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Abstract

In present work we report synthesis of rutile-TiO2 by using a simple solvothermal method. The formation of pure single phase 
rutile-TiO2 has been confirmed by X-ray diffraction (XRD) and Raman spectroscopy analysis. The XRD analysis revealed 
that as-prepared and soaked-TiO2 has pure rutile phase with tetragonal crystal structure. The field emission scanning electron 
microscopy and high resolution transmission electron microscopy analysis shows that as-prepared  TiO2 has nano-rods like 
morphology whereas soaked-TiO2 has nano-flowers like morphology with atomically sharp edges. The UV–Visible spec-
troscopy analysis showed that as-prepared and soaked rutile-TiO2 nano-structures have absorption edge in the visible range 
and having band gap of ~ 3.58 eV. The field emission (FE) properties of as-prepared and soaked rutile-TiO2 nano-structures 
were investigated and it was observed that as-prepared and soaked rutile-TiO2 display excellent FE properties with low turn-
on field (~ 4.8 V/µm for 10 µA/cm2), maximum current density [~ 444 µA/cm2 (as-prepared) and 508 µA/cm2 (soaked)] and 
superior current stability (~ 3 h for ~ 1 µA). The obtained results show that the rutile-TiO2 nanostructures can be useful for 
practical applications in vacuum nano/microelectronic devices.

1 Introduction

Compared to the other 1D metal oxide nano-materials such 
as zinc oxide (ZnO) [1], tin oxide  (SnO2) [2], tungsten oxide 
 (WO3) [3], iron oxide  (Fe2O3) [4] etc. the titanium dioxide 
 (TiO2) has received considerable attention for applications 
in solar cells [5], catalysis [6], photo-catalysis [7], electro-
chromic displays [8], super capacitors [9], batteries [10], 
gas sensing [11], environmental purification [12], photonic 
crystals [13], biological templates [14], solar cells [15] etc. 
due to its excellent chemical, optical and mechanical prop-
erties, non-toxicity, abundance, low cost, and good thermal 
and chemical stability. It occurs in three different crystalline 
phases namely rutile (tetragonal), brookite (orthorhombic) 
and anatase (tetragonal) [16]. Anatase and brookite phases 
are metastable while rutile is thermodynamically most sta-
ble phase. The synthesis of Brookite phase is much more 

difficult as compare the synthesis of anatse and rutile phase 
 TiO2 and is available as a natural single crystal [17]. Vari-
ous methods are generally used for the preparation of  TiO2 
nanostructures which includes chemical vapor deposition 
(CVD) [18], Solvothermal [19], sol–gel [20], spin coating 
[21], electro spinning [22], sonochemical synthesis [23] and 
inverse microemulsion method [24], anodization [25] etc. 
Among these, Solvothermal method has several advantages 
such as requirement of low cost precursors, environmen-
tal safely due to closed reaction process, low temperature 
process so better control on stoichiometric, it has ability to 
control particle size and morphology of synthesized material 
by controlling different process parameters. Furthermore, it 
can be mix-up with other processes such as optical radiation, 
hot-pressing, ultrasound, microwave, and electrochemistry 
etc. for reaction kinetics enhancement. Solvothermal synthe-
sis method also has the merit of rapid growth rates due to 
the rapid diffusion processes. However, the method has few 
limitations such as safety issues during the reaction process, 
need of costly autoclaves and impossibility of observing the 
reaction process etc. [26].

The anatase-to-pure rutile transformation (ART) of 
 TiO2 is envisaged as a transformation from a metastable 
state to stable state. In solvothermal method the phase 
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transformation is critically dependent on post-annealing or 
calcination temperature, pressure, particle size, impurities, 
additives/dopants, and solvothermal conditions. It has been 
reported that high process temperature has been needed for 
ART. For example Li et al. [27]. reported a temperature 
range of 700–800 °C whereas Jagtap et al. [28] obtained the 
onset of transformation temperature by subjecting anatase-
TiO2 to heat treatment from 150 to 950 °C. However, no 
unique phase transformation temperature is reported. The 
high process temperature also limits its potential applica-
tion in device fabrication. With this stimulation an attempt 
has been made to prepare nano-structured pure phase rutile-
TiO2 from anatase-TiO2 powder precursor using simple 
solvothermal method at low temperature (∼ 200 °C). For-
mation of rutile-TiO2 powder has been verified by X-ray 
diffraction (XRD) and micro- raman spectroscopy analysis. 
Furthermore, formation of nano-structure rutile-TiO2 pow-
der has been confirmed by field emission scanning electron 
microscopy and transmission electron microscopy. Finally, 
the field emission properties of nano-structure rutile-TiO2 
powder were examined in view of its application for large-
area emitters.

2  Experimental

2.1  Synthesis and growth mechanism of rutile‑TiO2 
nanostructures

In the present study rutile-TiO2 powder has been synthesized 
by using simple solvothermal method. For synthesis anatase-
TiO2 powder and Sodium Hydroxide (NaOH) (both Thomas 
Baker, India) were used directly without any further purifica-
tion. A Teflon linear autoclave was cleaned by simple chemi-
cal process using sulfuric acid  (H2SO4) and hydrochloric 
acid (HCl). 1 gm anatase-TiO2 added directly in 10 M NaOH 
(18 ml of volume). After sonication for 15 min resultant 
solution was transferred into stainless steel autoclave, Teflon 
lined pot containing resultant solution with its 80% of total 
volume and kept at constant temperature, 200 °C in muffle 
furnace for 16 h. After completing 16 h time the stainless 
steel autoclave was air cooled to ambient temperature. The 
resulting white precipitate was then washed several times 
with distilled water until the pH become ~ 7 and dried at 
60 °C for 2 h. The resulting precipitate further transferred 
for acid treatment, which involved stirring in 0.1 M HCl 
solution for 12 h. Then washed thoroughly with water and 
subsequently air-dried at 80 °C over night to obtain the 
 TiO2 precursor (as-prepared rutile-TiO2).The same precipi-
tate soaked as it is for 5 days in double distilled water by 
maintaining pH ~ 7. After that the precipitate dried in air 
at 60 °C for 2 h. Then washed thoroughly with water and 
subsequently air-dried at 80 °C over night to obtain the  TiO2 

precursor (soaked rutile-TiO2). Figure 1 shows the flow chart 
of as-prepared and soaked rutile-TiO2 powder.

The ART is a nucleation and growth process and the 
kinetics of this transition depends on impurities, morphol-
ogy, sample preparation method, heat flow conditions, etc. 
[29]. The ART has been widely studied for both scientific 
and application-driven reasons because the  TiO2 phase is 
one of the critical factors for many applications. The possi-
ble reaction mechanism of formation of rutile-TiO2 from its 
anatase phase in solvothermal method is as follows;

At the first step, high concentrated NaOH (10 M, alkaline 
solution) reacted with anatase-TiO2 powder at temperature 
200 °C for 16 h to form sodium metatitanate  (Na2Ti3O7) in 
an autoclave via reaction [30].

During the hydrothermal treatment some Ti–O–Ti bonds 
of the  TiO2 precursor break and thermodynamically unsta-
ble six-coordinated monomers [Ti(OH)6]2 are formed and 
saturated. These monomers become stable when their size 
exceeds certain nuclei size [31]. The unstability of sodium 
metatitanate can be prevented by washing the white slurry 
solution with de-ionised water and followed by acid solu-
tion HCl until pH 7. The ion exchange between  Na+ and  H+ 
occurs during the acid wash treatment and hydrogenotitanate 
 (H2Ti3O7) forms. The chemical reaction can be described 
as [31].

The acid washing process influences the formation of 
nanotubes and the hydrothermal treatment affects their 
structural composition [32]. Wang et al. [33] found that the 
acid washing process determine the morphology, length and 
other properties of nanotubes such as composition, anneal-
ing characteristics, and specific surface.

Finally, the dehydration process of powder at 80 °C for 
12 h causes crystal lattice rearrangement to form rutile-TiO2 
via reaction.

The most acceptable mechanism for anatase-to-rutile 
phase transformation was proposed by Shanon et al. [34] 
and developed by Banfield and his group [35]. Banfield 
et al. suggested that the aggregation of nano-crystal anatase 
played the most important role in anatase-to-rutile phase 
transformation process. According to them anatase twin 
boundaries are constructed from structural elements and 
these twin interfaces can be regarded as the nuclei of rutile 
phase. Such interface nucleation has the lowest activation 
barriers for rutile nucleation. This mechanism is applicable 
for both calcination-induced and hydrothermal-treatment-
mediated phase transformation from anatase-to-rutile. Under 
the hydrothermal condition, the nanostructured  TiO2 showed 
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higher mobility, and they can adjust their orientations even 
after aggregation to achieve a more thermodynamically 
stable state [36]. Additionally, the surface atoms are easier 
to rearrange, which reduces further the energy barrier for 
nucleation and thus facilitated the growth of rutile-TiO2 
phase [37].

2.2  Material characterization

X-ray diffraction pattern were obtained by using X-ray dif-
fractometer (Bruker D8 Advance, Germany) using CuKα 
line (λ = 1.54056 Å). The optical band gap and reflectance 
of rutile-TiO2 powder was deduced from diffused reflectance 
spectra (DRS) and was measured using a JASCO, V-670 
UV–Visible spectrophotometer in the range of 200–750 nm. 
The field emission scanning electron microscopy (FE-SEM) 
images were captured using Hitachi, S-4800, Japan with 
operating voltage 10 kV to study the surface morphol-
ogy of synthesized samples. High resolution transmission 

electron micrographs (HR-TEM) and selected area electron 
diffraction (SAED) patterns were obtained using TECNAI 
 G2-20-TWIN transmission electron microscope operat-
ing at 200 kV. Raman spectra were recorded using Raman 
spectroscopy (Renishaw In Via microscope Raman) in the 
range of 100–650 cm−1. The spectrometer has backscattering 
geometry for detection of Raman spectrum with the resolu-
tion of 1 cm−1. The excitation source was 532 nm line of 
He–Ne laser. The power of the Raman laser and its spot size 
were kept > 5 mW and ~ 1 µm respectively to avoid possible 
heating effect on the sample.

2.3  Field emission setup

The field emission current density versus applied electric 
field (J–E) and emission current versus time (I–t) charac-
teristics were measured in a planar diode configuration 
in an all-metal ultra high vacuum (UHV) chamber evacu-
ated to base pressure of 1 × 10−8 mbar. In a typical diode 

Fig. 1  Process flow chart of 
preparation of as-prepared 
rutile-TiO2 and soaked rutile-
TiO2 powder

In autoclave 200 
o
C, 16 hrs

Distilled Water Wash, pH ~ 7 

0.1 M HCl treatment + Drying at80 
0
C (12 hrs)

As-prepared rutile-TiO2

1 gm Anatase-TiO2 powder 10 M Sodium Hydroxide (NaOH)

White precipitate formation and drying at 60 
0
C, 2 hrs

Sonication for 15 min

Characterization

Soaked in water (pH ~ 7) 120 hrs

Soaked rutile-TiO2 powder

Characterization
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configuration, a semi-transparent cathodoluminescent phos-
phor screen having diameter ~ 50 mm was held parallel to 
the cathode assembly. For powder synthesized material, the 
cathode is obtained by sprinkling very small quantity of the 
powder onto a piece of UHV compatible conducting carbon 
tape (~ 0.25 cm2). This piece of carbon tape with sprinkled 
powder was pasted on copper rod connected to a linear 
motion drive, facilitating variation in cathode–anode sepa-
ration. The FE measurements were carried out at a constant 
cathode–anode separation of 2 mm, the emission current 
was acquired on Keithley electrometer (6514) by varying 
the applied voltage between the cathode and anode with a 
step of 40 V (0–40 kV, Spellman, USA).

3  Results and discussion

3.1  X‑ray diffraction (XRD) analysis

The X-ray diffraction (XRD) is widely used characteriza-
tion technique for the study of structural investigation of 
synthesized materials via different methods. Figure 2 dem-
onstrate the XRD pattern of as purchased  TiO2 powder 
[Curve (a)], as-prepared  TiO2 [Curve (b)] and soaked  TiO2 
[Curve(c)] powder synthesized by solvothermal method. The 
presence of multiple diffraction planes in all XRD pattern 
indicates their polycrystalline nature. From curve (a) major 

diffraction planes were observed at 2θ ~ 25.5°, 37.2°, 38.1°, 
38.9°, 48.3°, 54.1°, 55.3°, 62.3°, 62.9°, 69.0°, 70.5°, 75.2° 
and 76.2° corresponding to (101), (103), (004), (112), (200), 
(105), (211) (213), (204), (116), (220), (215) and (301) dif-
fraction planes corresponding to anatase phase of  TiO2 
[JCPDS data card # 00-004-0477]. In curves (b) and (c) the 
major diffraction peaks were observed at 2θ ~ 27.4°, 36.2°, 
41.2°, 54.2°, 56.3°, 62.9°, 68.9° and 69.7° corresponding 
to (110), (101), (111), (211), (220), (310), (301) and (112) 
diffraction planes of tetragonal rutile phase of  TiO2 [JCPDS 
data card # 00-021-1276]. No other impurity phases were 
observed in the XRD pattern. These results indicate the for-
mation of pure rutile-TiO2 using a facile and simple solvo-
thermal method from its anatase phase. It is interesting to 
note that the preferred orientation of crystallites for as-pre-
pared rutile-TiO2 is along (110) and for soaked rutile-TiO2 
is (211). Applying Scherrer’s equation we have calculated 
the average crystallite size (d) for as-prepared and soaked 
rutile-TiO2 samples [38].

where λ is the wavelength of diffracted radiation  (CuKα, 
λ = 1.54056 Å), θB is the Bragg angle and β is the full width 
at half maximum (FWHM) in radians. The calculated values 
of average crystallite size are found ∼ 9.8 nm and ∼ 18.7 nm 
for as-prepared and soaked rutile-TiO2 samples respec-
tively. Furthermore, the estimated lattice constants for the 
rutile-TiO2 were found a ∼ 0.47 nm and c ∼ 0.29 nm respec-
tively which are analogous with standard JCPDS data # 
00-021-1276.

3.2  Micro‑Raman spectroscopy analysis

Raman spectroscopy is widely employed for the study of 
chemical structure and the characteristic molecular vibration 
by interaction of laser light with the material. Figure 3 shows 
Raman spectra of as purchased  TiO2 powder [curve (a)], as-
prepared  TiO2 [curve (b)] and soaked  TiO2 [curve(c)] pow-
der in the scale 50–650 cm−1 synthesized by solvothermal 
method. As seen from curve (a) the Raman spectra shows 
a strong shoulder at ∼ 141 cm−1 and three weak shoulders 
at ∼ 394 cm−1, ∼ 514 cm−1 and ∼ 637 cm−1 which are charac-
teristics bands observed for anatase phase of  TiO2 [39]. The 
Raman spectra for curve(b) and (c) shows four Raman active 
bands at ∼ 112 cm−1 (weak), ∼ 241 cm−1 (weak), ∼ 435 cm−1 
(strong) and ∼ 604 cm−1 (weak) associated with rutile phase 
of  TiO2 [40]. The Raman peaks at 112 cm−1 is for the mode 
of  B1g symmetry, 241 cm−1 is for second order scattering, 
435 cm−1 is for  Eg mode while 604 cm−1 is for  A1g mode 
[41]. The  Eg mode is mainly due to the symmetric stretch-
ing vibration of O–Ti–O, the  B1g Raman active mode cor-
responds to symmetric bending vibration of O–Ti–O and 

(4)dx-ray =

0.9�

� cos �B

Fig. 2  X-ray diffraction (XRD) pattern of as purchased  TiO2 powder 
[Curve (a)], as-prepared  TiO2[Curve (b)] and soaked  TiO2 [Curve(c)] 
powder synthesized by solvothermal method
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 A1g Raman active mode corresponds to the anti-symmetric 
bending vibration of O–Ti–O in rutile-TiO2. No additional 
peaks were found in the both acquired Raman spectra sug-
gesting the formation of pure rutile-TiO2 phase in the present 
work. The intensity ratio between Raman vibrational modes 
 (A1g/Eg) for as-prepared and soaked rutile-TiO2 were found 
quite similar (0.45 and 0.47) indicating the good degree of 
crystallinity of  TiO2 and the percentages of specific facets 
in as-prepared and soaked rutile-TiO2 do not change during 
the soaking process [42].

3.3  Field emission scanning electron microscopy 
(FE‑SEM) analysis

To investigate the surface morphology of as-prepared 
and soaked rutile-TiO2 the field emission scanning elec-
tron microscopy (FE-SEM) was used. Figure 4 shows the 
FE-SEM images of as-prepared and soaked rutile-TiO2 at 
×100,000 and ×300,000 magnifications. Before imaging, the 
samples were coated with platinum by sputter method. From 
Fig. 4 it is clear that both as-prepared and soaked rutile-
TiO2 sample are dense and homogeneous. We observed from 
the FE-SEM micrographs, the soaking invokes a distinct 
change in surface morphology. The FE-SEM micrograph of 
as-prepared rutile-TiO2 clearly shows randomly distributed 
nano-rods with tips like morphology with substantial poly-
dispersity in terms of their width and length (Fig. 4a1 and 
a2). The average length is ∼ 100 nm and diameter is ∼ 22 nm. 
The FE-SEM micrograph of rutile-TiO2 sample after soak-
ing treatment under controlled pH ~ 7 shows nano-flowers 

like morphology composed of sharp needle tips having aver-
age size ~ 200 nm (Fig. 4b1 and b2). Thus, upon soaking 
treatment under controlled pH ~ 7 the surface morphology 
of rutile-TiO2 changes from nano-rods with needle like tips 
morphology to nano-flowers. The change in surface mor-
phology of rutile-TiO2 upon soaking may be due to the 
agglomeration of nano-rods in mother liquor at pH ~ 7.

Figure 4a3 and b3 shows the EDX spectra for as-prepared 
and soaked rutile-TiO2 respectively. The quantitative data 
analysis from the EDX spectra revealed that elemental com-
position for as-prepared rutile-TiO2 is Ti ∼ 24 at.% and O 
is ∼ 76 at.% whereas for soaked rutile-TiO2 is Ti ∼ 20 at.% 
and O is ∼ 80 in at.%. These results indicate the formation 
of oxygen rich rutile-TiO2 after soaking by solvothermal 
method. These results are analogous with XRD (see Fig. 2) 
and Raman spectroscopy analysis (see Fig. 3).

3.4  Transmission electron microscopy (TEM) 
analysis

Formation of nano-rods with needle like tips morphology 
for as-prepared rutile-TiO2 and nano-flowers like morphol-
ogy for soaked rutile-TiO2 was confirmed from transmission 
electron microscopy (TEM). Figure 5 shows TEM and HR-
TEM micrographs of as-prepared and soaked rutile-TiO2. 
The TEM image in Fig. 5a1 shows that the as-prepared 
rutile-TiO2 is having randomly dispersed nano-rods with 
edged needles. The inset of Fig. 5a1 shows its selected area 
electron diffraction (SAED) pattern. The circular rings of 
bright spots in the SAED pattern indicate the polycrystalline 
nature of synthesized samples with high degree of crystallin-
ity. Figure 5a2 is HR-TEM image of as-prepared rutile-TiO2 
sample. The magnified view of marked area of A in Fig. 5a2 
shows that the inte-planar spacing between two adjacent lat-
tice planes is ~ 0.34 nm, which is consistent with the spacing 
of (110) plane of rutile-TiO2 [43]. Figure 5b1 shows TEM 
and Fig. 5b2 shows HR-TEM image of soaked rutile-TiO2. 
As seen from the Fig. 5b1 after the soaking treatment the 
nano-rods with edged needles topography of  TiO2 changes in 
to nano-flowers having atomically sharp edges. These atomi-
cally sharp edges act as possible emission sites in field emis-
sion due enhancement in the local field. The circular rings of 
bright spots in the SAED pattern (Inset of Fig. 5b1) indicates 
the existence of high degree of crystallinity after soaking 
treatment. However, after soaking treatment a slight increase 
in distance between the adjacent lattice planes (~ 0.35 nm) 
has been observed.

3.5  UV–Visible spectroscopy analysis

Optical properties of as-prepared and soaked rutile-TiO2 
nano-structures were studied by using diffuse reflec-
tance spectroscopy (DRS). Figure6 a and b display the 

Fig. 3  Raman spectra of as purchased  TiO2 powder [Curve (a)], as-
prepared  TiO2 [Curve (b)] and soaked  TiO2 [Curve(c)] powder
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UV-Visible reflectance spectra of as-prepared and soaked 
rutile-TiO2 nano-structures respectively. As seen both 
as-prepared and soaked rutile-TiO2 nano-structures have 
absorption edge in the visible range. To order to estimate 
band gap of as-prepared and soaked rutile-TiO2 nano-
structures the reflectance (R) values has been converted to 
equivalent remission extinction coefficient, F(R) by using 
Kubelka–Munk transformation theory [44].

The inset of Fig. 6a and b display the generated Tauc’s 
plot used for the computation of direct band gap using 

(5)F(R) =
(1 − R)

2

2R

Kubelka–Munk transformation theory for as-prepared 
and soaked rutile-TiO2 nano-structures respectively. It has 
been observed that the estimated optical band gap values 
for as-prepared and soaked rutile-TiO2 nano-structures 
was ~ 3.04–3.15 eV which matches with reported values 
of band gap for rutile-TiO2 in the literature [45].

3.6  Field emission analysis

High aspect ratio, sharp tip features, good stability and oxi-
dation resistance are prerequisites to enhance the field emis-
sion (FE) properties of metal oxides. Among the various 
metal-oxides,  TiO2 is one of the most fascinating functional 
materials which have received considerable attention after 

500 nm 500 nm

200 nm 200 nm

2 (As-prepared ) 

2 (As-prepared ) 2 (Soaked)  

(a1) TiO

(a2) TiO (b2) TiO

(b1) TiO2 (Soaked)  

(a3) TiO2 (As-prepared) (b3) TiO2 (Soaked)  

Element Atomic %
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Fig. 4  Field emission scanning electron microscopy (FE-SEM) images of a1 and a2 as-prepared rutile-TiO2, b1 and b2 soaked rutile  TiO2, 
EDXA spectra for a3 as-prepared and b3 soaked rutile-TiO2 respectively
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carbon nanotubes for FE properties such as geometrical sim-
ilarity of  TiO2 nanotubes [46], nanotubes with sharp tips 
[47], low work function (0.5 eV) [48], high packing density 
[49] etc. Furthermore, being a natural oxide,  TiO2 is not 
affected by the oxygen, so its exposure to  O2 will not affect 
its properties. Thus, no special measures need to be taken 
to prevent their reaction with air [50]. Its good electrical 
contact with substrate makes them suitable as electron per 
collation pathways for free electron transfer between inter-
faces [51].

The field emission (FE) properties of as prepared and 
soaked rutile  TiO2 field emitter were measured in a pla-
nar diode configuration in an all-metal ultra-high vacuum 
(UHV) system [52]. The field emission properties of as-
prepared and soaked rutile-TiO2 nano-structures are shown 
in Fig. 7. Figure 7a represents the variation of emission cur-
rent density with applied electric field (J–E) characteristics 
of as-prepared and soaked rutile-TiO2nano-structures. Here, 

the applied electric field given by, E = V/d, where V is the 
applied dc voltage and d is the cathode and anode separation. 
The emission current density is estimated as, J = I/A, where I 
is the emission current and A is the actual area of the emitter 
surface. From the figure it is clear that upon applied electric 
field the emission current increases exponentially accord-
ing to Fowler–Nordheim (F–N) theory [53]. The turn-on 
field  (EOn) for both as-prepared and soaked-TiO2 is 4.8 V/
µm at current density of 10 µA/cm2. The observed turn-on 
field values for as-prepared and soaked-TiO2 nano-structures 
are much smaller than the previously reported hierarchical 
 TiO2 nano-structures. A comparison between them is listed 
in Table 1.

The low turn-on field value for the as-prepared and 
soaked-TiO2 nanostructures can attribute to the occurrence of 
atomically sharp edges of nano-rods and nano-flowers. The 
FE-SEM [Fig. 4] and TEM [Fig. 5] analysis further support 
this. Maximum emission current density of ~ 444 µA/cm2has 

2 (As-prepared ) 

2 (As-prepared ) 

SAED Pattern

200 nm 

5 nm 

A 

A

0.34 nm
0.35 nm

A

A 

5 nm

200 nm

2 (Soaked)  (a1) TiO

(a2) TiO

(b1) TiO

(b2) TiO2 (Soaked) 

SAED Pattern

1/nm 1/nm

Fig. 5  Transmission electron microscopy (TEM) imagesof a1 as-pre-
pared rutile-TiO2. The inset shows its selected area electron diffrac-
tion (SAED) pattern, a2 HRTEM image for as-prepared rutile-TiO2. 
The inset is the enlarged view of area ‘A’ of HR-TEM image, b1 

Soaked rutile-TiO2. The inset shows its selected area electron diffrac-
tion (SAED) pattern and b2 HRTEM image for soaked rutile-TiO2. 
The inset is the enlarged view of area ‘A’ of HR-TEM image
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been drawn at applied field  (ETh) of 7.0 V/µm for as-prepared 
rutile-TiO2based emitter compared to ~ 508 µA/cm2 for soaked 
rutile-TiO2 based emitter at applied field of 6.0 V/µm. The 
observed J–E characteristic further is analyzed by plotting a 
graph of ln(J/E2) versus (1/E) known as the Fowler–Nordheim 
(F–N) plot. Figure 7b shows the F–N plot for as-prepared and 
soaked rutile-TiO2nano-structures. The nonlinear behaviour 
over the entire scale of the applied electric field indicates 
semiconductor nature of as-prepared and soaked rutile-TiO2 
nano-structured emitter material. The stability of field emis-
sion current is one of the important parameters in cold cath-
odes for its practical applications. Figure 7c and 7d shows the 
relation between the emission current as a function of time (I–t 
plot) for as-prepared and soaked rutile-TiO2nano-structures 
respectively. These plots corresponding to the preset values of 
1.0 µA for both as-prepared and soaked rutile-TiO2, recorded at 
a base pressure of 1 × 10−8 mbar with sampling time of 30 s for 

more than 3 h and 15 min. duration. As seen the emitter cur-
rent remains constant in the range 0.5–1.5 µA for as-prepared 
rutile-TiO2 sample and in the range 0.75–2.5 µA for soaked 
rutile-TiO2 sample respectively. However some fluctuations/
spikes were observed in the I–t plots. This fluctuations/spike 
appearance in the measured emission current may be due to 
adsorption/desorption, migration and also due to the ion bom-
bardment of the residual gas atoms/molecules on the emitter 
surface due to applied electric field. These processes occur on 
the atomic/molecular level which leads to an instantaneous 
change in the local work function at the possible emission site 
[59]. However, it seems that the average emission current quite 
stable over the entire duration. Both as-prepared and soaked 
rutile-TiO2 emitters exhibit stable field emission behaviour 
with average current fluctuation within ± 4–5%. It indicates 
good physical and chemical stability of both as-prepared and 
soaked rutile-TiO2emitters. The field emission images are 

Fig. 6  UV–Visible DRS spectra 
of a As-prepared rutile  TiO2, 
b Soaked rutile  TiO2. The 
insets of figure a and b shows 
typical Tauc’s plot used for the 
estimation of band gap using 
Kubelka–Munk transforma-
tion for as-preparedand soaked 
rutile-TiO2 respectively
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shown in the inset of Fig. 7c and d for as-prepared and soaked 
rutile-TiO2emitters respectively. The images depict tiny bright 
spots, corresponding to the emission from the most protruding 
part on the emitter surface. These images clearly show that the 
density of emission spots for the soaked rutile-TiO2 emitter is 
higher than as-prepared rutile-TiO2 emitter. The increase in 
the local field may be due to high density of atomically needle 
like sharp edges in nano-flower structured soaked rutile-TiO2 

because they acts as potential emission sites. The SEM and 
TEM analysis further supports this (see Figs. 4, 5).

4  Conclusions

In present work we report synthesis of rutile-TiO2 from 
anatase-TiO2 by using a simple Solvothermal method. The 
formation of single phase rutile-TiO2 has been confirmed by 

Fig. 7  Field emission investigation of rutile-TiO2 nano-structures a 
Applied electrical field as a function of emission current density, b 
F–N plot showing non-linear behaviour typical of quantum mechani-
cal tunnelling c Emission current as a function of time (I–t plot) for 

as-prepared rutile-TiO2 and d Emission current as a function of time 
(I–t plot) for soaked rutile-TiO2. Inset of figure c and d shows field 
emission images for as-prepared and soaked rutile-TiO2 emitters 
respectively

Table 1  Comparison of turn-on 
field values of as-prepared and 
soaked-TiO2 nano-structures 
with previously reported 
hierarchical  TiO2 nano-
structures

Morphology Synthesis route EOn(V/µm)@ 10 µA/
cm2

Ref.

TiO2 Nano-wires/nano-tubes Hydrothermal 6.7/7.5 [54]
TiO2 nano-wires Thermal evaporation 5.7 [55]
TiO2 nano-tubes Anodization 11.2 [56]
TiO2 nano-tips Anodization 8.6 [57]
TiO2 nano-tube arrays Liquid phase reduction 11.86 [58]

TiO2 nano-rods/nano-flowers Hydrothermal 4.8 Present
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X-ray diffraction (XRD) and Raman spectroscopy analysis. 
The XRD analysis revealed that as-prepared and soaked-
TiO2 has pure rutile phase with tetragonal crystal structure. 
The field emission scanning electron microscopy (FE-SEM) 
shows that as-prepared  TiO2 has nano-rods like morphol-
ogy whereas soaked-TiO2 has nano-flowers like morphol-
ogy with atomically sharp edges. Similar results were con-
firmed by high resolution transmission electron microscopy 
(HR-TEM) analysis. The UV–Visible spectroscopy analysis 
showed that as-prepared and soaked rutile-TiO2nano-struc-
tures have absorption edge in the visible range. The optical 
band gap estimated for both as-prepared and soaked-TiO2 
was found ~ 3.04–3.15 eV. Finally, field emission proper-
ties of as-prepared and soaked rutile-TiO2 nano-structures 
were investigated. It has been observed that as-synthesized 
and soaked rutile-TiO2 display excellent field emission prop-
erties with low turn-on field (~ 4.8 V/µm for 10 µA/cm2), 
maximum current density [~ 444 µA/cm2 (as-prepared) and 
508 µA/cm2 (soaked)] and superior current stability (~ 3 h 
for ~ 1 µA). Thus, the obtained results demonstrate that the 
rutile-TiO2 nanostructures can be used for practical applica-
tions in vacuum nano/microelectronic devices.
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