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Enhanced energy storage performance in Gd/Mn co-
doped AgNbO; lead-free antiferroelectric ceramics via

tape casting

Qixin Chen', Mingyuan Zhao'?, Jing Wang?'® and Lei Zhao'"

Antiferroelectric materials are promising for applications in advanced high- 80

power electric and electronic devices. Among them, AgNbO;-based ceramics < i
have gained considerable attention due to their excellent energy storage per- 60 - :
formance. Herein, multiscale synergistic modulation is proposed to improve L *

the energy storage performance of AgNbO;-based materials, whereby the tape 3 40 ve

casting process is employed to improve the breakdown strength and Gd/Mn T ™[ B

doping is utilized to enhance the antiferroelectric stability. As a result, a high = AN :gg; i é:i"o‘f:iﬂ
recoverable energy storage density up to 5.3 J cm™ and energy efficiency of 20 [@ 0,02 mol Ga-doped AN ( 0.02 mol Sr-doped AN
67.6% are obtained in Gd/Mn co-doped AgNbO; ceramic, which shows good 17 g-hoémf‘:;'fa’dof’ed AN

temperature stability and frequency stability. These results show that the com- 0 :

ponents and processes proposed in this work provide a feasible method for im- 2 3 4 5 6

proving the energy storage performance of AgNbO;-based ceramics.

volume and weight, thus leading to an increasing

demand for high-performance energy storage
devices."2. Among them, dielectric capacitors have been
favored for their excellent power density.3! Dielectric capacit-
ors have great development prospects in the applications of
aerospace medical equipment and power electrical
systems.[*5] Dielectric materials used for capacitors can be di-
vided into four categories: linear dielectrics, ferroelectrics
(FEs), relaxor ferroelectrics (RFEs) and antiferroelectrics (AFEs).
The recoverable energy storage density W,.. and energy effi-
ciency 5 of dielectric materials can be estimated by the fol-
lowing:

E lectronic devices are now evolving toward reducing

,
Wy = jo EdP )
Pmax
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st
where P, P, and E represent remnant polarization, maximum
polarization, and applied electric field, respectively.®”) AFE
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ceramics have attracted much attention in the field of energy
storage because of their double hysteresis loops (P-E loops).
Among many AFE materials, lead-based AFE materials, such as
(Pb,La)(Zr,Sn)O5 and PbZrOs; have commendable energy stor-
age properties.® But lead is harmful to the environment and
human body, which makes lead-free energy storage materials
imperative. AQNbOs; is a lead-free AFE material with typical per-
ovskite structure.>'? It undergoes phase transitions of mono-
clinic (M;, My, and M) phase, orthorhombic (O) phase, tetragon-
al (T) phase and cubic (C) phase with increasing temperature.
Among them, M, phase is the ferrielectric (FIE) phase, M, and M;
phases are the AFE phase, and the phase transition between
them is related to the cation (Ag and Nb) shift. The O, T and C
phases are paraelectric phases, and the phase transition
between them is related to the inclination of the oxygen octa-
hedron. The phase structure of AgNbO3-based materials can be
changed by ions doping.l'"'? AgNbO, shows many intresting
good performances in many fields such as FE photovoltaic,
piezoelectric system and photocatalysis.!'>-'>! The AFE double P-
E loops of AgNbO; ceramic were first reported in 2007, which
possesses a polarization of 52 pC cm=2. 1'% In 2016, Tian et al.
prepared high-quality AQNbO; ceramics and obtained a W, of
2.1 Jcm=3at 175 kV cm™.'7In 2017, the W, was increased to
4.2 ) cm™ in Ta-doped AgNbO; ceramics!'®, which makes Ag-
NbO; ceramics a hot topic for energy storage. Enhancing the
AFE stability and the breakdown strength (E,) are important
methods to improve the W, in AgNbOs-based ceramics.l'” The
FE/AFE phase stability of the perovskite structures can be
judged by the tolerance factor t, which is calculated by the fol-
lowing formula:
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f= Ra+Ro

V2(Rs +Ro)
where, Ry, Rz and Ry are the average radii of A-site cations, B-site
cations and oxygen ions, respectively. The ionic radius of corres-
ponding coordination number (CN) should be adopted in calcu-
lation, namely CN=6 for B-site cation and CN=12 for A-site
cation. t=1 describes an ideal perovskite structure where no dis-
tortion of oxygen octahedra occurs. Expect for few compounds
with tolerance factor close to unity, most other provskites have
varying degrees of distortion at ambient conditions. When t>1,
the size of B-site cations is relatively small and the off-center dis-
placement is allowed, giving rise to spontaneous polarization.
When t<1, the A-site cation is relatively small and oxygen octa-
hedra tilting occurs to accommodate the coordination environ-
ment of the A-site cation. The existence of oxygen octahedra
tilting suppresses FE stability and is usually found in most AFEs.
In principle, the AFE phase stability can be enhanced by de-
creasing the tolerance factor.? Rare earth elements have the
advantage of small ionic radius and high valence state, which
can be used to reduce the tolerance factor t and enhance AFE
stability by replacing Ag* at the A-site.??2 Meanwhile, rare
earth oxides have high melting points, which inhibit grain
growth during sintering, thus enhancing the E,.?3 Therefore,
rare earth ions doping is an effective method to improve the
W, in AgNbOs-based ceramics. For example, Luo et al. ob-
tained a Wy of 3.12 J cm™3 in 2 mol% La-doped AgNbO; ceram-
ics.”2) Gao et al. achieved a W, of 44 J cm™ in 2 mol% La-
doped AgNbO; ceramics.” In 2 mol% Sm-doped AgNbO;
ceramics, the W, is increased to 4.5 J cm~3[%! The introduction
of 4 mol% Gd in the A-site resulted in a high W, of 45 J
cm~3.2% |n addition, Mn doping is able to significantly retain the
small P, and reduce the leakage current, thus improving the en-
ergy storage properties of AgNbOs-based ceramics. The W, of
AgNbO; ceramics was increased to 2.5 J cm™ from 1.6 J cm™
after the addition of 0.1 wt% Mn0,.?” The preparation process
has a great influence on the energy storage performance of
ceramics. Recently, tape casting method has attracted extens-
ive attention as a method to improve E,, since it can reduce the
porosity and increase the density in ceramics.©?2% The E, of
pure AgNbO; ceramics prepared by tape casting method is in-
creased to 307 kV cm™". Because of high £, the W, of pure Ag-
NbOj; ceramics has been increased to 2.8 J cm™3.%8!

In this work, Gd and Mn doped AgNbOj; ceramics are pre-
pared via the tape casting process, in which Gd doping is
used to reduce tolerance factor t and optimize the phase
structure, Mn doping is used to retain the small P, and reduce
the leakage current, and tape casting process is used to im-
prove the E,. Taking advantage of the enhanced AFE stability
and high £, a high W, of 53 J cm=3 is achieved in
(Agg.94Gdy 02)NbO3-0.3wWt%Mn ceramics.

“

Experimental procedures

AgNbO3,  (Agg9sGdo2)NDO;  and  (Agg.94Gdp ;)NDOs-
0.3wt%Mn ceramics (denoted as AN, AG2N and AG2N+Mn,
respectively) were prepared with the raw materials of Ag,0 (=
99.7%, Shanghai Aladdin Biochemical Technology Co., Ltd.),
Nb,0O5 (299.99%, Shanghai Aladdin Biochemical Technology
Co., Ltd), Gd,05; (299.99%, Shanghai Aladdin Biochemical
Technology Co., Ltd.), and MnO, (298%, Shanghai Aladdin
Biochemical Technology Co. Ltd.). The raw materials were
weighted according to stoichiometry and mixed by using a
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planetary ball mill with anhydrous ethanol under 300 rpm for
24 h. The mixed powders were dried at 80 °C and calcinated
at 900 °C for 6 h in oxygen. The calcined powders were milled
again, followed by the preparation of the AgNbOj; slurry,
which can refer to [28]. The AN, AG2N and AG2N+Mn ceram-
ics are sintered 1080 °C, 1090 °C and 1120 °C for 6 hours in
oxygen, respectively.

The crystalline structures of AN, AG2N and AG2N+Mn
ceramics were examined using an X-ray diffractometer (XRD;
D8 advance, Bruker) with Cu Ka radiation (1 = 1.5405 A). The
Raman spectra were measured by the HR Evolution (Horiba
JobinYvon, France). Surface morphology was observed by
field emission scanning electron microscope (FEl, Nova
NanoSEM 450). The average grain size was calculated from
the SEM image using a nano measurer. The dielectric proper-
ties were performed (TZDM-RT-800, Harbin Julang Techno-
logy Co., Ltd) upon the heating process with the rates of 2 °C
min~' at 1 V. The sample thickness was controlled to about 80
pum. Au electrodes about 1 mm in diameter were deposited in
the central area. The hysteresis loops (P-E loops) were meas-
ured in silicone oil with a ferroelectric measurement system at
10 Hz (Precision LC Il, Radiant Technologies, Albuquerque,
NM, America).

Results and discussion

Fig. 1a shows the surface morphology of AN, AG2N and
AG2N+Mn ceramics. All ceramics have good compactness
with high relative density over 95 % and clear grain boundar-
ies. The grain size of AN ceramic is 4.99 um, which decreases
to 1.51 um in AG2N ceramic due to the refractory nature of
Gd.[?8 Compared with AG2N ceramic, AG2N+Mn ceramic
shows larger grain size of 22.63 pm. This is attributed to the
increased lattice vacancies generated by the substitutions of
Mn ions for Ag*, Gd3* and Nb>* ions, which increases the mo-
bility of grain boundaries and enhances the material trans-
port, thus making larger grains.[29 In addition, the higher sin-
tering temperature of 1200 °C may also be responsible for the
enlarged grain size in AG2N+Mn ceramic. The Weibull distri-
bution is utilized to analyze the E, of AN, AG2N and
AG2N+Mn ceramics, as shown in Fig. 1b. The calculation for-
mulas are as follows:[19:28]

X = In(E) %)
1
Y; :ln(lnl_Pi) (6)
i
= @

where X; and Y; are two variables, E; is the E, of the ith given
sample and is arranged in ascending order. P, is the probability
of dielectric breakdown. All data fits conform to a good linear re-
lationship and the Weibull modulus f of all compositions is lar-
ger than 19, demonstrating high reliability of the Weibull ana-
lysis. The relationship between E, and grain size is shown in
Fig.1c. E, gradually increases from 200 kV cm™ to 250 kV cm™’
with the additions of 2 mol% Gd and 0.3 wt% Mn. When 2 mol%
Gd is added, the E, increases from 200 to 230 kV cm™, and
when 2 mol% Gd and 0.3 wt% Mn are added, the E, is further in-
creased to 250 kV cm™. This is attributed to the high density
and reduced leakage current. It is clearly observed from SEM im-
ages that the doping of Gd effectively reduces the grain size.
The reduction of grain size produces a large number of grain
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Fig.1 aSEM, b Weibull plots of Ey, ¢ grain size and E,, of AN, AG2N and AG2N+Mn ceramics.

boundaries. The grain boundaries would cause depletion of
space charge layers, which can prevent the carriers from cross-
ing the grain boundaries.* A large number of grain boundar-
ies will increase the resistance and effectively improve E,.3" But
the E, increases in Mn-doped ceramic with enlarged grain size,
which may be attributed to the reduced leakage current.

Fig.2a(1) shows the XRD patterns of AN, AG2N and
AG2N+Mn ceramics. All the samples exhibit a perovskite
structure without any impurity phase, indicating Gd and Mn
ions have diffused into AN lattices to form a solid solution.
Fig. 2a(2) is enlarged (220)/(008) peaks. It can be inferred that
the increased d-spacing of (008) planes can extend ¢ axis of
orthorhombic lattice, while the increased d-spacing of (220)
planes can contribute to the increased a and b axes of or-
thorhombic lattice. According to the previous reports, the
AFE displacement of AN is along the b axis of orthorhombic
lattice.32l With the incorporation of 2 mol% Gd, the (008) and
(220) diffraction peaks become close. These results indicate
that Gd doping should favor chemical pressure, which com-
presses the a/b axes and elongates the ¢ axis of or-
thorhombic lattice, suggesting that Gd doping reduces the
AFE displacement and enhances the AFE stability. In addition,
the merge of (220)/(008) peaks in AG2N ceramic also implies
the M;-M, phase transition.’2 For Gd-doped AN ceramic, the
defect reaction formula can be written as following:33!

AgNbO3
Gdy03+3Nby0s  —  2Gd,, +4V),, +6Nb%, + 180}

The chemical formula indicates that the substitution of Gd
for Ag at A-site would generate Ag vacancies in the AN lattice,
which makes the reduction in the cell volume and inhibits the
shift of Nb5* and Ag*, thereby enhancing the AFE stability.[26]
After Mn-doping, the (220) peak moves to the high angle and
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the (008) peak moves to the low angle. This indicates that Mn
ions have diffused into the AN lattice and resulted in the lat-
tice shrinkage. The valence state of Mn ions is related to tem-
perature. Mn ions reveal diverse valence at different temper-
atures: MnO, (<535 °C), Mn,05 (<1080 °C), Mn30, (<1650 °C)
and MnO (>1650 °C). When the sintering temperature is 1000
°C-1200 °C, Mn2* and Mn3+ may coexist, but Mn** cannot be
excluded. The MnZ* (0.083 nm, CN = 6), Mn3* (0.065 nm,
CN =6) and Mn** (0.053 nm, CN = 6) could substitute either
Ag* (0.148 nm, CN = 12) at A-site or Nb>* (0.064 nm, CN = 6) at
B-site or both. The shrunken lattice indicates that the substi-
tutions of Mnzt/Mn3+/Mn“+ for Ag* are dominating. The com-
plex substitution behavior of Mn ions has also been con-
firmed by a large number of reports.[27.34.35]

The phase structures of AN, AG2N and AG2N+Mn ceramics
at room temperature are further investigated using Raman
spectra as shown in Fig. 2b. According to different vibration
modes, three characteristic peaks v;, v, and vs are distin-
guished. v; represents the double degenerate symmetric
tensile vibration of Nb-O, v, represents the nondegenerate
symmetric tensile vibration of Nb-O, and vs represents the
triple degenerate bending vibration of Nb-O. After Gd dop-
ing, v; and vs decrease in intensity and become wider in
shape, indicating the disturbed long-range ordering of AN.[26!
The attenuation of v, vibration peak indicates the improve-
ment of symmetry and the suppression of ferroelectricity.
Meanwhile, the disappeared peaks at 83, 205 and 632 cm™!
imply that the room-temperature phase structure changes
from M, phase to M, phase.le! The addition of Mn ions further
reduces the radius of A-site ions and makes v, and v; lower in
intensity and wider in shape.3% These are consistent with the
variation of XRD patterns.

Fig. 3a-c shows the dielectric constant (¢,) and dielectric

Materials Lab 2023, 2, 230014
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d at room temperature.

loss (tand) of AN, AG2N and AG2N+Mn ceramics as a function
of temperature at 1-1000 kHz. There are four dielectric anom-
aly peaks corresponding to M;-M,-M;-O-T phase transitions in
AN ceramic.[361 Pure AN ceramic is M, phase at room temper-
ature. The main phase transition temperature is shown in Ta-
ble 1. Tyi.m2 and Ty,ws decrease after Gd doping, which
makes AG2N ceramic in M, phase at room temperature, indic-
ating that the FIE phase is weakened and the AFE phase is en-
hanced in AG2N ceramic. After the addition of Mn, Ty,.m3
does not change significantly. It is obvious that the ¢, of M,
phase is generally higher than that of M; phase as shown in
Fig. 3a. The addition of Gd results in an increased ¢, up to 415
at room temperature as shown in Fig. 3d. This is because the

Materials Lab 2023, 2, 230014

Tmi-mz is lower to room temperature after Gd doping, which
makes a higher ¢, in M, phase. The ¢, is further increased to
562 after Mn doping. The increased ¢, may be attributed to
the increased silver vacancies caused by Mn doping, which
tends to result in “soft” doping to enhance the polarization.3”]
In addition, the tand sharply decreases after Gd and Mn dop-
ing. The decrease in tand is attributed to avoiding the phase
transition at room temperature.l'"!

The P-E loops of AN, AG2N and AG2N+Mn ceramics are
tested at a frequency of 10 Hz. All the ceramics show typical
double P-E loops as shown in Fig. 4a. More details are shown
in Fig. 4b and c. The P,,,, and P, are 61.1 and 8.9 pC cm~2 for
pure AN ceramic, which decreases to 56.6 and 5 pC cm~2 after

230014 (Page 4 of 7)
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Table 1. Phase transition temperatures of AN, AG2N and AG2N+Mn ceramics.
Samples Twmimz (°O) Tma-ms (°O) Twz-0 Q) Tog(°Q)
AN 60 278 370 401
AG2N / 235 392 437
AG2N+Mn / 236 427 /
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Fig.4 aP-Eloops, b Py P, and Py .-P,, € E, Ep, and Eg-Ep, and d Wi, 7 of AN, AG2N and AG2N+Mn ceramics at 10 Hz. e W, and

n of reported AN-based ceramics.

2 mol% Gd adding. At the same time, P, ,,-P, decreases from
52.2to 51.6 pC cm~2. After adding Mn, P,.,, P, and P,,,-P, are
further reduced to 48.0, 3.5 and 44.5 uC cm=2, The decrease in
polarization indicates the enhancement of AFE stability. The
enhanced AFE stability is also confirmed by the varied E, and
Er. The E, and Ep are 42 and 104 kV cm~ for pure AN ceramic,
which increase to 108 and 186 kV cm~! after 2 mol% Gd dop-
ing. While the E-E, slightly decreases from 62 to 78 kV cm~.
Both the increased E, and reduced Eq-E, are good for the en-
ergy storage performance. After adding Mn, E, and E; are in-
creased to 135 and 192 kV cm~', respectively. Eg-E, decreases
to 57 kV cm~', which is conducive to the improvement of 7.
The W, and 7 are calculated as shown in Fig. 4d. The W,
and 7 reach 5.3 J cm=2 and 67.6% as a combined effect of Gd
and Mn. They are 2.3 and 2.1 times of pure AN (W,e=2.3 J
cm3, #=31.9%), respectively. In addition, both the AG2N and
AG2N+Mn ceramics show better W, than those reported
AN-based ceramics with 2 mol% ion-doping in A-site as
shown in Fig. 4e.[17:24-26,38-40]

The temperature stability is a key indicator in practical ap-
plications. Fig.5a shows the P-E loops of AG2N+Mn ceramics
at 30-170 °C under 250 kV cm~" and 10 Hz. With the increase
in temperature, the P-E loops gradually become progress-
ively slimmer. The AG2N+Mn ceramic shows better P-E loops
at 30-130 °C. The P-E loops are deteriorated at 150-170 °C,
which is due to the increase of leakage current. Fig. 5b shows
the variations of P, Py, and Pp,,,-P, with temperature. At 30-
110 °C, both P, and P, gradually increase and Pp,,,-P, re-
mains stable in AG2N+Mn ceramic. With the increase in tem-
perature, the movement of domain walls becomes easier,

230014 (Page 5 of 7)

making P, and P,,,, increase. In addition, various defects are
gradually activated at high temperatures, resulting in an in-
crease in the leakage current of the ceramic, which also con-
tributes to the increased P, and P,,,,.[*"’ However, when the
temperature exceeds 130 °C, P, decreases, which may be
caused by the phase transition. It is speculated that the M,-M;
phase transition may occur since M3 phase has more stable
antiferroelectricity than M, phase, which would lead to re-
duced P, E first decreases and then increases with temper-
ature with a turning point at 130 °C as shown in Fig. 5c. The
decreased E; at 30-130 °C is due to the fact that increasing the
temperature can reduce the potential barrier of AFE-FE phase
transition, making the phase transition easier. The increased
Er at 130-170 °C may be caused by M,-M; phase transition.['"!
E, shows an upward trend with the increase in temperature.
On the one hand, high temperature is conducive to short-
range interaction, which makes AFE phase more stable.221 On
the other hand, the M,-Mj; phase transition will also enhance
the AFE stability. E--E, keeps a decreasing trend, which is con-
ducive to the improvement of . It is speculated that the M,-
M3 phase transition occurs at 130 °C when the applied elec-
tric field is 250 kV cm~'. W, remains 5.3-5.1 J cm~3 at 30-110
°C and reduces to 4.6 J cm=3 at 130-170 °C due to the re-
duced P .-P,. 17 is reduced from 67.6% to 62.3% in the tem-
perature range of 30-170 °C with a variation of less than 8.2%.

Fig. 6a plots the frequency dependence of the P-E loops
under 240 kV cm~1. At 5-200 Hz, the P-E loops gradually be-
come thinner. More details are shown in Fig. 6b and c. With
the increase of frequency, P, decreases from 42.6 to 37.4 uC
cm~2, and P, decreases from 2.9 to 1.2 uC cm=2, resulting in

Materials Lab 2023, 2, 230014
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the decrease of P,,-P, from 39.7 to 36.2 uC cm~2. The reason
for the decrease of P,,,, is that the action time of the electric
field at a higher frequency is shorter, some FE domain inver-
sion is not completed, and AFE stability is enhanced.*? E; and
E, fluctuate in a small range and remain stable on the whole.
As shown in Fig. 6d, the W, is reduced from 4.7 J cm~3 to 4.0
J cm3, and the 7 is reduced from 63.9% to 65.7% with a vari-
ation of less than 3%.

Conclusions

In summary, high-quality Gd and Mn doped AN ceramics
are prepared using the tape casting method. The introduc-
tion of Gd can effectively reduce the grain size and increase
E,. Gd doping makes M, phase more stable at room temper-
ature and improves AFE stability. Enhanced AFE stability
yields a high W, of 476 J cm=3 with # of 53.9% in AG2N
ceramic. MnO, is introduced to improve E, and AFE stability,
and reduce dielectric loss, which further optimizes the en-
ergy storage performance. A large W, of 5.3 J cm~3 with 7 of
67.6% is achieved in Mn-doped AG2N ceramic. In addition,
the W, shows good temperature stability and frequency sta-
bility. These results show that the components and processes
proposed in this work provide a feasible method for improv-
ing the energy storage performance.
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