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A B S T R A C T

Electrical behaviors of anatase TiO2 nanoparticles were investigated at high pressure. Resistive switching effect
was observed at different pressures and enhanced with pressure. The I-V characteristic curves show stable re-
sistive switching performance as a function of pressure and also indicate that the optimal properties appear
below 21.4 GPa. The larger current at high pressure was obtained, which should be ascribed to the semi-
conductor-metallic transformation. The conductive mechanism was discussed and high pressure phase transi-
tions play a key role in resistive switching behaviors.

1. Introduction

Titanium dioxide (TiO2) nanomaterials have been intensively in-
vestigated because of its superior physical and chemical properties,
which have been widely applied in photocatalysis [1], dye-sensitized
solar cells (DSCs) [2], energy conversion and storage devices [3,4], gas
sensors [5], transparent conductive oxide (TCO) films [6], etc. Many
investigations focused on the size or morphologies-induced modifica-
tions on the physical and chemical properties at ambient conditions.
The studies on electrical behaviors of nanoscaled TiO2 at high pressure
are very few. High pressure is one of the state parameters which can
provide a clean way to tune interatomic distances and hence formation
of novel properties. In recent years, high-pressure techniques began to
be employed to study the relationship between structures and proper-
ties of various nanomaterials for exploring the potential application in
material science [7]. It is known to us reliable resistance switching in
some metal oxide materials, such as NiO, TiO2, ZnO, VO2, CuO, could
be induced by the application of an appropriate voltage pulse or sweep
[8–12]. Resistive switching random access memory (ReRAM) utilizing
TiO2 thin films has attracted great attention for next-generation non-
volatile memory due to its simple structure, high storage density, and
fast operation speed [13–17]. Compared to TiO2 thin films used for
ReRAM, few studies based on nanostructured TiO2 for ReRAM have
been reported. Even the recently reported a single TiO2 nanowire-based
resistive switching device demonstrated complicated structures and
fabrication process [18,19].

In this work, TiO2 nanoparticles demonstrate resistive switching

phenomenon at high pressure. High pressure studies on electrical be-
haviors can produce more abundant information and improve the un-
derstanding of the relationships between macrostructures and micro-
scopic conductive mechanisms. Here, we investigate the variations of
electrical properties as a consequence of external high pressure and
further discuss the resistive switching mechanism of TiO2 nano-
particles. The studies on high pressure electrical behaviors offer an ef-
ficient method to observe the electrical nature of materials properties.
This work is to elucidate the pressure-induced electrical behaviors of
anatase TiO2 nanoparticles and further promote the potential applica-
tion of switching related with pressure, which is quite different at
ambient conditions.

2. Experimental details

The TiO2 nanoparticles were synthesized by a simple hydrothermal
route using 30ml Titanium butoxide, Ti(OC4H9)4, and 5ml hydro-
fluoric acid solution (concentration 40%) as precursors, which is similar
to the description in the previous reports [20,21]. In the concrete
process, the Ti(OC4H9)4 and HF were mixed in a Teflon-lined autoclave
with a capacity of 100ml then kept at 180 °C for 24 h. The precipitates
were then separated from the suspension by centrifugation (4000 rpm,
15min). The products were further suspended and centrifuged in ab-
solute ethanol three times, followed by drying under an infrared lamp.

The high pressure measurements were carried out at room tem-
perature using a diamond anvil cell (DAC). The insulator cubic boron
nitride (CBN) is used to form the sample cavity with four thin Pt
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electrodes on the culet of DAC. Pressure was determined by pressure
dependent spectral shift of the sharp ruby fluorescence R1 line [22,23],
The sample was placed in CBN gasket hole 150 μm in diameter with the
diamond culet size of 500 μm in diameter. X-ray diffraction (XRD)

measurement was performed at the 15U1 beamline of Shanghai Syn-
chrotron Radiation Facility (SSRF). The incident wavelength of the
beam is 0.6199 Å with a beam size of 2× 7 μm2. Raman scattering
measurement was performed using a Renishaw inVia Raman

Fig. 1. XRD pattern of TiO2 nanoparticles is shown in (a), with Raman scattering spectrum in (b).
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spectrometer with an excitation wavelength of 532 nm. Morphology of
the sample was characterized by transmission electron microscopy
(TEM, JEOL 2100F). High pressure current-voltage (I-V) characteristic
curves were performed using Keithley 2400 source meter.

3. Results and discussion

In Fig. 1(a), X-ray diffraction pattern was presented for TiO2 na-
noparticles. The diffraction peaks identified were found to be consistent
with the diffraction planes of tetragonal antase TiO2, agreeing with the
standard JCPDS file No. 21–1272. No additional peaks due to impurities
phase were observed in this material, which implies that synthesized
sample by this simple hydrothermal route is highly pure. Fig. 1(b)
shows the Raman spectrum of TiO2 nanoparticles at ambient condi-
tions. Six Raman active modes are observed at 147 cm−1(Eg),
204 cm−1(Eg), 392 cm−1(B1g), 512 cm−1(A1g and B1g), and
635 cm−1(Eg), which agrees with the TiO2 anatase structure according
to previous reports [24].

Fig. 2(a) and (b) show the TEM images of prepared nano-TiO2 at
different magnification. It can be seen that the nanoparticles are about
20 nm in diameter and almost uniformly distributed. Fig. 2(c) and (d)
show the culet pictures with loaded sample in DAC at the atmosphere
and high pressure, respectively. The culet of diamond is 500 μm in
diameter and the sample located at the center with 150 μm in diameter.

Four Pt electrodes were put on the culet to contact the sample. The ruby
is used for pressure calibration.

At atmosphere, the prepared TiO2 nanoparticles display like-linear
I-V characteristic curves with applied voltage revealing weak resistive
switching signal. However, the resistive switching behavior was ob-
viously examined at given pressure as shown in Fig. 3. At 19 GPa, the I-
V characteristic curve demonstrates a typical bipolar switching beha-
vior. Initially, the TiO2 nanoparticles were in the high-resistance state
(HRS). When the applied voltage decreases from 0 V, the negative
current increases gradually. The HRS switches to low-resistance state
(LRS), which is called the ON state or SET process. The LRS maintained
its state until forward voltage sweep begins to reverse, after that and
then LRS switches back to the HRS during the voltage decreases to 0 V,
which is called RESET process. Generally, the resistive switching be-
havior requires an initial electroforming process for TiO2 thin films
[25–27]. But forming-free resistive switching behavior was observed for
TiO2 nanoparticles in our research. Ming Xiao et al. [13] observed the
similar forming-free phenomenon for their synthesized TiO2 nanowires
and they ascribed this to the high concentration of oxygen vacancies in
the TiO2 nanowires after synthesis process according to the HRTEM
images and XPS spectrum. From a microscopic point of view, resistance
switching can be roughly classified into two different mechanisms
[28,29]. One is valence-change mechanism in which the creation and
electromigration of oxygen vacancies play a key role in the conductive

Fig. 2. TEM images of TiO2 nanoparticles(a) and (b). The TiO2 nanoparticles has been uploaded in DAC with four Pt electrodes. (c) and (d) show the starting and
compressed TiO2 nanoparticles, respectively. The little light spot is ruby which is used for calibrating the pressure values.
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process and the oxygen vacancies would migrate through the location
networks. Under these circumstances, the devices comprised of metal
oxides usually behave bipolar properties, in which the conducting and
insulating states are switched with opposite bias polarity. The other is
fuse-antifuse mechanism in which metallic filaments are created
through the insulator matrix, and both the thermal effect and redox
reaction have a crucial role in switching mechanism. In most cases,
both of valence-change and fuse-antifuse mechanisms occurred si-
multaneously, and we can assume the current flows through localized
filaments in the conducting state. In this work, the switching behavior
of TiO2 nanoparticles at certain pressure can be understood by the
process of oxygen creation, migration and forming the localized con-
ductive filaments.

The effect of different pressures on the I-V characteristics is illu-
strated in Fig. 4. The resistive switching behavior was examined by
applying the voltages as follows: 0 V → −10 V → 0 V → 10 V. At am-
bient conditions, as shown in Fig. 4(a), the I-V characteristic curve is
likely linear, with weak switching signal. When the pressure increases
to 5.3 GPa, as shown in Fig. 4(b), the typical bipolar switching behavior
turns more clear, and meanwhile the conductive current becomes
larger. With further increasing pressure, the I-V curve at 9.2 GPa (Fig. 4
c) displays similar bipolar resistive switching behavior, comparing with
the I-V curves at 5.3 GPa, in spite of the difference in the achieved SET
and RESET currents. At the pressures of 5.3 GPa and 9.2 GPa, the SET
currents are higher than RESET current, but it seemed that the higher
pressure can lead to larger current. With pressure increasing, the
overlapping of electron cloud in atoms is enhanced and the bandgap of
TiO2 at high pressure would be narrowed, which easily induces semi-
conductor-metal transition. The majority of materials will achieve
better conductivity upon compression than the conductivity at

atmosphere [30–33]. Therefore, larger current is expected to be ob-
served with pressure.

When the pressure increases to 14.1 GPa (Fig. 4(d)), the RESET
currents are higher than SET currents. The area of RESET circle tends to
be larger than that of SET circle. At 17.6 and 21.4 GPa, although RESET
currents are still larger than SET currents the resistive switching be-
havior begins to become indistinct. When pressure reaches around
27.5 GPa (Fig. 4(g)), the resistive switching phenomenon becomes
vague which is close to the linear at atmosphere. However, the currents
invariably increase when pressure goes up. Therefore, the TiO2 nano-
particles demonstrate better resistive switching characteristics below
21.4 GPa in the compression process. Upon decompression from
27.5 GPa, the resistive switching properties declined. Fig. 4(h) and (i)
show the I-V characteristics upon decompression at 22.3 GPa and
0 GPa, respectively, which reveals that I-V curves tend to be approxi-
mately linear. This result indicates that the resistive switching signals
for TiO2 nanoparticles can be enhanced through applying the external
pressure, with the maximum of 21.4 GPa. It has been verified some
materials may have insulator-metal transition by exerting pressure and
thus the conductivity of TiO2 nanoparticles would be better under high
pressure [19]. Although the resistive switching mechanisms for TiO2

nanoparticles are complex by applying voltage at high pressure, we can
still infer the oxygen vacancies play an important part in the SET and
RESET processes. It is known that anatase TiO2 nanomaterials have
phase transitions upon compression, from anatase phase to baddeleyite
phase, and then to α-PbO2 phase upon decompression [21,33]. At high
pressure, the anatase TiO2 is distorted before phase transition occurs. At
the same time, the concentration of oxygen vacancies can be changed
which directly induces the conductivity changing. And then the re-
sistive switching behavior differs at different pressures. When phase

Fig. 3. I–V characteristic curves of the TiO2 nanoparticles with Pt electrodes at high pressure.
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transition occurs, the generating way of oxygen vacancies and pathway
of electromigration should be altered. Oxygen vacancies donating
electrons accumulate nearby the interface and can form the localized
conductive filaments. Once the phase transition is completed, at sui-
table voltage, the geometry structure of stable phase is formed which
provide a direct pathway for migration of oxygen vacancies for stable
switching behavior. For different phases, the resistive switching be-
haves differently. Fig. 4(a) and (i) show different I-V curves at 0 GPa
because the former belongs to anatase phase and the latter α-PbO2

phase. It is very interesting to investigate the further electronic trans-
port mechanism of anatase TiO2 nanoparticles at high pressure to ex-
cavate detailed resistive switching mechanism.

4. Conclusions

The high pressure resistive switching properties of anatase TiO2

nanoparticles have been investigated using DAC techniques. With
pressure, the resistive switching becomes more stable, completely dif-
ferent from the I-V curves at ambient conditions. The optimal pressure
should be below 21.4 GPa. High pressure I-V characteristic curves show
larger current which should be ascribed to the semiconductor-metallic
transformation. These results offer a pathway to improve the resistive
switching performances which promote potential application by ex-
erting pressure. The resistive switching mechanism at high pressure has
been discussed and pressure-induced phase transitions play a crucial
role for different switching behaviors.
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