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The bonding of H to the (111) surfaces of Ni, Pd, and Pt has been studied with use of
angle-resolved photoelectron spectroscopy. H adsorbed onto a cooled substrate produces
photoemission spectra characteristic of chemisorption. In this state the H atoms form an
ordered overlayer. Heating the chemisorbed layer to ~ 300 K results in an irreversible

transition of the H atoms into a subsurface site.

PACS numbers:

The interaction of a H atom with a transition
metal is illustrated by the potential-energy dia-
gram shown in Fig. 1(a). The surface bond is
characterized by the heat of adsorption (E ,4,)
while the equivalent quantity for the bulk is the
heat of solution (AH ). In general, the heat of ad-
sorption is larger than the heat of solution result-
ing in a higher concentration of hydrogen at the
surface than in the bulk.! The objective of this
study was to investigate the electronic properties,
and consequently, the nature of the surface bond
of adsorbed H on a series of transition-metal sub-
strates where the interaction of the H with the
bulk metal is quite different. Table I lists some
of the physical properties of the chosen substrates
Ni, Pd, and Pt. The heat of solution for H is pos-
itive for Pd, negative for Ni, and more negative
for Pt, while the heat of adsorption has a differ-
ent trend (Ni, Pd, then Pt).

The chemisorption of H on Ni, Pd, and Pt has
been studied extensively but the nature of the bond
to the surface is still unclear. For example, con-
sider the adsorption of H onto Ni. Angle-integrat-
ed photoemission spectra of H adsorbed at room
temperature on Ni(111) showed a peak in the dif-
ference curves 5.8 eV below the Fermi energy,
with a 2.5-3 eV width,'>** This level was inter-
preted as the H-Ni bonding level. Its energy posi-
tion and width were used by Muscat and Newns®™
to show theoretically that the d bands in Ni play
a crucial role in the H bond. Himpsel, Knapp,
and Eastman'® demonstrated, using angle-re-
solved photoemission, that the peak observed 5.8
eV below the Fermi energy was not due to a H-
bonding level but to enhancement of the direct
transition from the bulk s band of Ni. H adsorp-
tion at room temperature quenched a s-p (A,)
surface state on Ni(111) but did not produce a
bonding level split off from the Ni bands. These
authors believed that they had observed a “new
type of chemisorption bond” on a transition met-
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al, where the bonding was predominantly with the
free-electron-like s band.

The reported photoelectron spectra of H ad-
sorbed on Pd and Pt are also inconsistent. Ad-
sorption at 80 K on Pd(111) [Pt(111)] produced a
peak in the difference curve at 6.4 eV (7.5 eV)
below the Fermi energy for a photon energy of
21 eV," but room temperature adsorption of H on
Pd(111) did not produce a bonding state, split off
from the bulk bands.** Also, adsorption of H at
200 K onto a stepped Pt(111) surface did not pro-
duce a bonding split-off state.'

We have investigated in detail the angle and en-
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FIG. 1. Schematic potential-energy diagram for an
atom of H between the gas phase (left) and the bulk of
a transition metal (right). (a) Single surface adsorption
site; (b) two state diagram proposed for H adsorption.
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TABLE I. H interaction energies.

H-metal bond length

AH® AE 445 E gifs Hydride Surface
Metal? V) (eV) 3% &) &)

Ni -0.10° 0.5¢ 0.41° 1.86P 1.578
1.84(LEED)"

Pd +0.20° 0.464 0.23° 2.05f ~1.7" (Theory)

Pt ~0.26¢ 0.234 0.27¢ 2.08P 1.688

0.37°¢

aSurface properties for the (111) face.

PRef. 2.

CRef. 3.

dRef. 4.

®Ref. 5.

f pt was estimated with use of AV =2.9 A (Ref. 3) for H adsorption (Ref.

2).

8These bond lengths were determined from the vibrational spectra with
use of a pair-wise interaction model. Ni is from Ref. 6 and Pt is from

Ref. 7.
I‘]Ref. 8.
! Ref. 9.

ergy dependence of the photoemission spectra ob-
tained from the clean and H-exposed (111) face of
Ni, Pd, and Pt as a function of substrate temper-
ature and H exposure. A quite simple picture
emerges for the bonding of H, which is qualita-
tively the same for the three metals. Adsorption
of H onto a clean substrate at low temperature al-
ways produces a bonding H level split off from
the d bands. The presence of this H split-off
state is accompanied by a large perturbation of
intrinsic d-like surface states. Warming the ad-
sorbed layer to near room temperature causes
an irreversible conversion of H into a bonding
site where the split-off state is not visible and
the d-like intrinsic surface states are unaffected.
The qualitative description just given is indepen-
dent of exposure (coverage). We will show that
the nature of the low-temperature bonding state
can be determined by comparison with theoretical
calculations of the H-induced surface electronic
states, and postulate that the equilibrium site of
H, which is achieved by warming the crystal, is
in or under the first plane,

Figure 2 shows a set of characteristic spectra
taken at 7w =40 eV and normal emission. Each
panel contains a spectrum of the clean metal and
a spectrum after H exposure. The spectra on the
left-hand side are for adsorption of H onto a
cooled substrate (T ~100 K). The adsorption of
H produces a new energy level (marked by the
arrow) split off from the d bands and causes dra-
matic changes in the d-band region of the spectra
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(especially for Pd and Pt). The H 1s-substrate
bonding energy level exhibits considerable dis-
persion with the parallel component of momentum
for the coverages shown in Fig. 2. Figure 3
shows the measured dispersion of all of the hy-
drogen-induced surface bands in the photoelec-
tron spectra of H on Pd(111), compared to Louie’s
calculated H-induced bands.® The split-off state
has the periodicity corresponding to a 1x 1 over-
layer, or islands of 1X 1 structure. The energy
of the split-off state in normal emission was ob-
served to move towards the Fermi energy (~ 1 ev
for Pd and 1.5 eV for Ni) for low coverages. This
is simply a result of the disappearance of disper-
sion due to increased H-H spacing or more likely
to very small island size at low coverage. The
split-off state could be observed for exposures
as low as ~ 10" Torr sec, while the effects of
the adsorbed H on the d surface states could be
seen at even lower exposures, because of the
large cross section. For the (111) Ni surface the
s-p (A,) surface state at the surface-Brillouin-
zone (SBZ) center (0.25 eV below E)*®® and d-
like surface states at the SBZ edge are quenched
or shifted when H is adsorbed onto a low-temper-
ature substrate. We have identified six bands of
surface states or resonances on clean Pd(111)
that are quenched or shifted upon H adsorption at
low substrate temperatures (Fig. 3).

For the purposes of this Letter it suffices to
say that it is possible to understand in micro-
scopic detail the nature of the hydrogen-surface
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FIG. 2. Normal-emission photoelectron spectra for
H adsorbed on Ni, Pd, and Pt. %Zw=40 eV.

bond in this low-temperature state.® We know
the site from vibrational spectroscopy (Ni,® Pt7),
low-energy electron diffraction (LEED) (Ni®) and
theoretical calculations of the photoemission
spectra as a function of the binding site (Pd®).
The present study determines the electronic
states at the surface. The substrate d electrons
are undoubtedly involved in the surface bond.®
The spectra on the right-hand side of Fig. 2
show the consequence of warming an adsorbed
layer to near room temperature or exposing at
room temperature. The split-off state is not vis-
ible and all of the d-like intrinsic surface states
are unchanged with respect to the clean spectra.
H is invisible, except for quenching the s-p (A))
surface state on Ni(111)** and changing the
work function. Thermal desorption measure-
ments and comparison of our work function change
with previous estimations of the coverage versus

-
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FIG. 3. Experimental (points) and theoretical (Ref. 9)
surface bands for (1X1)H on Pd. The shaded region is
the projection of the bulk bands onto the SBZ. The
theory is for H bound to the surface in a threefold site
with a metal-H spacing of 1.7 A. The open circles are
weak peaks observable in a difference spectra.

work function indicate that there is ~3 of a mono-
layer of H present in the spectra on the right-
hand side of Fig. 2. ' The conversion which
occurs near ~ 320, 270, and 270 K for Ni, Pd,
and Pt, respectively, for 10 sec of heating is
irreversible for all exposures of H. If the crys-
tal is cooled back down to 100 K the spectra look
like the high-temperature spectra. Likewise, if
H is adsorbed at room temperature and then the
crystal is cooled the spectra do not revert back
to the low-temperature adsorption spectra.

The interpretation of these data is superficial-
ly quite easy. H adsorbs on a low-temperature
substrate as atoms bound in the threefold sur-
face site.’"° This is not the lowest-energy site.
Warming the crystal causes a phonon-assisted
conversion to a lower-energy site, Figure 1(b)
shows a schematic potential-energy diagram for
the multiple binding states at the surface. This
diagram should be viewed with caution, because
it is a multiple-coordinate plot. For example,
if the substrate atoms are held in a fixed posi-
tion, the potential well inside the surface may
not exist. The substrate atoms move to accom-
modate the H. The most likely site for the equi-
librium H state is the octahedral site under the
surface plane, This is the site which would be
occupied in a hydride. The multiple peaks in the
thermal desorption spectra'”™*° result from the
competition between conversion and desorption.
At low coverage all of the H converts, while at
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high coverages part of the adsorbed H desorbs.
It is possible that the two states coexist at low
temperatures.

We postulate the subsurface site for the equi-
librium phase because it is consistent with our
observation that the d-like intrinsic surface
states are unperturbed in this phase® and with
the fact that in inelastic electron scattering the H-
metal vibrational modes above the transition tem-
perature have not been observed.*” The s-p (A,)
surface state on Ni(111) is quenched by H under
the surface because this type of surface state pen-
etrates deeper into the bulk than the very local-
ized d surface states.”?°

The only unresolved feature of the spectra for
the equilibrium H state is the absence of a H
split-off state. Photoemission spectra of Pd hy-
dride show a split-off state 5.4 eV below the Fer-
mi energy.?! Either the photoionization cross
section of the split-off state in our spectra has
decreased dramatically compared to the equiva-
lent state for either adsorbed H or Pd hydride,
or a split-off state does not exist. If it does not
exist, then the H 1s electron must be mixed in
with the substrate s band. Both explanations re-
quire the bonding in the subsurface site to be dif-
ferent than either the hydride bond or the low-
temperature H bond.
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