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Abstract: 

In this study, the reduction of bicarbonate in the presence four amines on a silver oxide/ 

carbon nanotube (Ag2O/CNT) composite electrode has been investigated. The studied amines 

include ethanolamine (MEA), diethylenetriamine (DETA), diisopropylamine (DIPA) and 

aminoethylpiperazine (AEP). Regardless of amine type, in the absence of a bicarbonate 

solution, no reduction/oxidation peaks were observed. However, in the presence of 

bicarbonate, a single reduction peak along with simultaneous H2 evolution was clearly 

observed. The cyclic voltammetry measurements showed that only diisopropylamine (DIPA) 

had a significant catalytic effect toward bicarbonate reduction on the composite electrode. No 

peak was observed in the anodic direction of the reverse scans, suggesting the irreversible 

nature of the electrochemical process. The effect of scan rate revealed that the irreversible 

reduction mechanism is governed by both diffusion and adsorption pathways. In addition of 

carbonate ions, format ions also have been detected in liquid phase.  In order to study the 

mechanism of bicarbonate reduction in the DIPA solution on Ag2O/CNT electrode, 
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electrochemical impedance spectroscopy (EIS) was employed. The EIS results showed that 

the charge transfer resistance decreased when the potential decreased from -0.1 to -0.9 V then 

faded with a further rise in potential to up to -1.9 V. In addition, an inductive loop under 

certain conditions was observed in the complex plane due to the formation of adsorbed 

intermediates onto the electrode surface. 

 

Keywords: Amines; Diisopropylamine; Silver oxide; Bicarbonate; Electrochemical 

Reduction; 

 

Introduction: 

 

Fossil fuel-fired power plants together with the incineration of waste materials are key 

contributors to carbon dioxide (CO2) emissions. They make up of approximately 30% of total 

global CO2 release into the atmosphere [1, 2]. The rapid rise in the atmospheric CO2 

concentration has led to devastating climate change and therefore, is a key environmental 

concern. The adverse effects of climate change such as ocean acidification, melting glaciers, 

rising sea levels (coastal erosion and flooding of low-lying land and cities), increasing 

severity of tropical storms and human health have been already felt worldwide [3-5]. Three 

strategies have been mainly explored: renewable energy sources and fuels that are less 

carbon-rich than the currently-favoured fossil fuels, limited but continued use of fossil fuels 

with the capture and storage of the associated CO2 (CCS) and finally, conversion of CO2 to 

other useful commodities such as cyclic-carbonates, methanol, ethanol and formic acid [6-8]. 

Aqueous solutions of amines interact with CO2 and have been used for many years in the 

removal of CO2 from gaseous streams. Amines are able to react with CO2 molecules leading 

to reversible formation of carbamate, carbonate and bicarbonate species depending on the 

amine used. However, amine-based carbon capture processes demand high energy due to the 

amine regeneration and also inherits high capital and operating costs [9]. 
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Among available carbon capture technologies, electrochemical reduction is a promising but 

less-studied method. This is mainly due to its benign operability under ambient reaction 

condition and easy controllability of the process via changing potential in order to produce 

different types of useful hydrocarbons [10, 11]. Recent studies on electrochemical 

transformation of CO2 to other chemicals and renewable fuels have mostly employed 

electrolytes as the reaction media[12]. Several research works have been conducted to 

capture CO2 in the presence of ionic liquids via electrochemical reduction[13,14]. Ionic 

liquids are shown to be appropriate electrolytes in various electrochemical devices. They 

exhibit negligible volatility, strong electrochemical stability and non-flammability [15,16]. 

Amine-impregnated adsorbents have been reported to enhance CO2 capture alike.  The 

amine-impregnated adsorbents exhibit improved photocatalytic performance in CO2 photo-

reduction which can be attributed to the enhanced CO2 adsorption capacity. However, CO2 

and bicarbonate reduction have been rarely researched in the presence of amines and more 

specifically, through electrochemical reduction.  

We have investigated the efficiency of four primary, secondary and tertiary amines in CO2 

(bicarbonate) capture through electrochemical reduction using an Ag2O/CNT-coated nickel 

sheet composite electrode. Each amine demonstrated a distinct capability for bicarbonate 

reduction, owing to the variation in the number of amine groups and the asymmetric 

molecular structures of the studied amines. The effect of amine loading, scan rate, 

bicarbonate concentration and solution pH were all studied via cyclic voltammetry under 

ambient conditions. Electrochemical impedance spectroscopy (EIS) was used to study the 

interfacial processes on the surface of the composite electrode.   

 

2. Experimental Procedures 

2.1. Chemicals and Materials  
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Ethanolamine, diethylenetriamine, diisopropylamine and aminoethylpiperazine were 

purchased from Merck ltd. Sodium hydrogen carbonate (≥99.9999%), sulphuric acid and 

isopropanol (absolute ≥99.5%) were supplied by Everegreen Sdn Bhd. Ag2O (99.99%), 

formic acid (98 wt%), KH2PO4 , K4Fe(CN)6 and Nafion solution (5 wt% dispersion in water) 

were bought from Sigma-Aldrich. Multi-walled carbon nanotubes (20−30 nm diameter, 0.5−2 

μm length, >95% purity) were sourced from Nanostructured & Amorphous Materials ltd. 

Nickel sheet was purchased from a local supplier. All chemicals were used as received and 

without any further purification. Electrolyte solutions were prepared using ultrapure 

deionized water. 

 

2.2. Electrochemical Reduction Process 

Prior to the electrochemical reduction experiments, a composite electrode based on Ag2O and 

carbon nanotube (CNT) was prepared by mixing Ag2O (70 mg), CNT (30 mg), Nafion binder 

(5 μL) and isopropanol (5 ml). The mixture was then ultrasonically agitated for 30 minutes. A 

rectangular nickel sheet (1cm× 0.8cm) was used as the current collector. The Ni sheet was 

soaked in the ink solution. The composite electrode was then dried under ambient conditions 

(25 oC, 1atm). The entire surface of the nickel sheet was coated three times using the already-

prepared Ag2O/CNT (70/30 wt%) ink. A full coated electrode was employed in the 

subsequent experiments. All experiments (cyclic voltammetry) were carried out in an 

electrochemical cell using three electrodes at room temperature and ambient pressure. An 

Autolab Metrohm Potentiostat electrochemical workstation, a Pt wire as the counter electrode 

and an Ag/AgCl (sat. KCl) as the reference electrode were used in the cyclic voltammetry 

(CV) experiments. A bicarbonate solution (NaHCO3) represented the dissolved CO2 due to 

the production of HCO3
- ions upon dissolution in water (pH=7.3). In the next step, amine(10 
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%v/v amine/0.5MNaHCO3) was introduced into the bicarbonate solution (pH=9.5). Cyclic 

voltammograms were measured at a scan rate of 0.05 V/s for a 0.5 M NaHCO3 solution. 

Electrochemically-active surface area of the composite electrode Ag2O/CNT (70/30 wt%) 

was estimated using chronoamperometry technique at the potential 0.3V. In order to measure 

the electrochemically-active surface area of the electrode, the chronoamprogram of a KH2PO4 

solution (0.1 M) containing 5 mM K4Fe(CN)6 as the redox probe was recorded. The 

electrochemical experiment on the composite electrode was performed using Autolab 

Metrohm potentiostat and NOVA 1.10 software. The electrochemical impedance 

spectroscopy (EIS) measurements were conducted using the frequency response module of 

the potentiostat (Alpha Analytical SP-300 with EC-Lab V10.12 software) under ambient 

pressure and temperature. The spectra were recorded at a cell potential of -2 to 1 V with an 

AC amplitude of 10 mV over a frequency range of 1 Hz to 200 kHz. The electrochemical 

reaction was carried out in the two compartments that the first one (working compartment 

with Ag2O/CNT as working electrode and reference electrode), another compartment is with 

counter electrode. The concentration of the products were analysed via liquid 

chromatography using an HPLC (Shimadzu) at 25 °C fitted with a C18 column (4.6 mm 150 

mm 5 μm) and coupled with a UV detector working at 210 nm. A mobile phase was prepared 

containing 8 mmol/L sodium sulphate and 1 mmol/L sulphuric acid. Prior to any sample 

injection (10 μL) into the HPLC, samples were filtered through a 0.25 mm membrane filter.  

 

3. Results & Discussion  

3.1 Cyclic Voltammetric Analysis 

Carbon capture processes typically involve solvent-based (often amines) absorption of CO2 

followed by a solvent regeneration step in order to strip off the CO2 and regenerate the 

solvent. Solvent regeneration process is costly and imposes significant energy penalties [9, 
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17]. Carbamate, carbonate, and bicarbonate species are produced during the absorption of 

CO2 with amines. The ratios of these species depend on the type of amines (primary, 

secondary or tertiary) used. This study is to successfully integrate reduction reactions in order 

to convert these species into useful compounds such as hydrocarbons, green fuels and 

gaseous feeds for Fischer–Tropsch process. Four different types of amines i.e. 

ethanolamine(99%), diethylenetriamine(99%), diisopropylamine(99%) and 

aminoethylpiperazine(99%) were experimented in the presence of bicarbonate solution 

(NaHCO3) as the CO2 source. This simplifies the operation and allows for an accurate 

quantification of CO2. The selected amines with their corresponding molecular structures are 

tabulated in Table 1; Aliphatic and heterocyclic amines with different structures were used in 

the present study. Ethanolamin is a primary while diethylenetriamine and diisopropylamine 

are secondary amines. On the other hand, aminoethylpiperazine comprise elements of 

primary, secondary and tertiary nitrogen atom.  

Electrochemical reduction of bicarbonate solution was carried out using the composite 

Ag2O/CNT (70/30 wt%) electrode. The cathodic reduction of the aliphatic and heterocyclic 

amines was studied under different conditions. Firstly, the chemical reductions of all the four 

amine solutions (CO2-free) were separately examined which showed a very poor 

voltammetric response (Fig.1). No reduction or oxidation peaks were observed in the CV 

curves. Indeed, the amine molecules were not reduced at the cathode. Therefore, CO2 (aq)  (or 

a bicarbonate solution) is required to bind amines with CO2. Several schemes have been 

proposed in the literature [18]:  
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 Primary 

 

 

                                                           Secondary 

 

                                                                             Tertiary 

Scheme 1: The proposed suggestion for various amines with CO2 

 

In the presence of the bicarbonate solution (0.5 M NaHCO3), a wide reduction peak was 

observed in the solution containing 10% v/v DIPA/0.5M NaHCO3 while no considerable 

reduction was recorded for the bicarbonate solution mixed with the other amines (Fig.2)and  

(supplementary data Table S1). During the electrochemical reduction of NaHCO3, the initial 

colourless solution was transformed into a coloured mixture. This was due to the formation of 

compounds when the three amines ethanolamine, diethylenetriamine and 

aminoethylpiperazine were employed in the electrochemical reduction by using the 

composite Ag2O/CNT-coated Ni sheet electrode. A solution containing 10%v/v 

DIPA/NaHCO3 was selected for further study.  
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 The effects of amine loading (DIPA), bicarbonate concentration, solution pH and scan rate 

were investigated by using the composite electrode under ambient conditions. For these 

experiments, a known volume of amine solution (10 to 60 %v/v) was added to 0.5M 

NaHCO3. It is seen (Fig 3) that the broad peak associated with the highest current density is 

generated when the amine loading sits at the minimum (10%v/v). A comparison of the onset 

potentials as a function of amine loading (using a composite electrode in 0.5M NaHCO3) 

shows that the initial hydrogen evolution changes slightly with amine loading. In fact, an 

increase in amine volume leads to a decrease in the current density. This can be due to the 

diffusion-related limitation as the addition of more amine increases the solution viscosity, 

hindering diffusion and creating a hurdle for more bicarbonate to be reduced.  

The effect of scan rate was studied for values from 0.01 to 0.2 V/s (Figure 4). It is seen that 

the reduction peaks are shifted to larger absolute potentials (i.e. from -0.38 to -1.1 V) with an 

increase in the scan rate from 0.01 to 0.2 V/s. When the scan rate increases, the peaks shift 

towards the negative direction with irreversible electrode reactions at higher scan rates. For 

the irreversible systems, the current density peak and the position of the potential are affected 

by reaction kinetics and its mechanism. The oxidation phase is almost uniform with a slight 

increase in its current intensity in lower scan rates, indicating a good stability of the reduced 

species. The peak-peak splitting is higher than 59 mV because the charge transfer rate is 

sluggish for a redox species. Scan rate studies were also conducted to decide whether the 

reaction process on the composite electrode is diffusion- or adsorption-controlled. In order to 

investigate whether the reduction process of 10%v/v DIPA/carbonate is predominantly 

diffusion- or adsorption-controlled, the regression coefficients associated with the linear plots 

of the reduction peak current versus the scan rate and the reduction peak current versus the 

square root of the scan rate were compared (figures are shown in supplementary data FS1). 

The latter revealed a linear relationship for scan rates between 0.01 and 0.2 V/s (Fig. 4) 
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which is a typical feature of a diffusion-controlled process [19]. This equation is expressed 

as: 

𝑖𝑐 = −59.08𝑣0.5 − 29.917   (𝑟2 = 0.892)                                                                           (1) 

In addition, a logarithmic plot of the current (ic) versus the scan rate (v) was produced and 

studied to determine the mechanism of the reduction reaction. A linear relation for scan rates 

from 0.01 to 0.2 V/s was obtained (Fig. 4) and expressed by the following equation: 

log (𝑖𝑐) = 0.129 log(𝑣) + 1.8   (𝑟2 = 0.862)                                                                        (2) 

The calculated line’s slope above (i.e. 0.129) is not close to the theoretically-expected value 

of 0.5 for fully diffusion-controlled processes according to the Randles–Sevcik equation [19]. 

Therefore, it is concluded that the process is not fully diffusion-controlled at the Ag2O/CNT 

surface for the applied potentials. The reduction reaction of 10%v/v DIPA/bicarbonate 

solution may follow the adsorption-related characteristics and that of the irreversible 

electrode process. Therefore, the intensity of the cathodic peak resulting from the reduction 

of the 10%v/v DIPA/bicarbonate should be proportional to the scan rate according to the 

Laviron equation [20] based on adsorption charge transfer. This linear relationship 

between ic and v indicates that there is no diffusion limitation and that the reduction processes 

is mainly controlled by the charge transfer of the adsorbed species at the electrode surface. 

The relationship between the current and san rate gives the following linear equation:  

𝑖𝑐 = −134.5𝑣 − 35.79   (𝑟2 = 0.845)                                                                                (3) 

The comparison between both plots shows that the current data is best fitted with the square 

root of the scan rate as confirmed by a better regression coefficient. Although the process is 

not completely diffusion-based, the diffusion mechanism demonstrates superiority to charge 

transfer mechanism. Therefore, there exists a combination of rate-limiting factors throughout 

this process: diffusion mechanism coupled with the partial adsorption of redox species onto 

the electrode surface. In addition to current, the potential of the reduction peak is also well 
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dependent on the scan rate and shifts towards the larger absolute values with an increase in 

scan rate, suggesting the irreversibility of the reduction process [21]. A linear relationship 

between the peak potential and the logarithm of the scan rate (Fig. 4) is given by the 

following equation [22]: 

 

𝐸𝑝𝑐 = 𝐸𝑜 −
𝑅𝑇

𝛼𝐹
[0.78 + 2.303 log (

(𝑎𝐹 𝐷𝑜)0.5    

𝐾𝑜(𝑅𝑇)0.5 )] −
2.303 𝑅𝑇

𝛼𝐹
log 𝑣0.5                                                     (4)    

 

𝐸𝑝𝑐 = −2.9207log 𝑣0.5 − 0.0659   (𝑟2 = 0.9831)                                                                 (5) 

 

where Eo (V) is the formal potential of the reaction, α is the electron transfer coefficient, Do is 

the diffusion coefficient (cm2/s) and ko is the standard heterogeneous rate constant (cm/s). By 

plotting Epc versus log v0.5 and calculating the slope of the line, a value of 0.22 was found for 

α. The two parameters ko and Eo can be calculated from the intercept of equation (4) using a 

nonlinear regression. The values of ko and Eo were found to be 6.04×10 -4 cm/s and 0.123 V, 

respectively. The  ko value is resulted from concentration of redox active species and electron 

transfer to an electrode. The lager values of ko indicate that the equilibrium between oxidation 

and reduction will be re-established quickly via an applied potential. The magnitude of 

standard heterogeneous rate constant depends on type and complexity of the molecules 

undergoing electron transfer, and also the molecular rearrangements due to electron transfer. 

The  ko values  in accordance to reactions states are given as following[23 ]:   

 ko 0.020 > k > 0.020 cm/s                     Reversible     (6) 

ko > 5.0 x 10-5 k cm/s                      Quasi-reversible 

ko < 5.0 x 10-5 cm/s                              Irreversible 
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Formal potentials Eo is called conditional potentials to denote the reaction occurred under 

specified conditions rather than under standard conditions [24]. The obtained ko value shows 

a quasi-reversible reaction for bicarbonate reduction in the presence DIPA.   

The effect of bicarbonate concentration (0.1 to 1 M) is shown in Fig. 5. It can be seen that no 

reduction peak is measured with a bicarbonate concentration of 0.1 M. However, broad and 

sharp peaks were observed at concentrations of up to 1 M. Wide peaks are observed at 

concentrations from 0.3 to 0.5 M while sharp peaks are seen at concentrations from 0.7 to 1 

M. With an increase in bicarbonate concentration, the peak potential shifts to the right and the 

baseline of the cathodic peak is well distorted. The peak current dependence on concentration 

indicates that the two peaks associated with the 0.3 M NaHCO3 gradually merge into one 

single peak as the concentration increases. Such behaviour is a typical feature of the 

adsorption of the reactants. According to Randles–Sevcik equation, the current density is 

proportional to the surface concentration with an intercept of zero. However, the 

corresponding relationship between current density peak and surface concentration reveals a 

linear segment without crossing the origin as described with the following equation: 

𝑖𝑐 = −22.3𝐶 − 18.01   (𝑟2 = 0.917)                                                                                  (7) 

This behaviour demonstrates a large deviation (i.e. the non-zero intercept), indicating the fact 

that in this process, the adsorption of species takes place on the surface of the electrode. 

Increasing the concentration of bicarbonate results in the saturation of electrode surface and 

the total charge flow during reduction reactions becomes constant. This is seen for 

bicarbonate concentrations from 0.7 to 1 M. Here, adsorption results in no noticeable change 

in the peak currents with an increase in concentration from 0.7 to 1 M which may be 

attributed to the complete coverage of the surface by the generated complex amine-

bicarbonate that are absorbed on the catalyst surface. Amines with nitrogen atoms bound to 

either hydrogen or alkyl groups demonstrate significant basic properties due to the presence 
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of the electron pair. By increasing NaHCO3 concentration from 0.1 to 1 M, the initial pH of 

the 10%v/v DIPA/NaHCO3 solution was decreased from 11.07 to 9.96, respectively. A slight 

drop in the pH value was observed after the reduction reaction and a decrease in basicity. 

This suggests the formation of acidic compounds in the solution. When sodium 

bicarbonate dissolved into water, the carbonic acid produced (exothermic process), however, 

carbonic acid is unstable due to release CO2 and the process is significantly observed at high 

concentration bicarbonate. For this reason, no bubbling of CO2 was observed in 0.5M 

NaHCO3 and also the effects of the CO2 bubbling caused a decrease in the pH of the 

electrolyte and affected the existence forms of the dissolved carbonaceous species. Therefor, 

0.5M NaHCO3 is considered for all experimental. 

In order to enhance the efficiency of bicarbonate reduction, the effect of initial pH was 

studied in 10%v/v DIPA/0.5Mbicarbonate at a pHi range of 8-11 and under an applied 

potential of -2 to 1 V.  Figure 6 illustrates the influence of pH on bicarbonate reduction. No 

significant difference is seen among the measured reduction peaks. The influence of the pH 

can be expressed with respect to CO3
-2 or HCO3

- species present in the solution as shown in 

Table 2. Zeebe and Wolf-Gladrow [25] showed that depending on the solution pH, different 

species were present in the Na2CO3/NaHCO3 solutions with dissolved CO2. These ions are 

mainly CO2/CO3
2-/HCO3

- (pH=8), showing that most of the dissolved CO2 is in the form of 

HCO3
-. At pH=9, CO2 converted to both HCO3

- and CO3
2- species and between pH 7 and 

10, HCO−
3 species dominates. By increasing pH to 10, CO3

2- species dominate to HCO3
- 

species and finally, almost complete dominance of CO3
2- species at a pH of 11. Brito et al. 

investigated the effect of pH in reducing the CO2 dissolved in alkaline solution of 

Na2CO3/NaHCO3 [26]. They reported an optimum efficiency to be achieved at a pH of 8 due 

to adsorption of CO2 and/or intermediates which consequently improves the transfer of 

electrons and protonation reaction. Figure 6 shows a small difference observed between the 
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reduction peaks in pH values ranged from 8 to 11. This is an indication that the generated 

CO3
-2 species at higher pH values adversely affects the reduction process. The forward and 

reverse rate constants for the bicarbonate solution reactions are expressed as: 

𝐻𝐶𝑂3
− ⇄ 𝐻+ + 𝐶𝑂3

2−         𝑘𝑓 = 2.5
1

𝑠
 ,  𝑘𝑟 = 5 × 10−5 1

𝑀𝑠
                     (8) 

𝐻𝐶𝑂3
− + 𝑂𝐻− ⇄ 𝐻2𝑂 + 𝐶𝑂3

2−         𝑘𝑓 = 6 × 109 1

𝑀𝑠
, 𝑘𝑟 = 1.2

1

𝑠
             (9) 

It is seen that bicarbonate is dissociated into carbonate according to these two reactions.  

 

In chronoamperometric studies, the current corresponding to the electrochemical reaction of 

ferrocyanide diffusing onto an electrode (0.3V) surface is described by Cottrell equation [27]:  

𝐼= 
𝑛𝐹𝐴𝐷1/2𝐶𝑜

(𝜋𝑡)1/2                                                                                                                            (10) 

where I is current (A), n is number of electrons (1), A is the active area of the electrode (cm2), 

F is the Faraday constant (96.487 C/mol), D and Co are the diffusion coefficient (6.20 ×10-6 

cm2/s) and the bulk concentration of K4Fe(CN)6 (5 X10-6 mol/cm3), respectively[ 28 ].  Since 

the precise value of the diffusion coefficient of ferrocyanide is well known, the active surface 

area is estimated by plotting I vs t -1/2 and the slope of the linear segment is used to calculate 

the surface area. The known information meet up with the standards for calculating surface 

area of electrode. The corresponding electro-active area was calculated to be 1.9464 cm2. 

Since the geometric area is about 1.6 cm2, an increase in surface area is an indication of a 

coarse and porous surface.  

3.2 Impedance Analysis  

In order to study the mechanism of bicarbonate reduction in the presence of DIPA on the 

Ag2O/CNT electrode, electrochemical impedance spectroscopy (EIS) was employed (1 Hz – 

200 kHz) for potentials ranging from -0.1 to -1.9 V. The high frequency intercepts on the x-

axis of the Nyquist plot represent the electrolyte solution resistance. The diameter of the 
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semi-circle represents the charge transfer resistance of the electrode (Rct). The second semi-

circle represents a resistance imposed by the reaction intermediates which are 

adsorbed/desorbed at the electrode surface. The Nyquist plot demonstrates a typical feature: 

semi-circles are observed at high frequencies which correspond to the electron transfer from 

liquid to solid.  In addition, a linear section associated with the diffusion process is seen in 

the lower frequencies. Figure 7a illustrates the Nyquist plots for the 10%v/v DIPA/0.5M 

NaHCO3 solution. The diameter of the semi-circle is slightly reduced by altering the potential 

from -0.1 to -0.9 V. As the value of the applied potential becomes more negative, the charge 

transfer resistance (Rct) decreases from 2.89 to 1.85 Ω . This is evidenced by a decrease in the 

resistance value at intermediate frequencies. At low frequencies, the linear section begins to 

disappear by reducing the potential (no more diffusion reactants) and may be due to the 

accumulation of products preventing to diffuse the reactants into electrode surface. For the 

applied potentials, the Nyquist plot could be modelled by the well-known Randles electrical 

circuit [29]. The EIS data (Fig. 7a) suggests that the decreased electrical resistance (Rct) may 

be caused by an increase in charge transfer and an increase in reduction efficiency. A typical 

model of the electrode–electrolyte interface in the presence of oxidation/reduction reactions 

are consist of three sections such as response of the interface, response due to electrochemical 

reactions and the response due to the electrolyte. Different chemical species at the 

electrolyte/electrode interfaces indicate the charge transfer is reduced from 2.85 to 1.89 Ω by 

reducing the potential, suggesting bicarbonate reduction caused the faster replies of faradaic 

processes that occur at the interface and the fast ion transfer behaviour (at reduction peak). 

Resistance (R1) can be considered as a passive layer resistance attributed to accumulation of 

intermediate species. The minimum R1 value in the range -0.1 to -0.9V was observed around 

7.34 Ω at -0.4V, indicating less accumulation of species at reduction potential.  Electrolyte 

resistance is closely dependent on the number of charge carriers and their mobility within the 
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electrolyte. It is seen that the charge resistance declines as the potentials moves from -0.1 to -

0.9 V (with identical electrolyte resistance). The number of semi-circles and the presence of 

linear segments are dependent on the adsorption/absorption species, diffusion and hydrogen 

evolution. The Nyquist plot shows a small semi-circle at high-frequencies, a big semi-circle 

at middle frequencies and a linear section at low frequencies when a potential from -0.1 to -

0.3 V is applied (onest peak). Here, the redox activity is initiated according to the CV. The 

appearance of the two semi-circles can be caused by the two different time constants. The 

first depressed semi-circles points out to the microscopic roughness on the surface of the 

solid electrode causing a heterogeneous distribution in the solution resistance. The semi-

circle in the middle frequency region is related to the adsorption/absorption of reaction 

intermediate on the electrode surface together with H diffusion effects (part of a line) as seen 

in Fig. 7b. The Nyquist plot (Fig. 7c) shows the semi-circle in the middle frequency region at 

-0.4 V. Also, Warburg element has changed from semi-infinite diffusion to convective 

diffusion. When the reduction reaction is very fast, the semi-circle corresponding to 

adsorption disappears; however, the second semi-circle is observed for all other applied 

potentials. For potentials ranging from -0.5 to -0.9 V (endset peak), two semi-circles at high 

and middle frequencies, lacking a linear section, are observed. This corresponds to the 

adsorption/desorption limitations coupled with H2 evolution (Fig 7d). In the applied 

potentials, the Bode plots contain two peaks (figures are shown supplementary FS2), 

indicating a two-step reduction mechanism: charge transfer and adsorption. The previously-

mentioned effect of the scan rate also confirms this observation. The parameters were 

estimated using Z Fit software (EC lab 2) using the randomize/simplex fitting method to find 

the best fit between the model and the measured data. The most suitable set of parameter 

values is the one that yields the lowest χ2 value and gives an estimation of the difference 

between the measured data and the fitted data (Table 3).  
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The semi-circle is associated with both the resistance and the capacitance. The constant-phase 

element was introduced instead of the double layer capacitance which illustrates the non-

uniform distribution of capacitance over the electrode surface. Ions and water molecules 

adsorbed created double layer capacitance resulting from the potential difference between the 

electrodes suffering from electrolytic corrosion. Barbara et al. showed that capacitive EIS 

spectroscopy is an invaluable tool to obtain the surface coverage of species [30]. Capacitance 

plots have been used to obtain important information about electro-active thin films such as 

molecular surface coverage and electron transfer rates. The difference in capacitance 

observed for bicarbonate reduction can be used to characterize the nature of the species 

covering the surface. In the Nyquist plots, the capacitance (C) corresponds to the charge 

transfer increased when potential decreased from -0.1 to -0.8 V. The molecular coverage (Γ) 

can then be directly calculated from C by equation 11: 

𝛤 =  
4𝑅𝑇𝐶

𝐹2𝐴
                                                                                                                                                (11) 

The capacitance behaviour of the semi-circle shows that the molecular coverage has 

increased from 3.27×10-3 to 2.62×10-2 mol/cm2 for applied potentials ranging from -0.1 to -

0.4 V and then the molecular coverage drops to 2.25×10-6 mol/cm2 for a potential of -0.9 V. 

The maximum surface coverage was estimated to occur at -0.48 V due to high fraction of the 

adsorption sites occupied on the electrode at the reduction peak. The decline in capacitance 

(i.e. -0.9 V) was observed due to pore blockage, hindering access of the electrolyte to the 

active sites. The rate constant for electron transfer (ket) can be approximated from the 

frequency at the top of the semi-circle via the Cole−Cole or in the Bode capacitance plot as 

given in equation 12: 

𝑘𝑒𝑡 = 𝛱𝑓𝑜                                                                                                                                         (12)      

The rate constant for electron transfer (ket) can be determined from the frequency f0 (Hz) at 

the highest ordinate point in Bode capacitance plots (The plots were shown in 
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SupplementaryFS2).  Equation 9 gives an electron transfer rate constant of ket = 22.4 s−1 for 

the composite electrode at −0.4 V.  

Figure 8a illustrates the Nyquist plots for 10 % v/v DIPA/0.5 M NaHCO3 solution for applied 

potentials ranging from -1 to -1.9 V. It is seen that the semi-circles are not clearly observed 

and that the EIS responses at high frequencies display an inductive behaviour for the applied 

potential range (-1 to -1.9 V) with an H2 evolution. The Nyquist plots measured at the 

potentials of -1 to -1.9 V comprise a capacitive loop in the high-frequency range and an 

inductive loop in the low-frequency range at the fourth quadrant. The existence of the 

inductive loop located in the fourth quadrant is due to the formation of adsorbed 

intermediates on the electrode surface.  By decreasing the potential towards larger negative 

values, the Nyqusit plots appear to be considerably similar. Meyer et al. [31] stated that the 

inductive loops in EIS measurements carried out in an open-cathode stack are related to side 

reactions during the oxidation/reduction reaction phase. The electrical circuit was fitted to the 

EIS measurements through complex nonlinear regression methods for an applied potential of 

-1.1 V. A combination of parallel resistor, inductance and constant-phase element properly 

represents an electrode reaction process. 

Stability (structure or cycling) as one of the most important parameters of electrode is 

considered. The stability of electrode was tested by Chronoamperometry (CA) measurements 

for 1000 s. The Ag2O/CNT exhibited a decrease in the initial current in the 20s which was 

assigned to the adsorption of intermediate species that caused to block some active sites for 

bicarbonate reduction. The current decay on the electrode determines its efficacy in practical 

application. For cleaning of electrode after reduction reaction, a square wave voltammetry 

(SWV) in order to desorb poisoning species or intermediate species can be run (in 

supplementary dataFS3) and the current versus time increased significantly after SWV for 

cleaning. 
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3.3 Diisopropylamine reduction 

A cathodic reduction peak appeared in the 10%v/v DIPA/0.5M NaHCO3 solution at -0.48 V. 

The initial pH of the NaHCO3 (0.5 M) solution was measured to be 7.3. The solution pH was 

increased to 9.5 by adding DIPA to bicarbonate solution(10%v/v). This confirmed that the 

HCO3
- ions have reacted with the amine. Diisopropanolamine is a secondary amine which is 

bound to one proton and upon reaction with CO2, produces carbamate and ammonium ions. 

The major constituents formed upon the dissolution of NaHCO3 in water are OH-, HCO3
- and 

CO3
2- ions. The concentration of bicarbonate ions increased and reached a maximum value at 

a pH of about 8.3. After this, the bicarbonate ions were converted to carbonate ions, a process 

which completed at a pH value of around 10.2. A solution containing 10%v/v DIPA/NaHCO3 

with a pH value of around 9.4 demonstrated the highest concentration of HCO3
- ions in the 

solution and therefore, well reacted with the amine molecules. According to the literature 

[18], a mechanism has been proposed describing the absorption of CO2 in secondary amine 

solutions and the formation a corresponding complex. Therefore, an increase in solution pH 

from 7.3 to 9.5 was observed by adding DIPA. After the completion of the reduction reaction, 

the solution pH slightly increased from 9.5 to 9.85, indicating that a fraction of bicarbonate in 

solution is, in fact, in carbonate form - particularly in lean amine solution. Carbamate, 

ammonium and HCO3
- ions present in the solution are the constituents associated with the 

reduction reaction. In the absence of DIPA, the reduction reaction was carried out in the 

NaHCO3 (0.5 M) solution by using Ag2O/CNT. The solution pH was increased from 7.3 to 

10.3, indicating that all bicarbonates were converted to carbonate ions. This owes to the fact 

that bicarbonate ions are, to a great extent, converted to carbonate at pH values greater than 

8.3. After electrolysis at 60 mA for 3h, No significant amounts of formate products were 

detected through HPLC analysis in the liquid phase. The end point method via acid titration 

was employed for the solution of 10%v/v DIPA/0.5MNaHCO3 before and after the reduction 
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process. Three points at the pH values of 7.51, 5.11 and 3.02 were observed in 10%v/v 

DIPA/0.5MNaHCO3 solution prior to the reduction reaction. After the reduction reaction, 

five points - 7.67, 6.51, 3.81, 2.15 and 2.09 - were recorded with two more points compared 

to the original solution.      

Several methods were developed to determine the ions concentration on bicarbonate 

conversion. The estimation of the concentrations of carbonate and bicarbonate ions via the 

titration method (end point) was done before and after the reduction process according to 

equations below [32]: 

[𝐻𝐶𝑂3
−] (

𝑚𝑒𝑞

𝐿
) = (

𝐴𝑙𝐾−𝐾1×10𝑝𝐻+
10−𝑝𝐻

𝛾
 

1+2𝐾2×10𝑝𝐻 )                                                                      (13) 

[𝐶𝑂3
2−] (

𝑚𝑒𝑞

𝐿
) = (

𝐴𝑙𝐾−𝐾1×10𝑝𝐻+
10−𝑝𝐻

𝛾
 

2+
10−𝑝𝐻

𝐾2

)                                                                       (14) 

[𝑂𝐻−] (
𝑚𝑒𝑞

𝐿
) = (𝐾1 × 10𝑝𝐻)                                                                                     (15) 

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

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

is the activity coefficient for H+ (0.914). Alk is defined as the alkalinity of samples and is 

calculated by: 

𝐴𝑙𝑘 = 1000 ∗ 𝑉𝑡 ∗ 𝑁𝑎 ∗ 𝐶𝐹/𝑉𝑜                                                                                          (16) 

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 concentration of three constituents 

can be determined for the two cases; before and after the reduction reactions. The alkalinity 

values were found to be 630.11 and 770.31 meq/L for 10%v/v DIPA/0.5MNaHCO3 before 

and after reduction process, respectively. The results of the titration analysis showed that 

NaHCO3 (0.5 M) comprised OH-, HCO3
- and CO3

2- ions with the values of 2.511×10-2 , 
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509964 and 120155 meq/L, respectively. After the reduction reaction, the values of 6.30×10-

2, 483915 and 286399 meq/L were recorded for OH-, HCO3
- and CO3

2- ions, respectively. The 

pKa value was calculated from the Henderson-Hasselbalch equation as: 

𝑝𝐾𝑎 = 𝑝𝐻 + 𝐿𝑜𝑔 (
𝐻𝐴

𝐴−)                                                                                                    (17) 

For converting bicarbonate to carbonate ions, a pKa value of 10.35 was reported and 

according to equation14, a pKa value of 10.02 was found for the reduction products. The pH 

value 9.85 is smaller than the pKa (i.e. 10.02), indicating that it is mainly a protonated acid. 

The reduction efficiency (RE%) is a measurement on how much of the bicarbonate have been 

reduced to carbonate. At optimum condition, a reduction efficiency around 56% was resulted, 

suggesting inactivity catalyst due to adsorption of intermediate species may be considered as 

an important factor.   

 

 

Conclusion 

A composite Ag2O/CNT-based electrode was employed to reduce carbonate to useful end 

products in the presence of four different classes of aqueous amines. The reduction process 

was seen to be irreversible since no oxidation peak was observed. The peaks shifted toward 

larger absolute values with increasing the scan rate re-confirming the irreversible nature of 

the reduction process. Among the studied amines, only diisopropylamine (DIPA) has showed 

a good reduction capability in the presence of bicarbonate solution with a peak centered at 

potential -0.5V. The effect of the scan rate suggests that both the diffusion and adsorption 

mechanisms are playing important roles in the reduction of carbonate ions in the presence of 

diisopropylamine (DIPA). In addition to carbonate formation, no significant amount of 

format was detected in the liquid phase. The EIS results were analysed using Nyquist and 

Bode plots and were used to determine both the molecular coverage (𝛤) and the 
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heterogeneous electron transfer rate constant (ket) with the values of 2.62×10-2 mol/cm2 and 

22.4 s−1 for the composite electrode at reduction potential, respectively. 
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Figure 1 Cyclic voltammograms for various pure amines(99%) without carbonate solution in 

the range 1 to -2 V vs. Ag/AgCl  
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Figure 2  Cyclic voltammograms for various amines in the presence bicarbonate solution 

NaHCO3 (10% v/v amine/NaHCO3) in the range 1 to -2 V vs. Ag/AgCl  
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Figure 3 The effect of amine loading (DIPA) in the presence 0.5NaHCO3 in the range 1 to -2 

V vs. Ag/AgCl  
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Figure 4 The effect of scan rate in 10%v/v DIPA/0.5NaHCO3 in the range 0.01 to 0.2 V/s   
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Figure 5  The effect of carbonate concentration  in DIPA/NaHCO3 in the range 0.1 to 1M 
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Figure 6   The effect of pH solution in DIPA/0.5 MNaHCO3 in the range 8 to 11. 
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Figure 7  (a) Nyquist plot in the potential range -0.1 to -0.9 V, (b,c,d)  Complex plane plot for 

the impedance corresponding to the simplified Randle’s circuit    
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Figure 8 (a) Nyquist plot with inductive behaviour in the potential range -1 to -1.9V, 

(b)  Complex plane plot for the impedance corresponding to the simplified Randle’s circuit  
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Table 1: Chemical structure and properties four types of amines 

Amine Structure  Proton affinity  

kJ/mol 

Pka 

(ammonium ion) 

Ethanolamine (C2H7NO) 
 

930 9.5±0.15 

Diethylenetriamine(C4H13N3) 

 

964 10.4±0.05 

Diisopropylamine (C6H15N) 

 

971 11.1±0.01 

Aminoethylpiperazine(C6H15N3) 

 

905 8.4±0.012 

 

 

Table 2. The initial and final pH of DIPA/bicarbonate  

concentrationNaHCO3(M) pHi pHf 

0.1 11.73±0.02 11.69±0.01 

0.3 11.16±0.02 11.1±0.02 

0.5 10.56±0.01 10.46±0.01 

0.7 10.32±0.01 10.2±0.01 

1 9.96±0.01 9.78±0.01 

   

0.1 8.0±0.01 8.27±0.01 

0.1 9.0±0.02 9.33±0.02 

0.1 10.0±0.01 10.47±0.01 

0.1 11.0±0.01 11.52±0.01 
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Table 3 Parameter values of elements in the equivalent circuit model in various potentials 

 
Potential RS 

Ω 

RCT 

Ω 

R1 

Ω 

C1 

F 

C2 

F 

W1 

Ω. S
-0.5 

Wd0/τd 

Ω 

Q1 

F.s 
n Q2 

F.s 

 

n χ2 

-0.1V 3.42

±0.0

1 

2.890

±0.0

1 

9.46

±0.1 

3.78E-6 

±2e-4 

3.26E-3 

±1e-3 

38.04 

±0.2 

 13E-3 

±3e-3 

 

0.73   0.017

±1e-3 

-0.4V 3.32 

±0.0

2 

2.21 

±0.0

1 

7.34

±0.1

5 

2.25E-6 

±3e-4 

2.61E-2 

±1e-3 

 17.22 / 

-7.5E-3 

71E-2 

±1e-3 

 

0.25   0.023

±2e-3 

-0.8 V 3.40 

±0.0

3 

2.11 

±0.0

1 

10.04

±0.1

3 

2.13E-6 

±2e-4 

2.25E-2 

±3e-3 

  66E-2 

±1e-3 

0.38   0.014

±1e-3 

-1.1 V 4.22 

±0.0

2 

1.85 

±0.0

1 

1.75

±0.1 

  0.206 

±0.01 

 28E-2 

±2e-3 

0.65 99E-6 

±1e-4 

 

0.73 0.031

±3e-3 
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