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Abstract Anatase TiO, nanoparticles in situ grown
on nitrogen-doped, reduced graphene oxide (rGO)
have been successfully synthesized as an anode
material for the lithium ion battery. The nanosized
TiO, particles were homogeneously distributed on the
reduced graphene oxide to inhibit the restacking of the
neighbouring graphene sheets. The obtained TiO,/
N-rGO composite exhibits improved cycling perfor-
mance and rate capability, indicating the important
role of reduced graphene oxide, which not only
facilitates the formation of uniformly distributed
TiO, nanocrystals, but also increases the electrical
conductivity of the composite material. The introduc-
tion of nitrogen on the reduced graphene oxide has
been proved to increase the conductivity of the
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reduced graphene oxide and leads to more defects. A
disordered structure is thus formed to accommodate
more lithium ions, thereby further improving the
electrochemical performance.
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Introduction

Metal oxides have been considered as a significant
family of high-power anode materials for rechargeable
lithium ion batteries (Poizot et al. 2000) because of
their diverse chemical and physical properties, as well
as their high reversible capacities. Recently, titanium
dioxide has garnered huge attention because of its
wide potential applications in sensing, photocatalysis,
electronic devices, conversion devices, solar cells and
energy storage (Subramanian et al. 2006; Han et al.
2011a), because of its abundance, low cost and
environmental benignity (Wagemaker et al. 2002;
Hu et al. 2006). In the field of lithium ion batteries,
TiO, has been particularly studied, since it also has
high potential, flat operating potential, a safe and
stable structure with a negligible volume change
(<4%) in the processes of lithium ion intercalation/de-
intercalation and intrinsic safety because lithium
electrochemical deposition can be avoided (Wang
et al. 2009; Qiu et al. 2010). There are eight
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polymorphs of TiO,, among which, anatase is widely
considered to be the most electroactive host for lithium
ion insertion (Kavan et al. 1996).

The sluggish lithium ion diffusion and low-elec-
tronic conductivity (~ 1072 sem™) of TiO, are
obstacles, however, to its practical application in
higher power output applications. Nanomaterials have
been employed to improve the electrochemical per-
formance of TiO,. It is reported that nanosheets (Liu
et al. 2011), nanoribbons (Kim et al. 2009), nanotubes
(Kim and Cho 2007) and nanowires (Wang et al. 2008)
can shorten the diffusion length for lithium ions,
provide good electronic transport paths, owing to the
large surface to volume ratio and increase lithium
transport between the electrode and electrolyte (Arico
et al. 2005), thus enhancing the electrochemical
performance. Nevertheless, another problem arising
from the nanosized materials is the strong tendency
toward aggregation of TiO, nanoparticles. Therefore,
strategies such as introducing a conductive coating
layer, decorating the nanoparticles on certain sub-
strates and embedding the nanostructures in a con-
ductive matrix have been applied to prevent
nanostructures from aggregating and, more impor-
tantly, to increase the conductivity.

Recently, graphene-based electrode materials, such
as Co304/graphene composites (Park et al. 2011; Wu
et al. 2011a; Li et al. 2013), SnO,/graphene nanopor-
ous composites (Paek et al. 2008), MnO/graphene
nanosheet hybrid (Zhang et al. 2012a) and LisTisO,/
graphene composite (Zhu et al. 2010) have attracted
considerable interest because of their improved rate
capability and enhanced cyclic performance because
of their high electrical conductivity, high surface
areas, broad electrochemical window and chemical
tolerance (Pack et al. 2008; Stankovich et al. 2006). It
is also found that a graphene layer can effectively
hinder severe aggregation of nanoparticles in charge/
discharge processes (Wu et al. 2011a).

Chemical doping is expected to substantially
increase the density of free charge carriers and thereby
enhance the electrical conductivity (Rao et al. 1997).
So far, nitrogen-doped graphene is widely studied to
enhance the properties of electrode materials, as it
shows improved capacity, cycle life and rate perfor-
mance compared with pristine graphene (Wu et al.
2011b; Wang et al. 2012a). Its advantages are derived
from the conjugation between the nitrogen lone-pair
electrons and the graphene r system (Liu et al. 2010).
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Notably, nitrogen doping can improve the conductiv-
ity, which can be attributed to the decreased semicon-
ducting gap after doping and the appearance of a finite
density of states at zero energy in the graphene
(Mousavi and Moradian 2011), so that a band gap is
opened up between the valence band and conduction
band (Wang et al. 2012b). There is higher electroneg-
ativity around the sites of nitrogen doping on the
graphene, which can attract a larger number of lithium
ions and therefore enhance the capacity (Shin et al.
2012), as shown in Fig. 1a. Based on first-principles’
calculations, the process of nitrogen doping can
introduce more defects than is possible with pristine
graphene, and the presence of vacancy defects can
enhance the ratio of Li:C, which facilitates free lithium
ion diffusion between the graphene sheets in a
perpendicular direction (Fan et al. 2012). Owing to
the presence of defects, the lithium ion can easily
diffuse to the vacancy and then go through to the other
surface of the graphene sheet or to the surface of
another layer of graphene, because the diffusion barrier
at the hexagonal sites around the defects is much lower
than in pristine graphene (as shown in Fig. 1b) (Fan
et al. 2012). Furthermore, Shin et al. (2012) believed
that the nitrogen doping could introduce more favour-
able binding between nitrogen-doped sites and metal
oxide nanoparticles, and play a critical role in assisting
the good dispersion of nanoparticles during cycling.
Moreover, nitrogen doping has been demonstrated to
enhance the surface hydrophilicity to facilitate the
electrolyte—electrode interactions (Wang et al. 2012b).
There are three different types of nitrogen-doped
graphene sheets: graphitic, pyridinic and pyrrolic
graphene (Ma et al. 2012). The results of first-
principles’ calculations also show that the pyridinic
graphene is the most suitable for lithium ion storage at
high capacity (Ma et al. 2012), and this pyridinic
nitrogen would increase the density of electronic states
(DOEs) around the Fermi level and open up the band
gap of graphene (Wang et al. 2010a). Up to now, there
are only some studies reporting that nitrogen-doped
graphene sheets as a conductive matrix material for
electrode material deposition (Wang et al. 2012a), and
to the best of our knowledge, there have been no reports
on N-doped graphene/TiO, as anode material for
lithium ion batteries.

In this study, a composite of TiO, nanoparticles
attached to nitrogen-doped graphene sheets was
synthesized as anode material for the lithium ion
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Fig. 1 Schematic drawings illustrating a the lithium ions
inserting themselves into the defects on the graphene; b lithium
ions diffuse through the defects on the graphene sheet from one
side to another or to the side of another graphene sheet

battery, and the electrochemical properties were
investigated to gain insight into the synergistic effects
from the nitrogen doping on the graphene sheets. The
nanosized-TiO, particles were uniformly distributed
on the nitrogen-doped graphene sheets and therefore
prevented the restacking of the graphene sheets. The
nitrogen doping is proved to enhance the electro-
chemical performance of the composite material
because of increased electronic conductivity, faster
and easier lithium ion transfer across the graphene
sheets, improved wettability between electrode and
electrolyte, and more active sites provided for lithium
storage on the graphene sheets. In addition, the good
contact between TiO, nanoparticles and the nitrogen-
doped graphene sheets can further improve electronic
conductivity.

Experimental

Graphene oxide (GO) was synthesized from natural
graphite powder by a modified Hummers method

(Hummers and Offeman 1958; Li et al. 2008). 14 mg
of the obtained GO was dispersed in 45-mL ethanol by
ultrasonication for 0.5 h. 0.24-mL titanium(IV) iso-
propoxide (97%, Aldrich) and 0.5 mL acetic acid
(Aldrich) were mixed with 9.5-mL ethanol with
stirring for 0.5 h. Then, the solution containing
titanium precursor was added to the GO solution and
then stirred for several hours at 80 °C to ensure a
complete hydrolysis reaction. Subsequently, 0.2-mL
hydrazine anhydrous (Aldrich) was added to the above
solution with stirring for 20 min. Then, the solution
was transferred into a Teflon-lined stainless steel
reactor and heated at 200 °C for 20 h. After the
reaction, a black powder was collected by centrifuga-
tion and washed with de-ionized water and ethanol
several times before drying in an oven at 60 °C
overnight. Samples of bare TiO, and TiO,/reduced
GO (rGO) were also prepared for comparison. The
experimental steps for these samples were the same as
for the synthesis of TiO,/N-rGO, but without the GO
for the bare TiO,, and with the replacement of
hydrazine by de-ionized water for TiO,/rGO.

The crystalline phases of the resulting materials
were analyzed by powder X-ray diffraction (XRD,
MMA GBC, Australia), which was carried out using
Cu Ko radiation (4 = 1.54056 A) from 20 = 10° to
80°. Thermogravimetric analysis (TGA) was carried
out to determine the carbon content with a TGA/
differential scanning calorimetry (DSC) type instru-
ment (METTLER TOLEDO, Switzerland) at a heating
rate of 10 °C min~' from room temperature at 800 °C
in air. Transmission electron microscope (TEM)
investigations were performed using a JEOL 2011F
analytical electron microscope (JEOL, Tokyo, Japan)
operating at 200 keV. X-ray photoelectron spectros-
copy (XPS) experiments were carried out on a VG
Scientific ESCALAB 2201XL instrument using alu-
minium Ko X-ray radiation during XPS analysis.
Raman spectra were collected in the range between
100 and 2,000 cm ™.

To prepare the working electrode for electrochem-
ical testing, a slurry was prepared by thoroughly
mixing 80 wt% active material, 15 wt% acetylene
black and 5 wt% poly(vinylidene fluoride) (PVdF) in
N-methyl pyrrolidinone (NMP) solvent. The slurry
was then spread onto copper foil substrates and dried
in a vacuum oven at 120 °C for 3 h. The electro-
chemical tests were carried out on CR2032 coin-type
cells. The cells were constructed of lithium foil as
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anode, the prepared active material on copper as
cathode, microporous polyethylene (Celgard 2400) as
the separator and 1 M LiPFg in a mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC) (1:1
by volume) as the electrolyte. The whole assembly
process was carried out in an argon-filled glove box
(Mbraun, Unilab, Germany). The charge/discharge
cycling was performed within the voltage range of
1-3V versus Lit/Li on a battery test instrument
(CT2001A, KINGNUO, China) at ambient tempera-
ture. Electrochemical impedance spectroscopy (EIS)
was conducted by applying a dc potential equal to the
open circuit voltage of the cell, with an amplitude of
5 mV over the frequency range from 100 kHz to
0.01 Hz.

Results and discussion

The crystal structures of TiO, and of the TiO,/rGO and
TiO,/N-rGO composites were characterized through
powder X-ray diffraction, as shown in Fig. 2. All three
patterns can be indexed to the typical antatase TiO,
structure with space group I4;/amd (JCPDS card No.
21-1272). The strong and sharp peaks of TiO, show
the good crystallinity and high purity of the obtained
material (Qiu et al. 2010). In contrast, the diffraction
peaks of the TiO,/rGO and TiO,/N-rGO composites
have become broad and weak, indicating the small
crystallite size. By applying Scherrer’s equation to the
(101) peak, the sizes of TiO,, TiO,/rGO and TiO,/
N-rGO particles were estimated to be 16, 13 and
12 nm, respectively, consistent with the results
observed through the TEM images. It is worth pointing
out that there is no peak attributed to rGO, suggesting
that the TiO, nanoparticles separated the reduced
graphene oxide sheets, preventing them from restack-
ing and destroying the ordered structure (Yang et al.
2011). The TGA reveals that the amount of rGO in both
TiO,/N-rGO and TiO,/rGO composites is about 17 %.

The phases of graphene and TiO, in the TiO,/rGO
and TiO,/N-rGO composites were further confirmed
through Raman spectra collected between 100 and
2,000 cm_l, as shown in Fig. 3. The peak at 146 cm™!
is attributed to the E, vibration mode of anatase
(Saravanan et al. 2010; Cao et al. 2012). Besides the
Raman-allowed phonon peak of TiO,, there are two
peaks centred at 1,333 cm_l, denoted as the D band,
corresponding to disordered carbon, and at
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Fig. 2 Powder XRD patterns of bare TiO,, and TiO,/rGO and
TiO,/N-rGO composites

1,604 cm™!, denoted as the G band, indicating the
in-plane stretching motion of the symmetric sp>-C
band (Shen et al. 2009). The intensity ratio of the D
band to the G band (Ip/lg) is calculated to show the
degree of disorder of the TiO,/rGO and TiO,/N-rGO
composites originating from defects. Note that the
intensity ratio for the TiO,/N-rGO (1.6678) is much
higher than that for the TiO,/rGO (1.2339), which
indicates that there are more defects in the rGO after
nitrogen doping. It has been reported that the G band
shift in chemically doped graphene provides informa-
tion on the charge transfer between the dopants and the
graphene (Rao et al. 1997; Kitaura et al. 2008). From
Fig. 3b, it can be found that there is a redshift of the G
peak, from 1,604 cm ™" for TiO»/rGO to 1,592 cm ™"
for TiO,/N-rGO, suggesting that charge transfer has
occurred from TiO; to the graphene sheets (Zhou et al.
2012).

The typical morphology and structure of the as-
prepared TiO,/N-rGO composite were observed via
field emission scanning electron microscopy (FE-
SEM) and transmission electron microscopy (TEM). It
can be seen from Fig. 4a that TiO, nanoparticles are
closely anchored onto the surfaces of the nitrogen-
doped graphene sheets. The TEM images shown in
Fig. 4b and c reveal that the nanoparticles which have
a size range of 10-15 nm are uniformly attached on
the graphene layers during the hydrothermal reaction
process. The unique structure can improve electron
transport through the nanoparticles and the graphene
sheets, and thus improve the electrochemical perfor-
mance of the composite. From TEM observation of the
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Fig. 3 a Raman spectra of TiO,/rGO and TiOy/N-rGO
composites, b enlarged G band of TiO,/rGO and TiO,/N-rGO
composites

bare TiO, (Fig S2a and b, Supporting Information),
numerous fine nanoparticles with crystallite size of
around 30 nm have grown together. The smaller
particle size of TiO,/N-rGO indicates that the pres-
ence of the graphene sheets could restrain the growth
and aggregation of particles. In the high resolution
TEM (HRTEM) image (shown in Fig. 4d), the peri-
odic fringes of graphene and TiO nanoparticles can be
clearly observed, which further confirms the high
crystallinity of TiO,. The crystal lattice fringes with d-
spacing of 0.35 nm are characteristic of (101) lattice
planes, which are the most stable and frequently
observed in anatase TiO,.

The XPS spectra reveal valuable information on the
surface composition and functional groups on the
TiO,/N-rGO composite, as shown in Fig. 5. The Ti 2p
spectrum for the composite comprises two peaks with

binding energies of 459.6 and 465.6 eV, attributed to
Ti 2ps/, and Ti 2p, ., respectively, which are typically
Ti*" in an octahedral environment (Qiu et al. 2010).
The high-resolution XPS spectrum of C 1s in TiO,/
N-rGO can be deconvoluted into three peaks, as shown
in Fig. 5a, which are centered at 284.8, 286.2 and
288.7 eV, corresponding to sp> hybridized carbon,
alcohol or ether carbon, and carboxyl or ester carbon,
respectively (Kim et al. 2012; Han et al. 2011b). In the
O 1s XPS spectrum (shown in Fig. 5c), the main peak
centered at 530.8 eV is assigned to oxygen in TiO,
(Mo and Ye 2009), and the other peak at 532.6 eV can
be attributed to ether (Kim et al. 2012). In terms of
nitrogen, the energy feature at 398.6 eV is ascribed to
the pyridinic N. It was reported that the electron
deficiency causes graphene with a high defect content
to have an electron-accepting tendency in the pyridinic
structure, which allows it to store more lithium ions
(Zhang et al. 2012a; Wang et al. 2012a; Ma et al.
2012).

In order to elucidate the effects of the rGO and
nitrogen doping on the electrochemical performance, a
series of electrochemical tests have been conducted.
The rate capabilities of bare TiO,, and the TiO,/rGO
and TiO,/N-rGO composites are shown in Fig. 6a. The
average reversible capacities of bare TiO,, TiO,/rGO
and TiOo/N-rGO are 194, 210 and 226 mA h g !,
respectively, at a current rate of 0.2 C. The 1 C applied
current was calculated based on the theoretical capac-
ity of anatase TiO, for the change to LiysTiO,. It is
clear that the capacities of TiO,/rGO and TiO,/N-rGO
only slightly decrease with increasing cycle number,
whereas the capacity of bare TiO, keeps fading from
the initial 347.3 to 154.4 mA h g~ ! after ten cycles.
This phenomenon can be ascribed to the good
electronic conductivity induced by graphene, which
offers transfer channels for electrons and inhibits the
aggregation of nanosized-TiO, particles. The higher
capacities for all the three samples at 0.2 C than the
theoretical value of TiO, could be attributed to the
further lithium insertion in the surface layer of the
obtained nanostructured particles (Borghols et al.
2009). For the samples of TiO,/rGO and TiO,/
N-rGO, the higher capacities suggest the existence of
additional lithium storage sites in or between the TiO,/
rGO sheets and defects after nitrogen doping, respec-
tively. The following reversible capacities of TiO,/
rGO and TiO,/N-rGO composite at different current
rates are 172 mAh g ' and 187 mAhg' at 1 C,
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Fig. 4 a FE-SEM image, b and ¢ TEM images and d HRTEM image of TiO,/N-rGO composite

140mAhg™' and 148mAhg' at 5C,
110mAhg™' and 1286 mAhg ' at 10C, and
85 mA h g~'and 97 mA h g at 20 C, respectively.
The rate capability of our TiO,/N-rGO is better than
that of the TiO,—graphene nanocomposite reported by
Cai et al. (2012) and the sandwich-like, graphene-
based titania nanosheets reported by Yang et al.
(2011), as well as the electrospun TiO,—graphene
composite nanofibers reported by Zhang et al. (2012b).
In addition, the TiO,/rGO and TiO,/N-rGO recover
their initial capacities when the current density returns
to 0.2 C, indicating the good reversibility of both
samples. The first cycle galvanostatic discharge/
charge profiles for TiO,/rGO and TiO,/N-rGO com-
posite over the voltage range from 1 to 3 V are shown
in Fig. 6b. The TiO,/N-rGO exhibits a coulombic
efficiency of 70.5 % at the initial cycle, which is
higher than that of TiO,/rGO (67.5 %). According to
the reversible reaction of anatase TiO,, the coefficient
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value is 0.5 to form LiysTiO, during the lithium
insertion/extraction process, and the corresponding
capacity is 167.5 mA h g~' (Kim et al. 2009; Wage-
maker et al. 2004). It is worth noting that the discharge
capability at the first cycle at a current rate of 0.2 C is
319.4 and 299.5 mA h g~', suggesting that lithium-
rich Liy ¢5TiO, phase and Lig goTiO, phase have been
formed for the TiO,/N-rGO and TiO,/rGO composite
electrodes, respectively. The higher coefficient value
indicates the existence of additional lithium storage
sites in the TiO,/N-rGO composite (Yang et al. 2011),
which arise from the greater amount of defects formed
after nitrogen doping. The discharge plateau at about
1.7 V corresponds to the lithium storage reaction
between tetragonal anatase TiO, and orthorhombic
Lig 5TiO,, whereas the charge plateau at about 2.0 V is
related to the lithium extraction from Lig 5TiO,.

In order to further evaluate the influence of nitrogen
doping on the capacity retention properties, a
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Fig. 5 XPS spectra of all elements of the TiO,/N-rGO sample

relatively high current rate of 5 C was applied to the
TiO»/rGO and TiO,/N-rGO electrodes. It can be
observed that the capacities of both are almost same
value of 175 mA h g~' in the initial cycle. With
increasing cycle number, the TiO,/rGO composite
maintains a capacity of 145 mA h g~ for the first 45
cycles and then decreases to 133 mA h g~' by the
70th cycle. In contrast, the TiO,/N-rGO composite
still maintain its reversible capacity of 153 mA h g~
during the 70 cycles, which is higher and more stable
performance than that of TiO,/rGO. The improved
cycling performance of TiO,/N-rGO compared with
TiO,/rGO can be attributed to the nitrogen doping,
which features good interfacial interaction and there-
fore gives rise to a stronger synergistic effect between
the doped rGO and the TiO, nanoparticles than the
bare-reduced graphene oxide (Wu et al. 2011a; Wang
et al. 2010b). To further confirm the effects of nitrogen
doping on the remarkable rate capability, EIS was
carried out at ambient temperature, and the typical
Nyquist plots of bare TiO,, TiO,/rGO and TiO,/
N-rGO are shown in Fig. 7. In the high-medium
frequency region, the diameter of the semicircle for
TiO,/N-rGO is apparently much smaller than those of
the bare TiO, and TiO,/rGO. The reduced charge-
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transfer resistance can be attributed to the enhanced
electronic conductivity of the nitrogen-doped elec-
trode that originates from graphene and nitrogen
doping, which also improves the electrochemical
activity of TiO, in the cycling process (Yang et al.
2011).

The reduced graphene oxide in the as-prepared
composites plays a significant role in the improved
electrochemical performance. On the one hand, the
TiO, nanoparticles nucleate and grow directly on the
reduced graphene oxide, which can further inhibit
the growth and aggregation of TiO, nanoparticles. The
good connection can maintain the integrity of the
electrode during the charge and discharge processes,
which is responsible for the high rate capability and
cycling stability. On the other hand, the graphene
sheets serve as an electronic network for the homo-
geneous TiO, nanoparticles, so as to achieve a good
synergistic effect to improve the electronic conduc-
tivity. In addition, the uniformly distributed nanopar-
ticles prevent the neighbouring graphene sheets from
restacking, which can maximize the utilization of
active material in the electrode. In terms of the effects
of nitrogen doping on the electrochemical perfor-
mance, firstly, the obtained pyridinic graphene sheets
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Fig. 6 a Comparison of rate capability of bare TiO,, and TiO,/
rGO and TiO,/N-rGO composites at various current rates from
0.2 to 20 C for 10 cycles; b first cycle discharge—charge curves
for TiO»/rGO and TiO,/N-rGO composites at a current rate of
0.2 C; ¢ comparison of the cycling performance of TiO,/rGO
and TiO,/N-rGO at a constant current drain of 5 C

have defects at suitable sites for lithium ion storage.
Secondly, the nitrogen doping improves the conduc-
tivity due to the band gap that is opened up between
the valence band and the conduction band (Wang et al.
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2012b). Thirdly, nitrogen doping could introduce
defects on the graphene sheets to form a disordered
carbon structure, which can increase the Li:C ratio,
and therefore facilitate free lithium ion diffusion from
one side of a graphene sheet to the other or between
sheets. Moreover, the good wettability of the electro-
Iyte—electrode interface (Wang et al. 2012b) after
nitrogen doping and favourable binding between
nitrogen-doped sites and lithium ions play a significant
role in the improved electrochemical performance.

Conclusions

In summary, TiO,/N-rGO composite was obtained
through TiO, nanoparticle nucleation and growth on
nitrogen-doped graphene. The graphene sheets not
only prevent the aggregation of TiO, nanoparticles,
but also provide increased electrical conductivity. The
TiO,/rGO and TiO,/N-rGO composites exhibit excel-
lent lithium storage performance, with high reversible
capacity, improved rate capability, and superior
cycling retention compared with bare TiO,. In addi-
tion, the nitrogen doping increases the electronic
conductivity of the graphene sheets, stabilizes the
TiO, nanoparticles on the surface of the graphene and
introduces more defects to store lithium ions. There-
fore, this combination strategy enables the TiO,/
N-rGO composite to be a promising anode material for
lithium ion batteries.
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