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With the aim of developing high performance anode (negative) materials for sodium ion batteries (NIBs),

rutile TiO2 with mesocrystalline structure were designed and used for enhancing the discharge capacity

and reaction kinetics. The nanoporous rutile TiO2 mesocrystals constructed by crystallographically

oriented nanoparticle subunits with tunable microstructures were successfully prepared via a facile

synthesis route. Such rutile TiO2 architecture possesses a large surface area (157 m2 g�1), nanoporous

nature and single-crystal-like structure, which could provide a high level of accessibility for the

electrolyte and more active sites, and allow the fast electron and ion transport compared with the

irregularly oriented nanoparticles. When evaluated as an anode material for sodium-ion storage, this

unique architecture exhibited a high reversible capacity over 350 mA h g�1 at 50 mA g�1, superior rate

capability with a stable capacity of 151 mA h g�1 at 2 A g�1 and good cycling stability.
1. Introduction

Na-ion batteries (NIBs) have recently attracted great interest as
sodium is a cheaper and more abundant alkali metal element
compared to lithium.1–4 However, it is difficult to nd suitable
electrode materials for NIBs to allow reversible and rapid ion
insertion and extraction due to a larger diameter of the Na-ion
(0.97 Å) compared to the Li-ion (0.68 Å).5 In particular, devel-
oping new materials or nanostructures as anode (negative)
materials for NIBs is receiving a high level of scientic atten-
tion. Some carbonaceous materials and partially graphitic
nanostructures were used as anode materials for NIBs,
showing the capability of reversibly inserting and extracting
sodium ions over many cycles.6–8 Recently, some anode mate-
rials with alloy-type (Sn and SnO2)9,10 and conversion-type
mechanisms (CuO, Co3O4 and MoS2)11–13 exhibited high initial
capacity, but many of them suffered from poor cycling
performance owing to the large volume change or the sluggish
kinetics. Classical insertion materials such as Na2Ti3O7 has
been also demonstrated as a promising anode material with a
low operating potential around 0.3 V vs. Na/Na+, however such
antum Manipulation and New Energy
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a material so far showed a rather low capacity and poor cycling
stability.14,15 Some titanate nanostructures that remain rela-
tively unexplored in the case of Na-ion batteries were also
reported.16–18

TiO2 polymorphs have attracted signicant attention as
typical intercalation anode materials for lithium-ion batteries
(LIBs) due to their intrinsic advantages in safety, low cost, and
good cyclic stability.19–22 Most recently, it was demonstrated
that anatase TiO2 nanostructures exhibited the capability to
reversibly accommodate Na ions, and displayed acceptable
capacity and good cycling stability.23–28 However, the Na ion
interaction properties of rutile TiO2 nanocrystals were rela-
tively rarely investigated.29,30 Usui et al.29 rstly report the Na
ion storage properties of rutile TiO2; in this study, this anode
material showed a reversible capacity of 160 mA h g�1 at 50
mA g�1 through the Nb-doping method. Most recently, it was
demonstrated that rutile TiO2 microspheres displayed a
reversible capacity of 140 mA h g�1 at 16.8 mA g�1, but the
capacity decreases seriously at a high current rate.30 Thus,
improving the discharge capacity and rate capability of rutile
TiO2 is still an urgent task.

Crystallographically oriented nanoparticle superstructures
(mesocrystals) have been used for enhancing the discharge
capacity and reaction kinetics in LIBs.31 In this study, we report
the successful utilization of rutile TiO2 mesocrystals as an
anode material for NIBs. The rutile TiO2 mesocrystals exhibited
a high reversible capacity over 350 mA h g�1 at 50 mA g�1 with
improved initial coulombic efficiency, superior rate capability,
and good cycling stability, due to the unique architecture with
nanoporous nature, large surface area and single-crystal-like
structure.
This journal is © The Royal Society of Chemistry 2015
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Fig. 1 (a) XRD patterns of C-TiO2-RM (curve i) and N-TiO2-RM (curve
ii), N2 adsorption–desorption isotherms of (b) C-TiO2-RM and N-
TiO2-RM. The insets in (b) and (c) are the corresponding NLDFT pore
size distribution.
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2. Experimental
2.1 Materials synthesis

The rutile TiO2 mesocrystals were synthesized through a one-
step route, by modifying our previous two-step synthesis
method.32 In a typical synthesis, 1 g sodium dodecyl benzene
sulfonate (SDBS) was dissolved in 50 mL 2.2 M HCl or HNO3

solution. Aer the solution was stirred for a few minutes, 1 mL
titanium(IV) isopropoxide (TIP) was added and kept at 80 �C for
48 h under stirring. The nal products were obtained by
centrifugation, washed with distilled water and ethanol for
several times and dried at 60 �C overnight, and then calcined at
400 �C for 60 min in air to remove the residual organics. The
samples obtained from HCl and HNO3 solution were termed C-
TiO2-RM and N-TiO2-RM, respectively.

2.2 Characterizations of the samples

Scanning electron microscopy (SEM, S8010 instrument) and
transmission electron microscopy (TEM, FEI F20 S-TWIN
instrument) were used for the morphological and structural
characterization of the rutile TiO2 mesocrystals. X-ray diffrac-
tion (XRD) patterns were recorded on a PANalytical X'Pert
spectrometer using Co Ka radiation (l ¼ 1.78897 Å), and the
data were changed to Cu Ka data. N2 adsorption–desorption
analysis was measured on a Micro-meritics TriStar II 3020
instrument (USA). The pore size distributions of the as-prepared
samples were analyzed using non-local-density functional
theory (NLDFT) methods. The Raman spectra were recorded on
a LabRAM HR Evolution (HORIBA Jobin Yvon) with a 532 nm
laser.

2.3 Electrochemical measurements

For the electrochemical measurement of Na-ion intercalation,
the active materials were admixed with super-P and poly-
vinylidene uoride (PVDF) binder additive in a weight ratio of
70 : 20 : 10. The mixture was spread and pressed on copper foil
circular akes as working electrodes (WE), and dried at 120 �C
in vacuum for 12 h. Na-ion cells were assembled in coin-type
cells (CR 2025) with a Na metal foil as the negative electrode,
glass ber separator (Whatman GF/F), and 1 M NaClO4 in
ethylene carbonate (EC) and diethyl carbonate (DEC) (1/1 in
volume) as the electrolyte. The cells were assembled in a glove
box lled with highly pure argon gas (O2 and H2O levels < 1
ppm), and charge/discharge tests were performed in the voltage
range 0.01 to 3.0 V (Na+/Na) on a Land automatic battery tester
(Land CT 2001A, Wuhan, China). Cyclic voltammetry (CV)
measurements were performed on Zennium (Zahner).

3. Results and discussion

The rutile TiO2 mesocrystals were synthesized through a facile
wet chemical route under the assistance of sodium dodecyl
benzene sulfonate (SDBS). The mesocrystals obtained from HCl
and HNO3 solution were termed C-TiO2-RM and N-TiO2-RM,
respectively. Fig. 1a shows the X-ray diffraction (XRD) patterns
of as-prepared samples. All the diffraction peaks in Fig. 1a could
This journal is © The Royal Society of Chemistry 2015
be exclusively ascribed to tetragonal rutile TiO2 (JCPDS 78-
1509). The broadened diffraction peaks suggest a small crys-
tallite size of the samples. The average crystallite size of C-TiO2-
RM was calculated to be approximately 11 nm (also 11 nm for
N-TiO2-RM), using the Scherer equation, based on the (110)
diffraction peak. N2 adsorption–desorption isotherm measure-
ments were adopted to reveal the Brunauer–Emmett–Teller
(BET) surface area and pore size distribution, as presented in
Fig. 1b and c. The BET surface area and the pore volume of C-
TiO2-RM were determined to be 157 m2 g�1 and 0.18 cm3 g�1,
respectively. As depicted in Fig. 1b (inset), C-TiO2-RM exhibits
relatively ordered nanopores mainly located around 2.7 nm,
analyzed using the non-local density functional theory (NLDFT)
methods. As for N-TiO2-RM (Fig. 1c), the BET surface area and
pore volume were about 117 m2 g�1 and 0.26 cm3 g�1, sug-
gesting a lower surface area. However, a larger pore size mostly
located around 5 nm could be observed for N-TiO2-RM.

Low-magnication and high-magnication SEM images of
C-TiO2-RM obtained from 2.2 M HCl aqueous solution are
shown in Fig. 2a and b. It is clearly shown that numerous
regular nanoparticles of uniform size (100–120 nm) and quasi-
square shape were formed. C-TiO2-RM has a rough surface and
porous structure; actually, it was composed of tiny nanoparticle
subunits (Fig. 2b). Fig. 2c displays a typical TEM image of a
single nanoparticle, which conrms that the rutile TiO2 nano-
particle was constructed by tiny nanoparticle subunits with
diameter about 5–7 nm, more HRTEM images are shown in
Fig. S1.† The corresponding SAED pattern in the inset of Fig. 2c
for the whole nanoparticle exhibited single-crystal-like diffrac-
tions, indicating that the building of nanoparticle subunits
were highly ordered, leading to the formation of a crystallo-
graphic oriented mesocrystalline architecture (mesocrystals).
Furthermore, the diffraction spots were slightly elongated,
suggesting that there was a small mismatch between the
J. Mater. Chem. A, 2015, 3, 17412–17416 | 17413
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Fig. 3 SEM (a and b), TEM (c) and HRTEM (d) images of N-TiO2-RM.
The inset in (c) is the related SAED pattern from the whole
nanoparticle.
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boundaries of the nanoparticle subunits; this is usually found
for the mesocrystals, which were growing by the oriented
attachment route.31,33 Moreover, the porous rutile mesocrystals
were highly crystallized, as revealed from the HRTEM image in
Fig. 2d. The clear lattice fringe of 0.46 nm was assigned to the
(100) spacing of the rutile structure.

It is interesting that the rutile TiO2 mesocrystals with
different morphologies could be obtained from HNO3 aqueous
solution; the SEM and TEM images are shown in Fig. 3. The
large-scale formation of particles with size 100–130 nm can be
observed from the SEM images in Fig. 3a and b. High-magni-
cation SEM (Fig. 3b) and TEM images (Fig. 3c) conrm that
N-TiO2-RM has a porous structure and is composed of tiny
nanoparticles with diameter about 10–12 nm. The correspond-
ing SAED pattern with single-crystal-like diffractions depicted in
the inset of Fig. 3c suggest the mesocrystalline structure of the
whole particle. Fig. 3d presents the HRTEM image of N-TiO2-
RM, the lattice fringe of 0.17 nm was assigned to the d211
spacing of rutile structure. Thus, the anion had a remarkable
effect on the microstructures of the obtained rutile TiO2 mes-
ocrystals. This phenomenon was also found and discussed in
our previous study.34 The anion adsorption on TiO2 nuclei is
different, resulting in the formation of rutile TiO2 mesocrystals
with different microstructures.

Recently, a great deal of effort has focused on designing
crystallographically oriented nanoparticle superstructures
(mesocrystals) as promising electrode materials for lithium-ion
batteries.21,31 Such assemblies could possess the structural
stability of microsized electrodes while exploiting the benecial
properties associated with nanosized electrodes and more
reactive sites arising from the large surface area. Herein, we
rstly investigate the Na-ion storage properties of rutile TiO2

mesocrystals. Fig. 4a and b show the charge–discharge proles
at the selective cycles of C-TiO2-RM and N-TiO2-RM. Both
specimens do not exhibit well-dened voltage plateaus during
Fig. 2 SEM (a and b), TEM (c) and HRTEM (d) images of C-TiO2-RM.
The inset in (c) is the related SAED pattern from the whole
nanoparticle.

17414 | J. Mater. Chem. A, 2015, 3, 17412–17416
the charge or discharge process. This Na-ion storage behavior is
similar to the anatase TiO2 anode for NIBs.31 Cyclic voltammetry
curves (Fig. S2†) further revealed the Na-ion storage behavior for
rutile TiO2 mesocrystals. The irreversible side reactions with
electrolyte at the rst discharge process were also found from
the CV measurements. A couple of broad and ambiguous redox
peaks between 0.5 V and 0.9 V vs. Na/Na+ in the subsequent
cyclic sweeps are observed, probably corresponding to the
reversible reduction of Ti4+ to Ti3+.23,30 This may suggest that the
reaction between rutile TiO2 and Na is a surface-conned
charge-transfer process, which is similar to that of anatase TiO2

anode for Na-ion storage.28 It is notable that C-TiO2-RM displays
a higher discharge capacity of 685.7 mA h g�1 (599.7 mA h g�1

for N-TiO2-RM) and a charge capacity of 379.3 mA h g�1 (268.3
mA h g�1 for N-TiO2-RM). It could be due to the larger surface
area of C-TiO2-RM compared to N-TiO2-RM (157 m2 g�1 vs. 117
m2 g�1). Moreover, the rutile TiO2 mesocrystals (C-TiO2-RM)
display a higher reversible capacity than that of anatase TiO2

nanocrystals and nanorods for Na-ion storage.23,26–28 Thus, it is
very interesting that rutile TiO2 exhibits more promising
applications than that of anatase TiO2 in Na-ion storage.

Fig. 4c presents the rate capability of C-TiO2-RM, N-TiO2-RM
and commercial rutile TiO2 nanoparticles (TiO2-RNP) from 0.05
to 2 A g�1. The BET surface area of the commercial rutile TiO2

was about 34 m2 g�1, and the detailed characterizations were
shown in our previous study.35 All of the samples exhibited
superior rate capability. The reversible discharge capacities of
C-TiO2-RM are 280 mA h g�1 at 0.1 A g�1 (230 mA h g�1 for N-
TiO2-RM) and 151 mA h g�1 at a relatively high rate of 2 A g�1

(132 mA h g�1 for N-TiO2-RM), which is much larger than that of
the rutile TiO2 nanoparticles. It is found that titanium-based
oxides (anatase TiO2 and Na2Ti3O7) show a low rst coulombic
efficiency when used as anode materials for NIBs. This large
irreversible capacity could be mainly due to the occurrence of
side reactions with electrolyte, solid–electrolyte interface (SEI)
This journal is © The Royal Society of Chemistry 2015
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Fig. 4 Charge–discharge profiles of (a) C-TiO2-MR and (b) N-TiO2-
MR at 0.05 A g�1, (c) rate capability of C-TiO2-MR, N-TiO2-MR and
rutile TiO2 nanoparticles, (d) cycling performance of C-TiO2-MR and
N-TiO2-MR at 0.1 A g�1, (e) long cycling performance of C-TiO2-MR
and N-TiO2-MR at 0.5 A g�1, (f) scheme of a tentative electrochemical
reaction process of TiO2 mesocrystals (filled symbols: discharge
capacity and open symbols: charge capacity).
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formation and some irreversible structure change of the active
materials.23,26,28 Herein, it is worth mentioning that the
coulombic efficiency at the rst cycle for C-TiO2-RM is 55%
(45% for N-TiO2-RM), which is much higher than that of TiO2-
RNP (28%). On the other hand, both the mesocrystals (N-TiO2-
RM and C-TiO2-RM) exhibited remarkably higher capacity and
better high rate capability than rutile nanoparticles. As depicted
in Fig. 4f, crystallographically oriented mesocrystals possess a
large surface area, nanoporous nature and few grain boundaries
between the nanocrystals, which could provide a high level of
accessibility for the electrolyte and more active sites, and allow
Fig. 5 (a) Raman and XRD patterns of N-TiO2-MR electrode at various
stages: (i) fresh, (ii) first discharge and (iii) first charge.

This journal is © The Royal Society of Chemistry 2015
fast electron and ion transport compared with the irregularly
oriented nanoparticles.

Fig. 4d presents the cycling performance of C-TiO2-MR and
N-TiO2-MR at 0.1 A g�1; the capacities of 190 mA h g�1 and 188
mA h g�1 aer 50 cycles could be retained, respectively. In order
to test the long term cycling stability of the rutile mesocrystals,
sodium-ion cells made from C-TiO2-RM and N-TiO2-RM were
run at 0.5 A g�1 for 200 cycles, aer aging at 0.1 A g�1 for 3
cycles. As presented in Fig. 4e, N-TiO2-RM shows that reversible
capacity starts at 204 mA h g�1 (235 mA h g�1 for C-TiO2-RM)
and is maintained at 138 mA h g�1 (also 138 mA h g�1 for C-
TiO2-RM) aer 200 cycles at 0.5 A g�1, as well as high coulombic
efficiency, indicating a good cycling stability. It could be
observed that the capacity decrease of N-TiO2-RM mostly
occurred at the initial cycle to the 20th cycle, whereas a good
cycling stability was obtained in the following cycling process.
On the other hand, N-TiO2-RM showed a slightly better cycling
stability than that of C-TiO2-MR, which may be due to the larger
pore size.

It is well known that Raman spectroscopy and XRD are
effective measurements to investigate the structure of titanium
dioxide, and the results are shown in Fig. 5. The curve of fresh
electrode exhibits the typical Raman peaks of rutile TiO2,36 as
presented in Fig. 5a. It is demonstrated that the rutile TiO2

structure could be maintained during the discharge and charge
process, although the intensities of all the peaks were lowered.
This result is similar to the previous study.29,30 Moreover, the
morphology of the rutile TiO2 mesocrystals remarkably remains
even aer the rate cycling test, as displayed in Fig. S4.† Therefore,
the rutile TiO2 mesocrystals exhibit not only a stable structure,
but also a stable morphology during the Na-ion intercalation and
extraction process, leading to good cycling stability.

4. Conclusions

In summary, nanoporous rutile TiO2 mesocrystals with a large
surface area and tunable microstructures were successfully
prepared via a facile synthesis route. Importantly, the rutile TiO2

mesocrystals were rstly used as an anode material for sodium-
ion storage. The rutile TiO2 mesocrystals exhibited a high
reversible capacity, superior rate capability and good cycling
stability. This could be largely due to the unique architecture with
nanoporous nature, large surface area and single-crystal-like
structure, which could provide a high level of accessibility for the
electrolyte and more active sites, and facilitate the fast electron
and ion transport. Moreover, the rutile TiO2 mesocrystals exhibit
stable structure and morphology during the Na-ion intercalation
and extraction process. Hence, the rutile TiO2 mesocrystals could
be a promising anode material for rechargeable Na-ion batteries.
This study could also provide new insight in studying the TiO2

anode and promote the development of advanced anode mate-
rials for Na-ion batteries.
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