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Gallium-based liquid metal alloys (GaLMAs) have widespread applications ranging from soft electronics, energy devices, and
catalysis. GaLMAs can be transformed into liquid metal emulsions (LMEs) to modify their rheology for facile patterning, processing,
and material integration for GaLMA-based device fabrication. One drawback of using LMEs is reduced electrical conductivity owing
to the oxides that form on the surface of dispersed liquid metal droplets. LMEs thus need to be activated by coalescing liquid metal
droplets into an electrically conductive network, which usually involves techniques that subject the LME to harsh conditions. This
paper presents a way to coalesce these droplets through a chemical reaction at mild temperatures (7' ~ 80°C). Chemical activation
is enabled by adding halide compounds into the emulsion that chemically etch the oxide skin on the surface of dispersed droplets of
eutectic gallium indium (eGaln). LMEs synthesized with halide activators can achieve electrical conductivities close to bulk liquid
metal (2.4 x 10* S cmfl) after being heated. 3D printable chemically coalescing LME ink formulations are optimized by systematically
exploring halide activator type and concentration, along with mixing conditions, while maximizing for electrical conductivity, shape
retention, and compatibility with direct ink writing (DIW). The utility of this ink is demonstrated in a hybrid 3D printing process to
create a battery-integrated light emitting diode array, followed by a nondestructive low temperature heat activation that produces a
functional device.

1 Introduction

Gallium-based liquid metal alloys (GaLMAs) are an indispensable class of materials inspiring work in
myriad research domains. Two examples of widely researched GaLMAs include eutectic gallium-indium
(eGaln, 75 w/w% Ga and 25 w/w% In)[1] and gallium-indium-tin (GalnSn, 68.5 w/w% Ga, 21.5 w/w%
In and 10 w/w% Sn).[2] The bulk liquid has a low viscosity (eGaln, 2.0 x 1073 Pa-s[3]; GaInSn, 2.4 x 1073
Pa-s[4]) and a high electrical conductivity (eGaln, 3.4 x 10* S em™'[5]; GalnSn, 3.46 x 10* S cm™'[2]),
making it an ideal deformable conductor for soft electronics.[6] Its high apparent surface tension (eGaln,
624 x 107 N m~![5]; GaInSn, 718 x 1073 N m~![4]) from the fast-forming oxide skin in oxygenated en-
vironments can be electrically[7] or chemically[8] manipulated for soft actuator applications[9]. Even the
energy entailed from spontaneous formation of the oxide can be used to power electronics[10]. GaLMAs
are ‘atomically intelligent’ and can facilitate chemical processes by dissolving other metals in its bulk.[11]
GalLLMAs can also coordinate with other atoms through the ionized metal and oxygen sites on their surface,
catalyzing or initiating many chemical reactions.[11]

Many applications utilize GaLMAs in the form of liquid metal emulsions (LMEs), which involve dis-
persing the liquid metal droplets in a carrier liquid.[12] Because gallium has low toxicity,[13] GaLMAs can
be processed into functionalized particles for drug delivery and therapeutics.[14] When liquid metals are
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dispersed in elastomer precursors, they form composites with increased fracture toughness, electrical per-
mittivity, and thermal conductivity.[15] More recently, liquid metal droplets have been shown to provide
a reaction medium to efficiently produce high entropy alloy nanoparticles at bulk scale.[16] Additionally,
tuning liquid metal concentration in LMEs enables improved rheology for handling and patterning liquid
metals, which is essential for fabricating GaLMA-based devices. Dilute (1 — 3 v/v%) LMEs produced
through sonication (droplet diameters ~ 1 nm — 1 ym) can form 2D films through ink-jet[17] or aerosol[18]
printing, while highly concentrated (60 — 83 v/v%) LMEs produced through shear mixing (droplet diame-
ters ~ 1—200 pm) become viscoelastic pastes with rheology that is compatible with direct ink write (DIW)
3D printing.[19][20],[21],[22] Sedimentation can occur if droplets are not sufficiently stabilized, which may
result in nozzles clogging during printing[18] or inhomogeneous composites.[20],[23],[24] To address this,
droplets can be stabilized with functional ligands,[17],[25] which work for dilute emulsions. LMEs can also
be made into stable dense emulsions[21] with volume concentrations above ~62% (random close packing of
spheres).[26] While separated and stabilized droplets are desirable for patterning Gal.LMAs, disconnected
liquid metal droplets result in poorly connected liquid metal networks, which is not favorable for applica-
tions require liquid metals to perform as deformable conductors.

Sintering or activation is a secondary processing step for making LMEs electrically conductive. During
activation, the oxide skin on the dispersed liquid metal droplets must be removed to induce droplet coales-
cence and create a conductive liquid metal network. Mechanical activation has been used on LMEs in the
form of compression[17],[18],[20],[27] or tension,[21],[22],[27],[28], applying localized stresses or large global
stresses to force droplets to coalesce. Laser ablation has also been used to activate LMEs, causing the oxide
shell to vaporize, releasing the liquid metal core in each droplet.[29],[30] Researchers have also improved
electrical conductivity by heating LMEs at extreme temperatures (7 ~ 500 - 1000°C)[31],[32] to form a
new metal oxide/metal biphasic system, or by supercooling LMEs(7T ~ —30°C),[22] which causes the frozen
bulk liquid metal core in the droplets to expand, breaking the oxide, thus inducing coalescence. Acoustic
fields can also activate LMEs, causing nano-sized liquid metal particles to grow on dispersed LME droplets,
subsequently creating droplet connection and forming an electrically conductive percolating pathway.[33]
While these activation modes succeed in coalescing droplets and rendering patterned emulsions electrically
conductive, they present harsh conditions to the other soft and rigid components in GaLMA-based devices,
which can cause unintentional stress and ultimately lead to device failure.

Here we present an LME that activates using a chemical reaction. Our technology takes advantage of the
unique ability of halide compounds to chemically etch metal oxides under mild temperatures. Seeking to
make our LME viscoelastic with a high stiffness, eGaln is dispersed at a high-volume concentration of 80%
into a continuous phase liquid mixture of diphenyl ether, rosin and halide-based activator. The combination
of low vapor pressure from diphenyl ether and emulsifying properties of rosin makes the emulsion stable
against sedimentation. Through extensive screening of halide activator type and concentration, we arrive
at a formulation that optimizes for high electrical conductivity, shape retention, and compatibility with
both stencil patterning and direct ink writing (DIW). Rheology for our optimum ink shows that our ink is
shear thinning and shear yielding and exhibits a high plateau modulus and high yield stress. As a result,
it is able to span millimeter long distances and retain its shape with minimal shrinkage after chemical
activation. We demonstrate its utility by employing it as a conductive ink in a hybrid 3D printing process
that integrates off the shelf components, including batteries and light emitting diodes (LEDs) in a single
auotmated process. The entire fabricated circuit can be activated under mild conditions, thus simplifying
and enabling the rapid assembly of liquid metal-based electronic devices.
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2 Results and Discussion

2.1 Chemical Coalescence

2.1.1 Materials for Enabling Chemical Coalescence

The technology enabling chemical coalescence within our LME is shown in Figure 1a, where the dispersed
phase of the emulsion consists of eGaln droplets and the continuous phase contains (i) diphenyl ether (DE),
(ii) dimerized gum rosin (D140) and (iii) 2-bromo-2’-chloroacetophenone (2B2c). DE is used as a solvent
due to its low vapor pressure and high boiling point (258°C),[34] which helps prevent the ink from drying
out during processing. DE is an aromatic non-polar solvent[34] that also dissolves the highly aromatic
D140. D140 is a highly dimerized gum rosin, polymerized for stability against oxidation[35] with a high
molecular weight (M,, = 550 g mol™!) and a high acid value number (AVN) of 148.[36] The AVN is a mea-
sure of the number of carboxylic acid groups[37] which rosin is known for having.[38] High AVN is needed
for readily emulsifying eGaln (Figure S1), which occurs through carboxylic acid group attachment to the
eGaln oxide skin through coordination chemistry.[39],[40] To enable chemical coalescence, we include the
covalent halide compound, 2B2¢, a type of aromatic ketone, which offers a source of halogens (bromine
(Br) and chlorine (Cl)) for creating hydrohalides (HBr and HCI) to perform chemical etching. In 2B2c,
Br is covalently bonded to the alpha carbon of the ketone group, while Cl is covalently bonded to the
main aromatic ring. In contrast to dimethylammonium chloride (DAC), the stronger halide salt activator,
which can also be used for this ink (Figure S2, SI Note 1), covalent halide activators offer a longer
shelf life (i.e., they exhibit a significantly lower degree of coalescence over time under room temperature
conditions).[41] It is also both miscible and chemically inert with DE (Figure S3).

2.1.2 Catalytic Dehalogenation of the Chemical Activator

Figure 1b shows the two-part scheme of dehalogenation (reaction 1) and chemical etching (reaction 2)
that 2B2c¢ undergoes for chemically coalescing eGaln droplets. Dehalogenation involves the release of a
halogen (represented as ‘X’ Br or Cl) from 2B2c. The released halogen combines with hydrogen gas (Hs)
generated between the reactions that gallium (Ga) and gallium suboxide (GayO) have with adventitious
water in the air (Equations S2 and S3 in SI Note 2) to then produce hydrohalide (‘HX’) in reaction 1
scheme of Figure 1b, hydrobromic acid (HBr) or hydrochloric acid (HCl) (Equation S4). Since metals
have been found to dehalogenate covalent halide compounds similar to 2B2c,[42],[43],[44] we hypothesize
that eGaln facilitates the dehalogenation of 2B2c, especially since liquid metals are known for catalyzing
many chemical reactions.[45] To validate this hypothesis, we bath sonicate a mixture of eGaln and 2B2¢
in a closed glass vial to create an LME. Bath sonication is used in lieu of planetary shear mixing since
shear mixing eGaln and 2B2c results in viscoelastic mixtures that are unusable for NMR. DE is omitted
to obtain a relatively clearer 'H-NMR signal. After 45 minutes, the bath-sonicated eGaln/2B2c mixture
is transferred to a hot plate and heated at 80°C. After one hour, the organic layer is removed and charac-
terized with 'H-NMR. The results from this experiment are shown in Figure 1c (right) and compared to
the '"H-NMR spectrum for pure 2B2¢ (Figure 1c, left).

In comparison to "H-NMR spectra collected from pure 2B2c (Figure 1c, left), the NMR spectra of
heated 2B2c alongside eGaln (‘2B2¢gGamm, heated’) Teveals debromination evidenced by the appearance of a
strong peak at 2.6 ppm, corresponding to acetyl protons (light blue), and the shrinking of the peak at 4.7
ppm, corresponding to the protons adjacent to bromine (blue). Additionally, dechlorination is indicated
by the appearance of a peak at 4.5 ppm (orange). These hydrogens are noted in Figure S4-ii, which
correspond to the alpha-ketone protons after 2B2c¢ undergoes dechlorination. The absence of Cl allows for
more proton shielding and a downshifted signal. The appearance of new aryl hydrogen peaks at 7.1 — 8.2
ppm (green) indicates changes in the aromatic proton environment. For simplicity, reaction 1 displays
the generation of two products. However, our NMR spectra suggests several other species are generated,
as outlined in the more detailed reaction scheme shown in Figure S4. Notably, HBr is more readily
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generated than HCI during dehalogenation based on the intense acetyl group hydrogen peak (light blue)
in the 2B2cpqam, heated Spectrum, which is consistent with the ease of debromination over dechlorination
due to bond dissociation energies for C-Br (63.1 kcal mol™!) < C-Cl (91.5 kcal mol™') in 2B2c.[46],[47]
Based on control experiments using the metals and metal oxides present in eGaln to further elucidate the
dehalogenation reaction mechanism (Figure S5), we conclude that both gallium and indium in eGaln
catalyze the dehalogenation of 2B2c¢. Furthermore, we find that significant dehalogenation occurs in am-
bient conditions over the course of six days (Figure S6), which further supports the the fact that eGaln
behaves as a catalyst in our LME.

2.1.3 Chemical Etching of the Oxide

Chemical etching occurs through reaction scheme 2 shown in Figure 1b, where the released hydrohalide,
HX (HBr or HCI) reacts with the oxide skin, M 503 (GayO3 or In,O3) to generate metal halide salts, MX 3
(GaBr3, GaCls, InBrs, or InCl3) and water. During initial attempts to synthesize LMEs with eGaln, DE,
D140, and 2B2c, we find that 2B2c¢ is capable of emulsifying eGaln on its own, though the addition of DE
is needed to attain a complete, homogeneous emulsion (Figure S7). Thus, to monitor the effect that 2B2¢c
has on chemical oxide etching within the emulsion before and after heat, we create an emulsion composed
of ~80 v/v% eGaln, ~17 v/v% DE, and ~3 v/v% 2B2c for XPS characterization. The survey data for this
experiment can be found in Figure S8, with main results shown in Figure 1d, where the fitted peaks for
Ga 3d, In 3d, Br 3d, and CI 2p orbitals for the emulsion before (black curves) and after (red curves) being
heated at T" = 80°C for one hour are shown. The y-axis scale for each orbital in Figure 1d is adjusted
for clarity and therefore is not the same across all orbitals. However, the spectrum for before and after
heating within a given orbital display the actual intensity of each signal collected. For comparison, we also
obtained the XPS for a drop of eGaln only exposed to air (Figure S11) to serve as a sample that has not
been exposed to an activator or acidic enviroment.

In the black curves of Figure 1d, it appears that the 2B2c starts to coordinate with oxide surface
during the emulsification process. This is shown through the presence of metal oxide and metal halide
compounds in the XPS spectra. The presence of metal oxides is apparent in the Ga 3d orbital for the
emulsion before heat, which displays two signals corresponding to GasO3 (~20.1 eV, Ga*") and In,Oj
(~18.0 eV, In-0O), respectively.[48] Conversely, the presence of metal halide complexes can be seen in the
In 3d, Br 3d and Cl 2p orbitals. In the In 3d orbital, the non-heated emulsion spectrum displays indium
halide bonding (In-X) through the In 3ds/, and In 3ds/, doublet peaks respectively centered at ~452.5
eV and ~444.9 eV, which correspond to InBr or InCly.[49] The formation of indium halide bonding is
supported by the metal-bromide (M-Br) and metal-chloride (M -Cl) doublet peaks shown in the Br 3d and
CI 2p orbitals centered at Br 3ds/, ~70.3 eV and Br 3ds;,, ~69.4 eV (Figure S9) and Cl 2p;/, ~201.1 eV
and Cl 2p3/; ~199.5 eV (Figure S10)[50], respectively. The Br 3d orbital for the non-heated emulsion
also displays an overlapping doublet peak at Br 3dz/, ~69.4 eV and Br 3ds/, ~68.5 eV, which is lower in
binding energy and likely corresponds to InBr or adsorbed Br~.[51] These additional Br 3d peaks align
with our results that indicate debromination being the favored dehalogenation mechanism (Figure 1c),
as multiple modes of metal-Br are evident in the before heated Br 3d spectrum.

In the red curves of Figure 1d, we observe that heating provides even further evidence of chemical
etching. After the emulsion is heated, it transforms into a mixture of bulk eGaln and metal halide salts
produced by the etching reaction. The formation of bulk eGaln is evident in the Ga 3d orbital through the
presence of GayO3 (~20.7 eV, Ga") and bare Ga metal (~18.8 eV, Ga), which also is present in its Ga
2p spectrum (Figure S8). Although the heated emulsion Ga 3d peak values are higher than literature,[48]
we attribute the positive peak shift to suboxides of gallium and indium formed during the chemical etching
process.[52] The formation of metal halide salts can be seen in the In 3d, Br 3d and Cl 2p orbitals. The In
3d signal for the heated emulsion shows a signal for indium halide (InX3, either InCl3 or InBr3) through
the In 3ds/, and In 3ds/, doublet peaks respectively centered at ~453.0 eV and ~445.5 eV[49]. Formation
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of indium halide salt is further supported by the significant peak shifts from the unheated emulsion (40.5
eV) and pure eGaln (+1.2 V), which represent the indium halide salt being transformed from intermediate
indium-halide complexes and InyOgs, respectively (Figure S11).[53] In the Br 3d orbital for the heated
emulsion, a peak at ~69.4 eV is displayed, which is also present in the unheated emulsion Br 3d orbital.
Since the In 3d orbital for the heated emulsion indicates InX 3, we ascribe the strong Br 3d peak at ~69.4
eV to indium-bromide salts (InBrs) being generated from the hydrobromic acid etching reaction (Figure
S9). Lastly, the Cl 2p orbital for the heated emulsion suggests a conglomerate of metal-chloride (M-Cl)
compounds (likely InCly, InCls, InCl)[54]) due to the subdued peak profile showing two prominent signals
at ~201.4 eV and ~200.0 eV. Furthermore, adsorbed Cl~[55] is present through the peak at ~198.9 eV,
suggesting that 2B2c dechlorination occurred after the emulsion was heated. We believe the results in
Figure 1d constitute a snapshot of the dynamic reactions occurring within the emulsion. For example,
while we expect to see a gallium-halide signal in the Ga 2p orbital for the heated emulsion, the etching
reaction produces water, which further generates Ga;O3 when reacting with Ga and GayO (see Equations
S2 and S3 in SI Note 2), but can also react with the metal halide salt products to generate additional
acid for etching (see Equations S9 — S12 in SI Note 2). Furthermore, metal halide salts and/or metal-
hydroxide-halogen complexes can be formed, as discussed in Equations S13 - S16 in SI Note 2.

2.2 Liquid Metal Emulsion (LME) Formulations for Conductivity, Shape Retention, and
Printability

To ensure compatibility of the LME with stencil patterning and DIW, eGaln concentrations are fixed to
~80 v/v% (i.e., well above ~62%, the volume of random close packing of spheres)[26] to create a dense
emulsion with the viscoelastic behavior[56] A concentration sweep is then performed of the DE/D140/2B2c
continuous phase to define a region of attainable homogeneous emulsions. Figure S7 shows the ternary
map of the continuous phase that explores the formulation space for achieving homogeneous emulsions.
With the attainable homogeneous emulsion range identified from Figure S7, we then focus within this
sub-space (0.0 — 2.0 v/v% D140 rosin and 0.0 — 5.5 v/v%) to understand the effects of the concentrations
of 2B2¢ and D140 on the post-heat conductivity.

2.2.1 Conductivity and Shape Retention

The process for making a liquid metal emulsion sample is shown in the first half of Figure 2a (details
in Experimental Section). To make the emulsion, ground D140 is dissolved in DE. 2B2c is then added
to the DE/D140 mixture, creating a DE/D140/2B2¢ premixture, which serves as the continuous phase of
the emulsion. EGaln is then added to the premixture and shear-mixed to create dispersed liquid metal
droplets, resulting in an emulsion. The concentrations of D140 and 2B2c are tuned by adjusting their
premixture concentrations. Both D140 and 2B2c¢ are emulsifiers, evidenced by our inability to create emul-
sions without them, and our ability to create LMEs with each ingredient individually as shown in Figures
S1 and 1d. Increased emulsifier concentration and hence viscosity in the continuous phase has been shown
to yield smaller mean droplet diameters.[57] Thus, increased concentration of D140 and/or 2B2c increases
premixture viscosity, which contribute to breakup of eGaln into smaller droplets during emulsification.
This can be seen in Figure S12 where the emulsion with the highest volume concentration of 2B2¢ (4.5
v/v%) has the smallest mean droplet diameter.

The second half of Figure 2a shows our process for monitoring a formulation’s ability to coalesce to
conductivity by measuring the resistance of a stencil-patterned emulsion on top of two conductive copper
tape pads before and after being heated at T" = 80°C for one hour. 3D scans of heated emulsions are
collected to accurately calculate post-heat conductivity. Details of this process are outlined in the Exper-
imental Section and in Figure S13. Before heating, the measured electrical resistance of all emulsion ink
samples exceeded the maximum limit of the source meter, indicating a highly resistive material. Figure
2b shows the mean conductivity (N = 4) for each tested formulation after being subjected to heat. The
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effect of 2B2c concentration (z-axis in each subplot) for a given concentration of D140 (labelled over the
orange arrow) is displayed. After mild heat treatment, only the LME formulations highlighted by the light
blue section spanning each subplot were considered electrically conductive (¢ > 10 S em™!). Based on the
stoichiometry of 2B2c dehalogenation and GayO3 oxide etching reactions and assuming perfectly spherical
eGaln droplets (diameter = 26.51 pm) with a 3 nm oxide skin,[58] we estimate that 0.82 v/v% 2B2c is
required to etch all the oxides in an 80 v/v% liquid metal emulsion after heat, which also assumes that
2B2c¢ undergoes 100% dehalogenation (SI Note 8). However, experimentally, we find that our emulsions
require higher concentrations of activator (~ 2.5 — 5.0 v/v% 2B2c¢ within each D140 concentration set)
to attain high electrical conductivity. If instead we assume 100% debromination, we estimate that 1.63
v/v% 2B2c would be required to etch all oxides for an 80 v/v% liquid metal emulsion. Since we know from
XPS and NMR that debromination is the favored dehalogenation reaction and is not 100% (Figure 1c
and d), this explains the higher 2B2c¢ concentration requirement for our system to attain higher degrees
of chemical etching and thus higher electrical conductivity. The highest mean conductivity obtained was
3.54 x 10* S cm™! for an emulsion that utilized 0.0 v/v% D140 and ~3 v/v% 2B2c. Comparable conduc-
tivities were found for emulsions formulated with 0.5 v/v% D140 and 4 —5 v/v% 2B2c (~3 x 103 S ecm™').
Based on Figure 2b, it can be concluded that 2B2c is necessary for achieving conductivity, evidenced by
non-conductive formulations with 0.0 v/v% 2B2c activator for each concentration of D140. Furthermore,
the results in Figure 2b show that a D140 concentration between 0.5 — 0.7 v/v% offers the potential to
yield conductive emulsions at 2B2c¢ concentrations higher than 5.5 v/v%, while lower or higher concentra-
tions of D140 (0.0 — 0.2 and 0.9 — 2.0, respectively) yield inconsistent conductive behavior in the tested
concentration range of 2B2c. Since D140 and 2B2c contribute to emulsification, we hypothesize that at
low concentrations of D140, the two molecules compete for eGaln oxide surface attachment,[59] resulting
in highly resistive emulsions through a depletion of available 2B2c¢ to enable coalescence. At higher D140
concentrations, the relatively large D140 molecule might act as an effective surfactant in stabilizing eGaln
droplets[60] and preventing droplets from coalescing into a fully connected conductive network.

Chemical coalescence enabled by 2B2c is further supported by the scanning electron microscope image
shown in Figure 2c, which shows emulsions formulated at ~0.7 v/v% D140 rosin: one with no 2B2¢c
activator (left two images) and one with ~2.5 v/v% 2B2c¢ (right two images), with their corresponding
conductivity results indicated in Figure 2b. Before heating, both formulations show dispersed eGaln
droplets. After heating, the formulation containing 2B2c shows clear signs of coalescence among eGaln
droplets shown by the smooth connected surface spanning the droplets. We note that, within this emulsion,
there are still uncoalesced eGaln droplets, which contribute to emulsions being unable to reach bulk
eGaln conductivity. It is possible to increase chemical coalescence and thus electrical conductivity (2.4 x
10 S em™!) to that of bulk eGaln by using stronger chemical activators such as dimethylammonium
chloride (DAC), a halide salt (Figure S2). Halide salt-based LMEs achieve the highest conductivity
compared to LMEs utilizing other activation modes, outperforming most liquid metal composites a well
as PDMS encased bulk liquid metal conductors[61] (Figure S15 and Table S5). Although the electrical
conductivity of our chemically coalescing LMEs is not as high as one of the SEBS-encased bulk liquid metal
conductors[62] and the nickel-eGaln composite,[63] our LMEs do possess the benefit of being compatible
with a variety of patterning techniques, such as stencil patterning and 3D printing. Heat activating
(T =~ 80°C) free-standing geometries of patterned DAC-based emulsions, however, results in disconnected
coalesced eGaln droplets that are not conductive (Figure S2d). While covalent halide LMEs possess lower
conductivity, they possess more shape retention after being heated (Figure 2d), which has more utility for
achieving 3D forms with preserved structural integrity throughout the coalescence process. The presence of
the uncoalesced eGaln droplets and potentially chemical byproducts from 2B2c¢ dehalogenation and oxide
etching reactions in our covalent halide activator-based emulsion help retain its shape after undergoing
chemical activation. The mean height of the patterned trace (“z height”) (across the z-position) versus its
position along its length (“y scan position”) is shown on the right of Figure 2d. It can be seen that the
general shape of the average z height stays the same before and after heat activation between the copper
tape, having a volume shrinkage of only ~12.9% (Figure S16). In contrast to the volume concentration
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of non-eGaln emulsion ingredients that are liquid and likely to evaporate or react during heat activation
(diphenyl ether (~16.8 v/v%) and 2B2c (~2.5 v/v%)), the calculated volume shrinkage from 3D scan data
is ~6.4 % lower. This discrepancy suggests that compressed eGaln droplets, as well as solid byproducts
such as metal halide salts from oxide etching reactions discussed in SI Note 2, resist further shrinkage,
contributing to its shape retention. Notably, the height changes drastically in the region of the copper
tapes, which is due to eGaln preferentially wetting the copper.[64]

2.2.2 Printability

Figure 3a shows the range of qualitative printability outcomes — not printable (red), mildly printable
(yellow), and printable (green) of formulated inks. LMEs are mixed longer (an additional 10 minutes for
the emulsions shown in red and yellow; and an additional 12.5 minutes for the emulsion shown in green)
than the stated mixing times listed in Table S3 to increase its viscoelastic behavior through smaller
droplet size creation,[17],[65] then tested for printability. Printability is then assessed as described in
Experimental Section and Figure S17. Printed serpentine patterns for a particular formulation are
visually inspected and qualitatively categorized based on extrusion consistency at a pressure specifically
determined for each formulation (Experimental Section), and a print velocity of 70 mm s~!, which
is used across all ink formulations. An ink that displays consistent extrusion throughtout all serpentine
prints is deemed printable, while any extrusion inconsistencies rules out a formulation as being unprintable.
Although D140/DE or 2B2c¢ can emulsify eGaln on their own, synthesizing a printable emulsion based only
on eGaln/DE/D140 or eGaln/DE/2B2c is not feasible as this results in (1) highly inconsistent extrusion
marked by accumulation/discontinuity (red outline in Figure 3a, ink composition: ~80.3 v/v% eGaln,
~19.5 v/v% DE and ~0.2 v/v% D140) or (2) moderately inconsistent extrusion marked by variable filament
thickness (yellow outline in Figure 3a, ink composition: ~80.0 v/v% eGaln, ~14.5 v/v% DE, and ~5.5
v/v% 2B2c). Thus, a combination of D140 rosin and 2B2c is needed for producing a printable emulsion.
The formulation that displays the highest consistency during our printability experiments as well as the
highest reported conductivity (green outline inset shown in Figure 3a) is selected as our optimum ink.
The composition of this ink is ~80 v/v% eGaln, ~0.7 v/v% D140 and ~4.5 v/v% 2B2c, with a conductivity
of 1.50 x 10® S cm™!.

2.2.3 Characterization of Optimum Liquid Metal Emulsion Ink

Two main observations during ink synthesis confirm the chemical complexity of our emulsion ink system.
First, we find that the relative humidity in the lab decreased the total mixing time required to obtain a
printable, viscoelastic consistency with our emulsion (Figure S18, S19). This finding is consistent with
the role of adventitious water in the environment contributing to the hydrogen supply for producing the
HCl1 and HBr needed for etching. Second, we find that further mixing the ink to increase printability
reduces its conductivity by two orders of magnitude (1.23 x 10! S ecm™!) post-heat activation (7' = 80°C,
1 hour) (Figure S20 and Table S7). Since longer mixing times create smaller droplets,[17] the lower
observed conductivity is likely due to the increased presence of oxides due to smaller droplet sizes, which
also contribute to an increased stiffness (G’') (Figure S18). For undermixed emulsions of the optimal
formulation we find that longer mixing time achieves smaller droplets (Figure S18), which is consis-
tent with results from other high shear emulsification processes.[17],[65] We also find that the decrease in
droplet size results in an increase of G’ (Figure S18 and Table S6). Notably, we find a difference in
drop morphology between the optimally mixed emulsions and the undermixed samples (Figure S18b),
where the droplets transition from separate and discrete to seemingly more aggregated and interconnected
with apparent cracks on their surfaces with freshly exposed eGaln. We identify this morphology as a state
just before creaming, which also gives rise to a gray macroscale optical appearance (Figure S18a) and a
corresponding significant increase (approximately one order of magnitude) in G’ (Figure S18c and Table
S6). Evidently, this morphology improves printability, since undermixed inks also display print inconsis-
tencies such as variable thickness, discontinuities, and ruptures (Figure S18d). Also, since our emulsion
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is catalytic, heating the emulsion at 7" = 80°C for a longer time can improve conductivity. Furthermore,
using higher activation temperatures (120 — 160°C) with the optimum ink helps to achieve higher post heat
conductivity (1.07 x 10> S em™! at 120°C), lower contact resistance, and a higher degree of coalescence by
accelerating the chemical reaction with the emulsion (Figures S20 and S21).

Rheological characterization in Figure 3b (method details in Experimental Section) of the selected
formulation shows that the emulsion (circle markers in all Figure 3b subplots) is a stiff, viscoelastic, yield
stress material with shear thinning behavior. The oscillation amplitude sweep results in Figure 3b (left)
show that the emulsion has high stiffness (storage modulus, G’ ~ 1.0 x 10 Pa) in the linear viscoelastic
region (plateau where G’ > G” at low shear stresses) and yields when a stress of 2308.02 + 336.38 Pa
is applied (light grey region, see Figure S22 for yield stress calculations). This value is 1 — 2 orders of
magnitude higher than liquid metal emulsions with lower concentrations of eGaln (~ 60 — 76%),[20],[21]
which is expected since yield stress directly scales with dispersed phase concentration.[66] Furthermore,
compared to water-based liquid metal emulsions with similar eGaln content (~ 80 — 85%)[22] to our op-
timal formulation, our calculated yield stress is roughly the same order of magnitude though ~ 2 times
higher. We attribute the differences in yield stress to differences in the continuous phase between these
emulsions: in the presence of water, eGaln’s oxide will weaken,[67] which potentially contributes to weaker
interdroplet interfaces thus resulting in lower yield stress. Comparing the emulsion oscillation data with
that of the continuous phase of the emulsion, which displays dominantly viscous behavior (G” > G’), it can
be seen that the incorporation of eGaln imparts the emulsion with the required viscoelasticity for DIW 3D
printing. The elasticity is due to the high concentration (~80 v/v%) of dispersed and compressed eGaln
droplets within the emulsion, which stores energy at the droplet interfaces.[56] The associated Lissajous
figures for this oscillation data shown in Figure S23 suggests that the emulsion undergoes an interesting
fluid transition from being highly elastic to perfectly viscous after a yield stress is applied.

The high elasticity is further confirmed by Figure 3b (middle), which shows oscillation frequency
sweep data at a strain amplitude 79 = 1%, corresponding to the linear viscoelastic region in our amplitude
sweep experiments. Throughout the frequency range tested, the G’ plateaus and remains higher than G”,
indicating the emulsion’s dominantly elastic behavior, while G” exhibits a shallow minimum at w ~ 1 rad
s~!. Mason et al. [56] attribute this behavior to slow relaxation processes occurring within the emulsion
due to droplet rearrangement or viscous relaxation of the continuous phase fluid. The behavior in this
spectrum is likened to that of soft glassy materials, as Datta et al. [68] described for highly concentrated
attractive emulsions. This is further validated by our fitting of the data to the discrete form of the Maxwell
relaxation modulus equation (Figure S24), which yields relaxation modulus values that stay within the
same order of magnitude, as opposed to spanning different orders of magnitudes, as typically found in
material systems exhibiting a more pronounced viscous behavior.[68], [69]

The flow data (Figure 3b, right) shows that the emulsion is shear thinning with decreasing viscosity
values upon increasing shear rate. Compared to the premixture, its viscosity is five orders of magnitude
larger, which is consistent with the elastic phenomena imparted by compressed droplets observed in the
oscillation data in Figure 3b, left. The continuous phase (DE/D140/2B2c) displays shear thinning at low
shear rates followed by a viscosity plateau (Newtonian fluid behavior) at increasing shear rate, indicating
that the premixture itself is a structured fluid.[70] The corresponding stress versus shear rate graphs for
the emulsion and premixture (Figure S25a and b) show stress plateaus indicative of shear banding and is
similar to flow behavior of entangled polymeric-like micellar solutions that break and reform.[71]. Since the
flow curves of DE and DE/D140 mixtures display Newtonian behavior (Figure S25c and d), this suggests
that inclusion of the 2B2c activator imparts shear thinning properties to the DE/D140 mixture, which
likely imparts consistent extrusion behavior for inks with 2B2c¢ in contrast to the inconsistent extrusion for
inks without 2B2c. Extending the comparison of micellar breaking and reforming to our ink, we conclude
that the emulsion flows through a process of rapid interdroplet breaking[68] of the weakest bonds between
compressed eGaln droplets (described as ‘compressed springs’ by Mason et al [56]), followed by their rapid
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reformation within the emulsion.

Figure 3c and d show how interdroplet breaking and reforming within the emulsion manifests itself as
a function of print speed (V') at a nozzle-to-substrate height (H) of 0.5 mm. This print height is chosen
for being below the characteristic height (H,, = 10 mm) where gravitational and inertial effects could
be neglected (SI Note 11). We define the dimensionless print speed V* as the print speed V' divided
by the extrusion velocity C'. At V* = 0.45, it can be seen that the extruded emulsion laterally expands
upon substrate landing and produces a thicker filament, evidenced by the high value of the ratio of the
printed filament diameter d to the nozzle diameter D in Figure 3d. We attribute this deviation from
the constant d/D behavior in the coiling region to axial compression due to the velocity of ink extrusion
being significantly larger than print nozzle speed and to deformations within elongational flow[72],[73] as
the filament experiences buckling (coil). As seen in Figure 3d and Video S2, at V* = 0.56, the filament
is slightly larger than the width of the nozzle diameter due to die swelling, indicating a transition from
combined axially compression and buckling to only buckling. Thus, in Figure 3d, we define a compressive
swelling zone (0.41 < V* < 0.56) that illustrates this phenomena. As V* increases, the slenderness of
the extruded emulsion increases, resulting in pure buckling, which manifests as irregular meandering of
the filament[74] in V* € (0.67,0.84). Because the eGaln droplets are highly compressed inside the nozzle,
this lack of periodicity can be attributed to differences in individual droplet velocities and accelerations
previously reported for highly concentrated emulsions under flow.[75] As V* approaches 1.00, the effect of
coiling disappears resulting in a straight filament. In Figure 3d, we construct a printing phase diagram for
this ink based on the calculated filament thickness from extrusion experiment in Figure 3c. To estimate
ink extrusion velocity C through Yuk and Zhao’s 3D printing phase diagram, we performed a nonlinear
least squares fit of the piece-wise equation to filament data printed at V* > 0.45 (see Experimental
Section), which estimates the extrusion velocity of the ink at C' = 88.91 4 0.10 mm s~! and die swelling
ratio, & = 1.02 4+ 0.0002. Calculation of C' allows us to highlight the filament accumulation, coiling, and
stretching print regions[69] for our optimum emulsion ink.

Figure 3e shows how our emulsion ink has the ability to span gaps. In Figure 3f, we fit the equilibrium
viscoelastic bending and stretching equations developed by Zhu and Smay for spanning catenary-shaped
filaments[76] to the 2D mean z-height data for all printed lines. The piecewise deflection outlined in
Equation 3 relies on physical and elastic properties of the ink (see Experimental Section, Tables
S9, and S10 for model parameter values). Since the bending boundary layer, ¢, is initially unknown
and is dependent on G’, model-fitting entails providing initial guesses of G’ = 0.80-1.05 x 10° Pa, values
of G’ collected in oscillation-based rheology experiments. Each initial G’ guess also provides a guess to
5. For each initial G’ guess, the model estimates G’ ~ 1.00 £ 0.03 x 10° Pa, which closely agrees with
the G’ collected in the oscillation amplitude experiment at low shear stress (5 — 10 Pa) in Figure 3b
(Glverage = 1.03 x 10° Pa) as well as data on colloidal gels.[77],[76] We use the result G’ = 1.00+0.03 x 10°
Pa to approximate ¢ for each spanned line to display model results (6 = 237, 208, 189, and 175 pum for lines
with L = 1.2, 1.8, 2.4, and 3.1 mm, respectively) with a linear fit (slope ~ |1.33] mm mm™!) connecting
the bending and stretching regions for each line. Figure 3f shows how the data follows the predicted
trend for decreasing d’s as well as increasing deflection and stretching as the spanned length L increases.

2.3 Demonstration of a Hybrid 3D Printed LME-Based Device with Integrated Batteries

To demonstrate the utility of chemically coalescing emulsions in simplifying liquid metal-based electronics
fabrication, we create a multi-component electronic device through hybrid 3D printing.[78] Our chemically
coalescing ink not only facilitates programmable device fabrication by acting as electrical interconnects
for light emitting diode (LED) and resistor arrays, but also enables device functionality through mild
activation temperatures that are compatible with commercial batteries. Furthermore, the chemistry in
our ink also acts as a solder between the coalesced eGaln and the electrical pads on surface mount device
(SMD) components. The use of a chemically coalescing emulsion ink consists of three main steps: (1)
circuit design, (2) hybrid 3D printing, and (3) mild heat post-processing. First, the circuit is designed with
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custom Python codes to define print paths and component placement. Electrical checks for circuit designs
are validated using MultiSim Live. The circuit diagram schematic of the LED array used in this work
is shown in Figure S27. Next, the device is fabricated through multimaterial and hybrid 3D printing
(details outlined in Experimental Section). The workflow for this step can be seen in Figure 4a, which
consists of surface mount device component interfacing (green outline in Figure 4a) and inline assembly
of battery power and electrical interconnections (purple outline in Figure 4a). Lastly, the printed and
assembled LED array device (Figure 4b, left) can be made functional through mild heat (7" = 80°C),
which can be seen by the entirely lit LED array (Figure 4b, right). For timelapse of device activation in
the oven for an analagous single LED device, see Video S4. For a timelapse of the full fabrication process
for the BU LED array, see Video S5.

2.3.1 Design Requirements for Optimal Ink Activation

To make optimal connections to electrical components, we find that paths for printing electrical intercon-
nects must be designed so that enough liquid metal emulsion ink interfaces with SMD component electrical
pins. Both the LED and resistor components have pins that are exposed to the LME at the top and bot-
tom. In a typical printed circuit board (PCB) fabrication process, SMD components are placed on top
of solder paste so the bottom of the SMD pins primarily connect to the copper routing underneath.[79]
Initially, we fabricate devices printing the emulsion ink solely on top of SMD electrical pins, which result
in electrical connections being inconsistently formed, as shown by the variable intensity in light of LEDs
in Figure S28. In subsequent devices, after printing a SMD component adhesive (Figure 4a, step 1), to
maximize the interfacial area between the SMD electrical pins and the emulsion ink, we print a rectangular
pad (Figure 4a, step 2) with the emulsion ink to interface with the bottom part of the SMD electrical
pins as well as printed electrical traces. This is followed by pick and place of the components (Figure
4a, step 3), and then printing of the emulsion ink on top of each SMD pin (Figure 4a, step 4). This is
similar to the work by Ozutemiz et al in finding that better electrical connections are formed when eGaln
surrounds the entirety (top, bottom and side) of the SMD pin after HCI treatment, versus a connection
formed when pure eGaln interfaces primarily with the bottom of an SMD pin.[80]

In addition to having sufficient material to interface with pins, we find that our emulsion ink requires
exposure to air for chemical coalescence. To explore the utility of our ink to electrically interface with a
coin cell battery, we print single LED devices with flat (~200 pm thick) square pads on the top and bottom
electrode connected by a vertical interconnect (Figure S29). When subjecting the printed and assembled
battery-integrated single LED device to mild heat post processing at T = 80°C overnight, it appears that
LME printed geometries of the circuit (electrical interconnects, top current collector, vertical interconnect)
are conductive and show signs of coalesced eGaln by emerging through the structure (Figure S29a).
However, we observe incomplete coalescence of the square pad located below the battery, evidenced by the
inhomogeneous color (Figure S29b), which we confirm by performing electrical conductivity checks using
an external coin cell battery with leads throughout the printed emulsion (Figure S29c-e). Since the only
part of the device containing non-conductive liquid metal emulsion is underneath the battery, we hypothe-
size that an increased emulsion/air interface is needed for the chemical coalescing reaction to occur. Thus,
we implement a simple cubic lattice design for the bottom current collector to elevate the battery to not
only increase the emulsion/air interface but also to increase the air flow to the emulsion/battery bottom
(Figure S29f). As a result, we observe more coalescence evidenced by emerging eGaln droplets from the
newly designed printed geometry (Figure S29g) and subsequently increased conductivity as LED devices
utilizing this elevated bottom electrode design are all functional after being heated.

2.3.2 Shape Retention, Ink Adhesion, and Stability Over Time

As mentioned previously, our emulsion retains its patterned shape, which can also be seen in the printed
liquid metal emulsion patterns in the before and after heat images of the hybrid 3D printed LED array
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(Figure 4b). This can be seen on a bigger scale in a printed ‘BU’ logo in Figure S30a where light
gray bumpy textured layer is holding emerging liquid metal droplets within the print after being heat
activated at 80°C. We also find that an opaque layer forms underneath the print at the LME-substrate
interface with a smoother surface and occasional voids, as seen in Figure S30b, which is also observed
in the aforementioned battery redesign study (Figure S29). This structured layer is also observed in the
microscope images in Figure S21, which exhibits an increased spatial occurrence of liquid metal striations
with increased activation temperatures. Removing the activated BU logo print from the glass substrate
requires scraping with razor blade, indicating a qualitatively a large amount of shear, thus a large degree
of adhesion between the glass substrate and the activated emulsion. Notably, it is difficult to scrape the
opaque layer left on the glass substrate (Figure S30c). The relative difficulty in attempting to scrape
the printed sample off the glass substrate may be a combination of the strong adhesion to glass by the
oxide skin[81] and D140 carboxylic acid groups.[82] The generation of strong adhesion during coalescence
can be explained by Doudrick et al[83] through the wetting phenomena of a volume expanding liquid
metal droplet whose oxide skin fractures, exposes bare liquid metal and forms new oxide on the substrate.
Furthermore, carboxylic acid groups are known to coordinate with the oxide skin and glass,[82] which
likely contributes to this adhesive quality. This strong adhesion is also seen in the right of Figure 4b,
where the hybrid 3D printed LED array can be held vertically without the device components falling
off all the while remaining functional. Although the LED and resistor components are adhered to the
substrate with a silicone adhesive, the relatively heavier (~6.2 g) coin cell battery is stably bound to
the substrate solely through the bottom LME printed current collector. We estimate the adhesive stress
for the coalesced emulsion ink is at least 2.2 MPa (see SI Note 13). This is similar in magnitude to
measured lap shear strengths of state-of-the-art electrically conductive adhesives (~ 6 — 18 MPa).[84] In
contrast to findings on metal embrittlement by GaLMAs,[6] metal degradation is not observed on the
battery current collector.When our coalesced LME is integrated with PDMS and copper, we also find
that it preferentially adheres to copper (Figure S31), which suggests adhesion is substrate-dependent.
Lastly, we find that not only is the shape retention and adhesion is generally stable but the electrical
conductivity of the printed and heat activated ink also increases when stored at ambient over the course
of ten months (SI Note 14 and Figure S32). This increase in conductivity is expected and consistent
with our previous findings that the chemical coalescing reaction occurrs slowly at ambient (SI Note 5),
which may be attributed to the metal halide salt hydrolysis reactions that generate acids and perform
more oxide etching (SI Note 2). Environmental conditions such as higher temperature and/or humidity
may also contribute to this increase in conductivity by increasing droplet coalescence (SI Note 2, Figure
S20), slightly decreasing shape retention due to the liquid metal emergence from the sample (Figure
S21). Decreased shape retention, however, can be addressed by packaging the LME after it is printed and
activated (Figure S34). Figure S34a shows this assembly process for incorporating our LME into PDMS
to make a dogbone device, which was electromechanically characterized (200% strain/1000 cycles, results
shown in Figure S34b). The electrical conductivity of the packaged activated LME is increased with
additional mechanical forces (e.g. peeling it off the substrate, stretching during testing) which is expected
and consistent with mechanical activation of packaged liquid metal inclusions.[27],[21] Moreover, we find
that these electromechanically tested devices are stable (Figure S35a) and can withstand prolonged high
temperatures (125°C/2 days), given the absence of any packaging weaknesses (Figure S35b).

3 Limitations and Future Work

While the covalent halide-based LME emulsion in this work offers a material solution for simplifying
GaLMA device fabrication requiring soft conductors, there are many opportunities to improve the post-
heat conductivity while retaining its patterned shape. For one, chemical oxide etching could be further
and controlled by conserving 2B2c for the heat activation step. This can be done by dispersing eGaln
into a DE/D140 premixture through tip sonication or shear mixing to first make an LME largely stabi-
lized by D140. 2B2c could be added to the eGaln/DE/D140 emulsion to ensure it participates in oxide
etching and not emulsification. Secondly, the generation of Hy, which is needed for hydrohalide (HX)
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production, could be improved by including Hs-producing ingredients into the LME. This could include
a systematic formulation study with controlled amounts of water to increase Hy yield (Equation S2 and
S3). Furthermore, inclusion of protic solvents with maximal hydrogen donating ability[85] can help supply
more hydrogens in the system, but this also must be investigated methodically as protic solvents assist
in the hydrodehalogenation of covalent halide compounds,[86]which can prematurely start the chemical
etching reaction and thus yield an unstable emulsion. To increase the shelf-life of LMEs, alternate cova-
lent halide activators with higher carbon-halogen bond dissociation energies (BDEs) or increased levels
of steric hindrance can be used (Table S13), which would delay dehalogenation and thus oxide etching.
Since our work shows that covalent halide activators promote shape retention for chemically coalescing
liquid metal emulsions, studies for increasing electrical conductivity through higher oxide removal could
be conducted by considering covalent halide compounds with lower BDEs (Table S13), or even com-
bining covalent halide compounds with halide salt activators, which we have shown to be more effective
at oxide etching. A combination activator study could involve combining the right stoichiometric ratio
of activator types for 100% oxide removal while considering BDE. One idea for achieving an LME is to
create an LME /polymer composite through the use of silane-based monomers. Silanization is a way to
permanently bond to liquid metal surfaces,[87] which can ensure droplet connectivity as the oxide is etched.
Tetramethyldisiloxane, for one, can be used as an ingredient in co-polymerization,[88] and has also been
found to release Hy in the presence of covalent halogen compounds and a palladium catalyst,[89] which
can assist with further etching. Beyond these additional oxide removal studies, more studies can be done
to further elucidate the adhesion mechanisms between the activated emulsions and other materials. This
would also involve quantifying adhesion and peel strength the activated emulsion against materials found
in electronic applications. Studying the effect of high current on our coalesced ink with metals is also
important in understanding its versatility as a printed conductor, as high electrical currents are known to
cause intermetallic alloy formation between pure liquid metals and copper (which is predominantly found
in electronic components).[90] Additionally, metals can be incorporated into the continuous phase of the
emulsion to generate solid alloys,[16],[11] opening up an alternative way to mildly synthesize and pattern
solid metal alloy geometries.

We note that the safety and environmental impact of organohalides is an open topic. Though it is
known that some organohalides are ‘persistent” and hazardous,[91] thousands of organohalides are found
in nature and are able to degrade naturally.[92],[93] Furthermore, not all organohalides are toxic and are
used for health benefits. For example, 2B2c¢ is used in the process of making tulobuterol, a drug extensively
used to treat asthma or chronic obstructive pulmonary disease,[94] indicating a low level of safety and
environmental concern. Moreover, since our chemical coalescing technology effectively neutralizes 2B2c, it
should be relatively safe to use.

4 Conclusion

In this work, we synthesize a liquid metal emulsion ink that chemically activates with a unique catalytic
dehalogenation and chemical oxide etching chemistry. We study the effect of altering D140 rosin and 2B2c
concentration on emulsion post-heat conductivity and printability, leading us to an optimum formulation
(80 v/v% eGaln, 0.7 v/v% D140, and 4.5 v/v% 2B2c) that balances functionality and manufacturability.
Rheology characterization of our optimum ink shows that it has the required viscoelastic behavior for
DIW, with shear thinning and shear yielding properties along with a high storage modulus and high yield
stress. The emulsion ink requires high extrusion pressure and high print velocities, making it conducive
to scaled up automated additive manufacturing methods. We also show that the emulsion ink is able to
span millimeter long distances. Finally, we demonstrate the utility of our optimum ink as SMD electrical
interconnects and battery current collector in the hybrid 3D printing and mild heat treatment of a complex
LED array without destruction of device components. This technology not only enables simpler fabrication
of GaLMA-based applications but it also opens opportunities up for patterning soft metal catalysts.
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5 Experimental Section

Materials:

Covalent halide-based emulsion formulations consisted of the following ingredients: eGaln (METSPECG0,
5N), diphenyl ether (DE) (Sigma Aldrich), highly dimerized gum rosin (D140) (Teckros®) D140, Teckrez),
and 2-bromo-2’-chloroacetophenone (2B2c) (Sigma Aldrich). The emulsions with the halide salt activator
(Figure S2) consisted of eGaln, DE, gum rosin (Sigma Aldrich), dimethylammonium chloride (DAC)
(Sigma Aldrich) and deionized water (Direct Q3 UV, Millipore). The adhesive pads in Figure 4 were
printed using DOWSIL™ SE1700 part A (Dow).

NMR Spectroscopy:

All '"H NMR measurements were taken with 64 scans in Acetone-D6 (99.9% atom D, Thermo Scientific
Chemicals) with an Agilent 500 MHz VNMRS Spectrometer. Chemical shifts were measured relative
to 0.03% tetramethyl silane. To monitor the reaction of 2B2¢ and eGaln, a droplet of eGaln (0.5 g) was
combined with 2B2c¢ (75 plLi) and bath sonicated for 45 minutes. The mixture was heated for 1 hour at 80°C,
and the reacted 2B2c¢ (with possible trace amounts of eGaln) (30 pL) was sampled for characterization by
'H NMR.

X-ray Photoelectron Spectroscopy (XPS):

Emulsion samples for XPS were synthesized as described in Ink Preparation and printed on a silicon wafer
chip (1319, University Wafer) using a custom laser cut stencil made out from an acrylic film (0.01” thickness,
McMaster Carr). Heated samples were mounted onto a glass slide for ease of handling. Characterization
through XPS was carried out on Nexsa G2, an integrated X-ray system from Thermo Scientific Inc., allowing
the high-throughput surface analysis to be conducted on the material surface (<10 nm). The spot size of
the X-ray that shined on the material surface is 100 pm in diameter in these measurements, the equivalent
focus voltage on the sample is 975 V. The survey spectrum was acquired under 200 eV pass energy, 5 times
acquisition and 1.0 eV energy step size to give a general view of the surface composition. High-resolution
scans for each component, Ga, Br, Cl, and In, were acquired under 10 eV, 15 times acquisition and 0.3
eV energy step size to provide more precise information of the chemical states. As for other elements that
also come from the environment, O and C, the high-resolution scans were acquired under 10 eV, 10 times
acquisition and 0.5 eV energy step size for calibration purpose.

Ink Preparation:

Covalent halide-based emulsion formulations were prepared as follows. First, a premixture of DE and D140
rosin is made by grinding D140 rosin via mortar and pestle to create a fine powder. The D140 rosin and
DE are subsequently shear mixed via dual asymmetric centrifuge (SpeedMixer model DAC 150.1 FVZ-K,
Flacktek) at 3500 RPM to dissolve the rosin until a particle-free translucent mixture is obtained. Next,
the DE/D140 rosin premixture is combined with 2B2c and shear mixed at 3500 RPM for 30 seconds. Last,
eGaln is added to the DE/D140/2B2¢ mixture and shear mixed at 3500 RPM in 2.5 min increments. For
stencil-printed samples in Figure 2b, formulations were synthesized to a volume of ~1.2 mL and mixed
until a homogeneous emulsion was achieved. These mixing times are listed in Table S3. For printability
experiments (Figure 3a), formulations were synthesized to a volume of ~1.75 mL and mixed longer than
the stated mixing times in Table S3 to increase its stiffness. The halide salt activator-based emulsion
shown in Figure S2 as follows. First two mixtures are synthesized: (1) a ~75 w/w% DAC/water solution
(DAC (aq)), (which is close to saturation of DAC in water) and a (2) ~52 w/w% rosin/DE mixture. A
premixture was then made by combining DAC (agq) solution and rosin/DE mixture in a mass ratio of 9.5 g
rosin/DE mixture to 1 g DAC solution and shear mixing at 3500 RPM for 1 minute. EGaln is then added
to the premixture at a mass ratio of ~24.2 g eGaln to 1 g rosin/DE/DAC solution premixture and shear
mixed (1750 RPM for 3 minutes followed by a high speed mix of 3500 RPM for 45 seconds).

Ink Conductivity Testing and Analysis:

Each formulated ink was patterned into a thin rectangle (35 mm x 2 mm) (N = 4) using a custom laser
cut stencil made out from an acrylic film (0.01” thickness, McMaster Carr). Each ink was patterned on
top of two conductive copper foil tapes (25 mm long, 7 wide, 0.0035” thick, McMaster Carr) spaced 25
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mm apart and on top of black polyimide tape (1 mil thick, 3” width, Bertech) adhered to a stainless-steel
plate. Black polyimide was used due to both ink chemistry compatibility and to provide sufficient optical
contrast for 3D scanning. Each sample was heated in an oven (Heratherm, Thermo Scientific) at T ~ 80°C
for one hour. Before and after heating, the two-point probe resistance and 3D point cloud was collected
for each sample. The two-point probe resistance was measured using a source meter (Keithley 2401) with
Kelvin probes (Keithley 5806) using the four-point probe setting on the source meter. High resolution
(12.5 pm) point clouds were measured using a laser profiler (LJ-X8080, Keyence) mounted onto an axis
of a custom gantry motion system (AGB 10000, Aerotech) with a motion controller (A3200, Aerotech).
A custom Python code (using pandas, MeCode, and Keyence packages) controlled the movement of the
laser profiler and synchronized the y-z position from the sensor with the gantry’s x position for point cloud
construction. 3D scans were processed by implementing another custom Python code (pandas, NumPy,
Open 3D and SciPy packages) that automated extraction of the patterned liquid metal trace through
random sample consensus algorithm and point cloud outlier clean-up through density-based clustering.
This workflow is summarized in Figure S13. Electrical conductivity (¢) on the processed point cloud
utilized the following equation, which is a discretized form of the resistivity equation (this derivation can

be found in the SI):

|
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where [ is the conduction length of a trace slice that we set to 12.5 pum, R, is the measured resistance
after heating, and A; is the calculated area (through the trapezoidal rule) of a cross sectional slice of an
emulsion sample’s point cloud.

Imaging:

For scanning electron microscope (SEM) images, samples were stencil patterned using a thin acrylic stencil
(as described in Ink Conductivity Testing and Analysis section) on a silicon wafer chip (1319, University
Wafer). For the images shown in Figure 2, samples were imaged using a Zeiss Supra 55VP Field Emission
SEM using an accelerating voltage = 15 kV, secondary electron and in-lens detector, ~11.2 - 11.7 mm
working distance. To obtain droplet size distribution, samples were imaged using a ThermoFisher Phenom
PROX Desktop SEM using an accelerating voltage = 10 kV, an electron backscatter detector (EBSD),
and working distances between ~ 6.5 — 7.5 mm. For optical images, shown in Figure S21, emulsion
samples were stencil patterned the same (using a thin acrylic stencil) on a glass substrate covered with
black Kapton tape and imaged using Keyence confocal microscope model: VK-X3050 at 20x zoom.

Droplet Size Distribution:

Droplet size distribution shown in Figure S12 was carried out on unheated emulsions that contained ~0.7
v/v% D140 rosin and 0, 2.5 and 4.5 v/v% 2B2c. FIJI (ImageJ) was used to characterize the collected
SEM image. To obtain a clear segmentation of the droplets, the original image was enhanced by adjusting
brightness and contrast and was despeckled 3 — 5 times to remove the detailed wrinkles on the oxide
skin of each droplet. Trainable Waikato Environment for Knowledge Analysis [‘Weka’| Segmentation
(TWS) plugin from FLJI (ImageJ), using the default classifier (FastRandomForest) was then applied to
the enhanced image. The TWS plugin requires user input to define droplet and nondroplet regions. After
the desirable segmentation is achieved (Figure S12, third row), we obtained droplet diameter by using the
‘Analyze Particles’ function in FIJI (ImageJ), which resulted in the blue histogram (Figure S12, bottom)
for each formulation. We applied a log-normal fit to the calculated droplet diameters using Python (SciPy
package) to obtain the mean and standard deviation reported in the figure. Mean droplet size is calculated

02
through the equation: e*+%) where y = In(m) with g and m defined as the mean of the lognormal
distribution and median of the distribution, respectively.

Ink Printability Exzperiments:

All tested emulsions were synthesized to a volume of ~1.75 mL as outlined in the Ink Preparation section.
Print tests were performed on a custom three-axis gantry motion system (AGB 10000, Aerotech) with
a motion controller (A3200, Aerotech). To test for printability, each formulation is mixed ~ 10 minutes
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longer than the stated mix times in Table S3 to achieve a more homogeneous consistency for 3D printing,
but is kept to a mix time that will prevent it from creaming if mixed for too long (Figure S19). Once a
formulation reached an optimal consistency, it was loaded into a syringe equipped with a tapered nozzle (D
= 200 pm; Nordson, EFD). A high pressure adapter (HPx High-Pressure Dispensing Tool, Nordson EFD)
connected to a pressure controller (Ultimus V High Precision Dispenser, Nordson, EFD) was used to extrude
the ink into a serpentine pattern (66.2 mm x 38 mm) (see Figure S17). The height between the nozzle
and substrate was maintained at 196 um and the print velocity was 70 mm s~!. The minimum pressure
enabling consistent ink flow through the nozzle was chosen for printing multiple serpentine patterns and
this pressure was kept constant until the ink was depleted and/or could no longer extrude ink. Pressures
ranged from 35 — 84 PSI and varied between formulations due to particular formulations requiring higher
pressures to maintain constant flow.

Ink Rheology:

The optimized emulsion (composition: ~80 v/v% eGaln, ~0.7 v/v% D140 and ~4.5 v/v% 2B2c) and
premixture (continuous phase composition of ~89.5 v/v% DE, ~3.5 v/v% D140, and ~27 v/v% 2B2c)
were characterized at 7' = 25°C using a hybrid rheometer (TA Instruments Discovery HR-1). A parallel
plate geometry (20 mm plate diameter, 500 pm working gap) was used for the emulsion, while a cone
plate geometry (40 mm plate diameter, 1°, 28 pum working gap) was used for the premixture. Before every
rheological measurement, the sample was pre-sheared for 1 minute at 0.1% strain at an angular frequency
(w) of 10 rad s7!. Oscillation amplitude sweep experiments were performed using a frequency f = 1 Hz
(w = 6.3 rad s7!) and logarithmically sweeping the stress from (0.01 - 8952 Pa). Oscillation frequency
sweep experiments were performed fixing the strain amplitude () to 1%. Viscosity data was obtained by
performing a flow sweep test, logarithmically sweeping the shear rate from 0.01 — 1000 s~

Construction of Print Phase Diagram:

The same emulsion ink composition used for rheology experiments (Figure 3b) was used for construction
of the print phase diagram (Figure 3c & d). For printing, the same set-up for ink extrusion was used
as listed in the Ink Printability Fxperiments section. A velocity sweep ranging from V = 40 - 120 mm
s~! was carried out, keeping the nozzle to glass substrate distance (H) = 0.5 mm to print 50 mm long
filaments. A microscope camera (uEye, IDS) was used to film the filament extrusion. The video frames
shown in Figure 3c are taken at the midpoint of the printed filament. Filaments were then 3D scanned
using same motion-controlled laser profiler system mentioned in the Ink Conductivity Testing and Analysis
section with a resolution of 12.5 um. To estimate average filament diameter, d, for a filament sample, plane
segmentation function using Python (Open3D package) is used for separating the filament points from the
substrate/plane points. The z-coordinates of the filament points are then normalized by subtracting the
z-coordinates from the substrate plane, and the maximum height along the length of the filament scan is
calculated and aggregated for each sample (d). Python is then used to perform a nonlinear least squares
fitting (optimize.curve_fit, SciPy) to all the d data (normalized by the nozzle diameter, D) at each print
velocity (V') to the following piece-wise equation (NumPy):

Q; V<

52{\/3/_0; V>C (2)

Initial guesses for C' ranging from 50 - 120 mm s~! and o = 1.3 were supplied to the fitting function. For
each C guessed, the calculated C' = 88.91 +0.10 and o = 1.02 4 0.0002.

Determination of G' from Spanning Structures:

For the triangle with spanning lines shown in Figure 3e, the same emulsion ink composition used for
rheology experiments (Figure 3b) was used, as well as the same print set-up as listed in the Ink Printability
Fxperiments section. The spanning structure shown in Figure 3e utilized a combination of slow and fast
print speeds at a constant applied pressure. The base of the triangle, which was 0.59 mm high, utilized
aV =60 mm s~ ! (V* = 0.67), while each spanning element of length L was printed at V' = 90 mm s !
(V* =1.01) to decrease the effect of coiling. Interfilament layer height was 0.98D. The structure was then
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3D scanned with the same motion-controlled laser profiler system mentioned in the Ink Conductivity Testing
and Analysis section with a resolution of 12.5um. Spanned lines of different lengths L were segmented
from the raw 3D scan of the printed triangle further cleaned using noise filter of k-nearest neighbors = 6
to remove 3D scanning point artifacts using CloudCompare (www.cloudcompare.net). To calculate the z-
deflection (z) of each spanned line, a custom Python code was used to fit a plane (2ip plane) to the highest
z value for every z, y coordinate above each beam support corresponding to each segmented spanned
line. The raw z coordinates for each segmented spanned line were then subtracted from the z coordinates
in (Ztop plane); resulting in a point cloud representing the z-deflection in 3D space for each spanned line.
To obtain the 2D dz profiles presented in Figure 3f, 6z at a given x-coordinate was averaged along the
y-coordinate for each spanned line’s 6z point cloud and cropped at the z-coordinate of the inner part of
the support on each end. The storage modulus, G’, for the printed emulsion was estimated by utilizing a
custom Python code (optimize.curve fit, SciPy) to fit the 2D §z profile data of all spanned lines (prepared
as one array containing z,L, and dz to the following piece-wise equation:[76]

2 —L<p< Ly

_ WLy 2| =T=>73 ;
5y — 24ET [(2) X } ; % —s<z<i (bending) 3)
<%2 - %2) (5%)1/3; —L4+5<z<L-§ (stretching)

where the bending boundary layer is scaled by the relation § ~ (;Ev—dz)l/ 3. This equation represents the

equilibrium viscoelastic catenary model derived by Zhu and Smay;[76] where W is the distributed weight
of the filament given by the equation W = 0.25(pink — pair)gomd? (p is the density of ink or air, g is the
gravitational constant and d is the filament diameter), L is the length of the spanned filament (noted in
gray for each spanned line subplot), I is the area moment of inertia, assuming the filament has a circular
cross section, A is the filament cross sectional area, and E is the Young’s modulus of the ink provided by
the equation F = 2G’(1 4 v). We assume the emulsion is incompressible and thus set the Poisson’s ratio,
v, to 0.5, allowing us to estimate G’. More details can be found in SI Note 12 regarding estimation of §
and the values of the other parameters used in the viscoelastic catenary model.

Hybrid 3D Printing:

All inks were printed using a custom three axis gantry system (AGB 10000, Aerotech) with four indepen-
dently controlled z-axis (Aerotech Inc.). The emulsion ink and the adhesive ink (SE1700, part A) were
both equipped with a tapered nozzle (Gauge 27, Nordson, EFD) and each loaded to a separate z-axis. The
emulsion ink was extruded at 91 PSI using a high-pressure dispensing tool (HP3cc, Nordson, EFD) con-
nected to a pressure controller (Ultimus V, Nordson EFD), and a speed of 60 mm s~'. The adhesive ink was
printed at a pressure of 75.3 PSI using a custom solenoid (VQD1151-5MO- M5, SMC Pneumatics) array,
and a speed of 10 mm s~!. The solenoid array was connected to a pressure controller (Alicat), capable of
pressures ranging from -14.7 to 85.3 PSI. Automated pick-and-place (AP+P) of electronic components was
performed using two empty syringes mounted on two separate z-axis, with each syringe connected to the
solenoid array. For AP+P of LEDs and the resistors, the empty syringe is equipped with an 0.51 mm metal
capillary nozzle (Gauge 21, Nordson, EFD). For AP+P of the battery, the empty syringe is connected to a
1.36 mm metal capillary nozzle (Gauge 15, Nordson, EFD). A custom 3D printed tray stores the electrical
components, with each component having its own cavity. The pressure in the pressure controller connected
to the solenoid array is set to -14.7 PSI to create a vacuum. The empty nozzles are then translated to the
desired z, y position of the component and lowered in the z direction until it is right above the component.
The solenoid valve connected to the desired empty syringe is then turned on, activating the vacuum, and
picking up the component. The component is then translated to the desired position and the vacuum is
released. All custom print-paths were created using open-source Python libraries (MeCode), and loaded
to the Aerotech controller (A3200, Aerotech).

LED Array:

The process for hybrid 3D printing the LED array can be seen in Video S5. Briefly, the LED array
consisted of 19 LEDs (Red, 0603, Kingbright), 19 resistors (300 Ohm, 0603, ROHM Semiconductor), and
a high temperature (Tj,.x = 85°C) battery (3V, 2450X, Murata). Each LED is connected in series to a
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resistor, and all LED and resistor pairs are connected in parallel to the battery. The battery powered LED
array was fabricated by first printing pads of the adhesive ink in the location of each LED and resistor.
This was followed by printing a pad of the emulsion ink at each side of the adhesive pad, to interface with
the LED and resistor electrodes. LEDs and resistors were then automatically picked-and-placed on top of
the printed adhesive emulsion ink pads. The emulsion ink was then used to print electrical interconnects
to all the components and interconnects to the LED array power and ground lines with the battery’s power
(cathode) and negative (anode) terminals. A lattice was then printed with the emulsion to connect with
the bottom part of the battery (anode), and a pillar was printed to connect to the top part of the battery
(cathode). The battery is then picked-and-placed on top of the lattice. The emulsion is subsequently
printed on top of the battery to connect the battery cathode to the previously printed pillar. The device
was then placed in an environmental chamber (Tenney, Model TJR-A-F4T) at 80°C until all LEDs lit up
(~17 hours).

Statistical Analysis:

The post-heat conductivity data in Figure 2b, was calculated by Equation S27. R, ..s (measured resis-
tance) was used as is. The cross sectional slice of an ink formulation sample point cloud, A;, was obtained
by removing points belonging to the substrate by using RANSAC[95] and DBSCAN][96] algorithms. The
reported data represents the mean + S.E.M. (standard error of the mean) using a sample size of four
(N =4). Python (pandas, NumPy, Open 3D and SciPy packages) was used for all data processing.

The normalized filament data (d/D) in Figure 3d is obtained by performing plane segmentation on the
sample point cloud using Python (Open3D package) to separate the printed filament points from the
substrate/plane points. The z-coordinates of the filament points are normalized by subtracting the z-
coordinates from the substrate plane, and the maximum height along the length of the filament scan is
calculated and aggregated for each sample (d). The reported data represents the mean + S.E.M. using a
sample size of three (N = 3). Python (pandas, NumPy, Open 3D and SciPy packages) was used for all
data processing.

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1: (a) Schematic of 3D printable liquid metal emulsion ink. Left: 3D printable emulsion through direct ink writing.
Middle (orange outline): the emulsion ink is comprised of dispersed liquid metal droplets. Right (dark red outline): In
addition to eGaln, (i) diphenyl ether (solvent), (ii) dimerized rosin (D140) and (iii) 2-bromo-2’-chloroacetophenone (2B2c)
exist in the ink. (b) Schematic of chemical coalescence mechanism through 2B2c dehalogenation reaction (1), which releases
a hydrohalide (HX), and is subsequently used for chemical etching reaction (2). (c) Dehalogenation reaction (1) of 2B2c
occurs in the presence of eGaln and heat (T = 80°C) as shown through 'H NMR. Color of hydrogens in molecular structure
correspond to NMR peak with the same color. The orange peak at 4.5 ppm in the heated LME results correspond to phenacyl
bromide (Figure S4), indicate dechlorination. The acetone solvent peak is denoted with a (*). (d) Chemical etching of the
metal oxide skin (reaction (2)) from the released hydrohalide is responsible for coalescence of eGaln droplets, as evidenced
through XPS spectra data collected on emulsions containing eGaln, DE and 2B2c
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(a) Process for testing formulated inks. Each formulation is shear mixed, stencil patterned on top of copper

tapes and heated in an oven for one hour at T ~ 80°C. Resistances and 3D scans of each formulation before and after
heating is collected to determine conductivity. (b) Conductivity of formulated ~80 v/v% eGaln emulsions, with each subplot
representing a 2B2c activator concentration sweep (0.0 — 5.5 v/v%) for a concentration of D140 rosin (¢) Scanning electron
microscope (SEM) images of 80 v/v% eGaln emulsions before and after heat. The formulations for each emulsion is noted (b)
by the symbol in the top left corner of the before heated SEM image. 2B2c activator is needed for eGaln droplet coalescence
and conductivity. Scale bar denotes 60um (d) The emulsion retains its shape after being heated: (left) Falsely colored 3D
scans to accompany z-height plot (right). (right) Average 2D height profile of liquid metal emulsion trace before and after

heating.
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Figure 3: (a) Print outcomes of ~80 v/v% eGaln liquid metal emulsion inks: Accumulation and discontinuity (red), variable
thickness (yellow), and uniform thickness (green). (b) Rheology of emulsion ink (0.7 v/v% D140, 4.5 v/v% 2B2¢) mixed
for 67.5 min at 15.2% relative humidity (RH) showing its printability. Left: viscoelastic behavior of the emulsion ink. The
inclusion of eGaln at high concentration in the emulsion is needed for viscoelasticity. Middle: The relaxation spectrum,
which shows the emulsion is predominantly elastic. Right: Flow curve showing shear thinning characteristics of the emulsion.
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Figure 3: Continued from previous page

(¢) Extrusion behavior of emulsion ink (0.7 v/v% D140, 4.5 v/v% 2B2c, mixed for 32.5 min at 21.7% RH) at varying print
velocities (V*). Top row: microscope view of print nozzle (scale bars indicate 0.5 mm). Bottom row: resulting filaments at
select V*s, printed at 0.5 mm nozzle height. V* = V/C, where V is the print velocity and C' is the determined ink extrusion
velocity. Scale bars indicate 2 mm. (d) Nondimensionalized printed filament width (d/D, where D is the nozzle diameter)
vs. V* shows how the printed filament varies with V*. (e) Spannability of emulsion ink (0.7 v/v% D140, 4.5 v/v% 2B2c,
mixed for 60 min at 16.1% RH). Left: Orthographic view of a triangle containing different spanning features, with inset
defining variables used in spanning calculations (d is filament width, L is span length). Right: Height map of printed triangle
generated from 3D scan on left. (f) z-deflection (normalized by filament diameter, d) versus z-coordinate (normalized by
length, L) for spanned lines. The length of each spanned line is denoted in lower left of each subplot. Colored data points
represent mean z height data along the length of the trace from 3D point clouds; solid black lines represent the model fit of
the viscoelastic bending and stretching equation.)
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Figure 4: (a) Automated process of complex device fabrication using liquid metal emulsion ink, using multimaterial printing
and automated pick and place for surface mount device components. (b) Photographs of assembled LED device (left) before
being heated at T' ~ 80°C, (right) after being heated. After heat, the functioning device can be held up vertically due to the

adhesive properties of the coalesced emulsion.
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A new type of liquid metal emulsion is developed that chemically activates and becomes electrically conductive under mild
thermal stimulus. The activation mechanism occurs through a unique set of catalytic dehalogenation and chemical oxide
etching reactions. These emulsions are 3D printable and exhibit high shape retention after being heated. This technology
enables simple fabrication of liquid metal-based applications and patterning of soft metal catalysts.
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