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1. Introduction

In nature, green plants efficiently capture sunlight to
convert CO2 and water into various hydrocarbons and O2, by
photosynthesis, in a series of cascade reactions catalyzed by
specific metalloenzymes.[1] Fossil fuels were derived from
photosynthetic activity over millions of years and currently
supply us with most of the energy required to support
everyday life. However, with the advancement of human
society, especially the Industrial Revolution, huge amounts of
fossil fuels have been expended, and their accompanying
combustion has resulted in an increase in the concentration of
atmospheric CO2, which is intimately related to climate
change.

Recently, much concern has been focused on worldwide
energy shortages and environmental problems.[2] Exploiting
renewable alternatives to fossil fuels and decreasing CO2

emissions are important challenges
faced by modern society. Sunlight-
driven photocatalytic CO2 reduction
toward artificial photosynthesis for
the generation of energetic molecules
(e.g., CO, HCOOH, CH3OH, and

CH4) using solar technology has been accepted as one of
the most promising solutions, and would simultaneously solve
both of the aforementioned problems in a carbon-neutral
fashion by decreasing atmospheric CO2 levels and providing
valuable chemicals/fuels for energy.[3]

However, photoredox CO2 reduction catalysis is a rather
challenging task because of the extremely stable character-
istics of linear CO2 molecules.[4] The efficient transformation
of CO2 requires a catalyst which enables the capture,
activation, and subsequent reduction of CO2 molecules by
proton-coupled multielectron transport to prevent the for-
mation of thermodynamically unfavorable high-energy inter-
mediates.[5] Principally, the search for photocatalytic materials
for CO2 conversion encompasses conventional metal semi-
conductors[6] and metal-decorated zeolites,[7] as well as noble-
metal-containing complexes.[8]

Recent developments in CO2 utilization chemistry involv-
ing organocatalysts[9] and metal–organic frameworks
(MOFs),[10] where imidazolate motifs can serve as multifunc-
tional organic groups for the capture, activation, and photo-
reduction of CO2, have attracted much interest. However, the
literature contains no timely review which emphasizes the
area of imidazolate motifs for CO2 management, particularly
the photofixation of CO2 with visible light under mild reaction
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conditions, which is a very exciting and emerging research
theme.

In this minireview, we summarize the latest progress with
three imidazolate motifs [i.e., imidazolium ionic liquids (ILs),
imidazolylidene N-heterocyclic carbenes (NHCs), and zeo-
litic imidazolate frameworks (ZIFs)] as building blocks for
CO2 utilization from homogeneous molecular entities to
heterogeneous crystalline scaffolds. We believe a well-timed
and comprehensive review on imidazolate scaffolds for CO2

management is important and desirable to provide inspiring
perspectives for future developments, especially on the
photoconversion of CO2 for artificial photosynthesis. Previ-
ous reviews, which have partially mentioned certain topics on
CO2 utilization involving imidazolate motifs, can supplement
some of the detailed information which is beyond the scope of
this article.[9, 10a,11]

2. Imidazolate Motifs of Imidazolium ILs,
Imidazolylidene NHCs, and ZIFs

1) Imidazolium ILs,[12] which are a class of homogeneous
molecular building blocks with imidazolate motifs, are low-
temperature molten salts formed by a weak combination of
large imidazolate organic ions and charge-delocalized inor-
ganic/organic anions (Scheme 1). Imidazolium ILs possess

distinct properties, including negligible volatility, high stabil-
ity, high ionic conductivity, high polarity, and good solubility
with many compounds. Therefore, these ILs have found
applications in various fields, including separation, catalysis,
materials synthesis, and photoelectric conversion.[13]

2) Imidazolylidene NHCs represent another type of
organic molecular building block with an imidazolate motif,

and these NHCs are typically derived from the corresponding
imidazolium IL precursors by deprotonation at the C2-
position (Scheme 1).[14] Because of their versatile chemical
functions, imidazolylidene NHCs have attracted extensive
interest in the capture, activation, and fixation of CO2 in
recent years,[9a] as well as for catalysis and other applica-
tions.[15]

3) ZIFs,[16] which are a subclass of MOFs, are porous
crystalline materials which are fabricated from tetrahedral
transition-metal ions (e.g., Zn or Co) and imidazolate (Im)
ligands, and thus provides a family of heterogeneous building
blocks with imidazolate motifs. In ZIFs, the bridging angle of
M-Im-M is similar to the Si-O-Si angle of zeolites (Scheme 2),

thus creating ZIFs with a large number of zeolite-type
tetrahedral topologies. ZIFs feature permanent porosity
along with high thermal and chemical stabilities, and has
resulted in ZIFs receiving much attention for use in CO2

adsorption, separation, and conversion.[17] In particular, the
application of ZIFs for CO2 photosplitting in solar to chemical
energy conversion has recently emerged as an active area of
research.[10a, 18]

3. Imidazolium ILs for the Capture, Activation, and
Photoreduction of CO2

3.1. Imidazolium ILs for CO2 Capture

Numerous studies have confirmed that imidazolium ILs
exhibit high capability for CO2 capture.[19] Brennecke and co-
workers determined that CO2 was extremely soluble in 1-
butyl-3-methylimidazolium hexafluorophosphate ([BMIM]-
[PF6]), with a mole fraction reaching 0.6 at 8 MPa. However,
the ILs did not appreciably dissolve in the CO2-rich phase

Scheme 1. General structure of imidazolium ILs and imidazolylidene
NHCs.

Scheme 2. Representations of the M-Im-M angle of ZIFs and the Si-O-
Si angle of zeolites.
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even at 40 MPa.[20] The absorption of CO2 in [BMIM][PF6]
was reversible because the pure IL remained after the
dissolved CO2 was removed. These features indicate that
the ILs can extract solutes from supercritical CO2 without
cross-contamination. By using systematic investigations in
their next study,[21] the group of Brennecke further demon-
strated that CO2 solubility in imidazolium-based ILs was
dependent on both the substituents on the cation and the
nature of the anion. ILs with anions bearing fluoroalkyl
groups exhibited a greater capacity for CO2 capture, while the
ILs with longer alkyl chains on their imidazolium ring favored
the absorption of CO2.

To elucidate why imidazolium-based ILs exhibit such
a high capacity for solubilizing CO2, experimental and
molecular modeling investigations were carried out by several
groups.[22] Cadena et al. conducted experimental investiga-
tions and molecular simulations to gain insights into the
underlying mechanisms of CO2 adsorption in alkylimidazo-
lium-based ILs.[22a] They observed that, in the interactions
between the ILs and CO2, the anion governs the primary
contribution, whereas the cation plays a secondary role. In
addition, the substitution of the acidic C2 hydrogen of the
imidazolium cation with a methyl group decreased the
experimental enthalpy of CO2 absorption by about 1–
3 kJmol¢1, along with a minor perturbation in the organiza-
tion of the anion and CO2 around the cation. Furthermore,
Berne and co-workers demonstrated that most of the space
occupied by CO2 in the imidazolium IL phase consists of
extremely localized cavities which are for the most part
formed by small angular rearrangements of the anions.[22b]

With these small angular rearrangements that do not signifi-
cantly change radial distribution functions in the imidazolium
ILs, CO2 is able to fit above and below the imidazolium ring.
These studies provided a comprehensive understanding of the
ability of imidazolium-based ILs for CO2 capture and offered
a roadmap for the rational design and exploration of
applications of imidazolium-based ILs in other fields (e.g.,
materials synthesis, catalysis, and biochemistry).

Davis and co-workers first reported an amine-functional-
ized task-specific IL (TSIL), having imidazolate motifs, for
use in CO2 capture.[23] One mole of the IL could capture
0.5 moles of CO2 in 3 hours under ambient pressure, thus
affording a gravimetric capacity of about 7.4% (Scheme 3).
When the imidazolium IL was heated at 80–100 88C under
vacuum for several hours, the captured CO2 was extruded
from the imidazolium IL. The recovered IL was repeatedly
utilized for CO2 capture for five cycles without a detected loss
in efficiency. After the TSIL was treated with CO2, a new
absorption peak at 1666 cm¢1 in the FT-IR spectrum and
a new resonance observed at d = 158.11 ppm in the 13C NMR
spectrum indicated the formation of a carbamate carbonyl
carbon center, thereby revealing the chemisorption character-
istics. However, the relatively high viscosity of the TSIL is
unfavorable for CO2 capture kinetics, which restricts its
practical use in CO2 scrubbing applications.

In 2011, the group of Rogers demonstrated the chem-
isorption of CO2 by 1,3-dialkylimidazolium acetate ILs.[24]

When CO2 was reacted with 1-ethyl-3-methylimidazolium
acetate ([C2mim][OAc]) for 24 hours under atmospheric

pressure and ambient temperature, the produced imidazolium
carboxylate [i.e., 1-ethyl-3-methylimidazolium-2-carboxylate
([C2mim+-COO¢])] was detected by NMR spectroscopy
(Scheme 4). The clear liquid mixture solidified when the
reaction was conducted for a longer time period (36 h) or
under elevated pressure (20 bar). For the first time, the crystal
structure of the formed solid-state products was determined
by single-crystal X-ray diffraction analysis, and confirmed the
formation of imidazolium carboxylate. The results of this
study indicated that the ability of the anion to complex with
any generated acid should be reconsidered as a factor for
using these ILs. In addition, the ions of these ILs should not
always be considered independently.

By virtue of the intrinsic acidity of the hydrogen at the C2-
position in the imidazolium cation, Dai and co-workers
achieved equimolar CO2 absorption using imidazolium ILs
integrated with organic superbases.[25] The reaction of CO2

with an imidazolium IL which contains an equimolar amount
of superbase produced a liquid carboxylate salt, which
demonstrated the equimolar capture of CO2 with this hybrid
system (Scheme 5). The combined imidazolium IL/superbase
system achieved quick and reversible CO2 capture with

Scheme 3. Proposed reaction between imidazolium amine-functional-
ized TSIL and CO2. Reprinted with permission from the American
Chemical Society; see Ref. [23].

Scheme 4. Proposed reaction of CO2 and [C2mim][OAc]. Reproduced
with permission from the Wiley-VCH; see Ref. [24].
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a stoichiometry of approximately 1:1 and exhibited high
reusability. This study provided a promising strategy for CO2

capture without the use of volatile alkanols, amines, or water.
At almost the same time, Dai et al. reported reversible CO2

capture by superbase-derived protic imidazolium ILs which
exhibited an extremely high capacity (greater than a 1:1
ratio).[26] Because the polarity and basicities of protic ILs can
be facilely switched, this study offered imidazolium ILs with
potential applications in catalysis and separation.[27]

3.2. Imidazolium ILs for CO2 Activation

With the prerequisite of excellent capability for CO2

capture, imidazolium ILs have the ability to activate and
subsequently convert CO2 into fuels or other useful chem-
icals.[28] In 2003, the group of Deng reported imidazolium ILs/
CsOH-catalyzed CO2 activation for the synthesis of symmet-
ric urea derivatives without the participation of stoichiomet-
ric quantities of a dehydrating agent.[29] The yield of the
targeted products was determined by the type of cations and
anions in the ILs. When water was added to the reaction
mixture, the imidazolium ILs were easily separated from the
products, thus ensuring the reusability of the ILs. Control
experiments revealed that, once the imidazolium ILs were
removed, the production of urea derivatives was nearly zero,
and suggests the necessity of imidazolium ILs for CO2

activation and successive CO2 utilization reactions. This study
provided a facile, green, and reproducible method for the
synthesis of urea derivatives from amines and CO2 using
imidazolium ILs.

Han and co-workers developed an imidazolium-IL-pro-
moted CO2 hydrogenation catalytic reaction to produce
HCOOH using a ruthenium-immobilized heterogeneous
catalyst [“Si”-(CH2)3NH(CSCH3)-RuCl3-PPh3].[30] With the
presence of a tertiary amino group on the cation, the
synthesized basic imidazolium IL [i.e., 1-(N,N-dimethylami-
noethyl)-2,3-dimethylimidazolium trifluoromethanesulfonate
([mammim][TfO])] reacted with the generated HCOOH to
form a salt, which led to facile separation for reuse. The
catalytic system exhibited satisfactory activity and selectivity
without the involvement of either organic solvents or
generation of waste. An intriguing characteristic of this IL-
supported CO2 fixation system was the facile recovery of the
catalyst, product, and imidazolium IL using a simple proce-

dure (Figure 1), which is beneficial for the practical applica-
tion of this chemical system.

In 2011, the group of Masel reported a significant discov-
ery on CO2 activation and reduction using an imidazolium IL
[i.e., 1-ethyl-3-methylimidazolium tetrafluoroborate (EMIM-
BF4)].[31] The one-electron reduction of CO2 to the “CO2

¢”
intermediate requires high activation energy because of the
rather negative equilibrium potential of the reaction.[32] The
formation of CO2

¢ in EMIM-BF4 was most likely promoted
by the manner of CO2 complexation with the IL (Figure 2a).
The CO2 to CO reduction reaction occurred on a silver
cathode with the imidazolium IL as a CO2 activator.

In the EMIM-BF4-accelerated CO2 reduction system, CO
was generated at an applied voltage of 1.5 V, which afforded
an overpotential of only about 0.17 V for the reaction because
of the equilibrium potential of the CO2 to CO conversion

Scheme 5. Equimolar CO2 capture by an imidazolium IL and superbase
system. Reproduced with permission from the Royal Society of
Chemistry; see Ref. [25]. Ts = 4-toluenesulfonyl.

Figure 1. CO2 hydrogenation reaction and recovery of the product,
catalyst, and imidazolium IL. Reproduced with permission from the
Wiley-VCH; see Ref. [30].

Figure 2. a) A schematic representation of how the free energy of the
system changes during the reaction: CO2 + 2H+ +2e¢!CO + H2O in
water or acetonitrile (solid line) or EMIM-BF4 (dashed line). b) Plot of
the Faradaic efficiency of the process to form the desired CO and the
undesired hydrogen, and the turnover rate as a function of applied cell
potential. Reproduced with permission from the Nature Publishing
Group; see Ref. [31]
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reaction being 1.33 V [Eq. (1)]. However, when the reaction
was operated in an electrolyte without EMIM-BF4, CO did
not form until a potential of 2.1 V was applied, and indicates
the crucial role of the imidazolium IL in CO2 activation and
subsequent conversion into CO.

CO2 ! COþ 1=2 O2 ð1Þ

The Ag-EMIM-BF4-catalyzed CO2 reduction system ex-
hibited a Faradaic efficiency higher than 96 % for CO
generation and less than 3% for hydrogen evolution (Fig-
ure 2b). The catalytic turnovers (calculated according to the
electrochemical surface area of the cathode catalysts) reached
26000 when the reaction was performed at 2.5 V for 7 hours.
Although the system has limited commercial potential (e.g.,
low catalytic rate, small surface area of the electrodes, and
high cost of the electrodes and membrane), the results from
this study demonstrated a breakthrough for the use of
imidazolium ILs for CO2 reduction electrocatalysis with
respect to a low activation energy and high Faradaic
efficiency. Significantly, this work revealed the stabilizing
effect of imidazolate motifs on the CO2

¢ radical in CO2

activation, which may be of particular interest in CO2 fixation
and artificial photosynthesis. However, one concern of halide-
containing (e.g. [BF4

¢], [PF6
¢]) imidazolium-based ILs is that

they are hydrolytically instable, thus releasing HF. This
instability may impact the effects of imidazolium ILs for
CO2 adsorption and other utilization (e.g. CO2 photoreduc-
tion as will be discussed later on).[33]

3.3. Imidazolium ILs for CO2 Photoreduction

On the basis of the ability of imidazolate motifs to
stabilize the CO2

¢ , in 2013 Wang and co-workers achieved
photocatalytic CO2 reduction to CO promoted by imidazo-
lium ILs under ambient conditions.[34] The visible-light-driven
CO2 reduction reaction was conducted in a mixture consisting
of an imidazolium IL (EMIM-BF4) and water, along with
[Ru(bpy)3]Cl2 (bpy = 2,2’-bipyridine), CoCl2·6 H2O, and trie-
thanolamine (TEOA) as a light sensitizer, an electron
mediator, and an electron donor, respectively. Therefore,
the developed CO2 reduction protocol combined imidazolate
IL chemistry with photoredox organocatalysis to achieve
artificial photosynthesis.

Under typical reaction conditions, the CO2 molecules
were photocatalytically reduced to CO at a reaction rate of
15.5 mmolh¢1 and with an H2 evolution rate of 2.1 mmolh¢1.
The indispensable role of the imidazolium IL for the CO2

reduction reaction was demonstrated by the observation that
the reaction was completely terminated when the IL was
removed. In addition, when EMIM-BF4 was replaced by
HBF4, no products were generated. These observations
indicated the significant role of the imidazolate motif for
the catalysis of CO2 conversion, that is, the imidazolate motif
not only facilitates CO2 adsorption but also promotes CO2

activation by reducing the potential for the formation of CO2
¢

and the overall barrier of the redox reaction.

Wang et al.[34] performed the CO2 to CO transformation
reaction in various media to examine the universality of the
imidazolium IL for supporting CO2 conversion catalysis. The
results indicated that the CO2 reduction reaction was
substantially improved in all of the studied solvents when
EMIM-BF4 was added (Figure 3), thus indicating the general-
ity of the ILs to boost the CO2 conversion reaction in diverse
media.

To gain additional insight into the effect of imidazolium
ILs on CO2 photofixation, various ILs (with different counter-
ions or substitutes; Figure 4) were applied to the developed
CO2 reduction system. The efficiency of the CO2 reduction
catalyst was largely affected by the type of the counterions.
The TfN2

¢ anion exhibited the greatest promotional effect for
the CO2 photoreduction reaction compared to the other
studied anions (i.e., L-L¢ , TfO¢ , Ac¢ , DCA¢ , and BF4

¢). The
substituents on the 1-position of the imidazolium ring also
greatly influenced the catalytic activity. When the alkyl chain
was elongated from ethyl to octyl, the yield of CO/H2

decreased. These results indicated that the counterions and
organic functional groups of the imidazolium ILs strongly
determine their ability to promote CO2 photoreduction
catalysis.

In the study by Wang et al.,[34] the use of imidazolium ILs
was delineated as a homogeneous organic molecular building
block for the activation and photoredox transformation of
CO2. Therefore, IL chemistry was extended to artificial
photosynthesis reactions, a promising, intriguing, and emerg-
ing research topic that we believe will attract considerable
attention in the future for CO2 fixation and advanced
photosynthesis (e.g., the coupling of CO2 reduction and
overall water splitting).

Figure 3. Promotional effect of ILs on CO2 photofixation in various
solvents. The inset shows the effect of the [EMIM][BF4]/H2O ratio on
the photocatalytic reduction of CO2. Reproduced with permission from
the Nature Publishing Group; see Ref. [34]. BTF =benzenyltrifluoride,
DMF= N,N-dimethylformamide, THF = tetrahydrofuran.
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4. Imidazolylidene NHCs for the Capture,
Activation, and Photoconversion of CO2

4.1. Imidazolylidene NHCs for CO2 Capture

Because of the existence of a lone pair of electrons,
imidazolylidene NHCs is known as a nucleophile which can
capture CO2 to form imidazolium carboxylate (referred to as
the NHC–CO2 adduct; Scheme 6).[35] In the formed NHC–

CO2 scaffold, the bonds of CO2 were bent with an angle of
about 13088, which indicates that the very stable and linear
CO2 molecule was activated. For example, in 2004 Louie et al.
reported the reversible carboxylation of free imidazolylidene
NHCs with CO2 to synthesize zwitterionic NHC–CO2 adducts
by simple deprotonation of imidazolium ILs with potassium
tert-butoxide under a CO2 atmosphere.[36] The formed NHC–
CO2 adducts can be used as precursors to efficiently transfer
NHCs for subsequent reaction by liberation of CO2, thus
circumventing the troublesome separation of water- and air-
sensitive free NHCs.

Density-functional theory (DFT) studies have also been
conducted by several groups to provide theoretical support
for CO2 capture and fixation using imidazolylidene NHCs.[37]

In 2011, Ajitha and Suresh assessed the influence of
stereoelectronic factors on the CO2 capture and fixation
ability of NHCs using DFT modeling.[38] They concluded that
the use of an N-substituent, such as CH2OH, CH2NHCOMe,

or CH2NHPh, would significantly improve the CO2-fixing
ability of NHCs. Lo and Ganguly performed DFT simulations
of NHC/superbase systems for CO2 adsorption with alcohols,
and predicted the steric and electronic effects of the carbenes
which play a key role in determining the mode of CO2

capture.[39] Recently, Ashfeld and co-workers executed DFT
calculations and experimental measurements to investigate
the binding of CO2 to an imidazolylidene NHC, and thus
demonstrated rapid and stoichiometric solid-phase covalent
CO2 capture at a relatively low pressure.[40]

For translating the function of NHCs for CO2 capture
from homogeneous to heterogeneous modes, polymerization
strategies have been developed for CO2 capture using
polymers possessing NHC ligands. In 2009, a highly efficient
imidazolylidene NHC-functionalized polymer for the rever-
sible capture/release of CO2 was described by the group of Lu
(Figure 5).[41] The zwitterionic polymer NHC–CO2 adduct was
formed after rapid reaction between CO2 and the immobi-
lized NHC at 20–100 88C. In addition, the fixed CO2 was
completely released under an N2 flow at 140 88C. These results
demonstrated the potential of NHC scaffolds for CO2 capture
in a heterogeneous fashion, which has greater potential for
practical applications considering their ease of separation and
recovery.

4.2. Imidazolylidene NHCs for CO2 Activation and Conversion

Imidazolylidene NHCs have been widely studied as
homogeneous organocatalysts for activating and converting
CO2 into value-added products. In 2009, Zhang and Gu
reported NHC-catalyzed CO2 splitting reactions to produce
CO using aromatic aldehydes as oxygen acceptors (Fig-
ure 6).[42] The best result was achieved when the reaction was
carried out in dimethylsulfoxide (DMSO) containing a potas-
sium carbonate additive, where the yield was about 95 %.
Zhang and Gu proposed a catalytic mechanism, in which they
hypothesized that the imidazolylidene NHC directly activated

Figure 4. Chemical structures of the various imidazolium ILs studied in the photoreduction of CO2 into CO in Ref. [33]. Reproduced with
permission from the Nature Publishing Group; see Ref. [34].

Scheme 6. Imidazolylidene NHCs for the capture of CO2 to form
NHC–CO2 adducts.
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CO2 to form imidazolium carboxylate.[42] However, the
carbene chemistry for CO2 adsorption/conversion is very
moisture sensitive.

Metal/NHC scaffolds are extensively investigated types of
building blocks consisting of imidazolate motifs for CO2

activation and conversion reactions. Among these reactions,
copper/NHCs have attracted much attention.[43] For example,
Sadighi and co-workers reported the deoxygenative reduction
of CO2 to CO catalyzed by NHC-ligated copper boryl
complexes under mild reaction conditions with considerable
turnover numbers and frequencies.[44] The group of Hou
demonstrated that copper complexes bearing imidazolylidene
NHC motifs can act as efficient catalysts to synthesize diverse
functionalized carboxylic acid derivatives by a carboxylation
reaction of organoboronic esters with CO2.

[45] In this reaction,
the copper/NHC alkoxide complex was confirmed to be the
active species. This complex was isolated and fully charac-
terized, and the results provided important insights into the
reaction mechanism. However, the use of a stoichiometric
and expensive organometallic additive is a substantial draw-
back for the CO2 transformation reaction.[43c,45]

In 2011, Zhang and Yu presented the copper/NHC-
catalyzed carboxylation reaction of terminal alkynes and
CO2 without an organometallic agent.[46] They examined
various copper/NHC catalysts using their established reaction
protocol, and a series of propiolic acids were efficiently
prepared under mild reaction conditions. A reaction mech-
anism was proposed (Figure 7) in which the copper center
activated the terminal alkyne with a base to generate a copper
acetylide species and the free NHC activated CO2 to form the
NHC–CO2 adduct. Additionally, the use of other metal/NHC
scaffolds (metal = Zn, Ni, Au, Pd) in CO2 activation and
fixation reactions has been reported.[47] All of these studies
demonstrated the significance of the imidazolate motifs in the
NHC building blocks for CO2 activation and subsequent
transformations.

In addition to metal/NHC complexes, the metal-free
silicon and boron NHCs containing imidazolate entities have
been explored to directly catalyze CO2 conversion reactions.
Ying and co-workers reported the first metal-free reduction
of CO2 to CH3OH catalyzed by NHCs, with silanes as the
reductants and hydride donors (Scheme 7).[48] 13C-labeled
isotopic experiments confirmed that CO2 was catalytically
converted into methoxide products by hydrosilane. Under
ambient conditions, the catalytic CO2 conversion reaction
rapidly proceeded, with a hydrogen-transfer yield as high as
90% to produce CH3OH after a 24 hour reaction. This result

Figure 5. Synthesis of copolymer-bearing imidazolylidene NHC and its use for CO2 capture. Reprinted with permission from the American
Chemical Society; see Ref. [41]. AIBN =2,2’-azobis(isobutyronitrile).

Figure 6. CO2 splitting reaction with an aldehyde catalyzed by imidazo-
lylidene NHC. Reprinted with permission from the American Chemical
Society; see Ref. [42].

Scheme 7. Overall stoichiometric conversion reaction of CO2 into
CH3OH, catalyzed by imidazolylidene NHC. Reproduced with permis-
sion from the Wiley-VCH; see Ref. [48].
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indicated the remarkable superior efficiency of NHCs com-
pared to the efficiency of the reaction catalyzed by transition-
metal catalysts. A possible reaction mechanism was also
proposed according to the spectrometrically and spectroscop-
ically detected intermediates. This study provided an intrigu-
ing strategy for CO2 activation and conversion. However, the
employment of a hydride donor is disadvantageous.

In 2012, Kolychev et al. introduced an NHC/boron adduct
[also referred to as a frustrated Lewis pair (FLP)] for CO2

fixation (Scheme 8).[49] After the imidazolylidene NHC/bor-
ane salt 1 was exposed to CO2 in benzene for 24 hours at room
temperature, a high yield (86%) of the compound 2 was
obtained in high purity. This research not only presented an
example of NHC/boron scaffolds bearing an imidazolate
motif as a nonmetal catalyst for CO2 reduction under mild
reaction conditions, but also indicated the role of the FLP

as an imidazolate building block for CO2 activation and
fixation.

For the reaction mechanism of metal-free NHC in CO2

activation and fixation, the group of Wang conducted DFT
calculations to study the catalytic role of NHC in the CO2 to
CH3OH conversion reaction.[50] The predicted catalytic mech-
anism successfully supported their experimentally detected
intermediates. However, CH2O was predicted to be an
unavoidable intermediate, which has not been experimentally
verified.

Recently, Zhang and co-workers investigated the silane
NHC-catalyzed reduction of CO2 using a combination of
experimental studies and DFT calculations.[51] The reaction
mechanism predicted by the group of Wang differed some-
what from the experimental and calculated findings of Zhang
et al. because CH2O was unlikely to be an intermediate in the
reaction. The overall reaction pathway in the CO2 reduction
catalysis by NHCs with silanes consisted of a three-step
cascade reaction. The imidazolylidene NHCs catalyzed all
three exothermic processes, where the first step of hydro-
silylation required the highest activation energy and was the
rate-limiting step. This study provided additional insight into
the metal-free NHC-catalyzed CO2 activation and conversion
reactions and should be of great importance for CO2 fixation
mediated by similar NHC scaffolds in the future.

Besides, NHC-catalyzed CO2 cycloaddition reactions for
the generation of cyclic carbonates have also garnered much
attention with regard to CO2 activation and fixation by
imidazolate motifs. Ikariya and co-workers described the
efficient carboxylative cyclization of terminal propargyl
alcohols and epoxides with CO2, catalyzed by NHCs bearing
imidazolate entities (Figure 8).[52] High yields of the corre-
sponding cyclic carboxylates were obtained under relatively
benign conditions. The mechanism for the cycloaddition
catalytic reaction emphasized the capture and activation of
CO2 by the imidazolylidene NHC to form NHC–CO2 adducts,

Figure 7. Copper-carbene cocatalyzed carboxylation mechanism for terminal alkynes and CO2. Reprinted with permission from Ref. [46].

Scheme 8. Reaction of imidazolylidene NHC/borane adduct with CO2.
Reproduced with permission from Wiley-VCH; see Ref. [49].

Angewandte
ChemieMinireviews

2315Angew. Chem. Int. Ed. 2016, 55, 2308 – 2320 Ó 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://www.angewandte.org


followed by the nucleophilic addition of imidazolium-2-
carboxylate to either the C¢C bond or the strained epoxide
ring to the alkoxide intermediates. In the catalytic cycle, the
bond between the CO2 fragment and imidazolylidene NHC
was determined to be a plausible rate-determining step. This
study demonstrated imidazolylidene NHCs as efficient orga-
nocatalysts in CO2 activation and fixation for the direct and
solvent-free synthesis of carbonates.

4.3. Imidazolylidene NHC Motifs for CO2 Photoconversion

Imidazolylidene NHCs have been extensively investigat-
ed for CO2 capture, activation, and fixation. However, the
operation of NHCs bearing imidazolate motifs for photo-
catalytic CO2 reduction remains in its infancy. In 2013, Chang
and co-workers reported visible-light photoredox catalysis for
the deoxygenative reduction of CO2 to CO using nickel/NHC/
isoquinoline complexes, [Ni(Prbimiq1)]2+ [where Prbimiq1 =

bis(3-(imidazolyl)isoquinolinyl)propane], bearing imidazo-
late scaffolds (Figure 9).[53] The authors first examined the
electrocatalytic performance of the CO2 to CO reduction
reaction by the [Ni(Prbimiq1)]2+ complex and determined
that the complex was an efficient electrocatalyst for CO2

conversion, with a lowest cathodic onset potential of ¢1.2 V
[versus the saturated calomel electrode (SCE)]. The photo-
catalytic CO2 reduction system was constructed using [Ni-
(Prbimiq1)]2+ as a catalyst coupled to [Ir(ppy)3] (ppy = 2-
phenylpyridine) and triethylamine (TEA), which serve as
a visible-light photosensitizer and electron donor, respective-
ly.

The CO2 photoreduction system exhibited high catalytic
efficiency and afforded turnover numbers and turnover
frequencies of 98000 and 3.9 s¢1, respectively (determined
by CO production and the nickel NHC-isoquinoline com-
plex). A high CO2 reduction selectivity over protons was
assumed because no detectable H2 was formed. In compar-
ison to irradiated semiconductor powders, this molecular
photocatalytic system exhibited a twofold reinforced solar-to-
fuel efficiency of 0.01 %. By using a series of control
experiments, the authors claimed that the degradation of
the photosensitizer was a limiting factor for extended CO2

conversion but not deactivation of the [Ni(Prbimiq1)]2+

catalyst. They further proposed that its use in long-term
CO2 photofixation applications was possible. Despite the
involvement of a noble-metal photosensitizer and sacrificial
agent, this study integrated imidazolylidene NHC chemistry
with photoredox engineering to convert CO2 into a valuable
product using a solar resource, thus revealing the ability of
imidazolylidene NHC scaffolds to function as molecular
building blocks bearing imidazolate motifs for application in
solar-to-fuel transformation reactions for artificial photosyn-
thesis. Very recently, Falvey and co-workers reported the
photochemical reduction of CO2 by 1,3-dimethylimidazolyli-
dene through photolysis of an excited-state donor [N,N,N’,N’-
tetramethylbenzidine (TMB)].[54] Although the CO2 conver-
sion process in this study is not catalytic, it however further
demonstrated the vitality of imidazolylidene NHCs as imid-
azolate motifs to promote CO2 photoreduction.

5. ZIFs for the Capture, Conversion, and Photo-
splitting of CO2

5.1. ZIFs for CO2 Adsorption

The group of Yaghi synthesized a series of ZIFs and
examined their CO2 adsorption properties.[17a,b, 55] As listed in
Table 1, all of the studied ZIFs displayed efficient CO2

adsorption capabilities, and some of the ZIFs exhibited CO2

adsorption capabilities superior to that of BPL carbon. The
CO2 uptake isotherms of some ZIFs (i.e., ZIF-68, ZIF-69,
ZIF-70) exhibited sharp adsorption at low pressures, thus
reflecting their high affinity toward CO2. Importantly, the
CO2 adsorption-desorption behavior of certain ZIFs was
completely reversible, thus indicating the possibility of using
the ZIFs as excellent materials for CO2 purification and
landfill sequestration. In 2010, Yaghi and co-workers carried
out a combination of experimental and computational
research on CO2 capture in five isoreticular ZIFs and
investigated the effect of different functional groups on CO2

uptake.[56] The molecular modeling calculations revealed that
functionalizing the imidazolate ligands with functional groups

Figure 8. Reaction mechanism of the carboxylation reaction catalyzed
by an imidazolylidene HNC-CO2 adduct. Reproduced with permission
from Wiley-VCH; see Ref. [52].

Figure 9. Photocatalytic CO2 reduction to CO catalyzed by nickel NHC-
isoquinoline complexes. Reprinted with permission from the American
Chemical Society; see Ref. [53].
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that exhibit different polarizabilities and symmetries signifi-
cantly influenced the CO2 adsorption abilities of the ZIFs, and
implied the important status of imidazolate motifs for CO2

capture in metal–organic scaffolds. Recently, Zhang et al.
reported the fabrication of a hybrid ZIF (ZIF-9-67) mem-
brane on an a-Al2O3 support for efficient CO2 adsorption.[57]

The membrane exhibited high gas permeance and good
selectivity. This study revealed the CO2-capture and separa-
tion capabilities of ZIFs stemming from the combined
advantages of the ZIFs and membrane engineering.[58]

Compared with the commercially available materials (e.g.
activated carbon, zeolites, etc.), the relatively complicated
synthesis protocol of ZIFs may disfavor their general use for
CO2 adsorption in practical scale.

5.2. ZIFs for CO2 Activation

In 2011, Carreon and co-workers reported the ZIF-8-
catalyzed cycloaddition reaction of CO2 with epichlorohydrin
to produce chloropropene carbonate in the absence of
cocatalysts and solvents (Scheme 9).[59] The ZIF-8 catalyst

attained high epoxide conversion and moderate selectivity for
chloropropene carbonate at a relatively low reaction temper-
ature of 70 88C. Moreover, after functionalization with ethyl-
enediamine, the modified ZIF-8 catalyst exhibited overall
epichlorohydrin conversion and considerably improved cyclic
carbonate selectivity. The promotion of the catalytic perfor-
mance in functionalized ZIF-8 was ascribed to the high CO2

affinity of the amino group, and was confirmed by the CO2

adsorption isotherms. The difficulty with the ZIF-8-mediated
CO2 conversion system was the loss of the high catalytic
activity and the instability of ZIF-8 under the pressurized
reaction conditions.

Very recently, Jose et al. introduced another efficient,
cocatalyst and solvent-free CO2 cycloaddition reaction for the
synthesis of cyclic carbonates from allyl glycidyl ether by ZIF-
90 functionalized with a quaternary ammonium group.[60]

Again, deactivation and instability of ZIF were encountered
in the developed system. Although limitations exist in the
ZIF-catalyzed CO2 transformation systems, these studies
indicated the vitality of ZIFs as heterogeneous building
blocks with imidazolate motifs for CO2 activation and
conversion. We believe ZIF-catalyzed photocatalytic CO2

reduction catalysis is promising in view of the advantages of
the solar resource and the benigness of the reaction con-
ditions.

5.3. ZIFs for CO2 Photosplitting

In 2014, Wang and co-workers demonstrated CO2 photo-
splitting catalysis using a cobalt-based ZIF (Co-ZIF-9;[17c,61]

Scheme 10) with a visible-light photosensitizer [Ru(bpy)3]Cl2

under mild reaction conditions.[18] The photocatalytic CO2

conversion reaction was conducted in a MeCN/H2O solution
with TEOA as a sacrificial agent. After photocatalysis for
30 minutes, the main detected CO2 reduction product was
CO, with a generation rate of 1.4 mmolmin¢1, coupled with H2

evolution rate of about 1.0 mmolmin¢1. A control experiment
determined that, in the absence of Co-ZIF-9, the CO2 to CO
transformation reaction was significantly restrained, thus
indicating the promotional effect of Co-ZIF-9 for the
reaction. The control experiment pointed out that the
catalytic performance of the precursors (Co2+ and benzimi-
dazole) was much smaller than that of the ZIF even in
a homogenous system. Furthermore, when the metal–organic
architecture of Co-ZIF-9 was destroyed (e.g., by calcination),
its catalytic activity almost vanished completely. All of these
observations highlighted the critical role of the metal–organic
scaffolds of Co-ZIF-9 to synergistically enhance carrier
transfer and CO2 concentration for the CO2 photoreduction
reaction. Notably, the stability of the Co-ZIF-9 catalyst was
confirmed by several studies (e.g., ICP, XRD, FTIR, and
XPS).

Wang et al. further synthesized a series of MOFs and
evaluated their CO2 photoreduction activities in the estab-
lished protocol (Table 2), and the results revealed the
uniqueness of Co-ZIF-9 toward the CO2 conversion reac-
tion.[18] When Co-MOF-74 (ligand: 2,5-dihydroxyterephthalic
acid) was used instead of Co-ZIF-9, the yield of the products
markedly decreased, and thereby indicated the significance of
imidazolate motifs in the CO2 photofixation reaction. When
Mn-MOF-74 (ligand: 2,5-dihydroxyterephthalic acid) was
employed as a catalyst to replace Co-ZIF-9, no promotion
in CO evolution was achieved compared to that of the
catalyst-free system. Therefore, the electron-mediating func-
tion of the cobalt species was essential for effectively running
the reaction. As expected, other MOFs (entries 4 and 5) were

Table 1: Surface area and CO2 uptake for some ZIFs.[55b] .

Material BET [m2 g¢1] CO2 [cm3 g¢1] CO2 [cm3 cm¢3]

ZIF-68 1090 37.6 39.9
ZIF-69 950 40.6 49.2
ZIF-70 1730 55.0 45.4
ZIF-78 620 51.5 60.2
ZIF-79 910 33.5 36.1
ZIF-81 760 38.2 49.3
ZIF-82 1300 52.7 49.3
ZIF-95 1050 19.7 19.2
ZIF-100 595 32.6[a] 28.2[a]

BPL C[b] 1150 46.8 22.5

[a] Measured at 273 K. [b] BPL carbon was used for comparison.

Scheme 9. Reaction of epichlorohydrin with CO2 to produce chloropro-
pene carbonate. Reprinted with permission from the American Chem-
ical Society; see Ref. [59].
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unable to effectively catalyze the reaction. On the basis of
these control experiments, the origin of the high catalytic
performance of Co-ZIF-9 for the CO2 photosplitting reaction
involved the synergetic effect of the cobalt species and the
benzimidazolate entities for supporting CO2 capture/activa-
tion and charge transfer, but spatially linked within the porous
metal–organic frameworks.

This study demonstrated the first application of ZIFs as an
efficient and stable catalyst for photocatalytic CO2 conversion

to CO under mild reaction conditions. However, the long-
term and large-scale application of the CO2 reduction system
is limited by the use of an expensive and unstable ruthenium/
dye photosensitizer. Consequently, Wang and co-workers
further explored semiconductors, including g-C3N4

[62] and
CdS,[63] as light transducers to function in cooperation with
Co-ZIF-9 for photocatalytic CO2 reduction and developed
a ZIF and semiconductor-based hybrid heterogeneous proto-
col for effective CO2 photofixation under ambient conditions.
The systems exhibited greatly enhanced stability and higher
activity than that of the ruthenium/dye photosensitizer. These
studies revealed the role of ZIFs as heterogeneous crystalline
building blocks with imidazolate motifs for artificial photo-
synthesis to convert CO2 into energetic molecules.

6. Outlook

It is the capability of imidazolate motifs as multifunctional
organic groups to form imidazolium ILs, imidazolylidene
NHCs, and ZIFs that make them very promising for CO2

capture, activation, and conversion, ranging from homoge-
neous molecular entities to heterogeneous metal–organic
frameworks. All the three building blocks of imidazolate
motifs have shown prodigious opportunities when cooperat-
ing with photosensitizers to establish catalytic cascades for the
capture, activation, and photocatalytic conversion of CO2. In
comparison to their wide use in CO2 capture, the application
of imidazolate entities for CO2 conversion, particularly CO2

photoreduction with visible light, has received much less
attention. Therefore, imidazolate motifs hold great potential
for artificial photosynthesis using solar technology to gen-
erate renewable energy from CO2 because of their distinct
chemical functions for the absorption and activation of CO2.
The main challenges encountered with imidazolate scaffolds
for photoredox CO2 fixation catalysis are a) the exploration
of more imidazolate motif candidates for CO2 photofixation
by solar energy, b) the construction of other photochemical
CO2 reduction systems based on imidazolate motifs to extend
the distribution of reduction products, c) the discovery of
economical and stable visible-light harvesters to replace the
noble-metal-containing and typically unstable photosensitiz-
ers involved in the established photocatalytic systems, and
d) elimination of the sacrificial electron donors in photo-
catalytic CO2 transformations by imidazolate scaffolds. We
anticipate that the coupling of photocatalytic CO2 reduction
with overall water splitting or organic oxidative synthesis may
provide a promising method to tackle the existing challenges
of imidazolate-motif-catalyzed photochemical CO2 reduction
for artificial photosynthesis, and is envisaged to motivate
intensive investigations on other functional organic groups
with nitrogen-rich molecules such as triazine-, heptazine-,
porphin-, and adenine-based structures for CO2 utilizations.[64]

In addition, the development of membranes/thin-films bear-
ing imidazolate entities may become more attractive for
functional nanodevices to enable the capture and photo-
chemical/photoelectrochemical conversion of CO2 into val-
uable chemicals in the future.

Scheme 10. Chemical structure of Co-ZIF-9: a) Ball-and-stick represen-
tation of the second building unit showing the coordination environ-
ment around cobalt. b) Packing diagram of Co-ZIF-9. Reproduced with
permission from Wiley-VCH; see Ref. [18].

Table 2: Comparison of the cocatalytic functions of Co-ZIF-9 with those
of other MOFs.[a]

Entry MOFs CO [mmol] H2 [mmol] TON

1 Co-ZIF-9 41.8 29.9 89.6
2 Co-MOF-74 11.7 7.3 23.8
3 Mn-MOF-74 1.5 2.9 5.5
4 Zn-ZIF-8 2.1 2.4 5.6
5 Zr-UiO-66-NH2 1.2 2.2 4.3

[a] Detailed reaction conditions are provided in Ref. [18].
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