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ce yield soft X-ray absorption
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The electrochemical Ni deposition at a platinum electrode was investigated in a plating nickel bath in the

presence and absence of ethylene glycol (EG) using fluorescence yield soft X-ray absorption

spectroscopy (FY-XAS) in the Ni L2,3-edge and O K-edge regions under potential control. At #+0.35 V

vs. the reversible hydrogen electrode (RHE), the electrochemical Ni deposition was detected by the Ni

L2,3-edge FY-XAS in the presence of EG whereas almost no such event was observed in the absence of

EG. A drastic decrease of FY-XAS intensities in the O K-edge region was also observed in the presence

of EG at >+0.35 V vs. RHE, suggesting that the nano-/micro-structured Ni deposition initiated by the

removal of water molecules occurs on the Pt electrode. The complex formation of Ni2+ with EG and the

adsorption of EG on the Ni surface could play an important role in the Ni deposition. This study

demonstrates that the in situ FY-XAS is a powerful and surface-sensitive technique to understand

(electro)chemical reactions including polyol synthesis and electrocatalysis at solid–liquid interfaces.
Introduction

Electrochemical reactions including electroplating, electrode-
position, and electrocatalysis proceed at electrode–solution
interfaces ranging up to several micrometers, where electric
double layers are formed and modulate the interfacial reaction
dynamics. Such interfacial reactions can also occur at solid–
liquid interfaces in various research elds such as fuel cells,
catalysis, and crystal growth and have been investigated using
surface-sensitive techniques. For electrochemical reactions,
many surface-sensitive techniques including an electro-
chemical quartz crystal microbalance (EQCM),1,2 surface-
enhanced Raman scattering (SERS),3,4 surface-enhanced
infrared absorption spectroscopy (SEIRAS),5–8 and surface X-
ray scattering (SXS)9 have been used. For example, EQCM
provides information on the amount of metal nanoparticles
during electrochemical metal deposition but not on the elec-
tronic state of the metal deposited. Vibrational techniques of
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SERS and SEIRAS allow us to track bond formation and cleavage
of metal oxides and organic molecules but not metal
deposition.

In situ X-ray absorption spectroscopy (XAS) using so X-rays
is an emerging surface-sensitive technique particularly to
understanding the electronic state of target elements including
not only metals but light elements such as C, N, and O during
electrochemical reactions at the solid–liquid interface. In situ
XAS using so X-rays enables us to track metal deposition and
dissolution processes at the electrode interface and understand
the electronic states of either metal or oxygen species on the
electrode under potential control, where carefully designed
spectro-electrochemical ow cells should be used depending on
the XAS data acquisition method.10–16

Ni-based electrocatalysts have been used for sustainable
energy production and storage including hydrogen evolution/
oxidation and oxygen reduction/evolution reactions.6,17–23

Nickel can also be used to enhance the catalytic activity of noble
metals including Pt by alloying6,19,21,24 or surface deposition,25–27

where the morphology, electronic structure, and/or interfacial
charges of Pt modulated by Ni enable the catalytic activity
enhancement. The electrochemical deposition of Ni on Pt
would provide an excellent platform to understand the role of
the Ni/Pt interface for electrocatalytic enhancements observed
for Pt–Ni alloy electrocatalysts and the formation process of the
Ni/Pt interface because the nucleation and growth process of Ni
on metal substrates can be precisely controlled by potentials.25

In situ XAS spectroscopy using so X-rays would be suitable for
RSC Adv., 2022, 12, 10425–10430 | 10425
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tracking electrochemical events for the electrochemical depo-
sition of Ni on Pt to form the Ni/Pt interface involving the
change of chemical states on Ni and oxygen that can be found in
solvents such as water.

In this work, we tracked the electrochemical deposition of Ni
on a Pt electrode in plating solutions containing nickel sulfa-
mate in the presence and absence of an organic additive of
ethylene glycol (EG) by in situ photon-in/photon-out uores-
cence yield XAS (FY-XAS) under electrochemical conditions.
Nickel sulfamate solutions have been widely used for Ni elec-
troplating because of low stress in the Ni deposit, high current
densities suitable for the increase in production potential, and
high ductility of the Ni deposit.28,29 Tracking the electrochemical
Ni deposition process on the Pt electrode by in situ FY-XAS in the
O K-edge and Ni L2,3-edge regions allows us to understand the
formation mechanism of the Ni/Pt interface for Pt–Ni alloy
electrocatalysts as well as the effect of EG in Ni electroplating on
the crystallographic texture, grain size, mechanical properties
and corrosion resistance of electrodeposited Ni.25,29–32
Fig. 1 (a) Schematic representation of the spectro-electrochemical
flow cell for photon-in/photon-out soft X-ray spectroscopy.11 The cell
consists of a working electrode (a Pt thin film deposited on a SiC
window), a Pt counter electrode, and a AgjAgCl reference electrode in
a 3 M KCl aqueous solution. Views of the cell are shown from (b) the
atmospheric side and (c) the vacuum side. (d) Enlarged schematic
representation of the interface between the solution and the Pt/SiC
window, which can be found in the rectangle in red shown in (c).
Experimental methods
Materials

Nickel sulfamate Ni(SO3NH2)2 (>98%), sodium sulfamate
NaSO3NH2 (>98%) and ethylene glycol (EG, >99.5%) were
purchased from FUJIFILM Wako Pure Chemical Corporation
and then used without further purication.
FY-XAS measurements using a spectro-electrochemical ow
cell

FY-XAS experiments were performed at BL17SU beamline in
SPring-8.33,34 The photon-in/photon-out FY-XAS spectra were
recorded using a 100mm2 Si photodiode (IRD AXUV-100G, Opto
Diode Corp., USA) placed in the vacuum chamber.35 The energy
resolution is E/DE� 2800 at 540 eV (�2000 at 850 eV). A custom-
made spectro-electrochemical ow cell with the three-electrode
conguration was used for FY-XAS measurements (Fig. 1a–c).11

A Pt-coated SiC membrane with a Ti adhesive layer was used as
the working electrode. The window on the Pt side faces the
electrolyte solution and separates the solution and vacuum
(Fig. 1d). Electrochemical reactions occur at the surface of the
15 nm-thick Pt deposited on the 150 nm-thick SiC membrane
via the 3 nm-thick Ti adhesive layer (purchased from NTT-AT). A
Pt wire electroplated with Pt black was used as the counter
electrode. An AgjAgCl (3 M KCl, Thermo Scientic 66EE009)
electrode was used as the reference electrode.

In our experimental setup, so X-rays come from the vacuum
side and reach the Pt–electrolyte (solid–electrolyte) interface with
penetration depths, allowing us to track electrochemical events
at the electrode interface even under potential control. X-ray
penetration depths in our experimental setup can be estimated
to be approximately 300 nm at 550 eV in the O K-edge region and
approximately 100 nm at �860 eV in the Ni L2,3-edge region,
where the penetration depths are dened as the attenuation
length at which the incident X-ray intensity decays to the (1/e)th
(Napier's constant) of the initial value, assuming the attenuation
10426 | RSC Adv., 2022, 12, 10425–10430
of the window materials of the SiC membrane, Ti adhesion layer
and Pt layer (see Fig. S1 and S2 in the ESI† for details.) A X-ray
probing depth in Fig. 1d can also be estimated in the same
way to be approximately 100 nm: the probing depth is dened as
the attenuation length at which the signal intensity decays to the
(1/e)th of the initial intensity from the outermost surface.

Electrochemical measurements

A potentiostat (ECstat-101, EC-Frontier Co., Ltd., Japan) was
used for in situ FY-XAS measurements. A potentiostat (Interface
1000T, Gamry Instruments, USA) was used for cyclic voltam-
metry measurements. Electrolyte solutions were degassed by N2

bubbling and introduced into the ow cell using an external
liquid pump. Cyclic voltammograms (CVs) were recorded at
a sweep rate of 0.05 V s�1. The potentials vs. AgjAgCl (3 M KCl
aq.), EAgjAgCl, were converted to the potentials vs. the reversible
hydrogen electrode (RHE), ERHE, using the following equation:
ERHE ¼ EAgjAgCl + 0.205 + pH � 0.059.35 For recording CVs,
electrolyte solutions of Ni(SO3NH2)2 (300 g L�1, 1.2 M) and
NaSO3NH2 (142 g L�1, 1.2 M) were used. To investigate the
polyol reaction characteristics, 1% v/v (1.6 � 10�6 M) EG was
added to the solutions. The pHs of the Ni(SO3NH2)2 and
NaSO3NH2 solutions were determined to be 5.83 and 9.03,
respectively.

Results and discussion

CVs of the Pt/SiC electrode were recorded in aqueous solutions
containing Ni(SO3NH2)2 (Fig. 2a) or NaSO3NH2 (Fig. 2b) in the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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absence of EG. NaSO3NH2 was used as a redox-inactive coun-
terpart for control experiments to understand the redox
behavior of Ni2+ in solution. In the potential range between
about +0.1 and +0.30 V vs. RHE, characteristic cathodic and
anodic currents were observed in the NaSO3NH2 solution. These
currents are associated with absorption and desorption of the
underpotential deposition (upd) of hydrogen on platinum.11,36–38

A reduction wave at about +0.7 V vs. RHE was also observed and
assigned to the re-reduction of Pt oxide. These results indicate
that the surface of Pt was electrochemically active in the
NaSO3NH2 solution. Even in the Ni(SO3NH2)2 solution, the
characteristic cathodic and anodic currents of Pt were also
observed. No obvious redox wave that originates from Ni2+ was
observed in the absence of EG. This result is in good agreement
with reported results that the Ni upd is known to be overlapped
with the hydrogen upd on polycrystalline Pt.39–42

In the presence of EG in the Ni(SO3NH2)2 solution, a reduc-
tion wave was observed at about +0.35 V vs. RHE (Fig. 2a),
indicating that the Ni upd clearly occurs on the Pt surface in the
presence of EG. EG can be coordinated to transition metal
cations including Ni2+ in solution.43–45 It is also known that the
electrochemical deposition of NiO or Ni(OH)2 is enhanced by
the complex formation of Ni2+, where bidentate ligands such as
glycine and ethylenediamine are more effective than mono-
dentate ligands of NH3 or OH2.46–48 Since EG is a bidentate
ligand, the complex formation of Ni2+ with EG could enhance
the electrochemical deposition of NiO or Ni(OH)2 on the Pt/SiC
surface. Note that the reduction wave for the re-reduction of Pt
oxide was shied to more positive potentials in the presence of
EG (Fig. 2b). This result indicates that EG could also be helpful
Fig. 2 CVs of Pt/SiC electrodes in aqueous solutions containing (a)
Ni(SO3NH2)2 and (b) NaSO3NH2 in the presence and absence of EG.

© 2022 The Author(s). Published by the Royal Society of Chemistry
for not only Ni upd but also the electrochemical reduction of the
surface Pt oxide.

To understand the electrochemical events at the liquid–
electrode interface, potential-dependent FY-XAS data of the Pt/
SiC electrode were collected in the Ni(SO3NH2)2 solution in
the absence or presence of EG in the O K-edge (Fig. 3a and b)
and Ni L2,3-edge regions (Fig. 3c and d). The applied potentials
were stepped in the positive or negative direction. In both cases,
the same spectra were obtained, (Fig. S3†), indicating that the
spectral changes are reversible and reproduced by potential
control.

In the Ni L2,3-edge region, mainly four peaks were observed
at about 851 and 853 eV for the Ni 2p3/2 / 3d transition and
approximately 869 and 870 eV for the Ni 2p3/2 / 3d transition.
For further assignments of these transitions to the exact 3d
orbital, careful experiments in the magnetic eld and theoret-
ical calculations are needed. The peaks around 851 and 869 eV,
which are found at lower energies in each transition, can be
associated with metallic Ni35,49 whereas the peaks around 853
and 870 eV, which are found at higher energies in each transi-
tion, can be assigned to NiO.16,50,51 Thus, in situ FY-XAS using
our spectro-electrochemical ow cell allows us to detect the
deposition of Ni and NiO on the Pt electrode.

In the O K-edge region, two peaks were observed in the
vicinity of 535 and 537 eV (Fig. 3a and b). There is no clear
difference between the spectra in the presence and absence of
EG, and the spectral shape is quite similar to that of pure
water.11 No obvious peak was observed at 532 eV (Fig. S4†), at
which a peak is observed for NiO or b-Ni(OH)2,12 even though
the presence of NiO was conrmed by Ni L2,3-edge XAS data, as
Fig. 3 Potential-dependent FY-XAS data of Pt/SiC in the Ni(SO3NH2)2
solution in the O K-edge in the absence (a) and presence (b) of EG and
in the Ni L2,3-edge region in the absence (c) and the presence (d) of EG.
The arrows indicate the direction of the potential changes.

RSC Adv., 2022, 12, 10425–10430 | 10427
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Fig. 4 Schematic representation of proposed nano-/micro-struc-
tured Ni deposition and dissolution at the liquid–electrode interface (a)
in the absence and (b) presence of EG. Spheres in green, red, gray,
white, yellow, blue indicate nickel, oxygen, carbon, hydrogen, sulfur
and nitrogen atoms, respectively.
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mentioned above. It seems that signal-to-noise ratios in the O K-
edge XAS are not high enough to observe the peak at 532 eV.
Thus, the spectral changes in the O K-edge region mainly
originate from changes involving H2O molecules at the liquid–
electrode interface. Since the spectral changes were completed
at +0.35 V vs. RHE even in the presence of EG (Fig. 3b), it seems
that the Pt electrode surface was not fully covered with the Ni or
NiO deposit and exposed to the electrolyte solution at >+0.35 V
vs. RHE.

The potential dependence of the peak intensities in the Ni
L2,3-edge region was observed in the presence of EG (Fig. 3d)
whereas there is no obvious spectral change in the absence of
EG (Fig. 3c). In the presence of EG, peak intensity ratios at 851/
853 eV and 869/870 eV increased at more negative potentials
(Fig. S5†). Since these peak ratios can be correlated with the Ni/
NiO ratio based on our peak assignments, the amount of
metallic Ni increased at negative potentials. A broad peak was
also observed around 857 eV at #0.35 V vs. RHE (Fig. 3d).
Although b-Ni(OH)2 is reported to show a peak around 859 eV,16

the broad peak observed at about 857 eV could be assigned to
the satellite peak of metallic Ni.36 It is highly likely that the peak
was pronounced at #0.35 V vs. RHE by the deposition and/or
nucleation of metallic Ni nano-/micro-structured particles on
the Pt electrode. The increase of this broad peak is coupled with
the drastic decrease of O K-edge FY-XAS intensities at >533 eV in
the presence of EG (Fig. 3b). Thus, the removal of water mole-
cules from the Pt surface mainly happens at >0.35 V vs. RHE and
the Ni deposition starts at the Pt surface at # 0.35 V vs. RHE.

Note that the drastic increase of the baseline intensities was
also observed in the Ni L2,3-edge spectra in the presence of EG
(Fig. 3d). Such similar spectral changes were reported in depth-
resolved Ni L2,3-edge XAS spectra of O/Ni/Cu(100), where the
inner Ni layers showed a broad peak at about 857 eV and higher
baseline than the surface Ni.35 Since the photon-in and photon-
out angle was kept during our all measurements, the increase of
the baseline intensity observed in the Ni L2,3-edge spectra at
#0.35 V vs. RHE in the presence of EG can be interpreted as the
increase of the lm thickness of deposited metallic Ni nano/
micro-particles on the Pt/SiC electrode. In our experimental
setup, the X-ray probing depth can be estimated to be about
100 nm (Fig. 1d) and O K-edge FY-XAS signals of water mole-
cules were detected (Fig. 3b). Thus, the lm thickness of the
nickel deposited onto the Pt electrode can be estimated to be
<100 nm.

Based on our FY-XAS experimental results, electrochemical
events at the liquid–electrode interface in the presence and
absence of EG are summarized in Fig. 4. In the absence of EG,
almost no spectral difference was observed in the Ni L2,3-edge
region, indicating that no obvious structural change was
detected in our setup. In the presence of EG, the removal of
water molecules from the electrode surface occurs at >+0.35 V
vs. RHE in the negative-going potential steps, revealed by O K-
edge FY-XAS results. The electrochemical deposition and/or
nucleation of metallic Ni nano-/micro-structured particles on
the Pt electrode occurred at #+0.35 V vs. RHE. This Ni deposi-
tion process can be facilitated by ligand exchange reactions of
NiII–EG complexes and/or stabilization of the Ni particles
10428 | RSC Adv., 2022, 12, 10425–10430
adsorbed by EG on the surface.52,53 Since the potential depen-
dence of the Ni L2,3-edge spectra is reversible, the electro-
chemical re-oxidation and dissolution of Ni particles occurred
at >+0.35 V vs. RHE.

Conclusions

The electrochemical Ni deposition on the Pt/SiC electrode in the
electrolyte solutions containing nickel sulfamate in the pres-
ence and absence of EG was tracked by in situNi L2,3-edge and O
K-edge FY-XAS. In the presence of EG, water molecules are
removed from the electrode surface at >+0.35 V vs. RHE and
nano-/micro-structured Ni is electrochemically deposited at
#+0.35 V vs. RHE. The NiII complex formation and surface
adsorption of EG likely play a crucial role in the electrochemical
Ni deposition. Our study demonstrates that in situ FY-XAS can
be widely used to understand the formation process of nano-/
micro-structured Ni at the solid–liquid interface in polyol
reactions52 and electroplating, and the redox behavior of Ni
involving (electro)catalytic reactions.

For widespread applications of in situ FY-XAS techniques for
electrochemical systems, further in situ FY-XAS studies are
needed: for example, effects of X-ray radiolysis-induced photo-
chemical reactions on the metal deposition. Metals and/or
metal oxides are deposited by X-ray radiolysis-induced photo-
chemical reactions and are known to highly depend on the
electrode materials rather than the electrolyte.54–56 Currently, in
© 2022 The Author(s). Published by the Royal Society of Chemistry
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situ FY-XAS studies using different metal electrode substrates
under different experimental conditions are underway in our
group.
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S. DeBeer, ACS Appl. Mater. Interfaces, 2019, 11, 38595–38605.

17 A. G. Oshchepkov, G. Braesch, A. Bonnefont, E. R. Savinova
and M. Chatenet, ACS Catal., 2020, 10, 7043–7068.

18 V. Vij, S. Sultan, A. M. Harzandi, A. Meena, J. N. Tiwari,
W.-G. Lee, T. Yoon and K. S. Kim, ACS Catal., 2017, 7,
7196–7225.

19 M. Kato, R. Nakahoshiba, K. Ogura, S. Tokuda, S. Yasuda,
K. Higashi, T. Uruga, Y. Uemura and I. Yagi, ACS Appl.
Energy Mater., 2020, 3, 6768–6774.

20 F. Luo, S. Wagner, I. Onishi, S. Selve, S. Li, W. Ju, H. Wang,
J. Steinberg, A. Thomas, U. I. Kramm and P. Strasser, Chem.
Sci., 2021, 12, 384–396.

21 C. Chen, Y. J. Kang, Z. Y. Huo, Z. W. Zhu, W. Y. Huang,
H. L. L. Xin, J. D. Snyder, D. G. Li, J. A. Herron,
M. Mavrikakis, M. F. Chi, K. L. More, Y. D. Li,
N. M. Markovic, G. A. Somorjai, P. D. Yang and
V. R. Stamenkovic, Science, 2014, 343, 1339–1343.

22 B. Reuillard, M. Blanco, L. Calvillo, N. Coutard, A. Ghedjatti,
P. Chenevier, S. Agnoli, M. Otyepka, G. Granozzi and
V. Artero, ACS Appl. Mater. Interfaces, 2020, 12, 5805–5811.

23 H. Zeng, S. Chen, Y. Q. Jin, J. Li, J. Song, Z. Le, G. Liang,
H. Zhang, F. Xie, J. Chen, Y. Jin, X. Chen and H. Meng,
ACS Energy Lett., 2020, 5, 1908–1915.

24 V. R. Stamenkovic, B. Fowler, B. S. Mun, G. Wang, P. N. Ross,
C. A. Lucas and N. M. Marković, Science, 2007, 315, 493–497.
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