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1-1. Introduction 

ln 1836, Berzelius introduced the term "catalysis" (coming from Katalysis in Greek meaning 

"loosening down") , meaning some mysterious quality. The founders of modem chemistry and 

physics -Davy, Faraday, Nenst, Kirchifoff and Ostwald- revealed the significance of catalysis in 

modern science. Nowadays, catalysis is defrned as "a substance that increases the rate of attainment 

of chemical equilibrium by lowering the activation barrier in a reaction without itself undergoing 

chemical change a kind of reaction" [1 , 2]. Many catalysts are used in the industrial process and 

environmental protectioiL A typical example is found in a development of ammonia syotl1esis 

catalyst started by Haber and Bosch in the early 20th century. 

Surface of solid state material provides a field which catalyzed many reactions , such as CO 

hydrogenation reaction (Fischer Tropscb Reaction), A uto-Exhast reaction , cracking reaction of 

petroleum, desulfridization reaction and so on. However, development of a new solid slate catalyst 

and catalytic process still seem to be based on a trial and error method and sometimes catalyst 

preparation is called as a "state of art". It is partly due to the difficulty to characterize the catalyst in 

a working conditions. Nowadays, many methods have been developed and used to characterize 

catalysts for research, for example spectroscopies and diffraction. However, many catalysts used as 

a form of supported metal or metal oxides. Then active metal and metal oxides form 

microcrystalline structures or amorphous phases without much structural order and therefore X-ray 

diffraction, which is the most reliable structural analysis technique, can not be directly applied to the 

catalyst structure. Furthermore, it bas been understood that the working catalyst interacts with the 

ambient reactants and products, constituting "a dynamic equilibrium" (or a steady state). 

Consequently, without in-situ studies of working catalysts it is impossible to understand "catalysis" 

and catalytic structure, which also make it difficult to apply physico-chemical techniques such as 

spectroscopy. The first step of in-situ investigation of catalysis is to characterize the adsorbate and 
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the adsorbed surface. There are suitable spectroscopic tools to study the stale of adsorbate, such as 

Infrared spectroscopy and NMR. Hydrogen, one of the simplest but one of the most important 

elements in the catalysis, is, however, difficult to be investigated by these spectroscopic techniques 

due to the several reasons discussed later. L2,3-edge X-ray absorption near edge sll·ucture (XANES) 

of Pt particle has been reported sensitively changed with the adsorption of l:tydrogen. This spectral 

feature accompanied with the hydrogen adsorption is expected to be used to characterize the 

adsorbed hydrogen, however, the origin of the change was unclear. For these 4 years, l have 

investigated the.XANES of Pt particles with adsorbed hydrogen in orderto reveal the origin of the 

spectral change induced by the adsorption of hydrogen and to apply this XANES method ro 

quantitative characterization of adsorbed hydrogen on Pt and Pd. 

In this thesis I will describe the change in Pt L2,3-edge XANES induced by adsorbed 

hydrogen. Then l will discuss its origin and application. Before referring how I approached for 

these matters,! would like to introduce the surface hydrogen, which is concern with many catalyti c 

reaction or surface science in the secti.on J-2. ln Lb.e section 1-3 , I will introduce fundamentals and 

applications of XANES and EXAFS ,which have been used for catalysts characterization. I would 

also like to introduce previous works done by pioneers about changes in Pt L2,3-edge XANES 

spectra in 1-4, which was first recognized by Lytle early 80's. I also summarize the points of 

disputes. Finally, I will show why I have taken up XANES spectra as characterization of adsorbed 

hydrogen in 1-5. I wiU also show how I approached to those proposals, whose results are the main 

theme of this thesis. 

1-2. Surface hydrogen 

1-2-l. Adsorbed hydrogen oo metal surface and iL~ reactivity 

Hydrogen dissociatively adsorbs on metal surface [3 , 4]. Heat of adsorption of H2 oo metal 

surface is not so large (less than 80 kcal / mole) . For example, Pt(JOO) 15-16 kcal / mole, Pt(!ll) 18 
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kcal/ mole and Ni(llO) 23.5 kcal/ mole [5). However, adsorption of hydrogen induces sun ace 

reconstructions. For example, streal.:y 1 X2 hydrogen phase on Ni(llO) was observed by 

LEED(Low Energy Electron Diffraction) where reconstruction of Ni swface occurred [6]. Recently, 

it was confirmed that the missing row type of reconstructw·e occurs in a JX2 phase accompanied by ­

Ni-H-chain growing to [100] direction by STM study [7). lt is known that not only Ni , but Vlll 

elements also adsorbs hydrogen well. Especially, Pd is known as its ability of hydrogen absorption 

in bulk and using this property, Pd is used as purification of hydrogen gas. 

Hydrogen which dissociatively adsorbs on many metal surfaces is involved in important 

catalytic processes such as hydrogenation, hydrogenolysis, hydrotreating, hydroformylation and so 

on [4). The chemisorption and surface reactions of hydrogen and hydrocarbons on metal sun·ace 

have been investigated intensively from the viewpoint of heterogeneous catalysis. Hydrogenation , 

dehydrogenation, and skeletal rearr-angement reactions are of particular importance for the catalytic 

reforming of petroleum feedstocks. These reactions are selectively catalyzed by only a small group 

of transition metals and alloys, most notably platinum and platinum-based alloys. 

The hydrogenation of ethene has long been used to monitor the activity of metal catalysts. 

Yosbitake et al. found that the deuterogenation of ethene was enhanced by Na addition [8]. They 

concluded that the promotion of the rate was due to the decrease of the amount of adsorbed ethene, 

creating vacant site on the surface and thus increasing a preexponential factor for the rate constant of 

Dz dissociative adsorption which was rate-determing [8, 9). They also investigated the change of 

catalytic reactivity by the introduction of substituents to C=C compounds and varying the support 

(YzOJ, ZrQz, Vz03, and Ti02) [9, 10]. 

CO hydrogenation on group Vll metal catalysts is another important class of catalytic 

reactions which synthesizes methane, hydrocarbons (Fischer-Tropsch synthesis) , and alcohols [11-

14]. The hydrogen reaction order in CO hydrogenation on cobalt, iron, and nickel catalysts is 

typically 0.5 to 1.0. Hence the reaction rate is generally proportional to the concentration of 
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hydrogen in tbe gas phase and to the fractional coverage of hydrogen on the surface. in Fischer­

Tropsch synthesis, hydrocarbon product selectivi ties are determinated by the abi lity of a catalyst to 

make C-C chain propagation versus C-C chain tem1ination steps. Rates of C-C chain termination are 

generall y more dependent on hydrogen concentration on the sUJface than are C-C chain propagation 

rates [15]. 

As noted above, hydrogen adsorbed on metal surface plays an important role in metal 

catalysis for many catalyti c reactions. Especially, amount of hydrogen determines tbe selectivity as 

found in the last examples. Thus it is im portant to characterize adsorbed hydrogen on surface 

particularly under in situ conditions. 

1-2-2. Methods of characterization for adsorbed hydrogen 

As mentioned previously, however, tbe characterization of adsorbed hydrogen is not easy 

matter, as most of the surface probing experimental methods are relatively insensitive to adsorbed 

hydrogen. 

The electronic interaction between adsorbed hydrogen and a metal surface also shows up in 

the Ultra-Violet Photoelectron Spectra (UPS). Fairly broad resonance levels ca. 5-8 eV below the 

Fermi edge Er are characteristic of hydrogen adsorption. A VV-pbotoemmition study of hydrogen 

on Ni, Pd, and Pt surfaces was reported by Demuth [16]. The broad resonance peak induced by 

hydrogen is often hindered by a strong peak arising from coadsorption of other species such as CO. 

Fnrtbermore, UPS works only under ultra high vacuum and is not applicable to the observation of 

hydrogen under the conditions relevant to catalytic reactions. Because of the same reason, electron 

spectroscopies such as High Resolution Electron Energy Loss Spectroscopy (HREELS), Electron 

Stimulated Desorption (ESD) are not able to use for investigation of the metal/gas interface at high 

gas pressures [4, 17]. 

Temperature-programed desorption (TPD) studies are used for the characterization of 
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adsorbed hydrogen. TPD ofH2 from a metal surface gives a characteristic spectrum of the metal­

hydrogen interaction as a function of temperature [18]. The chemisorption of Hz on Pt black in the 

range 77-670 K was investigated by Tsuchiya et al. using this technique p 9]. The appearance of 

four peaks in the TPD spectrum with their maxima at 170, 250,350, and 570 K indicates at least four 

different states (designated as <X, ~ . y, and li) of chemisorbed hydrogen on Pt in this range. These 

states have been tentatively assigned to the each adsorption forms. Miller et a.l. measured hydrogen 

TPD of supported platinum catalysts, Pt!K-LTL, PtlH-LTL, PtlK-MAZ, Pt/H-MAZ, PtlAlzO:J, and 

Pt/SiOz after hydrogen reduction at300, 450, or 650 degree [20]. They found that reversible 

desorption of chemisorbed hydrogen occurred at approximately 175 degree for all catalysts. They 

also observed at least three peaks appearing in higher temperature region in addi tion to chemisorbed 

Hz. The high temperature Hz species desorb irreversibly and are assigned to spi llover hydrogen. As 

noted above, TPD is a typical analysis method for adsorbed hydrogen, but the TPD is also unable to 

investigate adsorbed hydrogen under the reaction conditions. 

Infrared (IR) spectroscopy has been used for a long time to detect surface species at the solid­

gas interaction (21 , 22). However, because of the small dynamic dipole poJarizability of metal­

hydrogn bonds, measurement of the vibrational spectrum for chemisorbed hydrogen by IR or by 

Raman spectroscopy is difficult. One of the first experiments demonstmting the capability of JR 

spectroscopy has been shown in the early 1960's by Pliskin and Eischens [21 , 22]. Molecular 

hydrogen has been adsorbed onto they-alumina supported platinum, giving rise to two infrared 

bands at 2105 and 2055 cm-1 at high coverages. The same experiment was repeated using Dz and 

again, two bands at 1512 and 1480 cm-1 were detected. These observation were attributed to the 

atop Pt-H or Pt-D stretching normal vibrations. Szilagyi studied IR spectra of weakly bmmd 

hydrogen between 300 and 400 K and 1 to 105 Pa (23]. He observed asymmetric IR band shapes 

and claimed that several kinds of weakly bonded hydrogen coexist on the surface, having essentially 

the same kind of bonding but differing slightly in bond strength. However, higher energy bands 
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were assigned to weakly bonded hydrogen because they only appear in the presence of gas phase 

hydrogen more than 0.1 mbar. The strongly adsorbed hydrogen is believed to appear below 1200 

cm-1 which is inaccessible in lransmission lR analysis of supported metals owing to lR absorption by 

the support. Thus vibrational modes due to strongly bound hydrogen has been reported by HREELS 

observation and which are attributed to the hydrogen atoms residing in bridging sites involving two 

or three metal atoms. 

The IH NMR spectra of heterogeneous catalyst systems comprising small platinum particles 

supported on high-surface-area oxides, such as siUca or alumina, in the presence of hydrogen gas, 

have been studied over a period of nearly 20 years. NMR chemical shift changes witl:t hydrogen 

coverage in a non-linear manner. When the coverage is less than 0.75, the IH chemical shift is 

constant and -53 ppm. When the coverage exceeds that value, it increases with the coverdge up to-

20 ppm. There are two interpretations of this non-linear behavior in chemical shift. Rouabab eta! . 

explained the interpretation of the variation of chemical shift based on the knight shift of conduction 

electron and invariant part of the chemical shift at low coverage region is due to inhomogeneous 

distribution of the hydrogen. Rouabab eta!. found that the spectrum of hydrogen chemisorbed on 

platinum supported on silica depends on the coverage and the size of the metal particles and on the 

temperature [24]. They concluded that .it includes as many componeuts as there are particle-size 

distributions with well distinguished maxima. They proposed that from the variation of the chemical 

shift with the number of adsorbed hydrogen atoms, it is possible to determinate the metal dispersion. 

On the other hand, Chesers et al. proposed another model in which strongly adsorbed and weakly 

adsorbed hydrogen has different chemical shift and proportion of these hydrogen species changes 

with covernge. Chesters eta!. recorded lH NMR spectra resul ting from the adsorption of hydrogen 

by a silica-supported platinum catalyst quantitatively over a wide coverage range to produce an 

NMR adsorption i-sotherm [25-27]. They analyz,ed the coverage dependence metal-hydrogen 

resonance frequency in terms of a three-state model that includes terms for strongly and weakly 
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adsorbed hydrogen as well as gas-phase hydrogen. Their analysis of the metal -hydrogen resonance 

frequency yielded values for the frequency position of the strongly bound hydrogen of ca. -48 ±2 

ppm and of +37 ± 10 ppm for the weakly bound hydrogen. In addition them, they observed a 

resonance which is tentatively assigned to hydrogen present at the interface between the platinum 

particles and the support at about -20 ppm. Thus NMR have been used to investigate adsorbed 

hydrogen and Tel evant to the observati on of hydrogen under real in situ condition. However, the 

analysis of NMR spectrum is complicated and is not established yet. 

I have introduced some methods to analyze adsorbed hydrogen. In-situ spectroscopic 

characterization of chemisorbed hydrogen on supported metal particles is difficu lt to achieve by 

conventional spectroscopic techniques, so new method to characterize chemisorbed hydrogen is 

expected. 

1-3. X-ray Absorption Near Edge Structure (XANES) 

XANES (X-ray Absorption Near Edge Structure) is known as a fine strncture which appears 

.in X-ray absorption spectra. XANES renects local structure or electronic states around X-ray 

absorbing atom. Especial ly, XANES exhibits its ability for catalyst characterization under in- ·itn 

conditions due to X-ray's large penetration length [28, 29). 

ln tbis subsection, ! introduce "XAFS" (X-ray absorption Fine Structure) first, which is more 

general term involving XANES and EXAFS(Extended x-ray absorption fine stTucture). EXAFS is 

more popular analysis tool for catalyst because its simplicity in anal ysis . Then I introduce theory 

and applications of XA NES . 

1-3-1. History of XAFS 

From the 1920's, a ftne structure has been recognized at higher energy region of X-ray 

absorpti.on edge in X-ray Adsorption Spectra (XAS). In 1923 Kronig observed an oscillatory 
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structure from absorption edge upto the energy of 1000 eV in X-ray absorption spectra. This 

stn1cture was called as "Kronig structure" or now generally Extend X-ray Absorption Fine Structure 

(EXAFS). The origin of this structure was well explained by Stem, Sayers and Lytle in 1971 on the 

basis of short-range order theory and they proposed analysis method in which Fourier transform of 

EXAFS osci llation provide radial distribution function . This method can provide information 

nearest-neighbor intratomic distance around X-ray.absorbing atoms. Thus EXAFS bas been rapidly 

developed as a structural analysis method together wi th the advent of synchrou·on radiation facilities 

[29, 30]. 

On the other band, in the same 1920's Kosse! observed l'ine structure at a near edge region in 

X-ray absorption spectra. This structure was cal led "Kosse! structure" or now generally X-ray 

Absorption Near Edge Structure (XANES) or Near Edge X-ray Absorption Fine Structure 

(NEXAFS). EXAFS and XANES are altogether called as X-ray Absorption Fine Structure (XAFS). 

Kassel interpreted XANES in terms of transition to exited bound states, but chemical information 

using the near-edgestructure was obtained only sporadically. In spite of its potential, XANES 

spectra have not been used so widely as EXAFS spectra because XANES is complicated phenomena 

wi th multiple scattering of photo electron, transition to quasi-bounded states and mulliconfiguration 

excitation process. For these reasons, analysis method for XANES spectra is Dot stan lardized so far. 

But very recently theories to describe XANES have been rapidly developed and some attempts have 

been made to use XANES as quantitative analysis. 

1-3-2. Quick review of theory ofXANES 

Fig. 1-1 shows Pt L3-edge XAFS spectra of Ptfoil . The largest and most detailed structures 

are in the near-edge region. As mentioned above XAFS is conventionally divided into near-edge 

region and extended fine structure region. A line structure which extends from adsorption edge 

about up to 50 eV is assigned to XANES. A fine stn1cture which covers an energy range from about 
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50 eV to over 1000 eV past the absorption edge is called as EXAFS. 

The X-ray absorption intensity is given as the transition probability from the state of initial 

core electron to the state of final exited electron according to Fermi's golden role. The general X-ray 

absorption cross section is given by 

a= 413 x2 a h v ~I< fIr I i > 12 ll(E;-Er+hv) (1- L) 

where a is the fine structure constant, hv is the energy of the ab orbed photon, and r is the 

interaction operator. I i >represents the initial state and in single-particle model , initial state is the 

core state from which photoelectron emitted. If> represents the final state of the photoelectron, 

which is described as continuum state or unoccupied discrete level. 

X-ray Absorption-edge spectroscopy deals with electronic transition from a core atomic level 

to unoccupied conduction states. In this process X-ray photons promote a bound electron from an 

inner level to the empty energy state, thereby increasing the X-ray absorption coefficient. When the 

photon energy exceeds the threshold level, photoelectron is ejected whose kinetic energy of the 

ejected core electron is E = hv-Es. where Es is core-state binding energy. In addition to the energy 

conservation rule, dipole selection rule is applied in the absorption process which is involved inl < f I 

r I i > 12. When the wave functions are expressed in spherical coordinates< f I should have an 

angular momentum Ir = I;± 1, where I; is an angular momentum [or initial state I i >. For the K-edge 

where initial state angular momentum is 0 only p state is pem1itted as final states in a dipole 

transition approximation. The L2,3-edge arises from the transitions between the 2p core state and the 

d states with a small contribution of transition between the 2p core state and the s states .. The Lt­

edge arises from the transitions from the 2s core state to the p states and whose structure is quite 

different from the L2.3 structures. 

ln order to calculate the equation ( 1), there are two approaches : molecular orbital theory and 

multiple scattering theory. In a MO approach, LCAO molecular orbitals are used to describe flna! 

states [31, 32], while in a rnul tiscattering approaches final state is expressed by plane or spherical 
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waves and one-electron Schrodinger equation is solved as scattering problems [33-35] . Because in 

edge regions final states are located just at threshold and expressed by both continuum wave 

functions and bound state wave functions. The contribution of former is larger as photon energy 

becomes smaller. Thus the two approaches are complimentary and necessary to understand XANES 

correctly. At (be same time double sided character of XANES make itself unwield y. 

1-3-3. Measurements ofXANES 

Similar to EXAFS, XANES measurements are usually done in a transmission mode. Since 

amplitude of EXAFS oscillation is so small as about a few per cent to absorption edge jnmp, EXAFS 

measurements requires high S/N(Signal to noise ratio (SIN> 1000) [36] . A conventional X-ray 

source such as rotating anode x-ray generator has a strong characteristic peak with a weak white X­

ray radiation Bremsstrahlung radiation. Therefore it take a long time to get reliable EXAFS 

signals. Synchrotoron radiation is an ideal X-ray sources for EXAFS measurement. First of all , 

much high intensity and nux (about!OOO times to X-ray tube), which results in improvement of SIN 

of ilie data and shorter acquisition times. All spectra presented in iliis thesis were collected at a 

synchrotron(KEK-PF, Tsukuba, Japan). 

Fig. l-2 shows set-up transmission experimenL at BL-LOB at Photon Factory (lCEK) . The 

beamline consists of three primary components: (i) an X-ray source, (ii) a monochromator, (iii) a 

detector. In Fig. 1-2, the incident X-ray beam from synchrotron is monochromatized by a channel 

monochro.mator made of Si(311) single crystal, which monochromatizes a X-ray wiili a specific 

energy detennined by the Bragg diffraction: 

A= 2d sine, (1-2) 

where dis ilie lattice spacing of ilie crystals , e is tile incident angle. The mooochromatized X-ray is 

monitored by a front ionization cbamber(lo) and transmitted X-ray ilirougb the sample is monitored 

by a rare ionization chamber (I). The absorbance of a sample is calculated by : 
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~-t(E)x = ln(lo(E) I I (E)) (l-3) 

In addition to transmission mode, it is possible to detect X-ray absorption by Ouorescence 

experiments. Fluorescence detection can be used for very diluted systems. In lluorescence mode, 

Ouorescence is detected by Solid State Detector(SSD), proportional counter, and scintillation 

counter. 

l-3-4. Features of XANES spectroscopy 

The capabilities of XANES spectroscopy that make XANES suitable for structural studies are 

the following: 

(1) applicability to any form and state of material such as amorphous, powder 

(2) element specific; 

(3) diagnostic value in monitoring chemical effects (symmetry of the unoccupied electronic 

states, effective atomic charge, d-band occupancy) 

(4) determination of site symmetry around a particular species of atom in both periodic and 

non periodic arrangements; 

Although these advantages, as mentioned above, the analysis method to obtain quantitative 

parameter for XANES is not generalized like EXAFS. So, practical application of XANES is to 

compare XANES spectrum of an unknown sample with those of reference compounds. However, 

there are some useful characteristic features in XANES spectra to be. used for analysis. l would like 

to introduce those features and examples below 

1-3-4-1. s -> d transition 

The K or Lt absorption edge maximum corresponds to the allowed ns -> np transitions, 

which merge into the continuum at higher energy. Sometimes pre-edge peaks or shoulders are 

observed below the absorption edge maximum, reOecting transitions to empty orbitals, for example, 
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Is-> 3d. These transitions are assigned to quadrupole transitions (61 = ±2) usually much weaker 

than dipole transition. However, when the molecule has no inversion center, 3d tate can be 

hybridized with p type wave function. In consequence, the ls->3d pre-edge peak intensity is 

enhanced. Thus octahedrdl MX6 gives weaker 3d pre-edge peak though, distorted octahedral and 

tetrahedral MXn shows stronger 3d pre-edge peak. 

Wong et al. recorded vanadi·um K-edge XANES spectra for a number of selected vanadium 

compounds of known chemical structure [37]. They found that the intensi ty of the ls ->3d pre-peak 

increases with progressive relaxation from perfect octahedral symmetry (as in YO) to distorted 

octahedral V06 groups, as in Y20:3, V4D7, and V204, and to a lower coordination with a short V-0 

bond in square-pyramidal symmetry (as in Y205) as shown in Fig. 1-3. The change in intensity can 

be explained by the symmetry of the VOx unit mentioned above. Therefore progressively lowering 

the si te symmetry to distorted geometries promotes the dipole allowedness of the pre-edge peak and 

yields as increasing intensity. They also found the energy shifts, so-called chemical shifts , of the 

pre-edge peak, which varied linearly with the valence of the absorbing vanadium atom. 

Yoshida et al. noticed that the intensity of pre-peak for metal oxides decreases in U1e order 

ZnFe204 > FeO >CoO> NiO (Fig. 1-4) (38]. This is not caused by a difference of the local 

structure as mentioned above because these oxides have a similar octerhedra structure of a metal ion 

- first neighbor oxygen ions in a regular. The electron configurations in the valence shell are d5, d6, 

d7, d8 for ZnFe204, FeO, CoO and NiO, respectively, and the unoccupancy of d-orbitals correlates to 

the peak intensity in this case. As seen in the Fig. 1-4, the pre-peak of FeO or ZnFe204 is split into 

two peaks. This indicates crystal field splitting of the d-orbitals (t2g, eg). ln CoO and NiO, such 

splitting is not observed because the d-orbitals of the t2g state(dxy. d,z, dyz) are occupied and 

transition from the ls-orbital to these orbitals is impossi ble. Kosugi et al. proposed that the valence 

states of Fe atom in bexacyanoferrate ion are determined using this splitting of the pre-peak [39]. 

In summary, (he IIS->I!d pre-peak has very small intensity in itself but the peak is enhanced 
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by the lack of inversion center. The pre-peak is useful to the determmation of local symmetry or 

valence states of X-ray absorbing atom, since the pre-peak is observed just below the absorption 

edge, where other fine structures are not overlapped. 

1-3-4-2. White lines 

The sharp peak observed in Lz,3-edge XANES spectra for the transition metals called "whi te 

line" as historically it was detected in an X-ray film as a very strong expo ure. Fig. l-5 shows 

normalized XANES spectra of metallic platinum , platinum ox.ide, metallic gold, metallic tantalum 

and tantalum oxide (38]. It is noticed that a sharp and intense edge peak is observed for platinum 

oxide, metallic tantalum and tantalum oxide. The white line peak is strong because it is a dipole 

transition from 2p to 5d immediately above the threshold to the continuum level and has a large 

cross-section. The intensity of the white line correlates to unoccupancy of 5d orbitals so that the 

peak is weak for metallic platinum and is not observed for metallic gold in which the 5d orbitals are 

fully occupied. By the same reason, the white line for tantalwn oxide (electron configuration ; dO) is 

more intense than that for metallic tantalum (electron configuration ; d5). 

ltis intriguing to note the difference between Lz ,3-edge XAN.ES spectra. For both metallic 

tantalum and tantalum oxide, the Lz,3-edge XANES spectra resemble each other, while the situation 

is different for metallic platinum where a white line is observed in the L3-edge XANES spectrwn but 

not in the Lz-edge XANES. The difference is caused by the splitting of the 5d orbitals of platinum to 

Sds12 and Sd312 states by spin-orbital coupling, corresponding to L3 and Lz-edge, respectively and 

the Sd312 state (Lz-edge) is fully occupied. Thus, the intensity of the white line reflects density of 

states for X-ray absorbing atom, therefore, L-edge XANES has been used to estimate the density of 

unoccupied d-stale of X-ray absorbing atoms. Lylle et al. measured the L3-edge XANES spectra of 

the elements such as iridium, platinum , and gold in the pure metallic state and in a variety of 

compounds [40]. They found that when normalized spectra obtained on the metals are subtracted 
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from those obtained on the compounds, the resulting difference spectm are related to differences in 

the electronic stmcture of the X-ray ab orbing atom in the two types of environment. They 

concluded that the change in area of a white line obtained from such a difference spectrum can be 

related to the ionicity of the bonds of U1e absorbing atom in its compounds. Hors ley in estigated the 

relationship between the intensity of the L2.3 white line and d orbital occupancy for a series of 

compounds of platinum and iridium and the pure metals, using Xa-SW molecular orbital 

calculations to obtain the number of unoccupied d orbital states [41]. He obtained the areas of the 

white line by a deconvolution of the absorption edge into a Lorenzian component and an underlying 

"step function" representing the onset of absorption to continuum states (Fig. J -6). He found a linear 

relationshi p between the calculated unoccupied d orbital sta tes and sum of the areas of the L2,J white 

line.for a series of platinum compounds. Mansour et al. have proposed a technique to extract the 

number of unoccupied d-state in a material utilizing measurements of the L-XANES spectra (42]. 

This method follow to theory by Dietz and Manheiss [43]. They illustrnted the applicability and 

validity of the technique with a platinum catalyst supponed on si li ca. This technique is applied to 

estimate of the fractional change of the d-band occupancy for Pt catalysts. 

1-3--4-3. Others 

Broad maxima around the core ionization threshold are observed in the NEXAFS spectra of 

many molecules. Tbese features usually occur above the ionization potential (J.P.) bu t sometimes 

th.ey occur below the edge. The former peak is called s shape resonance, which is assigned to 

transition from core electron to unoccupied o* levels and the latter is ton shape resonance occurring 

in the "discrete" portion of NEXAFS spectra of molecules containing unoccupied n* levels. Stohr et 

al. reported angular dependent NEXAFS spectra for theN K-edge of NO adsorbed on Ni(!OO) at 90 

K [44]. Then* peak becomes the most intense when the incident X-ray radiation is perpendicular to 

the surface, while o* shape resonance reaches a maximum at glancing angles. The angular 
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dependence of the intensity of the p resonance is given by the fonnula for 4 fold symmetry: 

I = Io [1-0.25(3cos2o-l )(3cos26-l )] ( 1-4) 

where o and 6 refer to the angles of the molecular a,'(iS and the radiation electric vector with respect 

to the surface normal , respectively. Calculating for a in this case indicates that the NO adsorb with 

its main axis oriented perpendicular to the nickel surface. Similar studies have been carried out for a 

wide variety of diatomic adsorbed systems. Sette et al. revealed a correlation between the position of 

a characteristic K shell excitation feature, the a shape resonance, and the intramolecular bond length 

as a result of a systematic analysis of K shell excitation spectra of gas phase molecules containing B, 

C, N, O;and F [45]. They found that when referenced to the ls ionization threshold the position of 

the a shape resonance is found to vary linearly with the internuclear di.stance between the pair of 

atoms which gives rise to the scattering resonance [46, 47]. 

When there are more than two environments armmd X-ray absorbing atom, sometimes 

XANES spectra for such systems can be resolved into a set of components [48-50]. Fernandez­

Garda et aJ . interpreted XANES spectra using factor analysis to follow the temperature-prog:ran101ed 

reduction (TPR) of Cu-Pd!KL-zeolite catalysts [49]. They identified and quantified the chemical 

components in which a metal is present during a reduction treatment with this analysis method. 

When the method applied to the Cu K-edge XANES-TPR spectra of two bimetallic catalysts 

containing (1% Pd + 0.5% Cu), and (1% Pd +0.25% Cu), it is sbown that Cu is initially present i.n 

both as two oxidic species, a Cu-Pd mixed oxide and a Cu-exchanged in L-zeolite. Both catalysts 

show a similar behavior under reduction yielding only one zero valence phase, a Cu-Pd alloy. 

Yoshida et al. measured XANES spectra of silica-supported vanadium oxide catal ysts. They found 

that the XANES spectrum of 11.6 wt% Y20sfSi02 consists of two components, V20s microcrystals 

and V04 species. They concluded that 60% tbe vanadium atoms are present in V20s microcrystals 

and the rest is present in V04 tetralledra on 11 wt% V20sfSi~ [50]. 
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1-4. Effects of adsorbed hydrogen on XANES 

As noticed previously, interaction of an adsorbed molecules that changes the density of states 

at the Fermi level is expected to exert a marked inOueoce on the white line 1"51-53). These changes 

may depend upon the electronic state of Pt whether the the sorbed molecules donate electrons to the 

metal or withdraw electrons from it. We can, therefore, use the sorption-induced changes in the 

white line to monitor the interaction between the sorbed molecule and the metal particle, on the other 

hand traces of sorbed molecules might inOuence the XANES of reduced metals and need to be taken 

into account. 

It bas been known that Pt L2,3-edge XANES spectra for highly dispersed supported Pt 

particles is broadened at higher energy side of white line by hydrogen adsorption. Samant et al. 

reported a decrease of the Pt white line of the L3 XANES, when sorbed hydrogen hydrogen was 

removed at low temperatures [54] (Fig. l-7, 1-8). This was primarily attributed to the creation or an 

unoccupied anti bonding state above the Fermi level due to the Pt-H bond. Lytle et al. reported that 

when L3-edge XANES for 1 wt% Pt catalyst were measured in Hz, the peak appears in the difference 

spectra obtained by subtracting the high-temperature measurement (773 K) from each of the other 

spectra [55]. They found that this peak diminished gradually wi th temperature and this trend is the 

same either wi th increasing or decreasing temperature. They reported that the effect was present for 

both Pt L2-and L3-edges and was present in both H2 and He. They concluded that this is due to 

making and breaking Pt-0 bonds to the support and assigned this peak to transition to the 

anti bonding orbitals of Pt-0 bonds. Boyanov et al. examined the effects of Brl!lnsted acidity on the 

spatial structure and electronic properties of platinum clusters supported on zeolite Y with EXAFS 

and XANES and X-ray photoelectron spectroscopy (XPS) [56, 57]. They also reported similar 

change in XANES difference spectra and claimed that XANES modifications are not caused by 

charge transfer between the metal cluster. They proposed that this modifications are caused by 

creation of unoccupied anti bonding levels above the Fermi level of the supported metal. Vaarkamp 
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eta!. rneasuredXANES spectra for reduced PtJK-LTL catalysts [58]. They observed that the white 

line intensity decreases with increasing reduction temperature. They concluded that this change in 

white line was ascribed to the removal of hydrogen from metal-support interface by reduction at high 

temperature [20, 59]. Reifsnyder et al. investigated hydrogen chemisorption on small silica­

supported Pt clusters using in -situ EXAFS spectroscopy and XANES spectroscopy [60]. They also 

observed that a hydrogen-related L2,3 XANES feature at 9 eV appears with nearly equal intensity at 

each other. They assigned this peak to electronic transition from Pt 2p levels to H ls-Pt5d 

anti bondi ng states with mixed d312-d512 character. Similar change has also been reported on Pt 

particles in fuel cell electrodes, induced by electrochemically generated hydrogen [61 , 62]. 

As described above, the origin of the broadening of the peaks in Pt L2.3 XANES has been 

discussed in terms of several mechanisms involv.ing the metal-support interaction, Pt-hydrogen 

anti bonding, and the multiple scattering induced by hydrogen adsorption. Although, the origin of 

this broadening of the peaks is still not clarified, if the change of the XANES spectra bas a direct 

correlation with the amount of adsorbed hydrogen, it can be expected that we have a new way to 

characterize adsorbed hydrogen on Pt particles particularly under i.n situ conditions at least 

compatible with the catalytic reactions. 

1-5. Tbe aim and strategy in this thesis 

As mentioned in 1-1, I have investigated the change of XANES spectra by hydrogen 

adsorption for supported metal particles. 

1 thought thatXANES spectroscopy bas a potential to be a new method for characterization 

to hydrogen adsorbed on surfaces because hydrogen adsorption on small Pt particles causes change 

in Pt Ledge XANES spectra as referred in 1-4. But it should be confirmed to quantitative analysis 

that what parameter affects to this change ; support, particle size, coverage of hydrogen., 

coadsorbates. 
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f tried to overcome them by measuring XANES spectra for dispersion-varied Pt particles 

supported on several metal oxides with and without adsorbed hydrogen. The results are presented in 

Chapter 3. Because catalytic reacti.ons occur in the presence of other gas components. Thus the 

effect of coadsorption on the XANES spectra is an important factor. In the study of CO-H 

coadsorbed system , I have found that the peak appeared in CO-H adsorbed sy ·tern was deconvoluted 

to two components due to adsorbed hydrogen and CO by a linear least-square fitting technique. 

Further, it was found that the fitting coefficient with respect to adsorbed hydrogen was proportional 

to the amount of adsorbed hydrogen, and the resuJrs appear in Chapter 4. 

ln Chapter 3, I have investigated XANES spectra in detail , and found general relation 

between hydrogen-induced feature and. amount of adsorbed hydrogen. Further, I have measured L­

edge XANES spectra for supported Pd. particles to examine whether this change appears in the 

spectra of other metal particles. These results are presented in Chapter 4. 

ln conclusion remarks, ]would like to consider the future vision in application of XANES to 

surface characterization, and to summarize my work as well. 
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::?.-1 . Catalyst preparation 

2-1-1. Catalyst preparation for Cpapter3-5 

SiOz, Alz0:3 , MgO and TiOz were used as supports for Pt particles. Pt/SiOz catalysts were 

prepared by ion-exchange and impregnation methods . ln an ion-exchange method [Pt(NH3)4]Cl2 

was used as precursor to obtain highly dispersed Pt particles on SiOz. The aqueous solution of 

Si02 (Nippon Aerosil, Aerosil300; surface area:300 m2g-1) was regulated to be a pH of 8.6 by 

adding aqueous solution of NH3 to exchange proton of hydroxyl group on SiOz to ammonium ion. 

The SiOz was impregnated with an aqueous solution of [Pt(NH3)4]Cl2 (Soekawa Chemical Co. 

Ltd.) followed by futering and water wash Ulltil a pH of 7.0. The obtained samples were dried in a 

oven and calcined at 573 Kin a flow of 02. An impregnation method using aqueous solution of 

HzPtCl6 (Soekawa Chemical Co. Ltd.) was em.ployed to prepare low dispersion Pt/SiOz catalysts. 

The obtained samples were calcined at 673 K in air. For both samples , the Pt loading was regulated 

to be 1.5 wt%. Pt/ Alz0:3 was prepared by an impregnation method using acetone solution of 

Pt(acac)z (Wako Chemical Co. Ltd.) or using triethylamine solution of Pt(OH)g, or using aqueous 

solution ofHzPtC16 followed by calcination at573-823 Kin air, where the calcination temperature 

was varied to control the size of Pt particles on Alz03 ; the Pt loadings were 0.9-3.1 wt%. Pt/MgO 

(PI: 0.5-1.1 wt%) was also prepared by an impregnation method using acetone solution of 

Pt(acac)2, followed by calcination at 773 Kin air. Pt/TiOz was prepared by au impregnation 

method using aqueous solution of [Pt(NH3)4]Cl2 (1.0 wt%). 

The samples thus obtained were placed in aU-shaped Pyrex glass tube combined in a closed 

circulating system, and oxidized with oxygen of 13.3 kPa, followed by reduction with hydrogen of 

13.3 kPa and evacuation at given temperatures . 

2-1-2. Catalyst preparation for Chapter 6 

SiOz (Nippon Aerosil, Aerosil 300; surface area:300 m2g-1) and Alz0:3 (Nippon Aerosil, 
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Alan C; sun ace area: 100 m2g-l) were used as supports. High dispersion Pd/Si02 samples were 

obtained by an ion-exchange method. In the ion-exchange method, the pH of aqueous suspensions 

of Si02 was regulated to be 9.1 by adding an aqueous solution of NH3 in order to exchange protons 

of hydroxyl groups on Si02 by ammonium ions. Then the supports were impregnated with an 

aqueous solu.tion of [Pd(NH3)4]Cl2 (Soekawa Chemical Co.) followed by filtering and washing 

with water until a filtrate pH becomes 7.0. The obtained samples were dried at 393 K and calcined 

at 573 Kin a Oow of Oz. The Pd loading was 1.0 wt%. A high dispersion Pd/Al20J was obtained 

by using an impregnation of [Pd(acac)z] (Hacae=acetylaceton) aceLone solution with Al203, which 

was then dried at393 K and calcined at 573 K. An impregnation method using an aqueous solution 

ofPd(N03)2 was employed to prepare low dispersion Pd/Si02 and Pd/AizO) samples followed by 

calcination at 673 Kin air. 

The samples thus obtained were placed in aU-shaped Pyrex glass tube combined in a closed 

circulating system, and calcined with oxygen of 13.3 k:Pa at 573 K., followed by reduction with 

hydrogen of 13.3 kPa and evacuation at temperatures given in table I. 

2-2. Adsorption measurements 

2-2-1. Adsorption measurements for Chapter3-5 

The amount of hydrogen adsorbed on the Pt particles was determined from irreversible 

adsorption at 293 K using vacuwn system shown in Fig. 2-1 . The dispersion of the Pt particles is 

defined as the amount of adsorbed hydrogen atoms divided by the amount of Pt atoms involved in 

the catalyst (H/Pt). The Pt dispersion was controlled by changing temperature and duration of the 

treatment I also estimated total amount of adsorbed hydrogen from irreversible and reversible 

adsorption. 
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2-2-2. Adsorption measurements for Chapter 6 

The amounts of adsorbed hydrogen and CO relative to Pd atoms in the particles CHadfPd and 

CO/Pd) were determined from irreversible uptakes of hydrogen and CO at 293 K using vacuum 

system shown in Fig. 2-1, respectively. The method proposed by Boudart et al [I] was adopted for 

the adsorption measurement of hydrogen on Pd particles. The hydrogen uptake was measured at 

P(H2)= 13.3 kPa. The equil ibrium pressure was determined when no change in the H2 pressure was 

observed for more than l h. After the first hydrogen adsorption measurement, the system was 

evacuated for 1 hat room temperature. During the evacuation at room temperature, absorbed 

hydrogen was removed, while the adsorbed hydrogen remained on the surface. Then the second 

hydrogen uptake was measured and the irreversible hydrogen uptake was regarded as the difference 

of the two values. Chemisorbed CO was also measured similarly. The ratio of absorbed hydrogen 

to Pd in the particles was estimated by the second hydrogen uptake measurement at room 

temperature because the absorbed hydrogen was removed by the evacuation at room temperature 

[1,2]. 

2-3. XAFS measurements and analysis 

2-3-1. XANES measurements and analysis for Chapter 3-5 

Pt L3-edge XANES spectra were measured at BL-lOB in the Photon Factory in Institute of 

Materials Structure Science, High Energy Accelerator Research Organiz.ation(KEK-lMSS-PF) , 

operated at2.5 GeV , 350-250 mA, in a transmission mode. The synchrotron radiation was 

rnonochromatized by a Si(31!) channel-cut monochromator at Blr lOB. The estimated energy 

resolution near Pt2,3-edge was about 1.4 eV. The energy was calibrated by setting the inflection 

position ofL3-edge of Pt foil to 11563 eV. The incident and transmitted X-ray intensities were 

detected by ion chambers filled with N2 gas for lo and with N2/Ar=85/!5 mixed gas for I. The 

voltages applied to electrodes were 500 V. 
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The sample treated in the closed circulating system shown in Fig. 2-l was transferred to a 

cell with two Kapton windows without contacting air. The XANES spectra of the ~'Upported Pt 

particles were measured under vacuum, under 8.0 kPa of hydrogen and then evacuated for 30 min 

at room temperature. I also measured Pt L-edge XANES of Pt!Si02 catalyst in beating condition 

with hydrogen. Sample was reduced using in-situ cell at 573 K, then sample was cooled at room 

temperature. After XANES measurement at room temperature, sample was heated stepwise and 

spectra were measured at each temperature. 

ln CO-H coadsorbed system, the sample treated in a closed circulating system was exposed 

to given pressures of CO (0.6-3.1 kPa, volume was 19.0 cm-3) for I h to obtain various CO 

coverages. The sample was transferred to a XANES cell with two Kapton windows without 

contacting air. The XANES spectra of the supported Pt particles with preadsorbed CO were first 

measured in vacuwn, then the CO-preadsorbed sample was exposed to 8.0 kPa of hydrogen for 30 

min. The gas phase analysis showed no desorption of CO by the admission of Hz. After 

evacuating the sample for 30 min at room temperature the XANES measurement was carried out. 

The normalized XANES spectra were obtained by subtracting the pre-edge background from the 

raw data with a modified Victoreen's equation using " Rigaku EXAFS (REX)". Then spectra were 

normalized by the edge height of estimated by a cubic spline method. 

2-3-2. XANES measurements and analysis for Chapter 6 

Pd L3-edge XANES spectra were measured in a nuorescence mode at BL-llB of Photon 

Factory in Institute of Materials Structure Science, High Energy Accelerator Research 

Organization(KEK-lMSS-PF). The storage ring was operated at2.5 GeV and the ring current was 

300 rnA . The synchrotron radiation was rnonochromatized by a Ge(lll) double-crystal 

monochromator [3]. The higher harmonics were eliminated using a Ni coated total reflection 
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roiuor. The estimated energy resolution near Pd L3-edge was about 0.7 eV. The fluorescence 

detection(lr) was carried out by using a gas-flow proportional counter [4) filled with Kr/C2H6 = 

90/10 mixed gas. The 1900 V bias was applied to the electrode of the proportional counter. The 

incoming X-ray (lo) was monitored by the photocurrent from a metal mesh placed before the 

samples. The sample was treated in a closed circulating system and transferred to a cell with two 

Kapton windows (25 ~-tm) without contacting air, then stored in a N2 filled reservoir till the 

measurement. Those cells were placed in a high vacuum chamber (5-8 X J 0-6 torr) which is 

installed with the fluorescence detector. The XANES spectra of the supported Pd particles were 

measured under three different conditions, i.e., under vacuum, in the presence of 13.3 kPa of 

hydrogen, and after subsequent evacuation at room temperature for I h, which are denoted as 

Pd/Si02(VAC), Pd!Si0z(H2) and Pd/Si02(EVAC), respectively. The X-ray absorbance, Ill was 

obtained from collected data If and lo by eq.(2-l). 

~-tt = Ir llo (2-1) 

The pre-edge background subtraction was carried out by extrapolating the data in the preedge 

region (3096-3165 eV) to higher energy with a straight line and the data was normalized by the 

edge height. The inflection point of the absorption edge of Pd powder (3!72.8 eV) was used for 

energy calibration. I discriminated between the effects of adsorbed and absorbed hydrogen, using 

the behavior of absorbed hydrogen that is easily removed by room-temperature evacuation. 

2-3-3. EXAFS measurements and analysis for Chapter 6 

Pd K-edge EXAFS spectra of Pd/Si02 samples were measured at BL-108 in the Photon 

Factory in a transmission mode at room temperature. The synchrotron radiation was 

monochromatized by a Si(311) channel -cut monochromator at 8L-l 08. The estimated energy 

resolution near Pd K-edge was about 7 eV. The incident and transmitted X-ray intensities were 

detected by ion chambers filled with Argas for lo and with Kr gas for l. The voltages applied to 
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electrodes were 500 V. The EXAFS data were analyzed using the Rigaku EXAFS (REX). The 

analysis involves preedge extrapolation, background removal by a spline smoothing method to 

extract EXAFS oscillation [5] . Then EXAFS data were Fourier transformed from k space (30-140 

nm-1) tor space. An inversely Fourier transformation was performed in the range of 0.17-0.30 nm 

to filter out the Pd-Pd first nearest neighbor contribution. The data were analyzed by a curve fitting 

procedure to obtain the coordination number N, bond distance rand Debye-Wallor factor a, Eo 

using eq. (2-2) and (2-3). 

xCk/) = L Nj F(k/) exp(-2kj' 2 ap) sin(2kj' Rj+<j>(k/ )) I k/ Rp (2-2) 

where k is a wave number of photoelectron and is expressed by eq.(3) . 

k:j ' = (kp - 2m LlEoj I h2) 1/2 (2-3) 

where m is a mass of electron, and E and Eo are X-ray photon energy and threshold energy for 

photoemission, respectively. The backscattering amplitude F(k) and phase shift <j>(k) for Pd-Pd 

bond were extracted from the EXAFS data of Pd foil with r(Pd-Pd)=0.276 nm and N= 12. a and Eo 

are tentatively set to 0.006 nm and 0 eV . Degree of fitting was estimated by R factor (Rr) described 

below. 

(2-4) 

2-4. IR measurements 

FT-IR spectra were measured using JIR-7000 (JEOL) in a lransmission mode. An in-situ JR 

cell was connected to a closed circulating system and gas phase adsorption was subtracted by 

double beam mode using one more celL Pt/SiOz were pressed to self-supporting disk, and set in lR 

cell. The lR spectra of the supported Pt particles were measured under the same conclition as 

XANES measurement. The resolution of IR spectra were always 2 em-!. lR spectra of adsorbed 

CO were obtained by subrracting spectra of CO-free Pt!SiOz from one of CO adsorbed Pt!SiOz. 
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2-5. Local Density Functional (LDF) calculation 

Using Pt13 cluster as model for CO-H coadsorbed Pt. particles 1 calculated electronic state of 

Pt cluster by Local Density Functional (LDF) method. 1 used Pt13 cuboctahedral cluster (Oj, 

symmetry) as model. 1 calculated four type of adsorbed cluster; with no adsorbates, with 8 

hydrogen atoms on 8 triangle faces (Oh symmetry) , with one CO molecules on a Pt. atom (Cz 

symmetry) and with 8 hydrogen atoms and one CO molecules (C2 symmetry). Details of the 

calculation are described in previous paper [6]. 
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G 

Fig. 2-1 . A vacuum system for catalyst treatment and 
adsorption experiment in Chapter 3-6: 

A, catalyst bed; B, circulating pump; C, gas sampler 1; 
D, gas sampler 2; E, Hg manometer; F, gas reservoirs; 
G, to diffusion pump; H, main liq. N2 trap 

- 41-



Chapter 3. 

A new method for quantitative characterization 
of adsorbed hydrogen on Pt particles by means of 

Pt L-edge XANES 



3-l.lntroducrion 

Hydrogen which dissociatively adsorbs on many metal surfaces is involved in important 

catalytic processes such as hydrogenation, hydrogenolysis, hydrotreating, hydrofonnylation and so 

on (1]. However, the quantitative analysis of hydrogen atoms adsorbed on metal surfaces seems to 

be still difficult because of the small electron density and high mobility on the surfaces (l-3]. 

Photoelectron spectroscopies like UPS and elecrron stimulated desorption (ESD) which work under 

ultra high vacuum are not applicable to the observation of hydrogen in situ under the conditions 

relevant to catalytic reactions [3,4]. Temperature programmed desorption (TPD) is a typical 

analysis method for adsorbed hydrogen [5,6]. but, the TPD is also unable to investigate adsorbed 

hydrogen in situ under the conditions. 

Pt L2 and L3-edge XANES for Pt particles has extensively been studied by Lytle et al. , who 

demonstrated that the area of the first peak (called white line) in the XANES spectra has correlation 

with the effective charge of Pt atoms [7]. The Pt L2,3-edge XANES has also been used to estimate 

the d-vacancy (d electron density of state) of Pt particles dispersed on inorganic oxide supports [8-

10]. Yoshitake et al. showed change in the white line intensities at L2,3-edges for Pt particles on 

SiOz by various adsorbates which was related to the catalytic property of the supported Pt particles 

for hydrogenation reactions of ethene and its derivatives [11 , 12]. Wben hydrogen adsorbs on 

higWy dispersed Pt particles, the Pt L2,3-edge peaks are shifted and broadened to a higher energy 

side [13-16]. Similar change has also been reported on Pt particles in fuel cell electrodes, induced 

by electrochemically generated hydrogen [17,18]. The origin of the broadening of the peaks bas 

been discussed in terms of several mechanisms involving the metal-support interaction [13, 14], 

adsorbed hydrogen-originated anti bonding orbital [15,16], and subsurface hydrogen [16]. Iftbe 
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change of the XANES spectra has a direct correlation with the amount of adsorbed hydrogen, I can 

get a new way to characterize adsorbed hydrogen on Pt particles particularly in situ under the 

conditions at least compatible with the catalytic reactions. In this chapter l studied the Pt Lz,3-edge 

XANES spectra for supported Pt particles with or without adsorbed hydrogen systematically 

varying dispersion of the Pt particles and the kind of supports. I found a direct correlation between 

the amount of adsorbed hydrogen and the peak which appears in the difference spectra before and 

after H2 adsorption, irrespective of the kind of supports. 

3-2. Results and Discussion 

Fig. 3-1 shows Pt L3-edge XANES spectra for the Pt/Si02 catalysts with the dispersion 

(HIPl) of 1.2 and 0.18 before and after H2 adsorption at room temperature. The Pt L3-edge 

spectrum of Pt/Si02 with HIPt = 1.2 was broadened by the adsorption of Hz. The edge position 

also shifted to the higher energy side by about 0.6 e V. For the sample with low dispersion of 0.18, 

the broadening of the white line and the edge shift were smaUer as compared to those for the high 

dispersion sample in Fig. 3-1. To clarify the influence of hydrogen adsorption on the white line, the 

difference spectra were obtained by subtracting the spectra measured under vacuum from those 

measured under hydrogen. The new peak appeared in the difference spectra at about 8 eV above 

the edge as shown in Fig. 3-1. The position of the new peak was independent of the Pt dispersion, 

while the intensity of the peak reduced with a decrease in the dispersion. 

The L2-edge XANES spectra for tbe Pt/Si02 catalysts with HIPt = 1.2 and 0.18 were also 

measured as shown in Fig. 3-2, where the similar feature in the edge region was observed. The new 

peak in the difference spectra appeared at about 6 eV above the edge by Hz adsorption. The peak 



intensity increased with an increase in the Pt dispersion similarly to the case of the L3-edge spectra. 

To examine the origin of the new peak in the edge region the intensity (peak area) of the 8 

eV peak in the L3-edge XANES difference spectra was plotted against the dispersion (H/Pt) of Pt 

particles supported on SiOz in Fig. 3-3 . The intensity of the peak is defined as area of the linear 

relationship between the peak intensity and the dispersion means that the new peak is ascribed to 

adsorbed hydrogen. If the origin of the new peaks arises mainly from Pt-H bond formation, we 

expect that the correlation between the new peak and the dispersion should also be observed with 

the Pt particles on the other supports. Thus the peak intensities were plotted as a function of the 

di spersion for the Pt particles supported on AI203 and MgO in Fig. 3-3 . It was found that the plots 

for Si02, Alz03 and MgO are al l on the same line, though there are a little deviations of the data 

from the line. The results demonstrate that the new peaks are directly related to the hydrogen atoms 

adsorbed on the Pt particles or equivalently to the Pt-H bonding. The similar linear relationship 

was obtained for the Pt Lz-edge white line peaks. 

To further explore the origin of the new peaks the amount of adsorbed hydrogen on the 

same Pt/SiOz catalyst was varied by evacuating the surface saturated with Hz at different 

temperatures. The surface of the Pt/SiOz catalyst was saturated with hydrogen atoms (H/Pt = 1.2) 

by Hz adsorption (8.0 kPa) at room temperature, followed by evacuation at given temperatures ; the 

procedure was similar to temperature programmed desorption (TPD). The amount of adsorbed H 

atoms calculated from the TPD analysis was plotted against the evacuation temperature in Fig. 3-4. 

I measured the XANES spectra at Pt Lz,3-edges for the catalysts treated under the identical 

conditions to the TPD. The normalized intensity of lhe new peak at the L3-edge was also plotted as 

a function of the evacuation temperature in Fig. 3-4. The peak intensity and the amount of 
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adsorbed hydrogen were normalized to those at room temperature. Both plots showed the same 

trend against the hydrogen desorption. The results in Fig. 3-3 and Fig. 3-4 reveal that the intensity 

of the new peak is proportional to the amount of adsorbed hydrogen on the Pt particles. The origin 

of this peak is not clear, but it may be due to the anti bonding orbital of Pt-H bonds [15] or the 

multiple scattering of adsorbed H atoms with partially negative charge [19,20). Although we need 

further investigation for the assignment of the peak, it is to be noted that the L3-edge peak can be 

used as a quantitative parameter for the amount of the adsorbed hydrogen on the supported Pt 

particles in situ under the conditions relevant to catalytic reactions like hydrogen exchange, 

hydrogenation, hydrogenolysis, etc. 
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Chapter 4. 

Quantitative analysis of hydrogen adsorbed on Pt 
particles on Si02 in the presence of coadsorbed 
CO by means of L3-edge X-ray absorption near­

edge structure spectroscopy 
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4-1. Introduction 

Hydrogen plays an important role in metal catalysis for many industrial processes such as 

hydrogenation, hydrogenolysis , dehydrogenation and isomerization, and hence quantitative analysis 

of adsorbed hydrogen is a key issue for understanding reaction mechanisms and developing new 

catalytic systems [I]. Surface hydrogen not only behaves as a reactant itself but also alters reaction 

paths through the induction of surface reconstruction or the production of different reaction 

intermedi.ates [1-4]. However, it is rather difficull to characterize the adsorbed hydrogen especially 

in situ under reaction conditions because hydrogen has a low electron density and high mobility on 

the su1face. in-situ NMR and Ff -lR have been only tools to be used for the characterization of 

adsorbed hydrogen [5-7]. However, the data analysis of solid-state NMR is not easy and the 

sensitivity of Ff -IRis not high enough for surface hydrogen so that they cannot be routinely used. 

In previous chapter, I found a new peak in the difference spectra between Pt L2,3-edge 

XANES before and after H2 adsorption on Pt particles on oxides [8,9]. This new peak appeared at a 

definite photon energy independent of the amount of adsorbed hydrogen, the size of Pt particles or 

clusters, and the kind of supports. Moreover, the peak intensity was proportional to the amount of 

adsorbed hydrogen. These results demonstrate that the L3-edge peak can be used as a quantitative 

scale for the amount of adsorbed hydrogen on the supported Pt particles especially under in situ 

conditions relevant to catalytic reactions. To develop this method as a practical tool for the 

quantitative analysis of adsorbed hydrogen under reaction conditions, it is necessary to investigate 

the behavior of Pt Lz,3 XANES spectra in coadsorbed systems of H2 and other reactants such as CO. 

in this chapter I report Pt L3-edge XANES spectra of PL particles coadsorbed with H2 and CO. It 

was found that there is a direct correlation between the amount of adsorbed hydrogen and the fitting 

coefficient which appears in the difference spectra before and after CO+H2 coadsorption. 
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4-2. Results and Discussion 

Fig. 4-l(a) shows Pt L3-edge XANES spectra for Pt/Si02 after CO adsorption, where CO 

coverages (CO/Pt) were varied in the range 0.10- 0.5l. XANES spectrum for Pt/Si02 before CO 

adsorption is also shown in Fig. 4-l(a) . The Pt L3-edge spectrnm of the CO-free Pt/Si~ was 

broadened and shifted to the higher energy side by CO adsorption as reported previously [10,11). As 

shown in Fig. 4-1 (a), the broadening was enhanced by increasing CO coverage on the Pt particles. 

lnterestingly, there is an isosbestic point in the spectra. Fig. 4-J(b) shows the difference spectra 

derived from Fig. 4-l (a) before and after CO adsorption. A peak appeared at 6 e V above the Pt LJ­

edge. The peak position was independent of the CO coverage as shown in Fig. 4-l(b). This value is 

2 e V lower than the peak energy induced by adsorbed hydrogen previously reported [8,9]. Fig. 4-

2(a) shows the Pt L3-edge XANES spectra after subsequent exposure of the CO -preadsorbed 

Pt1Si02 to 8.0 k.Pa of H2. The CO/Pt values in Fig. 4-2(a) denote the amount of preadsorbed CO per 

Pt. Comparing Fig. 4-2(a) with Fig. 4-l(a), the edge position shifted to the higher energy side and 

the white line peak was broadened on the higher energy side upon H2 adsorption. To clarify this 

matter I took the difference spectra between the spectra for the CO-tH2 coadsorbed Pt/Si02 and the 

spectrum for the fresh Pt/Si02 in Fig. 4-2(b). One can find the more broadening of the peak in the 

difference spectra compared to that in the CO-adsorbed system. The broadening of the difference 

peak is reasonable because the peak induced by H2 adsorption appeared at 8 eV above the PtL3-edge 

[8,9]. I first analyzed the difference spectra fAd( CO+ H) between the spectrum for the CO+ Hz 

coadsorbed Pt particles and that for the bare Pt particles by a linear combination of f.ld(H) and 

f.ld(CO) (eq. 4-J) although there should be broadening of the peak due to interaction of the adsorbed 



f.ld(CO+H) =X • J.td(CO) + y . J.td(H) (4-1) ' 

where f.ld(CO) and J.td(H) denote the difference spectra before ru1d after the mono-adsorptions of H2 

at the coverage of 0.97 3lld of CO at the coverage of 0.51 , respectively (Fig. 4-3(a)) . The x 3lld yare 

the coe!Iicients in the linear combination of two components. Fining T3llge was chosen iull566-

11595 eV because the difference spectra in the energy region Jess th3ll 11566 eV are strongly 

affected by the abrupt change of edge jump. Energy scale of the spectra is not adjusted in the fitting 

process. The observed difference spectra and the calculated difference spectra according to eq. (I) 

for the PtJSi~ with different CO coverages are shown in Fig. 4-3(b). Each component in the 

calculated spectra (x · f.ld(CO) andy · f.ld(H)) is also shown in Fig. 4-3(b). Tbe calculated spectra 

show good agreement with the observed spectra. Thus the peak in the XANES difference spectra at 

Pt L3-edge can be deconvoluted to the linear combination of the difference spectra for the CO 3lld H 

mono-adsorbed systems. It seems that the interaction between adsorbed Hand CO affects little on 

the Pt L3-edge XANES. Recently, I found the linear relation between the amount of adsorbed 

hydrogen and the peak height in the difference spectra before and after H2 adsorption on Pt/oxides 

(oxides: Si~, AI203, 3lld MgO). Here, to examine whether or not the correlation between the 

coefficient (y) for J.td(H) in the linear combination (eq. (4-1)) and the amount of adsorbed hydrogen 

exists, the fitting coefficient (y) was plotted as a function of the amount of hydrogen estimated from 

gas adsorption in Table 1. Fig. 4-4 shows the plots of y vs . H/Pt, where the linear relationship 

between them is evident. This line has the same slope as that observed in the hydrogen mono­

adsorbed system previously reported [8]. These results demonstrate that the fitting coefficient for 

adsorbed hydrogen (y) in the coadsorbed system is directly related to the number of hydrogen atoms 

adsorbed on the Pt particles. The fitting coefficient for adsorbed CO (x) also varied nearly linearly 
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adsorbed on the Pt particles. The fitting coefficient for adsorbed CO (x) also varied nearly linearly 

with the amount of adsorbed CO in the range of CO coverage 0.10- 0.51. Although we need further 

investigation for the whole phenomenon, it is to be noted that the L3-edge peak can be used as a 

quantitative measure for the amount of adsorbed hydrogen on the supported Pt particles in 

coadsorption systems other than CO because the peak in the difference spectra between before and 

after CO adsorption appears closer to (2 eV) than that for H adsorption case those for several other 

adsorbates such as NO and C2I-L! [12]. Thus this technique can be applied to in situ conditions 

relevant to catalytic reactions involving adsorbed hydrogen. The other point I should mention is the 

origi11 for tile change of XANES spectra accompanied by adsorption. CO may induce tb.e changes in 

H adsorption site and in local electronic slate of Pt-hydrogen bonding through tb.e delocalization of 

the Pt-CO cilarge transfer. The change in spectra due to these CO-induced effects should be too 

smaU to be detected by XANES spectroscopy with its finite energy resolution (about 1.5 eV at 

BLJOB in Photon Factory). Consequently tb.e difference spectra in the coadsorbed system reflect the 

local change of electronic states before and after H2 adsorption on the Ptatoms with CO 

preadsorbates. The change in the XANES spectra by adsorption may be caused not only by tb.e PI­

adsorbate electron transfer and the decrease in tile electron density of unoccupied d state but also by 

the change of electronic slates due to the formation of PI-adsorbate bonding. 
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Table4-l. Amounts of adsorbed CO and hydrogen per Pt atom on Pt/Si02 

CO/Pt 0 0.10 0.24 0.43 0.51 

H/Pt 0.97 0.84 0.62 0.43 0.36 
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Fig. 4-1 . (a) Normalized Pt L3-edge XANES spectra for 

CO-preadsorbed and CO-free Pt/Si02; (b) difference 

spectra between them. 
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Chapter 5. 

Analysis of L2,3-edge XANES spectra for 
Hydrogen adsorbed Pt Particles on Si02 and 
Quantitative analysis of Adsorbed Hydrogen 



5-1. lntroduction 

Dissociatively adsorbed hydrogen is a important adsorbates in metal catalysis for many 

industrial processes such as hydrogenation, hydrogcnolysis, dehydrogenation and isomerization, and 

hence quantitative analysis of adsorbed hydrogen is a key issue for understanding reaction 

mechanisms and developing new catalytic systems [1]. However, it is rather difficult to characterize 

the adsorbed hydrogen because hydrogen has a low electron density and high mobiLity on the 

surface. Usually catalytic reaction is operated under severe condition such as high pressure, and high 

temperature. So analysis method which can be available in such condition are restricted. In-situ 

NMR and Ff-lR have been only tools to be used for the characterization of adsorbed hydrogen [2, 3, 

4, 5]. However, the data analysis of solid-state NMR is not easy because several kind of peaks 

appear by hydrogen admission [2, 3]. The sensitivity of Fr -lR is not so high enough for surface 

hydrogen [5]. Moreover lR spectra can detect only weakly bounded hydrogen atom, because 

strongly adsorbed hydrogen occupies three-fold site on Pt surface and its vibrational bands overlap 

with support absorption for supported Pt particles. So it cannot be routinely used for characterization 

of adsorbed hydrogen. 

X-ray absorption near edge structure (XANES) is explained by the transition from core level 

to unoccupied valence level or multiple scattering between X-ray absorbing atom and surrounding 

atoms [6). It is known that XANES reflects the electronic structure and the local geometrical 

structure surrounding X-ray absorbing atom, so XANES has been used for the determination of 

symmetry, bond distance and electronic state around X-ray absorbing atoms using some features 

appeared, for example, transition to a* or :n:* state and peak correspond to s->d transition due to 

quadrupole transition at K-edge XANES [7, 8, 9]. But XANES can not be formulated assuming 

simple single back scattering like EXAFS oscillation because multiple scattering contribute in 



XANES region. So It is still difficult to extract physical parameter from XANES spectta. 

Quantitative characterization using XANES spectra have been reported for some metal oxides; for 

example, in tbc case of dehydration of Mg(OH)z, TPR of Pd-Cu bimetallic oxide, Cc doping to 

NdzCu04 oxide super conductors, and so on [10, 11]. In these cases each measured spectra are 

represented by summation of some component spectra. 

The Lz,3-edge XANES spectra of transition metal elements with unoccupied d states show a 

strong adsorption peak just above the absorption edge, called as white line. The white line is 

assigned to a transition from 2p core level to nd unoccupied states, so lredge XANES has been used 

to estimate tbe density of unoccupied d-state of X-ray absorbing atoms. Mansour el al . have 

suggested tbe way to estimate vacancy of d-state. This method follow to theory by Ritz and 

Mattbeiss [8, 12, 13]. Thus the XANES spectra have been used to investigate the electronic structure 

of supported metal catalysts with intensity of white line [14, 15, 16]. Moreover, the large penetration 

power of X-ray enables us to carry out the XANES measurement in the presence of the reaction gas. 

Yoshitake et al . found the change of electronic states of Pt p<Uticles by the adsorption of various 

ethylene derivatives systematically by means of the Pt L2,3-edge XANES. l5]. When hydrogen 

adsorbs on bi.gbly dispersed Pt particles, the Pt L2,3-edge peaks are broadened to the higher energy 

side and the new peak appears at 6-8 e V from the edges in difference spectra obtained by subtracting 

the spectra in vacuum from the ones with adsorbed hydrogen [ 16, 17, .18, 19, 20]. Similar change 

bas also been reported on Pt particles in fuel cell electrodes, induced by electrochemically generated 

hydrogen [21). The origin of the broadening of the peaks bas been discussed in terms of several 

mechanisms involving the metal -support interaction; for example transition to anti bonding orbital 

between PL and oxygen of support or interfacial hydrogen between Pt and Oxygen [18, 20], adsorbed 

hydrogen-originated antibonding orbital [17, 19), and subsurface hydrogen[J6]. 



I reported in previous chapters that peak appear in XANES difference spectra and their 

intensity is related to amount of adsorbed hydrogen per number ofPt atoms (22, 23 , 24). If the 

change of tbe XANES spectra bas a direct correlation witb the amount of adsorbed hydrogen , we can 

get a new way to cha.racterize adsorbed hydrogen on Pt particles particularly in situ under the 

conditions at least compatible with the catalytic reactions. But to apply this method to actual 

catalytic reaction system, I must investigate more detailed relation between change of XANES 

induced by hydrogen adsorption and amount of adsorbed hydrogen in several conditions. Further, 

besides adsorbed hydrogen there are other adsorbates on catalyst surfaces in actual catalytic 

reactions. So, I must investigate bow coadsorbates influence to XANES spectra and peak induced by 

adsorbed hydrogen. 

In this cbspter I studied thePt L2,3-edge XANES spectra for supported Pt parti.cles 

systematically varying coverage of the adsorbed hydrogen and also Pt particles with or without 

adsorbed hydrogen and varying dispersion and the kind of supports. From these data I discuss origin 

of this hydrogen-induced feature in Pt L-XANES. Also from experiments of in-situ beating, I 

demonstrated effectiveness to quantitative analysis of adsorbed hydrogen in the presence of gaseous 

hydrogen. Furthermore, since it is necessary to investigate the behavior of Pt Lz,3-XANES spectra 

in coadsorbed systems of H2 and other reactants such as CO to develop this method as a practical 

tool for the quantitative analysis of adsorbed hydrogen under reaction conditions, in this chapter I 

also report PtL3-edge XANES spectra of Pt particles coadsorbed with Hz and CO. It was found that 

there is a direct correlation between the amount of adsorbed hydrogen and the fitting coefficient 

which appears in the difference spectra before and after CO+H2 coadsorption. 
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5-2. Results 

5-2-l. Change in XANES spectra with hydrogen adsorption 

Fig. 5-J shows Pt L3-edge XANES-TPD spectra for the Pt/Si02 catalysts with the dispersion 

(H/Pt) of 1.2. The surface of the Pt/Si02 catalyst was saturated with hydrogen atoms (H!Pt = 1.2) by 

H2 adsorption (8.0 kPa) at room temperature, followed by temperature programmed desorption 

(TPD) from room temperature upto 573 K. The L2-edge X.ANES-TPD spectra for the Pt/Si02 

catalysts with H/Pt = 1.2 were also measured as shown in Fig. 5-2. In L3- edge hydrogen adsorption 

change spectra higher side of white line reported previously. Adsorption of higher energy side is 

broadened compared to spectra of Pt foil. But with increasing evacuation temperature, broadening 

decreases and the edge position is also shifted to the lower energy side. ln ~-edge, the similar 

feature around white line region was observed but the edge sbifl is smaller than L3-edge. To clarify 

the influence of hydrogen adsorption on the white line, the difference spectra were obtained by 

subtracting the spectra measured after after evacuation at 573 K from those measured at each 

evacuation temperature. The new peak appeared in the difference spectra at about 8 e V above the 

edge as shown in Fig. 5-J. The position of the new peak was independent of the temperature. 

While, the intensity of the peak reduced by evacuation at room temperature, then the intensity of the 

peak reduced with a increase in evacuation temperature. It is considered that the reduced intensity of 

the peak by evacuation at room temperature is due to desorption of reversible adsorbed hydrogen and 

following reduction by heating evacuation is due to irreversibly adsorbed hydrogen desorption. So, 

it is considered that intensity of this new peak is related to amount of adsorbed hydrogen. 

To further explore the origin of the new peaks the amount of adsorbed hydrogen, !measured 

XANES spectra for supported Pt particles using several supports(Si02, Al2~. MgO, and Ti~) in 

vacuum, in 8.0 kPa of hydrogen and after following evacuation at room temperature respectively. 
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By varying dispersion of Pt particles , we can obtain spectra with several H/Pt ratio. Fig. 5-3 shows 

Pt L3-edge XANES spectra and difference spectra subtracting spectra measured in vacuum for the 

Pt/SiOz catalysts with the dispersion (H/Pt) of 0.97, 0.59 and 0.10 before and after Hz ad orption at 

room temperature. The Pt L3-edge spectrum of Pt/SiOz with HIPt = 0.97 was broadened by the 

adsorption of Hz. The edge position al so shifted to the higher energy side by about 0.6 eV . For the 

sample with low dispersion of 0.10, the broadening of the wbite line and the edge shift were smaller 

as compared to those for tbe high dispersion sample in Fig. 5-3. It is considered that the reduced 

intensity of the peak by evacuation at room temperature is also due to desorption of reversible 

adsorbed hydrogen and foUowing reduction by beating evacuation is due to irreversibly adsorbed 

hydrogen desorption . The Lz-edge XANES spectra for the Pt/SiOz catalysts with H/Pt = 0.97, 0.59 

and 0.10 were also measured as shown in Fig. 5-4, where tbe similar feature in the edge region was 

observed. Tbe new peak in the difference spectra appeared at about6 eV above the edge by Hz 

adsorption. The peak intensity increased with an increase in the Pt dispersion similarly to the case of 

the L3-edge spectra. 

To examine the origin of the new peak in the edge region the intensity (peak area) of the8 eV 

peak in the L] and Lz-edge XANES difference spectra was plotted against the dispersion (H!Pt) of Pt 

panicles supported on SiOz, in Fig. 5-5( a) , (b) respectively. Then in Fig. 5-5( a) , (b), the intensity of 

peak for XANES-TPD was also plotted against the amount of adsorbed H atoms at each evacuation 

temperature obtained from the TPD analysis. I measured the TPD spectrum for the catalysts treated 

under the identical conditions to the XAN.ES-TPD spectra at Pt Lz,3-edges. We can see the linear 

relationship between the intensity of tbe peak and the dispersion from Fig. 5-5( a) , (b). Furrhermore, 

this linear relation ship hold whether H/Pt ratio is varied by hydrogen coverage or dispersion of Pt 

particles. These results means that tbe new peak is ascribed to adsorbed hydrogen. lf the origin of 

-70-



the new peaks arises mainly from Pt-H bond formation, we can expect that the correlation between 

the new peak and the dispersion should also be observed with the Pt particles on the other supporiS. 

Thus the peak intensities were also plotted as a function of the dispersion for the Pt particles 

supported on Alz03 and MgO and Ti~ in Fig. 5-5( a), (b) . lt was found that the plots for SiOz, 

Alz03 and MgO and Ti02 are all on the same l.ine, though there are a little deviations of the data 

from the line. The results indicate that the new peaks are directly related to the hydrogen atoms 

adsorbed on the Pt particles or equivalently to the Pt-H bonding. The simi lar linear relationship was 

obtained for the Pt L2-edge white line peaks. These results also indicate that we can estimate 

amounts of adsorbed hydrogen in the presence of gaseous hydrogen using this linear relation as a 

calibration curve. Sol demonstrated quantitative analysis of adsorbed hydrogen under in-situ 

condition by XANES spectra. Fig. 5-6 shows Pt L3-edge XANES spectra measured in 583 kPa of 

Hz/He = 0.19 gas. Compared with XANES-TPD spectra, spectra are broadened at each temperature. 

In Fig. 5-5 XANES difference spectra are also shown. The peak induced by hydrogen adsorption 

were appeared and intensity of peak were reduced with temperature increasing. But magnitude of 

the reduction is small compared to the results of XANES-TPD experiment. This indicates that in 

hydrogen atmosphere Pt catalysts can adsorb more hydrogen than in vacuum condition. Table 5-1 

shows estimated amount of adsorbed hydrogen obtained from relation in Fig.4 as a calibration 

cttrve. It was demonstrated that XANES can be used as method to quantify amount of hydrogen in 

the presence of gaseous hydrogen. 

5-2-2. XANES spectra for CO and CO+ Hz coadsorbed system 

Fig. 5-7( a), 5-S(a) shows PtLz,3-edge XANES spectra for Pt/Si~ after CO adsorption, 

where CO coverages (CO/Pt) were varied in the range 0.10- 0.51. XANES spectrum for Pt/SiOz 
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before CO adsorption is also shown in Fig. 5-7( a) , 5-8( a). The PtLz,3-edge spectrum of the CO-free 

PtJSiOz was broadened and shifted to the higher energy side by CO adsorption. As shown in Fig. 5-

7(a) , 5-8( a) , the broadening was enhanced by increasing CO coverage on the Pl particles. 

lnterestingly, there is an isosbestic point in the spectra. Fig. 5-7(b) , 5-8(b) shows the difference 

spectra derived from Fig. 5-7(a), 5-8( a) before and after CO adsorption. A peak appeared at 6 eV 

above the Pt L3-edge. The peak position was independent of the CO coverage as shown in Fig. 5-

7(b), 5-8(b). Tllis value is 2 eV lower than the peak energy induced by adsorbed hydrogen 

previously reported. Fig. 5-9( a), 5-lO(a) shows the Pt L2,3-edge XANES spectra after introduce of 

8.0 kPa of Hz to CO -preadsorbed Pt/Si02 . The CO/Pt values in Fig. 5-7(a), 5-8( a) denote the 

amount of preadsorbed CO per Pt. Comparing Fig. 5-7(a) with Fig. 5-9( a) , the edge position at LJ­

edge shifted to the higher energy side and the white line peak was broadened on the higher energy 

side upon H2 adsorption. But in L2-edge, edge shift was not so large compared with L3-edge. To 

chuify change due to CO+H2 coadsorption I took the difference spectra between the spectra for the 

CO+ Hz coadsorbed PtJSiOz and the spectrum for the fresh PliSiOz in Fig. 5-9(b), 5-IO(b) . One can 

fi11d the more broadening of the peak in the difference spectra compared to that in the CO-adsorbed 

system. The more high CO coverage is, the more alike to spectrum of CO mono-adsorption. The 

more high hydrogen coverage is, the more alike to spectrum of hydrogen mono-adsorption. So, I 

analyzed the difference spectra ~d(CO+H) between the spectrum for the CO+H.2 coadsorbed Pt 

particles and that for the bare Pt particles by a linear combination of ~d(H) and ~d(CO) (eq. 5-!) 

although there should be broadening of the peak due to interaction of the adsorbed CO and H. 

~d(CO+H) =X • ~d(CO) + y • ~d(H) (5-1) . 



where f.ld(CO) and ~-td(H) denote the difference spectra before and after the mono-adsorptions of Hz 

at the coverage of 0.97 and of CO at the coverage of 0.51, respectively (Fig. 5-ll (a), 5-ll(a)). The x 

and yare the coefficients in the linear combination of two components. Fitting range was chosen in 

11566-11595 e Y because the difference spectra in the energy region less than 11566 e Y are strongly 

affected by the abrupt change of edge jump. Energy scale of tbe spectra is not adjusted in the fitting 

process. The observed difference spectra and the calculated difference spectra according to eq. (5-1) 

for the Pt/Si02 with different CO coverages are shown in Fig. 5-12(a), 5-12(b). Each component in 

the calculated spectra (x • f.ld(CO) andy · f.ld (H)) is also shown in Fig. 5-12(a), 5-12(b) The 

calculated spectra show good agreement with the observed spectra. R factor using below formula (5-

2) were under 5% in all coverages. 

Rf = {l: [f.l(obs)- fl(calc)J2}!{l:[~-t(obs)J2} (5-2) 

where fl(obs) and fl(calc) denote the difference spectra observed and calculated respectively. Thus the 

peak in the XANES difference spectra at Pt L2,3-edge can be deconvoluted to the linear combination 

of the difference spectra for the CO and H mono-adsorbed systems. Moreover, the results of 

deconvoluted and measured difference spectra for CO coverage fiXed to CO/Pt;=0.20 (and hydrogen 

coverage were varied) Pt/SiOz and hydrogen coverage fixed to H!Pt:=0.25 (and CO coverage were 

varied) Pt/SiOz is shown in Fig. 5-13(a), 5-13(b). These results shows thatXANES difference 

spectra for CO+H2 coadsorbed Pt/SiOz can be deconvoluted using difference spectra of CO and 

hydrogen sole adsorbed Pt/Si02 irrespective of their coverages. It seems that the interaction between 

adsorbed Hand CO a(fecis little on the Pt Lz,3-edge XANES because energy scale of the spectra is 

not adjusted in the fitting process. Hence it can be conducted that these peak induced by hydrogen 
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and CO are not in11uenced by each other.. In the previous section,! found the linear relation between 

the amount of adsorbed hydrogen and the peak intensity in the difference spectra before and after H2 

adsorption on Pt!oxides (oxides: Si02, AhOJ, MgO and TiOz) . Here, to examine whether or not the 

correlation between the coefficient (y) for fld(H) in the linear combination (eq. (5- l )) and the amount 

of adsorbed hydrogen exists, the intensity of peak originated from hydrogen was plotted as a 

function of the amount of hydrogen estimated from gas adsorption. The intensity of peak was 

calculated by multiplying the coefficient (y) for ,_.,d(H) by intensity of peak for hydrogen. Fig. 5-

14(a), 5-14(b) shows the plots of intensity vs. H/Pt, where the linear relationship between them is 

evident for all hydrogen coverages. And hydrogen coverage was fixed at H/Pt=0.25, then intensity 

of peak was same for all CO coverages. Moreover, in Fig. 5-14(a), 5-14(b), peak intensity for the 

hydrogen mono-adsorbed XANES-TPD system previousl y showed is also plotted. Surprisingly, this 

line bas the same slope as that for CO+ Hz coadsorbed system. These results demonstrate that the 

deconvoluted hydrogen-induced peak in the coadsorbed system is directly related to the number of 

hydrogen atoms adsorbed on the Pt particles without inlluence of coadsorbed CO. On the other 

hand, the fming coefficient for adsorbed CO (x) also varied with the amount of adsorbed CO. In Fig. 

5-15, the intensity of peak calculated by multiplying the coefficient (x) for fJ.d(CO) by intensity of 

peak for CO at L-3-edge was plotted. Up to CO/Pt=0.51, intensity of peak shows good linear 

relationship with amount of CO adsorption, but spectra for saturated CO adsorption bas strong 

intensity and shift to upper side although amount of CO adsorption was not so increased. 

5-2-3. IR spectra 

To investigate adsorption state of CO on Pt particles,IR spectra for Pt!SiOz were measured. 

Fig. 16 shows FT-IR spectra for Pt particles, after adsorption of CO with indicated 
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coverages(CO/Pt=0.51, 0.45, 0.30) , after evacuation at R. T. and after 100 torr of hydrogen 

adroittion. Peak position of C-0 stretching peak (at 2074 cm-1) is little shifted with coverage of CO. 

After hydrogen admission, C-0 stretching peak sh.ifted to lower wave number side. This results 

indicate absorbing CO is affected by coexistion hydrogen atom contrary to XANES results. 

5-2-4. Density functional calculation 

Fig. 5-17 shows energy levels of Pt13 cluster. s, p, d, f, g and h indicates the partial density 

of state (DOS) of each molecular orbital projected at the cluster center. DOS plot in Fig. 5-L7(a) 

with no adsorbates shows so-called shell structure as reported before and this indicates Ptt3 cluster 

behave as a "giant atom" . From Fig. 5-17(b), we can see that this shell structure is preserved by 

hydrogen adsorption. DOS under 0.40 Hartree are assigned to bonding states between H ls and Pt 

5d and Pt 6s. Above the Fermi level H ls states only fill the n=3 shell and partially construct the n=4 

shell, namely H adsorption gives its ls states to Pt13 cluster to construct higher order shell. This 

situation is same in icosahedral Ptt3 cluster, so shell structure is not sensitive to symmetry of cluster. 

Fig. 5-17(c) shows partial DOS of CO adsorbed Ptt3 cluster. Two states assigned to CO 5o and 4o 

appears about 0.5 and 0.6 Hartree respectively. But shell structure is not broken except splits of each 

states induced by the drop of symmetry from Oh to Cz. Fig. 5-17(d) shows partial DOS of CO+H2 

coadsorbed Ptt3 cluster. Shell structure above -0.5 Hartree is still preserved by CO+ Hz coadsorption 

and CO 5o and 4o is little affected by coexistence of adsorbed hydrogen. 

5-3 . Discussion 

l already reported that this hydrogen-induced peak could be related to dispersion of Pt 

particles. But relation coverage of hydrogen and dispersion of Pt particles was not clear because 
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these spectra are measured in the presence of H2 and dispersion was obtained from irreversible 

adsorbed hydrogen. In this chapter, it was reconfirmed that intensity of peak: measured after 

evacuation was proportional to H/Pt ratio from the comparison between XANES-TPD data and 

dispersion-varied XANES. This results indicates that with this relation we can estimate amount of 

hydrogen adsorption in the reacti.on condition. ln practical, from XANES spectra measured in 

hydrogen beating I estimated amount of hydrogen adsorption using relation in Fig. 5-5. Moreover, 

results of CO+H2 coadsorption revealed that this relation could be applied by decomvolution even if 

coadsorbates like CO exist on Pt surface. These results indicates that the L3-edge peak can be used 

as a quantitative measure for the amount of adsorbed hydrogen on the supported Pt particles in 

coadsorption systems other than CO because the peak in the difference spectra between before and 

after CO adsorption appears closer to (2 eV) than that for H adsorption case those for several other 

adsorbates such as NO and C2H.!. Thus this technique can be applied lOin situ conditions relevant lO 

catalytic reactions involving adsorbed hydrogen. 

The origin of hydrogen induced peak in Pt L-XANES is discussed in some papers using some 

theoretical method. Watari et al. calculated electronic state of Ptl3 and Hx-Ptl3 cluster by Local 

Density Functional (LDF) method [25]. They found hydrogen -induced level appear above Fermi 

level. They also found electronic state of Pt13 cluster form so-called "shell structure" regardless of 

its structure (oclabedron or icosahedron). Hydrogen only provides its ls states as basis function LO 

Pt13 cluster and hydrogen -indnced state also form shell structure. They concluded that XANES 

peak is induced by transition lO state which results from high order shell due LO hydrogen adsorption 

which are constructed of H-ls and Pt-6s, 5d states. It is reasonable that tbis peak is not affected by 

hydrogen coverage because observed peak in XANES spectra are notaffected by size ofPt particles 

or supports . 
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Ohtani eta! . calculated XANES spectra of P43 and Hx-!'43 cl uster by multiple scattering 

method [26]. They found that broadening of white line appeared in XANES spectra of hydrogen 

adsorbed Pt cluster. This hydrogen induced broadening is not sensitive to the hydrogen adsorption 

site or charge of hydrogen atom. They found that new peak is revealed in calculated XANES 

difference spectra at 8 eV from the ab orption edge. Moreover intensi ty of this peak is increased 

with H/Pt ratio. So, these calculation well agree with experimental XANES results here. I have also 

found that hydrogen adsorbed Pd small particles shows similar change in Pd L-XANES and there are 

correlation between intensity and dispersion of Pd particles [27). Ohtani also calculated XANES 

spectra of Pd and hydrogen adsorbed/absorbed cluster using same method [28). They found white 

line broadening appear in Pd L3-XANES of hydrogen -adsorbed Pd cluster. These results shows that 

this change caused by adsorbed hydrogen in XANES is a general phenomena in the L2,3-edge 

XANES of metals which adsorb hydrogen on its surfaces. 

On the other hand, Koningsberger eta! calculated the backscattering amplitude with FEFF7 

for Pt-H scattering pairs. They found for hydrogen one maximum is observed in the backscattering 

amplitude at low k. They concluded that the feature appeases in L3 edge XANES difference spectra 

is due to EXAFS for Pt-H scattering pairs and atomic XAFS, while the feature appeases in L2,-edge 

XANES difference spectra is due to only EXAFS for Pt-H scattering pairs. But if this peak results 

from EXAFS similar change should be found in L,-edge XANES. Fig. 18 shows Pt L1 -edge 

XANES spectra before and after hydrogen admission. L1-edge XANES spectrum does not shows 

the change of adsorption edge like Lz.3-edges. So lh:is peak near the absorption edge should be 

interpreted by multi scattering process or molecular orbital scheme. 

XANES is explained by the dipole (and weak quadipole) transition from core level to 

unoccupied valence level or multiple scattering between X-ray absorbing atom and surrounding 
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atoms. Multiple scattering approach is mainly used to assignment for feature of XANES in the hard 

x-ray region because of a united interpretation between EXAFS, while molecular orbital approach is 

used rather in the soft x-ray regio11. But these two approach are essentially same because XANES 

results from change of transition probability between initial state( core electron) and final state( exited 

electron). Difference of these two method is that which one select as a basis function to describe 

final state of exited electron from core level , discrete atomic orbital basis set or free electron 

continuous wave. In fact, as a method which calculate electronic state of molecules using plane 

wave basis set for wave function and Xa-potential , SW-Xa method have been developed. On the 

other hand, there are some attempt to describe electronic state above Fermi level using a lot of 

atomic basis function [29). But only either of them not fom1 complete basis fw1ction set. In tb.is 

case about hydrogen adsorption on Pt, either of MS theory and LDF theory could represent the 

hydrogen-induced peak in the range of7 eV from Fermi level. If we could assign this hydrogen­

induced peak as multiple scattering, it is very reasonable peak intensity is proportional to 

coordination number of hydrogen, name! y amount of hydrogen adsorption. But in MS approach, 

strongly localized state like white line coud.not be represented. If we seek more exact calculation of 

XANES, we should. proceed. to use these two function to describe final state. 

On the contrary results of XANES of CO+ Hz coadsorption system, fR spectra showed shift 

of C-0 stretching peak about 15 cm-1 to low wave number side by hydrogen admittion. This shifts 

indicate increasing of electron donation from Pt atom to CO anti bonding orbital. This shift is 

observed in the some papers IR reflection-absorpti.on spectroscopy. This results in IR spectra 

suggests modification of electronic state of Pt particles with hydrogen adsorption and this conclusion 

conflict with results of XANES spectra. LDF calculation for Pl13 cluster in this chapter revealed that 

shell structure of Pt13 cluster were either not broken by adsorbed hydrogen nor adsorbed CO. Then 
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CO+ Hz coadsorption does not changed electronic structure of whole Pt13 cluster besides without 

interaction between bonding or anti-bonding orbital of CO and hydrogen. Moreover, energy shifts 

appear in IR spectra is under energy resolution for XANES measurements (about 1.5 eV at BL-lOB) 

because 1.5 eV corresponds to 1.2X 104 curl. So, influence between adsorbed hydrogen and 

adsorbed CO is not found in XANES spectra because of its low energy resolution compared with LR 

spectra. Consequently the difference spectra i11 the coadsorbed system reflect only the local change 

of electronic states before and after H2 adsorption on the Pt atoms with CO preadsorbates. 

5-4. Conclusion 

1. A new peak in the Pt L-edge XANES spectra for hydrogen adsorbed Pt particles was 

observed. The peak intensity was proportional to hydrogen coverage or dispersion of Pt panicles. 

This results indicates that one can estimates amount of adsorbed hydrogen even under presence of 

gaseous hydrogen. 

2. A peak in the XANES spectra for CO+H2 coadsorbed Pt particles was decoovoluted by 

two components ; a peak originated from hydrogen adsorption and a peak originated from CO 

adsorption. Intensity of this hydrogen-induced peak was proportional to amount of adsorbed 

hydrogen. This results indicates that one can estimates amount of adsorbed hydrogen even under the 

reaction conditions. 

3. The origine of this hydrogen-induced peak is considered to multiple scattering between 

hydrogen atom and Pt atom or transition to anti-bonding states between Pt-H bonding. Insensitivity 

of XANES to hydrogen coverages or coadsorbates is explained by LDF calculation. Namely, 

electronic states of Pt particles forms shell structure, and ihis shell structure over Fermi level is not 

affected by hydrogen coverages or states of coadsorbates. 
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Table 5-l. Estimated amount of adsorbed hydrogen obtained from relation in Fig. 5-5. as a 
calibration curve. 

Temp. I K R.T. 373 423 473 523 

H/Pt 0.92 0.76 0.62 0.48 0.33 
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g and h indicates the partial DOS of each molecular 

orbital projected at the cluster center. Rmax for 

expansion is 1.5 nm. 

- 101-



0.4 ,------.-----,----,---r---,.----~-­
total s p d f g 

0 .2 

Q;' 
<1> 

.!:; 0 .0 .... 

"' 2:. 
>, 
tlD 

~ -0.2 ~~~~~F.. .··········· ..... 

Fig. 5-17(b). Energy levels and density of states 

(DOS) of Pt13 cluster with 8 hydrogen atoms on 8 

triangle faces. s, p, d, f, g and h indicates the partial 

DOS of each molecular orbital projected at the 

cluster center. Rmax for expansion is 1.5 nm. 

- 102-

h 



0.2 

v 
<IJ 

b 0 .0 ... 
<0 

:r: 
~ 

>. 
bll ... 
~ -0.2 

[zl 

-0.4 

total 
h 

............. ~F. .. ... .. . 

-0.6 -==--.:.A-• __ .L.__----.i=. __ .b.._ _ _b,____j=--....b=--_j 

Fig. 5-17(c). Energy levels and density of states 

(DOS) of Pt13 cluster with one CO molecule. s, p, d, 

f, g and h indicates the partial DOS of each 

molecular orbital projected at the cluster center. 

Rmax for expansion is 1.5 nm. 

- 103-



Fig. 5-17(d). Energy levels and density of states 

(DOS) of Pt13 cluster with 8 hydrogen atoms and 

one CO molecules. s, p, d, f, g and h indicates the 

partial DOS of each molecular orbital projected at 

the cluster center. Rmax for expansion is 1.5 nm. 
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Chapter 6. 

Pd L3-edge XANES Spectra of Supported Pd 
Particles Induced by the Adsorption and the 

Absorption of Hydrogen 
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6-1. Introduction 

X-ray absorption near-edge structure (XANES) is explained by the transition from a core 

level to unoccupied valence levels or by multiple scanering between an X-ray absorbing atom and 

surrounding atoms [1 , 2]. Si nee XANES reflects the electronic and local geometrical structures of an 

X-ray absorbing atom, it has been used to determine symmetry, bond distance and electronic state 

around the absorbing atom. 

The L2,3-edge XANES spectra of transition metal elements with unoccupied d states show a 

strong peak just above the absorption edge, called as white line. As the white line is assigned to a 

transition from 2p core level to unoccupiednd stales, L2,3-edge XANES bas been used to estimate 

the density of the unoccupied d-state of X-ray absorbing atoms, [3-5] to investigate the electronic 

structure of supported Pt small particles [4, 6]. 

Moreover, the large penetration power of X-ray e.nables us to carry out in-situ XANES 

measurements in the presence of reaction gas [4, 7, 8]. Yosbitake et al. studied the change of 

electronic states in Pt particles by the adsorption of various kinds of gas systematically by means of 

the Pt L2,3-edge XANES (7]. When hydrogen adsorbs on highly dispersed Pt particles on oxide 

surfaces, thePt L2,3-edge peaks are broadened to the higher energy side and the new peak appears at 

about 8 e V from the edge in difference spectra obtained by subtracting the spectra for clean samples 

from those for samples adsorbed with hydrogen [8-13]. The origin ofH-induced change of XANES 

bas been discussed in terms of several mechanisms involving metal -support interaction [9, J I] , Pt­

hydrogen anti bonding [10, 13, 14], and change of multiple scattering effects induced by hydrogen 

adsorption [15] . In previouschapter on supported Pt particles, I found that the photon energy of the 

peak in the Pt L3-XANES difference spectra before and after Hz adsorption was independent of the 

amount of adsorbed hydrogen, the size of Pt particles, and the kind of supports [16-18]. Moreover 

the peak intensity was proportional only to the amou.nt of adsorbed hydrogen. Thus 1 have proposed 

that the intensity of the peak in the difference spectra can be used as a new way to analyze the 
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amount of adsorbed hydrogen on supported Pt particles in vacuo and under the conditions relevant to 

catalytic reactions [16-18]. 

lt is of interest if this method can be extended to adsorbed hydrogen on other noble metals. 

In this chapter l will report the change of XANES spectra for small Pd particles on Si02 induced by 

hydrogen. In contrast to Pt, Pd absorbs hydrogen into the bulk to form Pd hydride and thereby acts 

as a medium for hydrogen s torage. The Pd hydride systems have also been studied in relation to 

catalytic hydrogenation reactions [19-26). Hydrided Pd catalysts may be resistant to coke formation 

[26, 27]. Davoli et al. measured Pd L3-edge XANES spectra of Pd films with absorbed hydrogen 

[28] . Change in the spectral feature induced by absorbed hydrogen was observed at 5.6 e V above the 

while line peak (about 8 eV above the absorption edge). Soldatov et al . compared the measured 

spectra with the spectra calculated by multiple scattering, and concluded that tile spectral change 

induced by hydrogen could be explained by a multiple scattering theory between an X-ray absorbing 

Pd atom and hydrogen atoms though hydrogen itself is a weak scatterer [29]. But there is little study 

for Pd L-edge XANES of supported Pd particles and their interaction with H2. 

The purpose of this work is to investigate the change of XANES spectra for small Pd 

particles on inorganic oxides upon H2 adsorption and absorption and to develop a new 

characterization method to determine the amount of adsorbed I absorbed hydrogen on/in Pd particles 

using XANES spectra. 

6-2. Results 

6-2-1. H2 adsorption and absorption and CO adsorption 

Had/Pd(number of adsorbed hydrogen per Pd atom) , CO!Pd(number of adsorbed CO per Pd 

atom) and H8 t,!Pd(number of absorbed hydrogen per Pd atom) are given in Table I. Although there 

is a correlation between the Had!Pd and CO/Pd, Had/Pd is always larger than CO/Pd, because the 

amounts of adsorbed CO and H2 at saturation are different from each other and CO adsorbed on Pd 
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surface involves both li11ear and bridge types as previously reported. HactiPd has been used as a 

measure of metal dispersion or fraction of surface-exposed metal atoms, assuming a toichiometry of 

Hact1Pd5= l(Pd5: surface Pd atoms) [30, 31, 34]. Since I fouud that Pd particles similarly prepared 

took a spherical shape on SiOz by TEM in a previous work and the averaged particle size derived 

from TEM agreed with that obtained from Had/Pd, [36) I estimated the size of Pd particles from the 

Had/Pd values assuming a spherical shape of the particles (Table 2). The amounts of absorbed 

hydrogen <Hab/Pd) decreased with an increase of particle size as shown in Table 1. The relation 

between Hab/Pd and HadiPd in this work well corresponds to the literature data (30]. 

6-2-2. Results of EXAFS 

The EXAFS oscillations and their Fourier transfonns for Pd/SiOz(VAC) , Pd/Si02(H2)and 

Pd/SiOz(EVAC) are shown in Figs. 6-1 (A), 6-l(B) and 6-2, respectively. The curve fitting results 

are tabulated in Table 3. in Pd/SiOz(VAC) with Had1Pd=0.74, 0.56, 0.29 and 0. 12, the Pd-Pd 

distances (0.275±0.002 om) were similar k> that for Pd bulk(0.276 nm). The structural parameters 

such as coordination number, distance and De bye-Wall or factor for Pd/Si Oz(EV A C) are the same 

withi n the limit of error as those of the Pd/SiOz(VAC). 

I estimated the average size of Pd particles from the coordination number using a Greegor 

and Lytle method assuming the spherical shape [37]. l n the present study the coordination numbers 

of Pd/SiOz(EVAC) were used for the estimation. The results are given in Table 2. The particle sizes 

derived from the EXAFS coordination munbers a little smaller than those estimated from the 

adsorption of hydrogen (Haa!Pd) but both values are compatible if the error bars are taken into 

account 

In Pd/Si0z(H2)samples, the Pd-Pd distances increased compared wi th those for 

Pd/SiOz(VAC) ; it increased from 0.275 urn for Pd/SiOz(VAC) up to 0.284 nm for Pd/Si0z(H2)with 

Hact/Pd=O. 12. The increase of Pd-Pd distance in Pd/Si0z(H2)is due to the Pd lattice expansion 
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induced by the hydrogen absorption. The Pd-Pd distance in bulk PdHx (x=0.6) is known to be 

0.2855 nm whicb is similar to the values for Pd-Pd in Pd/Si~(H2)with Had/Pd=O.J2. The Pd-Pd 

distances in the Pd/SiOz samples with Had/Pd =0.75 and 0.56 increased after hydrogen absorption, 

indicating small Pd particles can absorb hydrogen. Interestingly the increase in the Pd-Pd distance 

becomes smaller with the smaller Pd particle size. When the samples were evacuated at room 

temperature for 1 h (Pd/Si02(EVAC)), the Pd-Pd bond distances decreased to 0.275 -0.277 nm 

shown in Table 3, indicating that the absorbed hydrogen in all the samples was removed by 

evacuation at room temperature. 

6-2-3 . XANES spectra of Pd/Si02 under inter<tction of hydrogen 

Figs. from 6-3 to 6-6 show Pd L3-edge XANES spectra for the Pd/SiOz samples with the 

dispersion (H3 ct/Pd) of 0.74, 0.56, 0.29 and 0.12, respectively. Each figure contains three sets of the 

XANES spectra for Pd/SiOz(VAC) , Pd/Si0z(H2)and Pd/Si~(EVAC). The white line peak for 

Pd/SiOz(VAC) before exposing to Hz increased with the decrease in particle size. The white line is 

caused by the transition from 2p to unoccupied 4d states of Pd. If the transition dipole moment is 

tbe same, the intensity of the white line peak indicates the amount of unoccupied d slate of the Pd 

atoms [4-6]. The results in Figs. from 6-3 to 6-6 indicate that the electron density of d-states for Pd 

particles decreases with the decrease of the particle size, which agrees with the literature [38]. After 

exposing Pd/SiOz(V A C) to hydrogen, the white line peak decreased and the absorption coefficient 

around 3181 eV increased instead. Especially in low dispersion samples, a new definite peak 

appeared at about3181 eV in the presence of gas phase Hz (Figs. 6-5 and 6-6). The new peak 

decreased in height and is broadened with the increase of dispersion (Figs. 6-3 and 6-4). The peak 

dintinished by evacuation at room temperature as shown in Figs. from 6-3 to 6-6 for 

Pd/SiOz(EVAC). On the other hand the white line peak intensity increased by the evacuation at 

.room temperature. For the samples with low dispersions(Had1Pd=0.12 and 0.29), the intensity of the 
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white line reverted to that for the corresponding Pd/SiOz(VAC) samples. On the other hand, the 

white line peaks for the higher dispersion samples were smaller than those for the corresponding 

Pd/SiOz(V A C) samples- due to the inlluence of chemisorbed hydrogen. Similar changes in XANES 

spectra were found for two Pd/Ah03 samples with three different treatments. Namely, exposure of 

Pd/AlzO)(Hact1Pd=0.20) to Hz gas created a sharp peak at 3181 eV which decreased by the 

evacuation at room temperature. On the other hand the Pd/AlzO) with Had1Pd=0.81 (higher 

dispersion) showed a broad peak after the introduction of Hz which was present even after the 

evacuation at room temperature. 

To clarify these changes in XANES spectra, I took difference spectra. Fig. 6-7 shows the 

difference spectra obtained by subtracting the spectra measured before hydrogen introduction 

(Pd/SiOz(VAC)) from those for Pd/SiOz(EVAC). The difference spectra between Pd/AhO)(VAC) 

and Pd/A h03(EVAC) were also included in the figure. The new peak at about3181 eV(about8 eV 

above the iullection point of the edge) appeared in the difference spectra. The peak energy was 

independent of a particle size and a kind of support. Because the room temperature evacuation 

removes the absorbed b.ydrogen in the Pd bulk, the changes in these difference spectra are considered 

as the ones induced by the adsorbed hydrogen. The peak is denoted as ads-peak. The ads-peaks well 

con·espond to the peaks in the Pt L-edge difference spectra between before and after Hz adsorption 

on Pt particles [16, 17] . The photon energy of the ads-peaks relative to the edge energy in Pd 

difference spectra is almost the same as that of the peaks observed in Pt L3-edge difference spectra 

for the supported Pt samples [16, 17]. Therefore, the ads-peaks in the Pd particles may have the 

same origin as the peaks found in hydrogen-adsorbed Pt particle samples. In the case of Pt particles, 

the peak intensity was proportional to the H/Pt value [16, 17]. We plotted the intensity of the ads­

peak against Hact!Pd in Fig.6- 8. 

Fig. 6-9 shows the difference spectra obtained by subtracting the spectra of Pd/SiOz(EVAC) 

from those of Pd/Si0z(H2)together with corresponding spectra for Pd/AlzO). The difference spectra 
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are considered to indicate the change in the XANES spectra caused by hydrogen absorbed in the Pd 

bulk. The peak in the difference spectra appears at about318! eV(about8 eV above the inilection 

point of the edge). This peak is denoted as abs-peak. The position of the abs-peaks referred to the 

edge position does not depend on the particle sizes and the kind of supports. The abs-peak appears at 

almost the same position as that of the ads-peaks. But, the abs-peaks are sharper than the ads-peaks. 

The abs-peak shows a relatively high intensity for the lower dispersion samples (Hact/Pd=0.12 and 

0.29 forSiOz and Hact/Pd =0.2 for Alz0:3) and the abs-peak for the higher dispersion becomes 

weaker and broader than that for lower dispersion. 

6-3. D.iscussi on 

Pd is known as a metal which absorbs many hydrogen atoms in the bulk to fom1 hydride 

PclHx. A disordered solution, called a-phase is formed under low Hz pressure at room temperature 

[39). Pd-Pd distance little increases in the a-phase. At higher Hz pressures, a-phase, is transformed 

to ~-phase hydride and Pd-Pd distance is expanded to 0.2855 nm. The ratio of absorbed hydrogen to 

Pd at saturation is nearly 0.6 at room temperature. In the case of dispersed Pd particles where the 

fraction of surface Pd atoms is large, the amount of absorbed hydrogen atom per Pd atom (Hal/Pd) is 

found to decrease [30, 31 ,35]. Boudart and Hwang measured hydrogen absorption isotherms for 

PdJSiOz with different particle sizes [35] and concluded that the HabiPd decreased as the dispersion 

of Pd particles increased. They claimed H81/Pd was converged to zero at dispersion= I 00 %. 

Bonivardi et al. found that hydrogen solubility was suppressed with the larger dispersion of Pd 

particles (30]. But they repotted that the HabiPd became constant (Hab1Pd=0.3) at a dispersion larger 

than 0.6. 

A characteristic peak appeared at about 8 e Y above the edge in the Pd L3-edge XANES 

spectra of a hydrogen-absorbing Pd thick ftlm [28]. I found the peak at the same photon energy in 

the L3 edgeXANES spectrum for the Pd particles on SiOz with Had/Pd = 0.12 when they absorbed 
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hydrogen. The peak position did not depend on the particle size or kind of supports, indicating that 

the abs-peak is originating from the lrdn ition to a localized state such as Pd-H anti bonding similar to 

the XANES peak in the chem.isorbed hydrogen on Pt particles (14-17]. The peak height was a litUe 

smaller than that for the Pd films. The intensity of the abs-peak in the difference spectra between the 

spectra for Pd/Si0z(H2)and Pd/SiOz(EV A C) decreased with the decrease of particle size and the 

abs-peak almost disappeared in the case of Pd/Si02 with Had/Pd=0.74. FurU1errnore, the intensities 

of the abs-peaks between HadiPd=0.29 and 0.12 were quite differenL To explain the change of 

spectra, I assume that only bulk Pd atoms fewer layers deeper (rom surface give the abs-peak in the 

difference spectra. Hydrogen atoms located intermediate layer between surface a:nd bulk, called 

subsurface hydrogen atoms, does not modify the XANES spectra. I calculated the number of the 

bulk Pd atoms in U1e particle using a model shown in Fig. 6-10 where the Pd atoms at the location 

three layers deeper from the surface are regarded as the bulk Pd atoms, i.e., one-subsurface-layer 

model. The munber of the bulk Pd atoms(Pdb). the number of total Pd atoms(Pd!), the number of 

surface Pd atoms (Pds). and the number of subsurface Pd atoms(Pdssl are related to each other. 

Pdt=Pdb + Pds+ Pdss 

Pd8/Pdr=Had/Pd , (6-1) 

Fig. 6-11 shows correlation between the intensity of abs-peaks and the fraction of the bulk Pd atoms 

(Pdl/Pd!) calculated based on the model of Fig. 6-10. The peak intensity for H-absorbed Pd film 

which can be regarded as Pdb/Pdr= 1 is also plotted using the literature data [28]. I also plotted the 

peak intensity for H-absorbed Pd/ AlzO:J samples. I can find the linear relation between the abs-peak 

intensity and Pdl/Pdr in Fig. 6-1 1 irrespective of the kind of supports. I also calculated other models 

with the different numbers of near surface layers. Fig.6-ll included tbe plors for no subsurface and 

two-subsurface-layer model where Pd atoms deeper than two layers and four layers were regarded as 

bulk atoms, respectively. In the no subsurface-layer model,! did not obtain linear relation between 
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the intensity of abs-peak and Pdt/Pdt as shown in Fig.6-ll. Although two-subsurface-layer model 

coul.d give a linear correlation between them, the line did not go through the bulk value(PdbfPd
1
=1). 

These results incticate that surface (top layer) and subsurface (second layer) Pd atoms interact with 

hydrogen atoms in a different manner from the bul.k part of Pd atoms. 

The presence of "subsurface" hydrogen with different nature from the bulk hydrogen has 

been demonstrated by kinetics, TDS, LEED, He scauering, ARUPS and theoretical work and the 

subsurface hydrogen is considered to be in a distinct intermediate state for the trausfonnation of 

chemisorbed hydrogen (surface) to absorbed one( bulk) [40-55]. The TPD spectra revealed that 

subsurface hydrogen on Pd(IJO) surface a different desorption energy from those for chemisorbed 

and absorbed hydrogen [48]. The Pd-H bond in the subsurface region may be different in bond 

length. and electronic structure from that in the bulk region. In fact the present EXAFS data for the 

Pd particles with smaller sizes which had surface and subsurface hydrogen atoms showed the smaller 

Pd-Pd bond expansion. The multiple scattering calculation for absorbed H-Pd particle suggested that 

the abs-peak appears only when the Pd-Pd distance was expanded and hydrogen had a positive 

charge [56] . Thus it is concluded that the abs-peak is originated from the hydrides dissolved in the 

bulk part of Pd particles(from the third layer) and that the interaction of subsurface and surface 

hydrogen with Pd is different from that of the bulk hydrides and subsurface hydrogen atoms do not 

change the Pd L3-edge XANES spectra. 

On the other hand, the difference spectra between Pd/Si~(VAC) and Pd/SiOz(EVAC) show 

the change originating from the hydrogen atoms adsorbed on the Pd surface. It was found that the 

ads-peak by the surface hydrogen atoms at 8 eV above the edge (Fig. 6-7). The energy of the ads­

peaks was independent of the particle size and kind of support. The peak position of the ads-peaks 

was similar to that of the abs-peaks but the shape of the ads-peaks was relatively broadened. A 

similar peak has been observed in the Pt L2.3-edge XANES spectra for hydrogen-adsorbed Pt 

particles [16, 17). The ads-peaks at8 eV above the edges in the white lines at Pt and Pd L3-edges 
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can be explained by the multiple scattering scheme. Ohtani et al. calculated the XANES of 

hydrogen-adsorbed Pt particles using the multiple scattering theory and found that the peak appears 

when the charge transfer occurs from Pt6s to HIs [15] . They also calculated Pd particles with 

adsorbed hydrogen f56] and found that the adsorption of hydrogen changes the XANES spectra but 

the spectra are not so sensitive to the electron structures of the Pd and adsorbed H atoms in contrast 

to the Pt case. It was found that there is a positive correlation between the ads-peak intensity and the 

Pd dispersion as shown in Fig.6-8. 

6-4. Conclusions 

1. A new peak (abs-peak) in the XANES spectra for hydrogen absorbed Pd particles was observed. 

The peak intensity increased with the size of Pd particles, which indicates that absorbed hydrogen 

atoms in the Pd bulk can be quantified by the abs-peak in XANES. 

2. The Pd-H bonding in the subsurface region did not contribute to the abs-peak. 

3. A new peak( ads-peak) at 8 eV higher than the edge in difference spectra was also observed for 

hydrogen-adsorbed Pd/Si02 and Pd/AhO]. The abs-peak corresponds to that found in small Pt 

particles. 

4. The ads-peak intensity had a positive correlation with the Pd dispersion(Had/Pd) and the amount 

of adsorbed hydrogen at the Pd surface. 

5. A model of Pd particles composed of surface, subsurface and bulk for the adsorption and 

absorption of hydrogen was presented by the analysis of the Pd L3-edge XANES spectra for 

Pd/Si02(YAC), Pd/Si02(H2)and Pd/Si02(EVAC). 
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Table 6-1. Amounts of adsorbed/absorbed hydrogen and adsorbed CO per 
Pd atom on Pd/Si02 and Pt/Al20:J 

support precursor loading I Red c. Had/Pd CO/Pd Hat/Pd wt% Temp. / K 

Si02 

Aerosil300 [Pd(NH3)4]Cl2 1.0 573 0.74 0.44 0.33 

Aerosil300 [Pd(NH3)4]Ch 1.0 773 0.56 0.32 0.45 

Aerosil 300 Pd(acac)2 0.9 673 0.29 0. 12 0.48 

Aerosil200 Pd(NO:Jh 2.3 773 0.12 0.07 0.54 

AhO:J 

AllonC Pd(acach 1.0 573 0.80 0.84 0.40 

AllonC Pd(NO:Jh 1.0 573 0.20 0.13 0.54 
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Table 6-2. Particle size estimated from adsorption ofHz(HadiPd) 

and EXAFS coordination number 

Had/Pd 

0.74 

0.56 

0.29 

0.12 

d* : from H adsorption, 

d**: from EXAFS, 

d* 

1.6 

2.2 

4.0 

9.5 

n. d. : The size could not be determined by EXAFS. 
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d** 

l.0±0.8 

1.2±1.4 

1.6±2.0 

n. d. 



Table 6-3 . Best-fit results for tbe EXAFS data of PdiSi02(VAC), Pd/Si02(H2) , and 
PdiSi02(EVAC) 

H/Pd N R l nm a l nm flEo I eV Rf I o/o 

VAC 7±1 0.275±0.02 0.009±0.001 1±4 2.3 

0.74 H2 6±1 0.281 ± 0.02 0.009±0.001 1±3 0.9 

EVAC 5 ± 1 0.277±0.02 0.007±0.001 0±4 2.3 

VAC 9±1 0.275±0.02 0.007±0.001 0±3 1.1 

0.56 H2 9± 1 0.283±0.02 0.008±0.001 0±2 0.8 

EVAC 10± 1 0.276±0.02 0.007±0.001 0±3 1.1 

VAC 11±1 0.275±0.01 0.007±0.001 0±2 0.2 

0.29 H2 11±1 0.283±0.01 0.008±0.001 3±2 0.3 

EVAC 11± 1 0.276±0.01 0.007±0.001 1±3 0.8 

VAC 12±2 0.275±0.02 0.007±0.001 -1±4 1.4 

0.12 H2 12±2 0.284 ± 0.02 0.008±0.001 0±3 1.0 

EVAC 12±2 0.275±0.02 0.007±0.001 -2±4 1.5 

VAC : PdiSi02 in vacuo (without exposure to H2), 

H2 : Pd/Si02 under 13.3 kPa of H2, 

EVAC : Pd/Si02 exposed to 13.3 kPa of H2 and subsequently evacuated at room temperature 

for 1 h. 
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Fig. 6-1 (A) . Pd K-edge EXAFS oscillations (x(k)) for 
Pd/Si02 with the dispersion(HaiPd) of 0.74 (a), 0.56 
(b); dotted line: Pd/Si02(VAC), solid line:Pd/Si02(H2); 

broken line: Pd/Si02(EVAC) . 
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Fig. 6-1 (B) . Pd K-edge EXAFS oscillations (x(k)) for 
Pd/Si02 with the dispersion(Hact/Pd) of 0.29 (c), 0.12 
(d); dotted line: Pd/Si02(VAC), solid line:Pd/Si02(H2) ; 

broken line: Pd/Si02(EVAC) . 
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Fig . 6-2. Fourier transforms of k3
- weighted EXAFS for 

Pd/Si02 with the dispersion of 0.74 (a), 0.56 (b), 0.29 
(c) and 0.12 (d); dotted line: Pd/Si02(VAC), solid 
line:Pd/Si02(H2) ; broken line: Pd/Si02(EVAC). 
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(b)Pd/Si02(H2), (c) Pd/Si02(EVAC) . 

. 125. 



(/) -'2 
:::::J 

.ri .._ 
(lj -Cl> 
(.) 
c: 
(lj 
.0 .._ 
0 
(/) 
.0 
(lj 

"0 
Q) 

.!::::! 
Ci3 
E .._ 
0 z 

f\\ . ~~-~~~ ~ ~~;- . 
! 
j 
i .~ 0 

,/ ... ... 
...... . ,! ..... . 

....... .. ..... ·· .. .. ... .. .. ........... ..... ...... • 
i ·• •..•.. ·· ·• ·· 

.. • 
3160 3170 3180 3190 3200 3210 

Photon energy I eV 
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Fig. 6-6. Normalized Pd ~-edge XANES spectra for 

Pd/Si02 (HaiPd=0.12); (a) Pd/Si02(VAC), 
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Fig. 6-7. Pd ~-edge difference spectra for Pd/Si02 
obtained by subtracting the spectra for Pd/Si02(VAC) 
from those for Pd/Si02 (EVAC) ; (a) Ha/Pd = 0.14, (b) 
HaiPd = 0.56, (c) Had/Pd = 0.29, (d) Ha/Pd = 0.12 and 
corresponding spectra for Pd/AI20 3 with (e) Ha/Pd = 
0.81, (f) HaiPd = 0.20. 

- 129-



0.20 I ..Y:. I ro 0.15 
Q) 

D... 
4- • 0 
>- 0.10 ...... 
(/) 

c 
Q) ...... 0.05 c 

0.2 0.4 0.6 0.8 1.0 
Dispersion (HaiPd) 

Fig. 6-8. Plots of the intensity of the ads-peak induced 

by adsorbed hydrogen against the dispersion(HaiPd) . 
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Fig. 6-9. Pd ~-edge difference spectra for Pd/Si02 
obtained by subtracting the spectra for Pd/Si02(EVAC) 
from those for Pd/Si02 (H2); (a) Ha/Pd = 0.74, (b) 
Ha/Pd = 0.56, (c) Ha/Pd = 0.29, (d) Ha/Pd = 0.12 and 
corresponding spectra for Pd/AI20 3 with (e) Had/Pd = 
0.81, (f) Had/Pd = 0.20 . 
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Fig. 6-10. Models for Pd particles describing three 

regions (surface, subsurface and bulk), and the 

fractions of surface Pd atoms(Pd5/Pdt) and bulk Pd 

atoms(Pdb/Pdt) . 
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one-subsurface-layer model of Fig. 6-10 The Pdb/Pdt 
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and two-subsurface-layer (open triangle) models are 

also plotted. Filled circle indicates peak intensity 

estimated from the spectra in Ref. 28) . Filled triangles 

indicated the correponding intensity of abs-peak for' 

Pd/AI20 3 against Pdb/Pdt based on one-subsurface­

layer model. 
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7. Concluding remarks 

lu this thesis, 1 have investigated changes in Pt Ledge XANES spectra induced by hydrogen 

adsorption. To investigate this change in detail , l have studied three factors on Pt particles­

hydrogen system, (1) effects of support, particle size, (2) in.fluence of coadsorbates, (3) changes in 

other metal particles(Pd). 

In Chapter3 , I have found a direct correlation between the amount of adsorbed hydrogen and 

the peak which appears in the difference spectra before and after H2 adsorption , irrespective of the 

kind of supports. This results indicate that the L3-edge peak can be used as a quantitative parameter 

for the amount of the adsorbed hydrogen on the supported Pt particles in situ under the conditions 

relevant to catalytic reactions. 

In Chapter4, I have found that the peak in the XANES difference spectra at PtL3-edge for 

CO+H2 coadsorbed system can be deconvoluted to the linear combination of the difference spectra 

for the CO and H mono-adsorbed systems. It was also found that the fitting coefficient for adsorbed 

hydrogen (y) in the coadsorbed system is directly related to the number of hydrogen atoms adsorbed 

on the Pt particles. These results indicate that this technique can be applied to in situ conditions 

relevant to catalytic reactions involving adsorbed hydrogen. 

In Chapter 5, l investigated XANES spectra for supported Pt particles in detail. 1 found that 

tl1e linear relationship between the amount of adsorbed hydrogen and the peak intensity in XANES 

difference spectra bold whether H!Pt ratio is varied by hydrogen coverage or dispersion of Pt 

particles. Further, this line has the same slope as that for CO+H2 coadsorbed system. These results 

demonstrate that the hydrogen-induced peak is directly related to the number of hydrogen atoms 

adsorbed on the Pt particles without influence of coadsorbed CO, kind of supports, particle size. The 

origin of this hydrogen-induced peak is considered to multiple scattering between hydrogen atom 

and Pt atom or transition to anti-bonding states between Pt-H bonding. 

In Chapter 6, 1 have found that a new peak appeared at about 8 e V above the inflection poiDL 
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of the absorption edge when the Pd L3-cdge XANES spectra were measured for the Pd sample with 

adsorbed hydrogen at the Pd surface. This peak corresponds to that found in small Pt particles and 

the peak intensity had a positive correlation with the Pd dispersionCHadiPd) and the amount of 

adsorbed hydrogen at the Pd surface. Therefore this peak in thePd particles may have the same 

origin as the peaks found in hydrogen-adsorbed PI particle samples. 

In conclusion, I have found a direct correlation between the amount of adsorbed hydrogen 

and the peak which appears in the difference spectra before and after H2 adsorption. By the 

measurement under the conditions relevant to caralytic reactions, it will be expected that we can use 

this method as a characterization of hydrogen under the reaction conditions. 
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