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ABSTRACT

Nanosized particles of liquid metals are emerging materials which hold promise for applications
spanning from microelectronics to catalysis. Yet, the knowledge of their chemical reactivity is
largely unknown. Here, we study the reactivity of liquid Ga and Cu nanoparticles under the
application of a cathodic voltage. We discover that the applied voltage and the spatial proximity
of these two particle precursors dictate the reaction outcome. In particular, we find that a gradual

voltage ramp is crucial to reduce the native oxide skin of the gallium and enable reactive wetting
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between the Ga and the Cu nanoparticles; instead, a voltage step causes dewetting between the
two. We determine that the use of liquid Ga/Cu nanodimer precursors, which consist of an oxide-
covered Ga domain interfaced with a metallic Cu domain, provide a more uniform mixing and
result in more homogeneous reaction products compared to a physical mixture of Ga and Cu NPs.
Having learned this, we obtain CuGa; alloys or solid@liquid CuGa@Ga core@shell
nanoparticles by tuning the stoichiometry of the Ga and Cu in the nanodimer precursors. These
products reveal an interesting complementarity of thermal and voltage driven synthesis to expand
the compositional range of bimetallic NPs. Finally, we extend the voltage-driven synthesis to the
combination of Ga with other elements (Ag, Sn, Co, W). By rationalizing the impact of the native
skin reduction rate, the wetting properties and the chemical reactivity between Ga and other metals
on the results of such voltage-driven chemical manipulation, we define the criteria to predict the
outcome of this reaction and set the ground for future studies targeting various applications for

multielement nanomaterials based on liquid Ga.

INTRODUCTION

Liquid metals are an emerging class of materials with fascinating properties which result from
their dual metallic and liquid nature.! These materials provide solutions to a broad set of
technology challenges, which include wearable electronics, chemical sensing, and catalysis, both
thermal and electro.>"'* Ga occupies a unique place among the only a few metals with low melting
points. Indeed, it is the only metal which is liquid at near-room temperature while being neither
toxic nor radioactive, and which does not react violently with air.

In recent years, the importance of Ga-based liquid alloys and solid@liquid nanoparticles (NPs)
composed of liquid alloys and solid intermetallics systems has been growing, being these NPs
appealing for many of the applications listed above. In addition to minimizing material
consumption, the high surface to volume ratio of NPs promotes surface-related phenomena,
including surface tension effects, plasmon resonance absorption, surface oxide-induced
supercooling and catalysis.!>26 Especially intriguing is the emerging concept of the Supported
Catalytically Active Liquid Metals Solution (SCALMS).*?’-32 SCALMS are constituted of active
metals which are atomically dispersed within a low melting metal matrix; these materials have
been exploited especially in thermal catalysis as coke resistant catalysts, being coking one of the

most important deactivation mechanisms for high-temperature hydrocarbon chemistry under



reductive conditions.*?’-32 Despite this growing interest, little is known about the chemistry of
liquid metal NPs and their chemical reactivity with other metals.

Existing knowledge indicates that a native oxide skin passivates the Ga surface and hinders its
reactivity with other metals.?!**> In bulk materials, dissolution in basic aqueous solutions and
electroreduction of this oxide layer are often utilized to expose the metallic Ga surface and create
a metallic contact between Ga and other metals.** Once the metallic contact is established, bulk
Ga reacts with and corrodes most metals.?®> The reaction might remain confined to the interface
between Ga and the second metal, induce a complete transformation into a bimetallic compound,®¢
or cause internalization of the second metal within the liquid Ga®’. The extent of the reaction and
the nature of the resulting product determine the property of interest, be it electrical conductivity,
mechanical flexibility, surface tension or catalytic selectivity. Furthermore, the chemical reactions
between liquid metals and other metals have also an impact on other phenomena, including
mechanical degradation, which is relevant for a number of industrial failures.® It is therefore
important to understand these reactions with more depth. Unfortunately, rational guidelines on
how to balance and exploit the chemical reactivity of liquid Ga with other metallic domains to
direct the evolution toward a target outcome and thus, regulate their properties, do not exist yet.

Herein, we contribute to fill this knowledge gap by studying the reactivity of liquid Ga NPs
with other metallic NPs. We choose the voltage to control the presence of native Ga oxide and,
thus, initiate the reaction of the liquid Ga NPs, because of its finer tunability compared to chemical
dissolution. We focus on the reaction of Ga with Cu as one exemplificative case because a few
reference studies exist on the corresponding bulk materials, which are of interest for creating
electrical contacts and antimicrobial coatings as well as driving the electrochemical CO»
reduction.’®37394 We use colloidally synthesized Ga and Cu NPs because their size
monodispersity and tunability makes them an ideal platform to investigate changes occurring
during the reaction and to interrogate the impact of different factors (e.g. relative domain size,
stoichiometry, interfaces) on the reaction outcome. We learn that the rate of the applied cathodic
voltage is crucial for the reaction to occur. Comparing a physical mixture of Ga and Cu NPs with
Ga/Cu nanodimers (NDs), wherein the two NPs share an intimate interface, we demonstrate the
importance of spatial proximity and of the relative domain size of the reacting NPs for the reaction
outcome, specifically as to whether CuGa; alloys or unique solid@liquid CuGax@Ga core@shell

NPs form as the reaction product. We also study how the reaction occurs for the bulk materials



under similar conditions and provide the mechanism which links reactivity at the nano and bulk

scale. Finally, we extend the learning lesson from Ga — Cu to other metals.

EXPERIMENTAL SECTION

Synthesis of the NP precursors

Liquid Ga/Cu NDs. Liquid Ga/Cu NDs were synthesized according to a previously reported
procedure.?! 2 mL of a solution of pre-synthesized Ga NPs (see Supplementary Information) in
I-octadecene (ODE, 4 mM), 2 mL of a solution of Cu(OAc); in ODE (4 mM), 1 mL of oleic acid
(OLAC) and 1 mL of oleylamine (OLAM) were added to a 5 mL vial and then stirred at 600 rpm
on a hot plate at 150 °C inside a glovebox for 6 h (GaCuo.1) or 12 h (GaCuo7). Ga/Cu NDs were
separated from by-products and from unreacted precursors by adding ethanol (6 mL), followed by
centrifugation at 13000 rpm for 10 min. The product was then redispersed in toluene, and the
purification/precipitation step was repeated once more before finally being stored in anhydrous

toluene (with the final concentration of ca. 0.1 mg/mL).

Voltage-driven synthesis

The NP precursors were first deposited on a glassy carbon plate (2.5 cm x 2.5 cm x 0.3 cm,
Sigradur G, HTW). Specifically, 15 pug of the NPs in 14 pL of toluene were drop-casted onto a
circular area of 1.33 cm?. After drop-casting, the plates were allowed to dry for 10-15 min, then
rinsed with ethanol and with water.

Before deposition, the glassy carbon plates were cleaned by consecutive sonication (Bandelin
Sonorex RK 106, 35 kHz) in acetone, isopropanol and water for 10 min each. After this, the glassy
carbon plates were polished using an alumina paste (50 nm alumina, BAS Inc.) on a polishing pad.
Then, the plates were sonicated in Milli-Q water for another 10 min, polished again on the pad free
of alumina to make sure that alumina was removed and, finally, the glassy carbon plate was blown
dry.

A Biologic SP-300 was used as a potentiostat. A home-built, custom-made, gas-tight ambient

pressure electrochemical H-cell made of polycarbonate and fitted with Buna-N O-rings was used



as the reactor (Figure S2). The carbon plates with the deposited NPs (i.e. the working electrode)
and counter electrode (Pt foil) were configured parallel to each other to ensure a uniform potential
distribution across the surface. Both working and counter electrodes exposed geometric surface
areas of 1.33 cm? limited by the O-rings. Catholyte and anolyte compartments were each filled
with 2 mL electrolyte (0.1 M KHCO; solution). A Selemion AMV anion exchange membrane was
used to separate the anodic and cathodic compartments. Ag/AgCl electrode (leak free series)
(Innovative Instruments, Inc.) was used as the reference electrode.

Electrochemical impedance spectroscopy (EIS) was implemented prior to the main
chronoamperometry measurement to determine the electrochemical cell resistance (R..) and
compensate for the ohmic losses. Four spectra were measured at the open-circuit potential (ocp),
using 41 points between 1 MHz and 100 Hz, using a sinusoidal amplitude of 20 mV and a pause
time of 0.6 s between each frequency. Software in-built into the potentiostat software (EC-lab)

was used to apply the ohmic loss correction to further measurements.

Materials characterization

Bright-field transmission electron microscopy (TEM) images of the NPs were acquired on a
Thermo Fisher Scientific Tecnai-Spirit at 120 kV. 20 pL of as-synthesized NPs were drop-casted
on a carbon coated copper TEM grid (Ted Pella, Inc.) to prepare the sample for imaging. To
analyze the samples after electrochemistry, a gold or copper TEM grid (Ted Pella, Inc.) was placed
on the electrode, 10 pl of ethanol were placed on the area coated with the catalyst, and the catalyst
film was gently scratched with the grid.

Selected area electron diffraction (SAED) patterns of the NPs were acquired on a
Thermo Fisher Scientific Tecnai-Spirit at 120 kV. To analyze the samples after CO2RR, the
samples were prepared in the way same to described for TEM imaging.

High-angle annular dark field scanning transmission electron microscopy (HAADF-STEM)
coupled with energy-dispersive X-ray spectroscopy (EDXS) was performed using a
Thermo Fisher Scientific Tecnai Osiris TEM in a scanning mode with an accelerating voltage of
200 kV. The TEM was equipped with a high brightness XFEG gun and four windowless Super-X

silicon drift detectors for EDS. Bruker Esprit was used for data analysis.



Grazing incidence X-Ray diffraction (GIXRD) data were collected on a Bruker D8 Discover
Plus equipped with a rotating anode (Cu) and a Dectris Eiger2 detector. A focusing 60 mm Gdobel
mirror was used and the background was optimized with an anti-scatter nozzle and anti-scatter
screen. A primary 2.5° axial Soller slit and a secondary 1.0° equatorial Soller slit were placed in
the beam path. The incidence angle was optimized on each sample and chosen between 0.1 and
0.25° depending on the sample, the beam was selected using 0.2 or 0.1 mm divergence slits. 20

scans were collected at stepsizes of 0.5 — 0.6 °26 and 5 — 10 s per step.

RESULTS AND DISCUSSION

Voltage-driven synthesis of Ga — Cu NPs

We started by investigating the voltage-driven reactivity of a physical mixture of liquid Ga and
Cu NPs (Figures S1). After depositing the liquid Ga and Cu NPs on glassy carbon plates via drop-
casting, we applied a linear voltage scan at 5 mV/s from open circuit potential (ocp) to -0.9 Vrue
and held this voltage for 5 minutes as the reaction time in a two-compartments cell (Figure S2).
The obtained results indicated that the two NPs reacted (Figure S3). However, further
interpretation of the data was hindered by the intrinsic inhomogeneity of the reaction product
resulting from the not uniform distribution of the reactive interfaces in the physical mixture of the
NP precursors.

To obtain better control on the spatial distribution of the Cu and Ga domains, we synthesized
liquid Ga/Cu nanodimers (NDs), following a previously developed synthesis,?! and reacted them
following the same protocol used for the mixture (Figure 1A). The liquid Ga/Cu ND precursors
consist of an oxide-covered Ga domain in contact with a metallic Cu domain.?! We prepared two
samples with different domain sizes to investigate the impact of the stoichiometry on the reaction
outcome: one with domains of comparable size (~15 and 20 nm, Ga/Cuo; as determined by
elemental analysis) and one with a smaller size of the Cu domain relative to Ga (~7 and 20 nm,
Ga/Cuo.1 as determined by elemental analysis). The Cu domain is solid and gives diffraction
contrast, while the Ga domain is liquid and amorphous in the TEM images of both samples
(Figure 1B,C).%!

After reaction, TEM evidences that aggregated NPs with a clear diffraction contrast form from
the Ga/Cuo.7 NDs (Figure 1D); instead, the Ga/Cuo.1 NDs transform into better defined NPs each

consisting of a smaller solid domain exhibiting diffraction contrast embedded in a larger



amorphous shell (Figure 1E). The STEM-EDXS elemental map shows a clear overlap between
the Ga and Cu signal for the reaction product of the Ga/Cuo.7 NDs (Figure 1F), which hints at the
formation of an alloy. The overlap of the Ga and Cu signal is noticeable only in the smaller
domains of the reaction product of the Ga/Cuo.1 NDs, while the larger shell appears to be mostly
constituted by Ga (Figure 1G). Quantitative analysis of the elemental maps revealed that the

Ga/Cu ratio of the NDs is preserved in their final products, which indicates that the reaction goes

to completion.
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Figure 1. Voltage-driven reaction of Ga/Cu NDs. (A) Voltage-driven reaction scheme.
(B-E) Bright-field TEM images of (B) Ga/Cup7; and (C) Ga/Cup: NDs with (D,E) the

corresponding reaction products NPs. In E, the arrows point at small crystalline domains within



the larger amorphous NPs. (F, G) STEM-EDXS elemental maps (Ga — green, Cu — red) of the
reaction products obtained from Ga/Cuo.7 (F) and Ga/Cuo.1 NDs (G). The reaction was performed
by applying a linear voltammetry scan at SmV/s from ocp to V =-0.9 Vrue with 5 minutes hold
as the reaction time. These data evidence that both NDs react and their stoichiometry dictates the

reaction outcome.

Intrigued by the differences between the reaction products when the NDs of different
stoichiometry are used as precursors, we performed additional structural characterization
(Figure 2). Electron (SAED, Figure 2A — C) and grazing incidence X-Ray diffraction (GIXRD,
Figure 2D) provided information on the crystal structure. Both analyses propose the existence of
the same crystalline phase in the reaction products from both Ga/Cuo7 and Ga/Cuo.1 NDs. This
phase matches well the CuGa> intermetallic phase. This observation agrees with reports on bulk
liquid Ga — Cu, where reactive wetting results in CuGa, formation.>¢37-3 The large reflection width
in the SAED pattern for the NPs derived from Ga/Cuo.1 NDs (Figure 2C) originates from small
crystallite size (<15 nm), small amount of crystalline phase which is only in the core, and peak
overlap due to the relatively low symmetry of CuGa, phase, which crystallizes in tetragonal
P4/mmm space group.

In addition, we performed HAADF-STEM imaging and STEM-EDXS line profile and
elemental mapping on single NPs (Figure 2E, F). For the product obtained from Ga/Cuo.; NDs
(Figure 2E), HAADF-STEM evidences that the product NPs are composed of a uniform core with
a thin (ca. 2 nm) oxide shell of lower density. The line profile indicates the homogeneous
distribution of the Cu and Ga within the NPs, which, along with the overlap of the Cu and Ga
signals in the NPs and their atomic composition (66 at. % Ga, 34 at. % Cu), confirms that these
NPs are mostly composed of CuGa; intermetallic. The oxide layer surrounding the NPs most likely
forms upon air exposure.*>* We will further refer to these NPs as CuGa, NPs.

In contrast, the line profile of the product obtained from Ga/Cuo.1 NDs (Figure 2F) indicates
that Cu is mostly concentrated in the ca. 10 — 15 nm crystalline core while the Ga is more
uniformly distributed across the entire NPs. The atomic composition of the core is representative
of CuGa alloy (66 at. % Ga, 34 at. % Cu). This core is surrounded by a region which is Ga-rich
(84 at. % Ga, 16 at. % Cu). Lastly, the NPs are covered with a 2 — 3 nm layer of Ga oxide. As

CuGa; is the only crystalline Ga-containing phase in the sample, the Ga-rich region between the



core and the oxide is amorphous and, most likely, liquid.!® Thus, we will refer to these NPs as

solid@liquid CuGax@Ga core@shell.
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Figure 2. Structural characterization of Ga — Cu NPs obtained via the voltage-driven
synthesis. (A-C) SAED patterns of the reaction product from (A) Ga/Cuo.7 and (B) Ga/Cuo.1 NDs
and (C) their corresponding circular averaged electron diffraction. (D) GIXRD patterns of the
reaction products from Ga/Cuo.7 and Ga/Cuo.1 NDs (the broad reflections at ca. 43° and 54° in the
arise from the amorphous glassy carbon support). (E,F) HAADF-STEM, STEM-EDXS line
profiles and elemental maps (Ga — green, Cu — red, O — cyan) of the reaction product from
(E) Ga/Cuo7 and (F) Ga/Cuo.1 NPs. These data indicate that the Ga/Cuo7; NDs transform into
CuGa; intermetallic NPs while the Ga/Cuo.1 NDs yield solid@liquid CuGax@Ga core@shell NPs.

Influence of synthesis parameters on the reaction outcome
We then varied the reaction time and the voltage to understand the impact of these parameters
on the formation of Ga — Cu NPs in the voltage-driven synthesis. We used Ga/Cuo.7 NDs as the

precursor and collected a voltage series, where we changed the voltage from -0.5 Vrug to -1.1 Vrug



(Figure 3). At -0.5 Vraug, no reaction between Cu and Ga occurs and the NDs remain mostly
unchanged with separated Cu and Ga domains as seen by HAADF-STEM images and STEM-
EDXS elemental maps. The SAED pattern shows no CuGa; formation, and the main crystalline
phase is Cu20.

At-0.7 Vrug, HAADF-STEM indicates substantial change of the NDs into bigger NPs. STEM-
EDXS evidences mixing of Cu and Ga, although with inhomogeneity in the sample which still
contains some unreacted Ga and Cu domains. SAED pattern indicates the presence of CuGa,.

The fact that Cu and Ga in the NDs react at a potential more negative than -0.5 VruE indicates
that the oxide removal is crucial for the reaction to occur between the Cu and Ga NPs. In fact,
previous studies on Ga NPs under the same conditions indicated that the Ga oxide skin reduces at
-0.54 Vgpg.'8

Sample degradation eventually occurs at -1.1 Vrur which induces Cu fragmentation and
coalescence of liquid Ga NPs, consistent with previous studies. 8464

With this information, we conclude that -0.9 Vrue offers a good balance between providing

sufficient driving force for alloy formation without leading to undesired reconstruction of the NPs.
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Figure 3. Voltage-dependence of the voltage-driven synthesis from Ga/Cuo7 NDs as the
precursor. (A) STEM images, (B) STEM-EDXS elemental maps and (C) SAED patterns after
voltage scan from ocp to -0.5, -0.7, -0.9 and -1.1 Vrug with 5 min hold as the reaction time. These
data indicate that an optimal voltage exists to controllably form the Ga — Cu NPs; this voltage
reduces the Ga native skin without driving the reconstruction of the Ga — Cu NPs which form as

the reaction product.

In a complementary set of experiments, we fixed the voltage at -0.9 Vrur and varied the reaction
time from 1 minute to 60 minutes (Figure 4). HAADF-STEM image indicates substantial change
of the NDs into larger NPs already after 1 minute; however, the STEM-EDXS elemental maps and
SAED patterns suggest that the reaction is not complete yet after this time. Indeed, Cu and Ga are
mostly separated, as in the NDs used as precursors, and the diffraction signal is relatively weak.

During this early reaction time, the reaction is probably still confined at the interface only.
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As time passes and the reaction progresses, HAADF-STEM images do not show substantial
change, however the STEM-EDXS maps indicate a spatially homogeneous distribution of the Cu
and Ga signal while the CuGa; diffraction signal in the SAED becomes more intense. The samples
at 5 and 30 minutes are quite similar to each other. Instead, segregation between the Cu and Ga
occurs after 60 minutes, as indicated by the STEM-EDXS maps, with the SAED pattern suggesting

the dominance of crystalline CuzO in the sample.

Figure 4. Time-dependence of the voltage-driven synthesis from Ga/Cug; NDs as the
precursor. (A) STEM images, (B) STEM-EDXS elemental maps and (C) SAED patterns after
voltage scan from ocp to -0.9 Vrue with 1, 5, 30 and 60 minutes hold as the reaction time. CuGa;
is the main crystalline phase at 5 and 30 minutes, instead Cu,O dominates at 60 minutes (the (022)
diffraction spot is marked by red arrow for clarity). These data indicate that the reaction reaches

completion at 5 minutes while phase segregation takes place for reaction time > 60 minutes.
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Lastly, we evaluated the impact of the voltage scan rate on the reaction outcome. Interestingly,
the application of a voltage step instead of a voltage scan makes Ga disappear from the substrate,
with less Ga being detected at more negative voltage (Figure S4). CuGa, does not form in this
scenario.

To better understand how the Ga loss takes place, we complemented these tests with studies on
bulk liquid Ga — Cu samples, which consisted of a Ga droplet deposited on a Cu foil
(Supplementary Videos S1 — S5, Figures S5, S6). Here, we made observations similar to those
made on the NDs. The Ga drop remains on Cu surface, eventually wets it and forms CuGa;
intermetallic at the interface (Supplementary Video S1, Figure S5A) when the voltage is applied
at 5mV/s.>%37 On the contrary, the Ga droplet quickly escapes from the Cu foil surface
(Supplementary Video S2, Figure S5B) or from the surface of the inert glassy carbon support
(Supplementary Video S3, Figure S5C) upon the application of a voltage step. We observed the
same behavior for a bulk “dimer” structure which mimics the liquid Ga/Cu NDs, where only a
5 mV/s scan enables Cu and Ga to react and form a CuGaz interface (Supplementary Videos S4,

S5, Figure S6).

Mechanism of the voltage-driven reaction between Ga and Cu

With the evidence provided by the compositional and structural analyses and the study of the
synthesis parameters discussed above, a complete picture of the reaction mechanism shapes up
(Figure 5).

As a reminder, the liquid Ga/Cu ND precursors are described as an oxide-covered Ga domain
in contact with a metallic Cu domain. The abrupt application of a cathodic voltage, which is
sufficient to reduce the Ga oxide skin (< -0.54 Vrug), induces a sudden increase in surface tension
of the liquid Ga domain, while Cu domain remains static. Ga does not wet Cu.>® Thus, Ga escapes
from Cu. A similar effect was observed by Mayyas et al.>® Here, the authors showed that In can be
expelled from an eutectic Galn melt in the form of NPs by applying voltage pulses of large
magnitude. Jumping of liquid metal droplets resulting from a drastic change of surface tension
between the metallic and oxidized state induced by a potential step has also been reported, which
relates to the observation made in this work.>! Eventually, electrostatic repulsion between Ga and

Cu might also be involved in addition to change in surface tension.

13



The repulsion between Cu and Ga can be overturned by decreasing the reduction rate of the
oxide skin to allow sufficient time for the intermetallic to form, which eventually changes the
wetting behavior. We achieved such balance by tuning the rate of the applied voltage and found 5
mV/s to be an optimal rate. Once the CuGay; interface forms, reactive wetting takes place, and the
reaction proceeds further towards the bulk of the NPs. While a similar process may occur in the
physical mixture of Cu and liquid Ga NPs (Figure S3), the NDs provide more uniform mixing of
the Cu and Ga domains, which largely improves the uniformity of resulting intermetallic NPs.

As reactive wetting takes place, the stoichiometry of the two reagents Cu and Ga in the ND
precursors determines the outcome product. For Ga:Cu < 2:1 (i.e. Ga/Cuo.7 NDs), the reaction goes
to completion and CuGa; forms almost uniquely. Differently, for Ga:Cu > 2:1 (i.e. Ga/Cuo.1 NDs),
the excess Ga wets the CuGa surface, resulting in a peculiar process described as wetting-assisted
internalization of a solid NP in the liquid Ga NP, and yielding a solid CuGa; core floating inside
the liquid metal Ga host NP, similarly to a phenomenon previously observed in Cu-In
microparticles.'® Liquid Ga, in its turn, remains covered by a non-passivating Ga oxide skin, which
keeps the NPs separate and hinders their coalescence. This observation suggests that the non-
passivating oxide skin is probably of transient nature, and is constantly formed and reduced at
cathodic voltage, rather than remaining as a static residual skin, which is in line with our previous
study.!® Indeed, a static skin would not allow the pure metallic contact of liquid Ga with Cu domain

accompanied by the formation of CuGa: intermetallic.
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Figure 5. Schematic of the voltage-driven reaction of liquid Ga/Cu NDs.

Lastly, we hypothesize that the more Cu-rich phases than CuGa: in the Ga-Cu phase diagram
(CuoGay and the Cu fee-based solid solution of Ga in Cu) do not form because of the high activation
barrier which the transformation from the CuGa; structure to these other phases requires.
Interestingly, we have approached the opposite limitation in our previous study where we used a
seeded-growth amalgamation reaction in solution to form Ga — Cu alloyed NCs using heat as the
driving force for reactivity.*! Here, starting from a Cu NP seed and injecting a Ga molecular
precursor, we obtained the Cu-rich phases of the Ga — Cu phase diagram, but any phase more Ga-
rich than CusGas-type phase (such as CuGaz) was not accessible. With this study, we obtain this
missing Ga — Cu intermetallic composition and expand the Ga — Cu NP library demonstrating the

complementarity of synthetic approaches exploiting different driving forces.

Generality of the voltage-driven liquid Ga reactivity at the nanoscale

Chemical reactivity (i.e., reactivity driven by the formation of stable bimetallic compounds)
and wetting are both in place for the Ga — Cu system. To understand if and how the voltage-driven
synthesis can be extended to form other Ga-based NPs, we tested the synthesis with other metals.

We chose Ag, Co, W and Sn as other elements to react with Ga based on the following reasoning.
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Ag and Co are both transition metals which form intermetallic compounds with Ga based on bulk
phase diagrams. However, Ag is reactively wetted by Ga, while Co may not be, based on its
vicinity to Ni for which a previous study exist.>” W is a transition metal which does not chemically
react with Ga in the bulk at ambient conditions.*®> Sn is an example of post-transition metal, for
which no intermetallic formation is reported.’? To the best of our knowledge, no information on
the wettability of W and Sn by Ga has been reported. By evaluating how the reaction between Ga
and Ag, Co, W and Sn proceeds, we aimed to establish the primary design rules for the formation
of Ga-based NPs with other metals among the Periodic Table, where we targeted transition (Ag,
Co, W) and post-transition (Sn) metals which normally do (Ag, Co) and do not (W, Sn) react with
Ga, potentially with a different wetting behavior between Ag and Co.

With this in mind, we synthesized Ga/M NDs (M = Ag, Co, Sn) and prepared physical mixture
of Ga with WO3 NPs of overall Ga(WO3)o.1 composition (Figure S7). We reacted them under the
same optimal conditions found for the Ga — Cu (i.e., SmV/s ramp from ocp to -0.9 Vrue and 5 min
reaction time at this voltage). Figure 6 summarizes the obtained results.

Ga/Ago3 NDs react to form new NPs including smaller NPs with diffraction contrast embedded
into larger amorphous NPs (Figure 6A). STEM-EDXS evidences the presence of Ag and Ga in
the smaller NPs and Ga only in the larger domain (Figure 6E). SAED indicates that the crystalline
domains internalized in the Ga are Ag>Ga (Figure 6I). Overall, Ag react similarly to Cu,
consistently with its wettability by Ga and chemical reactivity.’

Interestingly, Ga/(CoQO)o.1 NDs do not react despite the phase diagram showing that stable
intermetallic compounds are formed between Ga and Co. Indeed, both TEM (Figure 6B) and
STEM-EDXS (Figure 6F) are consistent with the dimer-like configuration of the starting
precursor (Figure S6) and the SAED (Figure 6J) indicates only crystalline cobalt oxide. This
result is similar to the finding of an earlier report wherein the internalization of Ni into a bulk Ga
drop was not successful.’” The presence of an oxide layer might explain the non-wetting of the Ga
towards Ni and Co. The Pourbaix diagram makes the existence of CoO improbable during the
reaction, as CoO supposedly reduces to metallic Co at more positive voltages than Ga (0.1 vs. -
0.5 Vrug, respectively).>® Yet, a layer of oxide might still exist as previously observed for Ga NPs
under similar conditions.'® Alternatively, non-wetting of metallic Co with Ga may justify the
absence of reaction and internalization of Co into Ga, although data supporting this hypothesis do

not exist at this moment.
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The physical mixture of liquid Ga NPs and WO; NPs react to form a new material, based on
TEM images, which is different compared to the starting NPs (Figure 6C, Figure S6). The W
signal in STEM-EDXS spectrum is above the detection limit in the Ga — W NPs after the reaction,
yet the intensity is too low to localize it in a particular part of the new NPs (Figure 6D). The SAED
(Figure 6E) suggests the formation of GasW: as minor reaction product, an intermetallic
compound which is reported to exist at elevated pressures®*. While SAED is not conclusive
because of the weak diffraction signal, this result indicates that new reactivities might emerge at
the nanoscale.

Lastly, TEM image proposes the presence of a solid particle in Ga (Figure 6D) as a result of
the voltage-driven reaction of Ga/Sno.1 NDs. However, STEM-EDXS elemental mapping shows
no reliable Sn signal (Figure 6H). Yet, SAED suggests that crystalline domains do form
(Figure 6L). While acknowledging the limited information that this diffraction pattern provides
for low-symmetry phases, the signal matches 6-Ga, which has been reported to be a stable
crystalline phase in the Ga NPs.!®2° The Ga and Sn phase diagram does not suggest intermetallic
formation.>? Thus, we speculatively attribute this result to Ga doping with Sn, facilitating partial
Ga solidification.

Altogether, the reactivity studies of Ga/Ag, Ga/(Co0), Ga-(WO3)o.1 and Ga/Sn along with that
of the Ga/Cu indicate that wetting and chemical reactivity are good indicators for a successful
voltage-driven synthesis of Ga-based NPs. At the same time, new reactivities might still emerge
at the nanoscale which deviate from this golden rule and are worth exploring. With the assumption
that other metal NPs can be reactively wetted by Ga, we believe our observations indicate the
possibility to extend the scope of reactive wetting to synthesize a larger library of bimetallic Ga-

based NPs.
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Gal(Co0),

Figure 6. Extension of the voltage-driven synthesis to different Ga-M systems. (A — D)
TEM images, (E — H) STEM-EDXS elemental maps and (I — K) SAED patterns of the reaction
products obtained from (A, E, I) Ga/Agos NDs, (B, F, J) Ga/(CoO)o.1 NDs, (C, G, K) physical
mixture of Ga and WO3 NPs and (D, H, L) GaSno.1. These data indicate that both wettability and

chemical reactivity are important in determining the reaction outcome.

CONCLUSIONS

In this study, we explored the chemical reactivity of liquid Ga NPs with other metal NPs driven
by an applied voltage. We demonstrated that the rate of such voltage, which controls the reduction
rate of the native Ga oxide skin, along with the wetting properties between elements and their

chemical reactivities, enables the reactive wetting of liquid Ga NPs and the formation of bimetallic

Ga-based NPs.
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We discovered that CuGa; alloyed NPs and solid@liquid core@shell NPs, where a CuGa;
nanocrystal floats inside a liquid Ga NP, can be obtained from liquid Ga/Cu NDs, which we used
as a case study, by tuning the initial stoichiometry of Ga and Cu. While the same approach applies
to the physical mixture of Cu and Ga NPs, the NDs ensure more uniform mixing on the NP
precursors. The formation of Ga-rich alloys points at the complementarity of the thermal and
voltage driven synthesis to expand the compositional range of bimetallic NPs. The solid@liquid
NPs are unique and only a few other examples exist in the literature, although not with the same
degree of sample homogeneity obtained herein.!>16-53

Finally, we proved that this approach can be extended to the combination of Ga with other
elements (Ag, Co, W, Sn).

By presenting a rational framework which explains the formation of bimetallic NPs via the
proposed voltage-driven synthesis, we believe this report sets the ground for future studies
targeting various applications for multimetallic Ga-based NPs, including those with a liquid Ga

domain.
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