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Abstract 

Bicarbonate reduction on a silver-oxide (Ag2O)-based electrode was studied via cyclic 

voltammetry and electrochemical impedance spectroscopy techniques. The effects of 

electrode composition, electrolyte concentration and the scan rate (10 - 250 mV/s) were 

investigated at a temperature of 27 °C. An optimum mass ratio of 70/30 (Ag2O/CNT) led to a 

maximum current density of 83 mAcm-2 at -0.43 V (VS Ag/AgCl). At scan rates between 10 

to 250 mV/s, a negative shift with a displacement of around 1.032 V was observed - 

indicating the presence of irreversible reduction reactions. The observed irreversibility 

suggested that the reaction mechanism can be described by both diffusion and adsorption 

phenomena. The standard heterogeneous rate constant (ko) and the formal redox potential (Eo) 

were found to be 1.51×10-4 cm/s and 1.218 V, respectively. The EIS results confirmed the 

formation of the inductive loops at reduction potentials - a consequence of the adsorption of 

the generated species. A reduction in charge transfer resistance and a continual drop in the 

potential from -0.1 down to -1.4 V was also observed. This was accompanied by H2 evolution 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=2&cad=rja&uact=8&ved=0ahUKEwj__cy_pNPQAhUTv5QKHROTAHMQFggnMAE&url=http%3A%2F%2Fpubs.acs.org%2Fdoi%2Fabs%2F10.1021%2Fja00324a046&usg=AFQjCNGV8zg018An_NmAJsLzTHjmdAKMQw&sig2=moMkBIXPJOexPqbQkGnLcA
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and bicarbonate production. The calculated pKa value of 10.20 upon the completion of the 

bicarbonate reduction reactions, confirmed the conversion of bicarbonate to carbonate ions. 

Key words: Silver oxide; Bicarbonate; Electrochemical reduction; Impedance spectroscopy 

1. Introduction 

Carbon dioxide (CO2) emissions from fossil fuel-fired power plants (e.g. coal, natural gas and 

oil), transportation, industry and residential are the key contributors to greenhouse gas (GHG) 

emissions [1]. The United States is accounted for around 14.69 % of global CO2 emissions as 

the primary greenhouse gas after China - the biggest emitter of carbon dioxide at around 

(23.4%) [2]. The increased release of GHG, and particularly CO2, has led to the progressive 

climate change and global warming and has caused serious environmental damages including 

polar melting, ocean acidification, melting glaciers, rising sea levels (coastal erosion and 

flooding of low-lying land and cities), increasing the severity of tropical storms and 

human health. Various strategies have been suggested and tried in order to mitigate CO2 

emission. These include the improvement of fuel efficiency of cars, utilization of renewable 

energy resources (solar, wind and wave power), enhancement of energy efficiency in 

buildings and carbon capture and sequestration (CCS). However, a tangible emission 

reduction could be only achieved with the help of the development of novel and more energy-

efficient processes [3-5].  

Recycling CO2 into readily-transportable hydrocarbon fuels and valuable chemicals via 

photochemical, biochemical and electrochemical reduction methods, has increasingly gained 

attention as a solution to both the energy and environmental challenges of the world today [6, 

7]. Moreover, electrochemical reduction is a promising method, due to its operability under 

ambient reaction conditions and the ease of process control. In addition, unlike 

photochemical and biochemical processes, less limitation is associated with the 
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electrochemical reduction technologies in converting CO2 into value-added chemicals. 

Universally, the core research goal has been centred on the improvement of the process 

efficiency and product yield [8, 9]. The CO2 reduction process is initiated in large negative 

potentials and generates C-intermediates that are thermodynamically unstable. Hydrogen 

evolution, as a competitive reaction, can be promoted in CO2 electrochemical in an aqueous 

electrolyte via the utilization of a large negative potential. Therefore, development of novel 

electrocatalysts is vital in order to control and improve product selectivity [10, 11].  

Different catalytic metals have been used in the production of various fuels and hydrocarbons 

via electrochemical reduction of CO2. Several studies have demonstrated that some catalysts 

such as silver (Ag), gold (Au), copper (Cu) and zinc (Zn) are able to co-produce CO and H2. 

However, Ag and Au are more selective towards the production of CO [12]. This product (i.e. 

CO and H2 - known as syngas) can then be converted into liquid fuels via the well-known 

Fischer–Tropsch process [13]. Some earlier works have studied the effect of an Ag-based 

cathode to generate CO via CO2 reduction. It has been reported that silver-based catalysts 

correspond to a higher CO selectivity due to the weak binding energies of CO on the 

catalyst’s surface. Hoshi et al. 1997 studied the electrochemical reduction of CO2 on pure- 

metal crystals: Ag (100), Ag (110) and Ag (111). In these studies, a higher current density 

was observed for Ag (110) as compared to Ag (111) and Ag (100) [14]. Several 

electrocatalysts including Ag bulk [15], immobilized Ag [16], Ag-nanoparticles [17], 

roughened Ag surface [18], bimetallic alloy Ag/Au [19], Ag/TiO2 [20] and Ag/graphene [21] 

have also been reported for CO2 reduction, with CO and H2 as the main products. CO is 

generally adsorbs weakly on Ag and is hardly detected by vibrational spectroscopy [22]. 

Electrochemical reduction of CO2 to CO on polycrystalline silver was greatly improved using 

a thin Ag2O upon an anodization treatment [23]. Ag2O with carbonic materials as electrode 

has been used in several applications e.g. as supercapacitors [24], as photocatalyst for the 
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degradation of acidic dyes and bacterial inactivation [25], in zinc-silver batteries [26] and in 

sensors for the detection of vitamin B2, B6 and ascorbic acid [27].     

This paper investigates the efficiency of a silver oxide-based electrode, supported on carbon 

nanotube, in measuring the degree of bicarbonate reduction.  The prepared electrode can also 

be used as a sensor in renal electrolyte (NaHCO3, KHCO3) excretion in humans. This work 

therefore, entails the development and characterization of a composite Ag2O/CNT electrode 

and its application in electrochemical bicarbonate reduction. The composite electrode was 

developed using different current collectors. A uniform particle size distribution was 

observed for the prepared solution, containing Ag2O, carbon nanotube, nafion (5%) and 

isopropanol. The current collectors (e.g. copper sheet, graphite rod and glassy carbon 

electrode) were painted using the prepared solution. The effects of catalyst loading (30 to 100 

mg), electrolyte concentration (0.1 to 1 M) and scan rate (10 - 250 m/s) on the efficiency of 

the process were investigated and the activity of the Ag2O/CNT electrode was compared 

against that of pure Ag2O electrode. In our experiments, NaHCO3 was directly used as the 

CO2 source. In order to investigate the electrode/electrolyte interface behaviour, 

electrochemical impedance spectroscopy (EIS) measurements were employed (open circuit 

potentials) to further evaluate the electrochemical behaviour of the sodium hydrogen 

carbonate and composite electrodes (200 kHz to 100 Hz). 

2. Experimental 

2.1. Chemicals & Materials 
 
Sodium hydrogen carbonate (99.9%), H2SO4 (97%) and isopropanol (absolute, 99.5%) were 

all purchased from a local company. Ag2O (99.9%) and Nafion solution (5 wt% - dispersed in 

water) were supplied by Sigma-Aldrich. Multiwalled carbon nanotube (20−30 nm in 

diameter, 0.5−2 μm in length, >95% pure) was purchased from Nanostructured & 

http://www.sciencedirect.com/science/article/pii/S092633731730869X
http://www.sciencedirect.com/science/article/pii/S0928493116315843
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Amorphous Materials. Copper sheets were made available by a local market. All chemicals 

were used without any further purification. Electrolyte solutions were prepared using ultra-

pure deionized water. 

2.2. Electrode Preparation 

All experiments were conducted in an electrochemical cell, equipped with three electrodes at 

room temperature (27 oC) and under the ambient pressure. Cyclic voltammetry (CV) 

experiments were carried out using an Autolab Metrohm potentiostat electrochemical 

workstation. The electrocatalytic activity of the Ag2O/CNT as the working electrode was 

measured via cyclic voltammetry at a potential scan rate of 50 mV/s (1 to −2 V). An aqueous 

solution of NaHCO3 (100 mL) was used as the electrolyte. The current density was 

determined based on the geometrical area (A) of the electrode. The Ag2O/CNT ink and the 

pure Ag2O were used on different current collectors to act as the working electrode (A = 1.6 

cm-2). A platinum (Pt) wire and an Ag/AgCl (sat. KCl) were employed as the counter 

electrode and the reference electrode, respectively. The Ag2O/CNT ink, containing Ag2O, 

carbon nanotube, organic binder Nafion (5%) and isopropanol, was painted on the current 

collectors. Nafion (5%) was added only as a binder to sustain the mechanical integrity and 

was not expected to have a major impact on the activity of the electrode under the 

electrochemical reactions. Initially, Ag2O (80 mg) was added to isopropanol (5 mL). The 

mixture was then ultrasonically agitated for 30 min. Nafion (5 μL) and carbon nanotube (20 

mg) were next added and the resulting mixture was further sonicated for 30 min to ensure 

adequate dispersion. For electrochemical testing, the mixture was painted on various current 

collectors such as copper sheet, graphite rod and glassy-carbon electrode. The painted sheets 

(area = 1.6 cm2) were then dried under the ambient air to serve as the working electrode. 

Sodium bicarbonate (NaHCO3) was used as the CO2 source. The electrochemical impedance 

spectroscopy (EIS) measurements were conducted in frequency ranges of 200 kHz – 100 Hz 
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using the potentiostat (Alpha Analytical SP-300 with EC-Lab V10.12 software). The titration 

method via a Titrino Plus was carried out using H2SO4 (0.1 M).  

3. Results & Discussion 

3.1 Electrochemical Reduction of Bicarbonate 

This work describes the development and characterization of a novel Ag2O/CNT composite 

electrode and its application in electrochemical reduction of bicarbonate. Three different 

electrodes were used with copper sheet, graphite rod and glassy carbon as the current 

collectors. The reduction reaction was carried out in a bicarbonate solution (i.e. the CO2 

source). The Ag2O/CNT electrode (80/20 mass ratio) was used throughout the experiments to 

identify the optimum current collector based on the product selectivity. The electrochemical 

behaviour of the Ag2O/CNT electrode with different metal loadings (30, 50, 70 and 100 mg) 

was studied through cyclic voltammetry (a standard three-electrode configuration). The effect 

of the scan rate was studied in order to investigate the reduction mechanism of bicarbonate on 

the composite electrode (10 to 250 mV/s). The bicarbonate concentration was varied from 0.1 

to 1 M NaHCO3.  

Figure 1 shows the comparison between the three current collectors that were coated using 

the Ag2O/CNT ink. Current collectors are the critical segments of electrodes and are 

responsible for efficient charge transport to the active electrode material. It can be seen that 

the current density of the copper sheet collector is higher than those of the glassy carbon and 

the graphite-rod collectors. EIS measurements were conducted to compare electron transfer in 

copper sheet, glassy carbon and graphite rod in NaKHCO3 (0.5 M). It is observed that the 

resistance of the copper sheet and glassy carbon are much lower than that of the graphite rod, 

indicating a smaller resistance and a facilitated electrical transportation for the course of the 

electrochemical reactions. The reduction peak (copper sheet) is broader due to the increased 
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charge transfer (Fig. 1). The CV curves exhibit a single broad cathodic peak reduction around 

-0.43 V during the reverse scan i.e. the reduction of bicarbonate ions and evolution of 

hydrogen. No extra peak can be observed and only promote bicarbonate reduction and H2 

production with Ag2O/CNT.  

Four sets of Ag2O/CNT compositions were prepared (Table 1). The electrodes were 

fabricated by airbrushing a catalytic ink over the current collector (i.e. the copper sheet). In 

all cases, the samples were cycled between -2.0 V and 1.0 V at a scan rate of 50 mV/s.  

Figure 2 shows the corresponding cyclic voltammetry results, measured for different metal 

loadings (i.e. 30, 50, 70,100 mg), deposited on the copper sheet (as described previously in 

the experimental section). The Y-axis corresponds to the ratio between the current and the 

geometric area of the electrode (A). Cyclic voltammetry experiments revealed that the 

adsorption of bicarbonate species on the Ag2O/CNT electrode takes place at similar 

potentials. A reduction, however, was observed between -2.0 and 1.0 V - depending on 

catalyst loading. No oxidation peak was observed, suggesting the reduction of bicarbonate 

ions on the working electrode surface to carbonate ions or other valuable chemicals. The 

formation of formic acid (formate) was observed at a voltage of -0.41 V. The results show 

that the anodic contributions are between 0 and 1.0 V, while the cathodic counterparts appear 

to be between 0 and -2.0 V. On the cathodic end of the CVs (-1.2 V), an increase in the 

absolute current value can be observed. The sharp reduction is associated with the H2 

evolution. The cyclic voltammogram shows an increase in the reduction peaks associated 

with the Ag2O/CNT composite-coated copper sheet when the catalyst loading was increased 

from 30 mg to 70 mg. It can be easily learnt that the best performance with regards to the 

reduction reaction is obtained with the copper sheet, coated with Ag2O/CNT (70/30 mass) 

(Figure 2). The Ag2O loading considerably affects the electrocatalytic properties. However, 

no significant electrocatalytic deviation can be observed with a 30-mg loading of the metal 
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oxide. It is seen that the CV curves corresponding to the copper sheet coated with Ag2O/CNT 

with different catalyst loadings are similar; a reduction peak can be clearly observed for all 

the Ag2O/CNT electrodes (Figure 2). In addition, the peaks become broader with an increase 

in the amount of catalyst used, indicating an enhanced kinetic process with the Ag2O/CNT 

composite electrode. No reduction peak was revealed with the bare copper sheet. However, 

the current density of the copper sheet increased to 15, 48 and 83 mA/cm2, when loaded with 

30, 50 and 70 mg Ag2O, respectively. It is worth noting that despite what one would expect 

from increasing the metal loading (from 30 to 70 mg Ag2O), the activity did not follow a 

similar trend. This suggests that the CNT loading did also affect the resulting electrocatalytic 

activity and the electron conductivity. The results show that the accessible surface area is not 

proportional to the corresponding metal loading. This is important as the resulting activity is 

often a function of the actual active surface area. Therefore, for high loadings (i.e. pure 

metal), the Ag2O particles could be agglomerated and thus, result in a decrease in the total 

active surface area of the electrode (Figure 3).  The appearance of the reduction peak (-0.43 

V) follows a similar trend to that of the oxidation peak at positive potentials. The CV curves 

indicate that the Ag2O/CNT composite and the pure Ag2O are both active for the reduction 

reactions in the NaHCO3 solution. The pure Ag2O demonstrates an oxidation peak (0.8 V) 

which could correspond to the formation of AgO in the NaHCO3 solution. Wan et al. (2013) 

studied the effect of electrochemical parameters on the formation and reduction of silver 

oxides. They reported two oxidation peaks i.e. at 0.26 and 0.57 V vs SCE, corresponding to 

the formation of Ag2O and AgO in an NaOH solution. The current density of the electrode 

based on pure Ag2O reveals a lower performance than that of the Ag2O/CNT (50/50). This is 

due to the enhanced dispersion of the catalyst within the carbon nanotube network, leading to 

an improved electrical conductivity.  
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With a diluted bicarbonate solution, the CV analysis for the Ag2O/CNT composite-coated 

copper sheet shows little hysteresis at a reduction potential close to –0.43 V. Figure 4 

illustrates the effect of bicarbonate concentration (0.1 to 1 M NaHCO3) on the reduction 

process. It is seen that with a 0.1 M NaHCO3 solution, a smaller area of the CV curve is 

obtained. The difference can be linked to the lower conductivity of the 0.1 M NaHCO3 

solutions and diffusion limitations in the pores of the composite electrodes. The larger CV 

areas are associated with the presence of concentrated bicarbonate ions. This means that the 

electrochemically-active surface areas consume more bicarbonate ions and thus, increase the 

current density. In this experiment, even in a low concentration of bicarbonate ions, the 

reduction peak is observed during the reduction reaction when using the Ag2O/CNT 

composite electrode. It can be seen that the reduction peak current shifts towards smaller 

potentials with an increase in the bicarbonate concentration. With 0.1 M NaHCO3, 

bicarbonate ions are present at a lower concentration. The distribution of the bicarbonate 

ions, close to the electrode surface, is initially uniform; a current started to develop as a 

consequence of the reduction reactions. The current density is proportional to the surface 

concentration with an intercept equal to zero. Plotting ic versus Co, reveals a linear segment 

which would not passes through the origin. A large deviation due to a non-zero intercept 

suggests the presence of adsorbed species. The linear relation between ic versus Co, follows 

equation (1) for an irreversible reduction process [28]: 

𝑖𝑖𝑐𝑐 = (2.99 × 105 )𝐴𝐴𝛼𝛼0.5𝑣𝑣0.5𝐷𝐷00.5𝐶𝐶0                                                                                      (1) 

where ic is the peak current (mA), α is the electron transfer coefficient, D0 is the diffusion 

coefficient (cm2/s) and Co is concentration (mol/cm3), A is the surface area (cm2) and v is the 

scan rate (mV/s).  

The linear relation between ic versus Co follows the equation: 

𝑖𝑖𝑐𝑐 = 387.95𝐶𝐶 − 69.318   (𝑅𝑅2 = 0.984)                                                                                 (2) 
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To further conceptualize the charge transfer, the CV curves for the Ag2O/CNT composite 

electrode were obtained at various scan rates (10 to 250 mV/s) in a 0.5 M NaHCO3 solution 

(Fig. 5). It is observed that with an increase in the scan rate, the peak current linearly 

increases. Figure 5 shows the varying baseline (cathodic peaks) as a function of the scan rate 

(10 to 250 mV/s). However, the anodic peaks are less dependent on the scan rate. The 

cathodic peaks can be split into three distinct regions: charge transfer regions, diffusion- 

controlled regions and mixed charge transfer–diffusion controlled regions [29]. The cathodic 

peak current is proportional to the square root of the scan rate according to equation 1. The 

plot of ic vs. V0.5 is useful in the characterization of the electrochemical reduction reaction 

(equation 3). The peak currents increase linearly as a function of the square root of the scan 

rate for irreversible electron transfers.  

𝑖𝑖𝑐𝑐 = −50.166𝑣𝑣0.5 − 5.437  (𝑅𝑅2 = 0.9665)                                                                           (3) 

The logarithm of the cathodic peak current (ip) versus the logarithm of the scan rate (ν) is 

linear (10 mV/s < scan rate < 250 mV/s): 

𝑙𝑙𝑙𝑙𝑙𝑙𝑖𝑖𝑐𝑐 = 0.3419𝑙𝑙𝑙𝑙𝑙𝑙𝑣𝑣 + 3.8547  (𝑅𝑅2 = 0.9544)                                                                   (4) 

 The slope (i.e. 0.3419) is different from the theoretically-expected value of 0.5 for diffusion-

controlled processes. These findings indicate that for the studied potentials, the process is not 

fully diffusion-controlled when using the Ag2O/CNT electrode. The reduction peak shifts 

towards the larger negative potentials with an increase in the scan rate from 10 to 250 mV/s. 

At slower scan rates, a noticeable time interval between the oxidation and reduction processes 

was observed (two peaks). However, at higher scan rates, a different behaviour was observed 

during the cathodic process: the two cathodic peaks merged into a single peak due to the 

adsorption of the reactants. Potential (Ep) for an irreversible process is calculated by (Laviron 

[30]) : 

𝐸𝐸𝑝𝑝 = 𝐸𝐸𝑜𝑜 −
𝑅𝑅𝑅𝑅
𝛼𝛼𝛼𝛼
�0.78 + 2.303 log �(𝑎𝑎𝛼𝛼 𝐷𝐷𝑜𝑜)0.5    

𝐾𝐾𝑜𝑜(𝑅𝑅𝑅𝑅)0.5 �� −
2.303 𝑅𝑅𝑅𝑅

𝛼𝛼𝛼𝛼
log 𝑣𝑣0.5                                            (5)                                                                                                                
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where α is the transfer coefficient, ko is the standard heterogeneous rate constant of the 

reaction, Do is diffusion coefficient, v the scan rate and Eo is the formal redox potential. By 

plotting potential Ep versus log v0.5, the transfer coefficient (α) can be calculated from the 

slope of the resulted plot:    

𝐸𝐸𝑝𝑝 = −2.0681𝑙𝑙𝑙𝑙𝑙𝑙𝑣𝑣0.5 − 2.401  (𝑟𝑟2 = 0.8904)                                                                    (6) 

Ep is a function of the scan rate, shifting towards the negative direction for reduction by an 

amount of 1.032 V from equation 1.15RT/αF [28] i.e. 20% smaller than the experimentally-

obtained data (1.221 V) for scan rates between 10 and 250 mV/s. The two parameters, ko 

(1.51×10-4 cm/s) and Eo (1.218 V), can be estimated from the intercept of the plot via 

nonlinear regression. 

Chronoamperometry techniques were employed to estimate the electrochemically-active 

surface areas of the Ag2O/CNT (70/30%) electrode. To measure the electrochemically-active 

surface areas of the electrode, the chronoamprogram of 0.1 M KH2PO4 solution, containing 5 

mM of K4Fe(CN)6 as the redox probe, was recorded. The electrochemical experiments with 

the composite electrode were performed in an Autolab Metrohm potentiostat, equipped with 

NOVA 1.10 software. In the chronoamperometric studies, the current for the electrochemical 

reaction of ferrocyanide, diffusing to an electrode surface, is calculated as (Cottrell equation 

[31]):  

𝐼𝐼= 
𝑛𝑛𝛼𝛼𝑛𝑛𝐷𝐷1/2𝐶𝐶𝑜𝑜

(𝜋𝜋𝜋𝜋)1/2                                                                                                                              (7) 

where I is the current (A), n is number of electrons, A is the active area of electrode (cm2), D 

and C0 are the diffusion coefficient (6.20 ×10-6 cm2/s) and bulk concentration of K4Fe(CN)6 

(5 ×10-6 mol/cm3), respectively, F is the Faraday constant (96.487 C/mol); while the 

remaining parameters have their usual meanings.  

For a diffusion-controlled process, the I vs t -1/2 plot is linear and from the slope, the value for 

A can be calculated. In our study, a value of 1.935 cm2 was obtained by plotting I vs t -1/2 - 
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which is larger than the geometric surface area (i.e. 1.6 cm2). This could be due to the 

porosity of the electrode surface.   

3.2 Electrochemical Impedance Spectroscopy Studies 

Electrochemical Impedance Spectroscopy (EIS) studies were done in order to compare the 

electrical conductivity and charge transfer resistance of the Ag2O/CNT composite electrode. 

The Nyquist plots of substrates and the composite electrode - with a sine wave of 10 mV 

amplitude over a frequency range of 200 kHz to 100 Hz - are shown in Fig. 6, 7 and 8. Each 

EIS experiment was carried out at a constant voltage for a broad range of voltages (-2.0 to 0.1 

V). Nyquist impedance plots for the substrates i.e. the copper sheet, glassy carbon and 

graphite rod in 0.5 M NaHCO3 at a potential of 0.0 V were also investigated (not shown). In 

the 0.5 M NaHCO3 solution and at high frequencies, a half-circle (i.e. and arc) is observed on 

the Nyquist plot, corresponding to the electron transfer process. However, at low frequencies, 

a linear segment is formed which corresponds to the diffusion-controlled process. The 

graphite rod shows a half-circle which has the largest diameter compared to the plots for the 

other two substrates. The copper sheet corresponds to a plot with the smallest arc diameter. 

With the copper sheet used as the substrate, regardless of the electrode, the electron transfer 

process is immediate and the electrochemical response is nearly a straight line. 

Figures 6a and b show the Nyquist plot for the copper sheet in 0.5 M NaHCO3 (-1.2 to 1.0 

V). The plot demonstrates some specific features: there is a fall in the size of impedance 

spectrum as the potential increases. The impedance arcs (0.1 to 0.7 V, all located in the first 

quadrant) decreased varyingly with an increase in the potential; the resistance slightly drops 

as well. The impedance arcs (0.8 to 1 V) are in the first and fourth quadrants. This suggests 

that an inductive event has occurred at the end of the oxidation reaction. Fig.6b depicts the 

plots for the impedance arcs in the reduction reaction (-0.1 to -1 V). The diameters of the 

impedance arcs have significantly increased. These arcs are all located in the fourth quadrant 
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for higher frequencies with the sloping lines visible at lower frequencies. By reducing the 

potential, the impedance plots are wrapped around the X-axis (anti-clockwise) and the 

capacitive arcs are flipped to the fourth quadrant (the real component of the impedance is 

negative). A decrease in the slope of the lines is observed as the potential increases from -0.1 

to -1 V, indicating the presence of reaction species as a result of the reduction reaction and 

the electron-transfer. A voltage of -0.3 V is typically required for H2 to evolve [10]. The 

second pathway is a conversion of bicarbonate which occurs at a voltage of -0.43 V. The 

Nyquist plots in the potential zone from -0.1 to -1 V show the inductive phenomenon at low 

frequencies. This is an indication of inductance in the system. The inductive features depend 

on the applied potential and the presence of CO on the electrode surface. CO has a very short 

lifetime due to the interaction with the free metal electrons [32]. The EIS responses at high 

frequency (0.8 to 1 V) display an inductive behaviour in the potential range (reduction) 

during which the electrons are injected into the electrode (Fig. 6a). Another pathway opens 

up the hydrocarbon formation (directly from the CO generation) that is promoted at -0.8 V 

with copper [33]. At lower potentials (-1 V), arcs with higher diameters appear. This is linked 

to the generation of various products from bicarbonate reduction and H2 evolution with the 

copper sheet used as the electrode. 

Figures 7a and b show the EIS spectra of Ag2O/CNT (70/30%)-coated copper sheet in a 0.5 

M NaHCO3 solution (-1.2 to 1 V). All the EIS curves comprise a half-circle in the high-

frequency region and a linear segment in the low frequency area (Figure 7). The half-circle is 

explained via the charge transfer resistance throughout the bicarbonate ion reaction at the 

interface of the electrolyte and the composite electrode. The linear section represents the 

retardance characteristic of the composite electrode and can be linked to the ion-diffusion 

processes in the electrode. The diffusion/transport of ions within the pores or surface 

roughness of the composite electrode during the reduction reaction affects the shape of the 
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line. Figure 7a demonstrates the EIS spectra for the oxidation of the Ag2O/CNT electrode 

(0.1 to 1 V). The EIS studies show that the diameters of the arcs on the Nyquist plots slightly 

decrease with an increase in the potential (0.1 to 1 V). A Randles circuit was used in order to 

model the EIS data. The circuit parameters were estimated using the Z-Fit software. The 

randomized/simplex fitting method was used to identify the best fit for the model and the 

experimentally-measured data (Table 2).  Figure 7b shows the fitted circuit comprising 

resistance, capacitance, constant phase element and the Warburg diffusion resistance. The 

half-circle is associated with the resistance and capacitance elements in parallel. 

Figure 8a shows the reduction–based EIS measurements (-0.1 to -0.9 V) where the diameter 

of the half-circle decreases with a reduction in the potential. Changing the potential has a 

direct impact on the charge transfer resistance of the composite electrode. The reduction 

reactions in the bicarbonate solution could decrease the charge transfer resistance at the 

Ag2O/CNT interface. The reduction reaction takes place at a potential of -0.43 V. This is due 

to the catalytic reaction of HCO3- and the transfer of the proton-electron pair (H+ + e −) to the 

composite electrode. The arcs begin to bend and the negative value of the faradaic impedance 

points out to an inductive event. Inductive loops have been ascribed to electrochemical 

asymmetries, which are observed within the studied range of potentials. Some hypotheses 

have been proposed in the literature to explain this phenomenon, including the heterogeneity 

of the ions distribution inside the electrode to generate concentration cells between different 

particles of electrode or the phase change of the active material during the EIS measurement 

[34]. The charge transfer resistance is further decreased by reducing the potential to -1.4 V.  

The diameter of the half-circle for Ag2O/CNT plot at -0.9 V is much smaller than at -0.3 V or 

-0.1 V potentials (Fig.8a). The semi-circle disappears at potentials above -1 V. The change in 

the half-circle diameter is the consequence of the variation in the interfacial resistance for the 

electron transfer from the bicarbonate solution to the electrode surface. The arc gradually 
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shrinks with an increase in potential (-0.1 V to -1.2 V), indicating the completion of the 

bicarbonate reduction reactions and H2 evolution. A decrease in the charge transfer resistance 

is observed when the potential drops from -0.1 to -1.4 V. Figure 8b shows a circuit, 

comprising resistance, capacitance, constant phase element, Warburg diffusion resistance and 

inductance. The inductance has been included in the circuit due to the inductance 

phenomenon (Figure 7b). The charge transfer resistance decreases to around 1 Ω while the 

capacitance increases, owing to the reduced thickness of the interfacial layer. The cycling 

performance was investigated in order to test the stability of the electrode/electrolyte over 30 

cycles. The results confirm a good stability without any fluctuation. 

3.3 Bicarbonate Conversion Studies 

Bicarbonate (HCO3-) and carbonate (CO32-) are defined as the mono and dibasic forms of 

carbonic acid (H2CO3) with Pk1 and Pk2 values of 6.35 and 10.33 in water, respectively. Both 

compounds can be used in pH-jump experiments; from an alkaline pH to a physiological pH. 

The result of the CV studies show that a cathodic reduction peak appears in bicarbonate 

solution (-0.43 V) for a pH of around 7.3. The reduction peak is attributed to the aqueous 

bicarbonate ions which could be reduced on the surface of the electrode. Different kinds of 

species are typically formed in bicarbonate solutions (Fig. 9) [35].  

In water and depending on the pH, NaHCO3 is ionised to hydroxide (OH-), bicarbonate 

(HCO3-) and carbonate (CO32-) ions. The amphiprotic bicarbonate ion (HCO3-) can both 

produce a proton and also consume a proton as in the following reactions: 

𝐻𝐻𝐶𝐶𝑂𝑂3− + 𝐻𝐻+  → 𝐻𝐻2𝐶𝐶𝑂𝑂3          

𝐻𝐻𝐶𝐶𝑂𝑂3− → 𝐻𝐻+ + 𝐶𝐶𝑂𝑂32−          

In our experiments, no significant alkalinity is observed in pH < 4.5. With an increase in the 

pH (4.5 to 8.3), the concentration of bicarbonate ion increases and reaches a maximum value 

at a pH of about 8.3. At this point, only the bicarbonate ions are present in the solution. With 



16 
 

a further increase in pH, the bicarbonate ions are converted to the carbonate ions. This 

conversion is nearly complete at a pH of around 10.2 with almost all of the bicarbonate ions 

now converted to the carbonate ions. At higher pH values, hydroxide ions - along with the 

carbonate ions – form [36]. Therefore, the inhibitive effect of the bicarbonate and carbonate 

ions cannot be separated from each other (unless the pH is different), which would then bring 

the effect of hydroxide ions into the picture. Several methods have been developed to 

determine the effect of the ionic concentrations on bicarbonate conversion. In our study, the 

estimation of the concentrations of the carbonate and bicarbonate ions was done via the 

titration method (end point) in order to determine the concentration of these species before 

and after the reduction process, according to the equations below [37]: 

[𝐻𝐻𝐶𝐶𝑂𝑂3−] �𝑚𝑚𝑚𝑚𝑚𝑚
𝐿𝐿
� = (

𝑛𝑛𝐴𝐴𝐾𝐾−𝐾𝐾1×10𝑝𝑝𝑝𝑝+10
−𝑝𝑝𝑝𝑝

𝛾𝛾  

1+2𝐾𝐾2×10𝑝𝑝𝑝𝑝
)                                                                          (8) 

[𝐶𝐶𝑂𝑂32−] �𝑚𝑚𝑚𝑚𝑚𝑚
𝐿𝐿
� = (

𝑛𝑛𝐴𝐴𝐾𝐾−𝐾𝐾1×10𝑝𝑝𝑝𝑝+10
−𝑝𝑝𝑝𝑝

𝛾𝛾  

2+10
−𝑝𝑝𝑝𝑝
𝐾𝐾2

)                                                                            (9)                   

[𝑂𝑂𝐻𝐻−] �𝑚𝑚𝑚𝑚𝑚𝑚
𝐿𝐿
� = (𝐾𝐾1 × 10𝑝𝑝𝑝𝑝)                                                                                         (10) 

Where Alk is the computed sample alkalinity, pH is the initial sample pH, K1 is the acid 

dissociation constant of water, K2 is the second acid dissociation constant of H2CO3 and γ is 

the activity coefficient of H+ (0.914). The titration was carried out for the bicarbonate solution 

before and after the reduction reactions via the end point method. The reduction reaction was 

run for 3 hours by using a stainless steel electrode as the anode and the Ag2O/CNT (70/30 

mass) electrode as the cathode (working electrode) in a 0.5 M NaHCO3 solution. The initial 

pH is found to be 7.3 (prevalence of HCO3- ions) with two end points at pH values of 6.81 

and 3.97 – indicating the generation of H2CO3 and the disappearance of HCO3-. The solution 

pH increases to 10.32 upon the completion of the reduction reaction. Also, five end points at 

pH values of 6.28, 3.95, 2.54, 2.1 and 1.82 are observed in the titration. There are five 
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different regions on the curve for which distinctly-different calculations were done for 

different ions. 

An increase in the solution pH indicates that the bicarbonate ions have been converted to the 

carbonate ions. Two points (i.e. 6.28 and 3.95), have been selected to generate H2CO3 and to 

eliminate the bicarbonate ions. Alk is the alkalinity of the samples and is determined as: 

𝐴𝐴𝑙𝑙𝐴𝐴 = 1000 ∗ 𝑉𝑉𝜋𝜋 ∗ 𝑁𝑁𝑎𝑎 ∗ 𝐶𝐶𝛼𝛼/𝑉𝑉𝑜𝑜                                                                                            (11) 

Where Alk is the alkalinity of the sample (meq/L), Vt is the volume of titrant needed to reach 

the equivalence point (ml), Na is the normality of the acid titrant, CF is the acid correction 

factor and Vo is the initial volume of the sample (ml).  

The concentrations of the three constituents have been measured before and after reduction. 

The result of titration analysis shows that the 0.5 MNaHCO3 solution contains the three ions: 

OH- (1.9×10-4 meq/L), HCO3- (370014 meq/L) and CO32- (692 meq/L). After the completion 

of the reduction reactions, the solution contains: OH- (0.2089 meq/L), HCO3- (212895 meq/L) 

and CO32- (279640 meq/L). The calculated values confirm that the concentration of the 

carbonate ion has increased significantly while the concentration of the bicarbonate ion has 

dropped. The pKa value is calculated from the Henderson-Hasselbalch equation[38]: 

𝑝𝑝𝐾𝐾𝑎𝑎 = 𝑝𝑝𝐻𝐻 + 𝐿𝐿𝑙𝑙𝑙𝑙 �𝑝𝑝𝑛𝑛
𝑛𝑛−
�                                                                                                          (12) 

A pKa value of 10.2 is calculated for the reduction product based on the above equation. This 

suggests that the bicarbonate ions are converted to the carbonate and hydroxide ions. The 

reduction product was added to 0.5 M CaCl2 solution where a white precipitate was 

immediately formed due to the presence of calcium ions. This means that the CO3-2 ions have 

been generated in the solution after the reduction reactions. The functional groups in the 

liquid solutions before and after the reduction reactions as well as on the precipitated solid 

were determined using FTIR spectroscopy (Fig. 10). The protonated/deprotonated state 

shows a distinct absorption band which depends on the solution pH. For the 
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bicarbonate/carbonate solution, at pH values higher than 11 and less than 8, the relative 

abundance of all the species did not change significantly with pH[39]. The spectrum confirms 

that the samples have distinct surface functional groups. The peak at 3310 cm-1 is assigned to 

the stretching of the OH group. The FTIR studies have been done both before and after the 

reduction reactions. The bicarbonate ions show two distinct bands at 1635 cm-1 and 1340 cm-

1 which are assigned to the asymmetric and symmetric stretching vibrations of CO before the 

reduction reaction, respectively. The carbonate group also shows a broad and intense 

absorption band in the spectral range of 1630 cm−1 and a weak absorption band at 1390 cm−1 

[40,41]. A small shift is seen in both cases between 1340 and 1390 cm−1. Shifting a band to 

higher or lower values depends on the bond length. If the bond length decreases the peak 

wave number shift to the larger values and vice versa. Changes in the bond length may occur 

due to a change in the electronegativity of the neighbouring atom e.g. hydrogen bonding.  

Two bands (871 and 1442 cm−1) are assigned to carbonate (out-of-plane bending) and 

(asymmetric stretching), which are common for both types of carbonate calcium e.g. calcite 

and vaterite. However, based on our FTIR spectra, the presence of vaterite is more probable 

[42]. Dunwell et al.(2017) studied the role of bicarbonate in the reduction reaction of CO2 on 

gold. They concluded that bicarbonate enhances the rate of CO production on the gold 

surface through rapid equilibrium between bicarbonate and the dissolved CO2 [43]. Kortlever 

et al. (2013) investigated electrochemical reduction of CO2 and bicarbonate on copper with a 

reduction peak at −0.6 V (vs. RHE) - assigned to the formation of a CO on the copper surface 

[44]. Reduction of bicarbonate to formate via photocatalyst ZnS crystal structure was studied 

by Leonard et al. (2015) [45]. In addition, the teduction of bicarbonate via AgNP and 

Ag/MCN was studied by Arrocha-Arcos (2017) where the formation of formate was 

confirmed [46].   
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Conclusion 

The voltammetric behaviour of an Ag2O/CNT composite electrode was studied at different 

scan rates and electrolyte concentrations. The prepared electrodes were studied in order to 

identify the reactions associated with the oxidation and reduction peaks corresponding to 

Ag2O. The reduction peak was observed at -0.43 V without the presence of any 

oxidation peak (anodic), indicating that an irreversible reaction has taken place on the 

electrode surface. With an increase in the scan rate, the reduction peak density increased and 

shifted to negative potentials. At higher scan rates, the two peaks coalesced and only one 

peak appeared.  

The experimental results suggest that the processes are diffusion- and adsorption-controlled. 

The FTIR analyses revealed an increase in the concentration of the carbonate ion, resulted 

from the interaction of Ag2O/CNT electrode with the bicarbonate solution. The FTIR results 

were also successfully used in the analysis of calcium carbonate.  

It is worth noting that the production of silver (as in other metal production processes) is 

associated with the co-generation of a substantial amount of CO2 and its subsequent release 

into the environment. Capturing this CO2 using the prepared electrode in this study could 

therefore, theoretically, mitigate part of the baseline CO2 emissions during the production of 

silver. However, there are specific considerations, including transportation-related emissions, 

which must be equally taken into account in order to fully understand the techno-economic 

aspects of the proposed process in this study. In addition to this, the CAPEX and OPEX of a 

commercial-scale process using the prepared electrode must be fully learnt in order to be able 

to draw a fair conclusion on not only the process efficiency, but also on the process 

sustainability and large-scale feasibility.    
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