Journal of Power Sources 195 (2010) 2064-2068

Contents lists available at ScienceDirect

Journal of Power Sources

journal homepage: www.elsevier.com/locate/jpowsour

Short communication

Synthesis and electrochemical evaluation of an amorphous titanium dioxide
derived from a solid state precursor

Christopher D. Joyce?, Toni McIntyre®, Sade SimmonsP®, Holly LaDuca?,
Jonathan G. Breitzer?, Carmen M. Lopez?, Andrew N. Jansen?, J.T. Vaughey ®*

a Electrochemical Energy Storage Group, Chemical Sciences and Engineering Division, Argonne National Laboratory, 9700 S Cass Ave., Argonne, IL 60439, United States
b Department of Natural Science, Fayetteville State University, Fayetteville, NC, United States

ARTICLE INFO ABSTRACT
Arﬁd}f history: Titanium oxides are an important class of lithium-ion battery electrodes owing to their good capacity and
Received 25 August 2009 stability within the cell environment. Although most Ti(IV) oxides are poor electronic conductors, new

Received in revised form 16 October 2009
Accepted 19 October 2009
Available online 30 October 2009

methods developed to synthesize nanometer scale primary particles have achieved the higher rate capa-
bility needed for modern commercial applications. In this report, the anionic water stable titanium oxalate
anion [TiO(C,04)2]>~ was isolated in high yield as the insoluble DABCO (1,4-diazabicyclo[2.2.2]octane)
salt. Powder X-ray diffraction studies show that the titanium dioxide material isolated after annealing in

K.eyw.ordS" _ air is initially amorphous, converts to N-doped anatase above 400 °C, then to rutile above 600 °C. Elec-
Titanium dioxide . Lo . - s .

Precursor trochemical studies indicate that the amorphous titanium dioxide phase within a carbon matrix has a
Electrochemistry stable cycling capacity of ~350 mAhg~'. On crystallizing at 400 °C to a carbon-coated anatase the capac-
Anode ity drops to 210mAh g~', and finally upon carbon burn-off to 50 mAh g~'. Mixtures of the amorphous

titanium dioxide and LisTisO1, showed a similar electrochemical profile and capacity to LisTisOq, but
with the addition of a sloping region to the end of the discharge curve that could be advantageous for
determining state-of-charge in systems using Li4TisO1.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Titanium dioxide is an important material used in many indus-
trial and scientific applications. In addition to several naturally
occurring polytypes, e.g. brookite, anatase, and rutile, several
man-made polymorphs have been synthesized via ion-exchange,
notably TiO,(B) from K;TizOg and TiO,(H) from K,TigOqg [1-13].
The polytype isolated is dependant on variables that include the
precursor, temperature and atmosphere utilized. Low tempera-
ture preparations (<100°C) yield brookite, samples above 700°C
yield rutile, and anatase is isolated between these temperatures.
For samples prepared or annealed under an ammonia atmosphere,
nitrogen-doped yellow anatase or rutile has been isolated and
characterized [14,15]. As bulk materials, rutile is electrochemi-
cally inactive, brookite inserts 0.16 Li per formula unit, anatase
and TiO,(H) and TiOy(B) insert 0.5 Li per formula unit [1,2,7,10].
These differences reflect the different arrangements of the titanium
centered octahedra within the material and the resultant inter-
nal void space. Significant differences and levels of activity have
been reported when the nanoscale versions of the materials are
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evaluated reflecting the smaller diffusion distances and increasing
important role of surfaces [16-18].

In this paper we report the synthesis and characterization of
the air and water stable titanium dioxide precursor compound
(H,DABCO)(TiO(C204)2)-2H50, its decomposition products, and
the electrochemical evaluation of the various titanium dioxides
produced by annealing this material in air.

2. Experimental

The synthesis of titanyl-oxalato anion, [TiO(C204),-xH,0]2~, has
been reported in the literature starting from the slow hydroly-
sis of TiCl4 [19]. Due to the problems associated with working
with titanium tetrachloride, the synthesis was modified to use
titanium isopropoxide, Ti(OC3Hg)4 (Aldrich, 97%). In a typical syn-
thesis, 50 ml of NH4OH (Aldrich, 29.2% solution) was added to 25 ml
of Ti(OC3Hg)4, producing a white gelatinous precipitate. The pre-
cipitate was washed three times to remove excess base and placed
in 100 ml of de-ionized water. To this solution 200 ml of a 0.23 M
solution of oxalic acid (Aldrich, 99.9%) were added producing a
clear solution of Hy[TiO(C;04);]. To this, a stoichiometric amount
of an aqueous solution of DABCO (1,4-diazabicyclo[2.2.2]octane)
(Aldrich,98%) were added precipitating a while crystalline solid.
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Fig. 1. The powder X-ray diffraction pattern of (H,DABCO)(TiO(C;04);)-2H,0.

Thermogravimetric analysis (TGA) was performed using a Seiko
X-star 6300 TGA/DTA. Data were collected under flowing dry air
atmosphere to determine water content and the temperature of
decomposition for the material. The structures of the compounds
isolated were determined by annealing the precursor at a variety of
temperatures under air and characterizing by powder X-ray diffrac-
tion methods. Data collected on a Siemens D5000 Powder X-ray
Diffractometer were used to determine the type and purity of the
titanium dioxide produced.

Electrochemical evaluation of select titanium dioxide samples
isolated was performed. Electrodes were laminated on aluminum
foil using a mixture of 80% active, 10% PvDF binder, and 10%
acetylene black as a conductive additive. The electrodes were
used to build 2032-type cells and evaluated using a lithium metal
anode and a 1.2 M LiPFg in 3:7 EC:EMC electrolyte [20]. Cells were
cycled in the range 0.7-4.2V using a constant current (0.08 mA
or 0.05mAcm~2) on a MACCOR cycler. In addition, a mixture of
the amorphous titanium dioxide (350 °C) was blended (1:2) with
a commercial sample of LisTisOq; and evaluated in the voltage
window of 1.0-2.0V (at 0.05 mAcm~2).

Scanning electron microscopy (SEM) images were acquired
utilizing an FEI Quanta 400 FEG Scanning Electron Microscope oper-
ating at 12.5kV, under high vacuum mode. The SEM images were
recorded with the Quanta XT microscope control software, version
2.4. Prior to image acquisition, the samples were sputter-coated
using a Bal-Tec MED020 sputter coater with 10 nm of Au/Pd to
prevent charging.

3. Results and discussion

Building on our previous work developing low temperature
preparations for electrochemically active titanium oxides, we
sought to develop an air stable microcrystalline single source
precursor to nanoscale titanium dioxide [19]. In addition to electro-
chemical interest, such a precursor would be useful as a source of
active titanium dioxide for the synthesis of various titanium-based
materials where the particle morphology needs to be maintained.
For electrode materials based on titanium (IV) oxides, numerous
studies have shown that doping or reducing the particle size of
the titanium dioxide, significantly increases the rate capability
[1,15,21]. However synthetic procedures starting from the sim-
ple dioxide usually require a high temperature heating step (with
resulting loss of surface area) that may lead to an undesirable side
reaction with the reaction vessel, or for battery materials evapora-
tion of lithia.

In our study, a solution of the titanyl-oxalato anion was pre-
pared starting from titanium isopropoxide. To the clear solution of
the acid version of the anion, addition of the large organic cation
DABCO (1,4-diazabicyclo[2.2.2]octane) was found to precipitate
the titanyl-oxalato anion as the salt (H,DABCO)(TiO(C204),-xH;0).
The powder pattern is shown in Fig. 1. Earlier crystallographic
studies by Fester et al., on the potassium salt showed the anion

[TiO]
octahedra

[C,0,0*

Fig. 2. Tetramer of (TiO(C;04),)?~ anion from Ky (TiO(C204);)-2H,0 (Ref. [23]). The
small grey spheres are the oxalate carbons, the open spheres the oxalate oxygen’s,
and the hatched polyhedra are [TiOg].

existed as a tetramer in the solid state, shown in Fig. 2 [22,23].
Addition of other divalent countercations, such as Mn(II) or Ni(II),
resulted in decomposition and precipitation of the simple oxalate
salt, M(C,04)-H,0, while alkali metal salts were too soluble and
were isolated by solvent evaporation [19,22].

The decomposition of the (H;DABCO)(TiO(C;04);)-xH,0 salt
was studied by thermogravimetric analysis (TGA) under an air
atmosphere. The data, shown in Fig. 3, indicated a 10% weight loss
around 100 °C, alarge weightloss (45%)at 275 °C, and a slow weight
loss, completed by 500 °C, that corresponded to 25% of the overall
total. The weight loss at 100 °C corresponds to 2.0 waters of hydra-
tion, the sharp drop at 275 °C is mainly from the oxalate fragments,
and the final weight loss is close to that expected from the DABCO
cation.

The crystalline products of the decomposition were determined
by heating of the salt at eight temperatures between 300 and 900 °C
in air for 12 h. Samples heated below 400°C sample were found
to be amorphous to X-ray diffraction methods. The materials iso-
lated were black in color owing to the carbon produced from the
incomplete decomposition of the DABCO cation. The 400 and 500 °C
samples were found to be single phase anatase. Scherrer equa-
tion calculations indicated a primary particle size of approximately
500 nm for both materials. The 400°C sample was black and the
500°C sample yellow. The samples heated above 600 °C materials
were white. The 600 °C sample contained mainly rutile with a few
percent anatase, while the 900°C product had rutile as the only
product. The XRD patterns are shown in Fig. 4.

Fig. 5 shows the SEM images of a typical 350°C sample (Fig. 5a,
left), and a typical 500°C sample (Fig. 5b, right). Both samples
show similar morphology, i.e. roughly rectangular and flat parti-
cles fused together to form larger particles of irregular shape. The
average particle size of the secondary particles for the 350°C sam-
ple is approximately 50% larger (~30 wm), than the 500 °C sample
(~20 wm). The inset shows an enlargement of the 500°C parti-
cles highlighting the overall plate-like morphology. The reduced
particle size for the sample heated to higher temperature likely
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Fig. 3. The TGA pattern for (HDABCO)(TiO(C;04),)-2H,0.
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Fig. 4. Stacked XRD patterns of the TiO, produced by the decomposition of (H,DABCO)(TiO(C;04),)-2H, 0 at different temperatures. Sample holder peaks have been removed
for clarification and carbon is marked with an asterisk. The inset shows the transition from anatase to rutile with increasing temperature.
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Fig.5. SEM images of the amorphous TiO, (350 °C, left) and the N-doped TiO, (500 °C, right). The inset shows an enlarged picture of the 500 °C particles and their morphology.

reflects the particle breakdown that occurred upon completion of
the decomposition of the DABCO cation (as seen in the TGA data)
and the loss of remaining organic compounds.

Numerous titanium oxides and lithium titanium oxides are
currently under study as next generation anodes for lithium ion
batteries [3,7]. Studies have shown that for titanium oxides, reduc-
ing the particle size do not decrease safety but does increase rate
capability and in some instances capacity [1,6,13,14,24,25]. The
amorphous sample (350 °C) and the anatase samples (400, 500 °C,
commercial sample) were evaluated electrochemically and the data
is shown in Fig. 6. Of the samples evaluated, the 350 °C amorphous
sample showed the highest stable cycling capacity, ~350mAhg-!,
equal to 1.0 Li/TiO,, taking into account the carbon residue from
the incomplete decomposition of the precursor salt. As isolated
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Fig. 6. Cycling performance of the various nanoscale TiO, materials isolated.

the material is a mixture of 55 wt% carbon and 45 wt% TiO, whose
capacity is approximately 160 mAhg-!. The cycling capacity of
the anatase (400°C) sample stabilized at 210mAhg-1, while the
500°C sample yielded 50 mAh g—!. A comparison of the cycling pro-
files for the amorphous titanium dioxide and anatase (500°C) is
shown in Fig. 7. The 500 °C sample has the ~2.0 V insertion plateaus
characteristic of anatase, while the amorphous sample lacks these
features. The lack of plateaus (even on cycling) and powder XRD
data is consistent with the lack of a crystalline anatase component
to the amorphous material. The observed capacity of the amor-
phous TiO;/carbon mixture, mainly between 1 and 2V vs. lithium,
is comparable to Li4Ti501> and if used as a mixture could act as a
state-of-charge indicator for the electrode by adding a slight slope
to the discharge curve [20,21]. This effect is shown in Fig. 8, where
the figure on top shows the cycling profile of the blend, while the
bottom figure is Li4TisO1, alone.

It can be readily seen that on heating to 400 °C, the amorphous
TiO, component of the amorphous phase crystallizes to anatase
resulting in a drop in cycling capacity. This capacity difference,
taken as the TiO, component alone, is consistent with the reported
capacity of anatase. Based on the TGA data, the 350°C sample is
~55% carbon, while the 400°C sample is ~40% carbon. The 500°C
sample has no additional carbon. The high irreversible capacity of
the amorphous sample (~50%) probably arises from lithium reduc-
tion of the partially reduced organic components.

The drop in capacity between the carbon-coated anatase
(400°C) and the N-doped anatase (500°C) is large—nearly 75%.



C.D. Joyce et al. / Journal of Power Sources 195 (2010) 2064-2068 2067

45

4
35
=) J
21 ~
J N

0.5
0 v r r + - -
0 5 10 15 20 25 30 35

Time (hrs}

Voltag

45
«
351
g 3
o 25

o] 24

1f\J NN

/

Voltag

0.54
0

0 20 40 &0 80 100 120
Time (hrs)

Fig. 7. Cycling profiles of anatase TiO, produced at 500 °C (top) and the amorphous
TiO, sample from 350°C (bottom).

Although the sample appears to have the typical cycling profile of
anatase, it is not being completely utilized after burn-off of the car-
bon coating from the DABCO cation. It is possible that this 500°C
TiO, sample has poor ionic conductivity owing to the presence of
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Fig. 8. Two cycles of (top) a 1:2 blend of the amorphous TiO, and LisTisO1> and
(bottom) LisTi5O12 alone.

nitrogen anions in the lattice and charge compensating protons in
the central channel [26]. In a situation similar to the olivine cathode
material LiFePOg4, poor lithium conductivity is the stoichiometric
uncoated material results in a low cycling capacity [27]. Numer-
ous studies on carbon coating the material, ex situ or in situ, show
that as little as a few percent carbon properly applied can result in
realization of full theoretical capacity [28,29].

4. Conclusion

A new air and water stable titanium dioxide precursor has
been developed, characterized, and its decomposition products
evaluated as electrode materials. Initial studies on the salt
(H,DABCO)(TiO(C304);)-2H,0 show decomposition to an amor-
phous material below 400°C with very good electrochemical
activity alone and in ablend with Li4Ti5O1,. The crystalline titanium
dioxide materials isolated at higher temperatures showed overall
poorer electrochemical performance when compared to commer-
cial or literature samples, possibly due to interstitial atoms blocking
the main diffusion channel.
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