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Methane coupling at low temperatures on Ru(0001)
and Ru(1120) catalysts
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The conversion of methane to higher hydrocarbons on single crystal Ru catalysts has been
investigated using combined elevated-pressure kinetic measurements/surface science studies.
The reaction consists of activation of methane on Ru(0001) and Ru(1120) surfaces to produce
carbonaceous intermediates at temperatures (7cy,) between 350 and 700 K and rehydrogena-
tion of these species to ethane and propane at Ty, = 370 K. It is found that under the reaction
conditions employed, the maximum yield in ethane/propane production occurs at Tcg,
~ 500 K on both surfaces. Influence of the hydrogenation temperature on the production of
ethane and propane is also examined. On Ru(0001), the yields of ethane and propane maximize
at Ty, = 400 K, whereas no maximum yield was observed on Ru(1120) in the 300-500 K tem-
perature range. Under optimum reaction conditions, hydrocarbon products consist of 16%
ethane and 2% propane. High-resolution electron energy-loss spectroscopy (HREELS) has
been used to identify various forms of hydrocarbonaceous intermediates following methane
decomposition. An effort is made to relate the hydrocarbon intermediates identified by
HREELS to the gas phase products observed in the elevated pressure experiments.

Keywords: Methane conversion; single crystal Ru catalyst; kinetic studies; surface science
studies

1. Introduction

The catalytic conversion of methane to higher hydrocarbons has become of
great economic interest in the past decade. Methane activation is particularly chal-
lenging because of its unusual high stability. Strong tetrahedral C-H bonds of
methane offer no polar distortions to facilitate chemical attack. A current practice
in methane conversion utilizes an indirect route in which methane is first converted
to a synthesis gas at high temperatures. Higher hydrocarbons are subsequently
obtained via Fischer—Tropsch synthesis [1-3]. A promising approach for direct
conversion is the oxidative coupling of methane over metal oxide catalysts [4-8], a
reaction that proceeds at temperatures between 850 and 1200 K with hydrocarbon
yield up to 25% [9]. In order to become economically more attractive, it is vital to

1 Present address: Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faraday 4-6, D-1000 Berlin
33, Germany.
2 To whom correspondence should be addressed.

©].C. Baltzer AG, Science Publishers



76 P. Lenz-Solomun et al. / Methane coupling on Ru catalysts

increase the overall selectivity to ethane and to improve the lifetime of catalysts.
An alternative, two-step approach, suggested by van Santen and co-workers [10—
12], consists of activation of methane on supported transition metal catalysts to
produce carbonaceous intermediates between 350 and 850 K and rehydrogenation
of these species to higher hydrocarbons at ~ 370 K.

Due to a positive change of the Gibbs free energy, the direct conversion of
methane to ethane is not thermodynamically allowed. This limitation may be cir-
cumvented by introducing oxidants, such as O, and Cl,, during reaction. The pres-
ence of the oxidants effectively decreases the Gibbs free energy, but also provides
amore favorable path for methane combustion. An alternative solution is to divide
the overall reaction into two steps. In the first step, the accompanying change in
entropy is negative, whereas the enthalpy change is positive. Therefore, methane
decomposition is carried out at high temperatures. The second-step reaction
involves rehydrogenation of carbonaceous deposits to form higher hydrocarbons.
This reaction is exothermic and occurs only at relatively low temperatures.

Methane decomposition on transition metal surfaces is an activated process
with activation energies ranging from 25 to 60 kJ/mol [13-20]. These energies are
lower than those for CO decomposition; however, methane decomposition is car-
ried out at higher temperatures. The principal reason for this contrast is due to the
extremely low sticking probability of methane. Methane activation has been sug-
gested to proceed via a proton tunneling mechanism, and it is believed that the
initial proton tunneling determines methane decomposition rates [20,21]. Ceyer
and co-workers [22-25] have demonstrated, with the use of molecular beam techni-
ques, the importance of translational energies in methane decomposition on a
Ni(111) surface.

Various forms of surface carbonaceous species from methane decomposition
on silica supported Ru, Rh and Co catalysts have been investigated by van Santen
and co-workers [10-12]. Three forms of surface carbon species are distinguishable
from their ability to form methane during hydrogenation. By analogy to carbonac-
eous deposits identified by Bell and co-workers in studies of CO hydrogenation
[26-28], these species were designated as Cq, Cg and C, species and suggested to cor-
respond to carbidic, amorphous and graphitic carbon, respectively [10-12].

In this article, we report the results of combined elevated-pressure kinetic meas-
urements/surface science studies of the ethane and propane formation from
methane over Ru catalysts using the two-step approach. The focus of this article is
to address the kinetics of ethane and propane formation. An effort is also made to
relate surface hydrocarbonaceous intermediates identified with surface science
techniques to gas phase products observed in the elevated pressure experiments.

2. Experimental

The studies were carried out in two ultrahigh vacuum (UHYV) systems. The
kinetic data were acquired in a combined elevated-pressure reactor/ UHYV surface



P. Lenz-Solomun et al. / Methane coupling on Ru catalysts 77

analysis chamber equipped with Auger electron spectroscopy (AES) and tempera-
ture programmed desorption (TPD). A separate UHV system containing high reso-
lution electron energy loss spectroscopy (HREELS) and a micoreactor was
employed to characterize various forms of surface hydrocarbon species following
methane decomposition. This second UHYV system also has capabilities for AES,
low energy electron diffraction (LEED) and TPD, and for sample heating and cool-
ing. The details of this UHV system have been described elsewhere [29].

The Ru(0001) and Ru(1120) specimens were chosen as the catalysts with
separate experiments run for each sample. Crystal temperatures were monitored
with a W/5%Re-W/26%Re thermocouple spot-welded to the back of the crystal.
The crystal cleaning procedure consisted of mild argon ion sputtering, heating in
4 x 107 Torr O, at 1100 K, and annealing to 1400-1500 K. Surface cleanliness
was verified by using the peak-to-peak height ratio of the Ru(273 eV) to
Ru(231 eV) Auger signals [30]. The details of crystal cleaning and handling can be
found elsewhere [31,32].

Methane and hydrogen gases were purchased from Matheson at a nominal pur-
ity 0 99.996% and 99.9995%, respectively. Methane gas was purified using the fol-
lowing procedure: (1) CH4 gas from the stainless steel cylindrical bottle was
condensed into a zeolite trap cooled with liquid nitrogen; (2) the gas was subse-
quently released into a glass bulb by warming up the trap until the desired CH, pres-
sure was obtained.

The following reaction sequence was used when the two-step reaction was car-
ried out: (1) purified methane gas was introduced into the reactor with the clean
crystal and the reaction then carried out at the desired reaction temperature for
5 min; (2) the crystal temperature was lowered as the methane was pumped simul-
taneously from the reactor; (3) hydrogen gas was admitted to the reactor and the
second-step reaction was run. After the 10 min hydrogenation reaction, the prod-
uct gas mixture was analyzed with gas chromatography (GC) utilizing a flame ioni-
zation detector.

HREELS data were collected in the second chamber following the first-step
reaction. The spectra were acquired using an electron beam with a primary energy
of E, ~ 2-4 ¢V and at an incident angle of 60° from the surface normal. The other
parameters used in obtaining the EELS spectra presented here were the following:
spectral resolution (full width at half maximum of elastically reflected electron
beam), 50-60 cm™!; typical count rate in the elastic peak of the clean surface,
500000 Hz. :

3. Results and discussion

3.1. SURFACE SPECTROSCOPIC IDENTIFICATION OF HYDROCARBON SPECIES
FROM METHANE DECOMPOSITION

The decomposition of CH4 on Ru(0001) and Ru(1120) surfaces was carried out
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in the reactor of the HREELS UHV chamber. HREELS was used to identify
various hydrocarbonaceous species on the Ru catalysts after the first-step reaction.
Displayed in fig. 1 are HREELS spectra acquired following methane decomposi-
tion on Ru(0001) as a function of the first-step reaction temperature, Tcy,.
Exposing the surface to methane gives rise to several distinct loss features in the
200-4000 cm~! frequency range of the HREELS spectra. Two sets of loss features
can be easily recognized from fig. 1. A dominant loss peak at 790 cm~! and a weak
feature at 3000 cm™! are observed in the 400-700 K temperature range, while two
weaker loss peaks at 1160 and 1395 cm™! are evident only at temperatures between
500 and 550 K in the HREELS spectra. These two sets of loss peaks apparently
arise from two different surface intermediates. By analogy to the results obtained
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Fig. 1. HREELS spectra acquired following methane decomposition on Ru(0001) as a function of

the reaction temperature, Tcy,. The reaction was carried out with 5 Torr of methane for 120 s. The
spectra were collected at E, =~ 4.1 eV and at the specularly reflected beam direction.
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from other HREELS studies and those of organometallic compounds, the two spe-
cies are identified as the methylidyne (CH) and vinylidene (CCH,) species, respec-
tively [33]. The detailed assignment of the observed losses and identification of the
corresponding hydrocarbon species are described elsewhere [33].

Two weak loss features at 475 and 2000 cm™~!, which arise from adsorbed CO,
are noticeable at 400 K, as seen in spectrum a of fig. 1. Considering the high cross
section of CO vibrational modes, the coverage of the CO impurities is estimated to
be negligibly low. One also observes a weak feature at ~ 600 cm™! which likely
arises from a sub-surface oxygen species [33], as shown in spectrum a of fig. 1.

Fig. 2 shows HREELS spectra acquired of a Ru(1120) surface following reac-
tion with methane as a function of the reaction temperature, Tcy,. Similar to
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Fig. 2. HREELS spectra acquired following methane decomposition on Ru(1120) as a function of
the reaction temperature, Tcy,. The reaction was carried out with 5 Torr of methane for 120 s. The
spectra were collected at F, ~ 2.2 ¢V and at the specularly reflected beam direction.
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decomposition of CH4 on Ru(0001), two sets of loss features are easily recog-
nizable at 7>500 K. These correspond to two different surface intermediates:
methylidyne (CH) and vinylidene (CCH,). Two loss peaks observed at 830 and
3010 cm~! arise from one type of surface species (methylidyne) and losses at ~ 345,
1165, 1410, 1620 and 2985 cm~! are due to the other (vinylidene). The detailed
assignment of these loss features and identification of the corresponding surface
species are described elsewhere [33].

Besides the loss features arising from the methylidyne species, a new set of loss
peaks is observed at ~ 355, 1085, 1370, 1440 and 2975 cm ™!, as shown in spectrum
a of fig. 2. These features apparently arise from a new surface species which differs
from CH and CCH,. Likewise, we identify this new species as an ethylidyne
(CCH3) species [33]. The additional losses at 450, 1775 and 1935 cm™! in spectrum
aof fig. 2 are due to adsorbed CO.

Finally, it is noteworthy that there is a barely perceptible feature between 1100
and 1500 cm™~! in spectra d and e of fig. 1, and also in spectrum d of fig. 2. This weak
feature, which is observed only at temperatures exceeding 600 K, likely arises
from the ring breathing mode of surface graphite [33].

In summary, the above HREELS studies reveal that three distinct forms of sur-
face carbonaceous species, identified as methylidyne, vinylidene and graphitic car-
bonaceous species, exist on both the Ru(0001) and Ru(1120) surfaces following
methane decomposition. A fourth species, ethylidyne, exists only on Ru(1120) sur-
faces at T1 <400 K. The methylidyne intermediate is observed in a wide tempera-
ture range between approximately 400 and 700 K. The vinylidene species is found
to be less thermally stable than the methylidyne species and is present only at tem-
peratures between 500 and 600 K. The graphitic carbon species is found at tem-
peratures exceeding 600 K, and is associated with a very weak feature found
between 1100 and 1500 cm ™! in the specular HREELS spectra.

3.2. ELEVATED PRESSURE KINETIC STUDIES

Figs. 3a and 3b show yields of ethane and propane over Ru(0001) and
Ru(1120) catalysts, respectively, as a function of the inverse first-step reaction tem-
perature, 1/Tcp,. The yields presented here represent numbers of ethane and pro-
pane molecules produced from the two-step reaction, normalized to the surface
density (n=1.58 x 101 cm™? for Ru(0001) and »n=1.00 x 10 cm™2 for
Ru(1120)) of the Ru catalyst. The reaction conditions used here were: Pch,
= 5 Torr, tcy, = 5 min; Py, = 10 Torr, ty, =10 min, Ty, = 375 K. Besides
methane, ethane, propane and butane were detected in our experiments. The yield
for every subsequent hydrocarbon addition decreases about tenfold, indicating a
chain growth probability of 0.1. As shown in figs. 3a and 3b, the yields of ethane
and propane first increase with an increase in Tcy, and decrease at temperatures
exceeding 500 K. At Tcn, = 800 K, the production of ethane and propane was neg-
ligible. There is no significant difference between the Ru(0001) and Ru(1120) cata-
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Fig. 3. Yields of ethane and propane plotted as a function of the inverse first-step reaction tempera-
ture, 1/ Tch,, over (a) Ru(0001) and (b) Ru(1120). The reaction conditions used were: Pcy, = 5 Torr,
fcy, = Smin; Py, = 10 Torr, ty, = 10min, Ty, = 375K.

lysts in the production of ethane and propane, although the yields of ethane and
propane are slightly higher from Ru(1120) than from Ru(0001).

The carbon surface coverage following methane decomposition was obtained
by measuring the peak-to-peak height ratio of the 273 eV Ru to 231 eV Ru Auger
signals [30]. Since the detection of fractional monolayers of carbon on Ru is diffi-
cult because of the interference between the Ru (273 eV) and C (272 eV) transitions,
the carbon coverages determined by this method contain relatively large error
bars, particularly in the low coverage region. Figs. 4a and 4b show two plots of the
Auger data acquired from Ru(0001) and Ru(1120) surfaces, respectively, before
and after hydrogenation. It is seen that on both surfaces, the amount of deposited
carbon increases monotonically with an increase in Ty, and reaches the saturation
or monolayer coverage at Tcu, = 800 K. However, the temperature dependence
of the carbon coverage appears to be different between Ru(0001) and Ru(1120) cat-
alysts after hydrogenation. On a Ru(0001) surface, the amount of remaining car-
bon residues increases linearly with Tcp,, whereas the carbon coverage on a
Ru(1120) surface remains essentially constant up to 500 K and then increases shar-
ply at temperatures exceeding 500 K.

Displayed in figs. 5a and 5b are the differences in carbon coverage between the
first- and the second-step reaction. The differences in the coverages represent the
amount of the carbon removed, namely the active carbon. On the Ru(0001) sur-
face, the coverage of the active carbon decreases with an increase in Tcy,, whereas
on Ru(1120), a maximum in the active carbon coverage is observed at 500 K
(seefig.5).

The above results show that on the Ru(1120) surface, the yields of ethane and
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Fig. 4. Carbon coverage after the first- and second-step reaction as a function of Tcy,: (a) Ru(0001);
(b) Ru(1120). The carbon coverage was determined using the peak-to-peak height ratio of the
273 eVRuto 231 eV Ru Augersignal. The reaction conditions used were the same as those of fig. 3.

propane parallel the active carbon coverage. A comparison with the HREELS
results reveals immediately that the active carbon species is derived from vinyli-
dene and methylidyne intermediates. At Tcn, <400 K, the ethylidyne species may
also be the active form of carbon. One notices that the respective contribution of
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Fig. 5. Difference in carbon coverage between the first- and second-step reaction as a function of
Ten,: (2) Ru(0001); (b) Ru(1120). The difference in the coverages represents the amount of the carbon
removed, namely the active carbon.
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the methylidyne and vinylidene intermediates to the ethane and propane produc-
tion is difficult to evaluate based on the relative mode intensities of these species in
the HREELS spectra. However, the vinylidene species is likely to be the key inter-
mediate to ethane for the following reasons. First, on both the Ru(1120) and
Ru(0001) surfaces, the maximum in ethane and propane production coincides with
the maximum HREELS intensities of the vinylidene intermediates, as shown in
figs. 1 and 2. Second, hydrogenation of the vinylidene intermediates directly to
ethane should be easier than polymerization and hydrogenation of the methylidyne
species to ethane. However, one may not rule out that a portion of the methylidyne
species may polymerize to form vinylidene intermediates and then hydrogenate to
form ethane. Clearly, further studies including quantifying the respective contribu-
tion of the observed hydrocarbon species to the ethane production are needed to
verify the above reaction mechanisms.

On the Ru(0001) surface, the maximum in ethane and propane production does
not appear to coincide with the maximum coverage of active carbon. The coverage
of the active carbon decreases with an increase in Tcp,, whereas the yields of
ethane and propane maximize at Tcy, ~ 500 K. However, the HR EELS spectra of
fig. 1 indicate that the loss features arising from the methylidyne and vinylidene
intermediates are more intense in the 500-600 K temperature range than those
observed at Tcp, <500 K or Ty, > 600 K.

Plotted in figs. 6a and 6b are the selectivities for ethane and propane formation
on Ru(0001) and Ru(1120) surfaces, respectively. Under the optimum reaction
conditions, hydrocarbon products consist of ~ 16% ethane and ~ 2% propane.
There is no significant difference in the optimum selectivity on either surface. How-
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ever, the temperature dependence of the selectivity between the two surfaces
appears different. On the (0001) face of ruthenium, the selectivities for ethane and
propane formation increase with an increase in Tcy, and reach a plateau for Tcp,
exceeding 500 K. On Ru(1120) surfaces, the selectivity in ethane formation maxi-
mizes at 400 K and decreases gradually to 5% at 600 K.

Figs. 7a and 7b show yields of ethane and propane from Ru(0001) and
Ru(1120), respectively, versus the inverse hydrogenation temperatures, 1/Ty,. The
reaction conditions used here were: Pcy, = 1 Torr, tcy, = 5 min, Tcy, = 425 K;
Py, = 10 Torr, tg, = 10 min. On Ru(0001), the yields of ethane and propane maxi-
mize at Ty, = 400 K, whereas no maximum yield was observed on Ru(l 120) in
the 300-500 K temperature range. It was found that the carbon coverages after the
second-step reaction were independent of the hydrogenation temperature, Ty, .

The yields of ethane and propane obtained from Ru(0001) and Ru(1120) sur-
faces as a function of time, #cy,, are plotted in figs. 8a and 8b, respectively. The
reactions were carried out at three different temperatures of Tcy, = 425, 500 and
600 K. The other reaction parameters used were: Pcy, = 5 Torr; Py, = 10 Torr,
tn, = 10 min, Ty, = 375 K. The following procedure was used when the data
points in figs. 8a and 8b were collected: (1) each data point of figs. 8a and 8b repre-
sents one reaction cycle consisting of methane decomposition and hydrogenation;
(2) there is no cleaning between each cycle. It can be seen from figs. 8a and 8b that at
Tcn, = 425K, the yields of ethane and propane do not change with the number of
cycles. The yields of ethane and propane, however, decrease at Tcy, = 500 and
600 K with an increase in the number of cycles. These results clearly indicate the
formation of the passive form of carbon at these high temperatures.

I ©) Ru(0001) NO) Ru{1120)
twl twl n
E o102 E 10?
n o 7] C
& E b F ETHANE
u 4 ETHANE w L
5 X ]
3! 3]
| t
wd wd
O 3 o .
S w0t S 0L
E [ PROPANE
PROPANE b
10—4 1 I ' 1 10'4 ot t L 1
20 22 24 28 28 30 20 22 24 26 28 30
; 3
1T x 10° (K 1T x 10° (K'Y

Fig. 7. Yields of ethane and propane plotted as a function of the inverse second-step reaction tempera-
ture, 1/Ty,: (a) Ru(0001), (b) Ru(l 120). The reaction conditions used were: Pcy, = 1 Torr, fch,
= 5 min, Tcy, = 425 K; Py, = 10 Torr, ty, = 10 min.
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Tcn, = 425, 500 and 600 K. The other parameters used were: Pcy, = 5 Torr, Py, = 10 Torr,
ty, = 10 min, Ty, = 375 K.

4. Summary

The conversion of methane to ethane and propane on Ru(0001) and Ru(1120)
catalysts has been investigated using combined elevated-pressure kinetic measure-
ments /surface science studies. The yields of ethane and propane have been meas-
ured using gas chromatography as a function of the first- and second-step reaction
temperature. It was found that the maximum yield in ethane/propane production
occurs for a methane decomposition temperature at Tcy, = 500 K on both the sur-
faces. The influence of the hydrogenation temperature on the production of ethane
and propane was also examined. On Ru(0001), the yields of ethane and propane
maximize at Tp, = 400 K, whereas no maximum yield was observed on Ru(1120)
in the 300-500 K temperature range. Under optimum reaction conditions, hydro-
carbon products consist of 16% ethane and 2% propane.

High-resolution electron energy-loss spectroscopy (HREELS) has been used to
identify various forms of hydrocarbon intermediates following methane decompo-
sition. Three distinct forms of surface carbon species, identified as methylidyne,
vinylidene and graphitic carbonaceous species, exist on both the Ru(0001) and
Ru(1120) surfaces following methane decomposition. The fourth species, ethyli-
dyne, exists only on Ru(1120) surfaces at Tcy, <400 K. Our combined elevated
pressure measurements/ HREELS studies show that the vinylidene species is likely
to be the key intermediate to ethane.
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