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The Chemistry of Bulk Hydrogen: Reaction of
Hydrogen Embedded in Nickel with Adsorbed CH,

A. D. Johnson, S. P. Daley, A. L. Utz, S. T. Ceyer*

Studies in heterogeneous catalysis have long speculated on or have provided indirect
evidence for the role of hydrogen embedded in the catalyst bulk as a primary reactant. This
report describes experiments carried out under single-collision conditions that document
the distinctive reactivity of hydrogen embedded in the bulk of the metal catalyst. Specif-
ically, the bulk H atom is shown to be the reactive species in the hydrogenation of CH,
adsorbed on Ni(111) to form CH,,, while the H atoms bound to the surface were unreactive.
These results unambiguously demonstrate the importance of bulk species to heteroge-

neous catalytic chemistry.

Forty years ago, several studies (I-3) noted
a correlation between the hydrogenation
activity of a Raney nickel catalyst and the
hydrogen content in the catalyst, but the
exact role of the hydrogen, whether it be a
reactant or a modifier of the electronic
structure and hence of the activity of the
nickel, remains unclear (4—6). The reason
for the dearth of information about these
practically and commercially important hy-
drogenation reactions is the inability to
carry them out under single-collision con-
ditions, such as afforded by ultrahigh vacu-
um (UHV) surface science techniques,
where microscopic reaction steps are dis-
cernable. Specifically, it is the inability to
produce the bulk hydrogen at low H, pres-
sures (<10™* torr) that precludes these
reactions from being studied. The kinetic
limitations imposed by high barriers (7) to
dissociative absorption of H, into nickel
metal and into many other transition metal
catalysts necessitate high hydrogen pres-
sures. However, we have recently demon-
strated two methods of synthesizing bulk
hydrogen in Ni under low-pressure UHV
conditions (8, 9) and a method to detect it
spectroscopically (9). In this report, we doc-
ument the chemistry of this bulk hydrogen.
We find that a bulk H atom has a reactivity
that is distinct from that of a H atom
adsorbed on a surface. In particular, a bulk H
atom is the reactive species in the hydroge-
nation of CH; adsorbed on Ni(111) to form
methane. Hydrogen atoms bound to the
surface are unreactive with the CH; species.
Analogous results are obtained for the D
isotope as a bulk or an adsorbed species.
The experiment is carried out in a UHV
chamber that is equipped for surface analy-
sis and is precisely coupled to a supersonic
molecular beam source. The experimental
procedures are similar to our previous stud-
ies (10-12). In the experiment described
here, bulk D is synthesized by exposure of
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the Ni(111) crystal at 130 K to atomic D as
described previously (8, 9). The bulk D is
characterized by a vibrational mode at 575
cm™!, as measured by high-resolution elec-
tron energy loss spectroscopy (HREELS),
and recombines and desorbs as D, between
180 and 220 K. Exposure to atomic D not
only results in D embedded within the Ni
lattice but also in a monolayer (ML) of
deuterium adsorbed on the surface. The
surface-bound D is a problem because it
blocks sites necessary for the second reac-
tant, adsorbed CHj;, that we synthesize by
the dissociative chemisorption of CH,
(13). Therefore, the D adsorbed on the
surface must be removed. The removal of
the surface-bound deuterium cannot be ef-
fected thermally because it is more stable
than bulk D, recombining and desorbing
between 320 and 390 K. Therefore, a
nonthermal mechanism for removal of the
surface-bound D is necessary.

We have recently observed such a mech-
anism, collision-induced recombinative de-
sorption (14). In this process, a beam of
energetic Xe atoms impinges on the deute-
rium-covered Ni(111) surface at glancing
incident angles. The impacts of the colli-
sions momentarily jostle the lattice, causing
the adsorbed D atoms to recombine and
desorb as D,. We used this technique in our
synthesis to sweep the deuterium off the
surface, leaving the deuterium in the bulk
unperturbed. Its efficacy for the H isotope is
demonstrated by the HREEL spectra in Fig.
1. Figure 1A shows the vibrational spec-
trum of the Ni(111) crystal saturated with
the H isotope so that the equivalent cover-
age of H in the bulk is 1.5 ML and the
surface coverage is 1 ML. The symmetric
and antisymmetric vibrational stretch
modes for the surface-bound H are visible at
1170 and 955 cm™!, respectively, and the
threefold degenerate vibrational mode for
H bound in an octahedral interstitial site is
visible at 790 cm™! (9). After exposure to 9
X 107 Xe atoms incident at 40° from the
normal angle with 144 kcal mol™! of energy
(Fig. 1B), the surface mode at 1170 cm™! is
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Fig. 1. (A) An HREEL spectrum of a Ni(111)
crystal at 80 K containing 1.5 ML of H in the
bulk and covered with 1 ML of H on the surface.
The spectrum is collected at 12° from the spec-
ular angle with a 5.5-eV electron impact energy.
The loss features at 1170 and 955 cm~" are the
symmetric and antisymmetric modes of the
surface bound hydrogen, respectively, and the
feature at 790 cm~" is the bulk H mode. (B)
After exposure to 9 x 10'7 Xe atoms incident at
40° from the normal angle with 144 kcal mol~?
of energy. The electron impact energy is 5 eV.

no longer present while the bulk mode is
unperturbed. The small shoulder at 1070
cm™! is the symmetric stretch of surface-
bound H at a coverage that is estimated
from the value of the frequency and the
intensity of the mode to be less than 0.05
ML. These results show that collision-in-
duced recombinative desorption removed
95% of the surface-bound H. A similar
efficiency was observed for removal of the
surface-bound D isotope.

Having removed the surface D, the
crystal at 80 K was then exposed to a beam
of CH, incident at the normal angle and
with 17 kcal mol™! of energy. The high
translational energy is necessary to over-
come the barrier to dissociative chemi-
sorption to form an adsorbed CH; species
and an adsorbed H atom (13). The result-
ing vibrational spectrum measured after
depositing 0.15 ML of CH; on the surface
of the Ni crystal containing an equivalent
of 1.1 ML of deuterium in the bulk is
shown in Fig. 2. The symmetric and anti-
symmetric CH; deformation modes are
observed at 1225 and 1320 cm™!, respec-
tively, and the C-H stretching modes
appear unresolved in this spectrum at 2675
ecm™! as assigned previously (15). The
intense mode at 575 cm™! is the bulk
deuterium vibrational mode, whereas the
mode at 810 cm™! is assigned to residual
surface deuterium.

With the reactants now synthesized,
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the crystal with 2 ML of bulk deuterium
was heated at a rate of 2 K s™! and the
partial pressures at masses 4, 15, 16, 17,
18, 19, and 20 were monitored simultane-
ously by a quadrupole mass spectrometer.
The resulting thermal desorption spectra
are shown in Fig. 3. At the temperature at
which the bulk deuterium makes its way

Fig. 2. An HREEL spectrum col- 35
lected at 12° from the specular ]
angle with an electron impact en- 30_3 2675
ergy of 4.2 eV from a crystal at 80 1
K containing 1.1 ML of D in the 1
bulk and covered with 0.15 ML of 25
CH; and 0.15 ML of H on the o ]
surface. The CH, is produced 2 20
from the translational activation of o
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Fig. 3. Partial pressure at masses 4, 15, 16, 17,

and 18 as a function of crystal temperature for

a heating rate of 2 K s~ from a crystal contain-

ing 2 ML of D in the bulk and 0.15 ML of CH,

and 0.15 ML of H on the surface.

Mass 15

out onto the surface and desorbs, 180 K,
there is rapid desorption of only one prod-
ct, CH;D, at mass 17. The signal at
masses 16 and 15 arises from the cracking
of CH;D in the electron bombardment
ionizer of the quadrupole mass spectrome-
ter. The observed ratio of the peak signal
at masses 17:16:15 is 1:0.74 = 0.04:0.25
+ 0.04, whereas the expected ratio is
1:0.77:0.21 (16). The uncertainties rep-
resent 95% confidence limits on at least 15
measurements. No_signal is observed at
masses 19 and 20. The signal at mass 18 is
3 + 1% of the signal at mass 17 and arises
from the natural abundance of *C. The
very weak signal at masses 16 and 15
between 230 and 280 K originates from
desorption of CH, that was physisorbed on
some part of the crystal cryostat. It is also
visible in a thermal desorption spectrum
measured under identical reaction condi-
tions except for the use of a very low
incident energy for CH, (1 kcal mol™!),
which precludes the formation of the ad-
sorbed CHj reactant. An Auger spectrum,
measured after ramping the crystal to 200
K, just beyond the desorption temperature
of CH;D, shows that all of the 0.15 ML of
carbon has been removed by the formation
of CH;D. This observation is additional
corroboration that the mass 16 signal be-
tween 230 and 280 K does not originate
from the Ni surface.
In order to confirm the distinctive reac-
tivity of the bulk D or H atom towards
methanhe formation, similar experiments




T T T T T T T T q
s5F 3
4+ ]
b
x 3r b
]
§2- ]
o Mass 2
ok ]
Mass 16
(0] A PR I | L Loasanayas ]
100 200 300 400 500

Temperature (K)
Fig. 4. Partial pressure at masses 2 and 16 as
a function of crystal temperature for a heating
rate of 2 K s from a crystal covered with
about 0.85 ML of surface-bound Hand 0.15 ML
of CH,.

were carried out in the absence of bulk D or
H but in the presence of surface-bound D or
H. Adsorbed methyl radicals are produced
by the dissociative chemisorption of 17 kcal
mol~! CH, on a clean surface. The surface
was then exposed to molecular deuterium or
hydrogen, which resulted in approximately
0.85 ML of adsorbed D or H atoms. The
crystal temperature is then ramped at 2 K
s~1. The resulting thermal desorption ex-
periment for the case of surface-bound H
isotope is shown in Fig. 4. No methane was
observed to desorb at any temperature. The
hydrogen bound to the surface as well as the
hydrogen produced from the decomposition
of CH; recombines and desorbs between
300 and 400 K. Carbon is observed by
Auger spectroscopy to remain on the sur-
face after heating to 500 K.

Mono-deuterated methane was formed
solely by the reaction with bulk deuterium.
The surface-bound D was unreactive with
CH;. The reaction likely proceeds by the
direct recombination of a bulk D atom with
CHj; because the interstitial octahedral site
in which the D atom is bound (14) is
directly beneath the threefold hollow sur-
face site on which the CHj species is bound
(15). As the surface temperature is raised,
the absorbed D atom moves up toward the
surface where it encounters the CH; spe-
cies. Because the D atom has the correct
orientation required by the transition state
for sp> hybridization, it reacts with CHs,
immediately desorbing as CH;D. The reac-
tion of CH; with a surface-bound D atom
probably does not occur because access of
the D atom to the Ni;~C bond is blocked
(17).

This result documents a new mechanism
for a surface reaction, a reaction between
an adsorbed and an absorbed species, and it
unambiguously demonstrates the impor-
tance of bulk species as reactants in heter-
ogeneous catalytic chemistry. This mecha-
nism may be operable in many catalytic
hydrogenation reactions.
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Phototaxis of Spiral Waves

Mario Markus,* Zsuzsanna Nagy-Ungvarai,t Benno Hess

The drift of spiral waves toward regions of higher light intensity was observed experimen-
tally in the ruthenium-catalyzed Belousov-Zhabotinsky reaction. A light gradient can thus
be used to manipulate optical information in new computational systems based on pho-
tochemical media. The drift of a gradient that is rotationally invariant in space is three to
four times as fast as that of a translationally invariant gradient. Simulations based on the
use of a cellular automaton, which is made isotropic by a semirandom distribution of cells,
are in agreement with the experimental results.

Spiral waves, rotating without a pacemaker
and without attenuation, have been ob-
served in different areas of science and in a
variety of excitable media [for reviews, see
(1)]. An area in an excitable medium may
become excited by a suprathreshold pertur-
bation; after excitation this area becomes
refractory, slowly returning to the receptive
state, where it can be excited again. Spiral
waves in each of these media have several
geometric and dynamic properties in com-
mon. Examples include heart muscle (2—4),
the slime mold Dyctiostelium discoideum (5),
the retina (6), and the Belousov-Zhabotin-
sky (BZ) reaction (7, 8).

The BZ reaction, when catalyzed by the
ruthenium bipyridyl complex, Ru(bpy);**,
is sensitive to visible light (9). The Br~
release in the reaction between BrO;~ and
the excited Ru(bpy);?* complex decreases
the rate of autocatalysis, which is directly
related to the velocity of wave propagation
(7). In this context, it has been proposed
that excitable media can be used in the
implementation of new computational sys-
tems, such as associative memory devices
(10) and learning machines (11). Search-
ing for possibilities to manipulate spiral
waves in such systems, researchers have
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shown experimentally that, if light intensi-
ty varies in time with a period equal to that
of the waves, these are linearly displaced
(“resonance drift”) (12). Brazhnik et al.
(13) have theorized that the rotation of the
spiral tip around its core in a spatial light
gradient is equivalent to a periodic light
modulation and thus should also lead to a
spiral drift. They predicted that this drift
should occur in the direction in which the
critical curvature decreases, which accord-
ing to our measurements corresponds to the
direction of increasing light intensity. One
should thus expect a “phototaxis” of the
spirals. However, this idea has not been
verified experimentally so far.

In our first attempts to measure this
phototactic phenomenon, we encountered
the difficulty of producing a constant light
gradient (a linear dependence of the light
intensity, I, on the spatial coordinate, x).
We transmitted the visible portion of the
parallel light beam of a Cermax LX300
lamp through a slide with the photograph of
a computer-generated gray-level function
g(x) on it. A linear gray-level function g(x)
yielded large deviations from linearity after
photographing. However, we found that a
linear I(x) can be obtained in our case by
setting

g)=(1—e™)(1-e7"), x € [0,d]

Our experiments were performed with two
types of spatial distributions of light inten-
sity: (i) an axial gradient, where x is the
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