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A trace amount of oxygen in H, promotes a new type of direct hydrogenation reaction of
adsorbed CO on Ni(100) surface. The formation of H,CO, was suggested by high resolution
electron energy loss spectroscopy (HREELS) and thermal desorption spectroscopy (TDS).
HREEL spectra showed the formation of surface hydroxyl (OH) and the C-H bonds of H,CO,
species but no carbonyl (C=0) loss peak was detected although thermal desorption yielded
large amount of CO. The H,CO, undergoes the decomposition at 400-450 K on the hex-OH
Ni(100) surface, which yielded CO, CO,, H; and H,CO. It was confirmed that no C-H bond
formation occurs on c(2 x 2)-O, p(2 x 2)-O Ni(100) and hex-OH Ni(100) as well as on clean
Ni(100) surfaces. This fact indicates that the gas phase oxygen may induce the direct hydroge-
nation of CO to form H,CO,, which is analogous to the hydrogenation of O to form hex-OH
on Ni(100).
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1. Introduction

Coadsorption of CO and H, on low index nickel surfaces has been studied to
get insight into the mechanism of the catalytic methanation reaction and Fischer—
Tropsch synthesis [1-3]. It has been shown that the presence of gas phase hydrogen
induces the low temperature displacement of chemisorbed CO on Ni(100) surface
by the adsorption of hydrogen [3-5]. However, so far the formation of C-H and/or
O-H bonds by the reaction of CO with hydrogen has never been proven on a nickel
surface, and the methanation reaction on nickel has been explained by the hydroge-
nation of carbidic carbon intermediates.

On the other hand, direct hydrogenation of CO molecules has been proposed
on some catalysts, and the Rh catalyst supported on SiO; is a typical example [6]. In
this case, the catalytic properties of the Rh catalyst are undoubtedly influenced by
the supporting oxides, that is some oxides seem to promote the hydrogenation of
CO to yield oxygen containing products such as alcohols and aldehydes. If direct
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hydrogenation of CO occurs, such intermediate species as H,CO, should be
formed on the surface during the catalytic hydrogenation of CO or CO, with H,. In
fact, HCOO was found on a Co/SiO; surface at 490 K during the hydrogenation
reaction of CO, with H; [7,8]. The formation of HCOO was also reported on a
Rh(100) surface [9], where the reaction between OH and CO was proposed as a key
reaction to yield HCOO. An interesting fact is that the OH species on the Rh(100)
surface were preferentially formed by the reaction of O with H,O, and the reaction
of O and H gave no OH species. In addition, an inverse isotope effect of rate con-
stant (kg/kp = 0.75) observed in the methane formation on Ni/SiO, catalyst was
explained by prehydrogenation of CO molecules[10].

In contrast to this, the reaction of CO with H, on nickel catalysts gives only
methane and so far the formation of such species as H,CO, HCO or COH have
never been detected on the nickel surface. Taking these facts into account, it is inter-
esting that the thermal desorption spectrum of methanol yielded only H, and CO
on either clean or modified Ni(110) [11-13], but partial dehydrogenation of metha-
nol occurs on Ni(100) modified with sulfur. That is, the selectivity was changed
with sulfur coverage; the dehydrogenation to CO and H, at 6; <0.25 to the partial
dehydrogenation giving H,CO and H; at §; = 0.38[14]. This selectivity change was
explained by the stabilisation of the adsorbed methoxy intermediates on the sul-
fided Ni(100) surface.

In this paper, we report evidence for the direct hydrogenation of CO on the
Ni(100) surface which was observed by HREELS during the hydrogenation of CO
in the presence of a trace amount of O,.

2. Experimental

All experiments were performed by using a two-tiered stainless steel UHV cham-
ber with base pressure <5.0 x 1071% Torr, which was previously described [15]. A
clean Ni(100) surface was obtained by repeating oxidation in 108 Torr O, at 800 K
and argon-ion bombardment at room temperature, and annealing at 1000 K. H,
and D, were purified by diffusing through a hot Pd—Ag alloy thimble, but the other
gases from commercial cylinders or glass ampules (CO: 99.95%, O,: 99.99%) were
used without further purification. Hydrogenation of the adsorbed CO on clean
Ni(100) surface was performed by using hydrogen containing a trace of O,;
H, 4+ Oy (~ 1:1073) or Dy + O, (~ 1: 1075). Electron energy loss spectra were
obtained at room temperature in the off-specular direction. The incident beam
energy was fixed at 5 €V, and the resolution was 110-130 cm ™~ before reaction and
140-200 cm ™! after reaction.

3. Results and discussion

When a clean surface of Ni(100) was predosed with 0.2 Torr CO and postdosed
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with 1.0 Torr H; containing 10 ppm of O, for S min at room temperature, a charac-
teristic HREEL spectrum such as shown in fig. 1a was obtained. Energy loss peaks
appeared at 3670 cm~! (O-H stretching mode) and at 2700-3100 cm~! (C-H
stretching mode), but no distinctive peaks corresponding to adsorbed CO (1900-
2050 cm™!) were observed. Phonon peaks originating from the Ni—O lattice smear
the low frequency range loss peaks. When the surface for spectrum a in fig. 1 was
heated, the dominant peak at 3670 cm™' disappeared at 550-600 K and the peaks
for the C—H stretching mode disappeared at 440-490 K as shown in figs. 1b-1f. It
should be pointed out that the surface corresponding to the spectrum a in fig. 1 gave
necessarily the characteristic hexagonal LEED pattern. Similar LEED pattern
was also observed on Ni(100) after being exposed to O, + H, as well as O, alone.
By time resolved experiments combining the AES, LEED and HREELS, it was
deduced that O(a) and OH(a) overlayers were sequentially formed on Ni(100) sur-
faceinthe order of p(2 x 2),c(2 x 2),and hex[16,17].

The TDS spectrum from the surface corresponding to fig. 1a is shown in fig. 2.
Five different masses (m/e = 2, 18, 28, 30, 44) were monitored, which may corre-
spond to Hy, H,0, CO, H,CO and CO,. As was mentioned above, the energy loss
peaks for adsorbed CO are undoubtedly very weak in fig. 1a, but the TDS spectra
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Fig. 1. (a) HREEL spectra from Ni(100) after predosing with 0.2 Torr CO and postdosing with
H, + O, (1:107%)1.0 Torr at 300 K for 5 min. Annealing sample (a) to (b) 330K, (©) 360K, (d) 420K,
(e)450K, (f) 550 K. Inall cases the crystal was cooled to 300 K for recording the spectra.
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Fig. 2. Thermal desorption spectra from fig. 1a. The heating rate was 10 K s™1.

gave a dominant desorption peak of CO at 480 K. The desorption peak of CO is
close to the disappearance temperature for the C—H species (450 K) as shown in
figs. 1b—1f. This fact indicates that the CO molecules desorbed at 450 K may origi-
nate from such species as H,CO,, and they contain no C=0 bond or the C=0 is par-
allel to the surface [7,18-20]. The TDS up to 550 K induced the LEED pattern
change from the hexagonal to a c(2 x 2) pattern. Taking account of the facts that
the reaction of C(a) + O(a) = CO(g) on Ni(100) occurs at around 600 K and that
the CO molecules adsorbed on the c(2 x 2)-O Ni(100) desorb at room temperature
[21], we can conclude that the CO peak in the TDS spectrum at about 480 K origi-
nated from neither the desorption of adsorbed CO nor the oxidation of carbon.
The disproportionation reaction of CO, CO(a) + CO(g) = C(a) + CO2(g), was
reported to occur on the p(2 x 2)-O Ni(100) surface at 300 K [21], but we did not
-detect any carbon deposition on either the p(2 x 2)-O or ¢(2 x 2)-O Ni(100) sur-
face. It is worthy of note that H,CO (m/e = 30) and CO (m/e = 28) give the same
desorption temperature (470-480 K) as shown in fig. 2, although the peak for the
H,COis very small compared to the desorption peak of CO [22].
The blank experiments were carefully performed by exposing the Ni(100) to
0.3 Torr of CO and then treating with 2 Torr of H; (or D) containing no O,. The
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peaks for the adsorbed CO were detected by HREELS, but no C-H and C-D peaks
were visible at all. When a clean Ni(100) was exposed to O, alone, a weak O-H
stretching loss peak was detected but no C-H and C-D peaks appeared. In order to
confirm the assignment for the peaks again, D, was used for H,. It should be
pointed out that the Ni(100) used in the experiments was pretreated with D, at 800K,
because a lot of H atoms absorbed in the bulk should be replaced with D atoms. As
shownin fig. 3, when Ni(100) was exposed to 0.3 Torr of CO, the strong peaks for the
adsorbed CO were detected (fig. 3a). Upon dosing of 2 Torr of H,, the C-O stretch-
ingloss peak decreases significantly, but not any new surface species were formed on
Ni(100) (fig. 3b). When the Ni(100) was exposed to 0.3 Torr of CO and then treated
with 1.7 Torr of D, containing 10 ppm O, for 5 min, the energy loss peak for the OD
stretching mode was observed at 2660 cm~! and that for the C-D stretching mode
at2150cm~!. This factindicates that the loss peaks for the C—-H and C-D did not ori-
ginate from organic contaminants in the gases used. The TDS spectra of the sample
represented in fig. 3cis shown in fig. 4. If we compare the spectra in fig. 4 to those in
fig. 2, we can recognise rather large isotopic effects in the desorption of D, and D,0,
although the desorption of D;CO and CO has only a small isotopic effect and there
is no isotopic effect in the desorption of CO,. The surface after the TDS experiment
gavealsoac(2 x 2) LEED pattern. From these results, we deduced that the chemical
processes yielding OH or OD and H,CO, or D,CO, species occur on the Ni(100) sur-
face only whenatrace amount of oxygen (~ 10 ppm)existsin H,.

In our previous paper, it was shown that when a Ni(100) surface was exposed
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Fig. 3. HREEL spectra from Ni(100) surface (a) after dosing 0.3 Torr CO at 300 K for 5 min,
(b) after exposure of (a) to 2 Torr H; at 300 K for 5 min and (c) after predosing with 0. 3 Torr CO and
postdosing with D, + O,(1 : 107%)1.7 Torr at 300K for 5 min.
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Fig. 4. Temperature desorption spectra from fig. 3. The heating rate was 10 K s™1.

to D, containing a trace amount of Oy, a characteristic hexagonal OH-overlayer
instead of the OD is predominantly grown on the Ni(100) surface [16,17]. That is,
the hydrogen absorbed in the bulk of Ni, which might be protonic hydrogen, under-
goes selective reaction with oxygen to yield OH species, and formation of H,CO,
might be reaction analogous to the formation of OH.

The thermal stability of H,CO, species formed on Ni(100) is apparently differ-
ent from that of the CH, species given by the hydrogenation of carbidic carbon on
Ni(100) surface [23]. The thermal decomposition of the CH, and that of the
H, COy species are shown in fig. 5, where the H,CO, species undergo decomposi-
tion at 450-500 K on the hex-OH/Ni(100) surface, but CH, on pdg-carbidic
Ni(100) undergoes decomposition at about 370 K.

Contrary to this, the H,CO, species formed on Ni(110) by adsorption of
CH;0H are unstable at above room temperature so that the methoxy group is
detectable only at low temperature and no other intermediates such as H,CO,
HCO, HCOO or COH are detected even at low temperature [9,11-13,24]. In fact,
H,CO on Ni(110) decomposes at 300 K [22]. The adsorbed formic acid on Ni(110)
may be only one exceptional case [25], that is, the formic acid undergoes bimolecu-
lar dehydration reaction on Ni(110) to form HCOO and HCO at 310 K, and the
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Fig. 5. Contrast in intensity of C-H stretching for (a) CH, on carbided Ni(100) and (b) H,CO, on
Ni(100) hex-OH as sample is annealed (10 K s~1)in UHV.

HCO and/or HCOO gives a large CO desorption peak at around 400 K. How-
ever, the methoxy (CH30) intermediates on the sulphided Ni(100) surface undergo
dehydrogenation to yield H,CO [14], and the desorption temperature of H,CO
increases from 430 to 520 K with increasing sulfur coverage on Ni(100). In our
experiments, the H,CO, species might be stabilized by the hexagonal OH over-
layer, and the mechanism for the formation of H,CO, species is an interesting sub-
ject which should be addressed.

It is accepted that adsorbed CO on nickel does not react with hydrogen, and the
same is true on p(2 x 2)-O Ni(100). When a clean Ni(100) surface is exposed to H,
containing 10 ppm of O, and then CO was postdosed to it, the hex-OH overlayer
was formed on the Ni(100) surface, but no detectable C—H vibration was formed. It
is also confirmed that when the hex-OH Ni(100) surface is exposed to CO, no reac-
tion occurs at room temperature. It was also confirmed that when a trace amount
of O, was premixed in CO, the direct hydrogenation of CO occurred on the
Ni(100). It should be pointed out that the results shown in fig. 3 were obtained on
Ni(100) pretreated with D, at high temperature. When the H atoms in the Ni bulk
were not replaced with D atoms, neither D, CO, (a) nor OD (a) were appreciably
formed although the surface was exposed to D, + CO + O,. This is very similar to
the formation of the OH overlayer when Ni(100) containing H atoms in the bulk
isexposed to D, with a trace amount of O,, thatis, H in the bulk of Niis more liable
to form OH(a) than gas-phase D; [16,17]. Therefore, we suppose that H(b), H
atoms absorbed in the bulk, are abstracted by the adsorbed oxygen, and these bulk
hydrogens undergo the reaction with O(a) and CO(a) to yield OH(a) and H,CO,
species. These phenomena suggest that the adsorbed H atoms from H,, H(a), are
distinctive from the hydrogen extracted from the bulk, H(b). That is, H(b) under-
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Scheme 1.

goes selective hydrogenation of O and/or CO. The differences of CO + D, and
CO + D; + O; are shown in schemes 1 and 2, respectively.
The reactions in scheme 2 may be expressed as follows:

H, or D, = H(a) or D(a)
O, —~ O(a)
O(a) + H(b) or D(b) —OH(a) or OD(a)

CO(a) + H(b) or D(b) >H, CO,(a) or D,CO,(a).

These facts are quite interesting to relate to the phenomena observed on some
metal oxides and oxide-supported metals [26-28].

As we can see in figs. 2 and 4, the desorption of CO; gives two peaks between
400 and 520 K. The CO, peak at 410 K may be formed by the decomposition of
HCOO(a) but the CO, peak at 490-520 K is probably produced by the oxidative
decomposition of H,CO. Therefore, the possibility of the water—gas shift reaction,
CO + H,0 = CO; + H,, which occurs via the HCOO intermediates, should be
confirmed [29]. In order to know whether the CO, peak at 410 K corresponds to the

Gas Phase CoO + D, + O
J H\ /H
H ( H\C %O) ( N )
(6]
Surface 0 777 0 0 D
Hy, Hgy) H(:,)
Nickel Bulk + +
1CKel Ul H(b) H(b)

Scheme 2.
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water—gas shift reaction or not, the p(2 x 2)-O or the C(2 x 2)-O of Ni(100) sur-
face was exposed to CO and H,O at 300 K, but neither OH(a) nor the C-H species
were detected on the surface.

Therefore, we conclude that a trace amount of O, in CO + H; gas extracts the
ionic hydrogen dissolved in the bulk to the surface, and the ionic hydrogen under-
goes preferential reaction with O and CO to yield the hexagonal OH overlayer and
H,CO, species on the Ni(100) surface. The H,CO, species are stabilized by the
hex-OH overlayer, so that they have a rather high decomposition temperature.
This fact suggests that the formation of oxygen containing compounds by the
hydrogenation of CO depends on the ionic character of the hydrogen which is sup-
plied onto the catalyst surface.
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