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1. Introduction

Anatase TiO, is a promising anode material for lithium-ion batteries (LIBs)

owing to its low cost and stability. However, the intrinsically kinetic limits
seriously hindered its lithium-ion storage capability. Here we present that
anatase TiO, with rich oxygen vacancies can enhance its lithium-ion storage
performance. We synthesize anatase TiO, with well-retained hierarchical
structure by annealing the H,TisO,;-3H,0 yolk-shell spheres precursor in
nitrogen atmosphere. EPR and XPS data evidence that the oxygen-deficient
environment could generate abundant oxygen vacancies in the as-derived
anatase TiO,, which leads to improved electron conductivity and reduced
charge-transfer resistance. The rich oxygen vacancies and high structural
integrity of the hierarchical yolk-shell spheres enable the as-derived anatase
TiO, yolk-shell spheres with a high specific capacity of 280 mAh g~ ' at

100 mA g~ ' and 71% of capacity retention after 5000 cycles at 2 A g .
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Pursuing high power and energy densities for
lithium-ion batteries (LIBs) drive academia and
industry to develop novel electrode materials
for practical applications. Benefiting from its
low cost, environmental benignity, wide avail-
ability, and chemical stability, TiO, attracts
broad interests and becomes a promising anode
material for LIBs.H®! However, TiO, anode
materials still suffer from lower capacity and
poor capacity retention over long-term charge—
discharge cycles caused by the low ionic and
electrical conductivity as well as the intrinsic
insertion kinetics limit.”"*] Engineering TiO,
nanostructures has been demonstrated to be an
efficient approach to resolve or alleviate these
issues,l” 10! Nanoparticles can provide shorter
transport paths for both electronic and Ii" ions, larger electrode—elec-
trolyte contact area, and in some cases extra interfacial or surface low
voltage insertion host for Li" ions.'" 31 However, severe aggregation
of nanoparticles and breaking of particle connections often occurs dur-
ing the charge—discharge process, leading to new challenges in practical
applications.[lo’]ﬂ Recent studies show that hollow structures could
mitigate or partly resolve these problems.!"***! Hollow structures
including yolk-shell and multi-shell structures composed of nanosized
primary building blocks not only hold the advantages of nanoparticles,
for example, high surface area and large electrode/electrolyte interface,
short electron transfer, and lithium-ion diffusion pathways, but also
preserve the integrity of the electrode morphology and possess
enhanced volume change accommodation, thus improving lithium-ion
storage capability and stability of the electrode materials,[**>¢]

Another viable strategy to alleviate the low electrical conductivity
of anatase TiO, is introducing oxygen vacancies. The atomic struc-
ture defects resulted from oxygen vacancies can trigger unexpected
electronic states changes in TiO, electrode materials, thereby provid-
ing higher charge mobility. A few studies have been done to explore
the effect of oxygen vacancies on the electronic structure and energy
storage properties of TiO, materials and enhanced electrical conduc-
tion on energy storage properties. These results reveal that anatase
TiO, with rich oxygen vacancies provide greatly improved electrical
conductivity and energy storage performance.m’zg] Therefore, the
combination of primary nanostructures, yolk-shell structure, and
abundant oxygen vacancies is a promising approach to improve
lithium-ion storage properties of anatase TiO,.

In this work, H,TisO,,-3H,0O precursor with uniform yolk-shell
spherical structure were synthesized by a solvothermal method. The
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precursor can be converted to high crystallinity anatase TiO, with per-
fectly retained morphology and structure through annealing in a nitro-
gen atmosphere. The formation of the residual carbon species can
efficiently restrict the growth of TiO, crystallites, leading to small pri-
mary particles. Synchronously, abundant oxygen vacancies are pro-
duced due to the oxygen-deficient environment, which renders
improved electrical conductivity and charge transport kinetics. Owing
to the abundant oxygen vacancies and high structural integrity yolk-
shell spheres structure, the oxygen-deficient TiO, yolk-shell spheres (B-
YST) gives rise to enhanced lithium-ion storage performance when
compared with the white TiO, yolk-shell spheres (W-YST).

2. Results and Discussion

The atomic and electronic properties of pristine TiO, and doped TiO,
were first investigated using first-principles calculations. Figure 1la,b
show the crystal structure of the two models. From the density of states
(DOS) in Figure lc and Figure Sla, the bandgap of undoped TiO, was
calculated to be 3.204 eV, very close to the experimental bandgap value
of anatase TiO,, demonstrating the accuracy of our theoretical calcula-
tion method. After doping, the Vo-doping decrease the bandgap by
0.493 eV, corresponding to a bandgap of 2.711 eV (Figure 1d and
Figure S1b). The narrowed bandgap will lead to an improved electrical
conductivity of the Vi doped TiO,.

Figure 2a shows the SEM image of the precursor. The as-obtained
sample consists of uniform spheres with an average size of
~900 nm. Their yolk-shell characteristic and interior core can be
directly observed by SEM in the cracked spheres (Figure 2b).
Nanosheets are visible and show random orientations in the enlarged

SEM image (Figure 2c). The TEM images (Figure 2d,e) provide
direct evidence for the yolk-shell structures by showing the apparent
contrast difference between the hollow shell and the solid core parts.
HRTEM observation (Figure 2f) near the edge of the yolk-shell
sphere reveals that the constituted nanosheets are almost transparent,
implying the ultrathin character. The invisible lattice fringe in Fig-
ure S2 demonstrates poor crystallinity of the yolk-shell spheres. XRD
pattern (Figure S3) can be indexed to the H,TisO,,-3H,0 (JCPDS
NO.44-0130). The broad diffraction peaks with low intensity sug-
gests a poor crystallinity which agrees with the HRTEM observations
(Figure S2). Thermogravimetric analysis (TG) was conducted to
confirm the change of organic residues in the H,TisO,,-3H,0 yolk-
shell spheres with temperature. As shown in Figure S4, TG curve can
be divided into two stages. The weight loss of ca. 15.2 wt% from
room temperature to 250 °C can be assigned to the loss of
water,B%31 while the weight loss of ca. 11.2 wt% after 250 °C
belongs to the decomposition of organic species, suggesting a ca.
11.2 wt% organic residue existed in the as-obtained sample. The
weight loss ending at around 500 °C implies that the residual
organic species can be removed at 500 °C.

To elucidate the formation mechanism of such yolk-shell spheres,
time-dependent solvothermal experiments were performed. The mor-
phologies and structures of the products obtained at different solvother-
mal reaction stages were characterized by SEM and TEM. Prior to the
heating process, the solution containing IPA, DETA, and TBT main-
tained a yellow transparent state. At the early solvothermal stage (6 h),
as shown in Figure 3a-d, the hierarchical spheres formed with a solid
core and randomly oriented nanosheets on the surface. After reaction
for 12 h, the yolk-shelled spheres with partial interior hollowing
appeared (Figure 3e-h). A gap distance of ~100 nm can be clearly seen
by the TEM between the core and the shell (Fig-
ure 3h). Further extending the reaction time to
24 h gave rise to well-defined yolk-shelled
spheres with an enlarged gap distance of ca.
180 nm, accompanied by the shrunken core and
increased thickness of the growth of nanosheets
on the shell (Figure 2a-d). The evolution from
the solid to the yolk-shelled spheres stems from
an interior etching and outward recrystallization
process, namely the inside-out Ostwald-ripening
mechanism. 3233 Notably, the existence of
diethylenetriamine (DETA) has a great influence
on the formation of constituted nanosheets and
the uniformity of products. The amino on DETA
has a strong coordination effect which can coor-
dinate with titanium source.**! The coordination

c d) so . . o
©)s _ (d) Bils effect of amino can stabilize the titanium source
Ti2p and inhibit its hydrolysis. Meanwhile, the strong
6 ) . . . .
3 —;‘ 3d é coordination effect of amino on DETA will affect
< —oum = . .
Kz £ =3204eV o the formation of primary nanostructures and pre-
2 A e = [35]
2> 2 fer to lead to a nanosheets structure. As
(7] (72}
g " g schematically illustrated in Figure 3i, before heat-
ing reaction, due to the strong coordination effect
5 of the diethylenetriamine (DETA), the initial
e — — : solution is transparent, suggesting that no
4 0 1 2 3 4 -1 0 1 2 3 4 Lvdrolvsis of TRT d in thi G
Erisigy (V) Eristay &V) ydrolysis o occurred in this stage. Gener-

ally, titanium sources, such as, TBT, TIP can be

Figure 1. Crystal lattice models for a) TiO, and b) Vo-TiO, (TiisOs;). Total density of states (DOS) easily hydrolyzed even trace amounts of water,

plots for ) TiO, and d) Vo-TiO, obtained by performing PBE + U calculations.
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which will induce irregular morphologies. The
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transparent titanium source solution stabilized by DETA can ensure the
bottom-up formation of nanostructures during the crystallization pro-
cess, thus resulted in uniform spheres. Under heating, nucleation and
crystallization of Ti composites occur accompanied by the hydrolysis of
Ti source due to the etherification of TPAP**”] and the destroyed coor-
dination state of the Ti source, leading to the formation of hierarchical
solid spheres. Because the outside nanosheets were protected by the
DETA molecules owing to the strong coordination effect, with ongoing
the reaction, the interior unstable nanocrystalline will first dissolve and
recrystallized on the outward surface, thereby leading the enlarge
sphere sizes and increased thickness of the growth of nanosheets on the
shell. Meanwhile, the strong coordination effect of DETA molecular
with Ti source restricts the primary crystalline growth of the yolk-
shelled spheres, resulted in the ultrathin thickness of nanosheets and
poor crystallinity as confirmed by XRD analysis (Figure S3).

The pristine H,TisO;;-3H,0 yolk-shell spheres can be converted to
high crystallinity TiO, upon calcination. Previous studies have shown
that the selection of annealing atmosphere plays a great role in the mor-
phologies, structure, and properties of the final products.***% The for-
mation of residual carbon species by annealing the sample in Ar, N, or
vacuum efficiently affect the growth of TiO, crystallites, leading to dif-
ferent morphologies, structure and the concentration of defects with
that annealed in air.”***"1 XRD pattern presents sharp characteristic
peaks, verifying the improved crystallinity of B-YST and W-YST after
calcination (Figure 4a and Figure S5). All the diffraction peaks can be
readily indexed well with the anatase TiO, phase (JCPDS No. 21-
1272). Compared with W-YST, B-YST shows broader peaks and
weaker crystallinity, demonstrating a restrained growth of crystallites.
The grain size was calculated to be ca. 10.5 nm according to the Scher-
rer formula, while the W-YST is ca. 20.3 nm. The existence of residual

carbon in B-YST is confirmed by the TG analysis and the content is
examined to be ca. 5.6 wt% (Figure 4b) in a flowing air test. The yolk-
shell spherical structure was perfectly retained after annealing (Fig-
ure 4c,d). The nanosheets subunits of these yolk-shell spheres can
endure the calcination process and still maintain the similar structure
with the pristine H,TisO;;-3H,O spheres (Figure S6a). Figure 4ef,
and Figure S6b show the hierarchical yolk-shell sphere structure
observed by TEM. The smooth and nearly transparent shell edge in Fig-
ure S6b demonstrates the ultrathin character of the constituted
nanosheets that are almost identical to the pristine H,TisO;;-3H,0
yolk-shell spheres (Figure 2f). The clear lattice fringes (Figure 4g)
demonstrate that B-YST has a high crystallinity after thermal calcination
as confirmed by XRD results in Figure 4a. The interplanar distance is
measured to be ca. 0.351 nm, corresponding to (101) lattice plane of
anatase TiO, (JCPDS No. 21-1272). In contrast to B-YST, although the
yolk-shelled spherical morphology is reserved after annealing in air
(Figure S7), the constituted nanosheets of the W-YST sample are
destroyed and transformed to the coarse particles (Figure S7¢f). As
confirmed by the HRTEM (Figure S7gh), the primary nanoparticles
possess a large particle size of >20 nm and high crystallinity with per-
fect lattice planes.

The presence of oxygen vacancies in the B-YST sample was validated
by electron paramagnetic resonance spectroscopy (Figure 4h). Com-
pared with the silent EPR signal in W-YST, the strong EPR signal
response with a g value of 2.002 indicate that rich oxygen vacancies are
present in the B-YST sample.[“’“] X-ray photoelectron spectroscopy
(XPS) analysis of the Ols region evidenced significant differences in
the surface of B-YST and W-YST (Figure 4i). As often reported in the
case of the oxygen-deficient state, the presence of two O Is compo-
nents attributed to Ti-O-Ti in TiO, (529.5 £ 0.2 €V) and surface OH

Figure 2. a-c) SEM and d-f) TEM images of the H,TisO4,-3H,0 yolk-shell spheres.
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Figure 3. SEM and TEM images of the samples prepared at 200 °C for different reaction times: a-d) 6 h, e-h) 12 h. i) Schematic of the formation of yolk-
shell spherical precursor. IPA, DETA, and TBT represent isopropyl alcohol, diethylenetriamine, and tetra-n-butyl titanate, respectively.

(OOH) species associated with O defects (531.0 & 0.2 eV).HS] The
result revealed by Figure 4i indicates that abundant O vacancies existed
in the B-YST sample after heating treatment in N,. The proportion of
the oxygen vacancies in the B-YST is calculated to be ~33.4% according
to the XPS fitting data of Ols, higher than that of W-YST (22.5%). UV-
visible absorption spectra (Figure 4j) display that, in comparison with
the W-YST sample with an intrinsic absorption edge of ca. 400 nm, the
B-YST showed and additional visible light absorptions up to 800 nm,
implying a reduced bandgap which agree well with the DFT calculation
results. Accordingly, the B-YST and W-YST show black and white color,
respectively, as displayed in the inset of Figure 4j. The morphology
and structure differences induced by changing the annealing atmo-
sphere are depicted in Figure 4k. The significant difference in two sam-
ples demonstrates the great impact of residue carbon species on the
structure and properties control of TiO, nanomaterials.™*']

Figure 5a displays discharge—charge voltage profiles at a current
density of 100 mA g~ '. The initial discharge and charge capacities of
B-YST are 280 and 224 mAh g~ ', respectively, corresponding to an

Energy Environ. Mater. 2022, 5, 238-244 241

irreversible capacity loss of 20%. The discharge capacity then decays to
254 and 244 mAh g~' in the second and third discharge, and
remained at 218 mAh g~ ' in the 50th cycle (Figure 5b). This dis-
charge capacity value in the voltage range 1-3 V is higher than previ-
ously reported TiO, materials, for example, (2]
nanoparticles,[%] nanofiber,*’1 and oxygen-deficient blue TiOz.[‘*S]
However, only an initial capacity of 140 mAh g~ ' (Figure 5a) is
obtained by W-YST sample, and then, the capacity decayed to
128 mAh g~ ' in the second discharge and maintained 110 mAh g~
in the 50th cycle (Figure 5c). The B-YST exhibits superior rate capabil-
ity and long-term cyclic performance. When cydled at 0.2-2.0 A g~ ',
capacities of 92-198 mAh g~ ' can be delivered (Figure 5d and Fig-
ure S8a). The discharge capacities at each current are higher than those
of W-YST (65-108 mAh g~ ") (Figure 5d and Figure S8b). After
cycling at a high rate of 2.0 A g, a capacity of 196 mAh g~ ' can be
recovered upon reducing the current density to 0.2 A g~ '. Figure Se
shows the cydlic performance of B-YST at 2 A g™, the capadity starts
at 90 mAh g~ ' and still maintains at 64 mAh g~ ' after 5000 cydles,

microboxes,
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Figure 4. a) XRD patterns, b) TG curve, ¢, d) SEM, e, f) TEM and g) HRTEM images of B-YST. h) EPR, i) O1s XPS and j) UV-Vis absorbance spectra of B-YST
and W-YST. The inset of j) is the digital photos of B-YST and W-YST. k) lllustration of the feature changes from the H,TisO4,-3H,0 precursor to B-YST and

W-YST by annealing in N, and air at 500 °C.

corresponding to a capacity retention of 71%. The long-term cycling
stability of B-YST demonstrates the robust structural stability of the
yolk-shell sphere structure.

The outstanding lithium-ion storage performance of the oxygen-de-
ficient TiO, yolk-shell spheres can be ascribed to the structure and
properties control in the calcination process and the advantages of hier-
archical yolk-shelled structures. The yolk-shell spheres are composed of
primary nanoparticles which can shorten the transport path for the dif-
fusion of Li* ions. The existence of oxygen vacancies in B-YST can pro-
vide more accessible active sites for Li" insertion and act as shallow
donors, narrowing the bandgap (Eg), raising the density of states below
the Fermi level, and reducing the charge-transfer resistance, as evi-
denced by the DFT theoretical calculation, UV-Vis absorption spectra,
and EIS measurements (Figure S9). GITT (Figure S10) test confirms
that the introduction of oxygen vacancies can enhance Li* diffusion in
B-YST, leading to higher Li" diffusion coefficient ranging from 10™° to

Energy Environ. Mater. 2022, 5, 238-244 242

107'% em” S than that of W-YST (107"'-107® am” $™"). The resid-
ual carbon in B-YST favor the electrical conductivity of the electrode,
leading to improved diffusion coefficient of Li" and fast electron trans-
fer.®?] The robust yolk-shell structure effectively inhibits the aggrega-
tion of nanoparticles and offers vast space to accommodate the volume
change during the charge—discharge process which is responsible for
the long-term cycling stability of the electrode and long-term cycling.
These features promote the lithium-ion insertion and extraction process
and give rise to high-performance lithium-ion storage capability of B-
YST.

3. Conclusion
A solvothermal approach is presented to synthesized hierarchical

H,TisO;;-3H,0 yolk-shell spheres. Calcined in nitrogen, the precursor
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80 x 1072eVA™", 20 x 10>A, and 0.1 GPa

(@) 5 ——B-YST 1" cycle 1 o . L .
F —— BYST 2% oycio % X s respectively. It was similar with the method reported
a 3.0 [ W-YST 1" oycle 250 ;g < by Zhao et 2152
a 25 | ‘ B 200 \é Material Preparation: Synthesis of H,TisO;1-3H,0
; 20 L éE 150 AL € Yolk-shell spheres. In a typical procedure, diethylenetri-
< 100 mA/g > %0 E amine (DETA, Sigma-Aldrich, 005 mL) was added
g 1.5 g 100 . 2 dropwise to isopropyl alcohol (IPA, Sigma-Aldrich,
& | 8 - —o—Charge % 50 mL) with vigorously stirring. After continuous stir-
| 100 MA/g —o— Discharge © ring for 10 min, tetra-n-butyl titanate (TBT, Sigma-
0.5 ! 0l L —Lo Aldrich, 2 mL) was added. Continue stirring for
e SOy D) B e e 0 10 20 80 40 50 10 min, the resulted transparent yellowish solution
Capacity (mAh/g) Cycle number ’ P: Yy
(d) 250 was transferred to a 100 mL of autoclave and heated
| 100 @ B-YST at 200 °C for 24 h in an electric oven. After the reac-
<o 9&2“ o W.vST o&i tion, the product was collected and washed with
= 100 L é 5 .05 IR = ethanol several times, then dried at 80 °C for 24 h.
£ W-YST 2 £ 150 o1 i Synthesis of B-YST (Black yolk-shell TiO, spheres):
£ 150 % E haaad Q%% The as-synthesized yolk-shell spheres were calcined at
£ 8 g 100 P 000 %0da0 000007 500 °C for 1 h in nitrogen with a ramping rate of
g % —o-CE é § 3999000000 2 °C min~ .
° 100 mA/g :’;ﬁf“"‘ﬁ?i/ S % L Uni: Alg Synthesis of W-YST (White yolk-shell TiO, spheres):
0 I L 0 0 | L I The as-synthesized yolk-shell spheres were calcined at
0 10 20 30 40 50 0 5 10 15 20 25 30 3k 500 °C for 1h in air with a ramping rate of
Cycle number Cycle number 2 °C min”.
(e) 100 100 Material Characterization: XRD patterns of the
products were performed on a Rigaku smartLab X-ray
. e &  diffractometer 9 kW (Cu Kot radiation, A = 1.540593).
g 60 g  The morphologies and structures were examined by
E - § FE-SEM (Helios Nanolab 600i, FEI) and TEM (JEOL,
T a0l e = JEM-2100F, 200 kV). N, adsorption—desorption iso-
8 CE a therms were measured at 77 K on an ASAP 2460,
20 @ Charge % Micromeritics Instrument. TG analysis was performed
2A/g ° Discharge & using a TA Instruments SDT Q600 from room temper-
0 0 ature to 600 °C with a heating rate of 10 °C min ™"
0 1000 2000 3000 4000 5000

Cycle number

Figure 5. a) Charge—discharge curves at 100 mA g~' of B-TST and W-YST. b,

under a flow of air. XPS analysis was conducted on
ESCALAB 250, Thermo-VG Scientific to obtain the
chemical states of the oxygen element. The electron
c) Discharge, charge, and paramagnetic resonance (EPR) spectra were taken on

Coulombic efficiency curves of B-YST (b) and W-YST (c) at the current density of 100 mA g~ . d) Rate 3 Bruker EMX plus 10/12 (equipped with Oxford

performance of B-YST and W-YST. e) Long-term cycling performance of B-YST at 2 A g™ .

can be converted to high crystalline anatase TiO, with well-retained
hierarchical yolk-shell sphere structure. The formation of residual car-
bon species can effectively affect the structure and properties of final
TiO, nanomaterials. EPR and XPS data proved that the oxygen-deficient
environment leads to the formation of oxygen vacancies in anatase
TiO,, which gives rise to improved electron conductivity and reduced
charge-transfer resistance. Owing to the rich oxygen vacancies and
robust yolk-shell structures, the as-derived TiO, spheres manifest supe-
rior lithium storage capabilities with a high and stable capacity of
280 mAh g~ at a current rate of 100 mA g~ ' and excellent long-
term cyclic stability with a capacity retention of 71% over 5000 cycles

a2 Ag .

4. Experimental and Methods

Calculation Methods: All calculations were carried out employing the CASTEP
plane-wave DFT code > The generalized gradient approximation functional
developed by Perdew and Wang (PW91)"®" was chosen as the correlation func-
tion, and DFT + U method with a value of Ti was set as 7.0 eV (U) based on the
Ref? For geometric optimization calculations, a plane-wave basis with a kinetic
energy cutoff of was set as 340 eV. The k-points were sampled on Monkhorst—
Pack grid of 2 x 2 x 1 for the unit cell or super cell. The max ionic force, max
ionic  displacement, and max stress component tolerance  were
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ESR910 Liquid Helium cryostat) at 2 K. The UV-Vis
absorbance spectra were carried out on a Japan Shi-
madzu UV-Vis spectrophotometer (UV-2600).
Electrochemical Measurements: Electrochemical properties were tested using
2032-type coin cells in the voltage window of 1-3 V. The working electrode was
fabricated by mixing and grinding active material (B-YST and W-YST), conductive
agent (carbon black, Super-P), and polymer binder (poly(vinylidene difluoride),
PVDF, Aldrich) at a weight ratio of 7:2:1. The homogeneous slurry was then
coated on a stainless steel mesh and dried at 80 °C for 12 h under vacuum. The
mass loading of active materials is 2-3 mg cm™ 2. The electrode was assembled in
an Ar-filled glovebox with the concentrations of moisture and oxygen below
0.5 ppm. Lithium metal was used as the counter electrode. 1 M LiPF6 in a mix-
ture of dimethyl carbonate, ethylene carbonate, and diethyl carbonate (1:1:1
vol%) was used as the electrolyte. Polypropylene film (Celgard 2400) was used as
the separator. The galvanostatic discharge/charge was performed on a Neware
Battery Testing System (BTS 3000, Shenzhen Neware, China). Cyclic voltammo-
grams (CV) were tested on an electrochemical workstation (CHIGO0OE). EIS spectra
were carried out in a frequency range from 100 kHz to 100 mHz with an applied
amplitude voltage of 10 mV on a Solartron 1260 Multistat impedance analyzer.
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