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Lead‑free dielectric capacitor with high energy storage density is in great demand, but with the 
challenge of limited energy storage density. In this work, Ag(Nb0.85Ta0.15)O3‑x wt%  Ag2O (ANTAx) lead‑
free ceramics with nonstoichiometric  Ag2O were fabricated, with the aim of improving energy storage 
density. The element concentration, phase structure, microstructure, dielectric property, and energy 
storage performance were investigated. Improved recoverable energy storage density (Wrec) of 4.8 J/
cm3 were achieved for ANTA1 ceramics with 1 wt%  Ag2O in excess, demonstrating obvious improvement 
compared with the stoichiometric counterpart. In addition, the ANTA1 ceramics also exhibited highly 
stable energy storage performance in the temperature range from room temperature to 150 °C, with 
variations less than 4% and 5% for Wrec and energy storage efficiency, respectively. The good properties 
may be associated with the dismissing of various defects by adding excess  Ag2O. This work demonstrates 
that silver stoichiometry engineering is an effective method to improve energy storage properties of 
 AgNbO3‑based antiferroelectric ceramics.

Introduction
In recent years, new clean and renewable energy technologies 
are in great demand due to the growing energy market and 
environmental protection conscious. Dielectric capacitor is 
attracting global attention in various advanced pulsed power 
systems, such as power distribution, transportation, spacecraft, 
medical devices, and weapons. These applications are ascribed 
to their significant advantages of high power density, rapid 
charge/discharge capability, and superb cycle reliability, com-
pared to traditional electro-chemical capacitors and batteries 
[1–4]. Nevertheless, the low energy storage capability extremely 
limits their practical application in these fields. This enforces the 

great efforts to improve the energy storage density of dielectric 
capacitors. As the core of a dielectric capacitor, the dielectric 
material is considered to be one of the most important factors 
that affect the energy storage density, which is under intensive 
investigation. As a consequence, many kinds of dielectric mate-
rial systems (such as linear dielectrics [5], relaxor/ferroelectrics 
[6] and antiferroelectrics [7, 8]) have been developed to meet the 
demand of the dielectric capacitors. In comparison with other 
materials systems, antiferroelectric (AFE) materials are superior 
in achieving high recoverable energy density (Wrec), due to their 
double polarization hysteresis loops, accompanying with high  
maximum polarization (Pmax) and small remnant polarization  
(Pr). However, most of the high energy storage performance 
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AFE materials are lead-based systems, such as (Pb,La)(Zr,Ti)O3 
and (Pb,La)(Zr,Sn,Ti)O3, which generally possess large amount 
of lead over 60 wt% [9, 10]. The usage of lead may cause some 
environmental problems and human health hazards, putting for- 
ward the high expectation of discovering novel environmentally 
friendly lead-free AFE energy storage materials.

As a new alternative sort of lead-free antiferroelectric 
materials that is promising for dielectric capacitor applications, 
 AgNbO3 was under intensive investigation in recent years. In 
general, the  AgNbO3 ceramics can exhibit high Wrec with value 
in the range of 1.5–2.0 J/cm3 depending on the applied elec-
tric field, attributed to the double-like polarization–electric 
(P–E) hysteresis loops under electric field [11, 12]. However, 
the weak ferroelectricity in this system leads to high remnant 
polarization, low critical electric field for antiferroelectric–fer-
roelectric phase transition, and large hysteresis, which make it 
unfavorable for improving energy storage density. In order to 
further improve the energy storage density, composition modi-
fications (such as doping) were commonly adopted. The mostly 
used dopants include divalent alkaline earth metal ions [8] and 
trivalent lanthanide ions in A-site [13], higher valence ions in 
B-site [14–16], and the A-/B-site co-doping ions [17, 18], with 
substitution position depending on the chemical properties of 
dopants. For example, the divalent  Ca2+ ions tended to replace 
the  Ag+ in A-site in  Ca2+-doped  AgNbO3 ceramics, resulting in 
highly recoverable energy storage density (Wrec) of 3.55 J/cm3, 
about two times of the value of virgin ones [8]. The trivalent 
 Sm3+ ions also tended to locate in A-site after doping in  AgNbO3 
ceramics, which further increased the recoverable energy stor-
age density to 5.2 J/cm3, accompanying with good energy storage 
efficiency (η) of 68% [13]. As for the B-site dopants, the recover-
able energy storage density of  W6+ ions-doped  AgNbO3 ceram-
ics was improved to be 3.3 J/cm3 [14], which reached 4.2 J/cm3 
[15] and 6.3 J/cm3 [16] in  Ta5+ ions-modified  AgNbO3 ceram-
ics. In addition, the  Sm3+/Ta5+ ions co-doped  AgNbO3 ceramics 
also showed high recoverable energy storage density of 4.87 J/
cm3 [17]. This was also the case for Bi(Zn2/3Nb1/3)O3-modified 
 AgNbO3 ceramics, in which high recoverable energy storage 
density of 4.6 J cm−3 was achieved [18]. In principle, one of the 
most important effect of the aforementioned dopants is to sta-
bilize the antiferroelectricity by decreasing the tolerance factor 
or reducing the polarizability.

Actually, besides the above-mentioned methods, stoichi-
ometry engineering is also considered as an effective way to 
optimize the physical properties of dielectric materials, espe-
cially for the systems with volatile elements. For example, in 
 KxNa1–xNbO3-based piezoelectric materials, extra alkali car-
bonates in starting powders were suggested to be used to pre-
vent the loss of alkali metal elements, thus improving the 
piezoelectric/ferroelectric properties [19, 20]. This method 
also exhibited advantage in Pb-based electroceramics, in 

which excess lead oxide was usually added to compensate the 
loss of lead [21–23]. The addition of extra raw material was 
more commonly used when preparing film with volatile ele-
ments, where more than 10% excess volatile elements were 
added [24]. In  AgNbO3 system, the  Ag2O inevitably decom-
poses into Ag metal and  O2 gas in air at elevated temperature, 
which also leads to the volatilization of Ag metal during the 
sintering process [25, 26]. The loss of silver will cause the 
deviation of chemical composition from their nominal stoi-
chiometric ratio and lead to Ag-deficient  AgNbO3. As a result, 
silver vacancies ( V ′

Ag ) are generally produced, so as the oxygen 
vacancies ( VÖ ) to keep valance balance. Moreover, the 
[

2V ′
Ag + VÖ

]×

 complexes may also form on this occasion. First 

principle calculation revealed that the 
[

2V ′
Ag + VÖ

]×

 com-

plexes in an antiferroelectric Pbcm matrix could act as the 
origin of the weak ferroelectricity in  AgNbO3 [27]. Therefore, 
the antiferroelectric characteristic may be weakened for the 
 AgNbO3-based ceramics with Ag deficiency, which in turn 
increases remnant polarization and hysteresis, thus decaying 
the energy storage properties. Therefore, it’s of great impor-
tance to understand the effect of nonstoichiometric  Ag2O on 
the physical properties of  AgNbO3-based materials.

Based on the aforementioned considerations, nonstoi-
chiometric  Ag2O were added in  AgNbO3-based ceramics 
to look into the effect of silver deficiency and excess on 
the phase structure, microstructure, and electrical proper-
ties. As a promising lead-free antiferroelectric material, the 
stoichiometric Ag(Nb0.85Ta0.15)O3 ceramic exhibited stable 
antiferroelectric characteristic with ultrahigh recoverable 
energy storage density and efficiency [15]. Therefore, in this 
work, the Ag(Nb0.85Ta0.15)O3-x wt%  Ag2O (ANTAx) lead-free 
ceramics with nonstoichiometric  Ag2O were selected as pro-
totypes. Improved Wrec with value of 4.8 J/cm3 was achieved 
for ANTA1 ceramic with 1 wt%  Ag2O in excess, which also 
exhibited highly stable energy storage performance. This work 
paves a new way to improve the energy storage performance 
of  AgNbO3-based antiferroelectric ceramics.

Results and discussion
Element concentration

Figure 1 gives the real element ratio of Ag, Nb, and Ta for 
the ANTAx ceramics with various Ag content detected by 
ICP measurement. As expected, the amount of Nb and Ta are 
almost the same with the nominal content, while the amount 
of Ag element is around 99.3% of the nominal value for the 
stoichiometric composition with x = 0 wt%, demonstrating 
around 0.7% Ag deficiency. The loss of Ag can be compen-
sated only when more than 0.5 wt% excess  Ag2O is added, 
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because the measured real element ratios of Ag are 99.9% 
and 100.3% for samples with 0.5 and 1 wt%  Ag2O in excess, 
respectively. This indicates that a small part of silver is indeed 
lost during the sintering process. It should be noted that both 
metal Ag (if it exists in our case) and lattice  Ag+ are included 
in ICP measurement. Therefore, the lattice  Ag+ may be less 
than the measured value, even though no detectable silver 
metal is observed in this work (See the XRD result below).

Phase and microstructure

To investigate the effect of the silver deficiency and excess on 
phase structure evolution, XRD of the as-prepared samples are 
measured and shown in Fig. 2a. All samples exhibit similar XRD 
diffraction patterns, all of which can be well indexed without 
detectable extra peaks and peak split/shift for all samples. This 
indicates that a small amount of nonstoichiometric  Ag2O can 
neither introduce second phase (such as metallic silver or other 
metallic oxide) nor change the phase structure. It should be 
noted that changes are observed in the refined lattice parameters 
and cell volume for the ceramics with various  Ag2O content. The 
lattice parameters a and c stay relatively stable at lower  Ag2O 
content, which exhibit large enhancement at x = 0.25 wt%, as 
shown in Fig. 2b. The similar phenomenon can be also observed 
for the cell volume in Fig. 2c. These may be resulted from the 
decreased amount of silver vacancy and oxygen vacancy after 
the supplement of extra  Ag2O. Figure 2d–f gives the microstruc-
ture of the selected ceramics with various  Ag2O content of − 1 
wt%, 0 wt%, and 1 wt%, after polishing and hot corrosion. All 
samples exhibit closely compacted grains, indicating high rela-
tive density. It should be noted that the micromorphology and 
grain size are similar for the samples with various  Ag2O con-
tent, exhibiting polygonal shape with grain size distribution in 
the range from ~ 2 to ~ 5 μm, which indicates that a very small 
amount of  Ag2O deficiency or excess plays little effect on the 
microstructure.

Dielectric properties and energy storage performance

In order to find the evolution of dielectric property as a function 
of  Ag2O, temperature dependence of dielectric permittivity and 
loss are also measured, as given in Fig. 3a and b. Four dielectric 
anomalies associated with various phase transitions are observed 
for ANTAx ceramics in the temperature-dependent dielectric 
permittivity, as marked in Fig. 3a, consistent with the results 
reported in the literature [28]. The dielectric anomaly at ~ 200 °C 
is associated with the M2–M3 phase transition temperature. The 
two dielectric anomalies at ~ 346 °C and ~ 390 °C are related to 
the M3–O and O–T phase transitions, respectively. The small 
hump around 80 °C is assigned to be freezing temperature (Tf), 

below which the antipolar B-site ions displacements are fro-
zen, resulting in antiferroelectric ordering [29]. The dielectric 
anomaly related to M1–M2 phase transition is shifted to below 
room temperature in the ANTAx ceramics, which is invisible 
in the measuring temperature range. It should be noticed that 
all dielectric anomalies occur at the same temperature with the 
variation of  Ag2O content, which further demonstrates that the 
influence of silver deficiency and excess on the phase structure 
is very small. The dielectric permittivity gradually shifts to lower 
value with the excess of silver which is even more obvious at 
elevated temperature. This may be associated with the vanish-
ing of defects mentioned before. In addition, all of the dielectric 
loss stays at low value for all samples, indicating high electrical 
resistivity.

Figure 4 gives the compositional dependence of antifer-
roelectric properties for the as-prepared ANTAx ceramics. 
Typical double P–E loops with low remnant polarization are 
observed for all of the as-prepared samples (Fig. 4a), indicat-
ing that all of the samples with silver deficiency and excess are 
well-stabilized antiferroelectrics. Four typical peaks are found 
in the I–E curves for all samples, with two peaks in the branch 
with positive electric field and the other two peaks with nega-
tive electric field, as shown in Fig. 4b, resulting from the 
reversible electric field-induced phase transitions. This fur-
ther verifies that all of the samples are of antiferroelectrics. 
The peak at higher electric field in each branch is associated 
with the electric field-induced antiferroelectric to ferroelectric 
phase transition (the corresponding electric field is EF), while 
the peak located at lower electric field is associated with the 
ferroelectric backward antiferroelectric phase transition (the 
corresponding electric field is EA). To look insight into the 
effect of silver condition on the antiferroelectric property, the 

Figure 1:  The real element ratio of Ag, Nb, and Ta for ANTAx ceramics with 
various  Ag2O content.
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 Ag2O-dependent polarization and critical electric field for 
phase transition are determined, respectively, from the P–E 
loops and I–V curves, as given in Fig. 4c and d. The maximum 
polarization exhibits a general increase with the increase of 
 Ag2O content, with a small kinking around x = 0.5 wt%, above 
which a relatively stable Pmax is observed by further increasing 

the  Ag2O content. In comparison, the Pr stays relatively stable 
across the whole  Ag2O content. The EA and EF also exhibit 
slight enhancement when the excess content of  Ag2O is lower 
than 0.5 wt%, similar to that observed in Pmax. The evolution 
of remnant polarization and critical electric field for phase 
transition may indicate a possible enhancement in the stability 

Figure 2:  (a) The XRD patterns of the ANTAx ceramics, (b) the calculated lattice parameters a, b and c, and (c) the cell volume. SEM micrographs of the 
selected ANTAx ceramics with composition of (d) x =  − 1, (e) x = 0, and (f ) x = 1.

Figure 3:  Temperature dependence of (a) dielectric permittivity and (b) loss of the as-prepared ANTAx ceramics with various  Ag2O content.
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of antiferroelectric feature. As previously demonstrated, the 
ANTAx ceramics keep the same phase structure and phase 
transition temperature, which may result to a similar AFE 
characteristic. The improved stability of AFE feature in this 
work might be ascribed to the dismissal of various defects. 
The excess of silver may compensate the lost silver ions in the 
lattice due to the evaporation and decomposition of  Ag2O dur-
ing sintering process. This will forbid the formation of silver 
vacancies, oxygen vacancies, as well as the 

[

2V ′
Ag + VÖ

]×

 com-

plexes, which are usually considered as the origin of the weak 
ferroelectricity in  AgNbO3 [27]. The similar mechanism may 
be also applicable in Ta-modified  AgNbO3 system, thus lead-
ing to improved stability of antiferroelectrcity. A higher stabil-
ity of antiferroelectrcity may benefit the improvement of 
energy storage density.

Besides the antiferroelectric feature, the breakdown strength 
(Eb) is another crucial parameter that affects the energy storage 
performance. To understand the effect of  Ag2O efficiency and 
deficiency on the breakdown strength, Eb of the as-prepared 
samples with various  Ag2O content are evaluated according to 
the Weibull distribution [15]:

(1)Xi = ln(Ei)

(2)Yi = ln

(

ln
1

1− Ni

)

where n is the total number of samples, Ei is the breakdown 
electric field for the ith specimen, and Ni is the probability of 
dielectric breakdown. Good linear relationship is obtained for 
Xi and Yi, as shown in Fig. 5a. The determined Eb as a function 
of  Ag2O content is given in Fig. 5b. Of great importance is that 
significant enhancement in Eb is observed for ceramics with the 
 Ag2O content increasing from − 1 to 2 wt%, which changes from 
225 to 276 kV/cm. The improvement in breakdown strength 
may be associated with the decreased amount of defects (such 
as silver vacancy, oxygen vacancy, and their complex, etc.) after 
the addition of extra  Ag2O. A higher breakdown strength is ben-
eficial for improving energy storage density.

In General, the energy storage performance of a dielectric 
capacitor can be evaluated using the mathematical formulas as 
follows [17]:

The energy storage density:

The recoverable energy storage density:

(3)Ni =
i

n+ 1

(4)W =
Pmax

∫
0

EdP

(5)Wrec =
Pmax

∫
Pr

EdP

Figure 4:  Compositional variation of (a) P–E loops and (b) I–V curves of the as-prepared ANTAx ceramics. The (c) Pmax and Pr, and (d) EF and EA 
determined from the P–E loops and I–V curves.
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The energy storage efficiency:

where E and P are the applied electric field and the dielectric 
polarization, respectively. Figure 6 gives the as-calculated recov-
erable energy storage density and efficiency that are obtained 
from the P–E loops for all as-prepared specimens. The Wrec 
exhibits a general increase with the addition of  Ag2O, with value 
increasing from 4.0 J/cm3 for ANTA1 to 4.3 J/cm3 for ANTA0 
ceramics. An obviously increased Wrec of 4.8 J/cm3 is achieved 
for ANTA1 sample. This demonstrates that a certain of excess 
 Ag2O is beneficial for improving the recoverable energy storage 
density. It is worth noting that all ANTAx ceramics exhibit high 
energy storage efficiency over 68%, which are almost independ-
ent on the  Ag2O content, which may be resulted from the syn-
chronous improvement of EA and EF. The good energy storage 
performance demonstrates that the silver stoichiometry engi-
neering is an effective way to improve energy storage density of 
 AgNbO3-based antiferroelectric ceramics.

From application viewpoint, the temperature stability of 
energy storage property should also be considered. To evaluate 
the effect of silver condition on the reliability of energy storage 
property, the temperature dependence of P–E loops of ANTA1 
ceramics were measured under electric field of 250 kV/cm, as 
shown in Fig. 7a. The P–E loops are relatively stable with the 
increase of temperature, exhibiting small variations in both 
polarization and critical electric field for phase transition. As 
expected, the ANTA1 ceramics with 1 wt% silver excess demon-
strate highly stable energy storage performance in the tempera-
ture range from room temperature to 150 °C, with variations less 
than 4% and 5% for Wrec and η, respectively, as shown in Fig. 7b. 

(6)η =
Wrec

W
× 100%

The good energy storage performance further clarifies that the 
silver stoichiometry-engineered  AgNb0.85Ta0.15O3 ceramics are 
promising for energy storage applications.

Conclusion
In summary, ANTAx lead-free ceramics with various  Ag2O 
in excess were prepared. The lost silver element during sinter-
ing process could be compensated by adding extra 0.5–1 wt% 
 Ag2O. A small amount of nonstoichiometric  Ag2O played little 
effect on the phase structure, microstructure, and phase tran-
sition temperature, while the critical electric field for antifer-
roelectric-ferroelectric phase transition and the breakdown 
strength increased with increasing excess  Ag2O content. As a 
result, ultrahigh recoverable energy storage density of 4.8 J/
cm3 was achieved for ANTA1 ceramics with 1 wt%  Ag2O in 

Figure 5:  (a) Weibull distribution of breakdown strength. (b) The Eb as a function of  Ag2O content.

Figure 6:  The compositional dependence of energy storage properties 
(Wrec and η) of ANTAx ceramics.
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excess, demonstrating obvious improvement compared with the 
stoichiometric counterpart. In addition, the ANTA1 ceramics 
also exhibited highly stable energy storage performance in the 
temperature range from room temperature to 150 °C, with varia-
tions less than 4% and 5% for Wrec and energy storage efficiency, 
respectively. The good performance indicates that silver stoichi-
ometry engineering is an effective method to improve energy 
storage properties of  AgNbO3-based antiferroelectric ceramics.

Experimental procedures
The Ag(Nb0.85Ta0.15)O3-x wt%  Ag2O (ANTAx) lead-free ceram-
ics with different  Ag2O were prepared by a conventional solid-
state reaction method, with the deficient and excess  Ag2O 
of − 1.0 wt%, − 0.5 wt%, 0 wt%, 0.25 wt%, 0.5 wt%, 1.0 wt%, 
and 2.0 wt%. The starting materials were  Ag2O (99.7%),  Nb2O5 
(99.5%), and  Ta2O5 (99.99%). All raw materials were weighed 
according to the stoichiometric ratio and ball milled for 24 h in 
a nylon jar with alcohol as the dispersion medium. After drying, 
the mixed powders were calcined at 900 °C for 6 h in  O2 atmos-
phere. Then the as-calcined powders were ball milled and dried 
again, after which the powders were pressed into green pellets 
by cold isostatic pressing under pressure of 200 MPa. The pellets 
were sintered at 1120–1200 °C for 6 h in  O2 atmosphere. The as-
sintered samples were polished down to a thickness of ~ 200 μm 
and coated with silver electrode (3 mm in diameter) at 560 °C.

The phase structure of the as-sintered samples was deter-
mined using X-ray diffractometer (Smartlab-3KW, Rigaku Ltd., 

Tokyo, Japan) with monochromatic Cu Kα radiation, after the 
ceramics were crushed into powders. The microstructure was 
observed using a Scanning Electron Microscopy (SEM, Phenom 
Pro X, Eindhoven, Netherlands), after the as-sintered samples 
were polished and annealed at temperature slightly lower than 
their sintering temperature. The metal element content was 
determined using an inductively coupled plasma atomic emis-
sion spectroscopy (ICP-AES, ICPS-7510, Shimadzu, Japan), 
after the ground sintered ANTAx pellets were dissolved in a 
 H2SO4 and HF-mixed solution. The temperature dependence 
of dielectric permittivity was measured using an LCR analyzer 
(Model 4294A, Hewlett-Packard Co, Palo Alto, CA, USA) with 
temperature varying from room temperature to 500 °C. The 
P–E loops and the corresponding current vs. electric field (I–E) 
curves were measured at 1 Hz with a ferroelectric tester (RT66, 
Radiant Technologies, NM, USA). The breakdown strength Eb 
was determined using a voltage breakdown tester (RK2671AM, 
Shenzhen Meiruike electronic technology Co. Ltd, Shenzhen, 
China).
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