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Recent studies of strong metal-support interaction (SMSI) in Pt/TiO, catalysts attribute the
inhibition of chemisorption and catalysis to the presence of a reduced titanium oxide, TiO,, on the
surface of Pt crystallites. Equilibrium calculations show that Ti dissolved in Pt in vacuo is unlikely
to segregate to the crystallite surface. However, the traces of water present under normal reduction
conditions are sufficient to give adsorbed oxygen on surface Ti atoms, so greatly enhancing surface
segregation. Also under these conditions any reduced TiO, must be strongly bonded to Pt to avoid
oxidation to TiO,. Although adsorbed TiO, is stable in both high- and low-temperature reduction
conditions, the calculated rates of diffusion either of Ti in Pt metal or of adsorbed species on the Pt
surface are too slow at low temperatures for significant SMSI. The inhibiting effect of added
potassium compounds is more likely to be due to a ‘‘fluxing”’ effect, aiding the spread of titanium

oxides, than to electron donation.

INTRODUCTION

The characteristics of supported metal
catalysts had been known for many years to
be influenced by the nature of the support,
but Tauster et al. (I) found a surprisingly
strong inhibition of CO and H, chemisorp-
tion by Pt/TiO, catalysts after reduction at
500°C. The phenomenon, described by
Tauster et al. as strong metal-support in-
teraction (SMSI), has been widely studied
and discussed (2), but without agreement
about its origin. It has been widely ascribed
to electron transfer from a partially reduced
support to Group VIII metal crystallites
(2), but recently several workers (3-8) have
proposed that the inhibition of chemisorp-
tion and catalysis is due to the local geo-
metric and electronic effects of a partially
reduced titanium oxide, TiO,, on the sur-
face of the Pt crystallite. In principle this
surface layer can be formed in two ways.
Reduction conditions may allow the forma-
tion of Pt/Ti solid solutions or intermetallic
compounds (/) and the partial oxidation of
Ti atoms in the Pt surface (8) could give a
surface species of Ti bonded both to Pt at-
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oms and adsorbed oxygen, i.e., an ad-
sorbed TiQ,. Alternatively, there is much
evidence of partial reduction of bulk TiO,
close to the Pt crystallites, probably by hy-
drogen spillover (2), and the subsequent
diffusion of TiO, across the Pt surface
could give the same final state (3-7).

In this paper macroscopic properties of
the relevant components are used first to
calculate some of the equilibrium proper-
ties of the system and then to assess rates
of diffusion under high- and low-tempera-
ture reduction conditions. The equilibrium
properties of the final state are, of course,
independent of the mechanism by which it
is formed: for convenience of calculation it
is assumed to be formed via Pt/Ti solid so-
lution.

EQUILIBRIUM STATES OF PLATINUM
CRYSTALLITES

Bulk Composition

In their original paper on SMSI, Tauster
et al. (1) used thermodynamic data for the
Pt-Ti system from Meschter and Worrell
(9) to show that under their experimental
conditions reduction of TiO, could give dis-
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solved Ti in the Pt crystallites. It can be
shown from standard data (10, 11) that TiO,
could not be reduced to a lower-valent stoi-
chiometric titanium oxide, much less ele-
mental titanium. Nevertheless, the Pt-Ti
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(9) that the solution of Tt in Pt could extend
to the formation of the intermetallic com-
pounds TiPtg and TiPts.

In the subsequent treatment it will be as-
sumed that bulk Ti levels could reach a few
atom% in the Pt crystallites. This appears
possible under a wide range of reduction

conditions, except UHV conditions.
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Three criteria fr equently used to assess
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indicate that surface segregation of Ti
should occur with Pt/Ti crystallites in
vacuo. Ti has a lower melting point (Ti,
1948 K; Pt, 2042 K) and larger metallic ra-

divie (T 0O 20 nim)
dius {Ti, 0.147 nm; Pt, 0.139 nim). Surface

free energies at 773 K can be calculated (/3)
to be Ti, 1.93 I m~%; Pt, 2.42 ] m~2. How-
ever, the Pt-Ti system is too far from ideal
for these simple criteria to be a valid guide
to surface segregation.

Various methods of estimating surface

segreoation have been criticallv assessed hv
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Abraham et al. (I14). They demonstrated
the deficiencies of previous theories and de-
veloped a model for very dilute binary solid
alloys in which the two main factors con-
tributing to the driving force for segregation
(bond strength ratio and atom size ratio) are
accounted for simultaneously. Unfortu-
nately, this model applies to ideal solutions
only, so older models have to be used for
the nonideal Pt-Ti system. Indeed, the
model used by Abraham et al. (I14) cor-
rectly predicts segregation or nonsegrega-
tion in 28 out of 31 examples and the three
failures, all solutions in platinum, are attrib-
uted to possible, nonideal electronic ef-
fects. The main correction used here is that
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perimental results (9) and not interpolated
from data for Pt—Pt and Ti-Ti bonds. As in

ion in bimetallic svstems all
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the work of Abraham et al. (14) the basic
equation for surface concentrations of

metals 1 and 2 is given by
(x3/x3) = (x3/x%) exp(—AG/RT), (1)
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the surface concentration of the ith compo-
nent, x7 is the bulk concentration of the ith
component, and AG; is the free energy of
segregation defined by

AG; = (G, — GJ) — (Gy — Gv).  (2)

The quantities G, and G; denote the free
energy for a system with solute in the bulk
and in the surface, respectively, and Gy and
G, denote the respective free energies for a
pure solvent.

The free energy of s Pgregation can be re-
garded as the sum of two components, a
strain energy arising from a mismatch of
atom sizes and a difference in surface free
energy due to the differences in atom—atom
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lution of Ti in Pt is assessed first. The atom
radius of Ti in elemental Ti is larger than
the equivalent value for Pt (see above), but
the relevant value for the calculation of AG,
is that of Ti in Pt. In work on the crystal
structure of PtgTi, Pietrokowsky (16) found

that the addition of titanium to platinum de-

creases the lattice parameter of the parent
terminal phase, i.e., the effective radius of
Ti in Pt is less than that of Pt itself, no
doubt due to the strong Pt-Ti interaction.
Conventional elasticity theory implies that
surface segregation of a mismatching solute
should always occur, but a better fit with
experimental results is obtained (/7) by dis-
tinguishing between small and large sol-
utes. If the solute atom is smaller than the
solvent atom, the elastic energy driving
force is too small to give rise to surface
segregation in a dilute alloy. However, if
the solute atom is larger than the solvent
atom, the elastic energy driving force is
now large enough to give rise to surface

Thue in thic treatment of Ti
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dissolved in Pt, the strain energy compo-
nent of AG; can be neglected, especially as
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the bond energy differences are large and
give large values for the bond-breaking
component of AG;.

It is assumed that the solution of Ti in Pt
is sufficiently dilute for the number of Ti-Ti
bonds in the bulk to be negligible. This may
not be valid for Pt/TiO, catalysts under se-
verely reducing conditions, but as SMSI ef-
fects seem to be dependent more on the
temperature of reduction than on other re-
duction conditions, surface segregation of
Ti in dilute Pt/Ti crystallites is most rele-
vant to SMSI. With this assumption the
free energy of segregation is given by

AG, = AZ(Ey, — Ey), 3

where AZ is the difference in effective coor-
dination number of a bulk site and a surface
site, Ej; is the nearest neighbour bond
strength between solvent (1) and solute (2)
atoms, and E|; is the nearest neighbour
bond strength between solvent (1) atoms.
Although enthalpies, or derived properties
such as heats of sublimation, are often used
for bond strengths (e.g., (14)), a better mea-
sure of bond strength for nonideal systems
is the free energy of the bond, as Wynblatt
and Ku (I8) have pointed out. They used
the difference of surface free energies of the
pure components to calculate AG;, but this
also seems inapplicable to the Pt-Ti sys-
tem.

The free energy of the Pt—Pt bond, Ej;,
can be calculated from standard data (19)
for the reaction

Pty = Pt 4

and the coordination number of Pt, 12, and
is 17.70 kcal/g atom at 800 K and 19.49
kcal/g atom at 500 K. The temperatures are
chosen to be representative of high-temper-
ature reduction (HTR) and low-tempera-
ture reduction (LTR) conditions, respec-
tively. Later data on Pt (20, 21) do not lead
to any significant change for the segregation
calculation. Similarly, values of the Ti-Ti
bond free energy can be obtained from stan-
dard data (10): 14.09 kcal/g atom at 800 K
and 15.86 kcal/g atom at 500 K. The values
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of E», the free energy of the Pt-Ti bond,
can now be estimated. Meschter and Wor-
rell (9) derived the equation

AGE(TiPtg) = —90.44 + 12.83
X 1073 T kcal/mole (5)

from their experimental results between
1150 and 1300 K. Extrapolation to lower
temperatures gives AGt(TiPtg) = —80.18
kcal/mole at 800 K and —84.13 kcal/mole at
500 K. With the assumption as above that
there are no Ti-Ti bonds in TiPtg, the reac-
tion

Ti + 8 Pt = TiPtg )

involves the loss of 6 Pt—Pt bonds and 6 Ti-
Ti bonds with the formation of 12 Pt-Ti
bonds for each atom of Ti forming TiPts.
Therefore:

_ (Eny + En) | AGR(TiPty)
12 2 iV

Equation (7) gives the values of Ej;, of
22.58 kcal/g atom at 800 K and 24.68 kcal/
atom at 500 K.

Let the surface segregation ratio, ¢, be
defined by

)

s=[54] ®)

and then from Egs. (1), (3), and (8):

AZ
¢ = exp| - 1= (En — Ew)|. O

Values of AZ, and therefore those of ¢, de-
pend on the crystal face at which segrega-
tion occurs. Wandelt and Brundle (22) have
shown surface enrichment of a Cu-Ni al-
loy to vary with crystal face as predicted
by theory. The values of AZ are 4 for (100),
5 for (110), and 3 for (111) faces of the fcc
structure of Pt metal. Table 1 gives the val-
ues of ¢ for different crystal faces calcu-
lated from Eq. (9). These values are so
small, for all crystal faces at both tempera-
tures, that it is most improbable that any
significant concentration of Ti atoms will be
found in the surface of dilute Ti in Pt alloys.



METAL-SUPPORT INTERACTION IN Pt ON TiO,

TABLE 1

Surface Segregation Ratio (¢) of Ti in Vacuo

Temperature Crystal face of Pt
(K}
(100) (110) (111)
500 84 x 10710 4,5 x 10712 1.6 x 1077
800 4.6 x 107 2.2 x 1077 1.0 x 107#

Errors in the values of ¢ due to approxima-
tions in the calculations are unlikely to af-
fect this conclusion.

The virtual absence of Ti atoms in the Pt
surface can be understood qualitatively in
this way. The strength of the Pt—Ti bond is
much greater than that of either Pt-Pt or
Ti-Ti bonds, so the most stable system
maximizes the number of Pt-Ti bonds.
Thus, in a dilute Ti in Pt alloy the most Ti-
Pt bonds are obtained when all the Ti atoms
are in the bulk surrounded by Pt atoms.
Calculations of segregation in the Pt-Ti
system have been extended elsewhere (23)
to cover wider ranges of composition and
comparison with other segregation models.
Finally, it is worth emphasizing that the
simple criteria given at the start of this sec-
tion predict the opposite conclusion to that
calculated by segregation theory.

Surface Segregation of TiO,

As few experiments on SMSI have been
carried out under UHV conditions, some
extent of oxidation of metal surfaces could
occur, to limits set by the H,/H,O ratio.
The effect of surface oxidation on the seg-
regation of Ti can be calculated by a modifi-
cation of the analysis of the previous sec-
tion. As Ti—-O bond strengths are greater
than Pt-O bond strengths, it is assumed
that any adsorbed oxygen is bonded primar-
ily to a Ti atom in the Pt surface. Equation
(3) for the free energy of segregation can be

modified to allow for this reaction
AG, = AZ(E\;, — Eyy) — Exn, (10)

where Ey is the free energy of the Ti-O
bond.

219

As oxygen adsorption will tend to cause
electron transfer from Ti to O, the effective
diameter of Ti will be further decreased.
The effective diameter of Ti in the bulk re-
mains unchanged and, as before, the contri-
bution of strain energy to AG, can be ne-
glected. It follows that the surface
segregation ratio is now given by equation

AZ(Ep — Ey) — Ex
RT

An approximation in the previous section is
the assumption that the atom-atom bond
strengths in the surface layer are the same
as those in the bulk. For Egs. (10) and (11)
it is further assumed that the Ti—Pt bond
strength is unaffected by the oxygen ad-
sorption. Thus, the errors in the calculation
of surface segregation of Ti as TiO, must be
greater than those for the unoxidised
metals.

The strength of any O,-Ti(Pt) bond is not
known experimentally but some limits can
be deduced. If, as assumed above, any
changes in Pt-Ti bonds on O adsorption are
negligible, then the free energy change for
the reaction

H,0 + Ti(Pt) =
Hyg + O, — Ti(PY) (12)

¢>=exp[— ] an

is given by
AGY, = —Ey — AG{(H;0). (13)
Equation (13) can be rearranged to
Ey = RT In([H:)/[H,0])
- AGi{(H,0). (14)

The reduction conditions quoted by Taus-
ter et al. (I) are typical for HTR, i.e.,
[H,01/[H;] = 8 ppm after 1 h. This value,
with standard data (10), then gives a mini-
mum value for Ey of 67 kcal/g atom at 800
K. Comparable conditions at 500 K give
minimum Ej = 64 kcal/g atom. Thus, any
TiO which had, for instance, diffused
across the Pt surface, and was held by Pt—
Ti bonding, would be reduced to Ti(Pt) un-
less Eyy was greater than or about equal to
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TABLE 2
Values of Free Energy of Ti-O Bond

Compound AG{(Ti-0)
(kcal g atom™7)
at 800 K at 500 K

TiOg 138.26 146.52
TiOsg 128.81 137.96
TiO. 48.75 53.12
TiyOxe 51.88 56.38
TiO2 rutitey 61.89 67.31

70 kcal/g atom. This limit on the value of
E,, may be compared with the free energy
of Ti—O bonds in various titanium oxides
(Table 2), calculated from the known struc-
tures and standard data (10, 11). The re-
vised JANAF estimates for TiO (/1) have
been confirmed by a later work (24). As the
oxygen in the model considered here is
bonded to one Ti atom only, the minimum
values of E are plausible. Neither en-
thalpy nor free energy of adsorption of oxy-
gen on titanium metal, which could be re-
lated to E,, appear to have been measured.
Equation (11) can be rearranged to give
the value of Ej required to reach a given
value of the surface segregation ratio:

Ey = AZ(E;; — E;)) + RTIn ¢.  (15)

Values of E,q calculated from Eq. (15) are
given in Table 3. Comparison with the mini-
mum values deduced above shows clearly
that if surface oxidation occurs under HTR
then very extensive surface segregation of
Ti can be expected. The intrinsic errors in
the calculations are unlikely to be large
enough to affect this qualitative conclusion.

At high levels of surface segregation of
Ti, some Ti—Ti bonding can be expected in
the surface. Equation (14) can be modified
appropriately for various O,-Ti,(Pt) en-
sembles to give values of E which are
higher than those for O-Ti(Pt) but still
about or greater than 70 kcal/g atom. How-
ever, the validity of the models of the O,-
Ti, (Pt) ensembles is rather doubtful and the
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calculations show perhaps little more than
that coverage of TiO, produced by HTR
may stop at individual O-Ti(Pt) ensembles.

Oxidation of a surface TiO,, by breaking
Ti—Pt bonds, leads to the formation of TiO,
on the Pt surface, as shown by Cairns et al.
(8). The Pt crystallites lose all dissolved Ti,
so allowing an oxidation/LTR cycle to re-
form an active catalyst.

The calculations for 500 K (LTR condi-
tions) show no essential difference from the
HTR results. Thus, catalysts reduced under
LTR conditions should, given time, reach a
similar quasi-equilibrium state to HTR cat-
alysts, i.e., they should show SMSI effects.

Experimental work (25) with a 2 atom%
Fe in Pt alloy showed similar results to
those calculated here for Ti in Pt alloys. No
segregation of Fe occurred in vacuo but ex-
posure to 1.3 X 1075 Pa of O, at 973 K
brought Fe to the surface.

KINETICS OF FORMATION OF SMSI STATE
Diffusion of Ti Through Pt Crystallites

The rate of reduction of bulk TiO, to give
dissolved Ti in the adjacent Pt crystallites
can be expected to be much slower under
LTR than HTR conditions. Evidence from
ESR studies (2, 26) shows that some reduc-
tion of TiO, does occur under LTR condi-
tions. Furthermore, the rates of diffusion of
Ti through Pt are likely also to be very dif-

TABLE 3

Values of O,-Ti(Pt) Bond Free Energy for a Given
Segregation Value

Crystal face AZ Value of E,,

(kcal g atom™1)

d=1 $=10 ¢ =100

800 K

(100) 4 195 232 26.8

(110) 5 244 281 31.7

11 3 146 183 22.0
500 K

(100) 4 208 230 25.3

(110) 5 260 282 30.5

aty 3 156 179 20.2
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ferent under HTR and LTR conditions. The
diffusion coefficient for Ti in Pt appears not
to have been determined, but data for Pd in
Pt (27), Co in Pt (28), and Pt in Pt (29) sug-
gest diffusion (D) values of 10733 to 10~ m?
s71at 500 K and 10723 to 10~ m? s~! at 800
K for Ti in Pt. Application of the diffusion
equation

[ = V2Dt (16)
for t = 24 h then gives characteristic diffu-
sion distances of about 10~ nm at 500 K
and about 1 nm at 800 K. Even if values of
D are in error by several orders of magni-
tude it is clear that bulk diffusion in Pt crys-
tallites is negligible at 500 K, but may well
be significant at 800 K, especially in the thin
“pill-box’’ crystallites from HTR (30).
Some reservations must be made in view of
the large extrapolation in temperature for
values of D and indeed the applicability of
bulk diffusion coefficients to microcrystal-
lites.

The plausibility of these calculations for
microscopic crystallites is supported by ex-
perimental work (25) with macroscopic
slices of a 2 atom% Fe in Pt alloy. Equilib-
rium surface segregation of Fe was reached
in 1 h under 1.3 x 1073 Pa of O, at 973 k.

Diffusion of TiO, across Pt Crystallites

There is no clear experimental evidence
on which of the steps in the conversion of
bulk TiO, to TiO,/Pt is rate determining.
Calculations indicate that the surface diffu-
sion of TiO, across the platinum surface is
fast enough under HTR but not LTR. How-
ever, the limiting step under a given set of
LTR conditions may instead be the reduc-
tion of Ti**, the formation of anion vacan-
cies or the transport of TiO, from TiO, to
Pt.

As the Ti-Pt bonds are stronger than Pt—
Pt bonds, the critical factor in the diffusion
of adsorbed TiO, across the surface of a Pt
crystallite is probably the mobility of the Pt
surface itself. Many years ago Hiittig (31)
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suggested that the onset of surface mobility
in metals occurred at about one-third of the
melting point (in K). Recently Schrammen
and Holzl (32) studied surface self-diffusion
of Ni atoms on the Ni (100) plane and found
that full surface mobility was reached be-
tween 500 and 620 K, i.e., between T/T,
values of 0.29 and 0.36. The melting point
of platinum is 2042 K, so surface mobility
would be expected to be significant at tem-
peratures above about 700 K. Thus, the
rapid diffusion of TiO, across a Pt surface
would be expected at 800 K (HTR) but not
at 500 K (LTR), in agreement with experi-
mental observation. Resasco and Haller (7)
found the same activation energy for the
migration of a suboxide of Ti and for the
migration of Ag over Rh particles. In these
rhodium systems, the silver tends to cluster
because the Ag—Ag bond energy is greater
than the Ag-Rh bond energy (33), so the
diffusion of Ag clusters, like that of TiO,,
depends on the mobility of the underlying
Rh (Hiittig temperature, about 750 K).
However, the Hiittig temperatures of TiO,
(rutile) and TiO are also about 700 K, so
that insofar as SMSI effects depend on the
mobilities of these oxides the same differ-
ence between LTR and HTR should be ob-
served.

Recently Chen and White (34) found that
the addition of very small amounts of potas-
sium to Pt/TiO; catalysts strongly sup-
pressed H, chemisorption after LTR, i.e.,
induced characteristic SMSI effects, and
this was attributed to electron charge trans-
fer from K to Pt. It can be shown (35) that
the potassium was present in an oxidized
form and its role in promoting SMSI was
more likely to be that of a “‘flux’’ promoting
the diffusion of TiO; or TiO, on the catalyst
surface, thus simulating under LTR condi-
tions the mobility of HTR conditions. Only
low concentrations of potassium would be
needed for this mechanism and once a
steady state of reduced titanium oxide layer
had been formed on all Pt crystallites, no
further change in chemisorption properties
would be seen on further potassium addi-
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tion. This is also in agreement with the
results of Chen and White,

The broad characteristics of other sys-
tems which show comparable SMSI phe-
nomena to Pt/TiO, catalysts are the combi-
nation of a Group VIII metal with an oxide
support capable of some limited, possibly
nonstoichiometric reduction (I, 36). Fewer
mermOuynamu data are available for most
of these systems than for the Pt/TiO; sys-
tem, so it is difficult to repeat the calcula-
tions above. Nevertheless, analogues of the
strong Pt-Ti bonds, which greatly aid the
stability of the surface TiO,, are found in
other Group IV/Group VIII systems (12).

The same pattern of SMSI effects f‘nllnwmu
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HTR, but not LTR, is seen with these sys-
tems: the actual temperature dependence
seems to be a function of both metal and
oxide. Thus after reduction at 773 K the
most relractcr‘y’ of the plquudm mectals, Os
(Hittig temperature about 1100 K), sup-
ported on titania still has about 50% of the
chemisorption capacity generated by LTR
(1), in broad agreement with the model pro-
posed here. Both relative reducibiiity and
relative surface mobility could be signifi-
cant in the dependence on oxide subpnort

(36).

At higher temperatures than those of
conventional HTR, normally irreducible
oxides can give Pt alloys, with comparable
SMSI effects due to suboxide monolayers.
Reduction of Pt/ALL,O; at 1273 K (8), above
773 (37, 38), and in the range 723 K to 873 K
(39) gives SMSI effects.
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As thermodynamic and diffusion data are
not available for the microscopic particles
of real Pt/TiO, catalysts, the corresponding
bulk properties have been used in these cal-

culations. Errors could arise both from the
nresence of surfaces and from the very

pPrestalse sLiialls a1 A

small particle size. Modifications to bulk
thermodynamic properties required (40, 41)

for surface segregation calculations for sev-
eral platinum alloys, if applied to Pt/Ti al-
loys, do not alter any of the conclusions
reached here. The effects of small particle
size are more difficult to assess, especially
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Il platinum
crystallites made by HTR (30), as noted
above. Some properties, e.g., surface diffu-
sion, are probably little affected. However,
even if there are order of magnitude errors
in segregation ratios or bulk diffusion coeffi-
cients, the models of the processes which
could occur in SMSI in Pt/TiO, catalysts

would still be valid.

CONCLUSIONS

1. The equilibrium and surface segrega-
tion calculations support the proposition
that the SMSI effects in Pt/TiOz catalysts

A 1A af g
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adsorbed titanium suboxide on the platinum
surface.

2. The failure of Pt/TiO, catalysts to
show SMSI after low-temperature reduc-
tion is due to kinetic rather than equilibrium
limitations.

3. Two mechanisms of form
TiO, layer are possible:

(i) Reduction of TiO, to give a Pt/Ti alloy,
followed by surface segregation and oxida-
tion;

(i) Farmation of T
Wl £OfMauon o1

face, followed by transport across the Pt
surface. Diffusion calculations indicate that
both routes are sufficiently fast in high-tem-
perature reduction but both are too slow in
lOW lCIHpCf&tUrC I'C(lll(fll()n nxperlmemal
evidence so far suggests that (i) is more
important than (i).

4. Similar considerations probably apply
to other systems showing comparable

SMSI effects.
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