechanism for the regeneration 

of the pyridinium catalyst is illustrated in Fig. 8. The reduction of CO2 to methanol requires 

the transfer of six electrons with pyridinium functioning as a hydrogen shuttle [122]. Further 

studies using platinum electrodes revealed an activation barrier of 69±10 kJ/mol for CO2 

reduction. The electrons in the pyridinium ion were suggested to be concentrated at the 

nitrogen atom and the electron density reduced after reduction. The intermediate, pyridinium-

CO2, a carbamate-like species was proposed to be the rate determining step for the process 

[123]. 

Using DFT and continuum solvation model, Keith et al. showed that the pyridinyl 

radical (Fig. 8(I)) is not the active intermediate responsible for CO2 reduction and should not 

form during the process as it would require an applied potential of -1.53 V [124]. Further 

calculations revealed that a more probable intermediate is the dihydropyridine (DHP) as the 

calculated reduction potential of -0.72 V is much closer to experimental values of -0.58 V vs 

SHE [125]. DFT study for the formation of formic acid revealed that the pyridinium cation 
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was first reduced by adsorbing the hydrogen to the electrode surface which is susceptible to 

electrophilic attack by CO2 (Eq. 21). The reaction then proceeds with a two electron proton 

coupled hydride transfer thus forming formic acid (Eq. 22) [126]. 

                                                                        

                                                                     

 

5. Photoelectrochemical and Bioelectrochemical Reduction 

Photoelectrochemical reduction of CO2 utilises the combination of a semiconductor 

and a molecular catalyst. Reported types of semiconductor used were p-Si [127-131], p-GaAs 

[132-134], p-InP [135, 136] and p-GaP [133, 137]. Metallic molecular catalysts used were 

mostly nickel [130, 131], cobalt [130, 131], ruthenium [136] and rhenium [128, 129] while 

non-metallic molecular catalysts were the enzyme formate dehydrogenase [135] and pyridine 

[137]. Most of the reduction is carried out under acidic conditions (pH 4.5-5.2) except for the 

enzyme based electroreduction where the pH was close to neutral (pH 6.8). Products formed 

from this method of electrochemical reduction are generally CO, formate, formaldehyde and 

methanol. Current efficiencies for reduction products are generally very good (50-100%) with 

applied voltages ranging from -0.02 to 1.75 V vs SHE. 

Some notable ones are p-Si with Re complex, p-GaP(111) with pyridine and nickel 

cyclam and p-InP with formate dehydrogenase. The combination of p-Si photocathode with 

Re based complex achieved the formation of CO with a current efficiency of 100% in an 

anhydrous electrolyte. However, the applied voltage is quite high at about -1.75 V vs SHE 

[128, 129]. The use of p-GaP(111) with pyridine has high selectivity toward methanol in 

aqueous electrolyte with low applied voltage (-0.3 to -0.7 V vs SHE). Despite the high 

selectivity (up to 90%) toward methanol, the current density is very low of about 1.1 mA/cm
2
 

[137]. On the other hand, the combination of p-GaP(111) with dichloronickel cyclam 
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([Ni(cyclam)Cl2]) in aqueous electrolyte produced CO at 85% efficiency with very low 

applied voltage of -0.02 V vs SHE [133]. Only formate was formed at very high efficiencies 

of 80-93% at very low applied voltage of -0.05 V vs SHE when the enzyme, formate 

dehydrogenase, was used as the active molecular catalyst in aqueous electrolyte. However, 

the current density was very low of only 0.6 mA/cm
2
. 

In an attempt to overcome the input requirement in the electrochemical reduction of 

CO2, Zhao et al. combined a microbial fuel cell (MFC) with a microbial electrolysis cell 

(MEC) utilising a graphite electrode modified with Co-TaPc with carbon nanotubes [138]. 

The main product for this setup was formic acid at a voltage of -0.50 V with a peak current 

efficiency of 77%. The system showed no degradation even after 10 four hour cycles of 

reduction was performed. 

Recently, a current density of up to 3 A/cm
2
 was achieved using stainless steel 

electrodes together with geobacter sulfurreducens [139]. Only -0.6 V vs SHE was applied 

and glycerol was the only product. The possible mechanism of the process is still unknown 

but was proposed to be the consumption of succinate due to the reduced CO2 (Eq. 23). 
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Table 1. The electrochemical reduction products of CO2 over various catalysts. 

 Catalysts Products 

Solid Oxide Fuel Cells Platinum CO 

Nickel CO, methane 

Palladium CO 

Copper CO 

Metallic Electrodes in 

Aqueous Solution 

Copper Hydrocarbons, CO, formate, 

alcohols 

Platinum CO, methanol 

Palladium CO, formic acid 

Others (Pb, Oxide-derived 

Au) 

CO, formate 

Molecular Electrocatalysts Copper complexes Oxalate 

Palladium complexes CO, formic acid 

Nickel complexes CO, oxalate, formic acid, 

formaldehyde 

Cobalt complexes CO, formic acid, alcohols 

Pyridinium Methanol, formaldehyde, 

formic acid 

Photoelectrochemical and 

Bioelectrochemical 

Reduction 

Semiconductor with 

molecular catalysts 

CO, methanol, formate 

Microbial fuel cell with 

microbial electrolysis cell 

Formic acid 

Stainless steel electrode with 

bacteria 

Glycerol 
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6. Future Outlook and Summary 

The potential uses of CO2 to produce important chemicals and feedstocks are vast. 

The most important aspect in the utilisation of CO2 is the reduced dependence on fossil fuels 

and reduction of atmospheric CO2. Despite the impact that it can have on our environment, it 

has yet to be widely employed. All solutions in this discussion require some sort of energy 

input for the system to work as CO2 is an extremely stable molecule. The products obtainable 

from electrochemical reduction of CO2 using fuel cells, metal electrodes in aqueous 

electrolyte and molecular catalysts summarise in Table 1. For solid oxides, high temperatures 

are required in order for the solid electrolyte to be permeable towards oxygen ions. Due to the 

high temperatures, the major product tends to be CO. Although it is possible to produce 

methane, it requires the fuel cell to be run under electrolyser mode that requires an additional 

applied potential. The stability of the electrodes is also a main concern as it may undergo 

deactivation at such temperatures. The main benefit of using SOFCs is the ability in 

generating high current densities with reasonable voltages thus power. 

On the other hand, low temperature CO2 reduction requires an applied voltage and 

generally has low current densities. The most straight forward method is through electrolysis 

and the products are dependent on the type of the electrodes used. Copper and its oxide Cu2O 

has gained a lot of interest as it is able to produce a wide range of hydrocarbons and 

oxygenates as products with high efficiency. Nanostructured copper such as nanoparticles 

and nanoarrays may provide suitable crystal facets or surfaces tuned to produce specific 

product for efficient electroreduction of CO2. The actual mechanism is still a work in 

progress though recent studies have begun to unveil the possible process that is occurring. 

Despite having such unique properties to electrochemically reduce CO2, it is still prone to 

poisoning from trace elements present in the electrolyte. Surface modification, alloying and 
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voltage modulation could potentially improve the performance of Cu electrodes by delaying 

the onset of deactivation but a more permanent solution is needed.  

Various complexes have been proposed having extremely high activity toward CO2 

capture and reduction, in particular cobalt and nickel complexes. Required applied potentials 

are much lower than that of metal electrodes while reported products are generally CO and 

formic acid. Some complexes exhibit good stability and activity while there are some that 

degrade through extensive use. The mechanism involved is still a work in progress as there 

are many types of complexes synthesised but there is a general understanding of possible 

mechanism that is taking place. Pyridinium shows good potential in the electrochemical 

reduction process with reduction occurring at potentials of <1.00 V vs SHE. However, most 

experimental and modelling studies are based on platinum and palladium electrodes. For 

possibility of commercialisation a much cheaper electrode with comparable performance 

would be necessary. 

The stability of the possible intermediates formed during the reduction process is 

important as it will influence the energy or voltage requirement of the system. Mechanistic 

studies will help to uncover the possible intermediates thus allowing for better electrocatalyst 

design. DFT studies have uncovered possible mechanisms that closely matched some 

experimental observations but there still remain some disagreements on what could actually 

be going on. Possible methods in stabilising intermediates in the case for methane formation 

in aqueous electrolyte are alloying of electrodes, stabilisation using ligand, tethering and 

additional promoters on the electrode [140]. Increased stability of key intermediates should 

require much lower applied voltages and more favourable protonation of the intermediate. 
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