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ABSTRACT: A  high  voltage  gradient  (Vg)  of  ZnO-based  varistor
ceramics  is  critical  for  realizing  miniaturized  and  lightweight
overvoltage  protection  devices.  However,  improving Vg of  ZnO-
based  varistor  ceramics  through  conventional  high-temperature
sintering process remains a significant challenge. Here, we present a
strategy  to  fabricate  ultrahigh  voltage-gradient  ZnO-based  varistor
ceramics  by  combining  cold  sintering  process/spark  plasma
sintering  (CSP–SPS)  with  post-annealing  process.  Employing
CSP–SPS, the ZnO-based varistor ceramics were initially densified at
300  °C  and  subsequently  annealed  at  a  low  temperature  of  700–
900  °C.  CSP–SPS  technique  combined  with  a  low  annealing
temperature enables the production of ZnO-based varistor ceramics
with fine and homogeneous microstructures, while suppressing the
volatilization  of  Bi-rich  phases  at  grain  boundaries.  This  approach  achieves  the  ultrahigh Vg of  ~1832.71  V/mm,  high  nonlinear
coefficient  (α)  of  ~106.69,  and  low  leakage  current  density  (JL)  of  less  than  0.2  μA/cm2.  This  work  shows  that  the  integration  of
CSP–SPS and post-annealing provides a promising way to design ZnO-based varistor ceramics with ultrahigh Vg.
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1    Introduction
ZnO-based  varistor  ceramics  exhibit  excellent  nonlinear
current−voltage  characteristics  and  are  widely  used  as  the  core
component  of  metal  oxide  arresters  (MOAs)  for  high-voltage
power  systems  and  surge  pulse  devices  (SPDs)  in  low-voltage
electronic  circuits  [1,2].  With  the  rapid  development  of  extra-/
ultrahigh  voltage  power  transmission,  ultrahigh  voltage  gradient
ZnO-based  varistor  ceramics  are  highly  desirable  for  overvoltage
protection  and  insulation  coordination  [3].  Generally,  the  non-
ohmic behavior of ZnO-based varistor ceramics is determined by
double-Schottky  barriers  (DSBs)  at  the  grain  boundaries,  which
can  be  manipulated  by  dopants  such  as  Bi2O3,  Mn2O3,  CoO,
Sb2O3,  and  Cr2O3,  as  well  as  through  sintering  techniques.
Recently,  several  types  of  rare-earth  metal  oxides  (In2O3, Y2O3,
etc.)  have  been  introduced  into  ZnO-based  varistor  ceramics  to
enhance  the  voltage  gradient  (Vg)  [4,5].  Incorporating  rare-earth

metal  oxides  effectively  decreases  the  grain  size  of  ZnO ceramics
and  achieves  the  enhanced Vg of  444  V/mm  [5].  Alternatively,
nano-sized ZnO powders have been used to regulate the grain size
distribution,  which  improves Vg of  ZnO  varistors  up  to
803 V/mm [6]. However, a high sintering temperature (~1200 °C)
and long soaking time are still  required to densify green samples
via  conventional  solid-state  sintering  technique,  leading  to
significant energy loss, grain overgrowth, and volatilization of Bi-
rich phase at grain boundaries [7,8].

In  recent  decades,  rapid  sintering  techniques  have  emerged,
including  spark  plasma  sintering  (SPS)  [9,10],  microwave
sintering (MW) [11,12], flash sintering (FS) [13,14], ultrafast high-
temperature  sintering  (UHS)  [15],  and  cold  sintering  process
(CSP).  Specifically,  since  2016,  CSP  has  been  extensively
developed  to  densify  ceramic  materials  at  temperatures  ranging
from  room  temperature  to  300  °C  within  a  short  sintering  time 
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(from  a  few  minutes  to  several  hours)  [16,17].  Typically,  CSP
refers  to  a  mixture  of  ceramic  powders  and  a  suitable  transient
liquid phase  (such as  water,  weak acids,  or  organic  solutions)  set
in a die and heated under uniaxial pressure; thus, the densification
of  ceramics  can  be  completed  through  a  mediated
dissolution−precipitation  process  at  a  temperature  below  300  °C
[18].  Recent  studies  show successful  CSP densification of  diverse
ceramic materials, such as ZnO [19], BaTiO3 [20], SiO2 [21], and
Li1.5Al0.5Ge1.5(PO4)3 [22].  Furthermore,  CSP  also  has  a  unique
advantage  in  bridging  the  sintering  gap  among ceramics,  metals,
and  polymers.  New  ceramic  composites  such  as  ZnO–
polytetrafluoroethylene  (PTFE)  [23,24],  ZnO–poly-ether-ether-
ketone  (PEEK)  [25],  SiO2–PTFE  [26],  V2O5–poly(3,4-
ethylenedioxythiophene):poly(styrene  sulfonate)  (PEDOT:PSS)
[27],  Na2Mo2O7 (NM)-poly(ether  imide)  (PEI)–Ag  [28],  and
ZnO–PEI–Cu [29] have been developed, which indicates that CSP
has  potential  for  low-temperature,  high-efficiency  preparation  of
new functional ceramics and ceramic-based composites.

More recently, CSP assisted by electric and magnetic fields was
proposed,  which combines CSP with SPS or  FS to provide more
homogeneous  heating  and  shorter  sintering  time  [30−32].
Gonzalez-Julian et al. [33] studied the coarsening of ZnO particles
under  various  temperatures  and  humidities  using  field-assisted
sintering  technique/spark  plasma  sintering  (FAST/SPS)  and
analyzed  the  cold  sintering  mechanisms  of  ZnO  ceramics  via
Kelvin probe force microscopy. Nie et al. [31] reported the water-
assisted flash sintering of ZnO ceramics in seconds. Kermani et al.
[34]  proposed  flash  cold  sintering  (FCS)  by  combining  flash
sintering  with  cold  sintering,  obtaining  high-density  ZnO  and
Nb2O5 ceramics  in  60–100  s.  Although  CSP  or  electric  and
magnetic  fields  assisted  CSP  has  been  successfully  applied  to  a
wide variety of ceramic materials in a single-step sintering process,
it  remains  challenging  and  sometimes  causes  incomplete
densification  [35].  In  many  cases,  CSP  serves  as  a  pre-sintering
step  to  promote  grain-to-grain  contacts,  followed  by  a  post-
annealing process to achieve full densification of ceramics [36,37].
This process is similar to the two-step sintering process, whereas it
allows  a  significant  reduction  in  the  sintering  temperature
compared to non-CSP-treated samples [38].

In our previous work, ZnO-based varistor ceramics with simple
recipes  (ZnO,  Bi,  Co,  and  Mn)  were  successfully  prepared  using
CSP at 300 °C; however, the nonlinear coefficient (α) reached only
33.5  [39].  To  date,  it  is  still  challenging  to  fabricate  ZnO-based
varistor  ceramics  via  CSP  because  of  their  complex  chemical
systems  containing  approximately  90−99  wt%  ZnO  and  various
dopants  with  concentrations  ranging  from  parts  per  million
(ppm)  to  several  percentages.  In  this  work,  multidoped  ZnO-
based  varistor  ceramics  were  fabricated  via  hybrid  cold  sintering
process/spark  plasma  sintering  (CSP–SPS)  and  post-annealing
process.  Typically,  the  CSP–SPS  sample  annealed  at  775  °C
presents the ultrahigh Vg of 1832.71 V/mm, an α value of 106.69,
and  an  exceptionally  low  leakage  current  density  (JL)  below
0.2 μA/cm2. The effects of the microstructure and Schottky barrier
at the grain boundaries on the ultrahigh voltage gradient of ZnO-
based varistor ceramics are discussed.

2    Experimental

2.1    Sample preparation
ZnO  powder  (99.95%)  with  a  particle  size  of  ~206  nm  was
obtained  from  Acros  Organics,  USA.  Bi2O3 (99.9%,  80–200  nm)
and  CoO  (95%)  were  purchased  from  Alfa  Aesar  (Alfa  Aesar
Chemical  Reagent  Co.,  Ltd.,  Shanghai,  China).  Mn2O3 (98%),

Cr2O3 (99.95%), Y2O3 (99.99%, 50 nm), In2O3 (99.99%, < 100 nm),
NiO  (99.5%,  <  30  nm),  CaO  (98%,  <  160  nm),  and  acetic  acid
(99.8%)  were  purchased  from  Aladdin  (Bio-Chem  Technology
Co.,  Ltd.,  China).  ZnO  powder  (93.4875  mol%)  and  other
dopants,  such  as  Bi2O3 (1.2  mol%),  CoO  (2.2  mol%),  Mn2O3
(0.25  mol%),  NiO  (1.3  mol%),  Cr2O3 (0.1  mol%),  CaO
(1.0  mol%),  Y2O3 (0.45  mol%),  and  In2O3 (0.0125  mol%)  were
mixed with ethanol by ball milling at a rotating speed of 380 r/min
for  12  h.  Afterwards,  the  mixture  was  dried  in  an  air  circulation
oven at 80 °C for 12 h.

Densification  of  ZnO-based  varistor  ceramics  was  carried  out
using  the  CSP−SPS  route  using  a  SPS  equipment  (211Lx,  Fuji
Electronic  Industrial  Co.,  Ltd.,  Japan).  A  20  wt%  acetic  acid
aqueous solution (2 mol/L) was added to the mixed powder as the
liquid  phase,  and  then,  the  moist  powder  was  homogeneously
ground  using  a  high  shear  process  with  a  mortar  and  pestle.
Afterwards,  the  mixture  was  transferred  into  a  graphite  die
(10.5 mm in diameter) and uniaxially pressed under 50 MPa. The
die  was  heated  to  the  target  sintering  temperature  (200–300  °C)
with a ramp rate of 50 °C/min under vacuum (0.1 mbar), followed
by  isothermal  holding  at  the  target  temperature  for  5–20  min.
Finally,  the  sample  was  taken  out  from  the  die  after  the  furnace
cooled to room temperature. The detailed CSP–SPS process of the
samples  is  shown  in  Fig.  S1  in  the  Electronic  Supplementary
Material  (ESM).  The  samples  prepared under  different  CSP–SPS
conditions  are  denoted  as  S-temperature-time.  For  example,  for
S-200-5,  the  sintering  temperature  and  soaking  time  are  200  °C
and 5  min,  respectively.  Moreover,  pure  ZnO ceramics  (denoted
as  CSP–SPS-300)  were  also  prepared  by  CSP–SPS  at  300  °C  for
comparison.  Considering  that  CSP–SPS  is  carried  out  in  a
low-oxygen  partial  pressure  environment,  the  samples  require
further  heat  treatment  in  air  to  regulate  grain  boundary  defects,
thereby improving their electrical properties. The sample S-300-10
was selected for annealing at 700–900 °C for 1 h and then cooled
with furnace.  The detailed annealing process  is  also  illustrated in
Fig.  S1  in  the  ESM.  The  samples  S-300-10  annealed  at  different
temperatures  are  denoted  as  S-A-tem.  (tem.,  annealing
temperature).

2.2    Characterizations
The densities of the samples were measured by the mass/geometry
ratio  and  the  Archimedes  method  with  ethanol  as  the  liquid
medium.  The  crystal  structures  of  the  powders  and  ceramic
samples  were  determined  via  an  X-ray  diffractometer  (XRD;
Empyrean, PANalytical,  Netherlands) with Cu Kα radiation. The
diffraction  data  were  collected  from  10°  to  90°  at  a  step  size  of
0.026°. Microstructural observations were carried out on the cross-
sections  of  the  samples  using  a  field-emission  scanning  electron
microscope  (SEM;  JSM-6390A,  JEOL,  Japan).  A  transmission
electron  microscope  (TEM;  FEI  Talos  F200X,  USA)  equipped
with  energy  dispersive  spectroscopy  (EDS)  were  used  to  observe
the  microstructures  and  compositions  of  the  grain  boundaries
(GBs).  The  valence  states  of  the  ZnO-based  varistor  ceramics
before and after annealing were tested by an X-ray photoelectron
spectrometer (XPS; K-Alpha, Thermo Scientific, USA). The X-ray
source was produced at a power of 72 W (12 kV, 6 mA), and the
analysis  chamber  was  equipped  with  a  vacuum  below
2.0×10−7 mbar.  The  binding  energy  scale  was  calibrated  with  the
C 1s line (284.8 eV) from the adventitious carbon contamination
layer to ensure accurate measurement of the chemical states.

The  ceramic  samples  were  polished  with  sandpaper,  and  the
final  size  was  1  mm  in  thickness  and  10  mm  in  diameter.  Au
electrodes with a diameter of 5 mm were sputtered on both sides
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of  the  samples  by  a  high-resolution  sputtering  coater  (Q150TS,
Quorum,  UK).  The  current  density–electric  field  (J–E)
characteristics  were measured using a precise high-voltage digital
sourcemeter  (R2-P60W300,  Dalian  Haifu  Technology  Co.,  Ltd.,
China),  a  picoammeter  (DMM6500,  Keithley,  USA),  and  a  delta
oven (Delta 9023, Delta Design, USA) from room temperature to
120 °C. The voltage gradient was obtained through Vg = U1 mA/d,
and  the  nonlinear  coefficient  was  calculated  with α =
1/log(U1  mA/U0.1  mA),  where d is  the  thickness  of  the  sample,  and
U1  mA and U0.1  mA are  the  voltages  at  current  densities  of  1  and
0.1  mA/cm2,  respectively.  The  impedance  spectra  were  obtained
via  a  broadband  dielectric  spectrometer  (Concept  80,
Novocontrol,  Germany)  in  the  frequency  range  from  0.1  Hz  to
1  MHz  over  the  temperature  range  of  25–200  °C,  using  1  V
alternating current (AC) signals for excitation.

3    Results and discussion
The  densification  behavior  of  ZnO-based  varistor  ceramics  was
investigated  by  monitoring  the  displacement  of  punch  rods
induced by powder shrinkage during CSP–SPS. The shrinkage (η)
of a sample can be calculated by Eq. (1):

η =
L0 − LT

L0
×100% (1)

where L0 is  the  initial  thickness  of  the  samples  at  room
temperature under an external pressure of 50 MPa, and LT is the
thickness  of  the  sample  at  the  sintering  temperature  of T.
Figure  1(a)  shows  that  the  densification  process  of  ZnO-based
varistor  ceramics  during  CSP–SPS  can  be  divided  into  three
different  stages.  In  the  first  stage  (from  room  temperature  to

~105 °C), the sample exhibits a relatively small shrinkage of 3.38%.
In  the  second  stage  (105–200  °C),  a  significant  shrinkage  of
28.04% can be observed. As the sintering temperature increases to
the  third  stage  (200–300  °C),  the  shrinkage  decreases  to  4.60%.
The three shrinking stages of ZnO-based varistor ceramics can be
attributed to particle dissolution−rearrangement, rearrangement−
dissolution−precipitation, and grain growth during CSP–SPS [40].
Notably,  the  rapid  densification  starts  at  105  °C  for  S-300-10,
which  is  relatively  delayed  compared  with  pure  ZnO  ceramics
occurring  at  87  °C,  as  shown  in Fig.  1(a)  and  Fig.  S2(a)  in  the
ESM.  The  mass  transfer  and  grain  growth  in  S-300-10  may  be
hindered  by  the  doped  metal  oxides  [41],  which  affects  the
densification  process  during  CSP–SPS  process.  The  densification
mechanisms  can  be  described  by  the  Kingery  liquid-phase
sintering  model  [42],  and  the  shrinkage  dependence  given  by
Eq. (2) determines the change of linear shrinkage.

L0 − Lt

L0
= Ktn (2)

where L0 is the initial thickness of the sample; Lt is the thickness of
the sample at the sintering time of t; K is a constant related to the
material  and sintering conditions.  The densification rates  at  each
stage can be determined by n in Eq. (2). When n is equal to 2 or 3,
it indicates that reaction or diffusion is the dominant mechanism
during the formation of spherical  or equiaxed particles,  while for
angular particles, n is equal to 3 or 5 at the same stage. Figure 1(b)
shows that the slope of S-300-10 in the second stage is 2.69, which
is greater than the reported slope of 1 for the conventional liquid-
phase sintering method but less than the slope of 3.13 for the pure
ZnO  ceramics  sintered  by  CSP–SPS  (Fig.  S2(b)  in  the  ESM).
Therefore, it is believed that the pressure and electric field applied

 

Fig. 1    Shrinkage  with  (a)  sintering  temperature  and  (b)  soaking  time  of  sample  S-300-10  via  CSP–SPS;  (c)  relative  density  of  samples  with  different  sintering
temperatures and soaking time. (d) XRD patterns of mixed powder and ZnO-based varistor ceramics prepared using CSP–SPS at different sintering temperatures and
soaking time.
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in CSP–SPS may greatly promote mass transfer during sintering.
The  pressure  is  beneficial  for  enhancing  the  contact  between
particles and reducing the diffusion distance,  whereas the electric
field  is  helpful  for  accelerating  the  migration  of  charged  species
and  facilitating  the  mass  transfer  process  [43,44].  However,  the
inconsistent dissolution of various dopants in acetic acid solution
may  block  the  densification  process.  Non-uniform  dissolution
during  CSP  leads  to  an  inhomogeneous  distribution  of  dopants,
which  disrupts  the  regular  mass-transfer  paths  and  restrains  the
formation of a continuous densification network [17]. During the
third  stage,  both  pure  ZnO  ceramics  and  the  doped  sample
S-300-10  show  shrinkage  slopes  of  approximately  1/3,  which  is
consistent  with  the  phase-boundary  controlled  case  in  Kingery’s
model  [40,45].  Generally,  in  the  phase  boundary-controlled
sintering  process,  the  densification  rate  is  limited  by  the
movement of solid–liquid phase boundaries. As the solid particles
dissolve into the liquid phase and precipitate at the contact points,
the  phase  boundaries  gradually  move  and drive  the  shrinkage  of
the sample.

Figure  1(c)  shows  the  relative  density  of  ZnO-based  varistor
ceramics as functions of sintering temperature and time. Samples
sintered  at  200  °C  for  5  min  show  approximately  89.1%  relative
density,  while  the  value  increases  to  ~91.2%  when  sintered  at
300 °C for 5 min. Furthermore, the relative density of the samples
is  further  increased  to  ~94%  by  extending  the  soaking  time  to
10  min.  However,  the  relative  density  of  ZnO-based  varistor
ceramics does not clearly increase with increasing soaking time up to
20  min,  which  is  much  lower  than  the  99.1%  of  the  pure  ZnO
ceramic  fabricated  via  CSP–SPS,  as  shown  in  Fig.  S2(c)  in  the
ESM.  Thus,  the  densification  of  ZnO-based  varistor  ceramics  is
not well completed because of the incongruent dissolution of ZnO
and doped oxides in acetic acid solution during CSP–SPS [35].

Figure 1(d) shows the XRD patterns of the mixed powder and
ZnO-based  varistor  ceramics  prepared  under  different  CSP–SPS
conditions.  ZnO  with  a  hexagonal  wurtzite  crystal  structure
(PDF#70-2551)  and  β-Bi2O3 were  observed  in  the  powder
mixture, while other dopants were not detected, probably because
of  their  low content.  In  the  ZnO-based  varistor  ceramics,  BiO2−x
and  Bi  are  found,  and  their  diffraction  peaks  increase  with
increasing sintering time at 300 °C. It is demonstrated that Bi2O3
is reduced into Bi and BiO2−x because the CSP–SPS process occurs
under  an  atmosphere  of  low  oxygen  partial  pressure,  and  an

increase  in  sintering  temperature  and  soaking  time  further
promotes the reduction reaction [10,46].

Figures  2(a)–2(c)  show  the  microstructures  of  ZnO-based
varistor ceramics under different  CSP–SPS conditions.  The grain
size  of  each  sample  was  measured  using  the  Nano  measurer
software,  and the average grain size (l)  was evaluated via the line
intercept  method  [47],  as  shown  in  the  insets  of Figs.  2(a)–2(c).
The  ZnO-based  varistor  ceramics  exhibit  dense  microstructures
with grain size increasing slightly as the sintering temperature and
soaking  time  increase.  The  grain  size  of  S-300-10  is  ~253  nm,
which is  larger  than that  of  the  starting  ZnO powder  (~206 nm,
shown  in  Fig.  S3(a)  in  the  ESM),  indicating  that  ZnO-based
varistor ceramics experience a typical sintering process. However,
the  value  is  substantially  smaller  than  that  of  the  pure  ZnO
ceramics (~615 nm) prepared with the same CSP–SPS conditions,
as shown in Fig. S3(b) in the ESM. Moreover, some small needle-
like  or  flaky  particles  are  also  observed  in Figs.  2(a)–2(c),  which
may  be  the  precipitates  of  doped  Bi2O3,  Y2O3,  etc.,  generated
during the CSP–SPS process, and a similar phenomenon has also
been  reported  in  cold-sintered  yttria-stabilized  bismuth  oxide
ceramics  [48].  More  details  of  the  small  particles  were  also
determined via TEM. As shown in Figs. 2(d)–2(f), the majority of
the  ZnO  particles  have  significantly  grown  and  evolved  into
polygonal  grains,  and  many  small  uncoarsened  round
nanoparticles  and needle-like precipitates  were observed between
the  ZnO  grains,  which  were  also  proven  to  be  dopants  through
the EDS map, as shown in Fig. 2(g). The details of the distribution
of each dopant are shown in Fig. S4 in the ESM.

The Vg and α are important electrical indicators of ZnO-based
varistor  ceramics.  The J–E characteristic  curves  of  the  CSP–SPS
samples are shown in Fig.  3(a),  and the electric  parameters,  such
as Vg and α, are  displayed  in Table  1.  The J–E curves  of  the
CSP–SPS  samples  have  nearly  linear  ohmic  characteristics,  with
very  low Vg values  ranging  from  0.42  to  6.01  V/mm, α value  of
only ~1, and leakage current densities as high as 723–831 μA/cm2.
The transient liquid phase used during CSP–SPS of ZnO varistor
ceramics  promotes  mass  transfer  via  a  dissolution−precipitation
process. However, the amorphous phases at the grain boundaries
cannot transform into crystalline phases or spinels under the low
temperature conditions of  CSP–SPS [18].  Additionally,  the metal
Bi  and  oxygen  vacancies  resulting  from  the  vacuum  condition
(0.1  mbar)  of  CSP–SPS  may  lead  to  the  failure  of  the  double

 

Fig. 2    SEM images of samples (a) S-200-5, (b) S-300-10, and (c) S-300-20; (d–f) TEM images and (g) EDS elemental mapping of sample S-300-10.
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Schottky barriers at the grain boundaries, and thus the samples do
not  present  nonlinear J−E behavior.  Therefore,  post-annealing  is
required  to  enhance  densification  and  improve  electrical

properties. The densities of the ZnO varistor ceramics annealed at
different temperatures are shown in Fig. 3(b). The relative density
of  sample  S-300-10  is  enhanced  with  increasing  annealing
temperature,  reaching  a  maximum  value  of  98.79%  at  800  °C.
However,  as  the  annealing  temperature  is  further  increased  to
900 °C, volatilization of the Bi2O3 dopant may occur, leading to a
slight decrease in the density of ZnO varistor ceramics [49].

The  micromorphology  of  the  annealed  samples  is  shown  in
Figs.  4(a)–4(f),  and  the  grain  size  distributions  are  shown  in  the
insets.  The  needle-like  or  flaky  precipitates  observed  in  the
CSP–SPS  samples  clearly  disappear  after  the  annealing  process.
The  ZnO  grain  size  clearly  increases  from  253  nm  for  sample
S-300-10 (Fig. 2(b)) to 0.38 μm for sample S-A-700 after annealing
at  700  °C.  When  the  annealing  temperature  increases  to  750  °C

 

Fig. 3    (a) J–E characteristics of ZnO varistor ceramic samples sintered at different temperatures and soaking time. (b) Density of ZnO varistor ceramics at different
annealing temperatures.
 

Table 1    Parameters  of  ZnO  ceramic  samples  sintered  at  different
temperatures and soaking time

Sample Vg (V/mm) α JL (μA/cm2) l (nm)
S-200-5 6.01 0.99 744.69 227
S-250-5 4.23 1.02 744.85 240
S-300-5 0.77 0.97 831.90 245

S-300-10 0.56 1.16 829.43 253
S-300-15 0.77 0.95 737.37 256
S-300-20 0.42 0.94 723.36 261

 

Fig. 4    SEM images of samples (a) S-A-700, (b) S-A-750, (c) S-A-775, (d) S-A-800, (e) S-A-850, and (f) S-A-900; (g–i) TEM images and (j) EDS elemental mapping of
sample S-A-775.
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and  above,  the  grains  grow  sharply,  and  the  microstructure
becomes  more  tightly  packed.  Although  the  ZnO  grain  size
gradually  increases  to  4.95  μm  after  900  °C  annealing,  it  is  still
much  smaller  than  the  grain  size  of  commercial  ZnO-based
varistor ceramics (> 10 μm) [49]. These findings indicate that ZnO-
based varistor ceramics with smaller and more uniform grains can
be obtained via CSP–SPS and low-temperature annealing.

As  shown in Figs.  4(g)–4(j),  the  microstructure  and elemental
distribution of sample S-A-775 were further analyzed using TEM
and  EDS. Figures  4(g)  and 4(h)  show  a  typical  dense  granular
microstructure  with  no  indication  of  porosity.  An  equilibrated
dihedral  angle  of  120°  at  triple  points  and  ordered  grain
arrangements  can  be  observed,  suggesting  that  the  sample
achieves  a  specific  microstructural  steady  state.  This  state  is
beneficial  for  minimizing  electron  scattering  at  grain  boundaries
and enhancing electrical properties [50]. As shown in Fig. 4(i) and
4(j),  the  Bi-rich  phase  is  distributed  at  the  grain  boundaries  and
triple  junction  points,  which  is  related  to  the  tetragonal  β-Bi2O3
phase based on the selected area electron diffraction (SAED) along
the  [110]  zone  axis  in  Fig.  S5  in  the  ESM.  More  details  of  the
element distribution in sample S-A-775 can be found in Fig. S6 in
the  ESM.  In  addition,  Fig.  S7  and  Tables  S1–S3  in  the  ESM
present the element ratios from the ZnO grain boundaries, grains
and spinels determined via EDS. The results show that Y, Ca, and
Cr  are  predominantly  located  at  the  grain  boundaries  and  triple
junction points. It is believed that dopants such as Y2O3, CaO, and
Cr2O3 may  react  with  Bi2O3 to  generate  new  compounds  (e.g.,
Bi3YO6,  Bi6Ca4O13,  and  CrBi18O30),  which  play  crucial  roles  in
inhibiting  Bi2O3 evaporation  and  enhancing  the  electrical
performance  of  ZnO  varistors  [51].  Moreover,  Mn,  Ni,  Co,  Zn,
and O can be detected on the small spinel embedded in the ZnO
grains. Therefore, CoO, Mn2O3, and NiO may react with ZnO to
produce spinel phases with AB2O4 chemical structures during the
annealing process.

XPS  analysis  was  used  to  detect  O  element  and  its  chemical
valence  state  in  the  ZnO  varistor  samples  before  and  after
annealing.  The  XPS  spectra  of  O  elements  in  samples  S-300-10
and S-A-775 are  shown in Fig.  5(a)  and 5(b).  The  collected  data
were  analyzed  via  XPSPEAK  software,  and  Shirley-type
background  subtraction  was  used  to  fit  the  curves  [52].  The
relative  contents  of  O  element  were  calculated  through
deconvolution  of  the  XPS  peaks,  as  shown  in Fig.  5(c).  The
deconvoluted  O  1s  spectrum  contained  two  peaks  of  OL
(~529.8  eV)  and  OC (~531.6  eV),  which  are  related  to  lattice
oxygen and adsorbed oxygen, respectively [53]. Figure 5(c) shows
significant differences between the relative amounts of OL and OC
in samples  S-300-10 and S-A-775.  After  annealing at  775 °C,  the
percentage  of  OC notably  increases  from  25.46%  for  sample
S-300-10  to  48.54%  for  sample  S-A-775,  which  indicates  that

annealing in an air atmosphere promotes the diffusion of oxygen
(O2(g)) towards the grain boundaries. At these boundaries, oxygen
captures  free  electrons,  thereby  resulting  in  a  higher  OC
concentration  [53].  Moreover,  OC can  capture  electrons,
establishing a negatively charged interfacial layer, and elevating the
grain  boundary  potential  barrier  [54],  thus  improving  the
nonlinear J–E characteristics.  Since  ZnO  varistor  ceramics
prepared  under  low  oxygen  partial  pressure  are  susceptible  to
oxygen  vacancy  defects,  post-annealing  is  generally  required  to
promote  the  migration of  oxygen atoms and optimize  the  lattice
structure [53,54].

Figure  6(a)  shows  the  XRD  patterns  of  ZnO-based  varistor
ceramics prepared with CSP–SPS and the annealing process. The
metal Bi phase and BiO2−x phase disappear after annealing, while
the  Bi-rich  phases  appear.  The  above  phenomena  are  consistent
with  the  results  of  TEM  and  EDS  analyses.  Typically,  CaO  and
Y2O3 undergo  a  solid-solution  reaction  with  Bi2O3 to  produce
Bi3YO6 and  Bi6Ca4O13 during  the  annealing  process,  which  are
important  in  building  the  Schottky  barrier  between  ZnO  grains
and  inducing  the  nonlinear  ohmic  properties  of  ZnO  varistor
ceramics.  Moreover,  the  magnified  view  of  XRD  patterns  in
Fig.  6(a)  shows  that  the  diffraction  intensity  of  the  Bi-rich  phase
increases  with  increasing  annealing  temperature  from  700  to
775  °C,  while  the  diffraction  intensity  is  slightly  reduced  as  the
annealing temperature further increases to 800–900 °C, which can
be  attributed  to  the  volatilization  of  the  Bi-rich  phase  at  high
temperatures  [49].  The J–E characteristics  of  the  annealed  ZnO-
based  varistor  ceramics  were  measured  at  room  temperature,  as
shown in Figs. 6(b), 6(c), and Table 2. The Vg of sample S-A-700
sharply  increases  to  10,210.01  V/mm  after  annealing  at  700  °C,
while the nonlinear coefficient is only 15.53. The high Vg is closely
related to its fine grain size, as shown in Fig. 4(a). After annealing,
the grain size of CSP–SPS samples is still less than 4.95 μm, which
is  much  smaller  than  that  of  conventionally  sintered  samples
(> 10  μm)  [49].  However,  the  low  annealing  temperature  of
700  °C  could  not  promote  the  Bi-rich  phase  to  produce  high-
resistance grain boundaries between the ZnO grains, giving rise to
low α [55].  Generally,  a  nonlinear  coefficient  below  40  remains
inadequate  to  meet  industrial  demands  [49].  As  the  annealing
temperature rises to 775 °C, α reaches a maximum of 106.96, and
Vg remains  at  1832.71  V/mm,  which  is  approximately  3.7–9.2
times  greater  than  that  of  current  state-of-the-art  commercial
varistor  ceramics  (Vg =  200–500  V/mm, α <  60)  [49].  However,
when the annealing temperature exceeds 825 °C,  volatilization of
the  Bi-rich  phase  may  lead  to  a  decrease  in α. Figure  6(d)
compares Vg and α of  ZnO-based  varistor  ceramics  prepared
using  different  sintering  techniques  [10−14,49,49,53,55−61].  The
strategy  using  CSP–SPS  with  post-annealing  clearly  has
advantages  in  reducing the  sintering  temperature  and improving

 

Fig. 5    XPS spectra of O elements in samples (a) S-300-10 and (b) S-A-775; (c) proportions of lattice oxygen and adsorbed oxygen in samples S-300-10 and S-A-775.
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the  nonlinear J–E characteristics  of  the  ZnO-based  varistor
ceramics.

The Schottky thermionic emission current can be described as
Eq. (3) [62]:

J = A∗T2exp
(
β
√
E− qφB

kT

)
(3)

where J is  the  current  density  (mA/cm2); A* is  the  Richardson
constant; T is  the  absolute  temperature  (K); β is  a  constant; E is
the  applied  electric  field  (V/cm); q is  the  charge  (C); k is  the
Boltzmann  constant; φB is  the  Schottky  barrier  height  (eV).
ln(J/T²) and E1/2 have a linear relationship at low electric fields, as
shown  in Figs.  7(a)–7(f),  indicating  that  Schottky  emission
dominates  the  conduction  mechanism  at  the  grain  boundary
barriers  of  the  samples  annealed  under  low  electric  fields.  The
insets of Figs. 7(a)–7(f) illustrate the barrier heights calculated via
Arrhenius fitting (1/T vs. ln(J/T²)). Figure 7(g) shows the variation
curves of φB at different annealing temperatures. At low annealing
temperatures of 700–750 °C, the temperature is not high enough
to produce the liquid Bi-rich phase and promote the densification
of the ZnO varistor ceramics,  as shown in Fig.  3(b).  Moreover,  a

low annealing temperature cannot drive the diffusion and reaction
of  various  dopants  at  the  grain  boundaries,  resulting  in  a  low
Schottky barrier in ZnO varistor ceramics [10]. When annealed at
775 °C,  the highly dense sample presents  a  high Schottky barrier
of  1.01  eV.  This  means  that  a  large  grain  boundary  resistance  is
achieved,  which  enables  a  high  voltage  gradient,  non-linear
coefficient,  and  low  leakage  current  density.  However,  if  the
annealing temperature is too high, the Bi-rich phase may volatilize
and  destroy  the  high-resistance  grain  boundary  structure,
lowering  the  Schottky  barrier  height  and  deteriorating  the
electrical  properties  [49].  Under high electric  fields,  electrons can
tunnel through the potential barriers at the grain boundaries, and
the  tunneling  current  follows  the  Fowler–Nordheim  equation  as
Eq. (4) [63]:

J = A∗E2exp
(−γ

E

)
(4)

where γ is  a  constant. Figure  7(h)  shows  the  Fowler−Nordheim
plot  for  sample S-A-775.  The linear relationship between ln(J/E2)
and 1/E confirms electron tunneling as the dominant conduction
mechanism  of  S-A-775  under  high  electric  fields.  Thus,  both
Schottky  emission  and  electron  tunneling  control  the  electric
conduction  of  ZnO-based  varistor  ceramics  at  low  and  high
electrical fields, respectively, as illustrated in Fig. 7(i).

The  temperature-dependent  impedance  spectra  of  samples
S-300-10  and  S-A-775  are  shown  in Figs.  8(a)  and 8(b).  As  the
temperature  increases  from  140  to  180  °C,  the  intercepts  at  the
low  frequency  limit  of  the  semicircles  shift  toward  lower Z′
regions, revealing that the resistance of grain boundaries decreases
with  increasing  temperature.  Moreover,  the  grain  boundary
resistance (Rgb) of sample S-A-775 is approximately five orders of
magnitude  higher  than  that  of  sample  S-300-10  at  the  sample
temperature,  which can be  attributed mainly  to  the  optimization

 

Fig. 6    (a)  XRD  patterns  and  (b)  nonlinear J–E characteristics  of  ZnO  varistor  ceramics  at  different  annealing  temperatures.  (c)  Overall  summary  of Vg and α.
(d) Comparison of Vg vs. α of ZnO varistor ceramics with various sintering techniques (CS: conventional sintering, TSS: two-step sintering).

 

Table 2    Parameters  of  ZnO  varistor  ceramics  at  different  annealing
temperatures

Sample Vg (V/mm) α JL (μA/cm2) l (μm)
S-A-700 10210.01 15.53 ~11.70 0.38
S-A-750 2005.15 61.33 ~0.26 1.56
S-A-775 1832.71 106.96 < 0.20 1.87
S-A-800 1441.44 97.13 < 0.20 2.59
S-A-850 1228.87 25.18 ~7.80 3.40
S-A-900 639.29 24.70 ~9.20 4.95
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of  grain  boundary  phases  and  the  regulation  of  defect  structures
during  the  post-annealing  process  [53].  The  grain  boundary
resistance  follows  the  temperature-dependent  Arrhenius
relationship, as Eq. (5) [64]:

Rgb = R0exp
(
EA

kT

)
(5)

where R0 is  a  constant; EA is  the  activation  energy  (eV); k is  the
Boltzmann  constant; T is  the  absolute  temperature  (K). Rgb,
extracted  from  the Zʹ−Zʹʹ plots,  was  analyzed  using  Eq.  (5),  and
the activation energy was calculated from the slope of lnRgb versus

1/T.  As  shown  in Fig.  8(c),  the  activation  energy  is  significantly
increased from 0.48 eV for sample S-300-10 to 1.13 eV for sample
S-A-775  after  annealing  at  775  °C,  which  may  be  influenced
primarily by OC defects near the grain boundaries [53].  A higher
EA implies  greater  difficulty  in  carrier  (e.g.,  electron)  migration,
particularly  when  the  leakage  current  flowing  over  the  grain
boundaries is restricted.

4    Conclusions
In  summary,  ultrahigh  voltage-gradient  ZnO-based  varistor
ceramics  were  prepared  through  novel  CSP–SPS  and  post-

 

Fig. 7    ln(J/T2) versus E1/2 and ln(J/T2) versus 1/T plots for samples (a) S-A-700, (b) S-A-750, (c) S-A-775, (d) S-A-800, (e) S-A-850, and (f) S-A-900. (g) Overall summary
of the Schottky barrier height.  (h) Fowler−Nordheim plot of sample S-A-775. (i)  Schematic diagram of the possible conductive mechanism of annealed ZnO-based
varistor samples (EC is the conduction band; EF is the Fermi level; EV is the valence band).

 

Fig. 8    Complex impedance at 140–180 °C for samples (a) S-300-10 and (b) S-A-775. (c) Activation energy extracted from the natural logarithm Arrhenius plot for
samples S-300-10 and S-A-775.
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annealing  process.  ZnO-based  varistor  ceramics  were  initially
densified  through  CSP–SPS  at  300  °C  and  then  annealed  at
700–900  °C  in  an  air  atmosphere.  It  is  found  that  the  relative
density of the ZnO-based varistor ceramic reaches ~98.79%, with
a  micron  grain  size  of  1.87  μm  after  annealing  at  775  °C.
Furthermore,  post-annealing provides  sufficient  energy for  phase
transformation  and  formation  of  high-resistance  grain
boundaries, thereby realizing the ultrahigh Vg of ~1832.71 V/mm
and  an  excellent  nonlinear  coefficient  of  ~106.96.  A  high  grain-
boundary activation energy of 1.13 eV effectively limits the leakage
current  of  the  annealed  samples.  This  work  provides  a  potential
route to produce high-performance ZnO-based varistor ceramics
via CSP–SPS and low-temperature annealing process.
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