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We developed a spectro-electrochemical cell for X-ray absorption and X-ray emission spectroscopy,
which are element-specific methods to study local electronic structures in the soft X-ray region. In the
usual electrochemical measurement setup, the electrode is placed in solution, and the surface/interface
region of the electrode is not normally accessible by soft X-rays that have low penetration depth in
liquids. To realize soft X-ray observation of electrochemical reactions, a 15-nm-thick Pt layer was
deposited on a 150-nm-thick film window with an adhesive 3-nm-thick Ti layer for use as both the
working electrode and the separator window between vacuum and a sample liquid under atmospheric
pressure. The designed three-electrode electrochemical cell consists of a Pt film on a SiC window, a pla-
tinized Pt wire, and a commercial AglAgCl electrode as the working, counter, and reference electrodes,
respectively. The functionality of the cell was tested by cyclic voltammetry and X-ray absorption and
emission spectroscopy. As a demonstration, the electroplating of Pb on the Pt/SiC membrane window
was measured by X-ray absorption and real-time monitoring of fluorescence intensity at the O 1s
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I. INTRODUCTION

Electrochemical reactions are driven by electric poten-
tials and normally occur at solid-liquid interfaces. Electro-
chemical reactions are utilized in electric batteries includ-
ing rechargeable batteries to store and generate electricity.
Fuel cells also utilize these reactions to generate electric-
ity. Sometimes, electrochemical reactions are used for syn-
thesizing new materials such as gold nanorods,! conductive
polymer nanotubes,” and graphene oxide® as well as for coat-
ing, such as the well-known electroplating. These reactions
have been mainly investigated by electrochemical methods
such as cyclic voltammetry (CV). Although CV is a sen-
sitive method for electrochemical surface reactions, it only
measures electric currents. To obtain more information, elec-
trochemical quartz crystal microbalance (EQCM), Raman
spectroscopy, ultraviolet—visible absorption spectroscopy, and
infrared absorption spectroscopy are widely used in combina-
tion with CV.

Furthermore, knowledge of the reaction mechanism is
essential for understanding the electrochemical reactions. The
electronic states of the reactant and products are especially
important for a full understanding of the reaction. However,
the above-mentioned methods may not provide such infor-
mation. Recently, X-ray absorption spectroscopy (XAS) and
X-ray emission spectroscopy (XES), which are element-
specific methods for studying local electronic structures, have
been applied to liquid as well as gas and solid samples. Espe-
cially, the soft X-ray region below 1 keV contains core levels
of chemically important light elements such as C, N, and O.
Hence, electronic states of liquids and solutions have been
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extensively studied by means of soft X-rays using these new
experimental techniques.*°

Although spectro-electrochemical cells for the visible and
infrared regions are commercially available, only a few designs
have been reported for the soft X-ray region below 1 keV. For
example, a liquid flow cell using a thin-film membrane as the
window was developed to study the electrochemical corrosion
of a copper surface in a sodium bicarbonate solution by means
of Fe 2p XAS.” In this cell design, a thin copper film was
thermally deposited on the window surface for use as a working
electrode. The same research group reported the stability of a
sample on the window for CV and O 1s XAS measurements.®
A transmission-type liquid cell with built-in electrodes was
also developed, and the redox behavior of iron cations in an
aqueous electrolyte containing iron sulfate was studied by Fe
L-edge XAS measurements.”

We have previously developed a liquid flow cell, which has
a thin film window to separate vacuum and the liquid samples,
for soft X-ray photon-in photon-out experiments and used it
to study liquid systems including aqueous solutions.> Based
on this liquid flow cell design, in this study we developed a
spectro-electrochemical cell for soft X-ray measurements. The
design of the cell and its performance in soft X-ray emission
and absorption experiments are reported.

Il. DESIGN OF SPECTRO-ELECTROCHEMICAL
CELL FOR SOFT X-RAY EXPERIMENTS

During voltammetry using three-electrode cells, electro-
chemical reactions occurring at the surfaces of the working
electrodes are monitored by electrochemical analyzers, which

Published by AIP Publishing.


https://doi.org/10.1063/1.4997820
https://doi.org/10.1063/1.4997820
https://doi.org/10.1063/1.4997820
http://crossmark.crossref.org/dialog/?doi=10.1063/1.4997820&domain=pdf&date_stamp=2017-10-20

104101-2 Ishihara et al.

allow one to control the electrochemical potential of the work-
ing electrode and acquire the current. In this configuration, it is
difficult to observe the electrode surfaces by soft X-rays. The
reason is that the electrodes, normally kept in solutions, are not
accessible by soft X-rays which have low penetration depth in
liquids (typically below 1 um). However, if we adopt a film
electrode thin enough to transmit soft X-rays, the photon-in
photon-out experiments, e.g., fluorescence yield X-ray absorp-
tion spectroscopy (FY-XAS) and XES, could be carried out at
the electrode/electrolyte interface with soft X-ray. In the cur-
rent study, the three-electrode spectro-electrochemical cell for
soft X-rays (Fig. 1) was designed based on our previously
developed liquid flow-through cells.!® Based on the design
of standard electrochemical cells, a AglAgCl electrode
(3M KCl, Thermo Scientific 66EE009) was chosen as the
reference electrode. A Pt wire covered with electroplated Pt
black was used as the counter electrode. The working elec-
trode consisted of a deposited thin 15-nm-thick Pt metal
layer on a film window. We chose a commercially available
150-nm-thick SiC membrane that comes with a 15-nm-thick
Pt deposition layer and a 3-nm-thick Ti adhesive layer on
the surface (NTT-AT, Japan). These surface layers face the
liquid side. Electrochemical reactions on the surface of the
working electrode were observed through this thin film win-
dow in the backside illumination configuration. To define
the area of the working electrode and to secure the window,
a perfluoro-elastomer sheet was used, which had an opening of
I mm X 4 mm that is slightly larger than the membrane film
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FIG. 1. Schematic view of the developed spectro-electrochemical cell for
X-ray spectroscopy in the soft X-ray region. Structure of a working electrode,
a thin film SiC window with a Pt layer, is depicted as an enlarged view.
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window (0.3 mm X 3 mm). A potentiostat (ECstat-101, EC-
frontier Co., Ltd., Japan) with modified firmware to enable
external command control was used to control the bias poten-
tials of the electrochemical cell. An Interface 1000T potentio-
stat (Gamry Instruments, USA) was also used to confirm the
results of CV measurements.

lll. TEST EXPERIMENTS OF
SPECTRO-ELECTROCHEMICAL CELL

A. CV measurements

The main difference between our new spectro-
electrochemical cell and standard electrochemical cells is the
thin-film working electrode with the backside illumination
configuration. Hence, CV measurements were carried out on
a standard sample to confirm the functionality of the new
electrochemical cell. Figure 2 shows cyclic voltammograms
recorded using the constructed cell with the sweep rate of
0.1 Vs~!in a 0.2 M H,SO4 aqueous solution deaerated by
N, bubbling. The electrolyte solution was introduced into the
cell by using an external liquid pump, and measurements were
carried out when the sample flow was stopped. Although the
Pt electrode on the window substrate was only 15 nm thick,
the obtained voltammogram is similar to those of the stan-
dard electrochemical cells, showing symmetric currents of
hydrogen adsorption/desorption (from —0.2 to +0.05 V) and
platinum oxide formation (from +0.6 to 1.2 V)/reduction (from
+0.7 t0 0.3 V). Therefore, we confirmed that the developed cell
functioned properly.

A note should be added about the stability of metal film
on the windows. In the initial development stage, we used
a silicon nitride (SiN) membrane with metal coating on the
liquid side as a separator between vacuum and the liquid
samples under soft X-ray irradiation.'” However, we found
that the metal film on the SiN membrane was not stable for
repeated CV measurements, in agreement with reports that
the metal films on SiN are not stable enough upon the appli-
cation of a Voltage.8 Hence, we tested the conductive silicon
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FIG. 2. Cyclic voltammograms of a Pt electrode substrate of the developed
electrochemical cell at 0.1 V s~! in 0.2 M deaerated sulfuric acid aqueous
solution.
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carbide (SiC) window material instead, on which a Pt film was
quite stable under voltage application. In this case, the cyclic
voltammogram was recorded after cleaning the electrode by
repeated CV measurements (typically between —0.4 V and
1.2 V for at least 30 cycles).

B. Soft X-ray experiments

To confirm the functionality of the cell for spectroscopy
in the soft X-ray region, O 1s X-ray absorption and emission
experiments were performed at the SPring-8 synchrotron radi-
ation facility using the soft X-ray beamline BL17SU.'"12 XAS
spectra were recorded as the total fluorescence yields (FYs)
using a standard 100-mm? Si photodiode (IRD AXUV-100G,
Opto Diode Corp., USA) facing the window. The photoelec-
trons emitted from the window by irradiation of soft X-rays
were eliminated by placing an electrically biased mesh screen
in front of the photodiode. Circularly polarized X-rays were
used for both XES and XAS measurements to gain a higher
photon flux, and to avoid polarization effects of XES'3!#
which are unfavorable in this experiment.

Figures 3 and 4 show the FY-XAS and XES spectra of an
aqueous solution of Pb (1) acetate (Wako Pure Chemical Indus-
try, Japan) in ultrapure water at 0.46 M. The sample solution
was deaerated by N, bubbling. The FY-XAS spectrum for the
Pb (1) acetate aqueous solution shows a clear peak structure
at around 533 eV, which is absent in the spectrum for water.
According to a previous observation using X-ray spectroscopy
for aqueous acetic acid, acetic acid in aqueous solution shows
an evident peak assigned to the IT* orbital of the carboxyl
group at around 533 eV.® This peak structure is also reported
for aqueous solutions of metal acetates such as K, Na, Li, and
Zn acetates.'>!® Since the equilibrium constant for complex
formation between Pb (1) ions and acetate ions is high,!”-!8
the free and Pb (m)-coordinated acetate anions are the most
probable assignments of this peak. The XES spectrum with
excitation energy of 533 eV in Fig. 4 provides further insights
into the complex formation. Since the acetate anion in solution
is selectively excited at 533 eV, the obtained spectrum reflects
the electronic state of acetate. Interestingly, the spectrum of
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FIG. 3. O 1s FY-XAS of pure water and 0.46M Pb (11) acetate solution.
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FIG. 4. O 1s XES of 0.46 M Pb (u) acetate solution with excitation energy
of 533 eV.

aqueous acetate in Pb (1) acetate is evidently different from
those of the non-coordinated acetate ion in aqueous solution®
and previously reported metal acetates.'>!® The difference can
be attributed to the interaction between a Pb (i) cation and
an acetate anion. However, further investigation is required.

IV. SOFT X-RAY OBSERVATION OF Pb
ELECTRODEPOSITION PROCESS

To demonstrate successful measurements with the devel-
oped spectro-electrochemical cell, electrodeposition of Pb
from aqueous 0.46M Pb (1) acetate solution on the Pt coated-
SiC membrane window was observed by soft X-ray trans-
mission at the O 1s edge, since Pb deposition/dissolution in
this solution can be easily controlled electrochemically. In this
study, we were able to dissolve a metal Pb film deposited on
the surface of a Pt window by applying a potential of +200 mV.

Figure 5 shows the FY-XAS spectra obtained during elec-
troplating. The plating solution, i.e., aqueous Pb (i) acetate,

FY-XAS
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—180
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Energy (eV)

FIG. 5. Time evolution of FY-XAS spectra of 0.46 M Pb (i) acetate solution
at =600 mV (vs. AglAgCl). The potential was applied for 30 s between two
FY-XAS measurements.
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X (mm)

was flowed into the cell using a liquid pump. Measurements
were carried out when the sample solution flow was stopped,
as the flow pulsation makes the potential unstable. A potential
of —600 mV was applied, which is enough for plating accord-
ing to our test experiments. To investigate spectral variations
of XAS with respect to the total time of potential application,
the potential was applied intermittently in 30 s periods, and
each XAS measurement was carried out while the potential
was off (open circuit). The overall intensity of the obtained
spectra was reduced with the elapsed time because of the Pb
electrodeposition. Transmittance of the window in the O 1s
XAS decreased with increasing thickness of the deposited Pb.
Therefore, the gradual Pb deposition lowered the intensity of
the incident beam into the solution, and the overall intensity
of O 1s FY-XAS spectra decreased.

Since we have observed the O 1s spectra of FY-XAS, it
is impossible to determine the state of Pb in the electroplated
film solely from obtained spectra. Nevertheless, the existence
of lead oxides can be ruled out. According to a previous report,
the PbO and PbO, peaks appear at 530.4 and 530.7 eV in the
O 1s XAS spectrum, respectively.'® However, the XAS spectra

Rev. Sci. Instrum. 88, 104101 (2017)
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obtained in this study showed no corresponding peak in this
region. Hence, we could confirm that a pure Pb metal with-
out oxides was deposited on the window surface during the
experiment.

To confirm the homogeneity of plating, which is also
an important factor for the electrochemical cell performance,
the intensity mapping of soft X-ray fluorescence from the Pb
acetate solution was performed for the whole window area.
Figure 6 shows the results before and after plating. Plating was
performed with an applied potential of —450 mV and a total
application time of 180 s. The excitation energy was tuned to
550 eV for observing the oxygen signals. There is no evident
change in the rectangular region (corresponding to the window
area) after the plating, except for an almost uniform intensity
reduction. Hence, the mapping results validated the design of
the spectro-electrochemical cell.

To further investigate the time evolution of the electro-
chemical deposition, the fluorescence intensity at the specific
excitation energy of 550 eV was measured in real time. Figure 7
shows the time evolution of fluorescence intensity. The poten-
tial was applied cyclically for 30 s duration with 60 s intervals.
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At the potentials of —450 and —400 mV [Figs. 7(a) and 7(b)],
a gradual decrease of FY with periodic steps was observed,
with a step length of about 60 s that corresponds well to the
time period of the potential application. The stepwise intensity
decrease indicates that the thin film window was plated with
Pb at those potential settings under well-controlled conditions,
with the FY intensity decreasing more rapidly under a more
negative applied potential.

The rate of the FY intensity decrease (i.e., the deposi-
tion speed) slows down as the total voltage application time
increases. This slowed down deposition speed might be con-
nected to the reduced Pb concentration around the surface of
the Pb-deposited window. Diffusion in the sample liquid is the
only way to supply Pb to around the window, and this supply
is not enough for growing a Pb film continuously in this case.

At =350 mV, the fluorescence intensity remained almost
the same after repeated cycles of potential application
[Fig. 7(c)], which was very different from those changes
observed at —450 and —400 mV [Figs. 7(a) and 7(b)]. In other
words, the Pb deposition layer on the window did not become
thicker after the potential application. We therefore conclude
that no Pb deposition occurred on the surface at =350 mV.
However, the response in fluorescence intensity with the rect-
angular wave shape was observed at —350 mV. This means
that the transmission is decreased only while the potential
was applied. The response to voltage application accounts
for about 1% of the fluorescence intensity. According to
recent electronic state observation using X-ray photoelectron
spectroscopy, the electronic state at the electrode interface up
to 10 nm in depth was affected by the voltage.”’ By taking
the probing depth of soft X-ray into account (around 400 nm
for soft X-rays above the energy of the O 1s edge, with 45°
incident angle), the 1% variation of FY intensity is reasonable,
considering that the observed transmission reduction for soft
X-rays at the oxygen edge is a phenomenon on the electrode
surface. Pb ions and positively charged Pb-acetate complexes
should accumulate on the electrode surface due to the applica-
tion of a negative potential. At =350 mV, the applied potential
was not enough to form a metal film on the electrode, and
no Pb deposition occurred on the surface. As a result, the
accumulated ions were released from the electrode window
surface, and the transmission was restored by switching off the
potential control. Hence, the FY response with the rectangular
wave shape can be considered as the density variation of Pb-
based cation species near the electrode surface due to voltage
application.

V. CONCLUSION

We developed a spectro-electrochemical cell for use in
the soft X-ray region. The cell design was based on a previ-
ously developed liquid flow-through cell for samples under
atmospheric pressure. To realize soft X-ray observation of
surface electrochemical reactions, a film with a deposited Pt
layer was used. In the constructed cell with three-electrode
configuration, a Pt deposition layer on the surface of the sil-
icon carbide membrane was used as the working electrode.
The design and electrochemical performance of the cell were
evaluated by cyclic voltammetry, a standard electrochemical

Rev. Sci. Instrum. 88, 104101 (2017)

measurement, of H,SO4 aqueous solution. Its functionality
as a spectroscopy cell in the soft X-ray region was con-
firmed by O 1s X-ray absorption and emission measurements
for aqueous Pb (i) acetate. To demonstrate the overall per-
formance of the cell, electroplating of Pb on the membrane
window in aqueous Pb (i) acetate was investigated. We suc-
cessfully observed a decrease of transmission in the O 1s
region by XAS measurements, as well as real-time monitor-
ing of the total yield of X-ray emission during electroplating of
metal Pb.
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