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A B S T R A C T   

Uncovering lead-free materials with an exceptionally high recoverable energy density is vital for the creation of future pulse power capacitors. This study determined 
that introducing Tungsten (W) and Tantalum (Ta) into the Nb-site of AgNbO3 lead-free antiferroelectric ceramics, while offsetting this with vacancies at the Ag-site, 
can effectively maintain the electrical homogeneity. Additionally, employing this co-doping approach can secure the antiferroelectric phases by lowering the 
necessary temperatures for M1-M2 and M2-M3 phase transitions. This may prove advantageous in the creation of novel AgNbO3-based energy storage ceramics. The 
use of in-situ high-resolution synchrotron powder x-ray diffraction (SPXD) at varying temperatures revealed for the first time that in 10 at% W doped AgNbO3, the M1 
and M2 phases in the temperature range of − 193 to ~150 ◦C are more appropriately fitted as the non-polar Pbcm space group, whereas the M3 phase aligns with the 
mixed of non-polar Pbcm and polar Pmc21 space groups.   

1. Introduction 

The pivotal role of dielectric capacitors, with their high power den-
sity and swift charge-discharge rates, cannot be overstated in sophisti-
cated pulse power systems. However, their potential applications are 
currently constrained by their suboptimal energy density when 
compared with batteries and electrochemical capacitors [1–5]. This 
underscores the urgent need for dielectric capacitors with augmented 
energy storage capabilities. 

Lead-based antiferroelectrics have been the focus of extensive 
research in the past decade due to their superior energy storage capa-
bilities. However, their inherent toxicity presents environmental and 
commercial challenges, necessitating the search for lead-free alterna-
tives [6–8]. The main lead-free antiferroelectric materials that could 
potentially replace lead-based antiferroelectric ceramics are NaNbO3 
(NN) [9–13] and AgNbO3 (AN) [14–16]. AN, when sintered in an oxygen 
atmosphere (oxygen partial pressure = 1), can easily become densified. 
Moreover, it possesses desirable characteristics such as stable anti-
ferroelectric phase at room temperature and a high maximum polari-
zation (Pmax) post-phase transition (around 52 μC/cm2 under an electric 

field of 22 MV/m). These advantages make AN a promising and viable 
candidate material to replace lead-based antiferroelectric ceramics [17]. 

In the quest to enhance the energy density of AN-based ceramics, 
various doping strategies have been adopted. These include: i) The 
incorporation of a diverse range of dopants, such as Strontium (Sr), 
Calcium (Ca), Bismuth (Bi), Lanthanum (La), Samarium (Sm), Gado-
linium (Gd), and others, into the Ag site represents one approach 
[18–23]. This tactic diversifies the ceramic’s physical and chemical 
properties, contributing to a better-rounded performance profile. ii) As it 
stands, tantalum (Ta) is the only element employed for doping at the 
niobium (Nb) site. It is reported that the use of Ta as a dopant proves 
highly effective in augmenting Eb, which enhances the overall perfor-
mance of the ceramics [16,24,25]. iii) Another popular strategy involves 
co-doping at the Ag and Nb sites. This technique often includes 
Sm/Nd/Ce and Ta co-doping and has been demonstrated in several 
studies [16,26]. iv) The introduction of a minuscule proportion of MnO2 
is another strategy utilized. This process results in the reduction of 
leakage current and grain size. Such modifications prove instrumental in 
amplifying the dielectric breakdown strength (Eb), thereby improving 
the energy density [27,28]. Among the various types of doped AN-based 
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ceramics, those doped with Gd, and Sm have achieved particularly high 
recoverable energy density of 4.5, and 5.2 J cm− 3, respectively [20,29]. 
Meanwhile, ceramics doped/co-doped with Ta achieved values of 6.3, 
6.5 and 7.37 J cm− 3 [16,24,30]. 

Recently, our research has identified that aliovalent doping in the 
Ag-site combined with Nb-site vacancies presents a pioneering approach 
for engineering AN-based ceramics that boast superior energy storage 
performance [31]. However, the effects of incorporating doping ele-
ments other than Ta into the Nb-site, especially when paired with Ag-site 
vacancies remain unexplored. Consequently, this study seeks to address 
this gap in knowledge. The current work investigates the replacement of 
Nb with tungsten (W) and/or Ta, which is accompanied by Ag-site va-
cancies, to achieve a balanced valence state. While this manuscript does 
not provide the energy density of AN-based ceramics, it offers a detailed 
study of the crystal structure, microstructure, and electrical and 
dielectric properties of the ceramics. Such comprehensive analyses serve 
as a solid foundation for understanding the phase transitions prompted 
by this innovative doping strategy, which is geared towards improving 
the energy storage properties of AN-based ceramics. 

2. Experimental work 

Ag1-xWxNb1-xO3, Ag1-xWxNb0.8-xTa0.2O3 (x = 0.05 and 0.10), 
abbreviated as AW5, AW10, AW5T and AW10T, ceramics were fabri-
cated by a solid-state reaction, involving Ag2O (>99%, Acros Organics), 
WO3 (>99.9%, Sigma-Aldrich), Nb2O5 (>99.9%, Sigma-Aldrich) and 
Ta2O5 (>99.9%, Sigma-Aldrich) raw chemicals. The fabrication process 
started with the preparation of stoichiometric quantities of dried raw 
powders. These powders underwent a ball-milling process for 6 h with 
yttria-stabilized zirconia (YSZ) media in isopropanol. Subsequently, the 
wet powders were dried 16 h at 80 ◦C and then calcined for another 6 h 
at 900 ◦C under an oxygen atmosphere (5 ◦C/min heating and cooling). 
This was followed by another round of ball-milling for 6 h. The milling 
speed for all processes is set at 300 rpm. These treated powders were 
then uniaxially compressed into pellets with a diameter of 8 mm and 
thickness of ~0.5 mm. Finally, these pellets were sintered for 4 h at 
1060–1100 ◦C under an oxygen atmosphere (5 ◦C/min heating and 
cooling). 

X-ray diffraction (XRD) analyses were performed using a Bruker D2 
phaser benchtop system with CuKα (λ = 1.5406 Å) radiation. The surface 
morphology of the ceramics was investigated with the use of a Hitachi 
S4800 FE-SEM. The samples were prepared by subjecting them to a 120- 
s gold coating process utilizing an EMITECH K550X sputter coater from 
Quorumtech, UK. Subsequently, the gold-coated samples were observed 
using the FE-SEM set at a 10 kV acceleration voltage equipped with 
backscattered electron (BSE) and energy dispersive X-ray spectroscopy 
(EDS) detectors. The settings for these detectors were specifically cali-
brated at an acceleration voltage of 20 kV and a sample distance of 18 
mm. Frequency and temperature-dependent permittivity and dielectric 
loss were measured from room temperature up to 500 ◦C, using an 
Agilent 4184 A precision LCR meter. This was done on pellets that had 
gold electrodes coated on their opposing parallel sides. Impedance 
spectroscopy (IS) data were collected over a frequency range of 20 Hz to 
1 MHz using an Agilent E4980A analyzer. A geometric correction of the 
IS data was performed using ZView software. 

High-resolution synchrotron powder x-ray diffraction (SPXD) was 
performed at Beamline I11, Diamond Light Source. Ceramic pellet 
specimens were crushed into fine powder and loaded into 0.2 mm 
capillary. The 1-D SPXD patterns were recorded using an energy of 15 
keV (wavelength 0.825711 Å) and temperature was controlled between 
− 193 ◦C and 227 ◦C by means of the Cryostream Plus. Full-pattern 
Rietveld refinements were carried out using Topas 6 software to 
extract crystallographic information. 

3. Results and discussion 

The XRD patterns of the AWx and AWxT ceramics are depicted in 
Fig. 1. All the diffraction peaks shown in the XRD can be accurately 
attributed to a singular orthorhombic perovskite structure, consistent 
with pure AN [16]. This demonstrates that the formation of solid solu-
tions is effectively achieved using either Tungsten (W) with Ag-site va-
cancies or W/Tantalum (Ta) co-doping with Ag-site vacancies. For ease 
of comparison, the crystal planes associated with the peaks are marked 
in a cubic arrangement in Fig. 1. Upon magnifying the cubic {200}c 
peak, it is evident that the splitting associated with the orthorhombic 
structure ({220}O + {008}O) is less pronounced when Ta doping is 
implemented, while the introduction of W doping leaves it unaffected. In 
comparison with AW5T and AW10T (Fig. 1), AW5T displays a subtle 
shoulder within the {200}c peak. This results in an apparent shift of the 
{200}c peak, suggesting that an increased amount of Ta can effectively 
mitigate the peak splitting. Previous research has shown that the sepa-
ration of the {220}O and {008}O reflections indicates distortion in the 
oxygen octahedra [32]. Therefore, it can be deduced that Ta doping 
curbs this distortion [26–30], while W doping does not exert a similar 
effect. Moreover, considering Shannon’s radii [33], Tantalum (Ta5+) 
and Niobium (Nb5+) ions share the same effective ionic radius (0.64 Å, 
CN = 6), while Tungsten (W6+) ion possesses a slightly smaller ionic 
radius of 0.60 Å (CN = 6). Owing to these small differences in ionic 
radius, any shifts in the peak indicating alterations in the lattice pa-
rameters are subtle. 

Fig. 2 displays the BSE images of the ceramic samples’ original sur-
faces. We have successfully produced dense ceramic specimens that 
exhibit tightly packed microstructures characterized by block-shaped 
granules. Remarkably, all samples lack any prominent secondary pha-
ses or significant defects. The mean grain size ranges between 2 and 5 
μm, which is slightly smaller than the grain size of approximately 5 μm 
observed for pure AN [14]. It appears that doping with W slightly 
augments the grain size. However, Ta doping effectively inhibits grain 
growth, as depicted in Fig. 2. This can be ascribed to the increased Ta 
content requiring a higher sintering temperature, stemming from the 
refractory characteristics of Ta2O5 [24]. Table 1 presents the EDS data 
for the ceramic samples, which generally confirms the accurate stoi-
chiometry for each component, albeit with some margin of error. 

Fig. 3 presents a set of plots including impedance spectroscopy (Z* 
plots), combined Z″/M″ spectroscopic data, and Arrhenius plots for both 
AWx and AWxT ceramics. Within the context of impedance spectroscopy 
data, Z″ signifies the imaginary component of Z*, whereas M″ is calcu-
lated using formula M″ = 2πfε0Z′ (f symbolizes the frequency measured 
in Hz, ε0 equates to 8.854 × 10− 14 F/cm, and Z′ represents the real 
component of Z*) [34]. All the ceramic samples demonstrate electrical 
homogeneity, signifying the presence of a single resistance-capacitance 
(RC) element, a trait suggestive of bulk-like behavior. This observation is 
corroborated by the emergence of a standard semicircle in the Z* plot, 
coupled with a simultaneous Debye peak in both the -Z″ and M″ spec-
troscopic plots at an identical frequency [35,36]. The electrical con-
ductivity (σ) of the ceramics can be ascertained from their M″ Debye 
peak positions, using the formula 2πfmaxRC = 1, where σ is the reciprocal 
of R, and C is defined as 0.5ε0/M″. As shown in Fig. 3(a), (b) and (d), 
with Ta doping, the semicircles enlarge at the same temperature due to 
the reduction in electrical conductivity, correlating with lower fre-
quency Debye peaks seen in Fig. 4(c) and (e). Earlier research on AN has 
indicated that the band gap is around 2.8 eV [37]. Consequently, the 
activation energy (Ea) is half of the band gap value (Eg = 2.8 eV), which 
equates to 1.4 eV. As shown in Fig. 3(f), The Ea for both AWx and AWxT 
ceramics, being less than 1 eV, is notably lower than the Ea of AN. This 
suggests that the electrical conduction behavior in AWx and AWxT ce-
ramics might not align with the intrinsic electronic conduction. Alio-
valent doping of W/Ta at the Nb-site coupled with vacancies at the 
Ag-site could potentially introduce some extrinsic conduction to 
enhance the electrical conductivity because the Ea for all the samples 
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closely aligns with the Ea associated with ionic conduction or the 
migration of oxygen vacancies [38]. 

Fig. 4 portrays how the permittivity and dielectric loss of AWx and 
AWxT ceramics vary with temperature, measured across a frequency 
spectrum ranging from 10 kHz to 1 MHz. According to the literature, it is 
understood that for AN, the sequential phase transitions of M1-M2, M2- 
M3, M3-O, and O-T occur at approximate temperatures of 67 ◦C, 267 ◦C, 
353 ◦C, and 387 ◦C, respectively [14]. When observing AW5, a deriva-
tive of AN, it similarly exhibits four distinct dielectric anomalies, 
aligning with the reported phase transitions M1-M2, M2-M3, M3-O, and 

Fig. 1. XRD patterns and an enlarged view in the range of 45–47◦.  

Fig. 2. BSE images of the original surface of the ceramic samples (a) AW5, (b) AW10, (c) AW5T, and (d) AW10T.  

Table 1 
Atomic percentages (at. %) derived from EDS spectra of various compositions.  

Elements/Compositions AW5 AW10 AW5T AW10T 

Ag 14.85 12.88 14.57 15.17 
W 0.72 0.9 1.21 1.59 
Nb 16.28 15.0 12.75 12.59 
Ta / / 3.31 3.6 
O 68.15 71.22 68.16 67.05  
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Fig. 3. (a) Z* plots, (b) An enlarged view of (a), and (c) -Z″ and M″ spectroscopic plots of AW5 and AW5T ceramics at 420 ◦C; (d) Z* plots and (e) -Z″ and M″ 
spectroscopic plots of AW10 and AW10T ceramics at 300 ◦C; (f) the Arrhenius plots of electrical conductivity extracted from M″ spectroscopic plots. 

Fig. 4. (a) Temperature dependence of permittivity and dielectric loss of AWx and AWxT at 100 kHz; (b) phase transition temperatures for the AWx and AWxT 
ceramics; (c) AW5, (d) AW10, (e) AW5T, (f) AW10T. 
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O-T, as the temperature incrementally escalates from low to high, 
depicted in Fig. 4(a). With an increase in W content, there is a noticeable 
shift of all four phase transition temperatures to lower values, with 
TM1-M2 transitioning to temperatures below 0 ◦C. This implies a 
heightened stability of the antiferroelectric phase at room temperature. 
It is also observed that the M3-O and O-T phase transitions can be more 
distinctly separated due to the conspicuous nature of the O-T phase 
transition. However, this separation is compromised with the intro-
duction of Ta doping, resulting in the O-T phase transitions becoming 
barely perceptible. In addition to these observations, it is noteworthy 
that the dielectric loss remains low up to a temperature of 500 ◦C. This 
characteristic demonstrates that all samples maintain a low level of 
electrical conductivity, a feature which is congruent with the impedance 
data illustrated in Fig. 3. The trend in the variation of the phase tran-
sition temperature following Ta doping is found to be consistent with 
our prior findings and other established research [16,25,30]. 

In-situ temperature (− 193 to 227 ◦C) SXPD was performed to 
examine structural behavior of AW10. At − 193 ◦C, the structure was 
best refined with single orthorhombic non-polar Pbcm structure, as 
shown in Fig. 5(a) below, which is in agreement with [25]. As increasing 
temperature to 150 ◦C, the best refined structure is obtained in a mixed 
phase of orthorhombic non-polar Pbcm and orthorhombic polar Pmc21. 
These two structures are really similar with different polarizable axis. 
One refinement example (at 227 ◦C) is illustrated in Fig. 5(b), showing 
representative SXRD peaks consisted of mixed phases (Fig. 5c and d). 
Temperature dependence of high-resolution powder SXRD provides 
useful insights on the phase transition of AW10, which can be correlated 

with temperature-dependent dielectric properties. There is no obvious 
structural transformation at phase transition temperature TM1-M2, where 
a small anomaly is observed in Fig. 4(a), indicating this structural 
transformation may be related to local distortion. However, the phase 
transition temperature TM2-M3, observed as a shoulder at ~155 ◦C in 
Fig. 4(a), is associated with the structural transformation from Pbcm to 
Pmc21. Meanwhile, the frequency dispersion in permittivity curve is 
observed above 150 ◦C (Fig. 4(d)), which is also possible due to the 
emerging of Pmc21 phase. 

All SXPD pattern from − 193 to 227 ◦C was carried out full-pattern 
refinement and obtained crystallographic information was displayed 
in Fig. 6 and Table 2 below. All GOF is obtained to be 1.02–1.06. The 
orthorhombic non-polar Pbcm structure is found from − 193 to 227 ◦C 
while orthorhombic polar Pmc21 phase is identified above 150 ◦C. Lat-
tice parameter a and b of Pbcm phase change slightly (±0.01 Å) while 
lattice parameter c, increases significatedly from 15.57 Å at − 193 ◦C to 
15.72 Å at 227 ◦C. The unit cell volume is also found to increase from 
approximately 480 Å3 at − 193 ◦C to 485 Å3 at 227 ◦C. At 227 ◦C, the 
phase fraction of Pbcm and Pmc21 is approximately 55% and 45%, 
respectively. The persistence of the non-polar Pbcm phase, combined 
with the emergence of the new polar Pmc21 phase above 150 ◦C, aligns 
with the phase transition temperature TM2-M3 at approximately 160 ◦C in 
Fig. 4(a). This suggests that not all M2 phases undergo transformation 
into polar phases within the temperature range of 150–227 ◦C. 

Fig. 5. Full-pattern refinement of AW10 at (a) − 193 ◦C and (b) 227 ◦C. (c–d) Representative SXPD peak refinement using a mixed of Pbcm and Pmc21 phase of AW10.  
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4. Conclusions 

In this study, Tungsten (W) was successfully incorporated into the 
Nb-site, offset by vacancies at the Ag-site, which retains electrical ho-
mogeneity but introduces a degree of extrinsic conductivity. The anti-
ferroelectric phase is stabilized via W doping as an increase in W content 
visibly shifts all four-phase transition (M1-M2, M2-M3, M3-O, and O-T) 
temperatures to lower values. There is also a clear observation that the 
M3-O and O-T phase transitions become more discernible after W 
doping. Introducing co-doping of W and 20 at% Tantalum (Ta) into the 
Nb-site can effectively suppress the electrical conductivity. However, it 
also hinders the separation of the M3-O and O-T phase transition peaks 
in temperature-dependent permittivity curves. Using in-situ high- 
resolution synchrotron powder x-ray diffraction (SPXD) at varying 
temperatures, it was demonstrated for the first time that in 
Ag0.9W0.1Nb0.9O3, the higher temperature M3 phase is a mix of ortho-
rhombic non-polar Pbcm and orthorhombic polar Pmc21 within the 
temperature range of 150–227 ◦C. However, at temperatures below 
150 ◦C, the non-polar Pbcm provides a more accurate representation of 
the crystallographic structure. 
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