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Supplementary Methods

Materials

Gallium (Ga, ingots, 99.9%) was purchased from Rotometals, USA. Platinum (Pt, solid beads
of 1-3 mm, 99.9% purity) was purchased from Ezzi Vision, Australia. Pyrogallol (PG), acetic
acid, dimethyl sulfoxide (DMSO), 3,3',5,5'-tetramethylbenzidine (TMB), methylene blue
(MB), methanol (CH30H), ascorbic acid, potassium hydroxide (KOH), sodium acetate, nitric
acid (HNO3) and hydrochloric acid (HCl) were purchased from Sigma-Aldrich and used as
received. High-purity (Milli-Q) H2O with a resistivity of 18.2 MQ.cm was obtained from an

inline Millipore RiOs/Origin H>O purification system.
Characterisation

The UV-Vis absorption spectra were recorded on a Cary 5000 (PerkinElmer)
spectrophotometer. X-ray photoelectron spectroscopy (XPS) was performed on an
ESCALAB250Xi spectrometer (Thermo Scientific, UK). The incident radiation was
monochromatic Al Ka X-rays (1486.68 eV) at 120W (13.8 kV x 8.7 mA). Survey (wide) and
high resolution (narrow) scans were taken at analyzer pass energies of 100 eV and 20 eV,
respectively. Base pressure in the analysis chamber was below 2.0 x 10° mbar. The
temperature in the chamber was maintained at -50 °C to avoid liquefaction of the samples. The
samples were etched for 2 min to remove any oxide layer. All data were processed using
Advantage software and the energy calibration was referenced to the C 1s peak at 284.8 eV.
Inductively coupled plasma-mass-spectrometry (ICP-MS) analyses were performed on a
Nexion5000 (PerkinElmer, USA). The samples were prepared by dissolving a known amount
the Ga-Pt samples (equilibrated at different temperature) in aqua regia (a mixture of HNO3 and
HCI with a molar ratio of 1:3) at 80 °C. Contact angle measurements were performed by a

home-built set up using a cell phone with an attached macro lens. The Ga-Pt droplet (~10 uL)



was taken out from the stock and directly put in the aqueous solutions of different pH values.
Raman spectroscopy was performed on an inVia Raman microscope (RENISHAW) with a 532

nm laser source, and the laser power was 10% with a 10 s exposure time.
MD simulations

Classical MD simulations were performed using the MD code LAMMPS! to generate a random
configuration of 16 Ptin 112 Gaina 13.4 x 13.4 x 13.4 A3 box. Sigma and epsilon values for
Pt were 2.515 A and 3.41 kcal/mol, respectively, while force field parameters for Ga were
taken from our previous work®. The same procedure was used to generate configurations of 2
Pt in 198 Ga in a 15.6 x 15.6 x 15.6 A’ box. Bulk ab initio MD (AIMD) simulations were
carried out in the Vienna ab initio Simulation Package (VASP)>* at 318 K using the projector-
augmented wave (PAW)’ method, the PBE exchange correlation functional, an energy cut-off
of 250 eV, and a 3 x 3 x 3 k-point grid. For interfacial systems, a 15 A vacuum spacer was
added in the z direction, and a 3 x 3 x 1 k-point grid was used. For the investigation of the
oxidation of pyrogallol (PG), the PG and an O> molecule were added to the interfacial system
after 50 ps of AIMD and positioned with the oxygens within ~3 A of either interfacial Pt or
Ga, with the energy cut-off increased to 500 eV and the timestep reduced from 1 fs to 0.5 fs.
Additional PG oxidation investigations were performed by changing all but two, or one,
interfacial Pt to Ga. From the single-Pt system, additional PG oxidation investigations were
performed by changing the Pt to Ga, In, Bi, Sn, and Pd without relaxing the geometry, and with
a geometry relaxation of 2 ps of AIMD before adding the PG and O,. A partially oxidized
interface was created by adding 6 O> molecules to the system of 1 Pt in 127 Ga. Calculations
of self-diffusion coefficients were carried out on systems comprising 127 Ga and 1 Pt, with
settings corresponding to the bulk simulations described above, run for 50 ps in triplicate. All

analysis was performed using VMD 1.9.3.%7.



DFT calculations

DFT calculations were carried out using the VASP code. The PAW method and the PBE
exchange-correlation functional are used. The wavefunctions were expanded with a kinetic
energy cut-off value of 450 eV and converged k-grids were used. Structural relaxation was
completed when the residual forces on atoms were less than 0.03 eV/A. We performed
mechanistic investigations of methanol oxidation on a liquid Ga slab measuring 9.048 A x
9.048 A, which contained four atomic layers (8 atoms/layer). To model the effect of Pt dopant,
one of the surface Ga atoms was replaced with a Pt atom. More structural details of the slab
and how they are generated can be found elsewhere®. A vacuum region greater than 10 A in
the direction normal to the slab is considered to avoid interactions between periodic images.
For computing the potential energy diagram of PG oxidation on Ga and Ga-Pt surfaces, we
utilized the snapshots from our AIMD simulations. Specific adsorbate configurations for PG
oxidation were relaxed using DFT. The parameters used in our DFT calculations are the same

as what we use for methanol oxidation.



Supplementary Figures 1-19
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Figure 1. Phase diagram of binary Pt-Ga system in the temperature range of 0 to 300 °C,

drawn using’® FactSage 8.0.
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Figure 2. a, XPS spectra showing the Ga 3d region of a pure Ga sample (without Pt). b, XPS
spectra showing the Pt 4f region of a pure Pt bead. ¢, XPS spectra showing the absence of
oxygen in the Ga-Pt sample. d, XPS spectra showing the Ga 3d region of the Ga-Pt sample. No
peak shift was observed for the Ga3d spectra comparing Ga-Pt and Ga (control) samples,

possibly because of the ultra-low amount of dissolved Pt.



a Atomic configuration in the bulk (top view)

b Atomic configuration at the interface
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Figure 3. a,b, Representative snapshots of the atomic configurations of Pt in Ga (this system

is constructed with 198 Ga atoms and 2 Pt atoms) in the bulk and at an interface, respectively.

¢,d, Pairwise probability function for Pt and Ga in the bulk and at an interface, respectively. e,

Atomic density distribution for all atoms and Pt only as a function of z position for the

interfacial system at 0 and 100 ps.
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Figure 4. Catalytic PG oxidation over Ga and Ga-Pt systems at pH 2.8 after 24 h of reaction.
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Figure 5. The oxidation of PG in 0.1 M HCI (pH 1). a, UV-Vis absorption spectra of the
solution after 24 h of reaction. b, Along with the oxidation, a significant amount of polymers

was observed to be deposited on the surface of the Ga-Pt droplet. ¢, The corresponding Raman

spectra of the deposited PG polymers in comparison with PG monomer.
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Figure 6. The SEM image of a representative Pt bead and the corresponding EDX mapping.
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Figure 7. Contact angle measurements of a Ga-Pt droplet (~10 pL) on a quartz surface in acidic

or basic conditions.
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Atomic configuration of a partially oxidized interface of the Ga-Pt system

T—» .PtOGa.o
X

Figure 8. Partial oxidation of the Ga-Pt interface. Representative snapshot of the atomic

configurations of the Ga-Pt interface (127 Ga, one Pt) oxidized by six O> molecules.

a Top view PG oxidation over a partially oxidized interface of the Ga-Pt system
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Figure 9. Oxidation of PG over partially oxidized Ga-Pt catalysts. a, Top view. b, Local view

(showing the different steps of the oxidation reaction).
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Figure 10. DFT calculations for the oxidation of PG over Ga-Pt catalysts. a, local view and b,

energy diagram.
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Figure 12. Absorption spectra showing the TMB oxidation over Ga, Ga-Pt and Pt catalysts and
their corresponding photographs. A magnified region of the absorption spectra clearly showing

the difference in activity of Ga, Ga-Pt and Pt catalysts for TMB oxidation.

0.04
— Ga-Pt
— Ga
— Control
®
[&]
& 0024
£
o
2]
Ke)
<
0.00
T T T T T T T

300 400 500 600 700
Wavelength (nm)

Figure 13. Absorption spectra showing the TMB oxidation over Ga and Ga-Pt catalysts, and

the corresponding control after 72 h of reaction.
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Figure 14. The reduction of MB in 0.1 M HCI (pH 1) and ascorbic acid as a reducing agent. a,

UV-Vis absorption spectra of the solution after 35 min of reaction. b, The reduction pathway

for the conversion of MB (coloured) to Leuco-MB (colourless). ¢, The corresponding

photographs showing the activity of different catalysts.
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Figure 15. a, TEM image of the commercial Pt/C catalyst and b, the corresponding histogram

of the particle size used in this study.
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Figure 16. Comparison of Ga-Pt and Pt/C (10 wt% Pt) for the reduction of MB in 0.1 M HCl

(pH 1) and ascorbic acid as a reducing agent. UV-Vis absorption spectra of the solution after

25 min of reaction.
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Figure 17. The electrochemical set up used in this study. a, The overall three electrode setup.

b, Side view and ¢, top view of the working electrode (WE).
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Figure 18. DFT snapshots (side-view) of methanol oxidation over Ga-Pt surface.
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Figure 19. Comparison of solid Ga-Pt and liquid Ga-Pt for the oxidation of PG (0.1 mg mL"!,

0.1 M HCI) at ~26 °C, after 12 days of reaction.
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Supplementary Tables

Table 1. Comparison of other metals in the Ga matrix toward PG oxidation

H transfer from PG to O,

Single System relaxed for 2 ps Single atom position at
atogm System not relaxed bei',ore adding PG andp02 thf relaxedli)nterface
Pt Both H transferred Both H transferred Slightly embedded

Ga 1 H transferred 1 H transferred n/a

In Both H transferred Both H transferred Slightly embedded
Bi Both H transferred 1 H transferred Protruding

Sn Both H transferred 1 H transferred Protruding

Pd Both H transferred No H transferred Deeply embedded

Table 2. Catalytic activity of different materials for methanol oxidation

System Mass activity Reported in comparison | Reference
(MeOH oxidation) with
mA mg 'p
Pt/C (20 wt%) ~1.01 x 10° NA 10
Pt—nickel hydroxide—graphene ~1.23 x 10° Pt/C (20 wt%) 10
Pt/rGO ~1.07 x 10° Pt/C (20 wt%) 10
Pti/RuO, ~6.76 x 10° Pt/C (20 wt%) 11
p-PtiCui/AP-GNPs* ~3.6 x 10° Pt/C (20 wt%) 12
PtCu-O EONDs” ~4.43 x 10° Pt/C (20 wt%) 13
PtCu nanoflowers ~2.26 x 10° Pt/C (20 wt%) 14
Ga-Pt ~1.8 x 107 Compared with reported | This work
values of different catalysts
listed here

“1-aminopyrene functionalized graphene nanoplates

PExcavated octahedral nanostructures built from nanodendrites (EONDs)
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Supplementary Notes
Note 1. Determination of surface Pt atoms
Ga-Pt droplet
This calculation based on the assumption that the Ga-Pt droplet is a smooth sphere with
negligible density change (in comparison to Ga) due to the small amount of dissolved Pt. The
number of surface Pt atoms was considered to be statistically constant over time as the number
of Pt atoms moving vertically to and away from the surface are mutually compensated. The
surface area Suopier (m?) of the Ga-Pt droplet can be written as:
Saroplet = AT groplet (S1)

where Faropier is the radius of the spherical Ga-Pt droplet of 40 pL and equals to 2.12 x 10~ m.
Assuming an optimal close-packing of the Ga atoms on a two-dimensional surface plane, the
fractional filling efficiency (furace) is 0.91 for spheres or ellipses!>!®. Therefore, the total
surface area S'sopier (M?) of all Ga atoms on the surface can be written as:

Saroptet = 0.91 Sgropiet (52)
The cross-sectional area ac, (m?) of a Ga atom can be written as:

Qga = TTég (S3)
where rc, is the atomic radius of a Ga atom and equals to 135 pm!’. Therefore, the number of
Ga atoms (Ng.) on the surface of the Ga-Pt droplet is calculated to be Ng. = S'aropter / 0.Ga = 8.97
x 1014,

The temperature-dependent solubility (S7) of Pt (Fig. 1b) in Ga is 5.84 x 10 (at%) and 8.13 x
10 (at%) at 45 and 55 °C, respectively. Therefore, the number of surface Pt atoms (Np;) on
the Ga-Pt droplet is estimated to be Npr45s = Nga X Sys = 5.23 x 10'° and Nprss = Nga * Sss =

7.29 x 10'° at 45 and 55 °C, respectively.
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Pt bead

This calculation is based on the assumption that the Pt bead (Supplementary Fig. 6) is a solid
and smooth sphere of radius ~0.3 mm. Therefore, the surface area of the Pt bead Sps-pead = 1.13
x 10 m? and S'pr-pead = 1.03 x 10 m? according to Eq. S1 and Eq. S2, respectively. According
to Eq. S3, the cross-sectional area (ap;) of a Pt atom (atomic radius of a Pt atom rp; = 138.5
pm)!7 is calculated to be ap, = 6.03 x 102 m?. Therefore, the number of Pt atoms on the surface

of the Pt bead (Npr-bead) i Npi-bead = S'Pr-bead / ope = 1.71 x 1013,

Ratio of surface Pt atoms (Ga-Pt vs Pt bead)
Form the above calculations the ratio of surface Pt atoms can be estimated as (for PG
oxidation):

Ptg,— Npi_4as5/S,
Ga—Pt __ Pt 45/ droplet =617 X 10_5 (54)

Ptbead NPt—bead/SPt—bead

Note that for the activity comparison, the contribution from Ga (control) was deducted from

the contribution of Ga-Pt system to obtain the liquid Pt specific contribution.

Pt/C catalyst

The commercial Pt/C catalyst used in this study, contains 10 wt% of Pt. Therefore, the total
mass of Pt in a 1 mg of Pt/C catalyst is 0.1 mg (used for the comparison tests for the MB
reduction). Pt/C catalyst contains Pt as a form of nanoparticles with a mean radius (7p.np) of

~1.5 nm. Hence, the volume Vp..np (m?) of each Pt NP can be written as:

Vpt-np = 3 TT5e-np (S5)

Considering the density of Pt (p)!7 as 21.46 g/cm’, the mass of each Pt NP mp.np (g) is
calculated to be mprnp = pVrene = 3.03 x 107" g. Therefore, the number of Pt NP (Npenp) in 1

mg of Pt/C (i.e., 0.1 mg of Pt) is Np.yp = 3.30 x 10,
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The surface area of each Pt NP Sp..yp = 2.83 x 1077 m? and S'p.np = 2.57 x 1017 m? according
to Eq. S1 and Eq. S2, respectively. Therefore, the number of Pt atoms on the surface of each
Pt NP (Npype-np) is calculated to be Npypr.np) = S'penp / ap = 4.27 x 102, Hence, the total number
of surface Pt atoms in 1 mg of Pt/C (i.e., 0.1 mg of Pt) catalyst (Np«pi/c-w0map) 1 calculated to be

Npuypyc-toray = 1.40 x 107

Ratio of surface Pt atoms (Ga-Pt vs Pt/C)
Form the above calculations the total surface area of the Pt NP (Sp.np-wwi) in Pt/C is calculated
t0 be SprnPsotal = Spenp X Neenp = 9.34 x 107 m?. Therefore, the ratio of surface Pt atoms for

Ga-Pt (PtGa-pi) and Pt/C (Ptpyc) can be estimated as (for MB reduction):

PtGa—Pt _ NPt—SS/Sdroplet

- —861 x 1075 (S6)
Ptpisc  Npe(pejc-tota)/ Spe-np-total

Note that for the activity comparison (for MB reduction), the contribution from Ga (control)
was deducted from the contribution of Ga-Pt system to obtain the liquid Pt specific

contribution.

Ga-Pt electrode
This calculation based on the assumption that the Ga-Pt electrode is of cylindrical shape with
negligible density change (compared to Ga) due to the small amount of dissolved Pt. The
number of surface Pt atoms was considered to be statistically constant over time as the number
of Pt atoms moving vertically to and away from the surface are mutually compensated. The
radius (7)) of the Ga-Pt electrode is 2 x 10~ m. Given the fiurface = 0.91 for an optimal close-
packing of the Ga atoms, the total surface area of all Ga atoms on the electrode surface S’ (m?)
can be written as (Eq. 1 and Eq. 2):

11 =091 xnr3 (§7)
The number of Ga atoms on the surface of the Ga-Pt electrode (Nga-er) 1s estimated to be Nga-el
= S/ aGa = 1.99 x 10", Using the solubility of Pt in Ga, S7 = 2.17 x 10" (at%) at 70 °C

20



(Figure 1b), the number of surface Pt atoms on the Ga-Pt electrode is estimated to be Np; = Nga-
ol X S70=4.31x10',

Note that, this number of Pt atoms are equivalent to 1.39 x 108 mg, which is used to estimate
the mass activity for methanol oxidation. After deducting the contribution from Ga for the Ga-
Pt system, the peak current output was ~0.4 mA. Therefore, the mass activity is 2.80 x 107

mA mg 'p..

Lateral diffusion length of Pt in Ga-Pt
Considering only the lateral diffusion of the Pt atoms in Ga-Pt, the lateral diffusion length L4
(m) of each Pt atom can be estimated by the following equation:

Ly = V4Dt (S8)
where 4 is a dimensional constant for two dimensions, D is the lateral diffusion coefficient of
a Pt atom in the Ga matrix (obtained from simulation) and equals to 1.5 x107'° m?. Considering
a time of 1 s, Ly is estimated to be Ly = 2.45 x10~°. Given that the diameter of a Pt atom is 27
= 277 pm, the number of new positions (in the 1 s considered) is approximated to be Pp; = La/

2rp = 8.84 x 10%,
Note 2. The aspect of oxide formation

Since the Ga-oxide skin is amphoteric in nature, according to the Pourbaix diagram and
previous experimental observations'®2°, the oxide layer can be removed at pH ~3 and lower or
pH ~10 and above. For the Ga-Pt system, we also investigated such oxide layer formation in
both high and low pH environments. As it is well known that the presence of surface oxide

alters the overall surface adhesion!'®!°

, we performed contact angle (CA) measurements of a
liquid Ga-Pt droplet in different pH values (Supplementary Fig. 7). While the Ga-Pt droplet in
water showed an oxidized surface with a CA of 136°, the same droplet at different pH (3.3, 1.0

and 13.7) showed a similar CA around 160°, suggesting that the surface oxide formation is
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negligible in these conditions'®!°, Based on the above evidence, we additionally performed the
PG oxidation reaction at pH 1 (0.1 M HCI) where we could safely assume the absence of an
oxide layer (Supplementary Fig. 5). To further corroborate, we also carried out a reduction
reaction at pH 1 (0.1 M HCI), where the presence of an oxide interface would also be negligible
due the low pH and a reducing environment (MB reduction, Fig. 4b). Again, in these additional
tests, the catalytic activity from the Ga-Pt system was observed to be remarkably higher than

the other systems.

As it may not be entirely possible to rule out the presence of transient local oxidized interfaces,
we further investigated the PG oxidation over a partially oxidized surface of the Ga-Pt system
using AIMD. The atomic configuration of such an interface is presented in Supplementary Fig.
8. To test whether the oxidation of PG can still occur at a partially oxidized interface, six Oz
molecules were added to the system of 127 Ga and one Pt and equilibrated before adding PG.
Following the addition of PG, the oxidation occurred in a similar manner to the reaction
described previously, where it was necessary for at least one of the PG oxygens to be adjacent
to a Ga atom in direct contact with the Pt in order for the H to be transferred (Supplementary
Fig. 9). The simulations also indicate that a significant rearrangement of the interfacial Ga
atoms in contact with the Pt occurs during the oxidation process, which necessitates a fully
liquid interface. We note that the local transient oxide layer should disappear in low or high
pH environment (according to the CA measurements and the observation that the catalytic
activity of the Ga-Pt at pH 1) and should not influence significantly to the overall catalytic

performance of the Ga-Pt system due to its transient, local presence.
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