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ABSTRACT: We hydrothermally synthesized In-doped rutile TiO2 particles in
an anionic surfactant solution and investigated the influences of In doping and
the particle morphology on the Na+ storage properties. The solid solubility limit
was found to be 0.8 atom % in In-doped TiO2. In the case where no surfactant
was used, the best anode performance was obtained for 0.8 atom % In-doped
TiO2 electrode by the benefits of three doping effects: (i) expanded diffusion-
path size, (ii) improved electronic conductivity, and (iii) reduced electron
charge density in the path. Further enhancement in the performance was
achieved for the In-doped TiO2 with a reduced particle length by the synthesis
in the surfactant solution. This electrode exhibited a better cycle stability and
maintained a high discharge capacity of 240 mA h g−1 for 200 cycles. The reason is probably that Na+ can be inserted in the inner
part of TiO2 particles because of its reduced particle length.

1. INTRODUCTION
Na-ion batteries (NIBs) have extensively attracted research
interest because of the easy availability and low cost of Na
resources since Braconnier and Delmas et al. first reported a
promising cathode material, NaCoO2, in 1980.1 The charge−
discharge mechanism of NIBs is based on a rocking-chair
mechanism system, which is the same as that of Li-ion batteries
(LIBs). Thus, replacing Li+ with Na+ was effective for
developing electrode materials and electrolytes. In particular,
great progress has been achieved in developing promising
cathode materials composed of rare-metal-free and low-cost
elements, NaFeO2,

2 Nax[Fe1/2Mn1/2]O2,
3 and Na2Fe2(SO4)3.

4

On the other hand, graphite anodes in LIBs cannot be used for
NIBs because Na+ cannot be electrochemically intercalated
into a graphite structure owing to its larger ionic size compared
to Li+.5

Titanium-based compounds are prospective candidates as
NIB anode materials because Ti4+/Ti3+ redox reactions occur
at lower electrode potentials compared with other transition-
metal-based compounds. Among them, titanium oxides are the
most desirable from the viewpoint of abundance, cost-
effectiveness, and nontoxicity.6 Since 2011, many researchers
have intensively studied various titanium oxide-based materials
such as Na2Ti3O7,

7 NaTi2(PO4)3,
8 bronze-type TiO2,

9

Na2Ti3O7,
10 Na2+xTi6O13,

11 anatase-type TiO2,
12,13 and

Na3LiTi5O12.
14

Rutile-type TiO2 had never drawn attention from any of the
researchers since the authors first reported it in 2015 and even
in numerous studies because it had been well known that rutile
TiO2 shows much less Li activity as an LIB anode owing to two
reasons. (i) One reason is its highly anisotropic ion-diffusion
path along the c-axis direction. Rutile TiO2 originally has a

unique diffusion path capable of high-speed Li+ conduction
with an extremely high diffusion coefficient of 10−6 cm2 s−1

along the c-axis direction, which is attributed to the very low
electron charge density in the diffusion path.15 Thus, Li+ can
easily diffuse in a single crystal of rutile TiO2 along its c-axis
direction. However, Li+ diffusion is strongly restricted in
polycrystalline rutile TiO2 particles with many grain
boundaries because of its very low diffusion coefficient of
10−14 cm2 s−1 along the ab in-plane direction. (ii) The other
reason is its poor electronic conductivity. The intrinsic
electrical resistivity of rutile TiO2 is as high as 1013 Ω·cm,
which impedes the progress of the electrochemical reaction.
To address the above issues, the authors have adopted two

kinds of approaches: the doping of impurity elements into the
crystal structure16 and the improvement of the crystallinity of
TiO2 particles.17 These approaches could improve the
electronic conductivity and the trapping at grain boundaries,
leading to a remarkable enhancement in the Li+ storage
performances. It is noteworthy that the anode of highly
crystalline Nb-doped TiO2 exhibited a faster charge−discharge
performance than the Li4Ti5O12 anode in practical use.17

Consequently, we conceived that these two approaches would
be effective for NIB also and carried out those. As a result, the
authors revealed in 2015 that the Nb-doped TiO2 anode
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clearly showed improved performance,16 which was the first
study to report the reversible charge−discharge reactions of
rutile-type TiO2. After the first report, Zhang18 and He et
al.19−21 reported the improved Na-storage properties of rutile
TiO2. Due to these developments, rutile TiO2 has gradually
gained much attention as a potential NIB anode material. For
further enhancement in the performance, the authors hydro-
thermally synthesized single-crystalline rutile TiO2 particles,

22

and have performed the doping of various impurity elements
(Ta, Sn, and In) other than Nb.23 A high reversible capacity of
200 mA h g−1 was achieved even after a long period of 800
cycles by the electrodes prepared using single-crystalline
particles of Nb-doped TiO2

22 and Ta-doped TiO2
23 (Figure

S1). These results demonstrated that the formation of single-
crystalline particles and the impurity-element doping are very
effective for improving the insertion−extraction properties of
Na+. Nevertheless, there still remains a serious problem that
the capacity steeply increases or decreases in the initial several
tens of cycles even by Nb doping and Ta doping.
The doping of Nb and Ta has another effect of expanding

the crystal lattice of rutile TiO2 because the sites of Ti
4+ (ionic

diameter: 121 pm) are substituted with Nb5+ (128 pm) and
Ta5+ (128 pm). This expansion is accompanied by an increase
in the size of Na+ diffusion path, which is favorable for
improving the insertion−extraction properties of Na+. Since
the ionic diameter of Na+ (204 pm) is larger than that of Li+

(152 pm), the size expansion of the ion-diffusion path is more
important for NIB compared with LIB.
Indium (In) has a much larger ionic size of 160 pm than Nb

and Ta. It is thus expected that the larger size will change the
doping effects on Na+’s insertion−extraction properties. In the
previous study,23 the authors did not systematically investigate
the dependence of In doping amount on the anode properties.
Therefore, in this study, we evaluated the anode properties of
In-doped rutile electrodes with various doping amounts to
clarify the influence of In doping (Figure 1a).
Another problem exists with single-crystalline rutile TiO2

particles obtained by the hydrothermal synthesis: the large
aspect ratio of the particles. Although glycolic acid is a key
material in the solution of the hydrothermal reaction to
produce single-crystalline particles, it cannot avoid generating
large aspect-ratio particles.24 Unfortunately, its longer axis is
parallel to the c-axis direction of the rutile crystal. This is
disadvantageous for Na+ insertion and extraction because Na+

cannot be stored in the inner part of the particles. Owing to
such problems, the author had previously succeeded in
controlling some oxides’ morphologies using anionic surfactant
molecules in various solution-based syntheses such as laser
ablation in solution, precipitation synthesis, and electro-
deposition.25−29 In the hydrothermal synthesis also, the
anionic surfactant solution could successfully reduce the
particle length of the longer axis, leading to the increase in

Figure 1. Two strategies used in this study to improve the anode performances of rutile TiO2. (a) Impurity-element doping enhances the electronic
conductivity and expands the size of the diffusion path along its c-axis direction. (b) Morphology optimization of TiO2 particles by synthesis in an
anionic surfactant solution. TiO2 preferentially grows along its c-axis, which is an unfavorable morphology for Na+ insertion into the inner part.
Surfactant molecules limit the growth to shorten the particle length.

Figure 2. (a) XRD patterns of 0.8 atom % In-doped TiO2 prepared in solutions with and without the sodium dodecyl sulfate (SDS) surfactant. (b)
Lattice parameters a and c of In-doped TiO2 with various In amounts.
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the reversible capacity of Nb-doped TiO2 electrodes.22 As
another strategy to improve the performance, in this study we
tried to reduce the particle length of single-crystalline In-doped
TiO2 using anionic surfactant molecules in the hydrothermal
synthesis (Figure 1b).

2. RESULTS AND DISCUSSION

Figure 2a shows X-ray diffraction (XRD) patterns of the
synthesized powders of undoped TiO2 and 0.8 atom % In-
doped TiO2. The resulting patterns were in good agreement
with the rutile phase (Inorganic Crystal Structure Database,
ICSD No. 00-021-1276). The crystallite size was estimated to
be 35−40 nm using the Scherrer equation and the full width at
half-maximum of the diffraction peaks.
Figure 2b represents the lattice parameters a and c for In-

doped TiO2 with various In amounts. In the range of the
indium amount from 0 to 0.8 atom %, the lattice parameters
were linearly increased according to Vegard’s law, indicating a
substitutional solid solution of In3+ with a larger ionic size of
160 pm compared to that of Ti4+ (121 pm). The solid
solubility limit of In in rutile TiO2 was approximately 0.8 atom
%. A sample of 2.0 atom % In-doped TiO2 also showed XRD
peaks of only rutile TiO2 (Figure S2). However, it should
contain some amorphous-like impurities such as In2O3 because
the doping amount of 2.0 atom % exceeded enough the solid
solubility limit of 0.8 atom %. The lattice parameter a is more
important than c because it determines the cross-sectional size
of the Na+ diffusion path along the c-axis direction. The lattice
parameter a increased from 0.4603 to 0.4613 nm by 0.8 atom
% In doping. This size expansion of the diffusion path
contributes to the easier Na+ diffusion in rutile TiO2. The
degree of size expansion by In doping is comparable to the
change from 0.4603 to 0.4619 nm by 6 atom % of Nb doping.
The remarkable feature is that a similar increase in size can be
achieved even with a much smaller doping amount in the case
of In doping because of its larger ionic size.
To maintain the charge balance, it is suggested that the

actual composit ion of In-doped TiO2 would be
(Ti4+)1−x(In

3+)x(O
2−)2−(x/2) by the generation of oxygen

defects.30 Such oxygen-deficient In-doped TiO2 has been
reported to behave as an n-type semiconductor.31 It is thus
expected that the electronic conductivity is increased by the
doped In and the oxygen defects. Electrical resistivity

measurements of the powder pressed under 60 MPa revealed
that 0.8 atom % In-doped TiO2 has an electronic conductivity
of 1.5 × 10−1 S cm−1, which is 10 times higher than that of
undoped TiO2 (1.3 × 10−2 S cm−1). A similar improvement in
the conductivity was obtained for 6 atom % Nb-doped TiO2.
We should here note that In doping could improve the
conductivity in spite of its much less doping amount than Nb.
These results demonstrated that In doping delivered two

effects desirable for the Na+ storage: the size expansion of the
diffusion path and the improvement in the electronic
conductivity. Recently, the authors have newly discovered
the third effect for rutile TiO2: the reduction of the electron
charge density in the diffusion path.23 Rutile TiO2 intrinsically
has a low electron charge density in its diffusion path along the
c-axis direction, enabling a significantly smooth diffusion of
Li+.15 Consequently, we have suggested a new approach: the
reduction of the charge density by an impurity doping. In the
previous study,23 when Ta5+ was doped into rutile, the charge
density could be reduced because Ta5+ has a larger effective
nuclear charge of 20.5 for its outermost electron than Ti4+

(10.5) and Nb5+ (14.1). The reduced charge density resulted
in improved anode performance. In3+ also has a relatively large
effective nuclear charge of 16.9. As shown in Figure 3a, the
electron charge density of the diffusion path in In-doped TiO2
was calculated by the first-principle calculation. The diffusion
path of undoped TiO2 shows a dark blue color, indicating a
very low electron charge density (Figure 3b). In the case of Nb
doping, the color of the diffusion path was confirmed to be
light blue.23 In contrast, it became dark blue when In was
doped. Indium has originally a positive charge of +3 by
ionization in a polar crystal. The positive charge is actually
weakened by attracting the surrounding electrons according to
the degree of its effective nuclear charge. The actual charge
density of In3+ can be calculated using the Bader method.26,27

The actual charge density of In3+ was 1.6, indicating that the
charge of 1.4 in the surrounding electrons was attracted by
In3+. The attracted charge of In3+ was obviously larger than
that of Nb5+ (Figure 3c). This is an important evidence that
In3+ can attract more electrons in the diffusion path because of
its larger effective nuclear charge than Nb5+.
Figure 4 compares the charge−discharge curves of In-doped

TiO2 electrodes cycled in an electrolyte of 1.0 dm−3 (M)
sodium bis(fluorosulfonyl)amide (NaFSA)-dissolved/propy-

Figure 3. (a) Calculation system of an In-doped rutile TiO2 crystal. Ti
4+ at the center of the unit cell was substituted by In3+. (b) Calculation results

of the electron charge density mapping. Na+ diffuses in the diffusion path along the c-axis. (c) Electron charge densities attracted by impurity ions.
When this value is larger, the diffusion path has lower electron charge to promote an easier Na+ diffusion.
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lene carbonate (PC) under a constant current density of 50
mA g−1 (0.15C) at 30 °C. In previous studies,16,22,23 the
authors reported that rutile TiO2 shows gentle potential
shoulders in the potential ranges of 0−1.5 and 0.2−2.0 V vs
Na+/Na during Na+ insertion (sodiation) and Na+ extraction
(desodiation), respectively. The sodiation reactions are
accompanied by a reversible 2.4% expansion in the volume
of the rutile TiO2 lattice.

16 In this study also, similar charge−
discharge curve profiles were recognized for all of the
electrodes, suggesting a reversible Na+-insertion reaction in
the rutile TiO2 crystal lattice. In the cases of undoped TiO2
and the In-doped one with In amounts of 0.8 and 2.0 atom %
prepared without an SDS surfactant, the discharge (Na+

extraction) capacities were gradually increased in the initial
three cycles. This feature has also been observed for Nb-doped
rutile TiO2 (Figure S1). The gradual increase in the capacity is
presumably attributed to an incomplete Na+ extraction during
the desodiation process: some Na+ are not completely
extracted in the discharge process and remain inside particles.
This change would enhance the electronic conductivity and
allow easier Na+ diffusion in the particles, which improves the
charge−discharge performance by repeating Na+ insertion and
extraction reactions.22 Contrary to this, no gradual increase
was observed for the electrode of 0.8 atom % In-doped TiO2
synthesized in the SDS surfactant solution. The initial charge
(Na+ insertion) capacity was increased from 277 to 460 mA h
g−1 by adding the surfactant. This significant increase in the
capacity is probably attributed to the side reaction by the
residual surfactant on the In-doped TiO2 particles because this
capacity exceeds the theoretical capacity of 335 mA h g−1. The
second charge capacity was reduced to 300 mA h g−1,
indicating that the side reaction finished in the first charge−
discharge cycle. This electrode attained the highest initial
discharge (Na+ extraction) capacity of 273 mA h g−1. The
achievement ratio of the theoretical capacity (335 mA h g−1) is
as high as 81%. There was a long potential plateau at 0.1 V vs
Na+/Na in the charge process of the initial cycle, which is
possibly caused by the side reaction of the residual surfactant
or by an easier Na+ insertion into TiO2.

The initial Coulombic efficiencies of 50−65% were relatively
low. He et al. have well summarized the reasons for the initial
irreversible capacity of various NIB anode materials.32 Based
on the author’s summary, there are three main reasons for the
TiO2 anode: (i) the electrolyte decomposition and the
resulting formation of a solid-electrolyte interphase, (ii) crystal
defects, and (iii) the trap effect of Na+. The authors have
previously applied an ionic liquid electrolyte to rutile TiO2
electrodes for suppressing the electrolyte decomposition.33

However, the initial Coulombic efficiency did not improve
even by applying the ionic liquid electrolyte. The crystal
defects are not the main reason in this study because
hydrothermal synthesis can produce single-crystalline TiO2
particles. In addition to this, the Coulombic efficiencies were
low irrespective of whether In was doped or not. It is,
therefore, suggested that the main reason is possibly the trap
effect of Na+ in the TiO2 crystal lattice. Compared to TiO2 as
an LIB anode, the trap effect would be more pronounced for
TiO2 as an NIB anode owing to the larger ionic size of Na+

than Li+. To improve this effect, we suggest the dual doping of
a cation (In3+) and anions such as F−, Cl−, S2−, and N3−. Since
the dual dopings will increase the solid solubility limit of In3+,
the Na+-diffusion path can be further expanded to suppress the
trap effect of Na+. In future work, the authors would like to
investigate the dual doping.
Figure 5a presents the cycling performances of these In-

doped TiO2 electrodes. When SDS was not used in the

synthesis, the 0.8 atom % In-doped TiO2 electrode exhibited a
very constant discharge capacity of 220 mA h g−1 after a
gradual increase in the initial five cycles. This capacity was
higher than that of 170 mA h g−1 obtained for the undoped
one at the 200th cycle. The enhanced capacity is due to the
benefit of the three kinds of doping effects:23 the diffusion-path
size expansion, the improved electronic conductivity, and the
reduced electron charge density in the path. The performance
of the 2.0 atom % In-doped TiO2 electrode was, however,
inferior to that of the 0.8 atom % In-doped TiO2 one (Figure
S4). The reason is probably the Na-inactive impurity phase
generated by exceeding the solid solubility limit. On the other
hand, a further enhancement in the performance was attained
for the In-doped TiO2 synthesized using the SDS surfactant. A
high capacity of 240 mA h g−1 was maintained even after 200
cycles. The mechanism is suggested to be an improved
utilization rate of TiO2: Na

+ can be inserted in the inner part of
TiO2 particles because of its reduced particle length along the

Figure 4. Charge−discharge curves of In-doped TiO2 electrodes
cycled in NaFSA/PC under 50 mA g−1 (0.15C) at 30 °C.

Figure 5. (a) Cycling performances of electrodes prepared using 0.8
atom % In-doped TiO2 particles. When the particles were prepared in
the SDS surfactant solution, the particle length was reduced. For
comparison, the figure shows the performance of an electrode of 6
atom % Nb-doped TiO2 particles prepared in a 0.1 M SDS solution.
(b) SEM images of 0.8 atom % In-doped TiO2 particles.
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c-axis. To verify the mechanism, the particle morphology was
observed. Figure 5b displays scanning electron microscopic
(SEM) images of these In-doped TiO2 particles. A rod-like
morphology was confirmed. This shape has been commonly
observed for single-crystalline rutile TiO2 prepared by
hydrothermal methods.22−24 The average particle length was
successfully decreased from 470 to 440 nm by the addition of
0.1 M SDS surfactant in the synthesis. An approximately 7%
reduction in the particle length (from 470 to 440 nm) caused a
9% increase in the discharge capacity (from 220 to 240 mA h
g−1). Although the rate of length reduction is low, the particle-
length reduction is very effective because a previous study has
reported that a reduction rate of 58% (from 400 to 170 nm)
resulted in only 15% increase in the capacity (from 170 to 200
mA h g−1) for Nb-doped TiO2.

22 The pH value of the glycolic
acid solution was about 3.0 in the hydrothermal synthesis. A
TiO2 particle has a positive surface charge because its
isoelectric point is 6.0. It is suggested that anionic surfactant
molecules were attached on the positively charged TiO2
surface during the crystal growth, having the effect that the
preferential growth in the c-axis direction was relatively
suppressed.18 As the author has previously reported, the SDS
surfactant can strongly affect the morphology of oxide
materials in the particle formation.25−29 Thus, we expected a
shorter particle length at higher SDS concentration. However,
at a higher concentration of 0.5 M SDS, the performance was
not improved owing to the presence of residual surfactant in
the samples (Figure S4). To further reduce the particle length,
we should optimize not the SDS concentration but the glycolic
acid concentration,24 which will be done in our future works.
In this study, we consider that the optimal SDS concentration
is 0.1 M because the best performance was achieved at this
concentration. In addition, a notable advantage of the In-
doped TiO2 electrode is its good cyclability. The capacities
were considerably decreased or increased during the initial 10
cycles in the case of Nb-doped TiO2

22 and Ta-doped TiO2
23

(Figure S1). Such considerable change in the capacity was
greatly improved by the In doping and the reduced particle
length in this study. This result is a very valuable evidence
showing the potential high performance of rutile-type TiO2
with a unique diffusion path along the c-axis.

3. CONCLUSIONS

As NIB anode materials, In-doped rutile TiO2 particles were
synthesized by the hydrothermal method using an anionic
surfactant solution. XRD analyses for various In doping
amounts revealed that the solid solubility limit of In was
approximately 0.8 atom % for TiO2. In the case where no
surfactant was used, the best anode performance was obtained
for the 0.8 atom % In-doped TiO2 electrode because of the
benefits of the three doping effects: (i) the diffusion-path size
expansion, (ii) the improved electronic conductivity, and (iii)
the reduced electron charge density in the path. Further
enhancement in the performance was achieved for the 0.8
atom % In-doped TiO2 electrode using the surfactant in the
synthesis. The surfactant could reduce the particle length from
470 to 440 nm. This electrode exhibited a better cycle stability
and maintained a high discharge capacity of 240 mA h g−1 for
200 cycles. The reason is probably that Na+ can be inserted in
the inner part of TiO2 particles because of its reduced particle
length.

4. EXPERIMENTAL SECTION

4.1. Sample Preparation. In-doped rutile TiO2 particles
were prepared by the hydrothermal synthesis using indium-
(III) ethoxide In(C2H5O)3 (purity: 99.9%), titanium tetraiso-
propoxide (Ti[OCH(CH3)2]4, 95.0%), isopropanol (99.5%),
and glycolic acid (HOCH2CO2H, 99.0%). The detailed
synthesis procedure has been reported recently.22,23 Briefly,
0.05−0.15 g of indium(III) ethoxide, 5.0 mL of titanium
tetraisopropoxide, and 5.0 mL of isopropanol were added to 50
mL of an aqueous solution of glycolic acid at a concentration
of 1.6 mol dm−3 (M) (Figure S3). When the particle length of
In-doped TiO2 was reduced, 0.144 g of sodium dodecyl sulfate
(SDS, C12H25SO4Na, 95%) was also added into the solution.
We have recently reported that SDS can reduce the Nb-doped
TiO2 particle length along its c-axis from 400 to 170 nm, and
that its NIB anode property was improved because of easier
Na+ diffusion into the center part of the particle.22 In the cases
of SDS 0.01 and 0.5 M, the performances of In-doped TiO2
electrodes could not be improved (Figure S4). Thus, in this
study, the SDS concentration was fixed to be 0.1 M. The
solution was first stirred at 80 °C for 1.5 h. Then, it was heated
at 200 °C for 9−15 h in a Teflon-lined stainless steel autoclave
(HU-50, SAN-AI Kagaku) using a rotation-type hydrothermal
synthesis system (RDV-TM2, SAN-AI Kagaku) to promote a
hydrothermal reaction. The estimated pressure in the autoclave
was 1.6 MPa. After cooling, the solution obtained was washed
with ethanol and dried to obtain In-doped TiO2 particles.

4.2. Characterization. The crystal structure of the samples
was confirmed by analysis using X-ray diffraction (XRD,
Ultima IV, Rigaku). As shown in Figure S2, all of the samples
were found to have a single phase of rutile-type TiO2
(Inorganic Crystal Structure Database, ICSD No. 00-021-
1276). The lattice parameters (a = 0.4612 nm, c = 0.2462 nm)
of In-doped TiO2 prepared with an SDS surfactant were almost
equivalent to those (a = 0.4613 nm, c = 0.2464 nm) prepared
without SDS. In addition, the crystallite size of 42 nm was also
almost the same as that of 40 nm. The morphologies were
observed by a field-emission scanning electron microscope
(FE-SEM, JSM-6701F, JEOL Ltd.). The amount of doped In
was detected using an energy-dispersive X-ray fluorescence
(XRF) spectrometer (EDX-720 Shimadzu Co. Ltd.).

4.3. First-Principle Calculation. To discuss Na+ behavior
in the diffusion path of doped rutile TiO2, we investigated the
electron charge density using a first-principle calculation based
on the density functional theory.23 This calculation was carried
out using the projector augmented wave method as
implemented in the plane wave code of the Vienna Ab initio
Simulation Package (VASP).34 The charge densities of doped
elements were also calculated by the Bader analysis.35,36 A
generalized gradient approximation (GGA) was used as the
term exchange correlation with a kinetic energy cutoff of 350
eV. Brillouin zone sampling was performed with an 8 × 8 × 8 k
point mesh within a γ point centered mesh scheme. Other
detailed conditions were explained in our previous study.37,38

Mapping figures of the electron charge density were created
using the VESTA package.39

4.4. Charge−Discharge Test. Galvanostatic charge−
discharge tests were carried out for film electrodes prepared
using In-doped TiO2 particles, acetylene black, carboxymethyl
cellulose, and styrene-butadiene rubber with a weight ratio of
70:15:10:5 wt %. The active material loading was approx-
imately 1.0 mg cm−2. We assembled 2032-type coin cells
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composed of the In-doped TiO2 electrodes, Na metal sheets,
and an electrolyte of 1.0 M sodium bis(fluorosulfonyl)amide
(NaFSA)-dissolved/propylene carbonate. The cycling per-
formances were evaluated by charge−discharge tests with a
potential range of 0.005−3.0 V vs Na+/Na at 303 K at 50 mA
g−1 (0.15C).
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