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Abstract
Recently,  AgNbO3 antiferroelectric ceramics have attracted great attention by virtue of their characters of high energy storage 
density and environmental friendliness. To further optimize the electrical properties, in this work,  Lu2O3 modified  AgNbO3 
ceramics were prepared via conventional solid state method. Crystal structure and element analysis indicated the  Lu3+ ion 
preferred to enter the A-site when  Lu2O3 content was lower than 2 mol%, otherwise, it was more likely to form  LuNbO4 or 
 Lu3NbO7-based solid solutions. Remarkably improved stability of antiferroelectric phase was observed once  Lu3+ ions enter 
into the A-site, on account of the decrease of cell volume and tolerance factor. As a consequence, an enhanced recoverable 
energy storage density (Wrec) of 3.5 J/cm3 was achieved in 1 mol%  Lu2O3 modified  AgNbO3 ceramics at 210 kV/cm, which 
is superior to the other lead-free ceramics under moderate electric field (< 220 kV/cm). It is believed our study will provide 
a good reference for the development of  AgNbO3-based dielectric capacitors.

1 Introduction

With the rapid development of electronic industry, much 
attention has been concentrated on discovering novel energy 
storage materials to meet the sustainable development [1–4]. 
As an important branch of energy storage systems, dielectric 
capacitors are widely used in various kinds of high power 
equipment because of their fast charge/discharge rate and 
high power density [5–8]. However, the dielectric capacitors 
are greatly limited in practical application due to their low 
energy storage density (Wrec) [9–12]. Among all dielectrics, 

antiferroelectric (AFE) energy storage ceramics with the 
character of high maximum polarization (Pm) and low 
remnant polarization (Pr) have received significant atten-
tion. At present, lead-based antiferroelectric materials have 
been widely investigated because of their excellent energy 
storage performance [13–16]. However, with the improved 
social awareness of environmental protection, the lead-based 
materials will be gradually restricted in law. Novel lead-free 
dielectric capacitors with high energy storage density are 
urgently demanded.

As a member of perovskite family,  AgNbO3 (AN) lead-
free antiferroelectric ceramics have recently received con-
siderable interest. The energy storage density of pure AN 
ceramic ranged from 1.5–2.0 J/cm3 depending on the applied 
electric field [6, 17, 18]. More importantly, this material 
system exhibited highly adjustable characters in energy 
storage performance through composition modification. 
Recently, aliovalent A-site cation substitution is widely used 
to tailoring the energy storage property of  AgNbO3-based 
ceramics [19]. For examples, high energy storage densities 
were achieved to 2.3, 2.6 and 2.9 J/cm3 in  Ca2+,  Bi3+ and 
 Sr2+ modified  AgNbO3 ceramics, respectively [20–22]. Of 
particular importance, the lanthanide metal oxides modi-
fied  AgNbO3 exhibited more attractive energy storage 
density. A high energy storage density of 4.5 J/cm3 was 
achieved in  Ag0.88Gd0.04NbO3 ceramics [23]. Our previous 
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investigations showed that high energy storage densities of 
3.12 J/cm3 and 5.2 J/cm3 were realized in  Ag0.94La0.02NbO3 
and  Ag0.91Sm0.03NbO3 ceramics, respectively [12, 19]. The 
inner mechanism of above-mentioned enhanced energy stor-
age density through chemical modification is ascribed to 
the improved stability of antiferroelectric phase, as a conse-
quence of reduced tolerance factor t. Generally, the stability 
of an antiferroelectric phase for perovskite structure can be 
evaluated by the following formula:

where RO, RA and RB, respectively, represent the average 
ionic radii of oxygen anion, A-site and B-site cations [12, 
24, 25]. It’s generally believed that a low tolerance factor 
is beneficial to obtaining a highly stabilized antiferroelec-
tric phase. The mechanism of this empirical equation is 
considered to lie on the decrease of cell volume and cat-
ion displacement [26], which weakens ferroelectricity and 
improves the antiferroelectricity.

As a last element in the lanthanide, the ion radius of  Lu3+ 
(R = 0.92 Å) is smaller than those of most lanthanides with 
a coordination number of 12 [27, 28]. Once it enters into 
A-site to replace  Ag+, the tolerance factor and cell volume 
will be remarkably reduced, which will, in turn, improve 
the stability of antiferroelectric phase. Furthermore, among 
the lanthanide oxides,  Lu2O3 was reported to possess bet-
ter insulating property, higher dielectric constant and 
lower leakage current than those of other lanthanide oxides 
[29–32]. Therefore, the addition of  Lu2O3 into  AgNbO3 may 
also enhance the breakdown field strength (Eb), which is 
beneficial to improving the energy storage density.

According to the aforementioned consideration,  Lu2O3 
was added into  AgNbO3 in this work, with the aim to 
improve the stability of antiferroelectric phase and enhance 
the energy storage density. As expected, an enhanced energy 
storage density (Wrec) of 3.5 J/cm3 was achieved in 1 mol% 
 Lu2O3 modified  AgNbO3 ceramics. The crystal structure, 
microstructure and electrical properties of the as-prepared 
 AgNbO3-based ceramics were systematically investigated.

2  Experimental procedure

The  LuxAg1−3xNbO3 (LuANx) ceramic samples with x = 0, 
0.01, 0.02, 0.03 and 0.04 (abbreviated as AN, LuAN1, 
LuAN2, LuAN3 and LuAN4) were prepared by using a con-
ventional solid state reaction method, details of which can 
be found in our earlier works [19, 26]. X-ray diffractometer 
(Smartlab-3KW, Rigaku Ltd, Japan) with monochromatic 
Cu Kα radiation was used to detect the crystal structure, after 
the samples were crushed into powders. The microstructure 

(1)t =
RA + RO

√

2(RB + RO)

,

and element content of the ceramics were examined by scan-
ning electron microscopy and energy dispersive spectrom-
eter (SEM–EDS, Pro X, Phenom, Eindhoven, Netherlands). 
The dielectric-temperature spectrum was obtained by using 
the LCR tester (Model 4294A, Hewlett-Packard Co.) as the 
temperature elevate from 30 to 500 °C. Ferroelectric ana-
lyzer (RT66, Radiant Technologies, USA) was employed to 
obtain the polarization versus electric field hysteresis loops 
(P–E loops) and the current versus electric field (I–E curves) 
at 1 Hz.

3  Results and discussion

3.1  Crystal structure and microstructure analysis

The compositional dependence of X-ray diffraction patterns 
are displayed in Fig. 1. Pure perovskite structure can be 
observed in undoped  AgNbO3, as compared with JCPDS file 
No. 70-4738. However, once a certain amount of  Lu2O3 is 
added, a few small extra peaks come across, as shown in the 
enlarged patterns with angles in the range of 29°–31°. When 
1 mol%  Lu2O3 is doped, an extra peak identified as  LuNbO4 
is observed, which may be associated with a higher reaction 
activity between  Lu2O3 and  Nb2O5 raw materials compared 
with that between  Ag2O and  Nb2O5. As the content of Lu 
increases to 2 mol%, other peaks identified as  Lu3NbO7 are 
also observed. The XRD Rietveld refinement on the basis of 
Pbcm space group was obtained by using GSAS software to 
further study the crystal structure evolution of  AgNbO3 with 
the increase of  Lu2O3 doping amount, which was displayed 
in Fig. 2a–e. The low reliability factor values indicate the 
structural model is valid and the refinement results fit well 
with the experimental data. The Rietveld lattice parameters 
a, b, c and the cell volume V are calculated, as exhibited 

Fig. 1  Compositional dependence of X-ray diffraction patterns and 
enlargement of the 29°–31° range of LuANx ceramics
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in Fig. 2f. The a and b slightly decrease with the increase 
of  Lu2O3 doping amount, while the c changes very little. 
More interestingly, the cell volume V decreases remarkably 
at low Lu level (< 2 mol%), which then exhibits very small 
change by further adding  Lu2O3. In general, the smaller  Lu3+ 
(R = 0.92 Å) ions prefer to substitute for  Ag+ (R = 1.48 Å) 
in the A-site, as described by the solid solution formula as 
follows:

The substitution of  Ag+ by  Lu3+ and the produced silver 
vacancies contribute to the sharp decrease of cell volume 

(2)Lu2O3 + 3Nb2O5 → 2Lu..
Ag

+ 4V �

Ag
+ 6Nb×

Nb
+ 18O×

O
.

V, which is in favor of the stability of antiferroelectric 
phase. However, both lattice distortion and valance imbal-
ance will increase with the  Lu3+ ions successive diffusing 
into the crystal lattice, because of the large ionic radius and 
valance variations between  Ag+ and  Lu3+ ions. This will 
restrict extra  Lu3+ ions from entering into  AgNbO3 lattice, 
resulting into a limited solid solubility of  Lu3+ ions. As a 
consequence, the cell volume V stays almost no change and 
secondary phases come to across gradually, which is the case 
of x > 2 mol%, as confirmed by the cell volume variations 
and the extra peaks in XRD patterns.

Figure 3a–e display the microstructure of the as-sintered 
LANx ceramics. Few porosities are observed on the surface 
morphology, which indicates a high relative bulk density. 

Fig. 2  XRD Rietveld refinement of a AN, b LuAN1, c LuAN2, d LuAN3, e LuAN4 ceramics and f lattice parameters a, b, c and unit cell vol-
ume V as a function of  Lu2O3 content
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Some small grains with different contrast are also observed 
when x > 2 mol%, as marked with red arrows in Fig. 3d and 
e for LuAN3 and LuAN4, respectively. In order to explore 
the difference between the abnormal grains and the matrix, 
the EDS is applied on various grains of LuAN4 ceramics. 
The obtained EDS patterns and calculated atomic percentage 
are shown in Fig. 3f. The atomic ratio (Ag:Nb:O) of mother 
grains (point 1 in Fig. 3e) is near to 1:1:3, which is consist-
ent with the chemical formula of  AgNbO3. Besides, signa-
ture of Lu element with atomic percentage around 1.75% 
is also detected, indicating that a portion of  Lu3+ diffuses 
into the  AgNbO3 lattice and the solid solubility of  Lu3+ is 
around 2 mol%. While the atomic percentage of Lu, Nb, 
O and Ag elements in abnormal grain (point 2 in Fig. 3e) 
are, respectively, found to be 14.63%, 18.35%, 58.87% and 
8.15%, which is almost identical with the chemical formula 
 LuNbO4 with a certain amount of  Ag+ entering into the lat-
tice. However, the  Lu3NbO7 is not confirmed yet, which may 
because its amount is too low to be detected by EDS.

The breakdown strength is closely related to the 
grain size, so it’s very important to count the grain size 

distribution. Herein, the grain size variations of the AN-
based ceramics before and after  Lu2O3 modification are 
determined and shown in Fig. 4a–e. The statistical grain 
size generally obeys Gaussian distribution for all compo-
sitions. The relationship between average grain size and 
 Lu2O3 doping amount is illustrated in Fig. 4f. The average 
grain size is about 6 μm for AN ceramics. The average 
grain size significantly reduces to ~ 2.3 μm after 1 mol% 
 Lu2O3 addition, which may be resulted from the silver 
vacancies combined with the impurity ions  (Lu3+ ions in 
the lattice) which inhibit the mass transport [33, 34]. How-
ever, the average grain size tends to increase with further 
increase of  Lu2O3 content. This may be associated with the 
limited solid solubility of  Lu3+ ions in the  AgNbO3 lattice. 
The excess  Lu3+ ions prefer to precipitate from the mother 
grain and exist in the grain boundary during the sintering 
process, which may accelerate the grain boundary mobil-
ity, thus leading to the growth of mother grain. Due to the 
hindrance of the secondary phase, the grain size is still 
smaller than that of pure  AgNbO3.

Fig. 3  SEM surface images of a AN, b LuAN1, c LuAN2, d LuAN3, e LuAN4 ceramics and f the various atomic percentage at different grains 
of LuAN4 ceramics (Color figure online)
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3.2  Dielectric properties

In order to investigate dielectric properties and the stabil-
ity of antiferroelectricity in the  Lu2O3 modified  AgNbO3 
ceramics, the dielectric permittivity and loss are measured 
at different frequencies from 1 kHz to 1 MHz, as shown in 
Fig. 5a–e. Four dielectric anomalies are observed in AN, 

LuAN1 and LuAN2 ceramics, which is consistent with the 
existing reports [3, 8, 19].

It should be noticed that an extra dielectric anomaly at 
temperature around 270 °C is observed when x > 2 mol%, 
which may be associated with the secondary phase. All 
samples exhibit very low dielectric loss, indicating high 
electric resistance. In order to explore the influence of 

Fig. 4  Grain size distribution of a AN, b LuAN1, c LuAN2, d LuAN3, e LuAN4 ceramics and f the average grain size as a function of  Lu2O3 
content
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 Lu2O3 modification on the phase transition, the phase dia-
gram is constructed in Fig. 5f based on the dielectric-tem-
perature spectrum. The TM1–M2 (M1–M2 phase transition 
temperature) is adjusted to below room temperature when 
 Lu2O3 doping amount is over 2 mol%. The lower TM1–M2 
indicates a much more stable antiferroelectric phase at 

room temperature for  Lu2O3 doped compositions, which 
may benefit the improvement in energy storage density. 
The M2–M3 phase transition temperature (TM2–M3) is also 
found to decrease with increase of  Lu2O3 level. Further-
more, the M3–O phase (TM3–O) and O–T (TO–T) transition 
temperatures increase slightly with the increase of  Lu2O3 

Fig. 5  Dielectric-temperature spectrum measured at different frequencies from 1 kHz to 1 MHz for a AN, b LuAN1, c LuAN2, d LuAN3, e 
LuAN4 ceramics and f phase diagram obtained from the dielectric-temperature spectrum
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content. The temperatures for the extra dielectric anomaly 
stay stable with increasing  Lu2O3 content, which further 
verify it may be caused by the secondary phases; more 
investigations need to be done to confirm this.

3.3  Electrical properties

To investigate the ferroelectric and energy storage properties 
of the  Lu2O3 modified  AgNbO3 ceramics, the P–E loops and 
I–E curves are shown in Fig. 6a–e. Typical double-like P–E 
loops are obtained when x < 3 mol%, which is consistent 

Fig. 6  P–E loops and I–E curves of a AN, b LuAN1, c LuAN2, d LuAN3, e LuAN4 ceramics and f total P–E loops of the LuANx ceramics with 
different  Lu2O3 content
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with a antiferroelectric feature. The four peaks in I–E curves 
are further confirmed the antiferroelectric feature [35]. Fig-
ure 6f gives a comparison of the P–E loops for LuANx sys-
tem. The hysteresis becomes smaller with increase of the 
 Lu2O3 doping amount, which is benefit to higher energy 
storage efficiency. In order to look into the effect of  Lu2O3 
modification on ferroelectric properties, the detailed evolu-
tion of the electrical parameters is also investigated, as dis-
played in Fig. 7a, b. The Pmax initially increases from 37.0 
µC/cm2 for undoped  AgNbO3 to 39.7 µC/cm2 for LuAN1 
ceramic after 1 mol%  Lu2O3 modification, which decreases 
continuously by further increasing  Lu2O3 content. While the 
Pr exhibits a generally decrease with the increase of  Lu2O3 
doping amount, which is attributed to the enhanced stabil-
ity of antiferroelectric phase. Furthermore, both EF (AFE 
to FE phase transition electric field) and EA (FE to AFE 
phase transition electric field) increase with the increase of 
 Lu2O3 doping content when x < 2 mol%, as shown in Fig. 7b. 
Once the  Lu2O3 doping level exceeds 2 mol%, the EA is 
relative stable, due to the limited solid solubility for  Lu3+ in 

 AgNbO3. The disappearance of EF at higher  Lu2O3 doping 
level may be resulted from the higher antiferroelectric–fer-
roelectric phase transition electric field, which exceeds the 
breakdown field strength of the ceramics.

It is generally believed that the stability of antiferroelec-
tricity is closely related to the tolerance factor t. Herein, the 
theoretical value of t is calculated on the basis of Eq. (1) 
and is displayed in Fig. 7c, which decreases linearly if all 
 Lu3+ ions enter into A-site. In fact, due to the limited solid 
solubility of  Lu3+ in  AgNbO3 lattice, the possible value of t 
may be deviated to the theoretical value. As discussed pre-
viously, the solid solubility of  Lu3+ in  AgNbO3 lattice is 
around 2 mol%, so the possible value of t should decrease 
firstly (~ 2 mol%) and then become relatively stable with 
further increase of  Lu2O3 content, similar to the dotted curve 
given Fig. 7c. The change of t and unit cell volume V may 
account for the complex evolution of EA and EF.

Figure  7d gives the Wrec and efficiency η of  Lu2O3 
modified  AgNbO3 ceramics to evaluate the electric per-
formance. The Wrec is up to 1.89 J/cm3 at 190 kV/cm for 

Fig. 7  a Pm and Pr, b EA and EF of the LuANx ceramics as a function of  Lu2O3 content, c the evolution of theoretical (solid) and possible (dot) 
value of tolerance factor t and d energy storage properties as a function of  Lu2O3 doping amount
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undoped  AgNbO3, which increases to 3.5 J/cm3 accompa-
nied with efficiency η of 53.1% after 1 mol%  Lu2O3 addition 
at 210 kV/cm. With further increases of the  Lu2O3 doping 
amount, the Wrec decreases due to the lower Pmax. The energy 
storage efficiency also increases from 37.9% (AN) to 66.5% 
(LuAN4) because of the decreased hysteresis of P–E loops. 
Furthermore, a comprehensive comparison of Wrec among 
other lead-free materials system are made in Table 1 [11, 
17, 20, 36–47], which indicates that  Lu2O3 doped  AgNbO3 
antiferroelectric ceramics are superior to the most of lead-
free ceramics under moderate electric field (< 220 kV/cm).

4  Conclusion

In this work,  Lu2O3 modified  AgNbO3 lead-free antifer-
roelectric ceramics were synthesized via solid state reac-
tion method. A certain amount of  Lu2O3 (< 2 mol%) led 
a decrease in cell volume V and tolerance factor t, while 
second phase came to across with higher  Lu2O3 level due 
to the limited solid solubility. The  Lu3+ ions in the lattice 
benefited to the improvement of stability of antiferroelec-
tric phase, thus leading to the enhanced EF and EA. As a 
consequence, high Wrec up to 3.5 J/cm3 accompanied with 
efficiency of 53.1% at 210 kV/cm was achieved in 1 mol% 
 Lu2O3 doped  AgNbO3 ceramics. The results indicate that 
 Lu2O3 doped  AgNbO3 antiferroelectric ceramics is promis-
ing for dielectric capacitors.
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