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dry hexane cooled to -78°C was slowly added 15 m/ (30
mmol) of 2.0M #buthyllithium in pentane. The mixture was
allowed to warm slowly to room temperature and was stirred
overnight. Work-up as described above was followed by GC
analysis which gave 74% yield of 1-methoxy-1,1-diphenyl-2-
trimethylsily-4,4-dimethyl-1-silapentane. This product was
isolated by column chromatography as colorless liquid.

1-Methoxy-1, 1-diphenyl-2-trimethylsilyl-4,4-dimethyl-1-sila-
pentane 5; colorless liquid; 'H-NMR; & -0.09(s, 9H, -Si
(CH,),), -0.03-0.45(m, 1H, Si-CH-Si), 0.75(s, 9H -C(CHy)y,
1.2-1.6 (m, 2H, -CH,-), 3.55(s, 3H, -OCH3;), 7.2-7.8(m, 10H,
Si-aryl); 3C-NMR, 80.60, -Si(CH,);; 8.11, Si-CH-Si-; 29.62,
-C(CH,),; 31.77, -C(CHg);, 37.35, -CH,; 51.45, -OCHj3;
127.71, 127.99, 129.49, 135.29, 135.34, 135.86; 136.44, Si-
aryl; MS: m/z(relative intensity), [M*-15] 355(82), 313(34),
213(100), 209(8), 106(5), 73(22), 59420}, 57(7).

Trapping reaction with anthracene. To a mixture of
4.9 g(20 mmol) of chlorodiphenylvinylsilane and 6.41 g (36
mmol) of anthracene in 700 m/ of dry benzene at room
temperature was slowly added 10 m/ (20 mmol) of 2.0 M
#-butyllithium in pentane. The mixture was allowed to stir
overnight and then subjected to the usual work-up. GC analy-
sis showed the mixture of dimers in 21% and the expected
trapped adduct, 2,2-diphenyl-3-neopentyl-(5,6: 7,8)-dibenzo-
2-silabicyclo-(2.2.2)-octane, in 46%. The dimeric isomers
were precipitated out from the product mixture in hexane at
low temperature (ca. 0°C). The remaining solution was app-
lied to a liquid chromatographic column to get the pure an-
thracene adduct (mp 165-166°C, colorless crystal).

2,2-Diphenyl-3-neopentyl-(5,6: 7,8)-dibenzo-2-silabicyclo-
(2.2.2)-0ctane, 6; colorless crystal; 'H-NMR, 8 0.86(s, 9H, -C
(CH,),, 1.23@, 2H, -CHy), 1.42-1.80(m, 1H, Si-CH-NP),
4.31(s, 1H, Si-CH =), 4.45(d, 1H, -CH=), 6.68-7.56(m, 18H,
aryl); 3C-NMR, 523.80, Si-CH-NP; 29.90, -C(CHj),; 32.32,
-C(CHy),;; 40.21, Si-CH=; 43.15, -CH,-; 53.20, -CH=;
124.27, 124.93, 125.07, 125.57, 125.58, 126.07, 126.19,
126.89, 127.22, 127.53, 129.16, 129.24, 133.15, 134.16,
135.06, 136.55, 139.81, 140.07, 141.24, 142.71, phenyl car-

Soon Bo Lee et al.

bons. MS; m/z (relative intensity), [M*] 444(3), 266(21), 210
(20), 209(100), 184(5), 183(30), 178(13), 105(10), Anal.;
Calcd. for SiCy,Ha,; C, 86.42; H, 7.27 Found; C, 86.62;
H,7.35
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XPS Studies of Oxygen Adsorption on Polycrystalline Nickel Surface
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The interaction of oxygen with polycrystalline nickel surface has been studied by investigating the X-ray photoelectron spec-
tra of 0 ls, Ni 2p3,,, and their valence band electrons. By comparing the oxygen exposure of this work with the reported re-
sults of LEED, AES, and work function measurements, it is found that the atomic oxygen, adsorbed dissociatively in the in-
itial stage of exposure, is responsible for a p(2 x 2) structure and a subsequent ¢(2 x 2) structure on the Ni(100) surface. This
dissociatively adsorbed oxygen species forms surface NiO layer subsequently on further oxygen exposure. The NiO layer is
more easily formed with the increasing temperature. Non-stoichiometric oxygen species is also found to accompany the NiO
layer. It appears prior to the formation of bulk NiO at all of the temperatures of this work except at 523K.

Introduction

There have been up to now quite a number of investiga-

tions of the oxygen adsorption on nickel surface!, as the

subject is very crucial in understanding such surface pro-
cesses, as oxidation, hetercgeneous catalysis, and adsorption
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mechanisms. According to LEED and AES studies reported
so far'?, oxygen molecules are chemisorbed dissociatively
from the initial stage of adsorption, and form a p(2 x 2) struc-
ture of 0.25 monolayer coverage on Ni(100) considerably
rapidly. With the increasing oxygen exposure, the rate of ad-
sorption decreases and the adsorbed layer shifts to a ¢(2 x 2)
structure at the half monolayer coverage.

In XPS studies of oxygen species adsorbed on Ni(100)
surface, Brundle ef al*® detected two 0 Is peaks at 529.5eV
(binding energy) and 531.4eV. Referring to UPS and AES re-
sults, they have assigned the first peak to dissociatively
adsorbed oxygen atoms as well as to the oxide atoms of NiO,
and the latter peak to Ni,O; type oxygen atoms, which,
according to them, can be formed on surface defect sites.
However, Norton et al® objected the assignment of the latter
peak on the ground that the oxygen species in Ni(OH),, form-
ed from residual H,0O gas in vacuum systems, occupies
almost the same peak position. Brundle ef a/® observed also a
third 0 Is peak at 533.2eV in the submonolayer region at the
low temperature of 77K. They assigned the peak to the che-
misorbed oxygen species in a stage of precursor to the oxide
species.

Fleisch et al’ also investigated oxygen adsorption on
Ni(100) with XPS, LEED, and SIMS, and found that the ad-
sorption rate is very slow in the initial stage, and that the
p(2 % 2) structure and the subsequent c(2 x 2) structure are
formed at the oxygen exposure of 40L through 50L. At 300L,
oxygen adsorbs in maximum amount, forming two molecular
layers of NiO. They found a single peak of 01s at 530.1+ 0.2
eV in the initial stage of the dissociative adsorption.
However, they found two more 0 Is peaks at 529.7 eV and
531.3eV over the half monolayer coverage, and assigned the
former to NiO and the latter to Ni,0,. As to the Ni 2p,,, bin-
ding energy, they found that the initial Ni 2p,,, peak at
852.8eV decreases in intensity with the formation of NiO,
while a new peak appears at 854.6eV. XPS and UPS studies
by Norton® and Evans® also show similar results in general.

Kim ef al'®! also investigated the 0 Is binding energies of
NiO,,, NiO, Ni,0,, NiOO,,,, and Ni(OH),. They found the 0 1s
peak at 531.3+0.4eV decreasing with the increasing tem-
perature, and assigned the peak to Ni,O,. The 01s peak, they
assigned to NiO,,, appears at 533.1+ 0.4 eV, which is a little
bit higher than the value reported by Norton®, Evans®, and
Fleisch.

As above, there are still divergent conclusions as to the
details of the oxygen chemisorption on nickel, especially as
to the surface species formed thereupon. In this work auth-
ors have assayed chemical species formed in the course of
oxygen chemisorption systematically, by investigating the 0
Is and the Ni 2p,,, and 3d XPS spectral regions at various
temperatures between the room temperature through 523K.

Experimental

All the measurements are performed in the ultra high
vacuum XPS system(ESCA 750, Shimadzu Co., Japan) en
which a quadrupole mass spectrometer (VG. Ltd., Masstorr
FX, England) is attached. The pressure of the ESCA cham-
ber is kept felow 4 x 10° Torr and monitored with a BA
ionization gauge. Polycrystalline nickel of purity 99.9%
(Fruchi Chem. CO., Japan) is used as the adsorbent, and car-
bon and oxygen which are the major surface contaminants
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Figure 1. O(1s) and Ni(2p;,,) photoelectron spectra for varying ox-
ygen exposure on polycrystalline nickel surface at 298K.

are eliminated by repeated processes of argon ion sputtering
followed by oxidation with oxygen gas at high temperature.
The surface damaged thereupon is regenerated by annealing
at about 700K. The adsorbate oxygen gas (99.95% pure,
Matheson Co., USA) is introduced through a variable leak
valve at 10 "through 10~ Torr. A 1253.6eV Mg K source is
used, and the spectra are calibrated to Ag 3d;,(367.9eV), Au
4f;,,(83.8eV), and Cu 2p,,,(932.4eV) peaks.

Results

In the present work, the XPS spectral regions of 0
1s(535-525eV), Ni 2p,,,(870-840eV), and Ni valence band
(30-0eV) have been investigated at 298, 373, 423, and 523K.

(I) Spectra at 298K. The XPS spectra in the 0 Is and
Ni 2p;,, regions are shown in Figure 1 as a function of ox-
ygen exposure at 298K. Up to 12.9L (1L =1 x 107 Torr sec)
exposure, the intensity of the 0 Is peak at 530.2eV increases
significantly, while those of the Ni 2p,,, peak at 852.3eV and
the Ni 2p;,, satellite peak at 859.0eV do not change. The 01s
peak at 530.2eV is due to the atomic oxygen species. This
atomic species is found to form a p(2 x 2) structure at first
and then a c(2 x 2) structure of half monolayer coverage in
accordance with AES and LEED studies.'? This interpreta-
tion is also supported by the previous XPS studies of single
crystal Ni/oxygen systems.”® The kinetic and energetic ex-
planation for this adsorption process will be presented in
other paper.

On further oxygen exposure, the peak at 530.2eV is repla-
ced by steadily developing peaks at 531.3 and 529.7¢V. Bey-
ond 63L exposure, however, the peak at 529.7eV increases
in intensity rapidly with the increasing oxygen exposure,
while the other one at 531.3eV remains unchanged. Mean-
while, both the Ni 2p,,, peaks at 852.8eV and 859.0eV de-
crease with the simultaneous appearance of new peaks at
861.5, 856.0, and 854.3eV. According to many others’ pre-
vious works” #1314, the peaks at 529.7 and 854.3eV are most
probably due to NiO. However, as to the 0 Is peak at 531.3eV
and the Ni 2p,,, peak at 856.0eV, there are divergent opi-
nions. For example, some™*!! attribute the peak to Ni,Oj,
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Figure 2. XPS valence band spectra for varying oxygen exposure
on polycrystalline nickel surface at 298K.
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which can, according to them, be formed on the defect sites
of Ni surface, while others®*!*to NiO(H). As there remains
always residual H,0 gas in the ESCA chamber, there is a
possibility of NiO(H) species formation.

In order to ascertain these two peaks, about 10-15L of ox-
ygen is dosed in this work, and then the peaks are monitored
for the subsequent 12 hours at room temperature. Neither
the binding energy changes nor the intensity changes have
been observed. Therefore, it is concluded that the peaks are
not due to the resultants of the residual H,O molecules.
Considering, in addition, that the Ni peak corresponds to a
more highly oxidized state than NiO(854.3eV), and that the
oxygen peak to a less reduced state than NiQ(529.7¢V), it is
quite evident that the peaks result from the non-stoichiome-
tric oxygen adsorption over the surface NiO layer. More de-
tailed explanation will be given later in the discussions (III).

The XPS valence band spectra of the clean nickel surface
show the Ni 3d peak clearly, as shown in Figure 2. The fig-
ure shows also a broad satellite peak at a little bit higher bin-
ding energy (about 7eV). This satellite peak is due to multie-
lectron excitation and plasmon losses.® Up to 12.9L oxygen
exposure, the intensity of Ni 3d peak is not affected as those
of Ni 2p,,, peaks. Over 12.9L exposure, new peaks appear at
21, 9, 5, and 2eV, and their intensities increase steadily with
the increasing oxygen exposure. Meanwhile, the Ni 3d band
decreases in intensity significantly, though its width in-
creases. When the surface oxygen reaches the maximum
coverage, the Ni 3d band peak splits to show a new peak at
2eV. The UPS studies by Eastman'8, Norton®, and Evans®
show similar results but for intensities. In UPS, the 3d peak
vanishes at this maximum coverage. The difference is believ-
ed to arise because deep 3d electrons together with surface
3d electrons can contribute to the 3d valence peak of XPS, as
the escaping depth of XPS is much longer than that of UPS.
Considering this 2eV peak in connection with the 01s and Ni
2p,,, peaks, it is certain that the peak is due to NiZ+(d®). And
a peak on the shoulder of 3d peak at about 5eV is certainly
due to the oxygen 2p band. This assignments can be suppor-
ted by theoretical works'>!? which show that the 2p oxygen
level can couple with the Ni 3d band to form a 2p band of ox-
ygen at about 5eV. Two peaks at 21 and 9eV coincide with
the XPS valence band spectrum, obtained by G.K. Wer-
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Figure 3. O(ls) photoelectron spectra for varying oxygen exposure
on polycrystalline nickel surface at 523K.
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Figure 4. Ni(2p;,,) photoelectron spectra for varying oxygen ex-
posure on polycrystalline nickel surface at 523K.

theim*3 with NiQ. He assigned the former peak to the 0 2s
and the latter to a satellite peak shifted from 7eV.

(II) Spectra at 373 and 423K. The 0 Is spectra taken
at 373 and 423K are quite similar to those taken at 298K. At
the initial stage of adsorption, a peak appears at 530.2eV on-
ly, due to the dissociatively adsorbed oxygen species. With
the increasing oxygen exposure two more peaks appear sub-
sequently at 531.3 and 529.7eV. They appear at 23.0L ex-
posure ac 373K, and at 29.0L at 423K, while they have ap-
peared at 12.9L at 298K. This suggests that the rate of dis-
sociative adsorption decreases with the increasing tempera-
ture.

The intensity ratio of the peak at 531.3eV to the one at
529.7eV is found to decrease very clearly with the increasing
temperature. This reflects the fact that the excess nonstoi-
chiometric oxygen over the NiO structure becomes unstable
thermodynamically, while NiO itself can be formed relatively
easily to give a thicker NiO layer as the temperature rises.
The Ni 2p,,, peaks and the Ni valence band peaks at these
two temperatures appear at the same binding energy posi-
tions of 298K. However, the intensities of Ni 2p;,, peak at
852.8eV and the Ni 3d peak due to the pure nickel decrease
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Figure 5. XPS valence band spectra for varying oxygen exposure
on polycrystalline nickel surface at 523K.

significantly, while those of Ni 2p;,, peak at 854.3eV and the
Ni 3d peak at 2eV increase. Along with the behavior of the 0
Is peaks, this temperature dependency of the nickel peaks
are attributed to the thickening of the surface NiO layer.

(II) Spectra at 523K. The spectra of the 0 Is and the
Ni 2p,,, at various oxygen exposures at 523K are shown in
Figure 3 and 4, respectively. The 0 Is peak at 530.2eV, due to
the dissociatively adsorbed oxygen, appears no more at this
temperature, while it has appeared consistently in the initial
stage of adsorption throughout the lower temperatures. The
0 Is peak at 529.7eV, however, appears persistently in all of
the successive series of oxygen exposure up to the satura-
tion. On the other hand, the Ni 2p,,, spectra in Figure 4 show
similar peak positions with those observed at the lower tem-
peratures. However, their intensities show considerable
changes; i.e., the peak at 852.8eV due to the pure Ni is de-
creased considerably at the saturation state, while the one at
854.3¢eV is increased eminently. The peak at 856.0eV due to
the nonstoichiometric oxygen is still recognizable, though
very weak near the saturation state. The above results as a
whole suggest that the dissociatively adsorbed state oxygen
is unstable at this temperature, and that oxygen forms NiO
as soon as it is adsorbed. However, there might be a possibili-
ty, not sure enough, that the weak 0 Is peak at 531.3eV due
to the trace of nonstoichiometric excess oxygen, might be
hidden unresolved under the intense 529.7eV peak.

Valence band spectra at various oxygen exposures at
523K are shown in Figure 5. The binding energies of the spe-
ctral peaks coincide with those taken at other temperatures.
However, the 3d peak of pure nickel decreases significantly
with the increasing oxygen exposure, and the peak at ZeV
due to NiO increases considerably. These intensity changes
are perfectly in accord with the fact that both the 0 1s peak at
529.7eV and the Ni 2p,,, peak at 854.3eV, due to NiO, in-
crease in intensity, while the Ni 2p;;, at 852.8eV due to pure
Ni decreases. To sum up the above observations, it is certain
that the interaction of oxygen with nickel surface results in
NiO formation directly above 523K.

Discussions

() Dissociatively Adsorbed Oxygen. The 0 Is peak
which appears prior to the appearance of the 529.7eV peak at
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298, 373, and 423K is believed as the one due to the rapidly
adsorbed dissociative oxygen in the early exposure stage.
This assignment differs somewhat from previously publish-
ed ones. Earlier workers®® also observed ca. 0.5eV decrease
of the 0 Is binding energy when the dissociative adsorption
shifts to NiO formation though, they have ascribed this to an
energy drift accompanying the migration or rearrangement
of surface atoms in the course of NiO formation.

When the oxygen exposures of this work at which various
0 Is peaks formed are compared with the reported results of
LEED, 92 AES,!2 and work function measurements,!? it is
found that the dissociatively adsorbed oxygen species is res-
ponsible for the p(2 x 2) and ¢(2 x 2) structure of 0.25 and 0.5
coverage, respectively. A further support for this interpreta-
tion comes from the results of LEED intensity measure-
ments!®? and He-scattering'® which show that the oxygen
species of these two structures have the same separation
from the nickel surface. Moreover, according to the work
function measurement reports’® these oxygen species are
negatively polarized, but not to the extent of the ionized 0%
in NiO. This accounts for a bit higher binding energy of this 0
Is electrons in comparison with those of NiO forming oxygen,
and accordingly the peak at 530.2eV is assigned to the dis-
sociatively adsorbed oxygen and the other peak at 529.7eV
to the NiO forming oxygen. The XPS valence band spectra
of this work and the UPS results®® also confirm these assign-
ments. That is, the Ni 3d band is not perturbed at all throug-
hout this work by the oxygen adsorption as far as the oxygen
exposure is low enough that a 0 Is peak appears at 530.2eV
only. While once NiO is formed, the band is perturbed, and a
new peak appears at 2eV. This new peak has been assigned
to the Ni%" (d® electrons.?

(I) NiO Forming Oxygen. While both the 0 Is peak at
529.7eV and the Ni 2p,;, peak at 854.3eV are observable
together at 298, 373, and 423K after a considerable oxygen
exposure, they appear early from the initial adsorption stage
at 523K. Through a combined work of AES, LEED, and
work function, Holloway et a!' have assigned these peaks to a
multilayer NiO. The assignments are also supported by a
number of XPS studies on single crystal Ni/O systems.

The 0 1s and Ni 2p,,, XPS spectra observed in this work
coincide with the NiO spectrum obtained from thermal dis-
sociation of -NiO(OH), and accordingly, it is certain that
nickel surface forms the same species of NiO, formed by
thermal dissociation of NiO(OH).!* The comparison of the
peak intensities shows that two layers of NiO can be formed
at maximum at all of the experimental temperatures except
523K, where about 3 layers can be formed.

(INII) Nonstoichiometric NiO, species. It is very rea-
sonable to assume that some excess oxygen may adsorb on
the nickel atoms of surface NiO, prior to the bulk NiO forma-
tion . This oxygen species should be less polarized than those
of NiOQ, and accordingly the binding energy should be a little
higher than those of ordinary Ni0O(529.7eV). The 0 Is peak at
531.3eV which appears on the shoulder of the peak at 529.7
eV is therefore assigned to this excess nonstoichiometric ox-
ygen species. The increased binding energy of the Ni 2p,,
electrons observed in this work support this assignment. It is
quite probable that the surface nickel atoms with that excess
oxygen adsorption will be more polarized to give a peak at
the increased binding energy (856eV) over the peak at 854.3
eV of the stoichiometric NiO. This shifted-up Ni 2p3,, peak
appears simultaneously with the 01s peak at 531.3eV. Evans
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et al® investigated the 0 Is peak intensities as a function of the
radiation angle of x-ray beam, and found no intensity change
at all. Thereupon, they concluded that the 0 Is species which
gives a peak at 531.3eV can exist only on the surface.
Winograd ef a/"!! have assumed that Ni3* ion can be for-
med on the cation defect sites of surface NiQ, and assigned
the peak at 531.3eV to surface Ni,O,. This assignment, how-
ever, fails to account for the binding energy shift of 0%~ ion.
As regards to NijO,, the binding energy shift of Ni 2p;,,
should be expected, but not that of the 0 1s. In addition, there
are little possibilities that the peak might be due to NiO(H) as
stated in section (I) of the results.3414
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Modification of n-Si electrodes coated by photogalvanostatically with polyaniline and polypyrrole in aqueous solutions
considerably enhanced the stability and the spectral response of the photoelectrodes. A polypyrrole coated electrode incorpo-
rated with redox couple Fe(CN)g‘I Fe(CN)g‘ yielded a photocurrent density of 400 «A /cm? for about 120 hours. Broad spec-
tral responses over 300-850 nm were observed for both polymer coated electrodes of which polypyrrole coated one showed

better current conversion efficiency.

Introduction

Recently the use of n-type semiconductors as the photo-
anodes to the electrolysis of water has aroused a great deal of
interest which stems from the expectation that the light-sti-
mulated electrode process may offer fairly good means of
converting solar energy to electrical or chemical energy.?®
To achieve an efficient utilization of the immense solar
energy, it is desirable for an semiconductor electrode to pos-
sess the small band gap among other things.® Theoretical cal-
culations show that the optimum band gap of a phototelec-

trode for the electrolysis of water is 1.3+ 0.3 eV which
corresponds to the absorption of light of 1000 + 250 nm.3”
An n-Si semiconductor has a favorable band gap of 1.14 eV
and it is one of the cheapest semiconductors, well-under-
stood in the solid state physics, and most nearly perfect cry-
stalline material available. Unfortunately, an electrode of
small band gap, including n-Si, has a drawback of corrosion
in aqueous electrolyte solutions under illumination. The pho-
togenerated holes not only corrode the semiconductor itself,
but may introduce surface states where the recombination
reactions with electrons convert the absorbed energy into



