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The effects of a potassium overlayer on the reaction pathway of CH»
and CyHs on Rh(111)
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of Sciences*, PO Box 168, H-6701 Szeged, Hungary
E-mail: fsolym@chemu.u-szeged.hu

The effect of potassium on the reaction pathways of adsorbed CH» and CoHg species on Rh(111) was investigated by means of reflection
absorption infrared spectroscopy (RAIRS) and temperature programmed desorption (TDS). Hydrocarbon fragments were produced by
thermal and photo-induced dissociation of the corresponding iodo compounds. Potassium adatoms markedly stabilized the adsorbed CH»
and converted it into CoHg4, the formation of which was not observed for K-free Rh(111). New routes of the surface reactions of CoHg have
been also opened in the presence of potassium, namely its transformation into butane and butene.
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1. Introduction

The study of the effects of alkali promoters on the adsorp-
tion and reactions of different compounds on metal single
crystal surfaces has been the subject of extensive research
in the last two decades [1-3]. This great interest reflects
theimportance of alkali additivesin heterogeneouscatalysis,
particularly in the catalytic synthesis of hydrocarbons[4,5].
In order to understand the role and the effects of akali in the
latter processes, it appeared important to examinetheir influ-
ence on the chemistry of hydrocarbon intermediates (CHo,
CHgz, CyHs, C3H7, etc.) transitorily formed in different
kinds of hydrocarbon synthesis and reactions. These CH,
fragments, however, exist in avery low concentration on the
catalyst surface during the high temperature reaction, which
prevented the study of their chemistry earlier. Recently,
however, several methods have been described to produce
these CH,, speciesin high surface concentration in pure state
which initiated extensive investigations. In the present work
we report on the effects of potassium admetal on the stability
and reaction pathways of CH» and C,Hs specieson Rh(111)
surface, which is the continuation of our recent study per-
formed on the adsorption and reaction of CH3 on K-dosed
Rh(111) [6]. The chemistry of these compounds on clean
Rh(111) has been examined before [7-14]. The main fea-
tures of their reactions will be mentioned in the appropriate
parts of the paper.

2. Experimental

The two-level UHV chamber operates at a base pres-
sure of 6 x 10719 mbar and is pumped by an iongetter

* Thislaboratory is apart of the Center for Catalysis, Surface and Material
Science at the University of Szeged.

pump (250 I/s), and an auxiliary turbo pump. The system
is equipped with a single pass CMA Auger spectrometer
(Physical Electronics) and a quadrupole mass spectrome-
ter (Balzers QM S 200) for thermal desorption spectroscopy
(both in the lower chamber). The upper part was equipped
with a single beam Fourier transform infrared spectrometer
(Mattson Research Series) for reflection absorption infrared
spectroscopy (RAIRS). The whole optical path is purged by
COz2- and H,O-free air generated by a Balston 75-62 FT-IR
purge gas generator. All RAIR spectra were averaged over
512 scans using aMCT detector at 2 cm~? resolution. Sam-
ple spectrawere ratioed against a background taken immedi-
ately after the sample by flashing the crystal to 1270 K. The
scan was initiated after the crystal temperature had returned
to 95 K.

The Rh(111) single crystal was cleaned by cycled heat-
ing in oxygen. This was followed by cycles of argon ion
bombardment (typically 1-2 kV, 1 x 10~° mbar argon, 3 A
for 10-30 min) and by annealing at 1270 K. Surface cleanli-
ness was confirmed by AES. The Rh sample was resistively
heated, and the temperature was measured with a chromel—
alumel thermocouple spot-welded to the edge of the crystal.
For low-temperature measurements the sample was cooled
via a tantalum braid attached to a liquid nitrogen cooled
stainless steel tube. Potassium was deposited on Rh(111) at
room temperature by resistively heating a getter wire source
(SAES getter) located at 2 cm from the sample. The time
required for potassium deposition was 0.54 min. The K
coverage was calibrated using LEED, AES and TDS yield,
and has been described elsewhere [15,16]. A monolayer of
potassium on Rh(111) corresponds to a surface density of
5.8 x 10 atoms/cm? or @k = 0.36 potassium atom per
surface rhodium atom.

As a source of CH, and CyHs we used the correspond-
ing iodide compounds. As the thermal dissociation of these

1022-5528/00/1200-0145%$18.00/0 I 2000 Plenum Publishing Corporation



146

compounds at monolayer coverage begins only above 140—
180K, when thereactions of CH» and CoHs dlso setin, these
hydrocarbon fragments were also prepared by the photoly-
sis of the adsorbed monolayer at 100 K. The advantage of
this procedure is that CH, species can be produced in rela-
tively high concentration at low temperature where we can
excludethe occurrence of their reactions. The photolysis ex-
periments were carried out with 100 W Hg arc lamp.

3. Resultsand discussion
3.1. Reactions of CH>»

Previous studies showed that CHjl, dissociates on
Rh(111) at submonolayer coverage even at 90 K [9,10].
A larger concentration of CH, can be obtained, however,
only by heating up the molecularly adsorbed CH2l» to higher
temperature, when the undissociated CH2l,> desorbs from
the surface. In figure 1 we show the RAIR spectra of ad-
sorbed CHal, annealed at different temperatures. Spectral
changes occurred at 189 K, when new absorption bands de-
veloped at 2937, 2863 and 1103 cm~1. These absorption
bands correspond well to the various vibrations of adsorbed
CHy (see table 1). The stability of CH» was followed by
measuring the intensity of the two high frequency bands as
a function of temperature. As can be seen in figure 2 both
bands attenuate at around 180 K, and disappear completely
at 300-320K.

The effect of potassium on the infrared spectrum and
on the stability of adsorbed CH, species was examined
in the following way. Adsorbed CH3l, was annedled at
190 K and then potassium was deposited on this surface
at 100 K. As shown in figure 1(B), potassium influenced
only dightly the positions of CH» bands. It exerted, how-
ever, a significant stabilization on adsorbed CH, species.
Its vibration bands were eliminated only at 390-405 K,
without any sign of the formation of new absorption fea-
tures.

Following the desorbing products from a clean Rh(111)
we detected CH4 (Tp = 230K), and Ha (7p = 330K). Inthe
presence of potassium, the peak temperature of CH4 desorp-
tion remained the same, but its amount decreased signifi-
cantly with the increase of potassium coverage (figure 3). As

Table 1
Vibrational characteristics (in cmfl) for CHzlo and CH» species.

Assignment  CHplpg CHala/Rh(111) CH/Rh(111) CHp/Rh(111)

[17] present work  present work HREELS[10]
vas(CHy) 3047 3044 2937 2940
vs(CH)) 2968 2968 2863
3(CHy) 1353
y(CH>) 1106 1111
o(CHy) 1103 1190
p(CH») 717 780
vas(C2) 571
vs(CH2) 486
vas(M—-C) 650
vs(M-C)
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was expected, the desorption of Hy shifted to higher temper-
ature in the presence of potassium. A new desorption prod-
uct is ethylenewhich isreleased in two peaks with 7, = 250
and 380 K. Its amount clearly increased with the rise of the
potassium coverage. This suggests that the potassium ad-
layer promotes the coupling of CH2 speciesinto CoHg. The
fact that we could not detect adsorbed ethylene by means
of infrared spectroscopy implies that ethylene desorbed at
once after its formation. This is consistent with the obser-
vation that potassium induces the desorption of ethylene at
low temperature from Pt(111) surface: at monolayer K cov-
erage, most of the ethylene desorbed with a peak tempera-
ture of 150 K, and only a very little fraction remained on the
surface to decompose at around 500 K [18-20].

In the next experiments CH, was produced at 100 K by
the photolysis of an adsorbed CHsl» layer on Rh(111). In
this way we could avoid any thermal reaction occurring dur-
ing the heating up of the adsorbed layer to 190 K, and at
the same time, we could increase the surface concentration
of adsorbed CH» at 100-110 K. As a result of photolysis,
a larger amount of ethylene was produced than in the dark
experiments. the enhancement was 30% at ©x = 0.24 and
60% at O = 0.36. In this case more ethylene desorbed in
the low temperature peak, Tp = 200 K. A slight formation
of ethylene, with 7, = 190 K, was also observed for the
clean surface. Post-irradiation TPD spectra for ethylene are
presented in figure 3(C).

In the explanation of the stahilizing effect of potassium
we assume the formation of a surface complex between ad-
sorbed CH2 molecules and K adatoms. Such compound ex-
ists between CH3 and K, which exhibits a relatively high
thermal stability [21]. We are inclined to think that the sim-
ple site blocking and electronic effects play aless important
role. It is very likely that the coupling of CH» species to
ethylene proceedsin this surface complex.

3.2. Reactions of CoHsg

The infrared spectrum of adsorbed CyHsl at 100 K is
shown in figure 4(A). The observed vibrational feature cor-
respondsto that measured for gas-phase and adsorbed CoHs|
on Pt(111) [22-24]. The assignments of the absorption
bands are given in table 2. Annealing the adsorbed layer
caused a spectral change at 180-200 K, where the weakly
adsorbed C,Hsl already desorbed. The remaining absorp-
tion bands at 2908, 1420 and 1190 cm~1 belong to the vi-
brations of adsorbed CyHs (table 2), which suggests that
most of the strongly bound CyHs| molecules underwent dis-
sociation. Heating the adsorbed layer further to 240 K, the
features of CyHs disappeared, and new bands developed at
2975, 2879, 1380, 1125 and 940 cm~1. These peaks are
characteristic of ethylidyne[25-27]. However, in the case of
Pt(111) the calculation revealed that the asymmetric strech
of CCH3 isadipoleinactivein IR [28]. If thisisvalid for
Rh(111), then we may assume that the band at 2975 cm~—1
is due to the symmetric stretch of di-o-bonded ethylene. All
these bands disappeared at 320 K, and only avery weak sig-
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Figure 1. Effects of temperature on the RAIR spectra of adsorbed CH»l» on Rh(111). (A) Clean Rh(111); (B) K-dosed Rh(111), ©k = 0.36. In the latter
case, potassium was deposited on the adsorbed CHol» heated to 189 K.
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Figure 2. Effects of temperature on the absorbances of CH» bands on clean and K-dosed Rh(111) surfaces.

nal was detected at 3030 cm~1 very likely due to the stable
CCH species.

Evaporation of potassium on the C;Hs-containing
Rh(111) caused no spectral change, and it exerted no influ-
ence on the stability of CoHs species. At 190 K, anew band
appeared at 2947 (and 1117) cm~1 (figure 4(B)), which was
also observed on potassium-promoted Pt(111) surface after
adsorption of CoHg4 [19]. This feature was attributed to the
formation of ethylidene (CHCH3) [19]. All these bands dis-
appeared at 247 K, and there were no signs of the bands of
ethylidyne or other hydrocarbon fragments observed for the
clean surface.

Following the reactions of adsorbed C,Hs on clean
Rh(111) by TPD we detected no methane in the desorbing
gases. The main routes of reactions of CoHs were the de-

hydrogenation and hydrogenation of CoHs resulting in the
formation of CoH4 (7Tp = 180 K) and CoHg (Tp = 170 K).
In addition, the formation of Hy (between 350 and 500 K)
was also observed as aresult of the complete decomposition
of ethylidyne to carbon and hydrogen. This feature is con-
sistent with that observed in our previous study [14]. TPD
spectraare presented in figure 5(A).

Potassium adatoms markedly influenced the reaction
pathwaysof CoHs: theformation of ethane and ethylenerad-
ically decreased. A completely new featureis the desorption
of butane (Tp = 135, 190 and 220 K (shoulder)) and butene
(Tp = 180-220 K). The amount of both compounds grew
with the increase of potassium coverage up to Ok = 0.24,
when ethane and ethylene were not detectable among the de-
sorption products (figure 5). Accordingly, new routes of the
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Figure 3. TPD spectra following the reactions of CH» on clean and K-dosed Rh(111). (A,B) CH» was produced by the thermal dissociation of adsorbed
CHaslo; (C) CH2 was produced by the photolysis of adsorbed CH»l 5.

Table 2
Vibrational characteristics (in cm~1) of CoHgl and CoH5 species.

Assignment CoHsl/Pt(111)  CoHsl/Rh(111)  CoHs/Rh(111)  CoHs/Rh(111)

RAIRS [24] present work present work HREELS[14]
vas(CH3) 2969 2969
vs(CH3) 2914 2913 2908 2910
26a(CHg) 2864 2853
8a(CH3) 1454 1455 1420 1420
3(CHy) 1438 1438
8s(CHy) 1377 1376
v(CC) + 8(CCl) 1212
®(CHy) 1203 1205 1190 1150
v(CC) 952 951 940 940

reaction of CoHs have been opened in the presence of potas-
sium. Considering the sensitivity of mass spectrometer to
these compounds the ratio of butane/butene was cal cul ated
tobe 13+ 3.0.

In order to know more about the formation mechanism of
two compounds, we determined their main desorption char-
acteristics following their adsorption on K-dosed Rh(111) at
100 K. The peak temperatures were in both cases 140 K,
which were independent of the coverage. This low temper-
ature peak suggests that the evolution of both compounds
is a reaction limited process. The rather broad desorption
peak for butane in figure 5(B) implies two ways of bu-

tane formation. One is the coupling of C;Hs. The other
one is the hydrogenation of butene. Control experiments
showed that a small fraction of butene is hydrogenated
around 180-200 K under the present experimental condi-
tions.

RAIR spectraof annealed adsorbed layer were consistent
with these features. Whereas the reaction of CoHs onaclean
Rh(111) produced the characteristic peaks for ethylidyne —
possibly through the formation of di-o -bonded ethylene and
then vinylic species [29,30], in the presence of potassium
we could not detect any vibrations attributable to these ad-
sorbates.
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Figure 4. Effects of temperature on the RAIR spectra of adsorbed CoHsl on Rh(111). (A) Clean Rh(111); (B) K-dosed Rh(111), © = 0.36. In the latter
case, potassium was deposited on the adsorbed CoHs| heated to 190 K.
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Figure 5. TPD spectra following the reactions of CoHsg on clean and K-dosed Rh(111).

In this case we also attempted to produce CoHs at 100 K
by the photolysis of the adsorbed CoHsl on Rh(111) to avoid
thermal reaction occurring during annealing of the adsorbed
layer. As regards the effect of potassium, we observed the
same features as above. Asaresult of the larger surface con-
centration of CyHs produced by photolysis, the coupling of
C2Hs5 to C4H10 proceeded to asmall extent even on theclean
surface. However, potassium adatoms enhanced the produc-
tion of both butane and butene in this case, too. Compared
to the dark experiments, the amount of butane increased by
afactor of 1.5 at monolayer K coverage. Thisfactor was 3.7
in the case of the formation of butene.

The dramatic effect of potassium on the reaction of CoHs
can be attributed to the electron donation from potassium
to the antibonding orbital of Rh—C bond. This may occur
through the Rh metal, or a high potassium coverage di-
rectly from the potassium. As was demonstrated before in
the case of adsorbed ethylene on Pt(111), this charge trans-
fer leads to the stabilization of C—H bond, and to the desta-
bilization of carbon—metal o bonds [19]. In addition, we
assume that potassium layer initiates the formation of a sur-
face compound between adsorbed C,Hs molecules, which
decomposesto gaseous butane. This processisillustrated in
a scheme shown in figure 6. This ideais supported by the
fact that the extent of the promoter effect, e.g., the change
in the reaction pathway is markedly enhanced with the in-

crease of the surface concentration of potassium adatoms
(figure 5). A rough calculation showed that the maximum
surface concentration of CoH, is4-5 x 10 molecules/cm?.
Taking into account the number of K atoms near satura-
tion we propose that one potassium is combined with one
CoHs species.  Note that the largest work function de-
crease of Rh(111) (3.5 eV) was measured at lower potas-
sium coverage, Ok 0.15 [16], which exerted only a
moderate promoter influence on the chemistry of adsorbed
CoHs.

A further question is the formation of butene. A possi-
ble reaction is the coupling of ethylene into butene. Aswe
found no report on the production of butene from ethylene
on aclean and K-dosed metal surfaces, some control meas-
urements were performed under the present reaction condi-
tions. We found no signs of butene desorption following eth-
ylene adsorption on Rh(111) containing different amounts of
potassium. This suggests that potassium may also induce a
compound formation between CHCH3, occurring in the par-
tially dehydrogenated CoHs species, the decomposition of
which producesbutene. Thisis aso shown in figure 6.

4, Conclusions

(i) Potassium adatoms stabilized the CH, adsorbed on
Rh(111) surface and induced its coupling into CoHg.
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Figure 6. Effects of potassium on the reactions of adsorbed CoHg on Rh(111).

(ii) The reaction pathways of CoHs were also influenced

by potassium, the formation of butane and butene was
observed which did not occur on the clean surface.

(iii) The new routes of the reactions of both CH, and CyHs

are attributed to the formation of surface compounds
between C,H,, and K adatoms and to the operation of
an electronic factor.
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