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To illustrate the process of synchrotron radiation induced reduction of tetra-
chloroauric solutions, a confocal synchrotron radiation X-ray spectroscopy
experiments system has been introduced to monitor the depth-resolved
elemental Au distribution and chemical species during the Au reduction
reaction. Combining the results from confocal X-ray spectroscopy with that
from X-ray contrast imaging, the mechanism of synchrotron radiation induced
Au reduction, along with the process of Au deposition, were proposed. These
demonstrations provide novel avenues to spatially resolved analysis of in situ
solution radiolysis.

1. Introduction

Metal film deposition techniques are critical for their appli-
cations in microelectronics, photonics, catalysis, biochemical
sensors and so forth (Fukumi et al., 1994; Loo et al., 2005; Chah
et al., 2005; Haruta, 1989; Ma et al., 2000). Radiolysis is of
significant interest, since it is easier to carry out at room
temperature under atmospheric conditions. More importantly,
it is independent of the preliminary use of reducing agents,
leading to the production of highly pure metals with less
contamination (Bharti et al., 2016; Wang et al., 2007). Nowa-
days synchrotron radiation X-ray radiolysis (Yamaguchi et al.,
2016, 2017; Oyanagi et al., 2014; Bharti et al., 2017; Jingyuan et
al., 2013; Matsumoto et al., 2015) has become a convenient
route for obtaining metal nanostructures with desired sizes,
shapes and properties. Bharti et al. (2016) explored mono-
chromatic X-ray induced silver nanoparticles for a photo-
voltaic cell. Ma et al. (2000) successfully achieved the
formation of a metallic pattern/structure on a substrate, which
could help in the development of low-cost test photomasks
and microelectronics. Synchrotron radiation induced metal
deposition has become a hot topic in the engineering fields.
However, the mechanism of X-ray stimulated processes is
still unclear because it is a rapid dynamic chemical process
with great heterogeneity in the liquid bulk phase. Early
literature suspected that water molecules in solution could be
ionized or excited under high-energy X-ray irradiation (Ma et
al., 2008; Gachard et al., 1998; Abedini et al., 2013). Hetero-
geneous charge distribution might exist in the system; the
X-ray illuminated volume should be charged more positively
than the non-illuminated volume. Complexes such as AuCl,”
may be driven towards the illuminated area, whereas the
activated solvent can supply reducing radicals to neighbouring
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Au ions and contribute to the formation of zero-valence Au
(Wang et al., 2007). In situ time-resolved X-ray absorption
spectroscopy (XAS) was employed to track the reduction of
Au ions in aqueous solution in the presence of supporting
materials (Ohkubo et al., 2014). This demonstrated that the
deposition process depended on the relationship of surface
charges between metal ions and supporting materials. Never-
theless, these studies were not available for the spatial
chemical speciation distribution which is crucial to our
understanding of X-ray stimulated processes.

Micro-X-ray fluorescence (XRF) and XAS are powerful
tools for spatially resolved structure analysis via sample
mapping in the micrometre regime and have a large variety of
fields of application such as environmental sciences, geology,
life sciences and archeology. Importantly, the use of confocal
X-ray optics, especially capillary optics (KanngieBer et al.,
2003), provides a feasible route to analyze geological and
cultural heritage samples with depth-resolved chemical
speciation of elements (Vekemans et al., 2004; Liihl et al., 2014;
KanngieBer et al, 2012; Denecke et al, 2009). In confocal
mode, a probing volume is created by the overlapped foci of
two optics; the first one is placed in an excitation channel and
the second in a detection channel. Confocal detection restricts
the probed fraction of the sample to an ellipsoidal volume
allowing non-destructive depth-resolved measurements.
Confocal micro-X-ray fluorescence is nowadays applied for
the measurements of ion distribution near the surface of an
electrode, revealing the liquid mass transfer in electrolytic
tanks in situ (Song et al., 2014). Confocal micro-XAS was also
introduced to probe the oxidation states at the cathode/elec-
trolyte interface of an Li ion battery in operando (Menzel et
al.,2013). This gives important impetus for the developmet of
spatially resolved analysis in order to understand the photo-
chemical processes induced by X-ray radiolysis.

In this study, confocal micro-XAS was set up at Beijing
Synchrotron Radiation Facility (BSRF). Au ions were irra-
diated with synchrotron monochromatic X-rays; while
confocal micro-XRF monitored the metal ion distribution,
confocal micro-XAS examined the oxidation state of metal
ions in aqueous solution. By combining the results from
confocal X-ray spectroscopy with that from X-ray contrast
imaging, the mechanism of synchrotron radiation induced Au
deposition was proposed, aiding our understanding of the
X-ray stimulated process.

2. Experimental instrumentation

The experiments were performed at the 1W2B beamline of
BSRF. A mobile confocal XAS endstation has been developed
at this beamline (Chen et al., 2017). The confocal system
restricts the probed fraction of the sample to an ellipsoidal
volume allowing non-destructive depth-resolved measure-
ments. The confocal element has a 45°/45° geometric design
between the first polycapillary parallel half-lens (PCPHL) and
the second PCPHL; as shown in Fig. 1, PCPHL was adjusted
by a 5D stage. The characteristics of both the PCPHLs
are shown in Table 1. In order to perform depth-resolved

Table 1
Parameters of PCPHLs.

Entrance  Output Focal
Length  diameter diameter distance Focal spot
(mm) (mm) (mm) (mm) (um)/9 keV
First PCPHL 40 5.6 43 14 53
Second PCPHL  20.6 55 2.6 18 57

measurements, the sample holder was placed on a 3D stage.
By scanning an Fe knife-edge, the diameter of the focal spot of
the first PCPHL (¢,) and the diameter of the focal spot of the
second PCPHL (¢,) can be obtained; the depth resolution
dgepn can be approximately determined by ¢; and ¢, as
follows (Peng et al., 2013),

ddeplh = (‘/’1 + (/)2)/«/E

In this work, the depth resolution was around 50 um at
12 keV. The detector system includes an ionization chamber
and a silicon drift detector (SDD). The ionization chamber,
fixed in front of the first PCPHL, was used to measure the
incident X-ray intensity in order to normalize the fluorescence
intensity. The SDD has an energy resolution of about 125 eV
at 5.9 keV and maximum count rate of 5.0 x 10°s™".

An aqueous solution of 1 wt% HAuCl, was used as the
sample and loaded in an in-house-developed cell made from
teflon with a thickness of 1.8 mm and a diameter of 5 mm. The
cell was sealed tightly with Kapton film to prevent leakage
of the liquid. All measurements were carried out at room
temperature. The sample cell, filled with HAuCl, aqueous
solution, was placed in the sample holder. When the sample
was moved stepwise into the confocal volume, a series of XRF
spectra were collected (with an excitation energy of 12.6 keV)
and the depth profile was obtained by monitoring the fluor-
escence intensity of the Au Lo peaks (Fig. 2). The sample
surface was defined by the peak position of the differential
curve of the depth profile (Mantouvalou et al., 2012; Malzer &
KanngieBer, 2005). Here, in order to obtain a high-quality
fluorescence signal, the point of origin (0 pm) was determined
to be at the position of the maximum point of the profile. In
the confocal-XRF and X-ray absorption near-edge structure

PCPHL

Incident Beam

PCPHL,

Figure 1
Scheme of the confocal XRF and XAFS system.
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Figure 2

Depth profile of the Au fluorescence intensity.

(XANES) experiments, the confocal probing volume was fixed
and the time-dependent Au fluorescence intensity was moni-
tored every 5 min with a integration time of 3 s until it stabi-
lized; the XANES spectrum at the Au L;-edge was acquired
at this point. In order to spatially explore the process of
synchrotron radiation X-ray induced Au deposition, three
identical HAuCl, aqueous solutions were prepared and moved
to different depth positions at 0 pm, 50 pum and 100 um. The
XRF and XANES experiments were performed on these
samples at different probing depths. In the case of self-
absorption in fluorescence mode (Liihl er al., 2012), the
concentration of the HAuCl, aqueous solution was no larger
than 1 wt%, and no distortion was found in the XAS spectra.
The spectra were processed using the program ATHENA
(Ravel & Newville, 2005), based on the IFEFFIT library
(Newville, 2001).

After confocal-XRF and XANES experiments, the depos-
ited Au on Kapton film was characterized by synchrotron
radiation 2D X-ray contrast imaging on the 4W1A beamline of
BSREF. This beamline provides a monochromatic X-ray flux of
3.5 x 10’ photons s" at 8 keV with a storage ring current of
250 mA. The magnified image was recorded by a 1024 x 1024
charge-coupled device camera, corresponding to a 60 pm X
60 pm field of view. With an 880-fold magnification and a pixel
size of 13.5 um, one pixel amounts to 15 nm. The exposure
time per frame was about 15s. The sample-to-detector
distance was about 30-50 cm. With a computer-controlled
rotation stage and a stable mechanical design, the 2D X-ray
contrast image can be automatically collected by the
computer. The conventional imaging of absorption contrast
was used in this experiment.

3. Results and discussion

3.1. Changes in chemical states of elemental Au in the X-ray
beam path

Synchrotron monochromatic X-ray irradiation generated
reducing agents such as hydrated electrons in the HAuCl,

aqueous solution that undergo chemical reaction: Au®* is
transferred to Au. Depth-resolved XANES is applied to
investigate the depth dependence of the chemical species of
elemental Au and track the reduction of Au ions in aqueous
solution. Accordingly, the Au L; white-line edge of Au metal
is 11922 eV, whereas the white-line edge position of
HAuCl,;-3H,0 has a —4 eV shift with respect to Au metal
(Berrodier et al., 2005). Fig. 3 showed the XANES of the Au
Ls-edge at various depths, Au” was the main chemical species
at depth position 0 um. A mixture of Au’ and Au’* existed
within the depth at 50 um. Upon further increasing of the
depth position to 100 um, the main chemical state became
Au’*,

3.2. Migration of Au ions in the X-ray beam path

Table 2 shows the counts of Au Lo fluorescence intensity at
the start and final stable moments for each position. In the
beginning, the elemental Au was homogeneous in solution and
the fluorescence intensity was almost consistent everywhere
when considering the attenuation by the solution. But with
increasing radiation time, they varied greatly and Fig. 4 shows
their trend in detail. Also, in order to compare the trends
at each depth position, the fluorescence intensities were
normalized with the respective maximal values. As shown in
Fig. 4, the quick rise at 0 pm indicated that the Au precipita-
tion dominated this area. The process tended to stabilize after
irradiating for 320 min. With the deeper position, the fluor-
escence intensity decreased to background within 140 min
(depth position 50 pm) and 160 min (depth position 100 pm).
These results revealed that X-ray radiation induced the
heterogeneous distribution of elemental Au, which migrated
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Figure 3

XANES spectrum of the Au L;-edge at 0 pm, 50 pm and 100 pm.
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Table 2

Normalized fluorescence intensity counts with the incident X-ray at the

starting and final moment for each position.

Position Stable Time Fluorescence

(um) moment (min) intensity (counts)
0 Start 0 567
Final 317 33350
50 Start 0 526
Final 157 127
100 Start 0 499
Final 174 89

toward the Kapton film window and was deposited on it within

the X-ray beam.

3.3. Process of synchrotron radiation induced Au deposition

To further understand Au deposition, we analyzed the 2D
X-ray contrast image of deposited Au on the Kapton film

window. As shown in Fig. 5, metallic Au was
deposited on both the front and back
windows. The Au deposition on the front
film was significantly circular with a high-
density center and slight diffusion around
the perimeter. The size of the center is the
same as the X-ray full-width spot with a
diameter of about 100 pm; whereas on the
back film, the Au deposition was dispersed
and of low density, which can be explained
by the divergence of the PCPHL and the
attenuation of the incident beam.

Combining the results from the XANES
and XRF analyses, the process of synchro-
tron radiation induced Au deposition is
shown in Fig. 6. X-ray irradiation of water
produces reactive radicals and radical ions;
the main reducing species are solvated
electrons (ey,) and hydrogen radicals
(Yamaguchi et al., 2016),

y —

2H,0 3 OH® + H* + H,O" +e2,,

34 e5701
Au" — Au.

Solvated electrons can easily reduce metal
ions down to the zero-valence atoms. As the
Au atoms are formed, they act as individual
centers of nucleation and further coales-
cence (Abedini et al., 2013). The acrylic glue
on the Kapton film has potential surface
adhesion forces to anchor elemental Au
from the water phase, which could enhance
the coalescence process and metal deposi-
tion.

Furthermore, the analysis by XRF indi-
cated that the fluorescence intensity at
the origin position (0 pm) was gradually
increasing, and XANES shows that metallic

Figure 5
X-ray contrast images of Au deposition on the Kapton film. Left: Au deposition on the front
film window. Right: Au deposition on the back film window.
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Process of synchrotron radiation induced Au deposition.
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Au dominated this area, which was further supported by the
high-density image of deposited Au on the front Kapton film
window. However, in the deeper layers of the liquid, the beam
intensity rapidly decreased; thus, the reduced reaction rate
(Au® + 3ey,; — Au) could become much slower, and the Au
was observed to be deposited on the back film with lower
density.

With Au ion migration toward the Kapton film window
within the X-ray beam path, a concentration gradient may
exist in the water phase; Au®* ions could move from the non-
illuminated volume to the illuminated volume. Gradually, with
Au deposition on the Kapton film window, the amount of Au
ions not only decreased in the water phase, but also the main
chemical species was Au’" internally.

4. Conclusions

Confocal XRF and XAS systems were introduced to monitor
the heterogeneous reduction process of tetrachloroauric
solution via synchrotron radiation. Confocal micro-XRF
revealed that X-ray radiation induced the heterogeneous Au
distribution. Au migrated into the X-ray illuminated volume
and was deposited on the Kapton film. Confocal micro-
XANES examined the chemical states of elemental Au in the
X-ray beam path following the reduction of Au’* to Au.
Furthermore, X-ray contrast imaging of the reduced Au
products suggested the Au could be deposited on the Kapton
film window via coalescence growth. The feasibility of this
approach is demonstrated with the depth-resolved analysis of
X-ray induced reduction of tetrachloroauric solutions, and
promises to be a wonderful tool for the multi-dimensional
analysis of X-ray stimulated processes.
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