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High dielectric permittivity materials are widely employed in various electronic devices. To satisfy the ongoing
miniaturization of electronic devices, materials with further enhanced dielectric permittivities are strongly
desired. In this work, a novel design of epoxy composites based on Ag/Al;03/3D-BaTiO3 foams with hierarchical
heterogeneous microstructures are prepared. It is found that, the spatial distribution of the Ag particles can be
easily controlled via adjusting the Ag™/AI** mole ratios, yielding highly tailorable dielectric properties. When
the Ag*/AI** mole ratios are low, the Ag particles are well isolated by surrounding Al,Os, yielding the formation
of numerous equivalent micro-capacitors and substantially enhanced dielectric permittivity. Moreover, the
dielectric permittivities of the composites increase with higher Ag*/AI** mole ratios. Consequently, a high
dielectric permittivity of 160 @10 kHz, which is about 35 times that of the epoxy matrix, is achieved in the
composite with a Ag*/AI** mole ratio of 1.8. Meanwhile, a low tangent of about 0.062 is maintained. As the
Ag"/AI** mole ratio increases, the Ag particles become interconnected, forming Ag networks. Consequently, a
plasma-like negative phenomenon which should be attributed to the plasma oscillation of free electrons in the
percolative Ag networks, is observed. This work offers an effective route to design polymer composites with
tailorable high permittivity and negative permittivity.

1. Introduction For the composites with ferroelectric ceramic fillers, the enhancement of
& is very limited (<30 @ 1 kHz) even when the filler faction is up to 50
vol%, resulting in undesired high weight and poor mechanical property

[11-14]. For the composites with electric conductive fillers, although

In recent years, extensive attention has been devoted to the explo-
ration of polymeric materials with high dielectric permittivity (high-k)

because of their wide applications in antennas [1,2], electrostatic ca-
pacitors [3-6], sensors [7,8], and field-effect transistors [9,10], etc.
Generally, the dielectric permittivity (¢;) of polymers are very low (<10
@1 kHz) which are far below our expectations. Even for the ferroelectric
polymer, such as polyvinylidene fluoride (PVDF) and its copolymers, it
is also very difficult to achieve permittivities above 15 @1 kHz. With the
aim of improving the & of polymeric materials, numerous strategies
have been proposed, among which introducing ferroelectric ceramic and
electric conductive fillers into the polymers is a widely adopted one.
However, these two types of fillers have their inherent disadvantages.
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ultrahigh & (>1000 @ 1 kHz) can be achieved via controlling the filler
fraction near the percolation threshold, the serious leakage conduction
inevitably brings about sharply elevated loss (tans) [15-17].
Considering the inherent drawbacks of the ferroelectric ceramic and
electric conductive fillers, much attention has been devoted to the
optimization of fillers. For example, constructing core-shell structured
fillers has been widely demonstrated to be an effective way to realize
balanced permittivity and loss. Specifically, it is found that coating
electric conductive fillers with insulating nanoparticles can avoid the
direct contact of the conductive fillers, which effectively hinders the
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formation of percolation networks and suppresses conduction loss [18-
20]. Similarly, anchoring electric conductive nanoparticles on the sur-
face of ferroelectric ceramic fillers has been proved to be capable of
achieving enhanced permittivity without apparently elevating loss [21-
23]. In addition to designing core-shell structured fillers, there are also
other methods which can get concurrent high permittivity and low loss,
including using disorderly mixed hybrid fillers composed of insulating
and conductive components [24-26], constructing polymer composites
co-filled with ferroelectric and conductive nanofillers [27-29]. Up to
now, although huge efforts have been devoted to the optimization of
fillers, the results are still not satisfactory. For instance, for most of the so
far reported polymer composites, it remains difficult to simultaneously
realize &, > 100 and tans < 0.1. In other words, much more attention
should be paid to the further exploration of new and effective strategies
for the design of high-k polymer composites.

It is worth noting that, Luo and coworkers [30] constructed a class of
epoxy composites incorporated with three dimensional BaTiO3 foams
(3D-BT) rather than conventional BaTiO3 nanoparticles (BTNPs). It is
demonstrated that, the composite with 30 vol% 3D-BT exhibits a high &,
of about 200 @1 kHz which is about 20 times that of its counterpart
filled with randomly dispersed BTNPs. It is believed that the 3D-BT
effectively facilitates the transportation of dipolar polarization,
yielding substantially enhanced &;. Guo and coworkers [31] reported a
unique design of epoxy composites based on oriented 3D-BT. A high &, of
about 400 @10 kHz, which is approximately 10 times that of its coun-
terpart filled with BTNPs, is obtained in the composite with 24 vol% 3D-
BT. In addition to experimental researches, Feng and coworkers [32]
also theoretically demonstrate that constructing polymer composites
based on 3D ferroelectric ceramic networks is an effective way to ach-
ieve high permittivity. In our recent work, a design of hollow-structured
3D-BT foams are prepared and hosted in epoxy matrix, forming 3D-BT/
epoxy composites. A high ¢, of about 126 along with a low loss of about
0.045 at 10 kHz are concurrently achieved in the composite with only
18 vol% 3D-BT [33].

As discussed above, constructing polymer composites incorporated
with 3D ferroelectric ceramic networks is an effective way to achieve
concurrent high permittivity and low loss. Targeting for further
improving the dielectric performance of the epoxy composites based on
hollow-structured 3D-BT, herein, silver (Ag) and alumina (AlyO3) par-
ticles are in-situ grown on the outer and inner surfaces of the hollow 3D-
BT, forming Ag/Al;03/3D-BT/epoxy composites with hierarchical het-
erogenetic interfaces. It is interesting to found that, in comparison with
3D-BT/epoxy composites, the introduction of Ag and AlyOs3 results in
substantially enhanced &, without sacrificing the low loss. Meanwhile,
the Ag/Al;03/3D-BT/epoxy composites based on 3D-BT exhibit much
higher ¢ and lower loss than their counterparts based on randomly
dispersed Ag/Al,03/BaTiOs hybrid particles. Besides, a distinct perco-
lation process along with an interesting negative & phenomenon is
observed, and the underlying mechanism is further explored.

2. Experimental
2.1. Materials

Nickel foam (350 g/m?, Hefei Kejing Material Technology Co., Ltd.),
barium titanate (BaTiOs, 300 nm, > 99.5 %, Shandong Sinocera Func-
tional Material Co., Ltd.), poly(ethylenimine) (PEI, M.W.10000, 99 %,
Aladdin Industrial Corporation), isopropyl alcohol (>99.7 %, Sino-
pharm Chemical Reagent Co., Ltd.), acetone (>99.7 %, Sinopharm
Chemical Reagent Co., Ltd.), anhydrous ethanol (>99.7 %, Sinopharm
Chemical Reagent Co., Ltd.), epoxy resin Epon828 (Hexion Specialty
Chemicals. Curing agent), methyltetrahydrophthalic anhydride (99.0 %,
anhydride group content > 41.0 %, Shanghai Macklin Biochemical
Technology Co., Ltd.), 2-ethyl-4-methylimidazole (99 %, Shanghai
Macklin Biochemical Technology Co., Ltd.), iron trichloride hexahy-
drate (FeCl3-6H20, AR, > 99.0 %, Sinopharm Chemical Reagent Co.,
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Ltd.), silver nitrate (AgNOs3, > 99.8 %, AR, Sinopharm Chemical Reagent
Co., Ltd.) and Aluminum nitrate nonahydrate (AI(NO3)3-9H20, AR, >
99.0 %, Sinopharm Chemical Reagent Co., Ltd.) were purchased, which
were used in experiments without any further purification.

2.2. Fabrication of 3D-BaTiO3 foam

As illustrated in Fig. 1 3D-BaTiO3 (3D-BT) were prepared by an
electrophoretic deposition process (EPD) combined with high temper-
ature sintering. Firstly, the impurities of nickel foam were removed by
acetone, deionized water and anhydrous ethanol under sonication.
Secondly, BaTiO3 suspensions were prepared by adding BaTiO3 powders
into 50 mL isopropyl alcohol and sonicated for 20 min. Thirdly, the
BaTiO3 nanoparticles were in-situ formed on the wall of the porous
nickel foam by EPD, in which the nickel foam is used as the cathode and
the deposition voltage is 40 V. Subsequently, the nickel foam coated by
BaTiO3 was sintered at 1200 °C for 2 h in a tubular furnace under argon
atmosphere. Then the sintered samples were soaked in 1 mol/L of FeCls
solution to remove the nickel foams. Finally, the obtained 3D-BT foams
were calcined at 700 °C for 2 h in the muffle furnace. Then the weight of
the 3D-BT foams (m;) were measured.

2.3. Fabrication of Ag/3D-BaTiO3 and Ag/Al;03/3D-BaTiO3 foams

The Ag/3D-BaTiOs (Ag/3D-BT) foams were fabricated by an
impregnation method (Fig. 1), and the specific steps are as follows. To
begin, solutions with different molar concentrations of AgNOs; were
prepared. Then the 3D-BT foams were immersed in the AgNOg3 solution
and vacuumed for 20 min followed by drying at 100 °C for 2 h in the
oven. After that, the samples were calcined in the muffle furnace at
700 °C for 2 h in air, forming the Ag/3D-BT foams. Finally, the weight of
the Ag/3D-BT foams (my) were measured and the weight of Ag can be
expressed as (mp-mj). In this work, the Ag content is controlled via
adjusting the concentration of Ag' in the impregnation solution. The
fabrication process of Ag/Al,03/3D-BT foams is the same as that of Ag/
3D-BT foams and the only difference is that the mixed solutions of
AgNOj3 and Al(NO3)3 with different mole ratios (i.e., 1:1, 1.2:1, 1.4:1,
1.6:1 and 1.8:1) rather than pure AgNOs solution, are used in the
impregnation process. Then, the 3D-BT foams were immersed in the
solution of AgNO3 and Al(NOg3)3 under vacuum for 20 min followed by
drying at 100 °C for 2 h in the oven. Finally, the dried samples were
calcined at 700 °C for 2 h in the muffle furnace, forming the Ag/Al;03/
3D-BT foams.

2.4. Fabrication of Ag/Al,03/3D-BT/epoxy composites

The Ag/Al;03/3D-BT/epoxy composites were prepared via a vac-
uum infiltration process. Typically, the epoxy resin, methyltetrahy-
drophthalic anhydride and 2-ethyl-4-methylimidazole were mixed at a
mass ratio of 10:8:0.1 and stirred at 50 °C and 70 °C for 30 min,
respectively. Next, the epoxy solution was vacuumed at room temper-
ature for 20 min to remove bubbles. Then, the porous Ag/3D-BT and Ag/
Al;03/3D-BT foams were infiltrated with epoxy and cured at 100 °C for
6 h in vacuum oven, forming the Ag/3D-BT/epoxy and Ag/Al»03/3D-
BT/epoxy composites. Finally, the weight of the Ag/3D-BT/epoxy
composites (m3) were measured. The filling fractions of BT and Ag in
Ag/3D-BT/epoxy composites can be expressed as m;/mg and (mp-m;)/
mg, respectively.

2.5. Characterization

The morphologies and elemental distributions of the composites
were observed by scanning electron microscopy (SEM, S-4800, Hitachi,
Ltd.) equipped with energy-dispersive spectrometer (EDS). The com-
positions of the composites were analyzed by using an X-ray diffrac-
tometer (XRD, D8 Advance, Bruker, Ltd.). The ¢ and tans were
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Fig. 1. Schematic fabrication process of the Ag/3D-BaTiO3 and Ag/Al,03/3D-BaTiO3 foams, as well as the formation of equivalent micro-capacitors.

measured by an Agilent E4980A Precision LCR analyzer under an AC
voltage of 100 mV at room temperature in the frequency range from 5
kHz to 1 MHz. Before dielectric measurements, circular gold electrodes
with a diameter of 2.98 mm were sputtered on the two sides of the
composite films. The & were calculated by the formula specified as: ¢, =
tCp/Agg, where t is the thickness of the sample, A is the area of the
electrode, ¢ is the absolute dielectric constant of free space (8.85 x
107 '2F/m), Cp is the measured capacitance. The breakdown strength
measurements were carried out by using a setup equipped with a Treck
610C amplifier under a voltage ramping rate of 500 V/s at room tem-
perature (PolyK Technologies, USA). The discharge energy densities
(Uq) were calculated from the P-E loops, which were obtained by a
ferroelectric test system based on a modified Sawyer-Tower circuit
(PolyK Technologies, USA).

3. Results and discussion

The X-ray diffraction (XRD) patterns of the foams at different prep-
aration steps are presented in Fig. 2. As shown in Fig. 2a, pure BaTiO3
(JCPDS PDF No.01-074-4540) foam is obtained without the appearance
of nickel and other additional phase, indicating that nickel foam has
been totally removed during the etching process and no unexpected
reaction takes place during the calcination treatment. Furthermore, the
diffraction peaks at 41.1°, 47.5°, 64.2° and 75.9° can be ascribed to the
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Fig. 2. XRD patterns of hollow structured 3D-BaTiO3 foam (a), Ag/3D-BaTiO3
composite foam with 1 vol% Ag (b), and Ag/Al,03/3D-BaTiO3 composite foam
with 1 vol% Ag (c).

characteristic reflections of Ag at (111), (200), (220) and (311).
(Fig. 2b). It should be noted that, the intensity of the diffraction patterns
of BaTiOj3 in the Ag/BaTiOs foam is much weaker than that of the pure
BaTiO3 foam in Fig. 2a because of the fact that the BaTiO3 foam is
covered by Ag. Fig. 2¢ shows the XRD patterns of the foam after the
impregnation of AgNOs/Al(NOs3); mixed solution with subsequent
calcination. Distinct diffraction peaks of Ag and Al,O3 are observed
without the appearance of other undesired phases, indicating that
AgNOs3 and Al(NO3)3 are totally converted into Ag and AlyOs.

The morphologies of the 3D foams, epoxy composites, as well the
elemental mapping analysis results are presented in Fig. 3. We can see
that, a porous 3D-BT foam composed of hollow BaTiOs tubes is suc-
cessfully fabricated (Fig. 3a and d). After the AgNO3 solution impreg-
nation process, Ag particles are homogeneously loaded onto the 3D-BT
foam (Fig. 3b). After the AgNO3/Al(NO3)3 mixed solution impregnation
process, Ag and Al,O3 are co-deposited onto the outer and inner surfaces
of 3D-BT foam (Fig. 3c, e, g, Figure S1). We can also see that the
average diameter of the Ag particles in Fig. 3c and g is larger than that in
Fig. 3b because of the higher Ag™ concentration in the impregnation
solution. As displayed in Fig. 3f, after the vacuum infiltration process,
both of the outer and inner pores of the foam are totally infiltrated with
epoxy without the appearance of observable voids and other defects,
which is beneficial to high dielectric permittivity and high breakdown
strength.

The ac conductivities (o,c) of the epoxy composites at varied fre-
quencies are further studied. As shown in Fig. 4a and b, the ¢, of the
Ag/3D-BT/epoxy composites increase with higher Ag content. Espe-
cially, a sharp enhancement of o, from 2 x 1073S/m t0 2.29 x 10%S/m
is observed when the Ag content increases from 0.8 vol% to 1 vol%. This
phenomenon should be attributed to the formation of percolative Ag
networks [34,35]. Moreover, the Ag content also has significant in-
fluences on the frequency dependences of the composites. Specifically,
the o, of the composites with Ag contents below 1 vol% increase with
increasing frequency f and the o,-f relationships follow the power law
6ac = Kf (0 < n < 1), where K is the scale coefficient, n is the exponent,
indicating a hopping conduction mechanism [36]. On the contrary, the
0ac Of the composite with 1 vol% Ag decreases as a function of frequency,
which is attributed to the skin effects of the current in the percolative Ag
networks [37]. As shown in Figure S4, the o, of the Ag/Al,03/3D-BT/
epoxy composites with 1 vol% Ag and varied contents of AlpO3 show
much lower o, than the Ag/3D-BT/epoxy composites with 1 vol% Ag,
revealing that the introduction of Al,Os3 effectively hinders the forma-
tion of Ag networks. Furthermore, the decrease of o,. as a result of
higher Al;O3 also indicates that the Ag particles are well separated by
Al;03, which will also be demonstrated by the SEM analysis in the
following discussions.

Fig. 5a and b show the frequency dependences of dielectric
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Fig. 3. Surface SEM images of 3D-BaTiO3 foam (a), Ag/3D-BaTiO3 foam with 0.2 vol% Ag (b), and Ag/Al,03/3D-BaTiO3 foam with 1 vol% Ag (c). Fractured cross-
sectional SEM images of 3D-BaTiO3 foam (d), Ag/Al>03/3D-BaTiO3 foam with 1 vol% Ag (e) and Ag/Al,03/3D-BaTiO3/epoxy composite with 1 vol% Ag. The high
magnification surface SEM image of Ag/Al,03/3D-BaTiO3 foam with 1 vol% Ag (g) and corresponding elemental mapping analysis.

permittivity ¢, and loss tangent tané for pure epoxy (EP) and the Ag/3D-
BT/epoxy composites with different contents of Ag particles. Clearly, the
3D-BT/epoxy composite with 5 vol% BaTiO3 exhibits a greatly improved
& in comparison with pure EP, which has been widely reported in
various BaTiOs/polymer composites and should be attributed to the
strong dipolar polarization of BaTiO3 [38,39]. It is worth noting that, the
introduction of Ag particles results in obviously enhanced ¢, along with
well maintained low loss (tans < 0.03 @10 kHz, Fig. 5b) and the &,
increases with increasing Ag content. Specifically, the ¢ of the com-
posite with 0.8 vol% Ag becomes up to 71 @10 kHz which is about 245

% that of the 3D-BT/epoxy composite without Ag particles. The huge
heterogenetic interfaces between Ag particles, 3D-BT foam, and epoxy
matrix can efficiently store charges when the composite is under an
external electric field, resulting in improved ¢,. Interestingly, a unique
plasma-like negative ¢, appears when the Ag content reaches 1 vol%.
Meanwhile, an obvious percolation behavior is observed, indicating the
formation of 3D Ag networks. Drude model is usually used to describe
the plasma-like negative permittivity behavior [40,417’
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where w, (0, = 27f,) is the angular plasma frequency,  (w = 27f) is
the angular frequency of applied electric field, w, is the damping
parameter, &g is permittivity of vacuum, neg is the effective concentra-
tion of conduction electrons, me is the effective weight of an electron,
and e is the charge of electron (1.6 x 1071°C). As can be seen, the
dielectric spectra of the composite agrees well with the Drude model
(solid line in Fig. 5a)

fitted curve using fits well with the original data, revealing that the
negative ¢, is originated from the plasma oscillation of delocalized
electrons throughout the Ag networks [40,41]. The negative permit-
tivity composite has huge potential for electromagnetic shielding ap-
plications [42,43].

Fig. 5¢ and d display the dielectric performances of the Ag/Al,03/
3D-BT/epoxy composites with varied Ag*/AI*" mole ratios. It can be
seen that, negative ¢, can no longer be observed in the Ag/Al,03/3D-BT/
epoxy composites with 1 vol% Ag. Instead, significantly enhanced pos-
itive ¢, along with substantially suppressed tané is observed, indicating
that percolative Ag networks are destroyed because of the addition of
Al,O3 which has been demonstrated by the SEM images (Fig. 3c, g).
Specifically, a high &, of 160 @10 kHz, which is about 516 %, 356 %, 291
%, 225 % that of the Ag/3D-BT/epoxy composites with 0.2 vol%, 0.4 vol
%, 0.6 vol%, 0.8 vol% Ag, is achieved (Fig. 5e). Meanwhile, a low tans of
0.062 is maintained (Fig. 5f) because the Ag particles are isolated by
Al0s3. As illustrated in Fig. 1, there exist hierarchical heterogenetic
interfaces between the Ag, AloO3, BaTiO3 and epoxy in the Ag/Al,03/
3D-BT/epoxy composites. As a result, two types of equivalent micro-
capacitors (i.e., (A) Ag/BaTiO3/Ag capacitor in which Ag acts as the
electrodes and BaTiOs acts as the dielectric; (B) Ag/Al,O3/Ag capacitor
in which Ag acts as the electrodes and Al,Os3 acts as the dielectric.) are
formed. The numerous equivalent micro-capacitors effectively enhance
the charge storage capability of the composites, yielding the obviously
improved ¢,. Meanwhile, the Ag particles are separated by Al,O3, which
effectively avoids the formation of percolative Ag networks, resulting in
the low loss. The dielectric properties of our composites are further
compared with other reported results as displayed in Table 1 [11,44-49].
We can see that, for most of the so far reported results, it is still difficult
to concurrently achieve & > 100 and tans < 0.1. In this work, the
composites with hierarchical equivalent micro-capacitors exhibit
outstanding comprehensive dielectric performances (e.g., high & of 109
and 160 corresponding to low tané of 0.028 and 0.062, respectively),
which demonstrates that this design strategy is capable of achieving well
balanced high ¢, and low tané.

In practical applications, much attention should also be paid to the
insulating performances of dielectric materials, especially for high
voltage applications. Therefore, the breakdown performances of the
composites are further studied using a two-parameter Weibull distri-
bution model [11]:

P(E) = 1~ expl-()] ®

where P(E) is the probability of breakdown, E is the experimentally
obtained breakdown electric field, a is the Weibull breakdown strength

Table 1

Comparison of the dielectric performances of reported results and this work.
High-k composites & tand References
20 vol% BaTiO3/HT 12 0.02 [11]
6 wt% MXene@AgNPs/P(VDF-HFP) 650 1.5 [44]
30 vol% BT NPs/PVDF 27 0.015 [45]
1.082 wt% sLTNO@mAC/Epoxy 150 0.35 [46]
10 wt% Fe304 @BaTiO3/ P(VDF-HFP) 15.5 0.05 [47]
TiO,-BT-TiO>@dopa/PVDF 12 0.04 [48]
0.61 vol% rGO/12.5 vol% CCTO/PVDF 40 0.085 [49]
Ag/Al,03/BaTiO3/Epoxyl vol %Ag, Ag*/AI>*=1:1 109  0.028  This work
Ag/Al,03/BaTiO3/Epoxyl vol% Ag, Ag*/ 160 0.062  This work

AP =1.8:1
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E}, (the electric field at which there is a 63.2 % probability of failure),
and f is a shape parameter reflecting the reliability of the tested data
(the slope of the derived logarithm function) and higher g implies better
reliability. Fig. 6a and b show the Weibull distribution of breakdown
electric field and the variation of Ey, with the Ag*/Al3*mole ratio. We
can see that, the Ep, decreases with higher Ag*/AI®" mole ratio because
higher Ag content will result in decreased distance between Ag particles,
which could facilitate the formation and development of breakdown
paths. In particular, when the Ag content exceeds some critical values (e.
g., percolation threshold), the Ag particles cannot be well isolated by
Al;O3, leading to the partial agglomeration of the Ag particles and
obviously reduced Ep. Dielectric materials are widely employed in
electrostatic capacitors, so the dielectric capacitive energy storage per-
formances of the composites are further studied. Fig. 6c and d display
the discharged energy density Uq and charge/discharge efficiency 7,
which are derived from the ferroelectric hysteresis loops (P-E loops). It
can be seen from Fig. 6¢ that the composites possess obviously enhanced
Uy compared with pure epoxy under the same charging electric field.
Specifically, the composite with a Ag*/AI** mole ratio of 1.8 exhibits a
Uq of about 4.8 x 1072 J/cm® which is about 240 % that of pure epoxy
(~2 x 1072 J/cm®). However, the composites with high Ag contents
cannot be charged to high voltages because of their low E}. Conse-
quently, the composite with a Ag*/AI>" mole ratio of 1.4 possesses the
highest Ug of about 7.85 x 10~2 J/em® under an electric field of 30 kv/
mm, which is about 180 % that of pure epoxy (~4.35 x 1072 J/cm?). As
shown in Fig. 6d, pure epoxy possesses the highest # (>85 %), while the
composite with a Ag*/AI*" mole ratio of 1.8 has the lowest # (<75 %).
The reduced 7 with increasing Ag*/AI>" mole ratio should be ascribed to
the elevated conduction loss originated from the partially inter-
connected Ag particles. As discussed above, the composites exhibit su-
perior capacitive energy storage performances, and could be promising
candidates for pulsed power capacitors.

For comparison, a series of epoxy composites filled with randomly
dispersed Ag/Al,03/BT hybrid particles are further prepared. As dis-
played in Fig. 7 and S2, the composites with randomly dispersed Ag/
Al;03/BT hybrid fillers show much lower ¢, in comparison with their
counterparts based on 3D fillers. This phenomenon should be attributed
to the fact that, much higher loading fractions of filler are required in the
composites with randomly dispersed hybrid fillers, in comparison with
the composites with 3D fillers, to form 3D filler networks to ensure the
continuous transmission of polarization. Moreover, as for the Ag/Al;03/
BT foam, the Ag and Al,Og3 are in-situ formed on the BT foam, which
ensures their uniform distributions. On the contrary, there may exist
severe agglomerations between Ag/Al,03/BT hybrid particles, resulting
in unstable and deteriorated dielectric performances. The breakdown
behaviors of these two types of composites based on Ag/Al;03/3D-BT
foams and Ag/Al,03/BT hybrid particles are further compared. As
shown in Fig. 7 and S3, when the Ag*/Al3+ mole ratio is low (i.e., 1, 1.2
and 1.4), the composites based on Ag/Al>03/3D-BT foams exhibit much
higher E}, than their counterparts with Ag/Al,O3/BT hybrid particles.
When the Ag*/AI3* mole ratio is high (i.e., 1.6 and 1.8), these two types
of composites have comparable E},. This phenomenon should be attrib-
uted to the different spatial distributions of Ag particles in these two
types of composites. Specifically, when the Ag content is low (i.e., low
Agt/AP* mole ratio), the Ag particles on the 3D-BT foams are well
separated by Al,Og3, while the Ag particles may interconnect with each
other in the composites with Ag/Al,03/BT hybrid particles. When the
Ag content is high, the Ag particles on the 3D-BT foams become partially
interconnected which is similar to the situation in the composites filled
with Ag/Aly03/BT hybrid particles. This work provides a new design
strategy to construct polymer composites with hierarchical hetero-
genetic interfaces to achieve concurrent high dielectric permittivity and
low loss.
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Fig. 6. Weibull distribution of the tested breakdown electric fields (a), characteristic breakdown strengths (b), discharge energy densities (c) and discharge effi-
ciencies (d) of the Ag/Al,03/3D-BT/epoxy composites incorporated with 3D-BT foams.
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Fig. 7. The comparison of the dielectric performances of the composites based
on Ag/Al;03/3D-BT foam and Ag/Al;O3/BT hybrid powders.

4. Conclusion

In summary, Ag/Al>03/3D-BaTiOs/epoxy composites with unique
hierarchical heterogeneous microstructures are fabricated via a facile
wet impregnation technique along with a calcination process. It is found
that, numerous hierarchical equivalent micro-capacitors, in which Ag
acts as the electrodes while the Al,03, BaTiO3 and epoxy act as the
insulating dielectrics, are formed in the composites. Therefore, sub-
stantially enhanced dielectric permittivities are achieved. Meanwhile,

the Ag particles are isolated by surrounding Al;Os, resulting well
maintained low loss. In addition, the dielectric performances are highly
tunable with the Ag*/AI>* mole ratios. Consequently, a high dielectric
permittivity of 160 @10 kHz, which is about 35 times that of the epoxy
matrix, is achieved in the composite with a Ag*/AI>* mole ratio of 1.8.
Moreover, as the Ang/Al3+ mole ratio increases, an interesting negative
permittivity phenomenon appears and is believed to be originated from
the plasma oscillation of free electrons in the percolative Ag networks.
This work offers an effective strategy to achieve enhanced high
permittivity without sacrificing low loss and is also of great significance
for the design of negative permittivity metacomposites.
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