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The direct conversion of CO; to carbon is a highly providential
route; however, conventional thermal and catalytic approaches
are hindered by high energy demands and are limited by coking.
Here, we report a robust and highly selective method for the
direct conversion of CO; to solid carbon over EGaln liquid metal
(LM) alloy. We utilized the low-melting point of this alloy to
facilitate the reduction of CO, at low temperatures, producing
319 pmol/hr of carbon at 200°C, and remarkably enabling CO,
activation and carbon production even at room temperature,
without the use of a supplementary reductant such as hydrogen.
The deployed LM showed no signs of deactivation by coking and
the generated carbon is shown to naturally accumulate at the
top of the LM where it can be easily collected. In-situ XPS
measurements indicate an increase of 9.6% in the carbon-carbon
bond content and an equivalent decrease in the Ga metal
content, upon exposure of the LM to CO, for 30 mins at 200°C
and 1 bar. This led to the conclusion that solid carbon and
gallium oxide are the final reaction products of this process.
Density functional theory calculations shed further light on the
adsorption and dissociation of CO, over Ga and EGaln. The
presented method creates a pathway to transforming CO, to
perpetually stored solid carbon and can therefore set a trajectory
for making a measurable impact on carbon intensive industries.

Introduction

As far as devising carbon dioxide conversion processes go, ther-
mal approaches provide a viable pathway toward effectively driv-
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ing the decomposition reaction for the production of carbon. CO,
is not only the most common greenhouse gas released into the en-
vironment but is also the most stable state of carbon.! Due to the
high thermal stability of CO,, its dissociation requires extremely
high operating temperatures (>2000 K).2 Moreover, current de-
pendencies on solid heterogeneous catalysts mean that the gen-
eration of solid carbon products typically results in rapid catalyst
deactivation due to coking. Therefore, processes aimed at the di-
rect decomposition of COy (COy—C+05) for the production of
carbon are scarce. Existing methods focusing on the decomposi-
tion reaction, are typically limited by one or a combination of: the
use of solid catalysts, " the reliance on the expenditure of hydro-
gen as a reducing agent,” and the need for external energy input
to thermally drive the dissociation of the CO5 molecule.® Other
alternative strategies have focused on the use of alternative en-
ergy sources to heat; in the form of plasma technologies,”
photocatalytic®€ or electrocatalytic2+1
remain hinged on further technological advancements, particu-
larly in terms of scaled operations. Furthermore, conventional de-
composition methods that predominantly rely on heterogeneous
catalysts suffer from low conversion efficiencies. 1213 This re-
stricts studies to focus on intermittent CO5 conversion in the form
of batch processing.

and
reduction routes which

Liquid metals (LM) have recently gained traction in the catal-
ysis space, owing to their unique physicochemical properties and
high catalytic activities. 1% In particular, the existence of LMs in
the liquid phase, their high thermal and electrical conductivity,
high thermal stability, and exceptional resistance to coking make
LMs promising candidates not only for catalysis but also other ap-
plications including flexible circuits, self-healing superconductors
and energy storage applications.4Z Moreover, Ga-based LMs
can dissolve other metals to form a range of alloys in varying com-
positions. 18 This feature is critical for the development of innova-
tive material formulations with targeted properties and designed
functionality.14 On that account, LM catalysts have been success-
fully utilized in alkane dehydrogenation reactions, predominantly
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Fig. 1 Overview of the CO» dissociation process over liquid EGaln. Representation of the interaction between gaseous CO> and the molten metal for
the production of solid carbon and the ensuing generation of Ga oxide is shown on the right.

in methane pyrolysis,222% and propane and butane dehydrogena-

tion schemes.?l' The deployment of LMs has thus demonstrated
exceptional effectiveness in producing Hy and solid carbon from
alkanes without coking or loss in catalytic activity.%% The advan-
tageous use of LMs has also been demonstrated in an electro-
chemical CO, reduction approach, which although inherently
constrained in the amount of carbon it can produce, uncovers
the effectiveness of LMs and signposts their viability in CO, re-
duction. Hence, combined with a compelling need for materials
that are resistant to coking, the demand for highly active materi-
als that can address persisting environmental and industrial chal-
lenges make LMs promising candidates for energy and environ-
mental applications, particularly where solid carbon generation
is favorable such as in CO splitting processes.

In this study, we report a new method for the continuous direct
decomposition of CO5 to solid carbon and oxygen by employing a
liquid metal (LM) alloy. We also show that the decomposition
of CO, over a eutectic of gallium and indium (EGaln) can be
achieved at near room temperature. Here, we demonstrate an
approach that enhances carbon separation and collection due to
the low solubility of carbon in the LM melt and the high buoy-
ancy of carbon on molten metal. The focus of this work is on
breaking the concomitant energy restrictions of dissociating sta-
ble CO5 molecules, by operating the reaction at temperatures be-
tween 25°C and 500°C. The process reported provides an alterna-
tive pathway of splitting CO5, independent of the use of intense
heat or hydrogen for the reduction of CO,. Moreover, in addition
to the relative simplicity of the process, the robustness and high
activity of the LM, and the high efficiency for carbon production
indicate that the performance of the LM remains uncompromised.

Results and Discussions

The CO, reduction process is designed to utilize low melting point
LMs that enable operating within a region of far milder condi-
tions from those where CO, naturally starts to decompose. Hence
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EGaln, composed of 75 wt.% Ga and 25 wt.% In, is used due to its
low melting point (15.5°C) and the ability to retain its liquid state
at room temperature.?3 Furthermore, the use of EGaln for the
decomposition offers an added advantage due to the simplicity
of its preparation method, ease of batch-to-batch reproducibility
and ease of scaling up production. The prepared EGaln alloy (see
methods in ESIT) was applied in a bubbling column reactor to test
its activity, as illustrated in Fig. |1} The experimental setup allows
for sufficient gas-liquid contact, establishes a medium for the CO4
splitting reaction, and facilitates carbon collection (Fig. S1, ESIT).
Due to the insolubility of carbon in the LM melt, and the density
difference between the produced carbon and the LM, the carbon
accumulates at the top of the melt (Fig. S2, ESIT).

The activity of the LM was appraised in a 30 cm bubbling col-
umn reactor under a continuous flow of gaseous CO, feed (bal-
anced at a 1:2 ratio with Ar). While feeding pure CO, is expected
to enhance the mass transfer in the reaction, the CO5 feed was
balanced with Ar to enable operating within the detection range
of the online gas chromatograph. Tests were carried out at ambi-
ent pressure and focus was limited to low operating temperatures
(below 400°C). The thermal activity of EGaln for CO, conver-
sion at 200°C was observed to increase as a function of time for
a period of 150 minutes, and proceeded to reach a steady car-
bon production rate of 319 umol/hr (Fig. [2h). Apart from the
unconsumed CO,, no other gaseous products were detected in
the reactor effluent. Notably, similar conversion using pure Ga
was observed in control runs (Fig. S3, ESIT). The efficacy of pure
Ga is not unexpected since Ga exhibits a higher reduction poten-
tial than In, which provides the overall driving force for the CO,
reduction reaction. Since pure Ga solidifies under ambient condi-
tions (Ga melts at 29.76°C), the incorporation of In was found to
be advantageous since it facilitates LM handling at room temper-
ature and avoids unintended solidification of the metal.

The thermal dependence of the formation of carbon was inves-
tigated in the decomposition over EGaln. Based on the kinetic
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Fig. 2 Performance of the EGaln alloy. (a) Carbon production rate under continuous flow of CO2 in a bubbling column reactor, at 200°C and ambient
pressure; (b) Change of logarithmic rate constant with temperature, based on the Arrhenius model, for the empirical determination of the activation
energy; (c) Activity of EGaln at different temperatures under continuous flow of CO2, showing the Boudouard reaction temperature threshold; (d)
Temperature-dependence of the selectivity of EGaln to carbon and carbon monoxide production after 4hrs reaction.

data, the rate constants (k) were calculated and correlated with
temperature through the Arrhenius model (Fig. [2b). As a resul,
the activation energy for the decomposition of CO, to solid car-
bon over EGaln was empirically calculated to be 8.39 kJ/mol.
Moreover, measurements under continuous flow of CO5 showed
that the steady-state carbon production rate increases with tem-
perature (Fig. [2k). This is further supported in Fig. S4, which
highlights a significant increase in the cumulative carbon produc-
tion after 4 hours of COy decomposition. The stability of EGaln
was evaluated under the same reaction conditions, at 200°C, over
a prolonged testing period of 24 hours to assess the change in
material properties and activity of the LM (Fig. S5, ESIT). EGaln
displayed steady activity, which reflects the thermal stability of
these materials in contrast to the rapidly deactivating, continu-
ously reconstructing conventional solid materials.2#26/ The ensu-
ing implications of the outstanding stability of these LMs exceed
preserving the performance of the alloy over the course of the
reaction, and extend to attaining recyclable alloys for CO, activa-
tion.

It was also observed that by operating above a certain tem-
perature threshold (Ty), CO production occurs when COj is in
contact with the generated carbon. This can be attributed to the
reverse Boudouard reaction (CO5+C = 2CO). As a result, the se-
lectivity to carbon below Ty is maintained at 100%, but tends to
decrease above Ty due to the production of CO. The critical tem-
perature Ty was found to be around 400°C. Therefore, to promote

solid carbon formation and to minimize toxic CO production, the
LM-enabled dissociation study is restricted to temperatures below
400°C (Fig.[2l). Experiments at room temperature revealed that
EGaln possesses a remarkable ability to activate and decompose
CO,, to produce carbon (Fig. S2b, Fig. S6 and Fig. S7, ESI{), un-
der ambient conditions without the need for an auxiliary source
of energy.

To elucidate the mechanism of CO5 reduction, the surface
of EGaln was examined using in-situ X-ray photoelectron spec-
troscopy (XPS), with the capability of performing analysis before
and after CO, exposure without breaking vacuum. XPS measure-
ments of the LM showed that after 30 minutes of exposure to CO,
the Ga oxide content had increased, whereas In remained metal-
lic (Fig. ). The metallic Ga-In ratio at the surface remained
constant and no additional alterations to the XPS spectra were
observed. The increase in the Ga oxide content is consistent with
the findings obtained in LM bubbling column experiments, show-
ing that CO4 reduction can be achieved using pure liquid Ga. The
in-situ operating system replicates the reaction conditions of the
bubbling experiment by introducing the CO,/Ar gas feed at atmo-
spheric pressure and heating the satellite gas reaction chamber to
200°C. Obtaining a pristine metallic surface of the LM is crucial
for drawing meaningful comparisons between the surface prior to
CO,, exposure and post CO5 reduction (see Supplementary note 1,
ESIt). To that end, the LM was prepared and loaded in a glovebox
under nitrogen flow and is transferred into the analysis cell using

Journal Name, [year], [vol.], 1~E| |3



1.2
——EGaln prior to CO2 exposure
— 4| |——EGaln post CO2 reduction Ga (Metal)
S
S,
>
= 0.8 Gad*
c
2
£06
o
o)
= 0.4
g - In 44
< O2s X A
[¢)
Z02 }
0
28 26 24 22 20 18 16 14
Binding energy [eV]
b
1 C +20
——
i +0.14 eV
08 ,(()3‘739;\‘/3, +0.33 eV
10796 H
% 0.6 { —
- © +0.59 eV
=)
204
w
0.2
CO2 Galn
0 ——Ga

Fig. 3 (a) XPS spectra of the Ga 3d region based on the in-situ assess-
ment of the EGaln surface before and after 30 mins of exposure to CO»
at 200°C, showing selective oxidation of the Ga after CO> reduction; (b)
Reaction energies for the CO» dissociation on both Ga and EGaln slabs.

an air sensitive transporter. Using this loading process, and by
maintaining ultra-high vacuum conditions, a pristine metal sur-
face was maintained for analysis pre-CO, exposure.

XPS measurements of the LM surface during CO, exposure
show a 9.6% increase in the carbon-carbon bonding ratio and con-
firm that no extra carbonaceous species are produced, indicating
that pure carbon is the only product of decomposition (Fig. S8,
ESIT). Additionally, Raman spectroscopy was employed to ana-
lyze the solid carbon product. The relative intensities (Ip/Ig =
0.295), and the position of both the disorder induced D band
(at 1325 cm~!) and G band (at 1600 cm™!) in the Raman spec-
trum are characteristic of graphitic carbon (Fig. S9, ESI}). El-
emental mapping analysis using energy dispersive X-ray spec-
troscopy (EDX) of the product obtained post CO, decomposition
has shown approximately 1:2 carbon to oxygen ratio, and 2:3
gallium to oxygen ratio, reinforcing the stoichiometric decompo-
sition of CO; to solid carbon and oxygen, and the consequent for-
mation of gallium oxide (Fig. S10, ESI}). Moreover, EDX was also
employed to characterize the separated carbon product, which in-
dicated that the separated product is predominantly carbon, con-
firming the formation of carbon and gallium oxide in the process
(Fig. S11, ESIf). To close the oxidation/reduction cycle of the
LM, the gallium oxide produced can be potentially reduced back
to gallium using electrochemical reduction methods.2Z While the
viability of the reduction process is validated through the electro-
chemical reduction of gallium oxide (see Supplementary note 2
and Fig. S12, ESIT), future work should focus on the regeneration

4| Journal Name, [year], [vol.], 1~E]

of the reacted gallium.

Density functional theory (DFT) calculations have been utilized
to investigate the adsorption and dissociation behavior of CO, on
both EGaln and Ga. The EGaln alloy was modeled using a slab
consisting of 28 Ga atoms and 4 In atoms (Fig. S13, ESI{). The
calculations indicate that COy adsorbs on the Ga and In-doped
Ga slab surfaces. The CO5 molecules were found to bind more
strongly to a surface Ga atom than to a surface In atom (see
Supplementary note 3, Fig. S14 and Fig. S15, ESIT), with the
CO,, aligned almost parallel to the surface. The ability of CO5 to
bind more strongly to a surface Ga atom supports the increase in
Ga oxide content obtained from the in-situ XPS measurements.
Moreover, CO, dissociation energies were calculated for the gas
adsorbed on the Ga and Ga-In surfaces (shown in Fig. ), which
represent the conversion of CO, to adsorbed carbon. The disso-
ciation is assumed to occur over two bond breaking stages with
each stage representing the cleavage of a C-O bond. For the first
oxygen dissociation reaction, a lower reaction energy is deter-
mined when using pure a Ga slab (0.59 €V) in comparison to
Ga-In slab (0.79 eV). This suggests that there is a lower energy
barrier for cleavage of the first C-O bond of CO5 on the pure Ga
slab, according to the Bell-Evans—Polanyi principle.2& However, a
lower reaction energy is obtained for oxygen dissociation of the
remaining CO molecule on Ga-In (0.14 €V) in comparison to the
pure Ga slab (0.33 eV). Therefore, the presence of the In atoms
can facilitate the complete dissociation of CO4 into adsorbed C
and O more rapidly. Additionally, bubbling column experiments
investigating the reaction under a continuous CO feed were con-
ducted to verify the feasibility of decomposing CO under the same
reaction conditions over EGaln. The measurements indicate that
CO decomposes to solid carbon at a steady production rate simi-
lar in order of magnitude to that of CO, decomposition (Fig. S16,
ESIT), supporting the findings of the DFT analysis.

To further elucidate the catalytic mechanism of the EGaln alloy,
Bader partial charges22:30 of the CO,/EGaln systems were calcu-
lated and used to estimate the oxidation state of the Ga and In
atoms (see Supplementary note 4, Fig. S17 and Table S1, ESIT).
The partial charge of every atom in these systems is reported in
Table S2 while Fig. S18 shows the partial charge of selected atoms
involved in the CO, decomposition reaction.

Prior to adsorption of CO5 (Fig. S18a, ESIT), the charge in the
EGaln slab (Table S2, ESIT) is delocalized and indicative of bulk-
like behavior. The small partial charge of these atoms also corre-
sponds to Ga® and In° species. After adsorption of CO, (Fig. S18b,
ESIt), there is a redistribution of charge within the substrate and
the two O atoms of CO5 are reduced (by -0.03¢ each). The small
amount of charge transferred from EGaln to COy (-0.06¢) con-
firms there is a weak interaction that is supported by the relatively
weak binding energy (-0.23 €V).

After the first dissociation step (Fig. S18c, ESIT), the free O
atom (O1) bonds to two Ga atoms (Gal and Ga2) and one In
atom (Inl) while the CO adsorbs atop Ga4 via O2 and a substan-
tial reduction of the C atom (-1.05¢) occurs. Formation of the
Ga-0 and In-O bonds corresponds to a loss of electrons for Gal,
Ga2 and Inl and suggests a substantial change in their oxidation
state (Table S1, ESIt) from Ga® and In® to Ga!* and In'*. The re-



distribution of charge after this step is also illustrated (Fig. S19c,
ESIT) where an accumulation of charge around O1 can be seen
concomitant with a depletion closer to the Gal, Ga2 and Inl
atoms. The density of states (DOS) further supports a strong in-
teraction between the adsorbed O atom and both the Ga and In
atoms, showing an overlap of the O, Ga and In states between -
4.5 to -2 eV (Fig. S20c, ESIT). The adsorbed CO species also with-
draws electrons from the surface which results in a substantial
reduction of the C atom (-1.05e).

Breaking of the second C-O bond results in coordination of the
02 atom to the Ga5, Ga4 and Inl atoms, and coordination of
the C atom to the Ga2, Ga3, Ga4 and Ga6 atoms (Fig. S18d,
ESIt). This enhanced coordination results in further charge de-
pletion that is localized around the Ga atoms (Fig. S19d, ESI{)
and an increase in the density of states between -4.5 to -3 eV
(Fig. S20d, ESIf). For the Inl atom, bonding to both the O1 and
02 atoms results in an increase in charge (+0.64¢) and oxidation
state (+1.16). Similarly, the adsorption of the O and C atoms
to Ga2 and Ga4 atoms results in a significant increase in partial
charge (+0.83¢ and +0.78¢), and oxidation state (+1.43 and
+1.36) of these two Ga atoms. Overall, decomposition of a single
CO, molecule on the EGaln surface leads to an increase in the
oxidation state of several top-layer Ga and In atoms that strongly
coordinate to the decomposed CO, atoms, with their formal ox-
idation states changing from Ga® and In® to Ga!* and In'*, re-
spectively.

Conclusion

In summary, we have demonstrated a simple and effective gas-to-
solid scheme for the conversion of gaseous CO; to solid separable
carbon using an LM alloy. Since the requisite for this process is
the utilization of metals that are in the liquid phase at the op-
erating temperature, we confined our selection to low melting
LMs. EGaln is liquid at room temperature, making it a great
candidate for the low-temperature dissociation of CO,. In this
paper, we have established that EGaln is consistently effective in
decomposing CO,, enabling the activation of CO, at room tem-
perature. Investigations on the thermal dependence of carbon
production over EGaln, revealed that the equilibrium production
rate increases with temperature. Based on the in-situ XPS studies
and DFT calculations, it can be concluded that Ga is the active
component for the decomposition. The process presented in this
work can find practical application in decarbonization strategies,
making this pathway an integral component of carbon manage-
ment. Adapting LMs for future CO, mitigation catalytic processes
will advance the progress toward the production of high-grade
functional carbon materials, and the discovery and advancement
of next-generation carbon-based materials.
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