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Abstract: Single crystals of TiQ anatase containing 0.22% of Al and traces of V, Zr, Nb, and La were grown by
chemical transport reactions employing Tg&$ the transporting agent. Electrodes having the (101) face exposed
doped by reduction with hydrogen were employed. The electrochemical and photoelectrochemical behavior of a
single crystal of anatase were scrutinized for the first time. Properties were compared to those of single-crystal
rutile having the (001) face exposed. Impedance analysis established that the flatband potential of anatase (101) is
shifted negatively by 0.2 V with regards to that of rutile (001). Interfacial capacitance measurements under forward
bias indicate smaller density of surface states on anatase. Photoelectrochemical oxidation of water occurs on both
rutile and anatase with incident photon-to-current conversion efficiencies close to uity 80 nm. From the
comparison olUg, andEg, it follows that anatase (101) and rutile (001) electrodes differ mainly in the position of

the conduction band edge. The complete photoelectrolysis of waterdaodHQ is thermodynamically possible on
anatase only. Photosensitized electron injection from adsaib&U[L,(SCN)] (L = 2,2-bipyridyl-4,4-dicarboxylic

acid) proceeds with similar efficiency on both types of electrodes. However, light-induced charge separation on the
single-crystal electrodes is about three times less efficient compared with nanoscopic anatase films. Anatase (101)
is strikingly more active for electrochemical insertion offlthan rutile (001). The diffusion coefficients for i

insertion and extraction were estimated to be 20713 and 6 x 10713 cn¥/s, respectively.

1. Introduction

Titanium dioxide has three common polymorphs:
(space grou4,/mnn), brookite Pbcg, and anatasd4;/amd.
Moreover, TiQ adopts five additional crystal structures: BiO
Il (“columbite”, (a-PbQy) Pbcn),12 TiO; Il (“baddeleyite”, P2,/
€),2 TiO, (H) (“hollandite”, 14/m),2 TiO, (R) (“ramsdellite”,
Pbnm,* and TiQ, (B) (“bronze”, C2/m).5 These were synthe-

sized either by a high-pressure treatment of anatase or rutile

(TiO2 1l and 111) or by topotactic oxidative extraction of alkali
metal from Ky 25TiO, (hollandite), Ly sTiO, (ramsdellite), and
K2Ti4Oq (bronze). None of these latter Ti@odifications occur
in nature, except Ti®(B), which was recently found in the
locality Binntal in Valais, Switzerlan8.

Rutile is the thermodynamically most stable modification of TiO,(s) + TeC|4(9) = TICI4(g) + TeO,(9);

TiO,. Itis by about 1.2-2.8 kcal/mol more stable than anatése.

The anatase to rutile transformation occurs in the temperature

range of 708-1000°C, depending on the crystallite sfzand
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impurity contenf® Further investigations are required to
establish whether anatase and brookite are impurity-stabilizec
low-temperature phases of TiOThe question is whether they
should, in a strict sense, be regarded as modifications of, TiO
a situation which is similar to the Siphase tridymite.

Anatase crystals were grown previously below 78D by
chemical transport reactions employing HEI? HBr,t or
CCly1?2 as transport agents. However, the reducing atmospher
created by hydrogen halides favors the formation of lower oxides
and of rutilel® Thermodynamic calculatiofshave shown that
TeCly is an attractive transport agent for LIOThe reaction
involved in the transport process is schematidafy

T,>T, (1)

Several other transport equilibria were also proposed for the
TiO,—TeCl, system with TeGl Cl,, and TeOd] as intermedi-
ates'® The reaction proceeds across a temperature gradient T
T,, and metastable Tigxrystals, i.e., anata¥e'’ or brookitel”
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deposit on the colder part of the reaction ves3eg).( Early modification of their TiQ.3* Disagreement exists also about
works on the growth of anatase or brookite came to the the composition and structure of the product, i.ecTiO»
agreement that the appearance of these modifications is con{anatase). The maximum insertion rati@syere reported to
ditioned by the presence of stabilizing impurities, such as Al, be 0.5%6 0.628 0.82° or 135 However, LpsTiO; (anatase) is
Ga, InI*V, P, Nb, Cr!® Fe, and M@\’ However, the precise  the only well-defined product of the topotactic reaction, and
mechanism of phase stabilization by such heteroatoms remainsvalues exceeding 0-9.7 should be taken with café.Li™ ions
unknown?! are assumed to occupy tetrahedral véids both tetrahedral
In 1993, L'evy et al12 reported on the first preparation of the and octahedral void3in the anatase packing of oxygen atoms.
anatase single crystal by chemical transport reactions with NH A more substantiated finding is that™Lin Lio sTiO2 is located
Cl or HCIl. These crystals were characterized by Raman in highly distorted octahedral interstices with a coordination
spectroscopy?12 photoluminescenc, electronic properties  number of 5; this structure may transform thermally into the
(resistivity, thermopower, and Hall effeé®magnetic properties  isomeric spinel (superconducting at 13 ¥).

(EPR and magnetic susceptibilitdand ESCA2! They had a The aim of this paper is to scrutinize the salient electrochemi-
dark blue color, and showed unusually high, metal-like con- cal and photoelectrochemical propertiesiélfiO; (anatase). To
ductivity at T > 60 K. the best of our knowledge, this is the first photoelectrochemical

Photolectrochemical properties of rutile single-crystal elec- study of single-crystal anatase. Preliminary experiments showe
trodes were studied by many autf8since the pioneeringwork  the previously described highly doped anatasgto be pho-
of Fujishima and Hond& On the other hand, there are no toinactive, presumably due to its metal-like character. There-
reports on anatase sing|e-crysta| e|ec[rode& apparenﬂy due tdore, colorless and insulating anatase CryStalS first had to be
the lack of sufficiently large anatase crystswhile numerous ~ grown, which were subsequenttydoped under controlled
investigations have been carried out with anatase, in particularconditions, and used as semiconductor electrodes.
in the form of aqueous dispersions for photocatalytic applica-

tions, all of these were performed with polycrystalline materials. 2+ EXPerimental Section

Mesoporous films are receiving special attentforecently. Materials. TiO, (Merck, anatase powder 2 N), TeGB N, Alfa),
Little is known about the electrochemistry of Ti@®)2>2¢and and AbO;s (4 N, Johnson-Matthey) were used as received. The starting
almost nothing about brook#€&and other polymorphs. TiO2 powder contained the following impurities (ICP analysis, see

Charge transfer processes at the Félectrolyte interface are ~ Pelow; in parentheses is the impurity content inppm): Al (550),

. Nb (260), V (250), Zr (140), La (14)cis-Ru[La(SCN)]-2H,0, L =
expected to be sensitive to crystal structure and morphology Of2,2-bipyridyl-4,4’-dicarboxylic acid, was prepared as described else-

the exposed lattice pIane;. Glyen J.[he vast amount'of r.esearci]Nhere?S NaCRSO; was prepared by neutralization of (trifluoromethyl-
presently performed on TiCand its wide realm of applications, sulfonic acid (Fluka) with NaOH, recrystallized from aqueous solution,

an in-depth analysis of these effects is urgently warranted. A anq dried at 130C/10°3 Pa. LiN(CRSO), (Fluorad HQ 115 from
matter of contention, which might be clarified by the study of 3M) was dried at 130°C/103 Pa. Propylene carbonate (PC,
the anatase single-crystal electrode, is the electrochemicalBurdick&Johnson), ethylene carbonate (EC, Fluka), and 1,2-dimethoxy-
intercalation of L into TiO,. In contrast to TiQ (anatase) ethane (DME, Fluka) were dried over a molecular sieve (Union Carbide
and TiG (B),2>26the LiT insertion into TiQ (rutile)?6-2° and 4A). A 1 M solution of LiIN(CF;SQy), + EC/DME contained about
presumably also to Ti©(brookitef® is mostly reported to be 15 ppm of water (KarI—Fisc_her titration; Metroh_m, modgl 68_4 KF
negligible (cf., however, ref 31 for different statements). The coulometer). A00'5 '\"395"'”“0” of NaGBO; was finally dried with
diffusion coefficient of L in anatase is presumably smaller N&tK alloy (35% Na):® the water content was1 ppm. -

than that in rutile2 although some authors claim the oppodite, Growth of Anatase Crystals. The crystals were grown in evacuated

- . . (103Pa) quartz glass ampules containing typicall of TiO, powder,
and some even present data without specifying the crystalline g mg/mL of TeC} (referred to the ampule volume), and 625 mol

% of Al,Os (referred to the Ti@mass). The ampule was introduced

(18) Tang, H.; Berger, H.; Schmid, P. E.)\ye F.; Burri, G.Solid State

Commun.1993 87, 847. into a 3-zone semitransparent gold-coated furnace, which enabled
(19) Forro, L.; Chauvet, O.; Emin, D.; Zuppiroli, L.; Berger, H.*\iye visual inspection of the crystal growth. The highest temperature

F.J. Appl. Phys1994 75, 633. allowing the growth of anatase was 67680 °C (in narrow ampules
(20) Chauvet, O.; Forro, L.; Kos, I.; Mijak, MSolid State Commun. 700 °C), and the optimum pressure of TeGlas about 350 kPa.

1995 93, 667. Frequently, anatase and rutile crystals were obtained together. Rutils

Lééilgzsjm’ﬂg%l %};Linggé 4H7.;58;£;91(;r, H.; Gozzo, F.; Margaritonda, G.; was in the form of yellowish crystalline aggregates, strongly attached

(22) Finklea, H. O. InSemiconductor Electrodes, Studies in Physical 0 the ampule walls. The anatase crystals were practically colorles:
and Theoretical ChemistrEinklea, H. O., Ed.Elsevier: Amsterdam, 1988;  transparent bipyramids with well-developed and highly reflecting (101)

Vol. 55, pp 43-145. faces. They could easily be removed from the quartz walls. High-
(23) Fujishima, A.; Honda, KNature1972 238 37. quality anatase crystals of about 10 #(36 mg) were obtained during
(24) () O'Regan, B.; Gtzel, M. Nature1991,353,737. (b) Hagfeldt, 5-12 weeks of growth. Chemical analysis by ICP (see below) gave

A.; Grazel, M. Chem. Re. 1995,95, 49.
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Solid State lonic4992,53-56, 364. (b) Kawamura, H.; Muranushi, Y.;  Zr, and 12-14 ppm La for crystals from different batches. The anatase

Miura, T.; Kishi, T. Denki Kagaku1991, 59, 766. phase was identified by X-ray diffraction of powdered crystals using a
(26) Zachau-Christiansen, B.; West, K.; Jacobsen, T.; Atlung&did Guinier-deWolff (Nonius) camera and CuwKradiation.
State lonics1988,28—30, 1176.
(27) Murphy, D. W.; Cava, R. J.; Zahurak, S. M.; SantoroSalid State (34) Canta, M. P.; Cisneros, J. |; Torresi, R. M. Phys. Chenl994
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(30) Murphy, D. W.; Christensen, P. A.; Carides, J. N.; di Salvo, F. J. Society, Hollywood, CA, 1980; Electrochemical Society, Pennington, NJ,
In Fast lon Transport in Solidsyashista, P., Mundy, J. N., Shenoy, G. K., p 74.
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Crystal Pretreatment and Mounting. Electrodes were prepared S
from anatase crystals containing 0.22% Al. The crystals were doped
by reduction in a b—Ar (5—8% H,) mixture or pure H at 500-600
°C. Atthese conditions no transformation to rutile was observed. Larger
crystals (up to 36 mg) were uniformly doped only at 6@in pure
hydrogen after 24 h. The course of gradual doping manifested itself
by color changes to ruby red, blue, and finally almost black. The
process was reversible, i.e. a complete bleaching occurregah830-

600 °C. This contrasts the results obtained bivyeet al.?* who
observed a color change of their highly doped crystals from blue to
dark green in oxygen under similar conditions. The doped black crystal
was contacted by a Gdn alloy to a Cu wire. The wire and contact
were isolated by a Torr-Seal epoxy (Varian) and protected by an E 43 0.4
silicone rubber seal (Wacker Chemie). Three different electrodes were
prepared for parallel experiments. In all cases, only the (101) faces

0.8 -

1/C? (em™/F2)

were exposed. Their areas were 0.90, 1.24, and 4.2% raspectively, 027 * i
as measured by optical microscopy. The crystal orientation was .

confirmed by X-ray diffraction (Laue camera). For comparison, also oy 0 -

rutile (001) electrode (Crystal GmbH, Germany) was used. The 1.0 0.5 00 05 1.0
methods of n-doping, contacting, and mounting were the same as for Potential, V vs. SCE

anatase. Figure 1. Mott—Schottky plots of the anatase single-crystal electrode

Methods. Trace analysis was performed by inductively-coupled ;7 H,SQx. Frequencies: 100 (diamonds), 500 (circles), 1000 Hz
plasma emission spectrosocpy using a Perkin-Elmer ICP 1000 ap- (triangles).

paratus. The sample crystals were finely ground in an agate mortar,
washed wih 1 M HNG;, and dissolved in a mixture of boiling 40%
HF + 65% HNG; (7:1 by volume). The solution was then treated by
2.5 mL of 96% HSO, and evaporated almost to dryness; the last step _ _
was repeated twice. All acids were from Merck (Suprapur grade). Us, = Uo — 0.06pHYV, vs SCE] (3)
Electrochemical measurements were carried out in conventional three- )
electrode cells using a PAR EG&G model 273 A apparatus. For WhereU, was found to be-0.20 V for rutile and—0.4 V for
photoelectrochemical experiments, the cell was equipped with a quartz anatase (Figure 1). For polycrystalline anatase, sirbijaralues
glass window, and the working electrode was illuminated by an Oriel have been reported.
450-W high-pressure xenon lamp in conjunction with a Bausch & Lomb  Since the flatband potential in aqueous electrolyte solutions
high-intensity monochromator. The reciprocal dispersion was 6.4 nm roughly matches the potential of a hydrogen electrode, capacitiv
(slit width 1 mm) and the monochromatic light intensity was about - effects in the accumulation regime can be studied only in aprotic
0.2-7.5 Wit at A = 280-750 nm (YSI Kettering Model 65 A yqia  For instance, solutions of (trifluoromethyl)sulfonates
radiometer). The distance between the cell window and the electrodein dry propylene carbonate offer a rather broad interval of
surface was about 5 mm. The Metbchottky plots were measured . . . .
potentials negative to flatband, where the spurious faradic

using an Autolab electrochemical unit (Ecochemie, The Netherlands). . . .
Simultaneous generation of several frequencies superimposed on thd€actions can be neglect&t The formation of an accumulation

excitation signal was employed to detect dispersion effects. The layer can be conveniently followed by cyclic voltammetry. The
measured signals were deconvoluted with a fast Fourier transform Steady-state voltammetric current density (i) at the given
routine supplied with the Autolab software. Experiments with aprotic potential (J) and scan rateuf is related to the interfacial
electrolyte solutions were performed in an argon-filled gloveboex51 capacitance() as follows:

ppm HO, 1-10 ppm Q). In this case, the reference and auxiliary

The flatband potentials fit the equation

electrodes were both Li or Na, depending on the electrolyte cation. In i = dg/dt = C dU/dt = Cv 4)
aqueous medium, the saturated calomel electrode (SCE) served as the
reference electrode and Pt as the counter electrode. (q is the accumulated charge density).

Figures 2 and 3 show cyclic voltammograms of rutile and

3. Results and Discussion anatase electrodes, respectively,li M NaCRSO; + PC at

Interfacial Capacitance. Figure 1 displays the Mott various scan rates between 20 and 500 mV/s. The tota
Schottky plots obtained with the anatase single-crystal electrode.integrated anodic voltammetric charge atv500-0.1 mV/s
The plots fit the equation equals 46-110uC/cn¥ for rutile and 15-604C/cn? for anatase.

The insets display, according to eq 3, the interfacial capacitanc

C?=2U- Ug, — KTle)/egge N (2) as a function of potential. Similar values were reported for
single-crystal rutilé® and polycrystalline anata¥ein aprotic

(C is the capacitance) is the electrode potential)y, is the media. The interfacial capacitance and flatband potential are

flatband potential,k is the Boltzmann constanf] is the however, controlled by surface OH groups, which can be

temperatureg is the electron chargey is the permittivity of removed only by heat treatment above 4003° This is
the vacuumeg; is the dielectric constant, ard is the donor  technically impossible for our epoxy-mounted crystals, hence,

density). Assuming the dielectric constant of anatase we can make only a qualitative comparison of Figures 2 and 3.
312041 the donor densitN equals (0.4-0.8) x 10 cm3 at Anatase (Figure 3) shows a negative shift of the potential onse
100-1000 Hz (Figure 1). Analogous plots for rutile (not for the cathodic capacitive current. This potential is close to
shown) give +2 x 10" cm 3 assuminge, = 17322 the flatband potential, i.e. a negative shift in flatband potentials
(40) Tang, H.. Prasad, K.. SanjmeP. E.. Schmid, P. E.- by, F.J. of anatase vs rutile _is apparent also in aprotic medium (cf. ec
Appl. Phys1994 75, 2042. 2). Additionally, rutile exhibits a less smooth voltammogram
(41) Roberts, SPhys. Re. 1949 76, 1215. around the flatband potential. This effect is typical for
o Gl(ég)sgéthenberger, G.; Fitzmaurice, D."@ml, M.J. Phys. Cheml992 polycrystalline electrodes and can be attributed to the charging

(43) Schumacher, R.; Teschner, D. M.; Heinzel, AEr. Bunsenges. discharging of surface staté%.0n rutile, the surface states are
Phys. Chem1982 86, 1153. introduced through mechanical defects, because commercic
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Figure 3. Cyclic voltammograms of the anatase single-crystal electrode
in 0.5 M NaCRSG; + PC at scan rates= 500, 200, 100, 50, and 20
mV/s. The inset showsi/v vs potential for the negative sweeps at 10
< v < 1000 mV/s.

25 3.0

rutile chips (see the Experimental Section) are sliced from boules
grown by the Verneuil method and polished. Flame fusion
(Verneuil) grown rutile has typically 10° dislocations per céh
and grain boundaries (mosaic) up t& 1in contrast, faceted
anatas grown guasi-isothermally from the gas phase has a hig
structural perfection, as is evident from the surface morpholgy
of the facets. Consequently, no voltammetric peaks of surface
states are apparent for the latter crystals in Figure 3.
Photoelectrochemical Oxidation of Water. Figure 4 dis-
plays the photocurrent action spectrum in aquetuM Na-
SO, solution (pH 6.4) where the incident photon-to-electron
conversion efficiencys) is plotted as a function of excitation
wavelength.

n = ihc/APe (5)

J. Am. Chem. Soc., Vol. 118, No. 28, 69396
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Figure 4. Photocurrent action spectrum of single-crystal rutile (R, open
circles) and anatase (A, solid circles) in aque@wM NaSO, (pH 6.4).
The electrode potential was 1.0 V vs SCE. Inset: Data replotted for
the estimation of band gap; anataseolid circles, rutile= open circles.

of the window, which is not corrected for absorption and
reflection losses in the window, electrolyte solution, and
electrode. These losses cannot be determined precisely, b
assuming that they are roughly-220%:4 both our electrodes
show a quantum yield of photocurrent close to unity at 300
nm.

Neglecting theeh* recombination in the space charge layer
(width W), and supposing that the penetration depth of light
(1/a; o is optical absorption coefficient) is much higher than
W and than the hole diffusion length)( the efficiencyy can
be correlated to the photon energy by the equation

nhwle= AL + W)(hv — Eg)m (6)
wherekE is the band-gap energy while the exponenéquals
1/, for a direct and 2 for an indirect electronic transition.

The inset in Figure 4 shows that eq 5 with= 2 is closely
followed in a range of photon energies close to the absorptior
threshold indicating that the optical transition near the band gay
is indirect. From the intercepts of the straight lines with the
abscissa, the band gap energies for anatase and rutile are deriv
as 3.2 and 3.0 eV, respectively. Similar values were derived
previously from optical measurements on rifiland anatasé
single crystals, and on polycrystalline materi&4® although
in ref 45 the anatase transition at 3.2 eV was reported to be
direct one.

Figure 5 shows a comparison of the photocurrent voltage
curves obtained with rutile and anatase under illumination with
white light from the Oriel 450-W Xe lamp. Due to the higher
band gap the plateau currrent for anatase is about 3 times lowe
han that for rutile. In addition, the onset of the anodic
photocurrent of the former is displaced negatively by 0.25 V
with respect to the latter. This confirms that the increased banc
gap of anatase affects only the position of the conduetamd
not that of the valence band edge. While the flat-band potentia
of rutile is slightly more positive than that of the standard
hydrogen electrode, the flat-band potential of anatase is clearl
negative of it. Thus, the reduction of water tg bl photoge-
nerated conduction band electrons proceeds spontaneously wi
anatase, but not with rutile. This is clearly apparent from Figure
5 where a significant photocurrent is discernible at the reversible

(i is the photocurrent density is Planck’s constant is the
velocity of light, 4 is the wavelength, anid is the light intensity
(in W/m?)). P is the incident light power, determined in front

(44) Kavan, L.; Grezel, M. Electrochim. Actal995 40, 643.
(45) Minoura, H.; Nasu, M.; Takahashi, Ber. Bunsenges. Phys. Chem.
1985 89, 1064.
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E i \ = 2,2-bipyridyl-4,4-dicarboxylic acid). Electrolyte solution: aqueous
2 0.6— ¢ ‘ i . 0.3 M Lil, pH 2.0. The electrode potential was 1.0 V vs SCE. Inset:
‘2 N b Photocurrent-Potential curve at= 500 nm.
< 04— |
g 04 . ] temperature. Figure 6 displays the action spectrum obtaine
5 02— I{H | il | | with agueous 0.3 M Lil electrolyte at pH 2.0. The photocurrent
© = v "ﬂf!j[ | e efficiency is again defined by eq 4, i.e. it is not corrected for
o—l m NG L LA LEAE absorption and reflection losses. The efficiencieg at 450
E— ——— ——— | nm (not shown) are lowered by the optical absorption of the
_0_|5 (I, 0|5 1'_0 electrolyte solution ¢~ species formed by oxidation of iodide).

The inset shows the photocurreigotential curve for the same
Figure 5. Photocurrentvoltage curve of single-crystal rutile (A) and ~ System under illumination with 500-nm light. The potential for
anatase (B). Excitiation with the full output of the 450-W Xe lamp the anodic photocurrent onsetis 0.1 V more negative for anatas
which was chopped to obtain the dark current at each applied potential.as compared to rutile, in qualitative agreement with the
The electrolyte was 0.5 M aqueousSO;. difference in the flat-band potential of the two polymorphs.

A cathodic photocurrent was observed for both the anatase
hydrogen electrode potentia-0.24 V vs SCE) for anatase and rutile single-crystal electrodes at potentials negative of the
while no photocurrent is detectable at this voltage for the rutile intercepts of the photocurrent curves with the abscissa in Figure
modification. The potential of photogenerated holes is identical 6. A similar phenomenon has been reported first by Calvin et
for both polymorphs and well above the potential of O al8for TiO, sensitized with rose bengal. Goodenough éfal.
evolution. Thereforeanatase is the only known modification have found an analogous effect for Ru(bgy)-TiO, at
of TiO,, on which the complete photoelectrolysis of water can potentials ca. 040.5 V positive toUs,. The effect has been
take place without external bias. explained in terms of energy transfer from the photoexcited dye

The photooxidation of water on TiQinitially produces to the filled electronic surface states of Bi@nd a modulation
surface-bound intermediates, presumably peroxiéleghose of the background dark currefft. Polycrystalline anatase
formation can be monitored by cyclic voltammetry. The sensitized by various Ru(ll) bipyridine complexes exhibits an
presence of peroxides manifests itself by an irreversible cathodiconset of anodic photocurrent at potentials 6-238 V positive
peak appearing close to the flat-band potential upon sweepingto U, defined by eq 2 depending on light intensi®y! No
the potential negatively in the dark. It was previously reported comparable data for rutile are available. The shift of the
that the surface peroxides are formed only on anatase, not onpotential for anodic photocurrent onset observed here for single
rutile.46 However, we have observed the cathodic current peak crystal anatase is in the same range.
characteristic for the reduction of these photogenerated inter- Assuming that the quantum yield for charge injection from
mediates with anatase as well as rutile single-crystal electrodesthe excited sensitizer in to the Ti@ one and that the injected
indicating that surface peroxide formation takes place on both electrons are collected with unit efficiency and neglecting optical
materials. Photogeneration of reducible species on single-crystalosses by absorption and reflection, the photon to current
TiO, also has been mentioned by other authors although theconversion efficiency equals the light harvesting yield:
crystal structure is often not specifiéd.

Sensitized Photoinjection of Electrons. Sensitization of
single-crystal electrodes was performed by adsorptionisf
RuL»(SCNY), according to a previously described procediire.
Typically, the electrodes were dipped for22 hiin a 3x 1074
M solution of the ruthenium complex in ethanol at room

Potential, V vs. SCE

n=1-10° 7

wheree is the extinction coefficient of the sensitizer, ahids
its surface coverage. The surface coverBgeas determined

(48) Spitler, M. T.; Calvin, M.J. Chem. Physl977, 66, 4294.

(49) Hamnett, A.; Dare-Edwards, M. P.; Wright, R. D.; Seddon, K. R;
Goodenough, J. Bl. Phys. Chem1979 83, 3280.

(50) O’'Regan, B.; Moser, J.; Anderson, M.; @&mel, M. J. Phys. Chem
199Q 94, 8720.

(51) (a) Liska P.; Vlachopoulos, N.; Nazeeruddin, M.; Comte, P:tz8ta
M. J. Am. Chem. S0d988 110, 3686. (b). Vlachopoulos, N.; Liska P.;
Augustynski, J.; Giael, M. J. Am. Chem. Sod.988 110, 1216.

(46) Augustynski, JElectrochim. Actal993 38, 43.

(47) (a) Spraken, H. R.; Schumacher, R.; Schindler, R. Raraday
Discuss. Chem. S0498Q 70, 55. (b) Finklea, H. O.; Murray, R. WJ.
Phys. Chem1979 83, 353. (c) Wilson, R. HJ. Electrochem. Sod.980
127, 228. (d) Nakato, Y.; Tsumura, A.; Tsubomura,JHPhys. Cheml983
87, 2402.
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for RU[L(SCNY)] on rutile (001) as (9.2 0.3) x 10~ mol/ L L |
cn?, i.e. 1.8+ 0.5 nn¥/molecule®? A monolayer of rose bengal

or RuL(bpy} on rutile (001) corresponds to 0.75 #imoleculé?® 10+ B

or 1.7 nn¥molecule3® respectively. Similar values were
reported also for other Ru(ll) bipyridine complexes adsorbed
on polycrystalline anata$é>> No data for single-crystal anatase
are available.

UsingT = 9.2 x 107 mol/cn? ande = 1.27 x 107 cn?/
mol the incident photon-to-current conversion efficiency at 530
nm is predicted by eq 6 to be 0.27%. The experimental values i
for both TiG, polymorphs in Figure 5 are almost three times A
smaller, i.e. 0.1%. The difference can hardly be attributed to
optical losses alone. For the experimental setup employed, these
are estimated to be ca. 28%844in agreement with the UV ' ' ' |

. . . . . 1.5 2.0 2.5 3.0

excitation results in Figure 4. Our data rather point at lower Potential, V vs. Li/Li"
charge injection and/or collection eﬁICIenCIe§ at the SIng!e- Figure 7. Cyclic voltammogram of single-crystal anatase (A) and rutile
crystal electrodes as co_mpared to nanocrystall_me anatase f||_ms(R) in 1 M LIN(CFsSOy); + EC/DME (1:1 by mass). the scan rate is
The latter convert practically all the absorbed light into electric 1 /s,
current when sensitized wittissRuL,(SCN).38 This observa-
tion is astonishing given the disordered structure of the close to flat-band condition or under forward bias. This
nanocrystalline layers and the absence of a space charge fieldndicates that high surface-electron concentrations are require
in the mesoscopic TiPparticles. One would in fact have to render energy transfer quenching efficient. As to the
expected the opposite behavior since the electric potential likelihood of electron recapture by the oxidized dye, this could
gradient in the depletion layer of the Ti®ingle crystals favors  occur even under reverse bias via electron tunneling from the
both the charge separation and collection process. The bandconduction band through the space charge layer to the adsorbe
bending at the surface of the single-crystal electrode is much sensitizer. However, at 1.5 V reverse bias the width of the
more pronounced than in the case of the mesoporous anataséepletion layer in the anatase single crystal is rather large, i.e
film due to the formation of a depletion layer at the semicon- about 33 nm, a distance too long to allow for electron tunneling
ductor-electrolyte contact. From the flat-band potentiat-df.5 to take place in the nano- to microsecond time domain decisive
V vs SCE at pH 2 and the applied potentiélloV vs SCE (as for the yield of interfacial charge separation. Note also that
in Figure 6), the reverse bias is 1.5 V. This voltage is expected the photon-to current conversion yields are nearly independen
to drop within the space charge region of the single crystal while of the applied potential over a large voltage range as shown ir
the potential drop in a nanocrystalline particle is at best a few the inset of Figure 6. Hence, effects arising from the space-
millivolts.50 charge layer field which is present in the single crystal but absen

The precise origin of this striking difference in the sensitiza- in the mesosocopic film of anatase can not account for the
tion behavior of mesoscopic particle films and single crystals difference in the photon-to-current conversion efficiencies
of anatase remains to be determined. One can exclude structuresbserved between these two materials. Although further studie
specific effects arising from the adsorption of the sensitizer to are required to unravel the reasons for this very intriguing
different types of lattice planes since the surface of the anatasedifference, we note that the observation made recently by
nanoparticles consists mainly of (101) faéése. the same type  Parkinson et a8 on dye-sensitized single-crystal Srghoto-
that is exposed in the case of the single-crystal electrode. A electrodes may be closely related to our findings. These author
rational may be provided by the widely different doping levels detected a large increase in the yield of electron flow per
of the two materials. While the nanocrystalline films are absorbed photon upon etching the surface indicating thal
virtually intrinsic (N < 1017 cm™3),%0 the donor densities in the  roughening of the SnShas a beneficial effect on the efficiency
single crystals are rather high, i.e. of the order of®ldn—3, of light-induced charge separation. The striking conclusion
The higher conduction band electron concentration may enhancewhich can be drawn from these findings is that dye adsorption
electron recapture by the charge-transfer sensitizer, or affordon a perfectly smooth surface, such as the van der Waals plan
energy-transfer quenching of the excited dye. Both processesof SnS, leads to lower photocurrent yields than in the case
decrease the photon-to-current conversion efficiency. However,where the sensitizer is deposited on a roughened surfac
since the measurements in Figure 5 were carried out under adistinguished by structural imperfections and a porous morphol-
reverse bias of 1.5 V, the surface-electron concentration is closeogy. This is definitely an unexpected result which points at
to that of intrinsic anatase. Energy transfer quenching is unlikely the important role surface texture plays in controlling the
to occur under these conditions. The effect has been extensivelyperformance of these types of injection solar cells.
studied in the context of electroluminescent ions adsorbed on  Lithium Insertion. Figure 7 shows cyclic voltammograms
semiconductor surfac€swhere it was detected only at potentials of the anatase and rutile electrod@sli M LiIN(CFsSQy), +

(52) The measurement bfwas carried out spectrophotometrically, while EC/DMEI The quasireversible lnsertlon{extr_actlon of i
the optical absorbance (at= 530 nm) of ten monolayers of the d’ye on anatase is clearly appare_n_t, whereas ruyle gives much weal_«
five stacked rutile wafers (18 10 x 1 mm) was recordetf Better results effects at the same conditions. Integration of the total anodic
were obtained if the dye was desorbed from the rutile wafers by 0.1 M yoltammetric charge in Figure 6 gives 1.86 mCfdor rutile,
Na(osg)' Sg?efgzxgjrzgt’ "’,:/I”‘a:%’feg osopde:rtlz)oupghrﬁtgr_“gt:'ﬁ;%ﬁggiﬂms'eddon’ which is by one order of magnitude larger than the capacitive
K. R.; Wright, R. D.Trans. Faraday Soc198Q 70, 285. charge in electrolyte solution containing Nécf. Figure 2 and

(54) Nazeeruddin, M. K.; Liska, P.; Moser, J.; Vlachopoulos, N}tz discussion above). It translates into an effectivé insertion
M. Helv. Chim. Actal99Q 73, 1788.
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(55) Furlong, D. N.; Wells, D.; Sasse, W. H. . Phys. Chem1986 (57) Meulenkamp, E. A. Ph.D. Thesis, University of Utrecht, The
90, 1107. Netherlands, 1993.
(56) Shklover, V.; Comte, P.; Gizel, M.; Nesper, R.; Hermann, R. (58) Sharp, L.; Louder, D.; Parkinson, B. A. Proceedings of the 19th
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distance of 7 nm assuming the product compositigys LiO».

This value is comparable to the thickness of the accumulation
layer on TiQ.3*42 The Li* insertion in rutile is strongly
anisotropic (one-dimensionabjia free channels along the
axis?>32 Nevertheless, only small amounts offLtan be
accommodated into the bulk crystal even in the ideal electrode
orientation (001). This matches the conclusions of refs 26
30,59, but contrasts ref 31. A theoretical approach to rationalize
the different behavior of rutile and anatase with respect to Li
intercalation has been made by Stashans & al.

Facile lithium intercalation into mesoporous anatase films has
been reported by severals gro$psi® and this effect has been
exploited to realize an electrochromic decand a new type
of intercalation batter§

The insertion channels in anatase run along ahaxes??
Although our anatase electrode is not ideally oriented (the
exposed face is (101)), the integrated anodic voltammetric
charge is by one order of magnitude higher than that for rutile
(Figure 6); it amounts to 26.4 mC/&mwhich corresponds to
the effective insertion distance of 113 nm (fopkTiO,). The
striking difference between rutile and anatase is difficult to
understand. Zachau-Christiandemand Ohzuké® have sug-

gested a simple interpretation based on the more dense packing

of the rutile lattice, i.e. the empty channels along the rutile
axis are, reportedly, too narrow to accommodate. Li

However, this statement is problematic for at least four
reasons: (i) LT diffuses rapidly through the rutile channels,
the diffusion coefficientD, being of the order of 1C cn¥/s at
room temperaturé (i) The approximate radius of the
channels in rutile is 80 pm, which is even larger than the radius
of the a channels in anatase (70 p#h)(iii) At 120 °C, rutile
accommodates trireversibly up toc = 0.5, wherex is the molar
ratio of lithium-to-titanium ions, but anatase shows significantly
worse performanc#. (iv) Ruthenium dioxide (rutile structure)
accommodates [t perfectly & = 1.3) despite having almost
the same unit cell volume as TiQrutile).3° An interpretation
that the highly conducting RuOprovides more efficient
screening of Coulombic repulsion between"lions® is not
convincing. The conductivity of the doped Ti®ingle crystals
equals

o=eNu (8)

(« is the electron mobility, about 1 c¢igV-s) for rutile?? and

10 cn¥/(V-s) for anatas¥). Hence, the conductivity is signifi-
cant, and similar for both our rutile and anatase crystals, i.e.
1-10 S/cm assumingl = 10'° cm3,

In the light of these considerations the theoretical studies of
Stashans et &f.using quantum chemical HartreEock calcula-
tions provide at present the best rational for explaining the
striking difference in the lithium intercalation behavior observed

vi@et al.
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Figure 8. Chronopotentiometric plot of an anatase electrode in 1 M
LIN(CF3S(Q), + EC/DME (1:1 by mass). The potential steps were
3.0+ 1.5V (att=0) and 1.5+ 3.0 V (at t= 20 ks). The inset shows
the same diagram in the coordinatasvs t=*2 (first step) and vs (t
— 20) V2 (second step).

Figure 8 displays chronoamperometric plots of anatase
electrode into which Lfi was inserted by applying a potential
step from 3.0 to 1.5 V vs Li/Lli, and subsequently extracted
by using the opposite potential step, i.e. from 3.0 to 1.5 V vs
Li/Li *. The integrated anodic charge equals 92 mCAatnich
corresponds to the diffusion distance of 390 nm (assuming the
composition LysTiO2). The insertion/extraction follows for-
mally the Cottrell equation:

i = EDY20, V%12 9)

(F is Faraday constant ards the concentration of Liin the
solid). Assuming the composition of the subsurface layer to
be LipsTiO,, the concentration ¢ equals 24 mmolfknfFrom

the plots in Figure 8 the diffusion coefficierid, is derived as

2 x 103 and 6x 10713 cn¥/s for the insertion and extraction,
respectively. These values are comparable to those reporte
for polycrystalline materialg®3* The values obtained for the
diffusion coefficients for Li-uptake and release indicate that the
insertion process is three times slower than deintercalation. Thi
could arise from the fact that Li-uptake is an activated process
due to the lattice relaxation accompanying the accommodatior
of lithium in the host. Alternatively it may reflect the effect of
solvent interaction with the lithium ions: during intercalation
the solvent has to be removed from the lithium requiring an
activation energy which is not necessary for the solvation of
lithium during the deintercalation process.

4. Conclusions

between rutile and anatase. According to their analysis, the Anatase single crystal containing 0.22% of Al and traces of
ease of lithium insertion into anatase is related to the much v, zr, Nb, and La has been studied for the first time as an
smaller distortion of the bulk lattice as compared to rutile. Due electrode material. The crystal was grown by a chemical
to the presence of structural voids, the accommodation of Li transport reaction emp|0ying TeLlElectrodes were prepared
into the former requires a much smaller lattice relaxation than from anatase crystals, doped by reduction with hydrogen. The
that for the latter polymorph. In the case of the rutile (110) exposed lattice plane was (101).

surface the interclation appeared to be mainly a surface effect. The flat-band potential of anatase (101) is shifted negatively
by 0.2 V vs the flat-band potential of rutile (001). A Nernstian-
type pH dependence d&fy, is apparent in aqueous electrolyte
solutions. Interfacial capacitance, associated with the formatior
of accumulation layer in aprotic medium, indicates a lower
contribution of surface states on anatase as compared to rutile
This is caused by higher perfection of the naturally grown (101)
face of our anatase.

(59) Stashans, A.; Lunell, S.; BergatnoR.; Hagfeldt, A.; Lindquist, S.
E. Phys. Re. B 1996 53, 1.

(60) Redmond, G.; Fitzmaurice, D. Phys Chem1993 97, 1426.

(61) Hagfeldt, A.; Vlachopoulos, N.; Gizel, M. J. Electrochem. Soc.
1994,142 L82.

(62) Lion, L. A.; Hupp, J. TJ. Phys. Chem1995,99, 15718.

(63) Huang, S. Y.; Kavan, L.; Exnar, |.; Gel, M. J. Electrochem.
Soc 1995 142, L142.
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Photoelectrochemical oxidation of water proceeds on both and unexpected effect of the surface texture on the efficiency
rutile and anatase electrodes with incident photon-to-current of light induced charge separation remain to be unraveled.

efficiencies close to unity ai U 300 nm. The products Anatase (101) is considerably more active for electrochemica
(presumably surface peroxides) are electrochemically reduciblejnsertion of Lit than rutile (001). This is surprising, since the
inthe dark. Analysis of the photocurrent action spectrum gives jnsertion channels in rutile are in the ideal orientation toward
the indirect band gap of anatase and rutile as 3.2 and 3.0 eV the electrode surface. The anatase (101) face accommodat
respectively. From the comparison bf, and Ey, it follows 2692 mc/emi of Li* in different potentiodynamic experiments
that anatase (101) and rutile (001) electrodes differ mainly in |asting about 46 h. The diffusion coefficients for tinsertion/

the position of the conduction band edge. The complete gyiraction were estimated from chronoamperometric plots as
photoelectrolysis of water to Hand Q is thermodynamically x 10713 and 6x 1013 cn/s, respectively.

possible on anatase only.

Photosensitized electron injection from adsorb&sRu[L -
(SCN)] into the TiO, conduction band proceeds with compa-
rable efficiencies on both anatase and rutile electrodes. How-
ever, the yield of photocurrent flow per absorbed photon is about
3 times smaller for the single crystals as compared to nanoc-
rystalline anatase films. The detailed reasons for this striking JA954172L
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