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The reverse water-gas shift (RWGS) reaction offers a promising pathway for CO2 utilization by converting CO2 and H2

into CO and H2O. This review explores the thermodynamic challenges of the RWGS process, emphasizing the need for
high temperatures to suppress side reactions such as methane and coke formation. For catalytic RWGS reaction, reaction
mechanism and catalytic materials are discussed together with kinetic models to provide an insight into RWGS perfor-
mance under varying conditions. Catalyst deactivation mechanisms, particularly metal sintering and coke deposition, are
addressed, with strategies for enhancing catalyst longevity throughmaterial optimization. RWGS applications are discussed,
demonstrating the potential for integrating RWGS into industrial settings.
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1 Introduction

The effect of human-induced climate change, such as ris-
ing sea levels, more frequent and intense extreme weather
events, and changing ecosystems, are some of the main
challenges of the current and future generation [1, 2].
The constant rise of global greenhouse gas concentrations,
driven by emission of carbon dioxide (CO2) and other
greenhouse gases, is linked to the combustion of fossil fuels
as well as their use in industrial processes [1]. While many
CO2 sources can be eliminated by rigorous electrification,
e.g., in the energy and mobility sector [3], decarboniza-
tions may not be practicable for a large number of industrial
processes.
This is particularly true for the chemical industry, which

accounts for approximately 5 % of global greenhouse gas
emissions. Carbon-based educts are essential in this sector
because they serve as feedstock for carbon-based products,
resulting in unavoidable CO2 emissions [4]. Since carbon
and CO2 cannot be entirely avoided in these processes, recy-
cling them within a circular economy is crucial to achieve
a climate-neutral society by 2050, as envisioned by the
European Green Deal [5].
The catalytic reverse water-gas shift (RWGS) reaction,

which converts CO2 and H2 into CO and the by-product
H2O as described in Eq. (1), holds significant promise for
a sustainable chemical industry. This reaction provides a
crucial link between carbon capture and utilization (CCU),
green hydrogen production by water electrolysis, and well-
known processes based on synthesis gas to produce basic

chemicals such as methanol and acetic acid as well as poten-
tial substitutes for fossil fuels via Fischer-Tropsch synthesis
as illustrated in Fig. 1 [6].

CO2 + H2 � CO + H2O; �RH0 = 42.1 kJ · mol−1 (1)

CO2 is significantly more stable than CO, being the high-
est oxidation state of carbon and therefore possessing the
lowest energy level [7]. This results in a high energy demand
to convert CO2 into other molecules (activation energy).
The required energy can either be supplied by other high-
energetic reactants such as H2 or through external sources,
e.g., thermal energy, electricity or light [8]. However, in pro-
cesses like the phosgene synthesis or acetic acid production,
hydrogen as a chemical energy carrier is not involved and
reaction temperatures are too low for thermal activation of
CO2 [9, 10]. Consequently, CO2 has to be activated in a sep-
arate step, e.g., via RWGS reaction, before it can be used
as a feedstock for these synthesis reactions. For other pro-
cesses, e.g., Fischer-Tropsch synthesis, the deployed catalysts
are not suitable for a direct use of CO2 as reactant.

Some processes can utilize CO2 and H2 directly as a feed-
stock – for instance, methanol synthesis [11] or methanation
via the Sabatier reaction [12] – but the upstream activation
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Figure 1. Reverse water-gas shift as a link between carbon capture and basic chemical industry based on [6].

of CO2 into CO offers several advantages. When methanol
or methane are synthesized from CO hydration instead of
CO2 hydration, less water is produced. This leads to a more
favorable equilibrium composition according to Le Chate-
lier’s principle [13], and an increased reaction rate due to
the higher reactivity of the CO molecule compared to CO2
[14]. Moreover, in methanol synthesis, the presence of H2O
as a byproduct when using a CO2-based feedstock is known
to accelerate catalyst deactivation, thereby reducing catalyst
lifetime [15–18]. Therefore, the implementation of RWGS
and water separation before the respective synthesis reac-
tion could be advantageous compared to the direct synthesis
using CO2.
Converting CO2 and H2 into synthesis gas also offers

practical advantages for introducing renewable feedstocks
into established industries. Already existing plants that are
designed for conventional synthesis gas and large-scale
operation can continue to be operated either by fully sub-
stituting fossil fuel-based synthesis gas with CO2- and
H2-derived synthesis gas or through partial integration.
Such approaches minimize the initial investment required
for new plants, making the transition more economically
viable.
Today, the RWGS reaction is primarily utilized and well-

established in the reverse direction, namely, towards CO2
and H2 (water-gas shift; WGS). In this case, the main
purpose is to increase the hydrogen content in synthesis
gas production to adjust the stoichiometric H2-to-CO/CO2
ratio to suit subsequent synthesis processes [19, 20]. Exam-
ination of the reaction conditions of the RWGS and the

WGS reveals a notable difference in the temperatures that
need to be applied for the different processes. RWGS is
more favorable at high temperatures due to its endothermic
nature [14], whereas WGS is thermodynamically preferred
at lower temperatures [20]. This disparity highlights the
limited applicability of well-established knowledge from
WGS to RWGS. For this reason, this review paper aims
to provide an overview of the current scientific investiga-
tions in literature in the area of thermodynamics, catalysts,
reaction kinetics, and the technological readiness of var-
ious RWGS implementation approaches across different
scales.
Although this review focuses on catalytic RWGS, it is

important to note that significant research efforts are being
directed towards alternative process routes. These include
thermal RWGS, plasma RWGS, solar-induced RWGS, and
biological RWGS. For more information on these alternative
approaches, readers are referred to the available literature
[14, 21–24].

2 Theoretical Background and
Thermodynamics of the RWGS Reaction

When considering a gas mixture of the reacting components
in Eq. (1), it becomes evident that the RWGS reaction is
not the only possible reaction, depending on the applied
temperature. Other possible reactions include the metha-
nation of CO2 (Sabatier reaction) and CO into methane
(CH4). Once CH4 is involved in the reaction system, the
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Figure 2. Reaction Gibbs free
energy for selected reaction
under RWGS conditions with
equimolar ratio of CO2 and H2.

dry reforming reaction may also occur, where CO2 and CH4
react to form CO and H2. Since RWGS reaction imple-
mentations typically involve elevated temperatures, coke (C)
formation must also be considered. Coke can be produced
from the pyrolysis of CH4, as well as from the reverse het-
erogeneous WGS reaction, in which CO and H2 react to
solid carbon and H2O. Additionally, coke formation can
occur through the Boudouard reaction, where CO dispro-
portionates into C and CO2, and the Bosch reaction, where
coke is formed from CO2 and hydrogen. These competing
reactions, particularly at high temperatures, underscore the
complexity of the RWGS reaction systems [25, 26].
Fig. 2 illustrates the change in Gibbs free energy (reac-

tion Gibbs free energy, �RG) for some of the previously
mentioned reactions as a function of reaction tempera-
ture, calculated using the non-random two-liquid (NRTL)
equation-of-state in Aspen plus [27]. Reactions not included
in Fig. 2 are the steam reforming reaction, the Bosch
reaction, and the reverse gasification reaction. The first
two are omitted because they represent a combination of
other depicted reactions (CO2 hydration and reverse het-
erogeneous WGS) with the RWGS reaction. The reverse
gasification reaction is excluded due to its significantly
higher order of magnitude in the reaction Gibbs free energy,
making its occurrence unlikely compared to the other
reactions.
The Gibbs free energy G is a variable of state, describ-

ing the thermodynamic potential of a system according to
Eq. (2) [28]. It depends on the system temperature T, system
pressure p, the composition {Ni}, and the system entropy S

[29]. The change in Gibbs free energy, �RG, therefore pro-
vides a prediction of the thermodynamic favorability of a
chemical reaction and is directly linked with the chemical
equilibrium constant, Keq, via Eq. (3), with the universal gas
constant R and the reaction temperature T. For reactions
where the change in Gibbs free energy value is less than
zero, the total entropy of the system in a stoichiometric ratio
increases, resulting in a spontaneous reaction without the
need for external energy input [27, 28].

G (T, p, {Ni}) = H(T, p, {Ni}) − TS (2)

Keq = e
−�RG
R·T (3)

The Gibbs free energy for the stoichiometric RWGS reac-
tion becomes negative only at temperatures above 800 °C.
This indicates that for efficient CO production from CO2
either high temperatures or a high hydrogen concentration
must be applied, as dictated by Le Chatelier’s principle [29].
Furthermore, the change of the Gibbs free energy of the
RWGS reaction exhibits only a minor negative gradient,
suggesting that raising the temperature has a limited effect
of increasing the equilibrium concentration of the desired
product CO.

By-products such as methane and coke must also be
considered. Methane can be produced through the hydro-
genation of CO and CO2. Although both reactions have
a positive Gibbs free energy at the elevated temperatures
required for efficient RWGS, large concentrations of CO
and CO2, combined with abundant H2, drive the chemical
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Figure 3. Equilibrium composition for different temperatures (A) and (absolute) pressures (B) for a feed CO2 to H2 molar ratio of 1:3.

equilibrium towards methane formation. This effect is fur-
ther amplified under elevated pressure, which may be
necessary for downstream synthesis reactions and achieving
feasible plant sizes [13, 29].
Similarly, the Boudouard reaction and the reverse hetero-

geneous WGS reaction can lead to coke formation from CO.
Despite their positive Gibbs free energy, high concentrations
of CO/H2 and elevated pressure can promote coke forma-
tion. Additionally, once methane is present in the system,
coke formation via methane pyrolysis becomes possible, as
this reaction has a negative Gibbs free energy at reaction
temperatures of T > 500 °C.
Coke formation is generally undesirable in catalytic pro-

cesses as it reduces the active surface area of the catalysts,
causes blockages inside the reactor and downstream equip-
ment, and leads to metal dusting corrosion [30]. Metal
dusting corrosion involves the formation of metal carbides
(M3C) through the interaction of metals with carbon on
metal surfaces. These carbides diffuse to the graphite sur-
face and detach, causing irreversible material degradation,
even if the graphite is removed regularly [31].
While coke formation via methane pyrolysis can be miti-

gated by suppressing methane formation through high reac-
tion temperatures [32], coke formation from the Boudouard
reaction and the reverse heterogeneous WGS reaction can
potentially be suppressed by a high surplus of CO2, pro-
moting the Boudouard reaction towards CO or a high
concentration of H2O to promote the heterogeneous WGS
reaction (steaming). However, both strategies pose chal-
lenges for RWGS efficiency. Most of the CO2 is desired to
convert into CO and H2O shifts the chemical equilibrium
of the RWGS reaction back towards CO2.
Fig. 3A shows the calculated equilibrium composition

based on the Gibbs free energy for a feed with a CO2-to-H2
molar ratio of 1:3. This ratio is representative of conditions
typically used for subsequent processes such as methanol
synthesis or Fischer-Tropsch synthesis.

It can be observed that even at ambient pressure a tem-
perature above 800 °C is necessary to completely suppress
CH4 in chemical equilibrium. At temperatures exceeding
800 °C a further increase in temperature has only a limited
effect on the CO-to-CO2 ratio as indicated by the reaction
Gibbs free energy in Fig. 2. The reachable CO2 conversion in
equilibrium at ambient pressure is therefore limited to about
80 % meaning a CO molar fraction of 20 % in equilibrium.
The notable amount of coke below 250 °C is assigned to
Boudouard reaction and heterogeneous WGS reaction that
have negative reaction Gibbs free energy.
Fig. 3B illustrates the impact of reaction pressure on

CO and CH4 concentration in chemical equilibrium for a
CO2-to-H2 molar ratio of 1:3. According to Le Chatelier’s
principle, the mole-reducing CO2 hydration reaction ben-
efits from an increased system pressure, which reduces the
amount of CO2 and H2 available for conversion into CO
and H2O via the RWGS reaction. Consequently, CO2 con-
version to CO decreases as pressure increases, even though
the RWGS reaction itself is unaffected by pressure because
the number of molecules remains constant throughout the
reaction. As mentioned before, when CH4 is present at
temperatures above 500 °C, negative reaction Gibbs free
energy for methane pyrolysis indicates coke formation. Con-
sequently, the reaction temperature has to be significantly
higher than 800 °C for RWGS under pressure.
Coke formation during the RWGS reaction can be mit-

igated at high temperatures; however, it remains an unde-
sired side reaction when the CO-containing product gas is
cooled down for downstream processes. At temperatures
below 650 °C, the Gibbs free energy of the heterogeneous
WGS reaction and the Boudouard reaction becomes neg-
ative, promoting coke formation. This can result in heat
exchanger blockages and a subsequent pressure increase [33,
34]. To prevent coke formation during the gas cooling pro-
cess, the temperature must be reduced rapidly. However, this
rapid cooling poses challenges for efficient heat recovery.

www.cit-journal.com © 2025 The Author(s). Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. , , No. 0, 1–22
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In conclusion, temperature is a critical parameter of the
RWGS reaction – not primarily to boost the RWGS reaction
but to suppress methane and coke formation. This becomes
even more pronounced at elevated reaction pressures, which
may be necessary for downstream processes. As an example,
at a pressure of 20 bar, that would be suitable for subse-
quent Fischer-Tropsch synthesis, reaction temperature must
exceed 1100 °C. To achieve this temperature, a high energy
input is necessary that can be supplied thermally by partial
combustion of hydrogen [35] or electrically, e.g., in plasma
RWGS [36]. Another approach is the introduction of CO2
and H2 into other high-temperature processes such as par-
tial CH4 oxidation, as investigated in the Scoore project
[37].
A process option considered more frequently is the cat-

alytic RWGS reaction. Specific reactions can be promoted
or suppressed based on their activation energy, which acts as
a kinetic barrier. This barrier is determined by the reaction
mechanism, which can be influenced or modified through
the use of different catalytic materials [15, 20]. Suppressing
CH4 formation at low temperatures allows for more CO2
to remain available for conversion into CO. In this case, a
highly active and selective catalyst can enable a high CO
yield at temperatures significantly lower than 800 °C. Thus,
beyond chemical equilibrium considerations, the reaction
mechanism and reaction kinetics of the catalyzed RWGS
are critical for determining optimal reaction conditions and
the achievable product composition. In addition to product
composition, operating the RWGS reaction with a catalyst
at lower temperatures offers several advantages by lowering
the energy input that is necessary to reach the desired prod-
uct composition and lowering the equipment costs. High
reaction temperatures in contrast present challenges for the
catalyst, as catalyst activity tends to decline over time due to
deactivation processes such as catalyst sintering and phase
separation [38–40].

3 Reaction Kinetics and Catalysts for
Reverse Water-Gas Shift

The performance of catalytic CO2 activation via RWGS
relies heavily on the choice of the catalytic material. It
determines the dominant reaction mechanism and reac-
tion kinetics as well as optimal reaction conditions and
achievable product composition. This chapter presents pos-
sible mechanisms of CO2 activation on catalytic surfaces,
detailing the adsorption processes, reaction pathways, and
subsequent desorption of intermediates. A comprehensive
exploration of catalyst materials and their modifications
is provided, aiming to enhance selectivity, efficiency, and
stability of the active material. Furthermore, the chap-
ter addresses reaction kinetic models and catalyst stability,
offering insights into the long-term performance and degra-
dation mechanisms of catalytic systems for RWGS reaction.

For the comparison of different catalysts for RWGS, two
measures are used: CO2 conversion XCO2 that describes the
number of moles of CO2, nCO2, that remain after the reac-
tion with respect to the initial amount of moles of CO2,
nCO2, 0, as described in Eq. (4), and CO selectivity, SCO,
according to Eq. (5), which describes the number of moles of
CO that are formed during the reaction, (nCO − nCO,0), com-
pared to the total amount of CO2 that has been converted
into product molecules, (nCO2,0 − nCO2).

XCO2 = nCO2,0 − nCO2

nCO2,0
(4)

SCO = nCO − nCO,0

nCO2,0 − nCO2

(5)

3.1 RWGS Reaction Mechanism

The first step of CO2 activation via catalyzed RWGS is the
adsorption of CO2 onto the catalytic surface. Chemisorption
is considered the dominant adsorption mechanism at rele-
vant temperatures (>25 °C) [41]. Since the CO2 molecule
consists of two oxygen atoms with lone pairs of electrons
and one carbon atom without lone electrons, there are three
possible adsorption structures on the catalyst surface, as
illustrated in Fig. 4.
1. Oxygen as an electron donor: The oxygen atoms can
donate electrons to an electrophilic Lewis acid site on
one or two active centers (Fig. 4C and Fig. 4D illustrate
adsorption on two active centers).

2. Carbon as an electron acceptor: The carbon atom can
accept electrons from a nucleophilic Lewis base site on
a single active center (Fig. 4A).

3. Mixed coordination: A combination of oxygen-donating
and carbon-accepting electrons is also possible, either on
one or two active centers (Fig. 4B illustrates adsorption
on two active centers).
In addition to the direct adsorption on an active surface

site, the CO2 molecule can also interact with surface hydro-
gen bonds, free hydrogen ions, or a surface hydroxyl group
to form a surface carbonate [22, 23]. During adsorption,
the linear CO2 molecule bends due to strong valence forces,
which lowers the electron acceptance barrier and enables the
subsequent surface reaction steps [22, 42].

After adsorption of the CO2 molecule, that is considered
the rate-determining step [43], there are two accepted theo-
ries for the kinetic mechanism of CO2 conversion into CO
via RWGS as indicated in Fig. 4.
1. Direct dissociation of the CO2 molecule on the surface of
a catalytic material via a redox mechanism. For direct dis-
sociation, it is assumed that the CO2 molecule is reduced
by an electron donor on the surface (metal or oxygen
vacancy). The CO molecule is released and in a second
step the oxidized active center is reduced by hydrogen to
its initial state [44–46].

Chem. Ing. Tech. , , No. 0, 1–22 © 2025 The Author(s). Chemie Ingenieur Technik published by Wiley-VCH GmbH www.cit-journal.com
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Figure 4. Proposed reaction
mechanism for RWGS reaction:
Adsorption structures, surface
intermediates, and desorption
based on [44–46].

2. H2-mediated dissociation where CO2 forms a surface
intermediate containing hydrogen [14]. When hydrogen
is directly involved in the CO2 dissociation, a surface
intermediate is formed. Depending on the catalyst mate-
rial and the reaction conditions, different reaction paths
can be considered. In the formates reaction route, one
oxygen atom acts as an electron donor to the active
site while donates electrons to the carbon atom, forming
formic acid. Hydrogen then recombines with adsorbed
oxygen to form a surface hydroxyl group, and CO is
released. Another possible reaction pathway is the forma-
tion of formyl. In this case, the carbon atom is directly
linked to the surface and acts as an electron acceptor.
Additionally, carbonates can be formed as surface inter-
mediates that are sequentially disassembled to formates
and eventually CO [44–46].
Both mechanisms (direct dissociation and H2-mediated

dissociation) are observed across different catalytic mate-
rials to varying extents [47–52]. For the H2-mediated
dissociation, the formyl route is typically the primary path-
way considered [46]. Although formate species have been
detected on various catalytic surfaces [53], they are often
considered to act as a spectator species due to their high sta-
bility [54–57]. The dominance of either direct dissociation
or H2-mediated dissociation depends on several factors: the
oxygen affinity of the catalytic material, the crystallite prop-

erties, the reaction conditions, and the oxygen and hydrogen
coverage of the active surface [46].
The reaction mechanism described for the H2-mediated

RWGS reaction path is identical to the initial reaction steps
proposed for methanation and methanol synthesis from
CO2 [22, 58, 59], that employ similar catalyst materials. It
is unsurprising that catalysts promoting the H2-mediated
reaction path over direct dissociation tend to exhibit higher
selectivity towards CH4 than materials favoring the direct
dissociation mechanism [60–62]. Other synthesis routes,
such as those producing ethanol, ethylene, ethylene glycol,
and various aldehydes, are assumed to begin with adsorbed
CO species [22]. This poses two significant challenges for
the RWGS reaction: firstly, the desired product is used to
form a byproduct resulting in a decrease in selectivity, and
secondly, the formation of a byproduct is effectively block-
ing active centers for CO production, resulting in a decrease
in conversion rate. For instance, Qi et al. [52] demonstrated
that methanation is energetically favorable on all metals that
have been studied. Methanation not only blocks active sites
required for H2-mediated dissociation of CO2 to CO but
also competes for active sites involved in direct dissociation
on Pt, Pd, Co, Fe, Ru, and Rh.
A potential solution to increase CO selectivity involves

minimizing the contact time between catalyst and the react-
ing gas [63–66]. This approach forces multiple reactant

www.cit-journal.com © 2025 The Author(s). Chemie Ingenieur Technik published by Wiley-VCH GmbH Chem. Ing. Tech. , , No. 0, 1–22
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Table 1. Proposed sequences of catalyst activity of different materials from high to low activity for RWGS reaction.

Catalyst activity Method Source

Rh > Ni > Pt > Pd > Cu > Ag DFT study [46]

Rh, Ni > Pt, Pd > Cu > Co > Ru > Fe DFT study with microkinetic modeling [52]

Pt > Pd > Ni > Fe, Cu Experimental investigation, electric field-assisted [78]

Ni > Cu > Co > Fe Experimental investigation [79]

Cu > Co Experimental investigation [80]

molecules to compete for a limited number of active sites,
promoting the desorption of formed CO. Similarly, loading
only small amounts of active metal onto the catalyst car-
rier achieves the same effect. Ranjbar et al. [67] compared
different Ni-loadings in a MgO carrier and found that the
selectivity towards CO almost reaches 100 % for a 2 % Ni
load on MgO compared to around 50 % CO selectivity for a
15 % Ni loading at 400 °C. The same effect was observed for
TiO2-supported Rh catalysts [68]. However, both strategies,
namely, short contact times and low metal loadings, come
with the drawback of reduced CO2 conversion, decreasing
the RWGS reaction efficiency [64, 67].
The size of metal crystals on the support material

also affects CO selectivity. Larger crystal diameters favor
CH4 production [69–71], while smaller crystals enhance
CO selectivity [68]. This may be because CH4 formation
requires more surface hydrogen than CO formation, and
larger structures provide more active sites for hydrogen
dissociation.
To achieve both high CO selectivity and efficient CO2

conversion, research is focusing on optimizing the active
material, support structure, and doping elements. The aim
is to develop catalysts that balance these competing factors
to improve overall performance.

3.2 Catalyst Materials for RWGS

Many materials have been identified to catalyze the RWGS
reaction, including Pt, Pd, Au, Cu, Co, Rh, Ru, Ni, Mo, and
Fe. Current research on catalytic material focuses on com-
bining these metals with support materials, doping agents,
and multi-metal systems [72], as well as optimal catalyst
loadings and metal crystal sizes [70]. Since this review aims
to provide a condensed overview of critical aspects of the
RWGS reaction, a detailed overview of recent studies is not
included here. Instead, general trends in catalytic systems
will be highlighted. For comprehensive reviews on catalyst
development the readers are referred to available literature
[14, 24, 72, 73].
For the pure active material in crystallite form, various

working groups have proposed different rankings for the
catalyst activity, summarized in Tab. 1. Although there are
some inconsistencies, the general order can be identified
to Rh and Ni as the most active catalyst materials, Pt, Pd,
Cu, Co as intermediate active catalysts, and Fe and Ag with

lower catalytic activity. In addition to transition metals, cer-
tain metal carbides, such as Mo2C [74–76] andWC [77] also
exhibit catalytic activity for RWGS reaction.

The order of catalytic activity presented in Tab. 1 can be
linked to the interaction between the catalyst material and
the oxygen atom of the adsorbed CO2. As previously dis-
cussed, this interaction influences the extent to which CO2
is dissociated directly or via H2 mediation. It also affects
the activation energy of dissociation and, consequently, the
activity of the catalyst. Dietz et al. [46] observed that the
commonly reported catalytic activity order correlates with
the oxygen affinity of the catalyst material (Ni < Rh < Cu
< Pd < Pt < Au). This finding suggests that direct dissoci-
ation of CO2 into CO is advantageous for achieving a high
catalyst activity and CO selectivity. Therefore, doping and
support material should be chosen to enhance the oxygen
affinity of the catalyst material.

Catalyst doping involves incorporation of hetero-atoms
(promoters) into the host lattice of a catalytic material to
enhance its activity, selectivity, and stability [81]. Two dif-
ferent types of catalyst doping can be differentiated: alkali
(metal) doping and doping with another transition metal to
form a bimetallic catalyst [14].

3.2.1 Bimetallic Catalysts

One of the most studied bimetallic catalysts is ZnO-doped
Cu, which is also widely used in methanol synthesis. ZnO
doping has been shown to increase the dispersion of Cu on
the carrier material and stabilize the catalyst surface dur-
ing reaction [82]. Regarding hydrogen, ZnO is assumed to
be hydrated and hydroxylated through interaction with spilt
hydrogen. This results in a mobile ZnO-hydroxyl species
that enhances copper activation and catalyst activity [83].
The activity of a Pt/Co bimetallic catalyst exhibits the activ-
ity of both Pt and Co catalyst, while the selectivity slightly
decreases [84]. Similar synergetic effects, where the cata-
lyst activity of the mixture surpasses that of the individual
metals, have been reported for the material combinations of
Cu/Fe [85–87], Ni/Fe [88], as well as Fe/Mo [89]. However,
the combination of Pt/Ni significantly reduces the selec-
tivity towards CO. Despite its higher activity compared to
Pt/Co, the overall CO formation rate is lower [84]. In this
case, the increased catalyst activity is related to the increase
of the d-band center [84]. The higher the center of the
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d-band relative to the fermi-level, the stronger the bond of
the gas molecule (CO2) at the surface of a transition metal
[90]. In addition, doping Fe/Al2O3 with Co or Ni enhances
catalyst activity and CO yield compared to the undoped
Fe/Al2O3 catalyst. This improvement is attributed to better
reducibility of the doped catalyst [91].
As before mentioned, metal carbides also exhibit catalytic

activity for the RWGS reaction. However, their performance
is highly dependent on catalyst doping: The activity of pure
Mo2C becomes significant only at temperatures above over
400 °C, where it achieves about 1/4 of the activity of the
Cu/ZnO/Al2O3 catalyst. With the addition of 1 % Cu into
the Mo2C matrix, the catalyst becomes active at 300 °C
with a higher catalytic activity compared to Cu/ZnO/Al2O3
catalyst [76]. This improvement is attributed to strong
metal-support interactions, which enable electron transfer
from Cu to the Mo2C [14]. The high dispersion of Cu on
Mo2C also contributes to increased stability compared to
Cu/ZnO/Al2O3 [76]. A similar effect can be observed with
Co as doping material in Mo2C [92].

3.2.2 Alkali-Doped Catalysts

The addition of a small amount of alkali metals to the active
metal phase enhances the dispersion of the active metal and
improves CO2 adsorption by increasing the electron density
on the catalyst surface [93]. This effect is attributed to the
interaction between the s-orbital of the alkali metal and the
valence band of the active material. This interaction makes
electrons from the alkali metal accessible to the active metal,
thereby enhancing its basicity [93].
Among alkali metals, potassium (K) is the most com-

monly studied doping material in literature, followed by
cesium (Cs) and sodium (Na). The addition of K into Pt
leads to an increase in catalyst activity and selectivity com-
pared to the Pt catalyst due to a weaker CO–Pt interaction
and an increase of surface intermediate formate concentra-
tion [94]. A similar effect can be observed for Na doping of
Pt catalysts [95]. Yang et al. [96] determined that a 16 wt %
K loading in Pt achieves optimal CO2 conversion and CO
selectivity. In Cu-based systems, K significantly enhances
CO2 adsorption to an order of magnitude by providing
new interfacial sites. This results in a larger formate cover-
age on the catalyst surface, which promotes CO formation
compared to undoped Cu [97].
In a Co/CeO2 system, K acts as a promoter by increas-

ing CO2 adsorption and facilitating Co reduction through
an electron donation effect. This leads to enhanced con-
version and selectivity [98]. K-doped Mo2C catalysts show
a significantly improved CO selectivity and stability due
to enhanced CO2 adsorption, reduced dissociation barrier,
and a stabilizing effect for reduced Mo [75]. For WC as
active catalyst, the addition of K also increases the CO selec-
tivity for low temperatures although it reduces the CO2
conversion compared to undoped WC [77]. The addition

of Na has a more pronounced effect, further decreasing
CO2 conversion while achieving even higher CO selectivity
[77].
In comparison, Cs has a larger ionic radius than K and

Na, resulting in a higher electron accessibility due to its
stronger basic nature [99]. For the Fe catalyst, the addition
of Cs results in a higher CO2 conversion at temperatures
below 600 °C. For temperatures above 600 °C this effect
diminishes [93]. The same effect was observed for Cs doping
in a bimetallic Fe/Cu catalyst, yielding a higher conversion
compared to a Cs-doped Fe catalyst [99].

3.2.3 Catalyst Support

The interaction between the active metal phase and the
support material is a critical factor that can enhance the
catalytic activity of supported catalysts. The role of the
support material extends beyond providing structural sta-
bility, influencing the chemical and electronic properties of
the active phase to varying extent [100]. Reducible oxides
are particularly advantageous as support materials due to
their ability to provide oxygen vacancies, which can actively
participate in catalytic reactions [101, 102]. While thermo-
dynamically all metal oxides can be reduced, the distinction
between a reducible and non-reducible oxide is associated
with the conditions required for oxygen vacancy formation
[103]. Despite there is no strict definition defining the condi-
tions for vacancy generation in reducible and non-reducible
oxides [104, 105], Al2O3, SiO2, CeO2, TiO2 and ZrO2, Al2O3
and SiO2 are considered non-reducible while CeO2, TiO2,
and ZrO2 are considered reducible [103, 106]. Although the
non-reducible oxides Al2O3 and SiO2 are often utilized as
support material for RWGS reaction, they are primarily used
as inert structural supports or as reference carriers in RWGS
reaction studies [84, 85, 97, 102, 107].
Kim et al. [102] compared the performance of TiO2 as

reducible carrier material with Al2O3 as a non-reducible car-
rier for Pt-based catalysts. Their study demonstrated that
TiO2 acts as an active component when combined with Pt
due to the formation of oxygen vacancies during H2 reduc-
tion [102]. These vacancies serve as additional active sites at
the metal-support interface, resulting in significantly higher
CO2 conversion compared to Pt/Al2O3 as catalysts [102].
Furthermore, thee authors concluded that the activity of
the Pt/TiO2 catalyst depends more strongly on the proper-
ties of the TiO2 than on those of Pt itself [108]. Similarly,
Sakurai et al. [109] investigated various carrier materials
for Au-based catalysts in the RWGS reaction at 1 bar and
50 bar. Among the materials studied, Au/TiO2 exhibited the
highest catalytic activity, while Au/Al2O3, Au/Fe2O3, and
Au/ZnO showed lower catalytic activities [109]. For Rh-
based catalysts, TiO2 was also found to be a superior support
material [110]. Studies reported that the CO formation rate
for Rh/TiO2 was 10 to 100 times higher than that for Rh
supported on MgO, Nb2O5, or ZrO2 [110].
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CeO2, as another reducible oxide, exhibits catalytic activ-
ity for RWGS itself with high selectivity towards CO [111]
but relatively low CO2 conversion [112]. The formation of
oxygen vacancies on the CeO2 surface occurs more eas-
ily during reduction compared to other reducible oxides
[113]. This, combined with the reversible Ce3+/Ce4+ redox
pair and basic surface properties, contributes to its favor-
able catalytic activity [114]. However, an additional metal is
necessary to catalyze the reduction of the Ce, which would
otherwise be re-oxidized by CO2 [107]. For this reason, the
distinction between CeO2 as a doping material and as a
support becomes blurred.
For Mn-Fe supported on Al2O3, the CO yield increases

with Ce content up to 10 wt % [115]. Similarly, Petti-
grew et al. [107] compared Pd/Al2O3 catalysts doped with
different rare earth oxides, with highest conversion and
selectivity observed for CeO2. When CeO2 serves as a sup-
port material for Co, CO2 conversion increases significantly
with rising Co content, while selectivity for CO decreases
beyond a 2 wt % Co fraction due to the formation of large
Co3O4 particles, which promote CH4 formation [112]. For
NiO supported on CeO2, CO2 conversion also improves
with increasing NiO content, reaching optimal selectivity at
3 wt % [116]. Similarly, for In2O3 on CeO2, the optimal com-
position for CO selectivity occurs at 44.6 mol. % CeO2 [117].
Porosoff et al. [84] noted an increase in CO2 conversion
while the selectivity decreased to different extent for Pt-Co,
Pt-Ni, and Pd-Ni catalyst supported on CeO2 compared to
those supported on Al2O3. Furthermore, they observed that
CO selectivity varied correlating with the surface d-band
center of the metal used [84].
Given the vast number of possible combinations of active

metals, doping materials, and support structures, along with
the inconsistency in reaction conditions across various stud-
ies, Tab. 2 provides an overview of peak CO2 conversion,
XCO2, and CO selectivity, SCO, for different catalytic systems
reported in literature. To ensure clarity and focus, the table
categorizes materials by temperature levels but does not
explicitly subdivide data by pressure. This omission is justi-
fied by the fact that the RWGS reaction is largely insensitive
to pressure. However, information on reaction pressure is
still included alongside details of CO2 conversion, selectiv-
ity, doping and support materials, and references for further
context. Materials such as Li, K, Mo, Ce, Au, In, and La are
not included in Tab. 2 as active catalytic materials due to
their limited and isolated coverage in the available studies.
Despite the extensive number of publications explor-

ing potential catalytic systems, only a limited selection of
commercially available catalysts has been developed. For
the state-of-the-art WGS reaction, traditionally employed
catalytic materials include ferrochrome (Fe/Cr) for high-
temperature shifts (up to 450 °C) and Cu/Zn/Cr for low-
temperature shifts (up to 300 °C) [21, 130, 131]. These
commercially available [132, 133] catalysts achieve a selec-
tivity of 99 % towards CO2 and H2 production [131, 134],
effectively suppressing CH4 formation, which is thermo-

dynamically favored. Both catalysts can also be utilized
for the reverse reaction [101] provided that the respective
temperature limitations are followed.

Two catalysts specifically designed for RWGS and avail-
able commercially by Clariant are the HyProGen R© R-70
[135] and the ShiftMax R© 100 RE [136]. Although Clariant has
not disclosed details about the active material and compo-
sition, Lee et al. [137] described the HyProGen R© R-70 as a
“commercial Ni-based catalyst” for steam reforming. Sim-
ilarly, INERATEC described the ShiftMax R© 100 RE [136]
as a nickel-based catalyst [138]. Other Ni-based catalysts
initially developed for steam reforming have also been suc-
cessfully deployed for the RWGS reaction. Examples include
a Ni/Al2O3 catalyst [25] and a Ni/Al12O19 catalyst with traces
of CaO, Na2O, K2O, and SiO2 by Süd-Chemie Catalysts
[139]. Since Clariant acquired Süd-Chemie in 2011, there
is substantial evidence suggesting that the HyProGen R© R-
70 catalyst (10–20 % Ni on Al2O3/CaO·Al2O3) is similar
to the catalyst originally developed by Süd-Chemie. This
hypothesis is supported by the fact that a reaction kinetic
model developed for the Süd-Chemie catalysts [139] was
used for designing the Sunfire reactor (covered in the next
chapter), which employed Clariants HyProGen R© R-70 cata-
lyst (10–20 % Ni on Al2O3/CaO·Al2O3) according to [33].
Another commercially available catalyst used for RWGS
in the CAMERE R©-Process is a 0.5 wt % Pt/Al2O3 cata-
lyst from Thermo Fisher Scientific R© (formerly Alfa Aesar R©)
[140].

One aspect that is not in the scope of this review are the
costs of the respective catalytic material. For more informa-
tion readers are referred to the available literature published
by Juneau et al. [74].

3.3 Reaction Kinetic Models for RWGS

In Tab. 2, isolated values for CO2 conversion and CO selec-
tivity are provided for specific operational conditions. For
reactor design, process modeling, simulation, and numeri-
cal optimization, a broader mathematical description for the
reaction rate is essential. This description must account for
a wide range of operational parameters [14]. For the RWGS
reaction rate, three primary modeling approaches are com-
monly found in the literature: i) power law models provide
a simple mathematical framework with limited physical
interpretation, ii) Langmuir-Hinshelwood mechanisms that
describe H2-associated reaction pathways as surface reac-
tions, involving adsorption, surface reaction, and desorption
steps, with one step considered rate-determining, and iii)
redox-mechanisms that depict the reaction as an interaction
between gaseous species and oxygen vacancies on the cata-
lyst surface [102]. Kim et al. compared all three approaches
for Pt/Al2O3 and a Pt-CeO/Al2O3 catalyst [102]. They
found that while power law and redox model predicted
experimental data with high accuracy, the H2 associa-
tive Langmuir-Hinshelwood model exhibited significant
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Table 2. Overview of CO2 conversion and CO selectivity for different catalytic metals and temperatures.

Material:
Temperature:

Rh Ni Pt Pd Cu Co Ru Fe

101–200 °C Rh/SiO2
XCO2 = 52 %
SCO = 88.1 %
H2/CO2 = 3
50 bar
[118]

Ni/LaZrO2
XCO2 = 28 %
SCO = 98.5 %
H2/CO2 = 1
1 bar
[78]

Pt/LaZrO2
XCO2 = 40 %
SCO = 99.5 %
H2/CO2 = 1
1 bar
[78]

Pd/LaZrO2
XCO2 = 30 %
SCO = 99.2 %
H2/CO2 = 1
1 bar
[78]

Cu/LaZrO2
XCO2 = 28 %
SCO = 100 %
H2/CO2 = 1
1 bar
[78]

Fe/LaZrO2
XCO2 = 28 %
SCO = 100 %
H2/CO2 = 1
1 bar
[78]

201–300 °C Rh-Fe/TiO2
XCO2 = 9.16 %
SCO = 28.4 %
H2/CO2 = 1
20 bar
[119]

PdNi/CeO2
XCO2 = 2.5 %
SCO = 60 %
H2/CO2 = 2
1 bar
[92]

NaPt/ZrO2
XCO2 = 29 %
SCO = 99 %
H2/CO2 = 4
20 bar
[95]

PdNi/CeO2
XCO2 = 2.5 %
SCO = 37.5 %
H2/CO2 = 2
1 bar
[92]

Cu/CeO2
XCO2 = 18 %
SCO = 100 %
H2/CO2 = 1
1 bar
[120]

Co/Mo2C
XCO2 = 9.5 %
SCO = 98.1 %
H2/CO2 = 1
1 bar
[92]

301–400 °C RuNi/CeZr
XCO2 = 53 %
SCO = 93 %
H2/CO2 = 4
N.A. bar
[121]

Pd/LaZrO2
XCO2 = 20 %
SCO = 100 %
H2/CO2 = 3
1 bar
[69]

Cu/CeO2
XCO2 = 52 %
SCO = 95 %
H2/CO2 = 9
1 bar
[80]

KCo/CeO2
XCO2 = 13 %
SCO = 100 %
H2/CO2 = 1
1 bar
[98]

RuNi/CeZ
XCO2 = 53 %
SCO = 93 %
H2/CO2 = 4
N.A. bar
[121]

FeMo/Al2O3
XCO2 = 45 %
SCO = 85 %
H2/CO2 = 4
1 bar
[93]

401–500 °C Ni/CeO2
XCO2 = 28 %
SCO = 80 %
H2/CO2 = 1
1 bar
[122]

Pt/TiO2
XCO2 = 39 %
SCO = 100 %
H2/CO2 = 3/2.1
N.A. bar
[14]

Pd/LaZrO2
XCO2 = 33 %
SCO = 100 %
H2/CO2 = 3
1 bar
[69]

Cu/CeO2
XCO2 = 50 %
SCO = 100 %
H2/CO2 = 4
1 bar
[123]

KCo/CeO2
XCO2 = 32 %
SCO = 100 %
H2/CO2 = 1
1 bar
[98]

Ru/CeO2
XCO2 = 28 %
SCO = 100 %
H2/CO2 = 1
1 bar
[124]

CsFe/Al2O3
XCO2 = 50 %
SCO = 93 %
H2/CO2 = 4
1 bar
[93]

501–600 °C Ni/Al2O3
XCO2 = 50 %
SCO = 75 %
H2/CO2 = 2
30 bar
[125]

Pt/TiO2
XCO2 = 22 %
SCO = 100 %
H2/CO2 = 4
N.A. bar
[126]

Cu/CeO2
XCO2 = 70 %
SCO = 100 %
H2/CO2 = 4
1 bar
[127]

KCo/CeO2
XCO2 = 37 %
SCO = 100 %
H2/CO2 = 1
1 bar
[98]

CsFe/Al2O3
XCO2 = 60 %
SCO = 98 %
H2/CO2 = 4
1 bar
[93]

601–700 °C Ni/Ce0.75Zr0.25O2
XCO2 = 62.5 %
SCO = 99.5 %
H2/CO2 = 3
1 bar
[128]

Pt/TiO2
XCO2 = 40 %
SCO = 96 %
H2/CO2 = 4
N.A. bar
[126]

CsFe/Al2O3
XCO2 = 72 %
SCO = 100 %
H2/CO2 = 4
1 bar
[93]

701–800 °C Ni/CeO2-Al2O3
XCO2 = 59 %
SCO = 94 %
H2/CO2 = 3
13.79 bar
[115]

Pt/TiO2
XCO2 = 50 %
SCO = 94 %
H2/CO2 = 4
N.A. bar
[126]

CsFe/Al2O3
XCO2 = 75 %
SCO = 100 %
H2/CO2 = 4
1 bar
[93]

>800 °C NiO/silica
XCO2 = 55 %
SCO = 100 %
H2/CO2 = 1
1 bar
[129]

Pt/TiO2
XCO2 = 38 %
SCO = 85 %
H2/CO2 = 4
N.A. bar
[126]

deviations from the experimental results [102]. Similar find-
ings were reported by Jadhav et al. [140] for a commercial
Pt/Al2O3 catalyst later employed in the CAMERE R© pro-
cess, where a redox model aligned well with experimental
data, while a H2-assisted kinetic model yielded implausible
parameters.

For Cu-based catalysts direct dissociation is often
reported to be the primary reaction pathway for the
RWGS reaction [141]. However, the reaction order changes
depending on the operating conditions [24]. Ernst et al.
[142] reported for a pure Cu surface that at high H2 partial
pressures (pH2:pCO2 > 10), the reaction is independent of H2
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Table 3. Overview of different modeling approaches of the RWGS reaction and available models in literature.

Reaction kinetic model Modeling approach Mechanism Published for catalyst:

Power law Mathematical description – Pt/Al2O3, Pt-CeO/Al2O3 [102]
Cu [142]
Ni/Al2O3, Co/Al2O3, Fe/Al2O3, MoS2, WS2 [145]
Pd/Al2O3, Pd-CeO2/Al2O3 [107]
Ni/Al2O3 [25],
Ni/Al12O19 [139]

Langmuir-Hinshelwood Subsequent adsorption, surface
reactions, desorption

Identification of rate-determining step

H2-mediated Pt/Al2O3, Pt-CeO/Al2O3 [102]
Cu/SiO2 [144]

Redox mechanism Pseudo reaction with surface oxygen
vacancy

Direct dissociation Pt/Al2O3, Pt-CeO/Al2O3 [102, 140]
Cu/Zn/Al2O3 [143]
FeMo/Al2O3 [146]

the partial pressure. For medium-high H2 partial pressures
(10 > pH2:pCO2 > 2), the reaction rate is nearly independent
of CO2 partial pressure but close to first order for H2 partial
pressure when modeled using the power law function [142].
At low H2 partial pressures (0.75 > pH2:pCO2), the rate of
reaction exceeds first order with respect to H2, indicating
that the activity of the Cu phase for CO2 dissociation
strongly depends on the H2 coverage [142]. Consequently, a
pure redox reaction model is inadequate for RWGS reaction
on Cu. Similar trends were observed for Cu in combination
with ZnO on Al2O3 support by Ginés et al. [143] for various
H2-to-CO2 ratios. For Cu nanoparticles on SiO2, Chen
et al. proposed a formate-based (H2-assisted) reaction
mechanism using a Langmuir-Hinshelwood-type reaction
kinetic model [144].
Osaki et al. [145] studied Ni/Al2O3, Co/Al2O3, Fe/Al2O3,

MoS2, and WS2, reporting activation energies and reac-
tion orders for power law models. They found that high
H2 reaction orders correlated with high CH4 selectivity for
Ni/Al2O3 and Co/Al2O3, while low H2 reaction orders cor-
related with high CO selectivity for Fe/Al2O3, MoS2, and
WS2 [145]. Pettigrew et al. [107] observed similar correla-
tions for Pd/Al2O3 and Pd-CeO2/Al2O3 catalysts in their
power law models. For FeMo/Al2O3 catalysts, Ghodoosi
[146] et al. developed a redox reaction kinetic model. Wolf
et al. [25] published intrinsic power law reaction kinetics for
RWGS for a commercial Ni/Al2O3 catalyst and compared
experimental results of 3-mm catalyst particles with a sim-
ulation including intrinsic power law kinetic and inner and
outer mass transfer with good agreement.
The same research group developed a kinetic model for

the commercially available Ni/Al12O19 with traces of CaO,
Na2O, K2O, and SiO2 by Süd-Chemie Catalysts [139]. This
kinetic model was later utilized in designing the RWGS reac-
tor in the Sunfire project, discussed in the next chapter.
The following Tab. 3 presents an overview of the pre-
viously discussed reaction kinetic models for the RWGS
reaction.

3.4 Catalyst Stability

The activity of a catalyst decreases over time as a result
of different processes. For RWGS catalyst, the most sig-
nificant deactivation mechanisms are metal sintering, coke
deposition, and sulfur poisoning [14]. While metal sinter-
ing and coke formation depend on the active metal itself,
metal-support-interaction and structural properties such as
active surface area and porosity [139], sulfur poisoning is
solely related to the purity of the reacting gas [14] and will
therefore not be covered in detail.

Metal sintering describes the reduction of active surface
area due to a minimization of free surface energy at elevated
temperatures [40]. This leads to a decrease in dispersion
of the active metal, thereby reducing catalyst activity and
CO selectivity [76, 82, 93]. Coke deposition also reduces the
active surface of the catalyst by blocking active centers. It
is caused by the Boudouard reaction and methane pyrolysis
at elevated temperatures, as described earlier. Theoretically,
coke deposition can be removed by altering the reaction
condition to induce methanation, gasification, reverse Bour-
douard reaction [14], or combustion with oxygen [30]. Metal
sintering can be mitigated by using a layered structure of the
active metal, e.g., in perowskite-type crystal structures [14],
or by employing hydrotalcite structures that provide higher
metal dispersion and improved resistance to coke deposition
[147]. Embedding the active metal in zeolites has also been
shown to prevent sintering, as demonstarted for Pt [96] and
Ni [129]. Since sintering effects correlate with the melting
temperature of the active metal [15], adding a metal with
a higher melting point than the original active metal is an
effective strategy to prevent both sintering and coke forma-
tion [89]. For example, the addition of Mo in Fe catalyst
enhances metal dispersion while inhibiting sintering [89],
and Fe addition suppresses sintering in Cu [85, 86].

Coke formation is generally more pronounced on Fe, Cu,
and Ni surfaces than on the surfaces of noble metals like Pt,
Ru, or Rh at temperatures above 500 °C [142]. Basic doping
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materials such as La or Mg have been shown to reduce coke
formation effectively [14]. Since gasification of coke deposi-
tion involves a redox mechanism sensitive to the availability
of surface oxygen [148], the use of reducible oxides can not
only increase catalyst activity due to a higher number of oxy-
gen vacancies but also reduce coke formation by accelerating
the gasification reaction [14].
It is important to emphasize that stability tests for cata-

lysts under RWGS conditions are typically conducted over
40–100 h [76, 86, 92, 93, 125, 126, 139, 149]. No long-term
stability data is available at this time, and even a small rate of
coke formation can cause a large decrease in catalyst activ-
ity over time. For low-temperature RWGS (<400 °C), many
catalysts in literature show little to no decrease in activity
[75, 139]. Zhuang et al. [149] observed a decline in CO2
conversion by one-third over 70 h at 450 °C for Cu-based
catalysts, while at 700 °C the reactor became clogged with
carbon deposition after only 25 h [149]. Although Ru dop-
ing reduced coke formation, the reactor was clogged after
50 h. For the Cu catalyst, Zhang et al. [76] reported only
25 % of the initial CO2 conversion after 15 h at 600 °C using
ZnO/Al2O3 as support material. By switching to MoC as
support material, the catalyst stability improved, with 75 %
of the initial conversion after 40 h [76]. For FeCu/Al2O3,
two-thirds of the initial CO2 conversion remained after
100 h operation at 600 °C [86].
A CS-doped Fe/Al2O3 catalyst retained its initial activity

over 40 h at 550 °C [93] as well as a Pt/TiO2 catalyst over
80 h at 600 °C [126]. A Ni/Al12O19 catalyst showed con-
stant activity over 100 h at 450 °C, but at 650 °C the activity
decreased by one-third within 6 h with a reported coke yield
from CO2 of 0.0027 % [139]. Vasquez et al. [125] compared
Ni/Al2O3 catalysts with Rh-based catalysts. For Ni catalysts
at 505 °C and 30 bar, an initial stabilization period was
observed in which the activity decreased by 50 % over 40 h,
while CO selectivity increased [125]. After stabilization, the
activity remained constant for 80 h [125]. Ting et al. [150]
conducted activity measurements over 1000 h for Re/TiO2,
Cu/ZnO/Al2O3, and Fe/Cr/CuOx catalysts at 500 °C. The
CO2 conversion of Fe/Cr/CuOx catalysts decreased to 25 %
of the initial activity in less than 200 h, while the activ-
ity of Cu/ZnO/Al2O3 dropped to one-third of the initial
value [150]. In contrast, the activity of Re/TiO2 remained
almost constant over more than 1000 h of operation
[150].
Catalyst screening for the CAMERE process, which will

be discussed in the following chapter, demonstrated that the
well-known high-temperature WGS catalyst Fe2O3/Cr2O3
performs poorly under RWGS conditions [151]. In lab-scale
experiments, CO2 conversion decreased by over 10 % in
75 h due to a reduction of Fe2O3 and Cr2O3 to Fe3O4 and
FeCr2O4 [151]. Furthermore, metal carbide (F3C) forma-
tion was observed [151]. Continued experiments in a tubular
reactor resulted in clogging caused by coke formed during
the reaction, leading to a pressure increase and a subsequent
rise in CH4 selectivity to 98 % [151].

4 RWGS Projects and Practical Application

Lab-scale experiments with different catalysts in small scale
provides limited indication of the potential success of full-
scale facilities, particularly regarding long-term catalyst
stability, efficiency, and operability. This is primarily due
to more pronounced coke formation and metal dusting in
larger systems compared to lab-scale experiments, as well
as additional challenges such as heating methods, reactor
design, and material stability. Therefore, this chapter pro-
vides an overview of projects and sites that have progressed
beyond lab scale to pilot scale.

4.1 CAMERE

The CAMERE process refers to a specific method for carbon
dioxide hydrogenation to produce methanol via an RWGS
reaction (carbon dioxide hydrogenation to form methanol
via a reverse water-gas shift reaction) but is also associated
with a pilot plant constructed in South Korea by the Pohang
Iron and Steel Company (POSCO) and the Korea Electric
Power Research Institute (KEPRI), as reported in 2013 [152,
153]. The plant consisted of an RWGS reactor, a water sepa-
ration unit, a pressure amplifier, and amethanol reactor with
product separation and gas recycle as illustrated in Fig. 5.
The target production capacity was 100 kg/day of methanol.
The CAMERE process was combined with a pilot plant for
CO2 separation from a power plant [152].
The RWGS reactor consisted of an electrically heated sin-

gle reactor tube (5 cm inner diameter, 120 cm length) filled
with a ZnAl2O4 catalyst (Zn:Al = 2:1), which had been
identified as sufficiently stable and active for CO2 conver-
sion in prior lab-scale studies [151, 154]. The RWGS reactor
operated at atmospheric pressure and temperatures between
600 °C and 700 °C with a feed molar ratio of CO2:H2 =
1:3 and a feed rate of 150 Lgasgcat−1h−1 [152]. At tempera-
tures above 600 °C, CO2 conversion to CO exceeded 60 %
with the catalyst activity rarely decreasing over nine days of
operation [152].
To assess the RWGS reactor’s impact on methanol pro-

duction, the pilot plant was operated both with and without
using the RWGS reactor. In the configuration without the
RWGS reactor, the CO2/H2 mixture was compressed and
fed directly into the methanol unit. The results showed
that integrating the RWGS reactor more than doubled the
methanol yield (70 % vs. 32 %) compared to direct CO2-
based methanol synthesis (RWGS reactor bypassed). This
improvement was attributed to a significantly lower gas
recycle and thereby reduced purge stream [152]. At peak per-
formance, 75 kg methanol per day were produced out of
100 kg CO2 [152]. Based on the experimental results, cost
calculations were performed for various production scales,
indicating that methanol could be produced at a cost of
approximately $300 per ton using the CAMERE process in
2013 [152].
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Figure 5. Simplified flow-
sheet of the CAMERE process
based on [152].

4.2 INERATEC Power-to-Liquid(PtL) Process

The company INERATEC GmbH operates a power-to-
liquid plant housed in a cargo container at the Karlsruhe
Institute of Technology (KIT) in Germany. The plant fea-
tures an electrically heated RWGS reactor, followed by a
Fischer-Tropsch reactor, designed to produce up to 200 L
of synthetic fuel per day [155]. Detailed information regard-
ing the reactor design and its operational performance is not
available.
For the ReFuels research project (2019–2022), about 70 L

of Fischer-Tropsch product were produced by INERATEC.
However, according to the final report, the RWGS reactor
was not in operation during the test run and CO from gas
cylinders was used for the Fischer-Tropsch synthesis [156,
157]. In addition, a technical concept was developed to eval-
uate production costs and to assess the economic feasibility
of integrating a power-to-fuel process into the MiRO refin-
ery [156]. The target was to produce 50 000 t of liquid prod-
uct per year from CO2 and H2 [156]. The RWGS process was
considered only at a low level of detail due to its low tech-
nology readiness level (TRL < 6), with syngas production
via methanation and dry reforming being preferred [156].
In 2022, INERATEC and Clariant announced a strate-

gic partnership to offer a container unit for RWGS reaction
with Clariants ShiftMax R© 100 RE catalyst (see previous sec-
tion) [138]. The next step involves constructing a pilot-scale
power-to-liquid plant at the Industriepark Höchst in Frank-
furt, Germany. This facility is expected to produce 2500 t of
e-fuels per year [158].

4.3 CO2rrect

The CO2rrect project, conducted between 2010 and 2013
and funded by the German Federal Ministry of Education
and Research (BMBF), aimed to develop and construct an
RWGS reactor at a technical pilot-plant scale. While this
reactor was not realized, two lab-scale reactors featuring
different heating concepts were developed and tested for

RWGS: direct electrical heating via resistance heating of
catalyst-coated structures and microwave heating combined
with partial H2 combustion using oxygen [159].

For the electrical resistance heating concept, Bayer Tech-
nology Services GmbH (BTS) designed a pilot-plant setup
consisting of 22 catalyst-coated heating coils made of Kan-
thal and 11 catalyst-coated honeycomb structures made of
Al2O3. The reactor was designed to be operated at a temper-
ature between 800 °C and 1000 °C and a pressure of 10 bar. In
lab-scale experiments, a single coated heating coil was used.
For a feed gas flow rate of 4 m3h−1 with an H2/CO2 molar
ratio of 1.5, CO2 conversions of 20–30 % were achieved at
6 bar, demonstrating the functionality of this heating con-
cept for the RWGS reaction. However, a broad temperature
distribution across the heating coil, ranging between 880 °C
and 1067 °C was detected. Additionally, a solid brown coat-
ing consisting of catalyst metals indicated the occurrence of
metal dusting [159].

For the microwave heating concept combined with hydro-
gen combustion, the University of Stuttgart developed a
reverse-flow tube bundle reactor consisting of seven reac-
tion tubes (Al2O3) inside a fused silica housing. The upper
200 mm of each tube was coated with catalyst on both the
inside and outside, while the lower part was left uncoated
to allow for countercurrent heat recovery. Above the reactor
tubes, an induction core for microwave heating was installed
and oxygen was supplied to the reaction zone via six smaller
tubes at the start of the catalyst coating, with additional
oxygen provided at the top of each reaction tube [159].

In the countercurrent reactor setup, a feed gas flow of
1 L min−1 entered each tube’s uncoated section at the inside,
flowing upwards towards the catalyst-coated part of the
reactor tube while being heated by product gas flowing
downwards outside of the reactor tube. At the catalyst side,
microwave heating or hydrogen combustion maintained the
reaction temperature at approximately 1000 °C. With hydro-
gen combustion, a CO2 conversion of 38 % was observed.
Equilibrium analysis revealed that the CO2 conversion
correlated with the average catalyst bed temperature rather
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Figure 6. Simplified flowsheet
of the Sunfire PtL process
based on [33].

than the flame temperature, providing valuable insights for
similar heating concepts. However, long-term operability
was not evaluated [159].
Microwave heating, combined with partial H2 combus-

tion, was not tested in the same setup due to insufficient
heat transfer when an induction core was installed. For the
microwave heating concept, a fixed-bed reactor was uti-
lized. Due to inhomogeneities in the packing material as
well as a self-accelerated heating with microwaves, a broad
temperature distribution across the axial direction and an
unpredictable hot-spot formation was observed. Despite
achieving a high CO2 conversion of 49 % under stoichio-
metric conditions, the authors concluded that this thermal
behavior of the reactor was “not tolerable” for technical
application as it would require a local measurement and
control of temperature that would rarely be feasible [159].

4.4 Sunfire

Sunfire, a company established in 2010, developed a process
integrating an RWGS reactor with Fischer-Tropsch synthe-
sis to enable efficient heat recovery. Starting with a 28 g h−1

laboratory-scale setup, the process was scaled up to an
8.5 kg h−1 naphtha and diesel production plant, operated
during a research project between 2012 and 2017. During
the project, Sunfire designed and operated an RWGS reactor
with a synthesis gas output capacity of 224 kW (51 kg h−1).
The process encompassed CO2 and H2O supply, reaction
units, and product separation with off-gas recycling. [33]
To preheat the CO2 feedstock, hot synthesis gas from the

RWGS reactor was utilized, while H2O was evaporated as
a coolant in the Fischer-Tropsch reactor and subsequently
overheated, as illustrated in Fig. 6. After electrolysis, CO2
and H2 were electrically preheated inside the RWGS reac-
tor. The reactor itself featured five electric heating stages
(six electrical heaters with 5.5 kW each) each followed by
a catalyst bed to ensure a sufficient reactant temperature
during the endothermic RWGS reaction at 950 °C. After
RWGS, water was separated from the synthesis gas before

entering the Fischer-Tropsch reactor. The product stream
of the Fischer-Tropsch reactor was separated into liquid and
gaseous products with the latter one being repressurized and
fed back into the RWGS reactor as recycle [30, 33].
Initially, the RWGS reactor was designed for operation at

30 bar to enable Fischer-Tropsch synthesis at 25 bar without
the need for a synthesis gas pressure amplifier. As catalyst,
the formally mentioned Clariants HyProGen R© R-70 cata-
lyst (3.2 mm × 3.2 mm; 10–20 % Ni on Al2O3/CaO·Al2O3)
was used. Preliminary testing was conducted in laboratory
scale with a commercially available Ni/Al12O19 catalyst by
Süd-Chemie Catalysts to develop a reaction kinetic model
and investigate catalyst deactivation. To reduce material
stress under high-temperature conditions, the RWGS reac-
tor setup was placed in an isolated pressure dome flushed
with nitrogen [30, 33].
In the first part of the project, it became evident that

the reactor setup faced issues due to insufficient isolation
at high pressures. Consequently, the maximum pressure
of the RWGS reactor was reduced to 10 bar. After reach-
ing steady-state operation, a rapid pressure increase was
observed (8.5 to 22 bar) due to coke formation, which led to
metal dusting and clogging of the heat exchangers. Attempts
to remove the deposits through steaming or combustion
with oxygen were unsuccessful, and the RWGS reactor had
to be shut down after 240 h of operation due to increasing
pressure and failure of multiple electrical heaters. During
this phase, a maximum thermal efficiency of 26.5 % was
achieved with a CO2 conversion of 60 % [30, 33].
Analysis of the deposits revealed the presence of metal

carbides caused by coke reacting with the interior reactor
surfaces, leading to material degradation. Reactor material
(Fe, Cr) and material from reactor isolation and carrier
structure have also been found as deposition on the catalyst.
It was concluded that carbon deposition is inevitable and
measures are required to mitigate metal dusting and clog-
ging. Consequently, reactor design and material, isolation,
synthesis gas cooler, and electrical heaters were redesigned.
The operating pressure was maintained at 10 bar to limit
coke formation, and a synthesis gas compressor was added
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between the RWGS and Fischer-Tropsch reactors to com-
pensate for the reduced pressure. Additionally, a burn-
off/purge concept was implemented for the heat exchangers.
With this revised setup, operation at full load and contin-
uous operation over 1600 h was demonstrated. Although
burn-off of the deposits was again unsuccessful using CO2
or O2, increased gas flow at elevated temperatures purged
the deposits, restoring heat flux within the heat exchangers.
This purging procedure was performed regularly to main-
tain continuous operation. The inside of the heat exchanger
interior was not analyzed for metal carbides afterwards, but
coke deposits were detected in the cooling system. Since
coke burn-off was not successful, it seems likely that those
depositions contained metals as in the first part of the
project [30, 33].
During operation, CO2 conversion in the RWGS reactor

reached 64 % in linear mode and 58 % in recycle mode,
while the overall CO2 conversion of the integrated process
was 47 % in linear mode and 75 % in recycle mode. The
maximum thermal efficiency achieved was 64 % in linear
mode and 67 % in recycle mode. The RWGS reactor also
demonstrated load flexibility, producing 16.3 kg h−1 of syn-
thesis gas at low load in linear mode and 59.5 kg h−1 at high
load in recycle mode. Sunfire concluded that the RWGS pro-
cess achieved a TRL of 6, corresponding to prototype demo-
nstration in a relevant operational environment [30, 33].

5 Potential Future of RWGS in Chemical
Industry

As already mentioned in the previous chapter, INERATEC
is building an pilot-scale PtL plant in Frankfurt, Germany
(Industriepark Höchst), with the goal of producing 2500 t
of e-fuels per year [158]. Another company with the aim
of commercializing power-to-fuel application with RWGS is
Norsk e-fuel.

Norsk e-fuel was founded in 2019 with the goal of
establishing industrial production of sustainable aviation
fuels. The founding partners are Sunfire, Climeworks, Paul
Wurth, and Valinor [160]. To achieve this goal, the com-
pany has secured three production sites: Project Mosjøen
in Nesbruket, Vefsn Municipality, Norway for a production
of 50 000 m3 renewable fuel, project Rauma in the port
of Rauma, Finland for 100 000 m3 of e-fuel, and Nyland
Øst, Vefsn Municipality in Norway [161]. Norsk e-fuel is
following a dual approach with two parallel production
lines in its first plant: One “innovative state-of-the-art
approach” featuring electrolysis and the RWGS reaction
before Fischer-Tropsch synthesis, and a “cutting-edge
approach” incorporating Co-SOC electrolysis ahead of
Fischer-Tropsch synthesis [162]. Initially, the production
target was set at 12 500 m3 per year, with the RWGS line
scheduled to start operation in 2024 [163]. Paul Wurth
S.A. of the SMS Group has been announced as a partner
for the engineering and design of the e-fuel production
facilities and for developing the electrically heated RWGS
unit together with Axens [164, 165].

Besides the reported projects for the production of renew-
able fuels, the RWGS reaction can serve as a supplement
for synthesis gas production in the chemical industry. By
integrating RWGS in different state-of-the-art or innovative
processes, efficiency can be improved, and synergetic advan-
tages can be realized. Two concepts illustrating this potential
are presented in the following.

BASF SE filed a patent for the parallel preparation of
hydrogen, carbon monoxide, and a carbon-comprising
product using methane and CO2 as feedstock [166]. A
simplified flowchart of the process is displayed in Fig. 7.
In this concept, BASF’s methane pyrolysis process [167]
generates the feed material for an RWGS reactor. Within
the pyrolysis reactor, methane is converted into solid
carbon and H2. The produced hydrogen and unreacted
CH4 from the pyrolysis reactor are fed into an adiabatic

Figure 7. Simplified flowsheet for the parallel preparation of hydrogen, carbon monoxide, and a carbon-comprising product using
methane and CO2 as feedstock based on [166].
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Figure 8. Simplified flowsheet
for the Linde integrated RWGS
process based on [35].

RWGS fixed-bed reactor, where they are mixed with pre-
heated CO2 as indicated in Fig. 7 (A). RWGS reaction takes
place at temperatures between 800 °C and 1000 °C using
a honeycomb-immobilized catalyst or a spherical-shaped
catalyst. To optimize energy efficiency, the product gas
exiting the RWGS reactor heats an inert packing material
located downstream of the catalyst zone. After 1–5 min,
the flow direction is reversed so that the preheated inert
packing material heats the incoming CO2 (Fig. 7B). The
CO2 flows through the previously used catalyst bed and is
again mixed with H2/CH4 from the pyrolysis reactor. The
mixture is then fed into a catalyst bed on the opposite side,
repeating the process while preheating the inert packing
material on the opposite end [166].
Linde integrated a thermal RWGS reactor into a CO2-

scrubbing process in a patent filed in 2021 [35], illustrated in
Fig. 8. In a first step, electrolysis generates H2 and O2. H2 is
used as stripping gas in the desorption column of the CO2
scrubbing process, while O2 is fed into the RWGS reactor.
The H2 and CO2 mixture from the desorption column is fed
into the RWGS reactor as well, where partial combustion of
the hydrogen provides reaction enthalpy for thermal RWGS
reaction at temperatures above 1250 °C. At these tempera-
tures, coke and methane formation are thermodynamically
suppressed. The resulting product mixture is cooled and
water is condensed. The remaining gas, consisting of CO2,
CO, and H2, is fed into the absorption column of the CO2
separation unit, where CO2 is removed, so that the final
product of this concept is a CO/H2 mixture [35].

6 Summary

In summary, this literature review highlights the potential of
the RWGS reaction as key process for renewable synthesis
gas production, serving as a link for integrating renew-
able carbon sources into existing chemical and fuel pro-
duction processes. Thermodynamically, high temperatures

are essential for overcoming thermodynamic barriers and
suppressing unwanted side reactions, including methane
and coke formation, particularly under elevated pressures.
To reduce the reaction temperatures that are necessary
for thermal CO2 conversion, and thereby lowering the
energy input for RWGS, catalytic RWGS presents a viable
solution.
This review explores RWGS reaction mechanisms involv-

ing various surface intermediates and links them to the
catalytic performance of active materials. It is demonstrated
that catalytic performance correlates with the oxygen affin-
ity of the catalyst material, and that highly selective catalysts
must be deployed at short contact times to avoid the
formation of byproducts.
Different reaction kinetic models, including power law,

Langmuir-Hinshelwood, and redox mechanisms are eval-
uated for their ability to predict RWGS behavior under
different conditions for various catalysts. Although lab-scale
investigation showed promising results, metal dusting as a
result of coke formation has been identified as a significant
challenge in technical application across multiple research
projects. Considering the reaction conditions derived in this
literature review, the RWGS reaction shows significant sim-
ilarity to steam reforming, with increased complexity due
to the absence of steam. For efficient CO production via
RWGS, achieving high CO2 conversion and minimizing
CH4 concentration are crucial, which aligns with the objec-
tives of steam reforming, where high CH4 conversion and
low CO2 concentration are desired.
Also similar to RWGS, coke formation remains a signifi-

cant challenge in steam reforming [19, 168, 169]. Since coke
formation can not be eliminated completely, optimized
materials and coke removal strategies are necessary and
have been demonstrated to work effectively for a limited
time in pilot-scale application. Consequently, the RWGS
process is estimated to have achieved a TRL of 6, supported
by similar evaluation (TRL 6) that has been published by
Jänisch et al. [170].
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To raise the RWGS process beyond its current TRL of 6,
a targeted strategy has to focus on long-term catalyst stabil-
ity, reactor integration, and process design. A crucial lever
for advancing TRL is the selection and further optimization
of catalytic systems that maintain high CO selectivity and
CO2 conversion while minimizing deactivation and coke
formation over technically relevant operational periods. Ni-
based catalysts appear to be promising options due to their
proven performance at high temperatures (especially in
SMR), commercial availability, and cost-effectiveness. This
assessment also seems logical given the partnership between
INERATEC and Clariant as described earlier.
Other catalysts discussed in literature, such as supported

catalysts on reducible oxides (e.g., CeO2, TiO2) or bimetal-
lic and carbide-based systems, have shown competitive
selectivity and resilience against coking at moderate tem-
peratures; however, extended catalyst testing information
in larger scale is missing. Additionally, SMR offers a valu-
able blueprint for reactor material selection, heat integration
strategies, and catalyst regeneration in terms of coke mitiga-
tion techniques, which may be applicable to RWGS scale-up.
For the reaction conditions of the RWGS, analogously to
the SMR the addition of steam and subsequent conden-
sation can be a promising strategy for the suppression of
coke formation, although it limits the achievable equilib-
rium conversion and increases the energy demand as well
as investment and operating costs.
As an outcome of the Sunfire project, the reaction pres-

sure in the RWGS reactor should be limited to avoid
material failure and by-product formation [30, 33]. To sur-
pass TRL 6, RWGS technologies have to be transferred from
lab- and pilot-scale demonstration to stable, continuous
pilot operation under industrially relevant conditions. This
transition to TRL 7 might just be in progress with “INER-
ATEC’s first commercial-scale plant, the largest PtL plant of
its kind in Europe and worldwide” in Frankfurt, Germany,
that started production in May 2025 [171].
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Symbols used

�RG [kJ mol−1] reaction Gibbs free energy
�RH0 [kJ mol−1] standard enthalpy of reaction
G [kJ mol−1] Gibbs free energy
Keq [–] chemical equilibrium

constant
{Ni} [mol] composition
ni [mol] amount of component i
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ni,0 [mol] amount of component i at the
beginning

p [Pa] pressure
pi [mol] partial pressure of

component i
R [J mol−1K−1] molar gas constant
S [kJ mol−1K−1] entropy
Si [–] selectivity towards

component i
T [K] temperature
Xi [–] conversion of component i

Sub- and superscripts

abs [–] absolute
cat [–] catalyst
gas [–] gas

Abbreviations

BMBF German Federal Ministry of Education and
Research

BTS Bayer Technology Service GmbH
CAMERE carbon dioxide hydrogenation to form

methanol via reverse water-gas shift reaction
CCU carbon capture and urilization
DFT density functional theory
KEPRI Korea Electric Power Research Institute
KIT Karlsruhe Institute of Technology
NRTL non-random two-liquid
POSCO Pohang Iron and Steel Company
PtL power-to-liquid
RWGS reverse water-gas shift
TRL technology readiness level
WGS water-gas shift
wt. weight
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