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Abstract

The electrochemical reduction of CO2 is a promising realisation of negative emis-

sions to mitigate climate change, aiming at the efficient production and safe longterm

storage of carbon-rich sink products. This approach, however, necessitates novel cat-5

alyst materials specifically targeting electrochemical carbon dioxide removal. In this

work, we investigate synthesis routes for a cerium-incorporated GaInSn-based liquid

metal catalyst, focusing on the electrochemical production of graphitic carbon. Prepa-

ration and preconditioning of the catalyst are found to be crucial for carbon production,

while trace amounts of H2O and OH in the organic electrolyte play a decisive role for10

the efficiency of the electrocatalytic process. Finally, for a better understanding of the

reaction mechanism and the involved active species, experimental findings and den-

sity functional theory-based calculations are combined, suggesting a two-step reduction

pathway with Ce(OH)x as the catalytically active surface species.

Introduction15

Apart from a drastic cut in emissions by the (full) transition from fossil to renewable energies,

the disposal of CO2 from the earth’s atmosphere – so-called negative emissions or carbon

dioxide removal (CDR) – is likely to become a challenge, mankind has to face within the next

decades, that is associated with significant land conversion.1,2 In this context, realising these

negative emissions at scale is becoming an increasingly important research topic spanning20

a variety of research fields.3,4 A large number of currently investigated CDR-technologies

are based on biological pathways or on a direct injection of CO2 into underground reser-

voirs.3,5 (Photo-)electrochemical methods – often also referred to as artificial photosynthesis

– offer a different approach. Here, solar light is used directly or indirectly by an artificial,

light-absorbing structure to convert CO2 into long-term stable, storable products via a ther-25

modynamically uphill electrochemical reaction. This allows in principle for much higher

efficiencies than natural photosynthesis, thus drastically reducing the land-footprint of this
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method as well as the competition for arable land and water.6,7 While artificial photosynthe-

sis is more often highlighted for producing value-added products such as solar fuels,8 there

is a growing recognition of its importance in the efficient and permanent removal of CO230

from the atmosphere and its conversion into stable storage products. An ideal storage prod-

uct should be long-term stable, with the underlying process showing a high solar-to-carbon

(STC) efficiency,6 where the latter does not depend on the stored energy. This typically

excludes the formation of energy-rich C-H bonds, as for instance in methane or alcohols.

Consequently, storage products of interest range from liquids, such as formic or oxalic acid35

brines, to solid products, such as carbon flakes. The first step for such solar-driven CDR is

to find suitable electrocatalysts, which can then be integrated in a number of ways with a

solar absorber to finally assess the STC of a given system.

Liquid metal-based catalysts have recently been suggested to open a promising route

towards the production of solid carbon via electrochemical CO2 reduction.9–11 However, so40

far only a small number of studies exists, leaving the underlying mechanism still unclear.

This has resulted in contradictory hypotheses, which also seem to be caused by unidenti-

fied or undisclosed parameters in the synthesis process of the respective catalysts.9–11 Ga-

based liquid metals are promising catalyst candidates, since they enable an operation at low

temperatures, while maintaining their liquid properties. Additionally, they show excellent45

anti-coking behaviour, as solid products adhere poorly to liquid interfaces and detach easily.

The most frequently used materials, especially with respect to the formation of solid carbon,

are either GaIn or GaInSn, both of them enabling room temperature experiments.12,13 The

latter is often referred to with the trade-mark name “Galinstan”. This however, does not

clarify whether the eutectic GaInSn composition is at use (Ga: 68.5 wt.%, In: 21.5 wt.%,50

Sn: 10 wt.%) or a technical grade, which may also include fluxing agents or other additives

and thus may change the physio-chemical and catalytic behaviour significantly.14

When it comes to the formation of solid carbon from CO2 in an electrochemical setup,

several metals, such as cerium, vanadium or lithium, have been shown to act as (co-)catalyst,
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when incorporated in a liquid metal matrix.10,11 At this stage, a direct comparison between55

studies is challenging, as e.g. the description of the catalyst and its synthesis frequently

lacks detail with respect to either the catalyst preparation steps, the quantity of the actual

catalyst, the LM composition or the potential role of detected contaminants.9,10 Furthermore,

a detailed understanding of the underlying processes is currently still missing, as the proposed

mechanisms are essentially limited to a somewhat speculative reaction equation level and so60

far do not elaborate further into an interfacial analysis. Hence, there is a clear need for

further, in-depth investigations of this liquid metal-based catalyst type for CO2 reduction to

solid carbonaceous products.

In this work, we aim to contribute to the understanding of this electrochemical reaction

mechanism by focusing on the GaInSn-cerium system. For this purpose, we first investi-65

gate eutectic GaInSn for its electrocatalytic activity with respect to CO2 reduction. For

pure GaInSn, already a certain catalytic activity is observed, whereas the addition of Ce

results in slightly increased current densities and the yield of solid products with increased

carbon content. While these results are in partial agreement with previous work on Ce-

alloyed GaInSn,9–11 we furthermore investigate the underlying reaction mechanism, pointing70

particularly towards the importance of water or hydroxyl concentrations in the electrolyte

and shedding light onto the relevant surface species and intermediate products of the over-

all mechanism. Such an improved understanding with respect to synthesis and reaction

mechanism will help to more reliably asses the performance of the electrocatalyst, also in a

solar-driven approach. Moreover, an understanding of the electrocatalytic process will allow75

for tailoring improved materials with improved catalytic efficiencies.
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Methods

Sample preparation

GaInSn with a stoichiometry of Ga0.784In0.149Sn0.067 (68.5:21.5:10 weight %), was purchased

from Goodfellow (>99.8%). To allow for CO2 reduction aiming at carbonaceous products,80

GaInSn was alloyed with small portions of cerium, such that the resulting alloy contains

1wt% of cerium. It has to be pointed out here that the alloying process – sometimes

also referred to as doping – faces the challenge that cerium is immediately covered by an

oxide layer. This even occurs in nitrogen environments with oxygen levels of < 2 ppm,

and prevents a proper incorporation of cerium in the liquid metal if the oxide layer is not85

removed or mechanically broken. During the alloying process, cerium atoms are dissolved in

the GaInSn matrix while, due to the small dissolution limit, metallic Ce nanoparticles also

remain present (see Fig. 1). The mechanical incorporation of commercial Ce nanoparticles

in GaInSn by grinding both components in a mortar has first been described by Esrafilzadeh

et al. 9 . However, we found that additional process steps have to be followed in order to90

reliably and reproducibly incorporate cerium in the GaInSn matrix. The first process step

is the preconditioning of mortar and pestle, by alternating treatment of their surfaces with

1M HCl (Merck, 32%) and 1M KOH solution (Merck, > 99.9 %), followed by grinding of

pure GaInSn at ambient conditions. This results in the development of a native oxide layer

on the LM droplet which makes the latter loose its surface tension and hence its spherical95

shape, thus allowing it to be spread out on a surface.15 Once pestle and mortar were fully

covered with GaInSn, they were transferred to a glovebox with N2-atmosphere and the excess

GaInSn was removed from the mortar, such that only a mirror-like skin layer remained. In

the glovebox, a defined amount of GaInSn was added to the mortar, which directly spread out

due to the interaction with the skin layer. Only after this step, the mechanical incorporation100

of additional elements could proceed. This is due to the fact that inflicting any forces on the

pestle-surface/additive/GaInSn-droplet/mortar-surface system is impossible for a spherical
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liquid metal droplet, thus making a mechanical alloying process unfeasible. The second

adjustment was the preparation of cerium metal flakes inside the glovebox by chipping or

filing down a high-purity cerium foil (Thermo Fisher Scientific, 99.9%) just before weighing105

and adding it in small aliquots to the GaInSn during the actual alloying process in the N2-

glovebox. By following that procedure, larger flakes with a lower relative amount of surface

oxides were produced. This limits the risk of oxidized nanoparticles forming a coherent

layer on the LM surface which otherwise can lead to the reformation of coherent spherical

droplets, sometimes referred to as “liquid metal marbles” that again prevent the infliction of110

the force necessary for alloying.16 The successful alloying was checked with scanning electron

microscopy (SEM) and energy-dispersive X-ray spectroscopy (EDX) (cp. Fig. 1).

Electrochemical setup

The setup for electrochemical measurements has to address the specific requirements result-

ing from the liquid nature of GaInSn. To solve challenges such as electric contact loss of115

the liquid metal droplet due to capillary and electrostatic forces as well as locomotion,17 a

specific electrochemical cell was constructed (see Fig. 2). The contacting of the GaInSnCe

droplet was realised by using a previously GaInSn-coated copper foil (Thermo Fisher Sci-

entifc, > 99.95%) as a mount, on which the GaInSnCe catalyst was deposited as depicted

in Fig. 1(d). The coating process leads to the formation of a GaxCuy alloy that enables the120

GaInSnCe droplet to wet the foil. Finally, the mount was contacted from the back via a

pressing-contact. If not stated otherwise, an electrolyte solution consisting of Dimethylfor-

mamide (DMF, Thermo Fisher Scientific, > 99.5%) | 2M H2O | 0.1M Tetrabutylammonium

hexafluorophosphate (TBAPF6, Merck, > 99.0%) was used during the electrochemical ex-

periments. To ensure low amounts of residual H2O in the chemicals, the DMF was stored125

over activated molecular sieves (4Å, VWR BDH Chemicals) and the TBAPF6 was stored

in a vacuum desiccator prior to use. The H2O in use was drawn from a Milli-Q purification

system. As counter electrode, a Pt-coil (Thermo Fisher Scientific, 99.9%) was used, that was

6

https://doi.org/10.26434/chemrxiv-2024-1t2ss ORCID: https://orcid.org/0000-0002-1252-806X Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-1t2ss
https://orcid.org/0000-0002-1252-806X
https://creativecommons.org/licenses/by-nc/4.0/


Figure 1: SEM images and atomic ratios (EDX) of three different GaInSnCe batches. (a)
Alloying procedure according to method section; (b) alloying procedure according to liter-
ature;9 (c) GaInSnCe after chronoamperometry at -2.6V vs. Ag/AgNO3, from the same
batch as (a); (d) photos of a GaInSnCe droplet in the electrochemical setup before and after
the electrochemical experiments.

separated from the main electrolyte solution volume by a glass frit. As reference electrode

system, a RE-7N reference electrode from ALS was filled with a 0.1M TBAPF6 and 0.01 M130

AgNO3 (Merck, > 99.8%) acetonitrile solution. If not stated otherwise, chemicals were used

without further purification.
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Figure 2: Electrochemical cell developed for measurements on a liquid metal electrode.
(a) Photo of the cell under operating conditions, (b) schematic drawing of the cell design
(sectional view).

Electrochemical characterisation

The electrocatalytic processes on the LM were investigated by cyclic voltammetry (CV),

using an AMEL 2551 potentiostat with the software VApeak2017 v3. The CV experiments135

were performed with a scan rate of 50mV/s and the potential was cycled five times between

-1 and -3V vs. Ag/AgNO3. Before conducting the CVs, the electrolyte solution was purged

with the respective gas (N2 or CO2 (Westfalen, 99.999%)) for 30min. To gain insights in the

influence of incorporated cerium on the electrochemical process, CVs and chronoamperome-

try (CA) measurements were performed with either pristine GaInSn or alloyed GaInSnCe as140

working electrode. The experiments were conducted with the dry electrolyte solution or with

small amounts of H2O added to the solution. Finally, the pH of the H2O was adjusted by ei-

8

https://doi.org/10.26434/chemrxiv-2024-1t2ss ORCID: https://orcid.org/0000-0002-1252-806X Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-1t2ss
https://orcid.org/0000-0002-1252-806X
https://creativecommons.org/licenses/by-nc/4.0/


ther adding 1 M HCOOH (Merck, 89-91%) or 1M KOH. To normalise the resulting currents,

the effective area of the working electrode was estimated by assuming it to be a spherical

segment. Thus, the area could be calculated according to the equation Mh,a = π (a2 + h2),145

with a (radius of the cap-base) and h (height of the cap) as determined from pictures taken

during the experiment that were processed with the software Image-J.18

Electrode characterisation and product analysis

For XPS characterisation, a non-monochromated Al Kα source was used in a ultra-high

vacuum chamber with a base pressure of ≤ 5 · 10−9 mbar. The system was equipped with a150

Phoibos 100 MCD analyzer from SPECS. Survey scans were taken at a pass energy (Epass) of

50 eV, while for detail scans, 20 eV were applied. Binding energies were calibrated using the

metallic component of the Ga 2p3/2 peak, setting its binding energy to 1116.7 eV, while for

the Ce metal sample, the binding energy of the metallic Ce 3d3/2 peak was set to 900.56 eV.

For SEM measurements, a JEOL JSM-6500F with schottky emission electron gun was155

used in combination with an Oxford INCA Energy 200 EDX system. The scans presented

here were taken at an acceleration voltage of 15 kV.

Raman spectra were recorded using a home-built, inverted confocal laser stage scanning

microscope. A narrow-linewidth 532 nm (2.33 eV) diode laser was used for excitation. The

signal was recorded by an Andor DU4A01-BVF camera attached to an Andor SR-303i-160

B spectrometer, using a 1200 g/mm diffraction grating. Prior to the measurements, the

instrument was calibrated using a Neon gas-discharge lamp. The temperature of the camera

was kept constant at -60 ◦C. An infinity-corrected 100x/1.4 NA oil immersion objective

was used to focus the excitation laser to a diffraction-limited focal volume and collect the

scattered radiation. The samples consisted of drop-cast films of the material on a glass165

coverslip and were investigated under ambient conditions. Two RazorEdge Long Pass E-

Grade 532 filters were employed to exclude the signal below 100 cm−1, thereby removing the

laser-line.
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For the analysis of the solid product obtained during the longterm experiments, we

separated it from the LM matrix by scraping-off the topmost layer. This material was170

washed with acetonitrile and treated in a vortex shaker, leading to the separation of the

remaining LM and the solid product. The hereby formed LM drop was withdrawn from the

emulsion and finally, the slurry was stepwise dropcasted on Si wafers, dried first at ambient

conditions in a fumehood, and finally in a drying cabinet at 60◦C over night.

The electrochemically produced gases were analysed using gas chromatography (GC,175

Trace 1300, ThermoFisher) with a thermal conductivity detector. The GC was equipped

with Restek columns (1m, 5Å molecular sieve 80/100 and 2m Hyyesep Q 100/120) using

argon as carrier gas. The electrochemically produced liquids were analysed using ion chro-

matography (IC, Metrohm AG, Switzerland) with a conductivity detector (930 Compact IC

Flex) operated by MagIc-Net software. The eluent was 3.2mM Na2CO3 + 1.0 mM NaHCO3180

+ 16% acetonitrile, flowing through a 4mm column Metrosep A Supp 7 - 150/4.0.

Computational

Periodic density functional theory (DFT) as implemented in the plane wave code VASP,

was applied to investigate potential reaction mechanisms for the CO2 reduction.19,20 After

optimizing the Ce bulk structure, a 3 × 3 supercell of the (111) surface was created, using185

a 5-layer slab with 15Å vacuum on top. On this surface, the CO2 reduction to CO and

carbon was studied, also investigating the impact of co-adsorbed hydroxyl groups and trace

amounts of water. All calculations used the projector-augemented wave (PAW) approach,

while exchange and correlation where described by the RPBE functional in combination with

the Grimme-D3 correction.19,21,22 A plane-wave cutoff of 520 eV and a 4 × 4 × 1 Γ-centred190

k-point mesh were applied.
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Results and Discussion

Effects of electrolyte composition and alloying

In order to improve the understanding of the Ce-based CO2 reduction mechanism as de-

scribed in the literature,9 experiments were designed and conducted that initially followed195

the originally suggested procedure. However, due to reproducibility issues with the originally

proposed alloying procedure, the above-described, adjusted process was developed, leading

to successful alloying and reproducible electrochemical measurements.

From the non-negligible current densities observed in the cyclic voltammograms per-

formed in the CO2-purged electrolyte (Fig. 3a), we deduce that both the pure GaInSn and200

the cerium-containing alloy are active towards carbon dioxide reduction, yet the former is

in disagreement with the findings of Esrafilzadeh et al. 9 . The onset of the faradaic process -

defined as the potential at - 100µA/cm2 - is slightly shifted towards less cathodic potentials

(from -2.39 to -2.25V vs. Ag/AgNO3) when switching from a pure GaInSn to a GaInSn-Ce

electrode in the electrolyte solution containing 2M H2O (Fig 3a, red curve). For the LM-Ce205

electrode in combination with the dry electrolyte solution, on the other hand, the onset is

shifted to -2.49V (Fig 3a, blue curve). The catalyst prepared according to the literature

process, starting with Ce powder, shows an earlier onset at around -2.04 V (violet curves).

However, a reduction wave with a maximum at -2.18V seems to overlap with the faradaic

process occurring at higher potentials. As it was not investigated whether the reduction210

wave is really linked to the CO2 reduction process (e.g. CO2 adsorption) or originates from

alternative processes like the reduction of surface oxides, assigning the onset of -2.04V to

the CO2 reduction does not seem justified.

The control experiments with the Ce-containing alloy under nitrogen-purged electrolyte

solution in the absence of additional water (black curve) indicates that the faradaic process at215

cathodic potentials more negative than -2V is linked to the CO2 reduction, as the cathodic

current is entirely missing in the absence of CO2. And indeed, the main products in the
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Figure 3: Electrochemical experiments on pure GaInSn and the Ce-containing alloy GaIn-
SnCe. (a) Cyclic voltammetry in dependence of purging gas (CO2 or N2, black and blue
curve) and H2O content (red and green curves), (b) current density at -3V vs. Ag/AgNO3

for samples from (a), (c) longterm experiments at different potentials and electrolyte condi-
tions, (d) current density at -3V at different pH of the added H2O.

process are carbon monoxide and – if H2O is present at relevant amounts – formate as well

as hydrogen as shown in Tab. 1. Small contributions to the cathodic current at potentials

more cathodic than -2.7 V probably originate from the degradation of the conductive salt220

TBAPF6, as its stability window suggests a decomposition at potentials more cathodic than

-2.7V.23 At this point it should also be mentioned that a decomposition mechanism of the

Tetrabutylammonium cation in DMF has been described for potentials lower than -2.7V,

which could in principle affect our results. However, as H2O is described to strongly suppress
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this effect, we regard it as negligible in comparison to the CO2 reduction reaction.24 To225

account for those effects, we mainly focus on electrolyte solutions containing H2O in the

following, and additional longterm experiments were conducted at -2.6V vs. Ag/AgNO3.

In Fig. 3(b), the evolution of the current density over the course of 1 hour of continuously

applied potential (-3V vs. Ag/AgNO3) is depicted. The current density with pure GaInSn

and the LM-Ce are similarly high (∼2mA/cm2), with both of them slightly increasing during230

the experiment. Unlike in the case of the LM-Ce alloy, the current density with pure GaInSn

seems to stop increasing at roughly -3mA/cm2. Furthermore, the evolution of the current

density is more unsteady - possibly due to contacting issues. For the Ce-containing alloy,

the absolute value of the current density is slowly increasing over time without reaching

saturation in the observed time span. This holds for the case of a controlled amount of added235

H2O as well as for the dry electrolyte, whose current densities start off at ca. −2.2mA/cm2

and -1mA/cm2, respectively. This ongoing increase becomes more apparent in the longterm

experiments that are depicted in Fig. 3(c). During the extended CA measurement, a blackish

surface evolves on the LM-Ce electrode alongside this gradual increase in current density

(Fig. 1d). This does not occur in the case of the pristine GaInSn. Upon closer inspection240

during the experiment, it can be seen that this growth-process starts from multiple nucleation

centres and proceeds to grow into larger flakes, ultimately covering the whole LM surface

with a dense, opaque-blackish layer.

In the case of the water-containing setup, the three–dimensional growth of the blackish,

solid product flakes proceeds more slowly than in case of the dry electrolyte solution. How-245

ever, unlike for the dry electrolyte solution, the growth does not appear to come to a hold.

Overall, the yield of the solid product is therefore more pronounced for the H2O-containing

electrolyte solution. Consequently, this suggests that controlled amounts of water impact

the growth process and its kinetics significantly. Interestingly, this growth process is in both

cases (dry and 2M H2O) accompanied by a slow increase in current density even after run-250

ning the experiment for > 16 h (see Fig. 3c). This could indicate a slow conditioning process
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regarding the solid-liquid interface of the working or counter electrode, facilitating existing

or enabling new reaction pathways. Another explanation might be, that the continuously

growing amount of solid product deposited on the LM might show catalytic activity towards

CO2 reuction by itself, as it has been reported for graphite.25 An increased hydrogen forma-255

tion due to deposited product, on the other hand, is unlikely since the slope of the current

density increase in case of the dry electrolyte solution is similar to the electrolyte solution

with the added amount of H2O. After periods longer than 10 h of constantly applied po-

tential, the uppermost layers of the new surface starts to exfoliate. However, this does not

hamper the catalytic process.260

In contrast, the results were more ambiguous if the alloy was produced according to the

procedure described in the literature Esrafilzadeh et al. 9 starting from Ce powder and a non-

coated mortar. In Fig. 3(a) and (b), the typically encountered behaviour is depicted in violet.

Overall, the current density is significantly lower when compared to the alloy prepared with

our process. Furthermore, no observable amount of solid product was deposited on top of265

the alloy over the course of the experiment. When monitoring the resulting current densities

in the potential range between -1 and -1.6V as well as between -1.75 and 2.5V, it can be

observed that they are significantly more pronounced compared to our process. If the latter

observation is linked to the presence of larger amounts of oxides in the final alloy, that are

being reduced and oxidised repeatedly, this would point out the importance of a reliable270

alloying process that is independent of the actual technique of the operator as otherwise, the

LM alloy is left in an ill-defined state.

To investigate the influence of acidity and alkalinity of the added water on the electro-

chemical behaviour and performance of the catalyst, the pH of the added H2O was adjusted

to 1.87, 7, and 12, respectively. Fig. 3(d) depicts the resulting current density of GaInSnCe at275

-3V for these three different cases. While in all three experiments, an initial drop in current

density is observable, the current density subsequently recovers without reaching saturation

in case of alkaline (grey) and neutral (red) H2O (see Fig. 3d). Alongside these differences in
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current density over time, the growth of the blackish solid product also proceeds differently.

In fact, first flakes of the solid product were visually observed after ∼120 s with alkaline H2O,280

while they appeared only after about 1200 s with neutral H2O. In the case of the acidified

H2O, no solid product was observed at all during the experiment. Consequently, the addi-

tion of H2O increases the cathodic current at a given potential, while an increased pH H2O

promotes the CO2 reduction yield towards the solid product.

As H2O and, more specifically, the pH of the H2O appear to have an impact on the forma-285

tion of the solid product and the electrochemical performance overall, it should be mentioned

that the solvation state of DMF/H2O solutions is an ongoing research topic. However, there

is the hypothesis that the supposedly homogeneously distributed DMF/H2O system26 ob-

tains a microheterogeneity upon the addition of alkali cations due to the replacement of the

H2O in the DMF-n-H2O structure.27–29 Thus, we assume that by adding H2O containing290

KOH, we create these microheterogeneities and consequently deal with a solvent of distinct

H2O- and DMF-microclusters (see discussion in SI).

Depending on the reaction mechanism, solid carbon formation from CO2 may involve CO

as an intermediate product or not.30,31 To check for the hypothesis of CO as intermediate,

we conducted experiments with the same electrolyte solution purged with CO (Westfalen,295

99.97%) instead of CO2. This resulted in significantly lower and slowly decreasing current

densities (Fig. S3b). However, the blackish product still evolved. Although the initial for-

mation of the solid product seemed to occur faster than in the case of carbon dioxide, its

further growth on the catalyst seems to come to a stop after ∼1-2 h (Fig. S3). This suggests

that either the growth into larger graphitic carbon flakes is promoted by the presence of300

CO2, or the catalyst deactivation is prevented. This could be linked to proton availability

and we therefore analysed the reaction products by means of gas and ion chromatography.
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Product analysis

Co-evolution of different products, with their relative ratios varying for catalyst and elec-

trolyte composition, applied potential as well as with time, is a typical challenge for elec-305

trochemical CO2 reduction.32 We therefore evaluated the faradaic efficiencies (FE) for the

main gaseous and dissolved products -– namely CO, H2, formate and oxalate – after 1 h of

potentiostatic experiment. Every 10min, a head-space sample was analysed via gas chro-

matography. The mean values from these six measurements are given in Tab. 1. For the

dissolved liquid products, the accumulated amount was determined by ion chromatography310

after the experiment was terminated. We find that the main product for the dry electrolyte

is carbon monoxide, while the presence of H2O leads to the additional formation of hydrogen

and formate. In both cases, minor contributions of oxalate are measured. Over the “short”

period of those experiments, a reliable quantification of the solid blackish product could not

be conducted due to the small yield of the product.315

Table 1: Faradaic efficiencies, ηF , of the gaseous and dissolved products during
1 h of applying -3V to the Ce-containing GaInSn alloy in an electrolyte solution
that is either dried or contains 2 M H2O at pH 7.

ηF for GaInSnCe w/o H2O GaInSnCe with 2M H2O
CO 93 ±1.32 36.9 ±1.24
H2 0.7 ±0.85 21.0 ±1.29
HCOO– 3.0 46.8
C2O

2–
4 1.5 0.35

Sum 98.2 105.1

SEM/EDX analysis (Fig. 4a) shows that the separated mixture of solid product and

catalyst falls into two main particle size categories. The first category ranges from roughly

1 to 3µm diameter, while the second one is larger by an order of magnitude ranging from

∼10 to 30µm. The atomic composition of category 2 (spectrum 2 and 3), which is generally

spherically shaped, is in good agreement with the original composition of GaInSn. Category320

1, on the other hand, is unevenly shaped, with roughly half of the signal stemming from the

Si wafer (see spectrum 1). Slightly below 30% of the atomic species once again originate from
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GaInSn residues with a pronounced Ga surplus. However, for this domain, an additional

signal emerges, corresponding to ∼13% carbon.

Figure 4: Characterisation of the solid product based on (a) SEM/EDX, (b) Raman spec-
troscopy and (c)/(d) XPS spectra of the separated black products’ Ga 2p and O 1s signals
for the pristine LM (blue) before electrochemistry and the separated top layer with product
after CO2 reduction (green).

Raman spectra (Fig. 4b) were taken for the solid product formed during experiments with325

CO2 as purging gas (green) as well as for the product formed when purging with CO (black).

Both spectra show pronounced signals at 1605 cm−1 (CO)/ 1580 cm−1 (CO2) and 1355 cm−1,

that correspond to the characteristic G- and D-band modes well-known for graphitic carbon,

thus allowing the conclusion, that in both cases the solid, carbon-rich product is at least

partly graphitic.33,34
330
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XPS analysis of the product shows that it contains small amounts of cerium, which are

not observed by EDX. This is either a consequence of the EDX detection limit or otherwise

may point to an exclusive presence of Ce in the uppermost layers of the product sample.

Furthermore, the Ce 3d signal in XPS indicates that the cerium is exclusively present in the

Ce(III) state as depicted in Fig. 5.335

Table 2: Atomic ratios of the metals composing the residual GaInSn that could
not be separated from the product.

Ratios acc.to datasheet Spectrum 1 (C-rich) Spectrum 2 Spectrum 3
Ga/In 5.19 6.47 5.05 5.17
Ga/Sn 11.70 13.05 10.98 11.58
In/Sn 2.22 2.02 2.18 2.24

Since the GaInSn remainders/residues in the product with the composition given in

Figure 4 hail from the the uppermost layers of the electrochemically cycled GaInSnCe droplet,

the shift in atomic ratio points towards an accumulation processes and thus an elemental

composition at the catalyst/electrolyte interface that deviates from the bulk composition of

the GaInSn-Ce alloy. Such a potential-induced accumulation may lead to an energetically340

more favourable surface configuration, similar to the process described for eutectic GaIn,

in which In is significantly enriched at the GaIn surface.35 An In/Sn enrichment at the

surface might explain the relatively high FE towards formate (Tab. 1) since – unlike gallium

– they have been reported to be active catalysts for the production of formic acid in aprotic

solvents with low amounts of H2O.35–37 The over-representation of gallium coinciding with345

the presence of graphitic carbon might also point towards a decisive role of gallium in the

formation process of the graphitic carbon that is then further catalysed by the presence of

cerium. In this case, the over-representation on In and Sn in the non-graphitic regions of

the EDX sample might be observed as the counterpart to the depletion of gallium during

the C-formation. As only the Ga/Sn ratio shifts in favour of Sn for the non-graphitic sample350

area, while the In/Sn ratio remains as it was, the Ga-depletion due to an involvement in the

graphite formation pathway seems more likely.
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The Raman spectra of the product hailing from the CO2 experiments show a G-band

that is shifted towards lower wavenumbers, while the D-band is less pronounced than its

counterpart from the CO experiment. As the shift in G-band can be correlated to a higher355

amount of sp3-hybridised carbon, while a higher intensity of the D-band is usually linked

to larger defect concentrations in the graphite structure, it can be concluded that the prod-

uct that formed from the purged CO2 is less defectuous and likely less oxidised than the

carbon produced from CO.33 Tuinstra and Koenig 38 explain a shift of the G-Band from

1575 cm−1 towards higher wavenumbers with smaller graphite structures, thus the observed360

high wavenumber in case of the CO experiments (1605 cm−1) supports the observation of

smaller dimensions and limited growth of the graphitic product if CO2 is absent.

Catalyst properties

To qualitatively assess the composition of the catalyst and possible interface reactions, we in-

vestigated the LM-Ce alloy prior to and after the electrochemistry by ex-situ XPS (Figures 4365

and 5). The Ga 2p signals (Figure 4c) stemming from the LM matrix indicate that within

the information depth of XPS, the gallium is largely oxidised to Ga2O3 after the formation of

the solid product (green curve), while for the freshly prepared alloy (blue curve), the signal

contribution of metallic Ga is more pronounced, probably stemming from sub-surface. For

the Ce metal reference sample (grey curves in Figure 5), we observe a pronounced peak in the370

Ce 3d region at 918.2 eV, which lies in the region typical for CeO2.39 This also agrees with

the observation of a strong contribution at 530.4 eV to the O 1s signal, while we assign peak

components of the other samples around 531.8 eV to the gallium oxide.40 Yet this region,

one would also expect In and Sn oxide species,41,42 which might, however, not occur on the

surface in their bulk concentration due to a potential-induced accumulation of for instance375

In.35 Consequently, a deconvolution of the O 1s with respect to Ce species is not feasible

here due to the low concentration of Ce in the LM matrix.

The spectra of the Ce 3d orbital of the LM matrix samples in Figure 5(a) show doublet-
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Figure 5: XPS analysis of the GaInSnCe alloy before and after before and after CA measure-
ments for the three different experimental conditions (without additional H2O (blue), with
2M H2O (red curve), and with 2M H2O of pH=12 (pink)) compared to two references, Ce
metal (grey), and the Ce-alloy before exposure to the electrolyte (black). (a) Ce 3d spectra
and (b) O 1s spectra.

peaks with their main signal at ∼886 eV (Ce 3d5/2) and ∼904.6 eV (Ce 3d3/2), which is good

agreement with literature values for Ce2O3.39,43 This is in contrast to the previously stated380

hypothesis, that CeO2 is involved in the catalytic process.9 The presence of CeO2 would be

observable by the occurrence of the peak at 918.2 eV (see reference sample, grey curve). We

therefore conclude that for the alloyed LM-Ce, the surface cerium is present as cerium(III)

oxide (Ce2O3) with no observable contributions of cerium(IV) oxide (CeO2).

Strictly speaking, this statement is only valid for the catalyst before and after the electro-385

chemistry and does not necessarily reflect its operando state. However, as CeO2 is considered

the most stable configuration of cerium at ambient conditions,31 it can be deduced that CeO2

does most likely not contribute to the catalytic process, as residues, that have not yet been
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reduced during the oxygen stripping of CO2 or CO, would be stable even in ambient con-

ditions and would not be converted back to the cerium(III) oxide. Thus, a missing signal390

of Ce(IV) oxide in the ex-situ XPS analysis makes the presence of Ce(IV) under operation

conditions highly unlikely unless this species is a reaction intermediate. The latter could

explain, why Ce-O-Ce was found with operando Raman under very cathodic potentials.9

In the case of controlled amounts of H2O being added to the electrolyte solution, it can

be observed that the contribution to the O 1s signal at 533 eV increases by at least a factor of395

3 in intensity compared to the sample exposed to the dry electrolyte, while the latter shows

by far the strongest contribution of the component at 531.8 eV. Thus the increase in 533 eV

appears to be linked to the increased occurrence of cerium hydroxide and other hydroxides.

These findings from XPS can now be linked to the observation that the process lead-

ing to the formation of graphitic flakes is significantly accelerated in OH-rich electrolyte400

solution and seemingly non-existent if cerium is missing in the alloy. This suggests that OH-

terminated surface cerium or a thin layer of Ce(OH)x is important for the electrocatalytic

activity for the reduction of CO2 to graphitic carbon.

Reaction mechanism

From these experimental results, it is now possible to outline a potential reaction pathway for405

the CO2 reduction on the LM-Ce alloy to solid carbon species. Qualitatively, the production

of solid carbon species – graphitic carbon with a certain degree of amorphous components

similar to carbon black44 – is independent of the presence of (dilute) H2O, while the presence

of Ce is a prerequisite for the formation of this product. The production rate is, however,

drastically enhanced in the presence of KOH. This could indicate that the catalytically410

active Ce(III) species are stabilised by OH groups/Ce(OH)3 or even that the latter is the

active species. This is in line with the findings of Wang et al. 30 who propose cerium(III) as

active centres for C-deposition processes. As furthermore, the availability of acid sites seems

crucial to carbon deposition processes, the importance of the stabilisation of a Ce(III) species
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instead of Ce(0) is additionally emphasised.45 CO appears to be a reaction intermediate, but415

not sufficient for the formation of larger carbon flakes, as the solid product forms more

quickly with only CO added to the solution, but the process appears to come to a stop at

low total yield if no CO2 is present in the solution. As Grebenko et al. 46 have described,

graphene growth based on CO as the carbon source suffers from a self-limiting effect due to

facilitated CO adsorption at the propagation front of the graphene nuclei in comparison to420

the catalyst surface, where CO dissociates into new building blocks. Thus the subsequent

lateral attachment of graphene precursors is kinetically hindered. Small amounts of CO2

already seem to have a sufficiently strong etching effect on these growth-limiting CO at

the graphene edges, hereby allowing the layer growth to continue.47 This would explain the

restricted growth rate we observe when using CO as the purging gas in comparison to CO2.425

The by about 40% lower solubility of CO compared to CO2 in the DMF/H2O mixture

might also affect the formation rate of the solid carbon product, yet it would not sufficiently

explain the higher solid product formation rate in case of CO2 being present.48,49

As the LM surface changes its stoichiometry during the reaction towards a slight Ga

accumulation when compared to In and Sn, a significant role of gallium for the observed430

formation of graphitic carbon seems likely. Ga-species could play the role of catalysing the

conversion from CO2 to CO,50 while In and Sn species are likely to additionally produce

formate and hydrogen in the presence of water.36 Hereby, a mixture of CO/CO2 would be

created at low temperatures. Meanwhile the LM surface bears cerium(III) catalytic centres

due to the alkaline H2O, that are stable at highly cathodic potentials and are furthermore435

highly mobile due to the liquid nature of its “substrate”. This seems to lead to ideal conditions

for the sustained growth of graphitic carbon – in contrast to initial, but limited deposition

of poorly ordered graphene observed for many metals.51

At this stage, one could imagine two main reaction pathways from CO2 to C that have

already been discussed in the literature. In a Boudouard-type reaction, C is formed from two440

CO molecules 2CO(g) → C(s) + CO2(g), while the reverse water gas shift reaction involves
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hydrogen: CO(g) + H2(g) → C(s) + H2O(g).45 As the Boudouard reaction is hindered by

the availability of water, while we find higher C formation rates in the presence of H2O, the

latter of the two appears to be more likely here.

Figure 6: Proposed scheme for the overall reaction pathway to solid carbon, indicating the
surface composition of the LM droplet in CO2-purged electrolyte (not shown). Large grey
arrows between the steps from (A) to (F) denote changes in surface composition, small grey
arrows the evolved products. The colorisation of the backdrop indicates high (green) and
low (red) formation rate of the graphitic carbon product.

In Figure 6, we propose an overall scheme for the reaction mechanism that is compatible445

with our observations: (A) The GaInSnCe surface with its Ga-dominated native oxide layer

is reduced at cathodic potentials of at least -2V vs. Ag/AgNO3 to create a fully reduced

metallic surface (B). In the presence of CO2, reduction reactions towards CO and (if H2O

is present) towards formate and hydrogen are occurring. At the same time, a potential-

driven segregation process takes place, which changes the surface composition and leads to450

an accumulation of Ce on the surface of the alloy (C). Depending on the availability of OH−

and – potentially – the presence of K+, the formation of graphitic structures appears to be

significantly accelerated. While the presence of OH− and K+ may lead to the immediate
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stabilisation of catalytically more beneficial surface structures like Ce(OH)3 (D2), the forma-

tion of those species might be delayed in case of the usage of neutral H2O in the electrolyte455

solution (D1). If pure H2O is present, the formation of hydrogen and formate may lead to

a local depletion of protons which could gradually create an environment similar to the one

stated above and thus stabilise Ce(OH)3 with a certain delay. The CO – which is supposedly

dominantly produced at Ga and Ce-sites – is captured by the Ce(III) surface species, the

oxygen is split off. In the following, a cyclisation process with multiple of likewise-produced,460

surface-bound C-species takes place, forming graphene nuclei (E). Subsequently, a growth

process proceeds that seems to be facilitated in the presence of CO2, but not CO, which ulti-

mately leads to the exfoliation of graphitic carbon from the otherwise fully covered GaInSnCe

surface (F).

To test our hypothesis on the interplay between water, OH, Ce, and the CO2 molecule,465

we modelled the dissociation of CO2 on a Ce metal surface by DFT (Fig. 7). The calculations

of the CO2 reduction towards carbon show a high reactivity of the Ce metal surface with

the overall process being thermodynamically favourable (Fig. 8). In fact, both reaction steps

from CO2 to CO and from CO to C result in a decrease in energy.

Figure 7: Dissociation of CO2 on the Ce(111) surface in the presence of a co-adsorbed OH
group. Initial and final states of the two dissociation steps (CO2 to CO and CO to C) are
depicted from left to right.

Thus, Ce metal can in principle reduce CO2. It has to be pointed out that the CO2470

molecule adsorbs in a bent geometry (see Fig. 7), which is indicative for the activation of the

molecule. To resolve the question of reaction path and activation energy, the kinetics of the

outlined reduction steps has been analysed by the nudged elastic band (NEB) method.52,53

24

https://doi.org/10.26434/chemrxiv-2024-1t2ss ORCID: https://orcid.org/0000-0002-1252-806X Content not peer-reviewed by ChemRxiv. License: CC BY-NC 4.0

https://doi.org/10.26434/chemrxiv-2024-1t2ss
https://orcid.org/0000-0002-1252-806X
https://creativecommons.org/licenses/by-nc/4.0/


0.0 0.2 0.4 0.6 0.8 1.0
Reaction coordinate

1.5

1.0

0.5

0.0

0.5

Ba
rr

ie
r 

(e
V)

(a)

clean
with OH

0.0 0.2 0.4 0.6 0.8 1.0
Reaction coordinate

3.2

2.4

1.6

0.8

0.0

0.8

Ba
rr

ie
r 

(e
V)

(b)

clean
with H2O

Figure 8: Dissociation barriers (a) for the first (CO2 to CO, eq. 1) and (b) for the second
(CO to C, eq. 2) reaction step with and without the presence of a co-adsorbed OH group.

For this purpose, the activation barriers for both reaction steps, from CO2 to CO and from

CO to C, were computed. The observed barriers amount to 0.24 and 0.64 eV, respectively,475

thus making the second step the rate-determining one (see Fig. 8). As the experimental

findings indicated a positive impact of alkaline conditions, a next step was to investigate the

just discussed reaction steps in the presence of small amounts of OH and trace water (see

SI for the latter). This was mimicked by placing a single OH group (water molecule) on

the surface. Here, it has to be pointed out that a 1molar solution of water in an organic480

electrolytes means an average distance of ∼10Å between water molecules. This means that

considering only one co-adsorbed OH group (water molecule) on the investigated surface is

indeed rather close to the experimental conditions. Interestingly, the thermodynamics of

the reaction is only slightly changed by the nearby molecules. However, in the case of the

co-adsorbed OH group, as well as for a co-adsorbed water molecule, the reaction barriers485

disappear (see Fig. 8 and Fig. S2) for both reaction steps, which is more pronounced in the

case of OH. This may be attributed to the interaction of CO2 (CO) with the dipole moment

of the adsorbed molecules. Consequently, one would expect this to be observed only for

trace amounts of water and OH, as the impact of larger water concentrations, in particular

for the case of water, would be expected to average out. Regarding the reaction mechanism,490

this complete dissociation of CO2 to adsorbed C and O without barrier then requires the

desorption of an O species from the Ce and transport thereof to the counter-electrode, where
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the oxidation reaction takes place. This could take place in the form of hydroxide which is

then oxidised to O2 at the counter-electrode, which further emphasises the importance of

water in the overall process. From this DFT model, one could derive the following reaction495

scheme under the assumption that Ce(OH)x is present in small clusters on the surface of the

LM matrix, where equations 1-3 take place on the cathode in the vicinity of an adsorbed

OH group (Ce-OH), and equation 4 on the anode:

CO2 + 2Ce → CO + Ce O + Ce (1)

CO + Ce O + 2Ce → 2(Ce O) + Ce C (2)500

Ce O + H2O + 2e– → Ce + 2OH– (3)

4OH– + 4h+ → O2 + 2H2O (4)

With respect to the build-up of graphitic carbon, different growth mechanisms seem to

be possible. A chain-like mechanism with subsequent chain-linking as suggested by Keller

et al. 31 could be imagined.505

Conclusion

In summary, we have explored catalyst synthesis, active species, and reaction mechanism of

a Ce-alloyed liquid metal matrix for the electroreduction of CO2 to solid carbon species. For

the synthesis, we have found that the incorporation of (large) Ce particles freshly produced

from Ce metal combined with pre-conditioning of the grinding mortar result in a catalyst510

that reliably produces graphitic carbon from CO2. Unlike stated in the literature, we find

that Ce(III) oxide species, stabilised by OH-termination or a surface Ce(OH)x phase, is

the catalytically active species. While the presence of small quantities of H2O generally

increases cathodic currents and the formation of H-containing products such as formate,
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a higher alkalinity benefits the solid product yield. The reaction mechanism appears to515

also involve CO as an intermediate species, while CO2 promotes the growth of the solid

into larger flakes followed by exfoliation, preventing catalyst deactivation. Our results are

supported by calculations from density functional theory, finding that especially the presence

of OH-groups on the Ce surface lead to the almost complete disappearance of the reaction

barrier for splitting off both oxygen atoms from CO2. The next step towards practical520

electrochemical CO2 reduction to solid carbon for carbon dioxide removal will now be to

use this improved understanding to increase faradaic efficiencies of the catalyst for graphitic

carbon sink product.
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• SupportingInformation.pdf: Additional experimental figures as well as DFT results in

the presence of water.
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