Catalysis Today 233 (2014) 169-180

journal homepage: www.elsevier.com/locate/cattod

Contents lists available at ScienceDirect

Catalysis Today

A review on the electrochemical reduction of CO, in fuel cells, metal 1)

electrodes and molecular catalysts

CrossMark

@

Rern Jern Lim?, Mingshi Xie?, Mahasin Alam Sk?, Jong-Min Lee?, Adrian FisherP,

Xin Wang?, Kok Hwa Lim®*

2 Division of Chemical and Biomolecular Engineering, School of Chemical and Biomedical Engineering, Nanyang Technological University, Singapore

637459, Singapore

b Department of Chemical Engineering and Biotechnology, University of Cambridge, New Museums Site, Pembroke Street, Cambridge CB2 3RA, UK

ARTICLE INFO ABSTRACT

Article history:

Received 10 September 2013

Received in revised form 1 November 2013
Accepted 16 November 2013

Available online 15 December 2013

In this review article, we report the development and utilisation of fuel cells, metal electrodes in aqueous
electrolyte and molecular catalysts in the electrochemical reduction of CO;. Fuel cells are able to function
in both electrolyser and fuel cell mode and could potentially reduce CO, and produce energy at the same
time. However, it requires considerably high temperatures for efficient operation. Direct reduction using

metal electrodes and molecular catalysts are possible at room temperatures but require an additional
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applied potential and generally have low current densities. Density functional theory (DFT) studies have
been used and have begun to unveil possible mechanisms involved which could lead to improvements
and development of more efficient catalysts.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Since the industrial revolution, atmospheric carbon dioxide
(CO,) level of about 278 ppm has continuously increased due to
extensive use of fossil fuels [1]. Recent report showed that atmo-
spheric CO, level has reached the 400 ppm mark [2] and it is
expected to continue to rise. The climate modelling study per-
formed by Solomon et al. has shown that the effects of climate
change due to the increase in greenhouse gases would have last-
ing effects of up to 1000 years even when there is zero emission
of greenhouse gases [3-5]. Currently, the release of CO, into the
environment is uncontrolled from various industrial and anthro-
pogenic processes. The open loop nature of these processes which
releases CO, into the environment is not only unsustainable; but
is also contrary to the natural carbon cycle which is a closed loop
process. Although the study by Solomon et al. [3,4] do not take
into account forced or artificial sequestration of greenhouse gases
especially CO,, it is still important that the release of CO, into
the environment has to cease as soon as possible to minimise the
adverse impact of climate change. Instead of sequestrating atmo-
spheric CO, only, the captured CO, should also be turned into fuels
which not only closes the open loop processes that we have but
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also reduces our dependency on fossil fuels. Various other poten-
tial uses for CO, in the industry has also been highlighted where the
utilisation of CO, may reach an upper limit of 700 Mt/yr [6]. Being
able to efficiently turn CO, into fuels would have the largest benefit
and impact in the effort to reduce CO, emissions. This is because
80% of our energy is derived from fossil fuels [7].

Energy from carbon neutral sources such as renewables and/or
nuclear can be used to synthesise these fuels by storing the energy
in a chemical form. Besides, it would be possible to utilise existing
infrastructures to transport and store the fuels [8,9]. Energy from
renewables and nuclear is generally in the form of electricity, hence
electrochemistry potentially plays an important role in the produc-
tion of fuels from CO,. The Fischer-Tropsch (FT) process is also an
important process in the endeavour to turn CO, into fuels. The FT
process utilises carbon monoxide (CO) and hydrogen (H;) or syn-
thesis gas (syngas) and produces hydrocarbons in the presence of
iron or cobalt catalyst (Eq. (1)) [10]. A side and competing reac-
tion is the water-gas shift (WGS) reaction where CO, is produced
instead (Eq. (2)).

CO + 2.15H; — hydrocarbons + H,0 (1)
CO + H,0 = COy+H; (2)

Various studies in the electrochemical reduction of CO, have
reported the formation of CO [11-13]. Studies on high tempera-
ture electrochemical reduction of CO, produces only CO and H; as
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main products, have good current densities and does not require an
applied potential [12,13]. The selectivity and production of CO in
the aqueous electrochemical reduction of CO, at room temperature
is dependent on the electrode material [11]. The main drawback
of this process is that it requires an additional applied potential
and relatively low current density. However, it is possible to obtain
other products such as hydrocarbons, formate and alcohols from
this process which is not possible in the high temperature electro-
chemical reduction process [14-18].

It is much more favourable thermodynamically to form sta-
ble molecules via proton-coupled multi-electron steps rather than
single electron steps. However, the formation kinetics is not
favourable as confirmed by other studies where higher applied
potentials are required [ 14-18]. Briefly, Egs. (3)-(8) are used to esti-
mate the standard reduction potential (with respect to the standard
hydrogen electrode (SHE)) from formation energies in aqueous
media at pH 7, atmospheric pressure and 25°C [19].

CO,+e = CO;~ (—~1.90V) 3)
CO, +H,0 + 2e~ = CO + 20H" (-0.52V) (4)
CO, +6H,0 + 8e~ = CH;+80H~ (—0.25V) (5)
2C0, +8H,0 + 12e~ = CyHy+120H-  (—0.34V) (6)
2C0, +9H,0 + 12e~ = C,HsOH + 120H- (-0.33V) 7)
3C0, + 13H,0 + 18e~ = C3H,O0H + 180H~ (-0.32V) (8)

Other than metal electrodes, metal complexes have also been
studied for electrochemical reduction of CO,. The three types of
metal complexes for electrochemical reduction are metal com-
plexes with (a) macrocyclic ligands, (b) bipyridine ligands and (c)
phosphine complexes [20]. The combination of metal complexes
with a gas diffusion electrode was found to have an extremely high
current efficiency for the formation of CO [21].

In this article we review the works on the electrochemical reduc-
tion of CO, using solid oxide fuel cells, metal electrodes in aqueous
solution and metal complexes and advances in understanding the
mechanisms involved.

2. Solid oxide fuel cells

Solid oxide fuel cells (SOFCs) have been studied extensively for
the generation of power. The authors would like the readers to refer
to the review by Choudhury et al. for the recent progress made in
the study of SOFCs [22]. Briefly, SOFCs have the capability to gener-
ate power of up to 300 kW and up to several MW when combined
with a steam or gas turbine. Efficiencies that could be achieved
ranged from 50% to 80% depending on the design of the process.
The types of fuels used are natural gas, methane or pure hydro-
gen with exhaust products consisting of mainly water, CO, CO,, H;
and heat. Methanol can also be used as fuel for SOFCs [23]. It is
also possible to reduce CO, to CO by reforming with methane (Eq.
(9)) over rhodium, iridium or nickel [24]. This reforming process
(dry reforming) is not only able to produce syngas with favourable
H/CO ratios but may potentially reduce the amount of CO, in the
environment [23].

CO, 4+ CHy — 2CO + 2H, (9)

Reports of using CO, as a fuel in SOFCs have begun to increase
in the recent years [12,15,25-32]. Nickel [13,25,27,28], platinum
[29-32], copper[12] and palladium [26] had been reported to be the
active components. Despite having different active components,
the main component of the electrolytes used is essentially the
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Fig. 1. CO;, electrolysis current density vs applied cell potential for Pt based SOFC.
Roman numerals indicate low (I), constant (II) and high (III) current density regions.
Reproduced from Ref. [31] by permission from Elsevier.

same which is non-porous yttria-stabilized zirconia (YSZ). The YSZ
electrolyte functions as an oxygen ion conductor at very high tem-
peratures (800-900°C) [29]. This oxygen ion transfer phenomenon
occurs due to the vacancies present in the crystal lattice of the
electrolyte.

2.1. Platinum

Initially, the main goal of using SOFCs to reduce CO,was to
produce oxygen from the CO, rich atmosphere of Mars in future
missions; not energy [29,30]. The electrolyte was sandwiched
between porous platinum electrodes and a potential of less than
—2.0V was applied to the cell. The current flow of this process was
found to be completely due to the flow of oxygen ions and not
due to electron transport [29]. OXygen-containing species (OCS)
present during electrolysis increased the resistance of the oxygen
ion flow. Two main types of OCS that were identified are weakly
adsorbed oxygen (O---(Pt);) and stable oxides (O(Pt),) [30]. The
OCS partially blocks available sites for oxygen transfer at the elec-
trode/electrolyte interface thus causing an increase in resistance
of oxygen ion flow. Further studies were conducted to determine
the rate determining steps and to improve the performance and
efficiency of the cell [31,32]. The rate determining step in the low
and constant current density region was found to be the gas diffu-
sion whereas in the high current density region it was the kinetics
of CO, electrolysis (Fig. 1) [31]. Significant improvements were
made using Pt-YSZ cermet electrodes which reduced the anode
overpotentials, ohmic resistance and an increased electrochemical
reaction at the interfaces [32].

2.2. Nickel

Due to the rarity and high prices of platinum which may affect
commercialization, other researchers have turned their focus to use
nickel as the active agent in the reduction of CO,. Similar to plat-
inum, initial study using nickel was to isolate oxygen therefore a
potential is applied to perform the reduction process [25]. Methane
formation was reported as the mixture of CO, and H; was used as
fuel instead of pure CO, as in studies using platinum. Nickel sup-
ported on zeolite together with YSZ and silver electrodes was used.
The zeolite present adsorbed CO, and facilitated the methanation
process over the nickel particles through a one-step reaction (Eq.
(10)).It was postulated that (a) oxygen is first converted to water by
the Ni/zeolite catalyst and then transferred through the YSZ elec-
trolyte after the water isionised, (b) CO, dissociation on the cathode
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