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Abstract

NaNbOj transparent ceramics were prepared with a delicately controlled solid state reaction method. The structures
and properties of the samples were determined using X-ray diffraction (XRD), scanning electron microscope (SEM),
ferroelectric hysteresis loops and UV-Vis spectroscopy. The XRD results showed that the antiferroelectric Pbem and
ferroelectric R3c phases coexist in NaNbO; ceramics. In SEM images, the NaNbO; ceramics presented a compact
microstructure with fewer pores among its grains, enhancing its light transmission and weakening its absorption
and reflection, which was confirmed with UV-Vis spectroscopy. The high transparency of the NaNbO; ceramic was
approximately 95 % for ultraviolet light and up to 97 % for visible light with a wavelength of more than 450 nm,
corresponding to the band gap of 2.76 eV. The tunic-shaped hysteresis loops of the NN ceramic indicated that two
phases co-contributed to its ferroelectricity. A high storage energy density of 650.40 kJ/m3 and breakdown voltage
of 17.00 kV/mm were obtained. NaNbO; transparent ceramics therefore have practical applications in capacitors for

energy storage.
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I. Introduction

Over the past few decades, conventional optical trans-
parent materials, such as glasses and polymers, have been
widely used in modern industry. However, the limita-
tions and deficiencies of these materials become obvious
when their poor mechanical strength and unstable phys-
ical and chemical properties are considered. Moreover,
these materials cannot normally maintain their optical
performance in certain extreme conditions, like high tem-
perature, high pressure, strong corrosion, etc. To combat
these problems, scientists have tried to find alternative ma-
terials with both high transparency and improved perfor-
mance. R. L. Cobleet al. ! from the General Electric Com-
pany first proposed the concept of transparent ceramics
and successfully synthesized translucent aluminium ox-
ide ceramics in the 1950s. The invention of transparent
ceramics was a major breakthrough in the development of
ceramics, as up until then ceramics were traditionally con-
sidered to be opaque. In the half-century since, scientists
have successfully synthesized transparent oxide ceramics
(Y,03, ZrO,, CaO, etc.) 23, composite oxide ceramics
(like MgAl,04 and Y3Al50,) 5 and non-oxide ceram-
ics (ZnS, CdTe, AIN) 67. Thanks to the development of
preparation technologies, the optical properties of trans-
parent ceramics are now comparable with those of glass.
Ceramics are therefore regarded as a promising material
for a wide range of applications, such as lighting devices,
radio electronics, military applications, etc.

Sodium niobate NaNbO 3 (NN) ceramicis a convention-
al functional ceramic material, well known for its antifer-
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roelectricity (AFE) in the broad range of temperatures be-
tween -100 °C and 360 °C 8.9, It also exhibits outstanding
dielectric and piezoelectric properties, thereby attracting
much attention. In view of the scientific importance of NN
ceramic, it is worth synthesizing transparent NN ceram-
ic rather than others. Combining transparency with these
properties will open up more applications such as photon-
ic applications 1011, 12 or electro-optic effect devices 13,14
for such a high-quality transparent ceramic.
Hot-pressing and sintering and molten salt synthesis
methods are commonly adopted to synthesize transpar-
ent ceramics 1516, But the presence of a large number of
pores makes ceramics opaque 17:18,19, For transparent
NN ceramic, excessively high temperature may cause the
volatilization of the alkali metal Na, resulting in the for-
mation of undesirable secondary phases 2%21,22, Specifi-
cally, the conventional solid state reaction process has not
been preferentially utilized for producing NN ceramic,
although it presents the simplest and most economical
method. In this work, the sintering process is conducted
under carefully controlled conditions of sintering tem-
perature and heat preservation to reduce porosity and
enhance transparency. After preparation, X-ray diffrac-
tion (XRD) is used to detect the crystal structure of the
NN ceramic, and UV-Vis spectroscopy is carried out to
characterize the transparency of the NN ceramic with cal-
culation of the band gap. The microstructures of the NN
grains are imaged by means of a scanning electron micro-
scope (SEM), and the physical properties of the material
such as ferroelectric behaviour, storage energy density and
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breakdown voltage are investigated to determine factors
for designing optoelectronic devices.

II. Experimental Procedure

High-purity Na,COj; (99.8%, Yongda Chemicals,
Tianjin, China) and Nb,O5 (99.5 %, Guoyao Chemicals,
Shanghai, China) were used as raw materials. These were
dried, weighed and mixed with a molar stoichiometric
ratio of 1:1. The mixture was then ground for 24h by
means of ball-milling in an ethanol medium. After the
addition of PVA (polyvinyl acetate) AH-26 adhesive
(15 %, Huarui Chemicals, Hangzhou, China) to the
ultra-fine powder and mixing, the powders were cold-
pressed into pellets with a diameter of 15 mm under
a pressure of 440 MPa using a wafer (YP-8T, China).
The binder was then removed at 650 °C for 2h and the
pellets were sintered at a temperature of 1150 °C for
16h to the maximum contraction of their diameters in
an air atmosphere in a box furnace (Thermo Scientific,
Lindberg/Blue, United States). Finally, after the pellets
had been fully polished for 1 h, platinum electrodes were
applied on both sides of the pellet by means of sintering
at 900 °C for 1 h.

The NN ceramic was characterized with XRD on a
Philips X’pert XRD system with CuK, radiation. The
microstructure and grain size distribution of the sintered
samples were determined using a scanning electron mi-
croscope (JSM-6490F, Japan). UV-Vis spectroscopy of
the polished NN ceramic was performed with a UV-2550
(SHIMADZU, Japan) spectrometer. The polarization-
electric field (P-E) loop was measured at room tempera-
ture at 100 Hz using a Sawyer-Tower circuit.

III. Results and Discussion

The X-ray diffraction pattern of the NaNbO3 ceram-
ic sintered at 1150 °C is shown in Fig.1. S.K. Mishra
et al. 23 also demonstrated that antiferroelectric phase
Pbcm and ferroelectric phase R3¢ coexist in NN at
around room temperature by means of neutron diffrac-
tion. With regard to this result, the peaks are indexed to
orthorhombic and rhombohedral cells associated not on-
ly with the space group for Pbem (No.33-1270) but also
for R3¢ (No.85-0390), and compared with information
obtained from the inorganic crystal structure database
(ICSD), respectively, which indicates that the NN ce-
ramic possesses two phases. The Miller indices of Pbcm
and R3c are marked in the pattern, respectively. Pre-
dictably, the presence of R3c phase as well as Pbom
phase may have a big impact on the microstructure and
properties.

The microstructure of the NN ceramic is shown in
Figs. 2(a) and (b). According to Fig.2(a), the grain sizes
of NN are 1-5 ym with no pores observed from the
surface of the NN ceramic. Usually, the surface of pores
is an interface among grains with dramatically different
optical characteristics, which intensely reflects and re-
fracts light. No pore, no reflection and refraction. As
shown in Fig.2(b), the fracture is obviously transcrys-
talline through the grains with a few pores shown as
the black areas, and the distribution of the NN grains
is narrow, vastly improving its transparency. From the
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SEM images, triangular stacked plates are clearly ob-
served at the surface of the NN ceramic grains. The
configuration shows that NN ceramic possesses high
density after solid-state sintering, which can enhance its
transparency. But in Fig. 2(b), a transcrystalline fracture
among the grains can be observed, and this phenomenon
can be attributed to the coexistence of two phases R3¢
and Pbem in the sample, which is confirmed with its
XRD pattern. As the two phases have a different crys-
tal structure, neighbouring grains may grow as a result
of different driving forces; therefore, the transcrystalline
fracture shown in Fig.2(b) can relieve internal stresses
in the NN ceramic. On the other hand, the complex
structure has an adverse impact on transparency because
of light scattering and birefringence.
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Fig. 1: XRD pattern of the NN ceramic at room temperature.

As shown in Fig. 3, ferroelectric hysteresis loops were
measured under various electric fields. From Fig.3,
NaNbOj ceramic sintered at 1150 °C for 16 h presents
an antiferroelectric-like hysteresis loop because of its tu-
nic-shaped loops. The coercive electric field £ and rem-
nant polarization P, of the NN ceramic is 3.23 kV/mm
and 2.33 uC/cm?2, respectively. But for antiferroelectric
materials, there should be a double hysteresis loop at
room temperature. And the tunic-shaped loop may be
attributed to the metastable state of the coexistence of
antiferroelectric Pbem and ferroelectric R3¢ phases in
the NN 2425 which was proved with the XRD results.
From Fig. 3, the maximum storage energy density D,
of the NN ceramics can be calculated according to the
following formula:

D, = (cgE 2 +E P 1)/2 (J/m3) (1)

where E , and P, are the maximum values of the coercive
electric field and polarization, respectively. After the mea-
surement of hysteresis loops, the breakdown voltage was
obtained under a high electric field. The high storage ener-
gy density (D, = 650.340 kJ/m3) and breakdown voltage
(Vpy =17.00 kV/mm) of the NN ceramic make it a promis-
ing material in electronic devices, especially for the devel-
opment of capacitors.
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Fig. 2: SEM images of the NN ceramic sintered at 1150 °C: (a) natural and (b) fracture surfaces.
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Fig. 3: Ferroelectric hysteresis loops of the unpoled NN ceramic.

Transparency of NaNbOj3 ceramics polished on both
sides was investigated further with an UV-Vis spectropho-
tometer, and the absorption spectrum measured as shown
in Fig. 4. To determine the absorption edge of the NN
ceramic, the tangent line is adopted to assist the analysis
in Fig. 4. Based on Fig. 4, there is a steady trend with the
low absorptivity of 5.0 % in the range of 200—400 nm. It
then shows a remarkable downward trend until around
450 nm, bottoming out at approximately 2.75 %. The
result demonstrates that the NN ceramic exhibits high
transparency for visible light, and the transmittances are
more than 95 %. This may be attributable to the dense
microstructure of NN ceramic, with fewer pores and de-
fects thanks to the long-time heat preservation, as shown
in Fig.2, which can reduce the reflected light on grain
boundaries. Additionally, the blue tangent line drawn
along the falling curve intersects with the axis of wave-
length at the threshold point of 450 nm, corresponding to
the typical wavelength of blue light. The band gap can be
calculated from the formula as follows 26:

E,=1239.8/ (V) @)

where the 1, is the wavelength corresponding to the point
of intersection. The band gap of NN ceramic is calculat-
ed to be 2.76 eV, which is close to 2.95 eV of violet but far
above that of red. It proves quantitatively that the NN ce-
ramic presents a high transparent state. A word can be eas-
ily identified when read through the NN ceramic, which
demonstrates the material’s high transparency. Confirmed
with the XRD results for the NN ceramic, the two-phase
coexistence is the main factor decreasing its transparency
in Fig. 4.
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Fig. 4: Absorption spectrum of the NN ceramic sintered at 1150 °C.

IV. Conclusions

In summary, NaNbOj3 transparent ceramics were syn-
thesized in a solid state reaction process. Delicate control
of reaction conditions guarantees the high transparency
of NN ceramic, which is detected by means of UV-Vis
spectroscopy and photography. The coexistence of the an-
tiferroelectic phase Pbem and ferroelectric phase R3c in
the NN ceramic confirmed by means of XRD directly
affects both its microstructure and transparency. The tu-
nic-shaped hysteresis loops of the NN ceramic, instead
of the typical or double loops, indicate that two phases
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can co-contribute to the ferroelectricity of NN ceramic
at room temperature. Furthermore, the high storage en-
ergy density of 650.40 kJ/m3 and breakdown voltage of
17.00 kV/mm demonstrate that NN transparent ceramics
have enormous potential in practical applications.
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