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storage devices dominating power

sources for portable electronics and
electrical/hybrid vehicles, have attracted
considerable attention in the scientific and
industrial communities.! The ever-growing
market demand for their high electromotive
force, high energy density, and high cycla-
bility has stimulated numerous research ef-
forts aimed at the development of new high
performance electrode materials for LIBs.2~*
TiO, has received special interest for LIBs
for several reasons. First, TiO, is itself not
only a fast and low voltage insertion host
for Li, but also an abundant, low cost, and
environmentally benign electrode
material.>~ % Second, during Li insertion/
extraction, TiO, can remain structurally
stable and free of electrochemical Li deposi-
tion, which is vital for the safe operation of
LIBs. However, the cycling performance of
TiO, electrodes at high discharge/charge
rates is still poor owing to the poor elec-
tron transport in TiO, and the aggregation
tendency of TiO, nanoparticles." Efforts
have already been spent to address this
problem by using hybrid nanostructured
electrodes, for example, anatase TiO,/RuO,
nanocomposite,'? which used conductive
additives to interlink the TiO, nanostruc-
tures so as to improve the Li ion insertion
performance. Aside from the enhancement
of electron transport, a carbon coating onto
nanoparticles has an added advantage of

I ithium ion batteries (LIBs), as energy
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ABSTRACT This paper embarks upon three levels of undertaking ranging from nanomaterials synthesis to
assembly and functionalization. First, we have prepared size-tunable anatase Ti0, nanospindles via a
hydrothermal process by using tubular titanates as self-sacrificing precursors. Second, we have densely dispersed
the Ti0, nanospindles onto functional graphene oxides (GO) via a spontaneous self-assembly process. After
annealing of the Ti0,/GO hybrid nanocomposite in an NH; gas flow, the Ti0, surface was effectively nitridated
and the GO was reduced to graphene sheets (GS) in order to further fortify the electronic functionality of the
nanocomposite. Third, the anatase@oxynitride/titanium nitride-GS (Ti0,@TiO,N,/TiN—GS) hybrid nanocomposite
was studied as an anode material for lithium-ion batteries (LIBs), showing excellent rate capability and cycling
performance compared to the pure Ti0, nanospindles. Our systematic studies have revealed that the Ti0,@TiO,N,/
TiN—GS nanocomposites with graphene nanosheets covered with the Ti0,@TiO,N,/TiN nanospindles on both
sides provide a promising solution to the problems of poor electron transport and severe aggregation of Ti0,
nanoparticles by enhancing both electron transport through the conductive matrix and Li-ion accessibility to the
active material from the liquid electrolyte. More generally, the size-tunable Ti0, nanospindles with their unique
(101) outer surface planes provide an archetype for the in depth investigation of their surface-specific and size-
dependent physicochemical properties.

KEYWORDS: anatase nanospindles - TiO,@TiO,N,/TiN—graphene
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suppressing their aggregation during cy-
cling, hence increasing the Li-ion insertion/
extraction capacity of the hybrid electrodes
at high discharge/charge rates.'* However,
the extent of dispersion and conductivity in-
crease of the active materials is still rather
limited.

One-dimensional (1D) metal oxide nano-
structured materials such as nanowires,
nanotubes, and nanorods are particularly
interesting in LIBs owing to, save for the
large surface to volume ratio, their
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Scheme 1. Scheme for the synthesis and the subsequent lithiation/delithiation processes of the TiO,@Ti,O,/TiN—GS nano-

composites.

vectorial ion and electron transport and apt accommo-
dation of lithiation induced stresses.'* % To date, con-
siderable efforts have been devoted to the synthesis of
TiO, nanomaterials with various morphologies through
different methods such as sol, sol—gel, micelle, and in-
verse micelle, hydrothermal/solvothermal methods.?
Among the studies, few have reported the synthesis of
anatase TiO, nanospindles.?”2 Yang et al. synthesized
anatase TiO, nanospindles through hydrothermal treat-
ment of titanium isopropoxide and triethyl amine.?®
Wang et al. achieved hydrothermal preparation of ana-
tase TiO, nanoshuttles under alkaline conditions by em-
ploying titanate nanowires as the source precursors.>
However, only large size nanospindles could be ob-
tained in these works, with diameters of 20—150 nm
and lengths of 200—300 nm, which may put a bar on
their applications in LIBs.

In the work reported here, we have succeeded in
the synthesis of spindle-like TiO, with tunable diam-
eters down to 5 nm and lengths of about 15 nm by hy-
drothermally transposing a titanate nanotube precur-
sor in the presence of alkyl amines and a variant
viscosity solvent. Such size-tunable TiO, nanospindles
are featured by large exposed (101) surfaces, which
could be a fertile ground for systematic exploration of
size-dependent photocatalysis, gas sensing, dye-
sensitized charge separation/recombination and
lithium ion insertion/extraction.'”” ' We have further
densely immobilized the ultrafine, surface-nitridated
TiO, nanospindles onto graphene nanosheets with the
merit that high dispersion of the active material in a
highly conductive matrix would curb particle aggrega-
tion and dramatically boost the cycling performance of
LIBs at high discharge/charge rates. On one hand, the
high electronic conductivity of graphene sheets can as-
sist the storage of Li* in TiO, by providing rapid access
to electrons. On the other hand, the large surface area
of graphene sheets allows the easy access of Li* ions
from the liquid electrolyte to TiO, on both sides of the
graphene sheets. Recently, graphene sheets, with supe-
rior electrical conductivities, high specific surface areas
of over 2600 m%/g, and excellent structural stability,>' 34
have emerged as a new conductive matrix for dispers-
ing electrochemically active metal oxides for develop-
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ing hybrid nanostructured LIB electrodes.>>3® However,
the active material dispersion was still inadequate, and
furthermore, it is yet to be extended to other materials
such as TiO,.3” The present work is intended to address
this gap. We have tested the nitridation-driven conduc-
tive anatase@titanium oxynitride/titanium nitride
(TiO,@TiON,/TiN) onto graphene sheets (GS) as poten-
tial LIB anode materials, and demonstrated significantly
enhanced cycling performance, especially at high dis-
charge/charge rates. Scheme 1 illustrates an overview
of the present work.

RESULTS AND DISCUSSION

Formation of Ti0, Nanospindles. The TiO, nanospindles
were prepared by hydrothermal treatment of a source
precursor—titanate nanotubes—in the presence of
alkyl amines. The precursor was synthesized by a simple
hydrothermal reaction of NaOH and TiO,, followed by
acid washing, as described in the Experimental Details
section.®® SEM and TEM images of the precursor are
shown in Figure 1 panels a and b, respectively, confirm-
ing a distinct tubular morphology with an average di-
ameter of ~10 nm and lengths ranging from hundreds
of nanometers to a few micrometers. XRD patterns in
Figure 2a,b show clearly that the precursor (titanates)
has been transformed to anatase TiO, (JCPDS card no.
21-1272) after hydrothermal treatment under an alka-
line condition. The sharp and strong XRD peaks for the
as-prepared anatase TiO, attest the good crystallinity
and high crystalline purity of the product. The as-
prepared anatase TiO, was subjected to further struc-
tural characterizations. From the low magnification SEM
image in Figure 1¢, the as-prepared anatase TiO, dis-
plays exclusively a spindle-like nanostructure with a uni-
form size. More quantitatively, the diameters of 30—50
nm and the lengths of 200—300 nm for the nanospin-
dles can be estimated from the high magnification SEM
image in Figure 1d.

Shown in Figure 3a is the TEM image of a randomly
chosen TiO, nanospindle with a high aspect ratio of
~7, and its corresponding HRTEM image taken near
one of the tips is juxtaposed in Figure 3b. A lattice spac-
ing of 3.5 A is recognized and can be ascribed to the
(101) planes of anatase TiO,. The SAED pattern of the
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Figure 1. (a) Low and high magnification (inset) SEM images and (b) TEM image of the as-prepared titanate precursor. (c)
Low and high magnification (inset) SEM images and (d) TEM image of the as-prepared TiO, nanaspindles.

nanospindle shows a set of well-defined spots, indica-
tive of single-crystallinity. Also, by indexing the regular
spots of this pattern, one finds a preferred growth direc-
tion of the nanospindle along the [001] axis. The tip is
thus confined by one set of (101) outer surfaces, which
are known to easily adsorb dimethylamines. 3940

(d)
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Figure 2. XRD patterns of as-prepared titanate precursors
(a), TiO, nanospindles (b), hydrogen titanate hydrate (c), and
the product after annealing of the hydrogen titanate hy-
drate (d).

www.acsnano.org

Having established that the anatase TiO, nanospin-
dles were indeed transformed from the tubular titan-
ate precursors, the key question now is how this trans-
formation occurred. To tackle this question, we
performed experiments aiming to track the timing
course of the transformation process. Figure 4 shows
TEM images of a precursor sample after different peri-
ods of hydrothermal treatment but under otherwise
identical reaction conditions in a mixture of ethanol and
ethylene glycol (v/v = 1:1) in the presence of alkyl
amines. Surprisingly, with increasing reaction time,
more and more nascent nanospindles were formed
and appeared to perpendicularly line up (side by side)
along the precursor nanotubes (see Figures 4a—d).
Eventually, the tubular structures vanished and were
supplanted by abundant collections of nanospindles,
as can be seen from Figure 4d.

Next, we found that the reaction solvent plays an im-
portant role in controlling the size of the TiO, nanospin-
dles. In our experiments, we found that viscosity of the
reaction solvent could be used to tune the sizes of the
nanospindles. In Table 1, three TiO, nanospindle prod-
ucts are listed as SP-200, SP-100, and SP-20 with de-
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Figure 3. A typical TEM image (a) and HRTEM image (b) of the as-prepared TiO, nanospindles. Inset of panel b: SAED pattern.

creasing size in that order. In Figure 5, SEM and TEM im-
ages show the nanospindle size changes of the as-
prepared products with addition of different amounts
of ethylene glycol into the reaction system. Specifically,
when the reaction media consisted of 50 mL of water
and 10 mL of ethylene glycol, we obtained TiO, nano-
spindles with a mean diameter of 30 nm and a length of

\ ¥ N I

~100 nm (see Figure 5a,b). When the volume ratio of
water/ethylene glycol was 1:2, the average diameter of
the as-prepared nanospindles reduced to ~10 nm and
the mean length to ~20 nm (see Figure 5¢,d).

Some additional control experiments were also car-
ried out. First, when no alkyl amines were used in the re-
action, the tubular structure was maintained. Second,

:

Figure 4. TEM images of the products obtained after different periods of reaction times: (a) 0, (b) 0.5, (c) 1.5, and (d) 3 h.
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TABLE 1. Summary of the Synthesis Conditions and Sizes
of the TiO, Nanospindles Obtained Using Different
Solvents®

samples water (mL) ethanol(mL) EG(mL) diameters(nm) lengths (nm)

SP-200 30 30 30—50 200—300
SP-100 50 10 25—35 80—130
SP-20 20 40 6—15 15—25

“The hydrothermal reactions were at 180 °C and lasted for 12 h. EG: ethylene glycol.

when the reaction was conducted by replacing water
with DMF but under otherwise identical conditions, a
sponge-like loose structure was observed with SEM (see
Supporting Information, Figure S1a). The XRD pattern
of the product shown in Figure 1c exhibits a new broad
peak at around 9° when compared with that of the as-
prepared titanate in Figure 1a, which can be attributed
to hydrogen titanate hydrate (JCPDS card no. 47-0124).
After annealing at 500 °C, the morphology was mostly
changed and some sheets were cracked into smaller de-
bris (see Supporting Information, Figure S1d). The re-
sulting composition of the product was determined to

I . N

be anatase TiO, according to the XRD pattern in Figure
2d.

Our experiments, in conjunction with results re-
ported previously by other researchers,***' show that
water and alkyl amines both play important roles in the
formation of the spindle-like structure of TiO, and that
the addition of ethylene glycol can leverage the size of
the nanospindles. Accordingly, the formation mecha-
nism of the TiO, nanospindles can be proposed, which
involves a dissolution—nucleation process under hy-
drothermal conditions. This mechanism is in conformity
to the observed large changes of morphologies from
the nanotubes to the nanospindles.*' As is well-known,
each layer of the layered titanate is composed of corru-
gated ribbons of edge-shared TiO¢ octahedra, which
are about three TiOg octahedra wide and laterally linked
together through corner sharing, and separated by H*
ions from the neighboring layers (see the crystal struc-
ture of H,Tiz0; in Scheme 2).#27% As such, the layered ti-
tanate could be easily delaminated, exfoliated, and
split into discrete Ti monomer or oligomer units under
the alkaline and hydrothermal condition. The Ti mono-
mer or oligomer units would then be assembled into

-

Figure 5. (a) A SEM image and (b) a TEM image of as-prepared spindles reacted in 50 mL of water and 10 mL of ethylene glycol.
(c) A SEM image and (d) A TEM image of as-prepared spindles reacted in 20 mL of water and 40 mL of ethylene glycol.
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Scheme 2. Schematic representation of a possible formation mechanism of the anatase nanospindles.

the anatase nanospindles. Such a proposition on the
phase and shape transformation is consistent with our
TEM observations (Figure 4a—d and XRD patterns in
Figure 2). In the initial stage of reaction, the layer struc-
tured titanate nanotubes were gradually decomposed
and produced Ti monomer or oligomer building units
by hydrolysis, which could immediately nucleate and
grow into anatase structure superseding the sacrificed
titanate nanotube precursor under the alkaline condi-
tion (see Scheme 2). The dissolution process would hap-
pen from the outer to the inner titanate layer gradu-
ally, and this explains why the nucleation took place all
over the titanate tubular surface simultaneously.*?
Moreover, the fact that the emerging nanospindles
were perpendicularly attached onto the sacrificial nano-
tubes (see Figure 4b,c) can be explained by the sce-
nario that the undissolved quasi-anatase nucleus on
the tubular surface of the titanate could serve as seeds
for the growth of spindle-shaped nanocrystals with
their surfaces being capped by dimethylamine. As the
reaction went on, all of the tubular titanates were
gradually dissolved and finally transformed to the much
smaller sized anatase nanospindles (Figure 4d). In addi-
tion, owing to its high viscosity, ethylene glycol as part
of the solvent could reduce the rate of the spindle crys-
tal growth in a reagent transport limited regime. As a
support, only very small TiO, nanoparticles were ob-
tained when pure ethylene glycol was used as the reac-
tion solvent (see Supporting Information, Figure S2).
Assembly of Ti0,/Graphene Oxides Nanocomposites. To uni-
formly disperse the TiO, nanospindles onto graphene
sheets, we first adopted a hydrothermal process to treat
the titanate precursor and graphene oxides in the pres-
ence of alkyl amines. Of note, the graphene oxides syn-
thesized by the modified Hummers method (see Experi-
mental Details section) consist of basal plane carbon
atoms decorated with epoxy and hydroxyl groups and
edge carbon atoms attached by carbonyl and carboxyl
groups, as vindicated by XPS and FT-IR spectra (see Sup-
porting Information, Figure S3 and S4). The C 1s XPS
spectrum (Figure 3b) shows two peaks at binding ener-
gies of ca. 283—290 eV, which are indicative of the ex-
istence of oxygen functionalities associated with the ep-
oxy and hydroxyl groups as well as the carbonyl and
carboxyl groups on the graphene sheets (see Support-
ing Information, Figure S3).374° The FT-IR spectra further
attest the existence of these functional groups in the
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graphene oxides. The broad band at 3600—3100 cm ™!
and the peak at around 1630 cm™' correspond, respec-
tively, to the stretching and bending modes of the
structural OH groups and of the OH groups of adsorbed
water. The weak band located at 1730—1710 cm ™' can
be assigned to the stretching vibration of carboxyl
groups on the edges of the sheets.* The bands at
around 1345 and 1060 cm ™! are associated with to the
vibrations of C—OH and C—0 groups, respectively (see
Supporting Information, Figure S4). Such functional
groups are important sites for interlinking the graphene
sheets to TiO, nanospindles. Indeed, after reaction with
graphene oxides in the presence of alkyl amines, the ti-
tanate nanotubes were transformed into TiO, nano-
spindles which were then anchored via these functional
groups onto the surface of graphene oxides, as shown
in a typical TEM image in Figure 6a. The attached TiO,
nanospindles are well-defined and have on average a
uniform diameter of ~10 nm and length of ~20 nm.
After annealing the as-formed nanocomposite in NH;
atmosphere, the morphology was largely conserved, as
shown in Figure 6b. The purpose of such annealing in
NHjs is 2-fold. First, the graphene oxide sheets can be
transformed into N-doped graphene sheets, which
have been confirmed by a sharp C 1s XPS peak at
~285.4 eV (see Supporting Information, Figure S3), typi-
cal of a good sp?-type w-conjugation in the graphene
sheets, and an N 1s XPS peak at ~398.7 eV (see inset in
Figure 7b), suggestive of the C—N bond formation in
the graphene sheets. In fact, Dai et al. already demon-
strated that annealing in NH; is more effective in en-
hancing the conductivity of graphene oxides (GO) than
the hydrazine solvothermal reduction treament.*” Sec-
ond, an ultrathin conductive TiN/TiO,N, layer is ex-
pected to form on the surface of the TiO, nanospin-
dles,* as will be discussed below.

The Raman spectrum of the TiO,@TiO,N,/TiN—GS
nanocomposite is shown in Supporting Information
Figure S5. The peaks at 150, 392, 515, and 631 cm™!
can be assigned as the Eg, Byg, Ay, Or Big, and E; modes
of the anatase phase, respectively.*® A weak peak at
around 450 cm ™" and a shoulder peak at around 610
cm~! (marked by an arrow) appeared after the thermal
treatment at 650 °C, corresponding to the E; and A4
modes of the rutile phase. The D and G bands at around
1350 and 1580 cm ™', respectively, correspond to the
structure of carbon, indicating that the structure of

Wwww.acsnano.org



Figure 6. (a) A typical TEM image of a TiO, nanospindles/graphene oxide nanocomposite. (b) A TEM image of a

| — 3% 5.(* =

TiO,@TiO,N,/TiN—GS nanocomposite after annealing in NHs. Inset: A close-up view of the TEM image in panel A.

graphene is maintained after the thermal treatment in
NHs. In addition, comparison of the FT-IR bands of the
as-prepared three samples (see Supporting Informa-
tion, Figure S4) showed the absence of some character-
istic functional groups of graphene oxide after forming
the TiO,/graphene nanocompsoite, but accompanied
by a new peak at around 750 cm ™', ascribable to the vi-
bration of Ti—O groups.

To estimate the surface composition of the TiO,
nanospindles, we refer to the XPS spectra in the core

(a) Ti2p3/2-1/2 (b) N1s | — N-doped Graphene
F]
.4+ 2
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level regions of Ti 2p and N 1s (Figure 7). The Ti 2p

peak exhibits a unique doublet at around 458.5—464.5

eV, which is typical of Ti*" in an octahedral environ-
ment. After the thermal nitridation, however, a new Ti

2p doublet at lower binding energies (454.5—459.5 eV)
appears, which can be attributed to the formation of ti-

tanium nitride (TiN) (454.5—455.5 eV) and titanium ox-
ynitride (TiO,N,) (456.0—456.7 eV) (Figure 7a).>%*! Simi-
larly, the N 1s peak also presents a doublet at around

395.1—402.3 eV, which is almost absent before the ni-
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Figure 7. Ti 2ps/5,1/2 (@) and N 1s (b) XPS spectra of the TiO, nanospindle/graphene nanocomposite before (A) and after (B) ni-
tridation at 650 °C. The fitted results are shown as red dashed curves. Top-right inset: N 1s XPS spectrum of the GO after an-

nealing in NH; (N-doped graphene).
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tridation (Figure 7b). Plausibly, the lower energy fea-
ture at around 395.1—399.7 eV is ascribed to the ni-
tride and oxynitride species on the surface of the TiO,
nanospindles, while the higher energy feature at
around 400.9—402.3 eV is assigned to the characteris-
tic energy losses or chemisorbed NH, on the formed
Ti—O—N species; the small shoulder in the middle en-
ergy range of 399.7—400.9 eV is mainly due to the C—N
species of the N-doped graphene (see the inset of Fig-
ure 7b).5051

Thermogravimetric analysis (TGA) was also con-
ducted to investigate the content of graphene sheets
in the as-prepared TiO,@TiO,N,/TiN—GS nanocompos-
ite in air (Figure S6, Supporting Information). The first
weight loss of ~0.8% from 25 to 100 °C can be attrib-
uted to the loss of water adsorbed on the surface of the
hybrid nanocomposite. The subsequent weight loss of
~3% may be ascribed to the evaporation or/and oxida-
tion of very small sized or defected graphene/carbon
species. Starting from 300 up to 440 °C, the gradual
weight increase of ~1.6% corresponds to the oxida-
tion of TiO,N, and TiN into TiO.. Finally, a sharp weight
loss of ~7.0% from 440 to 530 °C can then be attributed
to the complete combustion of the graphene sheets.
Therefore the TGA data show that the graphene car-
bon content is ~10% in the nanocomposite and they
also confirm the formation of a thin layer of TiO,N,
and/or TiN on the TiO, nanospindle surfaces.

Li Insertion/Extraction in the Nanocomposites. To demon-
strate the effects of titania nanospindle size, surface ni-
tridation, and hybridization with graphene sheets on
the Li insertion/extraction properties, we fabricated
electrodes consisting of TiO, nanospindles with differ-
ent sizes and after different treatments. The electrodes
were then used to make coin cells together with a Su-
per P carbon additive and a PVDF binder, which are
components of conventional Li-ion batteries. Shown in
Figure 8a are the electrochemical behaviors of TiO,
nanospindles of different sizes. One witnesses a dis-
tinct difference in Li-insertion behavior among the
different-sized nanospindles. For example, at a rate of
C/5, about 0.37 and 0.43 Li per TiO; (one Li insertion into
TiO; (LiTiO,) corresponds to a capacity of 336 mA h
g~') are inserted into the samples of SP-200 and SP-
100, respectively, which are apparently lower amounts
than what is inserted into SP-20 (~0.49 Li per TiO,).
Here the 1C-rate is defined as the current density nec-
essary to fully charge/discharge the battery in 1 h. The
nanospindle size-dependent Li insertion characteristics
are corroborated by the subsequent discharge—charge
curves. Obviously, the electrochemical behavior de-
pends to a large extent on the particle size. This is un-
derstandable because in nanostructured systems, the Li
surface storage may play a crucial role in the overall ca-
pacity, and such a Li insertion mechanism can be ener-
getically more favorable for smaller nanoparticles than
for large nanoparticles.”>?
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Figure 8. (a) Voltage profiles of the electrodes made of nano-
spindles with different sizes and shapes cycled at a rate of C/5
between 1.0 and 3.0 V. (b) Cycling performance of the elec-
trode made of SP-20 at a rate of 1C. The inset shows the volt-
age profiles of the electrode made of SP-20 for the first three
cycles in the range of 1—-3 V.

Figure 8b displays room temperature cycling perfor-
mance of SP-20 at a rate of 1C and in a potential range
of 1.0—3.0 V. In the corresponding capacity —voltage
curves for the first three cycles (inset of Figure 8b), the
discharging plateaus at around 1.75 V and the charging
plateau at around 1.9 V can be distinguished and as-
cribed, respectively, to Li-ion insertion and extraction,
similar to those observed previously with nanoparticu-
late anatase.>*>* The plateaus are associated with the
phase transition between the tetragonal (anatase TiO,)
and orthorhombic (Li,TiO,) phases. From Figure 8b, one
can also see a large irreversible capacity loss from the
first to the second cycle, which is also observed in other
anatase TiO,.>37% Afterward, however, the
capacity—voltage profiles show a steady voltage evolu-
tion with a constant potential region probably be-
cause a special structure may have been formed. Such
a structure would be electrochemically reversible dur-
ing Li insertion/extraction cycles, leading to a good ca-
pacity retention. As it happens, the average capacity
loss per cycle is less than 0.18 mA h g~ from the sec-
ond to the 50th cycles at a rate of 1C.

To examine the effectiveness of the TiO,@TiON,/
TiN and TiO,@TiON,/TiN—GS nanocomposite elec-
trodes for LIBs, we also investigated their electrochemi-
cal properties with respect to Li-ion insertion/
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Figure 9. a) Voltage profiles of the electrodes made of SP-20
(black lines), and SP-20@TiO,N,/TiN (green lines), and
TiO,@TiON,/TiN—GS nanocomposite (red lines) cycled at a
rate of 1C between 1.0 and 3.0 V. The inset in panel a shows
the corresponding capacity derivatives with respect to volt-
age (dQ/dV). (b) Cycling specific capacity profiles of SP-20,
SP-20@TiO,N,/TiN, and TiO,@TiO,N,/TiN—GS nanocompos-
ite at different charge/discharge rates.

extraction. For this purpose, we used the nanocompos-
ite with the attached TiO, nanospindles having a diam-
eter of ~10 nm and a length of ~20 nm because the
size is comparable to those of SP-20 and SP-20@TiO,N,/
TiN and thus allows a meaningful comparison. The Li in-
sertion/extraction properties of the hybrid nanocom-
posite were investigated in the potential range of
1.0—3.0 V (vs Li*/Li) for the Li storage in TiO,,'>'* which
is above the reversible Li storage potential in graphene
sheets (<1 V). Figure 9a displays the comparison dis-
charge/charge profiles of the three materials cycled at
a rate of 1C. The Li storage capacity in the TiO,@TiO,N,/
TiN—GS hybrid nanocomposite electrode is up to 166
mA h g~ . This value is much larger than those of SP-20
(145 mA h g~") and SP-20@TiO,N,/TiN (150 mA h g~ ")
due to the added conductive TiN/TiO,N, thin layer and
the underlying anchoring graphene sheets. In support
of the beneficial role of the conductive graphene
sheets, a much lower polarization has been achieved
with the TiO,@TiON,/TiN—GS nanocomposite (ca. 170
mV) than those of the pure TiO, nanospindles of SP-20
(ca. 260 mV) and SP-20@TiO,N,/TiN (ca. 220 mV), as can
be seen from Figure 9a and the inset in Figure 9a. By
the same token, the lower polarization for SP-20@TiO,-
N,/TiN (pure SP-20 after nitridation) than that of the
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pure TiO, nanospindles of SP-20 speaks for the posi-
tive effect of the conductive TiO,N,/TiN sheath on the
lithium insertion/extraction kinetics.

Figure 9b compares the rate performance of the
three nanomaterials. All of the three electrodes were
first cycled at a rate of C/5. Irreversible capacity losses
in going from the first to the second cycle were ob-
served for the three nanomaterials presumably due to
decomposition of the electrolyte and/or solvent. Never-
theless, the initial discharge capacity of ~314 mA h
g~ for the TiO,@TiO,N,/TiN—GS is higher than those
for the SP-20 (~287 mA h g™ ") and for the SP-20@TiO,-
N,/TiN (~290 mA h g~"), which should be mainly cred-
ited to the improved lithium insertion/extraction kinet-
ics in the TiO, nanospindles due to the added
conductive TiN/TiO,N, thin layer and the underlying an-
choring graphene sheets. Especially notable is the ex-
cellent rate performance of the TiO,@TiO,N,/TiN—GS
hybrid nanocomposite compared with SP-20 and SP-
20@TiON,/TiN. At a rate of C/3, the specific capacity of
the TiO,@TiOxN,/TiN—GS nanocomposite electrode was
175 mAh g, which was slowly reduced to 166 mAh
g 'at 1C, 150 mAh g " at 3C, 130 mAh g~ " at 12C and
finally resumed ~165 mAh g~' when the rate was re-
duced back to C/3. These capacities are to be compared
to those of the electrode made of SP-20@TiO,N,/TiN un-
der the same conditions, namely, only ~149 mAh g~
at 1C, ~110 mAh g ' at 3C, and ~86 mA g~ ' at 12C.
This clearly is a positive effect of the graphene sheets
on the rate performance. Actually, even lower specific
capacities have been revealed for the electrode derived
from SP-20. Those values were only ~145 mAh g~ ' at
1C, ~105 mAh g~ " at 3C, and ~75 mA g~ " at 12C. This
highlights the benefit of the conductive layer of TiO,N,/
TiN from the thermal nitridation process. Moreover,
the good cycling performance of our TiO,@TiO,N,/
TiN—GS hybrid nanocomposite electrode also stands
out when compared to the recent report by Wang et al.
for a TiO,/graphene hybrid composite with a capacity
of ~160mAhg'at1C, ~135mA h g 'at3C and
~120mAh g "Tat10C (1C = 168 mA h g~ ").3 Although
many factors, for example, the thickness of the elec-
trode, the impedance of the electrode, etc., may con-
tribute to the superior performance of our hybrid nano-
composite, the ordered dispersion of dense ultrafine
TiO, nanospindles onto conductive graphene
nanosheets in tandem with the thin TiN/TiO,N, layer
on the nanospindles are undoubtedly key to the capac-
ity retention on cycling, especially at high discharge/
charge rates.

CONCLUSIONS

We have combined synthesis, assembly, and device
function to realize a high cycling performance LIB elec-
trode by taking advantages of nanostructuring design
and tailoring material hybridization. At the first level is
the synthesis of size-tunable anatase TiO, nanospindles
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via a hydrothermal dissolution/recrystallization process
by using the tubular titanates as the source precursors.
The size-tunability was achieved by the judicious choice
of reaction solvents. The second level is characterized
by the successful anchorage of the ultrafine anatase
TiO, nanospindles onto graphene oxides in a uniform
fashion to form TiO, nanospindles/graphene oxides hy-
brid nanostructures. Finally on the top, we have
achieved significantly enhanced Li-ion insertion/

EXPERIMENTAL DETAILS

Synthesis of the Titanate Nanotube Precursor. In a typical synthesis,
0.4 g of TiO, (Degussa P25, about 20% rutile and 80% anatase
with a particle size of about 20—30 nm) was dispersed in 20 mL
of 10 M NaOH aqueous solution. After stirring for 30 min, the re-
sulting suspension was transferred into a Teflon-lined stainless
steel autoclave with a capacity of 100 mL. The autoclave was
maintained at 150 °C for 20 h and then cooled to room temper-
ature naturally. The resulting titanate nanotube precipitate was
acid washed by adding a 0.1 M HClI solution under stirring until
pH = 1—2, then filtered and washed again with distilled water
several times.

Synthesis of Ti0, Nanospindles with Different Sizes. To prepare TiO,
nanospindles with different sizes (see Table 1), the titanate nano-
tube precursor was redispersed in 60 mL of different water and
ethanol or ethylene glycol mixtures by stirring vigorously for 30
min. After adding 2 mL of dimethylamine, the stirring was con-
tinued for 30 min. The resulting mixture was sealed in a Teflon-
lined stainless steel autoclave with a capacity of 100 mL and
maintained at 180 °C for 12 h. After the autoclave was cooled
to room temperature naturally, the turbid suspension inside the
autoclave was centrifugally separated and the precipitate was
collected.

Synthesis of Ti0, Nanospindles/Graphene Oxides Nanocomposites.
Graphene oxide (GO) sheets were prepared from natural graph-
ite powder by oxidation with potassium permanganate accord-
ing to the procedure reported by Hummers.? To disperse TiO,
nanospindles onto graphene oxides, a procedure similar to that
in the synthesis of the nanospindles described above was used,
except that an appropriate amount of GO was added in the ini-
tial reaction mixture.

Synthesis of Ti0,@TiO,N,/TiN Nanospindles and Ti0,@TiO,N,/TiN—GS
Nanocomposites by Thermal Nitridation. The TiO, nanospindles-
graphene oxide nanocomposites prepared above (or using SP-20
TiO, to finally obtain TiO,@TiO,N,/TiN nanospindles) were loaded
into a silica tube reactor placed in a horizontal tube furnace
and connected to a gas feed system. Initially, a flow of Ar gas
(99.99%) was maintained over the bed to get rid of air and H,O.
After a brief period (30 min) for stabilization of the gas flow, the
furnace was heated from room temperature to 400 °C at a rate of
30 °C min~", held at this temperature for 30 min and then raised
to 650 °C at a rate of 5 °C min~'. Then, the flowing gas was
switched to NH; with a flow rate of 30 cm® min~', and the reac-
tion system was maintained at 650 °C for 15 min. Finally, the fur-
nace was allowed to cool down under a flowing Ar gas.

Characterization. The as-prepared products were characterized
by scanning electron microscopy (SEM), transmission electron
microscopy (TEM), and powder X-ray diffraction (XRD) measure-
ments. The morphologies were directly examined by SEM using a
JEOL 6700F at an accelerating voltage of 5 kV. For TEM observa-
tions, the as-synthesized nanostructures were ultrasonically dis-
persed in ethanol and then dropped onto carbon-coated copper
grids. TEM observations were carried out on JEOL 2010F and
JEOL 2010 microscopes both operating at 200 kV. An energy-
dispersive X-ray spectrometer (EDS) was attached to the JEOL
2010F. The XRD analyses were performed on a Philips PW-1830
X-ray diffractometer with Cu Ka radiation (A = 1.5406 A)ata
scanning speed of 0.025°/sec over the 26 range of 10—70°. The
samples were in powder form dispersed on a carbon tape that
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extraction performance with the hybrid nanocom-
posite after nitridation, especially at high charge/dis-
charge rates. We anticipate that the size tunable
TiO, nanospindles shall find applications in other ar-
eas such as sensors and solar cells. From the gen-
eral perspective of methodology, the approach
adopted in this work, which integrates synthesis, as-
sembly, and functionalization, is going to prevail in
the future bottom-up nanotechnology.

was attached to a sample holder. XPS spectra were measured
on a Perkin-Elmer model PHI 5600 XPS system with a resolution
of 0.3—0.5 eV from a monochromated aluminum anode X-ray
source.

LIB Electrode Fabrication and Performance Measurements. The elec-
trodes were fabricated by using the TiO, nanospindles and their
nanocomposites as the active materials, conductive carbon
blacks (Super-P) and polyvinylidene fluoride (PVDF) binder in a
weight ratio of 75:15:10 and 85:5:10, respectively. The slurry was
coated on a copper foil and dried overnight in a vacuum at 100
°C. For the square cell test, the electrode was cut into a square
shape with an area of 1 cm?. The electrochemical performances
of these electrodes were evaluated in a 2016 coin-type TiO,/Li
cell, in which the lithium electrode was used as the counter elec-
trode as well as the reference electrode. The electrolyte was 1
M LiPFg in ethylene carbonate (EC) and diethyl carbonate (DEC)
(1:1 by volume). The charge/discharge tests were performed us-
ing an Arbin battery testing system at different current rates (1C
= 168 mA g~') with a voltage window of 1—-3 V.
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