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Titanium dioxide (TiO2) is a semiconductor that can be applied in different technological areas. In this work, we
investigated the modifications of the electrical properties of thin films composed of TiO2 nanoparticles produced
with different morphologies. The solvothermal route used for the synthesis allowed the production of
nanoparticles with functionalized surfaces due to oleate groups. It was possible to modulate nanocrystals shape
and size due to the detachment crystal growth mechanism, by changing the reaction time. Nanorods were
obtained using 4 h of synthesis, and an increase in the reaction time to 64 h led to a bipyramidal morphology.
The functionalization by the organic ligand allowed the preparation of stable colloidal solutions, which were used
to prepare thin films by the dip-coating method. The films presented a homogeneous surface, an average
thickness around 100 nm, and no agglomerations were observed. The electrical resistance measurements
indicated a typical behavior of semiconductors, and they were dependent on the nanoparticle morphology. An
exploratory test indicated that the thin films prepared using nanorod particles presented a higher electrical
response compared with isotropic particles, when exposed in a liquefied petroleum gas vapor atmosphere.
Therefore, the morphology of the nanoparticles is a key factor for the further application of these thin films in gas
sensing. Employing an easy methodology which required simple apparatus, and by using reaction time
modulation only, it was possible to prepare homogeneous thin films with a tunable electrical response.

Introduction
Titanium dioxide (TiO2) is a nontoxic, low cost, and

photocorrosion-free semiconductor that is used in several tech-

nological applications, such as dye-sensitized solar cells [1, 2],

photoelectrochemistry [3], photocatalysis [4, 5, 6], and sensors

[7, 8]. These applications are achievable mainly due to the elec-

trical conductivity and the photocatalytic properties [9, 10] of

TiO2 which are enhanced at the nanometric scale.

The outstanding properties of TiO2 make it an interesting

material for use as a sensing element in electronic devices,

such as gas sensors [11]. An electronic sensor consists of a sub-

strate, an electrode, and a sensing element, which can be a thin

film of semiconductor material, such as TiO2. The interaction

of the sensing element with gases is reversible [12] and is

affected by the surface area, the microstructure of sensing lay-

ers, and the temperature [13]. This promotes the use of

nanoparticles for the development of more robust gas sensors,

with lower detection limits, better selectivity, shorter response,

and recovery times [14]. For example, toxic gases monitoring

such as liquefied petroleum gas (LPG) can be used to avoid

health problems and prevent potential explosions [15, 16].

Thus, an adequate route to nanoparticle synthesis can be useful

to improve the properties where TiO2 is applied, for example,

nanoparticles can be used as a sensing layer in electronic

devices.

TiO2 nanoparticles can be produced by several synthesis

approaches, such as hydrothermal [17] and solvothermal [18]

routes, deposition processes such as chemical vapor [19] or

spray pyrolysis [20], and the sol–gel method [21]. The solvo-

thermal route is a promising alternative to produce inorganic

oxide nanocrystals with refined properties [22]. Nanoparticles

of titanium oxide [23], zirconium oxide [24], and magnetite
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[25] were successfully prepared by this route with uniformity in

size and shape. In the process of crystal nucleation and growth,

the nanoparticles present high surface energy. Thus, the use of

surfactant molecules is necessary to act as a ligand on the

nanocrystal surface resulting in a steric hindrance that will pre-

vent disordered growth and excessive agglomeration. These

molecules remain attached to the nanoparticles after synthesis

[26]. For this reason, the inorganic oxides can be dispersed in

organic solvents to form stable colloidal solutions which can

facilitate the process of the nanoparticle deposition, targeting

potential applications [27].

For TiO2 synthesis, an organometallic, an alkoxide, or

another coordination compound can be used as a metal precur-

sor [28]. Fan et al. [29], aiming at obtaining TiO2 nanostruc-

tures, employed tetrabutyl titanate, ethyl alcohol, and glycerol

as chemical reagents in solvothermal reactions at 140, 170,

and 200 °C for 24 h. The variation of the reaction temperature

allowed the authors to obtain controlled crystallinity, band gap,

crystallite size, and different morphologies of particles that were

successfully used in the photocatalytic process.

Unlike the other methods used to synthesize TiO2 nano-

particles, the solvothermal route has the advantage of allowing

the modulation of the size and shape of the crystals by chang-

ing the reaction parameters. Previously, we observed that the

use of the solvothermal route to synthesize TiO2 nanoparticles

led to an unusual phenomenon, in which nanorod structures

evolve into bipyramid nanocrystals, in a process similar

Rayleigh instability [18]. TiO2 nanoparticles synthesized at

short reaction times (0.25–4 h) have a predominately nanorod

shape, whereas an increase in the reaction time (64 h) led to a

reduction of the nanorods length, as a result of the detachment

process, forming isotropic shapes for TiO2 anatase as a bipyr-

amidal structure.

Physical and chemical depositions are the two most com-

mon methods to obtain thin films. The film’s formation and

morphology are influenced by several factors, including the

size and shape of the nanoparticles [30]. The evaporation tech-

nique is the commonest one based on physical deposition.

Basically, the material in the solid phase is evaporated from a

precursor material and further converted and deposited when

in contact with the target surface [31]. In general, physical

techniques result in films with remarkable properties.

However, the use of sophisticated equipment makes the process

expensive.

An alternative method to prepare thin films is the dip-

coating technique, which is classified as a chemical deposition

method used to obtain films that present good surface quality

and thin thickness [32]. The films that are obtained by this

method can be successfully used in technological applications

such as gas sensors [33]. For this, it is necessary to control

the nanoparticle morphology and to investigate how the

nanoparticles influence both the electrical and the gas-sensing

performances.

Therefore, in this work, we used the solvothermal route for

modulating the size and shape of TiO2 nanoparticles by chang-

ing the reaction time (4, 16, and 64 h), employing only oleic

acid and titanium (IV) butoxide. The obtained colloidal solu-

tions were used to prepare thin films which presented proper-

ties dependent on the nanoparticle morphology. The

nanoparticles and the thin films were characterized with

regards to the morphology, crystalline structure, and electrical

properties, besides exploratory tests of the electrical properties

of the films with LPG vapor/air mixtures.

Results and Discussion
TiO2 nanoparticles

The solvothermal route was efficient in the preparation of sta-

ble colloidal solutions in toluene, as shown in Fig. 1. An

increase in the reaction time led to a difference in the color

of the dispersions, which is associated with the oxidation of

the organic chain [34]. TiO2 nanoparticles were obtained in

the pure anatase phase (PDF#21-1272) according to X-ray dif-

fraction (XRD) analysis (Fig. 2). The nanoparticle crystallite

size, synthesized at different times (4, 16, and 64 h), were cal-

culated by the Scherrer equation [35] for certain crystallo-

graphic directions (Table 1). The values indicated a reduction

in the size of the (004) direction with increasing reaction

time. Morphological analysis [Figs. 3(a)–3(c)] corroborates

the differences observed in XRD analysis by changing the

shape of the nanoparticles. Nanoparticles submitted to 4 h of

reaction time had a rod-like shape, while the nanoparticles syn-

thesized using a longer reaction time, 64 h, were more isotro-

pic, having a truncated bipyramidal shape.

This crystallization mechanism was previously described by

Dalmaschio and Leite [18] and justified as a detachment

Figure 1: Functionalized TiO2 nanocrystals in colloidal solution.
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process, similar to Rayleigh instability. At the beginning of the

reaction, some nanocrystals interact by an oriented attachment

process forming nanorods particles. An increase in the reaction

time leads to crystal growth by mass transportation, resulting in

dumbbell-shaped nanostructures. For longer times of reaction

(64 h), a process similar to the Rayleigh instability promotes

the fragmentation of the nanorods by a detachment of the crys-

tals, which results in particles that present a truncated bipyra-

midal shape.

Indeed, the nanoparticles synthesized using 4 and 16 h of

reaction were more anisotropic and presented largest average

length than the nanoparticles synthesized using 64 h of reac-

tion, which were more isotropic and presented a narrow size

distribution [Figs. 3(d)–3(f)]. Therefore, the use of different

times of reaction enables the modulation of the size and shape

of the nanoparticles. This size polydispersion in nanoparticles

can be used in the preparation of thin films to promote different

surface areas. Thus, the nanoparticles can directly influence the

detection of analytes, which are desirable tunable properties for

gas monitoring sensitivity and selectivity [36].

The preparation of thin films also depends on an adequate

dispersion of the nanoparticles in a solvent for further deposition

on a substrate. The presence of an organic solvent in the synthesis

allows the control of the particle morphology and the dispersion

in an organic solvent (Fig. 1). The Fourier-transform infrared

(FTIR) spectra (Fig. 4) indicate the presence of the oleate mole-

cules in the nanoparticle surface resulting from the oleic acid

deprotonation (C–H vibration at 2879 cm−1 and C=O vibration

Figure 3: TEM images and particle size distribution: (a and d) 4 h, (b and e) 16 h, and (c and f) 64 h.

Figure 2: XRD pattern of the TiO2 nanoparticles (indexed with the
PDF#21-1272).

TABLE 1: Crystallite size calculated with the Scherrer equation for TiO2

nanoparticles as synthesized and in thin film (thin films were thermally
treatment at 500 °C).

Sample

Size in each crystallographic direction (nm)

(101) (004) (200) (105) (204)

As synthesized
4 h 4.15 12.1 3.68 6.83 3.43
16 h 4.09 4.79 3.57 5.75 3.51
64 h 4.09 2.75 4.16 5.93 3.46
Thin film (500 °C)
4 h 10.3 13.8 19.0 31.6 7.08
64 h 11.1 14.6 20.3 31.3 6.43
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at 1701 cm−1). Also, Ti–O bond vibration is observed (between

630 and 650 cm−1), which evidences the oxide formation [37].

Thus, the functionalization of the nanoparticle surface with ole-

ate molecules is a key factor for the application of these nanopar-

ticles as thin films. The solvent acts as a hindrance to the

disordered agglomeration of the nanoparticles, which preserves

the shape and size, and allows an efficient preparation of colloi-

dal solutions [23].

Morphological and electrical properties of TiO2

thin films

The colloidal solutions obtained from nanorods (4 h of synthe-

sis) and bipyramids (64 h of synthesis) were chosen for an

investigation of the influence of the morphology on the prop-

erties of the thin film. These two morphologies are significantly

different from each other and could result in thin films with

distinct responses. The thin films were deposited on glass sub-

strates by a dip-coating method using the colloidal solutions

(5 wt%). A sequential thermal treatment at 500 °C/2 h was

applied, and the nanoparticles remained in the anatase phase

without transition to another crystalline structure, as presented

in Fig. 5. Also, the thermal treatment did not alter the particle

dimensions, maintaining the nanometer scale, as presented in

Table 1. Comparing the crystal size before and after thermal

treatment, it is evident how the crystals’ growth occurred in

all crystallographic directions. The morphological analysis per-

formed by scanning electron microscopy (SEM) indicated

homogeneity and continuity in the films’ structure, without

the presence of cracks or agglomerates (Fig. 6). The average

thickness of the cross section of 4 h thin film was 109 ± 6 nm.

To evaluate whether NP’s morphology affects the electronic

mobility process, current–voltage curves at different tempera-

tures, as shown in Figs. 7(a) and 7(b), were carried out. The

I–V curve of the as-fabricated NPs’ thin film showed typical

behavior of semiconductors: an increase in temperature

resulted in a decrease of the electrical resistance. Exploring

the data, it is possible to see, in Figs. 7(c) and 7(d), a reduction

in the electrical resistance when different temperature levels

were applied. Using Eq. (2), the resistivity values of the films

are 1.95 and 3.26 Ω cm for the 4 and 64 h thin films, respec-

tively. Tang et al. conducted a thermal treatment of TiO2 ana-

tase thin films at 450 °C and found resistivity values in the

same range, 100–101 Ω ⋅ cm, as found in this work [38].

These electrical properties indicate the possibility of using

these thin films as the sensitive element in gas sensors. For

Figure 4: FTIR spectra of synthesized oxides and oleic acid.

Figure 6: SEM images of thin films: (a) superior view, 4 h, (b) superior view, 64 h, and (c) cross section, 4 h.

Figure 5: XRD pattern of the TiO2 thin films after thermal treatment (indexed
with the PDF#21-1272).
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this, measurements at 350 °C, using concentrations of LPG

vapor/air mixture (1127, 2774, and 6673 ppm), were performed

(Fig. 8). Norms specified by National Institute for Occupational

Safety and Health (NIOSH) and Occupational Safety and

Health Administration (OSHA), the permissible exposure

limit for LPG is 1000 ppm and the lower explosive limit is

21,000 ppm for propane and 19,000 ppm for butane [39]. In

contact with the target analyte, both platforms responded by

increasing the electrical resistance [Figs. 8(a) and 8(b)], show-

ing isolated peaks at the beginning of the measurements as a

result of the input gas mixture flux. These increases in resis-

tance indicate that the gas was able to remove electrons from

the conduction band of the oxide [40]. In the presence of

LPG, the oxygen molecules form negatively charged oxygen

ions (O2−, O−, and O2
−) which are adsorbed on the TiO2 sur-

face and are responsible for electron recombination within the

grain boundaries increasing the electrical resistance, as

observed [41].

The effect of morphology on the LPG injection is associ-

ated with the exposed surface area, vacancies on crystalline lat-

tice, and surface sites [42]. TiO2 is a well-known intrinsic

n-type semiconductor, but Ti vacancies (VTi) can result in

p-type conductivity behavior [43]. Therefore, TiO2 thin films

with VTi should present an increase in electrical resistance

when exposed to reducing agents. Correlating the data of elec-

trical response and gas-sensitive properties [Fig. 8(c)], the film

based on 4 h nanoparticles exhibited a higher response to the

measuring gas. The crystal morphology before the deposition

can be associated with the observed porosity because the rod-

like shape promotes the production of films with more poros-

ity, as observed by ellipsometry. The density determined for

films deposited onto the silicon substrate and analyzed by

ellipsometry shows a value of 3.38 g/cm3 for the film deposited

using TiO2 synthesized over 4 h, and 3.46 g/cm3 for the mate-

rial synthesized over 64 h.

The electrical response obtained from the film is more pro-

nounced in the case of the 4 h film [Fig. 8(c)], which presented

a higher porosity and a lower density. Therefore, the morphol-

ogy of the nanoparticles can impact the film structure by inter-

fering in the device sensing mechanism. Isotropic particles can

be accommodated more easily, which results in structures rela-

tively more organized [44], as schematically shown in Fig. 9.

The morphological effect promotes a higher porosity in thin

films prepared with nanorods than in films prepared by the

deposition of bipyramidal nanostructures. Particles with the

isotropic structure have a dense packing [45] with fewer avail-

able active sites on the sensing layer for the reaction with the

analyte, so the gas–site interaction will be more pronounced

on films prepared using anisotropic nanoparticles.

Conclusions
Thin films were prepared using colloidal solutions of TiO2 with

rod and bipyramidal shapes, synthesized by a simple route in a

few steps. The morphology of the nanoparticles was modulated

by changing the reaction time (4, 16, and 64 h) in addition to

the use of oleic acid as a surfactant, which also allowed the dis-

persion in an organic solvent. Employing the dip-coating

method as a simple method of film deposition, it was possible

to obtain thin films with a thickness around 100 nm, homoge-

neous morphology, and without cracks. The morphology of the

nanoparticles influenced the density of the thin films, even

though there was a coalescence effect during thermal treatment

after the films’ deposition. The films’ semiconductor behavior,

Figure 7: Current–voltage curves (a) 4 h and
(b) 64 h. Values of electrical resistance with
different temperatures (c) 4 h and (d) 64 h.
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resistance values, and porosity influenced the platform perfor-

mance in contact with LPG demonstrating that the sensitive

element can be a potential gas sensor device for mixtures of

air/LPG.

Experimental
Chemicals

Titanium (IV) butoxide (97%) was purchased from

Sigma-Aldrich (São Paulo - SP, Brazil). Oleic acid (analytical-

grade), acetone (99.5% purity), and toluene (99.8% purity)

were obtained from Synth (Diadema - SP, Brazil). All the

chemical reagents were used without any further purification.

Synthesis of TiO2

A solution of 0.25 mol/L of titanium (IV) butoxide in oleic acid

was prepared. 120 mL of solution was placed in a sealed reactor

(maximum useful capacity 150 mL), heated to 250 °C, and held

at this temperature for different reaction times (4, 16, and

64 h). After the reaction time, the nanoparticles were washed

with acetone in a relation of 1 mL per 1 mL of the reaction mix-

ture by centrifugation at 3500 rpm for 10 min (Ionlab Daiki,

model SPIN PLUS - Araucaria - PR, Brazil) . The collected

solid was then dispersed in toluene and washed again with ace-

tone. The final solid was dispersed in toluene to obtain a col-

loidal solution with a 5 wt% of nonvolatiles.

Deposition of films

Thin films of the colloidal solution of TiO2 nanoparticles (4

and 64 h) were deposited using a dip-coating technique onto

a glass substrate (30 mm × 10 mm). The substrate was

immersed in a perpendicular orientation into the colloidal sol-

ution at a rate of 8 mm/s, kept immersed for 5 s, and was then

removed at the same rate as the immersion process. Next, the

thin film was thermally treated in a furnace (EDG, Model 3P

- São Carlos- SP, Brazil) in an air atmosphere using a heating

rate of 5 °C/min, held at 500 °C for 1 h, and then cooled to

room temperature using a cooling rate of 5 °C/min. Using a

polished silicon substrate, thin film samples were deposited

and treated under the same conditions as described for the

glass substrate. These samples were used in ellipsometry

measurements.

Electrical measurements

The electrical properties of the films were characterized in a

sealed chamber with a controlled atmosphere and temperature.

The two-point method was used using copper wires attached

with a conductive silver paste over the films, and a 10 mm

mask. The films were connected via the wires to a multimeter

(Keithley model 2400 series SourceMeter, China), whereby the

current–voltage curves were obtained. Thus, the response from

the films was measured when mixtures of LPG/air were passed

through the chamber in concentrations of 1127, 2774, and

6673 ppm of LPG. The chamber was closed (humidity: 60 ±

5%). The electrical resistance of the films was calculated by

using Ohm’s law (R =V/I ). The electrical response (R) values

were calculated by choosing the values of resistance from the

resistance curve plateaus and using Eq. (1), where Ro is the elec-

trical resistance in synthetic air and Rg is the resistance value in

LPG/air mixture. The resistivity values (ρ) can be obtained

Figure 8: TiO2 films response in the presence of different concentrations of
LPG/air mixture at 350 °C (a) 4 h, (b) 64 h, and (c) electrical response of
films in different LPG concentrations at 350 °C.
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using Eq. (2), where the values of A (area) were obtained from

the average value of thickness (in SEM cross-sectional images)

multiplied by substrate width, and l is the separation between

the electrodes, which was 10 mm.

R = DR
Ro

% = (Rg − Ro)

Ro
× 100, (1)

r = R
A
l
. (2)

Characterization techniques

X-ray diffraction

The structural phase and estimated crystallite size were evalu-

ated from XRD data. The powder resulting from the drying

of the colloidal solution and the thin films deposited on the

glass substrate were analyzed by XRD in a Rigaku model

MiniFlex 600 diffractometer, equipped with Cu anode (operat-

ing at 40 kV and 15 mA) for X-ray emission, with the predom-

inance of the wavelength 0.154 nm, and a solid-state detector

D/tex Ultra, using a step size of 0.02°.

Fourier-transform infrared spectroscopy

FTIR spectroscopy analyses were used to evaluate the organic

groups bound to the surface of synthesized nanocrystals

using an Agilent Technologies Model Cary 630 FTIR spectrom-

eter, with attenuated total reflection accessory, operating from

4000 to 400 cm−1, 128 scans and a resolution of 2 cm−1.

Transmission electron microscopy

The structure and morphology of the nanocrystals were charac-

terized by transmission electron microscopy (TEM) in an FEI

model Tecnai G2 F20 (Eindhoven, Netherlands), operating at

200 kV, in transmission mode. The size distribution was deter-

mined by counting at least 300 nanoparticles.

Scanning electron microscopy

The morphology of the thin films was analyzed by SEM, using

an FEI SEM F50 Inspect (Eindhoven, Netherlands), equipped

with a field emission gun. The image was acquired in a second-

ary electron detector.

Ellipsometry

Thin film density was evaluated using a Rudolph Ellipsometer

AutoEL III. For the measurements, samples were deposited

on polished silicon substrates using the dip-coating technique,

as previously described. The instrument was equipped with

lasers (He–Ne) with a wavelength of 632.8 nm. The incidence

angle was set to 70°.
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