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On the Mechanism of Sulfur Poisoning of Platinum Catalysts

G. A. -Somorjai
Inorganic Materials Research Division, Lawrence Berkeléy Laboratdry,

and Department of Chemistry; University of California
' Berkeley, California 94720

The inhibition of a large variety of surfacé_reactions that are

.catalyzed by.supported platinum particles, by a very small amount of

‘sulfur has been well documented.l Estimates based on experimental data

indicate that each sulfur atom may render 10°-10* plétinum atoms inef-
fective for the ring opening of cyélopentdnes,l,dimethylation2 or for

other catéiytic surface reactions. , In chemical reactions that take place

- in the solid sﬁafe, a large chemical change that is associated with the

rresence of small amounts of impurities frequently indicate the onset of

mx&phgse-tfansformations that are accompanied by mafked changes'of atomic

. structure.

3-5

It has been reported that surfaces of various solids undergo

faceting, i.e., changes of surface structure, in the presence of impurities

at»the surface. During faceting new crystal planeS'form at the surface,
thgse planeé having crystallographic orientations ﬁhat are different from
those that Wére present in thg.absencé of the surface impurities. Silver
surfaces have developed crystal planes with (100) orientation ih'the

3

presence of sulfur.” The (111) crystal face of nickel develops (100)
orientation in_the'presence.Of HéS,rC:H4, or benzene.u The (110) crystal

face of chromium develops crystal planes of (100) orientation in the



Presence of sulfur on the surface 6 The rearrangement ofisurface
structure is, in general, by a-rapid surface diffusionfprocess, although
selectiue‘vaporization of atoms from certainvcrystal,faces of the solid
that facilitate the structural_rearrangement:cannot'be ruled out as a
path for.surface recrystallization, in some cases.ffIt has been found
that sulfur or other impurities (halogens) can increase the surface
diffu51on rates of Silver atoms by 1-2 orders of magnitude.7 On removal
of the 1mpurit1es the surface is expected to establish its original
surface structure again, although in most experiments the removal of the
impurities from the faceted surface has not been attempted or could not
be carried out.

Foreign atoms that adsorb on the crystal surface change its surface
free energy. A lowering of surface free energy would be expected, in
general in the presence of adsorbed 1mpur1t1es w1th respect to the sur-

face free energy of the clean surface.8- If the adsorbed 1mpurity changes

the surface free energy of the verious crystal planes by different amounts,

it can induce the rearrangement of the surface structure to form crystal

Pplanes that have lower surface free energy in the presence of the adsorbed

impurity than the crystal planes that bound thehclean‘solid.

In general surfaces that exhibit the highest atomic dens1t1es have
the lowest free energiesi These surfaces are the (lll), (100) ‘and (110)
orientations of face-centered cubic crystals and the (110), (100) and
(111) facesvof body-centered cubic solids (listed iniorder of decreasing
surface atom density).v The ratio of_Surface free'energiesvof these

higher density surfaces has been found to be typically .9-.95 when it
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"surface free energy minimum, that has been found remarkably stable.

-

was measured for typical face-centered cubic-(coppef9) or body-centered
cubic (molybdenumlo) solids. It is expected that>these surfaces are
present predaominantly on small catalyst particles_whether they were grown
using precipitation rates that were faét (far ffom equilibrium) or slow
(near equilibrium). It has been shownll that under growth conditions far

from equi;ibrium the (100) crystal face of lead'developed preferentially

from the melt, while at slow growth rates the somewhat denser (111) sur-

face orientation is doﬁinant; Other face-centered'éubic_solids are likely
to have this same growth-rate dependence of the surface orientation.

It is very likely that one or the other surface orientation will be the

, dominant surface structure of the polydispersed particles of face-centered

cubic metals that are supported on silica or on alumina. Although one
crysfal féée has the lower surface free energy (the (111) with highest
aﬁomic density) particles may be bounded by othef low index crystai-planes
even though these have slightly greater surface free energiés.< There are
several ﬁinima in the surface free energy curves asJa functionlof crystal
orientationlz whiéh, whiie they do not represeﬁt the lowest free energy

cbnfiguration, can give rise to surface structuies'of remarkable thermal

»stability. Surfaées that are characterized by ordered steps qf monatomic

height that are separated by atomic terraces of (100) or (111) orientation

_ is one type of surface structure of platinum and other solids with a local
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The stability of these surface strucﬁures‘isrdué to the difficult reac-

tion paths by which restructuring>to the surface structure of lower

surface free energy may occur. The activation energy to rearrange .
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whole crystal planes is, in general, so large that the surface structure
with a free energy minimum is well stabilized with respeét to transforma-
tion to the surface structure with the lowest free energy by high acti-

vation energy barriers.

Schmidt5 and Luss have reported that platinum wires used in the catalytic

oxidation of ammonia have recrystallized in the preééhée"of‘HéS_gas in
the feed. Eleétron microscopy stﬁdies have shown thatvfhe wire'sﬁrface
that was composed of predominantly (111) crystal pléﬁéS‘has restruc£ured
in the piesence of H28 to (100) crystal planes. It appears that adsorp-
‘tion of sulfur lowers the surface free energy of théa(lbb) crystal face
of platinum morefthan that of the (111) face and thefsuiface free'energy
difference provides the driving force for surface diffnsion controlléd
recrystallization. The experimental information tha£ is.available.on

3

the interaction of silver> and nickelu surfaces with sulfur, in addition

to the results obtained by Schmidt end Luss using platinum surface, indicates that

the (100) crystal face of face-centered cubic solidsvis?Stabilizgd in the
presence of sulfur with respeét to the (111) face. - Heﬁcé sulfur catalyzes
the recrystallization of (111) sﬁrfaces to that dfl(ldo) crystal faces.
Such an effect is expected if the strength of the chemiéal bonds df the
impurity with atoms in the various cfystal planes o£ fﬁé surface concen- |
ﬁration or impurities on the different crystal faceé”afe‘different. |
If this model of sulfur poisoning of platinum surfaces is correqt,
itvindicates that the chémical surface reactions thét are inhibiﬁed by
sulfur are sensitive to changes of the surface structuié¥of plafinﬁm,

i.e., are structure sensitive. Boudartlu has suggested that isomerization
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or hydrogenolysis reactions belong to the class of structure sensitive
reactions, while hydrogenation is likely to be structure insensitive.

It is well known2 thét hydrogenolysis of end methyl.groups is very sensi-

tive to sulfur poisoning. Thus sensitivity to‘sulfur poisoning might be

used to indicate that the particﬁlar catalytic reaction is sensitive to

the surface Structure of the catalyst. It should be noted that tﬁe f.c.c.
(111) face is chaiacterized by six-fold while the’(loo) face by four-fold
rotationalisymmetry. Ring opening of methyl-cyéiqpentane would be expected
to be suiface structure sensitive on this basis-. On the other hand,

15

isomerization ” and dehydrocyclization,16 both known to be structure
sensitive, would be likely to be poisoned by the presence of sulfur. -
If seleéted impurities cause recrystallization of the catalyst

surface, how may such poisoning effect be counteracted? It is proposed

that the addition of other impurities that lower the surface free energy

of the (111) planes of face-centered cubic solids more than that of the

(100) planes and have similar binding energies to that of sulfur,vcould
either brevent or reverse recrystallizatioh of tﬁe platinﬁm surfaces.

In the abSehce of detailed experimenﬁal studies bn the effects of various
impurities on the surface structure,‘it is diffigult to suggest-such
impurities. If sulfur acts as an electron acceptor at.the platinum
surface, similar to oxygen, it is likely that electron donors are good
candidates for sfabilizing the (111) cryétal faces of platinum. However,
if sulfur is an electron donor, electron acceptors may be used to

stabilize the platinum (111) crystal face.



-6-

Ackncwledgements. T am indebted to Dr. S. Csicsery and Professor °

F. S. Stone for helpful discussions. This work was supported by the

U. S. Atomic Energy Commission.



References

» 3. 1. R. L. Smlth, P. A. Naro and A. J. Sllvestry, J. of Catalysis,
A 20, 359 (1971). |
é. S. M. Csicsery and R. Houstonb(private communiéation).
3. M R.>Jeans, Ph.D. Thesié, University of London, 1960.
k. J. J. McCaroll, T. Edmonds and R. C. Pitkethly, Nature, 223,
1260 (1969). o
5. L.D. Schmidt and D. Luss, J. of Catalysis'gg;.269 (1971).
6. R. Kaplan (private communicafion). | o
7. F. Delamare and G. E. Rhead, Surface Sci.jg§>_267 (1971).
8. E. D; Hondros and M. McLeaﬁ, Structure et.Propriétés des Surfaces
deS Solides 1969, Ed. du Centre Natl. de la Recherches Scientifique
w10, S

9. W. M. Robertson and P. G. Shewmon, Trans. AIME 22k, 8ok (1962).

10.. W. L. Winterbottom in Surfaces and Interfaées, J. J. Burke et al.
eds., Syracuse Univ. Press, Syracuse, N.Y. 1967.

11. R. M. Goodman and G. A. Somorgal, J. Chem. Phys. 52, 6325 (1970).

12. C. Herrlng in "Structure and Properties of Solid Surfaces", R.
Gomer and C. S. Smith, eds., Univ. of Chlcago Press, 1953.

13. B. Lang, R. W. Joyner and G. A. SomorJal, Surface Science 30,
LLo (1972)

.1h.' M. Boudart, Adv. in cgtal&sis 20, 153 (1969).

15. M. Boudart, A. W. Aldag, L. D. Ptak and J. E. Benson, J. of Catalysis,
11, 35 (1968). | | |

16. G. A. Somorjai, Catélytic Review (to be pﬁﬁiiShed 19725.



¢

LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.




o
-

TECHNICAL INFORMATION DIVISION
LAWRENCE BERKELEY LABORATORY
UNIVERSITY OF CALIFORNIA
BERKELEY, CALIFORNIA 94720





