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The CO hydrogenation on single-crystal ruthenium catalysts has been studied utilizing an

elevated-pressure micro-reactor and high resolution electron energy loss spectroscopy
(HREELS). It is found that carbonaceous deposits identified following CO hydrogenation are
essentially identical to those observed in the study of methane decomposition. Three distinct
forms of carbonaceous intermediates are identified; these are methylidyne (CH), vinylidene
(CCH,), and graphitic carbonaceous species.
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1. Introduction

The characterization of carbonaceous deposits on supported transition metal
catalysts from synthesis gas has received much attention in catalytic research. This
issue is critical to the understanding of mechanisms of various reactions, such as

CO methanation and Fischer—Tropsch synthesis.

With the use of transient response tracing technique and *C nuclear magnetic
resonance spectroscopy (NMR), Bell and co-workers [1-3] have shown that three
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forms of carbonaceous residues, designated as C,, Cg and C,, are present on silica
supported Ru catalysts during CO hydrogenation. The C, species reacts rapidly
with hydrogen and appears to be the principal form of carbon for the formation of
hydrocarbons from synthesis gas. A less reactive surface species (Cg) actually con-
tains two distinct components, designated as Cp; and Cp;. The NMR spectra of
the Cg; and Cg, species are consistent with those of linear alkyl species [3]. Finally,
the C, species is least active and corresponds to graphitic carbon.

Electron spectroscopy [4—-8] and in situ infrared spectroscopy [9-11] have also
been utilized to identify carbonaceous residues on various transition metal cata-
lysts during CO hydrogenation. Using Auger electron spectroscopy (AES) and X-
ray photoelectron spectroscopy (XPS), Bonzel and Krebs [8] could distinguish
three forms of carbonaceous intermediates after CO hydrogenation on Fe(110);
these are a CH,, species, a carbidic carbon phase, and a graphite phase. The CH,
and the carbidic carbon phases were active towards hydrogenation, whereas the
graphitic carbon was inactive under the chosen experimental conditions. In situ
infrared spectroscopic studies [9], on the other hand, revealed that in addition to
CO bands, some oxygenated species, such as surface formate species, were present
on alumina supported Ru catalysts after CO hydrogenation. These latter species
were found to reside on the support and considered to be spectators [9]. At higher
temperatures, a deactivation of the catalysts is associated with a decrease in inten-
sity of the CO band and a buildup of a passive form of carbon.

Despite these previous efforts to identify carbonaceous intermediates formed
during CO hydrogenation, the chemical composition of the active form of carbon
remains controversial. Nevertheless, on the basis of previous spectroscopic studies,
the following conclusions can be drawn: (1) carbidic carbon, which may consist of
a range of hydrocarbon intermediates including the single carbon adatom, is likely
to be an intermediate in Fischer—Tropsch synthesis; (2) graphitic carbon acts as a
poison.

The present study stems from our recent investigations of carbonaceous species
on single crystal Ru catalysts from methane decomposition [12]. High-resolution
electron energy-loss spectroscopy (HREELS) has been utilized to identify various
forms of hydrocarbonaceous intermediates following methane decomposition. It
was found [12] that three distinct forms of carbonaceous species exist on both
Ru(0001) and Ru(1120) surfaces; these are methylidyne (CH), vinylidene (CCH>)
and graphitic carbonaceous species. A fourth species, ethylidyne, exists only on
Ru(1120) for the methane decomposition temperature at 7 <400 K. Our combined
elevated pressure measurements/ HREELS studies [12] further showed that the
vinylidene species is likely to be the key intermediate to ethane. In the present
study, the chemical nature of the carbonaceous residues on Ru catalysts during CO
hydrogenation are characterized and the surface species compared with the carbon
types found following methane decomposition.
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2. Experimental

The studies were carried out in a combined elevated-pressure reactor/ultrahigh
vacuum (UHYV) system, described elsewhere [12], equipped with HREELS, Auger
electron spectroscopy (AES), low energy electron diffraction (LEED) and tempera-
ture programmed desorption (TPD), and for sample heating and cooling. After
completion of surface cleaning in the surface analytical chamber, the single-crystal
Ru catalyst could be transferred in situ into the reaction chamber through a dou-
ble-stage differentially pumped teflon sliding seal. The details of crystal cleaning
and handling can be found elsewhere [12]. ‘

Carbon monoxide and hydrogen gases were purchased from Matheson at a nom-
inal purity of 99.99% and 99.9995%, respectively. CO was purified with a cryo-
genic method in which the gas-containing glass bulb was immersed in a liquid
nitrogen Dewar for a 12 h period. This method has been found to be extremely
effective in removing impurity gases, particularly metal carbonyls [13]. Hydrogen
gas was purified in a similar manner. Two gases with a desired composition then
were fully mixed before admission into the reaction chamber.

The following procedure was used in carrying out a reaction: (1) the fully mixed
gas was introduced into the reactor with the clean crystal at room temperature;
(2) the crystal temperature was quickly raised to a reaction temperature where it
was held for the length of time of that particular reaction; (3) heating was turned off
simultaneously while exhausting the gas; (4) the crystal was transferred to the
HREELS position of the surface analytical chamber.

HREELS data then were collected following the above procedure. The spectra
were acquired using an electron beam with a primary energy of E, ~ 2-4eV and at
an incident angle of the electron beam of 60° about 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 the elastically reflected electron
beam), 50-70 cm™!; typical count rate in the elastic peak from the clean surface,
500000 Hz.

3. Results and discussion

CO hydrogenation on the Ru(0001) and Ru(1120) surfaces was carried out in
the reaction chamber in 8.5 Torr of reactants with a CO : H, ratio of 1 : 4 and sub-
sequently examined in the surface analytical chamber using HREELS. Displayed
in fig. 1a is a HREELS spectrum acquired following CO hydrogenation on a
Ru(0001) surface at 7 = 600 K. Exposing the surface to the reactants gives rise to
several distinct loss features in the 200-4000 cm ™! frequency range of the HREELS
spectra. The losses at 450, 1760 and 1985 cm™! are due to adsorbed reactants, while
the features at 815, 1400 and 2990 cm™! arise from hydrocarbonaceous species
due to CO hydrogenation. Heating the sample momentarily to 500 K in the UHV
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Fig. 1. HREELS spectra acquired following CO hydrogenation on a Ru(0001) surface. The spectra

were obtained (a) immediately after reaction and (b) after momentarily heating to 500 K in ultra-high

vacuum. The reaction conditions used were: P = 8.5 Torr with Pco/Pg, = 1/4,T = 600 K,

t = 5 min. Spectrum c was obtained following methane decomposition on Ru(0001). The methane

decomposition was carried out with the following reaction parameters: Pcy, = 5 Tort, fcy, = 2min,

Tcn, = 600 K. All spectra were collected at E, ~ 4.1 eV and at the specularly reflected beam
direction.

chamber removes a major portion of the adsorbed CO and eliminates the loss fea-
ture at 1400 cm™!, as shown in fig. 1b. The origin of the loss at 1400 cm™! is not
known; however, this feature likely arises from a hydrocarbonaceous species con-
taining CH, groups since the 1400 cm™! loss corresponds to the scissoring mode of
CH,. A very weak feature is apparent between 1100 and 1500 cm™! in spectra b
and c of fig. 1.

It is noteworthy that spectrum b in fig. 1 exhibits features essentially identical
to those of spectrum ¢ which was obtained following methane decomposition on a
Ru(0001) surface. This result clearly demonstrates that the hydrocarbonaceous
types found in CO hydrogenation are the same as those observed in methane
decomposition.

The loss features in spectra b and c exhibit a distinct loss intensity pattern, i.e.
an intense loss at ~ 800 cm~! and a weak feature at ~ 3000 cm~!. By analogy to the
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results obtained from other HREELS studies [14-20] and those of organometallic
compounds [21,22], the losses near 800 and 3000 cm™~! can be attributed to the CH
bending mode (§(CH)) and the CH stretching mode (v(CH)), respectively, of a
methylidyne species (CH). The great similarity in relative mode intensities between
these results and those of previous studies [14-20] further supports the assignments
of theselosses.

CO hydrogenation has also been carried out at several reaction temperatures
on Ru(0001). It was found that in addition to the loss features arising from the
methylidyne species, two weaker loss peaks at 1160 and 1395 cm~! were evident at
temperatures between 500 and 550 K in HREELS spectra (not shown here). These
two weak features were also observed in methane decomposition and attributed
to the carbon—carbon stretch (¢¥(C=C)) and the CH; scissors (6(CH,)), respec-
tively, of a vinylidene intermediate [12]. The detailed assignment of the loss fea-
tures and the identification of the corresponding surface species can be found
elsewhere [12].

Finally, it is noteworthy there is a barely perceptible broad feature between 100
and 1500 cm~! in spectra b and c of fig. 1. This weak feature, observed only at tem-
peratures exceeding 600 K, likely arises from the ring breathing mode of surface
graphite [23]. The details of HREELS studies of graphitic carbon on Ru surfaces
including those utilizing scanning tunnelling microscopy (STM) are described else-
where [24].

The CO hydrogenation on the Ru(1120) surfaces has also been carried out in
8.5 Torr of reactants witha CO : Hj ratio of 1 : 4 and subsequently examined in the
surface analytical chamber using HREELS. Fig. 2a shows a HREELS spectrum
acquired following CO hydrogenation on Ru(1120) at T = 600 K. Similar to CO
hydrogenation on Ru(0001), the losses at 470, 1800 and 1980 cm™! are due to
adsorbed CO from the reactants. The remaining loss features in spectrum a are
essentially identical to those in spectrum b obtained following methane decomposi-
tion on a Ru(1120) surface. CO hydrogenation has also been carried out at several
reaction temperatures. It was found that the loss features arising from hydrocarbo-
naceous species in the HREELS spectra (not shown here) were the same as those
observed in methane decomposition. The above results clearly indicate the forma-
tion of similar types of hydrocarbonaceous intermediates on Ru(1120) following
CO hydrogenation as those observed in methane decomposition. By analogy to the
results of methane decomposition [12], the losses at 845 and 3005 cm™! can be
attributed to the CH bending mode (§(CH)) and the CH stretching mode (v(CH)),
respectively, of a methylidyne species (CH). Likewise, the losses at 1120, 1380,
1590 and 3005 cm™! are attributed to the CH, rock (p(CH3)), the CH; scissors
(6(CHz)), the carbon-carbon stretch (v(C=C)) and the CHj; stretch (v(CH3)),
respectively, of a vinylidene intermediate (CCH}). The detailed assignment of these
losses and the identification of the corresponding surface species can be found else-
where [12].

In summary, the above HREELS studies reveal that three distinct forms of sur-
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Fig. 2. HREELS spectra acquired following CO hydrogenation on a Ru(1120) surface. Spectrum a

was obtained with the same reaction conditions as those in fig. 1. Spectrum b was obtained following

methane decomposition on Ru(1120). The methane decomposition was carried out with the follow-

ing reaction parameters: Pcy, = 5 Torr, tcy, = 2 min, Tcu, = 600 K. All spectra were collected at
E, =~ 2.2¢V and at the specularly reflected beam direction.

face carbonaceous species, identified as methylidyne, vinylidene and graphitic car-
bonaceous species, exist on both the Ru(0001) and Ru(1120) surfaces following
CO hydrogenation. The carbon types found in CO hydrogenation under the experi-
mental conditions employed are the same as those observed in methane decomposi-
tion on the Ru surfaces. No oxygenated surface species, except CO, is observed
following CO hydrogenation on the Rusurfaces.

In the preceding sections, we have attributed the loss features at ~ 460, ~ 1780
and ~ 1980 cm~! to adsorbed CO. Fig. 3 shows HREELS spectra acquired follow-
ing the reaction of CO with the Ru(0001) and Ru(1120) surfaces. The reactions
were carried out at 500 K with 5 Torr of CO for 2 min. Exposing the Ru surfaces to
CO gives rise to only two loss peaks at 445 and 2040 cm™~! for Ru(0001) (fig. 3a),
and at 460 and 2060 cm~! for Ru(1120) (fig. 3b). These two losses can be attributed
to the carbon-metal stretch and the carbon-oxygen stretch, respectively, of
adsorbed CO. Therefore, the observation of the CO stretch at the lower frequency
(~ 1780 cm™1) in the presence of hydrogen during reaction is a clear indication for
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Fig. 3. HREELS spectra acquired following the reaction of CO with (a) the Ru(0001) surface and
(b) the Ru(1120) surface. The reactions were carried out at 500 K with 5 Torr of CO for 2 min.

the weakening of CO bonds. The CO bond softening has been previously observed
in the studies of co-adsorption with hydrocarbons [25]. A possible mechanism for
the CO bond weakening has been suggested to consist of donation of electrons from
the hydrocarbon to the metal and backdonation into the antibonding n* orbital of
the CO molecule [25]. In the present study, it is proposed that CO in this adsorption
state is likely to be a precursor to the dissociated state which may be responsible
for the formation of the hydrocarbonaceous residues.

4. Conclusions

HREELS spectroscopy has been used to characterize various forms of adsorbed
hydrocarbon intermediates present on single-crystal Ru catalysts following CO
hydrogenation. The carbon types identified in this study were essentially identical
to those observed in the study of methane decomposition on the Ru catalysts under
the experimental conditions employed. Three distinct forms of surface species on
Ru(0001) and Ru(1120) were identified; these are methylidyne (CH), vinylidene
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(CCHay), and graphitic carbonaceous species. The presence of a CO species with a
soft CO bond after the CO hydrogenation reaction was observed. CO in this
adsorption state is likely to be a precursor to the dissociated state.
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