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Abstract The electroreduction of carbon dioxide (CO2) to chemical fuels provides
not only a means to utilize CO2 but also a solution to challenges relating to the
storage and transport of renewable energy. For this purpose, a range of catalysts for
the electroreduction of CO2 have been studied, and recent progress in the context of
tuning catalytic properties and understanding their mechanism of action has been
remarkable. For example, molecular approaches allow fine-tuning of the catalyst
behavior by the design of suitable ligands to suppress the overpotential for CO2

conversion. This chapter focuses on homogeneous iridium catalysts for the
electroreduction of CO2, whereby the examples provided give mechanistic insight
into the design of catalysts to efficiently and selectively produce electroreduced
compounds from CO2 using electricity.
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1 Introduction

To reduce the carbon dioxide (CO2) emissions associated with the consumption of
fossil fuels [1], it is necessary to utilize various technologies, such as renewable energy
and energy-saving technologies. Recently, the price of renewable energy has drasti-
cally decreased, and so its usage is expected to increase [2]. However, the lack of
established methods for the storage and transport of electricity derived from renewable
energy sources remains a challenge that hinders its use. For example, the storage and
transportation of electricity is essential if the electricity generated during the day is to
be used at night, or in places without a power grid. In this context, chemical fuels
produced electrochemically have the potential to address these issues compared to
other methods, such as chemical and photochemical reactions [3, 4]. In particular, one
attractive approach involves the use of electricity derived from renewable energy
sources to produce chemical fuels from CO2 and H2O (an H+ source) [5].

The redox potentials of typical chemical fuels obtained by the electroreduction of
CO2 are shown in Table 1 [6–8]. Generally, in the electroreduction of CO2, proton-
coupled multi-electron transfer is more favorable than multi-electron transfer, as
thermodynamically more stable compounds are produced. The single-electron trans-
fer of CO2 to CO2

�� requires a large redox potential of �1.90 V (vs the standard
hydrogen electrode (SHE); all potentials are given with respect to this reference), a
large reorganization energy between the linear molecule and bent radical anion
[9]. On the other hand, proton-coupled multi-electron transfer is achieved using a
potential lower than �1.0 V. However, the development of efficient catalysts is
necessary to carry out the intended electrochemical transformations with low
overpotentials and high current densities.

To date, significant efforts have been devoted to the exploration of potential
homogeneous and heterogeneous catalysts. For example, heterogeneous catalysts
based on various metals, such as copper, cobalt, and tin, have been reported [10];

Table 1 Selected redox potentials for the electroreduction of CO2 and generation of hydrogen
(vs SHE in aqueous solution at pH 7)

Product na Cathode reaction E0 [V]

CO 2 CO2 + 2H+ + 2e� ! CO + H2O �0.53

HCO2
� 2 CO2 + H+ + 2e� ! HCO2

� �0.49

HCO2H 2 CO2 + 2H+ + 2e� ! HCO2H �0.61

CH3OH 6 CO2 + 6H+ + 6e� ! CH3OH + H2O �0.38

CH4 8 CO2 + 8H+ + 8e� ! CH4 + 2H2O �0.24

C2O4
2� 2 2CO2 + 2e� ! C2O4

2� �1.00

CO2
�� 1 CO2 + e� ! CO2

�� �1.90

H2 2 2H+ +2e� ! H2 �0.41
an Number of reaction electrons
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however, in many cases, the conversion of CO2 involves inefficient CO2
�� forma-

tion. On the other hand, homogeneous catalysts, such as ruthenium-, rhodium-, and
iridium-based complexes, often form metal hydrides as intermediates [11, 12]. This
circumvents the CO2

�� formation, and hence, more efficient electrochemical con-
versions are expected. For example, [Rh(bpy2(TFMS)2)]

+ (bpy, 2,20-bipyridine;
TFMS, trifluoromethanesulfonate anion) exhibited 80% Faradaic efficiency
(FE) for HCO2

� production in CH3CN at �0.96 V. Moreover, electroreduction of
CO2 in aqueous solution was achieved with high FE at a very low overpotential
using iridium catalysts. This chapter, therefore, describes the development of
iridium-based homogeneous catalysts for the electroreduction of CO2 to formate
(HCO2

�), carbon monoxide (CO), and oxalate (C2O4
2�).

2 Electroreduction of Carbon Dioxide to Formate

2.1 Homogeneous Catalysts

HCO2
� (HCO2H), a two-electron reduction product of CO2, has recently attracted

significant attention as a liquid organic hydrogen (H2) carrier, in which H2 is
established as a new energy vector [13, 14]. Through HCO2

� (HCO2H) dehydroge-
nation (Eqs. 1 and 2), H2 can be released with a lower energy consumption than those
required for other H2 storage media, such as methylcyclohexane or ammonia.
Furthermore, in contrast to other chemical H2 carriers, HCO2H can produce high-
pressure H2 using only thermal reactions [15]. The potential for the CO2 to HCO2

�

transformation is�0.49 V, which indicates a slightly higher energy consumption than
H2 generation (�0.41V). If the electroreduction of CO2 toHCO2

� can be realized with
a high FE (Eq. 3, where X is a product such as CO, HCO2

�, C2O4
2� or H2, F is the

Faraday constant, and n is the number of reaction electrons) and a low overpotential, it
becomes an energy storage method comparable to water electrolysis. Additionally,
C-H bond formation is one of the most essential elementary reactions in synthetic
chemistry. The conversion of CO2 to HCO2

� (HCO2H) involves C-H bond formation,
which can be considered as an electrochemical method of C-H bond formation.

HCO2
� þ H2O ! H2 þ CO2 þ OH� ð1Þ
HCO2H ! H2 þ CO2 ð2Þ

FE Xð Þ %½ � ¼ F C mol�1
� �� n X mol½ �=total Q C½ � � 100 ð3Þ

In 1996, [Ir2(dimen)4]
2+ (dimen, 1,8-diisocyano-n-menthane) was studied using

infrared spectro-electrochemistry, whereby HCO2
� and bicarbonate were detected,

although the products were not quantified [16]. In addition, the obtained results
indicated that [Ir2(dimen)4]

2+ accepted 2 electrons to form [Ir2(dimen)4]
0, which then

reacted with CO2 and H2O. In addition, the electroreduction of CO2 to HCO2
� was

reported using [Cp*Ir(bpy)Cl]+ (Cp*, pentamethylcyclopentadienyl) in CH3CN
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(Chart 1, Table 2) [17]. Electrolysis was performed at �1.16 V, and HCO2
� was

produced with an FE(HCO2
�) of 22% (132 mA cm�2). Although the formation of

CO (FE(CO) < 1%) was confirmed, no other products were identified. Furthermore,
based on the hydrogenation of CO2, the electroreduction mechanism was speculated
to involve reaction between the iridium-hydride intermediates and CO2.

The reactivities and properties of a range of iridium-hydride species have been
studied actively. Among them, iridium catalysts bearing a pincer ligand were found
to exhibit a high activity and durability for the hydrogenation of CO2 [18, 19]. In
addition, through the use of related pincer ligands, electrochemically formed
iridium-hydride species were investigated for the electroreduction of CO2 (Chart 2,
Table 3). For example, the potentiostatic electrolysis of (POCOP)IrH2 was carried
out at �1.45 V in a CH3CN/5% H2O solution to yield HCO2

� in an FE(HCO2
�) of

85% (1.07 mA cm�2), whereby H2 was detected as a by-product (FE(H2) 15%)
[20]. Moreover, through the introduction of 1,1-dimethyl-piperazinium to the pincer
ligand, the FE(HCO2

�) reached 93% in a water-based electrolyte (NaHCO3/1%
CH3CN) [21]. Although CH3CN was essential in the desorption of HCO2

� from the
iridium species and thus to promote catalyst turnover, [(POCOP’)Ir(sol)2H]

2+ (sol,

[Cp*Ir(bpy)Cl]+

N

N
Ir

Cl

+

-C+N -C+N

Ir Ir

=

2+

[Ir2(dimen)4]2+

Chart 1 Catalysts for the
electroreduction of CO2 to
HCO2

�

Table 2 Electroreduction of CO2 to HCO2
�

Catalyst Solvent Eapp
a [V] FE(HCO2

�) [%] j [mA cm�2] Ref.

[Ir2(dimen)4]
2+ THF/H2O �1.62 � � [16]

[Cp*Ir(bpy)Cl]+ CH3CN �1.16 22 132 [17]
aEapp Applied potential

Ir
H

PtBu2

H
P

OO

tBu2

(POCOP)IrH2

Ir
NCCH3

PtBu2

CH3CN
P

OO
tBu2

[(POCOP')Ir(sol)2H]2+

N

N +

Ir
N

H
PiPr2

H
P

H
iPr2

H
(PNHP)IrH 3

2+

H

sol: CH3CN

Ir
N

H
PtBu2

H
P

OO

tBu2

(PONOP)IrH3

H

Chart 2 Catalysts bearing pincer ligands for the electroreduction of CO2 to HCO2
�
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CH3CN) was also active, even in aqueous solution with a small amount of organic
additive.

Subsequently, DFT calculations were employed to examine the reaction mecha-
nism of the (POCOP)IrH2 catalytic system [24]. As indicated in Scheme 1a, it was
suggested that the reaction proceeds in three steps: (1) insertion of CO2 into the
iridium-hydride complex, (2) elimination of HCO2

� from the resulting hydride-
formate-iridium complex, and (3) regeneration of the active species. The reduction
potential of the electrode reaction was calculated and was found to correspond with
the experimental value. The solvents were also examined, and it was found that
water was necessary for the transformation of CO2 to HCO2

�. Moreover, DFT
calculations showed that HCO2

� formation also involved iridium(I) monohydride
as an active species formed in situ (Scheme 1b) [25]. It should be noted that the
iridium(III) path can operate in parallel, but is associated with higher Gibbs free
energies in the reaction between the iridium(III) dihydride species and CO2 (i.e.,

Table 3 Electroreduction of CO2 to HCO2
� using iridium complexes bearing pincer ligands

Catalyst Solvent
Eapp

a

[V]
FE(HCO2

�)
[%]

j
[mA cm�2] Ref.

(POCOP)IrH2 CH3CN/5% H2O �1.45 85 1.07 [20]

[(POCOP0)IrH
(sol)2]

2+
NaHCO3/1%
CH3CN

�1.41 93 0.60 [21]

(PNHP)IrH3 CH3CN/12% H2O �0.81 97 0.45 [22]

(PONOP)IrH3 CH3CN/5% H2O �1.15 97 2.10 [23]
aEapp Applied potential

CO2

CH3CN

CH3CN

Ir
H

PtBu2

H
P

OO
tBu2

Ir
NCCH3

PtBu2

H
P

OO
tBu2 H

Ir
NCCH3

PtBu2

O
P

OO
tBu2 H

O

H
Ir

NCCH3
PtBu2

CH3CN
P

OO
tBu2 H

HCO2
−

+

2e−, H2O
CH3CN
OH− + CO2 HCO3

−

(a)

CO2

H2O

Ir
H

PtBu2

H
P

OO
tBu2

Ir PtBu2

H
P

OO
tBu2

Ir PtBu2

O
P

OO
tBu2

Ir PtBu2

OH2

P
OO

tBu2

HCO2
−

2e− OH−

2e−, CO2

HCO2
−

−

−

H

O

(b)

Scheme 1 Proposed mechanisms for the electroreduction of CO2 with (a) (POCOP)IrH2 by
iridium(III) dihydride and (b) (POCOP)IrH2 iridium(I) monohydride
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16.6 and 19.0 kcal mol�1), compared to the reaction between the in situ formed
iridium(I) monohydride species (i.e., 12.3 kcal mol�1).

An iridium trihydride complex bearing a PNHP ligand with a secondary coordi-
nation sphere interactions was found to improve the catalytic activity in CH3CN/
12% H2O solution [22]. At �0.81 V, (PNHP)IrH3 yielded HCO2

� with an FE
(HCO2

�) of 97% (0.45 mA cm�2). Mechanistic studies indicated that the insertion
of CO2 was accelerated by the presence of an NH group, and this was followed by
HCO2

� elimination and catalyst regeneration through an electroreduction/proton
transfer mechanism (Scheme 2). Furthermore, the kinetic studies of (PNHP)IrH3

appeared that the rate-determining step was HCO2
� elimination, which can be

enhanced by the addition of stabilizing agents such as water and Lewis acid.
Furthermore, an iridium trihydride complex bearing a PONOP pincer ligand was

found to function not only in the electroreduction of CO2 to HCO2
� but also in the

electrooxidation of HCO2
� to CO2 (Eq. 4) [23].

HCO2
� ! CO2 þ Hþ þ 2e� ð4Þ

When the electroreduction of CO2 in CH3CN/5% H2O was conducted at�1.15 V
using (PONOP)IrH3, the FE(HCO2

�) reached 97% (2.1 mA cm�2). In addition,
HCO2

� electrooxidation was carried out at 0.1 V in CH3CN in the presence of
NBu4HCO2�HCO2H, whereby CO2 was detected as the sole product. Quantification
of the evolved CO2 indicated an FE(CO2) 88%. Electrochemical and NMR spectro-
scopic studies suggested that the hydride species is critical for the bifunctional
reactivity. A potential catalytic mechanism for the reaction involving (PONOP)
IrH3 is outlined in Scheme 3. More specifically, CO2 was inserted into (PONOP)
IrH3 to yield a HCO2

� complex (PONOP)IrH2(HCO2
�), which released HCO2

� to
give (PONOP)Ir(CH3CN)H2. Subsequent reduction yielded (PONOP)IrH3. The

CO2

CH3CN

HCO2
−

2e−, H2O CH3CN
OH− + CO2 HCO3

−

IrN
P

P iPr2H H
HiPr2

H

IrN
P

P iPr2H H
HiPr2

OC
H

OIrN
P

P iPr2H H
HiPr2

NCCH3

Scheme 2 Proposed mechanism for the electroreduction of CO2 using (PNHP)IrH3
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HCO2
� electrooxidation pathway is also illustrated in Scheme 3. More specifically,

(PONOP)IrH3 was oxidized electrochemically to form (PONOP)Ir(CH3CN)H2. In
an equilibrium, (PONOP)Ir(CH3CN)H2 reacts rapidly with HCO2

� to generate
(PONOP)IrH2(HCO2

�), and this was followed by β-hydride elimination to generate
(PONOP)IrH3 and CO2. The applicability of this homogeneous catalyst in both the
electroreduction and electrooxidation steps is interesting due to such a system only
having been reported once previously (i.e., [Pt(depe)2]

2+; depe, 1,2-bis(diethyl-
phosphino)ethane) [26].

In addition to pincer ligands, catalysts based on iridium-hydride species bearing
N, N-bidentate ligands have also been developed (Chart 3). The influence of

+CO2

+CH3CN −HCO2−

+(2e−,H+)
−CH3CN

Ir
N

NCCH3
PtBu2

H
P

OO
tBu2 H Ir

N

H
PtBu2

O
P

OO
tBu2 H

O

H

Ir
N

H
PtBu2

H
P

OO
tBu2 H

−(2e−,H+)
+CH3CN

−CH3CN +HCO2−

−CO2

Scheme 3 Proposed mechanism for the electroreduction of CO2 and the electrooxidation of
HCO2

� with (PONOP)IrH3

[Cp*Ir(N1)Cl]+

N

N
Ir

Cl

+

H2N

[Cp*Ir(4DHBP)(OH2)]2+

N

N
Ir

H2O

2+

[Cp*Ir(N2)Cl]+

N

N
Ir

Cl

+

H3C

CO2Et OH

OH

[Cp*Ir(6DHBP)(OH2)]2+

N

N
Ir

H2O

2+HO

HO

[(Cp*IrCl)2THBPM]2+

N N

N N

OHHO

HO OH

Ir Ir
Cl

Cl

2+

N
Ir

H2O

2+HO OH

N NH

[Cp*Ir(N4)(OH2)]+[Cp*Ir(N3)(OH2)]2+

N
Ir

H2O

OH

N O
CH3

+
Fe

FeFe

N
Fe

COOC
CO

CO
CO

COOC

OC
OC

OC

COOC

[Fe4N(CO)12]−

−

Chart 3 Catalysts bearing N,N-bidentate ligands and Fe carbonyl clusters for the electroreduction
of CO2 to HCO2

�
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substituent effects on the 2, 4, and 40 positions of the bipyridine ligand was examined,
as outlined in Table 4. More specifically, in CH3CN/5% H2O at�1.60 V, [Cp*Ir(N1)
Cl]+ bearing an ortho-NH2 group (N1, 6-amino-2,20-bipyridine) produced HCO2

�

with an FE(HCO2
�) of 6.6% (0.18 mA cm�2). In the case of the [Cp*Ir(N1)Cl]+

system, the electrolyte significantly affected the catalytic performance and improved
the FE(HCO2

�) (i.e., to 21.9%) and the current density (i.e., to 1.08 mA cm�2) when
CH3CN/50% CH3OH was employed. Interestingly, in CH3CN + 50% CH3OH,
formaldehyde (HCHO) was also detected (FE(HCHO) 20.2%), and the selectivity
toward HCHO was increased in the case of [Cp*Ir(N2)Cl]+ bearing CH3 and CO2Et
groups (N2, 4-ethoxycarbonyl-60-methyl-2,20-bipyridine; FE(HCHO) 32.2%). Fur-
thermore, cyclic voltammetry studies gave information regarding the reaction mech-
anism (Scheme 4). Following an initial two-electron reduction of a, the resulting
iridium(I) species (b) was protonated to form iridium(III) hydride (c). Subsequently,
c underwent a bipyridine-centered one-electron reduction prior to transfer of the
hydride from d to CO2. The dissociation of HCO2

� from e required a further
one-electron reduction. An analogous mechanism was also proposed by Meyer and
coworkers, which involves the use of a Ru-bipyridine complex in the electrocatalytic
reduction of CO2 [27].

Furthermore, [Cp*Ir(4DHBP)(OH2)]
2+ and [Cp*Ir(6DHBP)(OH2)]

2+ bearing
ortho- and para-OH groups on the bpy ligand were reported to enable the electro-
chemical conversion of CO2 to HCO2

� under a low overpotential and without the
requirement for organic solvents (FE(HCO2

�) 21.0 and 52.0%) [29]. In addition, the
current density and FEHCO2� of [(Cp*IrCl)2(THBPM)]2+, whereby four OH groups
were present on the ligand, were enhanced upon the introduction of OH groups.
Furthermore, when one side of the bpy structure was replaced by an imidazoline
([Cp*Ir(N3)(OH2)]

2+) or amide species ([Cp*Ir(N4)(OH2)]
+), the catalytic activity

Table 4 Electroreduction of CO2 to HCO2
� using iridium complexes bearing N,N-bidentate

ligands

Catalyst Solvent
Eapp

a

[V]
FE(HCO2

�)
[%]

j
[mA cm�2] Ref.

[Cp*Ir(N1)cl]+ CH3CN/5% H2O �1.60 6.6 0.18 [28]

CH3CN/50%
CH3OH

�1.60 22 1.08

[Cp*Ir(N2)Cl]+ CH3CN/50%
CH3OH

�1.60 13 0.84

[Cp*Ir(4DHBP)(OH2)]
2+ KHCO3 aq. �0.49b 21 4.80 [29]

[Cp*Ir(6DHBP)(OH2)]
2+ KHCO3 aq. �0.49b 52 4.80

[(Cp*IrCl)2(THBPM)]2+ KHCO3 aq. �0.49b 62 5.00

[Cp*Ir(N3)(OH2)]
2+ KHCO3 aq. �0.49b 89 5.20

[Cp*Ir(N4)(OH2)]
+ KHCO3 aq. �0.49b 95 7.20

[Fe4N(CO)12]
� H2O �0.96c 96 3.80 [30]

aEapp Applied potential
bpH 8.3
cpH 7.0
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was further enhanced. When the catalytic performances of [Cp*Ir(4DHBP)(OH2)]
2+,

[Cp*Ir(6DHBP)(OH2)]
2+, [(Cp*IrCl)2(THBPM)]2+, [Cp*Ir(N3)(OH2)]

2+, and
[Cp*Ir(N4)(OH2)]

+ were compared, the results were consistent with the order of
activity for the hydrogenation of CO2 [31], thereby indicating that common active
species are involved in the electroreduction and hydrogenation of CO2. Interestingly,
combination of the iridium catalyst with different electrode materials indicated that
electrodes exhibiting lower hydrogen overpotentials (i.e., a Pt black electrode) led to
a remarkable decrease in the applied potential. As a result, the combination of [Cp*Ir
(N4)(OH2)]

+ and a Pt black working electrode gave a high current density
(7.20 mA cm�2) and a high FE(HCO2

�) (95.0%). In addition, electrochemical
measurements, electrokinetic analyses, and reaction mechanism studies revealed
that the iridium-hydride species detected by 1H NMR were generated via a
two-electron reduction process. The above values represent the lowest overpotential
and the highest current density among the previous reports using homogeneous
catalysts for the electroreduction of CO2 to HCO2

�, and the overpotential was
lower than that of the heterogeneous catalyst, thereby indicating that iridium-hydride
species are key to the electroreduction of CO2. A reaction mechanism was proposed
in the case of [Cp*Ir(N4)(OH2)]

+ as follows, whereby [Cp*IrI(N4)]� was initially

H+

e−

HCO2
−

e−

N

N
Ir

Cl

+

N

N
Ir

0

2e−

Cl−

N

N
Ir

H

+

N

N
Ir

H

+

N

N
Ir

+

O

H

O

a

b

c

d

e

Scheme 4 Proposed mechanism for the electroreduction of CO2, as proposed by Tzschucke and
coworkers

Electroreduction of Carbon Dioxide by Homogeneous Iridium Catalysts 333



generated by the two-electron reduction of [Cp*IrIII(N4)(OH2)]
+ (Eq. 5). Subse-

quently, [Cp*IrIIIH(N4)]+ produced by the reaction of [Cp*IrI(N4)]� with H2O
(Eq. 6) reduced CO2 to HCO2

� (Eq. 7). The cathodic current observed under CO2

was derived so that [Cp*IrIII(N4)]+ was regenerated by the reaction of [Cp*IrIIIH
(N4)]+ with CO2.

Cp � IrIII N4ð Þ OH2ð Þ� �þ þ 2e� ! Cp � IrI N4ð Þ� �� þ H2O ð5Þ
Cp � IrI N4ð Þ� �� þ H2O ! Cp � IrIIIH N4ð Þ� �� þ OH� ð6Þ

Cp � IrIIIH N4ð Þ� �� þ CO2 þ H2O ! Cp � IrIII N4ð Þ OH2ð Þ� �þ þ HCO2
� ð7Þ

Although the [Fe4N(CO)12]
� catalyst has been reported to exhibit activity in

aqueous solution (Chart 4) [30], the Ir catalyst (i.e., [Cp*Ir(N4)(OH2)]
+) is superior

in terms of the overpotential and current density.

2.2 Immobilized Catalysts

Since electron transfer in electrochemical reactions is limited to the very vicinity of
the electrode, the reaction is dominated by the diffusion of the catalyst to the
electrode in the bulk electrolyte. Therefore, a method of immobilizing the catalyst
to the electrode to eliminate the diffusion factor has been attempted [32]. More
specifically, an iridium dihydride catalyst bearing a POCOP pincer ligand containing
pyrene was immobilized on carbon nanotube-coated gas diffusion electrodes. Com-
pared to (POCOP)IrH2 (1.07 mA cm�2, �1.45 V), (POCOP-pyrene)Ir(CH3CN)H2

exhibited and improved for the electroreduction by immobilization on the electrode
in 0.5 M LiClO4, 0.1 M NaHCO3, and 1%v/vCH3CN (3.60 mA cm�2, �1.40 V).
Furthermore, through optimization of the reaction system, the gas diffusion electrode
interfaced both the gaseous and aqueous phases, significantly enhancing the current
densities up to ~15.0 mA cm�2, whereby a high FEHCO2� was also maintained
(Scheme 5). When the gas diffusion electrode interfaced both the gaseous and
aqueous phases, (POCOP-pyrene)Ir(CH3CN)H2 was able to access sufficient CO2

from the gas phase and readily release HCO2
� into the aqueous phase, thereby

CO

PPh3

Ir
Cl

Ph3P
N

N
IrN

N NN
H3C CH3Cl

IrCl(CO)(PPh3)2 [Ir(NNN)(ppy)Cl]+

+

N
N

IrN
N N

H3C CH3Cl

[Ir(NCN)(ppy)Cl]+

Chart 4 Catalysts for electroreduction of CO2 to CO
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relieving mass transport constraints. The proposed reaction mechanism was compa-
rable to that presented in Scheme 1a.

3 Electroreduction of Carbon Dioxide to Carbon Monoxide

CO is another two-electron reduction product from CO2 and is an important material
in C1 chemistry. For example, a mixture of H2 and CO, known as synthesis gas, can
be used as a precursor for the production of methanol (CH3OH) and hydrocarbons.

Scheme 5 Illustration of a carbon nanotube-coated gas diffusion electrode with a surface-bound
(POCOP-pyrene)Ir(CH3CN)H2 catalyst for the electroreduction of CO2 to HCO2

�
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In general, since the reduction of CO2 and H+ on the cathode competes during the
electroreduction of CO2, the suppression of H2 generation is necessary to improve
the selectivity. On the other hand, from the viewpoint of synthesis gas production,
H2 generation is not a disadvantage; if the H2/CO ratios can be controlled with a
catalyst, not only CO but also synthesis gas can be produced directly. However, the
reduction of CO2 to CO requires a large amount of energy, and even in the presence
of strong reducing agents, overcoming the O¼CO bond enthalpy of 532 kJ mol�1

often presents kinetic difficulties.
The first electroreduction of CO2 to CO using a homogeneous iridium catalyst

(Chart 4, Table 5), reported by Pruchnik and coworkers [33], involved the reaction of
IrCl(CO)(PPh3)2 in DMF or DMF + 10% H2O. Using DMF, CO production at
�1.31 V was observed with an FE(CO) of 58% (0.16 mA cm�2). In addition, formic
acid was found in the electrolyte. When 10% H2O was added, although the current
density increased to 0.5 mA cm�2, the FE(CO) was 32%. In this case, along with CO
and formic acid, a trace of H2 was detected. They also proposed a mechanism for the
reaction between the iridium-hydride intermediates and CO2; however, spectro-
scopic data were not reported.

Fujita and coworkers described the electroreduction process and density func-
tional theory (DFT) calculations using [Ir(NNN)(ppy)Cl]+ and [Ir(NCN)(ppy)Cl]+

(ppy, 2-phenylpyridine) [34]. When using [Ir(NNN)(ppy)Cl]+, selective CO forma-
tion was achieved at �1.13 V (FE(CO) > 99%), while [Ir(NCN)(ppy)Cl] yielded
CO with an FE(CO) of 45� 5% and HCO2

� with an FE(HCO2
�) of 5–10%. In both

cases, H2 production was not detected. The production of HCO2
� is supported by the

DFT calculations that show iridium-hydride intermediates exhibiting a high
hydricity and where CO2 insertion is thermodynamically favorable. Interestingly,
the ligand exchange from Cl� to CH3CN, [Ir(NNN)(ppy)(NCCH3)]

2+, functions as a
photocatalyst and can convert CO2 to CO.

However, the mechanism for CO production using iridium catalysts was not
clear, despite reaction mechanisms being reported for other metal complexes. For
example, using a Pd complex bearing a pincer ligand, cyclic voltammetry and
potentiostatic electrolysis measurements revealed that Pd-CO2

� species with η1-C
coordination were generated via an electrochemical one-electron reduction process,
and Pd-COOH intermediates were produced by the reduction and protonation of
these Pd-CO2

� species. Furthermore, the intermediates were protonated to generate
a Pd-CO species, and finally CO was eliminated to regenerate the active species [35].

Table 5 Electroreduction of CO2 to CO

Catalyst Solvent Eapp
a [V] FE(CO) [%] j [mA cm�2] Ref.

IrCl(CO)(PPh3)2 DMF �1.31 58 0.16 [33]

DMF/10% H2O �1.06 32 0.50

[Ir(NNN)(ppy)Cl]+ CH3CN �1.13 >99 � [34]

[Ir(NCN)(ppy)Cl] CH3CN �1.67 45 � 5 �
aEapp Applied potential
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4 Electroreduction of Carbon Dioxide to Oxalate

C-C bond formation is an important reaction in chemical synthesis that is commonly
carried out through coupling reactions with organometallic reagents. In this context,
the use of C2O4

2� as a C2 compound is interesting from the viewpoint of electro-
chemical C-C bond formation. In addition, C2O4

2� are useful chemicals; for exam-
ple, dimethyl C2O4

2� is a precursor for the production of ethylene glycol and methyl
glycolate [36].

When the electroreduction of CO2 was conducted in CH3CN at �1.40 V,
trinuclear iridium complex [(Cp*Ir)3(μ3-S)2]2+ gave C2O4

2� (FE(C2O4
2�) 64%)

and [(Cp*Ir)2(Ir(η
4-C5(CH3)5)CH2CN)(μ3-S)2]+ ([(Cp*Ir)3CH2CN(μ3-S)2]+)

[37]. The crystal structure of [(Cp*Ir)3CH2CN(μ3-S)2]+ was determined by X-ray
diffraction, and it was found that a linear CH2CN group was linked at the
exo-position of a Cp* ligand, and the C5(CH3)5CH2CN ligand was coordinated to
an iridium atom in the η4-mode. In addition, the cyclic voltammogram of
[(Cp*Ir)3CH2CN(μ3-S)2]+ recorded in CH3CN in the presence of CO2 exhibited a
strong catalytic current due to the reduction of CO2, although this was not observed
for [(Cp*Ir)3(μ3-S)2]2+. As shown in Scheme 6, the reduced form of
[(Cp*Ir)3CH2CN(μ3-S)2]+ works as the active species in the reduction of CO2. The
direct attack of CO2 on the Ir species of [(Cp*Ir)3CH2CN(μ3-S)2]+ is blocked by the
Cp*, (η4-C5(CH3)5)CH2CN, and μ3-S ligands, while there seems to be no serious

CO2

e−

C2O4
2−

2e−

Ir

S 2+

IrIr

S

*Cp Cp*

Cp*

[(Cp*Ir)3(µ3-S)2]2+
[(Cp*Ir)3(µ3-S)2]2+

CH3CN

{[(Cp*Ir)3CH2CN(µ3-S)2](CO2)}+

[(Cp*Ir)3CH2CN(µ3-S)2]+

{[(Cp*Ir)3CH2CN(µ3-S)2](CO2)}0

{[(Cp*Ir)3CH2CN(µ3-S)2](CO2)2}−

CO2, e−

Scheme 6 Proposed mechanism for electroreduction of CO2 to C2O4
2� using [(Cp*Ir)3(μ3-S)2]2+
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steric hindrance for an electrophilic attack of CO2 to the μ3-S ligand
({[(Cp*Ir)3CH2CN(μ3-S)2](CO2)}

+). In addition, a two-electron reduction and sub-
sequent reaction with CO2 provided anionic species {[(Cp*Ir)3CH2CN(μ3-S)2]
(CO2)2}

�. The coupling of two CO2 molecules bonded on adjacent μ3-S and Ir
centers in {[(Cp*Ir)3CH2CN(μ3-S)2](CO2)2}

� produced C2O4
2�. It should also be

noted that the electrochemical conversion of CO2 to C2O4
2� has been achieved using

Fe [38], Ni [39, 40], Cu [41], and Ru complexes [42], in addition to [(Cp*Ir)3(μ3-
S)2]

2+.

5 Conclusion

The development of iridium-based catalysts for the electrolytic reduction of CO2 has
been conducted for more than 30 years. Due to the increasing importance of CO2

utilization technologies in recent years, selective CO2 conversion has become
possible, with dramatically improved catalyst performances being obtained through
the development of new ligands. In addition, the overpotential and current density
for the electroreduction of CO2 have also received attention in terms of the energy
consumption and reaction rate. In terms of the overpotential, it is important to
understand the function of metal-hydride species, as discussed in this chapter.
Furthermore, it has been found that the reaction system, and more specifically the
electrode materials and mass diffusion, has a significant effect on the reaction
efficiency. Hence, to achieve efficient reactions with high current densities and
low overpotentials, the design of an appropriate catalyst and overall electrochemical
system must be optimized.

In the context of future catalyst developments, compounds that require C-O bond
cleavage and multiple C-H bond formation, such as CH3OH, will be targeted.
Indeed, the catalytic functions of single C-H bond formation and C-O bond cleavage,
such as in the cases of HCO2

� formation and CO formation, have been studied. In
terms of the synthesis of CH3OH, the integration of individual catalyst design
principals will be necessary.
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