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ARTICLE INFO ABSTRACT

Keywords:

The manipulation of interfacial structures offers an effective route to improve the physical and chemical prop-
erties of materials. However, it is challenging to design ceramic-based composites with hybrid interfaces
involved with organics and inorganics through the conventional sintering technique, due to the incompatibility

Inorganic-organic composites
Cold sintering process

gmf O:I,de of these materials at high temperatures. Here, we propose a strategy to integrate poly-ether-ether-ketone
ielectrics . . e . . . . . .
Varistors together with several metal-oxide additives into zinc oxide (ZnO) to form composite varistors via cold sinter-

ing process. Nanoscale layers of hybrid additives are dispersed between densified ZnO grain structures forming
Schottky barriers, which dramatically improves the electrical properties of the resulted composites. Compared
with pure ZnO, the breakdown electric field at 0.1 mA mm ™2 reaches over 13 kV mm L. Particularly, the
composite shows a switch-like effect similar with switching devices, with an extraordinarily high nonlinear
coefficient of 375. In addition, the elastic module decreases with the addition of PEEK. Given the flexibility in the
dopants of polymers and metal oxides, this work provides a unique route to design composite materials with

superior performances.

1. Introduction

Varistors are variable resistors with nonlinear electrical (current-
voltage) characteristics, which are widely used as surge protection de-
vices and voltage regulators in electrical and electronic circuits. The
external lightning or internal switching of the circuit system may lead to
transient overvoltage, which results in the abnormal current and dam-
ages the components of the system [1,2]. The varistors placed in a
suitable position can clamp the voltage and absorb the excess current,
thereby protecting sensitive devices. Nonlinear coefficient (a) and
breakdown electric field (Ep) are two of the most important parameters
for varistor materials [3]. Large a means varistors are sensitive to the
overvoltage in the system and high Ej, could realize the miniaturization
of the devices. In addition, mechanical properties may be also consid-
ered in engineering applications.

The chemical properties and physical structures of the interfaces
have significant impacts on the performances of both structural and

* Corresponding author.
E-mail address: jingguol9@xjtu.edu.cn (J. Guo).

https://doi.org/10.1016/j.compositesb.2021.109349

functional materials [4,5], and thus, the tailoring of interfacial struc-
tures has attracted much attention in the development of novel materials
with unique properties [6,7]. In the case of varistor materials, the
interfacial structure is the key factor to generate Schottky effect and
result in the nonlinear ohmic characteristics [7-11]. At present, the most
commonly used varistor materials are based on ZnO, SrTiOs3, CaCus.
Ti4O12 (CCTO), SnO, and SiC, etc [1,12-16]. Among all of these mate-
rials, ZnO is a typical n-type semiconductor, which has been widely used
in commercial varistors. To improve the electrical properties of ZnO
varistors, some metal oxides are usually added, such as BizO3, V2Os,
C05,03, MnO», Cry03, Sby03, TiO,, etc. [17,18]. With different kinds of
metal-oxide additives, the nonlinear coefficient and Ep of ZnO varistors
can reach 100 and 1000 V mm™?, respectively.

The traditional sintering temperature of ZnO is in the range of
1000-1200 °C, and a lot of researchers have reduced it to 600-1000 °C
by hot press, microwave sintering, spark plasma sintering (SPS) et al. in
recent years [19]. Cold sintering process (CSP) proposed by the group at
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the Pennsylvania State University further lowers the sintering temper-
ature of ZnO to < 300 °C [20,21]. Cold sintering process is a term that
covers several different mechanisms and the critical enabling parameter
is a transient chemical phase that activates the dissolution and precip-
itation process, together with a moderate temperature and pressure
[22].

The lower sintering temperature enabled by the cold sintering pro-
cess [23-26], makes it feasible to integrate polymers into grain bound-
aries of the ceramics [27,28]. Zhao et al. have introduced a ZnO-PTFE
(Poly-tetra-fluoroethylene) nanocomposite varistor via the cold sinter-
ing process at 285 °C. The Ej of the optimum sample (10 vol% PTFE) is
increased to ~3225V mm’l, with a nonlinear coefficient of 4.23 [29].
Ndayishimiye et al. have fabricated the ZnO-PDMS (Poly--
dimethylsiloxane) composites via cold sintering with the in-situ poly-
merization of a thermoset. The (1—x)ZnO-xPDMS composites (0.00< x
< 0.05 vol%) cold sintered at 250 °C under a pressure of 320 MPa for 60
min show high relative densities of above 90% [30]. In addition, in our
previous work [31], we successfully prepared ZnO/PEEK composites
using two different mixing processes together with cold sintering pro-
cess, and found that the solution method with the aid of tetrahydrofuran
and toluene could effectively promote the dispersibility of PEEK in the
ZnO matrix. The feasibility of co-firing ceramics with polymers via cold
sintering process inspires us to develop high-performance composites
with both polymer and metal-oxide additives.

In typical ZnO based varistors, thin layers of metal oxides such as
Biz0s3, Cry03, SboOs, etc. are located at the grain boundaries forming
Schottky barriers, which contribute to the nonlinear characteristics of
the ceramics [31]. In this work, Poly-ether-ether-ketone (PEEK) and
metal oxides including Bi;O3, MnO,, Co303, Cry03 are selected to co-fire
with ZnO using cold sintering process and to design the interfacial
structures of the composites. PEEK is an insulating thermoplastic poly-
mer with a melting point of ~350 °C [32], making it promising to co-fire
with ZnO via cold sintering process. It shows excellent temperature and
chemical resistance, and can be used as a high temperature resistant
structural material and electrical insulation material [33,34]. It is
anticipated that unique physical properties, such as low weight, high
electrical breakdown strength, and high nonlinear coefficient can be
obtained with both PEEK and several metal oxides altering the interfa-
cial structures of the composites.

In this work, the densities, microstructures, mechanical properties,
direct current (DC) and alternating current (AC) electrical properties,
and Finite Element Method (FEM) analysis of the composites are dis-
cussed in detail. We demonstrate that ZnO-PEEK-(Bi;Os.
-Mn0,-C0,03-Cry03) composites can be successfully densified using
cold sintering process with interesting electrical properties, such as an
ultra-high Ej and switch-like effect.

2. Experiments

The ZnO powders was obtained from Forsman Scientific (Beijing)
Co., Ltd (99.9%) with a particle size of 270-330 nm. PEEK powders were
obtained from Jilin Joinature Polymer Co., Ltd. (99%), with an average
particle size of 10 pm. Bi;O3 (80 nm), MnO3 (80 nm), Co203 (30 nm) and
Cry03 (60 nm) were obtained from Beijing Deke Daojin Science and
Technology Co., Ltd and the purities of them are all higher than 99.9%.
Acetic acid, toluene and tetrahydrofuran (THF) were obtained from
Sinopharm Chemical Reagent Co., Ltd. The concentrations of the solu-
tions are all 99%.

2.1. Preparation of powders

According to the formula in Table 1, the ZnO powder was mixed with
several metal oxide additives (BioO3, MnO,, Co203, and Cr,03) and the
mixed powder was abbreviated as powder Z. Then, the mixed powder
was ball milled in ethanol with zirconium balls using a planetary ball
mill tank for 4 h, as shown in Fig. 1. The rotating speed for the ball mill
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Table 1
Composition of powder Z(mol%).
Powder Z ZnO Biy03 MnO, Co303 Cry03
Z0 100.0 - -
Z3 98.2 0.8 0.5 0.5 -
Z6 97.7 0.8 0.5 0.5 0.5

was set to 400 r min~!. Afterwards, the mixture was dried in an oven at
90 °C for 12 h.

The tetrahydrofuran and toluene solution with a volume ratio of 1.1/
1.2 were mixed using the magnetic stirring at 75 °C. The stirring speed
was set to 1000 r min~! and the stirring time was 2 h. Afterwards, the
PEEK powder was added to the uniformly mixed solution (wherein 0.3 g
PEEK powder was added to 100 mL mixed solution). Then, the magnetic
stirring was continued at 75 °C for 6 h with a stirring speed of 800 r
min~ .

Subsequently, according to the formula of ZnPm shown below,
powder Z was added to the mixed solution in which PEEK was dissolved.
The n in the powder ZnPm is the serial number of powder Z (n = 0, 3, 6),
and m is the mass fraction of PEEK (m = 0.25, 0.5, 1, 3 wt%). For
example, ZOP0.25 stands for the composition of Z0 and PEEK with the
mass ratio of 99.75/0.25. After mixing, the powders were milled in a
planetary ball mill tank for 6 h with a speed of 400 r/min. Then, the
mixture was dried at 100 °C for 12 h.

2.2. Cold sintering process

As shown in Fig. 1, 1.0 g ZnPm powder and 0.15 g acetic acid
aqueous solution were mixed in an agate mortar. The concentration of
the acetic acid aqueous solution was 2 mol L™!. After manual grinding,
the wetted powder was put into a die and sintered via cold sintering
process at 330 °C with a heating rate of 5 °C min~! under a pressure of
300 MPa. After holding for 2 h, the samples were naturally cooled to
room temperature.

2.3. Characterization

Densities of cold sintered samples were measured by Archimedes
method. Structures were characterized by X-Ray diffraction with Cu Ka
radiation (PANalytical Empyrean). The scanning of 20 angles ranges
from 7° to 70° with a step of 0.026°. The Full-Prof was adopted for the
XRD Rietveld refinement processing. The Fourier transform infrared
(FT-IR) spectra were measured in the wavenumber range from 400 to
4000 cm ™! at every 0.4821 cm™! using a Thermo Scientific Nicolet iS5.
Microstructures were observed with field emission FE-SEM (Zeiss
Gemini 300) and FE-TEM (JEOL JEM-F200 (HR)). The TEM specimens
were prepared using the focused ion beam (FIB, FEI Helios NanoLab
600i). Prior to the FIB process, the surfaces of the samples were polished,
and sputtered with Au on one side (Sputter coater, Auto Fine Coater,
JFC-1600). The Digital Micrograph software was used to study the TEM
results.

The samples were polished by the sandpaper for electrical mea-
surements. Au electrodes were sputtered on both sides of the samples.
The temperature dependent Current-Voltage data were collected by a
high-voltage & high-temperature test system (PolyK, USA) and the
nonlinear coefficients were calculated based on the E-J curves.

The impedance spectroscopies from 25 to 260 °C were measured in
the frequency range of 100 mHz-8 MHz (Electrochemical workstation,
Zennium-Pro 43139, ZAHNER, Germany) and the dielectric properties
were obtained using Keysight E4990A in 100 Hz-10 MHz. Ideal RC
circuit components were utilized to fit the impedance data. The FEM was
operated using COMSOL with Joule Heating and Heat Transfer in Solid
(ht) Modules. The compressive stress—strain curves were tested by
Electro-mechanical Universal Testing Machines (CMT4202/ZWICK)

with the compression rate of 0.1 mm min ™.
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Fig. 1. The schematic of the preparation of ZnO based composites with PEEK and metal oxide additives through the cold sintering process.

3. Results and discussion
3.1. DC electrical performances and switch-like effect

Fig. 2a and Table S1 (Supporting information) show the main per-
formances of typical varistor materials that have been published and
commercialized. Fig. 2b presents the E-J (electric field-current density)
curves of the cold sintered ZnO-PEEK-(BizO3-MnO3-C0503-Cr03)
samples. Fig. 2¢ and Table S2 (Supporting information) summarize the
obtained nonlinear coefficient and E at 0.1 mA mm 2. As can be seen,

when 0.25 wt% PEEK is added, the Ej, of ZnO is significantly improved
by ~30 times, indicating that the E}; can be enhanced with the addition
of PEEK. PEEK is a good electrical insulation material due to the unique
aromatic backbone structure. The breakdown electric field of PEEK is
hundreds of times higher that of ZnO, as shown in Table S3 (Supporting
information). According to the rules of mixture (ROM) and rule of
hybrid mixtures (RoHM) [35-37], the Ep of the composites could be
improved with the addition of PEEK. The nonlinear coefficient of
ZnO-PEEK composite is only increased slightly compared with pure ZnO,
which was also noted earlier with ZnO-PTFE and ZnO-PDMS composites
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Fig. 2. Comprehensive DC electrical properties. a, Performances of varistor ceramics in the references and the cold sintered samples in this work. b, E-J curves of
pure ZnO, Z0P0.25, Z3P1, Z3P3 and Z6P0.5. c, The nonlinear coefficient and Ej; at 0.1 mA mm 2 of different samples. d, The comparison between E-J curves and
electrical breakdown tests (Time-E curves) in different areas of the sample Z3P1. e, E'/%-InJ curves at 45-125 °C and the calculated activation energy of Z6P0.5.
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[29,30].

With more dopants of Bi;O3, MnO3, Co203, and Cry03, the nonlinear
coefficient can be greatly improved, and the current density shows a
dramatic increase in the E-J curves (the purple ellipse in Fig. 2b). To our
knowledge, this phenomenon is different from the typical E-J charac-
teristics of varistors that have been published so far. (Refer to the typical
non-ohmic characteristics in Fig. S1, Supporting information). It is
similar to the switching effect, although the switching ratio of the
composites is lower than that of traditional switching devices. There-
fore, we define this interesting effect as the switch-like effect. At the
same time, the ZnO based composites with additions of both a hybrid
approach with PEEK and BipO3-MnO2-C0203-Cry03 have ultra-high
breakdown electric fields. The maximum Ej at 0.1 mA mm ™2 reaches
almost 13000 Vmm ! at room temperature, with a nonlinear coefficient
(a) of 41 (sample Z3P1). In addition, the maximum nonlinear coefficient
() of 375 is obtained in sample Z6P0.5, and its Ej is 5000 V mm ™!, The
calculated breakdown voltage per grain boundary (Vg) of Z6P0.5 and
Z3P1 are 2.89 V gb™! and 9.50 V gb™!, respectively, as shown in
Table S4 (Supporting information). Compared with pure ZnO, Ej can be
increased by more than 100 times, Vg can be improved by ~40 times,
and the nonlinear coefficient a can be increased by over 350 times.

Fig. 2d shows the E-J curves and the electrical breakdown strength of
different locations in sample Z3P1. The obtained data are similar with
each other, revealing that the cold sintered composites have homoge-
neous microstructures. It also can be seen that the electrical breakdown
strength of Z3P1 exceeds 21000 V mm ™}, which is much higher than the
Ep at 0.1 mA mm? (~13000 V mm™}), indicating that the composite
varistor can still maintain a safe working state at high current regions.

The comprehensive analysis of Fig. 2b-d demonstrates that PEEK
plays a critical role in the Ep and the metal oxides such as BipO3, MnO»,
Co203, and Cry03 have a great influence on the nonlinear coefficient.
The varistor effect is mainly due to the doping of Bi;Os. In addition,
MnO;, Co03 and Cry0O3 promote the grain boundary resistance of the
composite and the barrier height at the grain boundary [18,38]. The
details of the effects of Bi;O3, MnO2, Co203, and Cry0O3 on the properties
of varistors can be found in the supporting information. ZnO based
composites with an ultra-high Ej, and excellent nonlinear coefficient can
be obtained with the addition of both PEEK and metal-oxide additives
through cold sintering process.

Conduction mechanism is the basis for studying the electrical char-
acteristics of varistors and other semiconducting materials. Much effort
has been made in the past decades focusing on the conduction mecha-
nism issue in ZnO varistors [16,39-41]. Essentially, it is generally
believed that the nonlinear I-V characteristic of ZnO varistors is caused
by the charge carries transporting across the double-Schottky barrier
(DSB) formed at the grain boundaries. As the Fermi level of the n-type
semiconducting grain is higher than that of the sandwiched boundary
material, electrons flow from the grain to the grain boundary, where
they are trapped by the defects and dopants, to increase the local Fermi
level until it is the same throughout the structure. At equilibrium, the
trapped electrons act as the negative sheet charge at the boundary,
leaving behind a layer of positively charged donor sites on either side of
the boundary (termed as the depletion layer) that render the energy
bands of grains bending upward near the boundary and thus create an
electrostatic field with a barrier at the boundary [42-45].

In order to analyze the conduction mechanism of cold sintered ZnO-
PEEK-(BizO3-MnO2—Co203-Cry03) composites, temperature dependent
E-J characteristics of sample Z6P0.5 have been studied, as shown in
Fig. 2e. The Schottky emission current depends on the temperature and
electric field that follows Equation (1) [29]:

J=AT’exp(fE* —q &) (@)

where J is the current density, A is a constant, T is the absolute tem-
perature, /3 is a constant, E is the applied electrical field, g is the charge,
and @ is the Schottky barrier height. There is a linear relationship
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between E'/2 and InJ at low electric fields, as shown in Fig. 2e, indicating
that Schottky emission current dominates the conduction mechanism of
the composites at low electric fields. The calculated activation energy
for Schottky emission (@) is ~0.32 eV (The details for the calculation
can be found in Extended information #1 and Table S5 in Supporting
information), which is close to the data of ZnO-PTFE [29].

As shown in Fig. S2 (Supporting information), the E-J characteristics
of the samples have been tested at different temperatures from —50 to
125 °C. At —50 °C, the nonlinear coefficient of the composite varistor
reaches ~600.

3.2. AC electrical performances and finite element analysis

Fig. 3a shows the frequency dependent permittivity of the cold sin-
tered samples at room temperature. It is seen that the permittivity de-
creases with increasing the frequency in the range of 100 Hz to 10 MHz.
Due to the low permittivity of PEEK (& = 3.45-3.50, 1 kHz-10 MHz)
[46], the permittivity of ZnO based composites with PEEK and
metal-oxide additives is lower than that of pure ZnO ceramics [47]. In
the case of the same ratio of added metal-oxides (Z3P1 and Z3P3), the
permittivity of the composites decreases with increasing the amount of
PEEK. From the frequency dependent dielectric loss as shown in Fig. 3b,
a bump is observed in cold sintered ZnO ceramics in the frequency range
of 30 kHz-180 kHz, resulting from the electron relaxation process of
intrinsic defects [42,48].

Impedance spectroscopy can be used to study the electrical proper-
ties of grain boundaries. Therefore, the impedance spectroscopy tech-
nique has been adopted to further study the conduction mechanisms of
the ZnO-PEEK-(Bi»03-MnO2-Co503-Cro03) composite varistors. Fig. 3¢
shows a Nyquist plot of the impedance of cold sintered composites at
room temperature. The complex impedance (Z) data can be interpreted
using RC (R, resistance; C, capacitance) equivalent circuit model, where
the ZnO grains are connected in series with grain boundaries composed
of PEEK and metal oxides. The grain (Rg) and grain boundary (Rg)
resistance can be obtained from the intercept at the high and low fre-
quency limit, respectively. It is seen that Rg, is in the range of 101%-101!
Q. As shown in Table S6 (Supporting information), with increasing the
amount of PEEK from 1 wt% (Z3P1) to 3 wt% (Z3P3), Ry, is increased
from 2.294 x 10'! to 3.541 x 10'! Q, indicating that PEEK has a sig-
nificant effect on the grain boundary resistance. In addition, the ob-
tained grain resistances of all the samples are around 32-36 Q, revealing
that the PEEK and metal oxide additives of BisO3-MnO3;—C0203-Crs03
have little influence on the grain resistance, as would be expected as the
diffusional process in cold sintering is limited to the grain boundary
diffusion, and there is no bulk diffusion, or extensive grain growth under
the conditions used here.

Fig. 3d shows the temperature dependence of the complex imped-
ance of the sample Z6P0.5. The resistance decreases with increasing
temperature and follows the Equation (2) [29]:

E,
R= ROexP(KAT) 2)

Where Ry is a constant, E, is the activation energy, Kp is the Boltzmann
constant, and T is the absolute temperature. The activation energy of the
grain boundary resistance is extracted from the Arrhenius plot, as shown
in Fig. 3e. The Arrhenius plot shows a feature with two slopes and the
calculated activation energy is changed at the temperature of 95-100 °C,
which is associated with the defects at the grains and mixed grain
boundaries [48]. In the low temperature region, the composite shows a
relative low activation energy ranging from 0.35 to 0.39 eV, which may
be contributed from the oxygen vacancy. The activation energy at the
high temperature region may result from the oxygen chemisorption or
interfacial polarization [49-51].

In order to further study the conduction mechanism of the grain
boundary, a thermal-electric coupling simulation has been conducted
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using finite element method (FEM). To simplify the calculation, the
following assumptions are made: two cubes with a side length of 1 pm
are established as ZnO grains, and a cuboid with a width of 0.1 ym is
established as a mixed grain boundary. The mixed grain boundary is
composed of PEEK and metal-oxides. The model is shown in Fig. 3f and
the detailed parameters of materials can be found in Fig. S3 (Supporting
information). In the thermal-electric coupling calculation, a voltage
potential of 0.01 V is applied on the ends of the grains and the tem-
perature range is from —40 to 125 °C.

Fig. 3f and Fig. S4 (Supporting information) show the FEM calcula-
tion results. It is observed that as the temperature increases, the
maximum value of the current density in the grain boundary shows an
increasing trend. It demonstrates that the resistivity of the grain
boundary decreases with the temperature increasing, which is in a good
agreement with the results of the temperature dependent electrical
properties shown in Fig. 3d.

Since the grain boundary is a combination of organic material and
metal oxides, the temperature dependent electrical performances can be
considered to be anisotropic. Due to the anisotropy, the space current
density distribution is not homogeneous in the grain boundary, as shown
in Fig. 3f and Fig. S4 (Supporting information), which indicates that the
location with a larger current density is more easily to be broken-down.
Therefore, it is speculated that there is a connection between the switch-
like effect and the compositions and microstructures of the grain
boundaries.

3.3. The microstructures leading to ultra-high breakdown performances
and switch-like effect

According to the combination of electrical performances and FEM
results, it is inferred that the high breakdown strength and switch-like
effect are closely related to the microstructures, especially the grain
boundary features. Therefore, a detailed microstructural analysis has
been performed including SEM and TEM.

Relative densities of all the cold sintered samples are shown in
Fig. 4a and Fig. S5 (Supporting information). Z3P3 has a relative density
of 87%, and all the other samples are densified to over 90%, indicating
that cold sintering process is a promising technique to densify ZnO with
PEEK and metal oxide additives. Fig. 4b shows the XRD patterns of the
samples after cold sintering process. The XRD peaks representing ZnO
and BiyO3 can be clearly detected and no impure phases can be
observed, revealing that ZnO, PEEK and the metal oxide additives of
Biz03, MnO3, Co203, and Cry03 coexist with cold sintering process. It is
also noted that the peaks of other metal oxide additives (Co, Cr, Mn) are
not obvious because the content of these additives are small. As a
polymer, the XRD peaks of PEEK are broad and weak, and not obvious
with the amount in the range of 0-3 wt%. Fig. 4c, Fig. S6 and Table S9
(Supporting information) show the structural refinement results of the
pure ZnO, Z0P0.25 and Z6P0.5. The cell parameters of ZnO in ZOP0.25
and Z6P0.5 have little changes compared with those of pure ZnO.

FT-IR has been employed to detect the existence of PEEK. Fig. 4d
shows the FT-IR spectra of cold sintered ZnO and ZnO based composites.
The aromatic skeleton, ether bond (C-O-C), aromatic hydrogen and the
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Fig. 4. Densities, structures, and micro-morphologies. a, The relative densities.

b, The XRD patterns. ¢, The structural refinements of Z6P0.5. d, The FT-IR spectra. e,

The SEM images of Z6P0.5 raw powder and cross sections of cold sintered Z6P0.5. f, The particle size distribution of ZnO and Z6P0.5 raw powder, and cold sintered

ZnO and Z6P0.5.

diphenyl ketone are detectable in all the composite samples, and the
ketone group (C=O0) is observed in the sample Z3P3 with the highest
amount of PEEK (3 wt%). The FT-IR results are consistent with the lit-
eratures on the PEEK materials [52,53], demonstrating that PEEK sur-
vives under the cold sintering conditions. Fig. 4e present the SEM images
of Z6P0.5 powder and cold sintered sample, respectively. After the cold
sintering process, the powder is sintered to a dense ceramic, and few
pores can be observed. The SEM micrographs of other samples can be
found in Fig. S7 (Supporting information).

Fig. 4f shows the particle size distribution of raw powders and cold
sintered samples of ZnO and Z6P0.5. It can be clearly seen that the ZnO
grains grow from 330 nm to 2-3 pm in the pure ZnO samples prepared
by cold sintering process at 330 °C for 2 h under a pressure of 300 MPa.
For the composites with PEEK and various metal oxide additives under
the same cold sintering condition, there is only slight change in the
particle size of ZnO, indicating that the PEEK and metal oxide additives
located at the grain boundaries effectively suppress the grain growth of
ZnO during the cold sintering process. The areas of grain boundaries
increase with smaller grain size, which is beneficial to the improvement
of the breakdown electric field, nonlinear coefficient and grain bound-
ary resistance [54].

The interfacial structures of  the ZnO-PEEK-(Bi5O3.
—-MnO,-Co0203-Cry03) composites are further studied using high reso-
lution TEM, as shown in Fig. 5 and Fig. S8 (Supporting information).
PEEK is dissolved in a mixed solution of tetrahydrofuran and toluene,
and cold co-sintered with ZnO together with metal-oxide additives.
Element C, Bi, Mn, Co, and Cr are observed along the grain boundary, as
shown in Fig. 5a, indicating that the PEEK and metal-oxide additives are
dispersed in ZnO matrix forming complex grain boundaries after cold
sintering process. It can be seen in Fig. 5b that the main component of
the grain boundaries is Bi;O3. In addition, some metal-oxide nano-
crystals and polymers in the range of several nanometers could be
observed in the grain boundary. The EDS mapping results in Fig. S8
(Supporting information) further indicate that the hybrid grain bound-
aries are constituted by PEEK and metal oxides.

Fig. 5c-h show the thin grain boundaries with several nanometers,
including hybrid interfaces (Fig. 5¢c-d), ZnO-PEEK interfaces (Fig. Se—f)
and ZnO-ZnO interfaces (Fig. 5g-h). The polymer phase is identified by
the Fast Fourier Transform (FFT) calculation as shown in Fig. 5e-f. The
crosslink sites of PEEK in the grain boundaries may offer traps for the
charges, which can improve the electrical properties of composites [55].
It is pointed out that the overall performances of varistors are generally
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Fig. 5. High resolution TEM and EDS mapping of cold sintered Z6P0.5. a, The TEM and corresponding EDS results of the hybrid grain boundary. b-d, HRTEM
micrographs corresponding to Fig. 5a. f-h, HRTEM micrographs showing the typical grain boundaries.

enhanced with thinner grain boundaries [56]. Therefore, it is inferred
that the structures of the complex grain boundaries of the composites
dominate the unique electrical performances, such as the ultra-high Ej
and switch-like effect.

Fig. S9 (Supporting information) depicts the mechanical properties
of the samples prepared by cold sintering process. It is seen that the
elastic module decreases from 1222 MPa (pure ZnO) to 711 MPa (Z3P3)
with increasing the amount of PEEK. It is demonstrated that the flexi-
bility of the composites can be improved with the addtion of PEEK.

4. Conclusions

The strategy of hybrid interface design has been adopted via cold
sintering process in this work. The highly insulating thermoplastic
polymer (PEEK) has been dissolved through a mixed solution of tetra-
hydrofuran and toluene. The dissolved PEEK, metal oxides (BipOs.
~MnO,-Co0203-Cry03) and ZnO matrix were densified by cold sintering
process at 330 °C and 300 MPa for 2 h forming inorganic-organic
composites. Thin layers of hybrid grain boundaries including metal
oxides and polymers were observed using HRTEM, and some nano-
crystals and polymers in the range of several nanometers were detected
in the grain boundaries. The unique interfacial structures significantly
improve the electrical properties of ZnO-based composites, such as Ej,
and nonlinear coefficients. Particularly, a unique phenomenon —
switch-like effect can be observed. The Ej of the composite varistor
reaches up to 13 kV mm™!, and the maximum nonlinear coefficient

exceeds over 300. The temperature dependent E-J characteristics indi-
cate that Schottky emission current dominates the conduction mecha-
nism of the composites at low electric fields, and the calculated
activation energy for Schottky emission is ~0.32 eV. The impedance
data reveal that the PEEK and metal oxide additives have a significant
effect on the grain boundary resistance. The temperature dependence of
the complex impedance shows a feature with two slopes and the
calculated activation energy is changed at the temperature of 95-100 °C,
which is associated with the defects at the grains and mixed grain
boundaries. The FEM analysis further demonstrates that the resistivity of
the grain boundary decreases with the temperature increasing and the
space current density distribution is not homogeneous in the grain
boundary. At the same time, the flexibility of the composites has been
improved by the addition of PEEK. In summary, the concept of inte-
grating multiple organic and inorganic materials and altering the
interfacial structures using the dissolution mixing method together with
cold sintering process offers a promising route to develop new genera-
tion composites with improved functionalities.
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