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Electrochemical conversion of CO2 into useable aqueous-phase organic molecules was investigated
employing a glassy carbon (GC) electrode patterned with nickel nanoparticles (GC-Ni), in a batch
electrochemical reactor operating at constant potential, room temperature and atmospheric pressure.
The system was found to efficiently convert CO2 into mostly ethanol (91 ± 1 mol.%), at a very high
faradaic efficiency (221 ± 23% after 8 hours of electrolysis), indicating that the CO2 reduction could
most possibly be occurring both electrocatalytically and catalytically.
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1. INTRODUCTION
Carbon dioxide plays a major role in producing the greenhouse effect [1-3]. It is estimated that
the atmospheric concentration of CO2 has significantly increased in the last 60 years [4]. As a result,
the problem of global warming has escalated [5-8]. Therefore, it is extremely important to reduce the
level of CO2 in the atmosphere and, if possible, to convert it into useful organic molecules [6, 9-12].
Catalytic, photocatalytic and electrocatalytic methods have been used for the conversion of
captured CO2 into useful organic molecules [8]. Among them, the electrocatalytic conversion of CO2
represents a simple, clean, and, if electricity is obtained from renewable sources, even potentially costeffective method, which can be conveniently performed at atmospheric pressure and room temperature
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in an aqueous medium [7, 13-17]. However, there is currently no commercially-available process for
the electrochemical conversion of captured CO2. This is mostly due to the lack of efficient and
selective electrocatalysts that could enable the CO2 conversion process in aqueous electrolytes to
proceed at a high faradaic efficiency [16, 18].
The main problem related to the electrochemical reduction of CO2 is its high (electro)chemical
stability. Hence, to reduce CO2 electrochemically, a large overpotential is needed. This is because of
the initial reduction of CO2 molecule into surface adsorbed
radical (single electron reduction),
which is the first and rate determining step [15, 19]:
CO 2  e   CO -2(ads)

(1)

The formed radical further reacts with hydrogen to produce a final product, or intermediate(s)
that is ultimately reduced to final products according to either the Eley-Rideal or LangmuirHinshelwood mechanism [20]:
nCO -2(ads)  ne   nH  / H ads  Product
(2)
where H+ is hydrogen ion in the solution and Hads is hydrogen adsorbed on the electrode
surface. However, the CO2 reduction reaction in aqueous solution at higher cathodic potentials is
always accompanied by the hydrogen evolution reaction (HER) [21, 22]:
H ads  H   e   H 2
(3)
or

2H ads  H 2

(4)

This decreases the faradaic efficiency of the CO2 reduction reaction. Therefore, it is quite
difficult, both kinetically and thermodynamically, to reduce a very stable CO2 molecule [15, 23]. The
negative impact of the HER on CO2 reduction can be minimized by using organic solvents, but since
most organic solvents are not environmentally friendly, their use should be avoided. Another way of
minimizing the negative impact of the HER is by designing new electrode materials that would
promote reactions (1) and (2), but not (3) and (4).
Different electrodes have been used for the electroreduction of CO2 such as bare metallic
electrodes [15, 16, 23, 24] and several modified electrodes [25-29]. However, certain problems are
associated with these systems such as high overpotential, electrode stability, electrode fouling, low
selectivity, low product concentration and low faradaic efficiency [30].
We have recently reported results on the electrochemical conversion of CO2 to certain organic
molecules (mostly ethanol and methanol) at a faradaic efficiency of 85%, employing an Ir/Ru-oxide
electrode operating in a batch electrochemical reactor in an aqueous electrolyte and atmospheric
pressure and room temperature [31]. However, here we show that a significantly higher faradaic
efficiency (221± 23%) can be achieved under the same experimental conditions (electrolyte type, pH,
temperature, pressure), by employing a glassy carbon electrode patterned with nickel nanoparticles,
indicating that the CO2 reduction reaction, most probably, follows both an electro-catalytic and
chemical-catalytic pathway [32]. The reader should note that only products in the liquid phase were
analysed and discussed in the paper.
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2. EXPERIMENTAL
Electroreduction of CO2 using a nickel nanoparticle-modified glassy carbon (GC-Ni) electrode
was studied in 0.4 M Britton Robinson buffer [33] at pH 5.82, atmospheric pressure and temperature
295±2 K. Formation of Ni nanoparticles (NPs) on a GC electrode surface was performed by
electrochemical deposition of Ni as explained in a previous article [21].
Electrochemical reduction of CO2 was performed in a three-electrode, two-compartment batch
electrochemical reactor. The electrolyte volume was 80 mL. The geometric surface area of the GC-Ni
working electrode (WE) exposed to the electrolyte was 6.25 cm2. A mercury/mercurous sulphate
electrode (MSE; +0.6 V vs. SHE) was used as a reference electrode (RE), and all potentials are
expressed with respect to MSE. Two graphite rods were used as counter electrodes (CE). The CEs
were separated from the WE and RE by a glass frit in order to prevent the oxygen gas evolved at the
CE to get transported to the WE and be reduced, which would interfere with the CO 2 reduction
reaction. In order to maintain an oxygen-free electrolyte, argon (99.998% pure) was purged through
the electrolyte for 45 min prior to electrochemical measurements, followed by saturation of the
electrolyte with CO2 (99.99%, MEGS) for another 45 min. CO2 was then continuously bubbled
through the electrolyte during all electrochemical measurements, to maintain the electrolyte saturated
with CO2.
The surface morphology of the GC-Ni electrode was analyzed by a field-emission scanning
electron microscope (FE-SEM). Identification of CO2 reduction products dissolved in the liquid phase
was done using mass spectrometry, and their concentration was determined by gas chromatography
[31].

3. RESULTS AND DISCUSSION
3.1. Characterization of a GC-Ni electrode
The rationale for using a GC surface as an electrode substrate material for CO2 reduction is
related to the fact that GC is an inexpensive material, has large hydrogen evolution overpotential, and
is a good substrate for adsorption of organic molecules [21, 22, 34]. On the other hand, to increase the
kinetics of
radical protonation, it is desirable to have Hads (“activated hydrogen”) adsorbed at
the neighbouring reaction site (close to the
radical formation site) so that the reaction follows
the Langmuir-Hinshelwood mechanism, rather than having H+ in the aqueous phase to directly react
with the adsorbed
radical (the Eley-Rideal mechanism). Thus, taking into account that the NiHads bond is of intermediate strength [35], i.e. that H+ can easily be adsorbed on the Ni surface to form
Hads, but can also be easily desorbed to react with the
radical adsorbed at the neighbouring
GC electrode site, the choice of Ni to form nanoparticles on GC is reasonable (other metals, such as Pt,
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Ru, Ir can also be used for the same purpose, but these noble metals are significantly more expensive
than Ni).
Fig. 1 shows a GC surface patterned with nickel nanoparticles (NPs). The NPs are uniformly /
well dispersed on the GC surface, with a relatively narrow size distribution and good surface coverage.
The corresponding mean particle size is 7318 nm and the surface coverage is ca. 15%.

Figure 1. A SEM micrograph of Ni NPs deposited on a GC electrode surface.

3.2. Electrochemical reduction of CO2
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Figure 2. Concentration of () ethanol and () methanol in the liquid phase produced by reduction of
CO2 on a GC-Ni cathode in a batch electrochemical reactor operating at electrode potential of 1.8 VMSE. Small amounts of acetaldehyde were also produced (not presented).
In order to investigate the kinetics of CO2 reduction on the GC-Ni electrode, electrolysis of a
CO2-saturated electrolyte was performed in a batch electrochemical reactor operating at constant
potential. Fig. 2 shows the corresponding evolution of CO2 reduction products (it should be noted that
only products remained in the liquid phase at concentrations detectable by gas chromatography, are
presented). Ethanol was identified as the major CO2 electroreduction product in the liquid phase, with
a minor contribution of methanol. Traces of acetaldehyde were also detected at longer electrolysis
times (not presented). The corresponding electrochemical reactions can be presented as outlined
below; note that these are complex reactions, composed of a number of elementary reaction steps that
are currently now known:
CO 2  6H   6e   CH 3 OH  H 2 O
(5)
2CO 2  12H   12e   CH 3 CH 2 OH  3H 2 O




2CO 2  10H  10e  CH 3 CHO  3H 2 O

(6)
(7)

Fig. 2 shows that the concentration of ethanol gradually increased with time and reached
574 ± 3 mg L-1 after 480 min. Methanol was first detected after 90 min of electrolysis, and its
concentration reached only 38 ± 6.0 mg L-1 at the end of electrolysis time. The total alcohol production
profile is, thus, governed by that of ethanol, and the average ethanol yield in the product mixture was
936 mol.% (taking into account the entire electrolysis time). It should be noted that the experiment in
Fig. 2 was repeated in the absence of CO2 in the electrolyte (control experiment), and none of the
products presented in Fig. 2 was detected after 480 min of electrolysis. This demonstrates that the three
products in Fig. 2 were indeed produced by the electrochemical reduction of CO2.
As mentioned previously, one of the main obstacles in commercializing the CO2
electroreduction process is its low faradaic efficiency in aqueous solutions. Consequently, the faradaic
efficiency of the CO2 reduction process performed on the GC-Ni electrode was determined by
comparing the charge calculated using the Faraday law applied to the experimental data in Fig. 2 and
Eqs.(5 - 7), to the experimentally-measured charge, and the results are presented in Fig. 3.
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Figure 3. Faradaic efficiency of the CO2 reduction reaction on GC-Ni calculated with respect to the
production of ethanol, methanol and acetaldehyde dissolved in the liquid phase, in a batch
electrochemical reactor operating at electrode potential of -1.8 VMSE, 295 K and atmospheric
pressure.
Surprisingly, during the first 120 min of electrolysis the total faradaic efficiency reached
404 ± 37%, and then gradually decreased to 221 ± 23% after 480 min. This decrease in efficiency may
be due to the deactivation of the electrode caused by adsorption of CO2 reduction products on the
electrode surface, which partially blocked the electrode and reduced its electrochemically-active
surface area. Our ATR-FTIR measurements (not shown) confirmed that organic molecules indeed
adsorbed on the electrode surface at the experimental conditions employed.
Considering that the product analysis methodology used in this work was the same as that one
published in our previous paper [31], in which the reported faradaic efficiency on an Ir/Ru-oxide
electrode was significantly lower (85% under the same experimental conditions applied here), and
considering that replicate measurements were performed and the corresponding error calculated (error
bars in Figs. 2 and 3), we can eliminate a possibility of experimental and/or calculation error in
determining the (high) faradaic efficiency values presented in Fig. 3.
The above-100% efficiency in Fig. 3 indicates that the formation of CO2 reduction products
proceeded not only through the electrochemical (electrocatalytic) pathway (Eqs. 5 - 7 ), but also
through a chemical (catalytic) pathway. The authors currently do not have experimental evidence that
would support this claim, but a possible explanation could be related to a so-called NEMCA (nonfaradaic electrochemical modification of catalytic activity, also known as electrochemical promotion
of catalysis, EPOC) effect [36-38]. This phenomenon has not yet been reported in the literature in the
case of electrochemical reduction of CO2 under the experimental conditions applied in this research
(room temperature, atmospheric pressure), but it has been reported for other electrochemical systems
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operating under similar experimental conditions, where up to 500% faradaic efficiency values have
been reported [37, 38]. However, further research is needed to verify the contribution of the NEMCA
effect in CO2 reduction.

4. CONCLUSIONS
The conversion of CO2 into different organic molecules using a GC-Ni electrode in a batch
electrochemical reactor operating at room temperature and atmospheric pressure and at a very high
faradaic efficiency was demonstrated. We hypothesize that the >100% efficiency is possibly due to the
contribution of the NEMCA effect. The GC-Ni electrode was found to be highly selective towards the
conversion of CO2 into ethanol (911 mol.% at longer electrolysis times).
ACKNOWLEDGEMENTS
The authors would like to acknowledge the Natural Science and Engineering Research Council of
Canada and the University of Engineering and Technology, Peshawar, Pakistan for providing the
support for this research.

References
1. R.H. Socolow, S.W. Pacala, A plan to keep carbon in check, Nature Publishing Group, New York
(2006).
2. R. Socolow, R. Hotinski, J.B. Greenblatt, S. Pacala, Environment, 46 (2004) 8.
3. R.S. Middleton, J.K. Eccles, Appl. Energy, 108 (2013) 66.
4. S. Kaneco, M. Yabuuchi, H. Katsumata, T. Suzuki, K. Ohta, Am. Chem. Soc. Div. Fuel Chem., 47
(2002) 71.
5. S. Solomon, G.-K. Plattner, R. Knutti, P. Friedlingstein, Proceedings of the National Academy of
Sciences of the United States of America, 2009.
6. G.A. Olah, A. Goeppert, G.K.S. Prakash, J. Organic Chem., 74 (2009) 487.
7. C. Song, Catal. Today, 115 (2006) 2.
8. Z. Jiang, T. Xiao, V.L. Kuznetsov, P.P. Edwards, Phil. Trans. R. Soc. A., 368 (2010) 3343.
9. R. Aydin, F. Koleli, J. Electroanal. Chem., 535 (2002) 107.
10. M. Schwartz, R.L. Cook, V.M. Kehoe, R.C. MacDuff, J. Patel, A.F. Sammells, J. Electrochem.
Soc., 140 (1993) 614.
11. J. Wu, F. Risalvato, F. Ke, P. Pellechia, X.D. Zhou, High efficiency direct electrochemical
conversion of CO2 to liquid fuel, AIChE 2012, Annual Meeting, Conference Proceedings.
12. I. Ganesh, Mat. Sci., 764 (2013) 1.
13. B. P. Sullivan, K. Krist, H. E. Guard, Electrochemical and Electrocatalytic Reactions of Carbon
Dioxide, Elsevier, New York (1992).
14. M. Gattrell, N. Gupta, A. Co, J. Electroanal. Chem., 594 (2006) 1.
15. Y. Hori, Electrochemical CO2 reduction on metal electrodes: Modern aspects of electrochemistry,
Springer, New York (2008).
16. M. Jitaru, D.A. Lowy, M. Toma, B.C. Toma, L. Oniciu, J. Appl. Electrochem., 27 (1997) 875.
17. J. Qiao, Y. Liu, F. Hong, J. Zhang, Chem. Soc. Rev., 43 (2014) 631.

Int. J. Electrochem. Sci., Vol. 9, 2014

7205

18. M. Jitaru, J. Uni. Chem. Tech. Metallurgy, 42 (2007) 333.
19. K.P. Kuhl, E.R. Cave, D.N. Abram, T.F. Jaramillo, Energy Environ. Sci., 5 (2012) 7050.
20. P. Atkins, J. de Paula, D. Smith, Physical Chemistry, 9th Ed., W. H. Freeman & Company, New
York (2009).
21. I. Ali, A. Gill, S. Omanovic, Chem. Eng. J., 188 (2012) 173.
22. I. Ali, B. Soomro, S. Omanovic, Electrochem. Commun., 13 (2011) 562.
23. W. Li, Electrocatalytic Reduction of CO2 to Small Organic Molecule Fuels on Metal Catalysts:
Advances in CO2 Conversion and Utilization, ACS Symposium, 2010.
24. J. Sobkowski, A. Wi e ckowski, P. Zelenay, A. Czerwinski, J. Electroanal. Chem., 100 (1979) 781.
25. D.N. Abram, K.P. Kuhl, E.R. Cave, T.F. Jaramillo, Polyaniline-modified Pt catalyst for improved
electrochemical reduction of CO2, 2012 AIChE Annual Meeting, Conference Proceedings.
26. E.R. Cave, K.P. Kuhl, D.N. Abram, T.F. Jaramillo, Electrochemical reduction of CO2 on modified
gold surfaces, AIChE, 2012 Annual Meeting, Conference Proceedings.
27. H. Zhao, Y. Zhang, B. Zhao, Y. Chang, Z. Li, Environ. Sci. Technol., 46 (2012) 5198.
28. H.Z. Zhao, Y.Y. Chang, C. Liu, J. Solid State Electrochem., 17 (2013)1657.
29. S. Kaneco, K. Iiba, N.H. Hiei, K. Ohta, T. Mizuno, T. Suzuki, Electrochim. Acta, 44 (1999) 4701.
30. B. Kumar, M. Llorente, J. Froehlich, T. Dang, A. Sathrum, C.P. Kubiak, Ann. Rev. Phys. Chem., 63
(2012) 541.
31. N. Ullah, I. Ali, M. Jansen, S. Omanovic, Can. J. Chem. Eng., 2014, in press.
32. S. Omanovic, S. Coulombe, I. Ali, N. Ullah, M.M. McArthur, Electrochemical conversion, US
provisional patent application, #US62/015,832, July 2014.
33. N. Spataru, K. Tokuhiro, C. Terashima, T.N. Rao, A. Fujishima, J. Appl. Electrochem., 33 (2003)
1205.
34. A. Azem, F. Man, S. Omanovic, J. Mol. Catal. A: Chem., 219 (2004) 283-299.
35. S. Trasatti, J. Electroanal. Chem., 39 (1972) 163.
36. C.G. Vayenas, S. Bebelis, C. Pliangos, S. Brosda, D. Tsiplakides, Electrochemical Activation of
Catalysis; NEMCA with Aqueous Electrolytes and Inorganic Melts, Ch., 10, Springer, New York
(2002).
37. S.G. Neophytides, D. Tsiplakides, P. Stonehart, M.M. Jaksic, C.G. Vayenas, Nature, 370 (1994)
45.
38. S.G. Neophytides, D. Tsiplakides, P. Stonehart, M. Jaksic, C.G. Vayenas, J. Phys. Chem., 100
(1996) 14803.

© 2014 The Authors. Published by ESG (www.electrochemsci.org). This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/4.0/).

