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Structure of a Precursor State in Dissociative Chemisorption

R. McGrath, A. A. MacDowell, T. Hashizume, ' F. Sette, and P. H. Citrin
ATck T Bell Laboratories, Murray Hill, New Jersey 07974

(Received 30 October 1989)

Near-edge- and surface-extended-x-ray-absorption fine-structure measurements of H2S on

Cu(001)p(2x2)S have been used to make the first direct structural determination of an intermediate
molecular precursor in dissociative adsorption. Our results indicate that population of these precursor
states overcomes the kinetic barrier to H2S adsorption and leads to the formation of a c(2x2)S struc-
ture.

PACS numbers: 78.70.Dm, 61.10.Lx, 68.4S.—v, 82.6S.—i

Molecules impinging on a single-crystal surface can
desorb, diffuse, adsorb, or react depending on a variety
of competing thermodynamical, statistical, and structur-
al factors. ' Recent progress has been made in theoreti-
cally modeling some of these kinetic processes, offering
the promise of elucidating part of a large body of related
experimental work. These calculations and macroscopic
measurements are of obvious value, but they are limited

by the lack of microscopic experimental input concerning
the individual surface processes. In particular, the cen-
tral role of a molecular reaction intermediate or precur-
sor state in determining the kinetics of adsorption has
been difficult to establish, due largely to the absence of
any detailed information about the structure of the pre-
cursor itself. Attempts to infer a precursor binding site
or configuration have relied mainly on photoemission and
electron energy-loss spectroscopies, and only recently
has limited information been obtained using a spe-
cifically structural probe.

In this Letter, we use near-edge- and surface-ex-
tended-x-ray-absorption fine-structure (NEXAFS and
SEXAFS) measurements to identify, isolate, and charac-
terize a molecular precursor state in the dissociative ad-
sorption of H2S on Cu(001)p(2& 2)S. Our temperature-
and coverage-dependent data from the kinetically frozen
precursor allow its configuration, binding site, and bond-

ing distance to the substrate to be determined unambigu-
ously. The system of H2S on Cu(001)p(2X2)S was

studied because it exhibits a kinetic barrier to adsorption
whose origin has remained unknown: Unlike other H2S-
exposed metal (001) surfaces which dissociatively adsorb
-0.5 monolayer (ML) of S and form c(2 x 2) over-

layers, e.g. , Ni and Co, and the Cu(001) surface dosed
with H2S adsorbs only ~0.25 ML of S in a p(2x2)
structure. Based on our results, we show that it is the
barrier to forming the molecular precursor state that is
responsible for this phenomenon. Our findings clarify
the process by which dissociation on this surface occurs
and they suggest a mechanism for overcoming the bar-
rier to H2S adsorption. The novel application of these
measurements to a metastable reaction intermediate
demonstrates their utility in studying problems of sur-
face kinetics.

Sulfur EC-edge SEXAFS and NEXAFS data were
measured with fluorescence-yield detection using the new
AT8r, T Bell Laboratories X15B beam line at the Na-
tional Synchrotron Light Source. The clean Cu(001)
surface was exposed to H2S either by backfilling the
chamber to 5x10 Torr, giving a "low" impingement
rate, or by using a directional doser with an estimated
enhancement factor of & 100, giving a "high" impinge-
ment rate. All data shown were measured from surfaces
at 90 K, including those prepared initially at higher tem-
peratures. Low-energy electron-diffraction (LEED)
measurements were obtained only from room-tem-
perature surfaces to minimize electron-stimulated
desorption or dissociation of the H2S overlayer(s).

NEXAFS measurements are used to determine the
chemical identity, the amount, and the orientational or-
der of the different adsorbed species. Figure 1(a) shows
normal- and grazing-incidence spectra from a Cu(001)-
p(2x2)S surface formed by dosing clean Cu(001) with
-5 L [1 L (langmuir) 10 Torrs] of H2S at 300 K
and a low impingement rate. Under these dosing condi-
tions, exposures as high as 50000 L result in no addition-
al H2S adsorption and produce only this structure. The
anisotropic peak at ~2469 eV corresponds to transitions
from S 1s states into unfilled p-derived hybrid states of S
and Cu and is characteristic of ordered atomic S chem-
isorbed on metals. Previous measurements ' establish
that this p(2X2) overlayer consists of 0.22 ~0.01 ML of
S atoms occupying fourfold-hollow sites with a S-Cu
bond length of 2.27+ 0.02 A. The S-covered surface is
also thought to undergo a small reconstruction, which is
currently under debate. ' " We denote the chemisorbed
atomic species in this overlayer S(c).

The NEXAFS spectra obtained immediately after
dosing the Cu(001)p(2X2)S surface with H2S at 90 K
and a high impingement rate are shown in Fig. 1(b).
The data are now isotropic, indicative of a disordered
system, and are much more intense. They closely resem-
ble H2S gas-phase [H2S(g)] measurements in which the
shifted peak at —2472 eV corresponds to transitions into
the antibonding a molecular orbital of the S-H bond. '

The identification of this species as physisorbed H2S,
denoted H2S(p), is confirmed from the residual-gas
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FIG. 2. Normal-incidence S K-edge SEXAFS data g(k},
and corresponding Fourier transforms, from Cu(001} surfaces
dosed with HqS. Note diferent scales. Apart from noise,
differences between raw background-subtracted data and the
solid line, which is the filtered first-nearest-neighbor (nn} shell

r~ or rt, are due to contributions from higher-nn shells (these
are unlabeled in the FT data except for r3., see Refs. 12 and 13
for details). (a) Cu(001}p(2&2}S surface, as in Fig. 1(a).
(b) Stable surface after H2S dosing, as in Fig. 1(d). (c)
Dilference between raw data in (b) and (a) for isolating
H2S(c) species, as in Fig. 1(e). Inset: c(2x2) overlayer com-
posed of S(c} (solid circles) and H2S(c} (open circles), each in

p(2&2} meshes. In the adsorbate coordination sphere, the
first-nn site (unoccupied) is at distance apjJ2, the second-nn
site is at ap ( r3), and the third-nn site (labeled} is at E2ap.
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meshes of chemisorbed S atoms and chemisorbed H2S
molecules, each in fourfold-hollow sites, with H2S(c)
bonding S-end down to a Cu at a distance 0. 1 A longer
than that of S(c).

We now examine the role of H2S(c) in the dissociation
of H2S. Figure 3 shows a series of grazing-incidence
NEXAFS scans taken after a freshly dosed p(2x2)S
surface [as in Fig. 1(c)l is successively annealed to the
temperatures indicated. Warming the surface from 90
to 125 K desorbs H2S(p) and leaves the concentration of
S(c) unchanged, similar to the H2S(p) photodesorption
seen in going from Fig. 1(c) to Fig. 1(d). The remaining
H2S species is more strongly bound, i.e., chemisorbed,
and is denoted H2S(c). As the temperature increases to
210 K, some of the H2S(c) desorbs, indicated by the
smaller edge jump, while some of the H2S(c) dissociates,
indicated by the loss of H2S(c) intensity and the con-
current growth of S(c) intensity. Annealing above 210
K results in still more dissociation. The LEED pattern
from the surface warmed to 290 K is a diff'use c(2&&2)

FIG. 3. S It'-edge NEXAFS data from H2S-dosed Cu(001)-
p(2x2)S surface [similar to Fig. 1(c}]as a function of temper-
ature. All data were measured after cooling surfaces back to
90 K. Between 90 and 125 K, H2S(p) desorbs with little
change of S(c},leaving the surface similar to that in Fig. 1(d).
As the temperature increases, some H2S(c) desorbs while the
S(c) species grows at the expense of HqS(c}, i.e., HqS(c}

S(c)+ H (g}.

pattern, identical to the one reported in a recent study
of Cu(001) chemisorbed with a saturation coverage of
0.35-0.38 ML of S. ' The c(2&&2)S surface in Ref. 9
was prepared by high-temperature diffusion of S from
the bulk. We have also obtained an identical surface at
300 K by predissociating H2S at a low impingement rate
using a hot W filament. ' The data in Fig. 3, combined
with the fact that adsorption of atomic S leads to the
same c(2X2)S surface as that obtained from annealing
the H2S(c) species on Cu(001)p(2X2)S, directly dem-
onstrate that H2S(c) is the precursor state to dissociation
on that surface.

The above results lead to a number of conclusions
about the surface reaction

H2S(g)+Cu(001)p(2X 2)S(c)

Cu(001)c(2X2)S(c)+H(g) .

There are t~o activation barriers controlling the rate of
this reaction, both of which center around the precursor
state identified here. One of these is simply the thermal
barrier to dissociating H2S(c). Compared with the
S-H bonds in H2S(g), those in the kinetically frozen
HzS(c) precursor are expected to be weakened by the
formation of new bonds between the S and the Cu(001)
surface atoms. This bond weakening, which is facilitated
by orienting the molecule S-end down, makes the barrier
to H dissociation more accessible, but not quite enough
in going from 90 to 125 K. Additional thermal energy is
required to populate the higher vibrational states that
lead to the actual breaking of S-H bonds. The final for-
mation of the c(2X 2)S structure is further facilitated by
having the H2S(c) species already in the required sites;
i.e., there is no need for surface diffusion of the dissociat-
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ed S. The process that does compete with H2S(c) disso-

ciation, however, is desorption. Warming the surface
weakens the already lengthened H2S(c)-Cu(001) bonds
[relative to S(c)-Cu(001)], explaining why some H2S(c)
is observed to desorb in Fig. 3.

The second activation barrier involves forming the
H2S(c) precursor. That such a barrier exists is evident
from the fact that at 300 K and low H2S impingement
the p(2X 2)S surface does not adsorb any additional H2S
and evolve into a c(2x2)S structure, whereas dosing
with atomic S leads directly to this structure. The na-
ture of this barrier, unlike that for thermally activated
dissociation, is less obvious. From an energetic point of
view, a model' which assumes pairwise forces between
adsorbates that are strongly repulsive for first nearest
neighbors (nn), weakly repulsive for second nn, and

weakly attractive for third nn would attribute the inhib-
ited evolution of a c(2X2)S structure at room tempera-
ture to the dominance of second-nn repulsions. From a
structural point of view, however, the small S-induced
reconstruction suggested to occur in the p(2&2)S sys-
tem ' "might also be a factor in inhibiting the H2S ad-
sorption that leads to forming the H2S(c) state.

Based on our results and these considerations, we pro-
pose the following picture of how the barrier to H2S(c)
formation is overcome. At low temperature, i.e., under
conditions of slow surface diffusion, the formation of
H2S(c) involves the adsorption of (at least) two H2S
molecules in nearest available fourfold-hollow sites.
These sites are third nn at a distance of J2ao, see Fig. 2
inset and caption. The increased residence time of the
molecules on the low-temperature surface allows the
weak third-nn attractions to overcome the weak second-
nn repulsions, thereby stabilizing their mutual adsorp-
tion. Such stabilization can also weaken the intraplanar
surface Cu bonds in the p(2x2)S surface and undo the
small reconstruction. In this picture of cooperative ad-
sorption, H2S does not adsorb at 300 K and low impinge-
ment because the combined residence time of molecules
in the required fourfold sites is too short; i.e., the proba-
bility of their being adsorbed in third-nn sites is very
small. Further support for invoking cooperative adsorp-
tion comes from an independent experiment' in which a
comparatively low H2S exposure but at a high impinge-
ment rate, i.e., ~here the probability of mutually popu-
lating third-nn sites is increased, produces the c(2x2)S
structure even at 300 K. We envision that H2S adsorp-
tion competes with diffusion in forming the HqS(c) pre-
cursor state much the same way as H2S(c) dissociation
competes with desorption in forming the c(2X2)S struc-
ture. The choice of temperature and dosing conditions
determines which process will dominate.

In summary, we have used NEXAFS and SEXAFS to
make the first direct structural determination of a molec-
ular precursor state in dissociative chemisorption. These

results on a microscopic scale were shown to provide in-

sight into the macroscopic kinetic processes of adsorp-
tion, desorption, and dissociation. The information and
procedures used here should be applicable to a variety of
other systems.
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