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In  this  review,  we  have  demonstrated  several  applications  of  newly-developed  in  situ/operando  liquid
flow cells  for  the  transmission  XAS  (X-ray  absorption  spectroscopy)  measurement  in the  soft  X-ray
undulator  beamline  BL3U  dedicated  to  the  chemical  application  of  UVSOR-III  Synchrotron.  The  liquid
layer  is  sandwiched  between  two thin membranes  and  its  thickness  is  easily  controllable  to optimize
the  absorbance.  Liquid  samples  are  exchangeable  in  situ.  Molecular  spectra  in  liquid and  gas  phases  are
simultaneously  measureable  and it makes  the  energy  calibration  rather  easy.  By  using  a  standard  version
of the liquid  cells,  we  have  investigated  local  structures  of  several  aqueous  solutions  of  alkali  halides,
methanol,  pyridine,  and acetonitrile.  To observe  catalytic  and electrochemical  reactions  under  realistic

conditions,  we  have developed  in  situ/operando  versions  of  the  liquid  cells.  We  have  investigated  local
structures  of  the  catalytic  hydration  reaction  of  cyanopyrazine  under  the  temperature  control  and  the
electrochemical  reaction  of aqueous  iron  sulfate  solutions  using  the  built-in  electrodes  under  the  same
scan rate  as  in  cyclic  voltammetry.  We  have  discussed  future  perspectives  of  our in  situ/operando  liquid
flow  cells  applied  to  XAS  in  the soft  X-ray  region.
. Introduction

Macroscopic properties of aqueous solutions, such as viscosity,
oiling point, and freezing point, are determined by the interaction
etween solvent water molecules and solute ions or molecules. In
queous salt solutions, hydrogen bonding (HB) networks of water
olecules are modified or broken by the interactions with solute

ons [1–3]. In aqueous methanol solutions, the entropy is smaller
han expected in an ideal solution of randomly mixed molecules
4] and shows a nonlinear profile in viscosity at different con-
entrations [5], indicating some structured interactions between
ater and methanol molecules. The bond lengths and the coordi-
ation numbers of solute ions and molecules with solvent water
olecules in aqueous solutions have been extensively studied by
eutron diffraction [6–8] and X-ray diffraction [9].
In addition, spectroscopic studies are crucial to reveal the

nteraction between solvent water molecules and solute ions or
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molecules: for example, vibrational spectroscopies such as infrared
(IR) and Raman spectroscopies. For example, the OH stretching
mode is effectively observed in Raman spectroscopy [10–12] to
reveal the hydration structure of the anion to the hydrogen of
water in aqueous salt solutions. In aqueous pyridine solutions, the
HB interaction between N atoms in pyridine and water molecules
is revealed by IR [13] and Raman spectroscopy [14,15]; in aque-
ous acetonitrile solutions, the HB interaction is revealed by the
C N and OH stretching modes in IR spectroscopy [9,16,17]. In
aqueous methanol solutions, the local structures around methanol
molecules at different concentrations are revealed by the C O
stretching modes in Raman spectroscopy [18]. However, vibra-
tional spectroscopy is not enough to understand the local molecular
interaction in solutions. For example, the OH stretching mode is
not so useful to reveal the hydration structure of the cation to the
oxygen of water. Minor components are often hindered by dom-
inant vibrations of solvent molecules with similar wavenumbers.
Therefore, the interaction of solutes with solvent water molecules
in aqueous solutions should be investigated by combination with

other spectroscopies sensitive to the local molecular interaction.

X-ray absorption spectroscopy (XAS) is an element-specific
method to study local structures of aqueous solutions. Espe-
cially, the soft X-ray region below 1 keV has chemically important

dx.doi.org/10.1016/j.elspec.2015.05.012
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Fig. 1. Schematic of a simple version of the liquid flow cells for XAS in transmission
94 M. Nagasaka et al. / Journal of Electron Spectro

bsorption edges such as C K-edge (280 eV), N K-edge (400 eV),
nd O K-edge (530 eV). Observation of the L-edge (2p) spectra of
d transition metals such as Ti LIII-edge (460 eV) and Cu LIII-edge
930 eV) is important, considering that the L-edge of 3d transition

etals is more sensitive than the K-edge to the 3d valence and
pin states [19–21]. Recently, the local structures of liquid water
ave been extensively studied by O K-edge XAS [22–34], where the
re-edge peak (535 eV) corresponds to the transition from the O
s electron to the ‘4a1’ unoccupied state, and the behavior of the
re-edge ‘4a1’ peak reflects the HB interaction effect on a molecu-

ar 4a1 orbital. The temperature dependence of the pre-edge peak
s observed to reveal the change in local structure of the HB net-

ork in liquid water [25,26,29,31,33,34]. The pre-edge peak in O
-edge XAS of aqueous salt solutions is sensitive to the hydra-

ion structure of solute ions (especially, cations) [35–42]. On the
ther hand, the C and N K-edge XAS can be used to reveal the local
tructure of solute molecules in aqueous solutions. For example,
n aqueous methanol solutions, the hydrophobic interaction of the

ethyl group in methanol molecule is revealed in the C K-edge XAS
43–45].

XAS is a quite promising method to investigate the local struc-
ure of aqueous solutions. XAS spectra of liquid samples can
e obtained in transmission mode [30,32–34,46] based on the
ambert–Beer law. XAS-like spectra are measured by fluorescence
ields [23,24,26,28], hard X-ray Raman scattering [22,29,31], and
otal electron yields [25] and inverse partial fluorescence yields
47–49] of microjet liquids. In these alternative methods, com-
arison with the transmission spectra is discussed as regards
ackground subtraction, normalization, saturation effect, and self-
bsorption effect, and indicates that XAS-like spectra of bulk liquids
easured by hard X-ray Raman scattering and by inverse partial

uorescence yields is nearly the same as XAS spectra in trans-
ission mode. Combination with theoretical simulations of the O

-edge XAS of liquid water is important in revealing its local struc-
ure [23,24,26,28,50–56], but should be compared with the true
ransmission spectrum based on the Lambert–Beer law in the case
f quantitative and detailed discussion of spectral features in XAS.
owever, it is difficult to measure XAS spectra of liquid samples

n transmission mode because soft X-rays are strongly absorbed by
olvent water beyond the water window region and the thickness
f the liquid layer should be kept below a few micrometers [57].

Recently, we have successfully developed some unique liquid
ow cells for XAS of liquid samples in transmission mode [30]. The
ell is attachable to our IR spectrometer as it is. By using a standard
ersion of liquid flow cells, we have investigated the local structures
f several aqueous solutions, such as aqueous salt [42], methanol
45], pyridine [58], and acetonitrile solutions [59]. Furthermore, we
ave developed in situ/operando XAS observation systems to mea-
ure the local structural change in catalytic and electrochemical
eactions under realistic conditions by extending our liquid cell
pproach. We  have investigated cyanopyrazine (PzCN) hydration
eaction to produce pyrazinamide (PzCONH2) on the TiO2 catalyst
60] and the change in valence of Fe ions in aqueous iron sulfate
olutions from the Fe L-edge XAS spectra [61,62]. In the present
eview, we describe details of our liquid flow cells for the trans-
ission XAS measurement and several applications to aqueous

olutions and catalytic reactions in Section 2 and to electrochemi-
al reactions in Section 3. In Section 4, we summarize the present
pplications and discuss the future perspectives.

. Aqueous solutions and catalytic reactions
.1. In situ liquid flow cell

Fig. 1 shows schematics of the liquid flow cell for XAS in trans-
ission mode [30]. The cell consists of four regions (I), (II), (III),
mode [30]. The details of the cell are described in the text. The electrochemical cell
will be shown later (Fig. 22). Any liquid flow cell developed in the present work is
attachable as it is to IR spectrometers as well as soft X-ray beamlines.

and (IV), separated by 100 nm-thick Si3N4 membranes. The Si3N4
membrane cannot be used for the N K-edge measurement, but the
SiC membrane can be used. Region (I) is connected to the beamline
under vacuum. Regions (II) and (IV) are under atmospheric pressure
of helium pure gas or mixed gas with reference or other molecules.
The size of the Si3N4 (SiC) membrane window between regions
(I) and (II) is 0.2 mm × 0.2 mm,  which is small enough to endure
a large difference in pressure, even larger than 1 atm. This orifice
determines the size of the soft X-ray beam on the sample. The flow
rate of the helium gas in regions (II) and (IV) is changeable by a mass
flow controller, and the pressure is adjusted by a needle valve at
the gas outlet of regions (II) and (IV).

The thin liquid layer in region (III) is sandwiched between
two 100 nm-thick Si3N4 membranes with a window size of
2 mm × 2 mm.  The liquid flow is under atmospheric condition. Two
100 �m-thick spacers are set between the window frames of the
membranes and the frames are compressed by the sealing O-rings
to keep the thin liquid layer between the membrane windows
below 2000 nm.  Liquid samples can be exchanged in situ with a
tubing pumping system. The temperature of the liquid flow cell
can be changed from −5 ◦C to 75 ◦C. The thickness of the liquid
layer is controllable between 20 nm and 2000 nm by changing the
He pressure in regions (II) and (IV).

In order to measure XAS spectra of liquid samples, soft X-rays
pass through regions (I), (II), and (III) and are detected by a photo-
diode in region (IV). The intensity of soft X-rays is normalized by
an electric current of a gold mesh in region (I), where the current
is proportional to the photon flux. The absorption of soft X-rays in
regions (II) and (IV) is small due to the high transmittance of helium
[57].

The experiments were performed on the soft X-ray in-vacuum
undulator beamline BL3U at UVSOR-III Synchrotron [63]. The XAS
spectra are obtained by using the Lambert–Beer formula ln(I0/I), in
which the transmission signal intensity I0 is measured for the blank
and the transmission signal intensity I is for the liquid sample. The
photon energy is calibrated by using the first peak (287.96 eV) of
methanol gas [44], the first peak of N 1s → �* band (400.84 eV) of
N2 gas [64], and the O 1s → �* peak top (530.80 eV) of O2 gas [65],
which are mixed with helium gas in regions (II) and (IV).

Fig. 2 shows O K-edge XAS spectra of liquid water at different

thicknesses. As shown in the inset of Fig. 2, the thickness of the
liquid layer is successfully controlled by adjusting the pressure of
the helium buffer gas in regions (II) and (IV). Note that it does not
show correct absorption spectra because we  did not use energy
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Fig. 2. O K-edge XAS spectra of liquid water at different thickness. The inset shows
the schematics of the thin liquid layer, in which the thickness is controllable between
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Fig. 3. (a) O K-edge XAS spectra of liquid water and aqueous salt solutions with
different cations (3 M LiCl, 3 M NaCl, and 3 M KCl) at 25 ◦C. (b) O K-edge XAS spectra
0  nm and 2000 nm by adjusting the helium pressure. Note that higher order pho-
ons are included here but are cut by using energy filters in the other spectra shown
n  this review.

lters to cut higher-order soft X-rays from the BL3U monochroma-
or or did not optimize the sample position with uniform thickness
n the sample area absorbing soft X-rays when we measured them
30]. Other spectra shown in this review were measured by using
he energy filters. The thickness T [nm] of the liquid layer can be
stimated from the edge jump �T of the measured XAS spectrum
nd the absorption coefficient � [nm−1] of liquid water obtained in
ef. [57].

.2. Alkali halide solution

The hydration structures of ions in aqueous salt solutions
ere extensively studied by neutron diffraction [6,8,66–69], X-

ay scattering [70–73], extended X-ray absorption fine structure
pectroscopy [74], and X-ray diffraction [75]. The electronic struc-
ures of hydration shells in aqueous salt solutions were studied by
hotoelectron spectroscopy [76] and X-ray emission spectroscopy
77]. Molecular dynamics (MD) simulations were carried out for the
ydration structures of cations in aqueous salt solutions [78–91].
ations are coordinated with oxygen atoms in water molecules, and
nions are coordinated with hydrogen atoms in water molecules.

Na K-edge XAS revealed that both Na+ and Cl− ions are coordi-
ated with the same water molecule in highly concentrated NaCl
olutions [92]. The solvent-shared ion pair is also confirmed in
iCl solutions by dielectric relaxation measurement [93]. The inter-
ctions of anions with water molecules were extensively studied
y using the OH stretching mode in Raman spectroscopy [10–12].
he hydration shell of anions is reconstructed within several pico
econds, as observed by time-resolved IR and Raman spectroscopy
94–97]. On the other hand, the hydration shell of cations has not
et been studied in detail.

Recently, several groups have measured the O K-edge XAS spec-
ra of aqueous salt solutions, and discussed the hydration structures
f cations from the energy shift of the ‘4a1’ pre-edge peak [35–41].
he 4a1 orbital is mainly distributed at the oxygen atom in the
ater molecule, and therefore the energy shift of the pre-edge peak
ould reflect the interaction of the cation with water molecule.
owever, the O K-edge XAS spectra of aqueous salt solutions, mea-

ured by different detection methods, show different results and

onflicting interpretations on the energy shift of the pre-edge peak
35–41].

The temperature dependent change of the O K-edge XAS spectra
s important in investigation of the hydration structure of cations in
of  aqueous salt solutions with different anions (3 M NaCl, 3 M NaBr, and 3 M NaI) at
25 ◦C. The inset shows the expansion of the pre-edge region.

aqueous salt solutions. Several groups have measured O K-edge XAS
[25,26,29,31,33,34] and hard X-ray Raman scattering [41] of liquid
water at different temperatures and found that the pre-edge peak
is sensitive to the temperature due to the local structural change of
the HB network. The effect of temperature in liquid water has also
been studied by neutron diffraction [98], nuclear magnetic reso-
nance (NMR) [99], X-ray Compton scattering [100,101], and IR and
Raman spectroscopy [102–105], and by MD  simulations [105–107].

In order to solve some conflicting interpretations, we  investigate
the O K-edge XAS of aqueous solutions of different alkali halides
systematically in reliable transmission mode [42]. Fig. 3(a) shows
O K-edge XAS spectra for pure liquid water and aqueous salt solu-
tions with different cations (3 M LiCl, 3 M NaCl, and 3 M KCl) at
25 ◦C. The pre-edge peak of aqueous salt solutions shows the blue
shift in transition energy from that of liquid water. The energy shift
of the pre-edge peak is dependent on the alkali ion, and LiCl solu-
tions show larger blue shifts than NaCl and KCl solutions. Fig. 3(b)
shows O K-edge XAS of aqueous sodium salt solutions with differ-
ent anions (3 M NaCl, 3 M NaBr, and 3 M NaI). The pre-edge peak of
aqueous salt solutions does not show distinct energy shifts from
that of liquid water. These results suggest that the energy shift

in the ‘4a1’ pre-edge peak could be caused by not the interaction
of anions with water molecules but the short range interaction of
cations with oxygen atoms in water molecules. On the other hand,
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Fig. 4. O K-edge XAS spectra of LiCl solutions at different concentrations at 25 ◦C.
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Fig. 5. O K-edge XAS spectra for the first hydration shells of the different cations
(Li+, Na+, and K+), which are obtained by the subtraction procedures. The dashed

the inset of Fig. 7, the temperature dependence is similar to that of
the liquid water, but is not so large.

In order to investigate the temperature effect of only the first
hydration shell of Li+ ions, we  have extracted the O K-edge XAS
he  XAS spectrum of pure liquid water (0 M)  is also shown. The inset shows the
xpansion of the pre-edge region.

he vibrational spectroscopy reveals the interaction of anions with
ater molecules from the OH stretching mode [10–12].

Fig. 4 shows the O K-edge XAS spectra of LiCl solutions at differ-
nt concentrations at 25 ◦C. The XAS spectrum of 1 M LiCl is almost
he same as that of pure liquid water (0 M).  By increasing the con-
entration of salt solutions, the pre-edge peak is more blue-shifted.
he quasi-isosbestic point is observed in the XAS spectra at differ-
nt concentrations, as shown in the inset of Fig. 4. The isosbestic
oint in the pre-edge region suggests that the XAS spectra con-
ist of two components: water interacted with cations and bulk
iquid water. In order to observe the hydration shell of cations

ore clearly, we have extracted the contribution of hydrated water
olecules with cations from the O K-edge XAS spectra. The coordi-

ation numbers of water molecules with cations are referred from
he neutron diffraction studies [6,8], in which those of the Li+, Na+,
nd K+ ions are 4, 5, and 6, respectively. The amount of bulk liquid
ater is estimated by subtracting the water molecules coordinated
ith cations from total amount of water molecules in aqueous salt

olutions. In the 3 M LiCl solution, for example, the ratio of bulk
ater is calculated from the concentration of the solutions and the

oordination number of Li+ ions, and is estimated to be 78%. The O
-edge XAS spectrum of hydration shells of Li+ ions are obtained
y subtracting the XAS spectrum of bulk liquid water from that of

 M LiCl solutions.
Fig. 5 shows the O K-edge XAS spectra of the first hydration

hells of different cations (Li+, Na+, and K+) obtained by subtracting
he contribution of bulk water from 3 M LiCl, 3 M NaCl, and 3 M KCl
olutions, respectively. Both the main edge feature around 537 eV
nd the post-edge feature around 540 eV are almost the same in
he three salt solutions. As shown in the inset of Fig. 5, the pre-
dge peaks are more blue-shifted in the order of K+, Na+, and Li+

ons, in which the energy shifts of Na+ and Li+ ions from K+ ions
re 0.10 eV and 0.22 eV, respectively. Because the pre-edge peak
eflects mainly the short range interaction of cations with water
olecules, the pre-edge peak is more blue-shifted as the interaction

f cations with water molecules is getting stronger in the hydration
hell. These results are consistent with the previous neutron diffrac-
ion studies [6,8], in which the bond lengths of Li+, Na+, and K+

ons with water molecules are 0.190 nm,  0.234 nm,  and 0.265 nm,
espectively.

In order to investigate the temperature effects of the hydration

hell of cations, we have measured the O K-edge XAS spectra of
iquid water and 5 M LiCl solutions at different temperatures, as
hown in Figs. 6 and 7, respectively. As shown in the inset of Fig. 6,
line  in the pre-edge region is set to the peak top of the Na+ ion. The insets show the
expansion of the pre-edge region and the schematic of the hydration structures of
cations.

the pre-edge peak of pure liquid water is more red-shifted and is
stronger by increasing the temperature. The HB is more weakened
as the average hydrogen bond length becomes longer by increasing
the temperature, resulting in both the red shift and the intensity
increased in the ‘4a1’ pre-edge peak. Fig. 7 shows the O K-edge XAS
spectra of 5 M LiCl solutions at different temperatures. As shown in
Fig. 6. O K-edge XAS spectra of liquid water at different temperatures. The dashed
line  in the pre-edge region is set to the spectrum at 1.8 ◦C. The inset shows the
expansion of the pre-edge region.



M. Nagasaka et al. / Journal of Electron Spectroscopy and Related Phenomena 200 (2015) 293–310 297

Fig. 7. O K-edge XAS spectra of 5 M LiCl solutions at different temperatures. The
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Fig. 9. O K-edge XAS spectra of aqueous methanol solutions at different concen-
ashed line in the pre-edge region is set to the spectrum at 1.8 ◦C. The inset shows
he expansion of the pre-edge region.

pectra of the first hydration shell by subtraction of liquid water
pectra shown in Fig. 6 from the 5 M LiCl spectra shown in Fig. 7,
ssuming the oxygen coordination number fixed to 4. Fig. 8 shows
he O K-edge XAS spectra of the hydration shell of the Li+ ions at dif-
erent temperatures. The spectral shapes and the energy positions
f the pre-edge peaks are insensitive to the change in temperature.
hese results are consistent with the weak temperature depend-
nce of the radial distribution functions (RDF) of Li+ ions with
ater molecules obtained by MD  simulations [81] and neutron

iffraction studies [66]. The present XAS analysis has revealed that
ot only the RDF but also the short range interaction between Li+

ons and water molecules are almost the same at the different

ig. 8. O K-edge XAS spectra for the first hydration shells of Li+ ions at different
emperatures obtained by the XAS spectra of liquid water and 5 M LiCl solutions
hown in Figs. 6 and 7. The inset shows the expansion of the pre-edge region.
trations at 25 ◦C [45]. The mixing ratio of methanol in the solution decreases with
molar fraction steps of 0.1 along indicated arrows. The inset shows isosbestic points
(dashed lines) in the pre-edge region.

temperatures, and has confirmed the strong hydration of the Li+

ions in LiCl solutions.

2.3. Methanol solution

Liquid methanol shows one- and two-dimensional (1D/2D) HB
networks such as chain and ring structures [108–113], and liq-
uid water shows tetrahedrally coordinated three-dimensional (3D)
HB networks [114]. The neutron diffraction studies indicated the
formation of 3D HB networks of methanol–water mixtures with
hydrophilic and hydrophobic interactions [7,115,116]. The interac-
tion between methanol and water molecules in the binary solution
was investigated by NMR  [117], mass spectrometry [118], Rayleigh
scattering [119], dielectric relaxation methods [120], and IR
[121–128] and Raman spectroscopy [18,126,129–131]. These stud-
ies show nonlinear profiles at different concentrations due to the
hydrophobic interactions between methanol and water molecules.
The structure of liquid methanol and methanol–water binary solu-
tions was  investigated theoretically by MD [132–146] and Monte
Carlo simulations [147–152]. Although the methanol–water binary
solution has been extensively studied experimentally and theoret-
ically, microscopic structures of methanol–water mixtures, such as
nearest–neighbor interactions, have not yet been revealed in detail.

In this review, we investigate the local structure of
methanol–water binary solutions at different concentrations
by the O and C K-edge XAS [45]. Fig. 9 shows O K-edge XAS spectra
for methanol–water binary solutions at different concentrations
at 25 ◦C. The ‘4a1’ pre-edge peak of liquid water (534.7 eV) is
blue-shifted and broadened by the HB interaction [26]. On the
other hand, the pre-edge feature of liquid methanol (534.9 eV)
is embedded in the main peak but is similarly blue-shifted from
the gas-phase peak [43,44,153,154]. The intensity of the pre-edge
region around 535.2 eV decreases as the molar fraction of methanol
(X) decreases in the binary solution (CH3OH)X(H2O)1−X. It is known
that the pre-edge peak in liquid water reflects the HB interaction,
and the intensity of methanol is different from that of water. The
pre-edge region shows isosbestic points at 534.8 eV and 535.9 eV.
It indicates that the pre-edge region in the XAS spectrum contains
only two  contributions, which are the HB interaction of liquid

methanol and that of liquid water. The pre-edge peak of liquid
water is sensitive to the HB interaction of liquid water and is
dependent on the temperature [29]. The concentration depend-
ence in the pre-edge region of the methanol–water binary solution
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Fig. 10. Fraction of the methanol contribution in the pre-edge region of the O
K-edge XAS spectra as a function of the methanol molar fraction (X) in the solu-
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Fig. 12. Fraction of the liquid methanol contribution in the second peak in the C
K-edge XAS spectra as a function of the methanol molar fraction (X) in the solu-
tions (CH3OH)X (H2O)1−X , which is obtained by fitting from superposition of liquid
methanol (X = 1.0) and the dilute methanol solutions (X = 0.05) [45]. Each fraction
ions (CH3OH)X (H2O)1−X , which is obtained by fitting from superposition of liquid
ethanol (X = 1.0) and liquid water (X = 0.0) [45]. Each fraction includes an error bar.

he inset shows a typical HB interaction between methanol and water molecules.

s smaller than the temperature dependence of liquid water.
herefore, nearly the same HB interaction between methanol and
ater could be possible.

In order to obtain the change in the HB interaction at dif-
erent concentrations, the pre-edge region between 534 eV and
36 eV in the O K-edge XAS spectra at different concentrations is
tted by the superposition of pure liquid methanol (X = 1.0) and
ure liquid water (X = 0.0). Fig. 10 shows the fraction of the pure
ethanol contribution in the pre-edge region as a molar fraction

tep of 0.05, which corresponds to the HB interaction. The inten-
ity decreases almost linearly as the molar fraction of methanol
ecreases. There may  be some information about different local
tructures on the oxygen atom behind small deviations from the
inear dependence, but it is consistent with the result of vibrational
pectroscopy [126,128], which explains that the ratio of HB inter-
ction of methanol–methanol to that of methanol–water is linearly
ependent on the molar fraction of methanol.

Fig. 11 shows C K-edge XAS spectra of methanol–water binary
olutions of different concentrations at 25 ◦C. The C K-edge XAS
pectrum is more appropriate than the O K-edge XAS as regards the
nalysis of the intermolecular interaction of methanol because the

arbon atom is contained only in methanol. The first peak around
88.4 eV arises from a transition of the C 1s electron to the low-
st unoccupied orbital (8a′) of C O antibonding and O H bonding

ig. 11. C K-edge XAS spectra of aqueous methanol solutions at different concen-
rations at 25 ◦C [45]. The mixing ratio of methanol in the solution decreases with

olar fraction steps of 0.1 along indicated arrows.
includes an error bar. Three characteristic regions are found with the borders of
X  = 0.7 and X = 0.3. The inset shows the schematics of the interactions of methyl
groups in methanol molecules with methanol and water molecules.

characters, and is related to the HB interaction of OH and CH3
groups [43,44,155,156]. This peak does not change its energy posi-
tion so much at different concentrations. This is reasonable if the
HB interaction of methanol with water is not so different from that
with methanol and is consistent with the results of O K-edge XAS
shown in Fig. 10.

On the other hand, the second peak around 289.55 eV in Fig. 11
arises from a transition of the C 1s electron to the second low-
est unoccupied orbital (9a′) of pseudo CH3-�* character with a
very small OH component, and is related to the methyl group of
methanol molecules. This peak increases the blue shift as the mix-
ing ratio of water increases. It is reasonable, considering that the
blue shift arises from the interaction of methyl group in methanol
molecule. Liquid methanol forms 1D/2D network structures, and
the methyl groups are apart from each other due to its hydropho-
bic interaction. When water molecules join the 1D/2D HB network
of methanol, the 3D HB network might be formed. Then, the inter-
action of methyl groups can be enhanced in binary solutions and
causes the blue shift of the second peak in the C K-edge XAS spec-
tra. The general behavior observed is consistent with that of the
neutron diffraction [7], where mixed methanol–water networks
are formed and methyl groups become closer to each other in the
methanol–water binary solution.

Because the second peak related to the methyl group shows
a quasi-isosbestic point around 290 eV, two contributions would
be contained in the second peak: One is the interaction of sur-
rounding methanol with the methyl group, which is obtained
by the C K-edge XAS spectrum of liquid methanol (X = 1.0). The
other is the hydrophobic interaction of surrounding water with the
methyl group, which is obtained by the XAS spectrum of the dilute
methanol solutions (X = 0.05). In order to obtain the change in the
hydrophobic interaction of methyl group at the different concen-
trations, the second peak between 288.5 eV and 290.5 eV in the C
K-edge XAS spectra at the different concentrations are fitted by
superposition of the reference spectra of liquid methanol (X = 1.0)
and the dilute methanol solution (X = 0.05).

Fig. 12 shows the fraction of the pure liquid methanol contri-
bution in the second peak at different molar fractions of methanol
(X) in the binary solution (CH3OH)X(H2O)1−X, which corresponds

to the hydrophobic interaction of the methyl group. The fraction
of the pure liquid methanol contribution is changed nonlinearly
and shows three different behaviors with the borders of X = 0.7 and
X = 0.3. In the methanol-rich region I (X > 0.7), the intensity is not
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Fig. 13. Coordination numbers of HOm and HOw to the C atom of the methyl group
in  methanol molecules at different molar fractions of methanol (X) in the solutions
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Fig. 14. Typical structures of aqueous methanol solutions at different concentra-
tions [45]: (a) X = 0.9, (b) X = 0.5, and (c) X = 0.1. Methanol and water molecules are
CH3OH)X (H2O)1−X [45]. Below X = 0.73 (region II), the coordination number of HOw

ecomes larger than that of HOm . In the region III (0.3 > X), the linear dependence of
Om and HOw is not valid as shown by dashed lines.

o much changed as compared to the intensity of liquid methanol
X = 1.0). The phase transition-like behavior of the intensity change
s found at X = 0.7. The slow decrease in intensity (indicating the
lue shift of the second pre-edge peak) continues when increas-

ng the mixing ratio of water in the region II (0.7 > X > 0.3). The
ecrease in intensity becomes faster in the water-rich region III
0.30 > X > 0.05). These results suggest different local interactions
f the methyl group at the different concentration regions.

In order to reveal the concentration dependent local interactions
f the methyl group, we have carried out the MD  simula-
ion by using GROMACS 4.5.5 [157]. The potential of methanol

olecule is described by OPLSAA [158,159], and that of water
olecule is TIP5P [160]. The temperature is controlled by the
osé–Hoover thermostat method [161]. The pressure is adjusted by

he Parrinello–Rahman method [162]. The simulation is performed
t a time step of 1 fs with a periodic boundary condition and the
article-mesh Ewald method [163]. The unit cell consists of 500
olecules, and the molar fraction of methanol (X) is changed from

 = 0.0 to X = 1.0. Randomly distributed structures are optimized
y the simulations, which run during 50 ps at −173.15 ◦C in the
VT condition, 50 ps at −73.15 ◦C and 1 atm in the NPT condition,
nd 400 ps at 25 ◦C and 1 atm in the NPT condition. The equilib-
ium structures are obtained by sampling the structures every 1 ps
uring a simulation time of 2 ns.

First, we have calculated RDF of four different HB: Om HOm,
m HOw, Ow HOm, and Ow HOw. The distances of both the first
eak and the first minimum point in RDF are not changed even
t different molar fractions. It means that the HB interaction of
ater is nearly the same as that of methanol as already discussed

n the O K-edge XAS. In order to obtain the coordination num-
er of methyl group with HOm and HOw, we have calculated RDF
f C with HOm and HOw at different molar fractions of methanol
X) in the solutions (CH3OH)X(H2O)1−X. Fig. 13 shows the num-
er of the coordination by nearest neighbors HOm and HOw to the

 atom in the methyl group of methanol at different binary solu-
ions. The coordination is defined within the RDF distance of 3.2 Å,
hich is the first minimum point of HOm and HOw. The methyl

roup in liquid methanol (X = 1.0) is surrounded by HOm (square).
y increasing the molar fraction of water, the number of HOm coor-
ination decreases and instead that of HOw (circle) increases. When
he methanol molar fraction is below X = 0.7, the number of HOw

oordination becomes larger than the HOm coordination. It is rea-
onable considering that the molar ratio of methanol and water is

:1 at X = 0.67 and the ratio of the H donating site is 1:1. However,
he rate of increase in the number of HOw coordination is larger
han the rate of decrease in the number of HOm coordination. The
ate of increase in the number of HOw coordination is accelerated
marked as green and white, respectively. HB between methanol and water is marked
as  an orange line.

in the region III (0.3 > X). On the other hand, the number of HOm

coordination is nearly zero in the region III. Note that X = 0.7 and
X = 0.3 are almost the same borders in the spectral change of the C
K-edge XAS.

From the result of the C K-edge XAS shown in Fig. 12, the
interaction around the methyl group of methanol molecule shows
characteristic changes at the three concentration regions. The MD
simulations show similar three concentration regions from the
coordination number around the methyl group shown in Fig. 13.
Fig. 14(a) shows a typical structure in the binary solution at X = 0.9 in
the methanol-rich region I. The average size of water-only clusters
is much smaller than the total number of water molecules. Water
molecules form the HB network with methanol clusters and stabi-

lize the total energy of the binary solution. However, the interaction
around the methyl group of methanol is not so much influenced
by water molecules because of a small amount of isolated water
molecules. It is consistent with the previous work [18,120], where
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Fig. 15. XAS spectra of aqueous pyridine solutions at different concentrations in (a)

pyridine with water and the blue shift caused by the short-range
exchange interaction between the unoccupied �* orbital of ortho
carbon atoms with nearest neighbor water molecules. The blue shift
00 M. Nagasaka et al. / Journal of Electron Spectro

ater molecules are coordinated to the terminal of methanol chains
n the methanol-rich region.

Fig. 12 shows a phase-transition-like intensity change at X = 0.7
n the C K-edge XAS. Fig. 13 shows that the number of HOw coor-
ination to the methyl group becomes larger than that of HOm

oordination below X = 0.7. Fig. 14(b) shows a typical structure in
he binary solution at X = 0.5 in the region II. Water molecules form a
arge cluster and have the 3D HB network with methanol molecules,
esulting in the increase of the interaction of the methyl group in
ethanol with water molecules. The phase-transition-like behav-

or at X = 0.7 in the C K-edge XAS indicates that the 3D HB network
nvolving water clusters is dominant over the 1D/2D HB network
f methanol in the binary solutions. This result is consistent with
he previous MD  simulation, in which the 1D chain structure of

ethanol molecules is changed to 3D mixed clusters by adding
ater molecules [143].

Fig. 14(c) shows a typical structure in the binary solu-
ion at X = 0.1 in the water-rich region III. The HB networks
etween methanol molecules are mostly diminished, and methanol
olecules are isolated in the 3D HB network of water. The hydra-

ion structures of methanol molecules are dominated by the 3D
B network of water, and the numbers of water coordination to

he methyl group increase. As a result, the hydrophobic interac-
ion around the methyl group is enhanced in this region, increasing
he blue shift in the C K-edge XAS. The previous theoretical stud-
es suggested that hydration structures of methanol molecules are
ormed in this concentration region [144,146,148], consistent with
he present result.

It is known that the thermodynamic parameter such as entropy
nd viscosity shows an extreme value at the molar fraction of

 = 0.30 [4,5]. Dougan et al. studied neutron diffraction experiments
nd MD  simulations and suggested that both methanol and water
olecules are percolated in this region, and the thermodynamic

arameters show extreme values at the molar fraction of X = 0.27
116]. It means that the structure and abundance of large mixed

ethanol–water HB networks in the binary solution affect macro-
copic thermodynamic properties.

.4. Pyridine solution

Pyridine is soluble in water at any concentration. In aque-
us pyridine solution, the formation of HB between the N site of
yridine and the H site of water is proposed by the vibrational spec-
roscopy: IR [13] and Raman [14,15]. The formation of HB networks
s supported by DFT [14,164,165] and Monte Carlo simulations
166]. But the local structure of aqueous pyridine solution is still
nknown. The O K-edge XAS spectra of water molecules in aque-
us 3-methylpyridine [167] and pyridine [168] solutions have been
ecently reported at different concentrations but the C and N K-edge
AS spectra of pyridine molecules have not yet been reported. In

his review, we report the C and N K-edge XAS of aqueous pyridine
olutions at different concentrations to investigate the molecular
nteraction of the C and N sites of solute pyridine with water in the
inary solutions [58].

Fig. 15(a) shows the C K-edge XAS spectra of aqueous pyridine
olution (C5H5N)X(H2O)1−X at different concentrations. The transi-
ion C 1s → �* shows two peaks: the first peak (C1) is derived from
he meta and para carbon sites of pyridine. The second peak (C2)
s the ortho carbon sites. By increasing the molar fraction of water
n aqueous pyridine solution, the C1 peaks related to the meta and
ara carbon sites are red-shifted. The C2 peaks related to the ortho

arbon sites are slightly blue-shifted as increasing the molar frac-
ion of water. Fig. 15(b) shows the N K-edge XAS spectra of aqueous
yridine solutions at different concentrations. The N 1s → �* peaks
re more evidently blue-shifted. These energy shifts are reasonable,
C  and (b) N K-edges. The peaks are shifted to the direction of arrows by increasing
the molar fraction of water. The insets show the core excited atoms in pyridine
molecules.

assuming that the energy shift arises from HB between the N site
of pyridine and water in the aqueous pyridine solutions.

Fig. 16 shows the energy shifts of the C1, C2, and N sites of pyri-
dine molecules at different molar fractions from liquid pyridine
(X = 1.0). The red shift of the C1 peak is derived from the polariza-
tion effects on the core excited states in the meta and para carbon
sites of pyridine molecules with surrounding water molecules with
no direct HB interaction [169,170]. The blue shift of the C2 peak
is explained by the balance between the red shift caused by the
polarization effects on the core holes in the ortho carbon sites of
Fig. 16. The energy shifts of the C1 and C2 peaks in C K-edge XAS and the N peak
in  N K-edge XAS of the solutions (C5H5N)X (H2O)1−X from those of liquid pyridine
(X  = 1.0). The inset shows the schematics of the pyridine–water pairs in the solutions.
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Fig. 17. XAS spectra of aqueous acetonitrile solutions at different concentrations in
(a)  C and (b) N K-edges. The peaks are shifted to the direction of arrows by increasing
the molar fraction of water. The insets show the core excited atoms in acetonitrile
molecules.
M. Nagasaka et al. / Journal of Electron Spectro

f the N peak is larger than that of the C2 peak. It is reasonable,
onsidering that the direct HB interaction occurs on the N site of
yridine and that the short range exchange interaction between
he �* orbital of N sites with nearest neighbor water molecules is

ore important than the long-range polarization interaction.
The energy shifts of the C1, C2, and N peaks show two concen-

ration regions with the borders of X = 0.70. In the region X > 0.70,
he peaks show no energy shifts at different concentrations. Liq-
id pyridine shows antiparallel structures between pyridine rings
y dipole interactions of pyridine molecules [171]. Because the
mount of water is small in this concentration region, the antipar-
llel structures of pyridine dimers are preserved, and the energy
osition of the �* peaks is not changed. In the region 0.70 > X, the
hoton energies of the C1, C2, and N peaks are changed linearly by

ncreasing the molar fraction of water. The number of the HB struc-
ure between the N sites of pyridine and water is increased linearly
ecause the HB interaction is stronger than the dipole interaction
etween pyridine molecules. The HB structure between pyridine
nd water will be discussed elsewhere with the help of theoretical
alculations.

.5. Acetonitrile solution

Acetonitrile is soluble in water at any molar fraction as well as
ethanol and pyridine. In aqueous acetonitrile solution, two mod-

ls of the acetonitrile–water dimer were proposed: one is the HB
tructure between the N site of acetonitrile and the H site of water,
nd the other is the dipole-bonded structure in which water is par-
llel to the C N group of acetonitrile by the dipole interaction. FT-IR
tudies of aqueous acetonitrile solutions support the formation of
he HB structure from the C N and OH stretching modes [9,16,17]
ut X-ray diffraction studies support the dipole-bonded structures
9]. These two structure models are compared in MD  simulations
172–175]. Recently, some groups [176,177] have reported O K-
dge XAS of aqueous acetonitrile solutions and proposed that the
ipole-bonded dimer is abundant in comparison with the HB struc-
ure. In this review, we report the C and N K-edge XAS of aqueous
cetonitrile solutions at different concentrations, and investigate
he interaction of the C N group in acetonitrile with water [59].

Fig. 17(a) shows the C K-edge XAS spectra of aqueous acetoni-
rile solutions (CH3CN)X(H2O)1−X at different concentrations. By
ncreasing the molar fraction of water, the peak related to the
ransition from C 1s to C N �* unoccupied orbital is blue-shifted.
ig. 17(b) shows the N K-edge XAS spectra of aqueous acetonitrile
olutions at different concentrations. The N 1s → C N �* peak is
lightly blue-shifted by increasing the molar fraction of water.

Fig. 18(a) and (b) shows the energy shifts of the C 1s → C N �*
eak and the N 1s → C N �* peak, respectively, at different molar
ractions of water in liquid acetonitrile. As discussed in Section 2.4,
queous pyridine solutions form the HB between the N site of pyri-
ine with water, and the N peak shows blue shift by increasing the
olar fraction of water. On the other hand, in aqueous acetonitrile

olutions, the N peak shows relatively small blue shifts. It means
he ratio of the HB structure on the N site is relatively small, and the
ipole-bonded structure could be dominant in aqueous acetonitrile
olutions.

As shown in Fig. 18(a), the energy shift of the C peak shows
hree concentration regions with the borders of X = 0.75 and X = 0.2.
n the acetonitrile-rich region X > 0.75, the C peak shows no pho-
on energy shift. Liquid acetonitrile (X = 1.0) forms antiparallel
tructures between C N groups of acetonitrile by the dipole inter-
ctions [9,178]. Because the amount of water is small in this region,

he antiparallel structures of acetonitrile dimers are preserved. In
he region 0.75 > X > 0.2, the mixed acetonitrile-water clusters are
ormed by the dipole interactions between acetonitrile and water.
ecause the dipole interaction between acetonitrile and water is

Fig. 18. The energy shifts of the peaks in XAS of the aqueous acetonitrile solutions
(CH3CN)X (H2O)1−X from those of liquid acetonitrile (X = 1.0) in (a) C and (b) N K-
edges. The inset shows two models of the acetonitrile–water pairs in the solutions:
(1) HB structures and (2) dipole-bonded structures.
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eaker than the HB interaction between water molecules, acetoni-
rile and water are not fully mixed in this region. As a result, the
nergy shift of the C peak is small in this region. On the other hand,
n the water-rich region 0.2 > X, the C peak shows the larger blue
hift by increasing the water ratio. Because the amount of water
s large in this region, the HB between water molecules is domi-
ant, and acetonitrile molecules are isolated in the HB network of
ater. The dipole interaction of acetonitrile molecules with water is

ncreased because acetonitrile molecules are surrounded by water
olecules in this region.
The microheterogeneity of aqueous acetonitrile solutions in the

iddle concentration region (0.75 > X > 0.2) has been discussed by
everal groups. Moreau and Douhéret have shown three concen-
ration regions in the solutions from thermodynamic parameters
uch as dielectric property [179]. The microheterogeneity in the
iddle concentration region has been observed by small-angle

eutron scattering [180] and small-angle X-ray scattering stud-
es [181]. Mass spectrometry study shows the formation of mixed
cetonitrile–water clusters in this region [182]. The present C K-
dge XAS results show the three concentration regions and the
icroheterogeneity in the middle concentration region. The fur-

her interpretation of the microheterogeneity will be discussed
lsewhere with the help of theoretical calculations.

.6. Hydration of cyanopyrazine

Investigation of the catalytic reaction mechanism is important
o obtain some clue to improvements of catalyst activity, selec-
ivity, durability and so on. In operando spectroscopic observation
nder the reaction condition is one of the most effective ways
o elucidate the mechanism. However, in operando spectroscopy
or solid–liquid heterogeneous catalytic reactions (liquid phase
eaction on solid catalyst) is difficult to measure due to inter-
ace phenomena between two condensed phases, which hinder the
bjective spectral change through the absorption of the probe light
183,184].

XAS in the hard X-ray region has been typically used for
nvestigating the local structures around heavier elements (metal
lements) of the catalysis in the solutions [185–188]. But it is dif-
cult to study the conversion process from the substrate to the
roduct because the substrate mainly consists of light elements
C, N, O, etc.). In order to study the conversion process in the
olid–liquid heterogeneous catalytic reaction, NMR [189–191] and
R spectroscopy [192–196] have been frequently used. However,
hese methods have different drawback for the detection of minor
omponents of liquid substrates. The NMR  measurement requires
ow natural abundance isotope atoms in most of light elements,
nd the sensitivity is inevitably low for minor components [197].
n the IR spectroscopy, the objective peaks of minor components
re often hindered by other major components. These drawbacks
ave often limited in operando measurement of solid–liquid het-
rogeneous catalytic reactions to the observation of main liquid
ubstrate except for the liquid components having different absorp-
ion positions. Thus, new methodologies are still required for the
n operando observation of the liquid substrate conversion on the
olid catalyst.

XAS in the soft X-ray region has been applied to the observa-
ion of catalytic reactions such as C K-edge XAS observations of
enzene oxidation on Pt(1 1 1) surface [198], water gas shift reac-
ion on CeOx/Au(1 1 1) [199], and LII,III edges of Co and Mn  XAS
bservation of reduction behavior for Co/Mn/TiO2 catalysts under

ischer–Tropsch synthesis [200]. However, those targets are only
ither gas phase substrates or solid catalysts, and the conversion of
iquid substrates on the solid catalyst has not yet been investigated
ue to several difficulties.
 and Related Phenomena 200 (2015) 293–310

In this review, we report soft X-ray XAS in transmission mode
applied to in operando observation of solid–liquid heterogeneous
catalytic reactions by using the liquid flow cell [60]. We  have
selected cyanopyrazine (PzCN) hydration to produce pyrazinamide
(PzCONH2) on the TiO2 particle catalyst as a probe reaction shown
in Eq. (1), and have investigated the reaction kinetics by the C and
N K-edge XAS of liquid PzCN under the catalytic reaction.

(1)

Suspension of the catalytic hydration reaction is prepared by
3.0 mL  of PzCN (0.78 M),  35 mL  of H2O (45 M),  5.0 mL  of ethanol
(EtOH) (2.0 M)  and 0.15 g of TiO2 catalyst (3.5 mg/mL). After the
liquid cell filled with 2.0 M aqueous EtOH containing 3.5 mg/mL of
TiO2 in advance is heated to the reaction temperature, the 20 mL
of suspension is flowed into the liquid cell at 5.0 mL/min by using
the tubing pump. Then, the measurement of the C K-edge XAS is
started simultaneously with the stop of the flowing.

Fig. 19 shows C K-edge XAS spectra of PzCN hydration reaction
on the TiO2 catalyst at four different temperatures from 50.2 ◦C to
65.5 ◦C. In the spectrum of PzCN suspension, three absorption peaks
(285.4 eV, 286.0 eV, and 286.6 eV) are observed. The two  peaks at
the lower photon energies (285.4 eV and 286.0 eV) are assigned
to the excitation of carbons in the pyrazine ring from 1s to two
�* orbitals at different energy levels according to previous XAS
studies of pyrazine [201,202]. The highest energy peak (286.6 eV)
corresponds to the excitation of carbon in the cyano group from
1s to C N �* orbital [203]. On the other hand, in the spectrum
of PzCONH2 suspension, one broad asymmetric shaped absorption
peak (285.3 eV) is only observed in the energy region of carbon in
the pyrazine ring.

All the XAS spectra shown in Fig. 19 vary the ratio of the absorp-
tion peak intensities with the reaction time. Furthermore, the
variation rate increases with increasing the reaction temperature.
These results clearly indicate that the catalytic reaction of PzCN can
be successfully detected as the spectral change. It is notable that
XAS can clearly detect the absorption peaks of PzCN and PzCONH2
although these components are minor in the prepared suspensions.

In order to determine the fraction of PzCN and PzCONH2 in the
hydration reaction, the C K-edge XAS spectra shown in Fig. 19 were
fitted by the superposition of the reference spectra of PzCN and
PzCONH2 in the energy region from 284 eV to 286.4 eV. To deter-
mine whether the obtained fractions of PzCN and PzCONH2 are
reasonable or not, we  have carried out the kinetic analysis of the
PzCN hydration reaction on the TiO2 catalyst. Fig. 20 shows the
logarithmic plots of the normalized fractions of PzCN for reaction
time. In these plots, the PzCN fractions from the first energy scans at
each temperature are approximately regarded as the data at 14 min
and the next energy scans are plotted every 14 min  for the C K-
edge XAS. All of the plots at each temperature clearly exhibit linear
relationship.

Considering the reaction mechanism of nitrile hydration on
metal oxides reported in previous studies [204–208], the reaction
rate is able to describe as a first order rate equation. The relationship
between the concentration of PzCN and reaction time is described

in the following equation:

ln
[PzCN]
[PzCN]0

= k3K1K2Cw

(1 + K2Cw)2
t (2)
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ig. 19. C K-edge XAS spectra as a function of time during PzCN hydration reaction o
as  obtained by the energy scan of soft X-rays from 283 eV to 289 eV for 14 min.

here K1, K2, k3, and Cw correspond to the equilibrium constant
or the adsorption of PzCN, that for the adsorption of H2O on
iO2 surface, the rate constant for the reaction between PzCN
nd H2O adsorbed on TiO2 surface, and the constant concentra-
ion of H2O, respectively. Thus, the gradient of the logarithmic
lots in Fig. 20 are the apparent rate constants corresponding to
3K1K2Cw/(1 + K2Cw)2 at each temperature. We  have measured N
-edge XAS spectra in the PzCN hydration reaction at three differ-
nt temperatures from 52.1 ◦C to 71.5 ◦C, and obtained the fractions
f PzCN and PzCONH2 during the reaction.

Fig. 21 shows Arrhenius plot for the PzCN hydration reaction

ased on the gradient of logarithmic plots. Both the plots obtained
rom the C and N K-edge XAS show linear relationship. Further-

ore, apparent activation energies calculated from the C and N
-edge XAS were 77 kJ/mol and 80 kJ/mol, which are comparable
 TiO2 catalyst at (a) 50.2 ◦C, (b) 55.8 ◦C, (c) 62 ◦C, and (d) 65.5 ◦C [60]. Each spectrum

with those of the benzonitrile hydration reaction on Ru(OH)x/Al2O3
catalyst (71.5 kJ/mol) [205] and the cyanopyridine hydration
reaction on CeO2 catalyst (81.7 kJ/mol for 2-cyanopyridine and
80.7 kJ/mol for 4-cyanopyridine) [207]. Therefore, the obtained rate
constants from the C and N K-edge XAS could be reasonable.

3. Electrochemical reactions

To get a better understanding of electrochemistry, it is necessary
to know structures of electrolytes including electric double layers

at different potentials. The structures of solvent water molecules
at different potentials have been studied by FT-IR [209,210], sum
frequency generation [211], surface-enhanced Raman [212], and
surface-enhanced IR spectroscopies [213]. The orientation of water
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ig. 20. Logarithmic plots of the cyanopyrazine (PzCN) fraction obtained from the
eaction on the TiO2 catalyst at (a) 50.2 ◦C, (b) 55.8 ◦C, (c) 62 ◦C, and (d) 65.5 ◦C [60]

olecules at the first layers of Ag(1 1 1) electrodes is changed at
ifferent potentials in 0.1 M NaF as investigated by the X-ray scat-
ering [214]. The distribution of electrodeposited nanoparticles on
lectrode surfaces is analyzed by transmission electron microscopy
215]. The structures of electrolyte molecules at solid–liquid inter-
aces of electrodes have been studied extensively by several

ethods, but there are few studies by direct measurement of
he change in valence and structure of electrolytes with element-
pecific spectroscopy.

XAS in the hard X-ray region is applied to electrochemical reac-

ions in order to study the local electronic structure of electrolytes
n aqueous solutions [216–220]. Hard X-ray photoelectron spec-
roscopy is applied to investigate potential-induced Si oxide growth
n water at the Si membrane surface [221]. XAS spectra in the hard

ig. 21. Arrhenius plots for the PzCN hydration reaction on the TiO2 catalyst based
n the gradient of logarithmic plots for the PzCN fraction [60]. Red and blue circles
orrespond to the data from the C K-edge XAS and the N K-edge XAS, respectively.
g analysis for the time-resolved C K-edge XAS spectra during the PzCN hydration

X-ray region are easily measured in transmission or fluorescence
mode due to the high transmission character of hard X-rays. On the
other hand, in the soft X-ray region, several groups have developed
electrochemical cells for XAS of light elements such as C, N, and O
(1s), and Mn  and Fe (2p) in fluorescence yields [222,223]. The in situ
spatial measurement by scanning transmission X-ray microscope
(STXM) is applied to the electrochemical reaction [224–226]. How-
ever, it is still difficult to measure in operando XAS of electrolytes
in transmission mode during the electrochemical reaction.

3.1. Electrochemical cell

We  have successfully developed an in operando electrochem-
ical cell with built-in electrodes for the XAS measurement of
electrolytes and electric double layers during the electrochemi-
cal reaction in the soft X-ray region. In order to study XAS of
electrolytes in the electrochemical reaction, three electrodes are
included in the liquid layer in region (III) of the liquid flow cell
shown in Fig. 1. Fig. 22 shows schematics of the liquid cell includ-
ing three electrodes [61]. The working electrode (WE) is an Au
deposited on one of the Si3N4 membranes, which consists of Au
(10 nm), Cr (5 nm), and Si3N4 (100 nm)  multilayer films. This mem-
brane is one side of the liquid layer and is connected with the Au
tab for electrical conduction. The Teflon spacer is placed on the Si
frame, opposite the Au contact. The counter electrode (CE) is a Pt
mesh, which is immersed in the sample electrolyte solution. The
reference electrode (RE) is Ag/AgCl immersed in a saturated KCl
solution and is isolated from the liquid sample by a Teflon cover.
The potential is controlled by using a potentiostat.
3.2. Electrochemical reaction of iron sulfate solution

The mechanism of the electrochemical reaction of iron sulfate
solutions is investigated from the Fe L-edge XAS measurements by
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Fig. 22. Schematics of three electrodes included in the liquid layer region (III) shown
in  Fig. 1 [61]. The working electrode (WE) is Au-deposited on a Si3N4 membrane.
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Fig. 24. Fraction of Fe(II) ions as a function of potential versus Ag/AgCl with saturated
KCl  solutions [61]. The arrows indicate the scanning direction of applied potential.
The scanning rate of the potential is roughly estimated to 0.08 mV/s. Each fraction
includes an error bar, which is within ±0.02. The oxidation of Fe(II) with increas-

F

he counter electrode (CE) is a Pt mesh. The reference electrode (RE) is Ag/AgCl
mmersed in a saturated KCl solution and isolated from liquid sample by a Teflon
over.

sing the electrochemical cell [61]. Fig. 23 shows Fe L-edge XAS
pectra of aqueous iron sulfate solutions at different potentials.
he sample electrolyte is 0.5 M aqueous iron sulfate at pH = 2.2.
he photon energy resolution at the Fe L-edge is set to 0.7 eV at
L3U in UVSOR-III Synchrotron. Each Fe L-edge XAS spectrum is
easured at a constant potential and the potential is changed to

he next one after finishing each XAS measurement. As shown in
ig. 23(a), the Fe L-edge XAS spectra are measured by increasing the
otential from 0.00 V to 0.90 V. The amount of Fe(II) ions decreases
o form Fe(III) ions nonlinearly when the potential is increased.
s shown in Fig. 23(b), the XAS measurement continues while the
otential is decreased from 0.90 V to −0.40 V. The amount of Fe (II)

ons increases linearly from the reduction of Fe(III) to form Fe(II)
ons. The XAS LIII spectra have signals from both Fe(II) and Fe(III)
ons and show an isosbestic point, indicating that only two species
re involved.
To obtain the fraction of Fe(II) and Fe(III) ions in electrochemical
eactions, we fit the Fe L-edge XAS spectra at different potentials
o a superposition of the reference spectra of Fe(II) and Fe(III) ions.
ig. 24 shows the fraction of Fe(II) ions (Fe(II) + Fe(III) = 1.0) as a

ig. 23. Fe L-edge XAS spectra of Fe ions in a 0.5 M aqueous iron sulfate at different potent
ing potential has two processes, whereas the reduction of Fe(III) with decreasing
potential is a single process.

function of potential and scanning direction. The uncertainty of the
measured fractions is estimated to be within ±0.02. The central
potentials of the Fe redox processes are obtained by the fits to sig-
moid profiles. As a result, the oxidation of Fe(II) ions to Fe(III) ions
has two  processes which occur at potentials of 0.34 V and 0.72 V.
The reduction of Fe(III) ions to Fe(II) ions occurs at a potential of
0.29 V.

The cyclic voltammetry (CV) measurement at the scanning rate
of 5 mV/s and 20 mV/s is separately carried out to reveal the reac-
tion mechanism. Because each XAS spectrum is obtained at a
constant potential, the scanning rate of the potential is quite slow
(0.08 mV/s) in the XAS measurement as compared with the CV
results. The reduction peak of Fe(III) ions obtained by XAS is close
to that obtained by the CV spectra. The reduction of Fe(III) ions is a
simple process that reaches an equilibrium even at a scanning rate
of 20 mV/s. The profile of the reduction is deviated slightly from the
sigmoid profile. It might be influenced by the sulfate ions forming
some complexes with Fe(III) ions [227]. Two processes are found in
the case of oxidation of Fe(II) ions. One is a simple oxidation process

of Fe(II) to Fe(III). This peak position is 0.72 V at 0.08 mV/s and is
close to that observed in the CV spectra, suggesting that the simple
oxidation process reaches an equilibrium. The peak position of the

ials [61]: (a) increasing from 0.00 to 0.90 V and (b) decreasing from 0.90 to −0.40 V.
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Fig. 25. Changes in soft X-ray transmission observed by modulating the potential of
the  electrodes at a fixed photon energy [62]. One cycle of the potential modulation
06 M. Nagasaka et al. / Journal of Electron Spectro

ther oxidation process is 0.34 V at 0.08 mV/s. In the CV spectra, the
eak position is 0.57 V at 5 mV/s, and it is not observed at 20 mV/s.
he reason why the peak position varies with the scanning rate
s that this oxidation process does not reach an equilibrium. The
ate of this process is dominantly influenced by the sulfate ions,
hich affect electrode kinetic parameters and diffusion coefficients

227–231]. This XAS results on the change in valence of Fe ions at
ifferent scanning rates are consistent with the CV results.

.3. XAS with potential modulation method

In Section 3.2, each Fe L-edge XAS spectrum is measured at a
onstant potential and the potential is changed to the next one
fter finishing each XAS measurement. As a result, the scan rate
f the potential corresponds to 0.08 mV/s and is quite slower than

 typical scan rate of 100 mV/s in CV. CV is not applicable in such
low scan rate, and the valence of Fe ions reaches the equilibrium at
ach potential. Therefore, this kind of XAS measurement is not able
o investigate kinetics of the electrochemical reaction. In order to
nvestigate the kinetics of electrochemical reaction under realistic
onditions, it is necessary to develop an in operando observation
ystem that is able to measure XAS spectra of electrolytes at the
ame scan rate as in CV.

Several groups have tried spectroscopic studies of the electro-
hemical reaction under the same scan rate as in CV. The structures
nd orientations of molecules adsorbed on electrodes are inves-
igated by IR spectroscopy at 5 mV/s [213,232]. The structural
hanges of electrode surfaces in electrochemical reactions are stud-
ed by in situ surface X-ray diffraction at several mV/s [233,234]. The
urface transformation of sulfate anions on Pt(1 1 1) surfaces during
he electrochemical reaction of sulfuric acid solutions is investi-
ated by sum-frequency generation at 5 mV/s [235]. However, it is
till slower than a typical scan rate of 100 mV/s in CV. There are
ew spectroscopic studies to observe the electrochemical reaction
t 100 mV/s and to study the local structures of electrolytes and
olid–liquid interfaces at electrodes in the electrochemical reaction
y element-specific spectroscopy.

We have developed an in operando observation system for elec-
rochemical reactions under the same scan rate as in CV by XAS
ith a potential modulation method [62]. The electrode potential

s swept with a scan rate of 100 mV/s at a fixed photon energy, and
oft X-ray absorption coefficients at different potentials are mea-
ured at the same time. By repeating the potential modulation at
ach fixed photon energy, it is possible to obtain XAS spectra of the
lectrochemical reaction at the same scan rate as in CV.

By using the newly-developed in operando XAS system, we
emonstrate the potential-modulated Fe L-edge XAS measurement
f aqueous iron sulfate solutions in electrochemical reactions at
0 mV/s and 100 mV/s. The sample electrolyte is 0.5 M aqueous

ron sulfate at pH = 2.2. The temperature of the electrolyte is 27 ◦C.
he photon energy resolution is set to 0.7 eV at BL3U in UVSOR-
II Synchrotron. Fig. 25 shows the change of the potential and
he soft X-ray transmission signals. The scan rate of the poten-
ial is 100 mV/s, the same as in CV. Fig. 25(a) shows the electrode
otential versus Ag/AgCl with saturated KCl solutions. The poten-
ial is increased from 0.0 V to 1.0 V after receiving the trigger signal,
hen decreased to −0.4 V, and increased to 0.0 V again. The one
ycle of the potential modulation takes 28 s. Fig. 25(b) shows the
hanges of the soft X-ray transmission during the potential modu-
ation at the different photon energy measured by the multichannel
caler. The dwell time is set to 0.5 s, which corresponds to the
otential step of 0.05 V. The soft X-ray transmission at 705 eV is

ot changed at different potentials because it is the region below
he Fe L-edge. The absorption of Fe(II) ions is maximum at the
hoton energy of 708 eV. The transmission is increased when the
otential is increased, and shows a maximum value at 10 s, which
takes 28 s at 100 mV/s. Both the potential modulations and the soft X-ray transmis-
sion measurements are started at 0 s. (a) The electrode potential and (b) the soft
X-ray transmission at several photon energies as a function of time.

corresponds to the potential of 1.0 V. Then, it is decreased again in
the downward potential after 10 s. On the other hand, the transmis-
sion at 710 eV is decreased in the upward potential, and is increased
in the downward potential, because the absorption of Fe(III) ions
is maximum at 710 eV. The photon energy of 713 eV is the region
above the edge-jump. The transmission is slightly decreased in the
upward potential due to the formation of Fe(III) ions.

3.4. Fe redox reaction at different scan rates

In operando XAS spectra of the electrochemical reaction of aque-
ous iron sulfate solutions can be obtained by summation of the
reference soft X-ray transmission of Fe(II) ions and the difference
spectra at different potentials from Fe(II). The change in soft X-ray
transmission with the potential modulation is measured at differ-
ent photon energies from 704 eV to 714 eV with a step of 0.1 eV. The
difference spectra of soft X-ray transmission at different potentials
are obtained from that at −0.4 V, where Fe(II) ions only exist by
the reduction of Fe(III). The intensities I0 is for pure liquid water.
Fig. 26 shows 3D plots of Fe L-edge XAS spectra for the electrochem-
ical reaction of iron sulfate solution at 100 mV/s. By increasing the
potential from 0.0 V to 1.0 V, the peak intensity of Fe(II) is decreased
and that of Fe(III) is increased. When the potential is decreased
from 1.0 V to −0.4 V, the peak intensity of Fe(II) is increased and
that of Fe(III) is instead decreased. The isosbestic point is found at
709.2 eV, and the intensities of Fe(II) and Fe(III) ions are changed
continuously at different potentials. Previously, the XAS spectra at
constant potentials needed long acquisition time and it is difficult
to observe small spectral changes in electrochemical reactions. The
potential-modulated XAS measurement enables us to investigate a
subtle spectral change in the electrochemical reaction.

Fig. 27(a) shows the CV spectra of aqueous iron sulfate solution
at 100 mV/s. The oxidation of Fe(II) to Fe(III) ions with increasing
potential is observed as the peak at 0.76 V. The reduction of Fe(III)
to Fe(II) ions with decreasing potential is observed as the peak at
0.19 V. In order to compare the CV spectra with the XAS spectra,

the fraction of Fe(II) and Fe(III) ions is determined by fitting the
XAS spectra to a superposition of the reference spectra of Fe(II)
and Fe(III) ions. Fig. 27(b) shows change in valence of Fe ions in
aqueous iron sulfate solution during the electrochemical reaction



M. Nagasaka et al. / Journal of Electron Spectroscopy and Related Phenomena 200 (2015) 293–310 307

Fig. 26. 3D plots of the Fe L-edge XAS spectra in the electrochemical reaction of
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Fig. 27. (a) CV spectra of aqueous iron sulfate solution at 100 mV/s. Fractions of
Fe(II) and Fe(III) ions as a function of potential versus Ag/AgCl in the electrochemical
queous iron sulfate solution at 100 mV/s [62]. One axis is photon energy, and the
ther is the applied potential versus Ag/AgCl.

t 100 mV/s. The error of the fraction at 100 mV/s is within ±2%. By
ncreasing the potential from 0.0 V to 1.0 V, the fraction of Fe(II) ions
ecreases and that of Fe(III) ions increases. The fraction of Fe(III) at
.0 V is 0.26. The Fe(II) ions are partially changed to the Fe(III) ions
y the oxidation process. The central potentials of the Fe redox reac-
ion are obtained by fitting the fraction change of Fe(III) ions with
igmoid profiles. The central potential of the oxidation process by
ncreasing the potential is 0.59 V and that of the reduction process
y decreasing the potential is 0.39 V. These potentials are different
rom that obtained by CV at 100 mV/s; the central potential of the
xidation process obtained by XAS is lower than that obtained by
V, and the central potential of the reduction process obtained by
AS is higher than that obtained by CV.

Fig. 27(c) shows change in valence of Fe ions at 50 mV/s obtained
y the potential-modulated XAS. The error of the fraction at 50 mV/s

s within ±4%. The fraction of Fe(III) at 1.0 V is 0.44, and is larger than
hat at 100 mV/s. The central potentials of the oxidation and the
eduction processes at 50 mV/s are 0.62 V and 0.43 V, respectively.
hese central potentials are not different from those at 100 mV/s.

The current peaks in CV reflect changes in valence of Fe ions at
he solid–liquid interface of a gold electrode. On the other hand, as
hown in the inset of Fig. 27, the XAS spectra include both the solid-
iquid interface and the bulk electrolyte. The change in valence of Fe
ons in the bulk electrolyte is influenced by the diffusion of Fe ions
n the solution. When the scan rate is fast, the fraction change of Fe
ons in the bulk electrolyte is slower than that at the solid–liquid
nterface. That is why the central potentials in the upward scan
irection obtained by XAS are lower than those obtained by CV,
nd the central potentials in the downward potentials obtained by
AS are higher than those obtained by CV. The diffusion of Fe ions
xplains that the maximum fraction of Fe(III) ions at 50 mV/s is
arger than that at 100 mV/s.

The current peaks in CV reflect the Fe redox reaction at the
olid–liquid interface; on the other hand, the XAS spectra include
oth the solid–liquid interface and the bulk electrolyte. The change

n valence of Fe ions in the bulk electrolyte is influenced by the dif-

usion of Fe ions, and the central potentials are dependent with the
can rate. The XAS spectra for different thickness of the liquid layer
ay  distinguish the change in valence of Fe ions at the solid–liquid

nterface and in the bulk electrolyte.
reaction of iron sulfate solutions at the scan rates of (b) 100 mV/s and (c) 50 mV/s
[62]. The inset shows that the liquid layer consists of the solid–liquid interface of
the  gold electrode and the bulk electrolyte of Fe(II) ions.

4. Summary and future perspectives

We have described the development of widely-applicable liquid
flow cells for the XAS measurement in transmission mode [30]. By
using a simplest version of the liquid flow cells, we have investi-
gated the local structures of aqueous alkali halide [42], methanol
[45], pyridine [58], and acetonitrile solutions [59]. In aqueous salt
solutions, the pre-edge peaks in O K-edge XAS are sensitive to the
interactions of cations with water molecules. The energy shifts of
the pre-edge peaks in different cations (Li+, Na+, and K+) reflect
the bond lengths between cations and hydrated water molecules.
Temperature dependent XAS measurements of LiCl solutions have
revealed that the first hydration shell of Li+ ions is insensitive to
the change in temperature due to the strong Li+ and water binding.

In aqueous methanol solutions, the local structures at different
concentrations have been investigated by O and C K-edge XAS. The
pre-edge peak in O K-edge XAS reflects the HB interaction of oxygen

atoms and shows almost linear concentration dependence. It indi-
cates that the HB interaction of methanol with surrounding water
molecules is nearly the same as in pure liquid methanol and the
HB interaction of water with surrounding methanol molecules is
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early the same as in pure liquid water. On the other hand, the C
-edge XAS enables us to study local structures around the methyl
roup of methanol molecules in the binary solutions, and the peak
ssigned to the hydrophobic interaction of methyl groups shows
onlinear profile with three concentration regions. With the help of
he MD  simulations, we have successfully discussed the three char-
cteristic local structures from the hydrophobic interactions of the
ethyl groups: methanol-dominant 1D/2D HB network structures
ith isolated water molecules, methanol-water mixed 3D HB net-
ork structures, and water-dominant 3D HB network structures
ith isolated methanol molecules.

In aqueous pyridine solutions, we have measured C and N
-edge XAS spectra of solute pyridine molecules at different con-
entrations. The energy shifts of the C 1s → �* and N 1s → �* peaks
ndicate that the HB networks are formed between the N atom of
yridine molecules with water molecules. On the other hand, in
queous acetonitrile solutions, the blue shift of the C 1s → C N �*
eak is larger than the shift of the N 1s → C N �* peak by increasing
he molar fraction of water. It indicates the dipole-bonded struc-
ure of the water molecule parallel to the C N group of acetonitrile
s more abundant than the HB structures between the N atom in
cetonitrile with water molecules. The concentration dependent C
-edge XAS measurement shows the nonlinear change of the C N
eaks with three concentration regions, which is similar to the case
f aqueous methanol solutions.

We  have extended this transmission XAS technique for aqueous
olutions to in situ/operando observation of catalytic and electro-
hemical reactions. In the catalytic reaction, we have investigated
olid–liquid heterogeneous PzCN hydration reaction to produce
zCONH2 on the TiO2 catalyst from the successive measurements
f C and N K-edge XAS spectra by using the liquid flow cell
60]. Variation in the C and N K-edge XAS spectra correspond-
ng to the production of PzCONH2 during the reaction is clearly
bserved, regardless of the coexistence of bulk liquid components.
n operando XAS observation of the catalytic reaction can reveal
ven the reaction kinetics at different temperatures. Compared
ith the widely used spectroscopies (e.g., IR, NMR), the merit of

his method is the separable detection of the conversion of the
inor liquid component under the reaction condition. Especially,

he hindrance of bulk liquid water can be perfectly removed.
In the electrochemical reaction, the change in valence of Fe ions

n aqueous iron sulfate solutions is investigated by the Fe L-edge
AS at different potentials by using an electrochemical cell with
uilt-in electrodes [61]. Each XAS spectrum is measured at a con-
tant potential and the potential is changed to the next one after
nishing each XAS measurement. The scanning rate of this type of
easurement (0.08 mV/s) is quite slower than that of CV (typically

00 mV/s). Therefore, we  have developed an in operando observa-
ion system for the electrochemical reaction under the same scan
ate as in CV [62]. The electrode potential is swept with a scan rate
f 100 mV/s at a fixed photon energy. By repeating the potential
odulation at each fixed photon energy, XAS of the electrochemical

eaction is realized at the same scan rate as in CV.
The present in situ/operando transmission cell for the catalytic

eaction is widely applicable to distinguish between the bulk liq-
id reactant and the product in chemical reactions. In the future, it
ill be realized to detect the interaction between liquid substrate

nd solid catalyst and the contribution of intermediate species and
olvent molecules under the reaction. The in situ/operando trans-
ission cell for the electrochemical reaction makes it possible to
easure not only the valence of ions but also the local structures of

queous solutions, and will open a possibility to reveal the adsorp-

ion structural change of water molecules in electric double layers
t different potentials. This system will be applicable to study the
echanism of photo-electrochemical reactions such as a dye sensi-

ized solar cell. The present liquid cell is also applicable to time- and
 and Related Phenomena 200 (2015) 293–310

spatial-resolved XAS of liquid samples. In time-resolved measure-
ments, the mechanism of photochemical reactions will be studied
by pumping liquid samples with pico–femto second laser pulses
[236,237]. It is also important to apply XAS of liquid samples to
spatial-resolved measurements. Recently, soft X-ray transmission
microscope (STXM) is developed to measure XAS with the spa-
tial resolution of about 30 nm [238]. We have already developed
an in situ/operando liquid flow cell for the STXM system installed
at the beamline BL4U in UVSOR-III Synchrotron [239]. The phase
transition mechanism of liquid will be studied by spatial-resolved
XAS of the liquid–liquid interface. The electro-deposition process
on the electrode surface [226] will be studied by the STXM using
the electrochemical cell.
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