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Measurement of the surface-growth kinetics of reduced TiQ(110) during reoxidation
using time-resolved scanning tunneling microscopy
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We have employed variable-temperature scanning tunneling microg&3py) to follow the kinetics of
reoxidation of a nonstoichiometric TO(110) single-crystal surface. The surface is seen to grow during
reoxidation between 573 and 1000 K and at pressures fromi(B8 to 21078 mbar Q. The reaction
proceeds by combination of gas-phasgv@th mobile interstitial T¥+ from the bulk. The surface is observed
to grow new layers of TiQin a cyclic process, resulting in the formation of alternate layers of 11 and
cross-linked (X 2). The growth rate was calculated by measuring the area of new material grown on con-
secutive STM images of the same area. The rate shows a linear dependence upon oxygen pressure, with an
Arrhenius plot indicating an activation barrier 6f25+4 kJ mol * (0.25+0.04 eV/Q moleculg for the sur-
face reaction.
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I. INTRODUCTION cited as the correct mechanism in the literattir¥ but re-
cent work by Henderson provides good evidence for the in-
The surfaces of titanium dioxide have attracted a greaterstitial diffusion mechanism based on isotopic substitution
deal of attention in recent years, due in part to the potentighn€asurements of d'ﬁ}lss'on using static secondary-ion-mass
use of TiQ, as a(photocatalyst, a light harvesting system for SPECrOmetry(SSIMS.™ Studies by ourselves and others

energy production, a gas sensor and its biocompatiBifity. S"OW ghat n f’C?]Et there is an ovgrwheflm!n_g eV|d.e_n|ce n shup-
The clean surfaces of rutile have been shown to undergo port of a significant concentration 10161-; Interstitials in the
Bulk of “normally” prepared crystal$>'®"There appears to

complex sequence of reconstructions that are dependeph 5 profound lack of conclusive evidence for the oxygen
upon sample history and preparatidbi.Most recently rutile vacancy model despite its widespread promotion, a point
single crystals have been employed as a support for studiggell made by Henderson that seems to have escaped the
into the behavior of model catalysts produced by depositiorattention of some of the scientists in this area.

of metal nanoparticles on the surface. It has been widely The way in which oxygen is activated is a fundamental
realized that titania is not chemically inert and can react withproblem in oxidation catalysis and especially so in selective
adsorbat€s®  or encapsulate supported metal OXxidation. Often isotopic exchange reactions of oxygen gas
nanoparticle$:!® Indeed, considerable reactivity occurs atMolecules with surface atoms are used to investigate the ki-
the surface of bulk reduced single crystals during 0Xygedﬁetlcs of activation on metal oxide surfacédypically three

1
exposure at high temperatures. Previously we have reportegéChange processes are encountered, denot&® b’ or

on the surface restructuringrowth) that occurs during this , Where the superscript !nd|cates the.number of surface
T X oxygen atoms involved, which are described by the follow-

reoxidation process and confirmed that the process resuIFﬁg| equations:

from the capture of gas-phase oxygen by interstitial titanium

ions diffusing out of the bulk>'?>However, a greater under- 180, +1%0,(q)— 29004, R mechanism, (1)

standing of the surface-growth kinetics is needed. In this 180, 4, + 190, — 18010, + 190 ),

study, the analysis of long sequences of elevated-temperature

STM (scanning tunneling microscopymages taken during R! mechanism, 2)
reoxidation at various temperatures and pressures provides a ) . 16 6
different method of extracting surface growth rate data, and %05(g)+ 20— 190y +2'%05),

hence the reaction kinetics for the rate determining step.
During the preparation of single-crystal titania samples in
UHV, the surface Ti:O ratio is altered due to the preferentialNote that(g) and(s) represent gas phase and surface atoms,
removal of O from the surface by ion sputtering and vacuunrespectively.
annealing. If the crystal is then annealed to high tempera- The R° mechanism involves the collision of two gas-
tures, the surface stoichiometry tends to be restored as thghase Q molecules without the participation of any surface
high level of surface reduction is spread into the bulk of theoxygen.R? involves the exchange of on€O atom from a
crystal. The mechanism for this surface restoration may eigas-phasé®0, with a surfacet®0 atom.R? is the exchange
ther be attributed to the dissolution of oxygen vacancies intof a complete'®0, with two surface’®O atoms resulting in
the bulk concurrent with the transport of oxygen anions tothe desorption of &0, molecule.
the surface, or to the migration of titanium into the bulk in By analyzing the composition of isotopically labeled gas
the form of interstitial ions. The former case was widely mixtures as a function of time and temperature over various

R? mechanism. 3
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oxides the rate constants for these processes have been ci JgFE
duced. However, the regrowth mechanism that we haveEriaiy
shown to be active for the nonstoichiometric Fi®urface :
cannot be directly reconciled with these processes. Insteay
oxygen is taken up by the surface by reaction with interstitial
ions resulting in the growth of new layers of TiOThese

representative of the gas phase and may show spatial corre
lation between the isotopes distributed on the surface a:
whole molecules become trapped by the interstitials.

The data we present show that the surface growth is sen’
sitive to temperature and pressure. The growth of the surfac
occurs with low activation energy and, hence, the surface
structure and reactivity may be strongly influenced by nons- .;
toichiometry. Such growth effects should be addressed -'{!; :
making kinetic measurements, especially where equilibrium®
reaction conditions would indicate that the oxide is nonsto-
ichiometric.

Il. EXPERIMENT

A W.A. Technology variable temperature STM was em-
ployed, and in this work imaging was undertaken at the re-
action temperature in a low partial pressure of oxygen. The
UHV chamber containing the STM typically had a base op-
erating pressure of 10 °mbar. The chamber was
equipped with low-energy electron diffraction opti€gG :
Scientifig that also allowed retarding-field Auger measure- ¢
ments to be made, and an ‘Aion sputtering gun. A more
detailed description of the chamber facilities may be found
elsewheré? Reoxidation experiments were carried dot 5o
situ by dosing Q into the chamber using a fine leak valve. E
The sample was kept at a constant temperature during reoxi-
dation such that thermal drift was low over the time period of
the experiments. This allowed long sequences of images Q 10 7 mbar and a sample temperature of 723 K. All images are
be taken of nearly the same area. The;Ii@LO) crystal (P 750x 750 A, sample bias+ 1.1V, tunnel current 0.10 nA, constant
KEM, UK)) was prepared by cycles of room temperature 60Q.rent imaging. The total oxygen exposures fofF were 609,
eV Ar’ sputtering and annealing to 1173 K. This gave agpp 654, 682, 709, and 750 L, respectively. This equates to a time
reproducible (x1) terminated surface but a nonstoichio- interval on average of 370 s between these images. Examples of the
metric bulk and near-surface region. The degree of nonstamain features of the images are marked as follows: diffusing fea-
ichiometry was indicated by the dark blue color of the FiO tures (DF), nucleation pointsNP), (1x2) strings(ST), (1x1)

FIG. 1. A sequence of images taken during the reoxidation of
the TiO, (110 (1X1) surface at an © pressure of 1.0

Crystal.20 islands(1S), area of cross-linked (%2) (XL). Note also the paral-
lel lines in E, these highlight the width of the depletion region
IIl. RESULTS AND DISCUSSION adjacent to the step edge, but this can be seen in all of the images in
this figure.
A. STM imaging

Figure 1 shows a sequence of images of the same aredsewheré! Areas of cross-linked (X2) are subsequently
taken during reoxidation of a (1) bulk terminated Ti@  filled in rapidly by (1x1) islands and by the outward
(110 surface at 723 K. As the sequence progresses, thgrowth of the step edgdstep-flow growth. The reaction is
growth of successive additional layers of titania is observedcyclic and once the new layer of 1) has reached an
The growth process results from the combination of the gasappreciable size, the growth of another layer of cross-linked
phase @ with interstitial Ti ions from the nonstoichiometric (1X2) proceeds on top of that. In the following text cross-
bulk. This occurs first of all by the growth of nucleation linked (1x2) shall be referred to as 2) for simplicity.
points on top of the (X 1) terraces. The nucleation points  Diffusing features are observed on the surface during re-
act as seeds for (42) strings that grow slowly along the oxidation. They are seen particularly when the tip state is
(001 direction. Once these strings reach an appreciabléavorable, and the row resolution is good. We believe that
length and have other (42) strings adjacent to them, then these features are the precursor species to the nucleation
cross-linking features appear between the rows. A detailedoint. They diffuse easily up and down the rows in {f81)
model of the cross-linked (£2) has been published direction during scanning until they become locked in posi-
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FIG. 2. Three enlarged segments from consecutive images take '@

480 s apart during reoxidation of the TiGurface at an Qpressure (1" Bulk Termination prETS
of 1.1X 10" " mbar. The surface temperature was 673 K. The image °
size is 105 105 A A dif‘fusing feature is visible within the rect- FIG. 3. A model Showing the proposed structures of the differ-

angle in imageA. In imageB a new nucleation point has formed ent features present on the surface at different stages of growth
(circle) along the(001) direction from the diffusing feature inimage quring reoxidation. Two possible structures are proposed for the

A. The diffusing feature in imagB (square does not result in the  giffusing featuresA and B. B is based on the Elliott and Bates
formation of a new nucleation point in image (even outside the  odel (Ref. 24.

enlarged area It should be noted that these images are scanned
with the fast-scan direction horizontal from the bottom left to the

tob riaht observed such features. It is also not likely that the species is
op right.

adsorbed @ as oxygen is not normally imaged in the STM
on TiO,. On the (IX 1) surface at positive sample bias it is
the titanium that appears as bright rows despite the topogra-
phy. Topographically the oxygen occupies a more elevated
position. The contrast of the diffusing species in the STM
image in Fig. 2 is very similar to the nucleation points, which
feads to the conclusion that the species must be similar in
structure but smaller and more mobile, hence ;Ti@n al-
rnative possible structure, based on recent work by Elliott

tion to form a nucleation pointFig. 2). The example in Fig.
2(a) was seen to diffuse along tH801) direction at an ob-
served rate of 6 A As diffusion is a random hopping
process, the total distance travelled is likely to be signifi-
cantly greater. In contrast, the nucleation points, onc
formed, did not diffuse.

The diffusing species may not be easily observed in thes

experiments due to the time needed to take an STM imaggj gayeed s also shown in Fig. 8markedB). This is still a

Sn this cgsae of th.e (()jrc]icer cc)jfﬁl—Z njix;phmpared to the sh?rtth TiO, unit but is bound to both the bridging oxygen and the
Ime period required for diffusion. The appearance ol & . ., qinate Ti row. In order that this unit should appear

diffusing species in the images consists of short streaks in thl% be central on the Ti row in the STM data, it is possible that

(110) (fast scandirection of similar width to (X 2) rows. it may “flip” between equivalent states on opposing bridging
The middle of each streak is centered on the bright row OBxygen rOWS.
the (1x1), which is generally accepted to be the fivefold- Measurement of the nucleation points in the images in
coordinated Ti row in the trough of the (1) structuré€®*®  Fig 1, shows that they are initiall11 A in length in the
This shows that the species is diffusing along the troughsigo1) direction. As the nucleation points are such undercoor-
The streaks result from the brief presence of the movingjinated Ti species, they are likely to appear larger in STM
species underneath the tip for the time needed to scan one phages than they are in reality. We therefore suggest that the
two lines of the image. Depending on the direction of diffu- structure of the nucleation points is simply an extension of
sion the diffusing species may be observed more than once e Tio, unit of the diffusing feature. Two possible structures
the same scan as neighboring streaks along@d#) direc-  are shown in the center of Fig. 3. It is unlikely that nucle-
tion. Diffusion in the(110) direction was not observed in ation points have the Elliott and Bates structure above be-
these experiments. cause in this structure the Ti is offset with respect to the
It appears that the formation of the diffusing species is nounderlying lattice. We should therefore be able to observe
always followed by the formation of a nucleation pdiRtgs.  this is in the STM data. Our data consistently show that
2(b), (0)]. The diffusing features are metastable and have aucleation points lie directly above the exposed Ti row of the
short lifetime on the surface. They may either react further tq1x1). It is clear from the data that nucleation points can be
form a nucleation point, become directly incorporated into arconsidered to be the starting point forX2) string growth.
outward growing step edgehis may be what has happened  The lack of nucleation points and KI2) strings adjacent
in Fig. 2(c), outside the enlarged area there is a nearby stef the step edge on the uppermost terrace is also apparent in
edge, or it is possible that they can decompose back to gasFig. 1. The growth of new nucleation points appears to be
phase @ and interstitial Ti*. We tentatively suggest that limited within a depletion region adjacent to the step edge on
the diffusing feature may be a TiGpeciegFig. 3, left,A).  the upper terrace. This is especially noticeable in the case of
Although it is possible that the diffusing species is interstitialsmall (1x 1) islands; the islands must reach an appreciable
titanium that diffuses upwards through the bulk and spends size before nucleation can occur on their surface. The deple-
short time diffusing along the rows on the surface beforetion region would appear to be smaller for growth at lower
returning to the bulk, we feel this is unlikely. This is becausetemperatures and at higher pressures. Under high-pressure
at the same temperatures, when bulk interstitidf s mo-  conditions the nucleation of new layers occurs well before
bile, but in the absence of gas-phase, Qve have never the completion of the old ones, resulting in a much rougher
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30+ sented in Fig. 1, is shown in Fig. 4. This shows quite clearly

1 that the rate increases for six successive increases inthe O
) pressure. The reproducibility of the data is good, on return-
; ing to the original starting pres=u6 h 50 minlater a very
3 similar rate is observetsegments andg). This is interest-
ing, because it implies that the availability of interstitial tita-
nium ions has remained virtually constant throughout the
| growth | whole experiment. Plotting the growth rate againste®po-

AW sure (not shown instead of time highlights this; a straight
:5/ (1x2) added row growth| line is obtained for the whole experiment. We have not at-
= ) tempted to quantify the concentration of interstitial Ti in the
3 A PR S SV e bulk. The color of the crystal provides a very rough “by eye”
measure, the darker the crystal, the higher the degree of
reduction?® However, this is not sufficiently accurate as a
measure of bulk reduction. The small number of sputtering

FIG. 4. A plot showing the growth of surface Tijh monolay-  and annealing cycles between experiments ensured that the
ers against time in seconds from the start of @sing for the  variation in reoxidation rate due to any change in interstitial
rgoxidation sequence in Fig. 1. Each marked segment represents.gncentration was kept to a minimum.

?!fi%rﬁm fzrfszsg;elgfg(rztf‘z gi {‘E}'{%""S;"j‘_zs%ixllogg' tf’f i'g It is interesting to observe that the fractional coverage of

X 1079, g=5.0x10"8. Note the small oscillations about a constant (.1X2) rows remains largely con_stant over a Io_ng time pe-

value for the (1 2) added row growth, and terrace growth. riod. Howe_ver., on glose observation of the data it is possible
to see oscillations in the coverage as well as the terrace and

surface morphology. Increased surface roughness is expectgﬁera" growth ratedFig. 4. These result from the cyclic

from a nucleation point of view. High pressure leads to ghature of the surface reaction. Although theX(d) grows

high coverage of diffusing features, which in turn leads tosteadily on top of the (X 1) terraces, it never reaches 100%

more rapid nucleation. This kind of depletion region is notfr?verffg ast|t. is rapidly f||f|f§q 'nt‘?g?jm to 1;orm mli)d olr:cteh
unique to the reoxidation reaction on HiOIt has also been e ( ) strings are sufficiently densely packed. en

observed by Ilwasawa, Onishi, and Fukui in the distributiontakes some time for the (41) islands to become large

p : » : i ; : h to support the next layer of X2), so the coverage
of “product particles” after heating TiQin formic acid at enough to i
450 K25 It has been previously reported that diffusion of Of (1X2) is greatly reduced. The reason that the<() fills

interstitials beneath the surface is favorable along the charll, SO rapidly is probably not because of increased oxygen
nels in the(001) direction (C axis) in the rutile structuré®

sticking probability on the (X2) surface compared to the
Diffusion in the channels could be more favorable than dif-(1*1). In fact, the amount of material required to fill the

fusion vertically to the surface. This was suggested by other¥0ids in the (1x2) structure to make (1) is much

as a reason for the formation of depletion regibf&. The smlall.er than that needed to form th@(I) in the first place.
interstitials may become depleted in the areas adjacent to thgiS 1S because the (42) structure is effectively the same
step edges as they diffuse towards the edge and capture g&S (1X1) bUtz‘l’V'th a single missing TiYunit in each (1
phase @, resulting in step flow growth. We do not believe <2) unit cell” The formation of (1x2), which has the
this to be the case as some other work reports that diffusioftoichiometry TiOs, requires three such units. The period of
is faster perpendicular to th@01) channel€® Indeed some f[he oscillations _decreases with increasingpPessure as the

of our most recent modeling work confirms tA%This leads ~ increased reaction rate causes the cycle to repeat more rap-
us to suggest that an alternative reason for the depletion réd!y- _l;or example, at 723 K at an JOpressure of 2.0
gions may be due to the TiQliffusing species being able to X 10" " mbar the oscillation per|od7|s 2370100 s. Th_|s de-
step down over step edges, but not being able to step upreases to 1120100s at 4.6¢10" " mbar. At the highest
again® In this case, species that initially form in close prox- Pressures, the (1) island sizes become so much smaller
imity to step edges on the upper terrace may step down ar@nd nucleation so much faster tha_t the oscillations break
become incorporated into the outward growing step edgedown and the (X2) coverage remains rjearly constant.

This would reduce the probability of nucleation point forma-  Rate constants for the reaction at different temperatures

tion in this region on the upper terrace. were obtained by plotting growth rate againsf pressure
(Fig. 5). This figure shows the growth rate at two different

temperatures for varying pressures gf. @he rate constants
obtained from these plots have units of M['snbar ! be-
Analysis of the images to obtain the kinetic information cause they are pseudo-first-order; they assume a constant
was achieved by measuring the area of each terrace individwoncentration of Fi' in the bulk. The rate constant at 723 K
ally over successive images. This was combined with thés found to be 1.%10° MLs *mbar . From the limited
fractional coverage of (X2) in order to give the overall number of data points at 573 K we can estimate the rate
growth of the surface. An example of the data obtained frontonstant at  this temperature to be ~7
a lengthy sequence of images of which just a few are prex 10> MLs ™ *mbar .
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45 overall reaction, the formation of a TiQdiffusing unit ap-
| 723 K pears to be the precursor to the formation of all structures in
3.0 k = 1933.3 MLs 'mbar" the growth process. The formation of this unit must be the
_ rate-determining step as we believe it is the only step that
"0 2.5 involves gas-phase oxygen.
= . We assume that the concentration of Tat the surface at
2 2.0 a particular temperature is constant and srstkady state
2 ] approximation:(SSA)| and is maintained by a ready supply
e 157 from the bulk. There is always some®Ti present on the
'§ 15 surface at elevated temperatures whether oxygen is present
g 7 or not. In the absence of oxygen its lifetime at the surface is
- 57_3 K Y very short, in the presence of oxygen it can be trapped by
] k =697.6 MLs ‘mbar reaction(2). The TiO, crystals are electrically conductive so
0.0 : : , : , : . : , . we can assume charge transfer to be rapid. We can therefore
0.0 0.4 0.8 1.2 1.6 2.0 write an expression for the rate of formation of Fi@s fol-
O, Pressure (10'S mbar) lows:
FIG. 5. A plot showing the growth rate in monolayers per sec- d[TiO,] 3
ond against the ©pressure for sets of data taken at two different Tdt kZ[T ][e I"Po,. )
temperatures, 573 and 723 K. The data were obtained by taking the
gradient of the total growth rate in Fig. 4 for each pressure. Invoking the SSA fOI[TI(S)] in reaction(1),

Repetition of the reoxidation experiment at five different d['n ] . g
temperatures has allowed us to produce the Arrhenius plotT 0=kq[ Tigy) 1= K_4[ Ti’ 1= ko[ ity I[e " 1*Po,.
shown in Fig. 6. It can be seen that the points lie close to a (5)
straight line. The activation energy calculated from this line
is 25(+4) kImol'%, a very low value. We shall discuss the It follows that:
reasons for this in the following section.

3+
Ti3+ 1= K[ Tit) ] 5
IV. MECHANISM FOR REOXIDATION [ I(S)] k_i+ko[e” ] |:>O2 (6)

We propose that the following preequilibrium mechanism

as a viable one for the reoxidation process: Therefore,

(1) Tigy =Tigg 0.1 koky[Ti¥ (e T3P

(2) Tie) +Ogey + 36— TiOy(s (rate-limiting step, diTO,] _ T2t T 1% T 7o, @
Where(b) denotes bulk(s) denotes surfacég) denotes gas. dt k_1+ko[e ]°Po,

Although, there are likely to be many more steps in the

However, as the electrons initially resulted from the forma-
10 - tion of bulk interstitial TF*, we can writeJe™ |= 3[T|(b)]
thus maintaining charge neutrality, and therefofe, ]°
=27[Ti%;1°, and substitute this into Eq7):

d[TiO,]  27keka[Tigy 1*Po,

0 = . (8)
z . ;-I_F‘_I_( dt k 1+ 27k2[T|(b)] P02
% If kPo,<k_; then the reaction is first order in,OThe data
5 indicate that this is the case and that>' ] is constant, so,
[ t (b)
=
d[TiO,]
= T—Z?kzk[Tl(m]“Poz. 9
61— , . , : : : : , : ; . . - .
0.0010 . 00012 00014 00016 00018 By expandingk,K into an Arrhenius-type expression we can
see that
T

FIG. 6. An Arrhenius plot for growth rate data taken at five KoK = AxAq o (Ep+AH)JRT_ p7o~E'/RT (10)

different temperatures including the two datasets shown in Fig. 5. 227A e

-1
Errors in temperature are estimated from previous temperature pro-

grammed desorptioTPD) experiments using the same system. Therefore,

035409-5



R. D. SMITH, R. A. BENNETT, AND M. BOWKER PHYSICAL REVIEW B66, 035409 (2002

E'=25 kJmol"
Terrace
1 FIG. 7. A schematic reaction
Surface . . .
Net <110> site profile showing reactiongl) and

b step edge‘ (2). E' is the activation energy ob-

2 E.=290 kJmol" mzeme" Material tained from the Arrhenius plot in

] poss Fig. 6. Note thatb) denotes bulk
= <001> <001> ends and (s) denotes surface. The inset
I shows the model used for surface

L (S‘t:lzn)g reduction at high temperature¥ (

o, <die >~1000 K).

Reaction Coordinate

r E’ Figure 7 shows a schematic reaction profile for the first
P—) =In(27[Ti(3b+)]4A’)— RT (11)  two reaction steps. The figure shows why the observed en-
0 ergy from the Arrhenius plotE’, is so low. IfAH is nega-

Hence, the value d' may be obtained from the gradient of V& and smaller in magnitude tha®,, then the observed
the plot of |nf/P02) against 1T in Fig. 6. As we shall see activation energy is .small and pQS|_t|ve. G|ven_that there is no
shortly, its value is so low because it is the sumEgfand way to measurdH in the STM, it is not possible to calcu-
AH. late the true value OE,.

We have previously observed that on heatingTi®high Diebold et al. have carried out®o uptake measurements
temperaturé1000 K) in the absence of oxygen in the STM it O TiO; (110 US'”9135|MS and ollat?;ned' an activation en-
is possible to observe the step edges retreating across tREJY Of 19 kcalmol™ (~80 kJmol™).”" This value is over
surface'® We attribute this to the loss of Linto the gas three times larger than the value obtained in our study using
phase and the dissolution of Ti into the bulk in interstitial STM. In contrast to our data, the Arrhenius plot in this paper
form. The retraction of the steps occurred by a oneds not linear for the whole temperature range. The linear
dimensional shortening of the most exposed<@l) row region of the uptake rate data that are used to calculate the
(Fig. 7 insel. The rate of this retraction was found to be activation energy lies at temperatures from 477 to 530 K. At
~0.021+0.006 A s ! in the (001) direction. Given that one temperatures below 573 K the observed growth rate of new
surface site in this direction on the surface is 2.96 A inTiO, in our STM studies becomes very slow. Within the time
length, the rate of retractiorr () may be expressed as 7.09 scale of an STM experiment it is very difficult to observe
x 1073 sitess1. As the reaction is one dimensional, the more than a monolayer of growth. Some other oxygen ad-
concentration of sitegs] is always one per row. Using an sorption process may be occurring in this lower-temperature
Arrhenius-type expression, this information allows us toregime that is not seen in the STM and does not result in the
make an estimate of the activation energy for the reverse Qjrowth of new TiQ layers. Alternatively, it is possible that
the reoxidation reaction, given an assumed exponential prethe pulk reduction level of the crystals is different in the two
actor of 16°s™%. studies. This could result from different annealing tempera-

tures: 950 K in the Diebold study as opposed to 1173 K in
Ea=(InA+In[s]=Inr")RT. (120 our study. It is therefore, not possible to make a direct com-

The value forE, calculated by this method is 290 kJ mal parison between the value obtained in this study and that

This value is very high for an activation barrier, so it is easy®Ptained by Dieboldt al.
to see why the reduction reaction requires such a high tem-
perature to occur at an appreciable rate. The slow rate for this

In

process at low temperatures is confirmed by substituting a V. CONCLUSIONS
lower temperature into Eq12). A temperature of 673 K
gives a rate constant of3x 10 1°s™1 a negligible rate. By measuring the area of growth from many successive

Even at 1000 K the rate of oxygen desorption is so slow thaBTM images, we have shown that the rate of surface growth
it does not significantly affect the reoxidation rate measureof TiO, during reoxidation is first order in molecular oxygen
ments. The rate of surface reduction at a given temperature fgessure. The rate of reaction at constant pressure for five
dependent on the stoichiometry of the crystal. The crystatlifferent temperatures has been calculated and plotted on an
used to measure the activation energy for reduction was sigArrhenius plot to yield an activation energy for the reaction
nificantly reduced with a cross-linked K12) surface and of 25(=4) kJmol 1. We propose a mechanism for reoxida-
evidence of shear plane formation. tion whereby interstitial " diffuses from the bulk to the
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