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Amorphous V,05 (a-V,0s) thin films were conformally coated onto the surface of hydroxyl (—-OH)
functionalized multi-walled carbon nanotubes (CNTs) and carbon nanotube (CNT) paper using
atomic layer deposition (ALD). In order to achieve 3 Li' intercalation (442mAh/g) and prevent
V,0s dissolution at 1.5V, a conformal TiO, protective layer is coated on surface of V,05/CNT.
Free-standing paper electrode can be made by vacuum filtration or coating pre-fabricated CNT
paper directly. The electrochemical characteristics of the TiO,/V,0s/CNT paper electrode were
then determined using cyclic voltammetry and galvanostatic charge/discharge curves. Because the
TiO, and V,05 ALD films were ultrathin, the poor electrical conductivity and low ionic diffusivity
of V,05 did not limit the ability of the V,05 ALD films to display high specific capacity and high
rate capability. High discharge capacity of ~400mAh/g is obtained for 15 cycle ALD TiO, coated
50 cycle ALD V,05/CNT samples by depositing pre-fabricated CNT paper. We believe this is the
highest capacity for V,05 cathodes reported in literatures. The capacities for the a-V,05/CNT
nanocomposites are higher than the bulk theoretical values. The extra capacity is attributed to
additional interfacial charge storage resulting from the high surface area of the a-V,05/CNT
nanocomposites. These results demonstrate that metal oxide ALD on high surface-area conducting
carbon substrates can be used to fabricate high power and high capacity electrode materials for
lithium ion batteries. In addition, ultrathin and conformal TiO, ALD coating can be used to

mitigate the dissolution and capacity fading of the cathode.

Introduction vehicles. These improvements may be provided by new materials

and architectures for LIBs.>*
Lithium-ion batteries (LIBs) are one of the most promising

energy storage technologies resulting from their high energy density Vanadium  pentoxide, V,0s, was first reported as an

1,2 intercalation cathode material for LIBs by Whittingham in 1975.

and reasonable rate capability. LIBs have received significant

attention for applications in portable electronics.  Additional ~Since then, extensive studies have been made due to its high

. . 6-8 . L.
improvements in energy density, lifetime stability and rate capability capacity, high output voltage, and low cost.”™ However, the intrinsic

oo : IR 12 2 ~1\9
are needed for the further implementation of LIBs in electric low-diffusion coefficient of lithium ions (* 10 cm”s )" and poor
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electronic conductivity (102 to 10°S ¢cm ™)' in crystalline V,0s
hinder the practical application of this material. So far, V,05 cathode
has only been commercialized by Panasonic for small electronics.
One of its derivatives, Ag,V,0;; has been used for power source in

medical devices,'"> 2

where Ag increases the electronic conductivity
during discharge. Further improvements on its rate capability and
lifetime are needed for application in EVs. In 2007, Subaru released
G4E electric car which used V,0s as cathode with a pre-lithiated
anode. It claimed that the energy density of this type battery is
almost 2-3 times higher than manganese-based LIBs. In 2010, DBM
Energy equipped an Audi A2 electric vehicle with its new V,0s-Li

metal polymer battery and set a long distance record of 603

kilometres (375 miles) travelled on a single charge.

However, some major problems hinder V,0s-based LIBs from
the further development. Several phase transitions of Li V,05 can
occur depending on the amount of lithium insertion, namely a
(forx< 0.01), ¢ (035 <x< 0.7), and & (forx= 1.0) phases,
respectively.'* ' Whenx< 1, the phase transitions are fully
reversible.”  Therefore, V,0s usually has three voltage
plateaus. However, when more lithiums are inserted (x> 1), a
structural  reconstruction leads to a partially irreversible
transformation from 3-phase to y-phase.”® This y-phase can only be
reversibly cycled in the stoichiometric range 0 <x < 2 without
changing the y-type structure."> With further lithiation (up to x = 3),
the y-phase will irreversibly transform to the ®-phase with a rock-
salt type structure. Therefore, it is usually to limit the discharge
voltage of V,05 to 2V to prevent unwanted structure changes and
lifetime decay.'®'” However, if V,0s can be reversibly discharged to
1.5V, the theoretical capacity of 442mAh/g can be achieved with the
maximum amount of 3Li" intercalation.'® '® In addition, crystalline
V,0s suffers poor cycle life since its crystal structure can be
damaged by prolonged charge/discharge cycles. Three voltage
plateaus of crystalline V,0s usually disappear after extensive cycling
due to amorphization. Crystal deformation associated with lithiation
may be relaxed in small crystallites with a high surface area that also
leads to higher ionic conductivity. Therefore, nanocrystalline or
amorphous V,0s5 (a-V,0s5)is a promising alternative cathode

material. %

The problems of low ionic diffusion and electrical conductivity
with V,05 can be addressed by depositing ultrathin a-V,05 films on
high surface area and high electrical conductivity carbon substrates.

The a-V,0s films can be deposited using atomic layer deposition

2| J. Name., 2012, 00, 1-3

(ALD). ALD is based on sequential self-limiting reactions and

provides precise control in film uniformity, thickness, composition

23

and morphology.™ ALD can deposit thin films on high aspect ratio

substrates.?* 2

ALD also yields 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. The metal oxide ALD films can enhance the capacity
stability of carbon anodes in LIBs.”* ?” The metal oxide ALD
coatings can also serve as active Li' storage materials on carbon

17, 28, 29

supports for LIBs. Metal oxide films on carbon substrates

can also serve to increase charge storage for supercapacitor

applications.**?

However, a-V,0s also faces several issues. The first problem is
the dissolution of electrode in the electrolyte, especially for
nanostructured and poor crystallized materials whose surface area is
often much larger than bulk and well crystallized materials.® The
second one is related with the poor mechanical strength of
amorphous electrodes.>® Therefore, and it may lose contact between
during the repeated lithium-ion

particles,”  especially

insertion/extraction process.

ALD nanocoatings, particularly Al,O;, have been shown to
enhance the capacity stability of anodes and cathodes for lithium ion
batteries (LIBs) in our earlier work.*>*7 Metal oxides coating can
modify the electrode surface chemistry and increase the mechanical
strength of electrodes.®®*' However, conformal ALO; ALD film
adds an insulting layer between the electrolyte and electrode. The
thickness has to be carefully controlled in order to achieve the
balance between lithium ion diffusion and prevention of vanadium
dissolution. Compared to Al,O;, 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 and has a small volume expansion of ~4% during
lithiation/delithiation.*” ** TiO, has also been used as a protective

coating on electrodes. *'-*°

In this paper, we deposited a-V,0s cathode film by ALD
directly onto carbon nanotube powders and carbon nanotube (CNT)
paper for LIBs. In order to improve the cycling performance of
V,0s at an extended voltage window (down to 1.5V), we deposited
conformal amorphous TiO, as a protective layer by ALD. Two

different electrode fabrication sequences are compared. Deposition

This journal is © The Royal Society of Chemistry 2012
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of V,0s directly onto CNT paper show higher capacity and better
rate capability. A much improved cycling performance is achieved
with 15 cycles TiO, ALD coating, while maintaining an excellent

rate capability.

Experimental Details

A. Materials Synthesis

V,0s ALD films were grown on hydroxyl terminated CNT
powders or CNT paper using a rotary ALD reactor.’® >’ The rotary
reactor agitates the powders during ALD and prevents particle
V,0s ALD was
oxytriisopropoxide (VOTP) and H,0 as precursors. For the V,0s
ALD, VOTP and HPLC (high performance liquid chromatography)
grade H,O were both obtained from Sigma-Aldrich. The VOTP
ALD reaction sequence was: i) dose VOTP to 1.0 Torr for 120

aggregation. deposited utilizing vanadyl

seconds; ii) evacuate reaction products and excess VOTP; 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 reaction
products and excess H,O; vi) dose N, to 20.0 Torr for 60 seconds
and then evacuate N, (repeat 5 times). This sequence constitutes one
cycle of V,05 ALD. The V,05 ALD was performed at 150°C. Using
this reaction sequence, the V,0s film thickness was precisely

controlled by the number of V,05 ALD reaction cycles.

V,05 ALD on pristine CNTs will have initial nucleation
difficulties due to the lack of reactive sites as reported previously.*
V,05 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 V,05 nanoparticles. Hydroxyl
terminated multiwalled CNTs were purchased from Nanostructured
& Amorphous Materials, Inc. CNT paper was purchased from
Inorganic Specialists Inc. Hydroxyl groups on CNTs help form

conformal V,05 film.

TiO, ALD was deposited using utilizing titanium tetrachloride
(TiCly) and H,O as precursors according to the following surface

reactions:>®
(A) TiOH* + TiCl,; —» TiO-TiCl3* + HC1 (D
(B) TiCl* + H,O — Ti-OH* + HCl 2)

The performance of both of these A and B reactions constitutes one

TiO, ALD cycle. For the TiO, ALD, TiCl, (99.8%, Strem

This journal is © The Royal Society of Chemistry 2012
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Chemicals) and high performance liquid chromatography (HPLC)
grade H,O were obtained from Sigma-Aldrich.

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).

The TiO, ALD was performed at 120°C.

B. Fabrication of Free-Standing V,0s/CNT Paper

Electrode

The free-standing electrodes can be made by two different
methods. V,05 and TiO, with desired ALD cycle number are
deposited onto —OH terminated CNT powders or pre-fabricated CNT
paper sequentially. The coated CNT powders are then mixed with 10%
uncoated CNTs by mass. Free-standing electrode was then
fabricated using a filtration method using a proprietary solvent
developed by Inorganic Specialists Inc. Briefly, 90% V,05/CNT
nanocomposites and 10% pristine CNT powders by mass were
dispersed in the solvent without surfactants. No organic binder was
needed. The diameter of the filter paper was 47 mm. The whole
process is called Method 1 in this paper. Method 2 coats pre-
fabricated CNT paper directly. After deposition, the coated CNT
paper is used for characterization without further treatment. The

areal V,05 mass loading for both methods is 2~3 mg/cm’.
C. Materials Characterization

The phase, crystallinity and microstructure of the V,05/CNT
were characterized by XRD using PAN analytical x-ray diffraction
system and scanning electron microscopy by a Carl Zeiss Ultra 1540
Dual Beam FIB/SEM System, respectively. Thermogravimetric
analysis (TGA) was performed in air from 20 °C to 800 °C at a
heating rate of 10 °C/min in a TA Instrument TGA-Q50.
Transmission electron microscopy (TEM) images were obtained
using a JEOL JEM-2010 instrument with an operating voltage at 200
kV.

D. Electrochemical Measurements

All of the cells were assembled in an argon-filled dry box with
paper electrode as cathode and Li metal as the reference electrode.

The CNT-V,05 was put directly against the stainless steel cap of

J. Name., 2012, 00, 1-3 | 3
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coin cell. A Celgard separator 2340 and 1 M LiPF¢ electrolyte
solution in 1:1 w/w ethylene carbonate and diethyl carbonate
(Novolyte) were used to fabricate the coin cells. Cyclic voltammetry
(CV) measurement was carried out using a potentiostat VersaSTAT
4 (Princeton Applied Research) at a scan rate of 0.5 mV s
Galvanostatic charge/discharge cycles were performed at a voltage
range of 4-1.5 V using an Arbin BT 2000 testing station.
1C=440mA/g. Electrochemical impedance spectroscopy (EIS) were
measured at a frequency range between 0.1 Hz-100 kHz and 10 mV
amplitude with a coin cell configuration. The Nyquist plots were
modelled by an equivalent circuit model. Re is the electrolyte
resistance, and CPE1 and Rs are the capacitance and resistance of
the surface film formed on the electrodes, respectively. CPE2 and

Rct are the double layer capacitance and charge-transfer resistance,

respectively, Zw is the Warburg impedance.
Results and Discussion

An illustration of ultrathin TiO,/V,05 ALD films on CNTs by
two different fabrication consequences, called Method 1 and Method
2, respectively, is displayed in Figure 1. Method 1 starts with OH-
CNT powder, followed by V,0s ALD deposition. V,0s5/CNT
powder are then mixed with 10% CNT to form a free-standing paper
electrode by vacuum filtration. At the end, TiO, ALD is performed
on V,0s/CNT paper electrode as a protective coating. Method 2
starts with pre-fabricated CNT paper, followed by V,0s and TiO,
ALD, sequentially. Paper electrode has many advantages: (1) the
total weight of the electrodes is greatly reduced, since no binder,
conductive additive, and current collector are needed; (2) the
conductivity of the electrodes is greatly enhanced due to the good
conductivity of the CNTs compared with the traditional carbon
black. The sheet resistance of our samples is in the range of 3-7Q/o;
(3) the porous electrode structure facilitates electrolyte diffusion; (4)
both of paper electrodes have excellent flexibility as shown in figure
1(c). In addition, ultrathin film thicknesses can greatly shorten both
the Li" ion diffusion length and electron transfer path to assure

exceptional rate capability for the TiO,/V,0s/CNT nanocomposite.

4| J. Name., 2012, 00, 1-3

(a) Method 1
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OH-CNT paper

Figure 1. The procedure for preparing TiO,/V,0s/CNT paper electrode
by Method 1(a) and Method 2(b). (c) Paper electrode shows excellent
flexibility.

Figure 2(a) shows a conformal coating of 20cycle TiO,/50cycle
V,05 on CNT. No agglomerated particles can be seen after
deposition, indicating that TiO, and V,Os thin films are conformably
coated on the surface of CNTs. This is a unique advantage for ALD
over wet-chemistry based synthesis by which particle agglomeration
is usually observed. In addition, the width along CNT is very
uniform at ~29-30nm after deposition. Figure 2(b) shows the wall of
the CNT after being coated with 20cycle TiO,/50cycle V,05 ALD.
A very uniform and conformal composite film is observed with a
total thickness of ~12 nm. There are no gaps or voids in the films or
at the interfaces. This thin composite film should not affect the
electron transport and ion diffusion. Electron conductivity through
these films should be high resulting from electron tunnelling.”* The
thickness of the CNT coated with 20cycle TiO,/50cycle V,0s is
larger than the thickness predicted by the growth rates for V,Os
ALD and TiO, ALD on flat substrates. The growth rate of V,0s
ALD on flat substrates is 0.8 A/cycle at 150°C.%" The growth rate of
TiO, ALD on flat substrates is 0.6 A/cycle at 120°C.°' However,
earlier studies have reported ALD growth rates on high surface area
powders of ~2 times the ALD growth rates on flat substrates.’”
These larger growth rates are believed to be caused in part by
insufficient H,O purging and the contribution of some chemical
vapor deposition (CVD) to the ALD growth.”” % X-ray diffraction
(XRD) patterns in supporting information Figure 1S show that 50
ALD cycle V,0s/CNT only have a broad graphene diffraction
feature with 20 at 24 degree.®
V,0;5 are observed, indicating the amorphous nature of the as-
deposited V,0s. EDS in Figure S2 confirms the existence of V and
Ti, and elemental mapping in Figure S3 illustrates that they are
uniformly deposited within each CNT agglomeration.

No diffraction peaks from crystalline

This journal is © The Royal Society of Chemistry 2012
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Figure 2. SEM and TEM of 20 cycle TiO,/50 cycle V,05 on CNT

Figure 3 shows the TGA results that were used to obtain the
V,05 and TiO, mass loading on the CNT sample. Large weight
losses were observed at the oxidation temperatures of ~450°C for the
CNT sample. The weight percentage of the TiO, protective layer
was obtained from the weight difference of the samples before and
after the TiO, ALD coating. The mass percentage of the V,0s ALD
together with the TiO, protective layer was determined from the
weight after annealing to 750°C in the TGA experiments. Based on
the mass of the TiO, protective layer from the weight difference and
the combined V,05 ALD and TiO, ALD weight % from the TGA
measurements, the mass loading of V,0s is calculated to be 59 wt%
for 50 V,05/CNT sample. The mass loading of V,0s was also
calculated to be 52 wt% and 12 wt% for the TiO,/V,0s5/CNT
samples, respectively. These calculations assume that the carbon is
completely removed following annealing to 750°C. This assumption

is reasonable because there was negligible change in sample weights

at temperatures above 600°C in additional TGA experiments.

100 f-r—
. 80f
X 64 Wt%
£ 60f
2 59 wt%
2 40
= —V,0,/CNT
ol ~ ——TiO/V,0/CNT
0 1 1 1
0 200 400 600 800

Temperature (°C)

Figure 3. TGA of ALD TiO,/V,0s/CNT composites.
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Cyclic  voltammograms  (CV)  of
nanocomposites are measured between 1.5 and 4 V at a scan rate of

0.5 mV/s. The CV scan of a 15 cycle TiO,/50 cycle V,0s/CNT

TiO0,/V,05/CNT

nanocomposite is displayed in Figure 4(a). 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 V,0s. As lithium ions are
inserted into the layers of crystalline V,0s, the phase transformation
occurs consecutively from a-V,0s5to e-LipsV,05(3.35 V), o-
LiV,0s (3.15 V), y-Li,V,05 (2.26 V), and ©-LisV,0s (1.87 V).!>1°
Among the various phases of Li,V,0s, 5-LiV,05 can be restored to
pristine V,05 through lithium deintercalation, while y-Li,V,05 and
®3-Li,V,05 (rock-salt type structure) are formed irreversibly. B In
the following anodic scanning, two peaks should be observed at
around 2.67 and 3.26 V vs. Li/Li*, respectively, corresponding to the
lithium extraction processes.lg’ 2 However, for our samples, both the
anodic and cathodic current densities versus potential are very broad.
No anodic or cathodic peaks are observed between 1.5-4 V that are
commonly observed for crystalline V,0s.'% % The featureless
current density versus potential is consistent with amorphous V,05.”
The featureless CV is consistent with the lack of crystalline phases
during lithiation/delithiation and is due to the contribution from the
amorphous phase. Amorphous V,0s displays more “box-like”

current versus voltage that is suggestive of capacitive behavior.

The voltage profile shown in Figure 4(b) is in a good
agreement with CV curve. The voltage profiles show that the voltage
decreases and increases progressively versus capacity during
lithiation and delithiation, respectively. This progressive decrease
and increase of the voltage during lithiation and delithiation is
expected for amorphous V,05.” The voltage profiles for CNT and
ALD TiO, on CNT are included in supporting information. Both of
them have the slope behaviour. The initial discharge and charge
capacity is 374mAh/g, and 390mAh/g, respectively. From the
second cycle, both discharge/charge capacities reach ~397mAh/g

reversibly, corresponding to coulumbic efficiency at nearly 100%.

[ 4
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0.2f

0.1F

0.0F

o lstcyele discharge
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01}
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0.2F «—Cathodic 2nd cycle_charge

Current Density (A/g)

-03F

0.4 5
15 2.0 25 3.0 35 4.0 o 100 200 300 400

Potential (V) Capacity(mAh/g)

J. Name., 2012, 00, 1-3 | 5



Journal of Materials Chemistry A

Figure 4. (a) CV curves of ALD TiO,/V,0s/CNT paper electrode (b)
Voltage profile of TiO,/V,0s/CNT paper electrode.

Figure 5 shows the lifetime study and rate performance at
various current densities in the extended voltage range between
1.5-4.0V. The contribution from CNT paper without any
deposition is measured as 20mAh/g in this voltage window. It
is well-known that the defects and edge plane in CNT structure
significantly contribute to the lithium storage capacity. '
However, those sites preferably attract ALD precursors as
compared to the graphene basal plane which is very inert to
ALD precursors. Therefore, the capacity contribution from
those defects and edge planes of CNT is limited after covered
with V,05 and TiO,. In our previous study, we deposited 5
ALD cycles of Al,O3; (~0.5nm) on reduced graphene oxide
powders.”” The thin Al,O, film mimics the deposited material at
the defects and edge planes of graphene, in that only
intercalation between graphene layers can contribute to the
capacitance of this composite. The capacity is only 258mAh/g,
much lower than the covered graphene which usually has a
capacity above 400mAh/g. Therefore, we believe that the actual
capacity of CNT in here should be even lower than 20mAh/g
measured without V,05 and TiO, deposition from 4-1.5V.

The specific capacity of TiO,/V,0Os is calculated based on

the total weight obtained from TGA results. The long term cyclic
stability is evaluated at a current density of 100 mA/g for 50 ALD
cycles V,0s5 with different ALD cycles of TiO,. For samples made
by method 1, the reversible capacity of 50 ALD cycles V,05/CNT
without TiO, coating continuously decays from 1% to the 100 cycle,
and exhibits a capacitance less than 150 mAh/g after 100 cycles as
shown in Fig. 5(a). In comparison, the 5, 10 and 15 ALD cycle TiO,
coating on V,0s/CNT samples all exhibit much improved cycling
stability. With the increase of the ALD cycle number, 20 cycle TiO,
showed the best stability and its discharge capacity maintains at
300mAh/g after 100 cycles. In addition, TiO, does not jeopardize the
rate capability of V,0s/CNT samples shown in Figure 5(b). When
the current density increases from 0.23C to 2.3C, 74% of its capacity

at 0.23C is still preserved, indicating an excellent rate capability. For

6 | J. Name., 2012, 00, 1-3

samples made by method 2, even higher discharge capacity of
~400mAbh/g is obtained for 15 cycleTiO, coated V,05/CNT samples.
In addition to its protective role, TiO, can also contribute
psedocapacitance. We have studied pseduocapacitance of ALD TiO,
thoroughly in our previous work.”*’® From 3-1.5V, TiO, has a
capacity of ~75mAh/g as shown in SI. We can calculate the capacity
of V,0s5 by deducting the contribution from TiO, and CNT. The
capacity of V,0s5 is 461mAh/g. We also notice that V,05/CNT
without TiO, coating exhibit an exceptional discharge capacity of
~480mAh/g for the first several cycles, higher than the theoretical
value of 442mAh/g. Higher capacities than theoretical predictions
have been previously attributed to interfacial charge storage

phenomena.*> 778

A similar explanation can be employed to
explain the high capacity with excellent rate capacity in the current
study on a-V,05 ALD films on CNTs. In addition, the “box-like”
appearance of the cathodic and anodic current densities is also
consistent with capacitive interfacial charge storage behavior.® %2
Charge storage in the electric double layer and on the V,05 surface
via Faradaic reactions can provide much higher capacities than the
capacities in the V,0s bulk alone. As a matter of fact, ALD V,05 on
CNT was studied as pesudocapacitive materials, exhibiting a very
high capacity of 1550F/g.*® 84% of its capacity at 0.23C is still
preserved when the rate ramps to 2.3C. Higher capacity and better
rate retention for samples prepared by method 2 is probably due to
better electrical contact between CNTs. Method 2 deposits V,05
onto a pre-fabricated CNT paper, thus taking advantage of high
electrical inter-connection between CNTs. In method 1, all of CNTs
are uniformly coated by ~12nm TiO,/V,0s films. Therefore, the
resistance of electrodes will be much larger than samples prepared
by Method 2. The same observation is found when ALD AlLO; is

coated on electrodes instead on electrode powders.* 7

This journal is © The Royal Society of Chemistry 2012
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Figure 5. (a) Cycling performance of uncoated V,0s/CNT and V,0s/CNT
with different TiO, thickness prepared by Method 1; (b) Rate
performance of TiO,/V,0s/CNT prepared by Method 1; (c) Cycling
performance of uncoated V,0s/CNT and V,0s/CNT with different TiO,
thickness prepared by Method 2; (d)
TiO,/V,05/CNT prepared by Method 2.

Rate performance of

We further examined V,0s/CNT with and without TiO,
coating after 100 cycles at 100mA/g by electrochemical impedance
spectroscopy (EIS) analysis. As shown in Figure 6, the charge
transfer resistance with TiO, coating is much smaller than without
TiO, coating after cycling, indicating the much more stable electrode
structure and thinner interfacial layer between electrode and
electrolyte. In addition, the migration of transition metals from the
dissolution of cathode materials to anodes is well known for the
increase of the impedance.***® TiO, coating prevents V dissolution
from the cathode, therefore, much smaller impedance increase is

observed compare to without TiO, coating.
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Figure 6. Nyquist plot of V,0s/CNT with and without TiO2 after 100
cycles at 100mA/g.

Conclusion

In summary, a-V,0s5 has been synthesized on CNT by ALD
and studied as cathode materials for lithium ion battery. TiO, as
a protective coating is applied onto the surface of V,05 by ALD
as well. Coating on CNT paper directly gives higher capacity
and better rate retention than on CNT powder. 15cycle
TiO,/50cycle V,05/CNT paper electrode delivers the discharge
capacity of 400 mAh g' at 100mA/g, approaching to the
theoretical value of V,0s. The dissolution problem of vanadium
which is a major hurdle that limits V,0s for cathode
applications has been fully addressed by TiO, ALD coating,
without sacrificing capacity and rate capability. We expect that
the success of addressing the dissolution problem of vanadium
will benefit the study of this material for other applications,

such as aqueous lithium ion battery anodes and catalysis.
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