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Nitrogen doped graphene supported TiO, hollow nanostructures varied from 10-15nm
were designed for sodium ion battery anode applications, which were obtained by a
two step technique hydrothermal—calcining progress with urea as an inhibitor and
nitrogen source.The active nitrogen modified graphene matrix supported hollow
hierarchical-pore nanoarchitectures, possessing high surface area, massive pores
including micro-,meso-and macro-pores, excellent structural stability, which are
highly desirable for application in sodium ion batteries. Its interconnected carbon
network ensures good conductivity and fast electron transport; the micro-,and meso-,
and macroporous nature effectively shortens the sodium ion diffusion path and
provides room necessary for volume expansion. The large specific surface area is
beneficial for a better contact between electrode materials and electrolyte. Such
material exhibits excellent performances as anode materials for sodium ion batteries
with a high reversible capacity, excellent cycle stability and superior rate capability.
Besides, nitrogen and graphene play a crucial role in controlling the formation of the
Ti0O, hollow nanocrystals.

Introduction

Sodium ion batteries( SIBs) with Na ions as guest ions, are attractive in stationary
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applications due to the cost and the availability advantage of Na over Li override their
lower overall energy density.l'3 However, considering of size of a sodium ion is
obviously larger than that of a lithium ion, and thus there is a limited choice of
electrode materials that are suitable hosts to accommodate Na ions and allow for
reversible insertion—extraction reactions, which requires suitable host structures
providing high storage capacity for facilitating its diffusion. In particular, there are
very few reports of suggested anode structures for Na-ion batteries.*®

Thus far, TiO,-based composite with a high surface area have been identified as
suitable Na-ion anode materials.”'* Nevertheless, TiO, have relatively low capacity to
realize the high performance as anode materials.">'*The electrochemical performance
of TiO, including the capacity ability is greatly affected by its morphology and
structures. Careful control of the overall morphology of TiO, are highly desirable to
obtain good rate performance and to gain reasonable capacities that make TiO, more
competitive in sodium ion battery. Various kinds of nano/micro-structured TiO,,such
as nanoparticle, nanocrystal with controllable exposed facets (e.g.,{001}), nanorod,
nanotube, hollow sphere/nanobox, and mesoporous and macro-/mesoporousTiO, have
been successfully synthesized and investigated.ls'”As a good electro-active material,
it is expected that sodium ions would be able to electrochemically insert into TiO,
hollow nanacrysals with the expected electrochemical performance.TiO, hollow
composites are observed to ensure good electrode—clectrolyte contact and serve as a

fast diffusion pathway for electrolyte species in the cation intercalation process due to

their high surface area and unique geometry. The porous structures are not only
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conducive to lower current densities at the electrode—electrolyte interface, but are also
beneficial for fully utilizing high electrochemical reaction rates per unit volume and
enhancing diffusion kinetics, by reducing the diffusion pathway for electronic and
jonic transport.'>'¢

Moving beyond simply considering the morphology of pristine TiO,, tremendous
efforts has been conducted on composite materials that contain TiO, and a secondary
conductive phase. Pure TiO; suffers from intrinsic poor electronic conductivity ionic,
and the limited specific capacity, which can be overcome by modifying structure and
composition of pure TiO, Various conductive incorporations have been extended that
exhibit a wide range of morphologies, which are often determined by the type of
composites and production techniques.

Up to present, graphene sheets, atomic layers of graphitic carbons, are observed to
present twice higher capacity of graphitic carbons, and exhibit some unique
advantages such as excellent electrical conductivity, superior surface area, structural
flexibility and chemical stability.'° These features render graphene sheets to become
an attractive and promising anode material candidate for lithium and sodium storage.
Both theoretical and experimental studies have demonstrated that the intentional
incorporation of heteroatoms (B, N, P and F) -doping into a graphene structure can
significantly modify their adsorption energy, the diffusion and desorption barrier of
lithium/sodium ions, in turn, resulting in the enhanced reversible capacity for
27-32

lithium/sodium storage with respect to pristine graphene.

Based on this pursuit, continuous efforts have been carried out to fabricate doped
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graphene. Among them, N-doped graphenes (GN) are under intensive investigation to
achieve high capacity and high rate capability, because GN can supply superior
electrical conductivity facilitated for fast electron transport, high surface area, open
and flexible porous structures available for numerous sodium storage sites, and short
Li"/Na* diffusion distances.”>**The introduce of GN to wrap TiO, crystallites in a
conductive matrix allowing for the generation of different morphologies to facilitate
titanium based composites with a designed structure for superior performance.”’40

In this work, the feasibility of electrochemical sodium storage in nitrogen doped
hollow TiO, nanoparticles (G-TiO,-N) with hierarchical pores is firstly evaluated for
anodes in sodium ion batteries. As an anode material for SIBs, the hierarchical
(G-TiO2-N) nonacrystals exhibit high specific capacity, enhanced cycling stability,
and good rate capability. More importantly, we employed a facile template-free
synthesis route that may be scaled up for the target applications. In addition, the
formation mechanism for the hollow nanoparticles was investigated by tracking the
crystallization and morphology of the product at different reaction stages, which is
proved to be the Ostwald ripening process.
Experimental section
Material Synthesis
Graphene oxide (GO) nanosheets was firstly synthesized from natural graphite
powder by a modified Hummers method.*'In a typical synthesis,30mLof

ethanol/water (2:1,in volume) solution containing 6ml of titanium (IV) isopropoxide

under air atmosphere via strong mechanical stirring at 10-80°C were aged for 3h.The

Page 4 of 27



Page 5 of 27

Journal of Materials Chemistry A

precipitate was collected by centrifuge and repeatedly washed with ethanol and
deionized water, and then air-dried at 80°C.In the following procedure,100mg of the
as-prepared white powers and 20 mg urea (CO(NH;),) were added into 10ml GO
aqueous solution, subsequently, the mixture was sealed in a Teflonlined stainless steel
autoclave with a pressure of 200 MPa and maintained at 180°Cfor 24 h;After washing
with distilled water and ethanol several times, the collected composites were calcined
at 700 °C for 10 h in a tubular furnace under a N, ambient to gain hierarchical hollow
G-TiO,-N composite. To prepare pristine TiO; and graphene doped TiO, (G-TiO;) as
comparison, the synthesis of G-TiO, was carried out in the absence of urea and the
preparation of TiO,were conducted without the addition of urea and GO under the
same conditions and procedures as applied in the synthesis of composite. Scheme 1

illustrates the preparation process.
oy COOH TiO, particles o s _."_‘,
I l m-mstack = r e T S 4 E—— i
interaction S ydrotherma
+% > . v LS b freatment , B

COOH OH H,NCNH, “%. " x5 '-."» ~= Further growth

N
(@)
H,O0 or hydroxy ligan
Bridging OH group

Bridging COOH grou

©

&
®
®
®

Schemel Schematic illustration of the synthesis procedure of G-TiO,-N nanostructure.

Structural Characterizations
Powder X-ray diffraction (XRD) measurements were performed using an AXS D8
Advance diffractometer (Cu KR radiation; receiving slit, 0.2 mm; scintillation

counter,40mA; 40kV) from Bruker Inc. The morphology and structure were obtained
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on a JSM-7600F field emission scanning electron microscope (SEM),transmission
electron microscopy (TEM) images by a Hitachi S-4800 field emission at an
accelerating voltage of 200 kV and energy dispersive X-ray spectroscopy (EDX) of
the samples Samples dropped on a carbon film supported on a Cu grid were obtained
at 200 kV on a JEM-1200EX (Japan).Fourier transforms infrared (FT-IR)
spectroscopy measurement was carried out with a NicoletNexus 5700 (Thermo
Electron Corporation, USA) using KBr pellets. The nitrogen sorption isotherms (BET)
were recorded by a Micromeritics ASAP-2020Mnitrogen adsorption apparatus. Pore
size distribution plot was obtained by the Barrett Joyner Halenda (t-plot) method. The
amount of carbon in the sample was determined by thermogravimetric analysis (TGA,
NETZSCH STA 449 F3 apparatus) in air with a heating rate of 108C min™.The micro
morphologies and the specific surface area.The compositions of samples were
analyzed by X-ray Diffractometer (DX-2700,Haoyuan Corporation, China). X-ray
photoelectron spectroscopy (XPS) data were obtained on an ESCALab220i-XL
electron spectrometer (VG Scientific, West Sussex, U. K.) using 300 W Al Ka
radiation. The base pressure was about 3x10° M bar.The binding energies were
referenced to the Cls line at 284.5eV from adventitious carbon.

Electrochemical Tests

The evaluation of electrochemical performance was carried out by means of coin-type
SIB cells (2025) assembled in an argon-filled glove box.For anode preparation, a
mixture of active material, carbon black, and polyvinylidene fluoride (PVDF) binder

with a weight ratio of 80:10:10 was dispersed in Nmethylpyrrolidone (NMP) solution,
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and the resultant slurry was then uniformly pasted on a Cu foil current collector. A
typical electrode was dried at 120 [for 24 h under vacuum before being assembled
into coin cells in an argon-filled glove box. A Celgard 2400 microporous
polypropylene membrane was used as the separator and sodium foil was used as the
counter electrode. The nonaqueous electrolyte used was 1ml NaClOy4 dissolved in a
mixture(1:linwt%)of ethylenecarbonate(EC)/dimethylcarbonate(DMC).Galvanostatic
cycling experiments of the cells were performed on a LAND CT2001A battery test
system in the voltage range of 0.1-2.8V versus Na'/Na at room temperature. The coin
cells were activated at a current density of 50mAhg™” for the first cycle, and then
cycled under different current densities within the voltage range of 0.1-2.9 V using a
LAND-CT2001A battery test system (Jinnuo Wuhan Corp.,China).Afterward, the
cells were cycled under different current densities within the voltage range of 0.1-2.9
V. Electrochemical impedance spectroscopy (EIS) measurements were conducted on
an electrochemical workstation (CHI 660 D,CHI Company) under a frequency range
from 0.1 Hz to 100 kHz.

Results and discussion

The phase identification of the as-prepared TiO, was determined by X-ray diffraction
(XRD) (Fig.1(a)).A series of diffraction patterns at 20 = 25.8°, 38.3°,48.5.°, 53.9° and
55.5° corresponded to (101),(004), (200), (105) and (211) planes of TiO; according to
the standardized JCPDS (21-1272) card.The effect of C and N on crystal was clarified
by comparison of the XRD images, which shows that the diffraction peaks become

broader with the addition of the carbon and nitrogen, implying the defects of the
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nanocrystal introduced by carbon and nitrogen, which is further confirmed by the
Roman spectroscopy. Also no diffraction peaks corresponding to C, N and other
impurities were observed in these patterns. The (101) plane has the strongest line for
all investigated TiO, samples. Using Scherrer's equation: D=0.91/Bcosd where D is
the average crystalline size, A is the wavelength of CuKa (A=0.15406 nm), f is the full
width at half maximum of the diffraction peaks, and 0 is the Bragg's angle; the
average particle size of TiO, was estimated to be around 100 (pureTiO;), 25 (G-TiO,),
and 20 (G-TiO,-N) nm, respectively. These datas indicated that the size of TiO,
nanoparticle decreased with the modification of graphene, and further decreased with
the incorporation of nitrogen, particle sizes of the as-prepared G-TiO,-N was smaller
than that of pure TiO,.Presumably, the GN supported TiO, compounds limited further
structural growth and the final size of TiO,.It is noted that the ultrasmall hollow TiO,
structures deliver short electron transport lengths which is unparalleled advantage

compared to the other extended over micrometers in length structures.
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Fig 1.(a)XRD patterns of the TiO, samples;(b) Raman spectra of the TiO, composites;(c) TGA
curves of the G-TiO,-N composites under Oxygen flow;(d) XPS survey spectrum of G-TiO,-N at
700 °C in NH; atmosphere for 1 h.

The pore size distributions of the as-prepared G-TiO,-N calculated by desorption
8

Page 8 of 27



Page 9 of 27

Journal of Materials Chemistry A

isotherms using t-plot method are shown in Fig.S1.The Brunauer-Emmett—Teller
(BET) surface area values calculated for the pure TiO,, G-TiO, and G-TiO,-N
samples are respectively 49.2, 159.6 and 183.5g™ .From DFT pore size calculations,
the total pore volume values obtained for the three samples are respectively 0.04358,
0.05894 and 0.06013cm’g ™" . The high specific BET surface area and the unique hollow
characteristic provide a large G-TiO,-N interfacial area, which is essential for the
homogeneous distribution of hollow TiO, particles in the GN carbon matrix, and this
result is confirmed by SEM images (Fig.3(c),(d)) and TEM images (Fig.4(d),(e)) of
G-TiO,-N. It can be found that the adsorption amount increases very sharply at low
relative pressure (P/Py), demonstrating the existence of micropores; and there exists a
hysteresis loop after P/Py=0.4 but without adsorption plateau near
P/Py=1.0,illustrating the presence of meso-and macropores. The G-TiO,-N exhibits a
distinct hysteresis loop in the range of 0.45—1.0 P/Py, confirming the presence of a
mesoporous structure with the maximum BET surface area. The surface area and
abundant pores are of the necessities for a high electrochemical performance. The
pore sizes distribution is found to centered around 15 nm (inset in Fig.S1).The
identified porosity can be helpful in achieving the electrolyte solution and to
accommodate the volume expansion of the TiO, nanoparticles when GN grafted
hollow TiO, particles are used as an anode material for SIBs. Therefore, the
as-prepared G-TiO,-N has a unique three dimensionally interconnected hierarchical
porous network. A scheme simulation of GN incorporated hollow TiO, particles is

illustrated in Fig.2.
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Fig.2 Scheme model of pore network of G-TiO,-N.

Based upon these results, it is believed that the nanocrystals are expected to satisfy
the demands of both fast ion transport and efficient ion-accessible surface area for
charge storage.As to ion transport behavior, the nanostructures with the proper
amount of three-dimensional interconnected meso-/macropores are sufficient to
promote a global ion transport throughout the entire materials in the form of reducing
the ion diffusion distance and transport resistance. As to ion adsorption behavior, the
considerable number of micropores act as a crucial role in ion accumulation, which
must be electrochemically accessible of ions.*

Raman spectra was carried out to investigate the crystalline phase of TiO; and the
carbon type in the nanostructure (Fig.1(b)).Three peaks with strong intensities at 395,
515, and 635 cm™ can be observed in the Raman files of the G-TiO,-N nanocrystals,
which are well consistent with that of reported anatase TiO,. Two characteristic peaks
located at about 1372-1592 e¢m™ ascribed to disorder carbon (D-band) and graphite
carbon (G-band) in the nanocomposite, respectively. The peak intensity ratio of
D-band and G-band (Ip/Ig) is observed to be 0.98 for G-TiO,-N compared to that of

10
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the G-TiO, 0.75 ,indicated that the existence of amorphous carbon and Nitrogen in
G-TiO,-N nanostructure. The total carbon content including graphene and nitrogen is
directly obtained from the TGA.As can be seen from Fig.1(c), the weight loss of the
precursor occurring in two steps corresponded with the peaks in the DSC curve. The
first weight loss of 1.36% occurred between 100 to about 200°C, demonstrating the
dehydration of surface-adsorbed water and graphene branched OH. The second
weight loss of 7.81%,which was the major weightlessness step, occurred within the
range of 200 to about 650°C without further weight loss up to 1000°C temperature,
indicating the loss of CO,, CO, NH; and H,O.The corresponding endothermic peak
was observed at 620.9°C in the DSC curve. The weight loss was related to the
decomposition of the graphene and nitrogen. In the TGA curve, there was an obvious
plateau formed in the temperature range between 630 and 1000°C, which indicated
that the stability of hollow TiO, particles.

The XPS result also evidenced the successful preparation of G-TiO,-N, which
provides an exact elemental composition in the top 0—12 nm depth of the sample
surface(Fig.1(d)).The high resolution XPS spectra of GN (Fig.S2,) shows typical
peaks at 284.72eV, 285.65eV, 287.46eV and 288.94eV from graphitic C=C/C-C,
C=0 and COOH bonds, respectively. In the spectrum of Ols the broad peak could be
fitted into two symmetric peaks at 532.1 and 533.3eV,which arise from the graphene
and the Ti-O bond, respectively (Fig.S3). The Tiy XPS spectra exhibits two
characteristic peaks at 459.2 and 464.79¢V, corresponding to the Ti 2p3/, and Tiopin
spin—orbit peaks of TiO, (Fig.S4),suggesting that the valence state of Ti was still +4.

11
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GN can be ascribed to a semiconductor with a good electro-conductivity. The binding
energy shifts in the XPS spectra could be ascribed to the strong interaction (electron
transfer) between the interweaved semiconductors because of their different Fermi
energy levels.Considering the system finally reaches an equilibrium, when two or
more nanoscaled semiconductors bind together, their Fermi energy levels have a
tendency to adjust to the same value. Consequently, the electron concentration of the
semiconductor with higher Fermi energy levels would decrease, correspondingly,
decrease the electron screening effect and cause the enhancement of the binding
energy.On the contrary, the electron concentration with lower Fermi energy levels
would increase and hence will lead to the decrease of binding energy. Therefore, the
higher binding energy shifts were related to the decreased electron concentration of
TiO; hollow particles and increased electron concentration of GN nanosheets due to
the electron transfer from pure TiO; nanostructures to GN nanosheets. It is suggested
that the work function of the GN nanosheets may be larger than that of TiO, hollow
particles.

SEM and TEM analyses were used to investigate the microstructure of the
as-synthesized samples. As shown in Fig.3(a) and (b), the pristine TiO, composed of
nanoparticles with an average diameter of about 100 nm have an obvious aggregation
tendency, however, Fig.3(c) and (d) clearly reveals that the synthesized TiO,
nanostructures with a much smaller size in the range of 10-15 nm are homogenously
dispersed on the GN support with nearly no nanoparticles stacking, and GN thin films
with little wrinkle and fold appear leaf like presenting a superior flexibility of the

12
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whole nanosheet. Noticeably, the hollow feature of the TiO, nanocrystals are not
obvious in the SEM image due to the ultrasmall size, but are certified in the following

TEM results investigations.

Fig.3 Images of (a) and (b) pure TiO, sample at various magnifications;(c)and (d) G-TiO,-N
composite at various magnifications.

Fig.4(a) and (b) showing the HR-TEM image of pure TiO, also presents
aggregated particle-type structure with an average 100nm,which is in accordance with
the SEM result. According to the TEM image of G-TiO,-N composite shown in Fig.4
(d) ,(e)and(g), TiO, nanoparticles are well dispersed on the surface of Nitrogen doped

graphene, indicating the uniform hybridization of GN with TiO, nanocrystals.

13
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Fig.4(a)TEM image,(b)HRTEM image,(c)elected area electron diffraction (SAED) pattern for
pristine TiO,,(d) and (¢)TEM image at different magnifications, (f) SAED pattern (g) and
(h)HR-TEM image with different magnification, (i) element mapping for G-TiO,-N.

Fig.4(d) (e), and (g) clearly indicate that theTiO, hollow nanoparticles were well
dispersed and uniformly covered in the GN sheets which is consistent with the SEM
image. The supported TiO;, hollow nanostructures were reduced to 10-15nm from
100nm diameter nanoparticles, which is consistent with the FESEM analysis, XRD
spectroscopy, and BET report. It is worthwhile to be pointed out, all hollow TiO,
nanostructures are uniformly confined in the carbon matrix, further certifying that the
unique hollow structure of the composite effectively endures the pulverization and
prevents the particle aggregation, thus promises the long cycle stability.

Representative the high-resolution (HRTEM) images (Fig.4 (b)) displays that the
TiO, particles were crystalline with clear lattice fringes parallel to the walls, the
resolved lattice fringe with an interplanar distance of 0.81 and 1.16nm can be
attributed to the (211) and (112) plane, respectively for plane of TiO, crystals. With
an obvious contrast to the pure TiO,, Fig.4(g) and (h) show mage of TiO,

14
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nanoparticles located on the surface of GN without clear interface, the resulting TiO,
materials present a clear hollow nanostructure with ultra-thin walls. The ring pattern
selected-area electron diffraction (SAED) in Fig.4(c) and (f) indicate the
polycrystalline structure of the TiO, nanocrystals. The SAED pattern show reactions
corresponding to the anatase TiO, phase. Some sharp reactions with values of 0.134,
0.234, 0.145, 0.164, 0.186, and 0.345 nm, represent diffraction from (116),(004),
(204), (211), (200), and (101) planes of TiO, phase.Fig.4(i) depicts a typical EDS
spectrum for the hybrids and Fig.5 reveals the corresponding elemental mapping of
the hybrid samples, clearly showing that the synthesized hybrid products are
composed of O, Ti, N and C elements with a homogeneous distribution for all the
elements. It is also suggested the TiO, composite was uniformly dispersed along the
GN surface, which showed highly developed hollow structures, as verified by the

TEM images.

STEM HAADF Detector

Fig.SHAADF-STEM image and corresponding EDS mapping images of an individual G-TiO,-N
indicating the homogeneous distribution of carbon, nitrogen, titanium, oxygen.

The growth mechanism of TiO, hollow nanostuctures is clarified by conducting a

time-dependent change in the morphology of TiO,.As shown by the TEM images in
15
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Fig.6(a), after 6h of reaction under 180°C, nanoparticles with an average of 80nm are
observed among the GN network, indicating the nanoparticles are gradually
decreasing, hollowing and recrystallization, which is further verified by the following
the evolution process. In each case the hydrothermally synthesized ripening
mechanism occurred. In the first step, when TiO, particles with an average of 100 nm
were added to the GO and urea solution, it formed a TiO, complex. After heating
hydrothermally for 6h, the formation of densely packed particles of irregular shapes
with dimensions of about 80 nm sizes were observed. These nanoparticles are
composed of ultrafined particles which are loosely packed in the interior and tightly
packed at the outer surface. When the reaction duration was increased further from 6h
to 10 h, more and more particles at the interior get dissolved, and the diameter of the
hollow core increases.The TEM image (Fig.S5) dedicates the hollow nanostructures
with both inside and outside surrounded by the smaller particles homogenously
distributed in the GN matrix. This results present the crystals are accompanied by the
three variation program. When the heating duration was raised to 12h, the loosely
packed bulk crystals (Fig.6 (b)) were continuously dissolved in the interior because of
high energy and then recrystallized on the outer surface to yield ultrasmall hollow

spheres(inset of Fig.6(b)) .

16
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Fig.6 FESEM images of the peach-like hollow G-TiO,-N at various time intervals: (A) 6 h, (B) 12
h, (C) 18 hand (D) 24 h.

Further increasing the reaction time to 18 h, the nanocrystals were further
dissolved and ultrasmall hollow nanocrystals predominantly distributed in the GN
support(Fig.6(c)). It is noted that the particle also follow the rule of growing and
hollowing, evidenced by the TEM result (Fig.S6), most of small particles were hollow
mixed up by some solid nanoparticles. Besides, HRTEM images (Fig.S6) reveals that
the TiO; hollow nanoparticles locate on the surface of GN without clear interface,
implying its strong incorporation with GN, which is beneficial to the electrochemical
behaviors.

Finally, nanoparticle dissolution, hollowing, and recrystallization processes can
complete in just 24 h under 180°C.Reactions with longer than 24 h produced hollow
nanoparticles with the same shell thin thickness and interior space, well developed
hollow nanostructures were uniformly distributed in the GN support with no obvious

17
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aggregation due to the energy balance and the hollow characteristics tending to single
distribution tendency. According to the phase field modeling,43 the TiO; particle size
reduces due to the complete wetting of surface facets, the nucleation barrier becomes
smaller or even vanishing, consequently, the hollow ultrafined small nanocrystals
were formed prone to nearly no aggregation, which can endure the volume variation
during to the charge and discharge progress for sodium storage, which is highly
desirable to observe a long life ability even at high current densities.

The roles of synthetic parameters like the effect of solvent, urea and key roles urea,
solvent, and graphene for the formation of TiO, hollow spheres were analyzed
systematically. The role of solvent (water) in steering TiO, nanostuctures growth was
followed by using a different solvent, namely, ethanol.(100 mg of TiO,, 24 h
solvothermal treatment), the morphology of TiO, formed was different. The FE-SEM
image (Fig.S7a) shows serious agglomerated shuttle-like particles. The roles of urea
and graphene in the formation of TiO, hollow nanosturcture were determined by
preparing TiO, with only graphene (no urea) and with sole urea (no graphene).The
FE-SEM image of TiO, prepared from graphene shows (Fig.S7b) uniformly
distributed nanoparticles, whereas the micrograph of TiO; obtained from the urea
reveals (Fig.S 7c and d) the formation of densely packed particles of hollow
nanostructures. In the case, the uniformity of the hollow structure does not obviously
change, while the intensity of TiO; nanocrystals becomes increasingly aggregated.
Clearly, these hollow nanocrystals form by a typical Ostwald ripening mechanism.
Urea is a key precursor in this method, the urea plays dual roles in building the

18
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anatase hollow nanostructures, which include:1) maintaining the uniform hollow
structure and 2) reducing GO into graphene during the Ostwald ripening process,
whereas water serves as a medium and graphene has an effect of minimizing
agglomeration.Accordingly, these anatase hollow nanocrystals formed by inside-out
Ostwald ripening.The channels for mass transfer during dissolving-recrystallizing

process can finally result in rich porosity.

Fig.7(a) cyclic voltammogram curves with several cycles between 0.1V and 2.9 V (vs. Na'/Na) at
a scan rate of ImVs™; (b)Charge/discharge curves of TiO, samples at SOmAhg'l; (c) the cycle
performances of the TiO, samples at various current rates;(d) long-term stability for G-TiO,-N at a
high current rate 1 A g'1 and 2A g’l;(e) EIS of G-TiO, electrode, the inset of (e¢) shows an
equivalent circuit;(f) EIS of G-TiO,-N electrode at different cycle numbers.

All the above investigations have demonstrated that the facilely obtained uniform
hollow nanostructures possess pure anatase phase, high crystallinity, large surface
area, and hierachical rich porosity. We could therefore expect these anatase hollow
nanocomposite to exhibit enhanced electrochemical activity.

The electrochemical performance of the electrode was also evaluated by using a

half-cell combined with a sodium metal electrode. Fig.7(a) shows the representative
19
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cyclic voltammetry (CV) curves of the G-TiO,-N electrode in a range of 0.1 to 2.9 V
at a scan rate of ] mV s”. As shown in Fig.7(a), the current beginning at 0.8V has
related to irreversible formation of the solid electrolyte interface (SEI) in the first
cathodic scan, in addition to the reversible sodiation of the material. By cycle 2" a
pair of redox peaks located at approximately 0.60 (cathodic) and 0.95 V (anodic)
becomes appreciable and remains so with subsequent cycling. The 2" and 5™ cycles
with higher cathodic peaks and lower anodic peaks compared with the initial cycle
are nearly overlapped, indicating the high reversible electrochemical reactivity of
G-TiO,-N composites.

In Fig.7(b),the slope between 2.5 V and 0.5V has related to the insertion of
sodium ions into GN grafted hollow TiO, nanostuctures and the reduction of Ti (IV)
to Ti(Ill),followed by a long potential plateau, which is ascribed to the further sodium
insertion. The slope below 0.5 V is associated with the formation of a solid electrolyte
interface (SEI) film,**®and the sodium storage on the surface or into the internal
pores owing to their porous or hollow structures. The CV curve of the G-TiO,-N has a
combined shape of the GN and pure TiO,, indicating that sodium ions are stored in
both the TiO; and GN. The capacity of G-TiO,-N (471.3 mAh g'l) is about 1.47 times
higher than that of G-TiO, (320.6 mA h g') due to the active nitrogen introduce the
pseudo capacity and the enhanced conductivity of GN, and is 2 times of that for pure
TiO, (240.7 mA h g") due to the hollow structure of the electrode material, which can
not only effectively accommodate the volume expansion but also provide a
mechanical support and perfect channels for the electrolyte penetration and Na"
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diffusion during the charging and discharging process. In addition, the protective GN
layer is very important to maintain the stability of the structure, which could also
improve the electronic conductivity and maintain the SEI Film on the surface.*’ In
subsequent cycles, the pure Ti0O,,G-TiOj,and G-TiO,-N show excellent capacity
retention, which indicates the contribution of the hollow structure and interconnected
GN layer to stabilizing the electrochemical activity of the anode materials.

The three types of electrodes were then subjected to cycling at various current
densities from 50 mA g to 2A g"'.Fig.7(c) shows that the rate performance of the GN
modified TiO, materials are substantially superior to that of pure TiO, and singly
graphene modified TiO, composite. The profile of hollow TiO, combined with CN
graphene present the best excellent cycling performance. Among these, the specific
capacity of the G-TiO,-N at a rate of 100 mAh g'1 is about 455.9 mAh g'l, which is
almost 1.55 times higher than that of TiO, nanoparticles combined with graphene
(293.2 mA h g'l) and is 2.23 times of that pure TiO, (203.9 mA h g'l).As to
G-Ti0,-N,the advantage of its rate performance is even more obvious, in other words,
the gap between the discharge capacities of the G-TiO,-N composite and bare TiO,
and G-TiO, powders increased with increase in current densities, it still delivers a
specific capacity as high as 426.8 mAh g'at the highest rate of 2A g ,whereas the
capacities obtained is just 224.3,124.3 mAh g’ respectively, for G-TiO, and
pureTiO,.In particularly, the specific capacity of the TiO, based composites at 50 and
100 mAg™ recover to their initial values due to its high reversibility. This exceptional
cycle performance of G-TiO,-N is caused by several synergistic functions, its hollow
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structure can absorb the huge volume change during Na insertion and extraction
reactions, the hierarchical pores offer an easy access to the sodium ions and the
electrolyte during the cell operation, and graphene hinder the cracking or crumbling
of the electrode, thus promoting the cycling stability. Furthermore, the higher
conductive GN can improve the conductivity to enhance the rate performance.

The cycling behavior for the G-TiO;-N electrode at a current density of 1 and
2Ag'1 is also shown in Fig.7(d).After 200 cycles, the discharge capacity of the
G-TiO»-N was still well retained with high capacities 425.6 mAh gat a current
density 2Ag™after 200 cycles. The coulombic efficiency in the whole progress is
beyond of 95%, indicating a good stability of the electrode of the GN grafted hollow
TiO, nanostructures.The markedly improved electrochemical performance can be
attributed to the hollow structure that can increase the surface areas, provide more
active spots, shorten diffusion path lengths, accommodate the strain variations from
sodium intercalation, and increase sodium storage capacity, and the unnegligible
improved conductivity and ion diffusion facilitation supported by GN, which is
consistent with the CV, charge-discharge and cycle performances.

In addition, in order to gain further insight into electrode microstructural changes
during cycling, electrochemical impedance spectra (EIS) measurements were carried
out in the frequency range of 10 M—0.01 Hz at 10 mV amplitude. The charge transfer
resistance of the G-TiO; electrode after 10, 50 and 200 cycles increases from 52.5 to
77.8 and to 142.5, respectively (Fig.7(e)),however, this resistance is nearly unchanged
for the following cycles with a value of 145.6 after 100 cycles. For the G-TiO,-N
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electrode, it increases from 50.2 (2" cycle) to 132.5 (100" cycle),but stays
comparatively stable in 138.9 (200" cycle) after 100 cycles (Fig.7(f)),the consistently
lower charge transfer resistance during cycling in G-TiO,-N is accordance to the
tendency in coulombic efficiency. This verifies that the GN matrix improve the ion
accessibility and conductivity of the overall electrode. Furthermore, the hollow
nanostructure channels facilitating each movement of Na ions while nitrogen doping
gives a better conductivity than that of the pristine graphene without nitrogen-doping.
In addition, to the possibility for our anode electrodes to be used as practical devices,
the morphology variation of G-TiO,-N before and after the 200 cycles were also
investigated.

Fig.8 shows the textural variation of the G-TiO,-N material after 200
charge/discharge cycles at 2Ag_1, compared with its TEM images (Fig.5(d)and
(e)),the particle size and hollow structure, well distributed feature without obvious
aggregation have been well kept and the structural integrity are still retained,
indicating the robust structural stability of the material. Therefore, the EIS analysis
agree well with the capacity/coulombic efficiency results, supporting that the
electrodes are stable even after long cycling numbers at high current density. This
confirms that the G-TiO,—N nanocomposite could have so amazing cycling
performance to make it attracting as the anode materials candidates for sodium-ion

batteries.
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Fig.8(a) and(b) TEM images of G-TiO,-N after 200™ cycles at various magnifications.

Conclusions
In summary, the hollow TiO, nanocrystals were incorporated into interweaved
framework of GN through a facile hydrothermal-calculation route.The precursor
urea is vital during formation of the hollow TiO, nanostructure according to the
Ostwald ripening mechanism investigation.The fabricated interconnected
G-TiO,-N material are based on the advantages of hierarchical hollow
nanostructure and interconnected GN matrix, the hierachical hollow nanostructure
are responsible for the facilitated transfer of sodium ions and the increased
electron transfer. The exceptional cycle ability capability is benefitted from the
unique thin wall hollow structure, which provides a significantly reduced path for
both electron and ion diffusion, while the interconnected GN network has the
intrinsically superior electrical conductivity for fast electron transport, high
surface area, which is available for numerous sodium storage sites, and short Na"
diffusion Distances. The electrochemical performance demonstrated that the
developed G-TiO,-N hybrids display considerably outstanding better capacity
retention, excellent rate capability and high cycle stability compared to pure TiO,
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and G-TiO, materials. These results present the hollow hybrid is promising for
high performance in SIBs applications.
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TiO; nanoparticles  Thedeveloping G-TiO,-N  The final hierachical G-TiO,-N

hollow nanostructures hollow nanostructures

A N-doped graphene grafted hollow TiO, nanostructures were fabricated and

evaluated as a promising candidate for sodium store

. » . "
prde i imM iV emi¥ 2
L
1 2
ws
i
PSR s s T T w'i
_ L
- - - - hd
° > ” 0o s " ”s 0
Cycle mamber



