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A bent crystal Laue analyser (BCLA) is an X-ray energy analyser used for

fluorescence X-ray absorption fine-structure (XAFS) spectroscopy to separate

the fluorescence X-ray emission line of a target atom from the elastic scattering

X-rays and other fluorescence emission lines. Here, the feasibility of the BCLA

for total reflection fluorescence XAFS (TRF-XAFS), which has a long X-ray

footprint on the substrate surface owing to grazing incidence, was tested. The

focal line of the BCLA was adjusted on the X-ray footprint and the XAFS signal

for one monolayer of Pt deposited on a 60 nm Au film with high sensitivity was

obtained. Although range-extended XAFS was expected by the rejection of Au

fluorescence arising from the Au substrate, a small glitch was found in the Au L3

edge because of the sudden change of the complex refraction index of the Au

substrate at the Au edge. This abnormal spectrum feature can be removed by

reflectivity correction using Au foil absorption data. BCLA combined with TRF-

XAFS spectroscopy (BCLA + TRF-XAFS) is a new technique for the in situ

surface analysis of highly dispersed systems even in the presence of a liquid

overlayer.

1. Introduction

Polarization-dependent total reflection fluorescence X-ray

absorption fine-structure (PTRF-XAFS) spectroscopy is a

powerful technique used to determine the three-dimensional

structures of metal atoms (1013–1015 cm�2) dispersed on

single-crystal surfaces. The PTRF-XAFS method requires a

flat surface to attain total reflection. Under total reflection

conditions, X-rays can penetrate a few nanometres into the

solid. Thus, the method is surface-sensitive in spite of the large

penetration power of X-rays. X-rays can pass through the gas

phase, and thus in situ PTRF-XAFS measurements can be

performed in the presence of a gas phase (Tanizawa et al.,

2003; Chun et al., 1997; Asakura et al., 1997). In addition, the

PTRF-XAFS method can be applied to surface analysis in

the liquid phase (Masuda et al., 2012; Yuan et al., 2018, 2017;

Gullikson, 2001; Henke et al., 1993; Nelson et al., 1994).

However, the elastic X-ray scattering of the liquid overlayer

becomes large and causes a serious increase of background

X-rays; hence the liquid overlayer should be made as thin as

possible. Such a very thin liquid overlayer hinders solute

diffusion, which is necessary to follow the structural changes

of the surface species under a steady-state reaction or to
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observe the transient states in potential jump experiments

(Yamakata et al., 2006). On the other hand, crystal mono-

chromators can be used to reduce scattering from solution (Sa,

2014). The bent crystal Laue analyser (BCLA) is a portable

and simple version of a crystal monochromator which can

distinguish scattering and fluorescence of X-rays by their

energies (Sakayanagi, 1982; Zhong et al., 1999; Kropf et al.,

2003; Kujala et al., 2011; Karanfil et al., 2012). The angle

between the log-spiral surface and a radial line from one point

(called a focal point) is constant along the log spirally bent

surface. When the angle is equal to the Bragg condition, all

of the X-rays with a constant wavelength are diffracted

(Sakayanagi, 1982). We previously measured the X-ray

absorption fine structure (XAFS) of one monolayer (ML) of

Pt on thin highly oriented pyrolytic graphite (HOPG) using

the BCLA combined with the back-illuminated (BI)-XAFS

method (Uehara et al., 2014; Asakura, 2016; Wakisaka et al.,

2019, 2018; Takahashi et al., 2019).

We found that the following conditions must be satisfied to

reduce the background and to obtain a stronger signal using

the BCLA:

(1) A small focal point. The focus size must be less than

100 mm in the energy dispersion direction (Uehara et al., 2014;

Asakura, 2016). The use of a third-generation synchrotron

radiation source with emittance less than 10 nm rad is

mandatory to obtain a signal from an ML metal film on a

substrate. Actually the BCLA provides only the XANES

(X-ray absorption near-edge structure) region at the Photon

Factory (PF), which has an emittance of 34 nm rad, although

at SPring-8 (emittance = 2.4 nm rad) provided the extended

XAFS (EXAFS) oscillation appearing at more than 50 eV for

the same sample by the same method.

(2) An accurately bent crystal. In a commercial BCLA, the

crystal is only bent by log-spiral-shaped side frames on which

the edges of the thin Si crystal are fixed. The middle of the

crystal is open and free. In order to more accurately bend the

Si(111) crystal along the log-spiral curve, we constructed a

new type of BCLA (Fig. S1 of the supporting information)

(Wakisaka et al., 2019). This BCLA has multiple beams to

support the crystal in a log-spiral curve. The outer beam

positions and directions are consistent with the slits behind the

crystal. The positions of the inner beams agree with those of

the outer beams and their directions are pointed to the focus.

(3) Fine adjustment of the BCLA position. The focal point of

the BCLA should agree with the X-ray irradiated point on

the sample to effectively collect the fluorescence X-rays. The

beam size on the sample must be on the order of 100 mm in the

energy-dispersion direction. The adjustment stage should have

xz freedom with such resolutions.

After improvement of these three points we successfully

removed X-ray elastic scattering from solution and obtained

XAFS spectra of 1 ML of Pt on thin HOPG using BCLA + BI-

XAFS (Takahashi et al., 2019; Wakisaka et al., 2019; Feiten et

al., 2020).

The BCLA removes the scattering X-rays from the sample

so that the combination of BCLA and PTRF-XAFS is more

promising for the in situ measurement of the solid–liquid

interface system. The problem that hinders the application

of the BCLA for PTRF-XAFS measurement is condition (1)

discussed above, which is a necessity for a point focus X-ray

less than 100 mm while the total reflection condition provides a

footprint longer than 10 mm on the sample surface. However,

considering the principle of the BCLA, a small size is only

necessary in the vertical-dispersion direction. The Bragg

condition is satisfied on the intersectional curve of the BCLA

crystal surface and the plane created by the surface normal

vector (n), radial vector (r) and focal point, as shown in Fig. S2.

The focal points of the other parts of the curved crystal surface

create a focal line. If the long footprint of the incidence X-ray

on the surface and the BCLA focal line are adjusted to be in

agreement, all of the emitted fluorescence from the X-ray

footprint can be used (Fig. S2). Although exact adjustment of

the X-ray footprint and focal line is challenging, it improves

the fluorescence signal and reduces background scattered

X-rays.

In this paper, we investigate the feasibility of BCLA

combined with total reflection fluorescence XAFS (BCLA +

TRF-XAFS) spectroscopy by applying to 1 ML of Pt depos-

ited on polycrystalline Au in s-polarization. First we discuss

the feasibilities of the combination of the BCLA and TRF-

XAFS. Second, we discuss the possibility of range-extended

TRF-XAFS by BCLA. We expected range-extended XAFS of

Pt on the Au substrate using the BCLA, which would remove

the Au L� fluorescence signal above the Au L3 edge (Glatzel

et al., 2009; Yano et al., 2005; Wakisaka et al., 2018; Asakura

et al., 2018; Takahashi et al., 2019). Finally, we showed the

preliminary result of the BCLA and TRF-XAFS in the

presence of a 1 mm-thick overlayer solution under the applied

potential.

2. Experimental

A thin Pt layer was deposited on a 60 nm-thick polycrystalline

Au thin film evaporated on a 10 mm� 20 mm Si(100) wafer by

self-terminating electrodeposition (Liu et al., 2012, 2015). Pt

was electrochemically deposited on an Au polycrystal from

3 mmol K2PtCl4–NaCl at pH 4 with an applied voltage of

�0.7 V versus Ag/AgCl. The deposition time was 20 s. Here-

after, the sample is called Pt/Au/Si. The Pt coverage was

estimated to be 1 ML thick by X-ray photoelectron spectro-

scopy (XPS). The XAFS measurements were carried out at

beamline BL-15A1 of the Photon Factory (PF) in the Institute

of Materials Structure Science, High Energy Accelerator

Research Organization (Igarashi et al., 2016). The PF storage

ring was operated at 2.5 GeV and 450 mA. The X-rays

emitted from the short-gap undulator at beamline BL-15A1

were monochromated by an Si(111) double-crystal mono-

chromator. A bent mirror was used to vertically focus the

beam. The spot size was 0.1 mm in the vertical direction. The

X-ray intensity was monitored by an I0 ionization chamber

filled with N2. The fluorescence signal was detected by a seven-

element silicon drift detector (SDD) (Techno-AP, Tsukuba,

Japan), as shown in Fig. 1. The Pt/Au/Si sample was set in front

of the SDD. A home-made BCLA was placed between the
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SDD and the Pt/Au/Si sample (Uehara et al., 2014; Wakisaka et

al., 2019). The BCLA parameters are described in Section S1

of the supporting information. The energy resolution of the

home-made BCLA was estimated at 30 eV judging from the z-

scan of the Pt L�1 peak full width at half-maximum (FWHM).

We measured Pt/Au/Si under ambient conditions. The initial

total reflection conditions were adjusted by a goniometer

under the sample without the BCLA. The incident X-ray angle

against the sample was set to 4.5 � 1.0 mrad. The BCLA was

then set and adjusted in the z direction (dispersion direction)

and x direction (distance between the sample and the BCLA)

by monitoring the Pt L3 fluorescence signal. We then adjusted

! (parallelism between the X-ray footprint and crystal surface,

as shown in Fig. S2) together with x and z to obtain the

maximum fluorescence.

In order to examine the possibility of in situ TRF-XAFS

measurements, we prepared a 0.1 ML of Pt on Au(111) by

spontaneous deposition of PtCl6
2� by dipping the Au(111)

surface in 0.1 ml HClO4 + 1 mM H2PtCl6 for 30 s. This sample

was prepared in order to demonstrate the surface species on

Au(111), following the surface-limited replacement reduction

(SLRR) method without Cu so that the surface Pt concen-

tration was 1/3 of that for Pt/Au/Si (Yuan et al., 2018); this

sample is referred to as Pt/Au(111). Pt/Au(111) was loaded in

the PTRF–XAFS cell (Yuan et al., 2018); BCLA + TRF-XAFS

was measured under 1 mm-thick solution with �0.16 VAg/AgCl

potential applied. Due to the limit of the beam time and low

concentration, we have only measured the XANES region.

3. Results and discussion

3.1. TRF-XAFS spectroscopy with BCLA

Fig. 2 shows the L3-edge XAFS of Pt/Au/Si under total

reflection conditions in fluorescence mode without the BCLA.

In the XAFS spectrum without the BCLA, strong Au L�

X-ray fluorescence appeared above

11900 eV (the Au L3 edge). Even under

the total reflection conditions, X-rays

could penetrate the bulk and excite the

Au edge (Yuan et al., 2017).

Fig. 3 shows the Pt L3-edge TRF-

XAFS obtained with the BCLA. We

could obtain spectra under total reflec-

tion conditions where the long footprint

was created on the flat Au surface. This

indicated that the point focus was not

necessary for the BCLA, but a parallel

arrangement of the X-ray footprint and

the BCLA crystal surface was necessary

for data collection. We accumulated

data for 60 s per point for XAFS with

the BCLA (Fig. 3) and for 10 s per point

for XAFS without the BCLA (Fig. 2).

The Pt L� fluorescence X-ray signal per

second was reduced to 1/160 of that

without the BCLA (If /I0 = 0.0024 and

0.38 at 11800 eV with and without the BCLA, respectively).

This reduction in fluorescence is a tolerable level to measure

the EXAFS region and occurs for two reasons. Firstly, the

X-ray must go through the Si crystal in BCLA and a series of
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Figure 1
Schematic of the TRF-XAFS system. The incident X-rays come from the left side and the
fluorescent X-rays are analysed by BCLA. The BCLA is covered with a lead sheet, except for its
entrance and exit windows.

Figure 2
TRF-XAFS spectrum of Pt/Au/Si measured by SDD without the BCLA.
The SDD energy window was set in the range 9.1–9.5 keV.

Figure 3
TRF-XAFS spectrum of Pt/Au/Si measured with the BCLA and SDD.



soller slits; we estimated that the transmittance of the fluor-

escence X-ray was 0.2–0.3. The other reason for the reduction

is the distance between the detector and the sample. As the

BCLA has a focal length (5 cm in this case) and a finite width

from front to back (another 8 cm), we had to put the detector

13 cm away from the sample, whereas without the BCLA we

placed the SDD 2 cm away from the sample. Since the SDD

has a small detector area (350 mm2), we cannot fully use the

diffracted X-rays after the BCLA. A large-area pulse-counting

detector, such as PILATUS, can enhance the signal intensity

after the BCLA.

We compared the X-ray intensities before and after the

edges to obtain the signal-to-background (S/B) ratio. The

X-ray intensity before the edge (around 11340 eV) corre-

sponded to the background level (B), whereas that after the

edge (11800 eV) corresponded to the signal (S). S/B could

be estimated at 11000 with the BCLA and 140 without the

BCLA. The background X-ray level was markedly reduced by

the BCLA. It reduces the detection limit of TRF-XAFS. Fig. 4

shows the �(k) data with and without the BCLA. The signal-

to-noise (S/N) ratio of �(k) was the same level with the BCLA

than without. We could conclude that the combination of

BCLA and TRF-XAFS was possible and we could measure

the EXAFS at <1 ML concentration of Pt under grazing-

incident conditions. If a high-brilliance synchrotron radiation

facility is used, TRF-XAFS of <0.1 ML surface species can be

detected in combination with BCLA.

3.2. Feasibility study of range-extended TRF-XAFS
spectroscopy

Fig. 5 shows the results of the energy analysis of the SDD

output signal before and after the Au L3 edge without the

BCLA. Pt L� fluorescence appeared at 9442 eV. The Pt

fluorescence was hindered by strong Au L�1 and L�2, which

were located at 9628 eV and 9713 eV, respectively. The strong

Au fluorescence line could be removed only when we applied

a small energy window of 9180–9340 eV and selected the area

of the Pt L� emission as shown in Fig. S6.

When the BCLA was set between the sample and the SDD,

Au L� was removed and only Pt L� was observed, as shown in

the top insert of Fig. 5. This meant that we could perform

range-extended TRF-XAFS spectroscopy using the BCLA.

We previously measured the range-extended XAFS of AuPt

alloy nanoparticles dispersed on an HOPG substrate in the

BCLA + BI-XAFS method (Wakisaka et al., 2018; Takahashi

et al., 2019; Feiten et al., 2020). However, in the present work, a

small glitch appeared at the Au L3 edge, as shown in Fig. 3.

This glitch arose from the sudden change in reflectivity at the

Au L3 edge. Under total reflection conditions, the Pt on the

surface was doubly excited by the incident and the reflected

X-rays so that the reflected X-rays modified the fluorescence

signal due to the change of reflectivity at the Au edge. The

X-ray reflectivity can be expressed as (Parratt, 1954; Heald et

al., 1988; Kikuta, 2011; Klockenkämper & Bohlen, 2014)

R ¼
Er

E0

����
����

2
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h� �0=�cð Þ 2ðh� 1Þ½ �

1=2

hþ ð�0=�cÞ 2ðh� 1Þ½ �
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h ¼
�0

�c

� �2

þ
�0

�c

� �2

� 1

" #2

þ
�

�

� �2
( )1=2

; ð2Þ

~nn ¼ 1� �þ i�;

� ¼
na re �

2

2�
f1;

� ¼
�

4�
	 ¼

na re �
2

2�
f2;

research papers

J. Synchrotron Rad. (2020). 27, 1618–1625 Wakisaka et al. � BCLA + TRF-XAFS and its application to surface studies 1621

Figure 4
XAFS oscillations [�(k)] for Pt/Au/Si (a) with and (b) without BCLA.

Figure 5
Spectra of X-rays detected by SDD. The red and black curves correspond
to the incident X-ray energy before (11300 eV) and after (12100 eV) the
Au edge, respectively; the peaks at 9442 eV and 9628 eV correspond to Pt
and Au L�, respectively.



where ~nn and 	 are the complex refraction index and absorp-

tion coefficient, respectively; f1 and f2 are the real and the

imaginary parts of the scattering factors, and na and re are the

number density and classical electron radius, respectively.

Consequently, the normalized total intensity on the surface

can be expressed as

It ¼
Er þ E0

E0

����
����

2

I0 ¼
4 �0=�cð Þ

2

hþ �0=�cð Þ 2 h� 1ð Þ½ �
1=2

I0: ð3Þ

The fluorescence signal is proportional to the absorption

coefficient of Pt,

If / 	PtIt ¼ 	Pt

Er þ E0

E0

����
����

2

I0 ¼
4 �0=�cð Þ

2	Pt

hþ �0=�cð Þ 2 h� 1ð Þ½ �
1=2

I0:

ð4Þ

Fig. 6 shows the It spectra and their incident-angle dependence

derived from the tabulated f1 and f2 values (Gullikson, 2001;

Henke et al., 1993; Nelson et al., 1994). The critical-angle

dependence on the X-ray energy is given at the bottom of

Fig. 6. The critical angle varied from 5 mrad to 7 mrad during

the energy scan. When the incident angle was less than 5 mrad,

where the total reflection conditions were satisfied over all

energy regions, It showed a positive peak. At incident angles

greater than the critical angle, It showed a negative peak.

Around the critical angle (5–6 mrad), It changed in a

complicated manner. We set the incident angle at 4–5 mrad,

which was lower than the critical angle

so that the spectrum gave a positive

peak at the Au edge. We attempted to

correct the spectra by varying the inci-

dent angle using equation (4). The

terms h and �c in equation (4) are

dependent on f1 and f2, where f2 values

near the edge region were obtained

using 	 of the Au foil which was

smoothly connected to tabulated f2

values at higher energy (12800 eV).

Similarly, fi near the edge was calculated

by Kramers–Kronig transformation

from 	 of the Au foil near the edge

and the tabulated f2 in the extended

region. Thus the obtained 	Pt was

then normalized. We also obtained a

corrected spectrum without glitch at the

Au L3 edge as shown in Fig. 7(a), when

we set the incident angle at �0 =

4.5 mrad. Fig. 7(b) shows the k3�(k)

data where the glitch was removed.

Fig. S5 shows the curve fitting of the

data with and without the correction of

the data. A Pt—O bond was assumed.

Table S2 of the supporting information
shows the bond distances and coordi-

nation numbers. The precision of the

fitting result was slightly improved

compared with that analysed before the

Au absorption edge. Since the scatterer

was a light element (O) and the XAFS

oscillation was quickly damped, the

merit was not so clear. We concluded

that range-extended TRF-XAFS spec-

troscopy was possible using the BCLA

after correction of the reflectivity by

adjusting the incident angle. The merit

of the range extended XAFS would be

clear in the heavy-scatterer case where

the XAFS oscillation lasted at the

high k-region.
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Figure 6
(a) Photon energy dependence of the total excitation X-ray intensity (It) with various critical angles
(a)–(g) calculated based on the atomic scattering factors (Gullikson, 2001; Henke et al., 1993;
Nelson et al., 1994). (h) Photon energy dependence of the critical angle.

Figure 7
XAFS spectrum after absorption correction based on the experimental absorption data of (a) Au
foil and (b) k3�(k) (black-broken and green-solid lines are for uncorrected and corrected spectra,
respectively).



3.3. Feasibility study of BCAL + TRF-XAFS as an in situ
surface XAFS technique

In order to study the feasibility of in situ BCLA + TRF-

XAFS spectroscopy in the presence of a sufficiently thick

solution, we carried out a preliminary measurement of BCLA

+ TRF-XANES on the Pt L3 edge of Pt/Au(111) in the

presence of a �1.0 mm-thick solution layer with the applica-

tion of �0.16 VAg/AgCl potential as shown in Fig. 8. Pt/Au(111)

was studied to follow the structure of Pt species prepared by

the spontaneous deposition process. We could obtain a cyclic

voltammetry (CV) measurement with a 1 mm gap between the

sample and window which was comparable with that of the

same sample with a thicker solution layer as shown in Fig. S4.

Thus the result indicates the possibility of in situ (P)TRF-

XAFS under electrochemical conditions. However, the back-

ground X-rays were larger than expected from the measure-

ment under air. This was due to the inelastic X-ray scattering

from the solution overlayer that had the same energy as Pt L�
fluorescence. This inelastic scattering from the solution

determined the lower limit of the TRF-XAFS measurement.

A 0.1 ML of Pt on Au in the presence of solution will be

possible when using a high-brilliance synchrotron radiation

source.

3.4. Comparison with other in situ surface XAFS techniques

There are several surface-sensitive XAFS methods to

investigate highly dispersed metal nanoparticles on surfaces

under reaction conditions. Total reflection XAFS spectroscopy

is a way to increase surface sensitivity and fulfil in situ

conditions (White et al., 1988; Sharpe et al., 1990; Lützen-

kirchen-Hecht et al., 2003; Abe et al., 2016; Keil & Lützen-

kirchen-Hecht, 2009; Hecht et al., 1996; Uehara et al., 2014).

Under total reflection conditions, X-rays can only penetrate a

few nanometres into the bulk. The reflectivity changes with

the change in the absorption coefficient through the imaginary

part of the refraction index. Kramers–Kronig transformations

are used to derive the XAFS signal (Abe et al., 2016; Martens

& Rabe, 1980, 1981). However, it is difficult to observe XAFS

for less than a few MLs of sample because of the small

reflectivity change (Keil et al., 2010).

Combining total reflection with fluorescence methods is

more feasible to extend the lower limit (Heald et al., 1984).

There are two ways to detect the fluorescence signal under the

total reflection condition. The first is to use the grazing inci-

dence geometry where the incident X-ray is totally reflected.

The second is to use grazing exit conditions (Meirer et al.,

2009) where the fluorescence X-ray from the bulk cannot be

detected. Although the latter has some merits for utilization of

microbeams to perform microanalysis, the signal is low and is

not suitable to study surface adsorbates <1 ML thick. The

former method or total reflection fluorescence XAFS have

high sensitivity in a vacuum or the gas phase. Under ultrahigh-

vacuum conditions, a 0.02 ML of Ni can be detected (Koike et

al., 2006). By combining with the polarization dependence, we

can obtain the three-dimensional structure in PTRF-XAFS. In

the liquid–solid interface system, PTRF-XAFS requires a less

than 1 mm thick solution to reduce absorption and scattering

of the solution (Tamura et al., 2000; Masuda et al., 2016; Yuan

et al., 2017, 2018). However, such a thin liquid layer hinders

material diffusion and cannot follow the electrochemical

process continuously.

The BCLA combined with BI-XAFS technique enables

<1 ML detection of the polarization-dependent fluorescence

XAFS from Pt on thin HOPG in the presence of a thick

electrolyte. In the BI method, the X-rays are illuminated from

the rear side of the thin HOPG with Pt species dispersed on

the front side having contact with thick solution. The thin

HOPG is used as the X-ray window, electrode and Pt nano-

particle support (Uehara et al., 2014). This method requires a

brilliant X-ray source to obtain strong X-ray intensity as a

100 mm X-ray beam size is required, as mentioned in Section 1.

In this study, we combined total reflection conditions and

BCLA. The long footprint of the incident X-ray created under

the grazing-incidence (total reflection) conditions can be

compensated for by the parallel arrangement of the BCLA

with respect to the X-ray footprint to increase the acceptance

area. In spite of the loss of the fluorescence signal by the

BCLA, the detection limit of (P)TRF-XAFS can be enhanced

by removing the background (Fig. 3). Consequently, BCLA +

(P)TRF-XAFS spectroscopy is a promising surface technique

to perform in situ XAFS spectroscopy even in the presence

of a solution thick enough for diffusion. In fact, we carried

out a preliminary measurement of BCLA + PTRF-XAFS on

the Pt L3 edge of a 0.1 ML of Pt on Au(111) in the presence

of a 1 mm-thick solution layer with the application of

�0.16 VAg/AgCl potential and we observed the corresponding

XANES spectrum shown in Fig. 8.

4. Conclusions

The parallel arrangement of the BCLA to the X-ray footprint

has enabled us to measure TRF-XAFS of 1 ML of Pt on an Au

surface and TRF-XANES of 0.1 ML of Pt on an Au surface

in the presence of solution. Although the BCLA markedly

reduced the signal (1/160 compared with that without BCLA),
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Figure 8
XANES spectra of 0.1 ML Pt on Au under �0.16 VAg/AgCl potential. The
electrolyte was 0.1 ML HClO4 and the accumulation time was 100 s per
point.



removal of the background X-rays by BCLA helped to

enhance the S/B ratio. The range-extended TRF-XAFS can be

obtained if appropriate reflectivity correction is performed.

Polarization-dependent measurement is possible in principle.

Thus BCLA plus a polarization-dependent TRF-XAFS

(PTRF-XAFS) spectroscopy is a promising in situ three-

dimensional surface structure analysis technique for dispersed

systems even in the presence of solution.
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