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ABSTRACT
The process. of segregation of titanium oxides onto. the surface of
Pt3Ti upon the exposure to oxygen at different pressures and temperatures
was studied by LEED and AES. Oriented [111-] and [100] monocrystals as
well- as polycrystals were synthesized for study: Qualitatively similar

behavior was observed with all three types of surfaces, with three stages

of oxidation observed on each surface. - A layer of stoichiometry: close to

Ti0 segregated onto the surface in the initfa] stage of .oxidation, deplet-

~ing the subsurface region of the alloy in Ti. - The Ti0 formed a compact,

epitaxial monolayer which completely blocked the metallic surface for
chemisorption by carbon monoxide. Further oxidation caused formation of

a multilayer of T101.2@ an oxide with an orthorhombic structure derived
from Ti0 by removing Ti atoms to form an ordered vacancy lattice. Finally
oxidation at the relatively extreme conditions of atmosphere pressure at

high (> 1000 K) temperature caused formation of thick Ti0, (rutile).

2
overlayers.



INTRODUCTION

Pt3Ti'1s among the stablest of all intermetallic compounds. Its high
heat of formation (-70.5 kcal/mole(1)) can be interpreted in terms of the
Engel-Brewer model of the intermetallic bond (2). In this model the -
strength of .the .bond results from the interaction of d-shell electrons of
both metals. - The perturbation of the electronic states in both metals due
to ihtermeta]]ic bond formation might be expected to cause changes in the
catalytic properties of PtéTi in comparison to pure Pt. The catalytic
interest of the Pt3Ti compound led us to a detailed study of the adsorptive
properties of the clean surface, which indicated (3) the presence of Tligand
- effects in the absence of oxygen on the surface. ‘However, thermodynamic
considerations indicate that'Pt3Ti should oxidize with the formation of
titanium oxide in the presence of oxygen. Therefore, a detailed study: of
the oxidation process appeared to be a fundamental step in the understand-
ing of the mechanism of catalysis by Pt3Ti and other Pt intermetallic. ..
compounds in oxidizing atmospheres (4).

We found that upon exposure to oxygen titanium segregates from the
bulk of the alloy to the surface to form a layer of titanium oxide. The
oxidation process is very slow at room temperature and practically non-
existent at very low pressure. However oxidation takes place even at very
Tow pressure at sufficiently high temperature. Using LEED we have been
able to characterize the titanium oxide phases growing on the single crystal
surfaces. Initially the oxide grows as a monolayer (2D) phase of probable
Ti0 stoichiometry. Further oxidation leads to the forhation of a multilayer
which is formed (at Teast in some conditions) by three-dimensional phases

growing on the surface which appeared to be structurally related to the

Py



orthorhombic oxide Ti0y 5g- Finally, at high temperatUré'and atmospheric
pressure, a thick film of'TiO2 (rutile) forms on the surface.
EXPERIMENTAL

Polycrystaline Pt3Ti was prepared arc-melting the tompodent meta]S
in ‘inert gas atmosphere (Ti nominal purity: 99.97%). The formation of
the cubic form of the alloy (Cu3 Au t&pe)”was checked by'x-ray diffraction.
‘Po1yCrystalline-samp1es were spark cut in ‘the shape of small dféks and
mechanically polished before introduction in the UHV system.

"To obtain a sing1e‘crysta1,‘fhe po]ycrysta]]ﬁhe'maferia1 was Zohe
refined in vacuum until recrystallization took 5facé. The formation of a
single crystal was evidenced by ‘the Laue back-diffraction pattern.

Single crystal samples oriented along the [111] and [100] axes were spark
cut and polished as the polycrystalline ones.

‘A11 samples were gold brazed on a Ta plate suspended by Ta wires,
“used also for resistive annealing (up to about 1200 K). ‘Experimenfs were
performed in a conventional UHV chamber equipped with LEED optics, sﬁngie
pass CMA with grazing incidence electron gun for AES, quadrupole mass
spectrometer and facilities for Art bombardment. Oxygen could be intro-
duced in the chamber through a leak valve up to about 5x107° torr with
simultaneous pumping. |

RESULTS
3.1 LEED RESULTS

As described previously (3), the Pt,Ti surface, either single crystal
or polycrystalline, could be cleaned in UHV by a combination of ion bombard-

ment, oxygen doéing and annealing. The LEED resul'ts for the clean Pt3Ti

(111) ‘and (100) surfaces were reported recently (5) and, together with the
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surface concentration determined by AES were shown to be consistént with
surfaces resd]ting from the simple truncation of the bulk structure. The
observed.patterns have been indexed in (5) as superstructures of the fcc
(111) and (100).unit cells. Such a notation is possible here since in the
alloy and in the pure Pt unit cells the}interatomic distances are the same
within fess than the 1% and the alloy structure can be obtained frqm the
Pt structure by orderly substitution of part of the Pt atoms with titanium
atoms. Using the "§uper$tructure“ notation, the LEED pattern observed on
the Pt Ti(i]]) surface has been deééribed as a p(2x2) and the pattern on

3
the Pt3T1(100) as a c(2x2).
In the present paper we will continue using the supersfructure type
notation, and all the oxide superstructures will be indexed in relation to
the (1x1) platinum unit cell. The use of this notation is essential here,

since, as it will bevdescribed later, oxidation destroys the»intermeta]]ic

'(p(2x2) or c(2x2)) periodicity, leaving only the (1x1) platinum cell

detectable by LEED.

3.1.1 PE,Ti(111)

3 _
Upon dosing the clean alloy surfacé with oxygen at 600 K and 1x10~

7
torr, we detected traces of the pattern shown in Fig. la. This patternris
apparently due to oxidized titanium as indicated by the appearance of‘the
oxygen AES peak and by the increase in the intensity of the titanium AES
peaks. Traces of this pattern could be detected even at relatively low
values of the Ti(387 eV)/Pt(237 eV) AES ratio, i.e.rat a ratio of 1.9
compared to the value of 1.7 for the clean surface. The pattern intensi-

fied upon more extensive oxidation with higher values of the Ti/Pt AES

ratio. The interpretation of this pattern is also shown in the figure,
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taking into account that some of the spots are the result of double
diffraction. In matrix nbtatidn, the pattefn Cén be described ag
[8'20 '§;Z§] . The unit cell is oblique (quasi-hexagonal) with the two
base vectors respectively 3.4 and 3.5 R long, formihg an ahg]e‘bf 125.50.
"Two domains rotated by 11° are presént.. The pfeséhce of doub]ekdiffraction
‘featufeé 1h&icétes that this péttérn is due to é two-dimensiona]f(ZD)'
structure on the surface. Durihg'the;inftial phéses of fokmatioh of this
.phése, th]é the 1éyer 6tcup1ed only a frattion of the substrate surface,
the p(2x2) substrate pattern was still detectable. HoweVer, updn comple-
tioﬁ’of”thé'iayer (a Ti (387 eV)/Pt(237 eV) ratio approaching 3.4), the
'p(222) spots disappeared, leaving only the (1x1) platinum spots sUbe?-
impoged on the quasi-hexagonal pattern. This change in the periodicity of
' théNSOﬁétréfé surface is most easily interpreted in terms of titanium
deﬁTefion-of.the subsurface layer(s), although simpTé:disorderingumight
also explain'itl | -

Upoﬁ oxidation at higher température of a surface showing thé\quasi-
‘hexagonal péttern, and subsequent rapid cooling (=20 deg/sét); wé detecIed
the pattern shown in Fig. 1b. Thiéipattern is 5uper1mpo§eq on the quasi-
heXagondT patterh.. Severa]quuivalent unit celTSHCAhJBe‘cﬁbgén:for this
phase. A possible ohe“is obTiﬁue,'wfth'fhe two base vectors fdrming'an

- : : . - - ) 1063 1.9} - . _.
angle of 108°, describable in matrix notation as [1.43 1.43] (see Table

'1). We can also choose a centered rectangular cell, [?f23 ‘%i23 “in matrix
.notation. The latter type of’cé]] wi]]'be"used'préferentiaTTy here sirce
the rectahQUTar‘symmetry of the lattice is more evident. We note that
three équivalent domains coqu form on the Pt3T1(111)'§urface;vbut'on1y

one could be detected by LEED. The other two seem to be present, but very
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weak. The absence of double diffraction features indicates that this
pattern corresponds to the formation_ot more than one ]ayer on‘the'surface.
This phase‘has been observed for Ti(387 eV)/Pt(237 eV) ratios from abept
6.0 to higher than 12.0. o | H

In the discussion section, we shall compare.the lattice parametets
of the [?'23 ?Tié] structure with those of known t1tan1um oxide bulk phases.
On the basis of this comparison, th1s 0x1de has been 1dent1f1ed as
"T10].20.“_ Table 1 summarizes all the oxide phases observed on Pt3T1%(111).
3.1.2 Pt3T1(100) o

Upon exposure to oxygen, we observed on this face a larger number pf
patterns than on the (111) face. Three distinct patterns correspond1ng
'to single layer phases, as ev1denced by the presence of double d1ffract1on

features, were observed. The formation of these patterns was dependent on

temperature: the pattern obtained by exposure to oxygen at 773 K can be

1.5 0
0 1.2

appeared for exposures at 800-1000 K, in matrix notation described as

[g -0 ? gl (F1g. 2b); the third pattern has hexagonal symmetry'[é ?'?Z]

and formed upon exposure to oxygen at temperatures higher than aboutV1000 K

described as [ ] in matrix notation (Fig. 2a); another pattern

‘at 1owb(<]0'6 torr) oxygen pressure (Fig. 2c). This pattern formed”also

by annealing at high temperature one of the other 2D phases. The AES data
indicate that the hexagonal structure was characterized by a 1ower oxygen
content, that is,lthe lowest 0/Ti ratio was observed for the hexagonai phase.
Similarly to the behavior observed on the Pt3Ti (111) surface, on the (100)
the c(2x2) intermeta]iic periodicity was still detectable in thevinitjal
phases of format1on of the overlayer phases (see Fig. 2a). Howeven the

c(2x2) type spots weakened and disappeared upon comp]et1on of a monolayer



_or a centered rectangular unit cell [
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of oxide ("Ti0") indicating a probable dep]etionlin titanium in. the sub-
surface layers.. »

Upon oxidation at T > 1000 K and Po, = ]0—7-torr, we observed the
formation of a Ti(387 eV)/Pt(237 eV) AES ratio greater than 5.0 and the
LEED pattern shown in Fig. 3d. This pattern has parameters which are simi-
lar to those of the [?:23 ?:23] pattern observed on the=(111) face. As
in that case we can choose a primitive (oblique) unit cell [}:8 g?g] .
?:8; 8:3%]. As.on -the (111) face, the
-rectangular representation of the overlayer will be used.preferentially.
In the LEED pattern in Fig. 2d two equivalent domains rotated of 5,7o<with
respect to .each other are apparent. . Also double diffraction spots are detect-

Qp]e, indjcaﬁing that this phase formed from unifprm 2D:overlayers; .double

.diffraction_spots_were not observed from the mq}ti]ayer phase on the (111)

face. Anothgﬁ_ﬂjfference from the (111) face was that here the formation
of the [?:8 8:33] phase resulted in the_disappearance{of any qther 2D phase
previously present on the surface. However the double diffractjon features
disappeared in concomitance with a ggnera] weakening of the pattern by
annealing the surface in vacuum over about 1000 K. The annealing also had

the effect of causing the formation of the [5'0 ?‘%] pattern superimposed

on the ?'8 g'gé]patternf If the annealing was protracted for several min-
utes thev[é ?'?Z]pattern could also be detected. Complete disappearance
r '
~of the ?'8 g‘g%]pattern could be obtained by a long annealing at these

temperatures. These LEED observations coupled with the AES data (described

in Sec. 3.2) indicate that upon vacuum annealing a decomposition of the
oxide overlayer takes place accompanied by dissolution of Ti back into the

substrate. This dissolution process will be discussed at length.in another



section. As in the (111) surface case, the multilayer phase has been

identified as "Ti0 ." The titanium oxide phases observed on the Pt.Ti

1.20
(100) surface are summarized in Table 2.

3

3;2 Surface Composition Analyses by AES

The only mechanism of oxygen uptake observed on Pt3Ti was the
formation of titanium oxide, as evidenced by the simul taneous growth of
the intensity of both the Ti‘and 0 AES peaks. Oxygen chemisorption (i.e.
TDS desorbab]e oxygen) was'not obseryed.‘ In what follows we will use the
ratio of the two_most 1htense‘Ti.and‘Pt AES transitions (respectively at
387 and 237 eV) as e measure of the amount of oxide on the_surface. As it
will be described in détai] later, the AES ratio of the oxygen and platinum
AES peaks was not suitable for sucﬁ a measure, since the degree of oxida-
tion of the surface titanium oxide phases could vary.as a function'of the
conditions of exposure.
2 3.2.1 Stoiehiometry of Overlayers

In general, we did not obsefve-by,AES‘eny significant diffefentvjn the
-oxidation behavior of the three typesAof_surfaces studied (single crystal
(100) and (111) and polycrystalline). This observation is illustrated by
the AES data in Fig. 3.‘ The dispersion of points observed is mainly due to
factors such as small variations 1n'the residual surface carbon (contamina-
tion) and to variations in the residual pressure of reducing gases (H2 and
CO) in the vacuum chamber. As a consequence, in the rest of fhis section
we have not categorized our results according to the structure of the sur-
face, except when describing specific experiments.

The stoichiometry of the overlayer was observed to be very sensitive

to the oxygen dosing conditions, as shown by the variations in AES peak



ratios with temperature and 02 pressure in Figures 3 and 4. Essentially
two stoichiometries were observed, which, a§ we shall describe in subse-
quent discussions, were identified as “TiO" and “TiO].Z." The stoichometry
which forméd depended on both the temperature and pressure of dosing. At
the selected temperature of 773 K, the curves in Fig. 3 clearly illustrate
_theuforma;ibn of two different stoichiometries as a .function of O2 pressure.

The first was produced by dosing at < 1070

torr 02,.which initiated the
grpwth-of the 2D (submono1ayer) phase we identify as "Ti0"; the complete
monolayer) 2D phase was characteriied_by a Ti(387 eV)/Pt(237 .eV) AES ratio
i_vof,ca. 3 and a (508 eV)/Ti(387 eV) AEs ratio of ca. 0.8. Higher pressure
doéing, at‘5x10-6vtorr 02, increased the oxidation state of the Ti in the
overlayer (from the increase in the 0/Ti AES ratio to ca. 1.5) and increas-
ed the overlayer thickness (from the increase in the Ti/Pt AES ratio to ca.
5). This segond stage of growth initiated the multilayer development.of
the phase we 1Qentify as "TiO];z"; progressive thickening of the "TiO]'z“
was observed when the dosing pressure was increased to~5x10'5 torr 021 It
is clear that this thickening occurred at constant stoichiometry, since

the dramatic increase in the Ti/Pt AES ratio wasfaccompanied by essentially
no change in the 0/Ti AES ratio. . The variable temperature curves in Fig.

4 also illustrate a conversion in overlayer stoichiometry with. increasing
dosing temperature at a constant, relatively low dosing pressure of 1}10_6

torr 02. At Tow temperature the 2D (submonolayer) phase is close to the

"TjO] 2“ multilayer phase stoichiometry, but increasing temperature resulted
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in the growth of a second 1ayer (from the increase in Ti/Pt ratio from 2
to 4) of nominal stoichiomefry "Ti0" rather than "TiO]_z;“ HOWevér; at
this relatively Tow O2 pressure, progressive thickening of multilayers of
the “Ti0" structure was not observed even at elevated (> 1000 K) tempera-
ture. We always observed that the multilayer structures were characterized
by 0/Ti AES ratios of ca. 1.5, identified as "TiO].z," and the 2D structures
(or nearly 2D structures) were characterized by 0/Ti AES ratios of 0.7-1.2.
Table 3 summarizes the AES results and the general dosing condition which
produced the characteristic stoichiometries. The "TiOT.Z" multilayers were
relatively resistant to oxidation to "T102" even at Very high (several torr)
pressure, provided the temperature was below ca. 1000 K. Nonetheless,
atmospheric oxidation above 1000 K converted "TiO].z" multilayers to'"TiOz"
and, depending on the time of exposure caused the growth of very thick
(several micron) "T102“ overlayers, identified as the rutile structure by
x-ray diffraction, characterized by an 0/Ti AES ratio of 2.8.
3.2.2 Determination of Oxide Coverage

A combination of AES observations and chemical titration by CO can be
used to determine the presence of metallic sites on the alloy surface and
therefore measure the coverage of the (inert) titanium oxide segregated on _
the surface as a function of the Ti/Pt AES ratio. The CO molecule is a
useful titrating agent since, as reported previously (3), it is adsorbed
undissociated on the clean Pt3T1 surface, and the titanium oxide covered
surface does not adsorb CO. The CO TDS spectra from the partially oxide
covered Pt3Ti surface were complicated by the concomitant formation of CO2
by reaction of the oxide directly with CO, but the CO2 evo]utionvoccurred

at a higher temperature than the peak in the CO TDS spectrum (at 390 K) and
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a relative1yvsma11-fraétion 6f the CO»adsorbéd'reacted with-tﬁe‘oxide to.
fofm COZf Frbm the p]ot of fhe‘Thtensity of[th§'CO TDS peak at 390 K as a
function of fhé_Ti(387 eV)/Pt(237.eV) AES ratio (Fig:.S), we could determine
that total blocking 0f'é]] C0_adsorptioh'oCcurred éﬁ'a rétid higherbthan
about 3.4. The blocking éoVerage'détékmihed"by the TDS méaSurementS were
also-conffrmedlby'AES_ﬁata. Undissociated CO'can be%detettedvby AES by the
-charécterisfic doub]é carbon beak (7); and this ddubTe beakbtould'not be
observed - 1nd1¢atfng-no‘COVadSOrptioﬁ»— for.a.T1(387_eV)/Pt(237 eV) higher
than 3.5. From tﬁé eXperimenfal'va]ue'of‘the'TiYPt AES'fatfb corresponding
.to_the tbta] b]dcking of'fhé éurface;,We“cOu]d Conf1rm the LEEﬁ results
;indTCating the formatioﬁ of a unfform 2D titanium oxide bhase on the surface.
An eStimaté of‘the expected Ti(387 eV)/Pt(237 eV) AES rétid, taking "reason-
 able" values for the electron mean free path (from 4 to 9 K‘(7)) and'assum—
ing a compact titanium 1ayek with the stkuctufe of the Ti0 (111)?p]ané,
_': gives:a value which is an agreement with the observed ratio. These obser-

' vat{ons cd1]ective1y’reasonab1y prec]ﬁde the possibility that the oxide -
grows from.the start:.by the fbrmation of multilayer (3 or 4 Tayers)
"clusters" coexisting wfth bare ﬁefa]]ic-surface.

3.2.3 Determination of the Ti Valence State

The AES spectrum of titanium is a complex énvelope of peaks in the
region from 350 to 450 eV. These peaks involve transitions from the"
valence band and their shape has been shown to be sensitive to variations
in the chemical environment (8). In (5) we reported that thekfatio Of the
two main Ti peaks (387 and 416 eV) in the Pt3Ti alloy is similar to that of

the oxfde and very different from that of titanium metal. As reported by

Davis, et al. (8), fine features in the Ti AES spectrum permit the
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distinction among the different degrees of oxidation of the titanium oxide:
_the higher‘oxides (T1203 and TiQZ) are characterized by the presence of a
small peak at about 395 eV which is absent in thé oxide Ti0 and in Ti metal.
As shown -in Fig. 6, in the AES spectrum of titanium oxide segregating on
Pt3Ti, the 395 eV peak is absent fn the formétjonlof 2D phases, but this
peak did appear upon the formation of a mu]ti]ayer.'.This reéu]t indicates
that the stoichiometry of the single layer phases is probably "Ti0," while
the multilayer has a higher oxygen content, an observatién.a]so confirmed
by the values of the observed O/Ti AES ratios indicated in Table 3.

3.2.4 Kinetics of Oxide Overlayer Reduction ,

As indicated by the thermochemical data for Pt3Ti (1), titanium oxide
overlayers will be reduced and Ti dissolved into the substrate in the
presence either of a reducing agent, or by thermal annealing at very Tow
oxygen partial pressures. In Fig. 7 we show the results relative to the
reduction of the oxide-over]ayer upon exposure to H2 at increasing tempera-
tures. The initial titanium oxide coverage was approximately two layers of
"TiO]_Z.“ The ‘hydrogen pressure reported was the highest pressure that
could be maintained in the vacuum chamber in flow conditions. Two differ-
ent processes occur in Fig. 7. In the first phase of reduction (T7=300-573
K), the oxygen signal becomes considerably smaller, both with respect to
the Pt and Ti signa]s; The Ti/Pt ratio, on the contrary, increases. Here
the variation of the oxygen signal indicates a partial reduction of the
oxide Tayer to feach a more stable stoichiometry. The increage of the Ti
signal may derive from a partial reconstitution from the bulk in the ti-

tanium content of the subsurface lTayers, depleted in titanium upon oxida-

tion. Actual decomposition of the titanium oxide Tayer and realloying
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occurs only over 873 K. The reduction of the Ti/Pt AES ratio 1ndicates

the dissolution of titanium into the bulk, while oxygen is desorbed as

H20. The 0/Ti AES ratio remained'approximately constant, indicating that
dissolution of Ti occurred at constant 0/Ti stoichiometry (which was slight-
ly lower than that for "TiQ").

A similar reduction in the O/Ti AES ratio to that shown in Fig. 7 was
observed 1in theéabsence.of intentiona]vdosing‘with reducing gaees, that is
simply annealing in vacoum, out.significant1y higher temperatures (> 1000°K)
were required. vThts prooesg.may involve actual 0, desorption - not detect-
. ed by mass spectrometry because of the weaknessjof.the signa]_—.or~1t may
reso]t either from oxygen dissolution 1nto’the Pt3Ti bulk or_oy reaction
vw1th background gases in the UHV system

DISCUSSION :

| .According to the Engel-Brewer model of the 1ntermetat11c bond (é),
“vthe alloys of metals of the VIIIB group with metals of the‘IVB group are
especially stable. This stability derives from the interaction of eteotrons
in the d shell of both meta]s.” Inlthe cose of Pt3T15-accord1ng to Brewer,
the partially filled d-orbitals of Pt (d’sp?) mix with the unfilled d-
orbitals of Ti (d sp) with the resu1t of producing very strong.intermetal-
1ic bonds. The thermodynam1c propert1es of Pt3T1 have been studied by
Meschter and WOrre]1 (1) who reported a highly negat1ve heat of format1on
(-70.5 kcat/mo]e). One consequence of the high stability of the Pt-Ti bond
is that, at suffioient]y Tow oxygen pressures, titanium oxides can_be re—
duced by reaction w1th Pt ‘metal. However titanium is a h1gh1y electro—

pos1t1ve metal, and desp1te the strong bond w1th Pt, will tend to separate
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from the alloy to form o*ides in the presence of oxygen. This conclusion
derives from simple thermodynamic calculations which show that at any
measurable oxygen pressure (and in the absence of reducing agents), in the
reaction:

Pt

3Ti +_02 = TiO2 + 3 Pt

equilibrium is shifted to the right. For instance, at 1300 K the equilibrium

oxygen pressure is as low as 10']2

torr; Pt3Ti must thefefore be considered
metastable in air. However, no extensive (i.e. bulk) phaée sepafation 7
takes place in air at room temperature since thé surche‘forms passivating
thin films. 'Platinum does not form an oxide in air at Tow temperatUré (9)
”so-that the passivation mechanism involves, as expected, the formation of

a surface layer of a titanium oxide, much in the same way as titanium

metal passivates. In agreement with the thermodynamic predictions, we

found that surface oxidation of the Pt3T1 alloy could be obtained atvoxygen
pressures as low aé 10-7 torr, but only at high temperature. The‘initial
resistance to oxidation at room temperature can be explained by kinetit
factors, i.e. oxidation is an activated protess due to the energy necessary
to transfer Ti atoms from below the surface onto the surface in order to |
form the oxide. ‘At moderate temperatures (< 10000 K), the oxidation process
does cause surface segregation of Ti ahd formation of TiO- ]1ké overlayers whose

thickness depends on 02 pressure. A similar resistance to oxidation was

found in the case of the Pt/Zr system (10).

We also found that the reverse reaction, i.e. the decomposition of the
oxide overlayer and dissolution of Ti, could be obtained by annealing

either in the presence of reducing agents (H2, or CO) or simply annéaling
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in vacuum. In the latter case, however, the reaction slowed at an early
stage beyond which 1ittle further reduction could be observed. It appears
'1ike1y'that in this case the mechanism of oxygen removal was dissolution
into the Pt3Ti bulk. This would lead to a rapid saturation with consequent
blocking of further dissolution. On the other hand, in the:presence of a
reducfng”agent the product of the oxide decomposition'(HZO €0,) was gas-
eous and therefore oxygen was removed 1mmed1ate1y from the surface region
'perm1tt1ng a further progress of the reaction.

| Our observations indicate that the firstvstep in the oxidationt
process of Pt3T1 involves the formation of.a:uniform 2D titanium oxide
.phase on the surface This is deduced ma1n1y from the presence of double
d1ffract1on features in the LEED patterns Doub]e d1ffract1on occurs when
a d1ffracted beam coming from the substrate is d1ffracted a second time
passing through the over]ayer It can only be observed when the over]ayer
is thin (otherw1se the doubly diffracted beam wou]d be attenuated by the
passage through the over]ayer) and covers a large fract1on of the surface
(otherwise the effect of the presence of the overTayer would be'weak).
Changes'in the Tf/Pt AES peak ratios upon oxidation wereralso;consistent
with unjform 2D layer mode]. From the shape of the titanium:AES peaks we
could aiso-determine.that the stoichiometry of the'initial 2D phase is
"Ti0." This conclusion was supported by considerations‘on the unit’ce11
dimensions derived.froh LEED data. Consider for instance the [5'20 ?:;2]
phase observedvonhPt3Tif(111). If we assume that’the titanium atoms form
 a quasi-hexagonal plane.(in analogy with the Ti0 (111) plane) bonded to

the substrate and that the oxygen atoms are situated on'top of the titanium
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Jayer, then the unit cell dimensions (3.4 by 3.5 A, a = 125.5") are too
small to fit more than one atom (Ti or 0) per cell in the same plane.
Therefore, the 0/Ti atomic ratio must be 1/1 in a perfectly ordered layer.
The presence of 1atticevvacancies can exp]ain;the observed,variabilfty in
the 0/Ti ratio on the surface. _

It was not possible to equate the observed 2D phases on the Pt3Ti'
surface.to any plane of the known bulk Ti oxide phases. This resu]t is not un-
expected. The structure of a single layer is affected by the interaction
with the substrate and by the different bond1ng geometry, so that it should
not necessar11y correspond to the structure der1ved from the bu]k lattice.
Other oxides are known to form 2D phases which are unrelated to the bulk
phases (11). 1In a11 of the ZD 1ayer<phases observed here, (except in the
hexagonal one on the (100) face), at least one of the sides of the unit
cell is 3.3 or 3.4 ﬁ long. Th1s d1stance does not correspond to the T1 Ti
distance in Ti0 (NaC1'type 1att1ce. 2.95 A) nor to the Ti-0-Ti (11near)
distance in the same ox1de (4.18 A) No obvious co1nc1dence with the |
substrate forces the overlayer to assume this part1cu1ar d1mens1on fo
explain th1s recurrence we can take into account the fact that in an
undistorted Ti0 (1]1) 1ayer, formed by one hexagonal 1ayer of t1tan1um
and one of oxygen, the oxygen atoms sit in three-fold sites form1ng a
bond ang1ev0f 90° with the titanium atoms. In the bu]kvsolidvthis ang1e
results from the octahedral coordination of oxygen atoms. However, in
a 2D Ti0 (111) Tayer grouing on the Pt3Ti.surface, octahedral holes do
not exist. In such a case, the overlayer may retax its structure to form

the "natural® tetrahedral oxygen bonding angle of 108.5 degrees, with an
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'dxygen atom at the center of ‘the ietfahédroh_and titanium atoms atvthé '
vertices, as f]]dstfated {ﬁ Figure 8. The Ti-Ti distance mUét‘béﬁome'eqUa1
to 3.4 R in order to maintain the Ti-0 distance equal to 2.09 & as in

bulk Ti0. With a smé]T-disfartion, the g}ouﬁ of thréeﬂ}f atoms forming the
basis of the fétrahedrdh céh form the basic unit of thejdisiofted heiagona]
1.20 0.14

structure of the [Q 1 24] phase. The 3.4 R distance fs‘forméd;aTso'if

" weé consider the oxygen atoms as sitting on "bridge" position on two titanium

atéms. ‘The 3.4 A distance is also bresent'ih all of the'sihgle'layef "TiQ"
‘phases observed on Pt3T1 (100) (Table Zj. 'In"theée phaées,ffhe effect of
the substrafé-bVerTayer bond on the'dimenéion‘and the 5rfentétidﬁ of the
unit cell, is even more evident. The most affected phase is the"[é L???Z]
"hexagonal phasé. This phase contains less oxygen than the others and the
smaller number of Ti-0 bonds may cause the §ubstrate¥over1ayeF (pkobab]y
Ti-Pt) bond'td.become‘mdre'important in’affectihg'thé oQéf1éyer.structure.
Here the spacing betwéen the compact {11} rows of the overlayer is equal to
the interatomic disténce in the substrate.

" After the formation of the first layer of titaniim oxide, the
mﬁTtilayer phase'stérts gfowing Wifh two different mechanisms on the two
types of single cfyStal‘féceé. On the (111) face, the absence of double

V diffracfionEfeatures‘ihdicates the immediaté"forméfﬁon offmUTtilayer
cClusters, while on the (100) face the initial preéenéé of double diffrac-
tion spots indicates the forméfion.of uniform éBitéx%a]hmul£i1éyers'(tWo
or three layers at most). This difference in béh;vior'may'be'tehtétive]y
explained as due to a better match of the m01tiléyek'réétan§u1é? un1t'cé11
with respect to the square unit cell of the (100) substrate, which permits

o
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the formation qf some well-defined long range coincidences, as evidenced
by the cell periodicity: ;[?'Q g?gg]. On;the hexagonal‘sub§trate surface,
(111), coincidences would require a large distortion of the Qver]ayer cell.
| However, as oxidation of either face proceeds, multilayer clusters even-

~ tually. form, which should be clpse]y related to one of the known bu]k
titanium oxides. After an exhaustive examination of the lattice parameters
of all known titanium oxides (12), we found that the only acceptable agree-
ment is obtained by the (031) plane qf the "TiO].zb“ oxide described by
Hilti in Reference 13. The data relative to this comparison are reported
in Table 4. The agreement is not perfect but it'may be considereq |

'_ féasonab]e, taking into account the imprecision in. the LEED measurements

| and the possibility that the lattice parameters may vary when the.phase 1s.
present as a very thin film. All of the other known titanium oxide phases
- give a considerably worse agreement. For instance,. in T1305 the (001)
‘plane is centered-rectangular (as the phases .observed by LEED), but the
long side of the unit cell is equal to 9.452 K (14), compared with the value
of 12 - 12.4 & obtained from the LEED observations. Such disagreement

~ (about 30%) is too high to be acceptable. The “TiO].zo" phase is derived
from the Ti0 lattice (fcc, NaCl type) by removing part of the titanium
atoms, thereby forming an ordered vacancy lattice. The (031) plane is a
high density plane derived from the Ti0 (100) plane and is depicted in

Fig. 13. Hilti (13) reports that the T1'0].20 stoichiometry resu]ts from
the fact that not all the lattice points defined as vacancies are empty

- (if such were the case of the stoichiometry would be T101.50)' It is
therefore possible that the_actua]‘stoichiometry of tbis_phase depends on

the conditions of growth and it may therefore be slightly different than
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"T1°1.20'" AES observations of the titanium peak shape indicate that the -
0/Ti ratio is higher than 1 and is therefore consistent with this inter-
pretation of the LEED patterns, but we cannot derive the actual stoichio-
metry from this. We should also consider the possibility that the "holes"
in the "TiO] 20" lattice are fi]]ed with Pt atoms, in which case the

stoichiometry of the overlayer would be "PtT1203'" This ‘interprétation

~does not contradict the experimental data, but it is not supported by any

specific observation. ' Some mixed Pt/Ti/0 compounds are reported in 1itera-

ture (15), but none with the stoichiometry "PtT1203."

The final step in the ox1dat1on of Pt3T1, in extreme cond1t1ons '

(T > 1000 K, Po2 > 10 -5 torr) is the format1on of T102, which 1s expect-
ed since T1O2 is thermodynam1ca11y the most stab]e of the t1tan1um ox1des
The exposure to oxygen in these conditions causes comp]ete phase separa-
tion of the a]]oy components even in the bu]k of the crysta]

However, probab]y as a resu]t of the strong Pt-T1 1ntermeta1iic bond,
the nature.of the phase separation during oxidation of Pt3ijfs very |
different from;that 1n some other intermetalltc cata]ysts, sueh as LaN1‘5 (16)
and other rare earth- transition metal combinations (17). Iint3Ti, the
oxide 1ayer growth is uniformly “vertica]," with relatively sma]] gradients
in Ti concentration paralle] to the meta]—oxioe interface. InﬂLaNi5 and
11ke.compounds, the rare earth oxide separates "horizontally" so that
metallic Ni and rare earth oxide coexist separate1y on the surface. Tnese
distinctions in surface structure would have.a profound effect on the

catalytic properties of the two types of surfaces: in Pt3Ti,‘ox1datjon
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causes growth of a compact oxide overlayer that blocks all the active
(metallic) surface; in LaN15, oxidation causes growth of oxide clusters
having open hetaT]ic surface available for catalysis.
CONCLUSION

The growth of a titanium oxide overlayer on the.Pt3Ti surface upon
exposure to-oxygen occurs in three stages, which are distinguished by
differences in both the oxygen pressure and the surface temperature. -The
initial stage of oxidation is the segregation of Ti onto the surface to
form a single layer (2D) -oxide phase. The 2D layer has "TiQ0" stoichio-
metry and a structure where t1tan1um atoms probably form a compact plane
bonded to the substrate surface and oxygen atoms are situated on top of
the titanium layer. The format1on of this 2D phase occurs by the forma-
tion of patches on the surface which, upon completion of a mono]ayer,
block all the meta111c sites for chemisorption. The growth of the 2D
phase results in the depletion of tifanium from the underlying subsurface
region. At a sufficientiy high temperature and pressure, multf]ayer oxide
growth can be initiated. The mu1t11ayer phase has been identified as
"T10] 20", a phase derived from the Ti0 (NaC] type) lattice by removing
a number of titanium atoms to form the ordered vacancy 1att1ce. Qx1d1z1ng
in extreme conditions (atmospheric pressure, 1273° K), causes eomplete
phase separation and coveks the surface with a thick film of T102v(hut11e),
the thermodynamically favored oxide of titanium. |
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Table 1 LEED Results, Pt Ti(111).

p -4}

PHASE SYMMETRY a,b ANGLE NOTES
Pt3Ti(111) hexagonal 5.51, 5.51 120 Clean Surface. Values of a and
b taken from Ref.(5).
'1.20 0.14 o 7
quasi-hexagonal 3.5, 3.4 125.5 Monolayer phase. 2 domains
0 1.24 rotated 11 with respect to
each other. 0(508 eV)/Ti(387eV)
= 1.2;Ti(387 eV)/Pt(237 eV) = 2.8.
Probable stoichiometry: Ti0.
[0.53 1.96] | .
oblique 6.3,3.94 108 Two equivalent unit cells for the
1.43 1.43 same phase: primitive (oblique)
or centered rectangular. Multi-
or or or or layer. 0 (508 eV)/Ti(387 eV)
2 1.5; Ti(387 eV)/Pt(237 eV)
25 2.5 o 2 12.7. Probable stoichiometry:
: : centered 12.0, 3.94 90 T101 20"

rectangular
1.43 1.43

"2¢



Table 2.

LEED Results, Pt,Ti(100).

3

a,b K

PHASE SUMMETRY ANGLE NOTES
Pt3Ti(100) square 3.898, 3.898 90° Clean surface. a and b taken
from Ref. (5).
1.5 0 . »
- rectangular 4.1, 3.3 90 Single layer phase. Forms at
0 1.2 high 02 pressure. 0(508 eV)/
Ti(387 eV) = 1.2. Probable
stoichiometry: Ti0O. Several
domains observed.
2 0.3 ' . _ :
_ oblique 5.6, 3.3 98.5 Single layer phase. Forms at
0 1.2 L intermediate 02 pressure.
0(508 eV)/Ti(387 eV) = 0.9-1.4.
Probable stoichiometry: TiO.
Several domains observed. '
1 0.57 .
hexagonal 3.15, 3.15 120 Single layer phase, forms at Tow
0 1.14 oxygen pressure and high T.

0(508 eV)/Ti(387 eV)=0.7.
" probable stoichiometry: TiO
with x < 1. Several domains
observed.

€2



Table 2. (cont.)

PHASE SYMMETRY a,b R ANGLE - NOTES
1.0 2.1 o . X _
oblique 6.4, 3.7 107 Two equivalent unit cells for the
1.0 0.9 same phase: primitive (oblique)
. or centered rectangular. Multi-
or or or or layer. 0(508 eV)/Ti(387 eV)
, 2 1.5. Probable stoichiometry:
3.0 3.33 Ti0y pg- Several equivalent
centered rectangular 12.4, 3.7 90° domains observed.

v




Table 3. Summary of the AES Analysis of Surface Composition after Oxidation of Pt3Ti.

Oxidation Conditions

Phase Formed

Ti(387 eV)/Pt(237 eV)

0(508 eV)/Ti(387 eV)

AES Ratio AES Ratio
No exposure Clean Pt3Ti 1.9 (polycryst) 0
1x1078 - 1x107° "Ti0" phases 1.9-3.5 0.7-1.4
torr 0, at 600-1000 single layer
K (or:” atm pressure
at room temperature)
1x107° - 5x107° “Ti0y ,q Phases 3.5-14 1.5-1.6
torr 0p at 800-1200 K multilayer
Atm pressure 1273 K Ti0) rutile o(Pt peaks not detectable) 2.8

multilayer phase

"G



Table 4. Comparison of LEED Data Relative to Multilayer Structures Observed on Pt3Ti and Data
Relative to the Ti0 Bulk Phase (13).

1.20
Ti07 g Bulk Phase 2.5 2.5 Struct 3.0 3.33 Struct
ructure ructure
(031) Plane 1.43 1.43 l1.0 0.9
on Pt3Ti(111) on Pt3Ti(1OO)
a(k)y 3.986 = ' 3.9 . | 3.7
b(R) T 12.748 - 12.0 12.4

« 90° - o 90° - 90°

"9¢
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FIGURE CAPTIONS

1. (left) LEED patterns observed after oxygen dosing of Pt3Ti(111):

a.) LEED pattern designated "quasi-hexagonal™ observed at 68 eV for
< a-0(508)/Ti(387 eV) AES ratio =1.2; b.) LEED pattern designated

"TiO].z" multilayer pattern superimposed on the "quasi-hexagonal”
pattern observed at 78 eV for.a 0(508)/Ti(387 eV) AES ratio 2. 1.5.
(right) Reciprocal space structures derived from the corresponding
LEED pattern 6n left: Tlarge circles = substrate spots; small filled
circles = overlayer spots; small open ciré]es = double diffraction
spots. _

2. (upper panel) = LEED patterns observed after oxygen dosing 0f~Pt3Ti(1OO):
a.) "rectangular" pattern observed at.68 eV for 0(508 eV)/Ti(387 eV)
AES ratio = 1.2 superimposed on C(2x2) pattern from the‘Pt3Ti(100)
substrate; b.) "ob1ique" pattern'obserVed at 66 eV for 0(508)eV)/
Ti(387 eV) = 1.5; c.) "hexagonal" pattern observed at 84 eV for
0(508 eV)/Ti(387 eV) AES ratio = 0.7 superimposed on the c(2x2)
pattern from the substrate; d.) "TiO].Z" pattern at 35 eV for 0(508
eV)/Ti(387 eV) AES ratio 2'1.
(Tower panel) “Reciproca]_space,structures derived from corresponding
LEED patterns: 1large filled circles = substrate spots, small filled

circles = overlayer spots, small open circles =-double diffraction

spots.
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Oxygen uptake curves for increasing exposures (pressure) on the three
types of Pt3T1 surfaces studies. All doses were for 30vsec ét 773 K.
CO TDS peak intensity from partially Qxidfzed Pt3Ti surfaces as a
function of the Ti(387 eV)/Pt(237 eV) AES ratio. The data indicate

a complete blocking of the Pt adsorptive sites for an AES ratio higher
than about 3.4. |
AES spectra of the Pt3Ti(1]1) surface (2 keV, 2Vpp): a.) "clean"
-surface after ion bombardment and annealing, Ti(387 eV)/Pt(237 eV)

= 1.9; b.) surface obtained after exposure to oxygen at 800 K,

Ti(387 eV)/Pt(237 eV) = 4.2; note the absence of the gmall peak at
395 eV indicating a "Ti0" stoichiometry (8); the 0(509)/Ti(387 eV)

= 0.8 since the surface was annealed in vacuum after oXidation causing
a partial reduction as described in the text; this surface gave the
"quasi-hexagonal" LEED.pattern;‘c.) surface obtained by exposure to
oxygen at 800 K, .2x10'5 torr 02. Ti(387 eV)/Pt(237 eV) ratio = 11.6;
note the appearance of the peak at 395 eV and the increase of the
relative 1ntensity of the oxygen peak indicating a higher degree of
oxidation; LEED pattern was that of Fig. 1b.

Effect of temperature on the amount of titanium oxide formed on the
polycrystalline Pt3T1‘surface by exposure at constant oxygen pressure

(30 sec at 5x1070

torr).

Reduction of the titanium oxide overlayer segregated onto the Pt3T1
polycrystalline surface by annealing (60 sec) in hydrogen (2x10'6
torr). The overlayer surface was obtained by oxygen dosing the clean

annealed Pt,Ti surface 30 sec at 5x10°8 torr 0,, 773 K.
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Schematic model for the 2D "Ti0" structure consistent with the
recurrent dimension of 3.4 A (the Ti-Ti distance) and the Ti-0 bond
distance of 2.1 E'as in cubic Ti0.

Schematic model of the T1‘O]_20 multilayer phase segregating onto the
Pt3T1(1OO) surface. A similar structure aﬁp]ies for the Pt3T1(111)
surface as well. Large circles indicate oxygen atoms, small circles’
" jindicate titanium atoms. The rectangular centered overlayer cell is
outlined. Oxygen atoms occupying octahedral positions on top of Ti
atoms. in the plane depicted are not shown. Note the presence of

lattice vacancies in the oxide layer. The arrow designated a, is the

scale dimension of the lattice constant (the Ti-Ti distance) for Pt3T1.
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XBB843-2268
Fig. 2. (lower panel)
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