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Abstract Ultraviolet photoelectron spectra (UPS) of lithium nickel oxide (Li,Ni,_
405, 0 < x < 1.0) solid solution were measured using a synchrotron radiation light
source. The upper valence UPS are confirmed to consist of five structures for
E, < 15 eV. The electronic density of two O2p states changed as the compositional
ratio of Li and Ni. After a contact reaction of LiNiO, and methane gas, the peak
intensity of one of two O2p states decreased remarkably. It was found that the
surface oxygen at the lower binding energy was selectively contributed to dissociate
o-bond between carbon and hydrogen of methane.

Keywords Lithium nickel oxides - Ultraviolet photoemission spectroscopy -
Valence band structure - Oxidative coupling of methane - Selective oxidation

Introduction
An oxidative coupling of methane (OCM) is directly to convert methane to ethane

and ethylene, which are used as raw materials of chemicals. This reaction may
prove to be a viable alternative process to obtain higher hydrocarbons (C,,) from
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methane gas in the future. Up to now, a large number of spherical support catalysts
such as Li/MO (M = Mg, Ca, Sr), CaO-MnO/CeO,, and Na,WO,/Mn/Si0, [1-6]
and rare earth metal oxide catalysts such as La,O3, Sm;03, and Bi; 5Y(3Smg,05_5
[7, 8] have been reported for this reaction. It is very important to understand
selective partial oxidation on the OCM catalysts. It has been thought that the OCM
reaction consists of several processes: (i) a generation of radicals such as *CHj3 and
*CH, by breakage of the C—H bond of CHy, (ii) a release of radical species from the
surface of the catalyst, and (iii) a coupling process from two *CHj to C,Hg or two
**CH, to C,Hy4. On the active site for the OCM reaction, surface oxygen species
suchas O™, 0, , and 022_ have been proposed to activate methane [5, 9]. However,
since the activation of methane is very difficult due to its chemical stability, very
high temperature conditions are necessary to dissociate the C—H bond of CH,.
Additionally, an elucidation of the origin of selective catalysis is very difficult to
apply to several surface analysis techniques because of active sites hidden inside the
interface and the high temperatures involved.

Lithium nickel oxide functions as a redox (reduction/oxidation) catalyst for the
OCM. The catalytic activity of the Li,Ni, O, (0 < x < 1.0) solid solution has
been studied for this purpose [10]. Li,Ni,_,O;, (0 < x < 0.65) has a cubic structure
and combusts methane to carbon dioxide. On the other hand, LiNi,_,O,
(0.65 < x < 1.0) has a hexagonal structure and selectively converts methane to
ethane and ethylene. Thus, hexagonal lithium nickel oxide (H-LiNiO,) can
selectively convert methane to a C,, hydrocarbon. We have investigated the
valence band structure of H-LiNiO,, considering it as a model compound for the
OCM reaction. In these results, two kinds of selective oxidation sites can be
anticipated on lithium nickel oxide: One is the OCM active site, which partially
dissociates one or two hydrogen atoms from methane, and another is a deep
oxidation site, which converts methane to carbon oxide.

Ultraviolet photoelectron spectroscopy (UPS) was applied to investigate selective
methane oxidation sites in order to understand partial oxidation for the OCM
reaction. In this paper, the semi-ambient valence UPS was presented in order to
clarify the origin of selective catalysis of Li,Ni,_,O, (0 < x < 1.0) solid solution.

Experimental

Li,Ni,_,0, (x = 0.1, 0.3, 0.5, 0.7, 0.8, and 1.0) solid solution were synthesized by a
solid-state reaction. Mixtures of corresponding amounts of LiNO5; and Ni(OH),
were ground and pressed into pellets, and heated in air at 873 and 1,073 K in a tube
furnace. The reduction process of NiO and LiNiO, in methane or hydrogen
atmosphere was studied by using thermogravimetric analysis (TGA, Shimadzu
TGA-51). Ultraviolet photoelectron spectra (UPS) were measured using photoelec-
tron spectroscopy equipment at the beam line BL8B2 at the UVSOR facility of the
Institute for Molecular Science. The sample pellets were fixed on a copper substrate
for good electrical contact. The Fermi energy (Eg) of the UPS system was
determined by using the Fermi edge of gold. The total resolution was found to be
150 meV in the photon energy region of 20 < hv < 60 eV. Surface treatment and
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purification of the sample were carried out by argon ion sputtering and/or heating at
823 K, respectively. On the other hand, semi-ambient UPS were measured using
photoelectron spectroscopy equipment at the beam line BL-7A at the Photon
Factory in the High Energy Acceleration Organization (KEK-PF). The base pressure
of the UPS measurement chamber was 5 x 107’ Pa. The sample pellets were fixed
on a Ta substrate that was also utilized as a resistant heater. The surface temperature
of these samples was measured using a radiation thermometer. The temperature
error was estimated to be +5° or less. The semi-ambient valence band UPS of
H-LiNiO, were measured under methane gas (99.9 % purity) at 5 x 107> Pa and
1,023 K.

Results and discussion

Powder X-ray diffraction patterns of Li,Ni,_,O, (x = 0.1, 0.3, 0.5, 0.7, 0.8, and
1.0) were measured and no extra reflections of any impurities were detected. The
diffraction patterns of the Li,Ni, O, (x < 0.6) samples were assigned to a cubic
structure, and those of the Li,Ni,_,0, (0.6 < x < 1.0) samples were assigned to a
hexagonal structure. In the case of Li,Ni, O, (x < 0.6), Ni ions in (111) planes are
partially substituted by Li ions that are randomly configured in these planes. On the
other hand, the structure of Li,Ni,_,0, (0.6 < x < 1.0) seems to be an incomplete
hexagonal type. The incomplete hexagonal structure has alternately arranged Ni ion
layers and a mixture of Li + Ni (Li > Ni) layers. The crystal structure of Li,Ni,_
+O3 solid solution and the high temperature dependence had been reported and the
relationship between the structure, and the selectivity for the OCM reaction had
been discussed in detail [10—12]. It has been confirmed that a hexagonal structure of
LiNiO, was significantly held to 1,073 K, although the diffraction angle was shifted
to a slightly lower angle at higher temperatures. TGA profiles of NiO and LiNiO, in
methane or hydrogen atmosphere are shown in Fig. 1. In the case of NiO in methane
gas, the weight begins to loss at 780 K for a dissociation of hydroxide. Then, the
weight of NiO begins to increase at 875 K for carbon deposits on nickel metal,
which is generated from NiO. In the case of LiNiO, in methane gas, the weight
slightly increases at 750-1,040 K. The weight gain seems to be an absorption
process of methane on LiNiO, surface. Then, the weight begin to loss at 1,040 K for
a dissociation of hydroxide, which is generated from the absorbed methane. Also, it
seems that LiNiO, is easy to be reduced by hydrogen since the weight of LiNiO,
begins to loss at 700 K. These findings may indicate that the activation of methane
seems to be more efficient on the surface of NiO than LiNiO,. However, these
functions that are advantageous to activation should become to completely oxidize
methane to carbon oxide. We could not easily explain this only from these results.
The reduction processes of LiNiO, by methane are significantly different from that
of NiO. The origin of their differences could be clarified by understanding the
valence electronic structure of Li,Ni,_ O, solid solution in detail. The valence band
structures were measured and were traced to change in methane atmosphere.

The upper valence UPS of LiO.lNil_QOZ, Li0_3Ni1.702, LiolsNi1_502, Li0_6Ni1.402,
LipgNi; ,0,, and LiNiO, obtained with v = 40 eV incident photon energy are
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Fig. 1 TGA profiles of a LiNiO, under methane gas, b LiNiO, under hydrogen gas, and ¢ NiO under
methane gas

shown in Fig. 2. Five structures can be distinguished from the Fermi level to
E, = 15 eV, denoted by the characters o—¢. These appear to have distinct
differences in the peak top position, interval, and intensity. The spectral onset
energies of Li\Ni,_,0, (0 < x < 1.0) changes at 0.2—-1.1 eV. When their UPS are
compared with each other in detail, the correspondence can be found in two groups:
group A consisting of LigNi; ¢O,, Lig3Ni;70,, and LigsNi; sO, and group B
Consisting of Lio_6Ni1.4O2, Li()‘gNil_zoz, and L1N102 The UPS of the group A
shifted toward the lower binding energy side as Li content increases. On the other
hand, the UPS structures of group B shift to the higher energy side and correspond
to changing electronic structure from a cubic structure to a hexagonal structure. The
ionization potential of group B also becomes small as the lithium content increases.
In addition, the intensity of peak o and B of LiygNi; ,0, and LiNiO, in group B
decreases as the Li content increases. Thus, there is considerable evidence to show a
change in the electronic structure of Li,Ni,_,0, (0 < x < 1.0) at around x = 0.6.

The upper valence bands of Li,Ni,_,0, (0 < x < 1.0) are derived from the Ni3d
and O2p states, and have no contribution of the Lils at 54.7 eV. The UPS of
Li,Ni,_,O0, (x = 0.1, 0.5, 0.8, and 1.0) with their Gaussian fitting curves are shown
in Fig. 3. These spectra for LigNi; 9O,, LigsNi; 505, LiggNi;,0,, and LiNiO,
consistently matched the Gaussian fitting curve after smooth background subtrac-
tion of secondary electrons from each spectrum. The calculated spectra made from
five individual bands consistently matched the UPS of Li,Ni,_,O,. The full width at
half maximum for each of the five peaks was within 1.5-2.5 eV as the results of
Gaussian-free parameters. The peak top positions of LiNiO, were centered at
E, = 1.8, 3.0, 5.0, 7.0, and 10.2 eV and were comparable to those of Lip ;Ni; O,,
Lig5Ni; sO,, and Lig gNi; ,O,. When Ni*" jons in NiO are replaced with Li" ions,
the electronic density of the Ni3d (e,) states should change as a result of electronic
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Fig. 2 Ultraviolet photoemission spectra of a Lig 1Nij 9O,, b Lig 3Ni; 505, € Lig sNij 505, d LiggNi; 405,
e LipgNi; ,0,, and f LiNiO, obtained with 4v = 40 eV incident photon energy

charge compensation which would produce Ni*™ (Ni3d’) in the solid. The
substitution from Ni*" to Li" resulted in the formation of Ni’" and should be
expected to influence the electronic structures of the O2p states. This indicates that
the area intensity ratio of y to é was 2:1 for Lig Ni; 9O, (Fig. 3a), almost unity for
LigsNi; 50, (Fig. 3c), 1:2 for LiygNi; ,0, (Fig. 3e), and 1:5 for LiNiO, (Fig. 3f).
Thus, the formation of Li* and Ni*" jons and the change from a cubic to hexagonal
structure would be reflected by the electronic structures of the Li,Ni,_,O, solid
solution.

The upper valence UPS of LiNiO, obtained with #v = 30 eV incident photon
energy are shown in Fig. 4a. The upper valence UPS (E, < 15 eV) consists of
several structures, denoted by characters o/'—¢’. These structures could be assigned
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Fig. 3 Ultraviolet photoemission spectra and corresponding Gaussian-fitted curve for (a) Lig Ni; 0O5,
(b) Lip5NisO,, (¢) LiggNi; 0., and (d) LiNiO, obtained with hiv = 40 eV incident photon energy

to two Ni3d (¢/ and f') states, two O2p (7' and o') states, and the Ni3d satellite
(¢) [11]. When the sample pellet of LiNiO, was heated to 1,023 K (Fig. 4b), the
intensity of the two Ni3d states decreased in comparison with other peaks. The
intensity of the two O2p states (" and ') became clearly distinguishable by the
heat treatment. The peak intensity ratio of j and ¢’ was almost unity, as seen in
Fig. 4b. When the LiNiO, sample contacted with methane gas, the peak intensity
of one of two O2p states discriminately decreased compared to the other peak
(Fig. 4¢). This suggested that the O2p (y") state of LiNiO, might play a role in the
dehydrogenation of methane in the first step of the OCM reaction. Significantly,
two O2p states with the different binding energy was confirmed and coexisted on
LiNiO,. These findings indicate that one of these states could activate methane for
the OCM reaction, and another site might function as absorbing transient
intermediates such as methyl radicals since the weight gain of LiNiO, could be
observed in TGA profile. The role of the surface lattice oxygen for selective
oxidation of methane might be found out in the valence band structure for the first
time. Furthermore, we need to study the top valence band structure in detail in
order to clarify the origin of selective catalysis and to establish advanced reaction
control technology.
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Fig. 4 Valence band UPS of LiNiO, at (a) room temperature after argon ion sputtering, (b) 1,023 K, and
(¢) 1,023 K in methane gas of 5 x 107> Pa. These spectra were obtained with /v = 30 eV incident
photon energy

In this work, we present the upper valence UPS of the Li,Ni,_,O, (0 <x < 1)
solid solution and their Gaussian-fitting curves. The electronic structure of
LiNi,_,O, (x < 0.6) with a cubic structure is different from that of Li Ni,_,O,
(x > 0.6) with a hexagonal structure. Also, it could be shown in the semi-
ambient valence UPS that the O2p states at the low binding energy activated
methane in the contact reaction. These results indicate that the Li,Ni,_,O,
catalyst should depend on the valence band structure and selective catalysis for
the OCM reaction.
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