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Abstract

Electrochemical conversion of abundant resources, such as carbon dioxide, water, nitrogen, and nitrate, is a remarka-
ble strategy for replacing fossil fuel-based processes and achieving a sustainable energy future. Designing an efficient
and selective electrocatalysis system for electrochemical conversion reactions remains a challenge due to a lack of
understanding of the reaction mechanism. Shell-isolated nanoparticle-enhanced Raman spectroscopy (SHINERS) is a
promising strategy for experimentally unraveling a reaction pathway and rate-limiting step by detecting intermediate
species and catalytically active sites that occur during the reaction regardless of substrate. In this review, we introduce

nanoparticle-enhanced Raman spectroscopy

the SHINERS principle and its historical developments. Furthermore, we discuss recent SHINERS applications and
developments for investigating intermediate species involved in a variety of electrocatalytic reactions.
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1 Introduction

Environmental deterioration has become a major con-
cern around the world. Energy-generating processes
are currently reliant on fossil fuels, which emit green-
house gases, such as carbon dioxide (CO,), methane,
and nitrous oxide [1-3]. Based on the British Petroleum
Statistical Review of World Energy in 2020, fossil fuels
accounted for 84.3% of the overall energy consumption in
2019. In line with this, CO, emissions increased by 0.5%
in 2018, reaching 34,169 million tons [4]. Accumulated
CO, molecules in the atmosphere primarily contribute
to environmental deterioration by lowering seawater pH
and causing global warming through the greenhouse
effect [5].

Replacing fossil fuels with renewable energy sources,
such as hydropower, wind, and solar, as well as directly
converting CO, into other chemicals using renewable
energy sources, have all proven to be effective strategies
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for mitigating CO, emissions. Hydrogen is another
promising candidate for replacing fossil fuels because of
its ability to transport energy [6]. Chemical energy is con-
verted to electricity in a fuel cell via hydrogen oxidation
reaction and oxygen reduction reaction (ORR). Moreo-
ver, renewable energy sources can be used to obtain
green hydrogen via a water-splitting reaction [7]. These
approaches have been studied and tested as a possible
solution to environmental problems.

It is important to investigate the reaction pathway and
rate-determining step (RDS) in environmentally friendly
energy conversion processes, where essential interme-
diate species are involved in the reaction. Researchers
could develop new ideas based on the RDS to produce a
superior electrocatalyst with optimal binding strengths
for the key intermediates [8]. For example, OOH* and
CO* intermediates are involved in the electrochemi-
cal reduction of CO, to CO. When the COOH* binding
strength is extremely weak to be adsorbed at a specific
surface, increasing the binding strength can improve cat-
alytic performance by facilitating the RDS [9, 10].
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In situ surface-enhanced Raman scattering (SERS) has
been used to investigate the reaction mechanisms of
various electrochemical reactions, including hydrogen
evolution reaction (HER) [11], oxygen evolution reac-
tion (OER) [12], ORR [13], and CO, reduction reaction
(CO,RR) [14]. Raman measurement collects the inelastic
photon scattered from the excitation of vibrational modes
within the sample and at the surface. It can detect cata-
lyst phase evolution and intermediate species adsorbed
on the catalyst surface. In situ SERS allows for detection
of more surface vibrations in a broader spectral range,
such as metal-oxygen and metal-carbon in the low
wavenumber region, in comparison with in situ attenu-
ated total reflection surface-enhanced Infrared absorp-
tion spectroscopy (ATR-SEIRAS) [15, 16]. In addition,
the prisms used as a substrate in ATR-SEIRAS impose
limitations in terms of electrolyte pH and available wave-
number range [17], while SERS is measured on an actual
catalyst electrode. Furthermore, analysis of SERS spectra
is straight-forward because background subtraction is
not needed as in ATR-SEIRAS [18]. However, the cata-
lyst surfaces that can be investigated by SERS are mostly
Au, Ag, and Cu metals that have an intrinsic ability to
facilitate surface plasmon resonance and amplify Raman
signals generated at the surface. Other metals, such as
Pd, Pt, Ni, and Co, have also been investigated, but the
Raman enhancement was relatively low, and the adsorp-
tion of the chemical species on catalyst surfaces was dif-
ficult to detect [19].

To overcome the limitation, shell-isolated nanoparti-
cle-enhanced Raman spectroscopy (SHINERS) has been
proposed as a general method for enhancing Raman sig-
nals from surface intermediate species in electrocataly-
sis reactions. The plasmonic core in SHINERS is coated
with a thin protective layer, which prevents direct inter-
action between a probe molecule and the plasmonic
core while allowing for surface plasmon resonance. The
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shell-isolated nanoparticle (SHIN) is then placed on the
target substrate to detect molecules adsorbed at the sur-
face of a substrate. In this regard, it has been reported
that this method can be applied to any kind of substrate
[20]. In addition, the shell can improve the plasmonic
core stability in a wide range of pH and electrolytes [21].
Here, the historical development and fundamental prin-
ciple of SHINERS technology are discussed. Next, recent
advances of SHINERS in investigating reaction mecha-
nisms of electrochemical reactions, such as ORR, CORR,
CO electrooxidation reaction, OER, and nitrate reduc-
tion reaction (NO;RR), are outlined. Finally, the potential
application of SHINERS in other electrocatalysis fields is
discussed.

2 Principle of SHINERS

The enhancement in SERS mainly originates from the
localized surface plasmon resonance (LSPR). The LSPR is
a special phenomenon that occurs by collective coherent
oscillating modes of electrons on nanoparticle surfaces
under light illumination, as illustrated in Fig. la. The
oscillating mode causes localized electromagnetic fields
around the nanoparticle surface, which contribute to the
enhancement of Raman intensity [22—24].

The gap distance between each nanoparticle also affects
the SERS enhancement factor. The local electromagnetic
field in the nanogap between two or more nanoparti-
cles is strong because of the electromagnetic coupling of
the nanoparticles. According to Tian’s group, the SERS
enhancement factor of Au nanosphere dimer increased
by 10,000 times from 10° to 10° when the gap distance
reduced from 10 to 2 nm [22]. However, reducing the
nanogap between each nanoparticle has its limitation
since electron quantum tunneling effects between the
coupled nanoparticles will occur. The electron tunneling,
e.g., charge transfer across the narrow junction in the
sub-nanometer level, decreases the electric field across

a Electron cloud b H

Metal sphere

Enhanced electromagnetic field

L
Incident laser N Raman scattering

Metal sphere

SiO, shell

z-direction (nm) q
Field-enhancement
(arb. units)

x-direction (nm)

Fig. 1 alllustration of the localized surface plasmon resonance on the nanoparticle surface, reproduced with permission from [24]. Copyright
(2020) Elsevier B.V. b SERS measurement at the interface of the core—shell nanoparticle and the electrode. ¢ The distribution of field-enhancement
around the surface of a core-shell nanoparticle, reproduced with permission from [23]. Copyright (2013) American Chemical Society
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the junction and thus causes a considerable reduction in
the electromagnetic field enhancements across the dimer
junction [25].

At the interface of the core—shell nanoparticle and
the plasmonically inactive electrode (Fig. 1b and c), the
field enhancement is more intensified around the con-
tact between the core—shell nanoparticle and the elec-
trode film. Under light illumination, the core—shell
nanoparticle induces a mirror plasmon oscillation from
the electrode [26]. The coupling of those oscillating plas-
mon results in a high electromagnetic field concentrated
around the contact point, which further contribute to the
amplification of Raman intensity from probed molecules.

Figure 2 shows the historical progress on SERS appli-
cation in catalysis, from the discovery of the SERS effect
to the borrowing strategy, SHINERS method, and SHIN-
ERS satellite structures. In 1974, Fleischmann et al. dis-
covered that the Raman signal of adsorbed pyridine was
significantly enhanced on electrochemically roughened
silver electrodes [28]. Later on, in 1977, Van Duyne et al.
reported that the Raman signal from pyridine adsorbed
was about 10°~10° times stronger than that of bulk pyri-
dine [29]. The researchers initially concluded that the
significant enhancement of the Raman signal was due
to an increase in the amount of pyridine absorbed at the
electrode surface. However, it was later revealed that the
enhancement was due to the localized electromagnetic
field formed around the metallic nanostructures [19].

After the SERS effect findings, many researchers have
explored different types of catalysts for Raman signal
enhancement [19]. However, only Ag, Au, and Cu met-
als have been found to have high enhancement factors of
Raman signals because these metals intrinsically gener-
ate a large electromagnetic field around the metal nano-
particle surface [21, 30]. To overcome the limitation and
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probe various catalyst surfaces in addition to Ag, Au,
and Cu, a borrowing strategy has been utilized [27]. As
shown in Fig. 2, the objective was to deposit a thin layer
of the catalytically active material of interest, represented
by silver color, on the yellow-colored SERS-active mate-
rial. As a result, the catalyst surface can borrow a local-
ized electric field from the under layer. Despite the utility
of the borrowing strategy, obtaining vibrational informa-
tion of adsorbed molecules on atomically flat surfaces,
such as various single-crystalline electrodes, which are
widely used as a model system in surface science and
electrochemistry, was difficult because flat electrodes are
relatively inactive for SERS [27].

Tian et al. developed SHINERS in 2010 to solve the lim-
itations of the catalyst used in SERS [21]. Figure 3a shows
the SHINERS electrode structure and working principle.
They synthesized Au nanospheres coated with pinhole-
free and ultrathin silica (or alumina) shells. The Au/SiO,
core/shell nanoparticles were coated onto the substrate
adsorbed by probed molecules. The principle is the same
as that of tip-enhanced Raman spectroscopy (TERS), in
which the Au tip end can provide localized electromag-
netic field enhancement, and the probed molecule can
borrow the enhancement from the Au tip, as shown in
Fig. 3b. In SHINERS, the core—shell nanoparticles act as
the TERS tip. The layer of nanoparticles spread over the
catalyst electrode provides many TERS tips, resulting in a
very strong Raman signal [19, 21, 31]. Furthermore, since
silica shell is usually more inactive than the Au surface
for many catalytic reactions and intermediate adsorption
[21], it can act as a protective layer for the conservation
of SERS-active Au core and the inhibition of the interac-
tion between Au and probed molecules, which is a great
advantage of the SHINERS method.
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Fig. 2 The historical illustration of surface-enhanced Raman spectroscopy for the catalysis application. Discovery of SERS (stage I), borrowing

strategy for non-plasmonic active materials (stage 1), application of SHINERS on single crystalline surface as a model system (stage Ill), and practical
system of SHINERS with satellite structure of nanocatalysts (stage V), reproduced with permission from [27]. Copyright (2020) American Chemical
Society
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Fig. 3 The comparison between SHINERS working principle with other a shell-isolated mode: SHINERS. b non-contact mode: tip-enhanced Raman
spectroscopy, reproduced with permission from [21]. Copyright (2010) Macmillan Publishers Limited

The SHINERS activity is determined by the size of the
nanoparticle core and the thickness of the shell. Differ-
ent sizes of nanoparticles have different extinction spec-
tra and resonance wavelengths under light illumination,
which affects the Raman enhancement factor, as shown in
Fig. 4a [32, 34, 35]. Fang et al. evaluated the SERS activity

of Au nanoparticles with sizes ranging from 16 to 160 nm
that were adsorbed using pyridine as the probe molecule
in the absence of a silica shell [33]. Figure 4b shows the
SERS spectra of pyridine adsorbed on Au nanoparticles
of different sizes. At a diameter of 135 nm, the SERS
intensity of v, pyridine vibration positioned at 1007 cm™*
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Fig.4 aThe extinction efficiency of Au nanospheres with different diameters, reproduced with permission from [32]. Copyright (2018) IOP
Publishing Ltd. b) SERS spectra of pyridine adsorbed on Au nanoparticles with different sizes: 16 to 160 nm (from a—f). ¢ The normalized SERS
intensity of pyridine as a function of the Au nanoparticle size, reproduced with permission from [33]. Copyright (2008) John Wiley and Sons, Ltd.

d The top view of 3D-FDTD simulation from a 2 x 2 array of 55 nm Au@SiO, nanoparticles showing the distribution of electromagnetic field
enhancement as a function of shell thickness (the color gradient represents the strength of the electromagnetic field, and the white dash circles
indicate the Au@SiO, nanoparticles. e SHINERS spectra of pyridine adsorbed on a smooth Au surface coated with Au@SiO, with different silica
shell thicknesses. f The dependence of the normalized intensity of pyridine on the shell thickness, reproduced with permission from [21]. Copyright
(2010) Macmillan Publishers Limited
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was at its maximum (approximately 32,000 counts s~!

mW ). Figure 4c shows the relationship between SERS
intensity and nanoparticle size. These results show that
there is an optimum nanoparticle size that is consistent
with the 633 nm laser excitation wavelength. The reso-
nance wavelength of SERS is widely known to be depend-
ent on the nanoparticle size [36]. Shell thickness also
affects the Raman signal enhancement in SHINERS. As
shown in the three-dimensional finite-difference time-
domain (3D-FDTD) simulation result from a 2 x 2 array
of 55 nm Au@SiO, on Au substrate (Fig. 4d), the distri-
bution of electromagnetic field enhancement changes
with the thickness of the SiO, shell [21]. A common trend
that electromagnetic field decreases with distance from
nanoparticle is observed for 2 and 8 nm SiO, thicknesses
while stronger field occurs on a broader space in the case
of 2 nm SiO, by LSPR [19]. When the SiO, shell becomes
thinner, the distance between the Au core-Au core and
Au core-Au substrate decreases. Therefore, the LSPR can
be occurred on the junction between Au core-Au core
and Au core-Au substrate, resulting in stronger electro-
magnetic field enhancement. As a result, the Raman peak
intensity of pyridine adsorbed on the smooth Au@SiO,-
coated Au substrate decreases as the SiO, shell thickness
increases (Fig. 4e). Tian’s group also plotted the peak
intensity of the Raman vibration positioned at 1013 cm™*
(normalized for the signal intensity obtained at 2 nm
thickness) against the shell thickness (Fig. 4f) [21]. This
result shows that a thin silica layer is preferred for use in
the local electric field from the Au core, provided that a
pinhole-free silica layer can be grown.

3 Synthesis of SHINs

Since SHINERS was developed, many researchers have
tried to examine different shapes of SHINs to further
improve the SERS activity of SHINERS. As shown in
Fig. 5, nanospheres, nanorod, nanostar, and dipyramids
are the synthesized sample shapes. Additionally, differ-
ent core (Au and Ag) and shell (SiO, and Al,O;) materials
were used. In this chapter, various synthetic strategies for
preparing different SHINs are explained in detail.

The spherical nanoparticle is the most commonly used
shape for SHINERS because of its simple preparation.
The Au nanospheres are generally synthesized using the
method developed by Turkevich and Frens [40, 41]. In the
synthetic method, HAuCl, solution was first heated, and
sodium citrate solution was subsequently added. After
the solution color changed to red, the heating was contin-
ued for 30 min, and the resultant solution was cooled to
room temperature [40]. Sodium citrate acts as a reducing
agent and a stabilizing agent to produce monodisperse
and uniform Au nanoparticles. Nanosphere particle size
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0 nm

Fig. 5 Different SHIN shapes. a Nanosphere, reproduced with
permission from [21]. Copyright (2010) Macmillan Publishers Limited.
b Nanorod, reproduced with permission from [37]. Copyright (2011)
Oldenbourg Wissenschaftsverlag. € Nanodipyramid, reproduced
with permission from [38]. Copyright (2018) Elsevier. d Nanostar,
reproduced with permission from [39]. Copyright (2019) Elsevier

can be controlled by adjusting the amount of sodium cit-
rate. If the amount of sodium citrate is reduced, the size
of the nanosphere would be small [41].

Nanorods have been widely used in SERS activity con-
trol [37]. Au nanorod was first synthesized based on a
method by Sau and Murphy [42]. The HAuCl, was mixed
with cetyltrimethylammonium bromide (CTAB), which
served as a shape-controlling agent for the gold nanopar-
ticle. Next, NaBH, solution, a reducing agent, was added
while stirring, and the solution had a pale brown-yellow
color. The seed solution was then added to the growth
solution consisting of AgNO,;, CTAB, and HAuCl,. The
Ag" ions serve as sacrificial ions, allowing for the reduc-
tion of Au®t ions to form Au nanorods. Afterward,
(3-aminopropyl)trimethoxysilane (APTMS) solution was
added to the nanorod solution while stirring, and sodium
silicate was added for SiO, layer coating [37]. Quyen et al.
demonstrated that the Raman intensity of rhodamine 6G
captured with a rod-shaped Au@SiO, as the SERS mate-
rial was more than 3 times higher than that captured with
spherical-shaped Au@SiO, [43]. The signal enhancement
was attributed to the different photophysical property of
Au@SiO, nanorods. It had a long-wavelength band in the
near-infrared region with a high absorption intensity.
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Sharp edges are known for increasing the electromag-
netic field surrounding plasmonic materials because of
their high electron density [51-54]. Kudelski’s group
developed dipyramidal-shaped Au@SiO, nanoparticles
to increase the efficiency of Raman signal enhancement
in SHINERS [38]. Dipyramidal gold was synthesized by
growing pyramids on gold nanoparticle seeds with two
key factors: pH and Ag" concentration. A solution with
a low pH is required to increase the redox potential of
ascorbic acid. In this condition, an Ag monolayer can be
deposited on the gold nanoparticle surface, stabilizing
it and inhibiting tip growth. When using a high pH, the
Au®" reduction rate increased, resulting in fast deposi-
tion along the crystal face and short aspect ratio nanorod
development in all directions [55]. Raman spectra of
4-mercaptobenzoic acid (MBA) and 2-mercaptoethane-
sulfonate (MES) were examined on a platinum surface
covered with dipyramidal shaped Au nanoparticles and
spherical shaped Au nanoparticles for Raman intensity
enhancement. In comparison with spherical-shaped Au
nanoparticles, dipyramidal-shaped Au showed a signifi-
cant enhancement in Raman intensity of about 11 and 16
times for MBA and MES, respectively.

In a similar context, Krajczewski et al. synthesized a
star-shaped silica-coated gold nanoparticle with a higher
number of edges [39, 56]. They used HAuCl, as a gold
precursor, H,0, as a reducing agent, and NaOH to trig-
ger the reduction reaction and stabilize the gold nanostar
nanoparticle. Tetraethyl orthosilicate (TEOS) was used
as a silica source for SiO, coating. The SiO, shell growth
was controlled by the adjusting reaction time; a 15-min
reaction time resulted in a 2—4 nm thick layer. The same
group also compared the Raman enhancement efficiency
of MBA monolayers on the Pt surface covered with Au
nanostar and spherical Au nanoparticles using SERS
spectra. The Raman spectra obtained by MBA using Au
nanostar as SERS probe were enhanced more than 10
times when compared to spherical Au nanoparticles [39].

Although Au metal is widely used as a core nanoparti-
cle in SHINERS, other metals with high plasmonic char-
acteristics, such as Ag, can also be used. Tian’s group
synthesized Ag nanospheres with Au seeds because Ag
has a tendency to be oxidized, and this resulted in the
formation of anisotropic nanoparticles [57]. Ascorbic
acid was used to reduce the Ag™ ions on the Au seed
surfaces. The polyol method has also been used to syn-
thesize silver nanowires. In this method, ethylene glycol
is used as a solvent and reducing agent. Polyvinylpyrro-
lidone acts as a capping agent, regulating the growth rate
of silver nanowires [58]. Although Ag is more easily oxi-
dized and mobile than Au, it is significantly less expen-
sive and has a higher surface plasmon efficiency than Au.
Tian et al. observed that the enhancement effect of the
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pyridine Raman intensity in Ag@SiO, nanoparticles was
100 times higher than that in Au@SiO, [57].

The plasmonic core in the SHINERS was coated with
an ultrathin metal oxide shell, such as SiO, and Al,O,.
For silica coating, APTMS solution was added to the
solution of Au or Ag nanoparticles under vigorous stir-
ring. The APTMS caused the Au nanoparticle surface to
generate silanol functional groups, which are responsive
to silicate ion deposition [59, 60]. Subsequently, a sodium
silicate solution with a pH of 10.2 was added to the mix-
ture. One of the important parameters for SiO, shell
growth is pH regulation. If the pH of sodium silicate is
higher than 11, shell dissolution by NaOH will obstruct
its growth, resulting in the detection of a pinhole. If a
lower pH (pH 8) is used, the SiO, shell will rapidly grow
and become excessively thick.

The reaction temperature is another key parameter that
must be controlled. Tian’s group used a 90 °C water bath
for SiO, shell growth instead of the typically used room
temperature [21]. The elevated temperature can reduce
the reaction time from 48 or 72 h to just 1 h for produc-
ing SiO, with a 4 nm shell thickness. The thickness of the
silica shell can be delicately adjusted by controlling the
reaction time. For example, a 2 nm shell thickness can
be achieved by heating the mixture for 20 min, whereas
thicker shells of 4 and 6 nm can be obtained by extending
the reaction time to 1 and 2 h, respectively.

The atomic layer deposition (ALD) method can also be
used to prepare ultrathin SHIN shells. In summary, the
ALD method is used to coat Au core nanoparticles by
sequentially purging the shell precursor gas, resulting in
layer-by-layer growth with high uniformity. This method
has been widely used to fabricate metal oxide shells, such
as Al,O, and TiO, shells, which can be ultrathin and uni-
form without a pinhole [61]. Zhang et al. used the ALD
method to obtain a large quantity of SHINs (1-10 g) with
uniform shells by floating metal nanoparticles in a cham-
ber via gas flow [62].

Noble metals such as Pt, Pd, Rh, and Ru are known
to be inactive for SERS but catalytically active. Coating
those metals on the plasmonically-active material also
can be a way to probe the catalyst surface by constructing
a plasmonic-catalytic hybrid nanoreactor. Acharya et al
applied plasmon-induced photocatalytic ALD to deposit
atomically thin catalytic-active metal on the Au nanorod
surface [63]. Firstly, the gold nanorod was individually
isolated with a hollow silica shell. For catalytically-active
metal coating, the hollow silica-coated Au nanorod dis-
persion was mixed with metal salt in ethylene glycol
(EG) and irradiated with a near-infrared (NIR) laser with
a power density of 0.4 W/cm? at 35 °C. EG was used to
control the metal shell growth around the Au nanorod
surface. If stronger reducing agents such as ascorbic acid
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or hydroxylamine were used, a dendritic shape metal
growth would be resulted instead of the conformal metal
coating.

4 SHINERS application

SHINERS has been used to gain mechanistic insights
into various electrochemical reactions, including HER
[21, 44], ORR [20, 48], CO reduction reaction (CORR)
[15, 47], CO oxidation reaction (COOR) [64, 65], CO
adsorption [44], OER [46], and NO3RR [50]. Table 1
summarizes the applications of SHINERS in the elec-
trocatalysis research field, as well as the detailed
experimental conditions, such as SHINs, electrode,
electrolyte, and laser wavelength. According to pre-
vious studies, SHINERS has proven to be a powerful
method for probing intermediate species that are rarely
detected. For example, SHINERS can be used to moni-
tor the vibrational modes of the binding of an atom
and a smooth metal electrode with a low SERS activity
(e.g., Pt(111)-H and Rh(111)-H) regardless of the type
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of metal substrate [21, 44]. The vibrational information
obtained by SHINERS could be used to provide further
insight into enhanced activities of high-performance
electrocatalysts, provided that the binding strength of
key intermediates at the catalyst surface has a strong
correlation with the catalytic activity based on the
Sabatier principle [9, 66]. Furthermore, SHINERS can
be applied to a particular metal oxide film, such as elec-
trodeposited iridium oxide (IrO,) film [46]. This study
demonstrated a highly sensitive detection of an Ir=0
stretching mode near the onset potential of the OER. In
this regard, SHINERS has great potential for the mech-
anistic investigation of electrocatalysis, and its appli-
cations should be discussed in detail. In this chapter,
we discuss several case studies in which the SHINERS
technique was used to observe surface chemical species
for ORR, CORR, COOR, OER, and NO;RR. The pro-
posed reaction mechanisms and reaction pathways are
discussed in detail based on the SHINERS results.

Table 1 Summary of reported applications and experimental conditions of SHINERS for electrocatalyst

Ref. Core metal Shell Electrode Electrolyte Laser Vibrational mode Wavenumber Application
wavelength (em™)
(nm)
211 Au SiO,  Pt(111) 0.1 m NaClO, 632.8 Pt-H 2023 H adsorption
AlLO;
[44] Au SiO,  Rh(111) 0.1 m NaClO, 633 Rh-H 1897 H adsorption
[45] Au SiO,  Pt(111) 0.1 mHCIO, saturated ~ 632.8 Pt-CO 2071 CO adsorption
Pt polycrystalline by CO
[46] Au SiO,  IrOx T m NaClO, (pH 10) 632.8 Ir=0 stretching 813 OER
Au Si0,  Cufoil 0.01 m KOH and 6328 CO reduction
Cu microparticles 0.046 m K;50, (PH 11.7) Cu-Opg) 612-622
[15] Cu Nanoparticle Cu-COpyidge) 1863-1873
Chem-Cu Cu-COyep) 2053-2070
Oxide derived Cu
[47] Au SiO,  Cudendritic micropar- 0.3 m NaH,PO, and 632.8 CuO,/(OH), 525-532 CO reduction
ticles 0.35 m Na,HPO, (pH
72)
0.1 m NaOHand 0.9 m Cu—phosphate 931,1124-1152
NaClO, (pH 12.9)
[48] Au Sio, Pd 0.1 mTBACIO, in DMSO 785 0-0—in LiO, 1125 ORR
Pt saturated by O, C-0,—inCOLI 1500
[49] Au SiO,  Pt(100) 0.1 m HCIO4 632.8 Pt-0, stretching 240 Pt electrooxidation
Pt(111) 0-0~ 970
0-07" 1200
[50] Au SiO,  Cu(100) 0.1 mHCIO,and 0.05m 632.8 Cu,0in Cu(110) 509,619 Nitrate reduction
Cu(110) HNO; Cu,0in Cu(110) 502,621
0.1 mHCIO,, 0.05 m
Cu(i) HNO,, and 10 mm HCl
[20] Au SiO,  Pt(100) 0.1 mHCIO, saturated ~ 637.8 Pt—-COOH 1005 ORR
Pt(1 1 O) by 02 Pr—-OH 1090
0.1 m NaClO, saturated
Pt(111)

by O, (pH 10.3)
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5 Oxygen reduction reaction

The ORR is a cathodic reaction in fuel cells. The ORR
catalyst must remain stable under extremely corrosive
conditions [67]. Platinum-based nanocatalysts have been
studied as ORR catalysts, but the structural effect of Pt-
based catalysts on the ORR mechanism has not been well
understood based on experimental results [68].

Dong et al. investigated the ORR process at Pt(hkl) sur-
faces in both acidic and alkaline conditions [20]. The direct
evidence of intermediate species that occurred during the
ORR process was captured using the SHINERS method.
Figure 6a shows the SHINERS spectra of the ORR with the
Pt(111) electrode obtained in acidic conditions on a poten-
tial range of 1.1-0.5 V. There was no Raman signal peak
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stretching vibration of OOH* based on isotopic substitu-
tion experiments and density-functional theory (DFT) cal-
culations. Conversely, the Raman spectra were noticeably
different in the case of the Pt(100) and (110) surfaces. There
were two Raman peaks recorded at 1030 and 1080 cm™,
which were assigned to the vibrational modes of CIO3 and
OH?, respectively (Fig. 6b and c). The SEM image of the
SHINs-modified electrode surface used in the experiment
is shown in Fig. 6d.

According to previous studies, several intermediates,
such as O2*, OOH*, O*, and OH?, are involved in ORR via
four coupled proton-electron transfers, as shown below
[12, 22]:

. . O * — Og%
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OOH % +H" + e~ — O % +H,0 (3)
Ox*+H' + e~ — OHx (4)
OH*+H" + e~ — HyO +* (5)

The dissociation reaction of OOH?, in particular, is
known as the rate-limiting step. The OOH* species was
not stable on the Pt(110) and Pt(100) surfaces because it
dissociated easily into O* and OH*, which was also sup-
ported by DFT calculations [20]. Therefore, the differ-
ence in the ORR activity between the Pt(111) and Pt(110)
and (100) surfaces can be attributed to the difference in
the OOH* dissociation. The Tian group also investigated
the ORR process on Pt (211) and (311) surfaces with dif-
ferent applied potentials. They discovered two peaks
that appeared at 786 and 1042 cm™! after the potential
reached 0.9 V and further confirmed that the two peaks
were from OOH* and OH?*, respectively, demonstrating

that high-index facets of Pt metals have different inter-
mediate adsorption features [69].

6 Carbon monoxide reduction reaction

CO is an important chemical that is used as a precursor
in the pre-existing petrochemical industry and recent
electrochemical conversion research because of its abil-
ity to be converted into valuable hydrocarbons and alco-
hols, such as methane, methanol, and ethanol. Copper is
a promising candidate for the electrochemical reduction
reaction of CO, but the surface chemical species of Cu
electrodes and its role in enhancing the CORR are still
unclear [15].

As shown in Fig. 7, Zhao et al. used SHINERS to
unravel the surface species on Cu foils with and without
Au@SiO, during the reaction [15]. The in situ Raman
spectra recorded without Au@SiO, (Fig. 7a and c)
showed no Raman signals from the Cu foil in the exam-
ined potential range of open circuit potential (OCP)
to —0.8 V in the CO saturated electrolyte, except for a
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sulfate ion peak at 980 cm™' originating from the elec-

trolyte. However, the in situ Raman spectra recorded
in the presence of Au@SiO, (Figs. 7b and d) revealed
multiple surface species related to Cu. At the OCP, two
broad bands occurred at 490 and 600 cm™' and were
assigned to the partially reduced Cu,O phase (Cu,O;_,).
At a more negative potential, a peak appeared at 612—
622 cm™!. They confirmed that the peak corresponded
to Cu-O,4 because there was no peak shifting from the
isotopic substitution of H,O with D,O [15]. Addition-
ally, as shown in Fig. 7d, there were additional peaks from
the adsorbed CO on the Cu surface. These results dem-
onstrate that SHINERS not only provide information on
surface intermediates but also aid in the monitoring of
phase evolution of catalyst surfaces during electrochemi-
cal reactions. The SEM image of Cu foil decorated with
Au@SiO, is shown in Fig. 7e. The inset picture is a TEM
image of Au@SiO, with a shell thickness of ~ 2 nm.
Meanwhile, Li et al. used SHINERS to investigate the
effect of electrolytes on surface species and active sites on
dendritic Cu microparticles [47]. Figure 7f—g show in situ
Raman spectra of CO-saturated 0.3 M NaH,PO,/0.35 M
Na,HPO, and CO-saturated 0.1 M NaOH/0.9 M NaClO,.
The author kept the sodium cation concentration (1 M)
constant in all electrolyte compositions to avoid the cat-
ion effect in CORR activity comparison. Broad Raman
bands at 528 and 618 cm ™" assigned to the Cu,O surface
appeared at the OCP and in the phosphate-containing

electrolyte and gradually decreased at increasingly nega-
tive potentials. At the potential region between — 0.2 and
— 0.7 V vs. SHE, a weak band corresponding to Cu—O,4
was observed at 595 cm™!. At potentials below — 1.1 V
vs. SHE, a Raman band assigned to a CuO,/ (OH)y mixed-
phase appeared at ~530 cm ™!, Additionally, two different
bands (931 and 1152 cm™!) assigned to phosphates were
identified at potentials below — 0.2 V vs. SHE. Interest-
ingly, the band at 1152 cm™ shifted toward a relatively
low wavenumber as the potential became increasingly
negative. This behavior, known as the Stark tuning effect,
demonstrated that the phosphate was adsorbed on the
catalyst surface [47]. Contrarily, there were no phosphate
bands in the 0.1 M NaOH/0.9 M NaClO, electrolyte.
The strongest Raman signals were produced by CuO,/
(OH), at~530 cm~! and ClO," in the bulk electrolyte at
935 cm L. Based on these results, they proposed that the
competitive adsorption of CO and phosphate affects the
coverage and heterogeneity of the adsorbed CO, resulting
in different CORR activities [47]. This study shows that
the adsorption behavior of electrolyte species and their
interactions with reaction intermediates can be observed
by SHINERS.

7 Carbon monoxide oxidation reaction

CO has been reported to poison Pt catalyst surfaces dur-
ing oxidation reactions in the anode of a fuel cell because
it possesses a strong binding affinity with Pt surfaces,
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which can decrease the catalyst durability and perfor-
mance [70]. Understanding the adsorption and oxida-
tion of CO molecules is an important step in designing
enhanced catalysts. According to previous studies [65],
the Co electrooxidation reaction occurs through a sur-
face bimolecular reaction in which the CO* and OH*
intermediates adsorbed on the catalyst surface partici-
pate in the formation of COOH* intermediates, as shown
in Fig. 8a. Thereafter, the COOH* intermediate is fur-
ther oxidized into carbon dioxide and released into the
solution.

The Tian group used SHINERS to understand the elec-
trooxidation mechanism of CO on Pt(hkl) surfaces in
acidic conditions [64, 71]. As shown in Fig. 8b and ¢, they
developed a satellite structure using nanocatalysts depos-
ited on Au@SiO, nanoparticles. Probing nanocatalysts
closely attached to the SiO, shell can amplify the Raman
signals from chemical species adsorbed on the catalyst
surface. In situ Raman spectra were recorded in a 0.1 M
HClO4 aqueous electrolyte over a potential range of 0.1—
1.1V [64, 71].

Figure 8d—e shows the peaks recorded at the initial
potential (0.1 V), including the Pt-C stretching mode
of CO absorbed on the bridge site (410 cm™') and
top site (480 cm™!), the symmetric stretching mode
of the ClO,™ ion (933 cm™'), and the C-O stretching
mode of CO absorbed on the bridge site (1780 cm™?)
and top site (2050 cm™!). However, on Pt(100) surface
at 0.2 and 0.3 V, two other Raman peaks appeared at
1090 cm™! and 1005 c¢cm™}, respectively. To confirm
the assignment of the peaks, isotopic substitution with
deuterium was conducted, and it was discovered that
both peaks shifted to lower wavenumber. These results

indicated the intermediate species responsible for the
vibration contains a hydrogen atom. Furthermore, the
DFT calculations revealed that the peak at 1005 cm ™
is assigned to the C—OH stretching vibration of the
COOH?* intermediate, while the peak at 1090 cm ! s
attributed to the bending mode of OH* absorbed on
the Pt surface [65]. These SHINERS results provided
improved insight into the CO adsorption and oxidation
processes that occur during the anode reaction.

8 Water oxidation reaction

The water-splitting reaction has been investigated
as a promising solution for the generation of hydro-
gen energy from renewable sources. IrO, is known
as a water oxidation catalyst that has good stability
under acidic conditions and the lowest overpotentials
for OERs [46]. Although IrO, has been studied for a
long time, the OER mechanism for IrO, remains still
unknown.

Cowen’s group used SHINERS to investigate the
water oxidation intermediates on IrOx electrodes in
a 1 M NaClO, electrolyte at pH 10 [46]. The potential
was scanned from the OCP to 1.8 V vs. Ag/Ag™ poten-
tial sweep while recording the in situ Raman spectra
(Fig. 9a). The result revealed that an iridium oxo inter-
mediate (Ir = O) indicated by n was formed above 1.6 V.
Furthermore, the Raman peak of the Ir=O species was
discovered to have a relationship with the OER cur-
rent density, as shown in Fig. 9b. The SHINERS result
helped to experimentally support the OER mechanism
of the proposed IrOx catalysts (see Table 2).
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Table 2 Raman peak assignment of IrO, films captured using
the SHINERS technique (Fig. 9a) [46]

Label Peak position [cm™"] Assignment Species
a 262 Ir—O-Ir twist Ir*+

¢ 357 Ir-=O-Ir twist ety

Y 504 Ir-O-Ir stretch Tans

5 608 Ir-O-Ir stretch I+

€ 719 Ir-O-Ir stretch Ir*+

4 773 Ir-O-Ir stretch Iri+

0 672 Ir-O-Ir stretch [phx+

n 813in H20 Ir=0 stretch [

817 in D20

9 Nitrate reduction reaction

Ammonia (NH;) is an essential chemical feedstock
because of its wide applications, such as pharmaceu-
ticals and fertilizers. It is also considered a hydrogen
energy carrier for a carbon—neutral future. The Haber—
Bosch process, which requires high temperatures and
pressures, is mainly used to manufacture NH; industri-
ally. Industrial NH; production causes a 1.44% increase
in global CO, emissions because of its harsh synthesis
conditions [72]. Currently, the removal of nitrate from
industrial wastewater and its electrochemical conver-
sion into NH; has been an important topic in the envi-
ronmental research field. The Cu metal is one of the most
active nitrate electrocatalysts; however, there is still a lack
of understanding regarding the surface chemical species
and their influence on the reduction activity on Cu sur-
faces [50].

The Gewirth group used SHINERS to investigate the
active sites and reaction intermediates on nitrate reduc-
tion into NH; for all Cu(hkl) surface with and without
HCl addition (Fig. 10) [50]. They mentioned that the RDS
is the initial two-electron reduction of nitrate into nitrite.

Page 12 of 14

The nitrous oxide species (mentioned with D, E, and G to
O peaks in Fig. 10) have similar spectra on the Cu(100)
(Fig. 10a) and Cu(11) surfaces (Fig. 10b), whereas Cu,O
species (described with A and B letters) only occurred on
the Cu(110) surface. Such a different active site was pro-
posed to affect the rate-determining step for NH; pro-
duction, which is the two-electron reduction of NO;™ to
NO,". As shown in the linear sweep voltammetry (LSV)
curves, the Cu(110) surface showed a more positive onset
potential for nitrate reduction than the Cu(100) surface
(Fig. 10c). Based on these results, SHINERS was able to
confirm the role of the oxidized Cu surface in nitrate
reduction (see Table 3).

10 Conclusion

In summary, we review the fundamental principles and
historical development of SHINERS, as well as discuss new
insights into investigating reaction intermediates, cata-
lytic active sites, and related reaction mechanisms using
the SHINERS method. SHINERS is a critical strategy for
capturing intermediate species of various electrochemical
reactions even on smooth electrodes and metal oxide films
despite low SERS activity, as demonstrated in the mecha-
nistic studies for ORRs and COORs on different Pt single
crystal surfaces. Simultaneously, SHINs can significantly
amplify SERS signals from a thin layer of surface reactive
sites. As shown in the case studies of water oxidation reac-
tions, CORRs, and NO3;RRs, SHINERS allows for moni-
toring of the potential-dependent behaviors of electrode
surfaces and for determining the catalytically active sites by
comparing the SHINERS results with chronoamperometric
and linear sweep voltammetric measurements. Therefore,
SHINERS can be used to investigate a reaction mecha-
nism regardless of the type of electrode, and it has a wide
potential in a variety of electrocatalysis and electrochemi-
cal systems. We believe that this review not only provides a
comprehensive understanding of the SHINERS technique
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Fig. 10 In situ Raman spectra of a Cu(100) and b Cu(110) electrodes measure in a 0.1 M HCIO,/0.05 M HNO; solution during cathodic polarization
from 0 to 800 mV vs. Ag/AgCl. ¢ Linear sweep voltammetry of Cu(100), Cu(110), and Cu(111) electrodes in a 0.1 M HCIO,/0.05 M HNO; solution
during cathodic polarization from 0 to 800 mV vs. Ag/AgCl, reproduced with permission from [50]. Copyright (2016) Elsevier
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Table 3 Raman peak assignment for the NO;RR on the Cu(100)
and Cu(110) surfaces observed using the SHINERS technique [50]

Peak Raman shift [cm "] Assignment
Cu(100)  Cu(110)
A 509 Cu,0
B 619 Cu,0
D 801 801 NO; bending
E 817 NO; bending
F 931 931 v(Cl-0)
G 1044 1027 V, NO stretching
H 1180 1183 v, NO3, chelating nitrito
| 1200 1208 v(N-0) nitrito orientation
J 1281 1272 v, NO3, chelating nitrito
K 1350 1349 v, NO; of NO3
L 1372 1373 v, NO; of NO;
M 1372 1374 v(N=0), nitrito orientation
N 1434 1431 v(N=0), bridging nitro
O 1528 1531 v(N=0), nitroxyl
P HNO bending and stretching, nitroxyl

in unraveling reaction mechanisms for electrocatalysis but
also provides new insights into observing catalyst—electro-
lyte interfaces that have not been probed.
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