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An in situ polarization-dependent total-re¯ection ¯uorescence X-ray

absorption ®ne structure (PTRF-XAFS) spectroscopy system has

been developed, which enables PTRF-XAFS experiments to be

performed in three different orientations at various temperatures

(273±600 K) and pressures (10ÿ10�760 torr). The system consists of a

measurement chamber and a preparation chamber. The measure-

ment chamber has a high-precision six-axis goniometer and a multi-

element solid-state detector. Using a transfer chamber, also operated

under ultra-high-vacuum conditions, the sample can be transferred to

the measurement chamber from the preparation chamber, which

possesses low-energy electron diffraction, Auger electron spectro-

scopy and X-ray photoelectron spectroscopy facilities, as well as a

sputtering gun and an annealing system. The in situ PTRF-EXAFS

for Cu species on TiO2 (110) has been measured in three different

orientations, revealing anisotropic growth of Cu under the in¯uence

of the TiO2 (110) surface.

Keywords: polarization-dependent total-re¯ection ¯uorescence;
metal±substrate interface; Cu/TiO2 catalyst.

1. Introduction

Most industrial catalysts are used in the form of supported-metal

catalysts. The role of the support is not only to disperse the active

sites but also to modify the catalytic properties through so-called

`metal±support interactions'. Although a number of concepts have

been proposed to explain the metal±support interaction, lack of

accurate knowledge about the interface structures and the bonding

features between active metal sites and support surfaces inhibits a full

understanding of the essence of the metal±support interaction.

Extended X-ray absorption ®ne structure (EXAFS) spectroscopy

is one of the most powerful techniques currently used to study the

structure of supported catalysts (Koningsberger & Prins, 1988;

Iwasawa, 1996). In order to determine the interface structure in a

supported catalyst, EXAFS has been applied to model catalysts in

which small metal particles are deposited on powder oxides (van Zon

et al., 1984; Martens et al., 1988; Koningsberger & Gates, 1992;

Asakura et al., 1985; Koningsberger et al., 1996). However, careful

interpretation and analysis are required to elucidate the interface

structures because the results derived from the usual EXAFS are

averaged in all directions and the contribution from the interface

structure is often weaker than that from the metal±metal interaction

in the metal particles.

EXAFS has a polarization dependence expressed as

��k� � 3
P

cos2��i��i�k�; �1�
where �(k), �i and �i(k) are an EXAFS oscillation, an angle between

the ith bond and the polarization vector of the incident X-ray, and an

EXAFS oscillation accompanying the ith bond, respectively. Hence,

equation (1) indicates that if one can use a ¯at substrate with active

metal species deposited thereon and set the sample surface parallel to

the electric polarization vector, one can obtain the interface structure

selectively.

In order to investigate the structure of the metal species dispersed

on the ¯at substrate, we have developed polarization-dependent

total-re¯ection ¯uorescence X-ray absorption ®ne structure (PTRF-

XAFS) spectroscopy (Asakura et al., 1993, 2000; Shirai & Iwasawa,

1996). The total-re¯ection ¯uorescence mode is necessary to obtain

EXAFS of the surface species when the coverage of the surface

species is less than one monolayer (Heald et al., 1984, 1988; Chen &

Heald, 1993). We have applied the method to Co oxide on �-Al2O3

(0001), Cu oxide on �-quartz (0001), Pt4 clusters on �-Al2O3 (0001),

and Mo oxide on rutile TiO2 (110) (Shirai et al., 1992; Shirai, Asakura

& Iwasawa, 1994; Shirai, Inoue et al., 1994; Asakura et al., 1997; Chun

Figure 1
The in situ polarization-dependent total-re¯ection ¯uorescence (PTRF)
measurement chamber with the sample-transfer chamber.
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et al., 1998). We have found that Pt deposited on �-Al2O3 (0001) has a

one-atomic-layer structure with PtÐO(Al) = 0.220 nm (Asakura et

al., 1997). In the Mo oxide on TiO2 (110), a dimer structure is formed

with an MoÐMo bond perpendicular to the (001) direction and MoÐ

O(Ti) and MoÐTi distances of 0.220 and 0.295 nm, respectively

(Chun et al., 1998). We have also developed an in situ PTRF-XAFS

chamber suitable for catalyst samples investigated under reaction

conditions (Shirai et al., 1995). However, it was dif®cult to install a

heavy multi-element solid-state detector (SSD) for the ¯uorescence

detection or an LEED (low-energy electron diffraction)±AES (Auger

electron spectroscopy) instrument for surface characterization,

because the position and orientation of the whole chamber needed to

be adjusted to obtain the total-re¯ection conditions.

In this paper, we report the design and the performance of a newly

built in situ system for PTRF-XAFS measurements. The system had

to realise the following concepts.

(i) In situ measurements under various temperatures and pressures

should be possible.

(ii) In situ adjustments of the total-re¯ection conditions and the

sample orientations should be possible.

(iii) A multi-element SSD should be installed.

(iv) The chamber should be compact enough to be set in any XAFS

beamline hutch in the Photon Factory.

(v) Combination with other surface-science techniques (LEED,

AES) should be facilitated.

2. In situ PTRF-XAFS system

To satisfy the above conditions (iv) and (v) at the same time, we

constructed two separate ultra-high-vacuum (UHV) chambers, a

sample-preparation chamber and a PTRF-XAFS measurement

chamber, between which samples are transferred with a transfer

chamber.

Fig. 1 illustrates the measurement chamber, the dimensions of

which are 400 (width)� 400 (length)� 600 (height) mm and the base

pressure of which is 10ÿ10 torr (1 torr = 133.32 Pa). Reaction gases

can be introduced through two leak valves and gas-phase analysis can

be carried out by a quadrupole mass spectrometer (Q-mass; Balzers

Co., Prisma). Incident and re¯ected X-rays pass through two Be

windows (thickness 200 mm, diameter 14 mm, purity 99.8%). The

beam size of the incident X-rays can be adjusted by selecting a series

of Ta pinhole slits in front of the I0 ionization chamber.

A multi-element SSD can be placed outside the chamber and the

¯uorescence signal is extracted through Be windows attached to the

UHV ¯ange. The positions of the Be windows are in line with those of

the SSD windows in order to obtain maximum ef®ciency. The use of a

multi-element SSD increases the solid angle and the maximum

counting rates, as reported by Oyanagi & Nomura (Oyanagi et al.,

1998; Nomura, 1998). Moreover, the SSD can eliminate residual

elastic scattering and ¯uorescence of the substrate and coexisting

elements in order to increase the signal-to-background ratio. In the

PTRF-XAFS measurement of a single-crystal substrate, diffracted

beams from the substrate produce a discontinuity in the spectra at

certain energies. Because the directionality of the diffracted beam is

sharp, the diffraction line can be eliminated by an adequate adjust-

ment of the detector position (Chun et al., 1996). In the multi-element

detection system, the diffracted beam can be easily removed by

omitting the data of a few detector elements that suffer from the

diffraction line, as shown in Fig. 2.
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Figure 2
The ¯uorescence signals from each element of a 19-element solid-state
detector (SSD). The sample is Cu/TiO2 (110).

Table 1
Axis ranges and precision of the six-axis goniometer.

Axis Range Precision

� ÿ5 to 140� 0.003�

� ÿ3 to 3� 0.0004�

' ÿ93 to 3� 0.005�

x ÿ10 to 10 mm 0.08 mm
y ÿ10 to 10 mm 0.08 mm
z ÿ10 to 10 mm 0.05 mm

Figure 3
The high-precision UHV-compatible six-axis goniometer and its con®guration for measurements against three different polarization directions: (a) s-polarization
(E || surface), (b) p-polarization (E ? surface) and (c) the second s-polarization but perpendicular to the direction of (a).
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The sample can be heated up to 600 K by resistive heating of W

wire mounted in the sample holder. A ceramics block thermally and

electrically isolates a goniometer from the sample holder.

To achieve total-re¯ection conditions precisely, we have used a

UHV-compatible six-axis goniometer, as shown in Fig. 3. The goni-

ometer is made of aluminium in order to lessen the weight load on the

stepping motors. The rotation centre of the goniometer is ®xed at that

of the sample surface. Three (�, ' and �) rotation axes are driven by

bake-proof vacuum stepping motors (Oriental Motors Co.

UPX535M), while x, y and z motions are introduced from outside the

chamber using usual stepping motors (Oriental Motors Co.

UPD533HGI-NA, UPK564A-TG20). The range and precision for

each axis are listed in Table 1.

Fig. 4 shows the X-ray re¯ectivity of the TiO2 (110) surface at an

energy of 9.3 keV. The critical angle was 3 mrad. The angle and the

position could be reproduced even after a wide range of rotations and

movements at room temperature. However, there was a small shift in

the angle datum point when the sample was heated at elevated

temperatures. The broken line in Fig. 4 represents the X-ray re¯ec-

tivity of the same sample after heating at 473 K and cooling to room

temperature in hydrogen atmosphere. The shift of the datum point

was only 0.5 mrad. Therefore, one has to readjust the total-re¯ection

conditions when the sample has been heated at a different

temperature.

Fig. 3 shows the setup of the goniometer for three different sample

con®gurations, i.e. the electric vector perpendicular to the surface (p-

polarization) and those parallel to the surface (s-polarization). If the

surface symmetry is less than threefold, two directions parallel to the

surface can be distinguished. For example, rutile TiO2 (110) has

different structures between the [001] and [1�10] directions (Chun et

al., 1998).

Fig. 5 shows a perspective view of the preparation chamber. The

UHV chamber [350 (width) � 350 (length) � 400 (height) mm] can

be equipped with Q-Mass, LEED, AES and XPS (X-ray photoelec-

tron spectroscopy) instruments. The base pressure is 10ÿ10 torr. The

substrate crystal can be cleaned by repeated Ar-ion sputtering and

annealing cycles in the preparation chamber. A large crystal (more

than 2 cm long) is required in order to increase the radiation area for

grazing-incidence conditions. The sample can be completely covered

with the mug-shaped heating module and annealed homogeneously

up to 1000 K.

The prepared samples are then transferred to the measurement

chamber using a small transfer chamber, which is also operated under

UHV conditions. A non-evaporable getter pump is installed to

maintain the high vacuum during the transfer of the sample from the

preparation chamber to the measurement chamber in a beamline.

The transfer chamber can contain two samples at the same time and

thus the transfer chamber may be used as a `parking lot' for the

samples.

Figure 5
The sample-preparation chamber and the sample-transfer chamber.

Figure 4
X-ray re¯ectivity of the TiO2 (110) single crystal. The solid line and the broken
line correspond to the re¯ectivities before and after heating the sample at
473 K, respectively.

Figure 6
XANES spectra along [001] during the temperature-programmed reduction
(TPR) process. RT = room temperature.



3. In situ PTRF-XAFS measurement of Cu particles on TiO2 (110)
derived from Cu(DPM)2 as a precursor under temperature-
programmed reduction

Cu/TiO2 shows high activity in methanol synthesis by CO2 hydro-

genation and photocatalytic reduction of N2O at room temperature.

As a model of the Cu/TiO2 catalyst, we deposited a Cu species on a

TiO2 (110) single crystal. We used Cu(DPM)2 (DPM = 2,2,6,6-tetra-

methyl-3,5-heptanedione) as the precursor for the Cu species, which

can be easily reduced at low temperature under H2 atmosphere

(Sekine et al., 1992). Cu species were deposited on the TiO2 (110) by

dropwise addition of a diethyl ether solution of Cu(DPM)2 under Ar

¯ow. The remaining solvent was removed by evacuation for 24 h. The

samples were then transferred to the measurement chamber.

Temperature-programmed reduction (TPR) was carried out in the

measurement chamber at a rate of 8 K minÿ1 under 2 torr H2. PTRF-

XAFS spectra were measured at BL12C of the Photon Factory in the

Institute of Material Structure Science, High Energy Accelerator

Research Organization (KEK-PF) (Proposal No. 98 G305). The

synchrotron radiation was monochromated by a Si (111) double-

crystal monochromator. The storage ring was operated at 2.5 GeV

and 200±400 mA. Cu K-edge EXAFS spectra were recorded in the

range 8660±9500 eV at room temperature. The X-ray beam size was

reduced to 0.4 mm in diameter in order to decrease unnecessary

irradiation.

Cu K-edge XAFS measurements were carried out in three

different directions of the electric vector of the incident X-rays, i.e.

parallel to the [1�10], [001] and [110] axes of TiO2 (110). Fig. 6 shows

the PTRF-XANES spectra parallel to the [001] direction during the

TPR process. By increasing the reduction temperature, we observed

that the pre-edge shoulder in the XANES spectra gradually increased

up to 363 K. Fig. 7 shows the background-subtracted PTRF-EXAFS

spectra of the sample treated at 363 K. �(k) along the [001] axes

showed different features compared with the behaviour in other

directions. The detailed analysis of the EXAFS data will be discussed

in another paper (Tanizawa et al., 2001) but the EXAFS data clearly

indicate the presence of anisotropic structure caused by the prefer-

ential formation of CuÐCu bonds along the [001] direction of the

TiO2(110) support.

4. Conclusion

PTRF-XAFS has become a practical tool for the determination of the

structure of the dispersed species on model single-crystal surfaces and

enables us to start systematic investigations of metal±support inter-

face structures.
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Evolutional Science and Technology) of the Japan Science and

Technology Corporation (JST) and performed under the approval of

the Photon Factory Advisory Committee (Proposal No. 98G305).
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Figure 7
EXAFS oscillations for Cu/TiO2 reduced at 363 K: (a) E || [1�10], (b) E || [001],
and (c) E || [110].
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