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High thermoelectric performance of all-oxide
heterostructures with carrier double-barrier
filtering effect

Chunlin Ou1,4, Jungang Hou1,2,4, Tian-Ran Wei3, Bo Jiang1, Shuqiang Jiao1, Jing-Feng Li3 and Hongmin Zhu1,2

Thermoelectric materials can realize significant energy savings by generating electricity from untapped waste heat; however,

the coupling of the thermoelectric parameters unfortunately limits their efficiency and practical applications. Herein, rational

all-oxide TiC1-xOx@TiOy-TiO2 (xo1, 1oyo2) heterostructures with significantly enhanced thermoelectric properties have

been designed, and a high dimensionless figure of merit (ZT) value of up to 0.84 at 973 K was achieved in the all-oxide

TiC0.1O0.9@TiOy-TiO2 heterostructures, which is one of the highest values in n-type oxide bulk thermoelectric materials to date.

The TiC1-xOx@TiOy heterostructures, which include a thin film of approximately 5–10 nm on the surface of TiC1-xOx compounds

prepared by a facile anodization process, exhibit an obvious improvement of the thermoelectric power factor. Furthermore, an

excellent dimensionless figure of merit value was obtained in the TiC1-xOx@TiOy-TiO2 heterostructures prepared by the

anodization process assisted by the sol-gel chemical route, which can be attributed to the decrease in the carrier concentration

via the carrier double-barrier filtering effect. This work develops a facile strategy for synthesizing core-shell heterostructures and

demonstrates their superior ability to optimize thermoelectric energy harvesting.
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INTRODUCTION

Renewable energy initiatives have increased interest in thermoelectric
materials as an option for inexpensive and environmentally friendly
heat-to-electricity generation.1–5 The potential of a thermoelectric
material is mainly determined by the dimensionless figure of merit:
ZT ¼ a2s

k T, where α, σ, κ and T are the Seebeck coefficient, electrical
conductivity, thermal conductivity, and absolute temperature,
respectively.6 It is apparent that a high-ZT material must possess a
high Seebeck coefficient and electrical conductivity but low thermal
conductivity; however, these parameters, which are determined by the
electron and phonon systems, are closely interrelated. Therefore, the
appropriate Seebeck coefficient, electrical conductivity and thermal
conductivity should be expected.7,8 To date, commercial thermo-
electric materials are mainly alloys and compounds.9–20 However,
metal oxide semiconductors21–24 have attracted significant interest for
thermoelectric power generation. Thus, it is a challenge to select the
appropriate oxide thermoelectric (TE) system with high electrical
conductivity.
Recently, titanium oxides have attracted particular interest as

efficient TE materials with high electrical conductivity.25–29

Non-stoichiometry and doping can lead to a high-ZT value because
of the enhancement of the Seebeck coefficient and electrical con-
ductivity. However, non-stoichiometric TiOx (1oxo2) materials

exhibit low thermal conductivity at high temperature.26 To overcome
this drawback, TiC1-xOx solid solutions with high electrical conduc-
tivity and good thermal stability were applied as TE materials.30–32

Therefore, TiC1-xOx solid solutions are promising candidates as TE
materials in the heat-to-electricity conversion field.
The strategy of rationally engineering semiconductor interfaces

could enhance the ZT in TE materials with the heterostructures,
where the significant enhancement performance is believed to result
from the growth of the Seebeck coefficient by the preferential
scattering of low-energy carriers more effectively than high ones and
the reduction of the thermal conduction via scattering phonons at the
heterostructured interfaces.33–40 For example, SiC nano-inclusions
possessing coherent interfaces with the Bi0.3Sb1.7Te3 matrix can
increase the Seebeck coefficient.39 Te/Bi and Te/Bi2Te3 core/shell
heterostructures nanowires could greatly enhance the Seebeck
coefficient and greatly reduce the thermal conductivity.40 Inspired by
these precursory results, it is necessary to design rational hetero-
structures based on TiC1-xOx solid solutions to achieve enhanced
thermoelectric performance.
Here, we focused on rationally engineering all-oxide TiC1-xOx@

TiOy-TiO2 heterostructures to improve the Seebeck coefficient via
the carrier double-barrier filtering effect; furthermore, several
important rules for constructing the heterostructures were considered.
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The potential barrier of the all-oxide TiC1-xOx@TiOy-TiO2 hetero-
structured interface can be engineered by adjusting the anodization
voltage, coating the content of TiO2 and the solid solution level
of TiC1-xOx, leading to optimized carrier scattering at the hetero-
structured interface and thus enhancement of the TE performance.
Using the heterostructure materials, we successfully demonstrated
that thermoelectric performance can be greatly enhanced via hetero-
structure engineering.

EXPERIMENTAL PROCEDURE

High-purity powders of TiC, TiO and tetra-butyl titanate (99.8%, Aladdin)
were used as raw materials to prepare the powders. TiC1-xOx (xo1) powders
were synthesized by the solid-state reaction of stoichiometric amounts of TiC
and TiO (99.99%, Aladdin).30 As-synthesized TiC1-xOx powders (5 g) with 1ml
of deionized water were pressed into 20-mm-diameter bulks under a pressure
of 5MPa and then annealed for 3 h at 1073 K in a tubular resistance furnace
under argon atmosphere to obtain porous pellets. The core-shell
TiC1-xOx@TiOy (xo1, 1oyo2) heterostructure materials were prepared using
a facile anodization process, where the as-annealed porous pellets were used as
the anode, a silver disk was used as the cathode and 0.01 wt.% phosphoric acid
solution was used as the electrolyte solution. As shown in Supplementary

Figure S1, anodization was realized in two steps: (i) constant current up to a

certain voltage followed by (ii) anodization at a certain voltage for 5 h. Then,

the anodization pellets were grounded into powders, washed with deionized

water several times and dried at 333 K. The all-oxide TiC1-xOx@TiOy-TiO2

heterostructure materials were prepared by a facile anodization with the

assistance of the sol-gel method,31 and then, the harvesting precursor powders

were annealed at 1073 K for 2 h in a tubular resistance furnace under argon

atmosphere. Finally, the synthesized TiC1-xOx@TiOy-TiO2 powders consoli-

dated by SPS treatment were used to enhance the density of the materials, and

the powders were placed in a graphite die with a 20-mm diameter, heated to

1473 K at a rate of 100 K/min and kept for 5 min under a pressure of 40MPa in

vacuum. The sintered bulks were annealed at 1173 K for 10 h to eliminate

the carbon on the surface. A series of all-oxide TiC1-xOx@TiOy-TiO2 hetero-

structure bulk materials were fabricated using these processes, as shown

in Scheme 1.
The phase structure of all the samples was examined by X-ray diffraction

(XRD) using Cu Kα radiation (D/max-2500). The morphology of the particles

and ceramics were probed using a field-emission scanning electron microscope

(FE-SEM, JEOL, 2011) and high-resolution transmission electron microscope

(HRTEM, JEOL, 2011). Parallelepiped specimens with dimensions 3.0 mm×

3.0mm×14mm cut from the disc-shaped samples were used for the

measurements of the Seebeck coefficient and electrical conductivity, which

were performed using the standard four-probe method (ULVAC-RIKO,

ZEM-2) in a flowing He atmosphere. The thermal conductivity (k) was

calculated from k=DCpd, where D is the thermal diffusivity coefficient

measured by the laser flash method (TC9000, Ulvac-Riko, Japan) in vacuum

in the temperature range from 300 to 973 K, and the bulk density (d) and

porosity were obtained by the Archimedes method. The carrier concentration

and mobility were measured using the Hall measurement system (PPMS-9T,

Quantum Design Inc., USA) at 373 K. The calculation procedures were

performed using first principles based on the DFT method as implemented

in the CASTEP package.

RESULTS AND DISCUSSION

TiC0.5O0.5@TiOy heterostructures
A typical X-ray diffraction (XRD) pattern of the TiC0.5O0.5@TiOy

products prepared via the controllable anodization route using various
voltages is shown in Figure 1a. Without the anodization, the single-
phase TiC0.5O0.5 sample possesses a TiO-type structure. However, the
other new phases with low intensity compared with that of TiC0.5O0.5,
such as Ti2O3 and Ti3O5 (noted as TiOy, 1oyo2), are generated
in the TiC0.5O0.5 sample after 8-V anodization, resulting in a
TiC0.5O0.5@TiOy composite with a small amount of TiOy phases.

Scheme 1 A schematic representation of the synthesis of the
heterostructured TiC1-xOx@TiOy-TiO2 bulks via the facile anodization process
in assistance with the sol-gel chemical route.

Figure 1 (a) XRD patterns of the TiC0.5O0.5 sample with 0-V and 8-V anodization; (b) TEM images of the TiC0.5O0.5@TiOy heterostructures prepared via 8-V
anodization.
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To confirm the surface microstructure of the TiC0.5O0.5@TiOy

composites, a transmission electron microscopy (TEM) image of the
TiC0.5O0.5@TiOy composite is presented in Figure 1b. Notably, a clear
interface with a 5–10 nm thickness consisting predominantly of the
TiOy phases can be observed on the surface of the TiC0.5O0.5 particles
prepared via 8-V anodization, which is consistent with the XRD
analysis. These results provide strong evidence that TiC0.5O0.5@TiOy

heterojunctions with core-shell structure were fabricated via a facile
anodization process.
The temperature dependence of the electrical transport properties

for the TiC0.5O0.5@TiOy samples prepared by various anodization
voltages between 300 and 1000 K are plotted in Figure 2. All the
samples exhibit a semiconducting behavior with relatively high
electrical conductivity of the order 102 S cm− 1 in the range between
300 and 1000 K, as presented in Figure 2a, and the increased electrical
conductivity with temperature suggests a transition from extrinsic to
intrinsic behavior, similarly to TiO2-x materials.26,41,42 The electrical
conductivities of the TiC0.5O0.5 samples prepared using 0, 5, 8 and
10 V anodization at 973 K are ~ 1074, ~ 731, ~ 682 and ~ 621 S cm− 1,
respectively. The decrease of the electrical conductivity of the
TiC0.5O0.5@TiOy heterostructured samples should result from the
decreased density of carriers. In addition, the Seebeck coefficients for
all the TiC0.5O0.5@TiOy heterostructured samples are negative over the
entire temperature range, as observed in Figure 2b, which is indicative
of n-type electrical transport property. The Seebeck coefficient follows
a nearly linear temperature dependence up to 973 K, and the absolute
values of the Seebeck coefficient are approximately 16, 68, 73 and

76 μV/K at 973 K for the TiC0.5O0.5@TiOy heterostructures achieved
by 0, 5, 8 and 10 V anodization, respectively.43 The monotonous
increase in the absolute Seebeck coefficient and decrease in the
electrical conductivity with increasing anodization voltage can be
attributed to core-shell TiC0.5O0.5@TiOy heterostructured interfaces
with TiOy barriers, where the barrier can act as an energy barrier to
substantially scatter low-energy carriers; thus, high-energy electrons
that conduct better can overcome the TiOy barrier rather than the
relatively low-energy ones.33,41,44 This phenomenon can be confirmed
by the decrease in the carrier concentration (n) observed in Table 1;
it is apparent that the carrier concentration decreases from
3.3× 1021 cm− 3 for the TiC0.5O0.5 sample to 2.47× 1021 cm− 3 for
the TiC0.5O0.5@TiOy heterostructures at 373 K; in addition, the carrier
mobility correspondingly decreases from 1.87 cm− 2 V− 1 S− 1 for the
TiC0.5O0.5 sample to 1.65 cm− 2 V− 1 S− 1 for the TiC0.5O0.5@TiOy

heterostructures. Compared with the TiC0.5O0.5 sample, the
TiC0.5O0.5@TiOy heterostructures prepared by the facile anodization
process achieve optimized electrical performance and improved
thermoelectric properties. The calculated power factor (PF=α2σ)
values of all the samples are presented in Figure 2c. Note that the
TiC0.5O0.5@TiOy samples exhibit higher power factor values over the
entire temperatures range because of the higher Seebeck coefficient
compared with that of the TiC0.5O0.5 sample, and the largest
thermoelectric power factor of the TiC0.5O0.5@TiOy samples achieved
by 0-, 5-, 8- and 10-V anodization at 973 K are 0.28× 10− 4,
3.4 × 10− 4, 3.8 × 10− 4, and 3.6× 10− 4 W m− 1 K− 2, respectively.
Although an increase in the power factor can be achieved, there is
room to further enhance the TE performance. To obtain a higher
Seebeck coefficient, TiO2 can be introduced to form TiC0.5O0.5@TiOy-
TiO2 heterostructures to enhance the thermoelectric properties.

TiC0.5O0.5@TiOy-TiO2 heterostructures
After coating the TiO2 nanoparticles on the TiC0.5O0.5@TiOy hetero-
structures via facile anodization assisted by the sol-gel chemical route,
representative TEM images and XRD analysis of the TiC0.5O0.5@TiOy-
5wt.%TiO2 composite are presented in Figure 3 and Supplementary
Figure S2, respectively. According to the XRD pattern of the
TiC0.5O0.5@TiOy-5wt.%TiO2 composite, a new major phase, except
for the TiC0.5O0.5 and TiOy phases, is observed in Supplementary
Figure S2, and the large intensity of the TiO2 phase with the plane
(110) at the 2θ= 27.3° diffraction angle indicates that the TiO2 phase
can transform into the rutile structure, exhibiting low thermal
conductivity after being annealed for 3 h at 1073 K. Moreover, analysis
of the TEM images in Figure 3a and c reveals that TiO2 nanoparticles
with an average particle size of approximately 20 nm are homoge-
neously dispersed on the surface of the TiC0.5O0.5@TiOy heterostruc-
tures. To further confirm the phase of the TiO2 nanoparticles, the
HRTEM image in Figure 3d shows that the TiO2 nanoparticle is a
cluster of the plane (110) with a lattice spacing of 3.25 Å. According to
the XRD and TEM results, the powders are composed of TiC0.5O0.5,
TiOy and TiO2 phases.
Furthermore, typical TEM images of the TiC0.5O0.5@TiOy-5wt.%

TiO2 heterostructured bulk after SPS treatment using the obtained
TiC0.5O0.5@TiOy-5wt.%TiO2 powder composites are presented in
Figure 4. The TEM image with low magnification reveals a bright
nanoscale interface layer between the TiC0.5O0.5 matrixes in Figure 4a.
At high magnification, as observed in Figure 4b and c, the sample
contains an obvious interface layer composed of the TiOy-TiO2

heterostructures with bright contrast and a layer thickness of
30–40 nm in the TiC0.5O0.5@TiOy-5wt.%TiO2 heterostructured bulk,
where the single-crystalline rutile-phase TiO2 nanoparticles can be

Figure 2 The temperature dependence of the electrical transport properties
of the TiC0.5O0.5@TiOy samples with various anodization processes. Plots of
the (a) electrical conductivity, σ; (b) Seebeck coefficient, α; and (c) thermal
conductivity, k.
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dispersed into the inner part of the TiOy shell. Figure 4d and e in
assistance with the SAED diffraction patterns in Figure 4f and g
highlights HRTEM images of the TiC0.5O0.5 matrix and TiO2

nanoparticle, respectively. The distances between the lattice fringes
of the TiC0.5O0.5 matrix and rutile-phase TiO2 nanoparticles can be
assigned to the interplanar distance of TiC0.5O0.5 (200) and rutile TiO2

(110), corresponding to d200= 2.12 Å and d101= 3.25 Å, respectively.
This finding implies that the ideal heterostructures can be formed in
the TiC0.5O0.5@TiOy-TiO2 bulk. Overall, the TiC0.5O0.5@TiOy-TiO2

heterostructures can be reassembled after SPS treatment.
The temperature dependence of the thermoelectric properties for

the various TiC0.5O0.5@TiOy-TiO2 heterostructured bulks is shown in
Figure 5. As observed in Figure 5a, compared with that of the
TiC0.5O0.5@TiOy heterostructures, the electrical conductivity of the
TiC0.5O0.5@TiOy-TiO2 heterostructures can prove to be drastically
reduced to lower values (403 S cm− 1−669 S cm− 1) in the entire
measured temperature range. In addition, the values decrease with
the coating content of the TiO2 nanoparticles and voltage of the
anodization process, with the most reduced value of 669 S cm− 1 for
the TiC0.5O0.5@TiOy-1wt.%TiO2 heterostructured sample at 973 K.
The Seebeck coefficients between 373 and 973 K are shown in
Figure 5b. The absolute value of the Seebeck coefficient (α) has a
weak temperature dependence, with a maximum at high temperature.
Remarkably, the TiC0.5O0.5@TiOy-TiO2 heterostructured bulks can

result in a great increase in the absolute value of the Seebeck
coefficient compared with that of the TiC0.5O0.5@TiOy heterostruc-
tures, and the absolute value of the TiC0.5O0.5@TiOy-TiO2 hetero-
structures with 8-V anodization increases from 105 to 156 μV/K with
the coating amount of TiO2 nanoparticles from 1 wt.% to 8 wt.%,
respectively. Notably, the absolute α value for the TiC0.5O0.5@TiOy-
5wt.%TiO2 heterostructures increases from 146 to 156 μV/K for
anodization voltages from 5 to 8 V at 973 K, respectively. The decrease
in the electrical conductivity and increase in the absolute value of the
Seebeck coefficient can be explained by the carrier double-barrier
effect of the core-shell TiC0.5O0.5@TiOy-TiO2 bulks on the carrier
concentration and carrier mobility.37,39,41 The decrease in the electrical
conductivity and increase in the Seebeck coefficient can result from
the double-barrier filtering effect of the TiC0.5O0.5@TiOy-TiO2 bulks
on blocking the low-energy carriers in the TiOy-TiO2 barrier, as
observed in Table 1, and the carrier concentration decreases from
2.47× 1021 cm− 3 for the TiC0.5O0.5@TiOy bulks to 0.86× 1021 cm− 3

for the sample containing 5 wt.% TiO2 at 333 K. Consequently, the
high-energy electrons can be conducted better and the Seebeck
coefficients can be increased,34 which is similar to a previous report
on SrTiO3/SrTi0.8Nb0.2O3/SrTiO3 with a huge Seebeck coefficient.45

The mostly positive temperature dependence of the electrical con-
ductivity and the absolute value of the Seebeck coefficient cause the
power factor (PF= S2σ) to increase markedlyat high temperature, as

Table 1 Electrical conductivity (σ), carrier concentration (n) and mobility (μ) of the samples at 300K

Samples anodization (0 V) anodization (8 V) anodization (8 V) and coating content of TiO2 (5wt.%)

σ (S cm−1) 990 651 180

n (1021 cm−3) 3.30 2.47 0.86

μ (cm−2 V−1 S−1) 1.87 1.65 1.42

Figure 3 TEM images of TiC0.5O0.5@TiOy-TiO2 heterostructured powders prepared via 8-V anodization with different magnification (a–d).
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displayed in Supplementary Figure S3, achieving the highest power
factor of 10.34 × 10− 4 W m− 1 K− 2 at 973 K for the TiC0.5O0.5@TiOy-
5wt.%TiO2 bulks with 8-V anodization, which is larger than that of
TiO1.83 and Ti(O,N).26,28

The thermal conductivities as a function of temperature for the
TiC0.5O0.5@TiOy-TiO2 bulks are displayed in Figure 5c. The thermal
conductivity increases from ~1.1 to ~ 1.8Wm− 1 K− 1 from 373 to
973 K, which is close to the behavior of Ti(O,N) and TiO2 thin films
below 1.7Wm− 1 K− 1 but lower than that of TiOx and TiO1.1.

26–28,46

Furthermore, the thermal conductivity of the TiC0.5O0.5@TiOy-5wt.%
TiO2 bulk prepared via 8-V anodization increases from ~1.1 to ~ 1.4
Wm− 1 K− 1 from 373 to 973 K. The lattice thermal conductivity kL
was estimated by directly subtracting the electronic thermal conduc-
tivity κe from the total thermal conductivity k (the calculation details
are provided in Supplementary Information). To further understand
the low kL, the phonon mean free path (MFP) was estimated for a
representative sample 8 V+5wt.%%TiO2 (the calculation details are
provided in Supplementary Information). This material was observed

to exhibit a relatively large average sound velocity (~4922m/s) and a
small MFP (~0.2 nm). The large sound velocity provides direct
evidence of a large bulk modulus, indicating rigid and hard bonding
in a TCO matrix, which is not commonly observed in good thermo-
electric materials. The small MFP is on the order of atomic distance,
suggesting very intensive phonon scattering. A couple of explanations
can be provided for the low thermal conductivity: (i) the hetero-
structured interfaces act as scattering centers against phonons, leading
to an ultra-small MFP in the TiC0.5O0.5@TiOy-TiO2 bulks and

33,47–50

(ii) the rutile-structure TiO2 phase prepared by sol-gel method
assistance with annealing at 1073 K and a small amount of the
amorphous TiO2 phase obtained by SPS sintering can reduce the
thermal conductivity.51 These results clearly demonstrate that
the heterostructured interface scattering is very important in reducing
the total thermal conductivity of thermoelectric materials.27,52,53 The
dimensionless figure of merit (ZT) is calculated in Figure 5d. The
results indicate that the TiC0.5O0.5@TiOy-TiO2 heterostructures can
significantly enhance the thermoelectric performance at high

Figure 4 TEM photographs of the all-oxide TiC0.5O0.5@TiOy-TiO2 heterostructures with 8-V anodization after SPS treatment: (a) TEM image of
TiC0.5O0.5@TiOy-TiO2 particles after SPS treatment; (b) high-magnification TEM image of the yellow rectangle area in (a); (c) high-magnification TEM image
of the green rectangle area in (b); (d, e) high-magnification TEM images of TiC0.5O0.5 and TiO2, respectively; (f, g) SAED diffraction pattern of (d) and (e),
respectively.
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temperature because of the increase in the Seebeck coefficient and
reduction in the thermal conductivity, corresponding to a maximum
ZT value of ∼ 0.7 for the TiC0.5O0.5@TiOy- 5wt.%TiO2 bulk with 8-V
anodization at 973 K (Supplementary Figures S5 and S6), which is
two times greater than that of TiC0.5O0.5@15wt.%TiO2 at 873 K.31

Given the effect of the solid solution level of the TiC1-xOx on the
thermoelectric properties, a series of TiC1-xOx@TiOy-TiO2 hetero-
structures were constructed to achieve enhanced thermoelectric
performance.

TiC1-xOx@TiOy-TiO2 heterostructures
To further improve the TE performance of the TiC0.5O0.5@TiOy-TiO2

heterostructures, TiC1-xOx@TiOy-TiO2 heterostructures were investi-
gated. The XRD patterns of various solid solution levels of TiC1-xOx

are presented in Supplementary Figure S4, and the peak position for
each diffraction of the plane shifts slightly toward lower angles upon
increasing the carbon content, which is consistent with previous
work.54 To verify the microstructure of the fractographs of the
TiC1-xOx@TiOy-TiO2 bulks after SPS treatment, SEM images of the
TiC1-xOx@TiOy-5wt.%TiO2 bulks with 8-V anodization are displayed
in Supplementary Figure S7. The images of all the bulks clearly show
that the porosity increases with increasing carbon content, which is
consistent with the image in Supplementary Figure S8. Furthermore,
the porosity of all the bulks is below 5%, indicating that dense bulks
can be achieved by the SPS method.
The temperature dependence of the electrical conductivity, Seebeck

coefficient, thermal conductivity and ZT for the TiC1-xOx@TiOy-5wt.
%TiO2 (x= 0.6, 0.7, 0.8, 0.9, 1) bulks with 8-V anodization are plotted
in Figure 6. The electrical conductivity in Figure 6a increases with

temperature, with a maximum value of 540 S cm− 1 at 973 K for the
x= 0.9 sample. In addition, the electrical conductivity of the TiC1-x

Ox@TiOy-5wt.%TiO2 bulks, except for the (TiO@TiOy-5wt.%TiO2)
sample, increases from 475 to 540 S cm− 1 with x ranging from 0.6 to
0.9 at 973 K, which is higher than that of TiC0.5O0.5@TiOy-5wt.%TiO2

bulks. This result may be attributed to the effect of the porosity of the
TiC1-xOx@TiOy-5wt.%TiO2 bulks on the overall TE performance,
which can be deteriorated because the electrical conductivity can be
decreased dramatically because of the increased electrons scattered by
enormous pores.55 However, the electrical conductivity of the bulk
(TiO@TiOy-5wt.%TiO2) can decrease because reactions such as TiO
+Ti3O5= 2Ti2O3 and TiO+TiO2=Ti2O3 in the TiO@TiOy-5wt.%
TiO2 system can destroy the heterostructures such that the thermo-
electric performance can be reduced. The Seebeck coefficients for the
TiC1-xOx@TiOy-5wt.%TiO2 bulks with 8-V anodization are shown in
Figure 6b, and the dominant charge carrier of those samples remains
the electron, as indicated by the negative sign of the Seebeck
coefficient. Importantly, the absolute values for all the samples
increase with temperature, and the highest value of 162 μV/K can be
obtained in the TiC0.1O0.9@TiOy-5wt.%TiO2 bulk at 973 K.
In addition, the Seebeck coefficient of all the bulks, except for
TiO@TiOy-5wt.%TiO2, can be improved from 152 to 162 μV/K by
increasing x from 0.6 to 0.9 at 973 K. The enhanced Seebeck
coefficient may originate from two aspects: (i) the above-mentioned
heterostructures and (ii) the effect of the total density of states (DOS)
varying with the core TiC1-xOx. The energy around the Fermi energy
EF increases with x, as demonstrated in Figure 7a and b. Furthermore,
the effect of this local increase in DOS on the Seebeck coefficient is

Figure 5 The temperature dependence of the thermoelectric performance for various TiC0.5O0.5@TiOy-TiO2 samples. Plots of the (a) electrical conductivity,
σ; (b) Seebeck coefficient, α; (c) thermal conductivity, k; and (d) figure of merit, ZT.
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given by the Mott expression:56

a ¼ p2

3

k2T

e

dlnsðEÞ
dE j

E¼EF

¼ p2

3

k2T

e

1

n

dnðEÞ
dE

þ 1

m
dmðEÞ
dE

� �
E¼EF

;

where σ(E)= en(E)μ(E) is the electronic conductivity determined as a
function of the band Fermi energy. Here, the Seebeck coefficient
depends on the energy derivative of the energy-dependent electrical
conductivity σ(E) taken at the Fermi energy EF,

57 as displayed in
Figure 7a and b, and the slope dlnσ(E)/dE increases because of the
increased energy-dependence of n(E) resulting from the local increase
in g(E), leading to the enhancement of the Seebeck coefficient.18,58

Moreover, owing to the increased electrical conductivity and Seebeck
coefficient, the calculated power factor values α2σ range from
10.34× 10− 4 to 14.23 ×10− 4 W m− 1 K− 2 at 973 K for all the samples
are shown in Supplementary Figure S9, and the maximum power
factor is 14.23× 10− 4 W m− 1 K− 2 at 973 K in the TiC0.1O0.9@TiOy-
5wt.%TiO2 bulk. With increasing temperature, both the electric
conductivity and Seebeck coefficient increase monotonously; a similar
phenomenon has been observed in previous works.59–61 This phase
transformation may be the second transformation because there is no
obvious endothermic or exothermic effect observed in the differential
scanning calorimetry measurement. Currently, the nature of this phase
transformation in the TiC1-xOx@TiOy-TiO2 system remains unclear,
and a detailed structural investigation and analysis is necessary.
The thermal conductivities for the TiC1-xOx@TiOy-5wt.%TiO2

bulks are shown in Figure 6c. The thermal conductivities of all the
bulks increase slowly with temperature from 300 to 973 K, and the
thermal conductivity increases from 1.55Wm− 1 K− 1 for the x= 0.6
sample to 1.65Wm− 1 K− 1 for the x= 0.9 sample at 973 K. This
increase originates from the porosity of the TiC1-xOx@TiOy-5wt.%
TiO2 bulks, and the bulks with more porosity exhibit lower thermal

conductivity because the porosity effectively scattering the electrons
and phonons can reduce the thermal conductivity.55 Furthermore,
benefiting from the enhanced electrical conductivity, Seebeck coeffi-
cient and moderate thermal conductivity, the ZT value in Figure 6d
can be improved up to 0.84 at 973 K for the TiC0.1O0.9@TiOy-5wt.%
TiO2 heterostructured sample, which is the largest value observed for
n-type oxide thermoelectric materials.

Thermoelectric mechanism of TiC1-xOx@TiOy-TiO2

heterostructures
Understanding the mechanism of the enhanced Seebeck coefficient
and power factor in the all-oxide TiC1-xOx@TiOy-TiO2 heterostruc-
tures is of key importance. To this end, we focused on the principle of
the double-barrier filtering effect on the TiC1-xOx@TiOy-TiO2 hetero-
structured bulk. In these heterostructures, the Fermi level EF of
TiC1-xOx, considering the TiC0.5O0.5 bulk for example in Figure 7c, is
positioned inside the conductivity band; however, the Fermi level EF of
the TiO2 nanoparticle in Figure 7d is located near the valence
conductivity as is that of TiOy.

62 Furthermore, the composite of
TiC1-xOx with a narrow band gap and high electrical conductivity, in
combination with TiOy and TiO2 nanoparticles with relatively wide
band gaps and effective barrier heights for energy filtering, can be used
to construct the multiple heterostructures, which can be highly
advantageous for thermoelectric applications because of the expected
increase in the power factor.63–65 The thermoelectric mechanism of
the TiC1-xOx@TiOy-TiO2 heterostructures is illustrated in Figure 8.
Moreover, the all-oxide TiC1-xOx@TiOy-TiO2 heterostructures with
the graded potential barrier in Figure 8a can build the double-barrier
to filter the charge carrier transfer,43,65 where the first interfacial TiOy

barrier at the TiC1-xOx@TiOy interface selectively scatters low-energy
carriers rather than high-energy carriers, and the TiO2 barrier at the

Figure 6 The temperature dependence of the electrical transport properties for TiC1-xOx@TiOy-5wt.%TiO2 with 8-V anodization samples: (a) electrical
conductivity, σ; (b) Seebeck coefficient, α; (c) thermal conductivity, κ; and (d) figure of merit, ZT.
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TiC1-xOx@TiOy-TiO2 interface can further scatter partial high-energy
carriers rather than higher ones.66–68 Notably, the channel between the
TiO2 particles shown in Figure 8b can allow partial high-energy

carriers to pass through, which can be useful for electric transport.
In addition, as illustrated in Figure 8c and d, the transport
characteristics of charge electrons across the heterostructured interface

Figure 7 The total density of states (DOS) of TiC1-xOx samples: (a) TiC0.5O0.5 and (b) TiC0.1O0.9; the electronic band structure of (c) TiC0.5O0.5 and (d) TiO2;
(e) TiC1-xOx and (f) TiO2 structures. The Fermi energy is at zero.

Figure 8 The mechanism of carrier transport between the double-barrier via heterostructures: (a) the path of the carriers where the first interfacial TiOy barrier
at the TiC1-xOx@TiOy interface selectively scatters low-energy carriers rather than high-energy carriers and the TiO2 barrier at the TiC1-xOx@TiOy-TiO2 interface
can further scatter partial high-energy carriers rather than higher ones; (b) transmission mechanism schemes of the carriers in the as-prepared
heterostructures and carriers transporting at the heterostructured interface and in both semi-conductors, respectively; (c) and (d) present band diagrams of
the all-oxide TiC1-xOx@TiOy-TiO2 and TiC1-xOx@TiOy-TiO2 heterostructured interface, respectively.
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are most likely determined by the height of the potential barrier
between the conduction band levels of the all-oxides. Consequently,
most low-energy carriers scattered by the TiOy-TiO2 double-barrier
can lead to enhancement of the Seebeck coefficient, and the higher
energy carriers can conduct better than the lower energy ones such
that these heterostructures can maintain a relatively high mobility and
electrical conductivity. Overall, the carrier double-barrier filtering
effect of the TiC1-xOx@TiOy-TiO2 heterostructures can substantially
enhance the thermoelectric performance.
In conclusion, TiC1-xOx@TiOy-TiO2 composites have been success-

fully fabricated via facile anodization in assistance with a sol-gel
chemical route to enhance their thermoelectric performance. The
power factor of the TiC0.5O0.5@TiOy heterostructure bulks prepared
via 8-V anodization reach up to 3.8 × 10− 4 Wm− 1K− 2; furthermore,
the thermoelectric performance of the TiC0.1O0.9@TiOy-5wt.%TiO2

heterostructured sample with 8-V anodization can be enhanced to a
high power factor over 14.23 × 10− 4 W m− 1 K− 2 and a high
dimensionless figure of merit up to 0.84 at 973 K, demonstrating that
the heterostructures can increase the Seebeck coefficient while main-
taining a relatively high electrical conductivity in addition to reducing
phonon thermal conductivity via a possible carrier double-barrier
filtering effect at the TiC1-xOx@TiOy-TiO2 heterostructured interface,
where low-energy carriers can be scattered more strongly than high-
energy carriers by the appropriately engineered interfacial barrier.
Thus, the strategy of improving the power factor via rational
heterostructure engineering of the multiple semiconductor interfaces
of all-oxide composites may stand out as a promising route to achieve
high-performance thermoelectric materials.
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