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ABSTRACT: The influence of grain sizes, size effects, has long
been a key factor influencing the properties and even the phase
transformation pathways of nanomaterials and has resulted in a lot
of intriguing abnormal phenomena. The mechanism behind these
peculiar phenomena of nanomaterials remains unresolved. In this
study, we performed high-pressure electrical and spectroscopic
measurements on nanoanatase TiO2 with average grain sizes of 11
and 62 nm, respectively, to characterize the relation between size
effects and its electrical properties and thus reveal the mechanism
behind these phenomena. Our work has demonstrated that the size
effects on TiO2 with certain grain sizes exhibit considerable
influence on tuning of its electrical properties upon lattice
compression by altering its grain boundary morphology, band
gap structure, and relaxation frequency. Such effects have
substantial significance in tuning the properties and crystalline structures for other nanomaterials as well.

■ INTRODUCTION
In recent years, the studies of size effects on various physical
properties and structural stability of nanomaterials under high
pressure have evoked considerable interest in the scientific
community. Grünwald et al. adopted molecular dynamics
simulation to study the structural phase transition of CdSe
nanocrystals of various shapes and sizes and discovered that
the structural transformation in CdSe nanocrystals is
dominated by surface effects. Liu et al. performed high-
pressure Raman study on CeO2 nanospheres self-assembled by
5 nm CeO2 at 34 GPa and found that their structural stability
is significantly improved compared with bulk materials, which
might be attributed to the increase of surface energy of CeO2
nanospheres as the size of the building units decreases. Among
them, the peculiar grain-size-dependent pressure-induced
structural transformation sequences have attracted enormous
attention. With years of investigation, it has been discovered
that the interface effects play an important role in such
phenomena.1−3

The nanocrystalline anatase TiO2, which possesses a typical
grain-size-dependent phase transformation (GPT) sequence,4

has earned a unique status in the studies of size-induced
variation in physical properties and structural stability of
nanomaterials. Anatase TiO2 is a promising material in
industries for its exceptional properties such as high chemical
stability, high thermal stability, nontoxicity, hydrophilicity,
etc.5−9 As a result, it is widely considered applicable in
photocatalysis, optoelectronic devices, solar cells, pigments,
chemical sensor materials, etc.

A wide variety of novel properties of anatase TiO2 upon
compression have been reported. Recent reports mainly
focused on the influence of grain size, morphology, and
chemical doping on nanocrystalline anatase TiO2’s high-
pressure phase transformations,4,10,11 among which the
influence of grain size on the phase stability and various
physical properties of nanocrystalline anatase TiO2 has
attracted wide attention.
Three GPT sequences of nanoanatase TiO2 have been

reported so far: (1) for grain size <12 nm, a pressure-induced
amorphization occurs as the pressure reaches 20 GPa;12−15 (2)
for 12 < grain size <50 nm, a direct transition from tetragonal
anatase to monoclinic baddeleyite occurs with a pressure over
18 GPa;16−18 and (3) for grain size >50 nm, the tetragonal
anatase phase first transforms to the intermediate orthogonal
α-PbO2 phase at 7 GPa and then to the monoclinic baddeleyite
phase at 10 GPa.19−21

Recently, a number of studies have been performed to
understand the size effects on the structure evolution of
anatase TiO2 under compression. For instance, Wang et al.
performed high-pressure X-ray diffraction (XRD) experiments
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on 12 nm anatase TiO2 and discovered anomalous
compressibility behaviors of TiO2 caused by a large arching
effect at the grain boundaries of the stiff nanoshells.22 Wang et
al. performed Raman spectroscopy measurements on 9 nm
TiO2 and discovered that the amorphization of TiO2 is
ascribed to the increased surface energy under compression
suppressing the appearance of phase transformation.12

Although these studies have suggested that the interfaces
among nanograins are the main reason responsible for the
GPT sequences of anatase TiO2, no direct proofs have been
provided yet. The understanding of these GPT sequences of
anatase TiO2 remains rather limited.
In order to understand the relationship of grain boundaries

(interface effects) and size effects on the phase transformation
in nanoanatase TiO2, it is necessary to further clarify the
intrinsic mechanism behind. The characterization of grain
boundary features in materials is rather challenging. The
alternating current (AC) impedance spectroscopy measure-
ment method is capable of accurately distinguishing the
electrical responses of grains and grain boundaries upon
compression and thus can be utilized to characterize the

relationship between grain boundaries (interface effects) and
size effects on the GPT sequences of nanoanatase TiO2. In this
study, we performed high-pressure in situ AC impedance
spectroscopy, in situ Raman spectroscopy, and in situ UV−vis
absorption spectroscopy measurements to investigate the
electrical transport properties and phase transformation
sequences of compressed anatase TiO2 of different grain
sizes, 11 and 62 nm, respectively. The phase transformation
sequence of each anatase TiO2 sample has been characterized
of which the corresponding electrical responses of the grains
and grain boundaries have been recorded and analyzed to
reveal the relation between size effects and nanoanatase TiO2’s
electrical property variation under compression.

■ EXPERIMENTAL METHODS
Anatase TiO2 nanoparticles (99.99% purity) with particle sizes
of 11 and 62 nm were purchased from Beijing Deke Daojin
Science and Technology Co. Ltd. The samples were
synthesized using a sol−gel method to ensure minimal
impurities caused by surface pollution, particle morphology
difference, and aggregation state. The samples were then stored

Figure 1. TEM images of (a) original 11 nm TiO2, (b) 11 nm TiO2 quenched at 4.1 GPa, and (c) 62 nm TiO2. The histograms of particle size
distribution of (d) 11 nm TiO2 sample under ambient conditions and quenched at 4.1 GPa and (e) 62 nm TiO2. (f) XRD patterns of 11 nm TiO2
and 62 nm TiO2 under ambient conditions. (g) Absorption spectra of 11 nm TiO2 and 62 nm TiO2 as a function of pressure. The inset in (a) is the
HRTEM image of a selected area in (a). The insets in (g) are the Tauc−Mott plots of the absorption spectra for 11 nm TiO2 and 62 nm TiO2
under ambient conditions.
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and processed in an argon-filled glovebox. A diamond anvil cell
with a pair of 300 μm anvils was employed as pressure
generation apparatus. A piece of preindented T-301 stainless
steel was used as the gasket. The size of the sample chamber
was about 130 μm in diameter and 50 μm in thickness. The
parallel-plate electrode configuration was used for AC
impedance spectra detection. Ruby spheres were placed next
to the sample in the sample chamber for pressure calibration.
No pressure transmitting medium was introduced in the
chamber.
The impedance spectra measurements were performed using

a Solartron 1260 impedance analyzer and a 1296 dielectric
interface. The equivalent circuits for the impedance spectra
were analyzed and generated using Zview2 software from
which the contribution of grain and grain boundary to the
electrical properties of the sample has been distinguished and
quantified. High-pressure Raman spectroscopy was performed
using a 514 nm laser as the excitation source, and the data were
collected using a Renishaw inVia micro-Raman spectrometer.
In situ high-pressure absorption spectroscopy measurements
were conducted using a deuterium−halogen light source in
which silicone oil was introduced as the reference sample. The
absorption spectrum of silicon oil was then automatically
deducted using a test instrument during the measurement.
Therefore, we directly measured the absorption spectrum of
the sample, from which the band gap structure can be
extracted. High-resolution transmission electron microscopy
(HRTEM) images were obtained using a JEM-2200FS
transmission electron microscope (TEM) with an accelerating
voltage of 200 kV. The XRD patterns of the original samples
were collected using a Rigaku D/Max 2500 V powder X-ray
diffractometer with Cu Kα radiation.

■ RESULTS AND DISCUSSION
The morphology and crystalline structure of the original
samples were first characterized through TEM and XRD
measurements. The original crystal structure of the samples is
tetragonal (I41/amd) as shown in Figure 1f, which is consistent
with the XRD pattern of the anatase TiO2 reported. The
histograms of the particle size distribution of 11 and 62 nm
anatase TiO2 are shown in Figure 1d,e, respectively (please
refer to Supporting Information Note S1 for the specific
calculation process). Both samples aggregate as near-spherical
nanoparticles, showing no visible difference in the surface
morphology. For convenience, we have labeled the sample
shown in Figure 1a, 11 nm anatase TiO2, as 11 nm TiO2 and
the sample in Figure 1c, 62 nm anatase TiO2, as 62 nm TiO2 in
the rest of the paper. The selected absorption spectra of 11 nm
TiO2 and 62 nm TiO2 upon compression are shown in Figure
1g, where the Tauc−Mott plots of the absorption data were
used to derive the band gaps, as shown in the insets.
In situ high-pressure Raman experiments were carried out to

calibrate the GPT sequence of both samples (Figure 2). The
two samples show the same initial Raman spectra under
ambient conditions but different variations under compression.
For 11 nm TiO2, with increasing pressure, the Raman peaks
blue-shifted due to crystal structure contraction under
compression, while the profile of the spectrum remained
unchanged. However, with pressure elevation to 20.3 GPa,
shape shifts of the original Raman modes, including evident
peak broadening and quick intensity weakening, began to
emerge, marking the initiation of an amorphization process. At
24.0 GPa, the 11 nm TiO2 sample completely lost its Raman

activity, indicating that an amorphous phase of TiO2 has been
formed.4 For the 62 nm TiO2 sample, similar pressure-induced
blue shifts of Raman peaks and a constant profile of the
spectrum were also observed at lower pressures. As the
pressure elevates above 16.0 GPa, two new Raman peaks
(marked with * in Figure 2b) were observed that intensify with
increasing pressure, corresponding to the previously reported
first-order phase transformation from original anatase phase to
the baddeleyite phase.20

The size effects on TiO2’s electrical properties are first
revealed by impedance spectroscopy measurements (Figure 3)
where the 11 nm TiO2 and 62 nm TiO2 samples exhibit visibly
different behaviors under compression. Intuitively, the
impedance spectra of 11 nm TiO2 demonstrate a visible

Figure 2. Raman spectra of (a) 11 nm TiO2 and (b) 62 nm TiO2 as a
function of pressure. Red asterisks mark the appearance of new
diffraction peaks. The numbers above each spectrum represent the
corresponding pressure in GPa under which the spectrum is acquired.

Figure 3. Nyquist plots of the impedance spectra of (a−c) 11 nm
TiO2 at selected pressures and (d) 62 nm TiO2 at selected pressures.
The equivalent circuits of (e) 11 nm TiO2 with the fitting result at 7.8
GPa and (f) 62 nm TiO2 with the fitting result at 10.4 GPa. Rb, Rgb,
CPE1, and CPE2 in (e) and (f) represent the grain resistance, grain
boundary resistance, grain capacitance, and grain boundary
capacitance, respectively. The insets in (a) and (d) show the
amplification of the marked area.
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composition change at 12.8 GPa while those of 62 nm TiO2
remain the same.
For the 11 nm TiO2 sample, the impedance spectra consist

of two arcs below 12.8 GPa: one corresponds to the
contribution of grains and the other corresponds to the
contribution of grain boundaries. Combining with the
resistance evolution with pressure shown in Figure 4a, the

variation of impedance of 11 nm TiO2 below 12.8 GPa is
divided into three stages, ambient ∼3.5, 3.5−5.5, and 5.5−12.8
GPa. At pressures from ambient to 3.5 GPa, a significant
resistance reduction is observed, which is ascribed to the
contribution of rapidly decreased gaps between particles under
compression. At pressures from 3.5 to 7.8 GPa, the resistance
of the grain boundaries remains almost constant. Yet, the
resistance of the grains decreases from 3.5 to 5.5 GPa and then
increases from 5.5 to 7.8 GPa. With further compression, the
resistance of the grains increases, while the resistance of the
grain boundaries decreases. As pressure elevates above 12.8
GPa, the resistance of grain boundaries becomes negligible as
the arc representing the grain boundary contribution to the
impedance disappears.
It is intriguing that as pressure increases from 3.5 to 7.8 GPa,

the grain boundary resistance of 11 nm TiO2 remains almost
constant (Figure 4a), indicating that little variation in
characteristics should have occurred within the grain
boundaries. However, the TEM images and histograms of
the original and quenched (at 4.1 GPa) 11 nm TiO2 samples
suggest the other way (Figure 1b,d). The grain size reduction
from 11 to 7.8 nm and morphology variation from spherical to
randomly shaped particles both suggest that pressure-induced
grain refinement had occurred, similar phenomena that has
been reported in previous investigations.23 Such a behavior will
induce increased density of grain boundaries and variation in
grain boundary characteristics. Therefore, although the grain
boundary resistance remained almost unchanged in the 3.5−
7.8 GPa range during macroscopic measurements, microscopic
variations at the grain boundaries had occurred under
compression. At pressures above 12.8 GPa, the remaining arc
corresponding to the grain contribution indicates that the grain
resistance has dominated the electrical characteristics of 11 nm
TiO2 at higher pressures.
The mechanism behind the nearly constant grain boundary

resistance within the 3.5−7.8 GPa range is complicated. As
grain refinement occurs under compression, the appearance of

additional dangling bonds at grain boundaries24 will enhance
the grain boundary scattering effect on carriers, leading to an
inevitable increase of grain boundary resistance. Meanwhile,
the decrease of spacing between grains under compression will
also induce increase of short-range van der Waals interactions
among grains.25 When the average distance between grains
becomes small enough, strong interactions between grains and
the dangling bonds on the grain surfaces occur and thus reduce
the charge carrier scattering caused by the grain boundary,
leading to the decrease of grain boundary resistance under
compression. It is likely that these two phenomena had
occurred under compression, which reached and maintained a
subtle equilibrium at pressures of 3.5−7.8 GPa. Therefore,
macroscopically no evident variation of grain boundary
resistance had been observed. Combining with the sudden
decrease of grain boundary resistance (Figure 4a) above 7.8, it
is clear that the subtle equilibrium between the two
phenomena had broken and the enhanced interaction between
dangling bonds and grain surfaces had taken the dominant
role.
For the 62 nm TiO2 sample, the impedance spectra consist

of one single arc that corresponds to the grain contribution
with no evident trace of the grain boundary contribution
throughout the pressure range of investigation. With increasing
pressure, the arc shrinks in size with no evident variation in
shape, showing that the electrical transport behavior of 62 nm
TiO2 is dominated by the grain contribution. The resistance
exhibits a decreasing trend with pressure, and the drop in
resistance at 16.1 GPa is ascribed to the occurrence of a
pressure-induced structural phase transformation.19

These drastically different transport behaviors under
compression between 11 nm TiO2 and 62 nm TiO2 samples
are clearly related to the size effects. In 11 nm TiO2, due to the
size effects, the contribution of surface atoms to the electrical
properties gradually increases and becomes competitive with
that of the interior atoms22 at lower pressures (3.5−6.7 GPa).
Yet, in 62 nm TiO2, the contribution of grains remains
dominant throughout the pressure range of investigation. With
the same original structure under ambient conditions and
similar pressurizing process, the deviated response of TiO2’s
electrical properties to compression is evidently caused by size
effects.
To further clarify the mechanism of size effects on the

electrical properties of TiO2, a systematic investigation
including the relaxation frequency (Figure 4e,f), band gap
structure (Figure 4c,d), and activation energy (Table 1 and
Table 2) under compression is performed.

The grain relaxation frequency ( f b) represents the charge−
discharge rate of the dipole oscillation process. For the 11 nm
TiO2 sample, the variation of grain relaxation frequency
demonstrates the same variation period as that of the grain
resistance and is divided into three stages, ambient to 5.5, 5.5
to 9.7, and 9.7 to 22.1 GPa. At pressures from ambient to 5.5
GPa, the relaxation frequency sharply increases. At pressures

Figure 4. Pressure dependence of the resistance of grain (Rb) and
grain boundary (Rgb) of (a) 11 nm TiO2 and (b) 62 nm TiO2. The
pressure dependence of band gaps of (c) 11 nm TiO2 and (d) 62 nm
TiO2. The pressure dependence of grain relaxation frequency ( f b) of
(e) 11 nm TiO2 and (f) 62 nm TiO2.

Table 1. Pressure Dependence of Activation Energy for 11
Nm TiO2

phase pressure region (GPa) dE/dP (meV/GPa)

tetragonal 0.4−5.5 −22.44
5.5−9.7 12.73
9.7−22.1 −3.64
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from 5.5 to 9.7 GPa, an abnormal decrease is observed. With
further compression, the relaxation frequency constantly
increases. The decrease in the relaxation frequency observed
from 5.5 to 9.7 GPa is ascribed to the increased quantity of
interfaces characterized by dangling bonds upon compression,
which slowed down the oscillation of dipoles and led to an
increased relaxation time. As shown in Figure 4, the variation
of relaxation frequency with pressure is obviously related to
that of the grain resistance. Moreover, such a behavior is
essentially related to the size effects where the generation of
extra dangling bonds at the grain boundaries hinders dipole
oscillation and thus reduces the relaxation frequency
accordingly.
For 62 nm TiO2, the variation of relaxation frequency is far

less complicated. Throughout the pressure range, the
relaxation frequency steadily increases with pressure, except
for an abrupt increase from 15.2 to 18.3 GPa, which
corresponds to the phase transformation as revealed in the
Raman experiment. The entirely different behaviors of
relaxation frequency between 11 and 62 nm TiO2 samples
suggest that size effects on TiO2’s electrical properties are
essential and non-negligible.
The pressure-dependent variation of band gaps further

supports our perspective. For the 11 nm TiO2 sample, the
pressure-dependent band gap variation is divided into four
stages (Figure 4c), sharp increase from 3.43 to 3.53 eV
(ambient to 7.2 GPa), constant around 3.53 eV (7.2−11.1
GPa), sharp decrease from 3.53 to 3.35 eV (11.1−15.2 GPa),
and gradual decrease from 3.35 to 3.34 eV (15.2−26.2 GPa).
Similarly, the pressure-dependent band gap variation of 62 nm
TiO2 is also divided into four stages, sharp increase from 3.03
to 3.23 eV (ambient to 7.2 GPa), another sharp increase from
3.22 to 3.3 eV (7.2 to 12.2 GPa), sharp decrease from 3.31 to
3.12 eV (12.2 to 15.4 GPa), and gradual decrease from 3.13 to
3.11 eV (15.4 to 27.3 GPa). It is clear that the 0.4 eV
difference in the initial band gap of the two samples is due to
the quantum confinement effects. Similar sized band gap
differences have been observed in previous literature studies
and are attributed to the quantum size effects.26,27 Meanwhile,
the band gaps of the two samples exhibit different variations
under compression. The deviated initial value under ambient
conditions and the visibly different pressure-dependent
variations of band gaps both suggest that the size effects
have a vital influence on the band gap structure.
Comparing the pressure-induced variation of band gaps with

that of the grain resistance, it is found that the variation of
grain resistance is not entirely determined by the band gaps.
Such a phenomenon is ascribed to the influence of activation
energy (E). Generally, E is the energy required to activate
resonance within materials. For an extrinsic semiconductor
such as TiO2, E plays an important role in determining its
electrical resistance. We have extracted the pressure depend-
ence of E (Table 1 and Table 2) by linearly fitting the
relaxation frequency−pressure curve (Note S2) and thus

investigated the combined influence of band gaps and E on
grain resistance under compression.
For 11 nm TiO2, different trends of variation between band

gap and grain resistance are observed with pressure elevation
till 9.7 GPa. From ambient to 9.7 GPa, the pressure
dependence of grain resistance is clearly dominated by E,
showing a contradictory pressure dependence to that of band
gaps. As pressure elevates above 9.7 GPa, the grain resistance is
determined by both band gaps and E, showing a constant
decrease with pressure.
For 62-nm-TiO2, the grain resistance is dominated by E till

15.2 GPa, showing visibly different trends between resistance
and band gaps. As pressure elevates above 15.2 GPa, the band
gap and E make concerted efforts to decrease the grain
resistance. At pressures from 15.2 to 18.3 GPa, a sharp
decrease (two orders of magnitude) in resistance is observed
along with a sudden reduction in both band gap width and E
(significant negative pressure dependence). With further
compression, the grain resistance steadily decreases as the
band gap width and E decrease.
Therefore, it can be concluded that the variation of E is

directly related to that of the grain resistance and plays an
important role in determining the variation of grain resistance
under compression. The band gaps, on the other hand,
demonstrate limited effects on the resistance. Since E is
essentially extracted from the relaxation frequency, it is also
directly affected by size effects. Therefore, the variation of grain
resistance under compression is essentially affected by the
grain sizes of nanocrystalline anatase TiO2.

■ CONCLUSIONS
By investigating the pressure-dependent electrical property
evolution of two nanocrystalline anatase TiO2 (11 and 62 nm
samples), we have revealed the influence of size effects on the
electrical properties of TiO2. We have characterized the size
effects of nanoanatase TiO2 at grain boundaries and discussed
the relationship between interface features and electrical
transport properties. Our electrical experiments described the
size-induced effect of grain boundaries on the electrical
transport mechanism of two different sizes of nano-TiO2
under compression. Our study shows that the grain boundaries
in nanoanatase TiO2 with grain sizes below the critical value
(in this case, 12 nm) exhibit a considerable effect for tuning
the crystalline structure and physical properties upon
compression. Such a feature has undeniable significance in
promoting the exploration of structure and performance
improvements of other nanomaterials.
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