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ABSTRACT: Temperature can control the degree of hydrogenation of titania (i.e., black TiO2), determining the defect
chemistry and hence its optical absorption and electrical
conductivity that are key to the photocatalytic activity.
However, how pressure aﬀects the two key factors is unknown.
In this work, we used a diamond anvil cell to produce the
required high pressure (HP) and studied the pressure
dependences of the structure change, the electrical conductivity, and the light absorption of black titania using HP Xray diﬀraction, Raman/UV−vis spectroscopy, and electrical
transport measurements. Results reveal that accompanying the
HP phase transition the electrical conductivity exhibits
complex variation with pressure, in good accord with the
band gap changes of involved HP phases as a function of pressure. This conﬁrms the assumption that pressure aﬀects the
electrical conductivity of black titania via controlling the number of free electrons (holes) distributed in the conduction
(valence) band, which is inversely proportional to the exponent of the band gap that scales almost linearly with the pressure.
This work provides a fundamental understanding of the pressure-induced structure−property relationship in black titania and
will have important implications for tuning the photocatalytic activity via pressure and for developing new applications such as
pressure sensors.

1. INTRODUCTION
As an important semiconductor material, titania (TiO2) has
been studied extensively because of its wide applications in
photocatalysis,1,2 gas sensors,3 and energy conversion and
storage.4,5 For these applications, it is required that TiO2
exhibits outstanding functions in light absorption, electron−
hole separation, and electron transport. However, major TiO2
phases have wide electronic band gaps (3.0−3.4 eV)6−8 and
low electrical conductivity, resulting in relatively low solar
energy utilization and/or quantum yield. Eﬀorts have been
made to improve its functions through introduction of
impurities and/or defects in the TiO2 lattice. Metal and
nonmetal doping can generate impurity energy levels between
the valance and conduction bands of TiO2, forming mid-gap
states that facilitate solar absorption and improve the
photocatalytic activity.8−12 Moreover, it was found that defect
introduction by hydrogenation (partial reduction of TiO2 by
hydrogen) is very eﬀective in shifting its band gap to around
1.5 eV, producing signiﬁcant enhancement in light absorption.13 Due to the strong light absorption, hydrogenated TiO2
appears dark in color and hence is often called black titania.
© 2019 American Chemical Society

Now, it is well established that black titania has a hydrogenstabilized amorphous layer surrounding a crystalline core,
forming an amorphous shell/crystalline core structure that
possesses high capability of solar light absorption, increased
photocatalytic activity, and better electrical conductivity due to
the existence of abundant oxygen vacancies, some Ti3+ cations,
and the amorphous shell.6,14−16 Narrowing of the band gap
and enhancement of the electrical conductivity are important
to increasing the photocatalytic activity of titania as the former
can improve the optical absorption and the latter can facilitate
the electron−hole separation.17 Moreover, ﬁrst-principles
calculations unveiled diﬀerent oxidative and reductive
capabilities of diﬀerent facets of anatase crystals.18 This may
also be applicable to hydrogenated black titania, predicting
morphology-dependent photocatalytic activities.
In addition to structure modiﬁcation using doping and
defects at ambient conditions, pressure as a fundamental state
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required high pressures. The culet size of the anvils is 300 μm
in diameter. A stainless steel gasket was preindented to 28 μm
in thickness, and then a hole of 150 μm in diameter was drilled
through the center of the indentation using laser-drilling,
acting as the sample chamber. A tiny amount of ﬁnely ground
black titania powders was loaded into the DAC together with a
few grains of ruby as the pressure calibrant. A methanol/
ethanol mixture (4:1) was used as the pressure transmitting
medium for the XRD and Raman spectroscopy measurements.
In situ high-pressure XRD measurements were performed at
the B1 beamline station of the Cornell High Energy
Synchrotron Source. XRD patterns were collected using a
Mar345 image plate detector at a monochromatic X-ray
wavelength of 0.4859 Å.27 The sample-to-detector distance was
calibrated using a CeO2 standard. The diﬀraction images were
integrated using the Fit2d program28 to yield numerical
intensity versus 2θ data. Rietveld analyses were performed on
chosen XRD data using GSAS software to identify and/or
verify the phases present and to reﬁne their crystal structures as
well.29 High-pressure Raman data were collected using a
Raman spectrometer (inVia Reﬂex, Renishaw) with a 532 nm
excitation laser.
2.3. In Situ High-Pressure Electrical Transport
Measurements. High-pressure electrical transport measurements of samples were performed in situ while a sample was
under compression in a DAC. For loading a sample into the
DAC, a T301 stainless steel gasket was preindented to 30 μm
in thickness and a hole of 250 μm in diameter was drilled
through the gasket center. A thin layer of cubic boron nitride
(cBN) was pressed onto the gasket for insulating electrodes
from the gasket. A hole with a diameter of 130 μm was then
drilled through the cBN center for loading a powder sample
into the DAC. Pressures of the sample were determined using
the ruby luminescence method. No pressure transmitting
medium was used to ensure good electrical contact of the
electrodes with the sample and to prevent possible
introduction of impurities and electrode short circuit as well.
Electrical transport measurements were conducted using an
alternating current (ac) impedance method and/or a direct
current (dc) van der Pauw method.30 With the ﬁrst one, two
electrodes were attached to the sample contained in the DAC
and the ac impedance spectra were measured using a CS353
impedance analyzer (Wuhan CorrTest Instruments Corp.,
Ltd.) in the frequency range of 0.01 Hz to 10 MHz. The
measurements yielded electrical resistance (in the unit of ohm)
of a sample after data modeling. With the second one, four
probing electrodes were attached to the sample contained in
the DAC and two electrical resistances from two pairs of the
electrodes were determined using a Keithley 6221 dc/ac
source and a Keithley 2182A nanovoltmeter, which were
utilized to provide the direct current and probe the voltage
drop, respectively. The electrical resistivity (in the unit of Ω·
m) of the sample could be derived by ﬁtting the data to the
basic equation of the van der Pauw method (see below).
2.4. In Situ High-Pressure UV−Vis Absorption Spectroscopy. For high-pressure UV−vis absorption measurements, a pair of diamonds that yield very low ﬂuorescence
under laser illumination (which are typically for high-pressure
infrared measurements) were used in the DAC set. Silicon oil
was used as the pressure transmitting medium. The UV−vis
absorption spectra of the black titania samples were collected
using a UV−vis absorption spectrophotometer (a custom-built
system) with a response time of 1 s in the wavelength range

variable provides a clean way to adjust the crystal and
electronic structures of materials and hence aﬀects the physical
and chemical properties of materials. At ambient pressure,
TiO2 has four natural polymorphs: rutile, anatase, brookite,
and columbite (α-PbO2-type, i.e., TiO2-II) phases.19−21
Among these, rutile is the most thermodynamically stable
one.22 Under compression, pressure induces phase transition
of bulk rutile TiO2 to the baddeleyite phase of TiO2 at ∼12
GPa,23−25 while in ∼30 nm nanocrystals, baddeleyite phase
starts to form at ∼8 GPa.26 Pressure-induced amorphization in
bulk and nanocrystal TiO2 was also observed at ∼16.4 GPa.26
The high-pressure (HP) baddeleyite phase commonly transforms to the TiO2-II phase upon decompression.23,26 However,
so far, it is unknown which HP phase transitions can occur in
black titania and how pressure aﬀects its electrical conductivity.
In particular, the structure−electrical conductivity relationship
at high pressure and the underlying mechanism are yet to be
explored. The obtained knowledge will be useful for evaluating
the application of pressure for modulating the electrical
conductivity and hence the photocatalytic activity of TiO2
on top of the defect eﬀect introduced by hydrogenation. Thus,
in this work, we determined the pressure dependence of the
structure change of black titania using HP X-ray diﬀraction
(XRD) and Raman spectroscopy and measured the light
absorption and electrical conductivity using UV−vis spectroscopy and electrical transport measurements at high pressure.
From combined experimental data and density functional
theory (DFT) calculations, the mechanism accounting for the
pressure dependence of the electrical conductivity was
elucidated. The knowledge generated from this work may be
transferable to other oxide systems and should be useful for
developing new applications of hydrogenated TiO2 such as
pressure and light sensors.

2. EXPERIMENTAL DETAILS
2.1. Synthesis and Characterization. Black titania
samples were prepared through hydrogen reduction of rutile
particles at four temperatures (500, 600, 700, and 800 °C): the
precursor rutile TiO2 powders were heated at a speed of 10
°C/min to the set temperature and annealed for 1 h, followed
by slow cooling to room temperature. The whole process was
carried out in pure hydrogen gas at a ﬂow rate of around 1.0 L/
min.
XRD was used to determine the crystal structure of the
prepared samples using an X-ray diﬀractometer (Malvern
Panalytical) with Cu Kα radiation (wavelength 1.54056 Å).
XRD patterns were collected over a range of 2θ from 10 to 90°
at a scanning rate of 5°/min. Particle morphology and particle
sizes of the samples were observed using a transmission
electron microscope (TEM) operated under 200 keV (Tecnai
G2 F20 S-TWIN, FEI). A TEM specimen was prepared by
dripping a drop of dilute TiO2 ethanol suspension (formed
under ultrasonic agitation) onto a copper TEM grid. UV−vis
absorption measurements of the samples were carried out
using an Agilent Cary 5000 double-beam, double-monochromator spectrophotometer. The spectra of TiO2 samples were
recorded in the wavelength range of 200−800 nm with a
poly(tetraﬂuoroethylene) integrating sphere attachment.
In this work, we had chosen two black titania samples (that
hydrogenated at 500 and 800 °C) for high-pressure
experimental studies (below).
2.2. In Situ High-Pressure XRD and Raman Spectroscopy. A diamond anvil cell (DAC) was used to generate
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from 200 to 800 nm. From data analyses of the spectral data,
band gaps of the black titania samples can be deduced (see
below).

3. COMPUTATIONAL DETAILS
The electron densities of states (DOSs) of several TiO2 phases
(anatase, rutile, baddeleyite, TiO2-II, and TiO2-OI) and a
Magneli phase Ti9O17 at diﬀerent pressures were calculated
using the density functional theory (DFT) implemented in the
Quantum Espresso (QE) package.31 The computations were
conducted using an integrated graphic user interface and
running environment of QE, Burai (v.1.3.2).32 The projector
augmented-wave (PAW) pseudopotential functions33 of Ti
and O with energy cutoﬀ of ∼52 Ry and charge density cutoﬀ
of ∼575 Rd and Perdew−Burke−Ernzerhof exchange
correlations34 at the GGA + U approximation35 were used
for the calculations, where the Hubbard correction parameter
U was taken as 6.0 eV for both Ti and O atoms.36 At a given
pressure, the crystal structure of a Ti−O phase was optimized
ﬁrst. Then, the DOS of the optimized structure was calculated.
The band gaps of the concerned Ti−O phases at diﬀerent
pressures were estimated from the DOS diagrams.
4. RESULTS AND DISCUSSION
4.1. Sample Characterization. The color of the TiO2
samples changed from initially white (untreated) to increasingly darker as the reduction temperature increased from 500
to 800 °C (Figure 1a), indicating diﬀerent defect states in TiO2
particles owing to the presence of oxygen vacancies and
particle surface disorder.37−39 TEM images (Figure 1b) reveal
that the TiO2 crystals are nanorods or fatty nanoparticles ∼60
nm in diameter.
The structures of the TiO2 samples were identiﬁed using
XRD (Figure 1c). The pristine TiO2 is in the rutile phase with
a tetragonal (P42/mnm) structure. The samples hydrogenated
at 500, 600, and 700 °C can all be indexed as the rutile phase,
whereas those hydrogenated at 800 °C can be identiﬁed as a
mixture of rutile and Magneli phases, Ti9O17, in a triclinic (P1)
structure (ICSD #3512440). The Magneli phase is a derivative
phase of rutile featuring a crystallographic shear structure in
which dense planar defects are regularly introduced into the
mother rutile structure.41−43 At 800 °C, faster hydrogen
reduction deprived the rutile phase of more oxygen, causing
more oxygen deﬁciencies and hence partial formation of the
Magneli phase.
The UV absorptions (in the wavelength range λ = 200−400
nm; Figure 1d) of the TiO2 samples are determined by the
intrinsic band gap of the rutile phase (∼3.0 eV). The similarity
of their UV spectra suggests that oxygen vacancies at the
particle surfaces have trivial eﬀects on UV absorption.
However, a TiO2 sample hydrogenated at a higher temperature
exhibits larger absorption in the visible to the near-infrared
light region (λ > 400 nm; Figure 1d). This can be attributed to
the creation of mid-gaps between the valence band and
conduction band in the sample after hydrogenation.13,38 The
higher the temperature, the more the surface defects and the
more the mid-gap energy levels and hence the more visible
light absorption. This is consistent with the observation
(Figure 1c) that the sample hydrogenated at 800 °C had even
formed the defect-rich Magneli phase Ti9O17.
4.2. Phase Transition at High Pressure. High-pressure
XRD patterns of TiO2 hydrogenated at 500 and 800 °C are

Figure 1. (a) Photos, (b) TEM images, (c) XRD patterns, and (d)
UV−vis absorption (in percentage scale) spectra of untreated pristine
TiO2 and black titania nanocrystals hydrogenated at 500, 600, 700,
and 800 °C. In (b), scale bar = 100 nm; in (c), X-ray wavelength is
1.54056 Å and the bottom two curves are calculated patterns of rutile
and Ti9O17 for reference.
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shown in Figure 2. For TiO2 hydrogenated at 500 °C,
beginning at ∼17.0 GPa, the (111) peak of the baddeleyite
phase (space group P21/c; also denoted the MI phase)
appeared at ∼10.7°. At 18.8 GPa, obvious phase transition
from rutile to baddeleyite was observed and the rutile phase
was still present until ∼25.7 GPa. On further compression
above 27.0 GPa, the material started to transform to the
orthorhombic TiO2-OI phase with a space group of Pbca
(Figure 2b) and the baddeleyite phase and the OI phase
coexisted up to the highest experimental pressure of 34.2 GPa,
as conﬁrmed by Rietveld ﬁttings shown in Figure 2b. This
coexistence may arise from the similarity in their structures.44−47 On decompression to below ∼3.0 GPa, the mixture
of TiO2-OI and baddeleyite transformed to the TiO2-II phase.
According to previous studies,44,48−51 at ambient temperature, the expected sequence of phase transformation of TiO2
is rutile → TiO2-II → MI → OI → OII. Many experiments
conﬁrmed the rutile → MI transition below 60 GPa.24,52,53
Previous theoretical calculations predicted the presence of the
OI phase from 50 to 70 GPa,51 whereas experiments showed
its existence after laser heating of TiO2 at 1300−1500 K and at
a pressure from 28 to 32 GPa.51 Diﬀering from this, our
present work revealed that the TiO2-OI phase can form at
ambient temperature at only ∼27 GPa, far below the predicted
50−70 GPa. Recent DFT and phonon calculations by Mei et
al. showed that at 300 K the MI and OI phases become stable
at >∼12 GPa and ∼20 GPa, respectively.54 Our experiment
result is closer to the recent calculation results54 than to
previous ones.51 We infer that in hydrogenated titania, defects
may serve as nucleation centers of new phases, which can lower
the kinetic barrier for transformation of black TiO2 and hence
the OI phase could form at ambient temperature rather than at
very high temperature as in ref 51.
In the XRD patterns of the sample hydrogenated at 800 °C
(Figure 2c), some baddeleyite peaks (marked “MI”) and some
unknown peaks (marked “*”) appeared at 22.9 GPa. It is
possible that the Magneli phase Ti9O17 present had transformed to an unknown high-pressure phase accompanying (or
even prior to) the phase transition of rutile to the baddeleyite
phase. The MI phase and the unknown phase coexisted to the
highest pressure of 44.4 GPa. In decompression, the MI phase
transformed to the TiO2-II phase as the pressure decreased to
<2.3 GPa, as veriﬁed by Rietveld ﬁtting (Figure 2d). The
triclinic Ti9O17 phase and its possible high-pressure phase were
not observed after decompression, possibly due to their
oxidation and conversion to the TiO2-OI phase while in
decompression (Figure 2d).
High-pressure Raman data were collected for further
conﬁrming the XRD-derived phase transitions (Figure S1;
Supporting Information). Three main peaks attributed to the
Raman modes of the multiphoton process (∼220−240 cm−1),
Eg (∼430−450 cm−1 at 0.9 GPa), and A1g (∼600−610 cm−1 at
0.9 GPa) can be observed in many spectra of the two samples
in compression (Figure S1a,c). In the Raman spectra of TiO2
hydrogenated at 500 °C (Figure S1a), at 21.1 GPa and above,
all of the Raman peaks centered at around 206, 237, 267, 281,
323, 385, 435, 448, 502, 714, and 752 cm−1 belong to the MI
phase. This indicates the phase transition from rutile to
baddeleyite at above 21.1 GPa. Beginning at 32.3 GPa, some
Raman peaks disappeared and several new peaks appeared,
with the latter corresponding to the formation of the TiO2-OI
phase. However, in the Raman spectra of the TiO2 hydrogenated 800 °C (Figure S1c), there are no obvious peaks

Figure 2. (a) High-pressure XRD patterns of TiO2 hydrogenated at
500 °C and (b) example Rietveld ﬁttings of the XRD data at 18.8 GPa
(using a mixture of rutile and baddeleyite (“Bd” in the diagram)) and
29.9 GPa (using a mixture of TiO2-OI and baddeleyite) in
compression and 0.4 GPa (using TiO2-II) in decompression. (c)
High-pressure XRD patterns of TiO2 hydrogenated at 800 °C and (d)
a representative Rietveld ﬁtting of the XRD data at 0.5 GPa (using
TiO2-II) in decompression. Peaks marked as “Fe” were from the
stainless steel gasket. Peaks marked by “*” are from an unidentiﬁed
Ti9O17 high-pressure phase.
4097

DOI: 10.1021/acs.jpcc.8b12056
J. Phys. Chem. C 2019, 123, 4094−4102

Article

The Journal of Physical Chemistry C
above 20.3 GPa due to the large surface disorder in TiO2
particles caused by the higher degree of reduction in
hydrogenation. At ambient pressure after decompression,
TiO2-II was observed in the two samples (Figure S1b,d),
consistent with the XRD data shown in Figure 2.
4.3. Electrical Transport Properties at High Pressure.
Figure S2 shows Nyquist plots55 of one of the several ac
impedance measurements on black titania hydrogenated at 500
°C. In a measurement, the relaxation processes in sample grain
interiors (bulk) and grain boundaries cause the formation of
two joint semicircles in the spectra (e.g., at 6.2 GPa, Figure
S2b). The left semicircle (arc) in the low-frequency region
represents the bulk conduction, and the right one in the highfrequency region corresponds to the grain boundary
conduction.55−57
The ac impedance spectra were modeled using an equivalent
electrical circuit (inset in Figure S2a) describing the grain
interior and grain boundary relaxation processes. By ﬁtting the
ac impedance spectra to the circuit model (using ZView
software), circuit parameters were derived. Fitting results in
Figure 3a show that the grain (bulk) resistance of the sample
hydrogenated at 500 °C decreases markedly with increasing
pressure below ∼5 GPa. This is due to the initial formation of
intimate contact between nanoparticles under compression. As
pressure increases >5 GPa, the resistance increases slowly ﬁrst
at <∼18 GPa, then there is a sharp increase at >∼18 GPa,
corresponding to the phase transition from rutile to
baddeleyite. At >∼32 GPa, the resistance tends to level oﬀ
and then decreases, corresponding to the phase transition from
baddeleyite to the TiO2-OI phase. During decompression, the
resistance decreases with decreasing pressure until ∼5 GPa,
below which the resistance increases with decreasing the
pressure to the ambient value. This turning of the resistance at
∼5 GPa corresponds to the phase transition from the mixture
of TiO2-OI and baddeleyite to the TiO2-II phase.
The dc van der Pauw method58 was used to measure the
electrical resistivity of TiO2 hydrogenated at 800 °C at high
pressure. The basic equation is
exp( −πR1d /ρ) + exp( −πR 2d /ρ) = 1

Figure 3. Pressure dependence of the grain resistance of TiO2
particles hydrogenated at 500 °C measured from ac impedance
spectroscopy (a) and that of the electrical resistivity of TiO2 particles
hydrogenated at 800 °C (b) and 500 °C (c) measured using the Van
der Pauw method. The inset in (b) shows the the very high electrical
resistivity in compression below ∼3 GPa. Vertical dashed lines
indicate onsets of apparent resistance/resistivity changes.

(1)

where R1 and R2 are the two resistances measured by the two
pairs of the probes in contact with the sample, d = 28 μm is the
thickness of the sample, and ρ is the sample resistivity in
question.
Based on eq 1, the obtained pressure dependence of ρ of the
sample is shown in Figure 3b. It is seen that the resistivity
decreases dramatically with increasing pressure until <∼3 GPa
(Figure 3b inset) owing to the tightened contact of TiO2
nanoparticles under compression. Upon further compression,
the resistivity drop in the ∼5−15 GPa range (Figure 3b) may
be a result of the transition from the dominance of the
resistivity by the initial particle compaction to that by the
intrinsic carrier numbers controlled by the band gap of Ti9O17,
as discussed below. On further compression >15 GPa, the
resistivity increases steadily but more obviously after ∼20 GPa.
The faster increase in the resistivity at >∼23 GPa can be
attributed to the phase transition from rutile to baddeleyite as
well as that from Ti9 O 17 to an unknown phase. In
decompression, the resistivity continues to increase gradually
till ∼5 GPa where an abrupt increase is observed,
corresponding to the conversion of the baddeleyite phase to
the TiO2-II phase. The gradual increase of the resistivity in
decompression is possibly related to the gradual oxidation and

conversion of Ti9O17 to the baddeleyite phase, as inferred from
the XRD data which show that in decompression no Ti9O17
diﬀraction peaks were observed (Figure 2c). As the content of
Ti9O17 (that has a narrow band gap) reduces gradually in
decompression, the content of baddeleyite (that has a wide
band gap) increases, which leads to the increase of the
resistance during decompression (see below).
To directly compare the electrical conductivities of the two
samples hydrogenated at 500 and 800 °C, we also acquired the
resistivity of TiO2 hydrogenated at 500 °C (below 16 GPa)
using the van der Pauw method (Figure 3c). Comparing
Figure 3b with Figure 3c, one sees that the resistivity of TiO2
hydrogenated at 800 °C is about 2−3 orders of magnitude
lower that of TiO2 hydrogenated at 500 °C at the same
pressure after initial particle compaction (>∼5 GPa), revealing
a signiﬁcant enhancement in electrical transport as a result of
much higher degree of hydrogenation.
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4.4. Mechanism for Pressure Dependence of the
Electrical Conductivity of Black Titania. The electrical
conductivity of a material should be scaled with the carrier
concentration and carrier mobility, as demonstrated by
previous studies.59,60 For semiconductors, the carrier concentration is closely related to the band gap. Thus, we hypothesize
that the pressure dependence of the HP electrical resistance of
black titania is governed by the variation of the carrier
concentration with the pressure, which is again determined by
the pressure dependence of the band gap.
The carrier concentration in a semiconductor is the number
of free electrons (or holes) per unit volume distributed in the
conduction band (or the valence band). For an intrinsic
semiconductor, the electron and hole concentrations are equal
in magnitude and are proportional to exp(−Eg/(2kT)),61
where Eg is the band gap, T is the absolute temperature, and k
is the Boltzmann constant (1.381 × 10−23 J K−1). Thus, the
grain resistance of black titania is proportional to exp(Eg/
(2kT)). As a result, the larger the band gap, the higher the
electrical resistance (resistivity). We now examine this
deduction using both the UV−vis data and the DFT
calculations (below).
Tauc−Mott plots62 of the UV−vis absorption data were
used to derive the band gaps of the TiO2 samples in the range
of ∼0−15 GPa (see Figure S3), as depicted in Figure 4).

stage at <5 GPa is excluded). This supports our above
deduction that the larger the band gap, the higher the electrical
resistance. In Figure 3b, the resistivity at <15 GPa shows
continuous dropping possibly because of continued particle
compaction, which cannot be directly related to the pressure
dependence of the band gap shown in Figure 4b.
For a complete compression−decompression cycle, to
correlate the electrical resistance (resistivity) with the band
gap of TiO2 at diﬀerent pressures (Figure 3), pressuredependent band gaps of the phases present are needed. These
are not all available from experiments (except for rutile at
<∼15 GPa shown in Figure 4). Thus, we used DFT to
calculate the band gaps of TiO2 and Ti9O17 phases that may
involve in the phase transitions. First, the crystal structures of
concerned Ti−O phases at chosen pressures were optimized,
and the obtained lattice parameters are listed in Tables S1 and
S2. It is seen that the optimized values are close to the available
literature data. Then, the densities of states (DOSs) were
calculated and are summarized in Figures S4 and S5 from
which the pressure-dependent band gaps of various TiO2
phases and Ti9O17 are obtained, as shown in Figure 5.

Figure 5. Calculated band gaps of several TiO2 phases and the
triclinic Ti9O17 phase at diﬀerent pressures. Ti9O17 has two band gaps
(see Figure S5).

Figure 5 shows that for a given Ti−O phase, the higher the
pressure, the larger the band gap (in approximate linearity).
The calculated band gap of rutile in the range of 0−15 GPa
agrees quite well with that obtained from the UV−vis
experiment (see Figure 4a). Using Figure 5, we can interpret
the observed variation of the electrical resistance with the
pressure (Figure 3a) following an “Eg route” shown in Figure
S6a. In compression, after initial particle compaction at ∼5
GPa, the resistance increases gradually with the pressure up to
∼18 GPa (Figure 3a), corresponding to the band gap widening
of rutile (Figure S6a). From ∼18 to 33 GPa, the resistance
increases dramatically (Figure 3a) owing to the transition of
rutile to the baddeleyite phase, which has a band gap of ∼0.2
eV higher than that of rutile (Figure S6a). At above ∼33 GPa,
the baddeleyite phase starts to form the TiO2-OI phase, which
has a lower band gap than that of baddeleyite (Figure S6a),
causing the resistance to decrease (Figure 3a). In decompression, the OI phase gradually transforms back to the
baddeleyite phase and hence the band gap (Figure S6a) and
the resistance (Figure 3a) decrease until ∼3 GPa, at which the

Figure 4. Pressure dependence of the band gaps of TiO 2
hydrogenated at 500 °C (a) and 800 °C (b).

Figure 4a describes the pressure dependence of the band gap
of rutile in black titania hydrogenated at 500 °C, whereas
Figure 4b, the pressure dependence of the apparent band gap
of the mixture of rutile and Ti9O17 in the sample hydrogenated
at 800 °C. Figure 4a shows that the band gap of rutile increases
with increasing pressure, which correlates well with the
pressure dependence of the measured resistance in the range
of ∼5−15 GPa shown in Figure 3a (initial particle compaction
4099
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baddeleyite at ∼17.0 GPa, which then transforms to TiO2-OI
at ∼27.0 GPa; in decompression, TiO2-OI transforms to TiO2II at ∼3 GPa. In contrast, in compression of TiO2 reduced by
H2 at 800 °C consisting of a rutile and a Magneli phase Ti9O17
initially, a phase transition from rutile to baddeleyite at ∼21.0
GPa and a transition of the Magneli phase to an unknown
phase were observed. The observed complex variation of the
electrical resistance (resistivity) of black titania with pressure is
attributed to the change in the carrier concentrations due to
the changes of the band gaps of involved Ti−O phases under
compression. For a speciﬁc phase, the higher the pressure, the
larger the band gap and hence the higher the electrical
resistivity. Comparing the two samples, we found that there is a
signiﬁcant enhancement in electrical transport in TiO2
hydrogenated at 800 °C in comparison to that in the one
hydrogenated at 500 °C at high pressures due to the higher
degree of hydrogenation that led to the formation of Ti9O17.
This study unveils the mechanism dictating the pressure
dependence of the electrical conductivity of black titania. It will
have important implications for development of new
applications of hydrogenated TiO2 aside from photocatalysis,
such as for use as conjugated pressure and light sensors.

baddeleyite phase transforms to the TiO2-II phase. As TiO2-II
has a higher band gap than baddeleyite (Figure S6a), the
resistance increases again at <3 GPa (Figure 3a). The
calculated band gap of TiO2-II at ambient pressure (∼3.35
eV; Figure S6a) is comparable to the value obtained from the
UV−vis absorption experiment (3.27 eV; Figure 4b). The
good correlation between the “Eg route” (Figure S6a) and the
pressure dependence of the resistance (Figure 3a) once again
supports our above deduction. We note, however, that there
are some diﬀerences between the phase transition pressures
estimated from the electrical transport measurements (e.g.,
∼33 GPa from baddeleyite to the OI phase) and those by HPXRD (e.g., ∼27 GPa from baddeleyite to the OI phase). These
may arise from the diﬀerence in the hydrostatic conditions,
as no pressure medium was used in the HP-resistance
measurements, whereas the methanol−ethanol mixture was
used in the HP-XRD.
A similar “Eg route” scheme (Figure S6b) can be used to
explain the observed pressure dependence of the resistivity of
black titania hydrogenated at 800 °C (Figure 3b). From the
DFT calculations, it was found that the Magneli phase Ti9O17
has a mid-band (minor conduction band) between the valance
band and the major conduction band (Figure S5), leading to
two band gaps with Eg1 being ∼1.9 eV and Eg2 ∼3.0 eV at 0
GPa (Figure 5). The existence of the ﬁrst band gap facilitates
light absorption in the visible light range, as conﬁrmed by the
UV−vis absorption of the 800 °C sample shown in Figure 1d,
which enhances the electrical conductivity. Thus, the resistivity
of this sample with mixed phases should be governed by the
ﬁrst band gap of Ti9O17 rather than by that of rutile. When this
sample is compressed (after the initial particle compaction in
the 0 to ∼15 GPa range; see above), the resistivity increases
gradually (Figure 3b) following the trend of the pressure
dependence of Eg1 of Ti9O17, and this trend continues even
after its transition to an unknown HP phase (Figure S6b).
Upon decompression, the unknown HP phase is converted
gradually to the baddeleyite phase after oxidation (see above),
making the apparent band gap increase continuously and then
suddenly at <∼5 GPa due to a full transition of the baddeleyite
phase to TiO2-II (Figure S6b). Thus, in accordance with the
apparent band gap change in decompression, the resistivity
increases ﬁrst gradually and then rapidly near the ambient
condition (Figure 3b).
In view of above discussions, we conclude that the pressure
dependence of the electrical conductivity of black titania is
determined by the pressure tuning of the number of free
electrons (or holes) distributed in the conduction (or valence)
band via the change of the band gap and crystal structure with
the pressure while in compression.
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5. CONCLUSIONS
In this work, we prepared black titania samples through
reduction of rutile by hydrogen at temperatures from 500 to
800 °C. Then, using synchrotron high-pressure XRD, Raman,
and UV−vis spectroscopy as well as electrical transport
measurements, we studied the pressure eﬀects on the
structures, the electrical conductivity, and light absorption of
two of the hydrogenated TiO2 samples. Electron density of
states and band gaps of involved Ti−O phases were calculated
using DFT methods for elucidating the relationship between
the observed electrical conductivity and crystal structure at
high pressure. It is found that in compression of TiO2 reduced
by H2 at 500 °C, there is a phase transition from rutile to
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