
Article https://doi.org/10.1038/s41467-022-35623-5

The electric field cavity array effect of 2D
nano-sieves

Fan Xu 1,4, Yuke Li 2,4, Qing Zou1, Yu Shuang He1, Zijia Shen1, Chen Li1,
Huijuan Zhang3, Feipeng Wang1, Jian Li1 & Yu Wang 1,3

For the upsurge of high breakdown strength (Eb), efficiency (η), and discharge
energy density (Ue) of next-generation dielectrics, nanocomposites are the
most promising candidates. However, the skillful regulation and application of
nano-dielectrics have not been realized so far, because the mechanism of
enhanced properties is still not explicitly apprehended. Here, we show that the
electric field cavity array in the outer interface of nanosieve-substrate could
modulate the potential distribution array andpromote the flowof free charges
to the hole, which works together with the intrinsic defect traps of active
Co3O4 surface to trap and absorb high-energy carriers. The electric field and
potential array could be regulated by the size and distribution of mesoporous
in 2-dimensional nano-sieves. The poly(vinylidene fluoride-co-hexa-
fluoropropylene)-based nanocomposites film exhibits an Eb of 803MVm−1

with up to 80% enhancement, accompanied by high Ue = 41.6 J cm−3 and
η≈ 90%, outperforming the state-of-art nano-dielectrics. Thesefindings enable
deeper construction of nano-dielectrics and provide a different way to illus-
trate the intricate modification mechanism from macro to micro.

With the development of power system and energy system domi-
nated by renewable energy, new requirements for advanced elec-
trical and energy materials are continuously being put forward1–3.
Exploiting high electric field breakdown performance (Eb) engi-
neering insulatingmaterials is of great significance for the design and
manufacture of power equipment insulation system in the third-
generation power grid;2 developing high-energy-density (Ue) and
high-energy-efficiency (η) electrostatic capacitor dielectric is pro-
minence for reducing the volume and weight of energy storage
devices4,5. Since the concept of nano-dielectrics is first proposed by
T. J. Lewis in 1994, numerous efforts show that the incorporation
of nanoparticles (NPs) could significantly improve the electrical,
thermal, and mechanical properties of dielectric materials due to
their nano “interface” effect is more vital than itself structure4–17.
Therefore, nanocomposites dielectric is one of the most promising

candidates for advanced functional insulation and electrostatic
energy storage material.

Polymer is both an integral part of many insulating devices, such
as cable, and a critical component of electrostatic energy storage
devices, such as metallized film capacitor, which is widely applied in
electrical and energy territory18–20. Poly(vinylidene fluoride-co-hexa-
fluoropropylene) (P(VDF-HFP)) has the advantages of high dielectric
constant (K), stable structure, corrosion resistance, and heat resis-
tance, etc., and is a promising competitor as insulating energy storage
material21,22. So, it is adopted as the substrate in this experiment.

Polymer-based nano-dielectric is a research hotspot in the film
capacitor field in the past decade and quite a few efforts report
excellent modified performance13,18–25. However, the modification
mechanism is still notbeenunderstandably clarified, resulting in us not
being able to regulate it maturely and realize rational construction of
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the nanocomposites. Trap theory is well recognized as a way to depict
the essential features of charge carrier transport, with shallow traps
assisting charge transport and deep traps holding charge for long-
lasting time10,26. The depth of the trap is determined by the location of
the trap energy level between the conduction and valence band,
depending on the natural defect of thematerial itself. It is amicro-level
theoretical explanation27. We call these kinds of traps as “intrinsic
charge traps” (eV) in this paper. But, the interconnection from
microscopic charge trapping and de-trapping to macroscopic free
charge carriers’ transport and dielectric local discharge is not well
investigated since the failure process is complicated. The application
of density functional theory (DFT)28 and finite element simulation
(FES)29 benefited from advanced computer technology provides the
possibility to build a “bridge” between them for the illustration of
themechanism,while little attention hasbeen paid to this aspect in the
past. Meanwhile, most of the papers on these two technologies are
sometimes too coarse or simplified to embody the experimental
results precisely. For example, the high external electric field (Eex)
application context of the insulating materials is rarely considered in
the DFT, and the dealing of interface layer parameters is unrefined in
FES. Experimentally, most of the nanocomposites are carried out on
the basis of NPs, and some works on 1D and 2D nanomaterials have
emerged in recent years13,30,31. Most nanofillers are coarse or purchased
from the market. After simple treatment, such as surface decoration,
etc., they are incorporated into the insulating substrate. 2D nanoma-
terial is a rising star due to its huge specific surface, and unique elec-
trical, thermal, optical, and electromagnetic properties13,32. But the lack
of nanomaterials’ synthesis and regulation techniques leads to the
scarcity of systematic structural research, resulting in a disconnected
understanding of the modification mechanism.

In this work, we synthesize homogeneous nano-sieves of different
pore sizes and incorporate them uniformly into P(VDF-HFP)-based
films with low doping. It is found that the DC breakdown field
improvement has never been so high, and by some distance. Such a
large breakdown electric field is achieved. Theoretical calculations
reveal that the electric field cavity array and sub-macro potential trap
array in the outer interface layer allure the free-charged ions or elec-
trons toward the holes of nano-sieves, making them effectively cap-
tured by the deep intrinsic defect traps on the active Co3O4 surface.
Meanwhile, the dielectric loss is suppressed, even comparable to that
of linear dielectrics. The close-knit connection (F-Co3+) between nano-
sieves (large specific surface area) and polymers significantly affects
the polarization of P(VDF-HFP).

Results
Characterization of nanofillers and nanocomposite films
Co3O4 is a p-type antiferroelectric semiconductor with multiple metal
valence states33, and is adopted as the additive. Uniformly belt-like
Co3O4 nano-sieves (NSIs) with four different pore sizes (5, 15, 25,
50 nm) are synthesized by regulating hydrothermal reaction and
calcination conditions (Fig. 1a, Supplementary Note 1, and Methods
section). It can be seen from the scanning electron microscope
(SEM) images (Fig. 1a, Supplementary Fig. 1 and 2) that the NSIs have a
quasi-one-dimensional (1D) nanobelt morphology, with a width of
200–400nm and a length of 2–3 um. High-resolution transmission
electron microscope (HRTEM) image (Fig. 1b) and fast Fourier trans-
form pattern (inset) show the preferential exposure of (110) facet of
spinel Co3O4. In addition, NPs (16 nm) are obtained from our previous
work for controlled experiments (Supplementary Fig. 3). At the same
test conditions, the XRD peak of Co3O4 NPs is higher and narrower
than that of NSIs, showing that NPs have better crystallinity while NSIs
have a higher specific surface area and more defects34. In order to
quantify the specific surface area, nitrogen adsorption and desorption
isotherms based on Brunauer–Emmett–Teller (BET) theory are tested.
As shown in Supplementary Fig. 5, the specific surface area of NSIs is

generally ~385.5m2/g, which is 5.7 times larger than that of NPs
(67.6m2/g). These results show that we have successfully synthesized
NSIs with large specific surface area and distinct pore sizes.

P(VDF-HFP) (10mol% HFP) with higher K of 9–10 at 1 kHz is
selected as thematrix to investigate the nano-modificationmechanism
and performance. Using the serial dilution method to obtain low
doping concentration (0.0008, 0.008, 0.08wt%) nano-suspensions
and the classic casting method to fabricate thin films (Fig. 1c, Supple-
mentary Note 2). The fabricated films are highly flexible and translu-
cent. In the case of 0.0008 and 0.008wt% doping, equal to “impurity”
level content, the nakedeye cannotdistinguish anydifference fromthe
pure film; the film turns black gradually as the further increase of
nanofillers (Fig. 1c, and Supplementary Fig. 6). Each nanocomposites
film is uniquely labeled as X@NSIs-Y wt% (X denoted as pore size, and
Y denoted as doping amount). The surface SEM images of films
intuitively reflect their crystalline state (Supplementary Fig. 7). Pure
P(VDF-HFP) film has a spherulite structure (Supplementary Fig. 7a).
After the addition of NSIs, the surface crystalline state of the film
presents fibrous and smooth, which indicates NSIs might affect the
nucleation of growth process and lead to the increment of β-phase
content (Supplementary Fig. 7b–d)35. But when NSIs are excessive, it
would hinder the growth of crystal domains (smaller grains), resulting
in the increase of α-phase content (Supplementary Fig. 7e, f). Front
high-angle annular dark-field scanning TEM (HAADF-STEM) and cross-
sectional SEM images of 15@NSIs-3wt% film display that NSIs are ran-
domly and uniformly distributed in the ~18 um thick film, and no
agglomeration occurred (Fig. 1d and Supplementary Fig. 8). It can be
seen from HRTEM images of 15@NSIs-3wt% (Fig. 1e) and pure film
(Supplementary Fig. 9) that P(VDF-HFP)-based films contain poly-
crystalline and amorphous regions, and NSIs are in direct contact with
the amorphism region. Fourier-transform infrared (FTIR) and XRD
techniques are employed to characterize the α, β, and γ phases of the
films (Fig. 1f, and Supplementary Figs. 11–15). The results before and
after heat treatment, the pure film’s β content decreased by 16%
(42.3→ 35.65%), while that of 15@NSIs-0.008wt% only reduced by 8%
(47.3→ 43.5%) (Supplementary Fig. 11), illustrates that NSIs facilitate
the formation of β-phase during polymer crystal growth, and inhibit
the conversion of β to α during heat treatment36. With the increase of
the doping mass fraction, the β-phase content increases first and then
decreases (Supplementary Table 1), which is consistent with the pre-
vious film’s surface SEM images (Supplementary Fig. 7). In a typical
15@NSIs-0.008wt% film, the relative content of α, β, and γ phases is
20.1%, 43.5%, and 36.4%, respectively (Supplementary Fig. 14). The
nanocomposites films with different pore sizes have nearly identical
XRD and FTIR results at the same doping mass, which shows that the
pore size has little effect on the phases component of P(VDF-HFP)-
based film (Supplementary Fig. 15, and Supplementary Table 1).

Electrical properties
The electrical properties of P(VDF-HFP) and its nanocomposites with
Co3O4 nanomaterials are estimated at room temperature (Fig. 2,
Supplementary Note 3). The dielectric spectrums as a function of
frequency are measured (Fig. 2a, Supplementary Figs. 16–17). In the
case of “impurity-level” doping (0.0008 and 0.008wt%), the intro-
duction of Co3O4 NSIs with higher K (εr, ~20)

37 actually leads to a
decreased K of the nanocomposites film compared to pure film, which
is inconsistent with conventional cognition. When the filler fraction is
further increased, the K value is mounting and exceeding that of pure
film (Fig. 2a). The spectrum of loss factor and conductivity has similar
variation pattern, which first decreases and then increases with the
rising of doping concentration (Supplementary Fig. 16). The nano-
composites with different pore sizes NSIs have almost the same
dielectric spectrum at 0.008wt% (Supplementary Fig. 17). Combined
with aforementioned XRD and FTIR results (Supplementary Fig. 15), it
can be deduced that pore size has little influence on nanocomposites’
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properties films at low voltage. The two-parameters Weibull plots are
employed for statistical analysis of the breakdown field strength (Eb)
data (Fig. 2b, Supplementary Figs. 18–20). Impressively, the Eb of
15@NSIs-0.008wt% is 803.3MVm−1, which is 40% higher than for the
NPs/P(VDF-HFP)-0.008wt% (575MVm−1), >80% higher than for pure
film (~445MVm−1). The elevationmagnitude is superior to state-of-the-
art reported works (Fig. 2b,c, Supplementary Table 2). The Co3O4 NSIs
have various modification states to Eb when the filler fraction is less
than 3wt%, which also contributes to high-energy storage perfor-
mance. Here, the pore size of NSIs exhibits obviously diversity in Eb
(Supplementary Figs. 19, and 20). It can be clearly seen that 15@NSIs-
0.008wt% has higher Eb than other pore sizes-based films. The pore
size has significant dominationonbreakdown strengthwhich is a sharp
contrast to previously obtained conclusion at low voltage, indicating
that there are other key factors are crucial to the breakdownprocess in
high electric field.

We next evaluate the energy storage properties of the films from
their unipolar electric displacement-electric field (D-E) loops under
room temperature (Fig. 2d–f, Supplementary Note 4). The discharge
energy density (Ue) reaches a maximum of 41.6 J cm−3 for 15@NSIs-
0.008wt% at 800MVm−1 because of the excellent dielectric strength

(Fig. 2d). The value is 3.4 times as large as the 12.2 J cm−3 for pure
P(VDF-HFP) film. An overall upgraded energy efficiency (η, ~90%) is
discovered, which is superior to the great majority of electrostatic
energy storage capacitors (Fig. 2e)9,11,15. As shown in Fig. 2d, a set of
concentration control experiments, the D-E loops of 15@NSIs-
0.0008wt% and 15@NSIs-0.008wt% are located below that of pure
film, corroborated with aforementioned reduced K, suggesting the
interaction between the NSIs and macromolecule inhibits partial
polymerpolarization.While theNSIs are overdosed, the loop shifts to
the upper left with increasing loss, which is probably due to the
polarization action of Co3O4 NSIs itself structure far exceeding the
inhibition effect of the interface38. The polarization of 15@NSs-3wt%
continues to increase after the maximum electric field is reached,
creating a bloated shape of the D-E loop. This demonstrates that
significant leakage currents are present in 15@NSs-3wt%39. All of
those merits demonstrate that the P(VDF-HFP)-based film modified
by the nano-sieves with suitable pore size at low doping is a pro-
mising candidate for electrostatic storage application because of
combined great Ue and high η, which surpasses the bulk P(VDF-HFP)-
based film and nano-modified dielectrics (Fig. 2f, Supplementary
Table 2)4,40–48.
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Fig. 1 | Material preparation and characterization. a Diagram (top) and SEM
(bottom) images of the Co3O4 nano-sieves (NSIs) with 5, 15, 25, and 50nm pore
diameter (left to right). b HRTEM image of NSIs with 15 nm pore size. The lattice
fringe spacings of 0.291 and 0.247 nm correspond to the (220) and (�1�1�3) crystal
planes, respectively, indicating that the (1�10) and (110) zone axes have normal
direction perpendicular to the crystal planes. So, the preferentially exposed crystal
face is (110) in accordance with the FFT pattern (inset). c Schematic and

photographs of the preparation of P(VDF-HFP)-based nanocomposites films
(~20 µm-thick) doped with 0.008wt% Co3O4 NSIs (15 nm pore size) (denoted as
15@NSIs-0.008wt%). N,N-Dimethylformamide (DMF).d Front HAADF-STEM image
of 15@NSIs-3wt%. Ar ion beam is used to thin the film before tests. e HRTEM of
15@NSIs-3wt%. f FTIR spectra of pure P(VDF-HFP) film, 15@NSIs-0.0008wt%,
15@NSIs-0.008wt%, 15@NSIs-0.08wt%, 15@NSIs-0.8wt%, and 15@NSIs-3wt%.
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Density functional theory
To figure out why is that the NSIs modified film has lower polarization
loss and higher Eb, the interfacial molecular model of Co3O4 and
P(VDF-HFP) is established for first-principles calculation (Fig. 3a–h).
Nowadays, most of the studies on DFT so far are carried out under
simplified vacuumbackgroundwithout considering actual operational
environment for insulation dielectrics materials that are long-term
exposed to high Eex, whichmight lead to inaccurate results4. So, DFT is
used to study the polymer adsorption on the Co3O4(110) surface with
the electric field effects. In the Fig. 3a, Co2+ and Co3+ are in the tetra-
hedral and octahedral oxygen surrounding, respectively. Co2+ andCo3+

are in the top layer of the stable Co3O4(110) in the Fig. 3c and d.
To simplify the polymer and Co3O4(110) surface interaction, only one
unitmolecule as shown in Fig. 3b is used for the adsorption study. The
F atom is the electron donor comparing with H and C atom. We first
find the binding site at 0.00 eV/Å. The molecule binds with Co2+ with
F-Co bond distance 2.18 Å in Fig. 3e, f. For the Co3+ binding, the F atom
of the molecule is shared by two Co3+ with F-Co distance 2.602 and
2.885Å (Fig. 3g, h). The adsorption energy (Eads) are−0.79 and−1.08 eV
with F atom binding with Co2+ and Co3+, respectively. Generally, the
shorter binding distance, the stronger binding. In our case, the mole-
cule prefers to bindwith Co3+. We speculate there are two reasons, one
is the positive charge on metal atom, the other is unsaturated coor-
dination. The positive charge on the Co3+ is of course bigger than the
Co2+. The coordination number of Co2+ andCo3+ are 4 and 6 in the bulk,
respectively. Once, in the top layer of surface, the coordination num-
ber of Co2+ and Co3+ change to 3 and 4. The internal electric field is
formed with a large electrostatic potential difference ΔE 12.33 eV in
Fig. 3i, signifying the active charge transfer4. The disordered macro-
molecular chain in the amorphous phase of the P(VDF-HFP) film is
more susceptible to steering polarization, which is the main part of
polarization loss49. It is obtained that nanofillers are in direct contact
with the amorphous polymer molecular chains from the previous

characterization. The formation of F-Co3+ bond results in enhanced
binding between nanofiller and macromolecule (» the van der Waals
force). This allows the orientation polarization loss to be well sup-
pressed, whichwell accounted for the introduction of high K inorganic
nanofillers at low doping content leading to the reduction of polar-
ization losses. Supplementary Table 4 demonstrates that there are
electrons transfer (7.3μC/m2) fromCo3O4(110) surface to the adjoining
polymer molecular layer (denoted as inner interface layer) when the
Eex = 0MV/m. An increase in the charges on the polymer molecules
results in enhanced molecular polarization. However, there are dif-
ferences in charge transfer between them under different intensities
and orientations of Eex, which leads to various magnitudes of mole-
cular polarization in the inner interface layer (Fig. 3j). Based on theDFT
calculation results, we revise the interfacemodel in the next FES work.
Furthermore, there are abundant deficiencies such as unsaturated/
brokenbonds on the surfaceof theCo3O4NSIs. If the newenergy levels
introduced by these defects exist in the energy gap between valence
band and conduction band, itwill trapelectrons or holes. Shallow traps
are formed near the bottom of the conduction band or the top of the
valence band27. As illustrated in Supplementary Fig. 23, the surface of
Co3O4 nanomaterials contains both deep and shallow traps.

Finite element simulation
The above analysis provides a well interpretation for the suppressed
polarization loss of the nanocomposites, but it is still ambiguous why
the 15@NSIs-0.008wt% film has the highest Eb. It is generally accepted
that the charge carrier transport and E distortion are essential factors
in the performance of insulating materials50. So, we simulate the
steady-state internal E and potential (V) distribution of the interfacial
corrected dielectric model by using finite element computations
(Fig. 4, and Supplementary Note 6). The potential contours and E
distribution in the selected vertical cross-section surface at the NSIs
centrum (Supplementary Fig. 26) are plotted in P(VDF-HFP) substrate
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of NSIs content. b Two-parameter Weibull distribution of the breakdown strength
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excited by a Eex = 200MVm−1. Compared to the nanosheet and nano-
particle, it can be seen that the equipotential lines close to nano-sieve
boundary are meandering due to the existence of mesoporous, which
indicates the V and E distributions are intricate in this area (Fig. 4a, b,
Supplementary Figs. 25band 27). The non-uniformE andVdistribution
could produce crucial electric stress on charges and change their
transport paths. In order to visually understand the potential trap and
E distribution near NSIs surface, the normE and V data of local hor-
izontal plane (0.5 nm from the inner interface layer, Supplementary
Fig. 28) are extracted and three-dimensional (3D) plotted. As shown in
Fig. 4d, the E in the region matched up with the sieve pores is wea-
kened, while the E in the surface region corresponding to the Co3O4

skeleton is enhanced, resulting in a 3D tubular-like cavity array of
electric field. The E cavity distributionmakes the potential in the outer
interface layer present a sub-macroscopic potential distribution array
(Fig. 4e). The E cavity effect is effective in the range of 0–10 nmaround
the interface (Supplementary Figs. 30, and 31). When a positive ion
transport from positive to negative electrode, the ion would move
toward the pore of nano-sieves, acting like a trap. The same is true for
negative charges. To distinguish it from the intrinsic defect trap, the
potential distribution caused by uneven E are called “sub-macro
potential trap array” (V). A series of comparative 3D graphs of normE
and V of NPs, nanosheets, and nano-sieves with different pore sizes are
shown in Supplementary Fig. 25. The15@NSIs in polymer substrate

excited by external E generates the largest and most sophisticated
interface area with alternating configuration of suitable deep and
shallow potential traps array, which might be the critical element why
the 15@NSIs-0.008wt% has the highest Eb performance. Relative
potential difference (Vr) and electric field distortion rate (ξ) are
employed to provide a quantitative description of potential traps
depth and E deformity, respectively. The Vr and ξ generated by the
nanoparticle are 0.31 V and 40%. The Vr generated by the 2D nano-
materials is reduced to ~0.21 V, but the ξ value is decreased by half. Vr

and ξ are negatively correlated.Whatwepursue ismorepotential traps
and lower ξ. At this point, the emergence of 2D porous sieve nano-
materials could satisfy these two demands. This could be the critical
factor for the world-leading insulation performance modification of
15@NSIs-0.008wt% in this experiment.

Discussion
In this paper, homogeneous Co3O4 nano-sieves (NSIs) with different
pore sizes and NPs are synthesized by hydrothermal method, and
well-dispersed P(VDF-HFP)-based nanocomposites films with trace
doping concentration are fabricated by serial dilution and casting
methods. The most impressive electrical performance (Eb = 803.3
MVm−1, η = 90%, and Ue = 41.6 J cm−3) is achieved by the nanocompo-
sites film with 15 nm pore size nano-sieves at 0.008wt% doping
amount (denoted as 15@NSIs-0.008wt%). The 80% dielectric strength
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Fig. 3 | Density functional theory (DFT) study on the molecule adsorption on
Co3O4(110) surface taking the electric filed into consideration. a The bulk
structure of Co3O4. It contains Co

2+ and Co3+. b The electrostatic potential surface
(ESP) of themolecule. c,d side and topviewof theCo3O4 (110) surfacewith theCo3+,
Co2+ and O atoms exposure. e, f Side and top view of the molecule adsorption on
Co2+ site. g, h Side and top view of the molecule adsorption on the Co3+ site. i The
electrostatic potential along z-axis at electric field 0.00eV/Åwith valueΔE 12.33 eV.

The reason for the uneven electrostatic potential curve in the 20–30Å vacuumarea
is that Co3O4 surface is adsorbed, resulting in a dipole in the whole slab. j The
charge density difference along z-axis of molecule adsorption on Co3+ with −0.06,
−0.03, 0.03 and 0.06 eV/Å (the positive direction is left→ right). The charge density
difference is the charge density in a Eex minus the charge density in 0.00eV/Å. The
molecule polarization of polymer is enhanced when the Eex is positive, and
vice versa.
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improvement is 2.7 times that of NPs-0.008wt% film, which surpasses
almost state of art reported nano-modified dielectrics. But what is
more noticeable is that its η is close to 90% at any electric field,
comparable with linear dielectric, which is superior to pure film (75%)
and most other products in its class. First-principles calculation sug-
gests the existence of charge transfer between F and Co3+, restraining
the orientation polarization of linkedmacromolecules, which could be
well accounted for the decreased polarization losses and K of the
composites film after introducing high K nanofillers. The Eex context is
considered into insulating dielectric DFT for the first time, and it is
found that the polymer chain attached to the Co3O4 (denoted as inner
interface layer) receives electrons from the surface of nanomaterial to
enhance themolecularpolarization.While the charge transfer between
them is influenced by Eex resulting in divergence polarization at dif-
ferent interface sites. Based on this, we divide the inner interface layer
in FES model into upper and lower layers and revise their parameters.
The simulation demonstrates that the electric field (E) cavity array
caused by the 2D nano-sieve structure and material difference pro-
duces a micron-scale non-uniform potential distribution array in the
outer interface layer. This potential array plays a trap-like role in
acceleration or buffering free charge carriers, causing the carriers to
move toward the sieve holes, named as “sub-macro potential trap
array”. Impressively, the sub-macropotential trap array could be tuned
by the size and distribution of mesoporous in 2D nanomaterials. This
might be the rational interpretation for the nano-sieves doped film
achieving such a remarkable modification effect.

The E cavity array and sub-macro potential trap array is induced
by nano-sieves in the outer interface layer under high Eex modulating
the free carriers’ transport. The combination of sub-macro potential
trap array with intrinsic defect traps on Co3O4 active surface dimin-
ishes high-speed moving ions or electrons in insulating dielectric,
hinders the discharge channels’ formation, hugely improves the
breakdown resistance of the nanocomposite films. Meanwhile, the

polarization losses are suppressed since thedepressedmacromolecule
orientation polarization in the inner interface layer and the large spe-
cific surface area of nano-sieves. The 2Dnanomaterial structure design
that we developed to improve overall dielectric energy storage per-
formance should be applicable to other material systems and nano-
composites. It may also be helpful for other attempts to elucidate the
modification mechanism.

Methods
Reagents
Ethylene glycol (EG) (99%, Adamas,), aqueous ammonia (NH3·H2O,)
(29%, Adamas), cobalt nitrate hexahydrate (Co(NO3)2·6H2O) (99.99%,
Sigma-Aldrich), sodium carbonate (Na2CO3) (99.8%, Fisher), N,N-
Dimethylformamide (DMF) (99.8%, J.T.Baker), Poly(vinylidene fluor-
ide-co-hexafluoropropylene) (P(VDF-HFP)) (Kynar Flex 2801, 10%).
All the reagents are used as received. Deionized water (~18.2MΩ cm−1)
is employed throughout the study.

Synthesis of 2D Co3O4 nano-sieves with different pore sizes
In a typical preparation of Co3O4 nano-sieves with a mean pore size of
15 nm, denote as 15@Co3O4 NSIs, 12.5ml NH3·H2O and 15ml EG are
evenlymixed in a 50ml beaker, then 3ml 1MNa2CO3 solution is added
and form homogeneous solution after 2min of stirring. Afterwards,
5ml 1M aqueous cobalt nitride solution is added to the above mixed
solution stirring for 20min. The resulting homogeneous purple blends
are transferred into a 50ml Teflon-lined stainless steel autoclave for
sealing and fixation, which is then heated in a temperature-preset oven
at 170 °C for 1020min. After the autoclave naturally cools down to
room temperature, the precipitation is centrifuged and rinsed at least
4 times by deionized water and then once with ethanol. Finally, the
products aredried in a 60 °Cof vacuumovenovernight and calcined in
a program-controlled muffle furnace at 450 °C with a ramp rate of
1 °C/min.
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Fig. 4 | Steady-state E and V distribution. a Equipotential lines around the nano-
sieve in P(VDF-HFP) dielectric. b Local electric field distortion (vertical direction) near
a nano-sieve/polymer matrix interface under an external E = 200MV/m. c Relative
potential difference (Vr) and electric field distortion rate (ξ) induced by, nanosheet,
5@NSIs, 15@NSIs, and 50@NSIs. (Vr = Vmin � Vtheory, ξ = ððEmax � EexÞ=EexÞ× 100%;
where Vmin is minimum of V in the selected area, Vtheory is the theoretical potential
without nanomaterials at the site, Emax is maximum of E in the selected area, Eex is

externally applied electric field. d 3D graphs of Vr of 15@NSIs-0.008wt% in the
selected surface (the image in the upper right is a visual enlargement from the top
right to the bottom, the image in the lower right is a visual enlargement from the
bottom right to the top). e 3D graphs of normE of 15@NSIs−0.008wt% in the selected
surface (the image in the upper right is a visual enlargement from the top to the
bottom, the image in the lower right is a visual enlargement from the bottom to
the top).
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The amounts of precursors and calcination temperature required
for the synthesis of Co3O4 nano-sieves with other pore sizes and
morphology are as follows.
5@Co3O4 NSIs: 12.5ml NH3·H2O, 16ml EG, 2ml 1M Na2CO3 and 5ml
1M Co(NO3)2, 250 °C.
25@Co3O4 NSIs: 12.5ml NH3·H2O, 12ml EG, 5ml 1M Na2CO3 and 5ml
1M Co(NO3)2, 350 °C.
50@Co3O4 NSIs: 12.5ml NH3·H2O, 11ml EG, 7ml 1M Na2CO3 and 5ml
1M Co(NO3)2, 550 °C.
Co3O4 nanoparticles: 12.5ml NH3·H2O, 12.5ml deionized water, and
5ml 1M Co(NO3)2, 250 °C.

Film sample fabrication
The classic solution-casting method is employed in this study to
prepare dielectric film. To make low-concentration nanocomposites
film, 1 g of P(VDF-HFP) powers are firstly dissolved into 20ml of DMF
solvent with vigorous stirring for 2 h to obtain a homogeneous
transparent solution A. 8mg of Co3O4 nanomaterial is dispersed in
20ml of DMF: acetone = 1:1 solvent in a 20ml glass bottle, under
sonicated for 2 h and stirred 0.5 h to form a uniform suspension B.
Following that, a certain amount of X (X = 20, 200, and 2000ul) of B
is added into solution A to obtain a mixed solution with different
concentrations of Co3O4 nanomaterial, corresponding to 0.0008wt
%, 0.008wt%, and 0.08wt% respectively. After sonication for 2 h and
stirring for 12 h, the mixture is cast onto a clean and flat quartz glass
plate (cleaned with isopropanol and ethanol (1:1)) and dried at 40 °C
thermostat for 3 h. Afterwards, the glass plate is transferred to a
120 °C vacuum oven for 8 h to allow the solvent to evaporate com-
pletely. Finally, the flexible film is peeled off after soaking in ice
water for 3min. Film thickness is controlled by concentration of
P(VDF-HFP). The thickness of all the films used for electrical tests is
15–20 um.

Pure P(VDF-HFP) and high-concentration nanocomposites films
are fabricated with identical processes, except that the method of
obtaining the mixed solution before casting is different. For 0.8wt%
and 3wt% doping concentration, 8mg and 30mg of the Co3O4 nano-
material are weighed and added directly to the A solution. For pure
film, solution A could be used directly.

Characterization
Themorphology and structureof nano-fillers and films are determined
by field emission scanning electron microscopy (FSEM, JEOL JSM-
7800F, 10 kV), X-ray diffraction (XRD, PANalytical X’Pert Powder with
Cu Kα radiation), transmission electron microscopy (TEM, FEI, Talos
F200S, 200 kV). X-ray photoelectron spectroscopy (XPS, ESCA-
LAB250) and BET surface area measurement (BET, Quantachrome
Autosorb-2MP) are adopted to analyze the surface element valence
and surface area andpore size of Co3O4nano-sieves. Fourier-transform
infrared spectra (FTIR, Nicolet iS50) is performed from 400 to
4000 cm−1. Differential scanning calorimetry (DSC, Netzsch. Ltd DSC
404 F3) is conducted at a heating/cooling rate of 10 °Cmin−1.
Thermogravimetric analysis (TGA, MERRLER TOLEDO TGA2) test is
carried out with a heating rate 10 °Cmin−1 from ~30 °C to 700 °C under
nitrogen atmosphere.

Electrical measurement
Gold electrodes of diameter 2mm and thickness of 50nm are sput-
tered on both sides of the polymer films by using a high vacuumcoater
(Leika EMACE600). Frequency-dependent dielectric spectras over the
frequency range between 0.1 Hz and 1MHz at room temperature are
collected with a Concept 80 broadband dielectric spectrometer
(Novocontrol Technologies GmbH & Co. KG, Hundsangen, Germany).
High-field electric displacement-electric field (D-E) loops aremeasured
using a ferroelectric test system (aixACCT-TF Analyzer 2000) with a
triangular unipolar wave under 50Hz at room temperature. Dielectric

breakdown strength tests are carried out with DC voltage at a ramping
rate of 200V s−1 and a limiting current of 5mA using a KEYSIGHT
33500Bas the signal generator and aTREKP0621P as voltage amplifier.

Data availability
The data that support the findings of this study are available from the
corresponding author upon request. The data and code are available
on request or specifying the conditions of access. Source data
are provided as a Source data file. Source data are provided with
this paper.
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