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ABSTRACT: The rapid development of modern electronic
devices increasingly requires thermal management materials
with controllable electrical properties, ranging from conductive
and dielectric to insulating, to meet the needs of diverse
applications. However, highly thermally conductive materials
usually have a high electrical conductivity. Intrinsically highly
thermally conductive, but electrically insulating materials are
still limited to a few kinds of materials. To overcome the
electrical-thermal conductance trade-off, here, we report a facile
Pechini-based method to prepare multiple core (metal)/shell
(metal oxide) engineered fillers, such as aluminum-oxide-coated
and beryllium-oxide-coated Ag microspheres. In contrast to the
previous in situ growth method which mainly focused on small-
sized spheres with specific coating materials, our method combined with ultrafast joule heating treatment is more versatile and
robust for varied-sized, especially large-sized core−shell fillers. Through size compounding, the as-synthesized core−shell-
filled epoxy composites exhibit high isotropic thermal conductivity (∼3.8 W m−1 K−1) while maintaining high electrical
resistivity (∼1012 Ω cm) and good flowability, showing better heat dissipation properties than commercial thermally
conductive packaging materials. The successful preparation of these core−shell fillers endows thermally conductive
composites with controlled electrical properties for emerging electronic package applications, as demonstrated in circuit board
and battery thermal management.
KEYWORDS: core−shell, pechini method, thermal conductivity, electrical resistivity, thermal management

Thecontinued rapid development of artificial intelligence
and machine learning technology has put forward
increasingly higher requirements for the capabilities of

integrated circuits. Nowadays, chip packaging technology is
developing from classic two-dimensional (2D) packaging to 2.5-
dimensional or more advanced three-dimensional (3D) pack-
aging.1,2 3D stacking of multiple tiers of functional blocks can
significantly enhance the capabilities of microsystems but is
currently unfeasible due to inadequate thermal management, for
example, the large thermal resistance across a set of device layers
and their interface during the heat conduction from the hot spot
to heat sink. To address this problem, recent key researchmainly
focuses on developing highly thermally conductive packaging
materials, including epoxy-based underfill materials and thermal
interface materials (TIMs) such as thermal gel, grease, pad, and
thermally conductive adhesives, to minimize the thermal
resistance between heterogeneous components.3−7 In addition
to high thermal conductivity (κ), it is also highly desirable for
thermally conductive packaging materials to have controllable

electrical properties ranging from conductive and dielectric to
insulating so as to match the complex electromagnetic
environment inside the device.8−10

Unfortunately, highly thermally conductive materials usually
have high electrical conductivity, like carbon materials (e.g.,
graphene, graphite, carbon nanotube) and metals (e.g., Ag, Cu,
and Au).11−14 In commercial applications, aluminum oxide
(Al2O3) is still the first choice for thermally conductive and
insulating polymer composites, mainly due to its low cost, easy
scalability, excellent thermal stability, and chemical resistance,
though having relatively low κ (∼30 W m−1 K−1).15,16 Another
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candidate is hexagonal boron nitride (h-BN), which has high in-
plane thermal conductivity (∼400 W m−1 K−1) and excellent
insulating properties (a band gap of ∼6 eV).17 The rational
control of the orientation of the h-BN sheets can realize highly
anisotropic thermal conduction along preferred direction by
various assembling methods such as injection molding, doctor
blading, vacuum-assisted assembly, template methods, magnetic
and electric field alignment, 3D printing, and so on.15,18−22 But
usually, it cannot be used in cases where highly homogeneous
thermal conduction is needed, for example, as one flowable
epoxy-based underfill material. Other alternative intrinsically
high-κ (>300 W m−1 K−1) but electrically insulating materials
are limited to a fewmaterials such as diamond, aluminum nitride

(AlN), silicon carbide, boron phosphide, boron arsenide, and so
on.9,23−29 But they are either expensive, of lower quality, easily
hydrolyzable (AlN), or hard to scale up at this stage.
To overcome this electrical-thermal conductance trade-off,

some efforts have been devoted to developing a core−shell
structure by coating the metallic sphere (high-κ) with insulating
layers (electrically insulating), which are summarized in Table
S1.9,30−34 However, the previous core−shell sphere-filled
composites usually suffer from low thermal conductivity and
unsatisfactory overall electrical-thermal-processing properties.9

Moreover, we notice that most of these works adopted an in situ
growth method, or in other words, directly grew the insulating
layers onto the metal surfaces by using suitable surfactants and

Figure 1. Synthesis and characterization of core−shell fillers. (a) Schematic of the in situ growth method. (b−g) SEM images and the
corresponding EDSmappings showing themorphology of (b−d)Cu and (e−g) Ag spheres by the in situ growthmethod, respectively. (b, e) and
(c, f) are the typical SEM images before and after the growth process, respectively. (h) Schematic of the Pechini method. (i−n) SEM images and
the corresponding (k, n) EDSmappings of Ag spheres using different precursors (Al3+ solution for i-k and Be2+ solution for l-n). (i, l) and (j, m)
are the typical SEM images before and after coating process, respectively. (o) XPS results of Ag, Ag@Al2O3, and Ag@BeO samples. (p−r) High
resolution XPS spectra of (p) Al 2p and (q) the O 1s peak for Ag@Al2O3 and (r) the Be 1s peak for Ag@BeO. (s) SEM and (t) optical images of
the as-synthesized Ag, Ag@Al2O3, and Ag@BeO spheres. Scale bar: 10 μm (b, c, e, f, i, j, l, m), 100 μm (s).
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certain precursor solutions, followed by proper calcination.35

Consequently, the resulting core−shell spheres were limited in
size (several micrometers or hundreds of nanometers), which
will always lead to high viscosity, low content, and low thermal
conductivity of the composites.9,32 To make the best use of the
high κ of metal microspheres for thermally conductive
composites, varied-sized microspheres, especially large-sized
microspheres (>100 μm), are highly desired. This is because
large-sized spheres can greatly decrease thermal boundary
resistance, increase flowability, and form thermally conductive
paths whenmixing with small-sizedmicrospheres.36−38 Here the
spherical fillers are of special preference for thermally conductive
packaging applications mainly due to their isotropic thermal
conductivity and easy processability. To sum up, there is still a
lack of a general, effective method to coat varied-sized metal
spheres, particularly large-sized spheres, with good reliability for
highly thermally conductive applications.
In this work, we develop a Pechini-based method combined

with an ultrafast joule heating treatment to coat high-quality Ag
spheres with oxide shells such as Al2O3 and BeO. In contrast to
the typical in situ growth method, the Pechini method is very
versatile and robust for varied-sized core−shell fillers. We
carefully confirm the robustness and insulating nature at the
single-sphere level. Benefiting from the large-sized Ag@Al2O3
spheres and by using an optimized size compounding technique,
the as-synthesized core−shell filler reinforced epoxy composites
exhibit a κ of 3.8 W m−1 K−1, higher than commercial products

and most previous reports, while maintaining the high electrical
resistivity and good flowability. Real device experiments verify
that the core−shell fillers can be used in insulating fields such as
circuit board and battery management with good reliability and
improved heat dissipation performance.

RESULTS AND DISCUSSION
Wet-Chemistry Approach of Core−Shell Engineered

Fillers. We started with metal microspheres, commercially
available products with options of sizes and materials types,
followed by oxide coating to produce core−shell filler. Although
highly desired for catalytic, biomedical, electronic, and other
applications, high-throughput fabrication of these hybrid
spheres remains challenging.35,39,40 The vapor deposition
process (e.g., physical/chemical vapor deposition) cannot wrap
the inner or unexposed metal surfaces, not to mention the low
deposition rate and high cost, which makes it unsuitable for
large-scale manufacturing.41 In sharp contrast, the solution
process, where each core material could be isolated spatially and
fully in contact with the precursor solution, is the first choice
with high-cost efficiency and mass producibility. For instance, as
shown in Figure 1a, the solution process called the in situ growth
method has proven efficient in preparing Cu@i-Al2O3 spheres
(see detailed fabrications in the Experimental Section). Briefly,
polyvinylpyrrolidone (PVP) was first used as a surfactant to
functionalize the surface of Cu spheres, which could prevent the

Figure 2. Evaluation of core−shell fillers at micro and macro levels. (a) Experimental setup for the resistance measurement of the single Ag
sphere in the SEM chamber. (b, c) SEM images of Ag@Al2O3 and Ag@BeO spheres during resistancemeasurement, respectively. (d) Typical I−
V curves for Ag, Ag@Al2O3, and Ag@BeO spheres. (e) The measured resistance of pristine Ag and coated Ag spheres by in situ growth method
and Pechini method. (f) Optical images of the pristine Ag, as-synthesized Ag@Al2O3, and Ag@BeO powder by Pechini method after treatment
by 1000 °C for 2.5 h. (g) SEM images of l-, m-, and s-Ag@Al2O3 spheres by Pechini method, respectively. Insets are the corresponding size
distribution curves.
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incomplete formation of the shell.31 After adding aluminum
isopropoxide (AIP), a hydrolysis process of Al3+ was trigged
which led to the formation of α-Al(OH)3, followed by multiple
heat treatments to convert α-Al(OH)3 to crystalline Al2O3. The
successful coating of the oxide shell layer can be easily seen from
the scanning electron microscope (SEM) images in Figure 1b
(bare Cu sphere) and 1c (an apparent shell with partial
uncovering). Moreover, energy dispersive X-ray spectroscopy
(EDS) mapping in Figure 1d indicates that the shell layer mainly
consists of the elements Al and O, implying the formation of
Al2O3 by this in situ growth (we label this as i-Al2O3).More SEM
and X-ray photoelectron spectroscopy (XPS) characterizations
of Cu@i-Al2O3 can be seen in Figure S1 and S2.
However, this in situ method is based on bottom-up growth

on metal sphere surfaces, leading to its high sensitivity to surface
functionalization. When we used the same recipe to coat Ag
spheres, there was no obvious difference in sphere surfaces
before and after coating (Figure 1e, f). Moreover, element
distribution results (Figure 1g) show that the intensities of both
Al and the O elements are weak (in sharp contrast to that of
Cu@i-Al2O3 in Figure 1d), strongly suggesting the failure of
Al2O3 coating onto Ag spheres. In other words, PVP surface
functionalization does not work on the surface of Ag. Case after
case denies the in situ approach being a general method to
produce metal@metal oxide hybrids and also its opportunity to
engineer constituent materials with higher thermal performance,
for example, replacing Cu cores with Ag.
By borrowing the main idea from the Pechini method which is

a well-established approach for commercial and in-lab synthesis
of multicomponent oxides, here we introduce a Pechini-based
sol−gel method to fabricate the metal@metal oxide core−shell
fillers.42−46 As shown in Figure 2h (see details in the
Experimental Section), Ag powder (core material), citric acid
(CA, sometimes replaced by ethylene diamine tetraacetic acid),
andmetal ions (Al3+ or Be2+, or other metal cations, in principle)
are mixed in the water solution to form a chelate. With the aid of
ethylene glycol (EG), the chelates are cross-linked to create a gel
through esterification so that Ag spheres are fully and tightly
wrapped by the gel. The viscous liquid was then collected and
calcined at 850 °C for 2 h to yield the amorphous metal oxide
layer, followed by an ultrafast Joule heating (UJH) post-
treatment (1200 °C for 2 s) to form a dense crystalline metal
oxide layer.47 Note that the Pechini method manifests as a
simple and universal method by which more than 100 different
mixed oxide compounds have been successfully synthesized.48

Here we performed Al2O3 and BeO coating onto Ag spheres as a
proof-of-concept; as shown in Figure 1j,m, the surface appears to
be rough after the Pechini method when compared with those of
the pristine Ag sphere (Figure 1i,l), confirming the successful
coating of the Al2O3 and BeO layers, respectively. By cutting the
Ag@Al2O3 sphere using a focused ion beam, a thickness of ∼5
μm for the oxide layer was confirmed (Figure S3). And a clear Ag
and Al2O3 interface can be seen in Figure S4 using a transmission
electron microscope. Furthermore, EDS results also exhibit
strong intensities of Al and O signals in Figure 1k, and Be and O
peaks in Figure 1n.
To further validate that the coating layers were pure Al2O3 or

BeO rather than other contaminants, XPS characterizations
were conducted. As displayed in Figure 1o, the XPS spectra
show the typical peaks of pristine Ag at 368.4 eV (Ag 3d), 573.4
eV (Ag 3p), and 719.4 eV (Ag 3s), respectively. After coating,
the Al 2p peak at∼73 eV and the Al 2s peak at∼119 eV arise for
Ag@Al2O3, and the Be 1s peak at∼113 eV is found in Ag@BeO.

A much stronger oxygen-to-silver (O/Ag) intensity ratio than
that of pristine Ag is observed for both Ag@Al2O3 and Ag@BeO
samples. The high-resolution XPS spectra of the Al 2p peak
(Figure 1p) located at 74.2 eV corresponds to the typical
position of pure Al2O3.

31 The peak of O 1s (Figure 1q) at 531.1
eV can be deconvoluted into two peaks centered at 531.7 eV and
at 531.0 eV, separately, corresponding to the hydroxyl group
(Al−O−H) and the oxide ion of the Al2O3, respectively.49 For
Ag@BeO, Be 1s at 113.6 eV (Figure 1r) corresponds to the
typical position of pure BeO.50 Besides, XRD tests were also
conducted and can be seen in Figure S5.
Moreover, we note that this Pechini-based method can lead to

uniform coating and hundred-gram-scale preparation in the lab
without sacrificing the macro powder liquidity, all of which are
significant to serve as excellent thermal fillers.42 Figure 1s
displays the overall morphology of tens of pristine Ag, Ag@
Al2O3, and Ag@BeO spheres, respectively. Every individual
sphere can be clearly distinguished showing no significant
aggregation, and the coating layers, although giving rise to rough
morphology, can also easily be identified. On the macro scale,
the colors of the Ag@Al2O3 and Ag@BeO powder are
significantly altered when compared to pristine white Ag powder
(Figure 1t). The core−shell fillers can be easily produced in bulk
(e.g., ∼1.5 g for each bottle) while maintaining the fluidity as
good as pristine Ag powder if we tilt the vials. All these results
corroborate the successful coating of the Ag spheres with metal
oxide layers.
Evaluation of Core−Shell Fillers at Micro and Macro

Levels. We further inspect the effect of metal oxide coating at
the micro- (single-sphere) and macro levels. Basically, although
there have been a lot of previous works on core−shell materials
aiming for improved insulating properties, to the best of our
knowledge no work has truly demonstrated the electrical
insulation nature of a single sphere until now, which would be
onemajor concern for their real applications.9 Here, by using the
SEMNano Probe Station (Zeptools), we performed a thorough
electrical test on a single sphere before and after coating in the
SEM chamber. The experimental setup is schematically shown
in Figure 2a, where a Ag sphere is caught by two microprobes
with the aid of SEM imaging, and a source meter (Keithley
4216B) is used to record the voltage (V) and the current (I).
Such a setup was also applied for Ag@Al2O3 and Ag@BeO
spheres (Figure 2b,c). The representative measured I−V curve is
presented in Figure 2d. The I−V curve for one pristine Ag sphere
shows a linear response with a total resistance of ∼3.6 Ω
(including the contact resistance), demonstrating the validity of
this I−Vmeasurement. In distinct contrast, the current becomes
negligible after coating with Al2O3 or BeO, confirming their
insulating nature induced by the presence of an oxide shell.
We further carried out a series of measurements and drew a

statistical conclusion. At least 10 spheres were tested for each
type of sample and every single sphere was measured at least 5
times by changing the contact position between the probe and
sphere. The resistance of pristine and coated Ag spheres is
calculated and summarized in Figure 2e. It is worth mentioning
that all of these spheres were treated by UJH, which has an
important role in increasing the electrical resistivity (Figure S6).
Notably, the resistance of the Ag@Al2O3 and Ag@BeO single
sphere, although with a slight fluctuation (probably caused by
the sphere size variation), is∼6 orders of magnitude higher than
that of pristine Ag spheres, confirming the insulating character-
istics of these coated spheres. In spite of finite spheres being
tested, we note that all of these spheres are randomly selected
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and all tested spheres show high resistance, strongly suggesting
the full wrapping of oxide layers onto Ag spheres with sufficient
oxide thicknesses. Interestingly, if we applied pressure to the
Ag@Al2O3 powder using a cold-pressing machine, the single
sphere could still remain insulated even under a high pressure of
0.5 MPa (Figure S7). Moreover, Ag@i-Al2O3 spheres by the in
situ growth method were also measured, showing a comparable
resistance with pristine Ag. Once again, this result verifies the
failure of the Al2O3 coating by the in situ growth, which is
consistent with element characterization results in Figure 1e,f. In
fact, the electrical resistance of Cu and Cu@i-Al2O3 was also
measured and can be seen in Figure S8. The I−V measurement
on a single sphere confirms the good insulating properties of the
as-synthesized Ag@Al2O3 and Ag@BeO spheres at the micro
level, which may address the long-standing concern of core−
shell filler for real insulation applications.
To evaluate the overall encapsulation of Ag cores by metal

oxide shells, high-temperature treatment of core−shell hybrids
in bulk was performed. Figure 2f displays optical images of the
Ag, as-synthesized Ag@Al2O3, and Ag@BeO powders by the
Pechini method after 1000 °C treatment (2.5 h) in air. Note that
the melting point of Ag is 962 °C so Ag powders were melted
and sintered together as a ball after the high-temperature
treatment. Very surprisingly, both Ag@Al2O3 and Ag@BeO
powders maintained high fluidity and were free of agglomerated
lumps due to silver leakage and soldering (Figure S9 and Video
S1). This post-treatment, which we have not found for other

previous core−shell fillers, offers a direct and unambiguous
evidence that the Ag spheres are densely and robustly protected
with metal oxide shells, thus preventing leakages even when Ag
cores are melted. Furthermore, the Pechini method is highly
universal as it can coat Ag spheres with varied sizes from 1 to 100
μm. As shown in Figure 2g, the large- (l-, 40−120 μm), middle-
(m-, 10−40 μm), and small-sized (s-, 0.5−2 μm) Ag@Al2O3
spheres can be successfully prepared in bulk without apparent
uncoated sphere.
Thermal Conductivity and Electrical Resistivity of the

Epoxy Composites. The top-down Pechini-based method
allows us to use intrinsically highly thermally conductive
materials such as Ag as cores (Figure S10) and excellent
electrically insulatingmetal oxides as shells, perfectly hybridizing
two functions in one core−shell sphere. This advantage,
together with the controlled size, the full coverage of shells,
and the unaltered powder liquidity after coating, offers great
benefit to utilizing these core−shell hybrids as flowable,
thermally conductive but electrically insulating packaging
materials such as underfill materials.3 From one side, the large-
sized core−shell fillers can effectively reduce the viscosity of the
resin compared to previously reported nano- or small-sized
fillers.38 On the other side, the spherical shape ensures
homogeneous and isotropic thermal conductivity, which is
inaccessible by using anisotropic materials such as one-
dimensional tubes/fibers and two-dimensional flakes.51−54

Therefore, as a proof of concept, we will present our synthesized

Figure 3. Properties of the core−shell sphere-filled epoxy composites used as thermally conductive packaging materials. (a) Schematic
illustrating the fabrication process of Ag@Al2O3 filled epoxy composites by speed mixer. (b) Optical image showing the good fluidity of Ag@
Al2O3 filled epoxy composites. (c) Viscosity of the cores-shell sphere- filled epoxy composites. (d) Thermal conductivity and electrical
resistivity of different-sized Ag@Al2O3 spheres filled epoxy composites at 91.5 wt% content. (e) Comparison of the thermal conductivity and
electrical resistivity of the as-synthesized Ag@Al2O3 filled epoxy composites with commercial products or typical Al2O3 or Ag filled epoxy
composites. The content of l-Compound filled epoxy composites are 91.5, 93, and 94 wt% in sequence.
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core−shell fillers for flowable, thermally conductive packaging
applications in the following content.
Figure 3a shows the preparation process of core−shell filler-

reinforced thermally conductive composites. In short, we
directly mix Ag@Al2O3 powder with epoxy resin by using a
speedmixer for 5min, giving rise to visually uniform composites.
The good flowability was confirmed in Figure 3b where we can
easily pour the resin out from a beaker into a vial even at a high
weight content of 93 wt%. To be more specific, we measured the
viscosity of these epoxy composites with different filler types,
including l-, m-, s-Ag@Al2O3, and l-Compound which was
composed of l-Ag@Al2O3 and small-sized Al2O3 (commercial
product, diameter: 1−10 μm) with a volume ratio of 3:1 (Figure
3c and S11). As expected, the s-Ag@Al2O3 filled composite has
obviously higher viscosity than that of m-Ag@Al2O3 and l-Ag@
Al2O3 filled composites at the same content, which should be
attributed to the larger specific surface area and the irregular
shape of pristine s-Ag (Figure S12). Intriguingly, the 93 wt% l-
Compound filled epoxy composite still manifests a low viscosity
of ∼15 Pa s when the angular frequency is larger than 1 rad s−1,
which meets the industrial standard for underfill materials
(viscosity should be below 20 Pa s).3 Moreover, such a small
value is even several orders of magnitude lower than 85 wt% s-
Ag@Al2O3 filled epoxy composite, indicating the significance of
size compounding in decreasing the viscosity, showing good
agreement with previous work.36

To investigate the enhancement of thermal conductance from
our core−shell fillers, we performed thorough experiments
(Figures S13 and S14), and the main degree of freedom includes
the filler content, the size of the microsphere, and the

compounding of different-sized microspheres. Aiming for
flowable thermally conductive packaging materials, one
prerequisite is that the as-fabricated composite has good
flowability so that the filler content used here is not that high
compared to those solid thermal pad materials. We first
investigate the effect of the filler size due to its important role
in influencing the viscosity. As shown in Figure 3d and Table S2,
when tuning the size of core−shell fillers, we find that at the
same content (91.5 wt%, still flowable) the κ of l-Ag@Al2O3
filled epoxy composites (>2.0 W m−1 K−1) is higher than that of
s- andm-Ag@Al2O3 filled composites, which can be attributed to
a higher void’s content originated from the higher viscosity and
poorer dispersion when using small-sized filler. Interestingly, if
we replace pure Ag@Al2O3 spheres with a compound consisting
of Ag@Al2O3 and Al2O3 with the same total weight content, i.e.,
using the so-called size compounding technique, the κ can be
significantly improved, for example, from 2.1 to 3.2 W m−1 K−1

by using l-Compound. This finding meets the expectation
because the small-sized spheres (here, Al2O3) are more likely to
fill the interspace between large spheres (here, l-Ag@Al2O3) and
thus lead to the formation of a thermally conductive connected
structure. One reason we chose commercial Al2O3 spheres is
that they would not degrade the electrically insulating
performance of the composites. Regarding the electrical
properties, the core−shell filler reinforced epoxy composites
reach a very high electrical resistivity of ∼1012 Ω cm, 3 orders of
magnitude higher than the insulating standard (109 Ω cm),
indicating good insulating behavior. More importantly, even
under a high pressure of 5MPa when the composite was broken,
the electrical resistivity remained almost unchanged, suggesting

Figure 4. Effect of spherical size distribution on packing volume content and thermal conductivity for single- and binary-sphere packing
systems. (a) Comparison of themaximumpacking volume content between theoretical close packingmodel and our experimental results. (b, c)
Cross-sectional SEM images of l-Compound and l-Ag@Al2O3 filled epoxy composites showing the sphere distribution, respectively. The insets
are the corresponding zoomed-in images. (d) Simulated temperature distributions for single packing and binary packing systems with the
increase of time. (e) Temperature curves for single packing and binary packing systems.
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the good stability of the core−shell fillers (Figure S15). The
thermal shock and thermal cycling tests were also conducted and
are shown in Figure S16.
We note that so far the highest κ of the Ag@Al2O3 filled epoxy

composite can reach ∼3.8 W m−1 K−1 at 94 wt% content with
good flowability (Figure 3e), which is much larger than the
commercially available products (Hasuncast RTVS21 and
RTVS27−2) and pure Al2O3 filled epoxy composite (∼1.6 W
m−1 K−1). In fact, no matter how high the claimed thermal
conductivity of commercial products is, we found that the κ is
less than 2 W m−1 K−1 using the same testing method, which
may be due to that Al2O3, AlN, or other possible ceramic fillers
used in their products possess a relatively lower (intrinsic) κ than
that of Ag. As a controlled experiment, κ of l-Ag-filled epoxy
composites exhibits a higher thermal conductivity of 4.8 W m−1

K−1 at a loading of 91.5 wt% but completely misses the insulating
behavior (electrical resistivity: ∼103 Ω cm). Overall, the core−
shell fillers effectively overcome the electrical-thermal con-
ductance trade-off by engineering the structure and properties at
the single sphere level.

Effects of Size Compounding on Packing Volume
Content and Thermal Conductivity. As discussed above, as-
synthesized large core−shell spheres play an important role in
reducing the viscosity and increasing thermal conductivity and
electrical resistivity of the epoxy composites through rational
size compounding, which is experimentally inaccessible for
previously reported small core−shell fillers. To further explore
the effect of size compounding, we borrowed the wisdom from a
classical packing theory of spherical particles.55,56 It is well-
known that the maximum packing volume contentΨmax is 0.64 if
having one type of sphere (small or large, Figure 4a).36,55,56

Notably, after compounding the small- and large-sized spheres
together to form a binary packing system, Ψmax can rise up to
0.87 when the proportion of large sphere is ∼0.75 since small
spheres can easily be embedded into the interspace between
large ones to form a denser structure.36,56 In order to ensure the
good flowability of our prepared composites, the experimental
maximum volume contents are naturally lower than the
theoretical ones. Interestingly, after a batch of experiments, we
found that the optimal volume proportion of a large sphere is
0.75 for l-Compound, which coincides with the theoretical

Figure 5. Device performance of the as-synthesized core−shell sphere-filled epoxy composites used as thermally conductive packaging
materials. (a−c) Optical images of the adjustable buck converter (a) before, (b) during, and (c) after pouring with our synthesized Ag@Al2O3
filled epoxy composites, respectively. The number in (c) displays the input voltage. (d) Experimental setup for evaluating the temperature of
four 18650 batteries after filling with packaging materials. (e) Temperature distribution of the testing device by IR camera during the charging
and discharging process after filling with (left) pure epoxy and (right) our synthesized Ag@Al2O3 filled epoxy composites. (f) Temperature
curves of the 18650 batteries measured by thermometer after filling with pure epoxy and our synthesized Ag@Al2O3 filled epoxy composites
during different charging and discharging cycles. Inset: the optical image of the two testing devices.
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predictions, in spite of a lower Ψmax (∼0.68) when compared
with that in a classical model. Figure 4b,c illustrates the internal
distribution states of different spheres for l-Compound and l-
Ag@Al2O3 filled epoxy composites, respectively. It is evident
that many small spheres are tightly dispersed in the interspace of
large spheres for the l-Compound filled composite, while many
“free” spaces exist in l-Ag@Al2O3 filled composites, suggesting
lower packing volume content and consequently lower κ than
the l-Compound filled composite.
In order to demonstrate thermal conductivity enhancement

through size compounding, finite element calculations were
performed for single-packing and binary-packing systems. The
mesh generation and some basic parameters can be seen in
Figure S17 and Table S3. As shown in Figure 4d, consistent with
the above discussions, Ψmax is only 0.53 for a single packing
system (top panels) in a finite 2D space, while it is 0.69 for binary
packing systems (bottom panels) due to the introduction of
small-sized spheres. The bottom of the 2D model was set at a
constant temperature of 343.15 K, while the left and right sides
were thermally insulating and the top side was a natural
convection boundary so that a unidirectional heat flow
condition was generated. The binary packing system exhibits a
significantly faster heat transfer rate than that in the single
packing system (0.1 and 0.2 s), suggesting a higher efficient
thermal conduction in the binary system. More specifically, we
list the temperature profiles of the upper boundary for the two
systems in Figure 4e, where a much higher temperature was
observed for the binary system, indicating the higher κ. Hence
based on the above analysis, we demonstrate that the size
compounding technique (especially the introduction of large-
sized spheres) can effectively increase the volume content and
enhance the thermal conductivity, exhibiting improved perform-
ance than that of single small-sized sphere-filled polymer
composites, which agrees with our experimental findings (Figure
3d).
Packaging Reliability and Heat Dissipation Perform-

ance. In order to test the reliability of our synthesized Ag@
Al2O3-filled epoxy composites for real applications, we first
tested it as an electronic packaging underfill material in an
adjustable buck converter, which is used to transform a certain
input voltage (e.g., 12 V) to a desired output voltage (e.g., 5 V).
Figure 5a−c displays optical images of one converter before,
during, and after pouring with our synthesized Ag@Al2O3 filled
epoxy composites, respectively. The epoxy composites have a
low viscosity so that they can penetrate and fill small gaps
automatically (Figure 5b), endowing the circuit board with
improved heat dissipation performance and enhanced resistance
to mechanical failure. Moreover, after curing the epoxy
composites at room temperature for hours, this converter still
works normally at a voltage of 30.7 V (Figure 5c), demonstrating
the good electrical resistivity and reliability of our synthesized
Ag@Al2O3 filled epoxy composites.
To demonstrate the heat dissipation property of our

synthesized epoxy composite, we evaluated its performance by
comparing it with pure epoxy and commercial products (the
same ones in Figure 3e) when they were used as packaging
materials for batteries. The device setup can be seen in Figure
5d, four 18650 lithium-ion cells (2000 mAh capacity for each
cell) were loaded into an aluminum battery pack with a
thermometer attached to the center of one representative cell to
accurately detect the temperature. The epoxy composite (or our
core−shell-filled composite) was infiltrated into the gaps
between the battery and the box. An infrared (IR) camera was

also used to detect the spatial temperature distribution of both
devices. Figure 5e illustrates the sequential temperature
distribution mapping of the testing devices (left: pure epoxy;
right: our-synthesized Ag@Al2O3 filled epoxy composite)
during the charging and discharging process. It is evident that
the battery encapsulated with pure epoxy has much higher
temperatures than the other one encapsulated with our
synthesized epoxy composite. Also, the aluminum battery pack
using our synthesized composites always exhibits higher
temperatures than that using pure epoxy, which is attributed
to the higher κ of the synthesized composites (3.4 W m−1 K−1)
than pure epoxy (0.23 W m−1 K−1). As shown in Figure 5f, the
temperature profile suggests a stable and repeated battery
temperature drop (peak value: 7.9 °C) using our epoxy
composite compared to pure epoxy, implying improved heat
dissipation properties. Furthermore, we also compared our
synthesized composite with a commercial product, the best one
we can find in the market, whose thermal conductivity has been
investigated in Figure 3d. Notably, the peak temperature drop
using our material can also reach 3.2 °C than the commercial
product (Figure S18). We believe that the temperature drop
should be enlarged when using a higher charge or discharge
current. These experiments unambiguously prove the reliability
and better heat dissipation performance of our Ag@Al2O3-filled
epoxy composites.
Last but not least, the oxide coating introduced by the Pechini

method is core-insensitive. In other words, it can likely be used
for different materials. Using state-of-the-art measurement tools
recently, low-dimensional materials, including BN nanotube,
BN nanosheet, and transition metal dichalcogenides, have
exhibited attractive phonon physics.57−59 Furthermore, these
inorganic nonmetal materials can be isotopically enhanced,
potentially giving rise to higher k.28,60,61 These materials, as the
cores when coated with metal oxides by the Pechini method, are
worth exploring in the future.

CONCLUSIONS
In this work, we used a facile Pechini method combined with an
ultrafast joule heating treatment to coat high-quality Ag spheres
(>300 W m−1 K−1) with various insulating oxide materials like
Al2O3 and BeO. The typical in situ growth method is usually
limited to certain metal materials with several specific coating
materials, and the size of the as-prepared materials is usually in
several micrometers or hundreds of nanometers. In comparison,
the proposed Pechini method is very versatile and robust for
varied-sized core−shell fillers from 1 to 100 μm. Through size
compounding, the large-sized core−shell filler can effectively
decrease the viscosity and increase the thermal conductivity of
the epoxy composites. The optimized thermal conductivity of
the l-Compound filled epoxy composite can reach ∼3.8 W m−1

K−1 at 94 wt% content. And the composite demonstrates good
flowability while maintaining an electrical resistivity of ∼1012 Ω
cm, outperforming the available commercial products. Through
such a thin shell layer coating, the Ag@Al2O3 materials can be
reliably used in circuit board and battery management
applications with improved heat dissipation properties. All
these results confirm that the core−shell filler can greatly
enhance the electrical resistivity of the metal materials while
sustaining a high thermal conductivity, overcoming the
electrical-thermal conductance trade-off of metal materials.
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EXPERIMENTAL SECTION
Materials. Commercial spherical Ag and Cu powder (purity

≥99.99%) was purchased from ZhongKe YanNuo Technical Co.,
Ltd. (China). Al2O3 microspheres were provided by the China Mineral
Processing Co., Ltd. Polyvinylpyrrolidone (PVP, K30) was from
Adamas-Beta, Titan Co., Ltd. (China). Aluminum nitrate nonahydrate
(99.99% metal basis) was brought from Shanghai Macklin Biochemical
Technology Co., Ltd. (China). Citric acid (CA, 99.5%) was provided
by Energy Chemical (China). Both beryllium sulfate tetrahydrate
(99.99% metal basis) and aluminum isopropoxide (AIP, ≥ 98%) were
purchased from Shanghai Aladdin Biochemical Technology Co., Ltd.
(China). Ethylene glycol (EG, AR) was fromConcord Technology Co.,
Ltd. (China). Epoxy was bought from Mactac (USA).
Preparation of Cu@i-Al2O3 Sphere by the In Situ Growth

Method. First, 2 g of PVP was dissolved in 100 mL of deionized water,
and then 2 g of Cu particles were added to the solution. After stirring for
3 h, the PVP functionalized Cu particles (Cu@PVP) were obtained.
Next, to prepare an Al(OH)3 solution, we put 1g AIP in 150mL ethanol
and then heated it to 45 °C under thorough stirring, followed by the
addition of hydrochloric acid to realize a pH value of 2−4. After
continuous stirring at 45 °C for ∼1h, a stable and transparent Al(OH)3
solution was finally obtained. The Cu@PVP was added into the
Al(OH)3 solution and reacted for ∼1 h. After gently filtering, the
resulting Al(OH)3 decorated powder was obtained, which was then
rinsed with ethanol 3 times. With heat treatment at 250 °C for 2 h, Cu@
i-Al2O3 particles were successfully synthesized.
Preparation of Ag@Al2O3 and Ag@BeO Sphere by Pechini

Method.We first prepare the Pechini solution by dissolving aluminum
nitrate hydrate or beryllium sulfate tetrahydrate in deionized water with
quantitative citric acid monohydrate. The ratio of metal salts to citric
acid mol is 1:3 and the concentration is 0.4 M. After that, Ag powder
was added to the solution. Ethylene glycol was then slowly dropped into
the solution at 120 °Cwith constant stirring until a homogeneous, high-
viscosity gel was formed. The viscous liquid was soon transferred to an
alumina crucible, put into a muffle furnace, and heated at 850 °C for 2h.
The heating rate was set as 25 °Cmin−1 from room temperature to 850
°C. After naturally cooling to room temperature, the resulting
aggregated gray or black powder was ground to get the final dispersed
core−shell powder.
Ultrafast Joule Heating Process. First, the raw powder was

placed in a crucible and then sandwiched between two thermally
conductive carbon felts. After the reaction was ramped up to 1200 °C
within 5 s and held for 2 s in vacuum, the dense crystalline metal oxide
layer was formed.
Preparation of Core−Shell Filler Reinforced Epoxy Compo-

sites. The core−shell filler-filled epoxy composites are directly
prepared by a speed mixer. Specifically, core−shell powder and epoxy
(viscosity: ∼600 cP) with a certain weight ratio were mixed at 500 rpm
for 2 min and 1200 rpm for 3 min. The resulting homogeneous liquid
was cured at room temperature for 24 h or 90 °C for 1 h to obtain the
final epoxy composites.
Characterizations. The microscopic morphologies were observed

by a field emission scanning electron microscope (TESCAN VEGA 3
LMH). The diameter of each sphere was calculated automatically using
the plug-in that comes with SEM. Thermogravimetric analysis (TGA)
was obtained by an SDT Q600 (TA). The thermal diffusivities of films
were measured by a laser flash analyzer (LFA 467, NETZSCH,
Germany). The specific heat capacities of the films were measured by
differential scanning calorimetry (Q100, TA, USA). The ultrafast Joule
heating process was performed by ZKJY-HTS (Shenzhen Zhongke
Jingyan Technology Co. Ltd.). The electrical measurements on single
sphere fillers were performed with an SEM Nano Probe Station
(Zeptools).
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