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ABSTRACT Although Li-ion batteries have attracted significant
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phene oxide (GO) and anchors (010)-faceted mesoporous bronze-

phase titania (Ti0,—B) nanosheets to reduced graphene oxide (RGO) through Ti*™—C bonds. Formation of Ti*™—C bonds during the photocatalytic
reduction process was identified using electron paramagnetic resonance (EPR) and X-ray photoelectron spectroscopy (XPS) techniques. When cycled
between 1—3 V (vs Li™), these chemically bonded Ti0,—B/RGO hybrid nanostructures show significantly higher Li-ion storage capacities and rate
capability compared to bare Ti0,—B nanosheets and a physically mixed Ti0,—B/RGO composite. In addition, 80% of the initial specific (gravimetric)
capacity was retained even after 1000 charge—discharge cycles at a high rate of 40C. The improved electrochemical performance of Ti0,—B/RGO
nanoarchitectures is attributed to the presence of exposed (010) facets, mesoporosity, and efficient interfacial charge transfer between RGO monolayers

and Ti0,—B nanosheets.
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echargeable Li-ion batteries are now
Rcommon in the area of electrochemi-

cal energy storage due to their high
energy density and wide range of applications
in portable electronic devices, implantable
medical devices, and electric vehicles.'™"°
Despite these advantages, Li-ion batteries
lack the high power density (rate performance)
critical for many commercial applications.”'®
One of the main challenges is obtaining
excellent rate capability while maintaining
long cycle life and safety. The use of graphite
anodes (theoretical capacity of 372 mAh/qg)
is one of the critical factors limiting the per-
formance and safety of current generation
Li-ion batteries. Consequently, numerous
efforts have been devoted to developing
safe, high-performance transition-metal oxide
anode materials."' '3 Bronze-phase titania
(TiO,—B) has attracted significant inter-
est due to its excellent rate capability
compared to other polymorphs of TiO,
and titanates.”*'> In addition, TiO,—B has
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high chemical stability and a smaller volume
change (<3%) during lithium insertion/
extraction."” 2% Moreover, the higher work-
ing voltage of TiO,—B (1.0—1.5 V vs Li*’?)
eliminates the possibility of lithium plating
that is commonly observed with graphite.
Despite the advantages, TiO,—B has poor
electronic and ionic conductivity, which
limits its application as a potential high-
power anode material.">?' Superior elec-
tronic and ionic conductivities of electrode
materials are the key requirements for at-
taining high rate performance. Fabricating
nanostructures is an established method for
improving the electronic conductivity and Li*
diffusion kinetics in battery materials.2%%>*3
Nanostructured electrodes facilitate better
contact with the electrolyte solution and
result in improved Li* solubility, shorter
length forLi* and e~ transport, and superior
interfacial kinetics. TiO,—B nanosheets ex-
hibit superior electrochemical performance
and faster interfacial charge-transfer kinetics
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compared to nanotubes, nanowires, and nanoparticle
morphologies.'>** Moreover, porosity has a significant
effect on the performance. For instance, significantly
higher specific capacities and rate capability have been
reported for mesoporous TiO,—B compared to nano-
particles.'” Since TiO,—B has open channels along the
[010] axis, exposure of (010) facets could be beneficial
for improving Li-transport.'*'2

Another widely used method to improve the rate
capability of TiO, is anchoring it to electrically con-
ducting substrates such as reduced graphene oxide
(RGO).%>~33 The greater electronic conductivity, high
surface area, structural flexibility, and chemical stability
of these carbonaceous substrates make them excellent
supports for electrode materials. The advantage of
anchoring TiO, nanoparticles to RGO sheets is that high
surface area electrodes are maintained without the
agglomeration of TiO, nanoparticles and/or restacking
of RGO sheets. 32~ 3* Therefore, we sought to combine the
advantages of a nanosheet morphology, mesoporosity,
exposure of (010) facets, and anchoring to carbonaceous
substrates to attain high-performance TiO,—B anodes.

Many synthetic strategies have been reported for
TiO,/RGO hybrid nanostructures.”> 2 To the best of
our knowledge, Ti—C bond formation, which is crucial
for rapid interfacial charge transfer, has never been
explicitly identified in TiO,/RGO hybrids. Herein we
report a synthetic approach that involves simultaneous
photocatalytic reduction of graphene oxide (GO) onto
(010)-facet exposed mesoporous TiO,—B nanosheets
using UV light, which results in reduced graphene
oxide (RGO) anchored through Ti*™—C bonds. By
illuminating the ethanolic suspension of TiO,—B na-
nosheets and GO, photogenerated conduction-band
electrons in TiO, reduce GO to RGO (with ethanol
scavenging valence-band holes). In addition, surface
Ti*" ions of TiO,—B nanosheets get reduced to Ti**.
Further reaction of Ti*" surface states with defect car-
bon of the RGO gives rise to Ti**—C bonds (Figure 1).

RESULTS AND DISCUSSION

The X-ray diffraction pattern of GO has a distinctive
(001) Bragg reflection at 9.8° 26, which corresponds to
the interlayer spacing of 9.0 A between the individual
GO sheets (Figure 2a).3**° The diffraction peak char-
acteristic of graphite flakes (26.6° 20) is absent in these
samples, supporting the complete oxidation of gra-
phite to GO. The well-resolved XRD pattern of the
TiO,—B nanosheets (Figure 2a) is in good agreement
with previous reports (ICDD 046-1237).2%*'*2 Unlike other
synthesis methods, anatase impurities are not detected in
our TiO,—B nanosheet samples. There are no character-
istic XRD peaks of GO and RGO observed in TiO,—B/RGO
nanostructures (Figure 2a). This result is attributed to the
destruction of the regular stacking of GO upon anchoring
the TiO,—B nanosheets. The phase purity of TiO,—B
nanosheets, GO, and RGO was further confirmed using
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Figure 1. Synthesis of the TiO,—B/RGO hybrid nanostruc-
ture through photocatalytic reduction.
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Figure 2. (a) X-ray diffraction patterns of GO (black), TiO,—B
(red), and TiO,—B/RGO hybrid (blue). (b) Raman spectra of
GO (black), TiO,—B (red), and TiO,—B/RGO hybrid (blue).
Inset: D and G bands of GO and RGO.

Raman spectroscopy (Figure 2b). In the case of titania,
Raman modes at 196, 245, 400, 513, 635, and 858 cm ™"
are characteristic of phase-pure TiO,—B.'>"743

The 2-D nanosheet morphology of TiO,—B is evident
from the absence of Ti—O—Ti and O—Ti—O torsional
modes at 140 and 150 cm™~".">"7 As prepared, GO exhibits
two distinct Raman peaks. The D-band at 1331 cm™' is
characteristic of disordered sp? carbon.3%**** The other
band at 1588 cm ™' corresponds to graphitized structures,
which is known as the G-band.*® After photocatalytic
reduction, the positions of these Raman bands are
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Figure 3. SEM images of (a) TiO,—B, (b) GO, (c) TiO,—B/RGO
hybrid. TEM images and SAED patterns of (d) TiO,—B, (e)
GO, (f) TiO,—B/RGO hybrid. (g) SEM image and correspond-
ing EDX maps of (h) carbon, (i) oxygen and (j) titanium in the
TiO,—B/RGO hybrid.

unchanged, although an increased D/G intensity ratio is
identified for the TiO,—B/RGO nanostructure compared
to that of pure GO. This observation reveals a decrease in
the average size of the in-plane sp? domains and oxidized
molecular defects, which confirm the photocatalytic re-
duction of GO.3** The bathochromic shift in the TiO,—B
Raman bands for TiO,—B/RGO hybrid suggests a strong
interaction between RGO and the individual TiO,—B
nanosheets. Moreover, the 2D band of TiO,—B/RGO at
2640 cm ™" implies that RGO exists as single layers in the
hybrid.*®

SEM images demonstrate the formation of highly
agglomerated TiO,—B nanosheets with an average thick-
ness of ~10 nm (Figure 3a). As prepared, ~30 um sized
GO sheets are also highly agglomerated, which is char-
acteristic of high surface area materials (Figure 3b). It is
clear that photocatalytic reduction results in the uniform
anchoring of TiO,—B nanosheets on micrometer-sized
RGO sheets. In this case, parts of the RGO sheets are still
exposed (Figure 3c), which is critical for maintaining good
contact between individual RGO sheets for high elec-
tronic conductivity. The compositional purity of the
TiO,—B nanosheets, GO, and TiO,—B/RGO hybrid
nanostructures was also demonstrated by their EDX
patterns (Figures S1 and S2, Supporting Information).
As evidenced from the TEM images, individual TiO,—B
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nanosheets are ~100 x 120 nm sized and were highly
agglomerated (Figure 3d). Individual ~30 x 50 um
sized GO sheets restack into multiple layers (Figure 3e),
which agrees well with the interlayer spacing of 9.0 A
observed from the XRD pattern. No such restacking
occurs in the case of the TiO,—B/RGO hybrid (Figure 3f
and Figure S3, Supporting Information). This result can
be attributed to the anchoring of TiO,—B nanosheets
onto individual RGO sheets during the photocatalytic
reduction, which prevents restacking.

As prepared, GO shows a distinct selected area elec-
tron diffraction (SAED) pattern, suggestive of an or-
dered carbon framework. The SAED pattern of TiO,—B
nanosheets contains a series of well-defined Debye—
Scherrer rings confirming their polycrystalline nature.
The calculated d-spacing values of 3.0, 3.5, 3.7, 6.2, and
7.1 A correspond to Miller indices (002), (400), (110),
(001), and (200) of TiO,—B. Diffraction patterns of both
TiO,—B and RGO are present in the SAED pattern of
the hybrid nanostructures, which verifies their nano-
scale mixing. Lattice fringes spaced at 3.0 and 3.5 A in
the high-resolution transmission electron microscopy
(HRTEM) images (Figure S4, Supporting Information)
correspond to (400) and (002) Miller indices. The 107°
angle between these facets is characteristic of mono-
clinic TiO,—B, and therefore, the exposed facets of
these nanosheets can be indexed as the (010) planes.'**°

To gain further insight into the structure of TiO,—
B/RGO hybrid nanostructures, we performed EDX ele-
mental mapping. As presented in Figure 3g—j, tita-
nium, oxygen, and carbon atoms are homogeneously
distributed in TiO,—B/RGO hybrid nanostructures. Atomic
force microscopy (AFM) measurements on GO demon-
strate an average thickness of 70 nm, which corresponds
to ~60 layers of restacked sheets (Figure S5, Supporting
Information). Nitrogen adsorption—desorption isotherms
of the TiO,—B/RGO hybrids show type-IV characteristics
with H3-type hysteresis (Figure S6, Supporting
Information) associated with the presence of slit like
pores.>® The Brunauer—Emmett—Teller (BET) analysis
gives a specific surface area of 160 m?/g. The pore
volume (0.21 cm®/g) and pore diameter (9.5 nm) were
determined from Barret—Joyner—Halenda (BJH) anal-
ysis. These results highlight that the (010) facet-exposed
mesoporous TiO,—B nanosheets are homogeneously
anchored on RGO monolayers.

Electron paramagnetic resonance (EPR) spectrosco-
py tells the chemical state of titanium (Figure 4). The
TiO,—B/GO sample has no characteristic EPR resonances
at 77 K, whereas the TiO,—B/RGO hybrid nanostructure
shows an EPR resonance at g = 1.94, indicative of surface
Ti**>° Comparing the signal intensity of the TiO,—B/RGO
hybrids to those of standard Ti** solutions reveal that
one in 6.1 x 10° Ti*" ions is reduced to Ti** during the
photocatalytic reduction, which is comparable to the
Ti** content present in chemically reduced TiO,.>' We
note that Ti*" ions formed during the photocatalytic
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Figure 4. EPR spectra of TiO,—B (red) and TiO,—B/RGO
hybrid (blue). Inset: photographs of TiO,—B/GO in absolute
ethanol (a) before and (b) after photoreduction.

reduction are stable upon exposure to air. To probe the
reaction mechanism, EPR spectra were collected for
the ethanolic suspension of pure TiO,—B nanosheets
before and after the UV-light treatment (Figure S7,
Supporting Information). After UV treatment, the EPR
spectrum of the TiO,—B nanosheets presents a band at
g = 1.94, and the solution shows a corresponding blue
color, all characteristic of surface Ti**.

The simultaneous photocatalytic reduction of GO
and anchoring of TiO,—B nanosheets on the RGO
sheets was further characterized by XP spectroscopy.
Three typical peaks are observed in GO, which repre-
sent chemically different species are located at 284.5,
286.8, and 288.5 eV, respectively (Figure 5a). These
peaks correspond to elemental carbon/sp>-hybridized
carbon from GO, oxygen-containing alcohol, or ether
linkages (C—OH and C—0) and carboxylate (0O=C—0),
respectively.3#*>2 In the case of TiO,—B/RGO hybrid
nanostructures, the high intensity peak at 286.8 eV
disappears, and an additional peak characteristic of
defect-containing sp>-hybridized carbon emerges at
286.0 eV (Figure 5b). This shift indicates that most of
the oxygen-containing functional groups of GO are
efficiently reduced during the photocatalytic reduc-
tion reaction. A low intensity peak of carboxyl carbon
(288.5 eV) is still present in the photoreduced sample. An
additional C(1s) peak at 283.5 eV emerges, which is at
higher binding energy than the titanium carbide (Ti*' —C)
peak at 281.5 eV. It can be assigned to carbon from RGO
bonded to Ti** of TiO,—B nanosheets.>*** Ti**—C bond
formation is corroborated by the bathochromic shift ob-
served for the Raman spectrum of TiO,—B/RGO compared
to that of bare TiO,—B nanosheets.

The appearance of Ti(2p) peaks of TiO,—B/RGO hy-
brids at higher binding energies (Figure S8) compared
to pure TiO,—B can be attributed to the electron-
withdrawing inductive effect of the residual carboxylate

ETACHERI ET AL.

relative intensity

283.5

286.0

288.5

—— 7T T T T T T
282 283 284 285 286 287 288 289 290

binding energy / eV

Figure 5. C(1s) XP spectra of (a) GO and (b) TiO,—B/RGO
hybrid.

on RGO.>>*® The photocatalytic reduction of GO is also
evidenced by the color change from gray to black
(Figure 4 inset), which has previously been observed
during the chemical reduction of GO and assigned to
the partial restoration of the 7 conjugated network of
graphene.”’

The as-prepared GO displays characteristic IR ab-
sorption bands of several oxygen-containing groups
(Figure 6). The prominent bands at 1732 and
3407 cm ™' can be ascribed to C=0 stretching and
O—H stretching, respectively. Then, small peaks at
1059 and 1224 cm™' correspond to C—O (alkoxy)
and C—O (epoxy) stretches, respectively.*’*® The
C=C skeleton vibration appears at 1620 cm~'>8 The
absorption bands of most oxygen-containing func-
tional groups are absent in the TiO,—B/RGO hybrid
nanostructures obtained after photocatalytic reduc-
tion. The low intensity band observed at 789 cm™'
corresponds to carboxyl groups that persist in the
photoreduced sample. These observations imply that
carbon—oxygen single bonds are completely reduced
during the photocatalytic reduction, and carboxyl
groups remain unaffected, which is in good agreement
with the XPS results. Additionally, the broad IR band
centered at 558 cm ™' for pure TiO,—B and TiO,—B/RGO
hybrid represents the Ti—O stretching mode in crystal-
line TiO,.>%%° The fact that this band is isoenergetic for
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Figure 6. FTIR spectra of GO (black), TiO,—B (red), and
TiO,—B/RGO hybrid (blue).

both TiO,—B and TiO,—B/RGO confirms that our
photocatalytic reduction results in forming Ti*™ only
at the surface, and not within the bulk. Thus, XPS, EPR,
and FTIR measurements clearly demonstrate the effi-
cient photocatalytic reduction of GO and anchoring of
TiO>—B nanosheets on RGO through Ti*"™—C bonds.
Although the photocatalytic anchoring of TiO, onto
RGO has been previously reported, the formation Ti—C
bonds has not been observed or proposed.?*** The
mechanism of the photocatalytic GO reduction can be
explained by the photogeneration of electron—hole
pairs on TiO,—B surface. Upon UV irradiation, electrons
are excited to the conduction band (CB) leaving a hole
in the valence band (VB) of TiO,—B. Consumption of
holes by ethanol results in the accumulation of photo-
excited electrons, which simultaneously reduce GO
and Ti*" ions. Subsequent reactions between Ti**
surface states and defect carbon moieties of RGO result
in Ti¥** —C bond formation. This method is environmen-
tally benign. It does not require toxic reducing agents
such as hydrazine. Moreover, the degree of reduction
can be tuned by varying the irradiation time, and
simply evaporating the solvent can isolate the product.

We then evaluated the electrochemical perfor-
mance of the TiO,—B nanosheets and TiO,—B/RGO
hybrid by galvanostatic discharge—charge measure-
ments at different rates. The voltage profile of the
TiO,—B/RGO hybrid electrode at varying current den-
sities is presented in Figure 7a. A slope throughout the
voltage profile is identical to that of TiO,—B nanostruc-
tures reported previously.'>'® At a discharge rate of 1C
(the current required to discharge the theoretical
capacity in 1 h, 335 mA/qg), TiO,—B nanosheets exhibit
a gravimetric capacity of 225 mAh/g, which is compar-
able to that of nanoparticles, and nanotubes.'®®’ In
contrast, TiO,—B/RGO hybrid electrodes achieved a
higher specific capacity of 275 mAh/g at the same 1C
current. Upon increasing the load, TiO,—B nanosheets
experience severe capacity loss, whereas TiO,—B/RGO
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hybrid electrodes show only minor capacity fading and
exhibit a high specific capacity of 200 mAh/g even at
40C current. This capacity is 2.5-fold higher than that
of TiO,—B nanosheets and that of a physical mixture
of TiO,—B with RGO (Figure 7b). Also notable is that
the Coulombic efficiency of these hybrid electrodes
reaches nearly 100% after four charge—discharge cy-
cles at 1C current, and retain a high efficiency of 99%
at 40 C current (Figure S9, Supporting Information). The
electrochemical stability of TiO,—B/RGO nanostruc-
tured electrodes is determined by long-term galvano-
static cycling at various charge—discharge rates.
Independent of the current densities, these electrodes
maintain 80% of the initial capacity even after 1000
cycles (Figure 7c). In contrast, a physical mixture of
TiO,—B and RGO retains only 20% of the initial capacity
under the same experimental conditions (Figure S10,
Supporting Information). To the best of our knowledge,
this high specific capacity, rate performance, and
capacity retention is superior to any of the reported
TiO,—B anodes for Li-ion batteries. Although the spe-
cific capacity of TiO,—B/RGO hybrid is not greater than
that observed in other anode materials, we observe
excellent capacity at high current.

In order to get further insight into the rate capability,
electrochemical impedance spectroscopy (EIS) was
performed on electrodes composed of TiO,—B, chem-
ically bonded TiO,—B/RGO hybrids and a physical
mixture of TiO,—B and RGO. As shown in Figure 7d,
the Nyquist plots for all three samples display a single
semicircle in the high frequency region and a sloping
straight line in the low frequency range, corresponding
to charge-transfer resistance (R.;) and solid-state diffu-
sion of lithium in this insertion material (Zy) respec-
tively.32%2 The smaller semicircle diameter for TiO,—
B/RGO electrode clearly demonstrates a smaller R, for
chemically bonded TiO,—B/RGO compared to the
physical mixture and conventional TiO,—B/carbon
black composite electrodes. The significantly better
electrochemical performance of the TiO,—B/RGO hy-
brid can be explained by the unique nanoarchitecture
with the promising features of mesoporosity and ex-
posed (010) facets.

The high surface area of 2D ultrathin TiO,—B nano-
sheets facilitates a large electrolyte-electrode contact
area and shorter diffusion length for Li*, and it better
accommodates large strain due to volume changes
upon lithium insertion and extraction, all of which are
favorable for achieving high rate capability. Moreover,
anchoring TiO,—B nanosheets onto RGO through
Ti** —C bonds effectively enhances the electronic con-
ductivity (interfacial charge transfer) leading to rapid
electrochemical reactions. In addition, anchoring the
TiO,—B nanosheets onto RGO sheets minimizes TiO,
agglomeration and RGO sheet restacking, which helps
to maintain high surface areas and stability during
lithium insertion/extraction.
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Figure 7. (a) Second discharge—charge profiles of TiO,—B/RGO hybrid electrodes at various rates; (b) discharge capacity
of TiO,—B/RGO hybrid (red) TiO,—B + RGO (blue) and TiO,—B (black) at varying rate; (c) long-term galvanostatic cycling of
TiO,—B/RGO hybrid electrodes at 1C (black) 20C (red) and 40C (blue) current; (d) Nyquist plots of TiO,—B/RGO hybrid (red)

TiO,—B + RGO mixture (blue) and TiO,—B (black).

CONCLUSIONS

We have chemically bonded (010)-faceted meso-
porous TiO,—B nanosheets to RGO sheets through a
photocatalytic reduction method resulting in the
formation of Ti*—C bonds. These TiO,—B/RGO hy-
brid nanostructures demonstrate superior specific
capacity, excellent rate capability, and capacity reten-
tion compared to a physical mixture of TiO,—B and
RGO and a conventional TiO,—B/carbon black com-
posite electrode. We attribute the higher elec-
trochemical performance of TiO,—B/RGO hybrid

EXPERIMENTAL SECTION

Material Synthesis. All reagents were purchased from Sigma-
Aldrich and used without further purification. Ultrathin TiO,—B
nanosheets were synthesized by a hydrothermal method re-
ported by Xiang et al.'* In a typical synthetic procedure, 4 mL of
TiCl5 (20% aqueous solution in HCI) and 4 mL of deionized water
were mixed with 50 mL of ethylene glycol. After being stirred for
10 min, the mixture was heated to 150 °C for 6 h in four sealed
23 mL Teflon-lined autoclaves (Parr instruments); heating and
cooling rates were 10 °C/min. After cooling, the products were
separated by centrifugation and washed with water and
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nanostructures to efficient interfacial charge transfer
between TiO,—B nanosheets and RGO, which is fos-
tered by Ti**—C bonds. Our work demonstrates that
the bonding interaction between conducting carbon
and the active electrode material is a crucial factor for
determining the electrochemical performance of Li-
ion batteries. The chemically bonded TiO,—B/RGO
hybrid nanostructure that operates in the safe voltage
range (1-3 V vs Lit’% is a potential candidate for
replacing graphite anodes in conventional Li-ion
batteries.

ethanol four times. Powder samples were dried at 60 °C in a
vacuum oven and annealed at 400 °C for 2 h. Graphene oxide
nanosheets were synthesized from graphite flakes by an im-
proved Hummers' method.*® Briefly, 9:1 mixture of concen-
trated H,S04/H3PO,4 (120:13.3 mL) was added to a mixture of
graphite flakes (1.0 g) and KMnO, (6.0 g). The reaction was then
heated to 50 °C, stirred for 12 h, cooled to room temperature,
and poured onto ice (200 mL) with 30% H,O, (2 mL). The
mixture obtained was centrifuged (4000 rpm for 4 h), and the
supernatant was decanted. The remaining solid material was
then washed in succession with 200 mL of water, 200 mL of 30%
HCl, and 200 mL of ethanol. The material obtained after an
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extended, multiple-washing process was dried overnight in a
vacuum oven at 60 °C. TiO,—B nanosheets were chemically
bonded to RGO through a photocatalytic—reduction method. In
a typical synthesis, a homogeneous GO suspension was first
obtained by sonicating GO (20 mg) in absolute ethanol (100 mL)
for 30 min. The suspension obtained was then mixed with
TiO,—B nano-
sheets (70 mg) and irradiated with UV light (150 W) for 12 h
under constant stirring to form the chemically bonded TiO,—
B/RGO hybrid. The sample was then centrifuged and washed with
deionized water three times and dried in a vacuum oven at 60 °C.
For comparing the electrochemical performance, separately pre-
pared RGO was physically mixed with TiO,—B nanosheets.

Characterization. A Bruker D8 advance diffractometer
equipped with a Lynx-Eye detector and parallel beam optics
using Cu Ka radiation (A = 0.154184 nm) was employed for
collecting the X-ray diffraction (XRD) patterns of the samples
(26 = 10—70°). The room-temperature Raman analysis of sam-
ples was performed using a Renishaw inVia Reflex micro-Raman
system equipped with a 633 nm Ar* ion laser. The microstruc-
ture and morphology of samples were systematically investi-
gated using HR-SEM (Inspect FEI Nova-200), UHR-TEM (JEOL
JEM-3011), and AFM (Veeco Dimension Icon). Nitrogen adsorption—
desorption isotherms were collected using a Quantachrome
Nova 4200e surface area analyzer. X-band electron paramag-
netic resonance (EPR) spectra of the samples were collected at
liquid nitrogen temperature using a Bruker EMX spectrometer.
Ti** formed during the photocatalytic reduction was quantified
by comparing the EPR spectral intensity of the TiO,—B/RGO
hybrid to a calibration curve constructed from standard Ti*™
solutions (1—10 mM TiCl3) in ethanol at 77 K. X-ray photoelec-
tron spectra (XPS) were recorded using a Kratos Axis Ultra
spectrometer equipped with an Al Ko X-ray radiation source
(photon energy 1486.6 eV). The binding energies of all elements
present were determined by setting the CC/CH component of
the C 1s peak at 284.5 eV. After removing a nonlinear Shirley
background, high-resolution, core-level spectra were used for
quantitative surface chemical analysis. Vision software (Kratos)
was used for deconvoluting the XPS spectra into Gaussian/
Lorenzian-shaped components. A Perkin-ElImer GX spectro-
meter was used for used for recording the FTIR spectra of
samples (in the range of 4000—400 cm™ Y.

Electrochemistry. Electrochemical experiments were carried
out at room temperature in Swagelok-type cells using a Celgard
3401 polypropylene separator and Li-foil as both the auxiliary and
pseudoreference electrode. The electrolyte was purchased from
MTI Corporation, which consists of 1 M LiPFg in a 1:1:1 mixture of
ethylene carbonate (EC)/dimethyl carbonate (DMC)/diethyl car-
bonate (DEC). The working electrode consists of 90 wt % of the
active material (70% TiO,—B + 20% RGO obtained after
photoreduction) and 10 wt % of binder (styrene butadiene
rubber/sodium carboxymethyl cellulose 1:1 by weight). A control
electrode was also prepared by mixing 70 wt % of TiO,—B with 20
wt % carbon black and 10 wt % binder. The active material
loading of the working electrodes was 1—2 mg/cm?. The electro-
chemical cells were assembled in high-purity argon (99.9995%)
filled glovebox (Vacuum Atmospheres) equipped with O, and
H,0 absorbers. Galvanostatic charge—discharge cycling of these
two electrode cells in the potential range of 1.0 — 3.0 V (vs. Lit"0)
was performed using a custom-built Vencon UBA5 battery
analyzer. The electrode capacity calculations were made in
triplicate, and the results were within the 5% error limit. A
potentiostat (Autolab PGSTST302) coupled with a frequency
response analyzer (Solartron 1255) was used for the electroche-
mical impedance spectroscopy (EIS) measurements.
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