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for electrochemical reduction of CO2

to formate.
< Measurements of electrocatalytic

activity of metallic Sn and Sn
powder catalysts.

< CO2 reduction potentiostatically in
sodium bicarbonate solution at
ambient CO2 pressure.

< The exchange current density of Sn
gas diffusion electrode is two orders
of magnitude higher over metallic
Sn disc.

< Current density of 27 mA cm�2

(�1.6 V per NHE) at 70% faradaic
efficiency towards HCOO�

formation.
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a b s t r a c t

Commercially available Sn particles mixed with Nafion� ionomer are used to prepare an electrode with
a gas diffusion layer support in a manner similar to that in which fuel cell electrodes are prepared. Cyclic
voltammetry is performed in aqueous NaHCO3 (basic medium) on the electrode and the Tafel parameters
are obtained and compared with a Sn metal disc and with a graphite disc coated with Sn powder. In
addition, electrolysis is carried out potentiostatically, also in NaHCO3 solution, at various potentials. The
exchange current density on the Sn/gas diffusion layer electrode shows to be two orders of magnitude
higher that on the metallic Sn disc. The maximum current density obtained during electrolysis is
27 mA cm�2 at �1.6 V vs. NHE, with 70% faradaic efficiency towards the formation of formate, which is
one of the highest values found in the literature on Sn electrode at ambient pressure.

� 2012 Elsevier B.V. All rights reserved.
: þ1 213 740 6679.
).
epartamento de Física de la

Comisión Nacional de Energía
rtín, Buenos Aires, Argentina.

All rights reserved.
1. Introduction

The chemical or electrochemical reduction of carbon dioxide has
been envisioned as a possible answer to address global challenges,
such as the depletion of fossil fuels, which are non-renewable on
the human timescale and the reduction of man made emission of
carbon dioxide, which is tied to global climate change [1e5].
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Fig. 1. Schematic representation of the CO2 electroreduction in a fuel cell-like type of
device.
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Converting CO2 into simple molecules such as methanol and
dimethyl ether, which are useful fuels and feed-stocks, on a large
scale will address these problems [3,6]. These molecules can
subsequently be transformed into more complex products such as
ethylene and/or propylene, the major feed-stocks of the petro-
chemical industry, currently derived from oil and gas [1,4,5]. The
ideal carbon source should ultimately be atmospheric carbon
dioxide [1,4,5,7] to counteract the climate change caused by
increasing anthropogenic emissions. In other words, CO2 reduction
is an energy storage strategy: electrical energy from any carbon
neutral sourcedsuch as hydroelectric, solar, wind, geothermal,
tidal, or nucleardcan be stored as chemical energy in the resulting
products of reduction. This is particularly important for intermit-
tent power sources, like solar, wind and tidal waves inwhich power
generation does not match power demand. For example, photo-
voltaic solar plants produce no power when there is no sun. Excess
power from these sources can be used to reduce CO2 to gaseous or
liquid fuels, which are portable and can be stored and used as
needed in fuel cell devices. Consumption of these fuels produces
carbon dioxide, closing the cycle. Sequestration and storage is
commonly proposed as a method for decreasing atmospheric CO2

[1]. However, we believe that the reduction of carbon dioxide to
useful feed-stocks and energy carriers would be a more permanent
solution. In this context, carbon dioxide can be conveniently
captured at point sources such as fossil fuel burning power plants,
aluminium plants, fermentation units and cement plants [8,9].
Electrochemical reduction of CO2 gives way to a number of prod-
ucts containing one or two carbon atoms depending on the elec-
trode material, nature of the solvent, local pH, electrolyte and CO2
pressure [2,10e33]. In aqueous media, formic acid is produced with
high selectivity and high faradaic efficiency (f) on In, Pb and Sn in
HCO3

� electrolyte [18,24,32,34e41]. Formic acid is a good candidate
as a fuel for fuel cells [42e44] and recently has been proposed as an
optimal hydrogen carrier [45,46]. There is still some controversy
regarding the mechanism of CO2 reduction to formic acid, and
particularly the nature of the reacting species. Ever since Paik et al.
[47] first proposed a mechanism, it has generally been accepted
that on the aforementioned metals (i.e. those with a high hydrogen
overvoltage and a low affinity for CO adsorption), the radical anion
CO2

� receives a proton from a proton donor (water) and an electron
to produce the formate ion. The pH of the bicarbonate electrolyte
favours the dissolution of CO2, but the equilibrium reduces the
number of hydronium ions in solution. Recently, Narayanan et al.
described electrochemical conversion of CO2 using Nafion based
alkaline membrane electrodes employing indium and lead elec-
trodes to produce formate in good faradaic efficiencies [48].
Previously, Mahammod et al. have reported the use of gas diffusion
electrodes for high rate electrochemical reduction of CO2 on lead,
indium and tin under acidic conditions (pH w2) [49].

In the present work, the electrochemical reduction of CO2 was
assessed by cyclic voltammetry on a gas diffusion layer (GDL)
electrode, with Sn particles (SnGDL) applied in the form of
a Nafion� ionomer ink, in a gas flow electrochemical cell. Tafel
parameters were obtained from the voltammograms. The same
determinations were performed on a flat Sn electrode (SnB), as well
as a graphite disc electrode painted with the same Sn-Nafion� ink
(SnG) for comparison. Sn was chosen from among the metals with
high faradaic efficiency for formate because of its low cost and
relatively low toxicity. In addition, electrolysis was performed
potentiostatically on the GDL electrode to quantify the current
density and the faradaic efficiency (f). In this study, a tin catalyst-
coated gas diffusion layer in a membrane electrode assembly has
been studied for suitability as the cathode for the electrochemical
reduction of CO2 and its performance evaluatedwhen it was used in
a fuel cell-like device as illustrated in Fig. 1
2. Experimental

Cyclic voltammetry was performed on three different working
electrodes (WE): a Sn metal disc (99.9%, Alpha Aesar); Sn powder
(�100 mesh, 99.5%, Alfa Aesar) bonded to a graphite disc (99%,
Aldrich) with Nafion� ionomer (5% in LWalcohols, Aldrich); and Sn
powder, also bonded with Nafion� ionomer to a GDL (Toray carbon
paper, TGP-H-60), i.e. a gas diffusion electrode (GDE). The
geometric electrode areas of the Sn disc and the graphite disc were
each 1 cm2 while the GDE had an area of 9 cm2. The Sn disc was
polished with a 1 mm alumina suspension on a cloth prior to use.
The Sn ink was prepared by weighing Sn powder, Nafion� ionomer
and water in a 1:1:1 proportion, and spread over the graphite disc
and the GDL. The final Sn weight on the electrode was 6.8 mg cm�1

over the graphite disc and 0.7 mg cm�1 over the GDL. For the Sn
disc electrode and the Sn-powder-coated graphite disc, a conven-
tional three-compartment electrochemical cell was used. Mean-
while, for the GDE, a gas-flow cell was specially designed. Fig. 2
shows a schematic of this cell. In both cells, the counter electrode
(CE) compartment was separated from the main compartment by
a glass frit, while the reference electrode (RE) compartment was
connected to the main compartment through a Luggin capillary.
The reference electrode used in all measurements was a Ag/AgCl
(ss) (Metrohm) and all the potentials reported were converted to
the normal hydrogen electrode (NHE) scale (�0.197 V vs. Ag/AgCl).
The counter electrode used was a coiled Pt wire (99.9%, 7.9 cm2

area, Alfa Aesar). The electrolyte used was 0.5 M NaHCO3 solution
prepared from the solid salt (granular, ACS reagent, Aldrich) and
milli-Q water (Direct-Q 3 system,Millipore), which had a pH ca. 8.3.
Measurements were performed after degassing the solution for
30 min with either Ar (ultra high purity, Gilmore), used as a base-
line, or CO2 (99.998%, research grade, Gilmore) for the actual
determinations. Cyclic voltammetry was performed with a Solar-
tron SI 1287. Data fitting to obtain the Tafel parameters was per-
formed with the Solartron instrument software. Geometrical areas
were used to calculate current densities (j).

Electrolysis was performed potentiostatically between �0.8
and �2.0 V vs. NHE on the GDE prepared with Sn powder. CO2 was
sparged through the cell throughout the electrolysis at a flow rate
of 4 mL min�1. The amount of formic acid, generated by the acid-
olysis of the sodium formate obtained by the reduction of carbon



Fig. 2. Electrochemical cell used for the determination with Sn powder on a GDL.
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dioxide, was quantified using a Thermo Finnigan Surveyor High
Performance Liquid Chromatography (HPLC) system with an
ultraviolet (UV) detector and using a SupelcoGel C-610H column to
identify low-molecular weight carboxylic acids (30 cm � 7.8 mm,
Supelco). Experiments were terminated when the total charge
passed reached 200 C. Such a quantity of charge assured
a measurable quantity of formate at every potential.
3. Results and discussion

3.1. Voltammetric measurements

The cyclic voltammograms obtained for the three different kinds
of electrodes are shown in Fig. 3. Fig. 3A depicts the voltammo-
grams for the bulk Sn (SnB) metal disc electrode in 0.5 M NaHCO3
solution degassed with argon gas (Ar) and saturated with CO2. The
anodic peaks between �0.2 V and �0.5 V and the cathodic peak at
ca. �1.1 V were reported by Kapusta et al. [50] and attributed to the
formation and reduction of tin oxides in basic media. Zhou and
coworkers [51], in voltammetric experiments carried out in
NaHCO3 by quartz crystal microbalance, have observed the
absorption of carbonate species on the copper oxides formed at
similar potentials. On the cathodic end of the voltammograms, an
increase in the absolute current value can be observed in both
cases. In the baseline, this increase is due to hydrogen evolution,
while when the solution is saturated with CO2 the enhanced
current represents its reduction to formate. The onset potential for
the CO2 reduction reaction is 100 mVmore anodic than the onset of
the H2 evolution and the magnitude of the current for the former
process is twice that of the latter. This shows that the reduction of
CO2 is more favourable than the evolution of H2 on the Sn electrode.

The voltammograms for the Sn-powder-coated graphite disc
(SnG) are shown in Fig. 3B, and those for the Sn-powder-decorated
GDL (SnGDL) in Fig. 3C. The main features from Fig. 3A are still
present, although the peaks mentioned above are broader due to
the increased surface area. In particular, on the SnGDL, the shift of
the anodic peaks to a more positive potential, in the presence of
carbon dioxide, is more evident compared to the other two elec-
trodes. The influence on the peak shift might be due to the CO2
adsorption prior to the oxide formation or HCO3

� adsorption. In
terms of the current arising from the reduction reaction, the onset
potentials of the curves for the Sn powder electrodes move even
further anodic than in the case of the SnB electrode relative to the
voltammograms with Ar only. In the case of SnG, the shift is ca.
200e300 mV while for SnGDL it is more than 300 mV. At the same
time, the current at the onset potential increases by three-to-four
fold that of the Ar baseline on both SnG and SnGDL electrodes.
The current density reachedwith the SnG is slightly higher than the
one obtained with SnGDL, which is likely caused by the disruption
of the reaction due to carbon dioxide flowing through the GDE. Still,
the current density on the SnGDL is higher than that on the bulk
metal electrode.

From the voltammograms, the corresponding Tafel plots for the
three different electrodes were obtained and are shown in Fig. 4.
The linear region of the plot obeys the Tafel equation [52], which
relates the overpotential (h) to the current density (j). The linear fit
of the plot yields the exchange current density (j0) from the current
intercept while the slope (b) contains the symmetry factor (a)
commonly reported in mV decade�1. Parameters obtained from
these plots are presented in Table 1. The SnB electrode is the only
one that can be compared with the literature data, since Tafel plots
and their parameters are typically reported for bulk metal elec-
trodes. The equilibrium or rest potential (Eeq) obtained for the Sn
metal disc (Table 1) is close to the tabulated standard potential
(�0.11 V vs. NHE) [53]. The values for the Tafel slopes are close in
value to those published previously. Both Kapusta [54] and Vassi-
liev [32] reported a slope of ca. 120 mV decade�1 for the region of
lower overpotential, while for the high overpotential region, the
reported value was 300e350 mV decade�1. The low overpotential
region from this study agrees fairly well with the reported value,
which corresponds to a symmetry factor of 0.5. In the high over-
potential region (�0.9 to �0.3 V), the concomitant evolution of H2
introduces some difficulty to the slope determination, and there-
fore the value obtained is somewhat higher but still on the same
order as the reported value. The exchange current density obtained
differs by three orders of magnitude from the one reported by
Kapusta (10�9 A cm�2) [54]. However, Vassiliev [32] showed that
the electrolyte concentration and cation used may account for such
a difference.

The values obtained for the other two types of electrodes differ
from those of the bulk metal one, as expected for high surface area
electrodes. The standard redox potentials determined from the
experimental data are higher for both supported Sn powder elec-
trodes, indicating that the reduction requires less energy for those
electrode morphologies. Comparison of j0 between the bulk elec-
trode and the ones prepared with the metal particles is pointless as
the geometric area was used to calculate the current density.
However, a comparison can be made between the two powder
electrodes. In principle the real area per cm2 of geometrical area for
SnG and SnGDL should be almost the same. But the j0 value ob-
tained on the SnGDL is five times higher than the one on the SnG
electrode indicating a better utilization of the catalyst on the GDL
support. Although the current density based on the geometrical



Fig. 3. A. Cyclic voltammograms in 0.5 M NaHCO3 on the SnB electrode at 100 mV s�1. Degassed with Ar (dashed line). Saturated with CO2 (solid line). CV data labelling may need to
be interchanged. B. Cyclic voltammograms in 0.5 M NaHCO3 on the SnG electrode at 100 mV s�1. Degassed with Ar (dashed line). Saturated with CO2 (solid line). C. Cyclic vol-
tammograms in 0.5 M NaHCO3 on the SnGDL electrode at 100 mV s�1. Degassed with Ar (dashed line). Saturated with CO2 (solid line).
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area was better for SnG than for SnGDL, the j0 supports the use of
GDL as catalyst substrate. In terms of the Tafel slopes for SnG, the
values are slightly higher in both regions compared to the bulk
metal. Nevertheless, all values are consistent with each other and
Fig. 4. Tafel plots obtained from the corresponding voltammograms. SnB (-), SnG (C)
and SnGDL (:).
with the bulk metal maintaining the same trend, therefore it can be
concluded that there was no substantial change in the reduction
mechanism. Overall, the values indicate a more facile reduction on
the supported powder electrodes.

3.2. Electrochemical reduction of carbon dioxide

Electrolysis of carbon dioxide to obtain formic acid was per-
formed on the SnGDL electrode. The electrolysis was performed
potentiostatically at potentials between �0.8 and �2.0 V vs. NHE at
0.2 V intervals. The electrolyte used was the same as in the vol-
tammetric experiments described in Section 3.1, and a low flow
(4 mL min�1) of carbon dioxide was maintained through the
solution and over the electrode throughout the entire experiment.
The reduction was performed potentiostatically because under
a constant potential, the reaction current is determined by the
Table 1
Tafel parameters obtained from the Tafel plots (Fig. 4). bc1 represents the slope for
the lower overpotential region and bc2 for the high overpotential region.

SnB SnG SnGDL

bc1 (mV) 116 180 185
bc2 (mV) 430 480 458
jo (A cm�2) 1.2 � 10�6 2.8 � 10�5 1.6 � 10�4

Eeq (V) �0.10 0.030 0.053



Fig. 5. Formic acid faradaic yields vs. potential for SnGDL.
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system, showing how fast the reaction proceeds. Reduction current
density was recorded at each potential, while the measured
quantity of the formatewas used to calculate the faradaic efficiency
[52] based on the total charge passed through the cell.

Fig. 5 plots the faradaic efficiencies for formate obtained from
the reduction of carbon dioxide versus the potential. Table 2 gives
the corresponding values and the current densities for each
experiment. Hydrogenwas detected at every potential, and in a few
cases (at �0.8 V and �1.0 V), carbon monoxide was detected in
trace amounts as well. The trend shown in Fig. 5 for the faradaic
efficiency versus the potential agrees with those reported in the
literature for Snmetal electrodes [14,24,40,55e57]. Current density
and faradaic efficiency increased as the potential decreased,
reaching a maximum at �1.6 V vs NHE, before decreasing at more
negative potentials. At �1.6 V a faradaic efficiency of 70% with
a current density of 27 mA cm�2 was obtained. This faradaic effi-
ciency is one of the highest found in the literature for Sn under
basic conditions. Under low pH (w2), very high current densities on
a GDL lead electrode have been reported (up to 115 mA cm2) [49].
For electrolysis on bulk Sn metal performed under similar condi-
tions, Noda et al. [57] reported a f of 63% with a j of 3.8 mA cm�2

at �1.4 V vs. SHE. Koleli et al. [40] carried out the electrolysis on
a fixed-bed reactor with Sn and Pb, and the best faradaic efficiency
obtained on Sn was 74%, but with a current density below
1.5 mA cm�2. Recently, a series of works were published with GDL-
type electrodes [58e60]. Machunda and coworkers [59] also ob-
tained 70% faradaic efficiency at �1.6 V but with current densities
below 5 mA cm�2. Only Li et al. reported [58] comparable results:
a faradaic efficiency of 86% with a current density of 22 mA cm�2,
and 178 mA cm�2 with a faradaic efficiency of 36%. Narayanan and
Table 2
Formic acid faradaic efficiencies (f ) and current densities (j) for SnGDL electrode at
the potentials applied for the electrolysis.

Potential (V) vs. SHE SnGDL

f (%) j (mA cm�2)

�0.8 0 1.3
�1.0 2 5.7
�1.2 45 12.4
�1.4 63 17.1
�1.6 70 27.3
�1.8 62 15.0
�2.0 54 11.0
coworkers published [48] the only work so far about CO2 electro-
reduction in a fuel cell like device with a GDL electrode under basic
conditions. They used In and Pb as electrocatalysts and a Nafion
membrane in alkaline media. It is proposed that the charge transfer
is through Naþ ions similar as is presented in this work for exper-
iments conducted in a three electrode cell. Thework shows that the
electrochemical reduction in a fuel cell type device is possible. The
use of Sn metal particles bound with Nafion can be used in a similar
device producing a significant amount of product (formate) with
the advantage of using Sn, which is cheaper than In and less toxic
than Pb.

4. Conclusions

The results presented show that an electrode formed of Sn
powder bound with Nafion� to a GDL gave high current densities
and showed high efficiency for the reduction of carbon dioxide to
formate under potentiostatic conditions. The exchange current
density determined by Tafel plots from the cyclic voltammograms
shows a fivefold increase on the SnGDL electrode compared to the
SnG electrode, indicating a better catalyst utilization in the former.
This improvement was demonstrated by the current density values
obtained during electrolysis experiments. At �1.6 V vs. NHE,
a current density of 27 mA cm�2 was obtained with a faradaic
efficiency of 70% for CO2 to formate reduction. It is expected that an
electrolysis device using this catalyst will provide good results in
terms of product formation.
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