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Supplementary Figures and Tables:
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Supplementary Figure 1. LSV of galinstan with 3 wt% Ce measured in 0.1 M TBAPF¢ and
2M H,0 in DMF under N, and CO; saturated electrolyte. Inset shows the current density at -

3V over 3 consecutive switching cycles between N, and CO..
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Supplementary Figure 2. LSV of galinstan with 3 wt% Ce measured in 0.1 M TBAPFs and
2M H,0 in ACN under N, and CO; saturated electrolyte.
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Supplementary Figure 3. LSV of galinstan with 0 wt% and 3 wt% Ce measured in 0.1 M
TBAPFg and 2M H,0 in DMF under CO; saturated electrolyte.
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Supplementary Figure 4. Photograph of the electrochemical cell with liquid galinstan
working electrode containing 3% cerium (LMCe3%) that shows delaminated carbonaceous

materials.



Suppleméta Figur5. EM 'iags of the roduced carbonaceous material. a lower
magnification (scale bar shows 50 nm). b Higher magnification (scale bar shows 5 nm).
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Supplementary Figure 6. SEM images of the produced carbonaceous materials.
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Supplementary Figure 7. Atomic Force Microscopy (AFM) analysis of carbonaceous

materials showing the thickness of products was 3 nm.
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Supplementary Figure 8. FTIR spectrum of carbonaceous materials between 1000 to
1300 cm™. Smaller peaks at 884 and 1386 cm™ indicate the presence of C-H bonds, and
numerous small peaks between 1020 and 1250 cm™ attest to the presence of some C-O-C and
C-O-H moieties.
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Supplementary Figure 9. EDS of carbonaceous materials. EDX analysis of the solid product
did not show the presence of nitrogen and hence the nitrogen-containing solvent is unlikely to

be a participant in the reaction.
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Supplementary Table 1. Atomic percentage of each component calculated from XPS
analysis of the isolated product.

Element Atomic %
C 84.49
O 14.99
Ce 0.00
Ga 0.00
In 0.00
Sn 0.49
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Supplementary Figure 10. X-ray photoelectron spectroscopy (XPS) of carbonaceous
materials, which shows the C1s spectra of the carbonaceous materials, which is fitted to two
peaks centred at 284.76 and 286.08 eV.
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Supplementary Figure 11. Tafel plot of LMCe 3% under CO, environment.

13

-3.0



. . DMF| |DMF

*tetrabutylammonium cation only
HDO
DMF
TBA*
BN r\ Il TBA* TBA* ‘
A VU

rr-~rrrrrrrrnpr . r 1.~ r~ 1 r v~ 1r. T r 11 1711 1 1§ [ 1 T T ]
10 9 8 7 6 5 4 3 2 1 ppm

Supplementary Figure 12. NMR spectroscopy of the electrolyte after 4 hr
electrocatalysis.
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Supplementary Table 2. Comparison of the over potential and onset potential for various CO,
reduction reactions in non-aqueous solutions.

Over potential for each

Onset potential for

13 13
Catalysts Products Electrolyte product , each product Ref.
(at ImA/cm?)
Carbonaceous -1.375 vs (CO,/C) -0.310 vs (CO,/C) Vmi
materials
DMF/2M H,O
(0)
LMCe 3% (0.1M TBAPF;)
_ 2 This
CO NA 1.016 vs (CO,/CO) work
Zn(Il) DMF/10% H,0 1
tetramesitylporphyrin co (0.1M TBAPFs) -1.4 vs SHE NA
DMF/5% H,0 -1.4 vs NHE (@ 0.7 2
Fe,DTPFPP-PO3H, CcO (0.1M TBAPFy) NA mA/cm?)
Re-grafted metal 0
organic framework CcO Négcl'\'\‘//IST/éﬂ_?)H -1.45 vs NHE NA s
(MOF) '
) MeCN/1% H,0 -1.76 vs NHE 4
€050, nanofibres co (0.IM TBAPFs) NA (@ 0.175 mA/cm?)
Surface treated Bi S 5
nanoparticles (Bi NPs) CcO MeCN/lonic liquid -1.7 vs Ag/AgCI NA
MeCN/1IM H,0 6
Cu,Pd alloy CH,4 (0.1M TBAPF) NA Onset -1.6 vs Ag/AgCI
Sn HCOOH -1.8 vs Ag/AgCl NA
MeCN/H,O/lonic 7
liquid
Pb HCOOH -2.0 vs Ag/AgCI NA
DMF/1% H,0 + 8
Cu/Cu,0 HCOOH (0.1M TBAPF) -2vs Fc'/Fc (@ 1 mA) NA
SnO,@N-doped HCOOH MeCN/lonic liquid -2.0 vs Ag/AgClI NA o
porous carbon
Electrodeposited- HCOOH DMF/3% H,0 015 vs Fc*/Ec NA 10

[Cu(cyclam)](ClOy),

(0.1M TBABF,)

! The standard potentials of CO, reduction reactions vary considerable in different solvents and in the presence of proton donors. For many

electrolyte systems these potentials are not known and readers should refer to the original works for further detail.

2 Onset potential was determined by estimating the potential initially generating CO, reduction products. In the case of CO generated in this

study, the first potential that could be directly measured using GC experiment is presented in the table as the onset potential.
® Equilibrium potentials: CO,/CO=-0.69 V vs. NHE™, CO,/CH,=-0.39 V vs. NHE" and CO,/HCOOH=-0.78 V vs. NHE®.

15




Intensity (a.u.)

930 920 910 900 890 880 870
Binding energy (eV)
Supplementary Figure 13. XPS of the LMCe3% surface showing Ce®* oxide peaks

originating from the interface.
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Supplementary Figure 14. Potentiometric stripping analysis of 1 mM cerium (111) nitrate

hexahydrate in the electrolyte used during electrocatalysis on the galinstan electrode.
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Supplementary Figure 15. Photograph of the electrochemical cell used for gas
chromatography analysis.

18



Supplementary Discussions:

Further consideration regarding operando Raman spectroscopy and the deduced reaction
mechanism:

Liquid metals provide an oxygen free environment within their center. The reason for this is
that any oxygen molecules that would dissolve within the metal would instantaneously react
and form a metal oxide. As such the interior of the liquid metal is by default devoid of
reactive oxygen species. Furthermore, metal oxides are inherently insoluble in liquid metals.
These considerations, together with the self-terminating Cabrera-Mott growth process being
dominant for metal oxidation at ambient temperatures, lead to oxidation being limited to the
top few nm of the liquid metal air interface. As such Liquid metals are oxygen free and any
metallic particle suspended within is protected by the liquid metal matrix. This is what was

observed for the Ce rich liquid metal alloys.

Due to the inherent immiscibility of liquid metals with non-metallic materials, the catalytic
process involves by default the interface of the catalyst which is dominated by Ce;Os.
Stripping voltammetry revealed that the reduction process of Ce®" ions occurs on the liquid
metal electrode at -1.3 V vs Ag/Ag’. This potential coincides with our onset potential for
electrocatalysis. As such it is reasonable to conclude that the Ce,0O3 that is usually present on
the electrode surface when no potential is applied will be partially reduced to zero valent Ce®.
This Ce® is believed to be the active catalytic site. Rather than being stabilized at the
interface, the Ce® is continuously produced and consumed during the catalytic cycle (see
main text). The metallic cerium nanoparticles suspended within the liquid metal clearly
facilitate the CO, reduction reaction, since an increase of the Ce concentration well beyond
the solubility limit is observed to lead to enhanced catalytic activity. We argue that these
nanoparticles, which are believed to be abundant throughout the liquid alloy (the
concentration is 3% by weight), serve as a cerium metal reservoir that is placed close to the

interface.

The peak height of the Ce,O3 Raman signal appears to remain relatively constant. Here it is
important to recognize the limitations of operando Raman spectroscopy, where absolute
signal intensity may vary between individual points due to ripples and bubble formation on
the liquid metal surface. A second limitation is that parts of the surface oxide might
physically be detached due to bubble formation. At higher applied potential, CO and H, are

formed as gaseous side products. These bubbles deform the liquid metal surface and may
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delaminate oxide flakes during catalysis. Electronically detached oxide flaxes will not
participate in the reaction but will contribute to the operando Raman spectra.

When comparing the peak height to other prominent peaks, it appears to vary slightly in
magnitude but remains clearly visible for all applied potentials. This is not surprising since
the reduction process of the surface oxide is expected to not occur homogeneously across the
entire surface, but may be rather patchy. Once a catalytic site has been activated, it will
support electocatalysis and the electrocatalytic reduction of CO, to carbonaceous materials.
Due to the kinetic laws that govern electrochemistry (i.e. the reaction rate increasing
exponentially with increasing overpotential), only few active sites are necessary to support a
significant current. As such not all of the surface Ce,O3 needs to be reduced to Ce° to support
increasing reaction rates at higher applied potentials, instead, already activated sites simply
become even more active with increased overpotential. The detection of a significant CeO;
peak during operando Raman spectroscopy, however, clearly highlights that a substantial

number of active sites have been created.
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