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The most important methods for the electrochemical reduction of carbon dioxide on ¯at metallic
cathodes have been systematically summarized using a novel classi®cation approach. In contrast to
the usual classi®cation systems that were based solely on the products of electrolysis, the electro-
reduction procedures have been grouped according to both the nature of the cathode (sp or d group
metal electrodes) and the solvent used for the supporting electrolyte (aqueous or nonaqueous solu-
tions). The new classi®cation system allows the identity of the electroreduction product to be better
related to the nature of the metallic electrode and the supporting electrolyte. Similar reduction
products are formed by each of the four possible combinations of electrodes and supporting elec-
trolytes (sp group metals in aqueous and nonaqueous electrolytes, and d group metals in aqueous and
nonaqueous electrolytes, respectively). The discussion has included both synthetic aspects and me-
chanistic considerations. Of special interest in this review is the discussion of procedures for the
selective preparation of formic acid and for the manufacturing of hydrocarbons and/or alcohols
using carbon dioxide as the carbon source.

1. Introduction

The large number of recent papers dealing with the
electrochemical reduction of carbon dioxide are of
both fundamental and preparative interest. The fun-
damental research is stimulated by the similarity of
CO2 electroreduction to photosynthesis, the latter
being one of the most important reactions in nature
and the basis of all living activity [1±3]. It has been
the aim of chemists to utilize this naturally occurring
process of carbon ®xation as a model for manu-
facturing synthetic fuels [4]. Since 1870 there have
been many attempts to ®nd nonbiological approaches
to the reduction of CO2 to various organic com-
pounds [2]. Di�erent ways to reduce CO2 have been
researched, such as radiochemical, chemical, ther-
mochemical, photochemical, electrochemical and
biochemical procedures [3]. Since carbon dioxide is
easily available in nature and huge amounts are
generated by human activities, it is a practically in-
®nite carbon source for the chemical industry,
namely, for the manufacturing of alcohols (methanol
and ethanol), aldehydes, hydrocarbons (methane and
ethylene) and carboxylic acids (formic and oxalic
acids). Among these products, methanol is an en-
vironmentally neutral liquid energy source. Thus
electrochemistry is a viable means for removing CO2

from the atmosphere, and converting it into more
valuable chemicals [5]. Also, the synthesis of hydro-
carbons by the electrochemical reduction of CO2

might be of practical interest for fuel production and
the storage of solar energy [6±8].

As seen in Fig. 1 the number of papers published
on the electroreduction of CO2 reached a maximum
in 1986 / 1987, then slightly decreased until 1990, and
continuously increased thereafter. In the last two
years (1994 / 1995) the number of papers reached a
constant level (57 and 58, respectively). The growth
of the topic in the last decade is due to the promising
results of electrochemical methods, which can be
applied on the industrial scale. Many of these pro-
cedures are currently being patented. All these elec-
troreduction techniques had to overcome the
di�culty of ®nding electrodes with both a high elec-
trocatalytic activity and a satisfactory lifetime. Also,
given the relatively low solubility of CO2 in aqueous
solutions, methods for improving the solubility of
CO2 had to be found. A possible solution to this
problem is to perform the electroreduction at high
pressure or in nonaqueous solutions. Three kinds of
electrodes are currently being employed: (i) bulk
metal electrodes with appropriate electrocatalytic
activity, (ii) chemically modi®ed electrodes, and (iii)
metal electrodes in the presence of electrocatalysts
dissolved in the supporting electrolyte [9, 10]. Only
electrodes belonging to the ®rst category will be dis-* To whom correspondence should be addressed.
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cussed here. Bulk metals can be considered suitable
from the electrocatalytic standpoint if they have the
ability to lower the overpotential while maintaining
high current e�ciencies and high current densities
(> 100 mA cm)2) [5].

Several classi®cation systems have been used to
systematize the impressive number of data accumu-
lated in CO2-related synthetic work [3, 11±14]. Most
of these classi®cations are solely based on the nature
of the main product obtained in the electrochemical
synthesis. Four classes of metallic electrodes in aqu-
eous supporting electrolytes and three classes for
nonaqueous media can be distinguished [11±14].
Thus, in aqueous solution (i) metallic In, Sn, Hg and
Pb are selective for the production of formic acid, (ii)
metallic Zn, Au and Ag produce carbon monoxide,
(iii) metallic Cu exhibits a high electrocatalytic ac-
tivity for the formation of hydrocarbons, aldehydes
and alcohols, while (iv) metallic Al, Ga and Group
VIII elements (except Pd) show low electrocatalytic
activity in CO2 electroreduction [11±13]. In nonaqu-
eous supporting electrolytes (i) on Pb, Tl and Hg the
main product is oxalic acid [3]; (ii) on Cu, Ag, Au, In,
Zn and Sn carbon monoxide and carbonate ions are
obtained [3, 12, 14], while Ni, Pd and Pt are selective
for CO formation; and (iii) Al, Ga and Group VIII
elements (except Ni, Pd and Pt) form both CO and
oxalic acid [12]. Additional classi®cation criteria for
the processes occurring in CO2 electroreduction based
on both the electrocatalytic properties of the elec-
trode material and the nature of the supporting
electrolyte would allow a better systematization of the
multitude of reactions and would give more insight
into the mechanisms controlling the phenomena.

In the early seventies, the di�erence between the
electrocatalytic behaviour of electrodes made of sp
group metals and of d group metals, respectively
[15±27], was recognized as an important criterion in
determining the selectivity of electrode processes.
Thus, when used in aqueous supporting electrolytes,
sp group metal cathodes, such as Hg, In, Sn and Pb
favoured the electroreduction of CO2 to formic acid
[15±18, 24], while on d metals (e.g., on Pt and Pd)
carbon monoxide was formed as the main product
[26, 28]. Another typical d group metal, Ru, was
found to exert favourable electrocatalytic properties
for the preparation of various organic compounds:
hydrocarbons (methane and ethylene), alcohols (me-
thanol and ethanol) as well as formaldehyde [29±32].

However, the same groups of metals behaved dif-
ferently in nonaqueous supporting electrolytes: on sp
group metals (Tl, Pb and Hg) oxalic acid was selec-
tively produced; on several d group metals (Fe, Cr,
Mo, Ti and Nb) oxalic acid and CO were the main
products; while on several sp group metal electrodes
(In, Sn, Cd, Zn, Cu, Ag and Au) and d group metal
electrodes (Pd, Pt and Ni) mainly CO was formed
[10±12, 33±35].

This discussion of the electroreduction of CO2 will
consider both the importance of the cathode metal
and that of the solvent. Therefore, the review com-
prises two main sections, according to the type of
electrodes used as the cathode material (sp and d
group metals). Given the in¯uence of the solvent on
the nature of the products in each Section separate
subSections are dedicated to work in aqueous and in
nonaqueous media, respectively. The new classi®ca-
tion system allows the identity of the electroreduction
product to be related to the nature of the metallic
electrode and the supporting electrolyte. It is shown
that similar reduction products are formed by each of
the four possible combinations of electrodes and
supporting electrolytes (sp group metals in aqueous
and nonaqueous electrolytes, and d group metals in
aqueous and nonaqueous electrolytes, respectively).

2. Electrochemical reduction of carbon dioxide

on sp group metals

According to Kita [19] the sp metal group includes
the principal group metals of the periodic table, and
the transitional metals with completely ®lled d orbi-
tals; that is, the metals with a d10 electronic con®g-
uration: Zn, Cd, Hg, Cu, Ag and Au.

2.1. Electroreduction in aqueous solution

Metals of the sp group have been used as the cathode
material from the beginning of electrochemical re-
search. Copper and zinc cathodes have probably been
the most extensively employed in the electrochemical
reduction of CO2. In 1870, Royer [36] performed
experiments on Zn electrodes using a sodium bi-
carbonate supporting electrolyte to obtain formic
acid. At the beginning of the 20th century Coehn and
Jahn [37] improved Royer's procedure by using Zn
amalgam cathodes. The authors prepared formic acid
with current e�ciencies (rf) up to 88.6%. Ehrenfeld
[38] successfully raised the faradaic yield (rf) of the
process to 95% by using a divided cell equipped with
Zn amalgam vs Pt electrodes, and an ammonium
bicarbonate supporting electrolyte. Fischer and
Prziza [39] were the ®rst to use pressurized electrolysis
cells in CO2 electroreduction. They obtained formic
acid with almost quantitative yields on Zn amalgam
and Pb cathodes at pressures in the range from 5 to
50 atm. Both lead amalgam with 0.2 wt % Pb [40] and
rotating amalgamated Cu cathodes [35] have proved
e�cient in the manufacturing of formic acid. To
eliminate the polluting mercury involved in amalgam

Fig. 1. Number of papers published in the last decade on the
electrochemical reduction of CO2 on ¯at metallic electrodes.
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electrodes Kesarev and coworkers [16] reintroduced
Royer's metallic Zn cathode, one hundred years after
its ®rst use. Watanabe and coworkers [41, 42] ex-
amined the electrocatalytic activity of Cu-based
alloys. In their experiments electrodes of Cu±Sn and
Cu±Zn alloys, as well as of elemental Cu, Sn and Zn,
were used at low temperature (275 K). On these
cathodes formic acid, methanol and carbon mon-
oxide were produced. Noda and coworkers [10, 11]
found that, in addition to Hg and Pb, metallic In and
Sn were selective for producing formic acid, while
metallic Al and Ga had scarcely any electrocatalytic
activity for CO2 electroreduction. In 1983, Kapusta
and Hackerman demonstrated 90% current e�ciency
for formic acid generation during CO2 reductions on
In and Sn [43].

Ito and coworkers [17] reported the excellent
electrocatalytic activity of several sp group metals for
the synthesis of formic acid. Indium and cadmium,
metals with a medium value of the overpotential for
the hydrogen discharge reaction, were used as the
cathode in a divided electrochemical cell. In aqueous
carbonate solution at room temperature and current
density (c.d.) from 5 to 10 mA cm±2, faradaic yields
from 70 to 80% were reached. It is notable that
indium not only reduced CO2 e�ciently, but also
inhibited hydrogen evolution. By using Sn as the
cathode, the electrosynthesis of HCOOH could be
achieved at higher c.d., that is, under kinetically
favourable conditions. Unfortunately, the rf of the
process decreased, such that the advantage of the
increasing productivity was negated by the poor se-
lectivity. On other sp group metals: Zn, Pb and Cd,
formic acid formed only at low or medium current
e�ciency. Work performed in 1985 by Bagotskii and
coworkers [15] duplicated Ito's former results [17]
related to the electrocatalytic activity of sp group
metals.

In a more recent paper Ito and coworkers [18]
discussed the product distribution as a function of the
electrode material and the cathode potential
(Table 1). It was found again that at moderate cath-
ode potentials, indium electrodes are very suitable for
HCOOH preparation (rf = 87.6%, and selectivity
S = 92.8%) [44]. The best yields for HCOOH were
obtained on Hg (rf up to 100%, at current densities of
10±7 to 10±2 A cm±2), In and Pb, in an aqueous tetra-

ethylammonium phosphate (TEAP) supporting elec-
trolyte. When Sn and Zn cathodes were employed in
aqueous TEAP solution the rf ranged from 38 to
70%. Tin is a typical sp group metal (4th group),
while Zn, a transitional element with d10 electronic
con®guration, is also considered an sp group metal
[19±21]. Komatsu and coworkers [45] obtained
HCOOH with up to quantitative rf and good rates
(10 mA cm±2) on Bi and Bi-plated glassy carbon
electrodes. In contrast, Sb was not e�ective in CO2

electroreduction; with Sb-plated electrodes hydrogen
was produced with only traces of HCOOH.

The introduction of Cu and Cu-coated metallic
electrodes for the preparation of hydrocarbons
[28, 46±53] and alcohols [54, 55], or both hydro-
carbons and alcohols [56±62] in aqueous media can
be considered a real breakthrough [3]. These reduc-
tions were performed at ambient temperature and
pressure at high current density. In addition to the
simplicity of the method, when neutral supporting
electrolytes were used, the rf was of quantitative order
[63±69]. One di�culty in using Cu electrodes is fast
deactivation, usually observed 20±30 min after the
beginning of the electrolysis [59]. A periodic anodic
activation procedure allowed high hydrocarbon
yields to be maintained over prolonged electrolysis
runs. Similar conclusions were drawn by Cook and
coworkers [63]; their work also revealed that the
electrocatalytic activity of Cu depended on renewal of
the electrode surface. On a clean Cu surface the
achieved rf values CH4 and C2H4 were of 73% and
25%, respectively. The use of rotating disc electrodes
ensured a constant transport to and from the Cu
surface, since the product of the electrode reduction is
continuously swept away from the surface of the disc
[60]. The mechanism of CO2 electroreduction on Cu
is still not completely understood. No su�cient ex-
planations were found for the behaviour of supported
Cu electrodes, and for the in¯uence of Cu+ ions
present in the supporting electrolyte [53, 60±62]. A
recent study by Hwang and coworkers [53] aimed to
evaluate the experimental factors a�ecting the rf of
methane and ethylene formation on Cu/glassy carbon
cathodes. In their experiments performed in aqueous
solution the highest rf values (ca. 70%) were obtained
at pH 7 (at room temperature) and at pH 2 (at ice
temperature). Also, the surface area of the electrode
(both its size and the number of Cu deposits on the
glassy carbon) played an important role in the elec-
troreduction of CO2. The presence of Cu-complexing
agents in the supporting electrolyte, such as ammo-
nia, ethylenediamine or pyridine, enhanced the e�-
ciency of the electrochemical reduction. Ikeda and
coworkers [70] used copper-loaded gas di�usion
electrodes for the mass reduction of carbon dioxide.
Most of the products were similar to those obtained
on a Cu plate electrode (e.g., CH4, C2H4, C2H5OH,
CO and HCOO±) but the current densities achieved
for porous electrodes were about two orders of
magnitude greater. The highest rf values for hydro-
carbons and CO were achieved with electrodes

Table 1. Faradaic yields as a function of the electrode material and

the cathode potential for the main products obtained in CO2

electroreduction [18]

Cathode

metal

Potential vs SCE

/ V

HCOOH

/ %

CO

/ %

H2

/ %

In ±2.0 87.6 6.8 4.9

±2.4 83.2 4.2 13.2

Pb ±2.0 72.9 2.0 15.6

±2.4 78.9 2.1 14.3

Zn ±2.0 46.6 35.6 12.4

±2.4 53.4 16.8 35.2

Sn ±2.0 67.5 9.1 29.9

±2.4 37.6 4.2 61.6
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manufactured of pure and small particle size Cu
powder [70]. Recently, Komatsu and coworkers [71]
introduced a copper-based composite electrode for
the gas-phase electrochemical reduction of CO2.
These electrodes were made of copper deposited onto
a solid polymer electrolyte. When Cu on a cation-
exchange membrane (Na®onÒ 117) was used C2H4

was the main product, while Cu on an anion-ex-
change (Selemion AMV, styrene-divinylbenzene co-
polymer type) membrane was selective for HCOOH.

Although similar in their electronic con®guration
and alike in most of their chemical properties, Cu and
Ag behaved di�erently, when employed as cathode in
CO2 electroreduction. By using an ab initio MP4

calculation Watanebe and coworkers [72] explained
this di�erence. Their calculations suggested that CO
did not interact with Ag, but that it was adsorbed on
the Cu electrode, the C ± O bond being weakened in
the latter case. The optimized geometry and vibra-
tional wavenumbers of CuCO± were determined, but
there was no evidence for AgCO±.

Improved rf were achieved in the electroreduction
of CO2 at high pressure. Thus, in experiments per-
formed with principal group cathodes at 30 atm,
formic acid was obtained with excellent faradaic
yields [73]: 95.5% on Pb, 92.3% on Sn, 90.1% on In,
and 82.7% on Bi. Despite the similarity of In and Al,
the latter metal had only low activity in CO2 reduc-
tion and produced almost exclusively H2 (86.5%) [73].
It should be noted here that in high pressure elec-
trolysis glassy carbon and n-Si wafer cathodes re-
duced CO2 e�ciently to CO and HCOOH (carbon)
and 46.3% HCOOH (n-Si) [73]. When glassy carbon
electrodes were used, the pH of the supporting elec-
trolyte was found to be signi®cant with a slightly
acidic oxalate solution being favourable for the e�-
cient electroreduction of CO2 [74]. It was necessary to
activate the glassy carbon electrode by applying a 30 s
anodic pulse at +1.2 V vs SCE [75]. Such an electrode
showed enhanced activity, that is, the reduction oc-
curred at lower cathodic potentials than on the glassy
carbon electrode with no previous anodic conditioning.

Numerous reaction mechanisms were suggested
[35, 44, 76, 77] for the electroreduction of CO2 in
aqueous media. Most of these mechanisms accept the
steps shown in Fig. 2. Udupa [35] and Paik and Eyring
[76, 77] assumed independently that the reactive spe-
cies are the neutral hydrated CO2 molecules that un-
dergo the ®rst electron transfer step to form COÿ2 á
radicals (Fig. 2(a)). Such an initial step is likely for all
sp group metal cathodes. However, analogous me-
chanisms were proposed for reactions proceeding on d
metal electrodes. Estimates for the standard potential
of the ®rst electronation are about )1.87 � 0.02 V vs
SCE. However, in most experiments this potential is
probably lower because the surface concentration of
the radical is below the standard conditions, and the
energy is associated with the adsorption of the radical
onto the electrode surface [5, 78]. It was suggested that
the COÿ2 á radical may be formed by photoemission
[24, 69]. The adsorbed COÿ2 á radicals (Fig. 2(b), then

react with the water molecules, also adsorbed at the
electrode surface, to form HCO2á radicals (and OH)

ions). Due to its unpaired electron this intermediate
remains adsorbed at the electrode surface until it un-
dergoes the second reduction step to HCOÿ2 (Fig. 2(c)).
At this instant the anionic HCOÿ2 species is rejected
from the metal surface into the bulk phase (Fig. 2(d)).
In several cases voltammetric plots provide valuable
information about the reduction mechanism. Thus,
when Hg electrodes were used the slope of the vol-
tammetric plot at low c.d. was about 450
lA cm)2 V)1, while at high c.d. the slope increased by
almost one order of magnitude (3600 lA cm)2 V)1).
This signi®cant di�erence can be attributed to di�er-
ent rate determining steps [44]. Similar shapes but
di�erent Tafel slopes of the polarization curves were
recorded on other metals [16].

Several studies revealed that the current
e�ciency of CO2 electroreduction depended on the
nature of the cation and anion present in the sup-
porting electrolyte. It was noted that the presence of
CO2ÿ

3 or SO2ÿ
4 anions in the solution increased the rf,

while PO3ÿ
4 did not enhance the faradaic yield [9, 18,

24±27]. The rf improvement by CO2ÿ
3 and HCOÿ3 is

probably due to the direct participation of these
anions in the mechanism of CO2 electroreduction.
Therefore, the true mechanism of CO2 electroreduc-
tion appears to be more complicated than that in-
itially assumed. Spichiger-Ulmann and Augustynski
[26, 27] attributed the high cathodic currents recorded
in aqueous CsHCO3 solution to the participation of
HCOÿ3 ions in the electroreduction of CO2. The au-
thors assumed that HCOÿ3 ions were the species to
undergo electroreduction rather than the neutral CO2

molecules. For di�erent anions present in the sup-
porting electrolyte the rf of HCOOH formation in-
creased from 35 to 87.5% in the order: PO3ÿ

4 <
SO2ÿ

4 < CO2ÿ
3 < HCOÿ3 . These data can be explained

Fig. 2. Mechanism of CO2 electroreduction on sp group metal
electrodes [35, 44, 76±78]. Neutral hydrated CO2 molecules (a)
undergo electronation to yield in adsorbed COÿ2 á radicals; (b) the
latter react with adsorbed water molecules to form adsorbed
HCO2á radicals and OH) ions; (c) HCO2á radicals remain adsorbed
at the electrode surface and undergo further reduction to formate
ions; (d) the negatively charged HCOO) ions are rejected from the
electrode surface.

878 M. JITARU ET AL.



by considering the electrosorption of the hydrated
ions at the electrode surface. This phenomenon is also
known for other electroreduction processes [13, 21,
79±84]. Small cations, such as Li+ and Na+ are not
adsorbed at the electrode surface, due to their strong
hydration. In addition, small cations carry to the
cathode a large number of water molecules, and thus
supply protons for the electroreduction [80]. Con-
versely, the less hydrated bulky cations are pre-
ferentially adsorbed at the cathode. Depending on the
nature of the cation present in the supporting elec-
trolyte the current e�ciency of the process increased
from 47 to 90% in the order: Rb+ < K+ < Na+ < Li+.
In a recent paper, Kyriacou and Anagnostopoulos
[85] reported rf of ethylene increasing with the cation
in the order Cs+ » K+ > Li+. The nonmetallic cation
NH�4 allowed only hydrogen evolution with almost
quantitative rf (» 92%). Apparently, the described
behaviour is related to the radius of the cation.
However, we believe that the hydration of the metal
ions plays a key role in controlling the selectivity of
CO2 electroreduction.

Potentiostatic CO2 reduction studies performed by
Ito [17, 18, 86] and Komatsu [45] in neutral KHCO3

solution showed that: (i) Hg, In, Sn, Pb and Bi fa-
voured the formation of HCOOH and HCOO); (ii)
Zn and Cd, both with d10 electronic con®guration
(i.e., sp group metals) exhibited poor electrocatalytic
properties in the synthesis of HCOOH (e.g., on Zn
20% HCOO) and 40% H2 were obtained, while on Cd
39% HCOO) and 39% H2 were observed; (iii) the
main product on Ag and Au was carbon monoxide;
(iv) all other metals produced hydrogen only; and (v)
the favourable properties of indium suggested the
opportunity of testing the electrocatalytic activity of
other 3rd group metals.

Diverse new electroreduction products were ob-
tained by Eggins and co-workers [87] in an aqueous
quaternary ammonium salt (QAS) solution. Thus, on
Hg and graphite, oxalate anions formed, on Pb,
glyoxylic acid was observed, while on Hg malic acid
was obtained. Similar results were reported by Bewick
[88, 89], Wolf and Rollin [90] and Kuhn [91]. The
presence of glyoxylic acid among the reaction pro-
ducts was in agreement with the previously known
reduction of oxalate to glyoxalate (on Pb cathodes)
[92]. The reaction mechanism of glyoxalate formation
was investigated by cyclic voltammetry in aqueous
tetramethylammonium chloride solution. Two reduc-
tion steps were evidenced at )0.68 and )1.4 V vs SCE.
The authors suggested the following mechanism:

CO2 � eÿÿ!COÿ2 � �1�
COÿ2 � �COÿ2 � ÿ!ÿO2Cÿ COÿ2

�oxalate�
�2�

ÿO2Cÿ COÿ2 � 3H� � 2eÿÿ!ÿO2Cÿ CH�OH�2
ÿ!ÿO2Cÿ CHO�H2O

�glyoxalate� �3�
As seen, the mechanism of oxalate formation involves
the monoelectronic reduction of CO2 (Equation 1),

followed by the dimerization of the COÿ2 á radical
(Equation 2). The latter step is favoured by the pre-
sence of a QAS in the aqueous supporting electrolyte.
The reduction may stop here or the dinegative ox-
alate ion may eventually undergo further reduction to
glyoxalate (Equation 3).

The preparative electrosynthesis carried out on a
graphite electrode at )0.9 V vs SCE yielded in oxalate
ions (rf = 78%), but the nature of the products varied
as a function of the cathode potential (Table 2) [87±
91]. However, in other electroreduction experiments
performed on graphite at the same cathode potential
()0.94 V vs SCE), methanol was obtained with ex-
cellent faradaic yield (rf = 100%), provided that the
current density was maintained at low values (33±100
lA cm)2) [5]. Good oxalate yields were also obtained
with Pb cathodes at relatively moderate cathode po-
tentials (see entry at )1.26 V vs SCE in Table 2) [92].

Many studies were concerned with the electro-
reduction of CO2 on Au and Ag electrodes. Ito
[16, 17] obtained CO, H2 and HCOO) on gold. The
nature of the product was determined by the cathodic
polarization; for example, from )1.3 to )1.6 V vs
SCE exclusively CO and H2 were formed. In galva-
nostatic experiments Hori and coworkers [46±48]
obtained HCOO), CO, CH3OH, CH4 and C2H4.
When the Ag electrode was polarized to )0.8 V vs
SCE methanol was obtained with good current yields
(rf £ 78%), but at very low current densities
(11 lA cm)2) [78]. At cathode potentials more nega-
tive than )1.4 V vs SCE exclusively carbon monoxide
formed [78]. The presence of CO, ethane and methane
among the reaction products was also evidenced by
Noda [32]. The cathode potential was again found to
determine the magnitude of the products yields. A
variety of possible pathways account for this. It was
concluded that the most appropriate cathodic po-
tentials (with respect to Ag/AgCl) for the preparation
of di�erent products were as follows:

HCOOÿ CO C2H4 CH4

E � ÿ1:4 V E � ÿ1:52 V E � ÿ1:58 V E � ÿ1:70 V

Furthermore, new reaction products such as alcohols
and aldehydes, were detected. At )1.65 V vs Ag /AgCl,
14% ethanol was formed. Kostecki and Augustynski

Table 2. Faradaic e�ciency (%) of the formation of three

respresentative CO2 electroreduction products on graphite [91] and

Pb [92] electrodes (in aqueous 0.1 mol dm±3 NH4Cl supporting

electrolyte, at room temperature)

Electrode Ec vs SCE / V Oxalate Formate Glyoxylate

Graphite ±0.900 100 ± ±

±1.05 10 78 12

±1.26 17 74 7

±1.70 15 72 ±

±1.88 6 65 28

Pb ±1.26 44 55 ±

±1.40 9 90 ±

±1.49 25 74 ±

±1.65 1 62 35
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[93] investigated the poisoning of a polycrystalline Ag
cathode during the electroreduction of CO2 to CO.
Surface species closely similar to the detected poison
were obtained by immersing the Ag electrode at
open-circuit in a dilute formaldehyde solution. As for
the copper cathodes, a periodic anodic stripping of
the Ag surface was e�cient in removing the inhibiting
species, and producing stable current densities and rf

of CO formation over 4±5 h electrolysis runs.
The critical overview of the published results on

CO2 electroreduction lead to the conclusion that: (i)
on sp metal electrodes in aqueous supporting elec-
trolytes the main product was typically formic acid;
and (ii) the electrocatalytic activity of the cathode
decreased in the following order: In » Bi > Hg > Pb >
Sn > Zn » Cu > Cd > Ag > Au � Sb.

2.2. Electroreduction in nonaqueous media

The original reasons for using nonaqueous support-
ing electrolytes were to increase CO2 solubility and to
suppress hydrogen evolution and, thereby, to increase
the current e�ciency [5]. However, these investiga-
tions also demonstrated that dimerization processes
occurred with the formation of higher valued C2

products, rather than the electroreduction to metha-
nol or methane [5].

In most organic solvents CO2 has not only a much
better solubility than in water, but this solubility is
unrelated to the dielectric constant of the solvent [3].
For example, the solubility of CO2 in dimethyl sulf-
oxide (DMSO) and acetonitrile (AN) is about four
times that in water, while its solubility in propylene
carbonate (PrC) is about eight times greater. Di-
methylformamide (DMF) has proved the best solvent
of CO2, with a 20 times greater solubility than in
water [94]. However, recently Chang and coworkers
[95] found that at elevated pressure CO2 showed a
solubility order in which cyclohexanone had the
highest solubility of CO2, toluene an intermediate
solubility, and DMF the lowest solubility of CO2 in
the studied solvents.

Carbon dioxide electroreductions performed on
Pb, Tl and Hg electrodes in nonaqueous media yiel-
ded oxalate ions [3], according to the mechanism
shown in Equations 1 and 2. On other sp group
metals (e.g., In, Zn, Sn and Au), a reductive dis-
proportionation of CO2 occurred, with the formation
of CO and carbonate ions (Equation 4):

COÿ2 � �CO2ÿ!e
ÿ

CO� CO2ÿ
3 �4�

This process was ®rst recognized by Saveant and
coworkers [96, 97] in their studies of the uncatalysed
electroreduction of CO2. (The radical CO2

)á was
generated in the one electron reduction of the sub-
strate molecule, according to Equation 1).

In chronopotentiometric reductions on Au and Hg
electrodes in anhydrous DMSO [98], CO molecules
were detected. Similar reduction mechanisms were
assumed for both metals, with the rate determining

step being the electron transfer to CO2 (Equation 1).
However, the standard reduction rate constants were
signi®cantly lower for Hg (3.2 ´ 10)25 cm s)1) than for
Au (4 ´ 10)12 cm s)1). No evidence for the partici-
pation of the solvent in the redox process (Equation 2)
was found, and no reasonable explanation for the very
low rate constant at Hg electrodes was provided.

Vassiliev and coworkers [99] investigated the
electroreduction of CO2 on Sn, In, Pb and Hg in
various nonaqueous solvents (DMF, DMSO, AN).
In all of these experiments the main reaction was the
dimerization to oxalate ions. The reaction mechanism
suggested by the authors involved three steps
(Equations 5±7):

�CO2�ad � eÿÿ!�COÿ2 ��ad �5�
�COÿ2 ��ad � �CO2�adÿ!�O2Cÿ COÿ2 ��ad �6�
�O2Cÿ COÿ2 ��ad � eÿÿ!ÿO2Cÿ COÿ2 �7�

Unlike the mechanism in aqueous solutions which
involves the dimerization of two radical anions
(Equation 2), it can be assumed that the adsorbed
radical anion attacks an adsorbed CO2 molecule in
nonaqueous media (Equation 6). This step is con-
sidered fast at all potentials.

Electroreductions of CO2 were performed by Ito
and coworkers [33] in an electrolyte consisting of a
quaternary ammonium salt (tetraethylammonium
perchlorate, TEAP) in DMSO or propylene carbo-
nate (PrC). On Pb electrodes oxalic acid was the
principal product (rf £ 80%), while on Sn and In
cathodes carbon monoxide was primarily produced.
When zinc electrodes were operated under similar
conditions, a mixture of oxalic acid, glyoxylic acid
and CO was obtained, with an overall rf of ~ 40%.
The same authors [12] extended their investigation (in
TEAP/PrC supporting electrolyte) to Pb, Tl and Hg
electrodes that have proved suitable for the selective
production of oxalic acid (rf £ 84%). Oxalic acid was
synthesized, under the form of its Zn salt, on a pre-
parative scale. The procedure required the use of an
undivided cell, equipped with a bulk Pb cathode in
conjunction with a soluble Zn anode (the supporting
electrolyte was tetrabutylammonium perchlorate in
DMF). Good material yield (ca. 85%) and rf (80%)
were achieved for HCOOH [34]. When the reduction
was accomplished at )2.8 V vs SCE (on a Pb cathode
in TEAP/PrC), the concentration of oxalic acid in-
creased almost linearly with temperature, up to 423 K
[12]. Above this temperature limit, glyoxylic acid and
glycolic acid started to form [12]. These observations
are in agreement with a previously suggested me-
chanisms in which glyoxylic and glycolic acid were
obtained by the further reduction of oxalic acid (see
Equation 1) [58]. Glyoxylic acid was also obtained on
Cd [12]. However, in this case the main reduction
product was CO. In addition to oxalic acid and the
already mentioned glycolic and formic acids, several
other carboxylic acids were obtained during CO2

electroreduction on sp group metals in nonaqueous
solution [5, 100]. Examples include tartaric acid (on
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Pb and Zn), malonic acid (on In, Zn, Sn and Pb),
propionic acid (Zn, Sn and Pb), and n-butyric acid
(on In, Sn and Pb). The best non-aqueous reductions
occur on Pb and Sn, with maximum current e�-
ciencies on the order of 50% on a lead cathode.
However, current densities are generally low (£ 10
mA cm±2) [101].

Recently, CO2 electroreduction experiments were
performed on a Cu cathode in a benzalkonium
chloride/methanol supporting electrolyte [49, 50] at
low temperatures. At 258 K the composition of the
products was CO (24.0%), CH4 (39.1%) and C2H4

(4.4%) [49]. This means that the rf of both CH4 and
C2H4 was better in pure methanol than in aqueous
catholytes. Another advantage of the latter procedure
consisted in the improved solubility of CO2 in me-
thanol (about ®ve times that in water at ambient
temperature). In 1995, Mizuno and coworkers [102]
improved this method by cooling the same support-
ing electrolyte to an even lower temperature (243 K).
Under optimal conditions, the rf of CH4 exceeded
42%. In addition, the e�ciency of the competing
hydrogen evolution was diminished to less than 8% at
low temperatures. Methanol is a solvent which allows
the electroreduction of highly concentrated CO2 so-
lutions [103]. The mole fraction of CO2 is 0.34 at 4.0
MPa, and 0.94 at 5.8 MPa [104]. In such highly
concentrated solutions the supply of CO2 to the
electrode is su�cient for the reduction to proceed
with high current density. The main products of this
electroreduction in the presence of tetra-
butylammonium (a hydrophobic environment) were
CO(rF £ 48.1%), CH4(rF £ 40.7%), C2H4(rF £ 9%) and
HCOOCH3 (rF £ 34.6%). In contrast, Li salt sup-
porting electrolytes (a hydrophilic environment) en-
hanced the formation of methyl formate [103]. The
formation of the methyl formate was explained by
two consecutive processes: (i) the two-electron re-
duction of CO2 to HCOOH, according to the usual
mechanism in protic media (Equations 5 and 8),
methanol serving as the protic solvent in this system,
and (ii) the subsequent chemical esteri®cation of
formic acid with methanol (Equation 9):

COÿ2 � �2H� � eÿÿ!HCOOH �8�
HCOOH� CH3OH ÿÿ*)ÿÿ HCOOCH3 �H2O �9�

When the high current density electroreduction on
a Cu cathode was conducted at elevated pressure
[103], the formation of CO was no longer limited by
the mass transfer of CO2. At 40 atm and ±2.3 V vs Ag
quasi-reference electrode the total current density was
436 mA cm±2, while the rf of CO2 reduction reached
87%. In the gas phase CO, CH4, C2H4 and H2 were
detected as products, while the main components
present in the liquid phase were methyl formate and
dimethoxymethane (CH3O A CH2 A OCH3) [103].
Methanol is currently being used in industry as a CO2

absorber. Therefore, the systems above may have
industrial applications in large-scale methane
production.

In summary, with sp group metal cathodes in
aqueous supporting electrolytes the main product
was formic acid (in neutral solution) and formate ions
(in alkaline solution), while in nonaqueous media
oxalate ions were preponderant [101].

3. Electrochemical reduction of carbon dioxide
on d group metals

3.1. Experiments in aqueous solution

3.1.1. Ni, Pd and Pt electrodes. Platinic metals gen-
erally exhibit favourable electrocatalytic properties
for the electroreduction of CO2 due to the strong
adsorption of CO2 on these metals. It was shown that
the active species on platinic metals were similar to
the intermediates of methane oxidation [29±31].
However, the nature of products obtained on Pt, Pd
and Ni was controlled by the experimental conditions
[105±135]. Cyclic voltammetry performed at Pt
cathodes evidenced three intermediates generated
from the adsorbed CO2 [6]. Maier and coworkers
[113] investigated the in¯uence exerted by the tem-
perature and prepolarization upon the adsorption of
CO2 at Pt electrodes. At high temperatures, following
a short anodic prepolarization (at + 0.520 V vs SCE),
adsorbed (COOH) species were evidenced. Sub-
sequent to prepolarizations e�ectuated at a more
positive electrode potential (+0.650 V vs SCE, for 30
min), the adsorbed species were mainly (CO)ads. The
oxidation peak at +0.280 V vs SCE found in cyclic
voltammograms was assigned to the adsorption
product (HCOOH)ads.

An impressive number of fundamental studies
have been completed for the electrochemical reduc-
tion of CO2 on the three basal planes of platinum:
Pt(1 0 0), Pt(1 1 0) and Pt(1 1 1) [116±120, 136, 137].
In acidic solution the most active was the Pt(1 1 0)
surface, which generated CO, while Pt(1 1 1) surface
was inactive. The amount of reduced CO2 increased
when defects were present at the surface; these defects
blocked preferentially the (1 0 0) terraces, whereas
edge sites were less active for the adsorption. The
formation and accumulation of CO at the Pt(1 1 0)
surface was the result of the reduction of either HCOÿ3
ions or of neutral CO2 molecules produced by the
dissociation of hydrogen carbonate �HCOÿ3
� CO2 �OHÿ� [118, 119, 137]. The amount of CO2

accumulated at di�erent Pt single crystals is propor-
tional to the maximum charge amount of oxidation of
reduced CO2: ~ 300 lC cm±2 at Pt(1 1 0), and
~ 90 lC cm)2 at Pt(1 0 0), respectively [137]. Even well-
ordered Pt(1 1 1) single crystal electrodes became active
for CO2 adsorption by activation in the Pt oxide po-
tential region [120]. This treatment induced disorder at
the surface, and the electrocatalytic activity of the
electrode increased. No di�erences in the nature of
reduced CO2 were observed at various adsorption
potentials. Therefore, it is believed that carbon dioxide
reacts with the adsorbed hydrogen to produce reduced
CO2 at the Pt surface. The mechanism of this process is
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not clear yet, and the structure of the reduced CO2 is
controversial [137]. Species proposed for the reduced
CO2 on polycrystalline Pt include: linear ± COads [138],
bridged > COads [139], ACOOH [140±144] and ºCOH
[144, 145]. Fourier transform i.r. spectra showed that
both linear±CO (with a monopolar absorption band at
2030±2020 cm±1) and traces of bridge-bonded CO (a
bipolar band between 1850 and 1750 cm±1) were
formed on a polycrystalline Pt surface [118, 119, 136].

Taguchi and Aramata [137] suggested a three step
mechanism for the formation of adsorbed linear CO
(Equations 10, 11 and 12a), and adsorbed bent CO
(Equations 10, 11 and 12b), respectively:

H� � eÿ � Pt ÿ! PtÿHads �10�

CO2�solution� ÿ! CO2�interface� �11�

2�PtÿHads� � CO2�interface�ÿ!
Ptÿ COads � Pt�H2O �12a�

In this mechanism Equation 12(a) and (b) do not ne-
cessarily represent elementary steps.

While in contact with CO2-saturated aqueous so-
lution, the Pt surface became covered with a strongly
attached `reduced CO2' layer [32]. This adsorption
layer hindered the further electroreduction of CO2, so
that it could have never been quantitatively reduced.
Thus the main process on Pt electrodes was hydrogen
evolution. However, recent work by Inuzuka [112]
described a cell based on a proton-conductive solid
electrolyte with a porous Pt anode on one side, and a
porous catalytic metal cathode on the other side. This
patented apparatus was e�ective in the electrochemical
reduction of CO2 to methane and methanol.

In experiments performed using bulk Pd cathodes
[24, 25] HCOÿ3 was the electrochemically active spe-
cies. The electrocatalytic properties of Pd paralleled
its already proven superior catalytic properties in the
chemical reduction of CO2 [105]. This allowed the
electroreduction of carbon dioxide to HCOO± with
high current e�ciencies [106±109].

Using the insertion of hydrogen, Ayers and Farley
[110] proposed a new reduction method of CO2/
HCO3

± on ¯at bipolar Pd electrodes. In this proce-
dure, the atomic hydrogen penetrated the negative
side of the bipolar Pd electrode. Once arrived at the
opposite, positively polarized side of the electrode,
hydrogen reduced the neutral CO2 molecule, ac-
cording to the mechanism shown in Equations 13±15:

�HCOÿ3 =CO2�ads � 2PdÿHÿ!HCOOH� 2Pd �13�

�HCOÿ3 =CO2�ads� 4PdÿHÿ!HCHO�H2O� 4Pd

�14�

�HCOÿ3 =CO2�ads � 6PdÿH

ÿ!CH3OH�H2O� 6Pd
�15�

Carbon dioxide molecules were adsorbed to the
slightly positive face of Pd. No oxidation of the
intermediates occurred.

It might be of synthetic interest that CO2 electro-
reduction must not necessarily stop at alcohols. Ex-
perimental conditions can be found that drive the
reduction to hydrocarbons. Thus, Azuma [111] re-
searched the possibility of obtaining C1±C6 hydro-
carbons. In their experiments of bulk Pd electrodes
only low current e�ciencies were achieved. Ohkawa
and coworkers [56, 57] observed an increase of the rf

of both CO and HCOOH following the adsorption of
the hydrogen onto the Pd electrode. It was postulated
that the electrochemical hydrogen evolution was
suppressed upon loading the electrode with molecular
hydrogen from an external source. Adsorbed hydro-
gen may also react with the intermediates. The Tafel
plots for CO2 electroreduction on H-loaded Pd were
compared to those recorded on H-free Pd electrodes
[57]. The competing desorption of hydrogen was
found to enhance the electrochemical reduction of
CO2. Hashimoto and coworkers [58] used the hy-
drogen accumulated in a Pd working electrode for the
reduction of CO2. In aqueous KHCO3 solution
HCOOH and CO were obtained. When the electrode
was formed from Cu and Pd, methane and methanol
were obtained in addition to HCOOH. The same
authors [58] have also employed electrodes formed of
a combination of sp and d group metals: Cu and Pd.
For Cu electrodes modi®ed with Pd the current e�-
ciencies for the three products were larger than for Pd
electrodes modi®ed with Cu. The enhancement of the
process e�ciency was caused by the amount of hy-
drogen adsorbed by the working electrode, rather
than by the change in the lattice morphology or the
oxidation state of copper.

Both Pt and Pd electrodes were e�cient in the
preparation of methanol [121, 122]. Experiments
were performed in slightly acidic supporting electro-
lytes (pH 5.0) to which a homogeneous catalyst was
added under the form of pyridinium ions. In this
method, the substrate reduction bene®tted from the
hydrogen released from two sources: the electro-
reduction of H+ and from the pyridinium ions. The
faradaic yields reached 30%. The main advantage of
this procedure was that the electrochemical reduction
of CO2 proceeded at low overpotentials. New
equipment has recently been patented for the elec-
trochemical reduction of CO2 on platinic metals
[123±125]. The electrolysis cell used by Inuzuka [123]
was equipped with a sandwich-type three-layer elec-
trode, formed of a porous platinum-group metal
anode, a proton-conductive solid electrolyte, a por-
ous electrocatalytic metal cathode, and a second
anode, facing the side of the cathode opposite to the
®rst anode. The electrolytic solution contained the
dissolved CO2, and an ultrasonic vibrator completed
the system. Due to the construction of the cell and to

�12b�
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the electrocatalytic activity of the cathode layer, this
set-up allowed for the e�cient reduction of CO2 over
a long time period. The other cell, suitable for the
synthesis of HCOOH, had a gas-di�usion electrode
(formed of a reactive layer supported with Pd or its
alloy), opposed by another gas-di�usion electrode,
with a reactive layer supported with a Pt catalyst
[124]. An ion-exchange diaphragm was positioned
between the electrodes. Carbon dioxide was supplied
from the back side of the ®rst electrode, while hy-
drogen was fed from the reverse side of the other
electrode. Aqueous carbonate and hydroxide solu-
tions were introduced into the spaces between the
electrodes. This setup allowed both for the e�cient
formation of the CO/HCOOH mixture and the gen-
eration of electricity. In an improved version of this
apparatus, an electrocatalytic layer of platinic metal
was deposited at the electrode surface to convert the
O2 in the CO2 gas into water. As a result, high rf for
HCOOH was obtained in a nitrite-containing sup-
porting electrolyte [125]. At present, preparative
syntheses of formic acid are commonly being carried
out on Pd electrodes at potentials higher than the
reversible hydrogen potential, with current e�-
ciencies close to 100% [126, 127]. For reductions
performed in alkaline aqueous supporting electro-
lytes (pH8±10) at ambient pressure, the current yield
for HCOO± was close to 100%. It is believed that
adsorbed hydrogen atoms took part in the slow step
of the HCOÿ3 electroreduction.

Nickel has been used intensively for CO2 electro-
reduction [54]. According to Hori and coworkers [47],
mostly hydrogen gas evolved on Ni when the elec-
trolytes were neutral or mildly acidic solutions. In
addition to hydrogen Frese [101] obtained some car-
bon monoxide (rf = 9%). In recent studies Koga and
coworkers [128, 129] found that 99.99% pure Ni
electrodes in aqueous supporting electrolytes were
suitable for producing hydrocarbons (methane, ethy-
lene, ethane) and ethanol, as well. However, the si-
multaneous formation of hydrogen could not be
avoided [128]. The reactive intermediate was CO,
strongly adsorbed at the Ni surface. This adsorbed CO
layer occupied most of the surface sites where hydro-
gen evolution usually evolved, and thus inhibited the
hydrogen gas formation. The presence of adsorbed
CO was evidenced by Fourier transform i.r. spectro-
scopy [129]. The same authors obtained hydrocarbons
and traces of ethanol on pure Ni electrode (in a neutral
phosphate bu�er solution under an inert atmosphere
of Ar and CO2) [129]. Faradaic yields were: CH4

(3.7%), C2H4 (0.1%), C2H6 (0.7%), and ethanol
(0.1%), respectively. Voltammetric studies revealed
that H2O reduction started at ±0.45 V vs SHE under
Ar atmosphere (a potential at which CO2 was also
reduced to CO), while the anodic oxidation of the Ni
was observed at ±0.18 V vs SCE. Koga and co-workers
[130] found CO molecules adsorbed at the Ni elec-
trode, as the intermediate of CH4, C2H4, and C2H6.

A novel trend is to use nickel cathodes at high
pressure [131, 132]. As already mentioned, the low

solubility of CO2 in aqueous solutions is one of the
major problems in designing a useful technology for
the electroreduction of carbon dioxide. The con-
centration of CO2 in water at 298 K is only
0.033 mol dm±3. This can be increased at room tem-
perature to 1.17 mol dm±3 at an elevated pressure (60
atm, a value close to the liquefying pressure of ap-
proximately 70 atm). Comparative mechanisms of
high pressure CO2 electroreduction (A) and the
electroreduction of CO2 at atmospheric pressure (B)
are shown in Fig. 3 [131]. In the ®rst case (Fig. 3A)
the hydrogen atoms formed at the electrode surface
by the reduction of water are consumed in the reac-
tion with adsorbed CO2 to form reduction products
(mainly CO and HCOOH). In contrast, at a pressure
of 1 atm most of the adsorbed hydrogen is desorbed
under the form of H2 (Fig. 3B). The ratio of adsorbed
COÿ2 á radicals vs adsorbed hydrogen atoms increases
with increasing pressure [131]. Ito and coworkers
[133, 134] reported that several Group VIII metal
electrodes, such as Fe, Co, Ni, Pd and Pt, ensured
current e�ciencies up to 62% in the electrochemical
CO2 reduction at high pressures (50±60 atm).

In 1993, Kudo and coworkers [131] studied the
high-pressure CO2 electroreduction on high purity Ni
cathodes (in aqueous KHCO3 supporting electrolyte,
using 99.9% CO2). It was found that the increase of
CO2 pressures favoured the rf of CO2 reduction and
diminished the hydrogen evolution by water reduc-
tion. Best hydrocarbon yields were achieved at ±1.6 V
vs Ag / AgCl at 303 K. A more negative cathodic po-
larization enhanced the rf for both CO and HCOOH.
Also, the weight distribution of the hydrocarbons
agreed with the Schultz±Flory distribution, suggesting
a formation mechanism similar to thermally catalysed
Fischer±Tropsch reaction. A possible scenario of the
hydrocarbon formation at the Ni surface may involve
the following steps: the electrochemical reduction of
CO2 to CO (Equation 16), simultaneous to and
competing with water reduction (Equation 17). Next,
CO is chemically reduced to adsorbed @CH2 groups

Fig. 3. Comparative mechanisms of high pressure CO2 electro-
reduction (A) and the electroreduction of CO2 at atmospheric
pressure (B) on Ni cathode [131].

REDUCTION OF CO2 ON FLAT METALLIC CATHODES 883



(Equation 18), and hydrocarbons form by surface
polymerization of carbene groups (Equation 19):

CO2ÿ!�eÿ
COads �16�

H2Oÿ!�eÿ
Hads �17�

COads � 4Hadsÿ!��CH2�ads �H2O �18�
�CH2�adsÿ! hydrocarbons �19�

At cathode potentials below )1.9 V vs Ag / AgCl,
mainly CO and HCOOH were produced. At such neg-
ative potentials the hydrocarbon formation process,
which needs hydrogen, becomes disadvantageous. In
this case, when CO2 is reduced e�ciently, both the
electrons and hydrogen atoms were mainly consumed
in the ®rst reduction step, yielding CO and HCOOH.
Carbon monoxide was obtained by its desorption from
the Ni surface (Equation 20), forced by the high
pressure of CO2. Formic acid was generated by a dif-
ferent electrochemical pathway (Equation 21):

COadsÿ!CO " �20�
CO2 � 2Hadsÿ!HCOOH �21�

A novel in situ i.r. spectroscopic technique,
SNIFTIRS (substractively normalized interfacial
Fourier transform i.r. spectroscopy) was used by
Hori and coworkers [135] to provide convincing
evidence of adsorbed CO at the Ni cathodes. In a
CO-saturated phosphate bu�er solution (pH 6.8)
adsorbed carbon monoxide was present at the Ni
electrode surface in the potential range from ±0.4 to
)0.8 V vs NHE. Both linear and bridged adsorbed
CO molecules were detected. The linear CO dis-
appeared at ±0.8 V vs NHE. Since the reduction of
adsorbed CO proceeded at cathode potentials less
than ±1.0 V vs NHE, the bridged type CO was pre-
sumed to be the electroactive species. It can be
concluded that Ni cathodes had favourable electro-
catalytic properties for C1±C4 para�n formation
(CH4, C2H6, C3H8, n- and i-butane). By contrast, on
copper CH4 and C2H4 were selectively produced
[12, 47, 65, 146±151].

Bandi and coworkers [6] performed high pressure
electrolyses at platinum cathodes in the presence of
tetraalkylammonium salts, both in aqueous solutions
and in supercritical CO2.

3.1.2. Fe, Ru and Os electrodes. Iron cathodes have
been widely examined for their use in CO2 electro-
reduction. Hori and coworkers [47] found that Fe
cathodes readily formed hydrogen in neutral and
mildly acidic solutions and this product was domi-
nant by far. Nevertheless, Frese and Can®eld [101]
obtained signi®cant amounts of CO on Fe electrodes.
In 1995, Hara and coworkers [73] reported, in high
pressure (30 atm) experiments on Fe electrodes,
formic acid as the main product, methane as the
byproduct and traces of ethane and ethylene, as side-
products. The faradaic yield was, however, unsatis-
factory, about half of the current being consumed on
hydrogen evolution. In another series of experiments

at high pressure and large current density
(120 mA cm)2) the same authors [152] achieved 60%
e�ciency for HCOOH formation. Long-chain hydro-
carbons such as 1-butene, trans-2-butene iso and n-
pentanes formed as byproducts, with a maximum
partial current density of approximately 10 mA cm±2.

Ruthenium was the ®rst metal found to catalyze
the electrochemical methanation of CO2 [106±108]. In
other experiments with Ru cathodes methanol
(rf = 25%) and CH4 (rf = 30%) were formed [109].
The presence of carbon and CO among the reduction
products were explained by two-electron reduction
processes as described by Equations 22 and 23:

CO2 �H2O� 2eÿÿ!CO� 2OHÿ �22�
CO�H2O� 2eÿÿ!C� 2OHÿ �23�

Metallic osmium cathodes (operated at ±0.69 V vs
SCE and at low current density) were selective for
CH3OH formation (rf = 57%), and only traces of CO
were obtained (rf = 0.11%) [101]. However, on carbon
electrodes electroplated with osmium the formation
of methanol ceased.

3.1.3. Co, Rh and Ir electrodes. Cobalt electrodes
yielded mainly CO (rf £ 26%, in slightly acidic sodium
sulfate or neutral LiHCO3 solution at 333 K) [101].
Usually almost no reduction occurred on Rh and Co
electrodes. When used at ambient pressure, the
predominant product was H2 from water reduction
[73]. By contrast, at 30 atm pressure and elevated
current densities (163±700 mA cm±2), CO and
HCOOH were obtained in addition to hydrogen.
Under similar conditions Rh electrodes yielded
mainly CO (61.0%) and HCOOH (19.5%). Iridium
electrodes decomposed water to H2 (48.3%), and only
limited amounts of HCOOH (22.3%) and CO (17.5%)
were produced [73].

3.1.4. Cr, Mo and W electrodes. Molybdenum elec-
trodes were investigated by Summers and Frese [153],
since these metals were among the ®rst to show
electrocatalytic activity for CH3OH formation. In
fact, a Mo electrode is a metal/metal oxide system.
When a CO2 saturated sodium sulfate solution
(pH 4.2) was electrolyzed at ±0.7 to ±0.8 V vs SCE
(at room temperature), methanol was the main
product (rf = 50±100%). In dilute H2SO4 the
methanol yields were in the range of 20 to 46%.
Carbon monoxide (1 to 20%) and CH4 (0.1 to 3%)
were the byproducts. By scanning the electrode
potential from +0.2 to )1.2 V vs SCE the rate of
methanol formation was enhanced. A two-step
reaction mechanism was assumed, which involved
the participation of Mo (Equations 26 and 27):

2CO2 � 3Mo� 4H2Oÿ! 2CH3OH� 3MoO2 �26�
3MoO2 � 12H� � 12eÿ ÿ! 3Mo� 6H2O �27�

In CO2 electroreductions at Mo cathodes in PrC,
DMSO and AN, oxalic acid was obtained with cur-
rent e�ciencies in the range of 20±35%, while 5±30%
CO formed as the byproduct [12].
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Tungsten electrodes operated at low current
densities (32 lA cm±2), at 333 K, in Na2SO4 solution
(pH 4), produced CH3OH (rf = 76%) and CO (22%)
[101]. In high pressure electrolysis experiments on
W, Hara and coworkers [73] obtained 31.9% oxalic
acid as the main carbon-containing product, along
with 53.1% H2. On chromium electrodes, mainly H2

was evolved, with CO (rf = 6.2%) being the only
CO2 reduction product [99]. At increased pressures
(30 atm) about 20% of the electricity produced
carbon-based products (11.8% CO and 8.2%
HCOOH) [73].

3.1.5. Ti, Zr, Nb, Ta and Mn electrodes. There are
only a few accounts of experimental work on CO2

electroreduction on Ti, Zr, Nb and Ta electrodes. At
30 atm all four metals produced a small amount of
HCOOH (3.5±7.6%), and signi®cant amounts of H2

[73]. However, on Zr, carbon monoxide generation
was also notable (32.5%). The same authors found
that on Mn electrodes, operated at 30 atm, 78.8% H2

evolved, and only 6.5 of the CO2 was reduced (2.8%
CO and 2.8% HCOOH formed) [73].

3.2. Experiments performed in nonaqueous media

Vassiliev and coworkers [99] electroreduced CO2 on
Pt in non-aqueous supporting electrolytes. As a re-
sult, CO and CO2ÿ

3 were obtained, according to the
mechanism proposed by Haynes and Sawyer [98]
(Equations 24 and 25):

�CO2�ad � eÿÿ!�COÿ2 ��ad �24�
2�COÿ2 ��adÿ!CO� CO2ÿ

3 �25�
Nickel and platinum electrodes in TEAP/PrC

electrolyte formed CO and HCOOH (in a ratio from
6:1 to 8:1, wt/wt) at ±2.8 V vs Ag / AgCl. Traces of
oxalic acid [12] were also detected. In similar experi-
ments performed on Pd electrodes, signi®cant
amounts of oxalic acid (CO/HOOC Ð COOH = 2:1,
wt/wt) and only traces of formic acid were observed
[12].

Iron cathodes have proven excellent for the se-
lective preparation of oxalic acid. When used in
TEAP/PrC; the HOOC-COOH / CO / H2 product
ratio was approximately 3:1:2 [12]. In DMSO and
AN, the rf of oxalic acid was signi®cant (rf = 50±60%).

Several metals that had been previously found
inactive in aqueous CO2 electroreductions have
shown, however, some electrocatalytic activity in
nonaqueous media [12]. Dimerization of the COÿ2 á
anion radical to oxalate ions is prevalent in non-
aqueous supporting electrolytes (TEAP / PrC). For
electroreductions performed on Ti, Nb and Cr elec-
trodes the reaction proceeded according to the me-
chanism shown in Equations 28±30. The dinegative
oxalate ion formed by the dimerization of the COÿ2 á
radical (Equation 28) may undergo further reduction
to glyoxalate (Equation 29), and eventually to gly-
colate anions (Equation 30).

2�COÿ2 ��adÿ!ÿOOCÿ COOÿ �28�
ÿOOCÿ COOÿ � 2H� � 2eÿ

ÿ!ÿOOCÿ CHO�OHÿ
�29�

ÿOOCÿ CHO� 2H� � 2eÿ ÿ!ÿOOCÿ CH2OH

�30�
No glyoxalic acid was obtained on Mo electrodes;

the reaction advanced only to oxalate [12].

4. Possible technological use of CO2 electroreduction

In a recent review paper Ayers [5] gave an excellent
discussion of the energy requirements for CO2 elec-
troreduction relative to the catalytic reduction pro-
cedure. The author stressed that energy requirements
are critical for the technological acceptance of the
process. If the anodic reaction is water oxidation, the
magnitude of the cell voltage is about 3 V, much
higher than the energy requirement for water elec-
trolysis [5]. To render the electroreduction process
e�cient, high throughput gas di�usion electrodes are
needed. The capital costs for such reactors are sig-
ni®cantly greater than those needed for the hetero-
geneous catalytic reduction of CO2 in packed bed
catalytic reactors. However, the much greater speci®c
reaction rates and the versatility of the electro-
chemical system for obtaining various products argue
for the usefulness of electrochemical reduction as a
means for carbon dioxide reduction/elimination.

5. Conclusions

It has been shown that the products of the electro-
chemical CO2 reduction depend on the electro-
catalytic activity of the cathodic metal. A large
number of examples have been provided to stress the
di�erent electrocatalytic activity displayed by elec-
trodes made of sp and of d group metals, respectively.
Their dissimilar behaviour formed the criterium of the
cathode classi®cation proposed in this paper. Of great
importance are the composition of the supporting
electrolyte (aqueous or nonaqueous solutions), and
the experimental parameters (cathode potential, cur-
rent density, temperature and pressure), as well.
Spectacular faradaic e�ciencies for HCOOH and
oxalic acid have been achieved in high pressure ex-
periments at sp group metal electrodes with high
overpotential for hydrogen evolution such as Pb, Hg
and In. Indium, known for its noteworthy selectivity
in the synthesis of formic acid at ambient pressure, has
recently been used in high-pressure experiments [154].
At 60 atm in aqueous KHCO3 solution HCOOH was
obtained at current densities useful for technological
applications (560 mA cm±2). Mercury and graphite
showed di�erent electrocatalytic activities when used
in aqueous quaternary ammonium salt supporting
electrolytes. However, the major product for both
electrodes were acids: oxalic acid and malic acid. The
electroreduction of CO2 on metals of the 8th group
yielded in various active intermediates, which were
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able to form valuable products in subsequent pro-
cesses. Typically, formate ions and hydrocarbon mo-
lecules formed on palladium, while the main products
on ruthenium were methanol and methane. Copper
cathodes are among the most promising options for
hydrocarbon manufacturing. As the current e�ciency
for methane and ethane depends on the continuous
removal of the products from the electrode surface,
the use of rotating disc electrodes is recommended
(vibrating electrodes may be the technical solution at
the industrial scale). The main electroreduction pro-
ducts obtained on sp and d group metal cathodes in
aqueous and nonaqueous supporting electrolytes are
systematized in Fig. 4. It should be noticed that there
are a very few intercrossings between the four quarters
of the scheme, that is, similar reduction products are
formed by each of the four groups of electrodes (sp
group metals in aqueous and nonaqueous electrolytes,
and d group metals in aqueous and nonaqueous
electrolytes, respectively). This demonstrates that
each group is consistent, and supports the classi®ca-
tion criterium used in this paper. This classi®cation
system represents an alternative strategy in evaluating
the domain of CO2 electroreduction. The approach is
in many respects better than the previously used em-
pirical ones, where no connections were made between
the nature of di�erent cathode metals that yield
identical electroreduction products. Thus, the sp±d
group metals pair combined with the aqueous /non-
aqueous supporting electrolyte couple can provide a
feasible and useful classi®cation criterium.

The large number of mechanisms proposed for the
electroreduction of carbon dioxide indicates that this
topic has still not been elucidated. Sophisticated
mechanistic studies are currently being performed.

Examples include FTIR monitoring of the electro-
reduction process in nonaqueous solution [155], study
of the poisoning of the electrode surface and the role
of surface and subsurface hydrogen by isotopic pro-
duct distribution [156], and investigation of the ad-
sorption and electroreduction of CO2 on Cu(1 0 0),
Cu(1 1 0) and Cu(1 1 1) [157] and on rhodium single
crystal electrodes [158], respectively. The electro-
chemistry of CO2 is a continuously growing ®eld.
Novel procedures and even new reduction products
are being reported. A recent example is the high
current density electroreduction of carbon dioxide on
copper cathodes in CO2±methanol solution [103,
159]. At su�ciently elevated pressure the mole frac-
tion of CO2 can be as high as 0.94. The electro-
reduction of such concentrated CO2 solution can be
considered as the electrochemical reduction of liquid
CO2 [103]. Gold electrodes have been recently in-
troduced for analytical purposes [160, 161], namely
for the development of a new microelectrode CO2

sensor. In the described application CO2 is being
electrochemically reduced at unshielded gold micro-
disc electrodes in DMSO in a standard reaction cell.
Shibata and coworkers [162] obtained urea by the
simultaneous reduction of CO2 with nitrate and ni-
trite ions. In the procedure proposed by the authors
copper-loaded gas di�usion electrodes were used in
aqueous KHCO3 supporting electrolyte, to which
arbitrary concentrations of KNO3 or KNO2 were
added.

Several recent papers related to the electro-
chemistry of CO2 are of technological interest [163±
168]. Copper tube electrodes have been employed for
the production of methanol and formic acid [163],
and the mechanism of the electrochemical mass

Fig. 4. Classi®cation of the procedures of CO2 electroreduction based upon the nature of the cathode material (sp or d group metals) and
the solvent used for the supporting electrolyte (aqueous or nonaqueous solutions).(A) Cu, Zn, Sn; (B) In, C, Si, Sn, Pb, Bi, Cu, Zn, Cd, Hg;
(C) In, Sn, Pb, Cu, Au, Zn, Cd; (D) In, Sn, Au, Hg; (E) In, Tl, Sn, Pd, Zn, Hg; (F) Mo, W, Ru, Os, Pd, Pt; (G) Ni, Pd, Rh, Ir; (H) Fe, Ru,
Ni, Pd, Pt; (I) Zr, Cr, Mn, Fe, Co, Rh, Ir; (J) Ni, Pt; (K) Ti, Nb, Cr, Mo, Fe, Pd. The products were formic acid (formic), hydrocarbons
(h.c.): methane, ethane, ethylene, propane, n- and i-butane; oxalic acid (oxalic); glyoxylic acid (glyox); glycolic acid (glyc); methanol
(MeOH) along with superior alcohols (ethanol,i-propanol); aqueous solution (aq.); nonaqueous supporting electrolyte (non-aq.).
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reduction of CO2 to alkanes and ethanol was studied
by means of Cu-loaded gas di�usion electrodes [164].
Additional electrodes are explored in high-pressure
experiments [165] for obtaining formic acid with ele-
vated faradaic yields (~100% on In, 92% on Sn and
91.2 on Pb electrodes). Attention is paid to the ki-
netics of the electrochemical reduction of carbon di-
oxide [166]. Studies that may contribute to the
application of CO2 electroreduction at the pre-
parative scale include the measurement of the di�u-
sion coe�cient of carbon dioxide in high pressure
water [167], new developments in CO2 storage tech-
nology [168], solubility studies in organic solvents
[95]. The increasing number of patents in this ®eld
[69, 112, 123±125, 169] support the conclusion that
the electroreduction of carbon dioxide at the in-
dustrial scale is no longer an unrealistic dream, but
has promising chances of being achieved in the near
future, provided that relatively inexpensive electricity
is available.

Acknowledgement

The authors would like to acknowledge Dr J.H. Penn
from West Virginia University for a critical reading
of the manuscript and for useful suggestions.

References

[1] J. O'M. Bockris and Z. S. Minevski, Electrochim. Acta
39 (1994) 1471.

[2] M. Ulman, B. Aurian-Blajeni and H. Halman, Chemtech
14 (1984) 235.

[3] B. Aurian-Blajeni, in `Electrochemistry in Transition' (edi-
ted by O. J. Murphy, S. Srinivasan, and B. E. Conway),
Plenum Press, New York (1992), pp 381±96.

[4] J. O'M. Bockris and Sh. U. M. Khan, `Surface Electro-
chemistry. A Molecular Level Approach', Plenum Press,
New York and London, (1993), pp 534±41.

[5] W. M. Ayers, in `Spec. Publ. ± R. Soc. Chem.', 153 (Carbon
dioxide Chemistry: Environmental issues), (1994), pp
365±74.

[6] A. Bandi, C. U. Maier, J. Schwarz, W. H. Bloss and M.
Specht, in `DECHEMA Monogr. 128 (Elektrochemische
Energiegewinnung)' (1993), pp 563±79.

[7] A. Bandi, J. Schwarz and C. U. Maier, J. Electrochem. Soc.
140 (1993) 1006.

[8] K. Adachi, K. Ohta and T. Mizuno, Sol. Energy 53 (1994)
187.

[9] M. Jitaru, L. Oniciu, M. Toma, B. C. Toma and D. A.
Lowy, Studia Univ. Babes-Bolyai, Chemia (in press).

[10] H. Noda, Sh. Ikeda, Y. Oda, K. Imai, M. Maeda and K.
Ito, Bull. Chem. Soc. Jpn. 63 (1990) 2459.

[11] K. Ito, Sh. Ikeda and H. Noda, in `Sol. World Congr., Proc
Bienn. Congr. Int. Sol. Energy Soc.' (edited by M. E.
Ardan, M. A. Susan, and M. Coleman), Pergamon,
Oxford, (1992) 1 (part 2), pp 884±89; Chem. Abstr. 118
(1993) 13205a.

[12] Sh. Ikeda, T. Takagi and K. Ito, Bull. Chem. Soc. Jpn.
60 (1987) 2517.

[13] L. Oniciu, M. Jitaru and G. Bocea, `Electrocataliza', Ed.
Stiinti®ca, Bucharest (1991), pp. 305±11.

[14] H. Lund and M. M. Baizer, `Organic Electrochemistry',
Marcel Dekker, New York, (1991), pp. 420±25.

[15] V. S. Bagotskii and Yu. Vasiliev, J. Electroanal. Chem. In-
terfacial Electrochem. 271 (1985) 189.

[16] V. V. Kesarev and V. S. Fedortsov, Zh. Priklad. Khim.
42 (1969) 707.

[17] K. Ito and T. Murata, Bull. Nagoya Ind. Technol. 271 (1975)
369.

[18] K. Ito and S. Ikeda, Bull. Chem. Soc. Jpn. 60 (1987) 2517.

[19] H. Kita, in `Electrochemistry' (edited by H. Bloom, and F.
Gutman), Plenum Press, New York, (1975), pp. 131±55.

[20] L. Oniciu, D. A. Lowy, M. Jitaru and B. C. Toma, Studia
Univ. Babes-Bolyai, Chemia 33 (1988) 87.

[21] L. Oniciu, D. A. Lowy and M. Jitaru, Bull. Electrochem.
4 (1988) 1041.

[22] L. Oniciu, M. Jitaru, D. A. Lowy and B. C. Toma, in `Ex-
tended Abstracts of the 39th Meeting of ISE', Glasgow
(1988).

[23] L. Oniciu, M. Jitaru, and I. A. Silberg, Rev. Roum. Chim.
34 (1989) 537.

[24] M. Jitaru, B. C. Toma and M. Toma, in `Extended Ab-
stracts of the Academic Days', Timisoara, 21±23 Apr.
(1993), pp. 42±5.

[25] M. Jitaru, B. C. Toma and M. Toma, in `Extended Ab-
stracts of the 6th Conference of Physical Chemistry',
Bucharest, 23±25 Sept. (1992), pp. 149±52.

[26] M. Spichiger-Ulmann and J. Augustynski, J. Chem. Soc.,
Faraday Trans. 181 (1985) 713.

[27] M. Spichiger-Ulmann and J. Augustynski, Nouv. J. Chem.
10 (1986) 487.

[28] Y. Hori, K. Kikuki, S. Suzuki and A. Murata, Chem. Lett.
(1986) 893.

[29] N. V. Osetrova, Yu. B. Vassiliev and V. S. Bagotsky, in
`Elektrosintez monomerov' (edited by V. V. Tomilov),
Izd. Nauka, Moscow (1980), pp. 220.

[30] F. Solymosi, A. ErdoÈhelyi and M. Kocsis, J. Catal. 65
(1980) 428.

[31] F. Solymosi, A. ErdoÈhelyi and T. BaÂnsaÂgi, ibid. 68 (1981)
371.

[32] H. Noda, S. Ikeda, Y. Oda and K. Ito, Chem. Lett. (1989)
289.

[33] K. Ito, Sh. Ikeda, N. Yamauchi, T. Iida and T. Takagi, Bull.
Chem. Soc. Jpn. 58 (1985) 3027.

[34] M. Chandrasekaran, T. Raju and V. Krishnan, Bull. Elec-
trochem. 8 (1992) 124.

[35] K. S. Udupa, G. S. Subramanian and H. V. K. Udupa,
Electrochim. Acta 16 (1971) 1593.

[36] M. E. Royer, Compt. Rend. 70 (1870) 731.
[37] A. Coehn and S. Jahn, Ber. Dtsch. Chem. Ges. 37 (1904)

2836.
[38] R. Ehrenfeld, ibid. 38 (1905) 4138.
[39] F. Fischer and O. Prziza, ibid. 47 (1914) 256.
[40] M. Rabinowitsch and A. Maschowetz, Z. Elektrochem.

36 (1930) 846.
[41] A. Katoh, M. Shibata and M. Watanabe, Denki Kagaku 61

(1993) 805; Chem Abstr. 119 (1993) 236405n.
[42] M. Watanabe, M. Shibata, A. Katoh and H. Uchida, Proc.-

Electrochem. Soc. 93±18 (Proceedings of the Symposium
of Environmental Aspects of Electrochemistry and
Photoelectrochemistry) (1993), pp. 55±65.

[43] S. Kapusta and N. Hackerman, J. Electrochem. Soc.
130 (1983) 607.

[44] A. F. Sammels and R. L. Cook, in `Electrochemical and
Electrocatalytic Reactions of Carbon Dioxide' (edited
by B. P. Sullivan, K. Krist, and H. E. Guard), Elsevier,
Amsterdam, London, New York, Tokyo (1993) p.247.

[45] S. Komatsu. T. Yanagihara, Y. Hiraga, M. Tanaka and
A. Kunugi, Denki Kagaku 63 (1995) 217.

[46] Y. Hori, K. Kikuchi A. Murata and S. Suzuki, Chem. Lett.
(1985) 897.

[47] Y. Hori, K. Kikuchi and S. Suzuki, Chem. Lett. (1985) 1695.
[48] Y. Hori, Proc.-Electrochem. Soc. 93±18 (Proceedings of the

Symposium on Environmental Aspects of Electro-
chemistry and Photoelectrochemistry) (1993), pp. 1±10.

[49] A. Naitoh, K. Ohta and T. Mizuno, Chem. Express 8 (1993)
145; Chem. Abstr. 118 (1993) 156698z.

[50] A. Naitoh, K. Ohta, T. Mizuno, H. Yoshida, M. Sakai and
H. Noda, Electrochim. Acta 38 (1993) 2177.

[51] R. Shiratsuchi, Y. Aikoh and G. Nogami, J. Electrochem.
Soc. 140 (1993) 3479.

[52] A. Fujishima and K. Hasimoto, in `Photochemical and
Photoelectrochemical Conversion and Storage of Solar
Energy, Proceedings of the 9th Conference' 1992 (edited
by L. W. Tian), Int. Acad. Publ., Beijing (1993), pp. 307±
12.

[53] K. Hwang, M. Nam, D. J. Park and H. Kim, Proc.-Elec-
trochem. Soc. 93±11 (Proceedings of the Fifth Interna-
tional Symposium on Redox Mechanisms and
Interfacial Properties of Molecules of Biological Im-
portance) (1993), pp. 248±59.

REDUCTION OF CO2 ON FLAT METALLIC CATHODES 887



[54] Y. Nakato, Kagaku to Kogyo (Tokyo) 46 (1993) 1417; Chem.
Abstr. 120 (1994) 146872d.

[55] Y. Nakato, Proc.-Electrochem. Soc. 93±18 (Proceedings of
the Symposium on Environmental Aspects of Electro-
chemistry and Photoelectrochemistry) (1993), pp. 78±84.

[56] K. Ohkawa, K. Hashimoto, A. Fujishima, Y. Noguchi and
S. Nakayama, J. Electroanal. Chem. 345 (1993) 445.

[57] K. Ohkawa, Y. Noguchi, S. Nakayama, K. Hashimoto and
A. Fujishima, ibid 369 (1994) 247.

[58] K. Hashimoto, K. Ohkawa and A. Fujishima, Proc.-Elec-
trochem. Soc. 93±18 (Proceedings of the Symposium on
Environmental Aspects of Electrochemistry and Photo-
electrochemistry) (1993), pp. 22±9.

[59] B. Jermann and J. Augustynski, Electrochim. Acta 39 (1994)
1891.

[60] S. Wasmus, E. Cattaneo and W. Vielstich, ibid 35 (1990)
771.

[61] J. J. Kim, D. P. Summers and K. W. Frese, Jr., in `Extended
Abstracts of the 172nd Meeting of the Electrochem.
Soc.', 18±23 Oct. (1987) p. 828.

[62] Sh. Ikeda, S. Amakusa, H. Noda, Y. Saito and K. Ito, in
`Extended Abstracts of the 172nd Meeting of the Elec-
trochem. Soc.', 18±23 Oct. (1987), p.829.

[63] R. L. Cook, R. C. Mac Du� and A. F. Sammels, J. Elec-
trochem. Soc. 134 (1987) 1873.

[64] Idem, ibid. 134 (1987) 2375
[65] Idem, ibid. 135 (1988) 1320.
[66] Idem, ibid. 135 (1988) 1470.
[67] Idem, ibid. 136 (1989) 1982.
[68] Idem, ibid. 135 (1989) 3069.
[69] R. L. Cook, R. C. Mac Du�, US Patent US 4 897 167

(1990).
[70] Sh. Ikeda, T. Ito, K. Azuma, K. Ito and H. Noda, Denki

Kagaku 63 (1995) 303.
[71] S. Komatsu, M. Tanaka, A. Okumura and A. Kungi,

Electrochim. Acta 40 (1995) 745.
[72] K. Watanabe, U. Nagashima and H. Hosoya, Chem. Phys.

Lett. 209 (1993) 109.
[73] K. Hara, A. Kudo and T. Sakata, J. Electroanal. Chem. 391

(1995) 141.
[74] P. Matheus, J. Marquez, O. Marquez, M. Choy Martinez,

C. Ovalles, J. J. Garcia and B. Scharifker, in Libro
Mem.-Encuentro Nac. Electroquim., 5th Soc. Venez.
Electroquim.' (edited by O. Perez de Marquez, C. Larez
Velazsquez, and A. Fleitas), Caracas (1992), pp. 157±67;
Chem. Abstr. 119 (1993) 82086v.

[75] R. Hernandez, J. Marquez, O. Marquez, M. Choy Marti-
nez, C. Ovalles, J. J. Garcia and B. Scharifker, ibid.,
pp.169±77; Chem. Abstr. 119 (1993) 82087w.

[76] J. Ryu, T. N. Andersen and H. Eyring, J. Phys. Chem. 76
(1972) 3278.

[77] W. Paik, T. N. Andersen and H. Eyring, Electrochim. Acta
14 (1969) 1217.

[78] K. W. Frese, in `Electrochemical and Electrocatalytic Re-
actions of Carbon Dioxide' (edited by B. P. Sullivan, K.
Krist, and H. E. Guard), Elsevier, Amsterdam, London,
New York, Tokyo (1993), p.148.

[79] L. Oniciu, D. A. Lowy, I. A. Silberg, M. Jitaru. F. Ciomos,
O. H. Oprea, B. C. Toma and M. Toma, Rev. Roum.
Chim. 35 (1990) 859.

[80] L. Oniciu, I. A. Silberg and F. Ciomos, Rev. Chim. [Bu-
charest] 36 (1985) 406.

[81] Idem, ibid. 36 (1985) 481.
[82] Idem, ibid. 36 (1985) 628.
[83] L. Oniciu, D. A. Lowy, M. Jitaru and B. C. Toma, in

Extended Abstracts of the XXIst International Con-
ference on Solution Chemistry', Ottawa, Canada, 5±10
Aug.(1990).

[84] L. Oniciu, D. A. Lowy and M. Jitaru, in `Extended Ab-
stracts of the XXth International Conference on Solu-
tion Chemistry', The Hebrew University, Jerusalem
(1989).

[85] G. Z. Kyriacou and A. K. Anagnostopoulos, J. Appl.
Electrochem. 23 (1993) 483.

[86] H. Noda, Sh. Ikeda, Y. Oda, K. Imai, M. Maeda and K.
Ito, Bull. Chem. Soc. Jpn. 63 (1990) 2459.

[87] B. R. Eggins, E. M. Brown, C. A. McNeiu and Y. Grim-
shaw, Tetrahedron Lett. 29 (1988) 945.

[88] A. Bewick and G. P. Greener, ibid. (1969) 4623.
[89] A. Bewick and G. P. Greener, ibid. (1970) 391.
[90] F. Wolf and J. Rollin, Z. Chem. 17 (1977) 37.

[91] A. T. Kuhn, Brit. Chem. Eng. 17 (1971) 39.
[92] V. Von Kaiser and E. Heitz, Ber. Bunsen-Ges. Phys. Chem.

77 (1978) 818.
[93] R. Kostecki and J. Augustynski, ibid. 98 (1994) 1510.
[94] H. Stephen and T. Stephen, `Solubilities of Inorganic and

Organic Compounds', Macmillan, New York (1963).
[95] Ch. J. Chang, Ch. -Y. Chen and H.-Ch. Lin, J. Chem. Eng.

Data 40 (1995) 850.
[96] J. C. Gressin, D. Michelet, L. Nadjo and J.-M. Saveant,

Nouveau J. Chim. 3 (1979) 545.
[97] C. Amatore and J.-M. Saveant, J. Am. Chem. Soc. 103

(1981) 5021.
[98] L. V. Haynes and D. T. Sawyer, Anal. Chem. 39 (1967) 332.
[99] Yu. B. Vassiliev, V. S. Bagotsky, N. V. Osetrova, O. A.

Kahzova and N. A. Mayorova, J. Electroanal. Chem. 189
(1985) 295.

[100] K. Ito, Sh. Ikeda, T. Iida and A. Nomura, Denki Kagaku 50
(1982) 463.

[101] K. W. Frese, Jr., in `Electrochemical and Electrocatalytic
Reactions of Carbon Dioxide' (edited by B. P. Sullivan,
K. Krist, and H. E. Guard), Elsevier, Amsterdam,
London, New York, Tokyo (1993), pp. 152±216.

[102] T. Mizuno, A. Naitoh and K. Ohta, J. Electroanal. Chem.
391 (1995) 199.

[103] T. Saeki, K. Hashimoto, N. Kimura, K. Omata and A.
Fujishima, Chem. Lett. (1995) 361.

[104] E. Brunner, W. HuÈltenschmidt and G. SchichthaÈrle, J.
Chem. Thermodyn. 19 (1987) 273.

[105] J. Giner, Electrochim. Acta 8 (1963) 857.
[106] K. W. Frese, Jr. and S. Leach, J. Electrochem. Soc. 132

(1985) 259.
[107] K. W. Frese, Jr. and D. P. Summers, in `Electrochemical

Surface Science (ACS Symposium Series 378)' (edited by
W. M. Ayers), ACS, Washington, DC (1988).

[108] D. P. Summers and K. W. Frese, J. Electrochem. Soc. 135
(1988) 264.

[109] S. Chao, C. J. Stadler, D. P. Summers and M. S. Wrighton,
J. Am. Chem. Soc. 106 (1984) 2723.

[110] W. M. Ayers and M. Farley, J. Am. Chem. Soc. 110 (1988)
147.

[111] M. Azuma, K. Hashimoto, M. Watanabe and T. Sakata, J.
Electroanal. Chem. 294 (1990) 299.

[112] N. Inuzuka, Jpn. Kokai Tokkyo Koho JP 04 314 881, 6 Nov.
(1992); Chem Abstr. 120 (1994) 333692g.

[113] C. U. Maier, A. Bandi and M. Specht, J. Electrochem. Soc.
141 (1994) L4-L6.

[114] J. Schwarz, C. U. Maier and A. Bandi, in `Proceedings of
the International Symposium on Chemical Fixation of
Carbon Dioxide', Nagoya, 2±4 Dec. (1991), pp. 439±42.

[115] A. Bandi, C. U. Maier, F. Philipps, J. Schefold, J. Schwarz,
M. Specht and M. Vetter, in DECHEMA Monogr. 125,
VCH, Weinheim (1992).

[116] A. Rodes, E. Pastor and T. Iwasita, An Quim. 89 (1993) 458;
Chem. Abstr. 120 (1994) 229696a.

[117] A. Rodes, E. Pastor and T. Iwasita, J. Electroanal. Chem.
369 (1994) 183.

[118] B. Z. Nikolic, H. Huang. D. Gervasio, A. Lin, C. Fierro, R.
R. Adzic and E. B. Yeager, ibid. 295 (1990) 415.

[119] E. MoralloÂn, J. L. VaÂsquez, A. Aldaz and J. Clavilier, ibid.
316 (1990) 263.

[120] A. Rodes, E. Pastor and T. Iwasita, ibid. 373 (1994) 167.
[121] A. Bocarsly, G. Seshadri and L. Chao, Proc.-Electrochem.

Soc. 93±18 (Proceedings of the Symposium on En-
vironmental Aspects of Electrochemistry and Photo-
electrochemistry), (1993), pp.30±7; Chem. Abstr. 120
(1994) 89191e.

[122] G. Seshadri, Ch. Lin and A. B. Bocarsly, J. Electroanal.
Chem. 372 (1994) 145.

[123] N. Inuzuka, Jpn. Kokai Tokkyo Koho JP 04 311 586 (1992);
Chem. Abstr. 120 (1994) 309799b.

[124] Ch. Furuya, Jpn. Kokai Tokkyo Koho JP 06 93 485 (1994);
Chem. Abstr. 121 (1994) 21038a.

[125] Ch. Furuya, Jpn. Kokai Tokkyo Koho JP 07 258 877 (1994);
Chem. Abstr. 124 (1996) 17519c.

[126] B. I. Podlovchenko, E. A. Kolyadko and Sh. Lu, J. Elec-
troanal. Chem. 373 (1994) 185.

[127] B. I. Podlovchenko, E. A. Kolyadko and Sh. Lu, Electro-
khimiya 30 (1994) 670.

[128] O. Koga and Y. Hori, Electrochim. Acta 38 (1993) 1391.
[129] O. Koga and Y. Hori, Denki Kagaku 61 (1993) 812; Chem.

Abstr. 119 (1993) 212805s.

888 M. JITARU ET AL.



[130] O. Koga and Y. Hori, Proc.-Electrochem. Soc. 93±18
(Proceedings of the Symposium on Environmental As-
pects of Electrochemistry and Photoelectrochemistry)
(1993), pp.11±16.

[131] A. Kudo, Sh. Nakagawa, A. Tsuneto and T. Sakata, J.
Electrochem. Soc. 140 (1993) 1541.

[132] K. Hara, A. Tsuneto, A. Kudo and T. Sakata, Shokubai 35
(1993) 513; Chem. Abstr. 120 (1994) 120149u.

[133] K. Ito, Sh. Ikeda and M. Okabe, Denki Kagaku 48 (1980)
247.

[134] K. Ito, Sh. Ikeda, T. Iida and H. Niwa, ibid. 49 (1981) 106.
[135] Y. Hori, O. Koga, A. Aramata and M. Enyo, Bull. Chem.

Soc. Jpn. 65 (1992) 3008.
[136] E. MoralloÂn, J. L. VaÂsquez, J. M. PeÂrez and A. Aldaz, J.

Electroanal. Chem. 380 (1995) 47.
[137] S. Taguchi and A. Aramata, Electrochim. Acta 39 (1994)

2533.
[138] M. W. Breiter, ibid. 12 (1967) 1213.
[139] H. B. Urbach, L. G. Adams and R. E. Smith, J. Electro-

chem. Soc. 121 (1974) 233.
[140] J. Giner, Electrochim. Acta 8 (1963) 857.
[141] J. Sobkowski and A. Czerwinski, J. Electroanal. Chem. 55

(1974) 391.
[142] Idem, ibid. 65 (1975) 327.
[143] Idem, J. Phys. Chem. 89 (1985) 365.
[144] T. Iwashita, F. C. Nart, B. Ropez and W. Vielstich, Elec-

trochim. Acta 37 (1992) 2361.
[145] V. E. Kazarinov, V. N. Andreev and A. V. Shelepakov, ibid.

34 (1989) 905.
[146] S. Nagakawa, A. Kudo, M. Azuma and T. Sakata, J.

Electroanal. Chem. 308 (1991) 339.
[147] M. Azuma, K. Hashimoto, M. Hiramoto, M. Watanabe

and T. Sakata, ibid. 260 (1989) 441.
[148] M. Azuma, K. Hashimoto, M. Hiramoto, M. Watanabe

and T. Sakata, J. Electrochem. Soc. 137 (1990) 1772.
[149] Y. Hori, A. Murata, R. Takahashi and S. Suzuki, J. Am.

Chem. Soc. 109 (1987) 5022.

[150] D. W. DeWulf, T. Jin and A. J. Bard, J. Electrochem. Soc.
136 (1989) 1686.

[151] J. J. Kim, D. P. Summers and K. W. Frese, Jr., J. Elec-
troanal. Chem. 245 (1988) 223.

[152] K. Hara, A. Kudo and T. Sakata, ibid. 386 (1995) 257.
[153] D. P. Summers and K. W. Frese, Jr. ibid. 205 (1986) 219.
[154] M. Todoroki, K. Hara, A. Kudo and T. Sakata, ibid. 394

(1995) 199.
[155] R. Ortiz, O. P. Marquez, J. Marquez and C. Guitterez, ibid.

390 (1995) 99.
[156] H. Yoshitake, T. Kikkawa, K. Ota, ibid. 390 (1995) 91.
[157] Y. Hori, H. Wakebe, T. Tsukamato and O. Koga, Surf. Sci.

335 (1995) 258.
[158] N. Hoshi, H. Ito, T. Toshitake and Y. Hori, J. Electroanal.

Chem. 395 (1995) 309.
[159] T. Saeki, K. Hashimoto, A. Fujishima, N. Kimura and K.

Omata, J.Phys. Chem. 99 (1995) 8440.
[160] C. E. W. Hahn, H. McPeak, A. M. Bond and D. Clark, J.

Electroanal. Chem. 390 (1995) 61.
[161] C. E. W. Hahn, H. McPeak and A. M. Bond, ibid. 393

(1995) 69.
[162] M. Shibata, K. Yoshida and N. Furuya, ibid. 387 (1995)

143.
[163] K. Ohta, A. Hasimoto and T. Mizuno, Energy Convers.

Manage. 36 (1995) 625.
[164] Sh. Ikeda, T. Ito, K. Azuma, N. Nishi, K. Ito and H. Noda,

Denki Kagaku 64 (1996) 69.
[165] T. Mizuno, K. Ohta, A. Sasaki, T. Akai, M. Hirano and A.

Kawabe, Energy Sources 17 (1995) 503.
[166] H. Noda, Sh. Ikeda, A. Yamamoto, H. Einaga and K. Ito,

Bull. Chem. Soc. Jpn. 68 (1995) 1889.
[167] S. Tomita, K. Shimizu and A. Nagashima, in `Phys. Chem.

Aqueous Syst., Proc. Int. Conf. Prop. Water Steam, 12th
1994' (1995), pp. 103±8; Chem. Abstr. 124 (1996) 98339u.

[168] K. Ohgaki, Kurin Tekunoroji. 5 (1995) 22; Chem. Abstr. 124
(1996) 95664k.

[169] B. Jermann and R. Kostecki, PCT Int. Appl. WO 9503 438
(1995); Chem. Abstr. 122 (1995) 199589q

REDUCTION OF CO2 ON FLAT METALLIC CATHODES 889


	Abstract
	Introduction
	Electrochemical reduction of carbon dioxide on sp group metals
	Electrochemical reduction of carbon dioxide on d group metals
	Possible technological use of CO2 electroreduction
	Conclusions
	Acknowledgement
	References

