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ABSTRACT: Colloidal suspensions of thermally conductive
particles in a carrier fluid are considered promising heat transfer
fluids for various thermal energy transfer applications, such as
transportation, plants, electronics, and renewable energy systems.
The thermal conductivity (k) of the particle-suspended fluids can
be improved substantially by increasing the concentration of
conductive particles above a “thermal percolation threshold,” which
is limited because of the vitrification of the resulting fluid at the
high particle loadings. In this study, eutectic Ga−In liquid metal
(LM) was employed as a soft high-k filler dispersed as
microdroplets at high loadings in paraffin oil (as a carrier fluid)
to produce an emulsion-type heat transfer fluid with the combined
advantages of high thermal conductivity and high fluidity. Two
types of the LM-in-oil emulsions, which were produced via the probe-sonication and rotor−stator homogenization (RSH) methods,
demonstrated significant improvements in k, i.e., Δk ∼409 and ∼261%, respectively, at the maximum investigated LM loading of 50
vol % (∼89 wt %), attributed to the enhanced heat transport via high-k LM fillers above the percolation threshold. Despite the high
filler loading, the RSH-produced emulsion retained remarkably high fluidity, with a relatively low viscosity increase and no yield
stress, demonstrating its potential as a circulatable heat transfer fluid.

1. INTRODUCTION
Fluids are widely utilized as heat carriers in daily life and in
various industrial areas where thermal energy transfer and
utilization are required, including buildings,1,2 transporta-
tion,3,4 manufacturing plants,5 electronics,6−8 and solar thermal
systems.9,10 The thermal conductivity (k) of a heat transfer
fluid is an important parameter in the applications. Significant
efforts have been made to improve the k of commonly used
heat transfer fluids (e.g., water, ethylene glycol, and paraffinic
or silicone oils), which are pure liquids with relatively low k
values, by adding highly conductive solid particles (e.g.,
metal,11−13 ceramic,14−16 or carbon-based17−19). The resulting
fluids in the form of a colloidal suspension, often termed
“nanofluids”20−23 because of the sizes of the dispersed particles
typically in the nanometer range, exhibit higher k values than
those of the base fluids. Nanofluids with improved k values
have shown promising performances in applications such as
solar thermal collectors,24,25 electronic cooling,26 and heat
exchangers.27,28 The k value of the heat transfer fluid depends
not only on the type of the dispersed particles but also on their
concentration.29 Typically explored particle concentrations for
nanofluids range from ∼0.01 to a few percent (e.g., ∼5%),21−23

where the increases in k, as compared to those of the base
fluids, range from a few to a few tens of % (e.g., ∼50%).11−23

At higher particle concentrations, the viscosity of the resulting
colloidal suspension can significantly increase,22,23 possibly

accompanying particle aggregation and thus causing clogging,
which limits its practical applicability in the most relevant
geometries. Although not many, some exceptionally high
enhancements of the k values with the addition of conductive
particles have also been reported. For instance, Choi et al.30

reported an anomalously high k-value enhancement of ∼150%
with respect to that of the base fluid for the nanofluids
containing multiwalled carbon nanotubes at a relatively low
particle concentration of 1 vol %. However, this is
accompanied by a steep increase in viscosity by approximately
three orders of magnitude,22 which is undesirable in practical
applications of the resulting fluid, where its prolonged
circulation is crucial. Evidently, the addition of conductive
particles in a liquid medium results in a trade-off between
thermal conductivity and viscosity. This could be the reason
why a majority of nanofluid research studies have paid
relatively little attention to potential systems with even higher
particle concentrations than typically explored regions.
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Without considering the upper particle concentration limit
constrained by the loss of fluidity of the nanofluid, it is
theoretically31−34 anticipated that a higher concentration of
high-k particles in a (low-k) matrix would yield a higher overall
k value of the mixture. This has been demonstrated in different
contexts for numerous free-standing polymer composites35−39

consisting of solid particles (termed “fillers;” dispersed phase)
and a solidified polymer matrix (continuous phase), with high
and low k values, respectively. Although the k value of the
matrix (e.g., ∼0.2 W/(m·K) for epoxy)37 is often as low as
those of the base fluids for nanofluids (e.g., ∼0.2 W/(m·K) for
mineral oils), the overall k values reported for the polymer
composites containing high-k fillers (of similar materials as the
particles for nanofluids) are very high, e.g., ∼11 W/(m·K) for a
graphene-filled epoxy composite at a 45 vol % filler loading,
corresponding to a ∼5400% enhancement in the k value with
respect to that of the matrix.37 Similarly, in most reported
cases,35 the enhancements in the k values for polymer/filler
composites significantly exceeded those for nanofluids.
Notably, the typical filler concentrations of polymer/filler
composites with high overall k values are above the

“percolation threshold,”31,32,40 where the thermal transport
through the dispersed phase (i.e., the network of fillers)
becomes effective, which often far exceeds the particle
concentration ranges studied for nanofluids. Because most
thermal management applications where free-standing polymer
composites are mainly utilized (e.g., packaging)41 do not
require a high sample fluidity, increasing the particle
concentration up to such high levels generally does not
cause any considerable problem.
Recently, liquid metals (LMs), particularly Ga and Ga-based

alloys, have received considerable attention in the development
of high-k composites for thermal management applica-
tions,42−47 based on their integrated advantages of high
conductivity, high fluidity, and low toxicity.48 In the
manufacturing of polymer-based composites, LMs can be
easily dispersed as micro- or nanosized entities using various
physical methods such as shear mixing42,44−46 or sonication,47

and “emulsified” into a continuous prepolymer liquid that can
be subsequently cured to form a polymeric matrix. Besides the
high k values (e.g., ∼26.4 W/m·K for eutectic Ga−In or
EGaIn),49 the high deformability of such metals, as being in

Figure 1. Schematic illustrations of the two emulsification methods used in this study: (a) probe-sonication (PS) and (b) rotor−stator
homogenization (RSH). Optical micrographs of the (c) PS- and (d) RSH-produced emulsions. Scanning electron microscopy (SEM) images of (e)
PS- and (f) RSH-produced LM droplets. Transmission electron micrographs of the edges of the (g) PS- and (h) RSH-produced LM droplets. (i)
Sizes of the LM droplets produced at various LM loadings (10, 30, and 50%) using the two emulsification methods (circles: PS, stars: RSH; the
solid and hollow marks for the RSH indicate the major and minor diameters, respectively, of the anisotropic LM droplets produced in this method),
inferred from the SEM images (Figure S1 in the Supporting Information). (j) X-ray diffraction patterns (upper: PS, lower: RSH) and (k) narrow-
scan X-ray photoelectron spectroscopy analysis of the LM droplets produced by the two emulsification methods (left: PS, right: RSH). The dashed
vertical line indicates the characteristic peak corresponding to the gallium oxide observed at the outermost surface of the LM droplets.
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the liquid state at room temperature, is considered a unique
and important property in the fabrication of stretchable
elastomers, and potentially future form-factor-free composite
materials.45 Furthermore, the deformability of LMs may allow
for higher loadings in the matrix than the maximum packing
density of conventional rigid solid fillers.46

To date, as thermally conductive fillers, LMs have been
utilized exclusively in solidifiable matrices; however, their
functionality in a purely liquid matrix has rarely gained
attention. In this study, we considered a colloidal system of LM
droplets dispersed in a nonsolidifiable liquid medium as a new
type of heat transfer fluid with high k and high fluidity.
Specifically, EGaIn, which is a focused LM with a melting point
below room temperature,48 was dispersed in liquid paraffin,23

which is a widely used base fluid for conventional nanofluids.
Two different processes were employed in LM dispersion: (1)
the previously known and widely used probe-sonication (PS)
method50−52 and (2) the rotor−stator homogenization (RSH)
method, which has been used to manufacture various emulsion
systems of conventional immiscible liquids (e.g., oil-in-water
(o/w) or water-in-oil (w/o))53,54 but not frequently for LMs.
The RSH method, based on high shear force, produces
anisotropic LM droplets with large dimensions (≥10 μm in
major diameter and ≥5 μm in minor diameter), in contrast to
the isotropic submicron LM droplets produced via the PS
method. Although both types of colloidal systems exhibited a
remarkable increase in k up to several hundred % with respect
to the base fluid with increasing LM loadings above
percolation thresholds, the RSH-based system with larger
anisotropic LM droplets showed higher “fluidity,” even at an
extremely high filler weight loading of 89 wt %, demonstrating
its high potential as a circulatable heat transfer fluid.

2. RESULTS AND DISCUSSION
Figure 1a,b shows the schematic illustrations of the two LM
(EGaIn) dispersion methods investigated in this study. Paraffin
oil was selected as the carrier fluid (or the continuous phase of
the emulsion, where EGaIn was the dispersed phase) owing to
its chemical inertness and thermal stability (boiling point of
300 °C), which are suitable for various practical heat exchange
applications.22,23 The carrier fluid was preliminarily doped with
an oil-soluble surfactant, aerosol OT (AOT, 150 mM), which
induces electrostatic surface charging and thereby improves the
colloidal stability of LM droplets dispersed in nonpolar
media.51

Figure 1c,e shows the representative optical microscopy
(OM) and scanning electron microscopy (SEM) images of the
LM droplets, respectively, obtained via PS at an LM loading of
50 vol % (∼89 wt %). Individual droplets were not discernible
via OM (Figure 1c) because of their small sizes, whereas SEM
revealed that the droplets produced via the strong acoustic
energy55,56 applied in this method were spherical with an
approximate average diameter of 1.1 ± 0.7 μm, which is
consistent with the literature.52 The spherical shape of the
produced LM droplets is attributed to the high interfacial
tension.48,51 The droplets did not undergo coalescence and
remained as discrete particles even after removing the carrier
fluid, owing to the generation of a thin solid oxide skin,48 as
observed in the transmission electron microscopy (TEM)
image of the outermost surface of an LM droplet (Figure 1g).
Figure 1d,f shows the OM and SEM images of the LM

droplets produced via RSH at the same LM loading (50 vol
%). The sample manufacturing tool used here is a typical

benchtop homogenizer widely used for the preparation of
conventional liquid-in-liquid (e.g., o/w54 or w/o53) emulsions,
which has not yet been frequently used for the preparation of
LM emulsions. The shear force applied to the sample in this
method is typically considered significantly lower than the
physical force involved in the sonication method.56,57 Thus,
the sizes of the LM droplets produced were significantly larger
than those produced via the PS method, such that the
individual droplets were discernible in the OM (Figure 1d).
Furthermore, in stark contrast to the spherical droplets
produced in the PS method, the shapes of the LM droplets
produced in the RSH method exhibited a significant anisotropy
with 9.3 ± 5.5 μm in major and 5.7 ± 3.0 μm in minor
diameters estimated for a sample emulsion prepared at an LM
loading of 50 vol % (Figure 1f). Similar “micro-rice” droplets
have been produced on a small scale using a microfluidic
device,58 and “nano-rice” droplets,59 with submicron sizes,
have also been reported, which were produced via sonication
in aqueous media. The latter method, i.e., sonication in
aqueous media, accompanied the generation of gallium
oxyhydroxide (GaOOH) crystalline phase as a consequence
of the chemical reaction between Ga and water,60 which often
resulted in the formation of “nanorods” with higher aspect
ratios.59,60 However, no strong evidence for the formation of
the GaOOH phase was observed in the X-ray diffraction
(XRD) pattern (Figure 1j) of the anisotropic LM droplets
produced from RSH in the nonpolar surfactant solution used
in this study. The XRD patterns for the LM droplets produced
from the two methods used in this study were practically the
same, which revealed the amorphous nature of the products,
suggesting that both products retained the properties of the
bulk liquid. Thus, the formation of anisotropic rice-like LM
droplets shown here cannot be attributed to the formation of a
new crystalline phase such as GaOOH. A likely mechanism is
that the LM droplets passing through the narrow channels
between the rotor and stator were subject to a strong shear
force and mechanically deformed in the direction of shear,58

and subsequently, the deformed droplets retained their
anisotropic shapes owing to the solid oxide (likely gallium
oxide, Ga2O3)

48,51 skin formed at the outermost surface.
Notably, previous studies in which mechanical shear force was
similarly utilized to form LM droplets, but without confining
them to a narrow channel, mostly reported spherical droplet
shapes,61,62 which is qualitatively different from the micro-rice-
like droplets produced via the RSH method.
Figure 1i illustrates the variations in the average sizes of the

LM droplets produced by the two methods with different LM
loadings (the SEM images for the respective samples are
shown in the Supporting Information, Figure S1). In the PS
method, the sizes of the produced LM droplets gradually
increased (e.g., from ∼300 nm at ∼46 wt % to ∼1 μm at ∼89
wt %), indicating that the emulsification efficiency slightly
decreased with the increasing LM loading. In the RSH method,
the sizes of the LM droplets decreased with increasing LM
loading, which is because larger amounts of LM droplets
passing through channels with fixed widths were subject to
stronger shear forces, leading to a higher milling effect. The
surface of the LM droplets produced via RSH was not smooth
(Figure 1f,h), mimicking the wrinkled oxide structure observed
on a macroscopic LM droplet under mechanical compres-
sion.63 This structure was probably generated during the
course of shear milling, which continually caused mechanical
deformation of the circulating LM droplets, consistent with the
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proposed mechanisms for droplet shape anisotropy. For a
detailed understanding of the surface compositions, depth
profile analysis was conducted by performing X-ray photo-
electron spectroscopy (XPS) with Ar ion beam etching. In the
resulting narrow-scan spectra for the RSH-produced sample
(Figure 1k, right), the characteristic Ga 2p3/2 peak at ∼1118
eV, corresponding to Ga(III) (i.e., Ga2O3), was discerned for a
prolonged etching time (up to 99 s). However, for the PS-
produced sample (Figure 1k, left), the peak shifted to that at a
lower binding energy, corresponding to Ga(0) (i.e., metallic
Ga) at a shorter etching time. This suggests that thicker oxide
layers were formed on the surface of the RSH-produced LM
droplets, which is consistent with the TEM observations
(Figure 1h).
Figure 2a illustrates the thermal conductivity values

measured for the LM-in-oil emulsions with different LM

loadings prepared using the two methods. The overall k value
of the emulsion (to be denoted without a subscript) increased
remarkably as the loading of LM with a high k value (kf = 26.4
W/m·K,49 where the subscript f indicates the “filler”)
increased. Notably, the increases in the emulsion k values,
i.e., Δk (%) = (k − km)/km × 100 (km = 0.193 W/m·K, where
the subscript m indicates the “matrix,” that is, the surfactant
solution), at the maximum investigated LM loading (50 vol
%), were 409 and 261% for the emulsions generated via the PS
and RSH methods, respectively. These values were higher by
orders of magnitudes than the typically reported values (i.e.,
Δk (%) only of a few to a few tens of %) for various nanofluids
demonstrated in the literature,21−23 with maximum conductive
filler loadings only of a few vol % or lower. Furthermore, the
measured Δk (%) values for both LM-in-oil emulsions at 50
vol % LM loading were comparable to those of some free-

standing solid polymer composites containing thermally
conductive fillers at similar loadings (e.g., Δk (%) ∼250%
for graphite fibers in epoxy resin32). Interestingly, a recently
reported “reverse” colloid, wherein silicone oil is dispersed in
the LM matrix (i.e., oil-in-LM emulsion),64 has a much higher
k value than the LM-in-oil colloids of this study, probably
because of the high electrical conductivity of the metallic
continuous phase. Meanwhile, the LM-in-oil colloids, wherein
LM is dispersed in an insulating oil matrix, are electrically
insulating and thus are of practical relevance to thermal
transport applications where electrical insulation is crucial.
Furthermore, in stark contrast to the oil-in-LM system, the
current LM-in-oil system, particularly that produced via the
RSH method, exhibits high flowability, which is important for a
circulatable heat transfer fluid (to be discussed later). We
observed no significant increase in the k value from that of the
pristine paraffin oil with an increase in the amount of added
surfactants up to 150 mM (the concentration of the matrix
surfactant solution; Figure S2 in the Supporting Information);
therefore, the increase in the k values is mostly attributed to
the increase in the loading of LM droplets as thermally
conductive fillers dispersed in the carrier fluid. Importantly,
neither system was completely vitrified, even at the maximum
LM loading (50 vol %), retaining the fluid-like properties
(although there was a clear difference in the fluidity between
the two systems, to be discussed later), in contrast to the
conventional colloidal suspensions containing solid particles at
the corresponding particle loading.65,66

The onset of deviation from the linear relation between the k
value and filler loading, that is, the transition from a linear to a
super-linear relation, has been assumed to be the thermal
percolation threshold37,45 at which the heat can propagate via
the network of fillers with a high kf, in thermally conductive
polymer composites. Such a transition was observed at LM
loadings approximately between 20−30% for the liquid
emulsion-type heat transfer fluids investigated here (Figure
2a; the dotted straight lines describe the initial proportionality
between k/km and ϕ at low ϕ regions, i.e., ϕ ≤ 0.3). Note that
the thermal percolation referred to herein is different from
electrical percolation; the latter is unlikely to occur in the
current LM-in-oil emulsions owing to the insulating oxide skin
of the LM droplets and oil medium, as confirmed by a
conductometer. Thus, the relative thermal conductivity values
of the emulsions with various LM loadings to that of the LM-
free carrier fluid, k/km (Figure 2b), were fitted with the
classical Lewis−Nielsen model,31,32 which considers the heat
transport via the percolated filler network, and it is defined as

k
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Figure 2. (a) Thermal conductivity (k in W/m·K) of the PS- and
RSH-produced LM-in-oil emulsions at various LM loadings (10−50
vol %); dotted straight lines represent the deviation from the linear
relation between the k values and LM loadings. (b) Relative k values
with respect to the matrix conductivity (km = 0.193 W/m·K), k/km.;
the data were fitted to the Lewis−Nielsen model (dotted curves); the
fitted parameters are shown next to the respective fitting curves.
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and kE is the generalized Einstein coefficient reflecting the
characteristics of the fillers (e.g., shape and orientation with
respect to the heat flow); ϕ and ϕm are the volume fraction
and maximum packing fraction of the fillers in the matrix,
respectively.
The fitting of the measured k/km values with eq 1, with no

fixed values for the two variables, i.e., ϕm and A, resulted in the
ϕm values of 0.87 and 0.73 for the emulsions from the PS and
RSH methods, respectively (Figure 2b). A higher ϕm value for
the PS product may be attributed to the smaller sizes and
uniformly spherical shapes of the produced LM droplets, which
could enable more efficient geometrical packing than the
droplets from the RSH method having larger sizes and
significant anisotropy.67 Fitting parameter A describes the
efficiency of heat transport, where A → ∞ and A → 0
correspond to the upper and lower bounds of the overall k
value, respectively, for a mixture of high-k (kf) and low-k (km)
components.32,45 As A → ∞ (and ϕm = 1), in which the eq 1 is
reduced to the well-known “rule of mixtures (k = (1 − ϕ)km +
ϕkf),” the heat transport occurs mainly through the percolated
network of the high-k fillers, whereas as A → 0, where eq 1 is
reduced to the “inverse rule of mixtures (1/k = (1 − ϕ)/km +
ϕ/kf),”68 the heat transport occurs mainly through the low-k
matrix. The A values obtained for the emulsions from the PS
and RSH methods were 2.90 and 0.79, respectively, which
were within the ranges of some reported values for polymer/
filler composites where the thermal transport was assumed to
occur via the percolated filler network (e.g., A = 0.5 or 1 for
graphite fibers in epoxy, A = 1.5 for glass spheres in
polyethylene, and A = 3 for alumina in polystyrene).32 A
higher A value was obtained for the PS product, indicating that
heat transport through the percolated network of fillers was
more effective, which is consistent with the assumed higher
packing efficiency in this system than in the RSH product.
One thing to be noted is that parameters ϕm and A obtained

by fitting the experimental results with eq 1 are purely
phenomenological,69,70 given that the exact values of such
parameters for LM droplets are not known. The obtained ϕm
values of 0.87 and 0.73 for both systems are larger than a
previously suggested value of ∼0.6471 for random close
packing of monodisperse hard spheres, and furthermore, the
ϕm of 0.87 for the sonication product is even larger than the
theoretically maximum possible packing density of ∼0.74. The
large values obtained for the systems studied here may
implicate the polydispersity72,73 and even deformability74 of
the produced droplets, which are generally known to
significantly affect the rheological properties of a colloid
system. These values are practically difficult to predict
theoretically; thus, they are empirical in nature, requiring due
caution when interpreted quantitatively. Recently, Moon et
al.46 demonstrated that an extremely high loading of LM
droplets in a polymer matrix, that is, up to 0.9, was possible
owing to the deformability of LM droplets. Inspired by this
study, the constrained fitting of the measured k/km values
using eq 1 with a fixed of 1 was also performed, assuming that
the deformability of LM droplets would enable the complete
filling of dead volumes between the neighboring droplets that
were not accessible by nondeformable solid particles (Figure
S3). The obtained A values were 3.3 and 1.5 for the PS and
RSH products, respectively, which are different from those
obtained from the unconstrained fitting but still demonstrate a
higher heat transport efficiency through the percolated LM
droplets for the PS product.

A more efficient formation of the percolated network
between the LM droplets in the PS product was beneficial for
obtaining a higher k value, which could negatively affect the
fluidity of the resulting emulsion, which is an important
parameter for a circulatable heat transfer fluid. This
conductivity−fluidity trade-off can be well appreciated by
comparing the relative k values between the two types of LM-
in-oil emulsions shown in Figure 2 with the rheological
properties of the respective systems (Figures 3 and 4).

Figure 3a,b illustrates the viscosities (η) of the PS and RSH
products, respectively, with various LO loadings measured in a
shear rate range of 1−100 s−1. It is evident that the increase in
η with increasing LM loading is significantly higher in the PS
products. The increase in η in the PS products was remarkable
at low-shear regions, and the samples with high LM loadings
exhibited significant shear-thinning non-Newtonian behavior,
which is in stark contrast to the case of the RSH products
exhibiting significantly less shear and concentration depend-
ences in all of the measured η values. The reduction in η for
RSH products can be attributed to the significantly larger sizes
of the suspended droplets (approximately an order of
magnitude higher) compared with those of the PS products,
resulting in a lower total particle surface area and higher
particle deformability, both of which are known to decrease
suspension viscosity.67,74

Figure 3c shows the η values of the emulsions at a low shear
rate (1.269 s−1) relative to the viscosity of the base fluid (ηm)

Figure 3. Viscosity (η in Pa·s) of the (a) PS- and (b) RSH-produced
LM-in-oil emulsions at various LM loadings, measured in shear rate
ranges between 100 and 102 s−1. (c) Low-shear-rate η values (at 1.269
s−1) divided by the matrix viscosity (ηm = 0.05 Pa·s), i.e., the relative
viscosity η/ηm, plotted as functions of the LM loadings; the data were
fitted to the Krieger−Dougherty model (dotted curves); the inset
shows the equivalent data set in a log-scale y-axis, with the Krieger−
Dougherty model fitting parameters.
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as functions of the LM loading. Notably, the super-linear
relation between η/ηm and LM loading (ϕ) is more significant
than that between k/km and ϕ shown in Figure 2b, particularly
for the PS product. The inset in Figure 3c shows the results of
fitting the measured η/ηm values with the well-known Krieger−
Dougherty equation,75 which is given by

1
m m

m

=
[ ]i

k
jjjjj

y
{
zzzzz

(5)

where [η] is the intrinsic viscosity that describes the
contribution of the dispersed LM droplets to the overall
sample η. The value of [η] for a perfect sphere in a diluted
suspension was suggested to be 2.5, which is consistent with
the Einstein coefficient. Similar to our attempt to use the
Lewis−Nielsen model to fit the measured k/km values, the
Krieger−Dougherty equation is used to compare the sample
thickening “efficiency” of the dispersed LM droplets in two
different systems (i.e., PS vs RSH products) in a semi-
quantitative fashion using the extracted empirical parameters.
Interestingly, the fitting of the η/ηm values for various LM
loadings with no fixed parameters resulted in ϕm = 1, which
was assumed above in the Lewis−Nielsen model fitting of k/km
values. Furthermore, [η] = 2.7 for the RSH products was quite
close to kE = A + 1 = 1.5 + 1 = 2.5 extracted above for the same
samples. This consistency between [η] and kE is remarkable,
given that both parameters may be considered as the
generalized Einstein coefficient, which is a measure of the
contribution of a specific type of filler to the overall suspension
property. In contrast, the extracted [η] value for the sonication
products, that is, [η] = 7.6, is significantly larger than kE = A +
1 = 3.3 + 1 = 4.3 for the same samples. Considering the ratio of
the kE to [η], which are related to the thermal percolation (a
benefit; favored for a heat transfer fluid) and rheological
percolation (a cost; disfavored), respectively, the resultant kE/
[η] of ∼0.62 for the PS products indicates that these systems
were less efficient in terms of translating the filler−filler
interaction to the thermal transport than the RSH products
with kE/[η] ∼ 0.93 (note: a crude but more straightforward

comparison via the directly weighing Δk by Δη, where Δη (%)
= (η − ηm)/ηm x 100 (ηm = 0.05 Pa·s) at the highest LM
loading similarly revealed the inefficiency of the sonication
product (Δk/Δη ∼ 0.02) compared to the homogenization
product (Δk/Δη ∼ 0.6)). This inefficiency is attributed to the
persistence of phonon scattering at the filler−filler and filler−
matrix interfaces regardless of the degree of interfiller contact
(at least within the investigated range of filler loading here).76

Figure 4a shows the elastic (G′) and viscous (G″) moduli of
the two types of emulsions (50 vol % LM loading), reflecting
the solid- and liquid-like properties of the samples,
respectively,77 obtained in oscillatory viscoelasticity measure-
ments using a frequency-sweep mode (0.1−10 s−1) at a weak
constant stress of 0.1 Pa. The measured G′ for the PS product
was dominant over the G″ values in the entire frequency range,
which reveals the gel-like nature of the system, consistent with
visual observation (Figure 4c and Supporting Information
Movie S1). The oscillatory measurements using a stress ramp
(10−1 to 10 Pa) at a constant frequency of 0.1 s−1 displays the
linear viscoelastic region where G′ > G″, and the “yield stress”
(τy) of the sample, i.e., crossover point of the G′ and G″
curves,78 was estimated to be ∼2 Pa. The yield stress behavior
may be undesirable for practical thermal transport applications,
where continuous circulation of the fluid is required for a
prolonged time, in terms of the pumping cost and possible
clogging issue. In contrast, the RSH product exhibited a
significantly higher fluidity at the same maximum LM loading
(Figure 4d and Supporting Information Movie S2), with G″ >
G′ for all of the investigated conditions in both the frequency-
sweep (Figure 4a; the somewhat nonmonotonic variations in
G′ in the high-frequency region are hypothesized to be a
consequence of the high deformability of large LM droplets)
and stress-ramp (Figure 4b) measurements. It should be
recalled that the RSH products displayed k values comparable
to those of the PS products at the corresponding LM loadings,
which are also comparable to the reported values of various
solid-state polymer/filler composites with high filler loadings
above the percolation thresholds. Notably, this unprecedent-
edly high k-value improvement, while not causing the

Figure 4. Elastic (G′ in Pa, filled) and viscous (G″ in Pa, empty) moduli of the PS- (brown circles) and RSH-produced (green stars) LM-in-oil
emulsions using (a) a frequency-sweep mode (0.1−10 s−1) at a constant stress of 0.1 Pa and (b) a stress ramp (10−1−10 Pa) at a constant
frequency of 0.1 s−1 in oscillatory viscoelasticity measurements. Photographs contrasting the fluidity of the (c) PS- and (d) RSH-produced LM-in-
oil emulsions at the maximum LM loading (50 vol %); the original video clips may be found in Supporting Movies S1 and S2.
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vitrification of the resulted suspension, has not been achieved
by any of the known solid fillers with high kf values to the best
of our knowledge. Thus, we suggest that the LM-in-oil
emulsion produced via the RSH method has a high potential as
a circulatable thermal transport fluid. Evidently, the LM
droplets dispersed in this method were quite large and
susceptible to gravitational sedimentation (Figure S4 in the
Supporting Information). However, as the samples were
continuously stirred magnetically for a prolonged time,
simulating the case of continuous circulation, the back-
scattering intensities of near-infrared (NIR, 808 nm) light
irradiated to the sample vial measured at different storage
times (up to a week) were very close (Figure 5), indicating that

there were minor variations in the droplet sizes and volume
fractions in the samples under long-term convection. The
thermal conductivity of the sample after stirring for a week was
0.784 W/m·K, which is very close to that of the initial sample,
falling within the error margin. Furthermore, under stirring at
an elevated temperature (100 °C, for which aqueous heat
transfer fluids cannot be used), a week stability was confirmed
(Figure 5). This suggests that the emulsion-type heat transfer
fluids shown here would function properly if such fluids were
continuously circulated by an external force.
The performance of the LM-in-oil emulsion produced via

the RSH method as a heat transfer fluid was superior to that of
the base fluid with no suspended LM droplets, as evaluated
using custom-built test setups (Figure 6a,b). In the setup
illustrated in Figure 6a, a borosilicate glass container (2.5 cm
diameter, 6 cm height) filled with 10 mL of sample fluid with
an initial temperature of ∼16 °C was placed on a heating plate
at a constant temperature of 100 °C. While the sample
container underwent natural convection owing to exposure to
surrounding air (∼16 °C), the temperature rise over time at
the middle of the sample fluid by heat transfer from the bottom
was measured. The temperature rise of the LM-in-oil emulsion
was remarkably faster than that of the base fluid, which is
attributed to the higher thermal conductivity of the emulsion.
Thus, the final temperature of the emulsion at 995 s was higher
than that of the base fluid by approximately 5 °C,
demonstrating the higher heating efficiency of the emulsion
against the heat loss by natural convection. In the setup
illustrated in Figure 6b, a smaller borosilicate glass container
(1.4 cm diameter, 4.5 cm height) filled with 2 mL of heated
water with an initial temperature of ∼75 °C was immersed in

either the base fluid or emulsion (10 mL), which had an initial
temperature of ∼16 °C, in the larger borosilicate glass
container. The temperature drop over time at the middle of
the inner water was then measured. In contrast to the case
demonstrated in Figure 6a, oil-based fluids were used as
coolants for the setup in Figure 6b. Evidently, the temperature
drop of the inner water via the heat transfer to the outer oil was
remarkably faster for the LM-in-oil emulsion than for the base
fluid with no suspended LM droplets, which is attributed to the
high thermal conductivity of the emulsion. While the test
setups for conceptual demonstration shown herein are
relatively simple, the superior heat transfer performances of
the LM-in-oil emulsion over those of the normal oil are
straightforward; therefore, the emulsion, particularly the high-
fluidity emulsion from the RSH method, is expected to be
useful as a heat transfer fluid in extended applications.

3. CONCLUSIONS
In this study, LM (EGaIn)-in-paraffin oil emulsions were
produced at various LM loadings of up to 50 vol %,
corresponding to an 89 wt % dispersed phase, using two
different emulsification methods, i.e., PS and RSH. This high
dispersed-phase loading has not been reported for previous
heat transfer nanofluids published in the literature. Owing to
the high volume fractions of dispersed high-k LM phase,
substantial improvements in the overall emulsion k values were
achieved, i.e., 0.98 ± 0.17 W/m·K (Δk (%) ∼ 409%) and 0.70
± 0.16 W/m·K (Δk (%) ∼ 261%) for the PS- and RSH-
produced emulsions at the maximum LM loading, respectively.
These improvements in k values are comparable to the
reported values for various polymer/filler composites with high
conductive filler loadings, which are attributed to the enhanced

Figure 5. Intensity of the backscattered near-infrared light (BS in %;
880 nm; detected at 45°, where 0° is the irradiation direction)
irradiated to the middle of the sample vial (normalized sample height
ranging from 0.2 to 0.8; 0 and 1 are the sample bottom and top,
respectively) containing the RSH-produced emulsion at an LM
loading of 50 vol % for which continuous magnetic stirring was
conducted at 100 rpm for a week.

Figure 6. (a) Temperature rise in the base fluid and LM-in-oil
emulsion in contact with a heating plate (100 °C) and exposed to
surrounding air (∼16 °C). (b) Temperature drop of preliminarily
heated water samples (∼75 °C) immersed in the base fluid and LM-
in-oil emulsion (initially ∼16 °C). Schematics of the custom-built
setups used for the two experiments are illustrated next to the
respective temperature curves. The RSH-produced LM-in-oil
emulsions used in (a) and (b) were at the maximum LM loading
(50 vol %).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.3c00487
ACS Omega 2023, 8, 17748−17757

17754

https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c00487/suppl_file/ao3c00487_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00487?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00487?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00487?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00487?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00487?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00487?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00487?fig=fig6&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00487?fig=fig6&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00487?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


heat transport via high-k LM fillers with high loadings above
the percolation threshold. Despite the very high dispersed-
phase volume fractions, the produced emulsion, particularly
that produced via the RHS method, demonstrated a
remarkably high fluidity, exhibiting a relatively small low-
shear-rate viscosity increase (i.e., within an order of
magnitude) and G″ > G′ maintained up to the maximum
investigated LM loading. The novel type of heat transfer
emulsions shown in this study, with unprecedentedly high
conductivity and fluidity combined, can be used in various
applications where thermal energy transfer and utilization are
required.

4. EXPERIMENTAL SECTION
4.1. Sample Preparation. Two different methods were

used for the emulsification of LM in paraffin oils. In the probe-
sonication (PS) method, the desired amounts of EGaIn
(Changsha Santech Materials, China) were added to paraffin
oil (SAMCHUN, Korea), which was preliminarily doped with
150 mM AOT (Sigma-Aldrich). The mixture was then probe-
sonicated at an amplitude of 63 μm and a processing frequency
of 20 kHz for 15 min using an HD 4200 probe sonicator
(Bandelin, Germany) while being magnetically stirred at 700
rpm. In the rotor−stator homogenization (RSH) method, the
corresponding amounts of EGaIn were added to the AOT-
doped oils and shear-mixed using an HG-15D homogenizer
(DAIHAN Scientific, Korea) at ∼11,000 rpm for 90 min.
4.2. Thermal Conductivity Measurements. The thermal

conductivities of the emulsions (at 25 °C) were measured
according to the ASTM E1530 standard using a DTC-300 (TA
Instruments) guarded heat flow meter. In each measurement,
sample emulsion was charged in a cylindrical cell (50.8 mm in
diameter, 3.2 mm in height) with a side-guard furnace to
prevent heat loss, to which a pneumatic load was applied with a
thermal interface material. Heat flowed from the top to the
bottom within the cell through the charged emulsion sample,
and the temperature difference across the sample after reaching
the equilibrium state was measured. The thermal conductivities
of the emulsions were then calculated based on the measured
temperature differences and sample thicknesses.
4.3. Rheological Measurements. A HAAKE MARS-40

rheometer (Thermo Fischer Scientific) with parallel plates with
a diameter of 35 mm was used to measure the rheological
properties of the LM-in-oil emulsions. Rotational viscosity
measurements were performed in the shear rate range between
1 and 100 s−1, using gap distances of 1 and 0.5 mm for the PS-
and RSH-produced emulsions, respectively. The use of a
smaller gap distance for the measurements of the RSH-
produced emulsions was because of the relatively low sample
viscosities. Oscillatory viscoelasticity measurements were also
performed separately using frequency-sweep and stress-ramp
modes. In the frequency-sweep mode, measurements were
performed in the frequency range of 0.1−10 s−1 at a constant
shear stress of 0.1 Pa. In the stress-ramp mode, measurements
were performed in the stress range of 10−1−10 Pa at a constant
frequency of 0.1 s−1. In both types of oscillatory measurements,
the gap distance taken for the PS-produced emulsion was
widened to 2.5 mm (from 1 mm) to avoid the destruction of
the LM droplets packed in the high-viscosity sample; this
produced reproducible results with relatively less noise.
4.4. Other Characterizations. A BX53M (Olympus,

Japan) optical microscopy (OM) and a UHR FE-SEM
(Hitachi, Japan) scanning electron microscopy (SEM) system

were used to observe the morphologies of the produced LM
droplets. JEM-2100F (JEOL, Japan) transmission electron
microscopy (TEM) was used to observe the outermost surface
of the LM droplets. An Aeries 600 (Malvern, U.K.) An X-ray
diffractometer was used in the 2θ range of 5−80° to examine
crystalline formation during emulsification. To analyze the
oxidation states of the surfaces of the produced LM droplets, a
Kα+ (Thermo Fischer Scientific) X-ray photoelectron spec-
troscopy (XPS) apparatus with an Al Kα excitation source
(1486.68 eV) was used. For depth profiling, Ar ion beam
etching (0.5 keV, 1 mm × 1 mm raster size) was used. A
Turbiscan Lab (Formulaction, France) was used to analyze the
backscattering (45°) intensity of an 880 nm near-infrared
(NIR) light irradiated to the sample that was magnetically
stirred at 100 rpm for a week.
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