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ABSTRACT: Two underlying electron transfer processes that directly underpin the catalytic reduction of 

carbon dioxide (CO2) to HCOO- and CO at Sn electrodes have been detected using the higher order 

harmonic components available in Fourier-transformed large amplitude ac voltammetry. Both closely 

spaced electron transfer processes are undetectable by dc voltammetry and associated with the direct 

reduction of CO2 species and have reversible potentials of approximately -1.27 and -1.40 V vs. Ag/AgCl. 

A mechanism involving a reversible inner-sphere one-electron reduction of CO2 followed by a rate 
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determining CO2.- protonation step is proposed. Molecular CO2 has been identified as the dominant 

electro-active species that undergoes a series of coupling electron transfer and chemical reactions to form 

the final products. The substantial difference in the catalytic responses of Sn(SnOx) modified glassy 

carbon and Sn foil electrodes are attributed to their strongly preferred Sn (200) orientation and 

polycrystalline states, respectively. The Fourier transformed ac technique should be generally applicable 

for predicting the performance of Sn catalysts.  
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1. INTRODUCTION 

For some time, the concentration of atmospheric carbon dioxide (CO2) has been increasing and 

contributing to the greenhouse effect.1-2 Solving the environmental issues resulting from the build-up of 

the CO2 concentration is now urgent. Addressing related issues such as developing methods to capture 

and utilize CO2 is also a challenge but provide an opportunity to build an anthropogenic carbon cycle.3 

 

Chemical, thermochemical, photochemical, electrochemical and biochemical methods have been 

explored in the context of using readily available CO2 as a chemical feedstock for synthesis of high value 

industrially important chemicals.4-7 Of all these techniques, electrochemical reduction using electricity 

generated from renewable sources is highly attractive due to the eco-friendly features. However, recycling 

CO2 into value-added chemicals by electrochemical or other means is not straightforward because of the 

difficulty of cleaving C-O bonds to form C-H and C-C bonds.8 This implies that catalysts will be needed 

to achieve cost effective reduction of CO2. Nevertheless, even though significant difficulties have been 

recognized in designing commercially viable processes based on electrochemical reduction, numerous 

reports describing the use of a wide range of electrode materials, electrolytes, solvents, catalysts, pH 

conditions and other experimental factors have been published.9-16 These studies often provide guidelines 
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of the relationship between material optimization and product distribution. However, a lack of detailed 

mechanistic insights into electrocatalytic multi-electron reduction of CO2 is still limiting the development 

of high performance CO2 electrocatalysts needed in this field.17  

 

CO2 can be electrochemically reduced to oxalate, carbon monoxide, formic acid/formate, hydrocarbons 

(methane, ethylene etc.) and alcohols (methanol, ethanol etc.).18 Although all of these products are useful 

chemical feedstocks, formic acid (formate) is highly attractive as s product obtained from use of a catalyst 

because it (a) is a potential storage medium for hydrogen that could be used in fuel cells or used directly 

in chemical synthesis; (b) can be synthesized with high energy efficiency;15 (c) provides prospects for 

large-scale production being easy to store and transport.18 Reaction mechanisms have been proposed to 

explain the formation of formic acid/formate from electrochemical reduction of CO2 at metal surfaces 

since early work with a dropping mercury electrode (technique of polarography) where ·HCO2 was an 

intermediate identified by Smith et al.19 Hori et al. extended our understanding of the mechanism by 

demonstrating the key role of absorption of the initially formed one-electron reduced CO2·– anion radical 

species on the metal electrode surface.11  

 

Sn, Pb, Hg, Tl, In, Cd and Bi are considered to be promising electrocatalysts for the formation of formic 

acid (formate).13 In the case of Sn based electrode materials that are of interest in this study, it has been 

generally assumed that metallic Sn rather than an oxide is the active form of the catalyst since it is 

thermodynamically the most stable form20 under electrocatalytic CO2 reduction conditions.10 However, 

by comparing the results obtained from a Sn electrode with a native SnOx layer (> 5 nm thick) and a pure 

metallic Sn electrode, Chen and Kanan recently revealed the importance of SnOx in stabilizing CO2·– and 

suppressing the hydrogen evolution reaction (HER).9 They also postulated that the reduction of CO2 to 

formate involves a reversible one-electron transfer step to form CO2·– followed by a chemical rate 

determining step (RDS) even though the measured Tafel slope of 74 mV dec-1 is significantly different 
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from the theoretical value of 59 mV dec-1. These authors were also aware of the thermodynamic instability 

of SnOx under the catalytic turnover conditions. Ex situ x-ray photoelectron spectroscopy (XPS) was 

therefore undertaken to prove that the native SnOx layer is indeed kinetically stable under CO2 reduction 

conditions. The presence of this metastable SnOx was also confirmed recently by in situ spectroscopic 

studies.21-22 Borcarsly and co-workers employed attenuated total reflectance infrared (ATR-IR) for in situ 

probing of the mechanism. They reported that surface-bound a tin (II) complex containing monodentate  

carbonate is formed from reaction with SnII oxyhydroxide or a related species and CO2, generates the 

intermediate, which then directly undergoes a rate determining proton coupled two-electron reduction to 

form formate.21 Clearly, their mechanism differs from that proposed by Chen and Kanan.9 Broekmann 

and co-workers applied Raman spectroscopy to the in situ investigation of the change of oxidation state 

of Sn and its impact on CO2 reduction in alkaline media. The highest faradaic efficiency (FE) for formate 

was observed in the potential region where SnO2 is kinetically stable but thermodynamically unstable. It 

was found that the FE for formate decreased at more negative potentials where SnO2 is fully reduced to 

metallic Sn.22 

 

For convenience, proposed pathways for reduction of CO2 at tin electrode are categorized in this paper 

as “direct” and “mediated”. CO2 can adsorb on catalytically active sites of a tin catalyst and be directly 

reduced through an inner-sphere pathway. This is referred to as the “direct” pathway in order to provide 

a distinction to pathways that involve a reversible change of the valence state of tin in the so-called 

“mediate” reaction pathway. Since Sn, SnII and SnIV coexist under CO2 reduction conditions, in principle, 

Sn species can change their valence state reversibly under catalytic turnover conditions and serve as 

electron transfer mediators. In this scenario, electrochemical reduction of CO2 is “mediated” by tin species 

as pointed out by Chen and Kanan.9 The mediated pathway is a thermodynamically reasonable hypothesis, 

even though redox processes associated with bulk Sn/SnOx occur in a potential region which is 

significantly more positive than the catalytic CO2 reduction process. It is well known that reversible 
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potentials associated with an oxide monolayer or sub-monolayer can be significantly more negative than 

that of the bulk oxide,23 with these oxide monolayers/sub-monolayers often playing a significant role in 

electrocatalysis.24 To better understand the mechanism of Sn catalyzed electrochemical reduction of CO2, 

the details of the underlying electron transfer processes are needed. Unfortunately, underlying electron 

transfer processes are not detectable by conventional dc cyclic voltammetry, the technique traditionally 

used to obtain mechanistic insights into electrochemical processes.25 Under catalytic turnover condition, 

the dc method only provides information on the magnitude of the increase in current which is not 

amenable to detailed analysis and does not even allow resolution of CO2 reduction and H2 evolution or 

electron transfer and coupled chemical reactions. 

 

In order to probe the electron transfer aspects of the mechanism of CO2 reduction, especially whether 

is occur by a direct or mediated pathway and the nature of the RDS, we now apply a technique that allows 

the direct observation of the underlying electron transfer reactions under catalytic turnover conditions. 

This technique is known as Fourier-transformed alternating current voltammetry (FTac voltammetry).26-

28 In FTac voltammetry in the form used in this study, a large amplitude sine wave is superimposed onto 

a dc ramp and the total (dc plus ac) current is then recorded as a function of potential (time). Fourier 

transformation is used to convert the current-time data into the frequency domain to give the power 

spectrum. The dc, fundamental and higher order ac harmonic components are then resolved by use of an 

inverse Fourier transform procedure. The advantage of having access to a series of harmonics is that the 

higher order ones in particular, are highly sensitive to fast heterogeneous electron transfer process but 

essentially devoid of contribution from the catalytic and background charging currents that are dominant 

under dc voltammetric conditions. The resolution of the catalytic and electron transfer pathways allows 

direct detection of the fast underlying electron transfer events that underpin the catalytic cycle.29-32 For 

example, this technique has been applied to reveal the presence of underlying pre-monolayer oxidation 

processes associated with polycrystalline gold that mediate electrocatalytic reactions.33 This technique 
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has also been employed to determine the reversible potentials of the electron transfer processes associated 

with water oxidation molecular and nano-catalysts during catalytic water oxidation and provided 

considerable mechanistic insights into this highly complex reaction.34-36 In this study, aimed at gaining 

new insights into the electrochemical reduction of CO2, a systematic investigation has been undertaken 

using three types of tin electrode: a polycrystalline Sn foil electrode (referred to as a Sn foil electrode), an 

Sn(SnOx) modified glassy carbon (GC) electrode fabricated by electrodeposition of Sn from an aqueous 

1 M H2SO4 solution containing 0.02 M SnCl2 (referred to as a Sn(SnOx) modified GC electrode) and a 

Sn/SnOx modified GC electrode fabricated by in situ co-deposition of Sn and SnOx according to the 

method developed by Kanan and co-workers (referred to as a Sn/SnOx modified GC electrode).9  

 

2. EXPERIMENTAL SECTION 

Chemicals. SnCl2 and deuterium oxide (D2O, 99.9 atom % D) were purchased from Sigma-Aldrich; 

H2SO4 (95%-97%), NaHCO3 (ACS grade), NaH2PO4 (ACS grade), Na2HPO4 (ACS grade), ethanol 

(absolute GR, 99.7%), acetone (≥ 99.0%), dimethylsulfoxide (DMSO) from Merck; Sn foil (99.9%) from 

Zr-industrial, Shanghai, China and carbon dioxide (CO2, > 99.9%, Aligal) from Air Liquide, Australia. 

All chemicals were used as supplied by the manufacturer. The Sn foil was polished to obtain a clean 

surface, then rinsed with water and acetone and dried under a stream of N2 prior to use as a working 

electrode or in physical characterization experiments. All aqueous solutions were prepared using high 

purity water obtained from a Milli Q water (18.2 MΩ cm) purification system. 

 

Voltammetric experiments. Dc cyclic voltammetric measurements were undertaken with CHI 760E or 

700D electrochemical workstations. FTac voltammetric experiments were carried out by a home built 

instrument26 using an applied sine wave perturbation having an amplitude (ΔE) of 40 or 80 mV with a 

frequency (f) of 9.02 Hz. A standard three-electrode cell setup was used in both dc and ac measurements. 

A platinum wire was used as the counter electrode and Ag/AgCl (aqueous 1 M KCl) as the reference 
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electrode. A Sn(SnOx) modified 3 mm diameter GC electrode, a Sn/SnOx modified 3 mm diameter GC 

electrode or a Sn foil electrode (surface area 17 mm2) were used as working electrodes. All 

electrochemical experiments were undertaken at room temperature (22 r 2 qC). 

 

Spectroscopic and microscopic analysis. X-ray diffraction (XRD) data were collected with a Bruker 

D2 PHASER power diffractometer using Cu Kα radiation (λ = 0.15406 nm). Scanning electron 

microscopic (SEM) images were obtained with a FEI Nova NanoSEM 450 FEG SEM Instrument. X-ray 

photoelectron spectra (XPS) were recorded using an AXIS Nova spectrometer (Kratos Analytical, 

Manchester, UK). A monochromated Al Kα radiation source was used in these experiments with a power 

of 180 W (15 kV u 12 mA) along with a hemispherical analyser operating in the fixed analyser 

transmission mode. XPS data processing was performed with CaseXPS software version 2.3.15 (Casa 

Software Ltd., Teignmouth, UK). 1H NMR spectral analysis was undertaken with a Bruker DRX400 

spectrometer at a frequency of 400.2 MHz. Gas chromatography data were obtained using an Agilent 

(7820 A) gas chromatography system equipped with a HP-plot molesieve (5Å) column and a thermal 

conductivity detector (TCD). H2 was detected using a long (24 m length) column with a carrier with N2 

carrier gas while CO was detected with a short (4 m length) column with He carrier gas. 

 

Fabrication of tin modified GC electrodes. For the preparation of Sn(SnOx) modified GC electrodes 

used in voltammetric measurements, a pre-polished GC electrode was used to provide a clean and smooth 

substrate surface. An aqueous solution containing 0.02 M SnCl2 and 1 M H2SO4 was used as the source 

of Sn and the supporting electrolyte, respectively. The Sn(SnOx) modified GC electrode was produced 

potentiostatically by applying a potential of -0.6 V for 60 s to the pre-polished GC electrode. This choice 

of deposition potential was guided by dc voltammograms obtained with the bare GC electrode in the same 

electrolyte solution (Figure S1). After electrodeposition, the electrode was rinsed immediately with water 
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and dried under N2 gas. The Sn(SnOx) modified electrode used for bulk electrolysis experiments was 

prepared by deposition of Sn(SnOx) on a GC plate (1.4 cm × 1.5 cm) using the same parameters as for the 

voltammetric case. Sn/SnOx modified GC electrodes were fabricated by in situ electrochemical co-

deposition of Sn and SnOx according to the procedure reported by Kanan and co-workers.9 In this method, 

simultaneous electrodeposition of Sn and SnOx was achieved at -0.7 V vs. RHE in a CO2 saturated 0.5 M 

NaHCO3 aqueous solution containing 1.0 mM SnCl2 (pH = 7.2) using either a 3 mm diameter GC 

electrode or a GC plate for voltammetric and bulk electrolysis experiments, respectively. 

 

CO2 reduction under bulk electrolysis conditions and product analysis. Bulk electrolysis 

experiments were undertaken in gas-tight H-shaped electrolysis cell using a Sn modified GC plate 

electrode or a Sn foil electrode (1.1 cm × 2.2 cm) as the working electrode, a piece of platinum plate as 

the counter electrode together with the aforementioned reference electrode. The compartments of the 

electrolysis cell were separated by a glass frit. Each compartment contained 10 mL 0.5 M NaHCO3 

aqueous electrolyte and the volume of the headspace was 20 mL. Before bulk electrolysis, the solutions 

in both compartments were bubbled with CO2 for at least 30 mins. After bulk electrolysis, the gaseous 

product(s) was collected in a gas-tight syringe (200 µL) and then analysed by gas chromatography. The 

liquid product(s) was analysed by 1H NMR spectroscopy, where usually, after electrolysis 0.5 mL solution 

is mixed with 0.1 mL D2O which contained 1.67 ppm (m/m) DMSO as the internal standard. 

 

3.  RESULTS AND DISCUSSION 

The dc voltammogram displayed in Figure 1a shows that the reduction of SnO2 adhered to a GC 

electrode to metallic Sn occurs at about -0.9 V vs. Ag/AgCl (1 M KCl) in a single step process (eq 1) 

under either an inert N2 atmosphere (pH=8.5) or in the presence of CO2 (pH = 7.2) in a 0.5 M aqueous 

NaHCO3 electrolyte solutions. When the potential is scanned in the reverse or positive potential direction, 

oxidation of Sn back to SnO2 occurs via SnO as described by eqns 2 and 3 (also see further details in 
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Figure S2). These voltammetric features are unaffected by the scan rate in the range of 10 to 200 mV s-1 

(Figure S3). Related observations have been reported in 0.1 M KHCO3 aqueous electrolyte solutions and 

at pH 6 in a citrate buffer electrolyte solution.12,37 Reduction of water to hydrogen commences at about -

1.5 V under N2, while catalytic CO2 reduction at the Sn(SnOx) modified GC electrode commences at about 

-1.2 V, as shown in Figure 1a.  

 

SnO2 + 4e− + 2H2O → Sn + 4OH−       (1) 

Sn + 2OH− → SnO + H2O + 2e−           (2) 

                                              SnO + 2OH− → SnO2 + H2O + 2e−      (3) 

 

Under ac voltammetric conditions, and when the same potential range is applied as in the dc 

voltammogram (Figure 1a), additional features having the characteristics expected for fast electron 

transfer reaction(s) are detected in the higher order harmonic components (Figures 1b, S4 and S5c display 

the 5th harmonics). The non-linear harmonics (especially 4th and higher harmonics) such as the 5th 

displayed in the above mentioned figures present when a large amplitude ac perturbation is employed are 

essentially devoid of background charging current. Nevertheless, magnitude of faradaic current 

diminishes rapidly for the higher harmonics. Thus, the 5th harmonic is displayed in this study since it 

provides optimal faradaic current signal-to-background (noise) ratio for the processes of interest in this 

investigation. In principle, the signal-to-background ratio could be enhanced further by using a larger 

amplitude (ΔE) than the 80 mV employed. However, this introduces more peak broadening which 

diminishes the level of resolution on the potential/time axis of the two closely spaced processes in the 

potential region of -1.2 – 1.5 V detected in this study. More details concerning the basis for the process 

assignment and the chemistry involved is provided below. The ac response is located in the potential 

region corresponding to the onset of catalytic reduction of CO2 established by analysis of dc 
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voltammograms (Figure 1a and S5) and also in the aperiodic dc component of the FTac voltammogram 

(Figure S5b) obtained in CO2 saturated 0.5 M NaHCO3 (pH = 7.2). The two closely spaced electron 

transfer processes underneath the catalytic response are detected for the first time because the FTac 

method discriminates against the catalytic component of CO2 reduction at a Sn electrode as noted above. 

Detection of these processes require the presence of CO2 as they are completely absent under N2 (Figure 

1b). Thus they are not a result of the reduction of metastable SnOx and also are absent at a bare GC 

electrode under either N2 or CO2 atmospheres, as shown in Figure 1c. This set of result lead to the 

conclusion that reduction of CO2 at tin is “direct” rather than “mediated”.  

 

Figure 1. Dc and ac voltammograms obtained in 0.5 M NaHCO3 aqueous electrolyte solution using a 

Sn(SnOx) modified GC electrode and a bare GC electrode in the presence of CO2 or N2. (a) dc 

voltammograms with v = 50 mV s-1. (b), (c) 5th harmonic components of FTac voltammograms, displayed 

(see x-axis) in both time (lower) and potential (upper) formats; f = 9.02 Hz; ΔE = 80 mV; v = 37.25 mV 

s-1.  

 

The 5th ac harmonic response also was monitored over a duration of 2 hours when a slightly positive N2 

pressure was introduced to the CO2 saturated solution. In this experiment, the CO2 concentration in the 
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solution gradually decreases as CO2 is slowly released into the atmosphere. These results (Figure 2) 

confirm that the broad response shown in Figure 1b, consists of two closely spaced processes with 

reversible potentials of approximately -1.27 and -1.40 V vs. Ag/AgCl derived from the peak potentials of 

the central lobes having the maximum current values. The conclusion that there are two closely spaced 

processes is based on the observation that as the CO2 concentration slowly decreases upon replacement 

by N2, the peak current magnitudes for the harmonic lobes in the less negative potential region (Process 

1) gradually decrease while those associated with lobes at more negative potentials (Process 2) remain 

relatively unchanged. The implication of these time dependent observations is that Process 1 is related to 

catalytic reduction of CO2 (aq) and Process 2 has a relationship with H2CO3 (aq). Since transfer of CO2 

(aq) to the gas phase is a reversible process and the dissociation of H2CO3 is kinetically limited,38 Process 

1 is expected to decrease more rapidly than Process 2 as the CO2 concentration decreases.  

 

Since the pH values for CO2 and N2 saturated 0.5 M NaHCO3 are 7.2 and 8.5,39 respectively, under a 

positive N2 pressure, the pH of the solution is expected to gradually increase as the CO2 solution 

concentration diminishes. To confirm that the above mentioned observations are not solely due to a change 

in pH, FTac voltammetric experiment were also undertaken in a N2 saturated 0.5 M phosphate-buffered 

saline (PBS) having the same pH as CO2 saturated 0.5 M NaHCO3 solution (pH = 7.2) using a Sn(SnOx) 

modified GC electrode. No 5th harmonic ac current was observed (Figure S6).   

 

Another series of experiments also were conducted to identify the details of reaction site. In these 

studies, a Sn(SnOx) modified GC electrode was pre-treated electrochemically in a CO2 saturated 0.5 M 

HCO3- solution by applying a constant potential of -1.8 V for 30 minutes which should completely reduce 

all SnOx to Sn.22 The underlying electron transfer processes found in 5th harmonic (Figure S7) remain 

essentially unaltered by pre-treatment of the electrode, implying that metallic Sn is the active form of the 

catalyst. 
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Figure 2. 5th harmonic components of FTac voltammograms, displayed (see x-axis) in both time (lower) 

and potential (upper) formats, derived from a Sn(SnOx) modified GC electrode in a 0.5 M NaHCO3 

aqueous solution which was (a) initially saturated with CO2 (1 atm), (b-e) then exposed to a slightly 

positive N2 atmosphere for 15 to 120 mins and (f) finally saturated with N2 (1atm). 

 

On the basis of the above observations and literature reports40, two CO2 reduction mechanisms are 

proposed for the formation of formate, as given in Scheme 1. In these reaction schemes, reactive substrates 

involved are CO2 in Pathway 1 and H2CO3 in Pathway 2, resulting in two closely spaced electron transfer 

reactions (i.e. Process 1 and Process 2) being detected under FTac voltammetric conditions. In order to 
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provide further mechanistic insights, simulations of the FTac voltammetry were performed to establish 

the number of electrons involved in each reduction process, assuming complete resolution has been 

achieved from the catalytic reaction pathway. This was achieved for Process 1 by comparing the shapes 

of the 3rd harmonic component obtained experimentally with those predicted theoretically for either a 

reversible 1e- or a 2e- process or a quasi-reversible 2e- process (Figure 3). In this case, a smaller ΔE of 40 

mV was employed and the 3rd harmonic component was chosen for the experiment-theory comparison, 

instead of ΔE = 80 mV and use of 5th harmonic. These lower amplitude and harmonic conditions optimize 

the ability to distinguish different electron transfer mechanisms by providing a superior faradaic signal to 

background ration with minimal peak broadening.41 Given that the number of the electro-active sites is 

unknown, the simulated data were normalized to the experimental obtained current. However, since the 

3rd harmonic is not completely devoid of background charging current, the comparison of theory and 

experiment was focused on the peak potentials and peak shapes. The best theory versus experiment 

agreement for Process 1 is achieved using simulated data based on a 1e- reversible process. Therefore, 

process 1 is associated with Reaction (5) in Pathway 1. Unfortunately, a definitive study to establish the 

number of electron transfer in Process 2 could not be achieved since this process is less well-defined (i.e. 

the underlying electron transfer process is not reversible). However, based on analogy with Process 1, this 

process could be associated with Reaction (12) in Pathway 2. 
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Figure 3. Comparison of (black) 3rd harmonic components of experimental FTac voltammograms, 

obtained with a Sn(SnOx) modified GC electrode in a CO2 saturated 0.5 M NaHCO3 aqueous solution (f 

= 9.02 Hz; ΔE = 40 mV; v = 37.25 mV s-1), and (red and green) simulated data (obtained with the MECSim 

software package, http://www.garethkennedy.net/MECSim.html) for (a) reversible one-electron-transfer, 

(b) reversible two-electron-transfer and quasi-reversible (k0 = 10 s-1 and α = 0.50) two-electron-transfer 

surface confined processes. The simulated data have been scaled to match the maximum current found in 

experimental data to emphasize the shape comparison. The vertical dashed lines visually display the 

degree of agreement between theory and experiment with respect to peak locations. 

 

The mechanism described in Pathway 1 contains two one-electron transfer steps in the electrochemical 

reduction of CO2, viz. reactions (5) and (7). The reversible process would not have been observed under 

FTac voltammetric conditions if first electron transfer step (reaction (5)) is not reversible. If protonation 

of *CO2.- (reaction (6)) is also reversible, both of steps (5) and (7) would have to be coupled, leading to 

the observation of a reversible two-electron transfer process, which not the case here. Therefore, the 

http://www.garethkennedy.net/MECSim.html)f
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reversible process detected under FTac voltammetric conditions is solely attributed to reaction (5). The 

fact that reaction (5) is reversible with reaction (7) not contributing to the 3rd harmonic ac response, 

implies that reaction (6) is rate determining. By contrast, the first electron transfer step (reaction (12)) 

could be rate determining in Pathway 2 since this process is not reversible. 

 

                                               Pathway 1:     CO2  + ∗ ⇌  *CO2                                    (4) 

                                                                      *CO2 + e− ⇌ *CO2
∙−                              (5) 

                                                                      *CO2
∙− + H+ → *HCO2

∙                        (6) 

                                                                                                         *HCO2
∙  + e− →  *HCO2

−                     (7) 

                                                                                                         *HCO2
− → HCO2

− + ∗                         (8) 

                                                                       *CO2
∙−  + H+ + e− → *CO + OH−       (9) 

                                                                                                         *CO → CO + ∗                                     (10) 

                                               Pathway 2:     H2CO3  + ∗⇌ *H2CO3                        (11) 

                                                                                                        *H2CO3 + e− → *HCO2
∙ + OH−         (12) 

                                                                                                        *HCO2
∙ + e− → *HCO2

−                     (13) 

                                                                                                        *HCO2
− → HCO2

− + ∗                       (14) 

 

Scheme 1. Proposed mechanisms for the two voltammetric processes detected by FTac voltammetry 

during CO2 reduction at a Sn(SnOx) modified GC electrode. (∗ and superscript ∗ denote an adsorption 

vacancy site and an adsorbed species, respectively.)  
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Tafel analysis is often used to provide mechanistic information on the catalytic reduction of CO2.9-10,42-

45 However, considerable controversy remains concerning the nature of the rate determining step in Sn 

catalyzed CO2 reduction. On the basis of Tafel analysis, mechanism involving a reversible 1e- process 

followed by a chemical rate determining step was proposed by Kanan and co-workers9, while the 

mechanism proposed by Bocarsly and co-workers based on the analysis of in situ ATR-IR spectra involves 

the quasi-reversible 2e- reduction of surface-bound tin carbonate intermediate being the rate determining 

step.21 Our experimental observations for Process 1 are consistent with the mechanism proposed by 

Kanan. Unfortunately, it was not possible to establish the number of electrons involved in Process 2 by a 

theory experiment comparison exercise although it probably does not contribute significantly to the 

catalytic reduction, particularly on the longer bulk electrolysis timescale as shown later. Tafel analysis in 

this study provided a Tafel slope of 87 mV dec-1 for formate production at the Sn(SnOx) modified GC 

electrode (Figure S8). This value lies between the theoretical values of 118 mV and 59 mV predicted for 

the processes where *CO2/*CO2.- (eq 5) and protonation of *CO2.- (eq 6), respectively, are the rate 

determining steps. On the basis of this result, it is not possible to reliably assign the rate determining step, 

as pointed out elsewhere.21,46 The FTac voltammetry approach provides a new strategy for probing 

electrocatalytic mechanisms. 

 

A comparison of the catalytic performance of a Sn(SnOx) modified GC electrode considered above, 

with a Sn foil electrode, when probed by FTac voltammetry reveals interesting differences as in the 5th 

harmonic displayed in Figure 4a. Clearly the Sn(SnOx) modified GC electrode generates higher ac current 

density than found with the Sn foil electrode, which implies that the density of the catalytically active 

sites is higher at this Sn(SnOx) modified GC electrode. Analysis of the products generated by bulk 

electrolysis (Figure 4b) reveals the Sn(SnOx) modified GC electrode provides higher faradaic efficiencies 

(FE) for reduction of CO2, to CO and formate, and also a higher dc partial current density (Tables S1 and 

S2). The Sn foil electrode provides significantly more H2 (Tables S1 and S2).  
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Figure 4. (a) 5th harmonic components of Ftac voltammograms of Sn(SnOx) modified GC and Sn foil 

electrodes in 0.5 M NaHCO3 aqueous solution: f = 9.02 Hz; ΔE = 80 mV; v = 37.25 mV s-1. (b) 

Comparison of Faradaic efficiencies of formate generation as a function of potential using Sn(SnOx) 

modified GC or Sn foil electrodes 

 

To further establish the correlation with catalytic performance, FTac voltammetric studies were 

undertaken with the highly active Sn/SnOx modified GC electrode. According to Kanan and co-workers,9 

the catalytic activity of this electrode rapidly diminished after exposure to air. FTac voltammetric 5th 

harmonic response with freshly prepared electrode before and after exposure to air as shown in Figure S9. 

A significant decrease in ac current density associated with Process 1 accompanying exposure to air. FTac 

voltammetry is therefore provides a tool for rapid screening of CO2 reduction catalysts with Process 1 

being the better indicator of efficient electrocatalytic reduction of CO2 rather than Process 2. 

 

To better understand the intrinsic properties that facilitate catalytic performance with Sn electrodes, the 

physical properties of the Sn(SnOx) modified GC and Sn foil electrodes were characterized by SEM, XPS 

and XRD. The SEM images (Figure S10) did not display any elaborate morphological differences, 

although the larger surface area (~2.7 times of that for Sn foil electrode of the same geometric surface 
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area based on the values of the electrode capacitance determined from cyclic voltammetry (Figure S12)) 

would contribute to the higher current density in the ac harmonics for Sn(SnOx) modified GC electrode. 

Differences in surface oxidation state could contribute to variation in catalytic activity achieved by metal 

oxide materials.9-10 XPS spectra for both types of Sn electrode are similar (Figure S11) implying that the 

surface oxidation states are similar and thus may not be a key factor in the different level of catalytic 

activity. However a major difference is found in the XRD powder pattern (Figure 5) where Sn(SnOx) 

modified GC electrode has a highly preferred orientation with respect to the Sn (200) facet, while 

polycrystalline Sn foil displays the expected random orientation. This result implies the difference in 

catalytic activity towards CO2 reduction is predominating associated with preferential adsorption of the 

CO2·- anion radical and HCO2· intermediate on the Sn (200) facet. 

 

Figure 5. XRD patterns of (a) a Sn(SnOx) modified electrode and (b) a Sn foil electrode. Only one major 

peak, which is indexed as Sn (200), can be observed in Sn(SnOx) modified GC electrode. SnOx is not 

detected in either XRD patterns. Indexing was undertaken using JCPDS card no. 04-0673. 
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4. CONCLUSION 

The results presented in this paper show that FTac voltammetry is a powerful tool for providing new 

mechanistic insights into the highly complicated electrocatalytic CO2 reduction at a Sn electrode. In 

particular, the FTac method reveals for the first time the existence of two fast electron transfer processes 

involving reduction of either *CO2 or *H2CO3 with the former one being strongly indicative of catalytic 

activity with respect to CO2 reduction. The results obtained from this study unambiguously show that 

adsorbed *CO2 undergoes a reversible inner-sphere one-electron transfer process to the adsorbed radical 

anion on the tin catalyst followed by rate determining protonation of *CO2.-. Electrodeposited Sn(SnOx) 

modified GC electrode with preferred growth direction (200) shows enhanced FTac current which 

correlates with better selectivity and activity towards HCOO- product formation compared to a 

polycrystalline Sn electrode. FTac voltammetry therefore has all the attributes needed for rapid screening 

of electrocatalysts.
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Figure S1. Dc cyclic voltammogram obtained from 0.02 M SnCl2 in 1M H2SO4 

aqueous solution at a GC electrode with a scan rate of 100 mV s-1. The potential chosen 

for electrodeposition is -0.6 V vs. Ag/AgCl (1 M KCl). 
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Figure S2. Dc cyclic voltammograms obtained with a Sn(SnOx) modified GC electrode 

in a N2 saturated 0.5 M NaHCO3 aqueous electrolyte solution. The reduction process 

occurs at a relatively less negative potential in the third cycle of potential compared to 

the first and second ones as the surface changes from GC to tin coated GC since not all 

tin is removed in the stripping process. While the reduction process probably consists 

of sequential reduction of Sn4+ to Sn2+ and Sn2+ to Sn, the overall voltammetric process 

is described as SnO2 + 4e− + 2H2O → Sn + 4OH−. 
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Figure S3. Dc cyclic voltammograms obtained with a Sn(SnOx) modified GC electrode 

in (a) CO2 or (b) N2 saturated 0.5 M NaHCO3 aqueous electrolyte solution at designated 

scan rates. 
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Figure S4. 5th harmonic components of an FTac voltammogram obtained at a Sn(SnOx) 

modified GC electrode in a CO2 saturated 0.5 M NaHCO3 aqueous electrolyte solution 

over the potential range of -0.3 V to -1.6 V vs. Ag/AgCl (1 M KCl). Electroactive 

potential regions are located at -0.8 V and -1.27 V. The faradaic current at around -0.8 

V is attributed to the reduction of SnOx and its corresponding oxidation while the 

faradaic current at -1.27 V represents the underlying electron transfer reactions 

associated with catalytic reduction of CO2. Parameters: f = 9.02 Hz; ΔE = 80 mV; v = 

48.43 mV s-1. 
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Figure S5. A dc voltammogram (a) and the aperiodic dc component (b) the 5th 

harmonic component (c) of a FTac voltammogram for a Sn(SnOx) modified GC 

electrode in a CO2 saturated 0.5 M NaHCO3 aqueous solution. The red plot represents 

the negative scan direction and the black one is the positive one. Parameters: (a) v = 50 

mV s-1, (b and c) f = 9.02 Hz; ΔE = 80 mV; v = 37.25 mV s-1.  
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Figure S6. 5th harmonic components of ac voltammograms obtained with a Sn(SnOx) 

modified GC electrode in a N2 saturated 0.5 M PBS (pH = 7.2). Parameters: f = 9.02 

Hz; ΔE = 80 mV; v = 37.25 mV s-1. 
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Figure S7. Comparison of 5th harmonic components of ac voltammograms obtained at 

a Sn(SnOx) modified GC electrode before and after a pre-treatment at -1.8 V for 30 

mins. Parameters: f = 9.02 Hz; ΔE = 80 mV; v = 37.25 mV s-1.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 



S9 

 
Figure S8. Tafel plot obtained when CO2 is reduced to HCOO- at a Sn(SnOx) modified 

GC electrode. The Tafel slope calculated from these data is 87 mV dec-1. The 

overpotential was calculated from E0’=-0.09 vs. RHE for the CO2/HCOO- couple at 0.5 

M NaHCO3 aqueous solution. The formula was used to convert potentials vs. Ag/AgCl 

(1 M KCl) to vs. RHE is: E vs. RHE = E (V) vs. Ag/AgCl (1 M KCl) + 0.222 (V) + 

0.059 (V) × pH (22 qC). 
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Figure S9. 5th harmonic components of ac voltammograms obtained with an in situ 

electrodeposited Sn/SnOx (Kanan’s Sn/SnOx) electrode in CO2 saturated 0.5 M 

NaHCO3 aqueous solution before and after exposure to air for 3 minutes. Parameters: f 

= 9.02 Hz; ΔE = 80 mV; v = 37.25 mV s-1. 
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Figure S10. SEM images of (a) a Sn(SnOx) modified GC electrode and (b) a Sn foil 

electrode. 
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Figure S11. Sn 3d XPS spectra of (a) a Sn(SnOx) modified GC electrode and (b) a Sn 

foil electrode. The blue dashed lines represents the experimental data and the open 

circles represent the fitted data. The two red components represent the Sn 3d doublet 

for Sn(0) while the two green components represent the Sn 3d doublet for SnOx. The 

dark grey line represents the Shirley background. Binding energies were referenced to 

the C 1s peak at 284.4 eV for graphitic carbon (GC electrode) or 285 eV for aliphatic 

hydrocarbon (Sn foil). Reference binding energy position for 3d5/2 peaks are (484.95 ± 

0.47) eV (Sn(0)), (486.51 ± 0.51) eV (SnO) and (486.73 ± 0.4) eV (SnO2).1 Herein 

binding energy positions for 3d5/2 were measured as 484.9 eV and 486.95 eV for the 

Sn(SnOx) modified GC electrode and 484.8 eV and  486.9 eV for the Sn foil, thus 

agreeing well within the expected binding energy range for Sn(0) and SnOx. 
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Figure S12. Cyclic voltammograms of a (a) Sn(SnOx) modified GC and (b) Sn foil 

electrodes, obtained in N2 saturated 0.5 M NaHCO3 over a potential range where 

faradaic current is absent. The double layer capacitances of Sn(SnOx) modified GC and 

Sn foil electrodes were determined to be 85.5 and 31.5 PF cm-2, respectively. This 

analysis demonstrates that Sn(SnOx) had an electrochemical surface area around 2.7 

times that for the Sn foil having the same geometric surface area. To estimate the 

capacitance for Sn(SnOx), the charging current associated with the GC electrode was 

assumed to be negligible since almost complete covered by Sn(SnOx) has been achieved 

as shown in Figure S10 (a). 
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Table S1. Summary of bulk electrolysis data for CO2 reduction using a Sn(SnOx) modified GC electrode. The electrolysis experiments were 

undertaken in a CO2 saturated 0.5 M NaHCO3 aqueous electrolyte solution.  

 

  

Potential [V vs. Ag/AgCl (1 M KCl)]  -1.2 -1.3 -1.4 -1.5 -1.6 -1.7 -1.8 

Current density [mA cm-2] -0.10 -0.41 -1.52 -2.31 -7.95 -9.52 -10.0 

HCOO- 
Partial current density [μA cm-2] -3.0 -87.0 -4.73×102 -7.42×102 -2.71×103 -4.15×103 -4.95×103 

Faradaic efficiency [%] 3.0 21.2 31.1 32.1 34.1 43.6 49.3 

CO 
Partial current density [μA cm-2] -1.1 -59.9 -54.4 -90.8 -2.89×102 -1.47×102 -2.59×102 

Faradaic efficiency [%] 1.1 14.6 3.6 3.9 3.6 1.5 2.6 

H2 
Partial current density [μA cm-2] -89.0 -2.62×102 -9.57×102 -1.38×103 -5.28×103 -4.96×103 -3.98×103 

Faradaic efficiency [%] 89.0 64.0 62.9 59.7 66.4 52.1 39.7 

Total faradaic efficiency [%] 93.0 99.8 97.7 95.8 104.1 97.3 91.6 
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Table S2. Summary of bulk electrolysis data for CO2 reduction using Sn foil electrode. The electrolysis experiments were undertaken in a CO2 

saturated 0.5 M NaHCO3 aqueous electrolyte solution. The total faradaic efficiency of less than 100% at more positive applied potentials is attribute 

to slight gas leakage and/or mixing of the solutions/gases in two compartments during very long time electrolysis needed with a very small catalytic 

current. 
 

 

 

 

 

Potential [V vs. Ag/AgCl (1 M KCl)]  -1.2 -1.3 -1.4 -1.5 -1.6 -1.7 -1.8 

Current density [mA cm-2] -0.07 -0.28 -0.92 -2.25 -3.22 -8.28 -9.28 

HCOO- 
Partial current density [μA cm-2] -2.4 -6.2 -49.6 -1.93×102 -5.76×102 -1.71×103 -2.37×103 

Faradaic efficiency [%] 3.4 2.2 5.4 8.6 17.9 20.6 25.5 

CO 
Partial current density [μA cm-2] -0.3 -15.8 -25.5 -54.0 -40.3 -92.7 -75.2 

Faradaic efficiency [%] 0.4 5.6 2.8 2.4 1.3 1.1 0.8 

H2 
Partial current density [μA cm-2] -56.5 -2.26×102 -8.07×102 -1.90×103 -2.43×103 -5.96×103 -6.18×103 

Faradaic efficiency [%] 80.7 80.7 87.8 84.5 75.6 72.0 66.6 

Total faradaic efficiency [%] 84.4 88.6 95.9 95.5 94.7 93.7 92.9 
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