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consequences for CO2 conversion to liquid fuels
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Current society is inherently based on liquid hydrocarbon fuel economies and seems to be so for the

foreseeable future. Due to the low rates (photocatalysis) and high capital investments (solar-thermo-

chemical cycles) of competing technologies, reverse water gas shift (rWGS) catalysis appears as the

prominent technology for converting CO2 to CO, which can then be converted via CO hydrogenation to

a liquid fuel of choice (diesel, gasoline, and alcohols). This approach has the advantage of high rates,

selectivity, and technological readiness, but requires renewable hydrogen generation from direct

(photocatalysis) or indirect (electricity and electrolysis) sources. The goal of this review is to examine the

literature on rWGS catalyst types, catalyst mechanisms, and the implications of their use CO2 conversion

processes in the future.
1. Introduction
1.1 CO2 availability and current utilization

Recently, the global carbon dioxide atmospheric concentration
reached a threshold of 400 ppm, increasing the average world
temperature prior to the industrial revolution by 1.5 �C. In 2013,
32.19 gigatonnes (Gt) of CO2 was emitted into the atmosphere,1

and the emissions are expected to increase to 45 Gt per year by
2040. Approximately 22% and 33% of the yearly anthropogenic
emissions are absorbed into the oceans and plants, respectively,
in the natural photosynthesis cycle, with the remaining 45%
contributing to the increasing atmospheric concentrations.2 A
drawback with oceanic CO2 absorption is that the gas is not
absorbed evenly, but rather 40% of absorption occurs in the
Southern Ocean.3 By 2030, the acidication of this Ocean would
likely have palpable consequences on its native organisms,
which could potentially affect the food web of the area.4 The
rapidly increasing atmospheric CO2 concentration and the
threat it poses upon the environment has led to increased efforts
to reduce or minimize CO2 atmospheric emissions. Among the
most widely used approaches is Carbon Capture and Storage
(CCS), more commonly called sequestration. Even though the
Global CCS Institute estimates that the “large” projects (>0.8 Mt
–mega tonnes – for coal-based power plants or >0.4 Mt for other
industrial facilities), under evaluation could potentially have
a sequestration capacity of 81.5 Mt of CO2/year;5 the actual
operational projects only reach a 28.4 Mt sequestration
capacity.6 Furthermore, current CO2 utilizations for industrial
processes, such as urea and salicylic acid synthesis (Fig. 1), do
gineering, University of South Florida,
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not exceed 120 Mt per year.7,8 Production of CO2 is more than
150 times higher than its current use and potential sequestra-
tion capability (Table 1, current methods). Due to its large-scale,
long-term planning of a combination of methods and technol-
ogies at all levels of society from industry to individual house-
holds, sequestration should be used if we are to signicantly
reduce CO2 emissions or manufacture it into fuels and
chemicals.5,7
Fig. 1 CO2 use in industry. Vertical axis is on logarithmic scale.
Reproduced with permission from the Royal Society of Chemistry
(from ref. 8).
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Table 1 Potential for reduction of total emissions and atmospheric influx of CO2 using current methods and potential end products for CO2

conversion

Technique
Capacity of CO2 reduction
(mega tonnes CO2 per year)

Reduction of
total emissionsa

Reduction of atmospheric
CO2 inux

b

Current methods Sequestration 81.5 (ref. 5) 0.25% 0.56%
Fine chemicals synthesis 120 (ref. 8) 0.37% 0.83%

Potential uses Plastics 155.5c 0.48% 1.07%
Methanol 89.4 (ref. 22) 0.28%d 0.62%
Oil derived chemicals 1200 (ref. 17) 3.73% 8.28%
Gasoline 5364.6e 16.67% 37.03%

a Calculated using 2013 total emissions as 32.19 gigatonnes per year.1 b Calculated using 14.46 gigatonnes CO2 per year absorbed by the atmosphere
(45% (ref. 2) of total 2013 emissions). c Estimated from the technology of Job et al.14 and plastics global demand from ref. 15. d In accordance with
ref. 16. e Assuming all gasoline as C8H18 with a global demand of 94.83 million barrels per day (ref. 23) and a gallon yield of 45% v/v gasoline.24
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Recently, a variety of technologies for repurposing the vastly
abundant carbon dioxide into high value chemicals have
emerged. To fulll the ultimate resolution of environmental
remediation, these technologies should be renewable, and the
overall process needs to be carbon neutral or negative.
Considering the limited sequestration capacity and the costs of
CO2 transportation and storage (�$16.5 per tonne CO2 (ref. 9)),
developing technologies for Carbon Capture and Utilization
(CCU) may make more sense than simply sequestering CO2.
However, the stability of the molecule is another challenge to
overcome. CO2 is a very stable form of carbon, making its
transformation very energy intensive.

Technologies currently under research to transform CO2 to
chemicals of wide use include synthesis of polymers,7 oxalates,10

formates,11 dimethyl ether,12 ethylene and propylene13 and an
interesting recently developed technology by Job et al.14 that
recycles CO2 into plastics similar to polyurethane (up to 50%
CO2 by weight). However, even at the high global demand for
plastics (311 Mt in 2014 (ref. 15)), we estimate that less than
0.5% of CO2 emissions would be used even if all the plastic
produced in the world was synthesized with this technology
(Table 1). Similarly, if all the methanol16 and chemicals (made
from oil)17 consumed globally were synthesized from CO2,
emissions would not decrease by more than 0.3% and 3.8%,
respectively. The comparisons of these values vividly capture the
challenge of scale. The key factors of utilization still remain an
issue: (i) the need for concentrated CO2 (ref. 18 and 19) and (ii)
proven technologies for conversion that can match the scale of
CO2 production and produce chemicals of signicantly high
demand.18–21
1.2 Need for energy-dense transportation fuels

In a worldwide effort to increase environmental friendliness,
the use of alternative renewable technologies (such as solar,
wind, geothermal, and nuclear) has been steadily increasing
and evolved from representing 2.8% of the world energy
production in 1973 to 8.4% in 2013.1 The limitation is that these
renewable energy sources are mostly used to generate elec-
tricity, and in 2013, electricity only represented 18.0% of the
global energy consumption.1 Renewables went from
49676 | RSC Adv., 2016, 6, 49675–49691
representing 32.0% of all the electricity generated in 2011 (ref.
25) to 32.6% in 2013.1Unfortunately, due to intermittent supply,
until new methods for efficiently storing energy generated by
alternate renewable sources are developed, energy dense
hydrocarbon fuels, currently produced primarily from oil, will
still be necessary. Hydrocarbons store substantial chemical
energy, which is not possible through various transient
processes until batteries or other replacement technologies
become viable.

Oil represents about 40% of the world energy consumption,
and in 2013, 63.8% of all oil products were used to make
transportation fuels.1 The amount of oil products that was used
to make transportation fuels increased by 44.48 Mtoe (million
tonnes of oil equivalent) from 2012 (ref. 26) to 2013.1 The
demand for fuels is at least 100 times larger than chemicals.27

Thus, only liquid fuel demand (Table 1, gasoline as example)
rivals the scale of CO2 production.19,28,29 In other words, CO2

emissions will continue to outweigh CO2 consumption unless
hydrocarbon transportation fuels are produced from CO2

(closed cycle) or they are no longer required. To date, no other
type of energy storage vehicle has been able to outrank the
practicality of liquid fuels, making energy dense fuels still
necessary.30,31 In addition, a world-wide infrastructure for the
delivery of liquid hydrocarbon fuels already exists. This avoids
a major issue of the H2 economy.
1.3 Cost estimations for CO2 conversion processes

The need for renewable hydrogen poses a crucial problem for
using the carbon of CO2 as the backbone of future fuels.32–37

With a minimum levelised cost of renewable electricity
(produced by solar towers) of 0.17 USD per kW per h,38 the cost
of H2 could be estimated at �10 USD per kg H2 (ref. 39) (as
opposed to �1.6 USD/kg H2 if electricity was not renewable40).
This means that if renewable H2 was used to make one GGE of
methanol, its selling price would increase by at least 4.43 USD/
GGE. More recently, Kim et al. compared the cost of producing
methanol with CO2 splitting and different methods for obtain-
ing H2, one from WGS (using water and CO obtained from CO2

splitting)41 and the other through H2O thermochemical split-
ting to H2.42 They determined that thermochemical splitting of
This journal is © The Royal Society of Chemistry 2016
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H2O to obtain H2 would allow for a minimal selling point of
methanol at 6.73 USD/GGE42 vs. using WGS, which would
produce methanol at a minimum selling point of 7.10 USD/
GGE.41 Based on these back-of-the-envelope calculations, we
estimate that production of renewable H2 would contribute
about 65% (4.43 USD/GGE � 100/6.73 USD/GGE) of the total
methanol cost. It becomes evident that renewable H2 synthesis
is still a technology in development.43
1.4 Green technologies for CO2 conversion to fuels with
large demand

The technologies with the highest readiness level that are
focused on converting CO2 to synthetic fuels or their precursors
(i.e. CO) are (i) rWGS reaction, (ii) syngas synthesis from
methane dry reforming (DR) and (iii) direct hydrogenation of
CO2.

Approximately 35 megatonnes of CH4 per year are emitted to
the atmosphere from landlls.44 If instead, this gas was trapped,
it could be reacted with CO2 in a 1 : 1 feed to produce syngas
through dry reforming. Even though methane is produced at
a much lower scale than CO2 emissions, its use could be
advantageous because it is produced naturally. Nonetheless, DR
is an endothermic reaction,16 favored at high temperatures
(>900 �C), at which catalysts sinter and coke.30 Oen, landll gas
contains high levels of sulfur gases that cause catalyst deacti-
vations.16 Low temperature DR has been reported (430–470 �C)
with no coking, but using an assembly of noble and transition
metal catalysts combined with metal oxides (Pt–Ni–Mg/ceria–
zirconia catalysts45) which has not yet been studied for sulfur
poisoning.

Direct CO2 hydrogenation is more thermodynamically
favored than rWGS. Therefore, it was considered promising for
industrialized methanol synthesis46 and has been demon-
strated on a pilot scale in Iceland by George Olah and Surya
Prakash. However, the CAMERE (carbon dioxide hydrogenation
to form methanol via reverse-water-gas-shi reaction) process
revealed 20% higher methanol yields when CO2 is converted to
CO (through rWGS), and CO to methanol, rather than directly
hydrogenating CO2.33

Other methods, such as photo-electro-chemical reduction, are
currently not a viable way to convert massive CO2 amounts,
because their low rates would highly complicate a process scale-
up, which could match CO2 production rates.47,48 Similarly, if
using biomass, the atmospheric CO2 concentrations can only be
lowered if such biomass is converted to fuels, otherwise it is not
a long-term storage of CO2.49,50 Conversion of CO2 to biofuels
using biomass that does not compete with food and does not
require land would likely involve the use of microalgae. However,
the costs of cultivating and maintaining these systems would
have to substantially reduce before it becomes feasible.49–51 An
upcoming technology, thermochemical CO2 splitting, also
referred to as thermochemical cycles (TCs), has the advantage of
not requiring an additional reactant (other than CO2). In this
technology, CO2 is reduced to CO on the oxygen vacancies of
a metal oxide with high oxygen mobility. TCs for CO2 splitting
have been demonstrated on several oxides,52–57 but they usually
This journal is © The Royal Society of Chemistry 2016
require at least 1000 �C for the formation of oxygen vacancies or
several hours to be reduced at lower temperatures. On these
oxygen vacant materials, the conversion of carbon dioxide to
carbon monoxide has been achieved at �900 �C.52,54–56 The high
operational temperatures would require specialized gear and an
additional equipment (such as solar concentrators) that can
generate the required heat input.

The rWGS is an endothermic reaction, favored at high
temperatures.36 The most commonly studied catalysts are
copper-based58–61 or supported ceria,62–64 potentially less
expensive than those used in DR. Its biggest advantage is the
formation of CO, which can be used as a building block for
a variety of important chemicals such as hydrocarbons in
Fischer–Tropsch synthesis, ne chemical synthesis or the
purication of nickel. The rWGS is suspected to be a key step in
selective methanation of CO2 (ref. 65) and to occur in FT reac-
tors with high CO2 feeds.29,66 It becomes evident that rWGS is
a key reaction that should be considered and fully understood.

1.5 Rationale for rWGS catalysis over competing
technologies

The rWGS reaction was rst observed by Carl Bosch and Wil-
helm Wild in 1914, when they attempted (and halfway suc-
ceeded) to produce H2 from steam and carbon monoxide on an
iron oxide catalyst.67 Currently, it is important in the synthesis
of methanol19 and in xing syngas' H2/CO ratio for various
applications.

Mallapragada et al.68 compared different routes to transform
CO2 into liquid fuels (biomass gasication, rWGS, algae-derived
oils and direct photosynthesis) using solar assisted processes
and H2 provided by electrolysis. Among the investigated
methods, conversion of CO2 to CO by reverse water gas shi
reaction followed by CO conversion to fuels with FTS had the
highest current and estimated potential efficiency when CO2 is
captured from a ue gas or from the atmosphere.68 Further-
more, converting CO2 to CO gives an added versatility in the
products that can be obtained from CO transformation.17 The
rWGS is also of great interest to be used in space exploration
due high (�95%) atmospheric CO2 concentration on Mars and
availability of H2 as a byproduct of oxygen generation.69,70

Therefore, rWGS is a promising reaction, whose products have
a wide variety of potential end uses.

The rWGS reaction is advantageous because of its technical
feasibility compared to alternative technologies. However, as
will be described in Section 1.6, many of the alternative tech-
nologies hold much promise if future research advances over-
come signicant existing challenges. In addition, with the CO2

problem being one of such massive scale and with local
resources (e.g., solar insolation, available land and water)
varying signicantly, a multi-pronged approach is most prob-
able, with the rWGS reaction using renewable hydrogen being
one route.

1.6 Goals and limitations of this review

For the arguments already described in this review, conversion
of carbon dioxide is an increasingly interesting topic for which
RSC Adv., 2016, 6, 49675–49691 | 49677
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Fig. 2 Influence of temperature on the thermodynamic equilibrium of
the rWGS reaction at 1 bar and H2/CO2 molar ratio of 3/1. Reproduced
with permission from John Wiley and Sons (from ref. 17).
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many critical advances are needed to make substantial contri-
butions. The readers are directed elsewhere for superb reviews
on chemical conversion to a variety of organic products,13,36,71–75

solar-thermal-chemical cycling,76–78 dry reforming79–81 and other
reactions with methane82 and photo-electro-catalytic conver-
sion.83–87 Excellent overviews88,89 and reviews on CO2 separa-
tion90–92 (including from air93) and the forward water gas shi94

are also already available andmay be of interest. Comparatively,
there is very little studies summarized for the rWGS reaction
even though it is a promising reaction as part of a CO2

conversion system and likely the closest to implementation.
Thus, the primary goal of this review is to summarize literature
ndings for the rWGS reaction, with an emphasis on a discus-
sion of comparing catalyst types, rates, mechanisms, and
intensication strategies. Although the forward reaction has
been examined in much more depth, this review primarily
focuses on literature using CO2 and H2 as the feed, so studies on
H2 purication via the forward WGS reaction are not included.

In addition, as a secondary goal, the scope of CO2 conversion
and the authors' vision for this challenge of scale has been
justied in the introduction. The authors envision a society
where transportation fuels and chemicals are produced from
various CO2 purication and conversion strategies, whereas
solar, wind, and geothermal sources are employed for renew-
able electricity. Since CO2 capture continues to be realized at
various degrees, conversion strategies can operate under the
assumption that CO2 will be available from ue gas or atmo-
spheric separations (taking a concentration cost but mini-
mizing contaminant issues), which makes the conversion
processes a gate-to-grave type comparison. The advantages of
the rWGS reaction approach for the conversion are as follows:

� A variety of renewable electricity forms exists with various
advantages occurring locally. The rWGS reaction can be
implemented with any of them to contribute to a closed carbon
loop.

� Hydrogen from electrolysis requires much lower capital
costs than using solar-thermal-heating to magnify the low
intensity solar ux to practical levels.

� The rWGS reaction produces CO, which is a very exible
chemical intermediate. Alternatively, the hydrocarbon product
from photocatalysis is primarily methane, which still requires
processing for use.

� Any process that generates CO still requires �2 moles
H2 : 1 mol CO to achieve a value-added fuel or chemical. The
additional 1 mol H2 for converting CO2 to CO just increases the
amount required from H2 generation processes by 50%, not
substantiating their existence in the overall process.

� Although not common, the rWGS reaction may be useful in
applications where H2 is readily available such as space explo-
ration wherein electrolysis is primarily used for synthetic air
production.

For these reasons and the readiness of the rWGS processes,
its application in future CO2 conversion strategies seems likely.
To reiterate, other strategies such as a closed loop of biomass
conversion are also attractive but it is unlikely that one
approach would be advantageous globally. With the justica-
tion provided above, energy dense liquid hydrocarbon fuels
49678 | RSC Adv., 2016, 6, 49675–49691
will continue to be a transportation fuel of choice. However,
transportation fuels far exceed other chemicals for contrib-
uting to the scale of the CO2 problem; therefore, rWGS with
methanol synthesis or FTS and biomass conversion to fuels are
needed to overcome the challenge of achieving a closed carbon
loop. In addition, with either synthetic (chemical) or natural
(biological) CO2 separation from air and conversion to plastics
as a secondary, albeit smaller scale, route of conversion, it may
be possible to decrease atmospheric CO2 concentrations
provided that electricity is available primarily from renewable
sources.
2. Thermodynamic considerations

The rWGS reaction (eqn (1)) is equilibrium limited and favored
at high temperatures due to the endothermic nature of the
reaction.

CO2 + H2 4 CO + H2O, DH0
298 ¼ 42.1 kJ mol�1 (1)

Additional side reactions include:
Methanation

CO + 3H2 4 CH4 + H2O, DH0
298 ¼ �206.5 kJ mol�1 (2)

and the Sabatier reaction

CO2 + 4H2 4 CH4 + 2H2O, DH0
298 ¼ �165.0 kJ mol�1 (3)

Thermodynamic evaluations at atmospheric pressure show
that CO2 conversion in the rWGS reaction is enhanced when
excess H2 is owing35 and equilibrium conversion increases
with temperature35,95 (Fig. 2). Product separation can shi the
equilibrium towards the products.27 Whitlow and Parrish from
Florida Institute of Technology and NASA, respectively,69 built
a rWGS demonstration reactor without a catalyst in the system.
They incorporated a membrane reactor to separate the products
and achieved close to 100% CO2 conversion (�5 times the
equilibrium conversion). When the H2/CO2 ow is 0.5, CO2

conversion is 1/4 lower than the equilibrium conversion with
This journal is © The Royal Society of Chemistry 2016
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a 1/1 ow at the same temperature, but when the ow ratio is 2,
the conversion is enhanced by 50%. Optimum operating
conditions were 310 kPa and 400 �C. Medium pressures were
used in the study and it was found that small variations in the
pressure (131 to 310 kPa) have no effect on the conversion.69

In a PNNL report, VanderWiel et al.70 studied the rWGS and
Sabatier reactions for CO2 conversion. rWGS needs to be oper-
ated at very low residence times (5 to 64 ms) to achieve the
highest CO selectivity (higher than equilibrium) but a methane
side product was observed in the rWGS experiments. At resi-
dence times of 32 ms, CO selectivity reaches equilibrium at
�550 �C. No CO2 conversion was observed below 300 �C.
Further ways to shi the reaction equilibrium or increase
reaction rates involve the use of electricity. Applying an over-
potential to the Pd-YSZ electrode increased the rate of the
reaction,96 whereas applying 3.0 mA to the 1 wt%Pt : 10 mol%
La–ZrO2 catalyst was equivalent to increasing the temperature
by 100 K.35 In both studies, CO was the only carbonaceous
product.

3. Catalyst types
3.1 Supported metal catalysts

The rWGS studies of supported metal catalysts consist primarily
of Cu, Pt, and Rh immobilized on a variety supports. Studies on
these metals are rst highlighted, and then screening studies of
a wide variety of metals are discussed. Finally, support effects
are reviewed.

3.1.1 Copper. The use of Cu for rWGS realizes two major
advantages, (i) it has been shown to perform rWGS at low
temperatures (�165 �C)97 and (ii) little or no methane is formed
as a side product.98–100 Without hydrogen, CO2 dissociation is
highly unfavorable on clean Cu surfaces,101–104 which directly
translates into the need for high H2/CO2 feed ratios to achieve
high CO2 conversions. More insights into the hydrogen-aided
activation will be discussed in the mechanisms section.
Therefore, the enhancement of Cu activity has been extensively
studied by incorporation of supports and/or promoters into the
catalytic system.

Chen et al. have several contributions on the rWGS on Cu
nanoparticles supported on different metal oxides. In their rst
study, they determined that supporting Cu NPs on Al2O3

increased the adsorption of formates, which they proposed as
the reaction intermediates.100 In their other contributions
examining CO2 hydrogenation on Cu nanoparticles105 and Cu
nanoparticles supported on SiO2,106 they also concluded that (i)
the rWGS mechanism goes through a formate interme-
diate,105,106 (ii) the CO2 and CO adsorption sites for the forward
and reverse mechanisms are independent,105 and (iii) high Cu
dispersion on SiO2 enhances CO2 conversion.61 Ginés et al.59

also observed that high Cu dispersion was a characteristic of the
catalyst with highest activity in a Cu/ZnO/Al2O3 system.

Chen et al. also studied promoting the reaction with potas-
sium99 and iron60,95 in the Cu/SiO2 system. In general, promoter
addition enhanced catalytic activity, but both the metals had
slightly different effects. Fe prevented Cu NPs sintering,
signicantly enhancing the stability and activity of the
This journal is © The Royal Society of Chemistry 2016
catalyst,60,95 whereas K increased the surface active sites that can
adsorb and decompose formates, enhancing the catalytic
activity of the system.99

3.1.2 Platinum. At low temperatures (100 to 300 �C), CO2 is
converted to CO on the interface between Pt and CeO2 aer H2

pre-treatment, but CO formation was not observed on CeO2 or
Pt alone.107 Supported platinum (on La–ZrO2) showed increased
CO2 conversion when compared to supported iron and copper,
but lower selectivity towards CO, as demonstrated in electri-
cally-promoted (E-rWGS) experiments.35

Meunier's group dominated most of the rWGS studies on Pt
supported samples. The group observed different surface reac-
tive compounds in a 2% Pt/CeO2 catalyst depending on the
reaction conditions.108 When the reaction intermediates were
allowed to accumulate under vacuum, formates were observed
as the most reactive, but under steady-state conditions, the
most reactive surface compounds were carbonates and
carbonyls. These results shed some light on the dispute of
carbonates or formates as the main reaction intermediates.
High temperature DRIFT and steady-state isotopic transient
kinetic analysis (SSITKA) on 2% Pt/CeO2 conrmed that the
main reaction intermediates were carbonates and not formates,
although CO formation from formates could also occur in
minority.109 Observed carbonates could be mono- or bi-den-
tate.107 On a solid–liquid interface, rWGS was found to occur on
a Pt/Al2O3 system by a redox mechanism, where the O adatom
(formed from CO2 dissociation) can rell an Al2O3 surface
vacancy or recombine with adsorbed H.110

The effect of adsorbed reactants and products has also been
investigated in Pt systems. Jacobs and Davis111 studied the effect
of H2O and H2 adsorption on 1% Pt/CeO2 during rWGS and
observed different spectator species formed under different
conditions, suggesting that the forward and backwards WGS
mechanisms could be different. Even though Pt/SiO2 systems
have achieved higher conversion than Cu/SiO2 at 500 �C,61

poisoning of Pt by CO has been observed in 2% Pt/CeO2 (ref.
112) and on Pt and Ru/Pt alloy electrodes on PEMFCs.113

Bimetallic Co–Pt particles were tested for rWGS but it was found
that Pt migrates to the surface, almost inhibiting any Co effect.
The selectivity towards CO is highly increased, but there was no
mention of CO2 conversion.114

3.1.3 Rhodium. Rh is widely used in homogeneous CO2

hydrogenation, mostly in amine solutions.115 However, for Rh
deposited on different supports (MgO, Nb2O5, ZrO2 and TiO2),
the combined selectivity towards methane and methanol sum-
med to more than 80% at temperatures between 100 and 300 �C
and H2/CO2 feed ratios of 3/1.116 Matsubu et al.117 determined
that the selectivity of CO vs. CH4 on Rh/TiO2 increased at low Rh
loadings at 200 �C and low H2/CO2 feed ratios. When Rh is
deposited in small loadings, it is dispersed on the surface,
forming isolated Rh sites where CO2 conversion to CO is
preferred. At large loadings, Rh forms NPs, which hydrogenate
CO2 to CH4. Similarly, high availability of H adatoms can also
favor CH4 formation.

For Rh/SiO2, increasing the surface hydroxyl groups
surrounding Rh particles on the catalyst surface increases CO2

conversion and selectivity towards CO because it leads to
RSC Adv., 2016, 6, 49675–49691 | 49679
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Fig. 3 Reverse water gas shift reaction over 78.3 mg of La0.75Sr0.25-
FeO3 at 550 �C. Total flow 50 sccm (10% H2 10% CO2 v/v, He balance).
Previously, catalyst was reduced for 20 min in 10% H2/He at 550 �C.
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formation of Rh carbonyl clusters, whereas fewer hydroxyl
groups form hydride species on the Rh surface, which can
further hydrogenate CO to methane.118 Li was added to an Rh
ion-exchanged zeolite (Li/RhY)119 and the selectivity towards CO
(vs. CH4) was found to increase with the amount of Li promoter,
going from 0.3% at no Li, to 86.6% at 10 : 1 Li : Rh atomic ratio,
but CO2 conversion was decreased to half with Li addition.

3.1.4 Other transition metals and bimetallic particles or
systems. Electrically promoted rWGS was performed on M/La–
ZrO2 (M ¼ Pt, Pd, Ni, Fe, Cu) at 150 �C. CO2 conversion was the
same for Ni, Fe and Cu supported on La–ZrO2, but 100% CO
selectivity was achieved on Fe and Cu, whereas only slightly
lower conversion (96.5%) was achieved on Ni.35 DFT studies
demonstrated that chemisorption energies of CO2 are increased
from early to late transition metal (Fe to Cu) (100) surfaces, but
due to very strong and weak interactions with Fe (ref. 102 and
104) and Cu,101–104 respectively, Co and Ni were deemed more
favorable.102 Experimentally, increasing Ni content in a Cu–Ni
system supported on g-Al2O3, had no effect on CO2 conversion
but decreased CO selectivity.120

Lu et al.121 observed that at low NiO loadings (<3%) on CeO2,
the particles were monodispersed on the ceria matrix and lead
to 100% selectivity towards CO from 400 to 750 �C, whereas
higher loadings lead to aggregation and lower CO selectivity
below 650 �C. Sun et al.122 observed similar results on Ni/Ce–
ZrO2, increasing Ni loading decreased CO selectivity and CO2

conversion, with the exception of 1% and 3% Ni, which
exhibited similar behaviors. In conclusion, Zr appears to lower
CO selectivity and CO2 conversion.121,122

Wang et al.64,123,124 demonstrated that different methods for
supporting Ni on CeO2 affect CO2 conversion and CO selectivity,
where the oxygen vacancies and highly dispersed surface Ni
species were found to have the leading role in the reaction
activity. The highest rWGS activity was observed on the catalyst
synthesized by impregnation because Ni is deposited as NiO,
which favors CO formation (as opposed to methane).64 The 1%
Ni/CeO2-impregnation catalyst achieved up to 45% conversion
49680 | RSC Adv., 2016, 6, 49675–49691
and 100% selectivity towards CO in a 1 : 1H2/CO2 ow at 750
�C.64 Comparing this result to other studies, it appears that
increasing Ni loading increases the activity of the catalyst. 2%
Ni/CeO2 showed stability for over 9 h and constant CO yield
(35% in a 1 : 1H2/CO2 ow) at 600 �C, and 45% CO selectivity at
750 �C,123 whereas 3% Ni/(Ce–Zr)O2 achieved 50% CO2 conver-
sion and 100%CO selectivity at 750 �C (in a 1 : 1H2/CO2 ow) for
80 h.122 Supporting nickel on SBA-15 did not have a signicant
impact on the catalyst activity,125 but incorporation of Cu in
a bimetallic Cu–Ni/SBA-15 system improved CO2 conversion
and CO selectivity,126 as expected.

Ko et al.127 also performed CO2 dissociation DFT studies on
different bimetallic alloy surfaces and determined that Fe alone
and Fe-containing bimetallic particles would be the most
favored to dissociate CO2 to CO and O. Unsupported Fe-oxide
NPs (10 to 20 nm) were tested for 19 h showing high stability
and medium CO2 conversion (�30%). The stability of the
sample could have originated from migration of C and O into
the catalyst bulk forming iron oxide and iron carbide, which
likely prevented the NPs on the surface from agglomerating.128

Kharaji et al.129 determined that the supported bimetallic Mo–
Fe/g-Al2O3 system increased the CO formation rates, CO2

conversion and CO selectivity when compared to the mono-
metallic versions of the catalyst (Fe/g-Al2O3 or Mo/g-Al2O3).129

The leading role of the conversion was attributed to Fe, whereas
Mo enhanced the stability of iron by increasing the electron
decient state of Fe species, enhancing catalytic activity.129

Addition of Ni to the Mo/Al2O3 system also showed increased
activity.130 Incorporation of Fe has also increased CO selectivity
in a Rh/TiO2 system, but greatly decreasing CO2 conversion.131

Porosoff et al.132 showed that adding Co into Mo2C enhances
CO2 conversion and CO selectivity at 300 �C when compared to
Pt–Co and Pd–Ni bimetallic NPs supported on CeO2. However,
Ni/Mo2C and Cu/Mo2C have shown higher CO2 conversion and
CO selectivity than Co/Mo2C catalysts.133

In2O3 has been found to inhibit CO production,134 but
bimetallic In–Pd NPs supported onto SiO2 have achieved 100%
CO selectivity on the rWGS,135 although with lower activities
than Pd/SiO2. DFT suggested that the bimetallic Pd–In NPs had
a weaker CO adsorption than Pd NPs, which suppresses the
possibility of further hydrogenating CO to CH4 on the bimetallic
system.135

3.1.5 Support effects. CO formation rates on Rh supported
on TiO2 increased two orders of magnitude when compared to
MgO, Nb2O5 and ZrO2 as supports.116 rWGS studies on a Pt/TiO2

system demonstrated that TiO2 was an active component in the
reaction; H2 reduction led to the formation of Pt–Ov–Ti3+ sites
(Ov ¼ oxygen vacancies).136 The reaction activity was inversely
proportional to the reducibility and crystallite size of TiO2.136

Sakurai et al.137 compared activities in Au NPs supported on
TiO2, Al2O3, Fe2O3 and ZnO at two system pressures (P¼ 0.1 and
5 MPa). TiO2 exhibited the highest activity at all reaction
conditions (T ¼ �123.15 to 126.85 �C). On this sample, CO
selectivity was increased at the lowest pressure tested. Al2O3 and
Fe2O3 also exhibited high activity at 0.1 MPa but it signicantly
decreased at 5 MPa, whereas ZnO had a low activity at both
system pressures.137
This journal is © The Royal Society of Chemistry 2016
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Between Pt/TiO2 and Pt/Al2O3, titania exhibited higher
activity and CO selectivity.138 Different lanthanide oxides were
tested as Pd supports for the reaction and the activity order was
found to be CeO2 > PrO2 > La2O3.139 When ceria has been
incorporated into an Fe/Mn/Al2O3 system, CO selectivity was
enhanced, but CO2 conversion was slightly decreased.140 Ceria is
almost 100% selective towards CO at T $ 550 �C,141 most likely
because at higher temperatures, the oxygen mobility of the
oxide increases. Oxygen vacancies of ceria have been proven to
play a leading role on the Pd/CeO2/Al2O3 system, because they
can re-oxidize with CO2, whereas the role of Pd is to enhance the
reduction of ceria.139Different shapes of cerium oxide have been
tested for the rWGS and it was found that the reaction in ceria is
not shape sensitive.141 Moreover, supporting Ni on ceria slightly
enhances CO2 conversion but signicantly improves CO selec-
tivity,141 as discussed in the previous section.
3.2 Oxide catalysts

The CAMERE process uses a rWGS reaction and a methanol
synthesis reactor to convert CO2 to methanol.33 The rst catalyst
proposed on the CAMERE process consisted of Cu NPs on
a ZnO/ZrO2/Ga2O3 support at 250 �C.33 Curiously, ZnO has been
shown to be inactive for rWGS at temperatures below 165
�C.97,142 A later CAMERE catalyst consisted of ZnO/Al2O3, which
showed enhanced stability (tested for over 100 h) at tempera-
tures above 700 �C.142 Themotivation for high temperatures was
to favor the reaction thermodynamics. Cu was removed from
the catalytic system likely because of low stability due to sample
loss from the Cu oxides' reduction.59 ZnO was tested at 600 �C
for 60 h and showed high deactivation. The ZnO/Al2O3 catalyst
exhibits less CO2 conversion at 600 �C but high stability for over
200 h,143 likely due to the formation of a ZnAl2O4 spinel.142,143

Theoretical CO2 adsorption and hydrogenation studies on
the In2O3 (110) surface suggested that In2O3 suppressed rWGS
due to weak CO2 adsorption144 and has also been found to
inhibit CO production.134 Incorporation of CeO2 in In2O3

increased CO2 conversion (at 500 �C in a 1 : 1H2/CO2 ow) from
Fig. 4 Schematic of the intensified reverse water gas shift-chemical loo
Chemical Society (from ref. 151).

This journal is © The Royal Society of Chemistry 2016
2.5% (In2O3) to 20% (In2O3 : CeO2, 1 : 3 w/w ratio) by increasing
oxygen mobility, adsorption of CO2 and generation of adsorbed
bicarbonate species.62 Similarly, incorporation of ceria into
Ga2O3 (Ga : Ce molar ratio of 99 : 1) increased CO2 conversion
by 1.3% when compared to Ga2O3 at the same conditions
described above.63 Both studies observed increased amounts of
adsorbed bicarbonate species,62,63 which were suspected to be
promoted by enhancement of oxygen mobility by ceria,62 but
neither study quantied CO selectivity or yield.

Perovskites with La on the A site and Cu145–147 or Co148 on the
B site have been studied for CO2 hydrogenation to methane and
methanol. CO formation was observed by Kim et al.149 with 97%
selectivity and almost 40% CO2 conversion at 600 �C and 1 bar,
on a BaZr0.8Y0.16Zn0.04O3 oxide. With a La0.75Sr0.25FeO3 perov-
skite (for synthesis method see150), we were able to achieve
a steady state conversion of 15% at 550 �C (Fig. 3). The sample
was reduced for 20 min at 10% H2/He and aer 20 min of
ushing (100% He), the rWGS reaction (10% CO2/10% H2/He)
was performed for 90 min. The obtained rate (1.53 millimol CO
per g P per min) was three orders of magnitude larger than
those of Goguet et al.112 and Chen et al.100 but at higher
temperatures. rWGS on perovskites, BaZr0.8Y0.16Zn0.04O3 (ref.
149) and La0.75Sr0.25FeO3 (this study) exhibited the added
advantage of nearly 100% CO selectivity without the use of
supported nanoparticles. A comparison of selectivity, conver-
sion and different reaction conditions for multiple catalytic
systems can be found in Table 2.

4. Intensified rWGS

The rst attempts to achieve an intensied rWGS process
emerged from combining chemical looping with DR, but
substituting CH4 by H2 due to its higher potential as a reducing
agent. In a chemical looping process, the ability of the oxygen
carrier to reduce and oxidize under the desired environments is
a key factor that can determine the feasibility of the process. In
the rWGS process combined with chemical looping, a metal
oxide is used as an oxygen carrier (Fig. 4). First, H2 is used to
ping process (rWGS-CL). Modified with permission from the American

RSC Adv., 2016, 6, 49675–49691 | 49683
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Fig. 5 CO formation as a function of cycle in the intensified rWGS-CL
process from ref. 150–153, 155 and 156.
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reduce the metal oxide. Subsequently, CO2 serves as an oxidant,
returning the metal oxide to an oxidized state while CO is
formed. The main advantages of an intensied rWGS-chemical
looping process (rWGS-CL) are eliminating the possibility of
methanation because the H2/H2O and CO/CO2 ows are kept
separate and inherent product separation,150–152 which drives
the equilibrium towards the products. In addition, no excess
hydrogen is required because the reactions involving the metal
oxide are stoichiometric.

Thermodynamic modeling and experimental screening of
transition metal oxides showed that Fe-based materials had one
of the best CO2 carrying capacities while having the ability to
function in the widest variety of temperatures.153,154 Najera
et al.153 observed signs of stability on a 40% w/w Fe-BHA (barium
hexaaluminate) porous sample on the intensied rWGS process
over 6 reaction cycles and Galvita et al.155 used a Fe2O3–CeO2

composite and found that adding ceria to iron oxide linearly
enhanced the stability of the solid solution, but decreased the
CO formation capabilities. The same group later studied
different weight loadings of Fe2O3 on an Al2O3–MgO system and
found that at low loadings of iron oxide (#30 wt%), the oxygen
storage capacity of the samples decreased, but these samples are
still preferred for CO2 conversion because of the high stability of
the structure that Fe, Mg and Al form during the redox cycles.156

The rWGS-CL process was demonstrated on La(1�X)SrXCoO3

perovskite oxides by Daza et al.,151 but at the studied tempera-
tures, the H2 reduction and CO2 conversion occurred with at
least 50 �C difference, so the process was not isothermal.
Reduced Fe-based spinels had been used previously for CO2

decomposition to C(s) and O2(g) at 300 �C.157,158 Based on this
result, the rWGS-CL process was further examined using
La0.75Sr0.25FeO3 and an isothermal process at 550 �C was ach-
ieved.150 By substituting cobalt with iron, the reducibility of the
material was signicantly decreased and it did not decompose
under H2 ow. However, the process was not fully stoichio-
metric, because even though oxygen vacancies were being
created, not all the vacancies were re-lled. DFT suggested that
the driving force for the CO2 bond cleavage was the increased
CO2 adsorption strength at the highest vacancies extent tested.
rWGS was tested on La0.75Sr0.25Fe(1�Y)CuYO3, but doping Cu
into the B site of the perovskite greatly increased its reducibility
and inhibited CO formation.152

CO formation was achieved on both cobalt- and iron-based
perovskites at similar reaction conditions, but the different
solid state reactions the oxides underwent suggest very different
reaction pathways. The high reducibility of the Co-based
perovskite151 lead to its reduction to base La2O3 andmetallic Co.
It is likely that CO2 then adsorbed in the basic lanthanum oxide
or lanthanum-based Ruddlesden–Popper phase and dissociated
in the metallic cobalt, turning the metal into cobalt oxide (CoO)
while yielding CO. On the iron-based material, a surface redox
mechanism between oxygen vacancies in the perovskite took
place, where CO2 was adsorbed on a lanthanum and oxygen
surface termination159 close to an oxygen vacancy, then CO2

could dissociate into CO and an O adatom that re-lls the said
oxygen vacancy.150 Introducing Cu into the Fe-based perovskite
increases the stability of the perovskite in its reduced state (aer
49684 | RSC Adv., 2016, 6, 49675–49691
forming oxygen vacancies), therefore reducing its oxygen
affinity and re-oxidation capabilities; consequently, the
observed outcome was a suppression of CO production because
CO2 was not able to re-oxidized the reduced copper oxide.152

Throughout the different studies with an intensied version
of the conventional rWGS reaction, the highest rates were ach-
ieved with Fe-containing solid solutions. A comparison of all
studies covered in this section is shown in Fig. 5. Even though it
has been shown before that Fe-oxides can decompose CO2 to
C(s) and O2,157,158 Fe-based oxides show the highest CO forma-
tion, and almost all materials shown in Fig. 5 contain a form of
iron. Only one study has tested selectivity towards CO (vs. C(s))
and the process is 30 times more selective towards CO.150 As in
conventional rWGS, high temperatures enhance the intensied
process for CO2 conversion. The materials with the highest CO
formation rates were tested at high temperatures and with high
loadings of iron. In addition to being performed at high
temperatures and containing a high loading of iron, the Fe2O3–

CeO2 mixture exhibited the highest CO formation rates likely
due to the high oxygen mobility of ceria.155 Curiously, even
though Cu is widely used as a catalyst for the forward and
reverse water gas shi reactions, Fe works best for the intensi-
ed process.
5. Mechanistic considerations
5.1 Copper surfaces and supported copper nanoparticles

Studies performed on Cu surfaces58,160 and supported Cu/ZnO
systems59 agreed that reaction orders (and therefore the rate
limiting step) vary with reaction conditions. Kinetic studies over
Cu (100) single crystals58 and commercial Cu/ZnO/Al2O3 (ref. 59)
demonstrated that the reaction orders with respect to PH2

and
PCO2

change with the partial pressures of the gases.
Ernst et al.58 and Ginés et al.59 studied the dependence of the

reaction orders for H2 and CO2 in the rWGS reaction. Both
This journal is © The Royal Society of Chemistry 2016
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studies agreed that at low PCO2
/PH2

(below 1/3 for ref. 59 and
below 1/10 for ref. 58), the reaction rate is highly dependent on
PCO2

(order of �1.1 (ref. 59) and 0.6 (ref. 58) for CO2) and
independent of H2 (0 order),58,59 likely due to a deconstruction of
the surface, which makes it more favorable for CO2 dissocia-
tion.58 At intermediate pressures (PCO2

/PH2
> 1/3 for ref. 59 and 1/

10 < PCO2
/PH2

< 1/2 for ref. 58), the studies disagree. Ernst et al.
state that within the mentioned pressure interval, the rate
depends strongly on PH2

and it is independent of PCO2
(0 order

for PCO2
), whereas Ginés et al. believe that the reaction rate is

dependent on both gases (order 0.3 for PCO2
and 0.8 for H2)

(Table 3). At very low PH2
, the surface coverage of H2 is lower and

cannot form the favored surface;58,59 therefore, the reaction rate
is highly dependent on PH2

(2nd order for PH2
).58 At higher PCO2

/
PH2

ratios, the rate is again linearly dependent on CO2 pres-
sure.58,160 High coverage of H atoms adsorbed on Cu surfaces
enhance CO2 conversion, regardless of whether hydrogen is
provided as molecular hydrogen (H2)58 or electrochemically
supplied (H+) in solid oxide fuel cells.161,162

Reaction rates for the rWGS on Cu(110) and Cu(111) surfaces
were comparable to Cu/ZnO except with high H2/CO2 partial
pressure ratios. This was consistent with results showing that
ZnO is not very active for rWGS97,142 (as mentioned in Section
3.2). In the high H2/CO2 partial pressures case, the CO2

decomposition mechanism seems to be aided by adsorbed H
adatoms, which can adsorb in the Cu/ZnO surface but not on
Cu(110) and Cu(111)160 (Fig. 6).

Even though dissociation of CO2 on the Cu atoms is
considered as the rate determining step,97 it is worth
mentioning that the probability for CO2 dissociation on H-
adsorbed Cu surfaces is two orders of magnitude larger than on
clean Cu surfaces.160 Therefore, surface modications by H have
been suspected to favor the reaction.160 Rates have increased by
one order of magnitude when supplying electrochemical
Table 3 Proposed rate expressions

Ref. Catalyst Expression

Kaiser et al.17 11% Ni/Al12O19
rm;pore ¼ h km;CO2

"
CCO2

� CCO C

rm,ext ¼ bAm,ext(CCO2
� CCO,eq)

rm;eff ¼
�

1

rm;pore
þ 1

rm;ext

��1

Ginés et al.59 CuO/ZnO/Al2O3

r ¼
k1 L0 P0

CO2

"
P0
H2

ð1� X

P0
H2

ð1� XÞ þ ffiffiffiffiffiffi
K2

p
P0
H2

1:5ð1

Chen et al.105 ALE-Cu/SiO2 r ¼ 21/2k4K1

1/2K
2

1/2K3PH2

1/2PCO2

1/2

Kim et al.138,b Pt/TiO2 and Pt/Al2O3
r ¼ kA kB Ct

�
PCO2

PH2 � PC�
kA PCO2 þ k_A PCO þ kB PH

a And other mathematical assumptions. b Redox mechanism and associa

This journal is © The Royal Society of Chemistry 2016
hydrogen (H+) in Cu electrodes in solid oxide fuel cells.162

Furthermore, in UHV conditions, no CO2 dissociation has been
observed.101

In general, addition of alkali metals may alter the catalytic
system reactivity.163 Adding K as a promoter in a Cu/SiO2 system
increases the amount of active sites by increasing the positive
charge on the catalyst surface,99 which has been found favorable
for the reaction because an increase in surface positive charges
is less favorable for CO adsorption and its reduction to methane
and other products129 (Fig. 6).
5.2 Interactions of supported platinum nanoparticles with
oxygen vacancies of supports

The rWGS mechanism on supported Pt/ceria systems has been
highly debated. Jin et al.107 determined that CO2 is converted to
CO on the interface between Pt and CeO2 (Fig. 7), but neither on
CeO2 nor Pt alone (between 100 and 300 �C). An important
observation from this study is that CO (resulting from CO2

decomposition) is adsorbed on Pt in the same way as if CO was
owed directly.107 This suggests that the transport and/or
desorption of CO and O species (aer CO2 dissociation) is not
the rate limiting step, but rather the dissociation of CO2 itself.

Formates have been observed as the most reactive interme-
diate in an inert atmosphere108 and when H2O is included in the
rWGS feed.111 Supplying electrochemical hydrogen (H+) in Pt161

electrodes in solid oxide fuel cells has enhanced rWGS rates,
likely supporting the claim of the formate route. Nevertheless,
steady-state isotopic transient kinetic analysis (SSITKA)
combined with diffuse reectance FT-IR spectroscopy (DRIFTS)
revealed that the main intermediate species are carbonates,
although the reaction could also take place through minor
formates and carbonyl intermediates109 (Fig. 7). CO2 adsorption
as carbonates has also been observed on solid–liquid interfaces
in the boundaries of a Pt/AlO3 system.110
Assumption

H2O CH2
�1

KC

#
Adiabatic. Only accurate if external or internal
mass transport occurs, in-between regimes are
approximations

Þ2 � P0
CO2

X 2

K

#

� XÞ1:5 þ P0
CO2

X

K2 K3

CO2 dissociation is the rate-determining step.
Rate deduced from Langmuir–Hinshelwood
kinetics

HCOO–2S / CO–S + OH–S is rate limitinga

O PH2O=Keq
�

2 þ k_B PH2O
� The adsorption of CO and H2O was excluded

and the dissociation/adsorption step was
excluded at low H2 pressure, 1 < P0

H2
=P0

CO2
< 4

tive mechanism.
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Fig. 6 Proposed rWGS mechanism on the Cu/K/SiO2 interface. Reproduced with permission from Elsevier (from ref. 99).
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There is, however, some agreement on the importance of the
oxygen vacancies in the support. CO2 is believed to adsorb on
a ceria vacancy107,109 near a platinum/ceria boundary109 or
a platinum step.164 Goguet et al.109 proposed that aer CO2

dissociative chemisorption (to CO and Oa), one Oa re-lls
Fig. 7 Proposed rWGS mechanism on the Pt/CeO2 interface. Reproduce

49686 | RSC Adv., 2016, 6, 49675–49691
a vacancy and either CO is desorbed or it can migrate to the Pt
surface and desorb from there109 where the amount of CO2

decomposition depends on the oxidation state of the local CeO2

interface.107 Even in solid–liquid interfaces on Pt island lm
deposited on a Al2O3 lm, the mechanism for rWGS is
d with permission from the American Chemical Society (from ref. 109).

This journal is © The Royal Society of Chemistry 2016
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Fig. 8 Oxidation of La0.75Sr0.25CoO3 previously reduced with 10% H2/
He at 600 �C for 30 min (total flow rate 50 sccm). (a) Oxidation with
CO2 forming CO. (b) Oxidation with H2O forming H2. (c) Consumption
of O2.
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suspected to involve an O adatom (formed from CO2 dissocia-
tion), which can rell an Al2O3 surface vacancy or recombine
with adsorbed H.110

The redox mechanism has been proved by Kim et al. on Pt/
TiO2

138 and it is suspected to follow mostly a carbonate route, as
described by Goguet et al.109 on oxygen-mobile supports. On the
contrary, on non-reductive supports (i.e. Al2O3), the carbonyl
route is suspected to occur.139

The observation of different spectator species under
different reaction conditions suggests that the forward
and backwards WGS mechanisms could be different (on Pt/
ceria).111
5.3 Role of support

Primarily, the role of support effects on the rWGS mechanism
has been focused on oxygen conduction materials such as ceria
and perovskite-type oxides. The Au/CeO2 system was proven to
be more active than the Au/TiO2 due to the higher oxygen
mobility of ceria165 and its ability to be re-oxidized by CO2.139

This oxygen exchange can take place simultaneously (as in
rWGS) or subsequently (as in rWGS-CL).165 In2O3 has been
shown to be promising for CO2 hydrogenation.144,166 On In2O3–

CeO2 catalysts, a volcano-type relationship between oxygen
vacancies formation (increasing CeO2) and reactive sites
(increasing In2O3) was demonstrated.62 When the ratio of oxides
was 1 : 1, the activity of the rWGS was maximized and no side
products were observed.62 CO2 can dissociate on the oxygen
vacancies of ceria and on the Ni surface in a Ni/CeO2 catalytic
system.141 H2 in the reaction would form more oxygen vacancies
on the ceria, but its reduction is suspected to be catalyzed by
Ni,141 similar to the mechanism on Pt/CeO2 systems.139

We studied re-oxidation of pre-reduced La0.75Sr0.25CoO3

(Fig. 8) and found that the reactivity of the oxidant was O2 > H2O
> CO2. Given the prior results from Wang et al., which suggest
This journal is © The Royal Society of Chemistry 2016
that the nature of the oxygen deposited on the reduced ceria
surface is similar, whether it came from CO2 or O2 re-oxida-
tion,165 our results suggest that dissociation of CO2 is the rate
determining step, and not the Oa migration or H2 dissociation,
in agreement with Ernst et al.58
6. Material selection and design
principles

A fair and thorough comparison of catalysts is cumbersome
because experimental conditions vary widely and in a substan-
tial number of cases, complete information is not reported (i.e.
missing rates, conversions or yields). Supported platinum has
achieved higher conversion than supported copper at 500 �C.61

However, Cu-based catalysts are generally preferred due to their
low cost, high metal abundance and because Pt is highly
susceptible to CO poisoning and coke formation.112 The
poisoning effect has also been observed on Pt and Ru/Pt alloy
electrodes on PEMFCs.113 Among the supports, ceria has been
shown to play a key role on the reaction due to its high oxygen
mobility.107,109,165 Furthermore, catalytic research is progressing
into a material design approach, so that control of metal and
support surface faceting, support vacancy amounts and loca-
tions for tuning surface properties, is probably on the horizon
for rWGS catalysis.

In addition, combining Cu and ceria components seems
a natural idea. Cu supported on ceria has been previously
studied for CO oxidation167,168 but recently, Rodriguez et al. have
shown higher selectivity towards rWGS (vs. methanol or
methane formation) on ceria supported on Cu surfaces169 and
Cu deposited on ceria and titania.170 Therefore, it would likely
be advantageous to thoroughly study Cu/ceria systems for the
rWGS reaction.
7. Summary and outlook

The rWGS is a promising reaction with high potential use in the
near future for the large-scale conversion of CO2 to CO, provided
that a technology for production of renewable H2 in large scale
is also available. The rWGS reaction also requires lower
temperatures (�200 �C lower) than other conversion technolo-
gies that could meet the scale of CO2 emissions. Being only
slightly endothermic, the current challenge for rWGS use in fuel
synthesis lies in designing materials that can achieve high CO
selectivity and high production rates. Intensication strategies
have recently been proposed to circumvent thermodynamic and
kinetic limitations by using chemical looping to perform stoi-
chiometric reactions rather than catalytic ones. Even though
a large number of materials have been studied for the reaction,
improvement is still possible. Some reports are oen missing
key information that allows for an equitable comparison and
the effect of non-concentrated CO2 has not been studied.
Furthermore, if the rWGS reaction was to play a major role on
the reduction of atmospheric CO2 concentration, a catalyst with
earth-abundant materials would be preferred.
RSC Adv., 2016, 6, 49675–49691 | 49687
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In the interest of adopting earth-abundant metals, iron
oxides could be a good substitute for ceria. Fe oxides are also
known to have high oxygen mobility and stability, and when
added to a Cu system, have increased the rWGS reaction
activity.60,95 In a system where Cu particles were to be supported
on an iron oxide, Cu would provide high activity for CO
formation, whereas Fe oxide would ideally bring high stability
and high CO2 adsorption.104 MoC and CoMoCmaterials are also
of interest due to their lack of precious metals and the conve-
nience of employing industrially used metals.
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and J. Pérez-Ramı́rez, Energy Environ. Sci., 2013, 6, 3112.

38 International Renewable Energy Agency, IRENA, Renewable
Energy Cost Analysis, Concentrating Solar Power, 2012, http://
www.irena.org/menu/index.aspx?mnu¼Subcat&PriMenuID¼
36&CatID¼141&SubcatID¼233.

39 J. A. Turner, Science, 2004, 305, 972.
40 A. Hauch, S. D. Ebbesen, S. H. Jensen and M. Mogensen, J.

Mater. Chem., 2008, 18, 2331.
41 J. Kim, C. A. Henao, T. A. Johnson, D. E. Dedrick,

J. E. Miller, E. B. Stechel and C. T. Maravelias, Energy
Environ. Sci., 2011, 4, 3122.

42 J. Kim, T. A. Johnson, J. E. Miller, E. B. Stechel and
C. T. Maravelias, Energy Environ. Sci., 2012, 5, 8417.

43 A. Taheri, E. J. Thompson, J. C. Fettinger and L. A. Berben,
ACS Catal., 2015, 5, 7140.

44 U.S. E.P.A., Global Anthropogenic Non-CO2 Greenhouse Gas
Emissions: 1990–2030, O.o.A.P.C.C. Division, U.S.
Environmental Protection Agency, Washington, DC, 2012.

45 N. H. Elsayed, N. R. M. Roberts, B. Joseph and J. N. Kuhn,
Appl. Catal., B, 2015, 179, 213.

46 J. Skrzypek, M. Lachowska and D. Seran, Chem. Eng. Sci.,
1990, 45, 89.

47 Q. Zhai, S. Xie, W. Fan, Q. Zhang, Y. Wang, W. Deng and
Y. Wang, Angew. Chem., Int. Ed., 2013, 52, 5776.

48 H. Zhou, J. Guo, P. Li, T. Fan, D. Zhang and J. Ye, Sci. Rep.,
2013, 3, 1667.

49 F. G. Acién Fernández, C. V. González-López,
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