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ABSTRACT

A hydrothermal-assisted cold sintering process is developed for preparing

antiferroelectric NaNbO3 ceramic. The novel process includes hydrothermal

synthesizing NaNbO3 particles, cold sintering, and annealing. The physical and

electrical properties of the cold sintered ceramics were studied comprehensively

and compared with ceramics prepared by conventional sintering techniques. At

optimum conditions, dense ceramic can be prepared by the cold sintering

process with very low heat treatment temperature, and the properties are

comparable with that prepared by conventional sintering.

1 Introduction

Dielectric materials have been paid great attention

recently for applications in electrical energy storage

[1–4]. Among them, antiferroelectric materials can

store more energy than linear dielectric and ferro-

electric materials with minimal losses [5–8]. How-

ever, most antiferroelectric materials are PbZrO3

based compounds with a high content of toxic ele-

ment Pb. To reduce environmental hazards, lead-free

antiferroelectric materials like AgNbO3 and NaNbO3

based have been studied extensively [9–11]. Gener-

ally, AgNbO3 ceramics are sintered with an O2

atmosphere, which increases the complexity of pro-

cessing. In comparison with AgNbO3, the cost of raw

materials for preparing NaNbO3 is lower and the

protective atmosphere is not necessary. Particularly,

NaNbO3 based solid solutions have been extensively

studied to stabilize the poor antiferroelectricity of

NaNbO3. For instance, xCaZrO3–(1 - x)NaNbO3

(0.02 B x B 0.05) ceramics show double polarization

hysteresis loops at room temperature [12] and

0.24(Bi0.5Na0.5)TiO3–0.76NaNbO3 ceramic achieves

ultrahigh-energy storage density [13].

NaNbO3 ceramics are commonly prepared by the

conventional sintering technique. The densification

involves multiple steps, an initial evaporation/con-

densation and surface diffusion up to * 950 �C, fol-

lowed by grain boundary diffusion between 950 �C
and 1150 �C, and the optimum sintering temperature

is * 1350 �C [14]. Since the vapor pressure of satu-

rated sodium varies from 0.2 to 18 atm when tem-

perature increases from 727 to 1327 �C [15] and high

volatility of the alkali oxides [16], the volatilization of

Na during conventional sintering is inevitable, which

can be inhibited by a low oxygen partial pressure

during calcination and sintering [17].
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Since the cold sintering process has been devel-

oped recently [18, 19] and AgNbO3 ceramics can be

sintered in ambient conditions by using hydrother-

mal-synthesized powders [20], a hydrothermal-as-

sisted cold sintering process was designed to prepare

NaNbO3 ceramic. First, NaNbO3 powders were syn-

thesized by a hydrothermal method. Then, the cera-

mic green bodies were densified by a cold sintering

process. Finally, the densities of the ceramics were

further improved by annealing. The advantage of the

novel method is that NaNbO3 ceramics can be sin-

tered at low-temperature to avoid the volatilization of

Na at high-temperature during conventional sinter-

ing. Although cold sintering has been applied to

preparing NaNbO3 [21], the annealing temperature of

this work is very low since the hydrothermal-syn-

thesized powders were used. In this work, NaNbO3

ceramics were also prepared by conventional sinter-

ing technique using the above hydrothermally syn-

thesized powers (abbreviated HCS), and

conventional sintering technique using solid-state

reaction synthesized powders (abbreviated CS) to

disclose the origin related to the low annealing tem-

perature and highlight the priority of the novel

process.

2 Experimental

NaNbO3 powders were first synthesized by a

hydrothermal method. Nb2O5 was weighted and

dissolved in NaOH solution with a Nb2O5:NaOH

molar ratio of 1:10. The mixed solution was then

sealed in a 100 ml stainless steel reactor lined with

polytetrafluoroethylene (ZKY-100 ml, Xi’an Hon-

gchen Instrument Factory) and heated at 180 �C for

10 h. The produced precipitation was washed

repeatedly with absolute ethanol and then dried to

get NaNbO3 powders.

The cold sintering process is shown in Fig. 1. The

hydrothermal-synthesized NaNbO3 powders were

mixed with 10 wt% of the above-mentioned

hydrothermal solution. The mixture was placed in a

die and subjected to uniaxial pressures of

300–600 MPa at room temperature for 10 min, then

heated to 200 �C, and kept for 1 h. The samples were

then baked at 120 �C for 12 h to remove possible

solution residues and annealed at 700–1000 �C for 4 h

to further densification. During the cold sintering, the

redistribution and diffusion of hydrothermal reaction

precursors, the solution-precipitation, and mass

transport of ionic species and/or atomic clusters

densify green bodies. The final annealing promotes

densification through the crystallization of the

residual amorphous phases and the growth of crystal

grains.

The ceramic prepared by HCS was sintered at

1250 �C for 3 h while the ceramic prepared by CS was

sintered at 1325 �C for 3 h. For CS, Na2CO3 (99.0%,

Macklin) and Nb2O5 (99.5%, Macklin) were used for

synthesizing NaNbO3 powders. The raw materials

were mixed in a stoichiometric ratio and homoge-

nized in a planetary mill for 12 h using ethanol as the

Fig. 1 Schematic illustration

of cold sintering and

microstructural evolution
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liquid medium. The mixed powders were calcined at

950 �C for 3 h, and then ball-milled for 12 h again.

The densities of the ceramics were measured by the

Archimedes method using deionized water as a liq-

uid medium, a theoretical density of 4.58 g/cm3 was

adopted for calculating the relative densities. The

crystal structures were examined by an X-ray

diffraction Diffractometer (PANalytical X’Pert PRO).

All samples were surface polished and thermally

etched before ceramographic analysis. The

microstructures were observed by a scanning elec-

tron microscope (TESCAN-VEGA3) using the sec-

ondary electron imaging mode. The dielectric

properties were measured by an impedance analyzer

(Keysight E4990A) at 1 kHz–1 MHz from room tem-

perature to 500 �C with a heating rate of 3�C/min.

The room temperature polarization–electric field (P–

E) hysteresis loops were measured at 10 Hz by a

commercial ferroelectric tester (Radiant Technology

Precision LC II). The thicknesses of the samples for P–

E measurement are around 0.2 mm.

3 Results and discussion

X-ray diffraction pattern of the hydrothermal-syn-

thesized powders is shown in Fig. 2a. The diffraction

peaks can be indexed by a standard X-ray diffraction

powder diffraction pattern (JCPDS, 33-1270) of

NaNbO3, indicating NaNbO3 in pure phase was

synthesized. The synthesized particles are cubes with

the size varying from 200 to 500 nm as shown in

Fig. 2b by the scanning electron microscope image.

The relative densities of prepared ceramics are

shown in Fig. 3. For cold sintered ceramics, when the

applied pressure varies from 300 to 600 MPa, the

density increases first then decreases slightly, and

500 MPa is the optimum pressure. The density also

increases with increasing annealing temperature.

Since at 500 MPa after 900 �C the benefit is negligible

from increasing annealing temperature, the optimum

annealing temperature is 900 �C. The relative density

is 95% for a ceramic cold sintered at 500 MPa and

annealed at 900 �C. As also shown in Fig. 3, the rel-

ative density is 95% for CS prepared ceramic and is

94% for HCS prepared ceramic. Similar values are

reported, e. g., the relative density is 95% (recalcu-

lated with a theoretical density of 4.58 g/cm3) for CS

sintered ceramic (1355 �C for 3.5 h) [22], the relative

density is 94.4% for CS sintered ceramic (1250 �C for

2 h) using chemical route synthesized powders [23].

Thus, the advantage of hydrothermal-assisted cold

sintering is the low heat-treatment temperature

(900 �C) in comparison with other methods. Since the

annealing temperature is 1230 �C for cold sintered

ceramic using solid-state reaction synthesized pow-

ders [21], the low heat-treatment temperature of the

Fig. 2 The X-ray diffraction

pattern (a) and microstructural

image (b) of hydrothermal-

synthesized NaNbO3

Fig. 3 The relative densities of the prepared NaNbO3 ceramics

with different uniaxial pressures and annealing temperatures. The

densities of green bodies (with the abscissa of ‘‘n/a’’), and ceramics

prepared by CS and HCS (shown by horizontal lines) are also

included
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novel process is partly due to the small size of the

hydrothermal-synthesized powders as shown in

Fig. 2b.

The X-ray diffraction patterns of the cold sintering,

HCS, and CS prepared ceramics are shown in Fig. 4.

The diffraction peaks can be indexed by a standard

X-ray diffraction powder diffraction pattern (JCPDS,

33-1270) of NaNbO3. The diffraction peaks of cold

sintered ceramics become sharper with increasing the

annealing temperature as shown by (200) and (141)

peaks in the right inset of Fig. 4. Since during the cold

sintering the surface ions of NaNbO3 particles dis-

solve into the solution first and then precipitate

again, the dissolution–precipitation process forms

amorphous phases. Thus, residual amorphous phases

exist after cold sintering, the annealing promotes the

crystallization of the residual amorphous phases,

which makes the diffraction peaks sharper.

The microstructural images of prepared ceramics

are shown in Fig. 5. The unannealed ceramic has

residual amorphous phases filled between grains

(Fig. 5a). The content of the residual amorphous

phases gradually decreases with increasing the

annealing temperature (Fig. 5b, c). Finally, the 900 �C
annealed ceramic (Fig. 5d) has a similar microstruc-

ture to that of HCS and CS prepared ceramics

(Fig. 5e–f). The averaged grain size is 0.7 lm, 1.3 lm,

1.7 lm, 1.8 lm, and 2.5 lm for 700 �C, 800 �C, 900 �C
annealed, HCS, and CS prepared ceramics.

The frequency-dependent dielectric properties of

the prepared ceramics are shown in Fig. 6. For cold

sintered ceramics unannealed or annealed at 700 �C,

the dielectric loss is very high and the dielectric

constant decreases significantly with frequency,

indicating a large contribution from structure-defect-

related space charge dielectric relaxation [24]. The

dielectric loss of the cold sintered ceramics annealed

at 800 �C and 900 �C decreases significantly and the

dielectric constant is almost constant with frequency.

Particularly, the dielectric properties of the cold

Fig. 4 X-ray diffraction patterns of the cold sintered, HCS, and

CS prepared ceramics. ‘‘n/a’’ means without annealing, other

values are annealing temperatures. The right inset is the enlarged

(200) and (141) diffraction peaks

Fig. 5 Scanning electron microscope images of prepared ceramics. a Cold sintered without annealing; b cold sintered with annealing at

700 �C; c cold sintered with annealing at 800 �C; d cold sintered with annealing at 900 �C; e HCS prepared; f CS prepared
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sintering ceramic annealed at 900 �C are similar to

that of HCS and CS prepared ceramics.

The temperature-dependent dielectric properties

are shown in Fig. 7. The dielectric peak is hard to be

seen for unannealed ceramic but becomes sharper

with increasing annealing temperature. At the same

time, the dielectric loss decreases significantly after

annealing, once again indicating the suppression of

structure-defect-related space charge dielectric

relaxation.

NaNbO3 undergoes a complex phase transition

sequence [25–28]. In the temperature-dependent

dielectric spectrum, the main dielectric anomaly is

attributed to the structural phase transition from

orthorhombic P phase to orthorhombic R phase on

heating [9]. As shown in Fig. 7g, the temperature of

the main dielectric anomaly is sensitive to the

preparing process, it increases with increasing the

annealing temperature, has the same value for 900 �C
annealed ceramic and HCS prepared ceramic and

gets the highest value for CS prepared ceramic. By

referring to the grain size in Fig. 5, the phenomenon

is consistent with the result that the P–R phase tran-

sition is size-dependent, and a ceramic with a larger

grain size has a higher temperature of the P–R phase

transition [29].

There is another weak dielectric anomaly at around

195 �C for 900 �C annealed, HCS, and CS prepared

ceramics as shown in Fig. 7i. For qualitatively defin-

ing this transition, the derivative of the dielectric

constant versus temperature was calculated as sug-

gested [8]. The result indicates that the phase transi-

tion starts at 173 �C, indicating that the origin of this

anomaly was attributed to the transition to an

incommensurate phase [30, 31].

The P-E loops are shown in Fig. 8. The polarization

of 900 �C annealed ceramic is higher than HCS and

CS prepared ceramics. The maximum polarization

intensity is 19 lC/cm2. The remanent polarization is

15 lC/cm2, which is the same as a ceramic prepared

by using molten salt synthesized nanoparticles [32]

and comparable with that of single crystals [33].

Instead of double P–E loops, the typical ferroelectric

hysteresis loops are observed for all ceramics when

the applied electric field is higher than 50 kV/cm.

This is not unnormal since in most cases only ferro-

electric hysteresis loops were measured

[12, 17, 21, 31, 32, 34]. Although the initial electric

field from antiferroelectric P to the ferroelectric Q

phase (space group P21ma) is * 110 kV/cm, the

ferroelectric P–E loop was obtained during the sec-

ond cycle with the coercive field of * 40 kV/cm

[10, 22]. It is proposed that the ferroelectric state is

only slightly less stable than the antiferroelectric state

[35, 36] and quite stable with time [34, 37].

4 Conclusions

NaNbO3 ceramics were successfully prepared by a

hydrothermal-assisted cold sintering process. The

physical and electrical properties of cold sintered

ceramic were compared with that prepared by HCS

and CS process. The advantage of the novel process is

the low heat-treatment temperature. A ceramic cold

sintered at 200 �C and 500 MPa for 1 h with anneal-

ing at 900 �C for 4 h has similar properties with

ceramics prepared by HCS at 1250 �C for 3 h and CS

at 1325 �C for 3 h. The work establishes a funda-

mental methodology to prepare NaNbO3 based

ceramics at extremely low temperatures.

Fig. 6 Frequency-dependent dielectric constant (a) and dielectric

loss (b) of ceramics prepared by cold sintering, HCS, and CS
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