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Nanoparticulate TiO,(B): An Anode for Lithium-Ion Batteries**
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Titanates are being intensively investigated as anodes for
lithium-ion batteries due to their superior safety and rate
capability compared with graphite, although their higher
voltage lowers the overall energy density of the lithium-ion
cell.! Li,TisO,, spinel is now used in commercial lithium-ion
batteries.!! TiO, possesses twice the theoretical specific
capacity (335mAhg™') compared with  Li,TisO,
(175mAhg™"), ie., is comparable to graphite, rendering
TiO, potentially attractive as an anode for Li-ion batter-
ies.'® 3 TiO,(B) can accommodate more lithium than any
other TiO, polymorph as a bulk material (micrometer-sized
particles).’*# It has been shown that nanostructured forms of
TiO,(B) enhance rate capability compared to the bulk, with
nanotubes of TiO,(B) or TiO,(B)/anatase microspheres
exhibiting the highest rate capability to date.’! Their perfor-
mance is exceeded by nanoparticulate TiO,(B) described
here.

Nanoparticulate TiO,(B) was synthesized by a procedure
described in the Experimental Section. Briefly, Ti metal is
dissolved in a mixture of H,O, and NHj; in water, to which
glycolic acid is added, forming a titanium glycolate complex.
This is subjected to hydrothermal treatment at 160°C for
30 min. The resulting solid was finally calcined in dry air at
300°C for 1 h. The powder X-ray diffraction pattern (PXRD)
of nanoparticulate TiO,(B) is shown in Figure 1, where it is
compared with standard TiO,(B). The small particle dimen-
sions necessarily result in peak broadening but the powder
diffraction pattern follows the same intensity distribution as
that of the bulk material. Confirmation that the nanoparti-
culate powder is TiO,(B) was obtained by high-resolution
TEM (Figure 2); lattice spacings of 0.357 nm and 0.619 nm
corresponding to the (110) and (001) reflections from the
TiO,(B) structure (ICDD 046-1237) are observed. O NMR
spectra of "O-enriched TiO, clearly show characteristic
resonances from the three oxygen coordination environments
OTi,, OTi;, and OTi, in intensity ratios of approximately
1:2:1, which is characteristic of the TiO,(B) polymorph
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Figure 1. PXRD pattern of the TiO,(B) nanoparticles. Bulk TiO,(B)
from the ICDD database is shown for comparison.

0.357 nm

Figure 2. HRTEM image of TiO,(B) nanoparticles. White boxes delin-
eate primary (nano)particles within the agglomerates.

(Supporting Information, Figure S2). Rutile and anatase
both contain only OTi; environments.

The TEM data demonstrate that the material is composed
of nanoparticles of ca. 2.5 x 4.3 nm size (based on analysis of
100 nanoparticles), with a relatively narrow size distribution,
and that form agglomerates of 0.3-3 pm (Figure 2a and S1).
The BET surface area determined from N, adsorption is
251 m?*g! (pore volume 0.12 cm®g~') whereas, based on the
primary particle size of 2.5x2.5x4.3 nm, the predicted
surface area is 567 m> g‘l, i.e., more than twice the observed
value and consistent with aggregation of the primary particles
into porous agglomerates.

One problem that often besets nanoparticles is the need to
employ molecules (e.g. surfactants) in the synthesis to inhibit
particle size growth. Such molecules, if they remain on the
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surface, may affect the properties of the material. Here, we
have succeeded in removing the growth inhibiting molecules
(glycolate) by calcining the nanoparticulate TiO,(B) in air
after hydrothermal treatment. CHN analysis of the calcined
material indicates that the amount of residual carbon is
0.3 wt % which would account for a carbon layer of signifi-
cantly less than 1 A if distributed across the surface of the
nanoparticles, i.e., the glycolate and any residue have been
removed.

Nanoparticulate TiO,(B) was incorporated into a compo-
site electrode composed of Super P carbon and Kynar 2801
binder, then introduced into an electrochemical cell along
with a lithium metal counter/reference electrode and liquid
electrolyte. All procedures were carried out in an Ar-filled
glovebox (H,O and O, <1 ppm). Further details of the
electrode fabrication and cell assembly are given in the
Experimental Section. The variation of cell voltage with Li
content in nanoparticulate TiO,(B) on the 1st, 2nd, 5th, 10th
discharge (intercalation) then charge (deintercalation) are
shown in Figure S3. The first discharge and charge capacities
were 322 mAhg™" and 247 mAhg™, respectively, indicative
of an irreversible capacity loss on the first cycle. However, the
second cycle efficiency has risen to 94 %, and 98 % after five
cycles. Irreversible capacity loss in the first cycle with nano-
intercalation compounds is common and has been attributed
to surface reactions with the electrolyte on reduction, some-
thing that has been discussed in detail for nanostructured
TiO, previously® Once the surface layer has formed, the
subsequent load curves correspond almost exclusively to
lithium intercalation.

The load curves on the second cycle and the correspond-
ing differential capacity plots (dQ/dV) for the TiO,(B)
nanoparticles are presented in Figure 3, where they are
compared with the equivalent data for bulk, nanowire and
nanotube TiO,(B), the data for which were collected in
previous studies.”™ Some features of the electrochemistry for
all four polymorphs are similar. All show a pair of plateaus in
the load curves in the range 1.45-1.65 V. This is most clearly
seen in the differential capacity plots (Figure 3b), where
peaks correspond to plateaus in the load curves. Such plateaus
indicate to the presence of two 2-phase intercalation process-
es. In the cases of the bulk and nanowire TiO,(B) materials,
diffraction data of sufficient quality to apply established
methods of structure elucidation (Rietveld refinement) can
be obtained and have been used previously to assign the 2-
phase processes to intercalation into the Al and A2 sites of
the TiO,(B) crystal structure.”! Intercalation into the same
sets of sites may be occurring in the nanotubes and nano-
particles but here the diffraction peaks are too broad to be
analyzed by Rietveld refinement, rendering it difficult to
determine definitively the Li site occupancies by neutron
diffraction. The peaks in the differential capacity plots
broaden and lower in intensity as the dimensions of the
TiO,(B) particles are reduced, indicative of a transformation
from 2-phase reactions, with constant chemical potential,
towards a system that exhibits a Li chemical potential which
varies with overall Li content. This is commensurate with
previous observations of intercalation compounds that exhibit
a 2-phase intercalation process for large (bulk) particles but
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Figure 3. a) Variation of voltage with state-of-charge for discharge then
charge of bulk TiO,(B), TiO,(B) nanowires, nanotubes, and nano-
particles on the second cycle and b) corresponding differential capacity
plots. Rate 50 mAg™".

increasingly sloping load curves on reducing the particle
dimensions.l4#!

Let us turn to the increased ability to store Li in the
nanoparticles compare with the bulk. The dimensions of the
nanoparticles are similar to the wall thickness of the nano-
tubes (2.5 nm), whereas the nanowires (35 nm x 2-10 um) are
much closer to the dimensions of the bulk particles (100 nm x
2 um). The nanoparticles can accommodate more Li and
hence store more charge (ca. 20 % ), even at low rates, than the
bulk or nanowire morphologies (Figure 3), as noted previ-
ously for the TiO,(B) nanotubes.’*°! The additional capacity
appears mainly below 1.4 V and may be seen in the difference
between the areas under the differential capacity plots in
Figure 3b. The increased Li storage in nanoparticulate
TiO,(B) compared with bulk TiO,(B) demonstrates that this
is a general phenomenon due to reduced dimensions and not
just observed in TiO,(B) nanotubes. On reducing the
dimensions of crystalline materials to the nanoscale a greater
proportion of the material will be in the near surface region
where it is subjected to different forces than in the bulk,
resulting in structural distortions. Such distortions have been
related to increased Li storage in TiO,(B) nanotubes.'”
Similar structural distortions in the nanoparticles also exist
but establishing them is challenging because the peaks in the
diffraction pattern are too broad for Rietveld refinement, as
noted above. Progress will require a combination of computer
modeling (to generate trial structural distortions), NMR
spectroscopy, and investigation of short-range structure with
diffraction methods such as Debye and pair distribution
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function (PDF) analysis. This study is underway and will form
the basis of a future paper. Preliminary Debye analysis had
already confirmed the nanoparticle morphology and size, as
noted above. A very small peak is evident at around 1.20-
1.35V on oxidation in the case of the nanotubes and
nanoparticles that does not appear in the TiO,(B) materials
of larger dimension, understanding its origin also requires
a detailed knowledge of the structural distortions.

One other feature evident in the differential capacity plots
is a reduction peak at around 1.75 V in the case of the bulk,
nanowire, and nanotube morphologies, the first two of which
also demonstrate an oxidation peak at around 1.90-2.00 V.
Peaks around these voltages are observed in anatase and
could signal a small degree of anatase contamination in the
materials. However previous studies of bulk and nanowire
TiO,(B) using X-ray/neutron diffraction and Raman spec-
troscopy did not reveal any evidence for the presence of
anatase and the peaks were interpreted as due to intercalation
into the crystal structure of TiO,(B).”! It is noteworthy that
these peaks appear to be absent in the case of the nano-
particles, which may be further evidence for the structural
changes occurring with reduced dimensions.

A major driving force for the investigation of nano-
intercalation electrodes is to obtain the highest possible
capacity to store charge (lithium) at high rates.'”l To explore
the rate capability of the TiO,(B) nanoparticles, it is first
necessary to ensure that the electrochemistry within the range
of rates studied is limited by the active material and not by the
nature of the composite electrode (e.g. electrode thickness,
proportion of carbon added). To ensure that this is the case,
a series of composite electrodes were constructed with
different proportions of carbon and separately different
active mass loadings resulting in different overall thicknesses.
The data are shown in Figure S4 and S5, from which we
conclude that an electrode with the composition 70:20:10
(TiO,:Super P:Kynar) and a mass loading of 3.5 mgcm™ can
be used to explore rates approaching 20000 mA g~

The variation of gravimetric capacity (based on the active
mass alone) with different charge/discharge rates is shown in
Figure 4a, where the data of nanoparticulate TiO,(B) are
compared with several other titanate materials including
nanoparticulate anatase (6 nm diameter), which correspond
to the best previously reported rate capability of any
titanate.'#1! The gravimetric capacity for the TiO,(B) nano-
particles at all rates up to 18000 mA g ' is almost identical to
the 6 nm anatase particles, which have a much higher
proportion of carbon (45 wt %, significantly more than the
TiO,(B) nanoparticles and corresponding to a mass loading of
only 1.5 mgem ™) in their composite electrodes.

The effect of diluting the active material by a large
amount of carbon (as in the case of the 6 nm anatase
nanoparticles) is evident on examining the volumetric
capacity (based on the total volume of the composite
electrode) as a function of rate (Figure 4b). Nanoparticulate
TiO,(B) exhibits superior volumetric capacity at all rates
compared with the 6 nm anatase material and the previously
reported best high rate (> 1000 mA g~") volumetric capacity,
namely mesoporous anatase. The relatively high volumetric
capacity of the TiO,(B) nanoparticles is in part due to the
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Figure 4. a) Gravimetric (C,,,) and b) relative volumetric capacity
(RC,)) retention of TiO,(B) nanoparticles compared with other titanate
materials as a function of rate. The volumetric capacities are expressed
relative to the highest value for the anatase nanotubes (synthesized
from H,Ti,O5-H,0). For each electrode, the ratio of active material:car-
bon:binder is given in brackets. In the case of the data reported in
Figure 4b, the composite electrode density is also given in brackets.
Mesoporous anatase (square, 70:15:15, 0.50 gcm ), 6 nm anatase
nanoparticles (circle, 50:45:5, 0.15 gcm )" nanocrystalline
Li,TisO4, (triangle, 85:15:5),' 94% anatase/6 %C microspheres (loz-
enge, 80:10:10)," 879% TiO,(B)/13 % anatase microspheres (left-
pointing triangle, 70:15:15),5" TiO,(B) nanotubes (right-pointing tri-
angle, 75:18:7),% TiO, nanotubes (anatase, from H,T;,05-H,0, hex-
agon, 75:15:10, 1.3 gcm ), porous brookite (five-pointed star,
80:10:10 1.05 gcm~*), anatase nanowire (pentagon, 90:10:10,

1.3 gcm ™), and 3 nm TiO,(B) nanoparticle (down-pointing triangle,
70:20:10, 1.05 gcm ). Only those materials for which electrode
densities are available are presented in (b).

agglomerates formed by the primary nanoparticles, which
helps to ensure a higher density of particles. The significance
of this result is that maximizing volumetric capacity is at least
as important as gravimetric capacity for future applications in
lithium-ion cells.

In conclusion, TiO,(B) nanoparticles with the smallest
particle size yet reported (2.5x4.3 nm) have been synthe-
sized. Their behavior as an intercalation host for Li has been
explored and compared with other TiO,(B) morphologies,
specifically bulk, nanowires, and nanotubes. On reducing the
dimensions from the bulk, through nanowires to nanotubes
and nanoparticles, the amount of Li and hence charge that can
be stored, even at low rates, increases with reduced dimen-
sions. The two 2-phase intercalation processes, that are clearly
present in bulk TiO,(B) become less distinct and exhibit
increasingly sloping load curves. The gravimetric capacity as
a function of rate is almost identical to the previously

Angew. Chem. 2012, 124, 2206 —2209



reported best performance for a titanate, which was for 6 nm
anatase nanoparticles with very high carbon content in the
composite electrode of 45 wt % . The volumetric capacity of
composite electrodes with nanoparticulate TiO,(B) is signifi-
cantly higher than all previously reported titanate materials,
including the 6 nm anatase nanoparticles, at rates above
1000 mA g™".

Experimental Section

TiO,(B) nanoparticles were prepared using a hydrothermal method
modified from a previously reported procedure.’® In a typical
synthesis, 0.72 g of Ti (99.7%, =325 mesh) was dissolved in an
aqueous solution of H,0, (70 mL, 30.0% ) and NH; (20 mL, 35%) in
an ice-water bath for 2-3 h with stirring. Then 1.71 g of glycolic acid
(99 %,) was dissolved in the solution, which was maintained at 80°C
for several hours (3—4 h) to eliminate excess H,0, and NH;. The
solution changed to a yellow gel. The gel was dissolved in ca. 40 mL of
water to form a yellowish transparent solution. Upon addition of 3.0 g
of H,SO, (98.0% ), the pH changed from 6 to 1. The total volume was
then adjusted to 60 mL by adding water. The resulting solution were
sealed in a Teflon-lined stainless steel autoclave and heated at 160°C
for 30 min. After cooling to room temperature, the solid products
were separated from the solutions by centrifugation, and washed
several time by water and ethanol to remove the residue acid. Finally,
the solid was dried at 60 °C over night and calcined at 300°C for 1 h in
dry air with a ramp rate of 1°Cmin~". The O enriched TiO,(B)
nanoparticle for 7O solid state NMR test was prepared with almost
the same procedure as the above with two minor change: the amount
of the material used for the synthesis is only 1/60 of the above
example; "O-enriched H,O (10 atom %, Euriso-Top, France) was
used to hydrolyze the yellowish gel before the addition of H,SO,. The
bulk TiO,(B) was prepared according to a previous report.’" All the
other chemicals used in the synthesis were purchased from Sigma-—
Aldrich and used as received. The 6 nm anatase nanoparticles were
supplied by Tayca Corp., Japan.

The materials were characterized by TEM (JEOL JEM-2110),
wide-angle PXRD (Stoe STADI/P diffractometer operating in trans-
mission mode with Fe K, radiation, 1 =1.936 A), and N, adsorption
(Micromeritics Tristar 3020).

Electrochemical cells were constructed by mixing the active
material (TiO,), Kynar 2801(a copolymer based on poly(vinylidene
fluoride)), and Super P carbon (MMM) in the weight ratio of 70:20:10
if not otherwise specified. The mixture was cast onto copper foil from
acetone using the Doctor-Blade technique. After solvent evaporation
at room temperature and heating at 80 °C under vacuum for 8 h, the
electrodes were assembled into cells with a lithium electrode (99.9 %,
Aldrich) and LP-30 electrolyte (Merck; 1M LiPF in 1:1 v/v ethylene
carbonate/dimethyl carbonate). The cells were constructed and
handled in an argon-filled MBraun glovebox. Electrochemical
measurements were carried out using a MACCOR Series 4200
cycler. The electrode volume is obtained directly by measuring the
electrode thickness and knowing the electrode area.
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