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Quasi-intrinsic colossal permittivity in Nb and In co-doped rutile TiO2 nanoceramics synthesized through a oxalate chemical-solution route combined with spark plasma sintering

 

Compounds exhibiting colossal permittivity (CP, e 0 4 10 3 ) have been intensively studied in recent years in the search for new high performance dielectric materials in the fields of high energy density storage and microelectronic applications. [1][2][3][4][5][6][7][8][9] Firstly, ferroelectric perovskite or perovskite-like oxides, such as fast-fired BaTiO 3 (BT) [10][11][12] and CaCu 3 Ti 4 O 12 (CCTO), 13 have attracted great attention due to their high dielectric constants up to 10 5 with relatively low dielectric loss (tan d o 0.1). However, it was revealed that CPs in these materials mainly originated from extrinsic effects, including internal barrier layer capacitance (IBLC), barrier layer capacitance (BLC), and ferroelectric effects, all of which consequently result in strong temperature-frequency dependence of dielectric properties or relatively high dielectric loss and thus impede their potential use in practical applications. 2,4,8,[10][11][12][13] Therefore, the search for a new high performance CP material has been shifted to non-ferroelectric transition metal oxides such as Li and Ti co-doped NiO 9 and La 2Àx Sr x NiO 4 5 . It was demonstrated that non-ferroelectric metal oxides exhibit improved temperaturefrequency stable dielectric properties with high permittivity values up to 10 5 . However, their dielectric losses are also relatively high (tan d 4 0.1), becoming a roadblock for these materials to be used in the actual applications. Recently, Hu et al. achieved a huge breakthrough in this area by employing highly localized electron-pinned defect dipoles. 14 They introduced co-dopants (Nb 5+ electron-donors, In 3+ electron-acceptors) into rutile TiO 2 (NITO), which give rise to the electrons created by both the electron and donors, and the reduction of Ti 4+ ions is affected by the electron-acceptors in the local lattice defect clusters. Thus, the extraordinary quasiintrinsic CP (410 4 ) with low dielectric loss (o0.1) over a wide range of frequency (40 Hz-1 MHz) and temperature (80-450 K) is attributed to the highly localized defect dipoles in this material.

In addition, Gai et al. successfully fabricated amorphous NITO films onto Pt substrate using a pulsed laser deposition technique. The fabricated films exhibited CP up to 10 4 with low dielectric loss and good frequency stability (up to 10 MHz). 15 

Introduction

Their work is a clear evidence, supporting the results of Hu et al. due to the fact that the NITO amorphous films do not have any grain boundaries, excluding grain boundary effects, and therefore the observed CP could be ascribed to the electron pinning effect in the short range atomic level. On the contrary, however, it has been recently argued that the origin of CP in microcrystalline NITO ceramics (m-NITO) is related with the extrinsic IBLC effect rather than quasi-intrinsic highly localized defect dipoles. 16 Li et al. reported that NITO ceramics present inhomogeneous electrical properties within the grain and grain boundary, leading to IBLC effects and thus CP in the sintered ceramic.

Therefore, there is still ongoing debate on the origin of novel CP performance for NITO ceramics. In order to clarify this, it is essential to investigate the dielectric properties of NITO ceramics without any grain boundary effects. While this kind of investigation was performed on the NITO amorphous films, 15 it is still missing for well sintered NITO crystalline compacts. Furthermore, one can study more details about the dielectric phenomena in the NITO compound when it has a crystalline structure rather than an amorphous structure.

It is well known that for TiO 2 ceramics, electrical properties are significantly dependent on microstructure. Nanocrystalline TiO 2 show electrical homogeneity within grain and grain boundary as the material gets closer to the mesoscopic regime. 17,18 As such, dielectric phenomena of nano-crystalline NITO (n-NITO) ceramics should not be related with extrinsic grain boundary effects.

However, there is no facile and simple synthesis method for n-NITO compounds reported in the open literature to date. Thus, in this study, we report a new chemical solution route for the synthesis of n-NITO ceramics using a spark plasma sintering (SPS) technique. A detailed analysis of the electrical properties of n-NITO ceramics is performed and presented with corresponding analytical models that elucidate the origin of novel CP performance of NITO compounds.

Experimental procedure

Initially, n-NITO powders were synthesized through the oxalate precipitation method. Raw powders of commercially available InCl 3 (Sigma-aldrich, 98%), NbCl 5 (Sigma-aldrich, 99%), and lab-made TiOCl 2 solution (15 wt% of Ti) were used for the synthesis. NbCl 5 and TiOCl 2 were weighed following the stoichiometric composition of (Nb 0.5 In 0.5 ) 0.01 Ti 0.99 O 2 .An additional amount of InCl 3 was necessary to maintain the stoichiometric composition possibly due to the higher incorporation energy of In 3+ into the TiO 2 lattice that arises from the larger ionic radius difference between In 3+ (r =80 pm) and Ti 4+ (r = 60.5 pm) ions compared to Nb 5+ (r =64pm). NbCl 5 was dissolved in 100 mL ethanol with sonication for 30 min at room temperature. A small amount of undissolved residue (niobium oxychloride (NbOCl 3 )), which was formed when NbCl 5 was exposed to air, was observed in the solution. Thus, the solution was filtered more than 2 times until the solution became transparent and then stabilized by mild stirring for 12 h at room temperature. The indium precursor solution was prepared by dissolving InCl 3 into 100 ml water and vigorously stirring for 20 min until the precursor is perfectly dissolved. The stabilized Nb solution was firstly mixed with TiOCl 2 solution (pH 1), which was dissolved in 60 mL water, and then the indium solution was subsequently mixed into the solution. The final precursor solution, which is transparent without any precipitate, was stirred again for about 10 min. Coprecipitation was performed by the addition of the final precursors into a solution of oxalic acid previously dissolved in 900 mL of ethanol. The solution was kept stirring for 5.5 h to obtain homogenously precipitated oxalates. It should be noted that oxalic acid was in 10% excess over the stoichiometric amount and that a volume ratio of 0.16 for water-ethanol was maintained for the synthesis. The precipitated oxalate was centrifuged and dried overnight at 120 1C in an oven. The dried oxalate was calcined at 1000 1C for 1 h in static air with a heating rate of 200 1C h À1 and finally transformed into oxide.

The calcined oxide powders were sintered using a Dr Sinter 2080 SPS system (Sumimoto Coal. Mining Co., Tokyo, Japan). 0.32 g of n-NITO powder without binder was placed in a 8 mm graphite die and then sintered at 750 1C under an applied electrical current up to 350 A combined with a mechanical pressure of 100 MPa. The powder was heated up to 750 1C using a heating rate of 100 1C min À1 and held at that temperature for 20 min before being finally cooled to room temperature over approximately 15 min. During SPS sintering, the inside chamber was maintained with a vacuum atmosphere (B5 Pa) via a dynamic vacuum controller. After sintering, a thin carbon layer was observed at the surface of the as-sintered pellets due to graphite contamination from the die. However, this layer was easily removed by polishing the surface. In order to reoxidize the as-sintered ceramics, the post-annealing process took place between 600 1C and 1100 1C for 12 h under static air. For comparison purposes, undoped TiO 2 powder and ceramic samples were also prepared through a procedure identical to the one for n-NITO samples. The density of the as-sintered and annealed samples was measured using the Archimedes method.

The particle size and morphology of the starting powders and the microstructure of the sintered ceramics were investigated using a field-emission gun scanning electron microscope (FEG-SEM, JEOL JSM 6700F). The crystal structure and phase purity were also characterized at room temperature via X-ray diffraction (XRD) measurements using a Bruker D4 powder diffractometer (CuK a = 0.154056 nm and CuK b = 0.154044 nm, operating voltage 40 kV and current 40 mA). In addition, in situ XRD measurements at different temperatures were performed using a Bruker D8 Advance diffractometer equipped with a furnace (Anton Pear, HTK 1200N). Raman spectroscopy was performed using a dispersive laser spectrophotometer (NRS-3100, JASCO) at room temperature with an excitation wavelength of 633 nm. The valence states of the elements in NITO compounds were analyzed by X-ray photoelectron spectroscopy (XPS, K-Alpha Thermoscientific). Thermogravimetric (TG) and differential thermal analysis (DTA) using a TGA/DTA 92 instrument from Setaram were performed under air using a heating rate of 6 1C min À1 up to 1000 1C. Fourier transform infrared (FTIR)

The total weight loss of B47%, which was measured by TG, is in good agreement with theoretically calculated weight loss of B48% by eqn (4). In co-doped hydroxyl titanium oxalate and it is not a mixture of the oxalates of individual metal ions.

Structural characterization: microstructure and crystal structure Fig. 3 represents the SEM images of the synthesized n-NITO starting powder and of the fractured surfaces for the sintered ceramics annealed at different conditions. It is clear that n-NITO powder synthesized through the chemical oxalate route has nanometric particle size with a homogenous round shape. The particle shape and size was greatly influenced by the titration rate of the ethanol solution of oxalic acid and the calcination temperature. In other words, higher reaction temperature and slower titration rate lead to a greater particle size and inhomogeneous particle morphology. The particle sizes of as-synthesized NITO oxalate and calcined n-NITO powder are determined to be 131 AE 23 nm and 201 AE 54 nm, respectively, using the Image J software. In addition, the average grain sizes of 241 AE 14 nm, 382 AE 14 nm, 580 AE 209 nm, and 1.28 AE 0.19 mm are estimated for the sintered n-NITO ceramic annealed at 600 1C, 800 1C, 900 1C, and 1100 1C, respectively, using the ASTM E112 standard method. It should be noted that for grain size measurement, although the mean lineal intercept method can only be applied for planar grains according to the ASTM E112 standard, herein, this method is used on the SEM image from the fractured surface due to the fact that the SPS sintered n-NITO samples were too brittle to observe nice planar microstructures. The samples annealed at 600 1C and 800 1C show homogeneous microstructures with nanocrystalline grains, while inhomogeneous grain growth was observed for NITO ceramics annealed at above 900 1C, and the sample annealed at 1100 1C shows microcrystalline microstructure with a grain size of 1.28 AE 0.19 mm. The density of n-NITO ceramic is determined to be B92% for the as-sintered samples and a slight increase of density upon annealing is observed. This may indicate that a reoxidation process and elimination of some oxygen vacancies, which were created during the SPS process due to the reducing atmosphere (i.e., vacuum) and fast heating rate, 28 occurred during post-annealing process.

Fig. 4(a) shows the measured XRD data for both the starting n-NITO powder and as-sintered n-NITO ceramic. The XRD patterns are typical of tetragonal rutile crystal structure ( JCPDS 01-070-7347), and any secondary phase and polymorphs, such as anatase and brookite phases, are not observed for both the samples. In addition, slight peak shifts were observed in the XRD patterns of n-NITO compounds compared to those of undoped TiO 2 , indicating that introduced dopants are successfully doped into the lattice without forming secondary phases. To further verify the crystal structure of as-synthesized NITO ceramic, Rietveld refinement was performed on the powder XRD data using the software Fullproof and the resulting fit reveals that the NITO sintered ceramic (Fig. 4(b)) crystallized in a pure rutile structure (space group, P4 2 /mnm). NITO ceramic has larger lattice parameters and thus correspondingly larger unit cell volume, compared to pure TiO 2 , 29 possibly due to the dopants incorporated into the lattice (Table 1). 

2 O 5 þ 2TiO 2 ! 4TiO 2 2Nb Ti þ 2Ti Ti 0 þ 8O O þ1=2O 2 " (5) Ti 4+ + e -Ti 3+ (6)
The O 1s profile for NITO (Fig. 5(b)) shows a main peak at 529.8 eV with a low energy tail at B528.2 eV, which corresponds to cation-oxygen bonds such as bulk Ti-O and In-Nb-O. 32 Moreover, high energy peaks around 532.2 eV and 531.2 eV are possibly related with oxygen vacancies and surface hydroxyl groups, respectively. 33 It should be noted here that Nb 5+ dopants cannot introduce oxygen vacancies in TiO 2 ; 34,35 however, when the acceptor dopants are introduced in TiO 2 , oxygen vacancies can be formed for charge compensation as follows,

In 2 O 3 ! 2TiO 2 2In Ti 0 þ V O þ 3O O (7) 
In Fig. 5(d), the In 3d profile shows that the In 3d 3/2 peak with a binding energy of 444.4 eV is clearly present, indicating the existence of In 3+ in the sample. 36 Thus, oxygen vacancies in NITO compounds can be attributed to the simultaneous doping of In 3+ with Nb 5+ . The XPS results for the Nb 3d profile (Fig. 5(c)) reveals that Nb 3d electrons have binding energies of 207.3 eV and 210.1 eV for 3d 5/2 and 3d 3/2 , respectively. The spin-orbit splitting of 2.8 eV is consistent with that of Nb 5+ doped TiO 2 . 34,37 Moreover, the doublet of Nb 3d 5/2 indicates the presence of Nb 4+ , which might be attributed to the reduction of Nb 5+ to Nb 4+ during the postannealing process. In addition, the quantitative analysis of the XPS data confirms that the concentrations of In and Nb are 0.35 at% and 0.37 at%, respectively, which is in good agreement with the target concentrations.

All of the abovementioned results confirm that rutile n-NITO ceramics are successfully synthesized through the chemical solution route combined with a low-temperature SPS sintering technique. To the best of our knowledge, this is the first report of a synthesis technique for n-NITO ceramic that exhibits controlled dopant concentrations, powder morphology, crystal phase, and microstructure. A new and facile solution-chemistry approach for the synthesis of n-NITO compounds, presented in this study, is important given that it might contribute to not only revealing the ongoing debate related with the origin of extraordinary dielectric behaviors of NITO ceramics but also to the tailoring of their functional properties through nano-and micro-structure engineering.

Impedance data analysis: homogeneous electrical property in n-NITO Fig. 6(a) shows the dielectric properties of n-NITO and TiO 2 ceramics as a function of frequency (40 Hz-1 MHz) at room temperature. It is clear that the relative permittivity of the n-NITO ceramic is significantly increased (two orders of magnitude) compared to undoped TiO 2 ceramic, and a relative permittivity up to 10 4 is maintained over the wide range of frequencies, suggesting that an excellent frequency-stable CP is achieved in the n-NITO ceramic. Furthermore, dielectric loss for the n-NITO little dependence on annealing temperature, while dielectric loss at low frequency (below 10 kHz) significantly decreases as annealing temperature increases. This might be due to the fact that as annealing temperature increases, charge defect species, such as impurities, dopants, and vacancies, can migrate towards grain boundaries, and thus the resistivity of grain boundary can be enhanced due to the segregation of charged species at grain boundaries, resulting in low dielectric losses at low frequencies. More importantly, dielectric relaxation was observed for the m-NITO sample (annealed at 1100 1C) at frequency range of 1-10 kHz (the inset of Fig. 8), indicating interfacial polarization might be present in m-NITO sample. Fig. 9 shows dielectric properties of n-NITO and m-NITO samples as a function of frequency (40 Hz-4 MHz) at different temperatures (303-423 K). As can be seen in Fig. 9(a), the dielectric properties of m-NITO show much higher temperaturefrequency dependence compared to the n-NITO sample (Fig. 9(b)). Furthermore, thermally activated Debye-like dielectric relaxation is clearly observed at high frequency (above 1 kHz) for m-NITO, which can be confirmed by dielectric loss peaks at relaxation frequencies that shift to higher frequencies at higher temperatures. This type of high frequency relaxation was absent in the n-NITO sample, with loss values that show little temperature dependence at high frequencies and finally merged as frequency increased above 1 MHz.

Electrical modulus is often considered as a more effective formalism for investigating defect relaxation in polycrystalline ceramics since the effect of mobile charge carriers on relaxation can be ruled out in this formalism. 38,48 Complex modulus M* can be written as, 49 M* = M 0 + M 00 = 1/e* = 1/(e ie 00 ) = e 0 /(e 02 + e 002 ) + ie 00 /(e 02 + e 002 ) (9) where i, e*, e 0 , and e 00 are 1 p , complex permittivity, real and imaginary part of complex permittivity, and M 0 = e 0 /(e 02 + e 002 ) and M 00 = e 00 /(e 02 + e 002 ) are the real and the imaginary part of the complex modulus, respectively. Fig. 9(c) shows both the imaginary part of the complex modulus and impedance for m-NITO and n-NITO samples, respectively. It is worth noting here that the impedance peak height Z max 00 is proportional to ''R'' for that particular element, while M max 00 is inversely proportional to ''C'' for the element.

Thus, the impedance of the materials that are electrically inhomogeneous (i.e. more than one RC element) can be dominated by grain boundary resistance for the overall frequency range, suppressing the grain response at high frequency region. However, the grain response can appear in the imaginary part of the modulus plot since the modulus plots pick out the 
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  Nb 0.5 In 0.5 )Ti 0.99 O(C 2 O 4 )Á0.1275H 2 O -(Nb 0.5 In 0.5 )Ti 0.99 O 2 + CO + CO 2 + 0.1275H 2 O (4) Moreover, we measured in situ XRD data for each oxalate at different temperatures (25-500 1C) and the results are presented in Fig. 2. It is clear that NITO oxalate was transformed into pure anatase TiO 2 crystal structure (PDF no. 00-021-1272) without forming any secondary phases. Furthermore, no XRD peaks from either individual oxalates (Nb oxalate, 20 In oxalate 27 ) or oxides (Nb 2 O 5 : PDF no. 00-018-0911, In 2 O 3 : PDF no. 00-006-0416) were observed during the transformation of NITO oxalate into the oxide at increased temperatures. All these results confirm that the as-synthesized NITO oxalate has one single phase of Nb and

Fig. 2

 2 Fig. 2 XRD patterns of as synthesized (a) TiO 2 and (b) NITO oxalates mea sured at different temperatures from room temperature to 500 1C. Brackets indicate the theoretical XRD pattern of rutile TiO 2 (PDF no. 00 021 1272). The strongest peaks of oxalates of individual metal ions ( E In oxalate, 27 m Nb oxalate 20 )aswellasoxides(K Nb 2 O 5 [PDF no. 00 018 0911], *In 2 O 3 [PDF no. 00 006 0416]), which are not present in the XRD patterns of NITO and TiO 2 oxalates for the temperature range, are also marked in the figure.
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 4 Fig. 4 (a) Measured powder XRD data for starting NITO powder and sintered NITO ceramic. (b) Rietveld refinement results for the sintered ceramic. The sintered ceramic has rutile crystal structure without any secondary phase. (c) Raman spectra for NITO powder and ceramic com pared with pure TiO2. Four characteristic peaks of TiO2 rutile phase were observed for the starting NITO powder and sintered ceramic, confirming that synthesized NITO powder and ceramic are of pure rutile phase.
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 8 Fig. 8 Dielectric properties of NITO samples annealed at different tem peratures (800 1C, 900 1C, and 1100 1C) as a function of frequency (40 Hz 1 MHz) at room temperature. The inset shows dielectric relaxation of m NITO at high frequency range.

Fig. 9

 9 Fig. 9 Dielectric properties of (a) m NITO and (b) n NITO samples as a function of frequency (40 Hz 4 MHz) at different temperatures (303 423 K), which demonstrates existence of dielectric relaxation at high frequency range for m NITO sample. (c) Modulus and impedance plots for m NITO (upper) and n NITO (below) samples measured at 424 K.

Table 1

 1 Rietveld refinement results for NITO and TiO 2 ceramics

	Space group a (b) (Å) c (Å)	c/a	Cell volume (Å 3 )
	NITO P4 2 /mnm TiO 2 a P4 2 /mnm	4.5961 4.5937	2.9629 0.6446 62.5876 2.9587 0.6440 62.4347

a Ref.

29.