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A combined system of Raman spectroscopy and ellipsometry is developed for the observation of
catalyst surfaces under reaction conditions. The deposition of carbon species on Co catalysts
during the Boudouard reaction and the hydrogenation of these carbon species are observed quickly
and in situ by a rotating analyzer ellipsometer in connection with the observation of Raman
scattering of the surface carbon species and the mass analysis of the product. Prior to the hydroge-
nation reaction the state of surface hydrogen on Co was studied by the ellipsometer at temperatures
above the desorption temperature T, determined by TDS. It is concluded that hydrogen atoms on
Co are mainly located at subsurface sites at 7> T,, and the surface carbons are attacked by them

from the metal side to produce hydrocarbons.

1. INTRODUCTION

Optical methods such as ellipsometry
and Raman scattering as well as IR absorp-
tion are considered to be powerful for the
analysis of surface properties and surface
chemical species under normal/high gas
pressures. We have developed a Raman—
ellipsometry combined system with the use
of the Ar laser light in an attempt to study in
situ microscopic surface layers formed on
Fc and Fe;04 surfaces (/, 2). Ellipsometry
is very sensitive to changes in surface prop-
erties of metals. It informs us of the dielec-
tric function & = &’ — i¢"” and thickness D of
an adsorbed layer or a thin surface layer (3,
4). An automated rotating analyzer ellip-
someter (5) is especially useful to follow
rapid surface reactions. It takes about 0.1
sec for the ellipsometer to determine sur-
face layer properties. The ellipsometric re-
sponse is represented by two parameters of
A and ¥ which are defined by

rp/rs = tan ¥ exp(id),

where r, and r,; are the amplitude reflec-
tance of p- and s-polarized light, respec-
tively; W is called the amplitude ratio; and
A is the phase difference. A and ¥ observed
from a clean surface determine the dielec-
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tric function of the bulk metal (4). A surface
reaction may cause A and ¥ to vary owing
to the formation of a surface layer or an
adlayer, i.e., 8A = A(clean) — A(reacted),
and 8¥ = W(clean) — W(reacted), from
which one can determine the dielectric
function of the layer and its thickness
(1-6).

Raman spectroscopy, on the other hand,
is insensitive to surface properties, but the
SERS effect can be applied to study surface
species. Graphite is known to be strongly
surface enhanced on silver surfaces pro-
ducing two broad Raman bands at 1340 and
1570 cm™! (7, 8). We have found that sur-
face graphite as thin as about 20 nm pro-
duced on Fe surfaces by the Boudouard re-
action (B-reaction) (9), 2CO — CO; + C,q,
exhibits specific Raman bands at 1120 and
1150 cm™! as well as the well-known bands
at 1350 and 1580 cm~! (2). The Raman scat-
tering of graphite is the most helpful in the
application of SERS to catalysis science.

In this paper we intend to exemplify the
ellipsometric method applied to the obser-
vation of rapid changes in surface proper-
ties of Co catalysts during CO or H; adsorp-
tion and the hydrogenation reaction of
surface carbon species at high temperatures
under ambient gas phase. Cobalt is a good
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catalyst for the F-T synthesis reaction (10),
but its surface and adsorbative properties
are not well understood due to the phase
transition at 430°C. CO gas is adsorbed as-
sociatively on (0001) and (1010) surfaces
but adsorbed dissociatively on (1120),
(1012), and polycrystalline surfaces (/71—
13). The F-T reaction produces hydrocar-
bons of C = 1-12, whose reaction is char-
acterized to be structure sensitive (/4). The
stability of surface carbon species such as
CH and CH, was studied by Steinbach et
al. and others with decomposing C,H, and
C,H, molecules (15, 16). The above studies
have aimed at characterizing carbon spe-
cies on Co surfaces by means of AES,
LEED, XPS, UPS, and TDS under high
vacuum, which are unable to inform us of
the state of surface hydrogen. In order to
understand the mechanism of catalytic hy-
drogenation reactions, one must know the
property of surface hydrogen. Zowtiak and
Bartholomew (I7) have observed a peculiar
property of adsorbed hydrogen on Co by
the TDS method. The peak temperature
and the amount of ad-hydrogen depend
strongly upon the adsorption temperature;
the amount becomes maximum at the ad-
sorption temperature about 100°C, and
most of the ad-hydrogen is desorbed about
200°C. However, we often introduce hydro-
gen gas onto Co surfaces above 200°C to
produce hydrocarbons. We are strongly
conscious of the fact that high-vacuum sur-
face science helps little in understanding
catalytic reactions at high temperatures un-
der ambient gas phase.

Reported here is a new approach to
analyzing catalyst surfaces optically under
ambient gas phase. In Section 3, after a de-
scription of experimental methods in Sec-
tion 2, the ellipsometric method is ex-
plained; it requires complicated computer
calculations to deduce useful surface layer
parameters from observed ellipsometric an-
gles. In Sections 4.1 and 4.2 the accumula-
tion of carbon species on Co during B-reac-
tion observed by ellipsometry and the
states of the surface carbon species ana-

lyzed by Raman scattering are discussed.
In Sections 4.3 and 4.4 rapid dissociation
reactions of H, molecules on Co as well as
hydrogenation reactions of the surface car-
bon species are discussed according to the
ellipsometric analysis. Finally a new reac-
tion mechanism for the hydrogenation of
the surface carbon species is proposed.

2. EXPERIMENTAL

The details of the experimental methods
are given elsewhere (/, 2). The Raman—
ellipsometry combined system is shown
schematically in Fig. 1. A reaction-optics
chamber was made of fused quartz without
using any metal parts. It was connected to a
UHYV system which was equipped with gas
sources and a quadrupole mass spectrome-
ter. The Raman spectrometer was Ramanor
HG-2S (Jobin Yvon). An Ar laser (1.5 W, \
= 514.5 nm) was used as the light source.
The light intensity was 100 to 300 mW at the
sample surface. The rotating analyzer ellip-
someter was designed according to the
method by Hauge and Dill (/8). A and ¥
were determined in 75 msec. However,
very precise observations for small changes
in 8A and 8¥ were performed by accumu-
lating and averaging the signals for 1 sec.
All the ellipsometric results presented here
were obtained in this manner. The incident
angle of the light was 70°.

The Co metal samples were polycrystal-
line plates (99.99%, 20 X 20 X 1 mm),
which were at first polished electrochemi-
cally in phosphoric acid, then decarbonized
in a flow of (H, + H,0) gas at 800°C for 1
day and successively at 400°C for 3 days,
and further reduced at 400°C in a flow of H,
gas for 3 days. X-ray diffraction indicated
that the crystal was in purely hcp structure.
Each of the samples was sealed in a glass
tube in N, atmosphere, which was then
transferred to an AES analyzer (ANELVA,
AAS-200). Auger spectra of a slowly air-
contacted Co sample are shown in Fig. 2
with and without an Ar bombardment (3.0
kV, p(Ar) = 5 x 107° Torr). Spectrum (a)
without the bombardment indicates the ex-
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F1G. 1. Schematic illustration of the Laser Raman-ellipsometry combined system. Manual type and
rotating analyzer ellipsometers are installed in the system.

istence of a large amount of Cl and C con-
taminants. Spectrum (b) after the bombard-
ment for 1 min reveals the disappearance of
the Cl and C impurities indicating that they
are mainly originated from the contact with
air and the glass wall when the sample was
sealed in a glass tube and transferred to the
Auger chamber. The Ar-bombarded sample
was quickly set in the reaction-optics cham-
ber in a flow of He gas. After the evacua-
tion it was again reduced at 400°C in H, gas.
Although we could not analyze surface im-
purities under working conditions, we were
convinced that the surface of our samples
was fairly clean with about 10% of C and S

dI /dv

impurities on the surface. It was found that
the ellipsometric responses to the gas reac-
tions became dull, small, and irreducible,
when the surface was contaminated. CO
gas was directly supplied from a highly pure
CO cylinder containing 99.9999% pure CO
gas. H, gas was purified by an H, purifier
using a Pd-Ag capillary. The mass spec-
trometer indicated no trace of impurities in
the gases within its sensitivity.

3. ANALYSIS OF ELLIPSOMETRIC
RESPONSES

It may be convenient to show simulta-
neously experimental results and results of

Co
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FI1G. 2. Auger spectra of a Co sample contacted slowly with air. (a) Evacuated at 23°C. (b) Evacuated
at 23°C and Ar-bombarded (3.0 kV, 5 x 103 Torr) for 1 min.
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Fi1G. 3. Stratified layer model for the analysis of ob-
served 8A and 8V, and the definition of layer parame-
ters.

the analysis, because observed ellipso-
metric parameters indicate less intuitively
what is happening on the surface. Changes
in ellipsometric angles 8A and 8¥ can be
analyzed by the classical stratified layer
model (3, 6, 19) shown in Fig. 3, where sur-
face layers are separated by hypothetically
sharp boundaries and are assumed to be ho-
mogeneous and isotropic. The interactions
between the two layers or between the
lower layer and the substrate are ignored.
However, effects of the interaction are in-
cluded effectively in the modification of the
dielectric functions. The evaluated dielec-
tric functions of the layers are thus appar-
ent according to this model and differ to
some extent from true ones. This model is
reasonable for more than 10 thick surface
layers, in which effects of the boundaries
are negligible for the most part. However,
the above classical model involves serious
problems of nonclassical surface reflec-
tance for monolayer adsorption on metal
surfaces (20, 21). In the classical layer
model observed A and ¥ are expressed by
the set of classical Fresnel equations to-
gether with the Snell law as a function of
the dieletric functions and the thickness of
each layer and the substrate (4, 19). The
analysis requires computer calculations be-
cause the dielectric functions are complex
and the refraction angles become accord-
ingly complex. Mathematical formulas are
given in Refs. (3, 6, 19). When D, < D,
(neglection of the D, layer) and the incident
wavelength is A > D,, 8A and 8¥ due to the
formation of the D, layer are expressed by

simple analytical forms taking only the first-
order term of D,/A in an expanded series
expression of the reflectance, which is
called the linear approximation. This
method is discussed in Refs. (3, 4). In this
case we have three parameters, «;, €5, and
D,, to be determined, whereas we have
only two observations, 8A and 8V¥. This
problem is treated in detail in Ref. (/). The
essential point in determining the three pa-
rameters is that A and 8V are the imagi-
nary and real parts of the ellipsometric
function, respectively, which are related to
one another by the Kramers—Kroenig rela-
tions. 8A and 8% are hence not independent
and the ratio 5A/8¥, which is independent
of D, in the linear approximation, is pre-
scribed to be a certain value by the spectro-
scopic optical properties of the layer and
the metal substrate. In consequence, the
three unknown parameters are uniquely de-
termined by observed 8A and 8V with the
supplementary condition 8A/8¥. For in-
stance, 8A/8V¥ is —2.1 at stage (1) in Fig. 4
for the CO reaction, which, its sign in par-
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F1c. 4. Ellipsometric response to the reaction of CO
gas on Co at 230°C, and results of the layer model
analysis at stages (1) and (2). The scatterings of 5A and
8V within the initial 10 sec are caused by mechanical
shocks as a leak valve is driven. Note that the CO
pressure is steady after about 20 sec.
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F1G. 5. Ellipsometric response to the reaction of CO
gas on Co at 400°C, and results of the layer model

analysis at stages (1) and (2). The CO pressure be-
comes steady after 21 sec.

ticular, severely restricts the choice of &>
and &5 values in practice.

When a new D, layer is formed on the D,
layer, the same method is applicable with
the approximation that the D; layer is
formed on a modified substrate with an ef-
fective dielectric function determined by &,,
D», and &3, which is actually observed be-
fore D, is formed, and easily calculated by
the layer model.

4. RESULTS AND DISCUSSIONS
4.1. Boudouard Reaction on Cobalt

Nakamura et al. (22) report that the state
of carbon species on cobalt produced by B-
reaction at 230°C is different from that pro-
duced at 400°C. This fact is confirmed by
the results shown in Figs. 4 and 5, where
ellipsometric responses to B-reaction at 230
and 400°C are presented as a function of
reaction time. The occurrence of B-reac-
tion is ascertained by observing CO, pro-
duction in gas phase during the CO reac-
tion. At about 10 sec CO gas begins to be

introduced; the pressure rises rapidly and
after about 20 sec it becomes constant at
260 Torr in this case. It is necessary to re-
mark that a small temperature effect is in-
volved in this result, because cold CO gas
(23°C) is suddenly introduced to the hot co-
balt surface. In order to compensate for this
cooling effect, the heater current is in-
creased prior to the gas dosage, but there
are minor effects on 8A (~0.1°) and &V
(~0.05°), which are small as seen by scat-
terings of 8A and 8¥ in Figs. 4 and 35,
caused by mechanical shocks as a leak
valve is driven. Similar scatterings are seen
in other ellipsometric data within 10 to 12
sec before the gas dosage.

It may be instructive to give intuitive and
qualitative explanations of 8A and 8V ob-
served from metal surfaces. Positive A sig-
nifies an accumulation of some species on
the surface, while negative 8A signifies ei-
ther an elimination of a surface layer or of-
ten an absorption of gases into metals. The
meaning of 6V is complicated. When a
strongly absorbative surface layer (" > 1)
is formed, or when the metal surface is
strongly modified by a surface reaction, §¥
varies positively or negatively depending
upon dielectric functions of the surface
layer and the metal (19, 23). Weak adsorp-
tion of gases induces negligibly small and
negative 8V (3, 24). Based upon the above
explanations the result at 230°C may be in-
terpreted as the formation of a carbidic
layer in the Co metal because of the nega-
tive 8A at stage (1), whereas the result at
400°C may be interpreted as the formation
of a graphite layer because of the large posi-
tive 8A and the very small and negative 8%
at stage (2).

The observed 8A and 8V at stages (1) and
(2) in Figs. 4 and 5 are analyzed by the
stratified layer model discussed in the pre-
ceding section, whose results are shown at
the bottom of Figs. 4 and 5. It is noted in
Fig. 4 that the carbidic layer in D, is still
metallic with the negative real part, and the
Dy layer on the D, layer may be another
kind of carbide layer, but its property is un-
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F16. 6. Raman bands of surface defective graphite
observed at (a) 23°C and (b) 400°C produced by B-
reaction at 400°C. The property of the graphite is
specified by the ellipsometric observation shown in
Fig. 5. Peak p denotes a plasma emission from the Ar
laser.

clear because of the very specific (but ap-
parent) dielectric function. On the other
hand, the dielectric functions of the prob-
able surface graphite in Fig. 5 are found to
beeg =3.0—-02iand e, = 1.1 — 0.7iin D,
and D, layers, respectively, in comparison
to that of the pyrolytic graphite, ¢ = 2.81 —
1.10¢, which we observed. Noted in Fig. 5 is
that the graphite formation is completed al-
most within 30 sec at 400°C, which is much
faster than the reaction at 230°C. The thick-
nesses determined by the layer model anal-
ysis should be understood as averaged val-
ues, because actual distributions of the
thickness are averaged out in the model.
Ellipsometric information is thus macro-
scopic because of the macroscopic analy-
sis, despite the ellipsometric response be-
ing in itself quite microscopic (23).

4.2. Raman Spectra of Surface Carbon
Species

Since the ellipsometric observation de-
termined the presence of surface graphite

produced by B-reaction at 400°C, we tried
to detect its Raman bands. For a period of
time we could find no band, but we finally
succeeded in detecting three kinds of very
weak Raman bands. Figure 6 shows that a
Raman band at 1338 ¢m™! appeared from
the surface graphite shown in Fig. 5. The
defective graphite in bulk is known to pro-
duce a band at 1340 cm™! that is ascribed to
the band from defective grain boundaries
(25), so this band undoubtedly originates
from the surface defective graphite. In Fig.
6 peaks denoted by p are plasma peaks
emitted from the Ar laser, and so are mean-
ingless. It is noted that the state of the
graphite at 23°C is basically unchanged at
400°C, although its intensity becomes a lit-
tle weak at 400°C. Furthermore, we could
observe another Raman band at 1515 cm™!
from the same sample as that shown in Fig.
7, which can be attributed to amorphous
graphite (26), whose intensity also becomes
weaker at 400°C. We conclude therefore
that defective graphite and amorphous
graphite are produced on the Co surface by
B-reaction at 400°C, which may exist as a
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1
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FiG. 7. Raman bands of surface amorphous graphite
observed at (a) 23°C and (b) 400°C produced by B-
reaction at 400°C. Peak p denotes a plasma emission
from the Ar laser.
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FiG. 8. Raman band at 340 cm™! observed at 23°C.
(a) After B-reaction at 230°C; the layer property is
specified by the ellipsometric observation shown in
Fig. 4. (b) After the hydrogenation reaction at 230°C.
(c) After B-reaction at 400°C; no Raman band is seen
in this wavenumber region.

mixture, because the observed dielectric
function of the graphite layer is very differ-
ent from that of pyrolytic graphite. Another
important fact is that the intensities of
the two Raman bands remain almost un-
changed after the hydrogenation reaction
(to be discussed later) indicating that those
graphites contribute little to hydrocarbon
production.
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FiG. 9. Ellipsometric response to the reaction of hy-
drogen on the pure Co surface at 230°C, and results of
the layer model analysis at stages (2) and (3). The ori-
gin of 8V is conveniently shifted.
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For the carbon species produced by B-
reaction at 230°C a very weak Raman band
at 340 cm™! is observed as shown in Fig. 8,
and is considered to be a vibrational mode
of Co—C-Co (twofold bridged carbon spe-
cies) (27). Curve (a) in Fig. 8 is observed
from the surface layer shown in Fig. 4,
which diminishes after the hydrogenation
reaction in curve (b). Curve (c) exhibits no
band after B-reaction at 400°C, indicating
that a possible carbidic carbon species in
the D, layer in Fig. 5 differs from those at
230°C as imagined from its dielectric func-
tion.

4.3. Adsorption of Hydrogen on Cobalt at
230 and 400°C

The state of hydrogen on the Co surface
is studied using the same ellipsometric
method to understand the mechanism of
hydrogenation of the surface carbon spe-
cies. Figures 9 and 10 demonstrate ellipso-
metric responses to the reaction of hydro-
gen with the pure Co surface at 230 and
400°C, respectively. Characteristic to the
reaction time courses is that the initial neg-
ative 8A (stage (1)) and the subsequent large
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FiG. 10. Ellipsometric response to the reaction of
hydrogen on the pure Co surface at 400°C, and results
of the layer model analysis at stages (1) and (2).
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and positive A (stage (2)) are commonly
observed at both temperatures. A multi-
layer adsorption of molecular hydrogen, if
exists, is expected to produce 8A ~ 0.5° and
S¥ ~ 0.0° (28, 29), which are inconsistent
with the observed variations. The layer
model analysis results in the formation of
surface layers shown at the bottom of Figs.
9 and 10. The state of hydrogen at stage (1)
in Fig. 10 can be understood as dissolved
and protonic hydrogen in a surface region
of the Co whose thickness is concluded to
be about 1.7 nm because of the negative 8A
and the metallic dielectric function. The
state of hydrogen at stage (1) in Fig. 9 may
be understood to be similarly dissolved hy-
drogen. However, the observed 8A and 8V
are so small that the classical layer model
analysis cannot be applied. Therefore, its
layer parameters are undetermined in Fig.
9. The state of hydrogen in the D, layer at
stages (2) and (3) in Fig. 9 is approximately
determined by the layer model, neglecting
the thin layer formed at stage (1). D, layers
in Figs. 9 and 10 can be understood to be
hydride-like layers on the layer of dissolved
hydrogen. It is noted that the state of the
hydride-like layer at stage (3) in Fig. 9 is
considerably different from that at stage
(2), possibly due to a higher concentration
of hydrogen atoms in the Co metal.

The dielectric function of Co is expressed
by

(1)

83=8f+ 8d+8i,

where & is the contribution from free elec-
trons, g4 is that from d electrons, and g; is
that due to interband transitions. &;is given
by the Drude equation

g = {1 — (wp/w)?} — i(wp/w) (e, (2)
where w is the frequency of the incident
light and w, is the plasma frequency given
by wj = 47Ne?/m*. 7 is the mean lifetime of
free eclectrons. The negatively large real
parts of &, and &; are understood by Eq. (2);
further, the negative real parts in D, layers
are interpreted in terms of changes in the

number of free electrons, N, due to the pro-
tonic hydrogen (28); the large imaginary
part of &; in Fig. 10 is explainable with a
shorter lifetime = due to additional scatter-
ings of free electrons by the dissolved pro-
tons in addition to a probable increase in
the interband transitions in Eq. (1). The hy-
dride-like layer at 400°C is more conductive
than those at 230°C as indicated by the neg-
atively large real part of the dielectric func-
tion.

The solubility of hydrogen in Co has been
measured (30), but stable and bulk hydrides
of Co have never been observed under nor-
mal pressure. Therefore, it seems that the
hydride-like layers that we determined are
specific to the surface, which cannot be de-
tected by ordinary macroscopic observa-
tions of hydrogen absorption (31). We now
realize that there are almost no molecular
hydrogen and no atomic hydrogen ad-
sorbed outside the Co surface at high tem-
peratures above Tq = 200°C even under am-
bient H; gas of 400 Torr: most hydrogen is
located in the Co metal. As discussed in the
Introduction, Zowtiak and Bartholomew
(17) observed the peculiar thermal desorp-
tion spectra of hydrogen from polycrystal-
line Co surfaces, which they explained as
an activated adsorption and desorption of
hydrogen on Co surfaces. Their results
seem to be consistent with the present ellip-
sometric data. The adsorbed hydrogen at
an adsorption temperature of 200°C in their
TDS experiments may correspond to the
hydrogen in the D, layer. The subsurface
hydrogen on Pd surfaces was studied in de-
tail by Behm et al. (32), who found that it
can easily come up to the surface even at
room temperature.

4.4. Hydrogenation of Surface Carbon
Species

The reactivity of the carbon species on
the Co with H; gas is now studied using the
ellipsometric method. The reaction time
courses at 230 and 400°C are shown in Fig.
11 and the product of the reactions is shown
in Fig. 12. The observed 8A and 8V are
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Fi1G. 11. Dynamical ellipsometric responses to the
reaction of surface carbon species on Co with hydro-
gen gas (a) at 230°C and (b) at 400°C. The origin of §¥
is conveniently shifted.

complicated, so we try to explain them
qualitatively. The reaction at 230°C may be
understood as follows: the first large drop
of A at 17 sec is caused by absorption of
hydrogen into the subsurface (dissolved hy-
drogen); the subsequent response is possi-
bly due to the formation of CH compounds

(8) at 230°C
1O
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Fi1G. 12. Hydrocarbon productions by the reaction
shown in Fig. 11 plotted against reaction time (A) at
230°C and (B) at 400°C.

on the surface inducing the positive A at 20
to 33 sec. CH compounds can exist stably
on the surface at 230°C (15). Then desorp-
tion of hydrocarbons takes place after 35
sec with decreasing 8A. The mass analysis
in Fig. 12 in the gas phase reveals the main
product of C, and C; hydrocarbons. There
may be a small amount of heavier hydrocar-
bons but they are unclear in our mass analy-
sis. Similarly at 400°C, hydrogen is at first
absorbed into the subsurface, but CH com-
pounds cannot be accumulated on the sur-
face because of the high temperature (15).
Some surface reactions occur on the sur-
face inducing the positive 8¥ during the
production of hydrocarbons but they are
unknown. The mass analysis indicates the
production of C; and C, hydrocarbons at an
early stage of the reaction, which suggests
that the resident time of CH compounds on
the surface seems to control the weight of
hydrocarbons produced. There is no evi-
dence showing the presence of a hydride-
like layer, when the surface is covered with
the carbon species.

Summarizing the reaction of the surface
carbon species with hydrogen, it is very
probable that the surface carbon is attacked
by atomic hydrogen from the metal side,
since the protonic hydrogen in the Co is
expected to be more mobile, although we
cannot deny minor hydrogenation mecha-
nisms by hydrogen directly from the gas
phase. If the Co surface is homogeneously
covered with thick graphite at 400°C (see
Fig. 5), hydrogen cannot be adsorbed and is
absorbed to create the subsurface hydro-
gen. The graphite produced by B-reaction
is expected to be heterogeneous on the
polycrystalline Co surface. The hydrogena-
tion of surface carbon species owes much
to the heterogeneity on the surface.

5. CONCLUSION

The Raman-ellipsometry combined sys-
tem is shown to be a powerful tool to study
surface chemical reactions under reaction
conditions. The Boudouard reaction and
the hydrogenation of surface carbon spe-
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cies are observed in situ by the rotating ana-
lyzer ellipsometer, which clarifies the pres-
ence of carbidic layers or graphite layers
and their properties.

It is concluded that the surface hydrogen
on Co at temperatures above Ty is mainly
located at subsurface sites in a protonic
state, which attacks very possibly the car-
bon species on the Co surface from the
metal side to produce hydrocarbons; the re-
action process is often stepwise in the time
scale of seconds, like an initial reaction to
produce the subsurface hydrogen, the next
reaction to produce CH compounds on the
surface, and then the desorption of hydro-
carbons. Surface reactions are thus unex-
pectedly slow to provide preferable circum-
stances at each step of the chemical
reactions.
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