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The reaction pathways of adsorbed CH3z and C,H; in the pres-
ence of coadsorbed oxygen atoms on the Rh(111) surface were inves-
tigated by means of temperature-programmed desorption (TPD),
X-ray photoelectron spectroscopy (XPS), and high-resolution elec-
tron energy loss spectroscopy (HREELS). CH, fragments were pro-
duced by the dissociation of the corresponding iodo compounds.
Oxygen adatoms significantly stabilized carbon—iodide bonds and
induced the desorption of strongly adsorbed methyl and ethyl io-
dides. A weak signal of methoxy species has been detected by
HREELS in the low temperature interaction of CH3 and O. Oxi-
dation of hydrocarbon fragments led to the production of H,O, CO,
and CO; above 350 K. In the case of the adsorbed ethyl species,
the formation of gaseous acetaldehyde was also established. It is
assumed that the oxidation of CH, fragments proceeds through the
transient formation and reactions of adsorbed methoxy and ethoxy
species, preceded by the interaction of methyl and ethyl groups of
adsorbed iodo compounds with the adsorbed oxygen atoms. @ 1996

Academic Press, Inc.

1. INTRODUCTION

Rhodium-based materials are among the most effective
catalysts in the synthesis of hydrocarbons and oxygenated
compounds (1-5), in the CH4 4+ CO, reaction (6-8), and in
the dehydrogenation of CH4 under nonoxidative conditions
(9,10). For the elucidation of elementary steps in these reac-
tions it is of primary importance to evaluate the chemistry
of hydrocarbon fragments (CH,, CH3, C,Hs) transitorily
formed on the Rh surface in the catalytic processes. As a
first step in this direction we generated hydrocarbon frag-
ments on Rh(111) by thermal and photodissociation of the
corresponding iodo compounds and determined their ther-
mal stability and reaction pathways (11-13). Recently, this
program was extended to oxygen-covered Rh(111), where
selective oxygen addition to adsorbed CHj species was ob-
served to yield gaseous CH,O (12, 14). In the present paper
we report on the reactions of CH3 and C,Hs with adsorbed
oxygen atoms on the Rh(111) surface.

1 A part of this paper was presented at the 14th North American Meet-
ing of the Catalysis Society, June 11-16, 1995.
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2. EXPERIMENTAL

The Rh crystal used in this work was cut from a
single-crystal boule (Materials Research Corporation, pu-
rity 99.99%). Initially the sample was cleaned by cycled
heating in oxygen. This was followed by cycles of argon-ion
bombardment (typically 1-2 kV, 1 x 107® Torr Ar, 1000 K,
3 pA for 10-30 min) and annealing at 1270 K for several
minutes. CHsl and C;HsI were products of Merck. They
were degassed and purified by freeze—pump-thaw cycles.

The experiments were performed in two separate UHV
chambers with a routine base pressure of 2 x 107! Torr
produced by turbomolecular, ion-getter, and titanium sub-
limation pumps. One chamber was equipped with facil-
ities for Auger electron spectroscopy (AES), high reso-
lution electron energy loss spectroscopy (HREELS) and
temperature-programmed desorption (TPD). The HREEL
spectrometer (VSW, type HA-50) was situated in the lower
level of the chamber and has a resolution of 70-100 cm™!.
All energy loss spectra were recorded with a primary elec-
tron energy of 5.0 eV and at an incident angle of 45°. The
second system was a Kratos XSAM 800 instrument, where
X-ray photoelectron spectroscopy (XPS) measurements
were performed using MgKo radiation (14 kV, 10 mA).
All binding energies are referred to the Fermi level of the
Rh(3ds,), which places the Rh(3ds;,) photoelectron line at
307.2 eV. The pass energy of the electron energy analyzer
was set to 40 eV, which gives a full width at half maximum
(FWHM) of 1.65 eV for the Rh(3ds;,) photoelectron line
for a clean Rh(111) surface. Collection times for XPS were
15 and 30 min, respectively. The heating rate for TPD mea-
surements was ca. 20 K/s. Further experimental details have
been described elsewhere (12).

The adsorption of oxygen was performed at 300 K, while
that of iodo compounds was carried out at 90 K. Gases were
dosed through a 0.1 mm diameter capillary that terminated
2 cm from the sample. The local pressure at the sample was
about 10~7 Torr during dosing. According to previous mea-
surements the surface concentration of oxygen on Rh(111)
at saturation corresponds to 0.5 monolayer, ®o=0.5 (15,
16). The LEED pattern observed is attributed to three do-
mains of p(2 x 1)—0 (16).
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FIG. 1.
and oxygen-dosed (x) (B =0.4) surface.

3. RESULTS

3.1. Reaction of CH3I and CHj3 Species

Previous studies clearly demonstrated that XPS is a suit-
able method for following the dissociation of iodo com-
pounds on metal surfaces, as the binding energy of 1(3ds/)
in the atomically adsorbed state is about 1.0-1.5 eV lower
than that for molecularly adsorbed iodo compounds (17—
19). Following the adsorption of CH3I on a clean Rh(111)
surface at 90 K, the binding energy of 1(3ds;,) appeared at
620.3 eV and that of C(1s) at 284.9 eV. The positions of the

2 L 6 8 0 12 1 16
Exposure time (min)

Areas of the I(3ds;,) peak in the XP spectra on Rh(111) as a function of (A) CH;I exposure and (B) C,HsI exposure at 90 K on clean (O)

peaks were practically independent of the coverage. The
same features were observed for oxygen-dosed Rh(111) at
®o0=0.4. In Fig. 1A the areas of the I(3ds;) peak were
plotted as a function of CH3lI exposure. We found that the
uptake of CHj3l is almost the same for both surfaces.

XP spectra of adsorbed layers annealed at different tem-
peratures are presented in Fig. 2. Whereas on the clean sur-
face a shift in the binding energy of adsorbed I began to oc-
cur at 175 K and was complete at 200 K; on an oxygen-dosed
surface these changes were observed at higher tempera-
tures 225-275 K. The intensity of the 1(3ds,,) peak remained
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FIG. 2. Effects of annealing on the I(3ds,) XP spectra of adsorbed CH3l on (A) clean Rh(111) and (B) oxygen-dosed Rh(111) (6o =0.4) and
(C) on the position of the I(3ds;,) peak. The exposure time of CH;3I was 8 min.
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FIG.3. TPD profiles of various products following CH3I adsorption at 90 K on oxygen-dosed Rh(111) at different oxygen coverages and the areas

of TPD peaks of the desorption products as a function of oxygen coverage.

(1) 0.00; (2) 0.08; (3) 0.15; (4) 0.20; (5) 0.40.

unaltered in the temperature range of 400-700 K. The peak
was completely eliminated only at around 1100 K. This is
in accord with the results of AES measurements (11).

Previous studies on the clean surface showed that in TPD
experiments the molecularly adsorbed CH;zl desorbs to give
two peaks, T, =160 K (B8) and 136 K () (11). The latter
was ascribed to a multilayer as it could not be saturated.
TPD profiles presented in Fig. 3 reveal that in the presence
of preadsorbed oxygen the picture is more complex. At
higher oxygen coverages, a fraction of the CH3I desorbs in
new desorption states (denoted by y and §) with 7;, =180
and 320 K, in addition to the & and 8 peaks. At saturation
oxygen coverage, the amount of CHsl desorbing in the peak
8 (T, =320K) exceeds that desorbing in the other peaks. No
desorption of other I-containing compounds was observed
below 700 K. Methane is also formed on oxygen-covered
Rh: after a transitory increase its amount decreased with
the increase of oxygen coverage, and its peak temperature
shifted from 160 K to 185 and 240 K.

The exposure time of CH3I was 4 min. The values of oxygen coverages ©o:

The formation of new products, CO, (7,=450 and
500 K), CO (T, =520 K), and H,O (T, =415 K) suggests
that CH3 undergoes oxidation between 400 and 500 K. The
products of oxidation gradually increase in amount with the
oxygen coverage. Note that CH,O has not been identified
in the desorbing products. An attempt was also made to de-
tect CH3OH, C,Hg, and C,Hy without any positive result.
Analysis of TPD results shows that at ®o = 0.4 about 77 %
of the CHj species have been oxidized and 23 % have been
converted into CHy.

In a search for surface intermediates in the oxidation
reaction, HREELS measurements were carried out under
similar conditions. Spectra are displayed in Fig. 4. The losses
obtained for O-covered Rh(111) corresponded well to the
molecularly adsorbed CH3l. The characteristic losses of ad-
sorbed CH3l, CH3, and CH30O on the Rh(111) surface, to-
gether with their assignments, are listed in Table 1.

On warming the adsorbed layer to 150-180 K, a new loss
feature appeared at 1040-1050 cm ™!, which was eliminated
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FIG. 4. HREEL spectra of absorbed CH3;l on oxygen-covered
Rh(111) (®o=0.4) after annealing at different temperatures. The expo-
sure time of CH3I was 4 min.

at 185-200 K. Further changes occurred above 220 K: the
losses of adsorbed CH3l attenuated, and new losses devel-
oped at 2920-2930, 2020-2030, and 520 cm~!. At 310-350 K
the dominant losses were at 2926 and 2040-2050 cm ™. The
loss at 520 cm™! became stronger. These losses vanished
(with the exception of the 520 cm ™! loss) when the adsorbed
layer was warmed to 420 K.

3.2. Reactions of Co2Hsl and C,Hs Species

As indicated by the XPS measurements the uptake of
C,HsI on Rh(111) is only slightly affected by preadsorbed
oxygen at ®o=0.4 (Fig. 1B). The position of the binding
energy of I(3ds;,) remained practically constant at 619.7 eV
for different exposures.

Annealing the coadsorbed layer resulted in a reduction
of the intensity of the I peak above 225 K, where the bind-
ing energy of adsorbed I started shifting to lower energy.
A constant value, 619.2 eV, was attained at 275-300 K
(Fig. SA). This is in contrast with the clean surface, where
this shift began already at 150 K, and was complete at
225K (Fig. 5B) (13).
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TABLE 1

Vibrational Frequencies of CH3I, CH3, and CH30
on Clean Rh(111) (cm™})

Mode CH;I/Rh(111)* CHyRh(111)*  CH;O/Rh(111)

v2(CH3) 2920

v(C-H) 2935
vy(CH3) 3044

3(C-H) 1450
8.(CH;) 1430 1350

p(C-H) 1130
8,(CHz) 1230 1185

p(CH3) 900 760

1(CO) 1015
3(M—O—CHj) 645
v(C-T) 552

»(M~OCH3) 345

“ Reference (11).
b Reference (20).

TPD measurements showed that the product formation
sensitively depends on the oxygen coverage. Detailed ex-
periments have been performed at ®o=0.3, where the
products of the oxidation reaction exhibited a maximum.
Whereas C;Hsl desorbs in two peaks (7, =140 K, denoted
by a, and 7}, =160 K, denoted by g) from a clean Rh(111)
surface, two additional peaks (7}, =200 and 300 K, denoted
by y and §) were observed for the oxygen-dosed surface
(Fig. 6). Another important change is that the o peak as-
cribed to a multilayer became more dominant. The char-
acteristics of the formation of products of C,Hs reaction
on a clean surface also changed. The peak temperature of
ethylene shifted from 220 to 300 K, and that of ethane from
168 to 230 K. The amount of ethylene produced was a fac-
tor of two higher and that of ethane a factor of two lower
than on the clean surface. In the calculation of these val-
ues we took into account the sensitivity of our mass spec-
trometer to these compounds as well as their fragmentation
patterns.

As the products of oxidation, H,O, CO,, and small
amounts of CH3CHO and CO were identified. Characteris-
tic peak temperatures for the desorption of these products
are as follows: T,(CH;CHO) =340 K, T;,(H,0) =320 and
420 K, T,(CO,) =450 and 500 K, T,(CO)=500 K. Tak-
ing into account the sensitivity of the mass spectrometer to
the desorbing products, we calculated that about 70% of
the C,H; formed in the dissociation has been oxidized and
the rest has been converted into ethylene and ethane.

Surface reactions occurring in the adsorbed layer have
also been followed by HREELS measurements. Some spec-
tra are shown in Fig. 7. The losses observed for oxygen-
dosed Rh(111) at 95-300 K correspond well to those at-
tributed to molecularly adsorbed C,HsI. New loss is seen
in the CO stretching region at 2040-2050 cm ! at and above
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270 K. No other losses indicative of oxygen-containing
species can be identified. Characteristic losses of adsorbed
C,HsI, C;Hs, and some oxygenated C,-compounds on
Rh(111) are presented in Table 2.

4. DISCUSSION

4.1. Chemistry of CH3l on Oxygen-Dosed Rh(111)

XPS measurements indicate that the uptake of CHsI on
oxygen-saturated Rh(111) is only slightly altered as com-
pared to the clean surface. The bonding of CHsI, however,
is strongly influenced by preadsorbed oxygen. In the XP
spectra, a shift in the binding energy of 1(3ds;), corre-
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sponding to the dissociation of adsorbed CH3l, occurred
at higher temperatures than on a clean surface (Fig. 2). In
accord with this, the vibration losses due to molecularly
adsorbed CHil were eliminated at significantly higher tem-
peratures, above 270 K, on oxygen-covered surfaces (Fig. 4).
The higher stability of adsorbed CHj3l is also exhibited by
the two new adsorption states, which are characterized by
desorption peaks with 7, =180 and 320 K. In the explana-
tion of these new features we may assume that preadsorbed
oxygen atoms, by occupying the adsorption sites, prevent
the dissociation of CH3I, and hence force a fraction of ad-
sorbed molecules to desorb instead of dissociating. Some
electronic effect may also operate.
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FIG.6. TPD profiles of various products following C,HsI adsorption at 90 K on (A) clean and (B) oxygen-dosed Rh(111) at ®o = 0.3. The exposure

time of C;HsI was 4 min.
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FIG. 7. HREEL spectra of adsorbed C,HsI on oxygen-covered
Rh(111) (©¢=0.4) after annealing at different temperatures. The expo-
sure time of C;H;sI was 4 min.

4.2. Reactions of Adsorbed CH3

The effect of preadsorbed oxygen is also manifested in
the reactions of CHj3 observed for the clean surface: its self-
hydrogenation into methane occurred in a wider tempera-
ture range than on the oxygen-free surface, and a significant
portion of methane evolved only above 200 K. This suggests
a certain stabilization of CHj species. In addition, a large
fraction of CHj3; formed in the dissociation of CH3I under-
goes oxidation in the adsorbed layer at higher temperatures
to produce H,O, CO, and COa.

The obvious first step in the oxidation reaction is the
selective addition of oxygen atoms to adsorbed CHj3 to yield
methoxy species

CHz(a) + O(a) = CH30(a),

similarly to the case of the CH, + O/Rh(111) system (12,
14). In the HREEL spectra, however, we found only a very
weak loss at 1040-1050 cm~! which can be attributed to
the C-O stretch in methoxy species (Table 1) (20). This loss
appeared at 150-180 K but was not discernible above 180 K.
The weak signal of methoxy species may be associated with
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TABLE 2

Vibrational Frequencies of C,H;sI, C;Hs, C,H50, and

CH;CHO on Clean Rh(111) (cm™})

Mode Cszl(a)“ Csz(a)d CzHSO(a)b CH3CHO(3)[’
v(C-H) 2950 2910-2930 2990 2980
»(C=0) 1460
3(CHj3) 1435 1420 1390 1380
8(CHy) 1405
»(CHy) 1236 1150-1180
1a(C-C-0) 1070
v(C-C-0) 830
v(C-C) 1000 940 1135
o(CHs) 850 950
o(CH,) 760
s (C-C-0) 510 610
v(C-T) 516
»(M—-C) 395
v(M-0O) nr

“This work. Values shown represent average values of several ex-
periments.
b Reference (29).

the fact that at 150-180 K we can expect only a very limited
dissociation of adsorbed CH3l.

The fact that the feature at 1040-1050 cm™! was not de-
tectable in the high-temperature region (where the dissoci-
ation of CH;l is more extended) is not in contradiction with
this picture, when we take into account the low stability of
methoxy species on the Rh(111) surface (20-22). Following
the adsorption of CH3OH on clean Rh(111), where the sur-
face concentration of methoxy species was obviously high,
the losses due to methoxy species were identified only up
to 180 K (20).

The difficulty of the formation of methoxy species in
this system is consistent with the recent results of Friend
(23), who found surface methoxy on Rh(111) only when ad-
sorbed oxygen atoms were reacted with gaseous methyl rad-
icals. No methoxy was detected in the reaction of adsorbed
methyl and oxygen atoms (23). In the light of this finding
the interaction of the CHj3 group of CHsI should precede the
formation of methoxy species. In other words, only those
methyl groups of the adsorbed CHj3l molecules can pro-
duce methoxy species which interact with adsorbed oxygen
atoms before the dissociation. Accordingly, the oxidation
of CHj species is described in Scheme 1. The interaction of

H H H

NS H>([:/H __ H\(I:/H

o1 0 d1 o0 01 o

[ | i { 1 |
SCHEME 1

CHasl with surface oxygen to yield methoxy is not unique,
as it was also observed following the adsorption of CH3l on
AL O3 (24).
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The fact that the peak temperatures of the production
of H,O, CO, and CO; in the present case approach those
measured following the adsorption of CH30OH on oxygen-
dosed Rh(111) (22) (T, (H20) =375 K, T,(CO) =510 K,
T, (CO2) =450 K) provides further evidence that the oxi-
dation of CH3 occurs through the transient formation and
reactions of methoxy species. These reactions may involve
the decomposition of CH30,

CH;0(a) = CO(a) + 3H(a),

and the oxidation of adsorbed CO and H, and/or the direct
oxidation of CH30 to H,O and CO,. In the study of the
reactions of CH30 species on oxygen-dosed Rh(111) we
came to the conclusion that the oxidation of adsorbed CO
and H formed is the dominant pathway in the evolution of
CO; and H,O (22). Note that following the adsorption of
CO; and H,O on a Rh(111) surface, CO, desorbed with
T,=250 K (25) and H,O did so with 7;,=158 and 185 K
(26).

In the above considerations several arguments have been
presented to explain the low intensity of methoxy at low
temperatures and its absence at high temperatures. An al-
ternative interpretation is that the above route represents
only a minor pathway in the oxidation of CHj3 species: the
dominant process is the direct abstraction of hydrogens of
CHj; by adsorbed oxygen to give initially adsorbed OH and
surface C. The oxidation of surface carbon on Rh, however,
proceeds only above 550-600 K (27, 28). The peak temper-
atures of the CO evolution on Rh(111) are 660 and 750 K
(28), which are considerably higher values than those de-
termined for the production of CO and CO; in the present
study. This makes the alternative route of the oxidation less
likely.

4.3. Chemistry of CoHs on Oxygen-Dosed Rh(111)

The uptake of C,HsI on oxygen-dosed Rh(111) did not
change even at the highest oxygen coverage compared
to the clean surface. As with CHj3l, preadsorbed oxygen
markedly stabilized the molecularly adsorbed C,HsI to-
wards dissociation. A detectable shift in the binding en-
ergy of 1(3dsp) occurred at temperatures about 75 K higher
than those measured for the clean surface. The amount of
desorbing C,HsI also increased, and two new adsorption
states were produced. These features can be attributed to
the blocking of the active surface sites for the dissociation
of C,H5sI, as discussed above.

4.4. Reactions of Adsorbed CyHs

In the case of a clean surface, C;Hs formed in the disso-
ciation of C;HsI undergoes dehydrogenation to yield ethy-
lene on the one hand and hydrogenates to C;Hg on the
other hand (13). These reactions occurred in the presence
of preadsorbed oxygen too. The formation of both ethylene
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and ethane, however, shifted to higher temperatures, very
probably due to the delayed dissociation. In addition, the
amount of ethane significantly decreased. The possible rea-
son is that the hydrogen formed in the dehydrogenation
of C;H; reacted with adsorbed oxygen atoms to give H,O.
The release of H,O at 260-360 K can be attributed to this
process.

The oxidation of the C,Hs species also occurred in the
adsorbed layer, as indicated by the formation of H,O and
CO;, above 350-360 K, practically at the same temperature
as in the case of CHj species.

We may assume that the oxidation of adsorbed ethyl
proceeds in a similar way as described for the oxidation
of adsorbed methyl species, i.e., through the interaction of
the C;Hs group of adsorbed C,HsI with oxygen atoms and
the transient formation and reactions of adsorbed ethoxy
species. The fact that the ethoxy intermediate did not accu-
mulate on the surface in a detectable amount at the tem-
perature of the oxidation reaction is probably associated
with its low thermal stability. Adsorbed C,HsO decomposes
completely on Rh(111) to H and CO below 250 K (29). The
formation of acetaldehyde may occur via 8-hydrogen elim-
ination of adsorbed ethoxy, as was established by Houtman
and Barteau (29).

5. CONCLUSIONS

(i) The uptake of iodo compounds CH3I and C,HsI at
95 K was not influenced by adsorbed oxygen up to ®¢ =0.4.

(i) Adsorbed oxygen atoms, by occupying the active
surface sites on the Rh surface, inhibit the dissociation of
both CH3I and C,HsI and induce the desorption of a frac-
tion of strongly adsorbed CH3I and C,Hsl.

(iii) A weak electron energy loss signal at 1040-1050
cm~! attributed to the C—O stretch in methoxy species has
been identified at 150-180 K in the CH3I + O/Rh(111) sys-
tem.

(iv) Above 350 K the oxidation of adsorbed CHj3 and
C,Hs starts to yield H,O, CO, and CO;. The product dis-
tributions depend on the oxygen concentration. At high
oxygen coverage a small amount of gaseous acetaldehyde
was observed in the oxidation of adsorbed ethyl species.
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