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Changes in the optical absorption and electrical conductivity of dense and mesoporous anagtase TiO
films were measureth situ as a function of electrode potential during electrochemical lithium
intercalation. A special two-electrode geometry was used for the conductivity measurements, in
which the contacts were separated by a small gap bridged by the Wen electrons are injected,

an accumulation layer is formed and the conductivity increases several orders of magnitude. A
monotonic increase of the optical absorption with wavelength confirms the presefpartailly)
delocalized electrons. Insertion of lithium ions results in the formation of theli®, phase and a
decrease of the overall conductance. The specific conductivity of thdiO, phase i99.1+0.2)

S/cm, significantly lower than that of Li-doped anatase,liDhis is corroborated by the absorption
spectrum of LjgTiO,, which shows two pronounced peaks around 440 and 725 nm and no
characteristic free-electron features. At potentials below 1.7 V vs Li additional lithium could be
inserted into L sTiO,, and the conductance was found to increase again. The results are discussed
in terms of possible changes in the electronic structure that are induced by the insertion of lithium
ions. © 2001 American Institute of Physic§DOI: 10.1063/1.1388165]

I. INTRODUCTION transport. Clearly, detailed knowledge of the electrical prop-
erties as a function of lithium content is required to further
optimize the device performance.

The aim of this work is to investigate the correlated
changes in the electrical conductivity and optical absorption
TiO,+0.5e” +0.5 Li* —LigsTiO,. (1)  thatoccur upon electron injection and lithium intercalation in
anatase Ti@. Special attention will be devoted to the prop-
erties of LpsTiO,. Both mesoporous and smooth dense
films are studied to discriminate between surface and bulk

84 _ effects, and to determine the role of interparticle electron
larger than 0.5:"The low cost, ease of preparation, and thetransport. The simple topology of dense films facilitates

relatively fast kinetics make TiQan attractive material for o . :
lithium iz)/n batterie3® and eIectrﬁoDchromic devices. The latter d4antatve analysis of the data, while the nanostructured
) énorphology is preferred in practical devices.

is based on the coloration from transparent to dark blue and, Investigations of LiTiO, are severely hampered by its

flnal_lryr,] bli?ki:u;'g? 'melr?a![?t'r??' much debated. Some h Vinstability in air. Exposure to moisture, and to a lesser extent
_'heorgin ot the coloration IS much debated. some ha eoxygen, causes rapid reaction at the surface to fog® land
attributed it to absorption by free electrons that are present t

PiOH. Lithiated Ti nanoparticles can change from black
charge compensate either intercalated lithium ions, or catio © P g

% white in a few seconds when exposed to air. Hence, reli-
L ey . p : :
accumulated at the solid/liquid interfa?e.' The latter is of able analysis necessitates strictly controlled environmental

onditions during preparation and characterizationnaitu
characterization techniques.

The effects of both electron injection and lithium inter-
© L 7 calation can be conveniently studiéd situ by placing the
. Surpr_|S|quy little IS kn_ovvp at?OUt_ the electronic F;qnduc- sample in an electrochemical cell. This allows for direct con-
tivity of LiTiO,, despite 't§ |mpI|cat|0ns for the V"_"I'd'ty of _trol of the electrochemical potential, i.e., the Fermi level, of
the models used to describe the optical properties, and ifgg gystem and the amount of accumulated charge. Potential
important role in electron and ion transport. A low conduc-gqn4o) is especially important when cation accumulation at
tivity causes ohmic losses inside the electrode, which has g,q sqjig/liquid interface occurs, since the charge distribution
detrimental influence on the device efficiency. A high con-,¢ i interface changes instantly when the material is taken
ductivity reduces the electric field, which can slow down ion ;¢ of the electrolyte solution. Electrochemical lithiation also
allows for easy integration of charge to determine the
¥Electronic mail: roel@mit.edu amount of electrons accumulated, and for straightforward

Anatase TiQ is well known for its ability to accommo-
date charge in the form of interstitial lithium ions. Intercala-
tion proceeds by a first-order phase transition

The existence of the orthorhombicylsTiO, phase is well
documented.Evidence also exists for a solid solution phase
Li,TiO, (x<0.05)? and lithium titanates with Li/Ti ratio

porous TiQ. Others have attributed the color to polaron

absorption by electrons localized at'"Tiions in the

lattice12'3 and to electrons trapped in surface stdfes.
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Li counter Li reference anneal step to yield the amount of Ti@eposited. The re-
sulting films had about 50% porosity, were optically trans-
Electrolyte parent, and showed no signs of cracks. Interference patterns
indicated that the thickness homogeneity is excellent, except
— " at the very edge of the samples.

Dense anatase Tidilms were deposited on similar sub-
strates by electron beam evaporatigBiorad VC6800
vacuum evaporatoof reduced TiQ powder(rutile, 99.95%,
Acros Chimica). During deposition the oxygen partial pres-
sure was X 10~ mbar. The base pressure of the system was
less than X 10 ® mbar. The substrate temperature was
150 °C, and the growth rate of the films was 2 nm/min. Fur-
ther details are described elsewh&r@he thickness of the
films could be monitored during growth by a quartz crystal

FIG. 1. Schematic drawing of the electrode geometry. The two gold WorkingmlcrObalance' Films with a random crystallite orientation

electrodegAu 1 and 2)are separated by a small g&y=10 or 20um) that ~ Were grown, with a thickness of 26, 50, and 150 nm.
is filled with either a mesoporous or a dense Jflm with a thicknesg. It The profile of the amount of TiQacross the gap in the
should be noted that the drawing is not to scalbeing at least ten times resistance measurements was determined with electron probe
smaller than. microanalysis(Cameca SX50 Microprobe). The amount of
TiO, per unit area deposited in the gap was found to be equal
fo the amount deposited on the gold contacts for both nano-
structured and dense films.

Electrochemical experiments were performed in a three-

sample configuration is necessary to measure the conducti\(?—le(:t?de edlectroch?mlcal ceIII. I{'théumTLO" W‘?S used ?S a
ity in contact with an electrolyte. The method was originally counter-and as a relerence electrode. the entire sample was
developed by Wrighton and co-workéfsand has been used immersed in an electrolyte solution of 1.0 M LiGJ@n pro-

A ; lene carbonate. Potential control was provided by an
recently to measure the electron mobility in nanopartlculatéDy ) )
ZnO electroded® It is based on a geometry with two inde- Autolab PG20 potentiostat or an EG&G Madel 366A bipo-

pendent working electrodes and is shown schematically i'J;'entiostat. Resistance measurements were performed with the

Fig. 1. Two inert electrodes are separated by a small ga&ipotgntiosta(in the double Iayer regi.me, see pelow)vyith
which is filled by the material to be studied. The electrodes® Keithley 2420 sourcemetdn the |nterpalat|0n regime),
are functionally equivalent, and are analogous to the drair"ilnd were corrected fo_r the contact r(_a5|stances and for the
and source of a field effect transistor. The electrochemicasfJOId or ITO She?t reS|stance: All esistance measurements
potentials of both electrodes can be individually controlledV€"® carried out in an argon-filled glovebox 1 bpm H0,

by connecting them to the working electrode inputs of a02). The voltage difference between the working electrodes

bipotentiostat. The resistance of the JiGan be measured was typically <10 mV at relatively positive potential, and

by applying a small potential difference between the eIec-$2 mV at relatively negative potential. The current through

: . : the gap was invariably proportional to the voltage difference
trodes, and measuring the current between thi in Fig. : ) . )
1) g %1 (n Fig applied. The optical absorption of the flms was measured

with a Perkin-Elmer Lambda 19 spectrophotometer using an
air-tight cell which was assembled in the glovebox.

discrimination between reversible and irreversible change
upon repeatedde-)lithiation.
While in situ optical measurements are trivial, a special

Il. EXPERIMENT

Nanostructured, porous anatase J€amples were pre- |||. RESULTS
pared from a colloidal solution of nanosized FiCBolaronix
SA, average particle diameter about 15)nihe solution
was diluted with 50%by mass)of ethanol in order to pre- Figure 2 shows a cyclic voltammogram of a 26 nm
vent film cracking during evaporation of the solvent. Theevaporated Ti@ film at a scan rate of 2xV/s. Three re-
resulting paste was equally distributed over gold- or indiumgimes can be distinguished. In the “double layer regime”
tin oxide (ITO)-coated glass substrates by doctor bladingbetween 2.5V and 1.8 V, electrons are injected into the space
using a single layer of Scotch tagdM) to determine the charge region inside TiQ Charge compensation occurs at
green film thickness. The area of the substrates was approxire electrode electrolyte interface by adsorption and/or re-
mately 20X 15 mra For the resistance measurements, a 1@istribution of charged electrolyte species. Accordingly, the
or 20 um gap separated the two gold contacts. After dryingcharge injected is independent of thickness for dense films,
for 30 min at room temperature, a heat treatment was appliednd proportional with thickness for mesoporous films. The
for 30 min at 150 °C in air. Thicker layers were made bytotal charge consumed in this regime is relatively small, in
repeated film application and annealing, with each layer havthe order of 0.5 mC/ck
ing a thickness of about Am. As a final step, the films were At a potential of~1.80 V, close to the onset of the phase
annealed for 2 h at 450 °C in air to sinter the particles. Thdransition described by Eq.l), the charge compensation
substrates were weighed before deposition and after the finahechanism changes. Electron injection is now accompanied
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FIG. 2. Cyclic voltammogram of a 26 nm Tidilm deposited on a gold- 3.0
coated glass substrate. The scan rate wasu¥%. The total extracted

charge is 6.3 mC/cf which corresponds to an overall composition of 20
LigsTiO,.

AA

1.0

by intercalation of lithium ions which provide local charge
compensation. First, a TiOLi solid solution may be 0.0
formed. At insertion ratios beyond the solubility limit, which

is estimated to bes5 at. %%8the Li-doped TiQ undergoes

500 1000 1500

the phase transformation togdTiO,.*1"*®This corresponds wavelength (nm)
to the cathodic current peak in Fig. 2. The phase transformg:
tion can be reversed by going to positive potenttéias TiO, film on ITO-coated glass ifa) the double layer regime angh) the

indicated by the anodic current peak. The amount of charg@tercalation regime. The reference spectrum is recorded at 2.5 V vs Li. The
associated with both current peaks is ident{GaB mC/crﬁ) spectrum in the double layer regime indicates free-electron absorption,

IG. 3. Optical absorption differenddA) spectra of a 1..xm mesoporous

" . . while the absorption peaks in the intercalation regime indicate the presence
and corresponds to an overall composition GfdliO,. This of bound electrons in the LETiO, phase. The large scatter observed around

shows that the film can be fully transformed into the lithium 1280 and 1500 nm is due to electrolyte absorption. The irregularities at 860
titanate phase. In contrast, similar measurements on a 15fh are due to a filter change in the spectrometer.
nm dense film show that the degree of intercalation is lim-

ited. 38% of the theoretical charge can be inserted, which . .
implies that only the outer 57 nm of the fims is samples at scan rates higher than 1 mV/s. More detailed

transformed? This limit points to a negligible rate of addi- investigations of electrochemical side reactions occurring in

tional Li uptake and is most likely a manifestation of com-the TiO,/propylene  carbonate system can be found

1,22
pressive strain! caused by the 4% larger unit cell volume of elsewhere. .
Li, cTiO, compared to that of anatase FiO For the measurements reported below in Sec. Il B
0.5 2

The current—voltage curves for mesoporous ;TfDms, charge refers toeversiblecharge only, as determined by the

reported elsewher® are similar to those in Fig. 2. The ca- reoxidation, i.e., anodic current during a reverse scan in the

thodic and anodic current peaks are located at the same pgl_rchon 0f 2.5V or higher. We made sure the system was in

tentials. One small difference concerns the intercalation ca@qu'“b”um in two ways. Optical and conductivity measure-

pacity, which is often somewhat smallé90%) than the ments did not vary with time at a given potential, and the

theoretical capacity. Some parts of the film, especially at thgInOdIC reversible charge was independent of waiting time at

thicker edges of the samples, may be in poor electrical Cont_he measurement potential. Hence, the possibility of side re-

tact, which prevents the insertion of lithium ions. The pres—aCtiO_n_S influencing the optical z_a_bsor_ption or electrical con-
ence of a small fraction of rutile TiQ) which showdqalmost) ductivity can he gxcluded. EqU|I|brat|on_ typically took less
no intercalatiorf® is another possibility. Strain effects are than.one m!nute n the dou.ble Iaygr regime, and several tens
believed to be less important here, since the open structure 81f minutes in the intercalation regime.

the porous film can more easily accommodate the induce
strain.

The third regime starts when all anatase Jitas been Figure 3(a)shows the difference absorption spedtsa)
converted to L§sTiO,, i.e., below about 1.7 V. Additional of a 1.1 xm mesoporous film in the double layer regime. A
lithium may be inserted into kisTiO, if the driving force for  monotonous increase with wavelength is observed, which is
lithium insertion is sufficiently high. The current in this strongly reminiscent of absorption by delocalized
“Li .2TiO, regime” is dominated byirreversible)side reac-  electrons?® This is corroborated by a pronounced absorption
tions, such as reductive electrolyte decomposition. The exdecrease around 350 nfmot shown), close to the band gap.
tent to which side reactions occur depends on the potentidlhis so-calledVloss-Bursteinshift is caused bynearly-)free
window and the scan rate. Overall charge reversibilitieslectrons occupying the bottom of the conduction band, and
range from 75% in Fig. 2 to over 95% for mesoporousis a well-known phenomenon for TiGn accumulatior?. In
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TABLE |. Coloration efficiencies of mesoporous and dense,Tiins at various wavelengths in the double
layer (CEy,) and intercalation (C) regimes. The absorption of dense films in the double layer regime is too
small to be measured.

Morphology CE Peak@440 nm Peak@725 nm 1300 nm 1700 nm
Mesoporous CEg, (cn?/C) 3.6 12.5 18 25
CEp 21 37 8 <1

Peak@390 nm Peak@700 nm 1300 nm 1700 nm
Dense CE ~18 34 11.5 ~3

the remainder of this article, we will refer to these electronsnanoparticulate film, the induced Moss—Burstein shift is also
as(nearly)free, as we cannot differentiate between electronsmaller. This may cause an additional error in the determina-
in shallow trap states and completely delocalized electrongion of the peak position and CE.
As more electrons are injected the free-electron absorption The position of the long-wavelength peak and the CE
increases. The overall absorption in the double layer regimealues at 700/725, 1300 and 1700 nm also differ slightly for
is quite small, and the TiOfilm remains transparent to the the two film morphologies. This indicates subtle differences
naked eye down to 1.8 V. For dense films the change itin the materials properties such as the crystallffignd, in
absorption was too small to be measured accurately. the case of thin dense films, the presence of uniaxial stPess.
Following complete intercalation at 1.7 V, lithium was In the literature a broad range of peak positions and CE
extracted galvanostatically in steps of 20%. After each stepvalues is found, which encompasses the values found here.
the absorption spectrum was recorded under open circuit
conditions. The results for mesoporous films are shown irc. Electrical conductivity
Fig. 3(b). Clearly, intercalation results in a significant in- ) . )
crease of the absorption and a marked change of the shape of AN Important requirement is that all current flows
the spectrum. Two broad peaks are observed around 440 affyfoudh the film; additional current pathwafsom “source”
725 nm. This implies that electrons ingdTiO, are less free  ©© “drain”) through the electrolyte should be avoided. This
than in TiO, in the double-layer region, and that the dark r_equwement is fulfl_lled if th(_e measured reS|s_tance is propor-
color of Liy <TIO, cannot be attributed ttearly-)free elec- tional to trée gap width and inversely proportional to the film
trons but rather to localized electrons. The low absorption at[hlcknesé This is always observed for porous as well as

1700 nm is in agreement with this. The main features of théiense films in both the accumulation and intercalation re-

absorption difference spectra for dense films are identical tgrimes% Wr:‘iCh proyef _thaththe measured resihstance s, ink(_jeed,
those in Fig. 3(b). A closer look reveals some small differ-that of the material in the gap between the two working

ences between dense and porous films, which are discuss&lfctrodes. , o
later Some results for a mesoporous film are shown in Fig. 4.

The absorption is further analyzed as a function of in-The conductance displays a characteristic “sawtooth” pat-

jected charge® at the absorption maxim@40 and 725 nm tern. A steep increase is observed in the double layer regime,

and 390 and 700 nm for the porous and dense films respegpnsistent with the formation of an accumulation layer and
tively), and at 1300 and 1700 nm. A linear relationship sthe free-electron absorption observed in Fig)3The con-

found betweem\A and Q in both regimes, independent of

layer thickness. The coloration efficiency CE @®) is cal- 012 — . : ' I ' |

culated from the slope. The results are summarized in Table X _

|. The CE values for both types of film are very similar in the ~ 010} . Regimes.

. . . . . . o / —o—double layer

intercalation regime, and in good agreement with earlier = - @ \ —e— intercalation

reports®24-26 g oosp P '\ —a i TiO,
For the dense films, the first peak is found at a 50 nm & [ * e ]

smaller wavelength. Although this may be partly caused by a S 0.06 — c,, \. Li, TiO, A T

true difference in the physical properties of the absorption g 004 é b) \o\. A/ N

centers, two other effects play a role. First, the absorption o - d(a) \o\. / ]

spectra of the dense films show relatively strong interference 0.02 ¢ o ¢ (c) o

fringes around 400 nm. The position of these fringes changes F 8 ~ O,k L, TIO,

upon intercalation due to the change in refractive intlex, 0.00—~ 00 200 300

and they do not completely cancel out anymore in the differ-

ence absorption spectra. Furthermore, an accumulation layer
may be present even after the phase transformation, i.e., iiG. 4. Conductance vs charge for a mesoporous, Bl@ctrode with a 10
the Liy <TiO, phase. This is consistent with the presence of+™M 9ap and a thickness ef1 um. Three regimes can be distinguishéal:

the absorption shift around 350 nm for fully intercalated!"® 9ouble 1ayer regime comprising undoped Jith a space charge re-
gion present;(b) the intercalation regime, where (4TiO, coexists with

LigsTiO; fi_Ims (not S_hown)- Since the accumUIa_tion Iayer_ iN Li-doped TiO,; (c) beyond the intercalation regime, wherey i, TiO, is
a dense film occupies a smaller volume fraction than in gresent.

charge (mC)
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TABLE II. Conductivity and mobility values for nanostructured and dense
films measured in different regimes. Values in the double layer regime 40 | 3o} _
(TiO,+e") are measured at2.0 V vs Li. 20 .,/
- - B i/ -
Morphology Regime o (Slcm) w(em VvV lsh) 30k o " AT _
m l,; L e
Mesoporous Tig+e™ 1.8 0.05 S N ]
Li:TiO,? 0.75 0.005 = ol 0 50 |
LioTiO, 0.42+0.04 (2.50.1)10 % 84
Lig 5., TIO,S 1.7+0.6 s o, = .
Dense TiQ+e” 200+50 1.5+0.3 10 - ~ 7
Li:TiO, 57+7 02 . o, =50 S/cm |
Lig<TiO, 9.1+0.2 (3.940.1)10°%° 0 A X . | |
#Measured at 1.85 V vs Li. 0 25 50 75 100

PAssumingn equals inserted charge density.
‘Measured at 1.3 V vs Li.
dAssumingn=[Li]=5 at. %.

degree of intercalation (%)

FIG. 5. Resistance vs degree of intercalation for dense films in the interca-
lation regime.[1) 26 nm;A) 50 nm. The solid lines are least-square fits of
the data to extract the conductivity of the lithium-doped anatase pi@ase,

. . . o7. The corresponding data for the mesoporous films are shown in the inset.
ductance increases by more than five orders of magnitudgere, the resistance is proportional to the degree of intercalation and the gap

between 2.6 and 2.0 V vs =10 mC inserted charge). A width, W, and inversely proportional to the number of successively applied
detailed description of the conductance variation in thecoatings.c. (M) W=20um, c=1; (A) W=10xm, c=1; (®) W=10pum,
double layer region is presented elsewh€&he conduc- =
tance decreases as soon as the phase transition §6iQ}
commences, indicating that the conductivity of this phase is
lower than that of TiQ in accumulation. This is consistent can be viewed as two single-phase layers stacked on top of
with the absorption spectra, which show a distinct disconti-each othet! In the forward scan, the top layer isgldTiO,,
nuity at the onset of the phase transition. Finally, the conducwhich grows at the expense of the underlying lithium-doped
tance increases again when charge is injected beyond a comnatase Ti@Qlayer as more lithium is inserted. In the reverse
position of LisTiO,. scan, the stacking order is most likely reversé@he total

The conductivityo can be calculated from the measuredresistance of the film can be modeled as two parallel resistors
resistance and the dimensions of the material inside the gapescribing either phase, the thickness of which is determined
It is given by c=W/RLt, whereR is the measured resistance, by the degree of intercalation. Since the conductivity of the
Wi is the gap widtht is the film thickness, ant is the length  Lig5TiO, phase is knowriTable Il), the total resistance can
over which the gap is bridged by the film. The electron mo-be fitted as a function of inserted charge. This gives the con-
bility x can be calculated with the expressior=neu, ductivity of the Li-doped anatase phase;. The resulting
wheren is the electron concentration ards the elementary fits for the 26 and 50 nm films are shown in Fig.($olid
charge. The values at the two characteristic points in Fig. 4ines). The proposed two-layer model provides a good de-
i.e., at the maximum and minimum conductances, are colscription of the measured data, yielding an average value of
lected in Table II. The minimum corresponds to a composi{57+7) S/cm for the conductivity of Li-doped anatase }iO
tion of LipsTiO,. It should be noted that the corresponding at its estimated solubility limit of 5 at. %.
value for the mobility is calculated assuming tladltinjected As indicated in Fig. 6(a), three regions can be distin-
electrons contribute equally to the conductivity. At the maxi-guished in dense films: “bulk” LjsTiO,, Li-doped TiG,
mum, it is impossible to distinguish between charge compenand the accumulation layer at the surface. One may argue
sation by Li" in solution (accumulation)and by Li" ions in  that the decrease of the conductivity in the intercalation re-
the lattice(solid solution). For comparison, we include data gime is caused by a decrease of the amount of charge in the
at 2.0 V, i.e., before solid solution formation is likely to accumulation layer. Although an accumulation layer may be
occur. All values in Table Il are, within experimental error, present in both the forwar@nsertion)and reverseextrac-
independent of film thickness and gap width, except for thaion) scans, the amount of charge inside this layer will be
dense films in the accumulation regime. Since the accumudifferent for both scan directions. This is caused(hythe
lation layer in dense films does not extend throughout theslightly different open-circuit potentials during insertion and
entire film, the corresponding values in Table Il are based oextraction>*® and (i) the different stacking order of the lay-
an estimated value of 11 nm for the accumulation layerers for different scan directions, as illustrated in Fi¢p)8’
thickness:® Data for mesoporous films are corrected for theHowever, the measured resistances during forward and re-
porosity, i.e.,oc andu are normalized on the amount of TJO  verse scans are identical. This implies that the measured re-

It is interesting to analyze in more detail the resistancesistance variations during intercalation cannot be attributed
variation during the phase transition between Ji@nd to changes in the space charge at the elecetetgrolyte
LigsTiO,. Figure 5 shows the measured data in this regiorinterface, but instead reflect changes in the combined bulk
for dense filmg26 and 50 nm thicknesand for mesoporous resistance of the Li:Tig) Li sTiO, layers.
films (inset; variable film thickness and gap wiglthVe first The resistance versus degree of intercalation for the me-
look at the dense films. In the intercalation regime the filmsoporous films is shown in the inset of Fig. 5. The conduc-
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DN 00 1 a 15k |
LigsTiO, Li:TiO, :)’
________________________________________ “.:) - g -
Li:TiO, LigsTiO, % 10F ~
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A = Li:TiO,
B = LipsTiO, FIG. 7. Resistance vs potential for mesoporous films in two different elec-
) trolytes at potentials well below the TiLiysTiO, equilibrium potential.
«?b\‘\k, = possible Both electrolytes yield similar values, and the observed trend is independent

accumulation of scan direction.

layer

a commercial battery electrolytd.0 M LiPFg in 1:1 ethyl-
(b) Forward = Reverse ene carbonate/diethylcarbonate, Mgrckhe film-forming
properties of these electrolytes are known to be rather
FIG. 6. lllustration of the influence of film morphology on the distribution  yitterant32 The results are shown in Fig. 7. The overall trend
of the Li:TiO, and LisTiO, phases during lithium intercalation. Note that . . . .
the extent of the accumulation layer may be different for each phase. 1S that the resistance for both electrolytes increases in the
same fashion. The resistance changes are reversible, i.e.,
when going to 1.7 V after prolonged intercalation at 1.3 V
tivity of mesoporous L§sTiO, is measured at full intercala- the resistance increases again. The average value for the con-
tion, yielding a value of (0.42+0.04) S/cm. This is ductivity is (1.7+£0.6) S/cm at 1.3 V vs Li, significantly
significantly lower than that for dense filnisf. Table Il)and  higher than that for LjsTiO, (cf. Table Il). As the conduc-
will be discussed in more detail in the next section. Thetance responds very slowly to potential perturbations it is not
conductivity of the Li:TiG phase cannot be readily deter- related to variable electron accumulation. Hence, it is con-
mined from the inset of Fig. 5 because the extrapolatealuded that lithium insertion beyong=0.5 is possible at
curves intersect the origin. Instead, the conductivity is meapotentials below 1.7 V vs Li. Although the trend in Fig. 7 is
sured at 1.85 V vs Li, just above of the TiiysTiO, equi-  reproducible, the resistance values should only be interpreted
librium potential of~1.8 V vs Li2®1® in a qualitative manner. Furthermore, accurate determination
A linear increase oR with the degree of intercalation is of the intercalated charge was not possible due to an anodic
observed in the inset in Fig. 5. This is not expected for acontribution from the decomposition layer at the electrode
three-dimensional interconnected network consisting of ransurface. Hence, the true charge associated with the
domly distributed Lj <TiO, and Li:TiO, particles®! Percola-  Liys,,TiO, data points in Fig. 4 is markedly smaller than
tion theory and general effective medium theory can be useghown, and no reliable values for the mobility can be ex-
to describe the resistance of a mixture of a well-conductingracted.
and poorly conducting particles. Both predict that the resis-
tance in a random system is markedly smaller than the seri
addition, if the fraction of the conducting phase exceeds 2\‘7 DISCUSSION
percolation threshold,. (typically 0.15<f.<0.50) because The electrical conductivity of mesoporous films cannot
abovef . the current chooses the least resistive path. Hencdye directly compared to that of the dense films. The effect of
some degree of order is probably present in the samples stuthe porous structure on the conductivity can be evaluated
ied here. For instance, one can imagine that thgsTiO,  with the help of percolation theory and general effective me-
phase starts to form at the sides of the gap. Note that thidium theory’'3 This approach was followed by Meulen-
phenomenon would not affect the interpretation of the maxikamp for ZnO films having a similar morphology as the
mum and minimum conductances observed as these relate neesoporous Ti@films studied heré® It was shown that the
single-phase regions. nanostructured morphology leads to an approximately four-
The possibility of lithium insertion beyong=0.5 is in-  fold decrease of the electrical conductivity compared to a
vestigated by providing a stronger driving force for interca-fully dense film of the same thickness. The values in Table Il
lation. This is accomplished by applying potentials below 1.7are already corrected by a factor of 2 for the porosity. An
V vs Li. In order to rule out possible conduction through aadditional factor of 2 is thus required for a proper compari-
film formed at the electrode surface by electrolyte decomposon between dense and porous films.
sition (the so-calledsolid electrolyte interphasé};?? experi- According to Table Il, the percolation correction leads to
ments were carried out with the standard electrolyte and witla value of 0.84 S/cm for the conductivity of mesoporous
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LigsTiO,. This is an order of magnitude smaller than thefrom anatase Ti@ (tetragonaljto LigsTiO, (orthorhombic),
conductivity of dense LisTiO, films. An even larger differ- and the position of the L2s and Ti 3d energy levels in the
ence is observed for Li-doped TjGand TiG, in accumula-  band diagram.
tion. These differences are reflected in the mobilities shown  According to Caveet al. the phase transformation from
in Table Il. Hence, one or more mechanisms slow downanatase TiQto LipsTiO, does not greatly distort the TO
charge transport in mesoporous films. This must be assochost latticet Hence, no dramatic changes in the Ti and O
ated withinterparticle transport and surface defects. Indeedenergy levels are expected and a reasonable description of
trap-limited charge transpott, Coulomb repulsion between the band diagram can be obtained by simply inserting the Li
electrons in adjacent particlédand slow tunneling between orbitals at the appropriate position. Lithium has a very low
particles® have been proposed in the literature. The conducionization energy and the energy level of &s electron is,
tivity of mesoporous Ti@ is discussed in more detail therefore, expected to lie well above the Jd levels that
elsewherg? make up the conduction band. This is generally the case for
The importance of the surface is also clear from anotheflkali metals that are incorporated in a transition metal
observation: the conductivity ofmesoporous)TiO, in the oxide®” The 2s electrons will subsequently enter the lowest
accumulation regime depends on the history of the sampléinoccupied energy levels, which are located in the conduc-
An insertion/extraction cycle induces a two-fold decrease irfion band. This is supported by x-ray photoelectron spectros-
the conductivity. This is attributed to intercalation-inducedcopy measurements, which show thaf Tiis reduced to
chemical changes at the electrode surfaedich can lead to  Ti®* upon lithium insertiort?
a more negative flatband potentf&lAs a result, less elec- A comparison to work on proton- and lithium-
trons are injected at the same potential and the conductivitintercalated WQ is useful at this stagésee Ref. 27 for an
decreases. In addition, changes in the dielectric constant éverview of relevant literature data). Crystalline,\MO;
anatase TiQ after an insertion/extraction cyéfemay influ-  shows nonmetallic behavior farsmaller than about 0.2 with
ence the conductivity. The data presented in Table Il on, TiO o ranging from 10“ to 10* S/cm. Amorphous WWO; is
in accumulation are for films not previously subjected tononmetallic for allx values studied. Both materials show a
intercalation. strong absorption in the visible part of the spectrum. The

The mobility for dense Ti@in accumulation is in good optical properties are usually described by small polaron ab-
agreement with reported values for microcrystalline anataseéorption or intervalence charge transfer. This is also a rea-
which range from 0.1 to 10 ¢tV 1 s 1.6 This indicates sonable picture for the main absorption peak of[iO, at
that the films studied are well-crystallized and do not contain’25 nm. The origin of the second smaller absorption at
a large defect concentration. The optical absorption datgmaller wavelengths remains unclear.
pointing to the presence of at least partially delocalized elec- The nonmetallic character of {4TiO, remains to be
trons Support this conclusion. eXpIained, as this is Clearly different from Crysta"ine

Surprisingly, the electron mobility in denseylTiO, is ~ MxWOs;. The structural changes during the phase transfor-
two orders of magnitude lower. This is consistent with themation could lead to a decrease in overlap of thedior-
absence of free-electron absorption in F|g))3 and |mp||es bitals. In combination with narrow bands, this can cause the
that electrons in I'GISTIOZ behave very differenﬂy from those electrons to become localized on individual Ti ato’ﬁ'ls.
in anatase TiQ. The electrical conductivity of dense However, this picture cannot explain the increase in conduc-
Lio<TiO, is found to be(9.1+0.2)S/cm. Again the value for tivity when the stoichiometry increases beyond0.5 (Figs.
the mesoporous films is more than one order of magnitudé and 7). The same objection can be made if small polaron
smaller. Previously reported values for compressgdliD,  formation, as in MWOj3;, were assumed to be responsible
powders are a factor of310° lower? Those measurements for the low electron mobility.
were performedx situ, and the low values may be an effect ~ The origin of the low electron mobility of kisTiO, can
of sample degradation caused by exposure to air. In additioP® explained by electron repulsion effects. A well-known
poor contact between the powder particles in a pressed pell§ianifestation thereof is a Mott—Hubbard splitting of B
can also result in anomalously low values for the electricalevels, which leads to a low conductivity for specific values
conductivity. of the free-electron densify. Small deviations of the elec-

It is often assumed that the Licompensating electrons tron stoichiometry in L4sTiO, would then lead to an in-
reside in the conduction band, which consists mainly @di crease in the conductivity, as is indeed observed in Fig. 4.

orbitals. For a composition of biTiO,, this interpretation Recent work on LV,0s also shows complicated
would lead to a high free-electron concentration of 1. 4variations® in the electronic conductivity during transitions

X102 cm™3. This would certainly induce a Mott between the various Li-containing phases. Band structure

transition®” and metallic conduction. Instead, Figs. 4 and 7calculations on LgsTiO,, similar to those already available
show that an increase of the lithium concentration results iffor other Li-containing TiQ phase$”****should give more
a decrease of the conductivity. Although the simlearly-)  insight into the electronic and optical properties of £1iO,
free-electron picture can be used for low lithium concentra2nd Lips5:xTiO;.

tions, a different approach is required in order to understand

the electronic structure at high lithium concentrations. TwoV- CONCLUSIONS
important aspects should be considered in the discussion: the The resistance changes of dense and mesoporous anatase

structural changes that accompany the phase transformatidmO, films during electrochemical intercalation of lithium

GF Exhibit 1064 - 7/8



2242 J. Appl. Phys., Vol. 90, No. 5, 1 September 2001 van de Krol, Goossens, and Meulenkamp

could be measureia situ by using a special electrode geom- °G. K. Boschloo and D. Fitzmaurice, Proc. Electrochem. S%20, 84
etry. The combination of the conductivity data with optical _(1997). i )
absorption spectroscopy has led to a better understanding ofi;lga;’gz(' l'g'éefmze" J. Rathouskyand A. Zukal, J. Electrochem. Soc.
the behawo_r of anatase TjQ@luring I|th.|um mtergalatmn. 12E Cao, G. Oskam, P. C. Searson, J. M. Stipkala, T. A. Heimer, F. Farzad,
Three different regimes can be discerned in the interca- and G. J. Meyer, J. Phys. Che8®, 11974(1995).
lation process. The double layer regime is characterized by/S. Salergren, H. Siegbahn, H. Rensmo, H. Lindstré\. Hagfeldt, and S.
injection of electrons and the concomitant formation of an - Lindquist, J. Phys. Chem. BO1, 3087(1997).
. . T.-S. Kang, D. Kim, and K.-J. Kim, J. Electrochem. Sdei5, 1982
accumulation layer. The injected electrons are {@enearly 1098)
free), as evidenced by a large increase in conductivity ang, p, kittlesen, H. S. White, and M. S. Wrighton, J. Am. Chem. 9686,
the steady increase of absorption with wavelength. In the 7389(1984).
second regime a phase transformation tgsLiO, takes ijE-A- Meulenkamp, J. Phys. Chem. 3, 7831(1999).
place, and the conductance of the film decreases. The shapéig/l""aggeg*;ro" A. Goossens, and J. Schoonman, J. Phys. Chera3p
of th? absorpt|on spectrum Changes and the free-electron ?‘bR. van de Krol, A. Goossens, and E. A. Meulenkamp, J. Electrochem. Soc.
sorption features are replaced by two pronounced absorptioni4e, 3150(1999).
peaks near 440 and 725 nm, indicating localized electrons. Ii{M. P. Cania, J. I. Cisneros, and R. M. Torresi, J. Phys. Ché8y.4865
addition, the overall absorption increases significantly and, (1994 . o
. . . . A. Stashans, S. Lunell, R. Bergstnp A. Hagfeldt, and S. E. Lindquist,
visual coloration of the films is observed. The low conduc- Phys. Rev. B53, 159(1996)
tivity of LigsTiO, may be explained in terms of electron 2ip kpil, L. Kavan, and D. Fattakhova, J. Solid State Electroch&n83
repulsion effects. In the third regime lithium is inserted into (1997).
LigsTiO,, resulting in an overall composition of 22'55@’;2)’ K. Kratochvilovaand M. Grazel, J. Electroanal. Chen394,
LI0'5+XTI.OZ' The conductmty Increases again, |nd.|ca.t|ng 2t should be noted that in covalent semiconductors the absorption coeffi-
that a hlgher band with gO_Od CondUCt'on_pmpert'eS is filled. cient for free-electron absorption is proportionalty wheren is a func-
The optical and electrical changes in mesoporous andjon of the scattering mechanism and ranges between 1.5 and 3.5. The
dense TiQ films during lithium intercalation follow the  significantly lower value of observed in Fig. @) (»=1)is caused by the
same general trend. However, absolute conductivity valuegPredominantly ionic character of anatase 10
for mesoporous films are much smaller than those for dense™: Kitao, Y. Oshima, and K. Urabe, Jpn. J. Appl. Phys., PaB6] 4423
films. This is partly due to percolation effects in the meso-2s5 agfeidt, N. Viachopoulos, and M. Gizel, J. Electrochem. So¢41,
porous structure. More important factors, however, are the 182 (1994).
presence of a barrier for interparticle charge transport, ang&fJ. M. Bell, J. Barczynska, L. A. Evans, K. A. MacDonald, J. Wang, D. C.
the possible role of surface defects. The exact cause for thgGreen. and G. B. Smith, Proc. SPE255, 324(1994).

hi ductivity | fil . | d call C. G. Grangvist,Handbook of Inorganic Electrochromic Materials
mucn lower conductivity In porous Tiims Is unclear, ana calls (Elsevier, Amsterdam, 1995

for further investigation. 28V Luca, T. L. Hanley, N. K. Roberts, and R. F. Howe, Chem. Matéy.
2089(1999).
29 :
'R.J. Cava, D. W. Murphy, S. Zahurak, A. Santoro, and R. S. Roth, J. Solid, R. Van de Krol, A. Goossens, and J. Schoonrfizmpublishegl
State Chem53, 64 (1984). OE. A. Meulenkamp and R. Van de Kr@linpublishedl
2B. Zachau-Christiansen, K. West, T. Jacobsen, and S. Atlung, Solid State D- S: McLachlan, M. Blaskiewicz, and R. E. Newnham, J. Am. Ceram.
lonics 28-30, 1176(1988). 520078, 2187(1990).
3F. Bonino, L. Busani, M. Manstretta, B. Rivolta, and B. Scrosati, J. Power, . Arora and R. E. White, J. Electrochem. Sbé5, 3647(1998).
Sourcess, 261 (1981). 33D, Stauffer and A. Aharonyintroduction to Percolation TheoryTaylor
“M. S. Wittingham and M. B. Dines, J. Electrochem. Sd@4, 1387 and Francis, London, 1994
(1977). 34p. E. de Jongh and D. Vanmaekelbergh, Phys. Rev. T&{t3427 (1996).
5S.Y. Huang, L. Kavan, I. Exnar, and M. Gzal, J. Electrochem. Sot42,  >°B. Van der Zanden and A. Goossens, J. Phys. Chett04 7171 (2000).
L142 (1995). 36H, Tang, K. Prasad, R. SanjiseP. E. Schmid, and F.'\g, J. Appl. Phys.
81. Exnar, L. Kavan, S. Y. Huang, and M. Gral, J. Power Source8, 720 75, 2042(1994).
(1997). 7P, A. Cox,The Electronic Structure and Chemistry of Soli@xford Uni-
"A. Hagfeldt, N. Vlachopoulos, S. Gilbert, and M. @al, Proc. SPIE versity Press, New York, 1987
2255, 297 (1994). %M. Shibuya, S. Yamamura, T. Matsue, and I. Uchida, Chem. Betf49
8M. P. Canta, J. I. Cisneros, and R. M. Torresi, Thin Solid Fili259, 70 (1995).
(1995). 39M. K. Aydinol, A. F. Kohn, G. Ceder, and J. Joannapoulos, Phys. Rev. B
°B. Enright and D. Fitzmaurice, J. Phys. Cheh00, 1027 (1996). 56, 1354(1997).

GF Exhibit 1064 - 8/8





