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Owing to the increasing emissions of carbon dioxide (CO,), human life and the ecological

environment have been affected by global warming and climate changes. To mitigate the

concentration of CO, in the atmosphere various strategies have been implemented such as
separation, storage, and utilization of CO,. Although it has been explored for many years,

hydrogenation reaction, an important representative among chemical conversions of CO,, offers

challenging opportunities for sustainable development in energy and the environment. Indeed, the
hydrogenation of CO, not only reduces the increasing CO, buildup but also produces fuels and
chemicals. In this critical review we discuss recent developments in this area, with emphases on
catalytic reactivity, reactor innovation, and reaction mechanism. We also provide an overview
regarding the challenges and opportunities for future research in the field (319 references).

1. Introduction

For the past centuries, utilization of carbon-rich fossil
fuels—coal, oil, and natural gas—has allowed an unprece-
dented era of prosperity and advancement for human
development.1 However, the concentration of carbon dioxide
in the atmosphere has consequently risen from ~280 ppm
before the industrial revolution to ~390 ppm in 2010, which is
further predicted to be ~570 ppm by the end of the century.?
The increase in CO, emissions arguably contributes to the
increase in global temperatures and climate changes due to
the “greenhouse effect”. Hence, there has been increasing
pressure for countries and scientists to curb CO, emissions
and develop efficient CO, capture and utilization systems.>*
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Reducing CO; emissions is an extensive and long-term task.
In principle, there are three possible strategies with this
regard—reduction of the amount of CO, produced, storage
of CO,, and wusage of CO,. %% The first strategy
requires energy efficient improvements and switching from
fossil fuels toward less carbon intensive energy sources
such as hydrogen and renewable energy.® Storage of CO,,
involving the development of new technologies for capture
and sequestration of CO,, is a relatively well established
process.>>78

As an economical, safe, and renewable carbon source, CO,
turns out to be an attractive C; building block for making
organic chemicals, materials, and carbohydrates (e.g., foods).”
The utilization of CO, as a feedstock for producing chemicals
not only contributes to alleviating global climate changes
caused by the increasing CO, emissions, but also provides a
grand challenge in exploring new concepts and opportunities
for catalytic and industrial development.'® However, CO, is
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Scheme 1 Products from CO, hydrogenation covered in this review.

not used extensively as a source of carbon in current labora-
tory and industrial practices. Indeed, the use of CO, as
chemical feedstock is limited to a few industrial processes—
synthesis of urea and its derivatives, salicylic acid, and carbo-
nates. This is primarily due to the thermodynamic stability of
CO, and thus high energy substances or electroreductive
processes are typically required to transform CO, into other
chemicals.''"?

Hydrogen is a high energy material and can be used for CO,
transformation as the reagent. The main products of CO,
hydrogenation can fall into two categories—fuels and
chemicals (Scheme 1). Indeed, the needs for fuels are ever-
increasing with growing energy consumption. However, the
resources of fossil fuels are being diminished and fuel prices
have undergone strong fluctuation in recent years. Therefore,
it would be highly desirable to develop alternative fuels from
non-fossil fuel sources and processes. The products of CO,
hydrogenation such as methanol, dimethyl ether (DME), and
hydrocarbons, are excellent fuels in internal combustion
engines, and also are easy for storage and transportation.
Furthermore, methanol and formic acid are raw materials and
intermediates for many chemical industries. However, we must

recall potential issues associated with hydrogen such as
production, storage, and transportation. Hydrogen sources
for the chemical recycling of CO, could be generated either by
using still-existing significant sources of fossil fuels (mainly
natural gas) or from splitting water (by electrolysis or other
cleavage).!

Hydrogenation of CO, has been more intensively investi-
gated recently, due to fundamental and practical significance
in the context of catalysis, surface science, biology, nano-
science and nanotechnology, and environmental science. Both
homogeneous and heterogeneous catalysts have been used to
hydrogenate CO,.!*!*!5 Homogeneous catalysts show satis-
factory activity and selectivity, but the recovery and regenera-
tion are problematic. Alternatively, heterogeneous catalysts
are preferable in terms of stability, separation, handling, and
reuse, as well as reactor design, which reflects in lower costs for
large-scale productions.®!!"12141617 T combine the desirable
reactivity of homogeneous catalysts with the recyclability of
heterogeneous catalysts, significant progress has been made in
this direction, including the immobilization of homogeneous
catalysts, exploitation of novel heterogeneous catalysts, and
the use of green solvents such as ionic liquids (ILs) and
supercritical CO, (scCO,).'$2°

There have been several excellent reviews regarding CO,
conversions as well as catalytic hydrogenation of
CO,. 00111621228 However, these reviews primarily focus
on general aspects of CO, applications and homogenously
catalyzed hydrogenation of CO,.!>?*3! Advances have been
made in the past decade, especially on hydrogenation of CO,
via heterogeneous catalysts. Therefore, this critical review
attempts to provide current understanding of catalytic reac-
tivity, reactor innovation, and reaction mechanism over var-
ious types of catalysts, particularly over heterogeneous
catalysts with an emphasis on practical aspects.
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2. Synthesis of carbon monoxide via reverse water
gas shift (RWGS) reaction

Catalytic conversion of CO, to CO via RWGS reaction has
been generally deemed as one of the most promising processes
for CO, conversions.*?

C02 + H2 «— CO + H20, AHzggK = 41.2kJ m0171 (1)

Indeed, the RWGS reaction occurs in many processes,
wherever CO, and H, are present in a reaction mixture. Due
to the importance of this reaction from both fundamental and
practical points of view, the design and characterization of
RWGS catalysts have attracted considerable attention.

2.1 Metal-based heterogeneous catalysts

As RWGS is a reversible reaction, catalysts active in the water
gas shift (WGS) reaction are often active in the reverse
reaction.'® Copper-based catalysts, the most popularly studied
catalytic systems for the WGS reaction, have also been applied
to the RWGS reaction. Liu et al. have developed a series of
bimetallic Cu—Ni/y-ALLO5 catalysts for CO, hydrogenation.
The ratio of Cu/Ni has a significant effect on conversion and
selectivity. Cu favors CO formation, while Ni is active for CHy
production. Cu/ZnO and Cu-Zn/Al,O; catalysts used for
methanol synthesis and WGS reaction have also been tested
for the RWGS reaction.* The most active catalyst for the
reaction is Cu rich (Cu/Zn > 3) with alumina as a support.
A linear relationship between the activity of the catalyst and
the surface area of metallic Cu was obtained.** Additionally,
Chen et al. have reported that Cu/SiO, with a potassium
promoter offers better catalytic activity (12.8% of CO,
conversion at 600 °C) than that without promoter (5.3% of
CO, conversion at 600 °C).>> The created new active sites
located at the interface between copper and potassium favor
the formation of formate (HCOO) species, which is the key
intermediate for CO production. The major role of K»O is to
provide active sites for decomposition of formates, in addition
to acting as a promoter for CO, adsorption.

RWGS reaction is an endothermic reaction, and thus high
temperature would facilitate the formation of CO. However,
copper-based catalyst is not suitable at high temperature
because of its poor thermal stability (e.g., sintering of copper
nanoparticles) unless modified by adding a thermal stabilizer.
For example, upon the addition of a small amount of iron,
catalytic activity and stability of Cu/SiO, at high temperature
can be effectively improved.*®*” Large copper surface area is
provided by Cu-Fe catalysts, even if the catalysts are
pretreated at high temperature. At 600 °C and atmospheric
pressure, the Cu—Fe catalysts exhibit high and stable catalytic
activity up for 120 h. In contrast, 10 wt% Cu/SiO, without Fe
additives deactivates rapidly, due to the decreased surface area
of copper and oxidation of copper at high temperature.’” The
new active species around the interface between Cu and Fe
particles were proposed to account for the enhanced catalytic
activity. At high temperature, the sintering of Cu is effectively
prevented by the formation of small particles of iron species
around Cu particles.>” Chen et al. have developed a Cu/SiO,
catalyst by atomic layer epitaxy (ALE), which have favorable
thermal stability to resist the sintering of Cu particles under

high temperature condition.*® Due to the formation of small
Cu particles, the ALE—Cu/SiO, catalysts could strongly bind
CO and provide high catalytic activity for the RWGS reaction.

Cerium-based catalysts are also active in both WGS and
RWGS reactions.” Ni/CeO, (2 wt% Ni) showed excellent
catalytic performance in terms of activity, selectivity, and
stability for the RWGS reaction.** CO yield is ~35% at
600 °C for a continuous period of 9 h. Oxygen vacancies
formed in the lattice of ceria and highly dispersed Ni are key
active components for the reaction, and bulk Ni favors the
formation of methane. However, deactivation of ceria-
supported catalysts is a crucial issue we need to consider. It
has been reported that a very small coverage of deposited
carbon on the ceria support leads to strong deactivation of the
catalyst, indicating that the fraction of the support involved in
the reaction is small, probably located next to the supported
metal.*!

Supported noble metal catalysts (e.g., Pt, Ru, and Rh)
typically have high ability toward H, dissociation, and thus
they have been used as efficient catalysts for CO, hydro-
genation. Bando et al. performed CO, hydrogenation over
Li-promoted Rh ion-exchanged zeolites (Li/RhY).**> Main
product transforms from methane to CO with increased
amount of Li. When an atomic ratio of Li/Rh is higher than
10, the main product becomes CO (87% of selectivity) and
formation of methane is greatly suppressed (8.4% of selectivity).
The presence of Li atoms on the surface creates new active
sites that enhance CO, adsorption and stabilization of
adsorbed CO species.*?

Moreover, the type of metal precursor employed in the
catalyst preparation affects catalytic reactivity. Arakawa
et al. prepared silica-supported Rh catalysts (Rh/SiO,) from
acetate, chloride, and nitrate precursors via impregnation for
CO, hydrogenation.** The main product was CO over the
catalysts prepared from acetate and nitrate, whereas the
amount of CH4 was relatively high using the catalyst synthe-
sized from the chloride precursor. Detailed X-ray photo-
electron spectroscopy (XPS) measurements elucidated the
effect of metal precursor on the CO, hydrogenation reactivity.
It was found that the ratio of hydroxyl species to Rh atoms on
SiO, surface determined reactivity (high ratio favors
the formation of CO). The ratio based on different metal
precursors follows the order: chloride < nitrate < acetate.**

2.2 Reactor aspects

It has been generally recognized that the fluidized beds can be
utilized efficiently for multiphase reactions such as the catalytic
hydrogenation of CO,, because it can achieve higher mass and
heat transfer rates in comparison with any other contacting
mode.** For instance, a fluidized bed reactor was used
to investigate the characteristics of the RWGS reaction with
Fe/Cu/K/Al catalyst; CO, conversion in the fluidized bed
reactor (46.8%) was higher than that in the fixed bed reactor
(32.3%).%

Electrochemical promotion of the RWGS reaction has
been studied in the solid oxide fuel cell (SOFC). For
Cu/SrZry9Y(.105_,, higher reaction rates were observed when
hydrogen was electrochemically supplied as H" than as

This journal is © The Royal Society of Chemistry 2011
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molecular hydrogen.*® In case of Pt/YSZ (yttrium-stabilized
zirconia), the rate-determining step of the RWGS reaction is
the formation of surface-bound carbon and its interaction
with adsorbed hydrogen.*’” The observation is due to the
combination of direct electrocatalysis (electrodecomposition
of CO,, electro-oxidation of H,) and electrochemical promotion.
For Pd/YSZ, CO formation is improved by up to 6 times upon
employing either negative or positive overpotentials.** SOFC
displays great stability and durability in the RWGS reaction,
and can be considered as one of the alternative routes for the
production of renewable energy.

2.3 Reaction mechanism

Considerable work has been recently conducted with a variety
of advanced characterization tools to unravel mechanism of
the RWGS reaction. The mechanism of the reaction has been
primarily discussed over Cu-based catalysts, which is, however,
still controversial. Two major reaction mechanisms—redox
and formate decomposition—have been proposed. The redox
mechanism for the RWGS reaction can be simply modeled by
the following scheme:

CO, + 2Cu° - Cu,0 + CO )
H, + Cu,0 - 2Cu’ + H,0 3)

Cu® atoms are apparently active to dissociate CO,, while the
reduction of oxidized Cu catalyst has to be faster than the
oxidation process.** ! Hydrogen is proposed to be a reducing
reagent without direct participation in the formation of inter-
mediates in the RWGS reaction. The other model based on the
formate decomposition suggests that CO is formed from
decomposition of formate intermediate, derived from the
association of hydrogen with CO,.3>3%3

Chen et al. examined desorption energies of CO,, active
sites, and reaction mechanism of the RWGS reaction on Cu
nanoparticles.>* The Cu nanoparticles strongly bind CO,
molecules, as evidenced by two main peaks with maxima at
353 K (a peak) and 525 K (B peak) in CO,-TPD (temperature-
programmed desorption of CO,) spectra. B-Type CO, is
substantiated as the major species for the RWGS reaction.
Since an infrared band at 2007 cm™' was observed and
assigned to CO adsorbed on low-index copper facets, the
authors proposed that reaction pathways mainly include the
formation of the formate species.>>*%

Different mechanisms have also been proposed for the
reaction over Pd- and Pt-based catalysts. In a study using
Pd/Al,O5 catalysts and supercritical mixture of CO, and H»,
infrared spectra indicated the formation of surface species such
as carbonate, formate, and CO.%” However, only carbonate and
formate were observed on a bare alumina support. This
contrast deduces that Pd facilitates the dissociative adsorption
of H, and the formation of formates and CO. Another
proposed mechanism over Pt/Al,O; is shown in Scheme 2
based on the results acquired from in situ attenuated total
reflection infrared spectroscopy (ATR-IRS).>® The reaction of
CO, and hydrogen takes place at the interface between Pt and
Al,O3, and formed CO could serve as a probe molecule for the
boundary sites. CO, adsorbs on oxygen defects of Al,O3 thin

Scheme 2 Schematic representation of the proposed mechanism of
CO; reduction on a Pt/Al,O; model catalyst. Red, white, and green
balls depict carbon, oxygen, and hydrogen atoms, respectively.
Reproduced with permission from ref. 58. Copyright 2002 Royal
Society of Chemistry.

film to form carbonate-like species, and then reacts with
hydrogen to form CO.

In order to dynamically identify the surface species over a
Pt/CeO, catalyst, Goguet et al. developed a detailed spectro-
kinetic analysis monitored by diffuse reflectance Fourier trans-
form infrared spectroscopy (DRIFT) and mass spectrometry
(MS) using steady-state isotopic transient kinetic analysis
(SSITKA).” A reaction model involving three kinds of
mechanism is proposed in Fig. 1. Both of the formates and
Pt-bound carbonyls species were observed, but neither of them
was the main reaction intermediate, although the formation
of CO from formates was likely to occur to a limited extent.
The RWGS reaction proceeds mainly via surface carbonate
intermediates, including reaction between the surface
carbonates and oxygen vacancies or the diffusion of the
vacancies in the ceria.”

Theoretical investigations using model systems can also
shed some light on the nature of molecular interactions.
Qin et al. investigated the mechanism of the RWGS reaction
on a Ni surface using density functional theory (DFT) calcula-
tions and predicted that the C-O bond cleavage of CO,
occurred before the dissociation of the H,.%° The H, moiety
could promote the charge transfer in the Ni insertion process
and facilitate the dissociation of coordinated CO, molecule by
reducing the energy barrier. The rate-determining step for the
reaction is the migration of hydrogen atom from Ni center to
oxygen atom with the formation of water.

Fig. 1 Model for the reaction mechanism of the RWGS reaction over
Pt/CeO,. Reproduced with permission from ref. 59. Copyright 2004
American Chemical Society.

3706 | Chem. Soc. Rev., 2011, 40,3703-3727
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Fig. 2 Reaction enthalpies (kcal mol ') for each metal based enthalpies calculations. Reproduced with permission from ref. 61. Copyright 2010

American Chemical Society.

Liu et al. reported the modeling of the reaction mechanism
for the RWGS reaction with first-row transition metal
catalysts L'M (L’ = C3N,Hs; M = Sc, Ti, V, Cr, Mn, Fe,
Co, Ni, Cu, Zn).*! The first step of catalytic reaction is the
coordination of a CO, molecule (L'M(CO,)). The second step
is the scission of L'M(CO,) to produce L’'M(CO) and L'M(O)
by adding L’M, which is followed by hydrogenation of the oxo
complex L'M(O) to generate L'M(H,0). The last step involves
dissociation of H,O and CO. Reaction enthalpies for all the
steps are depicted in Fig. 2. For catalytic cycle of the RWGS
reaction, the key discriminating steps are the coordination and
reduction of CO,. Early metals show a thermodynamic favor
in these steps; however, late metals are more feasible for the
hydrogenation of oxo complex.®!

3. Methanation of carbon dioxide

Catalytic hydrogenation of CO, to methane, also called the
Sabatier reaction, is an important catalytic process.

CO, + 4H, » CHy + 2H,0, AHygx = —252.9 kI mol ™!
)

The methanation of CO, has a range of applications including
the production of syngas and the formation of compressed
natural gas. Research is being conducted by the National
Aecronautics and Space Administration on the application of
this reaction in manned space colonization on Mars.®* It is
possible to convert the Martian CO, atmosphere into methane
and water for fuel and astronaut life-support systems.®*

The methanation of CO, is thermodynamically favorable
(AGaosx = —130.8 kJ mol™'); however, the reduction of the

fully oxidized carbon to methane is an eight-electron process
with significant kinetic limitations, which thus requires a
catalyst to achieve acceptable rates and selectivities.%*
Extensive studies have been conducted on metal-based
catalytic systems on the hydrogenation of CO, to methane.

3.1 Metal-based heterogeneous catalysts

Hydrogenation of CO, toward methane has been investigated
using a number of catalytic systems based on VIIIB metals
(e.g., Ru and Rh) supported on various oxides (e.g., SiO»,
TiO,, Al,O3, ZrO,, and CeO,). Supported nickel catalysts
remain the most widely studied materials. Supports with high
surface area, usually oxides, have been applied extensively for
the preparation of metal catalysts. The nature of support plays
a crucial role in the interaction between nickel and support,
and thus determines catalytic performances toward activity
and selectivity for CO, methanation.%

Amorphous silica extracted from rice husk ash (RHA) has
high specific surface area (125-132 m? g~ '), melting point, and
porosity. Chang et al. reported that nickel catalysts supported
on amorphous silica are active for methanation of CO,.567®
Table 1 illustrates the turnover frequency (TOF) of methane
(methane produced per nickel site per second) for hydrogenation
of CO, on highly dispersed nickel catalysts prepared by
various methods. Hydrogenation activity of nickel nano-
particles supported on amorphous silica is better than those
on silica gel.®®

Amorphous silica is also used as a raw material for
preparing a series of silica-alumina composites as supports
for nickel-based catalysts (Ni/RHA—-AI,O3) synthesized via

Table 1 Comparison of activities of CO, methanation on nickel catalysts

Catalyst Preparation? Dispersion (%) T/K TOF (10° s Ref.
4.3 wt% Ni/SiO,~RHA 1IE 40.7 773 17.2 68
4.1 wt% Ni/SiO,—gel IE 35.7 773 11.8 68
3.5 wt% Ni/SiO,—-RHA DP 47.6 773 16.2 67
3.0 wt% Ni/SiO, I 39.0 550 5.0 69

“1E: ion exchange; DP: deposition-precipitation; I: impregnation.

This journal is © The Royal Society of Chemistry 2011

Chem. Soc. Rev., 2011, 40,3703-3727 | 3707



jon exchange method.” It should be noted that reduction of
NiO from the layered nickel compound is particularly difficult,
which is probably due to the presence of alumina trapped in
the NiO particles resulting in an increase in activation energy
of reduction.”® Conversion of CO, and yield of CH, are
strongly dependent on the calcination and reduction tempera-
tures of the catalysts. Hydrogenation activity decreases as
content of alumina increases, indicating that acidic sites are
not uniquely responsible for the reaction. Ni/RHA-A1,O3
catalyst was also prepared by the incipient wetness impregna-
tion and exhibited favorable catalytic activity owing to the
mesopores structure and high surface area.®> A strong inter-
action between metal and oxide (SIMO) was found for this
system. Consequently, nanocrystallites of nickel oxide
(e.g., NiO and NiAl,0,) are formed with high dispersion on
the surface. At an optimized reaction temperature (773 K),
maximized yield (~ 58%) and selectivity of CH4 (~90%) were
obtained.® The catalytic activity of Ni/RHA-AIL,Oj is better
than that of Ni/SiO,—Al,O5 due to its better metal dispersion
and higher chemical reaction rate.

On account of significant influence of the support on
dispersion of the active phase, preparation of highly dispersed
metal supported catalysts has been the focus of research.
Du et al. applied Ni/MCM-41 catalysts with different amount
of Ni to CO, methanation.®® High selectivity (96.0%) and
space-time yield (STY, 91.4 g kg~! h™!) were achieved on
3 wt% Ni/MCM-41 at a space velocity of 5760 kg~' h™!,
superior to those of Ni/SiO, catalysts and comparable to
Ru/SiO; catalysts.®*”"7?> The high selectivity is maintained at
higher reaction temperature (673 K) with increased STY
(633 g kg~ h™"). Reduction at 973 K produces stable catalyst
yielding the best activity and selectivity since most Ni species is
reduced to highly dispersed Ni® due to the surface anchoring
effect.®

ZrO, is another support of interest due to its acidic/basic
features and CO, adsorption abilities. Ni/ZrO, catalysts with
various amounts of ZrO, polymorph can be prepared from
amorphous Ni—Zr alloys.”® Fraction of tetragonal ZrO,
(+-ZrO,) increases with increasing nickel content, which sub-
sequently influences the methanation activity. Nickel nano-
particles supported on ¢-ZrO, show a higher TOF (5.43 s ! at
473 K) and better CO, adsorption than those loaded on the
monoclinic ZrO, (m-Zr0,) (0.76 s~' of TOF at 473 K).”?
Ce—Zr binary oxides have also been used in CO, methanation
as supporting materials for supplying oxygen species with high
mobility. Ocampo et al. studied Ni/Ceq 7,71 230, catalysts for
the synthesis of methane.”® A catalyst with 10 wt% Ni exhibits
excellent catalytic activity and stability in the reaction during
150 h on stream, yielding a CO, conversion and a CHy
selectivity of 75.9% and 99.1%, respectively. The high oxygen
storage capacity of Ceg 727210230, and its ability to enhance
nickel dispersion is the origin of the high performance. The
incorporation of nickel cations into the Ceg 721250,
structure and the higher dispersion of Ni improve redox
properties of the material, and thus restrain sintering of the
metal. Additionally, Perkas et al. developed Ni/ZrO, catalysts
doped with Ce or Sm cation.”” The maximum porous
volume and size are obtained with 30 mol% Ni loading,
which exhibits higher catalytic activity of CO, methanation

(1.5 s7! of TOF at 573 K). This could be ascribed to a
synergistic effect between the surface area and the doping of
the rare earth elements. The surface area of the catalyst is
increased due to the mesopores structure in the support, which
leads to the insertion of the Ni particles into the pores. The
catalytic activity could be further improved by a redox
pretreatment.75

We certainly need to recall RANEY® nickel, which is well-
known as an active catalyst for hydrogenation and appears
to have high reactivity in the methanation reaction.”® The
notable catalytic performance is attributed to its unique
thermal and structural stability as well as a large BET surface
area. Main products were observed to be CH,4 and CO over
Ni-Al alloys.”” An increase in Ni content leads to higher
selectivity to methane (100%), since Ni (compared to Al)
readily dissociates CO. Moreover, a series of mono- and
bi-metallic Ni-based catalysts supported on alumina were
examined via a computational screening study.’”® The conver-
sion of CO, to methane is significantly increased over Ni—Fe
alloy compared to the pure nickel or iron catalyst, and the best
catalyst has a Ni/Fe ratio higher than 1.

One of major problems of Ni-based catalysts is the deacti-
vation at low temperature due to the interaction of the
metal particles with CO and formation of mobile nickel
subcarbonyls.” Instead, noble metal (e.g. Ru, Pd, and Pt) is
stable at operating conditions and more active for CO,
methanation than nickel.%° Kowalczyk et al. studied the effect
of the support on catalytic properties of Ru nanoparticles in
CO, hydrogenation.®! They found that TOFs of Ru-based
catalysts were dependent on the Ru dispersion and the type of
supports. For high metal dispersion, the following order of
TOFs (x10° s™') for the reaction was obtained: Ru/ALO;
(16.5) > Ru/MgAl,0, (8.8) > Ru/MgO (7.9) > Ru/C (2.5).%!
The catalytic activity of ruthenium nanoparticles is strongly
affected by the metal-support interaction. In the case of
Ru/C systems, the carbon moiety partially covers the metal
surface and reduces the number of active sites (i.e., site
blocking effect).®! Under steady-state conditions, reaction rate
of a highly loaded 15 wt% Ru/Al,Oj3 is about 10 times higher
than that of Ni-based catalysts. Highly dispersed Ru nano-
particles were also synthesized on TiO, prepared by a barrel-
sputtering method.®> Remarkably, a 100% yield was achieved
over this catalyst at 433 K, which was significantly higher
compared to that prepared by conventional wet impregnation.
The prepared Ru/TiO, sample can catalyze the methanation
reaction at low temperature (300 K) with a reaction rate of
0.04 pmol min~' g~'. Furthermore, the addition of yttrium to
Ru-based catalysts not only increases the active surface area
and the dispersion of ruthenium but also benefits catalytic
activity and anti-poisoning capacity of the catalysts.®
Ru/y-Al,O; was also used as a probe catalyst to determine
kinetic parameters for CO, methanation.®* Apparent activa-
tion energy reaches a minimum (82.6 kJ mol™") at a ruthenium
dispersion of 50%. Reaction order with respect to hydrogen
decreases with the increase of H/Ru ratio, which could be
attributed to a change in adsorption heat of hydrogen and an
increased number of low-coordination sites.

Park et al. have investigated bifunctional Pd-Mg/SiO, for
CO, methanation motivated by the property of Pd to

3708 | Chem. Soc. Rev., 2011, 40,3703-3727
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H,0

Scheme 3 Potential bifunctional model for Pd—Mg/SiO,. Repro-
duced with permission from ref. 64. Copyright 2009 Elsevier.

dissociate molecular hydrogen.®* At 723 K, the Pd-Mg/SiO,
catalyst shows a high selectivity (>95%) to CH4 with 59% of
CO; conversion, whereas Pd supported on silica reduces CO,
primarily to CO whereas Mg/SiO, alone is inactive. A bifunc-
tional mechanism was proposed that Pd provides disassociated
hydrogen to Mg carbonates to form methane, and upon the
desorption of the methane, the carbonate is reformed by gas
phase CO, (Scheme 3).%

Recently, platinum supported on titania nanotubes (Pt/Tnt)
with high surface area (187 m? g~!) has been prepared.®® The
catalyst contains scrolled multi-walled titania-nanotubes
uniformly dispersed with Pt nanoparticles in the mixed-
valence states. CO,-TPD results indicated that a large amount
of CO, adsorbed on the Pt/Tnt is ascribed to the combined
effect of the tubular structure with high surface area and Pt
nanoparticles with the mixed-valence. In situ FTIR demon-
strated that CH4 was the unique product during the reaction
and Pt/Tnt catalyst showed high activity for CO, methanation
at low temperature (450 K).

Since industrial feedstock typically contains a trace amount
of sulfur compounds, Szailer et al. have examined the effect of
sulfur on the methanation of CO,.%° Interestingly, a trace
amount of H,S (e.g., 22 ppm) can promote the reaction on
TiO,- and CeO,-supported metals clusters (e.g., Ru, Rh, and
Pd), whereas, on other supported catalysts (e.g., ZrO,- and
MgO-based) or when the H,S content is high (116 ppm), the
reaction rate decreases. When the support is diffused with H,S,
the catalyst becomes more activity as a result of the formation of
new active sites at interfaces between the metal and the support.3

Most of the catalytic methanation of CO, have been
performed in fixed-bed reactors. However, the utilization of
electrochemistry in the reactor design is cost efficient and
environmentally friendly to industrial processes with a
minimum of waste production and toxic materials.¥’ CO,
hydrogenation using YSZ solid electrolyte and Rh electrode
was studied in a single chamber reactor.®® CO and CH, were
produced at temperatures of 346-477 °C, and the rates of CHy
and CO formation were enhanced with positive potentials
(electrophobic behavior) and negative potentials (electrophilic
behavior), respectively. Moreover, a monolithic electro-
promoted reactor (MEPR) with Rh/YSZ/Pt or Cu/TiO,/
YSZ/Au cells was used to investigate the hydrogenation of
CO, at atmospheric pressure.®® In the case of Rh/YSZ/Pt cells,

both positive and negative applied potentials significantly
enhance the total hydrogenation rate and the formation of
CO, but the selectivity of CH4 remains below 12%. In the case
of Cu/TiO,/YSZ/Au cells, selective reduction of CO, to CH4
starts at 220 °C and the selectivity of CH,4 could reach ~100%
at open-circuit polarization conditions at temperatures of
220-380 °C.*

3.2 Reaction mechanism

Although the methanation of CO, is a comparatively simple
reaction, its reaction mechanism appears to be difficult to
establish. There are different opinions on the nature of the
intermediate and the methane formation process. Reaction
mechanisms proposed for CO, methanation fall into two main
categories. The first one involves the conversion of CO, to CO
prior to methanation, and the subsequent reaction follows the
same mechanism as CO methanation.”®* The other one
involves the direct hydrogenation of CO, to methane without
forming CO as intermediate.”>*® We note that, even for CO
methanation, there is still no consensus on the kinetics and
mechanism. It has been proposed that the rate-determining
step is either the formation of the CH,O intermediate and its
hydrogenation or the formation of surface carbon in CO
dissociation and its interaction with hydrogen.”*"’

Steady-state transient measurements have been employed in
kinetic investigations on a Ru/TiO, catalyst to identify reac-
tion intermediates.”> CO is a key intermediate and its hydro-
genation leads to the formation of methane. Formates, also as
intermediates for the formation of CO, are bound more
strongly on the support in equilibrium with the active formate
species on the interface between metal and support. A reaction
mechanism (Scheme 4) is proposed including the formation of
the formate through a carbonate species.

A surface science approach using model systems is consid-
erably helpful in understanding mechanistic aspects of reac-
tions. Ni single crystals have been shown to be reasonable
models of practical catalysts for methanation.”®* Peebles et al.
studied the methanation and dissociation of CO, on Ni(100).”!
Activation energies of 88.7 kJ mol~' and 72.8-82.4 kJ mol ™'
were acquired for the formation of CH4 and CO, respectively.
The activation energy and reaction rate for CO, methanation
are very close to values for CHy formation from CO under
identical reaction conditions. The results support a mechanism
that CO, is converted to CO and subsequently to carbon
before hydrogenation. Using the ASED-MD (atom super-
position and electron delocalization-molecular orbital) theory,

(HCO, )5
H 0]
(HCOO )« (HCOO )g
(OH )g
(COM
+6Hy,
CH, + H,0

S: the support: M: the metal: I: the metal-support interface.

Scheme 4 Proposed reaction mechanism for CO, methanation.
Reproduced with permission from ref. 93. Copyright 1997 Elsevier.
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Choe et al. investigated the CO, methannation on a Ni(111)
surface in a detailed manner.'% The elementary reaction steps
are listed below.

CO2,ads = COuds T Ouds (5)
COugs = Cags + Ouds (6)
2C044s = Cags + COy a6 7
Cags + Hags = CHags ®)
CHags + Hags > CHaaas )
CHj 445 + 2Hags = CHy gas (10)

These elementary steps consist of two mechanisms—carbon
formation and carbon methanation. For the first mechanism,
the activation energies were calculated to be 1.27 eV for CO,
dissociation, 2.97 eV for the CO dissociation, and 1.93 eV for
the 2CO dissociation. For the carbon methanation mechanism,
following activation energies were reported: 0.72 eV for methyl-
idyne, 0.52 eV for methylene, and 0.50 eV for methane.!® Thus,
CO dissociation is the rate-determining step.

In aiming to provide clear insights into the role of Pd
and MgO, Kim et al. used computational and experimental
methods investigating the reaction mechanism of CO, metha-
nation on Pd-MgO/Si0,.!°! CO,-TPD results agree with DFT
calculations that MgO initiates the reaction by binding CO,
molecules, forming an activated surface magnesium carbonate
species. Pd species dissociates molecular hydrogen, essential
for further hydrogenation of the carbonates and residual
carbon atoms. The bifunctional reaction mechanism is consistent
with the previously proposed reaction scheme (Scheme 3).%*

Interestingly, it has been demonstrated that CO, can react
with H, over Rh/y-Al,O; catalyst to produce methane at room
temperature and atmospheric pressure with a high selectivity
(99.9-100%), even without photoexcitation.'®? Jacquemin
et al. looked into the reaction mechanism of CO, methanation
on the Rh/y-Al,O5; catalyst to better understand this
process.'® The dissociation of CO, into CO and oxygen on
the surface of the catalyst has been evidenced via in situ

—— Adsorption of CO,

-- -~ Adsorption of CO
------ Adsorption of CO, and reaction with H,

Absorbance (u.a.)

T v T T T T T T T M 1
2200 2150 2100 2050 2000 1950
Wavenumber (cm-1)

Fig. 3 DRIFT results after adsorption of CO, and CO and after
adsorption of CO, and reaction with hydrogen. Reproduced with
permission from ref. 103. Copyright 2010 Elsevier.

DRIFT experiments (Fig. 3). The formation of CO,4s was
confirmed by the presence of the bands corresponding to linear
Rh-CO (2048 cm™"), Rh**—CO (2123 cm™ '), and Rh—(CO),
(2024 and 2092 cm™'). CO, adsorbed as Rh—(CO), and CO
associated with oxidized Rh are the most reactive species with
hydrogen.

4. Synthesis of hydrocarbons

Production of hydrocarbons from CO, hydrogenation is
essentially a modification of the Fischer—Tropsch (FT)
synthesis, where CO, is used instead of CO. Catalyst compo-
nent for CO, hydrogenation is analogous to that for FT
synthesis but is amended to maximize the production of
hydrocarbons. A number of studies have been carried out on
this subject, which can be divided into two categories—methanol-
mediated and non-methanol-mediated reactions.'®*!% In
the methanol-mediated approach, CO, and H, react over
Cu—Zn-based catalysts to produce methanol, which is sub-
sequently transformed into other hydrocarbons such as
gasoline.'® 1In spite of considerable efforts made in the
development of composite catalysts, this approach usually
yields light alkanes as major products owing to the further
catalytic hydrogenation of the alkenes.'”” In the case of
non-methanol-mediated process, CO, hydrogenation proceeds
via two steps—RWGS reaction and FT synthesis.

Cobalt catalysts are widely used in FT synthesis, owing to
the high performance-to-cost ratio. Upon switching feeding
gas from syngas to the gas mixture of CO, and H,, cobalt
performs as a methanation catalyst rather than acting as an
FT catalyst.'® "' Mixed Fe/Co catalysts have also exhibited
low selectivity to the desired hydrocarbons.''? Akin et al.
observed that products of CO, hydrogenation contain
~70 mol% methane over Co/Al,O; catalyst.''® They
proposed that the conversion of CO and CO, occurs via
different reaction pathways: the former involving mainly
species of C—H and O-H produced from hydrogenation, the
latter involving surface-bound intermediates of H-C-O and
O-H.'"" In order to better clarify the difference in product
distributions of CO and CO, hydrogenation, Fig. 4 shows

0o —u—CO/H, cond. #2 J -
—o—CO/H,, cond. # 1
24 J
i)
-44 -
&y ,~0.72
’s‘ »
c 5 A
é’ ...l.
- “tang, 0c,,=0.89
-8+ .-.ll.. 1
L T
1]
-104 e, -
[
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Fig. 4 ASF plots in terms of hydrocarbons selectivity during CO
and CO, hydrogenation. Reproduced with permission from ref. 113.
Copyright 2009 Elsevier.
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typical Anderson-Schulz-Flory (ASF) diagrams in terms of
selectivity of total hydrocarbons in CO and CO, hydrogenation.'
It is obvious that hydrogenation of CO, does not lead to a
typical ASF distribution, different from what takes place for
CO hydrogenation. During CO, hydrogenation a low C/H
ratio is obtained due to the slow CO, adsorption rate on the
surface. This favors the hydrogenation of surface-adsorbed
intermediates, leading to formation of methane and a decrease
in chain growth.

Iron oxides have been used as FT catalysts for many years,
which are also active in both WGS and RWGS reactions.! 1+ 116
Iron-based catalysts are attractive for the synthesis of hydro-
carbons due to the highly olefinic nature of the obtained
products.!7" " CO, hydrogenation over an iron catalyst
proceeds via a two-step process, with initial reduction of
CO, to CO via the RWGS reaction followed by the conversion
of CO to hydrocarbons via a FT reaction.!?*1%3

CO, + H, » CO + H,0, ARHs7;3x = 38 kJ mol ™!
(14)

CO + 2H, » —-CHy + H,0, AgHs73x = —166 kI mol ™!
(15)

Riedel et al. demonstrated that the steady states of hydro-
carbons synthesis with iron oxides could be divided into five
episodes of distinct kinetic regimes (Fig. 5).!2*!%° In episode I,
the reactants adsorb on the catalyst surface and carbonization
of the catalyst takes place dominantly. In episodes II and III,
products from the RWGS reaction dominate during ongoing
carbon deposition. In episode IV, the FT activity develops up
to the steady state and keeps the state in episode V. The iron
phases of the reduced catalyst before reaction consist of
mainly o-Fe and Fe;O4. With time, Fe;04 and Fe,O5; phases
are consumed and a new amorphous, probably oxidic, iron
phase is formed, which appears to be active for the RWGS
reaction. FT activity begins under the formation of iron
carbide (FesC,) by a reaction of iron with carbon from CO
dissociation. We also need to mention that iron-based
catalysts deactivate significantly during CO, hydrogenation
because of catalyst poisoning from carbon deposit.'® For
example, the deactivation occurs on a Fe—K/y-Al,O3 catalyst
in a packed bed reactor although the long-run activity is above

Fig. 5 Iron-phase composition as a function of time during hydro-
carbons synthesis on Fe/Al/Cu catalyst. Reproduced with permission
from ref. 125. Copyright 2003 Springer.

35% during the reaction.'?® The stable but inactive carbide
(Fe5C) is accountable for the deactivation of the catalyst,
which is formed by FesC, carburization.'?

In order to increase the yield of the desired hydrocarbons
products, promoters are often added to catalysts to tailor and
optimize product distribution. Potassium is a favorable
promoter and has significant influence on catalytic
performance.'%®!27-12° Addition of potassium not only leads
to a significant shift in olefin production (4-fold) but also an
increase in CO, conversion.'*® In addition to be present in the
oxide form, potassium could also form an alanate phase
(KAIH,), which has recently attracted much attention for its
ability of reversible hydrogen storage at high temperature.
Potassium acts as an electronic promoter to the iron, as well as
suppresses the hydrogenation of the products as a reversible
H, reservoir.'® For example, K/Mn/Fe-based catalyst
displays a high chain growth.!!!-13%131

Manganese acts as both structural promoter and electronic
modifier for iron-based catalysts. The addition of Mn
suppresses the formation of methane and increases the
ratio of olefin/paraffin in FT synthesis as well as CO,
hydrogenation.'?*!3%133 It has been suggested that Mn favors
the reduction of iron oxides and the carburization and
dispersion of Fe,03, and also greatly increases surface basicity
of the catalyst.'?®!** However, over-doping of Mn on the iron
catalyst reverses the promotional effect, leading to the
suppression of the desirable hydrocarbon products.'*® Copper
can also significantly enhance CO, hydrogenation reactivity
owing to its similar performance with Mn in nature.!*!3
Copper facilitates the reduction of the catalyst and provides
active sites for hydrogen dissociation.'?®

Ceria is highly active in the WGS reaction at low tempera-
ture, and thus is of immense interest in applications such as
fuel cells.'*® Ceria added to an iron catalyst has little effect on
the conversion of CO, to hydrocarbons, but shortens the time
of stationary-state operation conditions.'?” Although low
loading of ceria to a Fe—Mn/Al,Oj; catalyst leads to a marginal
improvement in CO, conversion and product selectivity, a
decrease in reactivity was observed when the doping amount is
increased to 10 wt%."*® Ceria particles are formed over iron
nanoparticles causing the blocking of the chain-growth
sites. Other additives including Zr, Zn, Mg, Ru, and La
have also been investigated but promoting effect is nearly
negligible,106:127:129.139-142

Iron-based catalysts dispersed on different supports have
also been examined extensively and the product distributions
are greatly dependent on supporting materials.'°® The support
tends to act purely as a stabilizer to avoid sintering of active
particles during the reaction. Generally, alumina performs
best, since it could prevent sintering as a result of the
strong metal-support interaction, followed by silica and
titania. 101111493194 7o0lites have surface characteristics of
pore structures and inner electric fields, resulting in different
catalytic performances. Effects of the type of zeolites on
catalytic activity for synthesis of isoalkanes from CO, hydro-
genation were investigated over Fe-Zn—Zr/zeolite catalysts.'*
Distribution of hydrocarbon products is influenced by the
structure and acidity of the zeolites.'*> HY zeolite is most
effective for isoalkane synthesis due to the presence of medium

This journal is © The Royal Society of Chemistry 2011

Chem. Soc. Rev., 2011, 40,3703-3727 | 3711



COyH, —&2mar |

CH,OH —&2m2r |

HY
CH,OH

C,.C,C;C,Cq

Y .
C,+CHOH ————— iC,
HY .
C,+C,———— iC,
Scheme 5 Reaction paths of isoalkanes formation over Fe-Zn—Zr/HY
catalyst. Reproduced with permission from ref. 139. Copyright 2007
Elsevier.

and strong acid sites. Reaction paths of isoalkanes formation
over a Fe—Zn—Zr/HY catalyst (Scheme 5) indicate that methanol
is synthesized directly from CO, hydrogenation, and the
RWGS reaction is not the indispensable step for hydrocarbons
formation." The i-C, (iso-butane) can be obtained from
propylene and methanol through methanol to gasoline (MTG)
reaction and i-Cs (iso-pentane) is formed from the reaction of C,
and C; through the additive dimerization.'?

We should mention that the formed H,O not only deacti-
vates catalysts but also suppresses the reaction rate of CO,
hydrogenation. An alternative approach to improve produc-
tivity of long chain hydrocarbons is the utilization of a
permselective silica membrane to remove water in situ.'*6147
Fluidized bed and slurry reactors have been employed to
increase the conversion of CO, and obtain desirable products
as they are beneficial for the removal of generated heat due to
the highly exothermic nature of the reaction.'*® Hydrogena-
tion of CO, to hydrocarbons proceeded in fluidized bed and
slurry reactors over Fe-Cu—Al-K catalyst yields better catalytic
performance compared to a fixed bed reactor.'*® Moreover,
light olefins and heavy hydrocarbons can be selectively formed
in fluidized bed reactors and slurry reactors, respectively.

5. Synthesis of methanol

Methanol is a common solvent, an alternative fuel, and a
starting material in chemical industry. As an alternative

feedstock, CO, has replaced CO and is considered as an
effective way for CO, utilization in the methanol production.'!

—49.5 kJ mol™!
(16)

CO, + 3H, » CH;0H + H;0, AHysx =

From the thermodynamic point of view, a decrease in
reaction temperature or an increase in reaction pressure could
favor the synthesis of methanol. Indeed, enhanced reaction
temperature (e.g., higher than 513 K) facilitates CO, activa-
tion and subsequent methanol formation.!" Furthermore,
other by-products are formed during the hydrogenation of
CO,, such as CO, hydrocarbons, and higher alcohols.'®
Therefore, a highly selective catalyst is in need to avoid the
formation of undesired by-products for methanol synthesis.
Typically, catalysts used in CO, hydrogenation are those for
methanol synthesis from CO hydrogenation. A number of
investigations have addressed the effects of active components,
supports, promoters, preparation methods, and surface
morphology on reactivity.

5.1 Reactivity and structure of heterogeneous catalysts

Although many kinds of metal-based catalysts have been
examined for the synthesis of methanol, Cu remains the main
active catalyst component, together with different modifiers
(Zn, Zr, Ce, Al, Si, V, Ti, Ga, B, Cr, etc.).lso’152 An appro-
priate support not only affects the formation and stabilization
of the active phase of the catalyst but also is capable of tuning
the interactions between the major component and promoter.
In addition, basicity and/or acidity characteristics of the
catalyst are also determined by the selected support.'>® The
status of catalytic systems for the synthesis of methanol by
CO; hydrogenation is summarized in Table 2.

Notably, zinc oxide can improve the dispersion and
stabilization of copper.'®”!®® ZnO possesses lattice oxygen
vacancies, consisting of an electron pair in the lattice, which
is active for methanol synthesis.!>® Fujita et al. showed high
activity and selectivity (67.2%) of methanol over a Cu/ZnO
catalyst due to the high dispersion of Cu and the preferential

Table 2 Catalytic systems for the synthesis of methanol by the hydrogenation of CO,

Methanol activity

Catalyst Preparation method T/°C CO, conversion (%) Methanol selectivity (%) (mol kg~! cat. h) Ref.
Cu/Zn/Ga/SiO, co-impregnation 270 5.6 99.5 10.9 154
Cu/Ga/ZnO co-impregnation 270 6.0 88.0 11.8 155
Cu/ZrO, deposition-precipitation 240 6.3 48.8 11.2 156
Cu/Ga/ZrO, deposition-precipitation 250 13.7 75.5 1.9 157
Cu/B/ZrO, deposition-precipitation 250 15.8 67.2 1.8 157
Cu/Zn/Ga/ZrO, coprecipitation 250 n/a 75.0 10.1 158
Cu/Zn/ZrO, coprecipitation 250 19.4 29.3 n/a 159
Cu/Zn/ZrO, urea-nitrate combustion 240 17.0 56.2 n/a 160
Cu/Zn/Zr0O, coprecipitation 220 21.0 68.0 5.6 161
Cu/Zn/ZrO, glycine-nitrate combustion 220 12.0 71.1 n/a 162
Cu/Zn/Al/ZrO, coprecipitation 240 18.7 47.2 n/a 163
Ag/Zn/ZrO, coprecipitation 220 2.0 97.0 0.46 161
Au/Zn/ZrO, coprecipitation 220 1.5 100 0.40 161
Pd/Zn/CNTs incipient wetness 250 6.3 99.6 1.1 164
G,0;-Pd/SiO, incipient wetness 250 n/a 70.0 7.9 165
LaCr 5Cug 5053 sol-gel 250 10.4 90.8 n/a 166

n/a: not available.
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formation of flat Cu surfaces, such as Cu(111) and
Cu(100).'%17° Ponce er al. prepared nanocrystalline (NC)
particles of copper using solvated metal atom dispersion
(SMAD) technique to convert CO, to CH;OH.'”! A maximum
CO, conversion of 80% was obtained for the Cu/pentane/
NC-ZnO sample at 450 °C.

In order to further increase the activity and stability of
Cu/ZnO catalyst, Ga,0O3 and SiO, are used as stabilizer and
promoter.'3* The promoting effect of Ga,Oj is strongly asso-
ciated with Ga,0Oj; particle size. Small Ga,Oj3 particles favor
the formation of an intermediate state of copper between Cu’
and Cu?™, probably Cu*."3*!5 Toyir ef al. found that the use
of methoxide-acetylacetonate precursor for preparation of a
Cu-Ga/ZnO catalyst yields a better dispersion of copper
compared to catalyst prepared from nitrate precursor.'>
SiO,-supported multicomponent catalysts, especially when
hydrophobic silica is used, are effective and fairly stable for
the production of methanol at temperature up to 270 °C.'>*
Noble metals are excellent candidates to activate hydrogen, which
could spread over the neighboring sites through a hydrogen-
spillover mechanism. Pd is used to modify the Cu/ZnO or
Cu/Zn/ALO;s catalysts for CO, hydrogenation to methanol.!’>!7
This process leads to a catalyst surface with highly reduced state,
which could facilitate the hydrogenation process.'”

Because of the high stability under reducing or oxidizing
atmospheres, zirconia has also been considered as an excellent
promoter or support for the methanol synthesis catalyst.'>!156:163
Catalytic activity and selectivity toward methanol are both
improved due to the enhanced copper dispersion in the
presence of ZrQ,.!S1-15%-160174175 11y yqdition, the crystal types
of zirconia influence performance of the catalyst.'*>'"® For
instance, copper species supported on m-ZrO, are 4.5 times
more active compared to Cu/-ZrO, due to the higher
concentration of adsorbed active intermediates (i.e., HCOO
and CH;0).!7® Addition of other components (e.g., Ga, B,
and Al) not only decreases the adsorption rate of water which
inhibits the formation of methanol but also improves the
copper dispersion and ZrO, concentration on the surface,
leading to an increase of catalyst activity.'>>137:158177
A simplified mechanism of the catalyst surface and reaction
paths is proposed in Scheme 6.!7* CO, adsorbed on the surface
of ZrO, forms a bicarbonate species, which is then hydro-
genated to produce formate intermediate species.'”® Hydrogen
required for the formation of formate species could be
provided by the spillover of adsorbed hydrogen on Cu.'°%!7

In addition to Cu-based catalysts, several other materials
exhibit activity in CO, hydrogenation. For example, Ag- and
Au-based catalysts offer superior selectivity with high content
of metal.'® Pd/ZnO catalysts supported on multi-walled

carbon nanotubes (MWCNTS) exhibit excellent performance
for the formation of methanol owing to an increasing
concentration of active Pd° species.!®* MWCNTs-supported
Pd/ZnO catalysts could reversibly adsorb enhanced amount of
hydrogen, which favors for the generation of a micro-environment
with higher concentration of active hydrogen species and
increases the reaction rate of the surface hydrogenation.
Pd/Ga,0; catalyst reveals remarkable activity and selectivity
in the methanol synthesis owing to the formation of new active
sites by Pd-Ga alloy.'®® Hydrogen dissociated on metallic Pd
surface transfers to Ga,Os; and reacts with surface-bound
species (e.g., formates) completing the reaction cycle.'¢>!8!

It is interesting that formaldehyde rather than methanol is
the main product when the reaction is carried out over a
Pt/Cu/SiO, catalyst at 423 K and 0.6 MPa.'®> The optimal
atomic ratio of Pt/Cu for the selective formation of formaldehyde
is 0.03. Hydrogen is chemisorbed on the surface of platinum, and
then diffuses to the surface of copper. The migrated surface
hydrogen promotes the formation of formaldehyde.

5.2 Non-metal-mediated homogeneous catalysts

Stephan and co-workers have recently developed a concept called
“frustrated Lewis pairs” (FLPs).'"®® In the system, a strong
donor—acceptor interaction is prevented by the steric environ-
ment imposed on substitutional donor and acceptor atoms. The
system can be used in metal-free homogeneous hydrogenation or
addition to olefins and other organic chemicals.'*'%¢ Ashley
et al. performed the heterolytic activation of hydrogen and
subsequent insertion of CO, into a B-H bond in a homogeneous
process for the synthesis of methanol (Scheme 7).'®” Methanol
(17-25% of yield) as the sole C; product was generated by
adding CO, to 2,2,6,6-tetramethylpiperidine (TMP, Me,CsNH)
and B(C4Fs); in toluene under H, (1-2 atm), upon heating the
mixture at 160 °C and vacuum distillation."®’

5.3 Reactor design and optimization

The yield and selectivity of methanol are usually low using
traditional fixed-bed tubular reactors. Rahimpour proposed a
two-stage catalyst bed for conversion of CO, into methanol,
which favors the temperature profile along the reactor tube
length and enhances the activity and life time of the catalyst.'®
Additionally, the same group investigated the hydrogenation
of CO, in a membrane dual-type reactor.'®® This type of
reactor can overcome limitation of thermodynamic equili-
brium, enhance kinetics-limited reactions, and control the
stoichiometrical feeds.'”®

Owing to the ability of removing products continuously
from equilibrium reaction, more researchers have focused on

Scheme 6 Proposed reaction pathway for the formation of methanol over CO, hydrogenation with Cu/ZrO, catalyst.
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Scheme 7 Reversible reduction of CO, to formate 2 with H,
activated by a frustrated Lewis acid—base pair 1. Reproduced with
permission from ref. 187. Copyright 2009 Wiley-VCH Verlag GmbH
& Co. KGaA.

the utilization of membrane reactor (MR) in methanol
production. From an experimental and modeling study, MR
exhibits higher conversion than the traditional fixed bed
reactor under the same experimental conditions.'”! However,
the application of MR is limited by the working temperature
typically below 200 °C. Chen et al. simulated methanol
synthesis from CO, in a silicone rubber/ceramic composite
MR and coupling with experimental data demonstrated that
conversion of the main reaction in MR increases by 22%
compared to the traditional fixed bed reactor.'”> Additionally,
many research groups have revealed the improvement in
methanol selectivity and yield in MR with different kinds of
membrane (e.g., ceramic zeolite).!¥* 19

In order to overcome thermodynamics limitation, low-
temperature methanol synthesis in liquid medium has been
intensely studied.'®® The process has the advantages of high
heat transfer efficiency, high conversion per run, excellent
adaptability to CO,, and low operation cost.'?7 2%
Liaw et al. explored ultrafine copper boride catalysts
(Me-CuB (Me: Cr, Zr, Th)) for the CO, hydrogenation in
the liquid-phase.'*® The doping of Cr, Zr, and Th promotes
the dispersion and stability of the CuB catalyst, and facilitates
methanol formation. Liu et al. developed a novel low-
temperature route in a semi-bath autoclave reactor for the
synthesis of methanol over copper catalyst.®! This process
realizes a high catalytic activity of CO, conversion (25.9%)
and methanol selectivity (72.9%) at low temperature (170 °C)
and pressure (5 MPa).

5.4 Theoretical studies

Owing to great complexity of methanol synthesis from CO,
hydrogenation, atomic level understanding regarding the

reaction mechanism has been a long-standing challenge. Up
to now, the key issues in the field, such as how and where CO,
is activated over the surface of the catalysts, remain elusive.!>
The synthesis of methanol is generally regarded as occurring at
interfaces of Cu and oxides.”®?° In other words, CO, can
adsorb on bare oxides and H, can dissociate on Cu species.!”®
However, the nature of the active Cu phase at interface is still
in dispute. K&eppel et al. found that active copper species is
present predominantly as Cu® over Cu/ZrO, based on X-ray
diffraction (XRD) measurements.”’> In contrast, Cu™ was
proposed to be the active component for a Cu/ZnO/SiO,
catalyst employing static low-energy ion scatter experiments.”%*
However, it has also been suggested that Cu metal and low
valence of Cu (Cu®' and Cu™) may all affect the catalytic
activity of Cu-based oxide catalysts.!>¢137-295206 Regolution of
the electronic and geometrical structures of the active site is
the first step towards the rational design of catalyst with high
activity and selectivity.?’’

Two classes of reaction routes to methanol have been
debated in literature. One is the formate pathway, where the
formation of intermediate HCOO is usually considered to be
the rate-determining step.208’211 On Cu, the intermediate is a
bidentate formate, the most stable adsorbed species; while on
7ZnO, the intermediate is a monodentate formate.?'>?'3 The
other pathway involves the formation of CO through the
RWGS reaction and the conventional syngas-to-methanol
conversion (CO +2H, — CH;0H).°*?' The formate
mechanism suggests that CO may be formed from methanol
decomposition, while the RWGS mechanism can explain
straightforwardly the formation of CO as the major
byproduct.'”713

A detailed study was carried out to identify the inter-
mediates for methanol synthesis over Pd/B-Ga,O; using
in situ FTIR spectroscopy.?'® The reaction follows the formate
pathway, which proceeds through the formation of HCOO,
H,COO (dioxomethylene), CH3O (methoxy), and the final
product, CH;OH (Scheme 8). The outstanding activity and
selectivity of Pd/B-Ga,0O; catalyst are attributed to the
efficient spillover of atomic hydrogen from Pd surface to the
carbonaceous species and the moderate stability of methoxy
species on Ga,O;. DFT calculations on Cu(111) and Cuyg
nanoparticles indicated that the rate-determining steps are

Scheme 8 Reaction pathways for the methanol synthesis from CO,/H, over a palladium/gallia catalyst.
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both HCOO and H,COO hydrogenation.>!” Compared to
Cu(111), the superior activity of Cu nanoparticles for the
synthesis of methanol is associated with the active corner sites
and structural flexibility, which stabilize the key intermediates
(HCOO, H,COO, and CH,0) and reduce the barrier of the
rate-determining steps.

Based on DFT calculations, Liu et al. agreed with the
RWGS mechanism by converting CO, to CO via the HOCO
intermediate (Scheme 9) over a molybdenum sulfide (MogSg)
cluster.?!® The formed CO is then hydrogenated to HCO
radical and subsequently methanol. The rate-determining step
for the overall reaction is CO hydrogenation to HCO. Mo
chemisorbs CO,, CO, and CH,O, whereas S facilitates the
H-H bond cleavage of molecular hydrogen.>'®

Using kinetic Monte Carlo simulation and DFT calcula-
tions, Liu ef al. found that methanol was produced from both
the formate and RWGS routes on Cu/ZrO,(111) and
Cu/Zr0,(212).2°7 The catalytic activity and selectivity are
closely related to the binding strength of atomic oxygen. Thus,
optimization of the interfacial property by controlling the
oxygen-affinity of the oxide cationic site (e.g., acidity) could
enhance CO, conversion and selectivity of methanol.

Different from formate or RWGS mechanism, Chan et al.
systematically studied three-steps hydrogenation of CO, to
methanol on zeolites (e.g., HZSM-5, ZSM-5) with ab initio
molecular orbital theory and DFT calculations.?!*2%°

0=C=0 + H, » HO-CH=0 (17)
HO-CH=0 + H, » HO-CH,-OH - CH,=0O + H,0
(18)

CH,=~O + H, » CH;-OH (19)

Zeolite-catalyzed hydrogenation reactions are typically sensi-
tive to basicity of the adjacent X group in catalyst and acidity
of Brensted acid (XH) moiety or the nature of metal cation
(M) in alkali metal (XM) moiety. The reactivity of an alkali-
metal-modified zeolite is enhanced when X becomes more
basic. It has been proposed that the zeolites with Ge and N
incorporated into the framework would represent effective
catalytic activity for hydrogenation processes.?

6. Synthesis of dimethyl ether

Dimethyl ether is a potential substitute for diesel oil owing to
its better combustion performances (i.e., high cetane number,
low emissions of NO, and near-zero smoke).221 There are two
routes for the production of DME from CO, hydrogenation—
a two-step process (methanol synthesis on a metallic catalyst
and subsequent dehydration of methanol on an acid catalyst)

Scheme 9 Possible reaction pathways for synthesis of methanol from
CO,/H; on MogSs.

and a single-step process using a bifunctional catalyst to
perform the two steps simultaneously.?*? 22® The main merit
of the single-step process on a bifunctional catalyst is the lower
thermodynamic limitation than methanol synthesis.

6.1 Hybrid-oxide-based catalysts

The first step in DME synthesis is methanol synthesis in which
a Cu-based catalyst is commonly used. The subsequent step is
the dehydration of methanol for DME synthesis, which is
catalyzed by acidic catalysts such as y-Al,Os;, HZSM-5,
and NaHZSM-5.! Representative catalytic systems for the
synthesis of DME are summarized in Table 3.

Selection of acidic support is particularly noteworthy.
Jun et al. claimed that NaY, which populates with weak acid
sites, was inferior in producing DME.?** Nevertheless,
CuNaY is an excellent dehydration catalyst attributed to the
presence of a considerable number of acid sites with moderate
strength. In contrast to CO hydrogenation, more water is
produced in CO, hydrogenation from the RWGS reaction
and methanol synthesis. However, formed water decreased the
activity of y-Al,O3; due to the high adsorption capacity of
water on acid sites.** Since HZSM-5 zeolite is not sensitive to
the concentration of water, it could be chosen as the
composition of the bifunctional catalyst.?2”22%-235236 Notably,
HZSM-5 zeolite is also active for the transformation of DME
into hydrocarbons (with ethane and propylene as primary
products), even at high Si/Al ratios.”*” These hydrocarbons
partially evolve to coke that could block pores of
zeolite causing deactivation. A suitable concentration of Na
moderates the number and strength of Bronsted acid sites in
HZSM-5 zeolite, and prevents the formation of hydrocarbons
from DME.?%28 For Cu-Zn-Al/NaHZSM-5 catalysts, there
is no irreversible deactivation observed.?** The catalysts can
be used uninterruptedly as long as the reaction temperature is
well controlled below 300 °C in order to avoid the sintering of
CuO nanoparticles.**

Addition of promoters to Cu-based catalysts leads to an
increase in yield of DME. For example, the addition of Ga,03
and Cr,0O; increases DME selectivity significantly over a
Cu/ZnO catalyst.>*® Qi er al. found that a small amount of
MoO; addition can enhance the catalytic activity.”*! The
presence of Mo not only produces new adsorption sites but
also enhances binding of adsorbate on the catalyst surface. To
increase catalytic reactivity of DME synthesis at low temperature,
palladium is added to Cu-Zn—Al-Zr/HZSM-5 catalysts.?*?
The addition of Pd markedly boosts DME production
and retards CO formation, probably due to the spillover of
hydrogen from Pd° to the neighboring phase.?*?

6.2 Theoretical studies

A kinetic model has been proposed for the synthesis of DME
in a single reaction step on Cu-Zn-Al/y-Al,O5 bifunctional
catalysts.>*® The kinetic parameters have been calculated
involving the synthesis of methanol, dehydration of DME,
and hydrocarbons formation. The kinetic model suitably fits
the experimental results obtained in an isothermal fixed bed
reactor within a wide range of operating conditions. The
model contemplates the role of water in the reaction system,
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Table 3 Catalytic systems for the synthesis of DME by hydrogenation of CO,

Catalysts T/°C CO, conversion (%) DME yield (%) Ref.
Cu/Zn/Al+HZSM-5 250 n/a 12.5 227
Cu/Ti/Zr + HZSM-5 250 15.6 7.4 228
Cu/Zn/Al/Zr + HZSM-5 250 30.9 21.2 229
Cu/Zn/Al+ NaHZSM-5 275 35 26 230
Cu/Mo +HZSM-5 240 12.3 9.5 231
Pd/Cu/Zn/Al/Zr + HZSM-5 200 18.6 13.7 232
n/a: not available.
given that it acts as an inhibitor in the steps of methanol and CO CH,OH
hydrocarbons synthesis.?** +H,

Although most researchers believed that DME synthesis is
determined by the kinetics rather than thermodynamics, a CO @ CH, (a) CH,CO (a) C,H,0H

comprehensive thermodynamic analysis on this process is
essential to better understand the intrinsic characteristics. >4
Detailed results of thermodynamic calculations are presented
in terms of the equilibrium conversions of CO, for DME
synthesis.?*'*** For any feed composition, the equilibrium
yields of DME increase with higher pressures but decrease
with higher temperatures.

7. Synthesis of higher alcohols

Higher alcohols are preferable to methanol as products of CO,
hydrogenation from viewpoint of safe transport and excellent
compatibility to gasoline.'® Direct synthesis of higher alcohols
from CO, could be regarded as a combination of the RWGS
reaction and subsequent the formation of higher alcohols from
syngas.'® Hence, a catalyst that is active for both reactions
under the similar condition would be favorable for the overall
reaction, for example, Fe-based and Rh-based catallysts.z‘uf249

Catalysts for the formation of ethanol require active centers
for promoting partial reduction of CO, to CO, C-C bond
formation, and OH group insertion.”*”?* Fe-based FT
catalysts mixed with Cu-based catalysts have the functions
of partial reduction of CO, to CO and ethanol synthesis.?*”->*
Addition of small concentrations of Pd and Ga can maintain
the optimal redox state during the reaction, and promote the
formation of ethanol. Further improvement has been expected
by combination of basic compounds, such as potassium
carbonate, with the polyfunctional composite catalyst leading
to the suppressed formation of methane.>*® For example,
Arakawa et al. reported that doping K,CO; on a Cu/Fe/ZnO
catalyst increased the selectivity of ethanol from ~6% to
~20% at 300 °C and 7 MPa.>>**!

An alternative route for improving the yield of ethanol from
CO, is based on an observation that syngas can be converted
into ethanol over Rh/SiO, catalyst with methane as another
main product.”** However, by adding various metal oxide to
the catalysts, CO, conversion and selectivity to alcohols could
be increased.>** The addition of Li to Rh/SiO, yields an
ethanol selectivity of 15.5% and a CO, conversion of 7.0%.
In situ FTIR analysis suggests that CO, is hydrogenated to
ethanol via CO intermediate, the amount of which is increased
by increasing Li loading.?** A plausible mechanism of
ethanol formation is proposed in Scheme 10. With a 5 wt%
Rh-Fe/SiO, catalyst, a CO, conversion of 26.7% and an

Scheme 10 Plausible reaction mechanism of CO, hydrogenation to
ethanol. Reproduced with permission from ref. 244. Copyright 1996
Elsevier.

ethanol selectivity of 16% were obtained at 260 °C.>*® Based
on results of XPS and in situ FTIR, the authors have
concluded that Fe®* changes the electronic states of Rh, and
the presence of Fe’ promotes methanation and prevents
formation of methanol, ethanol, and CO.>*

The promoting effect of anionic Se is realized by modifying
the electronic states of active sites of Rh/SiO, or by the direct
coordination of Se to surface intermediate species.?*>?%
Kurakata et al. used RhoSe/TiO, catalyst for CO, hydro-
genation in a closed circulating reaction system at a fairly low
pressure, and reported that the selectivity of ethanol could
reach as high as 83%.2*3%*® The mechanism proposed for
ethanol synthesis on Rh,oSe/TiO, is depicted in Fig. 6.24°24
CH, .45 species on rhodium reacts with CO, .45 to form
acetate, which is subsequently hydrogenated to ethanol on
Rh sites. The reaction of CO and H, proceeds fairly slowly and
the products distribution is entirely different from that of CO,
hydrogenation on Rh;¢Se/TiO, catalyst. The results suggest
that ethanol synthesis does not occur via CO over the
catalyst.2#

Additionally, a multi-step method for using CO, via the
RWGS reaction as a source of CO was introduced by
Tominaga et al. in hydroformylation reaction.”** Hydro-
formylation with CO, proceeds in two steps—CO, is first
converted into CO, which further involves in hydroformylation

Fig. 6 Proposed mechanism for ethanol synthesis from CO, hydro-
genation on a Rh;oSe/TiO, catalyst. Reproduced with permission
from ref. 16. Copyright 2009 Elsevier.
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Scheme 11 Formation of alcohols from alkenes by hydroformylation

with CO,. Reproduced with permission from ref. 259. Copyright 2009
Elsevier.

of the substrate (Scheme 11). Ruthenium carbonyls, particularly
multinuclear ruthenium clusters, are active for the process
since they are capable of catalyzing both of steps (i.e., the
RWGS reaction and the subsequent hydroformylation).?>*2%
A potential side reaction—hydrogenation of alkene—could be
inhibited by adding an alkali metal or alkaline earth halide or
by using ionic liquid as the solvent. In the latter case, ionic
liquid acts as both promoter and solvent, and the yield of
heptanol could reach 82%.2%

8. Spynthesis of formic acid and formates

Formic acid is widely used in many fields, such as the leather
and rubber industries.?®® It can also be used as a feedstock for
producing numerous chemicals (e.g., fiber, sweetener). Since
the beginning of 1990s, there has been an increasing interest in
the hydrogenation of CO, to formic acid and formates.®'
Recently, formic acid has been considered as hydrogen storage
material by combining CO, hydrogenation with selective
formic acid decomposition.*'**' Hence, improvements with
respect to catalyst stability and activity have been continuously
accomplished.

CO, + H, » HCOOH, AG,7; k = 32.9 kJ mol™' (20)

To shift the reaction equilibrium, it is necessary to add a
base (inorganic or organic) to the reaction system.?®® With the

Table 4 Catalytic hydrogenation of CO, to formic acid and formates

addition of an inorganic base, formate is generated which
subsequently needs strong acid to convert to formic acid. For
the organic base, recovery of formic acid is complicated and
energy consuming due to the volatility of the base.?®

8.1 Active homogeneous catalysts

Compared to heterogeneous systems for CO, hydrogenation,
the formation of formic acid and formates typically proceeds
with organometallic complexes at low temperatures.®' Table 4
summaries representative transition-metal catalysts based on
rhodium, ruthenium, and iridium for hydrogenation of CO; to
formic acid and formates.'*!>3!

We need to mention the Wilkinson catalyst, RhCI(PPhs)s,
which was first introduced by Inoue et al. in 1976 for CO,
hydrogenation.?’® The use of this complex has been studied in
more details by Ezhova et al. who found that formic acid was
formed in the presence of rhodium complexes with a
phosphine ligand.?®> The activity of the catalyst is strongly
dependent on the nature of solvent, giving high rates in polar
solvents (e.g., DMSO and MeOH). The beginning and end of
CO, hydrogenation is coincided with the appearance and
disappearance of RhCI(PPh3),(NEt3), respectively, which is a
precursor of the catalytically active complex. Reduction of the
complex to metallic Rh is inhibited by excess PPh;, which
increases the yield of formic acid significantly.

Ru complexes generally offer favorable activity and
selectivity for formic acid, and have become focus of
studies.?®® Tai er al. compared the effectiveness of Ruf(i)
catalysts with various phosphines or other ligands through
in situ catalyst formation.?”” There is no correlation found
between the basicity of monophosphines (PR3) and the activity
of the catalysts. Among the diphosphines, a rather unusual
interplay of electronic and bite angle effects was observed
(Fig. 7). Weakly basic diphosphines (bis(diphenylphosphino)
compounds) form highly active catalysts only if their bite
angles are small, while more strongly basic diphosphines
(bis(dicyclohexylphosphino) compounds) show the opposite
trend. Ru/Mo heterobimetallic complex exhibits low activity
for CO, hydrogenation, attributing to the non-facile reaction
of the complex with H, to yield the active dihydride species.?**

Catalyst precursor Solvent Additives p(Hy)/p(CO,) (atm) T/°C TON* TOF (h™) Ref.
RhCI(PPhs); MeOH PPh;, NEt; 20/40 25 2700 125 262
Ruy(CO)s(dppm),* acetone NEt; 38/38 RT¢ 207 207 263
CpRu(CO)(p-dppm)Mo(CO),Cp* C¢Hg NEt3 30/30 120 43 1 264
TpRu(PPhs)(CH;CN)H* THF’ NEt;, H,O 25/25 100 760 48 265
TpRu(PPh3)(CH;CN)H* CF;CH,OH NEt3 25/25 100 1815 113 266
RuCl,(PMe3)4 scCO, NEt;,H,O 80/140 50 7200 153 267
RuCl(OAc)(PMe;), scCO, NEt;/C¢FsOH 70/120 50 31667 95000 268
(n®-arene)Ru(oxinato) H,O NEt; 49/49 100 400 40 269
(n®-arene)Ru(bis-NHC)“ H,O KOH 20/20 200 23000 306 270
[Cp*Ir(phen)CI]C] H,O KOH 29/29 120 222000 33000 271
PNP-Ir(1m1) H,O KOH, THF? 29/29 120 3500000 73000 272
Cp*Ir(NHC) H,O KOH 30/30 80 1600 88 273
NiCly(depe)® DMSO? DBU” 40/160 50 4400 20 274
Si—(CH,);NH(CSCH3)-Ru C,Hs;OH PPh;, NEt3 39/117 80 1384 1384 275
Si—(CH,);NH(CSCH3)—{RuCl;(PPh;)} H,O IL 88/88 80 1840 920 260

¢ dppm = Ph,PCH,PPh,; Tp = hydrotris(pyrazolyl)borate; NHC = N-heterocyclic carbene; decpe = Cy,PCH>CH,PCy,; THF = tetrahydrofuran.
® DMSO = dimethyl sulfoxide; DBU = 1,8-diazabicyclo[5.4.0Jundec-7-ene. ¢ RT = room temperature; TON = turnover number.
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Fig. 7 Dependence of the yield of formic acid in the first 1 h on the
bite angle of the diphosphines, showing bis(diphenylphosphino)
compounds (@) and bis(dicyclohexylphosphino) compounds (OJ).
Reproduced with permission from ref. 277. Copyright 2002 American
Chemical Society.

Addition of a small amount of water is efficient to improve
the catalytic hydrogenation of CO, to formic acid.?¢”-?74278
It was supposed that hydrogen-bonding interaction between
H>O molecule and an oxygen atom of CO, enhanced the
electrophilicity of carbon and facilitated its insertion into the
metal-hydride bond.?*>?’® According to high pressure nuclear
magnetic resonance (NMR) data and theoretical calculations,
Yin et al. proposed a reaction mechanism to account
for the “water effect” wusing the ruthenium complex
TpRu(PPh;)(CH;CN)H.>®  The key intermediate in
the catalytic cycle is an aquo metal hydride species,
TpRu(PPh;3)(H,O)H, formed by a ligand displacement
reaction of H,O. The intermediate transfers a hydride and a
proton simultaneously to CO, to yield formic acid and itself is
converted to a transient hydroxo species, which then associates
a H, molecule to regenerate TpRu(PPh3)(H,O)H. The same
group subsequently studied the effect of alcohol on the
same catalyst.’®® The key species of the catalytic process,
TpRu(PPh;3)(ROH)H, is the alcohol analogue of the aquo
hydride complex. Among the alcohols, pronounced promoting
effect of CF3;CH,OH is resulted from the enhanced electro-
philicity of the carbon atom of CO,, which is due to the strong
interaction between an oxygen atom of CO, and the highly
acidic hydrogen in the intermediate.

Munshi et al. described a detailed study regarding the effect
of bases and alcohols on hydrogenation mechanism.?*® Use of
DBU rather than NEt; increases the rate of reaction by an
order of magnitude owing to the ability of DBU in trapping
C0,.2"2% Based on in situ NMR spectroscopy, alcohol
induces the Ru-based precursor to transform into a cationic
complex.?®® The alcohol is not likely to generate carbonic acids
or protonated amines in solution (Scheme 12(a)), but could
either help insert CO, into the M—H bond (Scheme 12(b))
or hydrogenate CO, in a concerted ionic hydrogenation
mechanism (Scheme 12(c)).

Hydrogenation of scCO, has gained a growing interest since
CO, can play a dual role as both reactant and solvent.® High
rates of hydrogenation were obtained by Jessop et al. using
soluble RuXY