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ABSTRACT: In  this  study,  (Zr0.5/Sb0.5)xTi1−xO2 ceramics  with x =
0.01,  0.025,  and  0.05  were  prepared  via  the  solid-state  reaction
(SSR)  method.  A  pure  phase  of  rutile  TiO2 with  a  highly  dense
microstructure  and  relative  density  (ρr)  higher  than  96%  was
detected  in  all  the  sintered  ceramics.  The  mean  grain  size  was
reduced,  but  the  dielectric  permittivity  (ε′ )  increased.  The  giant
dielectric  properties  were  tested  to  investigate  their  possible  use
in  capacitors  and  capacitive  humidity  sensors  under  various
relative  humidity  (RH)  levels  ranging  from  30%  to  95%  RH.
(Zr0.5/Sb0.5)xTi1−xO2 ceramics  present  a  giant ε′  of  ~(4.82‒7.39)×104

and  a  low  loss  tangent  (tanδ ≈  0.031‒0.106  at  1  kHz),  indicating
attractive  giant  dielectric  properties.  This  observation  was
attributed to  both intrinsic  and extrinsic  effects.  For  the humidity
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sensing  properties,  the  best  humidity  sensing  properties  were  observed  in  the  ceramics  with x =  0.05,  with  a  sensitivity  of
~237%pF/%RH, a low hysteresis error (~1.6%), and fast response/recovery time of ~12 s/16 s at 1 kHz. The point defects of  and

 were  claimed  to  be  active  centers  for  water  absorption.  Furthermore,  impedance  spectroscopy  (IS)  analysis  revealed  that
changes in the dielectric properties with varying RH levels were also influenced by interfacial polarization at the surface layer and
grain boundaries.
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1    Introduction
The  demand  for  advanced  humidity-sensing  materials  has
increased  across  sectors  such  as  environmental  monitoring,
healthcare,  and  industrial  applications  due  to  the  rapid
development  of  human  activities  [1,2].  Ceramic  materials  have
been widely utilized in both industry and research laboratories as
humidity  sensor  materials  owing  to  their  mechanical  strength,
chemical  stability,  and  thermophysical  stability,  which  provide
distinct  advantages  [3,4].  Typically,  classified  as  capacitive/
impedance  or  resistive-type,  ceramic  humidity  sensors  exhibit
changes  in  their  capacitive/impedance  or  resistive  properties  in
response to fluctuations in humidity levels, making them excellent
candidates for humidity sensing applications [5−8].

Over  the  past  decade,  considerable  research  has  focused  on
aliovalent/pentavalent  (A+,  A2+,  A3+/Nb5+,  and  Ta5+)  [9−14]  and

isovalent/pentavalent  (A4+/Nb5+ and  Ta5+)  [15−17]  ions  codoped
with  TiO2 ceramics,  with  the  aim  of  developing  giant  dielectric
materials  characterized  by  high  dielectric  permittivity  (ε′  >  104),
which is  determined by their  capacitive/dielectric  properties.  The
origins of these dielectric properties have been debated, with some
attributing  them  to  intrinsic  factors  such  as  complex
defects‒dipoles  [9,10,12,13],  whereas  others  propose  extrinsic
effects  such  as  grain/grain  boundary  microstructures  [14,15,18]
and surface layer or electrode effects [19−21]. On the basis of these
effects,  polar  water  molecules  can interact  with defect‒dipoles  on
the ceramic surface,  along grain boundaries,  and within the pore
structure of the ceramics. This interaction suggests their potential
as  humidity-sensing  materials.  High-permittivity  dielectric
materials  have  demonstrated  interesting  responses  to  humidity
(water  in  air),  similar  to  ACu3Ti4O12 (ACTO)-based  materials 
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where A is a divalent cation such as Ca2+ or mixed-valent ions with
an  average  oxidation  state  of  +2  [5,8,22,23],  CuO  [24],  and
nanocrystalline  Na0.5K0.5NbO3 (NKN)-based  ceramics  [25,26].  In
NKN, numerous surface defects and the hygroscopic nature of K+

and  Na+ ions  facilitate  easy  water  adsorption  on  nanocrystalline
particles.  In  ACTO-based  materials,  in  addition  to  surface  water
adsorption,  water  can  be  absorbed  along  grain  boundaries  near
the surface,  enhancing the internal  barrier layer capacitor (IBLC)
effect and consequently increasing ε′  and capacitance (Cp) values.
However,  studies  examining  the  humidity-sensing  behavior  of
codoped TiO2 ceramics are lacking.
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Recently,  the  capacitive  humidity-sensing  behavior  of
tetravalent/pentavalent  ion  co-doped  TiO2 ceramics,  such  as
(In3+/Nb5+)-codoped  TiO2 (INTO)  ceramics,  has  been
demonstrated,  with  a  high  humidity  sensitivity  of  229.22  pF/%
relative  humidity  (RH)  at  100  Hz  [27].  Additionally,  (Na+/Nb5+)-
and  (In2O3:SnO2/Ta5+)-codoped  TiO2 (NNTO  and  ISTTO)
ceramics  exhibit  interesting humidity-sensing properties  [28, 29].
It  has  been  suggested  that  the  humidity  response  of  these  TiO2-
based materials is influenced by the presence of oxygen vacancies
( )  and  point  defects  where  Nb5+ or  Ta5+ substitutes  for  Ti4+

( / )  [27−29].  These  defects,  induced  by  dopant
substitution  at  the  ceramic  surface,  result  in  changes  in  the
dielectric  properties  due  to  surface  layer  effects.  Furthermore,
isovalent/pentavalent  codoping  in  TiO2,  such  as  (Zr4+/Nb5+)  and
(Zr4+/Ta5+), can lead to the formation of point defects such as 
and  [16,17].  has  also  been  detected  in  these  materials,
likely  because  of  oxygen loss  at  high sintering temperatures  [17].
Humidity  sensors  based  on  NNTO  powder  deposited  on  Au
interdigitated  electrodes  were  also  fabricated  and  showed
promising  performance  [29].  However,  the  maximum  hysteresis
error  (γH)  remained  high  at  10.5%,  whereas  the γH values  for
NNTO,  INTO,  and  ISTTO  bulk  ceramics  were  reported  to  be
4.2%  [30],  7.3%  [27],  and  3.6%  [28],  respectively.  These  findings
indicate  that  further  improvements  in  reducing  hysteresis  are
necessary for practical applications.

In  the  case  of  undoped  ACu3Ti4O12-based  materials,  the
humidity  response  is  attributed  to  water  molecule  adsorption,
which  affects  the  potential  barrier  capacitance  at  the
ACu3Ti4O12/electrode  interface  and  at  the  grain  boundaries,
ultimately  influencing  the  total Cp of  ACu3Ti4O12 [5,8,22,23].  In
our  previous  works  [31−33],  we  reported  that  the  IBLC effect  in
multidoped  TiO2 and  ACu3Ti4O12 can  be  enhanced  by  doping
with  an  isovalent  Sn4+ dopant.  Therefore,  both  defect-induced
polarization  and  interfacial  polarization  likely  contribute  to  the
interaction  of  the  materials  with  water  molecules,  motivating
further  studies  on  the  humidity-sensing  behavior  of
isovalent/pentavalent  ion-doped  TiO2 ceramics.  The  giant
dielectric  properties  of  these  ceramics  are  expected  to  arise  from
induced  defects  and  extrinsic  effects.  Moreover,  the  introduction
of  high-electronegativity  dopants  could  enhance  the  attraction of
water  molecules.  Compared with pentavalent  Nb5+ and Ta5+ ions,
the  Sb5+ ion  is  more  electronegative,  making  it  a  promising
candidate for enhancing the humidity sensing performance.

On  the  basis  of  the  literature,  this  study  investigated  the
capacitive  humidity  sensing  properties  of  TiO2 doped  with
isovalent  Zr4+ ions  and  pentavalent  Sb5+ ions,  forming
(Zr0.5/Sb0.5)xTi1−xO2 (ZSTO),  where x =  0.01,  0.025,  and  0.05,
referred to as 1% ZSTO, 2.5% ZSTO, and 5% ZSTO, respectively.
The  ZSTO  ceramics  were  prepared  via  the  solid-state  reaction
(SSR) method and sintered at 1450 °C for 4 h. The sintered ZSTO
ceramics  exhibited  a  giant ε' ranging  from ~4.8×104 to  ~7.4×104.
Notably,  the 5% ZSTO ceramics demonstrated optimal humidity

sensing properties, with a humidity sensitivity of ~237 pF/%RH at
1  kHz,  a  low γH of  ~1.6%,  and  fast  response  and  recovery  time
(tRes/tRec ≈ 12 s/16 s). This study suggests that ZSTO ceramics have
significant  potential  for  use  in  humidity  sensors.  Further
investigations  into  the  origin  of  the  humidity  behavior  in  ZSTO
ceramics will be discussed in detail.

2    Experimental
ZrO2 (99.95%  purity,  Nanostructured  &  Amorphous  Materials,
USA), Sb2O5 (99.998% purity, Alfa Aesar, USA), and TiO2 (99.9%
purity, Sigma-Aldrich, USA) powder was used as raw materials to
synthesize  ZSTO  powder.  The  variable x was  set  at  0.01,  0.025,
and 0.05, corresponding to 1% ZSTO, 2.5% ZSTO, and 5% ZSTO,
respectively. The ZSTO powder was prepared via the SSR method.
The starting raw materials  were  mixed via  a  ball-milling method
in ethanol for 24 h. The mixed powder was then dried at 80 °C for
24  h  in  an  oven (UN55,  Memmert,  Germany).  The  dried  ZSTO
powder with different codoping concentrations was subsequently
uniaxially  pressed  into  disks  with  a  diameter  of  9.5  mm  and  a
thickness of approximately 1.0 mm. The pellets were then sintered
at  1450  °C  for  4  h  at  a  heating  rate  of  2  °C/min  to  obtain  the
ZSTO ceramics.

To  investigate  the  crystallography  of  the  materials,  X‒ray
diffraction  (XRD)  analysis  was  performed  via  an  X-ray
diffractometer  (EMPYREAN,  PANalytical,  China).  A  scanning
electron  microscope  (SEM;  Helios  nanoLab  G3  CX,
ThermoFischer  (formerly  FEI),  The  Czech  Republic)  was
employed to examine the microstructure and surface morphology.
The  density  of  the  sintered  samples  was  determined  via  the
Archimedes  principle  and  subsequently  calculated  as  the  relative
density  (ρr).  The  oxidation  state  of  the  ceramic  samples  was
analyzed via an X-ray photoelectron spectroscope (XPS; PHI5000
VersaProbe  II,  SUT-NANOTEC-SLRI  Joint  Research  Facility
within the Synchrotron Light Research Institute (SLRI), Thailand).
Additionally, a dispersive Raman microscope (Senterra II, Bruker,
China)  was  conducted  to  investigate  the  Raman  shift  of  the
ceramics.

Before  the  dielectric  properties  were  measured,  the  ceramic
samples  were  polished  to  remove  the  insulating  surface  layer,
reducing  each  side  by  0.1  mm.  The  sintered  samples  had  a
diameter of 7.8 mm. The electrode configuration consisted of two
parallel  plates:  The  bottom  electrode  was  fully  coated  with  Ag,
while the top electrode was coated with Ag in a 5.0 mm diameter
area.  Afterward,  the dielectric properties  were measured at  25 °C
over  a  frequency  range  of  40–106 Hz  via  an  impedance  analyzer
(E4990A, KEYSIGHT, USA) with root mean square voltage (Vrms)
of  500  mV.  The  humidity-sensing  properties  were  evaluated  by
measuring  the  dielectric  response  of  the  ceramics  across  a  RH
range  of  30%–95%  RH  in  an  environmental  chamber  (SH-222,
ESPEC, Japan).

3    Results and discussion
Figure  1 presents  the  XRD  analysis  of  the  ZSTO  ceramics.  The
analysis  reveals  peaks  corresponding  to  the  rutile  phase  of  TiO2,
which is consistent with the P42/mnm space group per JCPDS file
No.  21-1276,  indicating  a  tetragonal  crystalline  structure  in  all
ceramics  [9,18,34].  Notably,  no  impurity  phases  were  detected,
highlighting  the  high  purity  of  the  synthesized  ZSTO  ceramics.
The Rietveld refinement analysis provided further insights into the
structural  characteristics,  as  shown  in  Fig.  S1  in  the  Electronic
Supplementary  Material  (ESM).  The  obtained  structural  and
fitting parameters are presented in Table S1 in the ESM. As listed
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in Table 1, the analysis revealed that the lattice parameters, a and
c,  for  the  ZSTO  ceramics  were  greater  than  those  of  the  rutile
phase  of  TiO2.  This  suggests  structural  modifications  due  to  the
incorporation  of  Zr4+ and  Sb5+ ions,  as  the  codopants  have  larger
average  ionic  radii,  Zr4+ (r6 =  72.0  pm)  and  Sb5+ (r6 =  60.0  pm),

compared  to  the  host  Ti4+ ion  (r6 =  60.5  pm)  [35].  Additionally,
the increasing lattice parameter ratio (c/a) with increasing dopant
concentration,  similar  to that  of  the INTO ceramics [9],  suggests
that the dopants significantly influence the structural properties of
the  ZSTO  ceramics,  potentially  leading  to  lattice  expansion  or
distortion.

The  microstructure  and  morphology  of  the  ZSTO  ceramics
were  examined  via  SEM,  as  shown  in Fig.  2.  The  SEM  images
show  dense  microstructures,  indicating  well-compacted  ceramic
structures.  The ρr values were calculated to be 97.2%, 97.2%, and
96.5%  for  the  1%ZSTO,  2.5%ZSTO,  and  5%ZSTO  ceramics,
respectively, indicating effective densification during the sintering
process.  The  mean  grain  sizes  were  20.6±7.0,  17.6±6.8,  and
13.9±5.8 µm for the 1%ZSTO, 2.5%ZSTO, and 5%ZSTO samples,
respectively.  In  the  inset  of Figs.  2(a)–2(c),  the  grain  size
distribution histograms closely follow Gaussian curves, indicating
a  uniform  distribution  of  grain  sizes.  The  observed  trend  of
decreasing grain size with increasing dopant concentration can be
attributed  to  the  pinning  effect  of  the  Zr  and  Sb  dopants,  which
hinders grain boundary mobility, resulting in finer grain sizes [36].
The substitution of pentavalent dopants (+5 ions) into Ti4+ sites, as
observed  in  Ga3+/Ta5+-codoped  TiO2 [37]  and  Al3+/Ta5+-codoped
CaCu3Ti4O12 [38], can also reduce the mean grain size due to the
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Fig. 1    XRD patterns of ZSTO ceramics compared with standard data for TiO2.

 

Table 1    Dielectric properties at 1 kHz and 25 °C, lattice constants (a and c), ratio of lattice constants (c/a), ρr, and mean grain size of ZSTO ceramics

Sample
Dielectric property@1 kHz and 25 °C Lattice constant (Å)

c/a ρr (%) Mean grain size (μm)
ε′ tanδ a c

TiO2
(JCPDS#
21-1276)

— — 4.593(0) 2.959(0) 0.6442(0) — —

1%ZSTO 48,285 0.106 4.594(6) 2.962(6) 0.64482 97.2 20.6±7.0
2.5%ZSTO 72,323 0.046 4.595(8) 2.965(1) 0.64518 97.2 17.6±6.8
5%ZSTO 73,964 0.031 4.594(9) 2.964(9) 0.64526 96.5 13.9±5.8
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Fig. 2    SEM images of (a) 1% ZSTO, (b) 2.5% ZSTO, and (c) 5% ZSTO ceramics. Their insets show grain size distributions.
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space  charge  effect.  As  the  concentration  of  pentavalent  dopants
increases,  the  partial  substitution  of  Sb5+ ions  may  be  ionically
compensated  for  by  the  formation  of  cation  vacancies  ( ).
These  vacancies,  along  with  electrons,  tend  to  accumulate  in  the
negative space charge region [39]. This accumulation depletes 
in the space charge region, slowing the diffusivity of O2− between
grains due to electric forces and the large ionic radius of O2−. This
reduction in grain mobility during sintering leads to limited grain
growth  in  ZSTO  ceramics  at  high  doping  concentrations

compared with those at lower concentrations.
Figure  3 presents  the  SEM-EDX  mapping  analysis  of  the  5%

ZSTO ceramics, which revealed a homogeneous dispersion of Zr,
Sb,  Ti,  and  O  throughout  the  sample  surface.  This  indicates  the
successful incorporation of Zr4+ and Sb5+ ions into the TiO2 lattice.
These findings are consistent with the XRD results, which confirm
both the presence of the rutile phase and the effective substitution
of Ti sites by Zr and Sb ions.

As  shown  in Fig.  4 and  its  inset,  the  giant ε′  of  the  ZSTO
ceramics  remains  highly  consistent  across  varying  measuring
frequencies, whereas the low-frequency loss tangent (tanδ) values
are  relatively  low.  As  detailed  in Table  2,  the  giant ε′  values  are
~48,285, 72,323, and 73,964, whereas the corresponding low tanδ
values  are  0.106,  0.046,  and  0.031  at  1  kHz  and  25  °C  for  the
1%ZSTO, 2.5%ZSTO, and 5%ZSTO, respectively. These dielectric
properties  are  comparable  to  those  of  other  codoped  TiO2
ceramics [9,12,13,17,40]. Combining these findings with the SEM
results,  the  increased ε′  value  with  increasing  dopant
concentration  inversely  correlates  with  the  mean  grain  size.  The
IBLC model alone cannot fully account for the dielectric behavior
[41−44].  Broadband  dielectric  spectroscopy  of  co-doped  TiO2
ceramics reveals multiple sources of polarization that contribute to
the  overall  dielectric  response  at  ambient  temperature  [40].
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Table 2    Humidity  sensing  properties  of  ZSTO  ceramics  and  other  capacitive  ceramics  at  25  °C:  sensitivity  at  different  frequencies,  hysteresis  error  (γH),  and
response/recovery time (tRes and tRec)

Sample
Sensitivity (pF/%RH)@25 °C

Ref.
@100 Hz @480 Hz @1 kHz @10 kHz

1%ZSTO* 210 93 66 34 This study
2.5%ZSTO* 672 437 345 140 This study
5%ZSTO* 400 283 237 122 This study

5%(Na/Nb) doped TiO2
** 102.6 — — — [30]

10%(In/Nb) doped TiO2
** 229.2 — — — [27]

Sample
Humidity sensing behavior@fixed frequency (f)@25 °C

Ref.
γH (%) f (Hz) tRes (s) tRec (s)

1%ZSTO* 2.0 103 61 45 This study
2.5%ZSTO* 1.6 103 30 20 This study
5%ZSTO* 1.6 103 12 16 This study

CaCu2.6Mg0.4Ti4O12
*** 7.0 103 858 1200 [8]

5%(Na/Nb) doped TiO2
** 4.2 102 115 20 [30]

10%(In/Nb) doped TiO2
** 7.33 102 165 30 [27]

Note: *Measured in the range of 30%–95% RH; **Measured in the range of 11%–96% RH; ***Measured in the range of 11%–97% RH.
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Specifically,  the  effects  of  defect  dipoles  [41−44],  hopping
conduction [43],  and interfacial  polarization at the resistive outer
surface layer and inner semiconducting core (SBLC) [43,44] or at
the  semiconductive  surface/conductive  electrode  (S/E)  interfaces
likely play a significant role in the overall  dielectric  properties,  as
observed in other codoped TiO2 ceramics [45−48].

To  further  understand  the  contribution  of  their  dielectric
properties,  impedance  spectroscopy  (IS)  analysis  was  conducted.
The  analysis  revealed  several  significant  findings:  large
semicircular  arcs  at  low  frequencies,  as  shown  in Fig.  5(a);
additional  overlapping  semicircular  arcs  at  intermediate
frequencies,  as  depicted  in Fig.  5(b);  and  a  nonzero  intercept  at
high  frequencies,  as  illustrated  in  the  inset  of Fig.  5(b).  These
results  indicate  the  presence  of  at  least  three  distinct  electrical
responses in ZSTO ceramics. The low resistivity observed at high
frequencies,  due to the non-zero intercept,  could be attributed to
the  semiconductive  grain  response.  Conversely,  at  intermediate
and low frequencies,  higher  resistivity  values  may originate  from
insulative  grain boundaries  and interface  effects  near  the  surface,
respectively.  This  electrically  heterogeneous  microstructure,
comprising  both  insulating  and  semiconducting  regions,  plays  a
key  role  in  the  overall  giant  dielectric  properties  of  the  material.
Typically,  the  low-frequency tanδ is  closely  related to  the  density
of  insulating  grain  boundary  layers  in  polycrystalline  ceramics
[38].  The  density  of  the  grain  boundary  layers  in  the  ZSTO
ceramics increased as the co-doping concentration increased from
1% to 5% because of a reduction in the mean grain size. However,
the low-frequency tanδ of the 5%ZSTO ceramics was greater than
that  of  the  2.5%ZSTO  ceramics,  suggesting  the  formation  of
additional types of insulating layers in the ZSTO ceramics. These
findings  suggest  interfacial  polarization  at  various  interfaces,  as
observed in (In/Nb), (Y/Nb), (Ho/Ta), and (Sn/Ta) codoped TiO2
[19,47−49].  In  the  case  of  isovalent/pentavalent  ion-doped  TiO2,
such as  (Zr4+/Nb5+)  and (Zr4+/Ta5+)  [17,50],  defect  clusters  such as

Ti4+ ·e− −V··
O − e− ·Ti4+  could  contribute  to  their  dielectric

performance. These defect clusters were also observed in BaTiO3-
and  SrTiO3-based  materials  [41−44],  contributing  to  a  giant
dielectric response. These defect dipoles, considered lattice dipoles,
form  through  the  coupling  of  neighboring  defects  with  opposite
charges, leading to the creation of electron–pinned defect dipoles
(EPDDs).  Consequently,  these  effects  could  also  influence  the
variation in the dielectric properties with humidity.

To study the humidity-sensing properties, Cp was measured at
different frequencies and RH levels, ranging from 30% to 95% RH
at 25 °C. The Cp values at 1 kHz for the ZSTO ceramics exhibited
an  almost  linear  dependence  on  the  RH levels,  with R2 values  of
0.903,  0.935,  and  0.934  for  1%ZSTO,  2.5%ZSTO,  and  5%ZSTO
ceramics,  respectively,  in  the  30%–95%  RH  range,  as  shown  in
Fig.  6(a).  Notably,  when the maximum RH was 85%, which falls
within  the  normal  operating  range  for  commercial  humidity
sensors,  the  linearity  values  increased  to  0.955,  0.970,  and  0.951,
respectively.  This  indicates  that  the  nonlinearity  (1 − R2)  for  all
samples  is  less  than 0.1.  As  the  RH increased  from 30% to  95%,
the Cp values at 1 kHz for the 2.5%ZSTO and 5%ZSTO ceramics
increased by 152% and 114%, respectively, compared with a 50%
increase  for  the  1%ZSTO  ceramics.  To  assess  their  potential  for
gas sensing, we tested ZSTO ceramics with varying concentrations
of hydrogen sulfide (H2S) at 10 and 100 ppm. As shown in Fig. S2
in  the  ESM,  the Cp values  remained  unchanged,  even  with
increasing H2S concentration,  indicating that  ZSTO ceramics  are
not suitable for H2S gas sensing.

Figures  6(b)  and 6(c)  present  the  RH  dependence  of Cp at
various  frequencies  for  2.5%ZSTO  and  5%ZSTO  ceramics,
respectively. The trend of increasing Cp values with increasing RH
is  suppressed  at  higher  frequencies  for  both  samples,  which  is
consistent  with  observations  in  other  capacitive  ceramics
[5,8,27,30].  As  the  frequency  increases,  the  applied  electric  field
changes  direction  more  rapidly  than  at  lower  frequencies,
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preventing  the  polarizations  associated  with  adsorbed  water
molecules  from fully  aligning  with  the  external  field,  resulting  in
lower Cp values.  The sensitivity of  the ceramics can be calculated
via Eq. (1):

Sensitivity = ΔCp/Δ%RH (1)

where ΔCp is the change in Cp from the lowest to the highest %RH
and  where  Δ%RH  is  the  range  of  RH  change.  The  sensitivity  of
the ZSTO ceramics, as listed in Table 2, decreases with increasing
frequency,  which  is  consistent  with  the  results  in Figs.  6(b)  and
6(c).  Notably,  the sensitivity remains high even at frequencies up
to 10 kHz—except for the sensitivity of the 1%ZSTO ceramics at
frequencies  higher  than  480  Hz—which  is  comparable  to  the
sensitivity at 100 Hz of other ceramics, such as NNTO and INTO
[27,30]. This indicates that ZSTO ceramics are highly sensitive to
humidity.  Similar  to  the  dielectric  response,  no  clear  correlation
can be established between the sensitivity  of  ZSTO ceramics  and
their mean grain sizes at different co-doping concentrations.

Figure  7 depicts  the  humidity  sensing  behavior  at  25  °C  and
1 kHz of  the  2.5%ZSTO and 5%ZSTO ceramics,  with  additional
information  on  the  1%ZSTO  ceramics  provided  in  Fig.  S3(a)  in
the  ESM.  In Figs.  7(a)  and 7(b),  the  hysteresis  behavior  of  both
2.5%ZSTO and 5%ZSTO ceramics is shown to be narrow. γH was
calculated via Eq. (2) to assess the accuracy of the measurements
during cycles of increasing RH (water absorption) and decreasing
RH (water desorption).

γH = ±ΔHmax/2FFS (2)

where ΔHmax represents the maximum variation in Cp observed at
identical  RH  levels  during  both  the  adsorption  and  desorption
phases,  and FFS denotes  the  full  scale  of Cp differences  observed
across the entire RH range.

As  listed  in Table  2,  the  maximum γH values  at  1  kHz  for
1%ZSTO, 2.5%ZSTO, and 5%ZSTO ceramics are 2.0%, 1.6%, and
1.6%,  respectively.  These  low γH values  are  smaller  than  those
reported for other capacitive ceramics, such as CaCu2.6Mg0.4Ti4O12,
Na1/3Ca1/3Tb1/3Cu3Ti4O12,  Na1/3Sr1/3Tb1/3Cu3Ti4O12,  ISTTO,  CuO,
NNTO,  and  INTO  [8,22−24,27,28,30],  indicating  that  ZSTO
ceramics  provide  more  reliable  and  accurate  humidity  sensing
performance.  A  repeatability  test  was  also  performed.  The
ceramics were exposed to 30% RH for 5 min, followed by a rapid

transition  to  95%  RH  for  5  min  to  ensure  full  water  absorption,
and then quickly returned to 30% RH. This cycle was repeated to
evaluate  the  consistency  of  their  humidity-sensing  response.
Figures  7(c)  and 7(d)  show  the  repeatability  results  for  the  2.5%
ZSTO  and  5%  ZSTO  ceramics,  whereas  Fig.  S3(b)  in  the  ESM
presents  the  results  for  the  1%  ZSTO  ceramics.  The  results
demonstrate  that  all  the  ZSTO  ceramics  exhibit  reliable  and
consistent  humidity-sensing  performance  at  RH  levels  ranging
from 30% to 95%.

The response and recovery time (tRes and tRec) were determined.
tRes and tRec represent  the  time  required  for  the Cp gain  to  reach
90% of the total Cp change during the transition from 30% to 95%
RH and from 95% to  30% RH,  respectively.  As  listed  in Table  2
and illustrated in Figs.  7(e), 7(g), 7(f),  and 7(h)  and Fig.  S3(c)  in
the  ESM,  the tRes/tRec values  are  61  s/45  s  for  1%ZSTO ceramics,
30  s/20  s  for  2.5%ZSTO  ceramics,  and  12  s/16  s  for  5%ZSTO
ceramics. These times indicate a faster response to humidity than
other codoped TiO2 ceramics do [27,28,30], as detailed in Table 2.
Considering  all  humidity  sensing  characteristics,  including
sensitivity, γH,  repeatability,  and tRes/tRec time,  ZSTO  ceramics
exhibit  outstanding  humidity  sensing  properties  compared  with
other  capacitive  humidity  sensing  materials  [5,8,22−24,27,28,30],
making them suitable for practical humidity sensors.

Figures 8(a) and 8(b) show the frequency dependences of ε′ and
tanδ (in  the  insets)  for  the  2.5%ZSTO and 5%ZSTO ceramics  at
various  RH  levels.  Humidity  significantly  affects  the ε′  and  tanδ
spectra at frequencies below approximately 104 Hz. When the RH
increased from 30% to 50%, a  slight  increase in low-frequency ε′
was  observed.  This  suggests  that  water  molecules  may  interact
with  the  exposed  ceramic  surface  through  chemisorption  with
defects, forming defect dipoles (discussed in more detail later) and
contributing  to  the  overall  dielectric  response  and Cp.  As  RH
further  increased  from  50%  to  90%,  a  much  greater  increase  in
low-frequency ε′  was observed, indicating that the large dielectric
response  at  higher  humidity  levels  cannot  be  attributed  solely  to
additional defect dipoles. Notably, at 90% RH, ε′ decreased almost
linearly  with  increasing  frequency  from  40  to  104 Hz,  suggesting
that  the  dielectric  response  at  these  higher  RH  levels  is  strongly
influenced by extrinsic effects, such as enhanced conduction. This
is  supported  by  the  analysis  in  Figs.  S4(a)–S4(d)  in  the  ESM,
where  data  fitting  via  the  universal  dielectric  response  equation
ε′∝f s-1 (where f represents  the  frequency  of  the  applied  electric
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field, and s denotes a constant value) [51], with s = 0.66, illustrates
the  contribution  of  conductivity  at  high  RH  levels.  Additionally,
extrinsic  effects  near  the  surface  regions,  such as  the  SBLC effect
(and  partially  the  IBLC  effect),  were  further  confirmed  through
the  application  of  different  direct  current  (DC)  bias  voltages,  as
shown  in  Figs.  S5(a)  and  S5(b)  in  the  ESM.  The  intrinsic  and
extrinsic  mechanisms  play  critical  roles  in  the  humidity  sensing
behavior  of  ZSTO  ceramics  at  low  and  high  RH  levels,
respectively.

To gain insight into the ceramic surface properties, XPS spectra
of  the  5%  ZSTO  ceramics  were  analyzed  to  study  the  oxidation
states of the elements present on the ceramic surface. Figure 9(a)
shows  the  XPS  spectra  of  Ti  2p  with  fitting  curves.  The  peaks
observed  at  457.6,  458.5,  462.3,  and  464.2  eV  corresponded  to
Ti3+ 2p3/2,  Ti4+ 2p3/2,  Ti3+ 2p1/2,  and  Ti4+ 2p1/2,  respectively.  The
splitting between Ti 2p1/2 and Ti 2p3/2 is 5.7 and 4.7 eV for Ti3+ and
Ti4+,  respectively,  which  is  consistent  with  observations  in  co-
doped  TiO2 systems  [14,17,34].  The  detectable  Ti3+ within  the
rutile  structure  could  be  due  to  the  replacement  of  Ti4+ by  Sb5+

ions, as expressed in Reactions (3) and (4) [52,53]:

2TiO2 + Sb2O5
4TiO2→ 2Ti′Ti + 2Sb·

Ti + 8Oo + 1/2O2 ↑ (3)

Ti4+ + e′ → Ti3+ (4)

Figure 9(b) shows the O 1s XPS spectra, which can be fitted by

three peaks representing the oxygen lattice (529.7 eV) [9], oxygen
lattices of other metal ions (i.e., Sb‒O and Zr‒O) (530.2 eV) [37],
and  hydroxyl  groups  (532.0  eV)  [27,54].  The  observed  hydroxyl
group likely results from water molecules adsorbed on the surface,
confirming  the  ability  of  the  material  to  absorb  water  from  the
ambient  environment.  This  is  further  supported  by  the  FTIR
spectra shown in Fig. S6 in the ESM, where clear O–H stretching
and bending modes were observed after 2.5%ZSTO ceramics were
exposed  to  a  95%  RH  environment.  These  findings  confirm  the
ability  of  ZSTO  ceramics  to  interact  with  moisture,  reinforcing
their suitability for humidity sensing applications.

V··
O

V··
O

V··
O

For  ZSTO  ceramics,  doping  Zr4+ ions  into  Ti4+ sites  does  not
directly  generate  directly,  as  supported  by  the  XPS  analysis.
However,  small  amounts  of  may  still  form  due  to  the  high
sintering temperatures. In addition to free electrons introduced by
Sb5+ doping  (Reactions  (3)  and  (4)),  electrons  can  be  further
introduced  into  the  ZSTO  to  compensate  for  the  formation  of

, as explained by Reaction (5) [55,56]:

O×
O → V··

O + 2e− + 1/2O2 ↑ (5)

V··
O

V··
O

To  further  investigate  the  presence  of  caused  by  high-
temperature sintering, Raman spectroscopy was employed. The Eg
vibrational  mode in the Raman spectrum is  particularly  sensitive
to  oxygen  loss  from  the  rutile‒TiO2 lattice,  offering  insights  into
potential  formation.  The  Raman  spectra  of  ZSTO  ceramics
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and  TiO2 powder  are  shown  in Fig.  10,  revealing  four
fundamental modes: B1g mode, multi-phonon scattering, Eg mode,
and A1g mode. This indicates that the synthesized ZSTO ceramics
contain the rutile phase, similar to TiO2. Considering the Eg mode,
which is related to oxygen atom liberation along the c-axis, the Eg
peak of the TiO2 powder (447.5 cm−1),  which is  expected to have
no ,  is  comparable  to  the  Eg peaks  of  the  ZSTO  ceramics.
These  peaks  tend  to  shift  to  lower  wavenumbers  as  the  dopant
concentration increases (446.5 cm−1 → 444.0 cm−1 → 443.5 cm−1 for
1%ZSTO,  2.5%ZSTO,  and  5%ZSTO,  respectively).  This  shift
could be due to an increase in the formation of  caused by the
sintering  process  at  high  temperatures,  as  previously  discussed.
Moreover,  the  A1g peak,  related  to  a  vibrational  mode  that
corresponds to the symmetric stretching of the Ti‒O bonds in the
TiO2 lattice,  did  not  significantly  change  with  the  dopant
concentration  (610.0  cm−1 for  TiO2 powder,  611.5,  611.0,  and
610.0 cm−1 for 1%ZSTO, 2.5%ZSTO, and 5%ZSTO, respectively).
The ionic radius of  Sb5+ is  not  significantly  different  from that  of
Ti4+, whereas Zr4+ is an isovalent dopant. Therefore, both ions may
only slightly affect the Ti‒O stretching modes.

Ti4+ ·e− −V··
O − e− ·Ti4+

Sb·
Ti

V··
O

V··
O

V··
O

The  XPS  and  Raman  results  confirmed  the  formation  of
EPDDs  from  defect  clusters  ( ),  which
contributed to the overall dielectric response at room temperature
[41,42].  Additionally,  the  existence  of  point  defects,  such  as 
and , as presented in Reactions (3) and (5) could play a crucial
role in interacting with water molecules, thereby serving as active
centers  for  humidity  sensors  in  ZSTO  ceramics,  as  reported  in
NNTO,  (In/Nb)  codoped  SnO2,  and  (In/Nb)  codoped  HfO2
ceramics  [6,7,30].  In  the  case  of  the  active  center,  water
molecules  (H2O)  can  be  captured  by  and  react  with  oxygen
atoms  (OO)  in  the  materials  to  form  hydroxyl  radicals,  as
expressed in Reaction (6):

H2O +V··
O +OO → 2OH·

O (6)

Sb·
Ti

H+ OH−
Moreover, the  active center can split water molecules into

hydrogen  ions  ( )  and  hydroxide  ions  ( )  via  an

electrostatic field, as displayed in Reaction (7):

2H2O → 2H+ + 2OH− (7)

H+ OH−

H+ −OH−

Sb·
Ti V··

O

OH− H+

Ti′Ti V··
O Sb·

Ti

Ti4+ · e− −H+

Ti4+ · e− −OH·
O Sb·

Ti −OH− OH− −V··
O −OH−

H+ OH−

Water  molecules  dissociate  into and  under  local
electrostatic  fields,  forming dipoles.  This  adsorption
process,  involving  and  as  active  centers,  is  termed
chemisorption and represents the initial stage of water interaction
with the ceramic surface. The generated  and  ions can
associate with point defects such as  (Ti4+ + e−), , and ,
forming  complex  defect  dipoles  such  as ,

, ,  and .
These dipoles can reorient in response to an applied electric field,
increasing  the Cp value  through  dipolar  polarization.  At  low RH
levels,  the  concentration  of  water  molecules  and,  consequently,

and  ions  remain  low,  leading  to  poor  surface
conduction  and  negligible  interfacial  polarization  effects,  as
illustrated in Figs. 6−8. This is evidenced by a slight increase in Cp
at higher frequency ranges, as shown in Figs. 6(b) and 6(c), where
interfacial polarization typically dominates at lower frequencies.

H3O+ → H+ +H2O

H2O H3O+

H2O H3O+ → H3O++
H2O

H+ −OH− H+ H3O+

H+ OH−

As  the  RH  increases,  more  water  molecules  begin  to  form  a
continuous water layer,  known as physisorption, which enhances
the  conduction  of  protons  as  follows: .
With further increases in the RH, multiple water layers can form,
leading  to  the  transfer  of  and  ions,  as  described by
the  Grotthuss  chain  reaction  [57]: +

. These phenomena correspond to the IS plots of the ZSTO
ceramics at different RH levels, as presented in Fig. S7 in the ESM.
The semicircular arcs due to the S/E (or surface layer effect)  and
grain boundary responses noticeably decrease with increasing RH,
indicating  a  decrease  in  resistivity  due  to  the  S/E  and  grain
boundary effects,  as  shown in Figs.  S7(a),  S7(c),  and S7(e)  in  the
ESM  and  Figs.  S7(b),  S7(d),  and  S7(f)  in  the  ESM,  respectively.
Moreover, the resistivity due to grains of the ZSTO ceramics does
not change with increasing RH, as presented in the insets of Figs.
S7(b),  S7(d),  and  S7(f)  in  the  ESM,  where  their  non-zero
intercepts  appear  to  remain  unchanged  despite  variations  in
humidity.  The  increased Cp values  with  increasing  RH  in  the
ZSTO  ceramics  could  be  attributed  to  changes  in  the  electrical
properties  of  the  ceramic  surface  and  grain  boundaries  at  the
outermost  layer.  The  possible  formation  of  a  dipole  of

 and  the  jumping  of  and  ions  on  the
ceramic  surface  could  lead  to  an  increase  in  the  dielectric
polarization  mechanism,  resulting  in  varied Cp values.
Additionally,  the  and  groups  also  localize  along  the
grain  boundaries,  promoting  interfacial  polarization,  which
increases  the Cp values.  Accordingly,  the  origin  of  capacitive
humidity sensing mechanisms in ZSTO could arise from changes
in the capacitive/impedance properties of the ceramic surface and
grain boundaries.

To further clarify the humidity-sensing mechanisms at high RH
levels,  the roles of  the surface layer and grain boundary response
were  investigated.  As  shown  in  Fig.  S8(a)  in  the  ESM,  two
different electrode configurations were employed.  Configuration-
I,  which  had  a  larger  exposed  surface  area,  demonstrated
significantly higher ΔCp/Cp (30%RH) values than did Configuration-
II, where both surfaces were fully coated with Ag electrodes (Figs.
S8(b)–S8(d)  in  the  ESM).  This  indicated  the  critical  role  of  the
exposed surface in humidity sensitivity. The increased Cp values in
Configuration-I  can  be  attributed  to  extrinsic  surface  effects,
including the SBLC and S/E effects, as well as the increased grain
boundary  response  due  to  water  molecule  absorption  along  the
grain  boundaries.  However,  even  with  full  surface  coverage,  the
samples  still  exhibited  notable Cp changes  at  high  RH  levels,
indicating that,  beyond surface  effects,  the  grain boundaries  near
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the edges of the ceramics remained responsive to humidity. These
results  suggest  that  both surface interactions and grain boundary
effects  play  key  roles  in  the  humidity  sensing  mechanisms  of
ZSTO ceramics.

4    Conclusions

Sb·
Ti

V··
O

H+ H3O+

ZSTO  ceramics  with  high-density  microstructures  were
successfully  prepared  via  the  SSR  method  and  exhibited
significantly  large ε′  values  ranging  from  ~4.82×104 to  7.39×104,
along  with  low  tanδ values  (~0.031‒0.106)  at  25  °C  and  1  kHz.
Remarkable  humidity-sensing  properties  were  observed  in  the
ZSTO  ceramics.  Among  the  samples  studied,  the  5%  ZSTO
ceramics  exhibited  optimal  humidity  sensing  characteristics  at
1 kHz, with a high sensitivity of 283 pF/%RH, a low γH of ~1.6%,
and fast response/recovery time of 12 and 16 s, respectively. 
and ,  as  evidenced  by  the  XPS  results,  were  identified  as  the
active  centers  for  water  detection.  According  to  IS  studies,  the
humidity-sensing  mechanism  in  ZSTO  ceramics  could  be
attributed  to  changes  in  the  electric/dielectric  properties  of  the
ceramic  surface  and  grain  boundaries,  which  also  involve  the
conduction  of  and  through  the  Grotthuss  chain
reaction.
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