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Amorphous TiO; (a-TiO;) thin films were conformally coated onto the surface of hydroxyl functionalized multi-walled carbon
nanotubes (CNTs) using atomic layer deposition (ALD). The electrochemical characteristics of the a-TiO,/CNT nanocomposites
were then determined using cyclic voltammetry and galvanostatic charge/discharge curves. The ultrathin TiO, ALD films displayed
high specific capacity and high rate capability. The specific capacities of the a-TiO2/CNT nanocomposites after 50 and 100 TiO, ALD
cycles at 100 mA/g were 220 mAh/g and 240 mAh/g, respectively. For CNTs coated with 100 TiO, ALD cycles, 88% of the capacity
at 100 mA/g could be maintained at 1 A/g. When the voltage window for the a-TiO2/CNT nanocomposites was extended down to
0.5 V versus Li/Li*, the CNTs coated with 50 and 100 TiO2 ALD cycles exhibited specific capacities at 100 mA/g of 275 mAh/g and
312 mAh/g, respectively. These high capacities are higher than the bulk theoretical values and are attributed to additional interfacial
charge storage resulting from the high surface area of the a-TiO,/CNT nanocomposites. Free-standing TiO,-CNT electrodes were
also fabricated and displayed excellent capacity and rate capability. These results demonstrate that TiO, ALD on high surface area
CNT substrates can provide high power and high capacity anodes for lithium ion batteries.
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Lithium-ion batteries (LIBs) are one of the most promising energy
storage technologies resulting from their high energy density and rea-
sonable rate capability.'> LIBs have received significant attention for
applications in portable electronics. Additional improvements in en-
ergy density, lifetime stability and rate capability are needed for the
further implementation of LIBs in electric vehicles. These improve-
ments3 anay be provided by new materials and novel architectures for
LIBs.”

Ti-based anodes, including LisTisO;, (LTO) and various TiO,
polymorphs, are potential alternative materials to conventional
carbon-based anodes.””” Compared with the theoretical specific ca-
pacity for graphite of 372 mAh/g, LTO has a lower theoretical specific
capacity of 175 mAh/g and a negligible volume change of 0.2%.” In
comparison to graphite anodes, the higher operating voltage of LTO
prevents SEI formation.® This advantage ensures a good reversibility
for LTO and safe performance during extended cycling.® On the other
hand, the low electrical conductivity of ~10~'3 S/cm and the low Li
diffusion coefficient of 107 to 10~'3 cm?/s are major limitations for
the LTO anode.’

TiO, polymorphs, including anatase, rutile, and TiO,(B), have also
been extensively studied as anodes for LIBs.*'® TiO, delivers a high
discharge voltage plateau of ~1.7 V versus Li/Li* and has a small
volume expansion of ~4% during lithiation/delithiation.!”'® Anatase
and rutile TiO, have a theoretical intercalation limit of 0.5 Li per
TiO, or 168 mAh/g.!"® TiO,(B) is expected to accommodate more
lithium than any other TiO, polymorph with a theoretical capacity of
~335 mAh/g.??2 However, like LTO, Li* has slow bulk diffusion
in TiO,. The Li* ion diffusion coefficient in anatase TiO, is ~10~13-
107'7 cm?/s.2* The electrical conductivity of anatase is also low at
~10712 S/cm.?* The low diffusivity and conductivity limit the rate for
Li* insertion and extraction from the host TiO, lattice.

The problems with LTO and TiO, can be addressed by depositing
ultrathin TiO, films on high surface area and high electrical con-
ductance carbon substrates.'>>” The TiO, films can be deposited
using atomic layer deposition (ALD) techniques. ALD is based on
sequential self-limiting reactions and provides precise control of film
uniformity, thickness, composition and morphology.?® ALD can de-
posit thin films on high aspect ratio substrates.?*3* ALD also yields
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strong chemical bonding between the substrate and the deposited film
that can enhance the cycle stability of the film during energy storage
applications.

ALD has recently been successfully used to deposit metal oxides on
carbon substrates for a variety of electrochemical applications. Al,O3
ALD films can enhance the capacity stability of carbon anodes in
LIBs.*""* Various metal oxide ALD coatings, such as TiO,, V,0s and
SnO,, can also serve as active Li* storage materials on carbon supports
for LIBs.**% V,05 and TiO, films on carbon substrates can also
serve to increase charge storage for supercapacitor applications.¢-3
ALD has also been employed to deposit metal oxides on non-carbon
substrates for Liion microbattery applications. Examples include TiO,
ALD on nickel or aluminum nanorods,*>*’ V,0s ALD on nickel-
coated virus nanostructures,*' and TiO, ALD on silicon microtubes.*?

In this work, we deposit ultra-thin amorphous TiO, (a-TiO,) films
on CNTs using ALD. Compared with crystalline TiO,, nanoscale
a-TiO, possesses a higher ion diffusion rate* as well as a higher
capacity.** Recently, a-TiO, has received substantial attention as an
anode for LIBs.?%3343-47 The amorphous morphology can help allevi-
ate the volume change of ~4% during insertion/extraction that can be
detrimental to charge/discharge cycling at high rates. However, unlike
its polymorph counterparts, a-TiO, typically suffers large irreversible
capacity loss on its first charge/discharge cycle.?*

An illustration of ultrathin TiO, ALD films on CNTs is displayed
in Figure 1. This nanocomposite electrode has many advantages. Ul-
trathin film thicknesses can greatly shorten both the Li* ion diffusion
length and electron transfer path to assure exceptional rate capabil-
ity for the a-TiO,/CNT nanocomposite. In addition, the large surface
area and excellent electrical conductivity of CNTs allow them to act as
ideal hosts for promoting efficient electron transport between a-TiO,
and the current collector. With ultrathin a-TiO, films on CNTs, im-
provements in the capacity of a-TiO, may be possible with excellent
rate capacity and cyclability.

Experimental

ALD for a-TiO,/CNT nanocomposites.— TiO, ALD on pristine
CNTs will have initial nucleation difficulties due to the lack of reactive
sites as reported previously.*® TiO, ALD is expected to nucleate and
grow only at defects and step edges on CNTs in the absence of an
adhesion layer. Growth at these defects will result in a distribution of
TiO, nanoparticles.*® Earlier work on TiO, ALD on graphene obtained
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Figure 1. Schematic of TiO, ALD film on CNT. This architecture provides
electron transport through CNT and facile Li* transport through ultrathin TiO»
ALD film.

only anatase TiO, nanoparticles in the absence of an adhesion layer.’
In contrast, continuous and amorphous TiO, ALD films were observed
using an Al,0; ALD adhesion layer.*’

This work utilized hydroxyl (-OH) terminated CNTs. The hy-
droxyl functional groups served as the initial nucleation sites for
reaction with the TiCly ALD precursors. The surface chemistry for de-
positing a-TiO, on hydroxylated (-OH) functionalized CNT is shown
in Figure 2. Because of the high concentration of —OH groups on the
CNT surface and low deposition temperature of 120°C, the deposited
TiO, is expected to grow as a continuous amorphous film.*’

TiO, ALD films were grown on CNT powders using a rotary ALD
reactor.*%3! The CNT powders are composed of entangled aggre-
gates of CNTs.*® The rotary reactor agitates the powders during ALD
and prevents particle aggregation. Hydroxyl terminated multiwalled
CNTs were purchased from Nanostructured & Amorphous Materials,
Inc. TiO, ALD was deposited utilizing titanium tetrachloride (TiCly)
and H, O as the precursors at 120°C according to the following surface
reactions:>

(A) TIOH* + TiCl, — TiO-TiCl;* + HCl (1

(B) TiCI* + H,0 — Ti-OH* + HCI 2]

The performance of both of these A and B reactions constitutes one
TiO, ALD cycle. TiCly (99.8%, Strem Chemicals) and high perfor-
mance liquid chromatography (HPLC) grade H,O (Sigma-Aldrich)
were utilized for the TiO, ALD.

The TiO, ALD reactions were performed using static exposures in
the rotary ALD reactor. The reaction sequence was: i) dose TiCl, to
1.0 Torr for 120 seconds; ii) evacuate the reaction products and excess
TiCly; iii) dose N, to 20.0 Torr for 60 seconds and then evacuate N,
(repeat 5 times); iv) dose H,O to 1.0 Torr for 120 seconds; v) evacuate
the reaction products and excess H,O; vi) dose N, to 20.0 Torr for
60 seconds and then evacuate N, (repeat 5 times). Using this reaction
sequence, the TiO, film thickness was precisely controlled by the
number of TiO, ALD reaction cycles.

Structure characterization and electrochemical testing.— X-ray

diffraction (XRD) measurements were performed using a PANanalyt-
ical X-ray diffraction system. Thermogravimetric analysis (TGA) was

+ 8HCI

Figure 2. Schematic of surface chemistry of TiO, ALD using TiCly and H,O
on hydroxyl-functionalized CNT.

performed in air from 30°C to 800°C at a heating rate of 10°C/min us-
ing a TA Instruments TGA-QS50. Transmission electron microscopic
images were obtained using a JEOL JEM-2010 with an operating
voltage at 200 kV. X-ray photoelectron spectroscopy (XPS) was per-
formed using a PHI 5000 Versa Probe system.

The electrodes were made by mixing the a-TiO,/CNT nanocom-
posites with polyvinylidene fluoride and carbon black with a weight
ratio of 80:10:10 in 1-methyl-2-pyrrolidinone solvent. The slurry was
spread by doctor blading on copper foil and dried in vacuum at 80°C.
All of the cells were then assembled in an argon-filled dry box with
Li metal as the counter electrode.

A Celgard separator 2340 and 1 M LiPF; electrolyte solution in
ethylene carbonate: diethyl carbonate (Novolyte) (1:1 by mass) were
used to fabricate the coin cells. Cyclic voltammetry was performed
with a potentiostat VersaSTAT 4 from Princeton Applied Research.
The galvanostatic charge/discharge characteristics were analyzed us-
ing an Arbin BT-2143 Battery Station. The electrode mass loading
was ~2 mg/cm?,

Fabrication of free-standing TiO,-CNT paper— The freestanding
electrode consisted of a-TiO,/CNT nanocomposites grown using 100
TiO, ALD cycles. These a-TiO,/CNT nanocomposites also contained
10% uncoated CNTs by mass. Free-standing electrodes were fabri-
cated using a filtration method with a proprietary solvent developed
by Buckeye Composites. Briefly, 90% TiO,-CNT nanocomposites
and 10% pristine CNT powders by mass were dispersed in the solvent
without surfactants. The diameter of the filter paper was 47 mm. The
areal TiO, mass loading was 5 mg/cm?.

Results and Discussion

TiO, ALD on CNTs.— Figure 3 displays the XRD patterns of the
TiO,-CNT nanocomposites grown using 50 and 100 TiO, ALD cycles
at 120°C. The TiO,-CNT nanocomposites grown using 50 and 100
TiO, ALD cycles are designated as TiO,-CNT-1 and TiO,-CNT-2, re-
spectively. The CNT-containing samples exhibited a strong (002) peak
at 26° attributed to the structure of the CNT.>* The much weaker peaks
at ~44° and ~54° are also derived from the CNTs.>>* No peaks were
identified that could be assigned to the anatase or rutile crystalline
phases of TiO,. The absence of these peaks is consistent with amor-
phous TiO,. TiO, ALD forms an amorphous film at 100-140°C.*
The anatase TiO, phase can be formed with deposition temperatures

% TiO,-CNT-2
=
()
=
TiO,-CNT-1

20 30 40 50 60 70
2 Theta (degree)

Figure 3. XRD scans of TiO2-CNT samples fabricated using 50 and 100
TiO, ALD cycles. These samples are designated TiO,-CNT-1 and TiO,-CNT-
2, respectively.
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Figure 4. XPS spectra for TiO,-CNT-2 after 100 TiO, ALD cycles on the
CNT samples. (a) XPS survey spectrum and (b) Ti2p region of XPS spectrum.

>160°C.* The a-TiO, films grown on the hydroxyl functionalized
CNTs are important because a-TiO, may exhibit higher charge stor-
age capability than crystalline phases. 3434

The presence of TiO, on the surface of the CNTs was confirmed
by X-ray photoelectron spectroscopy (XPS). As shown in Figure 4a,
the TiO,/CNT nanocomposites exhibited characteristic XPS peaks for
titanium, oxygen, carbon and chlorine. The small amount of chlorine
shown in the survey XPS scan in Figure 4a is from incomplete surface
reactions during the TiO, ALD growth process.’> Figure 4b shows
the spectra of Ti 2p peaks located at 464.9 and 459.2 eV with a
peak separation of 5.7 eV. These peak locations and separation are
in excellent agreement with the reported values for TiO,.>>>7 These
XPS results verify the presence of TiO, on the CNTs.

The film thickness and morphology of the TiO, ALD on the edges
of hydroxyl functionalized CNTs were further investigated by trans-
mission electron microscopy (TEM). Figure 5 shows that the edges of
the CNTs are conformally coated by the TiO, ALD films. The typical
TiO, growth rate by ALD is ~0.6 A/cycle.52 As shown in Figure 5a
and 5b, TiO, ALD film thicknesses of ~3 nm and ~12 nm were ob-
tained after 50 and 100 TiO, ALD cycles, respectively. The slightly
larger TiO, ALD film thicknesses after 100 TiO, ALD cycles could
result from some additional TiO, chemical vapor deposition resulting
from incomplete H,O purging as the TiO, ALD films build up on the
CNTs.

Journal of The Electrochemical Society, 162 (6) A974-A981 (2015)

Figure 5. TEM image of edge of CNT for (a) TiO2-CNT-1 after 50 cycles of
TiO, ALD and (b) TiO2-CNT-2 after 100 cycles of TiO, ALD.

Figure 6 shows the film thickness and morphology of the TiO,
ALD film on the end of a hydroxyl functionalized CNT. This TEM
image was obtained after 100 TiO, ALD cycles. The TiO, ALD film
has a thickness of ~12 nm and is conformal on the edge of the CNT.
The TiO, ALD film has the same thickness of ~12 nm and remains
conformal around the end of the CNT. This conformal and equivalent

Figure 6. TEM image of end of CNT for TiO,-CNT-2 after 100 cycles of
TiO, ALD.
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Figure 7. TGA results for TiOp-CNT-1 and TiO,-CNT-2 after 50 and 100
TiO, ALD cycles, respectively.

TiO, ALD film thickness indicates that TiO, ALD is able to nucleate
readily on both the edge and end of the hydroxyl functionalized CNT.

The weight percentage of TiO, in the composites was determined
by thermal gravimetric analysis (TGA) assuming that the CNTs are
completely oxidized after reaching 600°C. The TGA results are dis-
played in Figure 7. TiO, mass percentages of 50.8% and 65.1% were
obtained for TiO,-CNT-1 and TiO,-CNT-2, respectively. These high
mass loadings of TiO, on the CNTs are important for the success-
ful implementation of ALD to deposit active materials on conductive
substrates to fabricate electrodes for Li* ion batteries.

This work employed static dosing of the ALD precursors in the
rotary ALD reactor instead of flow-type dosing. Static dosing can
reach much higher reactant utilization and facilitates more conformal
deposition on high surface area substrates.”®>! One drawback of em-
ploying ALD for large scale production is the time required to deposit
the ALD coatings. This drawback can be overcome by implementing
ALD on high surface area substrates where >50 wt% active material
can be deposited with 50-100 ALD cycles. At this time, our rotary
ALD reactor has the capability of forming ALD nanocomposites with
initial batch quantities of 10 g of CNT powder per ALD coating run.

Electrochemical testing.— Coin cells were used to evaluate the
electrochemical performance of a-TiO,/CNT as anode materials.
Excellent rate performance has been achieved using a-TiO,/CNT
nanocomposites fabricated using 50 and 100 ALD cycles. Figure 8
shows the rate performance at various current densities in the voltage
range of 1.0-3.0 V versus Li/Li*. The cell has been continuously
cycled without any rest between the different charge/discharge rates.
The results for TiO,-CNT-1 and TiO,-CNT-2 are very similar at the
different charge/discharge rates. Figure 9 displays the voltage ver-
sus capacity during lithiation and delithiation for the 1% and 10™
charge/discharge cycles at 100 mA/g shown in Figure 8.

At a rate of 100 mA/g, Figure 8 shows that TiO,-CNT-1 and
TiO,-CNT-2 exhibit discharge capacities of 220 and 240 mAh/g, re-
spectively, after 60 total charge/discharge cycles. These discharge ca-
pacities are slightly higher than the discharge capacities at 100 mA/g
during the first 10 charge/discharge cycles because of activation pro-
cesses in the electrode. These capacities are higher than the capacities
measured earlier for a-TiO, on graphene.®* These capacities are also
significantly higher than the theoretical capacities of 168 mAh/g and
175 mAh/g for anatase TiO, and Li;TisO;,. When the current rate
is increased to 1 A/g, the a-TiO,/CNT nanocomposite still maintains
about 88% of its capacity at 100 mA/g. These results demonstrate the
exceptional rate capability of these samples.
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Figure 8. Rate performance of TiO2-CNT-1 and TiO,-CNT-2 using a voltage
window of 1.0-3.0 V versus Li/Li*.

The almost identical capacities for TiO,-CNT-1 and TiO,-CNT-2
indicate that the TiO, coatings are thin enough that bulk diffusion is
not limited by the thickness of TiO, film. When the current density
is further increased to 10 A/g in Figure 10a, TiO,-CNT-2 still ex-
hibits a capacity of 120 mAh/g. After 1000 charge/discharge cycles
at 10 A/g, Figure 10b shows that TiO,-CNT-2 still maintains 95% of
its initial capacity. To the best of our knowledge, this a-TiO,/CNT
nanocomposite displays the highest specific capacity at the highest
rate and exhibits the highest rate retention compared with all other
TiO, anodes. A compilation of the previous results for the highest
performance TiO, anodes is given in Table I.

The Coulombic efficiency in the first charge/discharge cycle is
crucial for LIBs. Low Coulombic efficiency will consume Li* ions
provided by the cathode and result in a rapid capacity fading. TiO, has
a better initial Coulombic efficiency compared with graphite anodes.
However, some irreversible loss in the first several charge/discharge
cycles is still observed for TiO,. Although the cutoff voltage of 1.0 V
versus Li/Li* for the TiO, anode is higher than voltage of ~0.8 V for
SEI formation, some irreversible reactions may still contribute to this
loss.’

3.5

o 1stcycle TiO,-CNT-2
O 10th cycle TiO,-CNT-2

30F

Delithiation

by

Lithiation

~~

Voltage(V) vs Li/Li"

1'0 ' 5'0 ' 160 15 ' 200
Capacity (mAh/g)

Figure 9. Voltage versus capacity during lithiation and delithiation for the 1%
and 10™ charge/discharge cycles at 100 mA/g shown in Figure 8.
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Figure 10. (a) Rate performance of TiO,-CNT-2 and (b) capacity retention
and Coulombic efficiency of TiO,-CNT-2 at 10A/g for 1000 charge/discharge
cycles using a voltage window of 1.0-3.0 V versus Li/Li™.

In this work, TiO,-CNT-2 displayed an initial Coulombic effi-
ciency during the first charge/discharge cycle of 83.3%. In compari-
son, TiO,-CNT-1 yielded an initial Coulombic efficiency during the
first charge/discharge cycle of 70.4%. This initial Coulombic effi-
ciency was measured prior to recording the discharge capacities shown
in Figure 10b. The efficiency loss is attributed to irreversible loss of
surface area from the CNT matrix. In comparison, CNTs usually
show a higher irreversible loss with Coulumbic efficiency for the first
charge/discharge cycle of only <50%.%

The solid electrolyte interphase (SEI) can be formed particularly
at defects and edge planes of carbonaceous anodes.’® For example,
the oxygen-containing surface functional groups on graphene are very
reactive and can oxidize the electrolyte and induce electrochemical
instability of the electrode.®®®' Al,03 ALD can help improve the
Coulumbic efficiency and capacity retention of natural graphite and
CNTs.3¥ Like Al,O3 ALD, TiO, ALD may both provide an active
anode material and also serve as a protective layer on the CNTs
to reduce SEI formation and irreversible loss. After the first cycle,
Figure 10b shows that TiO,-CNT-2 displays Coulumbic efficiencies
close to 100%.

TiO, and LTO can provide exceptional rate capability and life-
time. However, their operating potential between 1.0-3.0 V versus
Li/Li* and their inherent structure lead to a low energy density rela-
tive to graphite. In contrast, carbon-based anodes are not suitable for
high-power application because of their low intercalation potential of
<0.1 V versus Li/Li*. This low potential causes lithium plating and
dendrite growth during fast charge/discharge rate.%>3

To improve the energy density, TiO, can be operated in an enlarged
potential window. Several studies have previously explored enlarged
potential windows.!*6+65 All of these studies used voltages as low as
0.01 V versus Li/Li* to extract the most capacity. Unfortunately, this
low voltage will lead to lithium dendrite growth at high rate and cause
safety concerns. Therefore, a cutoff voltage of 0.5 V versus Li/Li*
was utilized in this study to achieve a balance between energy density
and safety.

Cyclic voltammograms (CV) of TiO,/CNT nanocomposites were
measured between 0.5 and 3.0 V versus Li/Lit at a scan rate of
0.05 mV/s. The CV scan at 5 mV/s for TiO,-CNT-2 is displayed in
Figure 11. European convention is employed where voltage is more
positive with scanning to the right and the anodic current is positive.
The anodic current is expected to result from lithium extraction from
TiO,. However, there may also be anodic current from Li* ions being
released from the electric double layer or Li* ions leaving the TiO,
surface as a result of faradaic processes. The cathodic current is ex-
pected to result from lithium insertion in TiO,. However, there may
also be cathodic current from Li™ ions charging the electric double
layer or Li™ ions being stored at the interface resulting from faradaic
processes.

In the voltage range of 0.5-3.0 V versus Li/Li*, the first cycle
shows a large irreversible cathodic current peak starting at ~0.8 eV,
that is attributed to SEI formation on the surface.®® After the 3™
cycle, TiO,-CNT-2 shows very reversible behavior. Both the anodic
and cathodic current densities versus potential are nearly featureless.
No anodic or cathodic peaks are observed between 1.5-2.0 V ver-
sus Li/Li* that are commonly observed for crystalline TiO,.5% 11416
The fairly constant current density versus potential is consistent with
amorphous TiO,.**® The current density versus potential in Figure
11 is very similar to the current density versus potential observed in
Figure 7 of Reference 46 for high surface area amorphous TiO, films
prepared using ballistic deposition methods.*®

Table I. Performance of TiO, Anode Materials.

Morphology & Crystallinity Highest Capacity (1.0-3.0V) Capacity Retention Capacity at High Rate Reference
Nanoporous anatase TiOa 250 mAh/g at C/5 62% from 1C to 10C 46 mAh/g at 60C 9
Ultrathin TiO; nanosheets 200 mAh/g at 2C 75% from 2C to 20C 100 mAh/g at 50C 10
Mesoporous anatase TiO; 200 mAh/g at 1C 80% from 1C to 10C 100 mAh/g at 50C 11
Nanospheres

Nitridated TiO, nanofibers 160 mAh/g at C/5 25% from 1C to 10C 30 mAh/g at 10C 12
Hydrogen reduced TiO» 180 mAh/g at C/5 71.4% from 1C to 10C 130 mAh/g at 10C 13
nanoparticles

TiO, Nanocages 150 mAh/g at C/2 76.9% from 1C to 10C 100 mAh/g at 10C 14
Graphene-based TiO, nanosheets 200 mAh/g at C/5 75% from 1C to 10C 90 mAh/g at 50C 15

Porous TiO»-B nanosheet 225 mAh/g at C/5 88.8% from 1C to 10C 160 mAh/g at 30C 16
Amorphous TiO,-CNT 240 mAh/g at C/1.7 88.8% from 1.2C to 12C 120 mAh/g at 59C This work

nanocomposites 220 mAh/g at 1.18C

312 mAh/g at C/1.7 (0.5-3.0V)
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Figure 11. Cyclic voltammetry (CV) at 5 mV/s of TiO,-CNT-2 using an
extended voltage window of 0.5-3.0 V versus Li/Li*.

Amorphous TiO, displays more “box-like” current versus voltage
that is suggestive of capacitive behavior. The CV results displayed
in Figure 11 are more “box-like” and capacitive than the previous
pseudocapacitance results for anatase TiO, nanoparticles or continu-
ous amorphous TiO, films on graphene or CNTs using an Al,O; ALD
adhesion layer.>”* These earlier CV results for TiO, employed as a
supercapacitor were obtained using a 1 M KOH electrolyte.

Figure 12 shows the rate performance at various current den-
sities in the extended voltage range between 0.5-3.0 V ver-
sus Li/Li* for TiO,-CNT-1 and TiO,-CNT-2. Figure 13 displays
the voltage versus capacity during lithiation and delithiation for
the 1% and 10" charge/discharge cycles at 100 mA/g shown in
Figure 12. The specific capacity of a-TiO, was calculated by subtract-
ing the CNT contributions from the nanocomposites. The discharge
capacity of the CNTs by themselves was small relative to the TiO,
ALD-coated CNT samples. The discharge capacities of the uncoated
CNTs were ~35 mAh/g at 100 mA/g and decreased to ~5 mAh/g at
2 Alg. The actual contribution of the CNTs in the evaluation of the
TiO, ALD-coated CNT electrodes could have been even lower be-
cause the CNTs are completely covered with TiO, ALD films.
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Figure 12. Rate performance of TiO>-CNT-1 and TiO2-CNT-2 using an ex-
tended voltage window of 0.5-3.0 V versus Li/Li*. The rate performance of
commercial 5 nm TiO; particles is shown for comparison.
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Figure 13. Voltage versus capacity during lithiation and delithiation for the
1%t and 10 charge/discharge cycles at 100 mA/g shown in Figure 12.

Atarate of 100 mA/g, TiO,-CNT-1 and TiO,-CNT-2 exhibited dis-
charge capacities of 275 mAh/g and 312 mAh/g for 0.5-3.0 V, respec-
tively, compared with 220 and 240 mAh/g for 1.0-3.0 V, respectively.
The difference between the specific capacities for TiO,-CNT-1 and
TiO,-CNT-2 is larger than the experimental error of <5%. The capac-
ity of 312 mAh/g corresponds to a stoichiometry of Lipg3TiO,. This
capacity is much higher than the theoretical capacity for LiysTiO,
of 167 mAh/g. This capacity is the highest value ever reported for
TiO, and LTO anodes even when including the previous work with
potentials as low as 0.1 V versus Li/Li™. This capacity would be even
higher if the contribution from the CNTs to the capacity is less than
the uncoated CNTs by themselves.

Large capacities that are higher than theoretical predictions
have been previously attributed to interfacial charge storage
phenomena.”?¢7-% A similar explanation can be employed to ex-
plain the high capacity with excellent rate capacity in the current
study on amorphous TiO, ALD films on CNTs. The “box-like” ap-
pearance of the cathodic and anodic current densities after the 3™
charge/discharge cycle is also consistent with capacitive interfacial
charge storage behavior.”%’! Charge storage in the electric double
layer and on the TiO, surface via faradaic reactions can provide much
higher capacities than the capacities in the TiO, bulk alone.

Support for interfacial charge storage is provided by the high
discharge capacities even at high discharge rates that are shown in
Figure 12. When the current rate is increased to 1 A/g, TiO,-CNT-2
still preserves about 79% of the capacity observed at 100 mA/g. This
capacity retention is higher than most of the previous TiO,/carbon
composites listed in Table I. For the more restrictive potential cycling
from 1.0-3.0 V versus Li/Li*, an even higher rate retention of 88.8% is
observed when the current is increased to 1 A/g from 100 mA/g. In ad-
dition, the Couloumbic efficiency at 1 A/g after 500 charge/discharge
cycles for potential cycling from 0.5-3.0 V versus Li/Li* is 99.9%.

Because of the unique core-shell nanocable structure of the
a-TiO,/CNT nanocomposites, freestanding electrodes could be fabri-
cated by a vacuum filtration process.”” These freestanding electrodes
do not need an organic binder or a current collector. The absence of or-
ganic binder and current collector can significantly reduce the “dead”
mass and volume compared with conventional electrodes. Most pre-
vious studies of freestanding electrodes can only achieve satisfac-
tory performance with a very low active mass loading of at most
~1 mg/cm?.7>7 This mass loading is much lower than the mass
loading used in real batteries of 5-10 mg/cm?.

In this work, the TiO, mass loading of the freestanding electrodes
was 5 mg/cm?. These electrodes were prepared using the a-TiO,/CNT
nanocomposite with 10% uncoated CNT additive by mass. The

Downloaded on 2015-03-10 to IP 198.11.30.6 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

A980

v
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Figure 15. Rate performance of TiO,/CNT paper fabricated using 100 TiO;
ALD cycles using a voltage window of 1.0-3.0 V versus Li/Li*. This sample
had a mass loading of 5 mg/cm?.
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1%t and 10" charge/discharge cycles at 100 mA/g shown in Figure 15.
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resulting freestanding electrodes had a thickness of ~130 wm. These
freestanding electrodes showed excellent flexibility and mechanical
strength. A picture of one of the freestanding electrodes is shown in
Figure 14. The electrode was circular and is being bent in the picture
in Figure 14.

The discharge capacity for the freestanding electrode at different
discharge rates in the voltage range of 1.0-3.0 V versus Li/Li" is
shown in Figure 15. Figure 16 displays the voltage versus capacity
during lithiation and delithiation for the 1% and 10" charge/discharge
cycles at 100 mA/g shown in Figure 15. These electrochemical mea-
surements demonstrate that the freestanding TiO,/CNT paper exhib-
ited a capacity of ~290 mAh/g at 100 mA/g. This capacity at 100 mA/g
is higher than the capacity at 100 mA/g in Figure 8. This increased
capacity is attributed to the more porous structure of the freestand-
ing electrode. A capacity of 200 mAh/g was still achieved when the
current density was increased to 1 A/g. These results are consistent
with a capacity retention of ~67% compared with the results at 100
mA/g. This excellent capacity retention at high discharge rates again
argues for substantial interfacial charge storage for the TiO,/CNT
nanocomposite. Interfacial charge storage should not be significantly
dependent on the discharge rate.

Conclusions

High rate and high power anode materials for lithium ion batter-
ies were fabricated by depositing a-TiO, ALD films onto the sur-
face of hydroxyl (-OH) terminated CNT samples. The electrochem-
ical characteristics of TiO, ALD films were then determined using
cyclic voltammetry and galvanostatic charge/discharge curves. The
relatively low electrical conductivity and ionic diffusivity of TiO,
did not limit these measurements because the TiO, ALD films were
ultrathin. Using a voltage window of 1.0-3.0V versus Li/Li*, the
specific capacities of the a-TiO,/CNT nanocomposites at 100 mA/g
were 220 mAh/g and 240 mAh/g after 50 and 100 TiO, ALD cycles,
respectively. 88% of capacity was preserved when the a-TiO,/CNT
nanocomposite after 100 TiO, ALD cycles was cycled at 1 A/g. When
the current density was further increased to 10 A/g, a capacity of
120 mAh/g was maintained for at least 1000 cycles. CNTs coated with
100 TiO, ALD cycles also displayed a high Coulombic efficiency of
83% during the first charge/discharge cycle.

Using an extended voltage window of 0.5-3.0 V versus Li/Li™,
the a-TiO,/CNT nanocomposites coated with 50 and 100 TiO, ALD
cycles exhibited discharge capacities at 100 mA/g of 275 mAh/g and
312 mAbh/g, respectively. These capacities for the a-TiO,/CNT
nanocomposites are higher than the bulk theoretical values. The extra
capacity is attributed to additional interfacial charge storage result-
ing from the high surface area of the a-TiO,/CNT nanocomposite.
The “box-like” appearance of the current density versus potential was
also consistent with capacitive interfacial charge storage. In addition,
freestanding TiO,-CNT electrodes were fabricated with a high TiO,
mass loadings of ~5 mg/cm?. These freestanding electrodes also dis-
played excellent capacity and rate capability. These results illustrate
that TiO, ALD on high surface area conducting CNT substrates can
be employed to form high power and high capacity electrode materials
for LIBs.
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