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Abstract: Electrochemical interfaces are key structures in
energy storage and catalysis. Hence, a molecular under-
standing of the active sites at these interfaces, their solvation,
the structure of adsorbates, and the formation of solid-
electrolyte interfaces are crucial for an in-depth mechanistic
understanding of their function. Vibrational sum-frequency
generation (VSFG) spectroscopy has emerged as an operando
spectroscopic technique to monitor complex electrochemical
interfaces due to its intrinsic interface sensitivity and chemical
specificity. Thus, this review discusses the happy get-together

between VSFG spectroscopy and electrochemical interfaces.
Methodological approaches for answering core issues asso-
ciated with the behavior of adsorbates on electrodes, the
structure of solvent adlayers, the transient formation of
reaction intermediates, and the emergence of solid electrolyte
interphase in battery research are assessed to provide a
critical inventory of highly promising avenues to bring optical
spectroscopy to use in modern material research in energy
conversion and storage.

/

1. Introduction

Electrochemical reactions and technologies are ubiquitous in
modern life and society. The rapid growth of electrochemical
applications for example in (electro)catalysis,"! organic
transformation,”” environmental protection,”” energy storage
and conversion® prompted the development of new electrode
materials, modification or functionalization of electrode surface
and design of new electrocatalyst.” Unraveling the molecular
processes underlying these multiphase electrochemical systems
is challenging yet important, as they reveal critical interaction
between the electrified surface, adsorbed molecules and the
electrolyte layer at the interface.

Electrochemical interfaces, i.e., a key structure in studying
any electrochemical reactivity, play a pivotal role in electron
and ion transfer. The complex and dynamic nature of electro-
chemical interfaces” has been studied for a long time - dating
back to Helmholtz's formulation of the structure of the electro-
chemical double layer (EDL), a model that was further advanced
by Gouy, Chapman and Stern till the early twentieth century.
Classical mean-field descriptions of EDL, as developed by
Helmholtz, Gouy, Chapman and Stern account for many
experimental observations on a macroscopic scale. However
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such models reach their limits, when attempting a realistic
representation of each component at the interface, for example
charged surface, solvent and ions.”®! To address this, contempo-
rary studies focus on the chemical and electronic properties of
the electrode surface, charge transfer between the electrode
and electrolyte while early research was concerned with the
distribution of charge/ions across the electrode/electrolyte
interface.

Generally, considering electrochemical interfaces for energy
conversion and storage, three key levels of structural complex-
ity can be identified: (i) the atomic structure of the electrode
surface, (ii) the structure of adsorbed layer, and (iii) the structure
of the electrolyte at the interface.”’ Density, morphology, and
composition of the active sites at the interface have proven to
be key factors in determining the stability and reactivity of the
surface.'”™ However, the structure of adsorbate layers is not
solely dependent on the surface morphology or composition,
but rather critically depends on the potential applied to the
interface. The applied potential modulates the surface charge
and the interfacial electric field and, hence, impacts the
adsorption”” and orientation'? of adsorbates as well as the
electrolyte layers at the interface which shows manifold effects
on electrochemical reactions as observed in several studies."
Since the distance of redox-active species from the electrode
surface!™ and the orientation™ of adsorbates can interfere with
interfacial electron transfer and structural relaxation processes,
a concept of the molecular orientation and reorientation at the
electrochemical interface is important to understand the overall
reaction kinetics. However, the influence of different aspects is
not always separable, rather a complex interplay of adsorbates
and substrates was suggested." For example, studies of the
facet-dependent reactivity of the electrode in electrocatalytic
CO, reduction or methanol oxidation,"® revealed the influ-
ence of local electric fields and adsorbate-substrate interactions
towards the enhanced activity of certain sites. As observed for
electrochemical CO, reduction on Au electrode, a higher local
electric field generates increased concentration of electrolyte
cations near the active sites which led to the stabilization of
CO, reduction intermediates, thus lowering the thermodynamic
barriers of the reaction."” For methanol oxidation, the inter-
action between electrode adsorbed hydroxide (from water) and
CO (from oxidation of methanol) influences the reaction rate."®
This interplay of surface and adsorbate structure is highly
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dynamic and depends critically, for example, on the inves-
tigated potential.”” Therefore, experimental tools are required
to study electrochemical interfaces at operando conditions with
temporal and spatial resolution. However, depending on what
kind of process we are interested to observe during an
electrochemical reaction the required temporal resolution may
be different. For instance- stripping and deposition of ions on a
battery electrode can be observed with a resolution of few
hundred seconds, while sub-picosecond temporal resolution is
needed to observe energy-/charge-transfer between adsorbed
molecule and electrode surface.?"” On the other hand, observing
surface morphology and monitoring electro-deposition can be
achieved with sub-angstrom to nano meter spatial resolution,
which adds to the information obtained in time dependent
measurements,”?'>*?

Our current understanding of electrochemical interfaces
builds on a range of experimental methods: Topographical
information is obtained by scanning probe techniques such as
scanning tunneling microscopy (STM) and atomic force micro-
scopy (AFM). While structural features can be obtained by STM
and AFM,”® combining these techniques with electrochemical
setups, for example scanning electrochemical microscopy
(SECM),®¥  electrochemical scanning tunneling microscopy
(ECSTM)®! adds functional characterization to the nanoscale
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and probe local surface conductivity and reactivity of electrode
surface.” X-ray photo electron spectroscopy (XPS),*® X-ray
absorption spectroscopy  (XAS),”” and auger electron
spectroscopy™® yield information about the electronic states of
surfaces. Combinations of electron spectroscopy with electro-
chemistry proved successful in obtaining information on the
binding energy of electrolytes/solvents on the electrode surface
or the nature of redox-active species at the interface.*”
Recently, also XPS has been used to identify redox states of
electrocatalytically active molecular species on electrodes, for
example, for hydrogen evolution,**? CO, reduction,®” and to
characterize battery materials.®" However, the electron spec-
troscopies are somewhat restricted to applications targeting
operando conditions, for example, in characterizing solid-
electrolyte interfaces. In this respect, optical spectroscopies
offer some advantages. For example, surface-enhanced Raman
spectroscopy (SERS),®? infrared reflection absorption spectro-
scopy (IRRAS),®¥ and reflection anisotropy spectroscopy®”
yielded information from the electrode surfaces used in electro-
chemical oxidation of biomass for example glycerol,®® about
the Pt/Nafion interface for proton exchange membranes in fuel
cells,*® Pd-water interface®” and also from the solid-electrolyte
interphase in Li-ion battery.®® Recently, Stimulated Raman
scattering has also been emerged as an useful probe for
tracking transport of chemical species - like ions near the
electrodes in Li-ion battery.®

In situ coupling of optical spectroscopies with electro-
chemistry has improved our understanding of the dynamic
electrochemical interfaces on a molecular level. However, the
requirement of roughened substrates for the signal
enhancement in SERS limits its applicability in diverse electrode
materials.*” Also, in linear spectroscopy such as FTIR, over-
whelming bulk contribution often obscure the responses
inherently originating from the function-determining interface.
Thus, interface-specific studies of electrochemical systems
under operando condition remains a challenge with linear
optical spectroscopic techniques. Hence, by combining the
chemical sensitivity of vibrational spectroscopy with the inter-
face-specificity of even order non-linear optical techniques,
vibrational sum-frequency generation (VSFG) spectroscopy
emerged as a prominent tool to study the electrode-electrolyte
interface. The polarization dependency of the VSFG signals
stemming from specific vibrational bands of different symmetry
enables the determination of molecular orientations at the
interface.”” Phase-sensitive heterodyne-detected VSFG has
proven effective in extracting conformational or orientational
information from the molecules at interface.*? In addition to its
inherent interface specificity, VSFG can probe the temporal
evolution of surfaces rendering this technique ideal for in
operando studies on electrochemically active surfaces.

This review focuses on the application of VSFG in probing
solid-electrolyte interfaces under electrochemical conditions. It
addresses a set of key questions, which have been identified in
the literature to be elegantly inspected by VSFG. The review will
give a brief introduction to VSFG spectroscopy, before describ-
ing experimental scenarios to couple VSFG with electrochemis-
try. We then discuss electrochemical interfaces promoting
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organic transformations, electrocatalysis, and adsorption-de-
sorption processes, where VSFG spectroscopy addresses the
structure of adsorbates and interfacial thin layers. Subsequently,
mechanistic insights obtained for several key electrochemical
reactions, for example, alcohol oxidation, CO, reduction are
discussed before we highlight the application of VSFG to study
electrode-electrolyte interfaces for Li-ion batteries.

2. Background on Vibrational Sum-frequency
Generation

2.1. The principle of vibrational sum-frequency generation

Vibrational sum-frequency generation (VSFG) is a non-linear,
second-order optical process, where two photons interact with
the sample to generate a new photon with a frequency being
the sum of the two incident frequencies. The theoretical details
of the VSFG process are covered in several reviews"’ and
books,”* here we will only give a brief description to introduce
the concept to the readers.

Within the dipole approximation VSFG stems from the
second-order non-linear susceptibility, it is generated only in
systems lacking inversion symmetry. Consequently, it is partic-
ularly suited to study surfaces and interfaces, at which intrinsi-
cally inversion symmetry is broken. In describing the VSFG
signal generation, both the vibrationally resonant (y\2) and
non-resonant susceptibility (XffR)) have to be taken into account
(Eq. 1).

12 =t + v (1)

Among the two incident pulses, if the mid-IR pulse energy
matches with a vibrational transition of an IR active vibration of
the sample (Figure 1a,b), then the VSFG signal is resonantly
enhanced and can be dominated by y\2.. The resonant signal
contributions, however, interfere with the non-resonant back-
ground, yielding deviations from Lorentzian line shapes. The
intensity, /(w), of the sum frequency can be expressed as
follows:
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In Equation (2), Ayz and () are the amplitude and relative
phase of the non-resonant susceptibility. A, is the amplitude of
n™ vibrational mode and T, represents the line width of the
respective vibrational transition. hw, and hwy are the energy of
n™ vibrational mode and the mid-IR pulse, respectively. From
Equation (2), it is evident that the relative phase between the
non-resonant and resonant response influences the shape of
the VSFG signal.

This interference can be removed in heterodyne-detected
VSFG (HD-VSFG), which provides the phase in addition to the
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Figure 1. Energy and pulse diagram of (a) non-resonant and (b) resonant
VSFG. Dotted and solid lines represent virtual and real energy states
respectively (c) Pulse sequence for conventional time-resolved VSFG.
(Adapted with permission from Ref. [90], Copyright 2017 American Chemical
Society.)

amplitude of the signal and offers more accurate background-
free vibrational information as well as information on the
molecular orientation at the interface investigated."*”’ Based on
the spectral response of VSFG the presence/absence of
molecular species at interfaces can be inferred. Additionally,
polarization-resolved experiments yield information about mo-
lecular orientation. Four different polarization combinations are
used in VSFG experiments: ssp, sps, pss, and ppp referring to the
polarization of sum-frequency signal, visible pulse, and mid-IR
pulse, respectively. The ratio between the strength of the
vibrational resonance under different polarization combinations
can be correlated to the orientation of the transition dipole
under consideration.*"*** Finally, time-resolved vibration sum-
frequency generation (TR-VSFG) spectroscopy, which utilizes
the VSFG pulse sequence as a probe in a pump-probe scheme
(Figure 1c), adds to the tool box of optical nonlinear spectro-
scopy to study surfaces and interfaces.

While implementing VSFG under electrochemical condi-
tions, an additional electric field will have to be considered in
the VSFG process. Under an applied potential (¢), a static
electric field Ey¢ is generated at the electrode surface which can
influence all the molecules in the double layer near the
electrode. In this situation, the effective induced polarization
can be approximated as

P(w) = [X(Z) X Eys(@) x Eg(w,)] +

(3)
[X(s) X Eys(wy) x Eg(w,) X Ep]

Depending on the magnitude of the Ey, interference of this
third-order term can cause significant spectral changes in the
VSFG signal. Furthermore, the decay range of the electric field
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in an electrolyte solution can be comparably large, i.e,
extending beyond the layer of adsorbed molecules at interface.
Hence, the second term in Equation (3) can induce VSFG
contribution, not stemming from the surface, and causes
potential-dependent changes in the VSFG response under
electrochemical conditions. A more detailed theoretical descrip-
tion of the electric field effect can be found elsewhere”
Potential dependent effects on VSFG response and influence of
interfacial electric field will be discussed further in the following
sections.

2.2. VSFG experiments under electrochemical conditions -
some experimental considerations

Generation of the sum-frequency signal requires spatial and
temporal overlap of the visible and the mid-IR pulse. (Although
in many implementations an 800 nm pulse is used, we will refer
to this pulse as “visible” throughout the manuscript.) A conven-
tional VSFG spectroscopy setup is based on a picosecond (ps)
or femtosecond (fs) pulsed laser system. In ps-scanning VSFG, a
narrow band mid-IR pulse with a spectral bandwidth of a few
cm™"is scanned over the range of the vibrational resonance of
the molecular species of interest. The narrow band mid-IR pulse
is overlapped with a spectrally narrow visible pulse to yield the
sum-frequency signal. On the other hand, fs-VSFG schemes use
a broad band mid-IR pulse with a spectral bandwidth of 150-
250 cm™' to overlap with a range of vibrational resonances. The
signal is then spectrally dispersed and detected using either a
photomultiplier tube or a CCD detector. Heterodyne detection
of VSFG signals can be achieved by overlapping a local
oscillator (LO) with the VSFG signal. A more detailed description
of homodyne and heterodyne detected VSFG setup is well
described in the literature 2'>#> 4

Successful implementation of VSFG under electrochemical
conditions requires a spectroelectrochemical cell. For both the
visible and mid-IR pulse to reach the electrode surface, an IR-
transmitting quartz window is used. The base of the cell is
usually fabricated of an inert polymer such as Kel-F or
polypropylene.*?* To allow detection of gaseous reaction
products under operando conditions, gas inlets and outlets can
also be integrated into the cell. Figure 2 depicts such a design.
Air/moisture-sensitive electrochemical reactions can be per-
formed in these cells by creating an inert or nitrogen chamber
with an additional window for transmitting the beams.*® For
the incoming laser beams and the resulting VSFG signal, two
types of reflection geometry can be implemented, which
depend on the nature of the working electrode. Both,
application and limitation of these two modes can be found
well recorded in the literature.®"

For example, for highly reflecting or non-transparent
electrodes, an external reflection of the beams is used. In
external reflection mode, a thin layer of electrolyte is pressed
between the working electrode and the CaF, window (Fig-
ure 3a). The width of the layer can be controlled by a Teflon
spacer.”” Maintaining a thin electrolyte layer minimizes attenu-
ation of the mid-IR pulse and hence increases the VSFG signal.

Chem. Eur. J. 2022, 28, €202200407 (5 of 21)
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Figure 2. Schematic representation of a spectroelectrochemical VSFGset-up
realizing the external reflection geometry. Key: BBIR: broad-band mid-
infrared pulses. NBvis: narrow-band visible (800 nm) pulses. SFG: Sum-
frequency generated signal. (Reproduced with permission from Ref. [87],
Copyright 2015 American Chemical Society.)

(a)

Teflon spacer Thin electrolyte layer - pressed
between reflecting working
electrode (WE) and CaF, window

Counter electrode Reference electrode

(b)

Connection to the WE

Optically transparent
thin working electrode

Bulk electrolyte

Counter electrode Reference electrode

Figure 3. Cross-section of an electrochemical cell (a) an external reflection
geometry with highly reflecting electrode (b) internal reflection geometry
with optically transparent electrode.

However, the cell design also has to ensure that the electro-
chemical processes do not get distorted by the ultra-thin
solvent/electrolyte layer”? Such complications involved in
external reflection experiments can be avoided by using an
optically transparent electrode allowing an internal reflection of
the beams. Here, the signal originates from the interface
between bulk electrolyte and inner surface of the electrode
which is coated onto the surface of the CaF, window of the cell
(as shown in Figure 3b). This method is more practical with
transparent battery electrode materials like LiCoO,,"® carbon
films,®¥ or layered graphene.”™ Along these lines VSFG was
combined with surface plasmon enhancement at the electrode
surface.® Liu etal. reported SP enhancement of the VSFG
process where the incident angle of the mid-IR pulse on the IR-
transparent prism was optimized to excite the SP wave at the
electrochemical interface.”® Similarly, VSFG experiments were
conducted without requiring any thin electrolyte layer by
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excitation of a surface plasmon on nano grating engraved metal
electrode®” and Au thin film.*®

3. VSFG at Electrochemical Interfaces
3.1. Electrochemical transformation and catalysis

One of the first applications of VSFG to electrochemical systems
was reported by Guyot-Sionnest and Tadjeddine in 1990, who
monitored the adsorption of CN™ on a polycrystalline Pt
electrode upon varying the electrode potential.”*® Using a
spectroelectrochemical cell with CaF, windows and a 1 um thin
layer of the aqueous KCN electrolyte, the adsorption of CN™ on
Pt electrode was found to take place in two distinct adsorption
modes with either the C or the N bound to the Pt surface,
depending on the applied potential (Figure 4a)."% Since then
the method has advanced significantly towards probing
structure and dynamics at a variety of electrochemical inter-
faces.

Chapter 3.1 discuss the contributions of VSFG to
deciphering the nature of adsorbate molecules on the
electrode, focusing on their mode of adsorption and orienta-
tion. Subsequently, we describe the structure of the water
molecules adjacent to an electrode in a variety of aqueous
electrochemical systems and focus on the influence of the
electric field on interfacial phenomena. Finally, the last two
sections of this chapter are dedicated to the use of steady-state
and time-resolved VSFG for mechanistic interpretation of
electrochemical reactions.

will
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Figure 4. (a) VSFG response from adsorbed CN™ on Pt electrode obtained
after cycling between +0.5 V/SCE and —1 V/SCE. (b)Potential dependent
VSFG spectrum of 1,4-phenylene diisocyanide, potentials are given vs. Ag/
AgCl, (c) potential dependent frequency shift of bound (black square) and
free (red circle) NC group of 1,4-phenylene diisocyanide. (Figure 4a is
reproduced with permission from Ref. [59], Copyright 1990 Elsevier; Fig-
ure 4b-c are Adapted with permission from Ref. [50], Copyright 2017
American Chemical Society)
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3.1.1. Molecular structure of adsorbates on electrode surfaces

Adsorption of solvent or electrolyte molecules strongly impacts
the performance of any functional electrode surface.*™® Adsor-
bates on electrodes, for example, modulate the electronic
properties of the surface and regulate its stability, and influence
both the thermodynamics and kinetics of the electrochemical
reactions. For example, electrode-adsorbed hydrogen critically
determines the product selectivity in CO, reduction,®” while the
adsorbed oxygenated species control the kinetics of oxygen
reduction.” During electrochemical reactions, the combination
of inevitable mass®® and charge transport®” changes the
electrode surface dynamically.* Since VSFG is sensitive to
detect less than a monolayer of molecules adsorbed on a
surface,*® operando VSFG allows following these dynamic
changes by the means of chemical composition of the
interfacial layer and the orientation of the adsorbates.

Following up on their seminal work mentioned above,
Tadjeddine and coworkers, studied the potential-dependent
adsorption of CN~ on Ag by VSFG.®” In this case, the vibration-
ally non-resonant (NR) response of the electrode surface
showed well-defined minima upon scanning the electrode
potential from —1.5V to 0V vs. Ag/AgCl. The NR VSFG signal
originates either from the intraband or interband electronic
transition in the metal substrates.”™® Near the point of zero
charge, the NR response becomes minimal due to the
decreased polarizability of the mobile charges in the metal.*”
Hence, the amplitude of the non-resonant VSFG becomes a
direct means of the point of zero charge of the electrode
surface in the presence of adsorbates. The vibrational band
shifts observed in the resonant VSFG signal reflect the Stark
tuning of the vibrational modes and potential-dependent
preferential binding of the adsorbates to the surface.

Studying self-assembled monolayers of small organic mole-
cules facilitates the analysis of VSFG signals to disentangle
different adsorption modes of adsorbates, for example, the
cyanide (—CN) or isocyanide (—NC) moiety on metal electrodes.
For example, the VSFG spectrum of the Au/1,4-phenylene
diisocyanide/aqueous electrolyte interface showed two distinct
peaks at ca. 2180 cm™ and 2128 cm™' originating from metal
bound and free NC groups, respectively (Figure 4b, ¢).5% The
frequency shift between bound and unbound species depends
on the identity of the substrate and binding geometry of the
adsorbates.” Another difference stems from the different
distances of the vibrational mode of interest relative to the
metal surface when comparing bound and unbound groups in
VSFG. Due to the larger distance of the free NC from the
electrode, changes in the potential of the electrode cause a
minor impact of the resulting field on the vibrational mode. As
a result, the frequency of the bound NC group was found to be
blue-shifted by 16 cm™' V™' with the applied potential com-
pared to just 1cm™'V™' shift for the free NC group (Fig-
ure 4b)."”

Following their work with CN adsorption, Tadjeddine and
co-workers monitored dissociative adsorption of methanol on a
Pt electrode, resulting in the formation of adsorbed CO.”
Adsorption of CO in a linear or bridged geometry (Figure 5a)
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Figure 5. (a) VSFG spectra of CO/Pt in HCIO, (0.1 M) as a function of the
CH;0H concentration. Spectra were recorded at 0.24 V vs. NHE showing two
different adsorption modes. (b) Normalized SFG spectra of the Pt (1 0 0)
surface in a solution of 0.01 M methanol in 0.1 M sulfuric acid as a function
of the applied potential, a change in the SFG response between 20 mV and
100 mV indicates a different configuration for CO adsorption. (c) Correspond-
ing voltammogram showing that current peak appears at the same region
where the configurational change of CO adsorption happens. (Figure 5a is
reproduced with permission from Ref. [67], Copyright 1995, Elsevier and
Figure 5b-c are reproduced from Ref. [71], Copyright 2004 Elsevier)

yields discernible VSFG spectra.”” The relative occupation of
each of the binding sites was found to depend on the methanol
concentration in the electrolyte, which imparts the possibility of
a dynamic equilibrium between the species in solution and
adsorbed on the electrode. Influence of electrode adsorbed
hydrogen and applied potential on the adsorption of CO
resulting from dissociative adsorption”” and electrooxidation””
of methanol was explored by Vidal etal. in a wide range of
potential starting from —150 mV to 900 mV vs. AgCl. At lower
potential, adsorbed hydrogen atoms were found to block atop
terrace sites on the Pt (100) surface, thus allowing dissociative
adsorption of methanol (into CO) only at step and bridge sites,
whereas increasing potential allows hydrogen desorption and
subsequent adsorption of methanolic CO in atop sites on
terrace (as shown in Figure 5b, intensity of peak at 2040 cm™'
originating from CO adsorbed on atop terrace sites increases
with increasing potential, Figure 5c shows corresponding
voltammogram).”"

Methanol oxidation at a Pt(110) electrode from an electro-
lyte consisting of 0.1 M methanol in 0.1 M sulfuric was
monitored by the potential dependent VSFG signatures of CO
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between —150 mV and 900 mV vs. Ag/AgCl"? Thereby, Vidal
et al. showed that an increasingly positive potential favors a
densely packed and ordered CO layer on the Pt electrode.”

From the above-mentioned CO adsorption studies, a
correlation between the positively charged surface and the
onset potential of bulk electrooxidation of methanol was
observed. A positively charged surface favors the adsorption of
oxygen-containing species on the electrode and thus influences
the interfacial oxidation reaction. (More work on the role of
surface charge will be discussed in the following sections.)
Associated with the potential controlled change of surface
coverage, also the spectral position and line shape of C-O
stretching vibration changes (Figure 6). The frequency shifts
indicate the presence of a vibrational Stark effect” and altered
dipole-dipole interactions,” the latter one as a consequence of
the altered surface coverage. In addition, the potential-depend-
ent charging of the electrode impacts the line shape as
indicated above. Depending on the electronic polarizability of
the electrode, the contribution of the non-resonant background
changes (being minimal at the point of zero charge) and hence,
causes changes in the VSFG line shape (Figure 6).

Lu etal. conducted a study on CO oxidation on a Pt
electrode using broad-band fs-VSFG. They compared the
signatures of the electrochemical interface from electrolytes,
which were either saturated with CO or CO-free.”” The broad-
band VSFG approach eliminates the need for a wavelength scan
of the mid-IR pulse and improves the synchronization between
potential changes and spectroscopic measurements, for exam-
ple, during cyclic voltammetry measurements. Following the
amplitude of CO vibration in the VSFG signal, Lu et al. could
monitor the surface coverage of the adsorbed CO. Taking into
account not only the amplitude but also the full width at half
maxima, and the Stark tuning of the vibrational signature of the
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Figure 6. Fitted SFG spectra of CO/Pt at —50 mV (a) and 800 mV (b) (signal
multiplied by a factor of 4 for clarity) showing the change in the asymmetry
of the peak. Potential dependent (c) amplitude and (d) relative phase of the
non-resonant response. Potential dependency of NR background inhibits
direct co-relation between surface coverage and SFG peak area/intensity for
the potential dependent-VSFG, but from the fitting results, a better analysis
of NR and resonance signal is possible. (Reproduced with permission from
Ref. [72], Copyright 2005 Elsevier.
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adsorbate, it is possible to deduce the stability of the adsorbed
layer against the applied potential. This was realized by
Humbert et al. while studying the CO poisoning on Pt electrode
surface.” It was noticed that dense packing of CO on the
electrode inhibits the adsorption of hydrogen or any oxidative
species, thus quenching hydrogen evolution and inhibiting the
oxidation of CO.”™ Potential-dependent VSFG spectra revealed
a stability window of the CO adlayer from —1.2V to +1.5V vs.
Ag/AgCl in a CO saturated solution.

VSFG is not only capable of monitoring molecular adsorp-
tion on electrodes, it rather also provides information on the
orientation and reorientation of the adsorbates in response to
external stimuli. Due to the importance of the molecular
orientation on any specific surface chemistry,”® this parameter
has been studied not only by VSFG but also by, for example,
surface enhanced”” and tip-enhanced Raman spectroscopy
(SERS and TERS).”® However, application of SERS is mostly
limited to the electrochemistry on roughened gold, copper, and
silver electrodes while In case of TERS, reproducibility of the tips
imposes some major constraints.” Also, applying these
techniques in liquid interface still requires substantial instru-
mental development.®” On contrary, VSFG were found suitable
to track molecular reorientation dynamics even at buried
interfaces, without requiring any specific electrode type.®"

The first application of VSFG to study a reversibly switchable
surface, utilizing the applied potential as the external trigger,
was reported by Lahann et al.®” They examined a low-density
self-assembled monolayer of 16-mercapto hexadecanoic acid
(MHA) on Au substrates; VSFG signals at 2855 and 2925 cm™'
indicated a gauche conformation of the methylene groups in
the presence of a non-polar medium, while a more symmetric
orientation was observed in a polar environment such as water
or acetonitrile (Figure 7).¥% Such rearrangement of the meth-
ylene groups could also be induced by applying electrical
potential as external stimulus: A positive potential on the Au
surface created the gauche conformation even in a polar
medium by field-induced intramolecular rearrangement of the
adsorbates, i.e. bending the negatively charged portion of the
molecules towards the positively charged electrode. The
potential-dependent molecular responses at electrode surfaces
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Figure 7. (a) In In-situ SFG spectra of the CH-stretch region (2820 to

2940 cm™") for the low-density SAM of MHA exposed to air (green squares),
d *-acetonitrile (red triangles), d >-water (blue diamonds), and d 5-toluene
(black circles). (b) Relative VSFG peak area of the methylene modes at
wavelengths of 2855 cm™ (solid symbols) and 2925 cm™' (open symbols) for
the low-density SAM when a +25 mV (vs. SCE) potential was repeatedly
applied. (Reproduced with permission from Ref. [82], Copyright 2003 AAAS)
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were further studied in electrochemical systems consisting of
ionic liquids,® zwitterionic molecule,®” and coordinating
anions® at metal electrodes. A large set of experiments deals
with the structure of ionic liquids at an electrode surface.
Exemplarily, Baldelli, and coworkers studied the orientation of
the adsorbed cation of an ionic liquid at a Pt electrode upon
variation of the electrode potential.”® They utilized a room
temperature ionic liquids, for example, 1-butyl-3-meth-
ylimidazolium [BMIM]* with [PF¢]~ or [BF,]", and examined the
C—H stretching peak intensity under different polarization as
the electrode potential is varied (Figure 8).%%

Comparing the VSFG intensity in ssp and ppp polarization
(Figure 8) the authors concluded that potential changes lead to
the reorientation of the organic cations [BMIM]* at the surface.
For example, at potentials above pzc, i.e,, at positive surface
charges, the anions, [PF¢]~ or [BF,]~ will move into the inner
Helmholtz layer for compensating the charge. To allow this
movement the BMIM cation is tipped along the surface normal.
Subsequent work showed that such potential-dependent struc-
tural transition of ionic liquids is also influenced by the
presence of water in the electrolyte.®” Studying a related ionic
liquid utilizing different anions on a Pt electrode, Zhou et al.
focused on the potential dependent adsorption/desorption of
the anions, i.e. trifluoromethanesulfonate.® Their observation
suggested the presence of a diffuse ion layer in addition to the
single ion layer reported earlier.® The potential-dependent
VSFG intensity of the 'SO;" stretching vibrations indicate an
adsorption/desorption hysteresis of anions, which originates
from the potential energy barrier associated with binding
energy and Madelung potential (Madelung constant) of the
ions.®
A change in potential can also influence the mode of

coordination of the adsorbate: Braunschweig et al.®*' observed
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Figure 8. VSFG response of the cation of [BMIM][PF,] at a Pt electrode
recorded at different potentials (vs. Ag/AgPF,) with ssp and ppp polarization.
(e) Structure of the cation (Reproduced with permission from Ref. [83],
Copyright 2004 American Chemical Society)
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surface transformations on a Pt electrode at 0.21 V vs. Ag/AgCl
resulting from the configurational changes in the (bi)sulfate
adlayer. Due to the negligibly low dipole moment perpendicu-
lar to the Pt surface, the two-fold coordinated state of the
bi(sulfate) was found to be SFG inactive but a potential induced
configuration change from the two-fold to a three-fold
coordinated state resulted in a strong VSFG signal from the S—O
stretching vibration.®”

However, the impact of the surface potential on molecular
adsorbates is not restricted to charged species. Even molecules
with no net charge such as zwitterionic species can reorient
themselves upon changes in the surface potential because of
their large dipole moment. This was exemplified in a study with
p-aminobenzoic acid (PABA) at an Ag(111) electrode. In this
system, a potential change across the point of zero charge
causes a distinct reorientation of the molecular dipole as
reflected in the VSFG signal in the aromatic CH stretch region
(Figure 9).%% In addition to a flip in the sign of the VSFG signal
(upon changing the potential from below to above the point of
zero charge), a blue shift of the COO~ stretching mode is
observed at increasingly positive potentials.

However, this was not a gradual frequency shift with
potentials as would have originated from the Stark effect, rather
a sudden increase in frequency was observed. This was
associated with the formation of a densely packed molecular
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Figure 9. (a) Graphical representation of the potential-induced orientation of
p-aminobenzoic acid. (b) SFG spectrum of aromatic CH stretches at Ag
(111)in 20 MM PABA and 0.1 M KF at 0.0 V and (c) at —1.05 V (vs. Ag/AgCl).
Transformation of spectral feature from a peak to dip at relatively positive
potentials suggests flipping of the molecule as it goes through the pzc.
(Adapted with permission from Ref. [84], Copyright 2005 American Chemical
Society)
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layer at higher positive potentials altering the intermolecular
interactions. Such structural reorientation at a modified elec-
trode potential can not only influence the structure of the
adsorbate layer but also rather impact the course of an
electrochemical reaction. This was exemplified by Rey et al.
working on CO, reduction in an ionic liquid medium at a Ag
electrode,® where structural transition of the ionic liquid within
the double layer stabilizes CO, reduction intermediates and
lowers the energy barrier for initial steps.®

To study the absolute orientation of molecules at a surface
or interface, heterodyne detected VSFG (HD-VSFG) has been
identified as a suitable tool.®™ HD-VSFG detects the field of the
VSFG signal and, hence, allows for treating the imaginary part
(Im %?) of the signal separately from the real part (Re ).
Thereby, the absolute orientation of molecules can be deter-
mined at surfaces and interfaces.”® Investigations of, for
example, the adsorption geometry of Rhenium-complex-based
CO, reduction catalyst on TiO, semiconductor surfaces®"
illustrated that the length of the molecular linker determined
the spatial orientation of the catalysts relative to the surface.
This knowledge can be transferred to developing electro-
catalyst-semiconductor systems with a preferred molecular
arrangement.®"

Sayama etal. utilized HD-VSFG to observe potential-
dependent structural changes in an electrode-electrolyte
interface™® focusing on co-adsorption studies of acetonitrile
(Figure 10) and the CF;SO;™ anion from a LiCF;SO; electrolyte
on a Pt electrode. During modulation of the surface charge by
applying an external potential, electrolyte anions were found to
absorb only at positive potentials. At those potentials, the CH,
groups of the acetonitrile molecules were directed towards the
anion on the electrode. The authors also highlighted the fact
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Figure 10. Potential (Ag/Ag™) dependent Im %, Re ¥® and |x®|? spectra of

the acetonitrile/platinum interface with a 0.1 M LiCF,SO; electrolyte in the
CH stretch region. The red curve, black curve, and blue broken curve are Im
x?, Re x? and |x?|? respectively. |x? |? spectra were calculated from Im %
and Re % spectra. At positive potentials the positive CH band in Im %®
spectrum indicates CH; down orientation of acetonitrile, this band
disappeared while going towards negative potentials. (Reproduced with
permission from Ref. [42a], Copyright 2020 Royal Society of Chemistry)
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that without complete knowledge of molecular hyperpolariz-
ability, a combined theoretical study is necessary to comple-
ment the experimental observations.

Clark et al. followed such a combined experimental-theoret-
ical approach to determine the molecular orientation of cyano
substituted rhenium bipyridine tricarbonyl catalysts, which
were weakly bound to an Au electrode.”” However, this weakly
bound complex dissociated from the surface before any electro-
chemical process took place as a result of the applied potential.
For molecules covalently attached to the electrode, for example
thiol substituted Re- and Mn-complexes, the electrode surface
can be interrogated in real-time while applying potential
without causing the dissociation of the molecules.”® Direct
attachment of the molecular catalyst to the electrode surface
resulted in a pronounced Stark shift of the carbonyl stretching
mode while applying a potential to the electrode. By comparing
the observed shift in frequency with theoretically calculated
Stark tuning rates the value of the interfacial electric field was
determined to be ca. 10° to 10°Vm™". The computed SFG
spectra were scanned through a range of tilt (8) and twist (1)
angles suggested by the theoretically optimized configurations
of the catalyst to obtain the best fit with experimental results.
Thus from the comparison of the calculated spectra and
experimental VSFG results, the absolute orientation of the
molecules attached on the surface was obtained.”

3.1.2. The structure of water at electrode surfaces

Key to a mechanistic understanding of electrochemical proc-
esses in aqueous systems is an in-depth knowledge of the
structure and dynamics of water itself. In the last decades,
different aspects of water structure have been studied both
experimentally and theoretically,®” for example, in heteroge-
neous catalysis® and fuel cells.”® VSFG has been extended to
study the interface between water or aqueous electrolytes and
electrified metals. For instance, Tadjeddine and co-workers
detected adsorbed hydrogen species on a Pt electrode which
was hydrogen-bonded to two water molecules from the
adlayer®” However, such experiments are challenging, as
detection of a resonant VSFG signal from interfacial water is
affected by the absorption of mid-IR pulse by the aqueous
solvent itself. In addition to the absorption of the IR intensity by
bulk water, the overwhelming non-resonant VSFG response
from the metallic electrode complicates the detection of the
resonance signal from the electrode interface with water. To
address these issues Nihonyanagi et al. implemented VSFG in
internal reflection geometry while using both tunable visible
and mid-IR light sources.”® By modulating the wavelength of
the visible light they were able to minimize the non-resonant
response of the ultrathin Au electrode, while the internal
reflection geometry minimized parasitic IR absorption by bulk
water.

Resolving the interference between the resonant and non-
resonant VSFG response, information about the polar orienta-
tion of water at the interface was obtained. The major
resonance peak was centered at 3500 cm™' and was attributed

Chem. Eur. J. 2022, 28, €202200407 (10 of 21)

to the O—H stretching of liquid-like, less ordered water. A
shoulder at 3250 cm™' originated from tetrahedrally coordi-
nated ice-like, ordered water. A comparison between the VSFG
response from these two peaks indicates the extent of ordering
in the interfacial H,0 layer.”” A potential-dependent VSFG study
in the range of —0.2V to 1.0V vs. Ag/AgCl showed that the
relative phase between the resonant and non-resonant re-
sponse does not change abruptly in the given potential range.
This indicates that the net dipole of the water molecule does
not flip in this potential window. Nonetheless, the modulation
of the resonant VSFG signal as a function of the applied
potential (Figure 11a) indicates structural changes in the
interfacial water layer. These structural changes were related to
the net charge and the interfacial structure between the
electrode and the adlayer.”® Such charge-sensitive orientation
of the water molecules was also observed on non-conductive
surfaces,"™ which can be related to the lower resonant VSFG
response at the point-of-zero charge, as in absence of net
surface charge, the water molecules in the adlayer are less
organized. Following the work by Nihonyanagi et al.,”® Gewirth
and co-workers identified a range of water structures at
electrified Ag/water interfaces (Figure 11b-d)."*" In addition to
liquid-like water with a low level of hydrogen bonding
(characterized by a VSFG peak near 3370 cm™') adsorbed water
molecules were identified yielding a VSFG peak at 2970 cm™'.
The shift of the O—H stretching vibration to lower frequencies
results from the specific adsorption of the water molecules to
the Ag surface and a consequently reduced electron density in
the O—H bond. Also, the dependency of this peak on the
electric field indicates its association with Ag surface-bound
water. Another peak associated with ice-like ordered water was
observed at 3250 cm™', which shows minimal intensity at the
point-of-zero charge. This peak was associated with water
molecules solvating ionic species, for example Na*, F~ near the
interface, which is less populated near point-of-zero charge. The
fourth peak at 2800 cm™' is observed near the point-of-zero
charge and becomes more intense upon increasingly negative
potentials. Thus, this peak was ascribed to hydronium species.
The potential-dependent VSFG response from the water
adlayer, suggests a parallel orientation of water in the absence
of any net surface charge. However, the work could not
determine the orientation of the molecular dipoles quantita-
tively, as only a single polarization geometry was investigated
and, in the absence of strong non-resonant signal contributions,
it was not possible to relate the phase of the resonant signal to
the one of the non-resonant contribution.

A comparative study addressing water at Au and Pt electro-
des highlights the impact of the metal on the structure of water
molecules in the interfacial water layer. The intensity ratio
between peaks associated with liquid-like and ice-like water can
be taken as a measure to deduce the overall order of water
molecules at different metal surfaces."®™ Microscopic images
show well-ordered H,O films on a clean Pt surface® while
amorphous water layers are observed on Au." At increasingly
positive potential, when metal oxides start to be formed, the
O—H peak decreases on both electrodes, however, when
studying the Au electrode a sharp peak appears at 3550 cm™'
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Figure 11. (a) Potential dependent VSFG amplitude at 3500 cm™'(As5q0) of asymmetrically hydrogen-bonded relatively disordered water molecules on Au
electrode in 10 mM sulfuric acid solution, showing a minimum near the point-of-zero charge. (b) VSFG spectra obtained from an Ag(1 0 0) surface in 0.1 M
aqueous NaF solution at different potentials (vs. Ag/AgCl), positions of four different features are marked as 1-4 (c) Potential dependent change in intensity of
those 4 peaks (d) Pictorial representation of the water orientation corresponding to four different peaks. (Figure 11a is reproduced with permission from

Ref. [98], Copyright 2004 Elsevier; Figure 11b-d are reproduced with permission from Ref. [101], Copyright 2005 American Chemical Society)

on top of the broad O—H band.'® This sharp peak was ascribed
to the existence of a non-hydrogen bonded OH group on the
surface. More recently, yet another type of water structure was
detected on the Au-water interface by a VSFG signal at
3680 cm™' (Figure 12).This signal indicates the presence of an
O—H group perpendicular to the Au surface which only interacts
weakly with the Au surface, while not partaking in any
hydrogen bonding."® This VSFG signal resembles OH stretch
features at water-hydrophobic material interface and proposed
to be originated from non-hydrogen bonded O—H.["%

The structure of the water adlayer has also been inves-
tigated on non-metallic electrode surfaces. In an attempt to
explore the potential dependence of interfacial water in an
atomically thin graphene layer, Bonn and co-workers found that
the graphene layer is partially transmitting the interaction
between the water molecules and underlying substrates."””!
Owing to the presence of water molecules on both sides of the
graphene layer, the VSFG signal from the water molecules
between the substrate and the graphene layer counteracts the
signal from the water molecules on the other side of the

Chem. Eur. J. 2022, 28, €202200407 (11 of 21)

graphene in contact with bulk water. This leads to apparent
VSFG inactivity of the free (non-hydrogen bonded) water across
graphene layer. Though different aqueous interface discussed
in this section cover varieties of the electrode surface in contact
with it, one common realization was the influence of surface
charge on the orientation of the interfacial water layer.

3.1.3. The effect of polarized electrodes

As discussed earlier, the VSFG signatures of electrode surfaces
obtained under electrochemical conditions are influenced by
the interfacial electric field. Such electric fields do not only alter
the surface specificity of the spectroscopic method but can alter
the chemistry at the interface, i.e. tune the interaction of the
adsorbate and the electrode. This was observed, for example,
by Schmidt et al."® who applied different potentials to tune
the electric field at CO/Pt (1 1 1) interface and thereby shift the
Fermi level of the Pt. This caused a frequency increase and
decrease in the lifetime of the C—O vibration at higher positive
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Figure 12. (a) VSFG spectrum from the Au/ aqueous HCIO, interface at zero
delays between the VIS and IR lasers, IR wavelength below 3600 cm ™" was
absorbed by bulk water (solid line), IR beam profile (dashed line). (b) VSFG
spectrum from the Au/H20 interface with the 800 nm beam delayed 667 fs
to the IR (suppression of NR background); Lorentzian fitting indicates a peak
at 3680 cm ™' (Reproduced with permission from Ref. [106], Copyright 2017
Wiley).

potentials as investigated by time-resolved VSFG. Such potential
dependent tuning of the Fermi energy causes different
resonances between the Fermi level and the electronic orbitals
of the adsorbates, which in turn affects the vibrational
relaxation within the adsorbates."*”

The influence of the electric field on the VSFGsignal is more
prominent when the functional group, whose vibrational mode
is studied is closer to the electrode surface. Otherwise, the
effect on the VSFG signal might be limited to the non-resonant
response,"'” as the latter reflects the density of occupied
electronic states at the surface, which is modulated by altering
the potential at the electrode surface. Hence, electrochemical
VSFG spectroscopy can be used to probe the potential depend-
ent occupation of electronic states or the distance between a
molecular oscillator to the surface or interface.”** For instance,
Uosaki and co-workers investigated the interaction of adsorbed
CO with an underlying Pt electrode: The authors exploit the
electronic resonance between the Fermi level of Pt and
antibonding CO orbital to enhance the VSFG signal (Fig-
ure 13).""" Altering the potential shifts the Fermi energy level
and the corresponding resonance energy, thus a potential-
dependent study with visible pulse energy matching the energy
gap could map the electronic state at the CO/Pt interface.
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interface, showing the potential-induced Fermi level shift and electronic
coupling of visible energy to the electronic transition between the Fermi
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Local electric fields can exist at surfaces even in absence of
an applied potential. Dawlaty and co-workers implemented
VSFG to probe such reaction fields at the junction of a
conductor and a dielectric solvent.""? Their measurements
involving the CN stretching frequency of 4-mercaptobenzoni-
trile (4-MBN) on a gold electrode in different liquid dielectric led
to a theoretical model, which correlates the dielectric constant
of the solvents with the interfacial reaction field and explains
the redshift of the CN vibration in solvents with higher dielectric
constant (Figure 14a-c). Such spectroscopic studies serving as
‘local field probes’ also exemplified that in addition to the
applied potential, the ionic strength of the electrolyte influen-
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Figure 14. (a) Resonance amplitude from VSFG response of nitrile stretch
from the Au-4-mercaptobenzonitrile surface in contact with a different
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constant of the solvent. (c) Experimental data fitted to an Onsager-like
model taking asymmetry of the interface into account (d) Frequency change
as a function of ionic concentration at a fixed applied potential. (Figure 14a-
c are reproduced with permission from Ref. [112], Copyright 2017 American
Chemical Society, Figure14d is reproduced from Ref. [113], Copyright 2017
American Chemical Society)

ces the electric field near the electrode. This effect was
highlighted when recording the VSFG signal of CN oscillators in
electrolytes with different concentrations of KCl at a fixed
applied potential (Figure 1414d).""

Recently this approach was further extended towards
probing heterogeneous charge distribution on mineral
oxide."" VSFG has also been employed in combination with
theoretical methods, for example, grand canonical electronic
structure calculation to explore the thermodynamics of an acid
dissociation reaction at varying interfacial electric field. Ge et al.
probed COO~ Vvibration of 4-mercapto benzoic acid at
1400 cm™ by potential dependent VSFG measurements."””!
Theoretically calculated pK, values of the molecule agreed well
with experimentally determined values (by comparing the VSFG
amplitude of symmetric stretch of COO~ and phenyl ring mode)
at different electric fields induced by a varying potential. The
striking agreement between the experimental values and the
theoretical predictions validates the findings of theoretical
calculations.

3.1.4. Identifying reaction mechanism and intermediates

The application of VSFG to monitor electrochemical trans-
formation or to detect reaction intermediates dates back to
1994 when Peremans detected a weakly bound terminal H
species on a Pt electrode using in situ VSFG spectroscopy.''
The vibrational signature of the species appeared near
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1770 cm™ irrespective of the crystallinity of the electrode
surface. Based on the appearance of this band at potentials
below 0V vs. NHE, its presence can be assigned to a reaction
precursor for hydrogen evolution."'?

However, the application of VSFG to monitor the H,
evolution reaction has since advanced beyond the detection of
adsorbed H species: Rohwerder and co-workers combined VSFG
with cyclic voltammetry and ellipsometry to study the modu-
lation of H, evolution rate during electrochemical desorption of
a thiol monolayer.""” Their VSFG experiments focused on the
desorption of araliphatic thiol monolayers by in situ monitoring
the intensity of the pyridine ring vibration at around 1600 cm™'
while scanning the potential through the region of hydrogen
evolution. The authors found that even after desorption of the
adsorbed monolayer, one of the araliphatic thiols preserved its
two-dimensional crystallinity as suggested by the stable VSFG
intensity after 10 cyclovoltammetric cycles (see Figure 15).
Rohwerder proposed that immediately after the desorption of
the thiols, hydrated cations get encapsulated between the
suspended monolayer and negatively polarized Au electrode.
This leads to an optimum pre-orientation of the water
molecules for participating in the hydrogen evolution reaction
(HER), thus substantially increasing the reaction rate."'"”’ Meth-
odologically, this work evidenced that not only VSFG can detect
chemisorbed species on the electrode surface but rather probes
the desorbed or physisorbed layers as well if those preserve
their inherent ordering. A similar reductive desorption study
was performed with decanethiol (DT) and octadecanethiol
(ODT) SAMs on an Au electrode."™® With packed monolayers
consisting of long alkyl chains, owing to the local inversion
symmetry at the middle of a C—C bond, methylene stretching
modes are usually dark in the VSFG spectrum. Induction of
defects or disorders can break the inversion symmetry and thus
renders such band VSFG active."™ At reductive potentials, the
thiolate monolayers are reduced and desorb from the surface
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Figure 15. (a) Integrated and normalized VSFG intensities are plotted against
number of voltammogram cycles. Evolution of VSFG response from pyridine
ring vibration of SAMs of (4-(4-(4 pyridyl)phenyl)phenyl)methanethiol
(PyPP1) on Au(1 1 1) during potential sweeps. (b) First two CV scans
recorded in the SFG cell during the acquisition of spectra shown in (a). (c)
Integrated SFG Intensity normalized to the maximum signal of the observed
band from PyPP1/Au(1 1 1) (black circle) during ten CV cycles indicating an
ordered structure, as compared to PyPP2 (red square) which shows
disruption in ordered layer with increasing CV cycles (Reproduced with
permission from Ref. [117], Copyright 2013 Elsevier)
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leading to a decreased packing density, which benefits the
formation of such defects. However, reductive desorption of DT
and ODT lead to a notable difference in the VSFG response of
both systems. While the methyl stretching mode from ODT
remained visible at the desorption potential, indicating the
presence of an ordered layer even after desorption, the
respective mode was not visible at the desorption potential of
the DT SAM.

Another important class of reactions that have been
monitored successfully by VSFG is the electrochemical oxidation
of organic acids, aldehydes, and alcohols. Electrooxidation of
ethanol on a polycrystalline Pt electrode was studied in H,SO,
and HCIO,"® Potentiodynamic broad-band VSFG spectra
indicated the adsorption of CO, —CH, CH/O, i.e. species
resulting from the ethanol oxidation at different potentials:
VSFG bands at ca. 2080 and 1850cm™' confirmed the
adsorption of CO on Pt both on atop and bridge sites. However,
the peak at 1850 cm™’, which corresponds to CO adsorbed on
bridge sites, was only observed in sulfuric acid electrolyte rather
than in the perchlorate electrolyte (Figure 16b). This solvent-
specific adsorption of CO originates from the low CO coverage
when CO is preferentially adsorbed on the Pt-bridge sites: in
H,SO, competitive adsorption between the (bi)sulfate anion
(resulting in a VSFG band 1280 cm™")"* and CO results in lower
CO coverage.?" The competitive adsorption was also observed
in electrochemical experiments where a lower current density
was reported for ethanol oxidation in H,SO, electrolyte as
compared to HCIO, electrolytes. At potentials more positive
than 0.4V vs. Ag/AgCl, oxidation of adsorbed CO leads to the
disappearance of the bands indicative of CO adsorption (Fig-
ure 16a-b). At the same time removal of adsorbed CO creates
vacant surface sites where adsorption of acetate occurs, which
was detected in the potential range between 0.5 and 1.0V by
its characteristic IR vibration at 1410 cm™' (Figure 16¢), which
stems from the symmetric carboxylate stretching vibration."??
In subsequent work on CO oxidation in alkaline media, the
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Figure 16. Potentiodynamic VSFG spectra of atop and bridge bonded CO
vibrational bands recorded during 0.5 M ethanol electrooxidation on a
polycrystalline Pt electrode in (a) 0.1 M HCIO, and (b) 0.1 M H,SO,. (c)
(Bi)sulfate and adsorbed acetate (at E> 0.6 V vs. Ag/AgCl) vibrational bands
(0.1 M H,SO,) appears above the NR background at potentials (Reproduced
with permission from Ref. [120], Copyright 2011 Elsevier)
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authors observed a lower overpotential for CO oxidation which
correlated to the disappearance of the CO peak from the VSFG
spectrum at comparatively low potentials."?

Adsorbed CO was also detected as a reaction intermediate
during electrochemical oxidation of glycerol on a Pt
electrode." In the VSFG spectra linearly bound CO species
were detected at 2045-2070 cm™' at potential as low as 0.05 V
vs. RHE, indicating facile cleavage of C—C bond of glycerol on
Pt. Upon shifting the potential from 0.05 to 0.7 V, the CO peak
shifts from 2050 to 2063 cm™, a shift, that was related to
alterations in the surface coverage of CO and electric field
effect."* At the onset of CO oxidation, the surface coverage for
CO decreases, consequently weakening dipole-dipole interac-
tions between adsorbates and ultimately causing the observed
frequency shift."*

These studies exemplify, that VSFG spectroscopy is well
suited for detecting different adsorption modes of CO on
different surface sites even in the presence of other
molecules."*'?* Though real-time detection and assignment of
linearly adsorbed or multi-bonded CO can in principle be
achieved by linear vibrational spectroscopic techniques,™”
VSFG offers the additional benefit of surface specificity. On the
surface, a weakly adsorbed species can be differentiated from a
chemisorbed or strongly coordinated moiety if the vibrational
mode of interest is influenced by the binding. Similarly, the
vibrational frequency of adsorbed CO is different from the C=0
stretching frequency of carbonyl or acid. Tong et al. used this
difference in probing the electrooxidation of formic acid on Pt
electrode."® They detected a broad and weak VSFG response
at ~1700 cm™', which is lower in frequency than adsorbed CO
species. This peak originated from weakly adsorbed formic acid
which is a precursor for the oxidation process. Recently, the use
of insitu VSFG spectroscopy was further extended towards
studying the mechanism of electrooxidation involving relatively
complex molecules like 5-hydroxymethylfurfural on Nickel
nitride/ carbon nanosheets.'*!

The success of VSFG in detecting and monitoring the
adsorption of CO on various electrodes inspired the use of the
technique in electrochemical CO, reduction. In electrochemical
CO, reduction, the adsorbed CO species (i.e., the CO molecule
itself or carbonyl, carboxylate functional groups) is known to be
reaction intermediate or, in multiple cases, even the final
reduced product."*® Besides the CO,-reduced products, VSFG
can be used to study structural changes in molecular CO,-
reduction catalysts on surfaces. This approach was followed for
example by Cowan and coworkers, who studied structural
reorganization of a Mo-complex associated with the formation
of the chemically active catalyst species wusing in-
operandoVSFG."*" The authors successfully detected the cata-
lytically active form of the catalyst by monitoring the v(CO)
modes of the Molybdenum-based metal carbonyl catalyst
(Figure 17). The strong potential dependence of the v(CO)
modes indicated a strong interaction of the catalytic species
with the Au electrode. This interaction facilitated CO removal
from the catalyst and opened a lower energy pathway for
generating catalytically active species for CO, reduction. The
authors also detected the linearly adsorbed CO directly on the
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Figure 17. Solution phase FTIR (a) and in situ VSFG spectra (b-g) of [Mo(bpy)(CO),] at an Au electrode in CH,CN and 0.1 M TBAPF, under Ar. The FTIR spectrum
is recorded at open circuit potential and the VSFG spectra at different potentials as indicated. The intensity of the NR background (dashed line, h) of the cell
recorded with 0 ps time-delay between the IR and 800 nm laser pulses provides an approximation of the spectrum of the broadband IR pulse. Spectra (b-g)
are recorded with a 0.45 ps delay between the IR and asymmetric 800 nm laser pulses. Center: a pictorial representation of the proposed assignments. The
assignments at —2.3 and —2.5 V are tentative due to the presence of a complex mixture of species (> 3) with spectral features at similar positions. The gray
VSFG peak at ca. 2090 cm ™ is due to CO at the gold electrode, the purple peaks are assigned to [Mo(bpy-H)(CO),]” Right: Scheme showing the proposed
mechanisms for the formation of active catalytic form. (Reproduced with permission from Ref. [131], https://pubs.acs.org/doi/10.1021/jacs.7b06898, Copyright
2017 American Chemical Society, further permissions related to the material should be directed to the ACS)

Au electrode by its characteristic vibrational signature at
2090 cm™". The behavior differed from CO, reduction on a Pt
electrode, where only a weak potential dependency was
reported. Following a similar approach, the same group
followed the formation of different CO, reduction intermediate
using a [Mn(bpy)(CO);Br] electrocatalyst."** From the operando
VSFG data in the absence of CO, they inferred hydride
intermediates, which were not present under CO, atmosphere.

VSFG bands at 1976, 1875, and 1600 cm™' were assigned to
reaction intermediates involving metal carbonyls binding the
reduced CO, species in different geometries. Introducing
isotopically labeled CO,, i.e. *C'®0,, enabled the assignment of
individual vibrational modes in the VSFG spectrum. On a
different note, Wang and co-workers probed the products from
electrochemical CO, reduction on Au and Cu electrodes."*? On
the Au electrode, the VSFG response at 2100 cm™' showed
linear adsorption of CO. The vibrational mode exhibited a
strong Stark shift of 44.4 cm™' V™' in the potential range of —0.5
to —1.3V vs. SCE. The assignment of linearly adsorbed CO on
Au electrode was in line with previously reported IR spectro-
scopic data.® However, the spectroscopic findings on the Cu
electrode pointed to a different interaction mechanism at the
surface: The absence of any resonance VSFG response in the
same potential window suggested either a random orientation
of CO species and/or an ultra-short lifetime of the adsorbed CO.
Nevertheless, on the Cu electrode, the orientation of the
adsorbed CO favors the formation of C—C bond, indicated by
the observation of the asymmetric C—H stretching of methyl
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and methylene groups of a surface ethoxy moiety
(Cu—OCH,—CH,) at 2996 and 2936 cm™"."*%

3.1.5. Vibrational relaxation dynamics in molecularly
functionalized electrodes

To study vibrational dynamics in the CO, reduction catalysts
Re(dcbpy)(CO);Cl  ((ReCO A) [dcbpy =2,2-bipyridine-4,4"-
(COOH),] immobilized on a Au surface, time-resolved broad-
band VSFG (TR-VSFG) proved successful.”* Following vibra-
tional excitation by IR pump pulse, the temporally delayed
VSFGpulse sequence served as a probe of the molecular
structural changes in the complex.

Excitation of the molecules occurred at 2025 cm™, i.e. in
resonance with the symmetric CO stretch vibration.* The
resulting TR-VSFG spectrum of adsorbed catalyst showed
ground state bleaching at 2025 cm™' and excited-state absorp-
tion at 2005 cm™' (Figure 18). From the (bi-exponential) decay
kinetics, a rapidly populated equilibrium between the CO
stretching modes by intramolecular vibrational energy relaxa-
tion was identified as a key relaxation step. In a comprehensive
VSFG spectroscopic study coupled with theoretical calculation,
Lian, Batista, Kubiak, and co-workers elucidated the structural
influence of a Rhenium catalyst (for CO, reduction reaction) on
adsorbate-substrate  interaction and interfacial energy
transfer.®® Authors highlighted the requirement of new
anchoring (immobilization of the catalyst on electrode) strat-
egies, as at potentials more negative than —1.0 V vs. Ag/AgCl,

1
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Figure 18. (a) Normalized TR-VSFG difference spectra of ReC0O-Au recorded at
different pump-VSFG delays as indicated in the figure. (b) Vibrational energy
level scheme of the coupled CO stretching modes of ReCO A-type complexes.
(Reproduced with permission from Ref. [134], Copyright 2012 American
Chemical Society)

desorption of catalysts inhibited VSFG probing of the catalyst in
action.*®

3.2. Solid electrolyte interfaces in Li-ion batteries

Li-ion batteries represent the state-of-the-art benchmark in the
field of rechargeable batteries.*” Various spectroelectrochem-
ical techniques are key in elucidating the physical and chemical
processes occurring at electrodes of Li-ion batteries.”” Realiza-
tion of VSFG on the electrode-electrolyte interface opened the
possibility to directly probe the interfacial phenomena in
operando and to selectively monitor the dynamics at the solid-
electrolyte interphase.®® In the following, we summarize the
use of VSFGto study solvent adsorption, the formation of solid
electrolyte interphase, and potential induced surface modifica-
tion of the electrode (Li deposition/stripping).

3.2.1. VSFG applied to study cathode surfaces

The first implementation of VSFG in the field of Li-ion batteries
focused on the adsorption of linear and cyclic alkyl carbonates,
popular electrolyte additives for Li-ion batteries, on a LiCoO,
cathode. Ye and co-workers realized VSFG in an internal
reflection geometry after depositing a thin film of LiCoO, on a
CaF, prism.®* Bringing the cathode surface in contact with the
propylene carbonate (PC) electrolyte, the vibrational resonance
response of v(C=0) indicated two different orientations of the
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adsorbed PC (see Figure 19). In presence of multiple alkyl
carbonates in the electrolyte, preferential adsorption of cyclic
ethylene carbonate (EC) over linear diethyl carbonate (DEC) and
dimethyl carbonate (DMC) was reported."* In all these VSFG
spectra two resonant responses were identified, which origi-
nated from differently oriented molecules at the interface.
Polarization-dependent VSFG experiments revealed the tilt
angle of the C=0 group (of adsorbed EC) as 12° and 171°,
which confirms the existence of two different orientations of EC
and thus different extent of interaction between C=0 group
and electrode surface.™® A redshift in frequency was observed
in the (=0 mode of adsorbed EC pointing towards the
electrode surface due to its relatively stronger interaction with
LiCoO,. Though these studies were performed under open-
circuit conditions, important information about adsorption and
orientation of the electrolyte molecules were obtained.

3.2.2. VSFG applied to study anode surfaces

The adsorption of carbonate solvents was also studied on
anode surfaces. Peng et al. observed preferential adsorption of
PC molecules over DMC on a carbon substrate by two distinct
VSFG signals stemming from C=0 groups pointing towards and
away from the anode surface.””

However, the focus of VSFG experiments on anode surfaces
was on the formation of the solid electrolyte interphase (SEI)
which determines the long-term stability and cyclability of Li-
ion batteries. SEl is generated in the first few charging cycles of
the battery by decomposition of the electrolytes.™" The very
first application of insitu VSFG targeting SEI formation was
conducted with Cu and Au electrodes."* Formation of the SEI
upon scanning the voltage from 2.0V to 0.2V (vs. Li/Li%)
generates two interfaces, an electrode/SEl interface, and an SEI/
electrolyte interface. Upon changing the potential, the position
of the electrode/SEl interface remains fixed (in space) but due
to the shrinking of SEI, the SEl/electrolyte interface moves
periodically in the lab frame. The variable thickness of SEI
causes an optical interference effect between the reflected and
transmitted (eventually reflected from electrode surface) VSFG
signal of ethylene carbonate (EC) from the electrolyte/SEI
interface. This contributes to the potential dependency of the
VSFG signal stemming from the EC molecules. As noted by the
authors, potential driven reorientation of EC molecules were
present on both Au and Cu electrode, however, the influence of
optical interference on the VSFG signal was realized only with
Cu electrode. On the Au electrode, such effect was not
observed due to the comparably opaque SElI formed on the
latter metal.

Dlott and coworkers pointed out that care has to be taken
in interpreting VSFG signals stemming from an electrode/SEI
interface. Using a model anodic half cell with an Au electrode,
Dlott observed that the IR pulse, the intensity of which is
attenuated in specific frequency ranges due to absorption from
the electrolyte, can produce illusory or ‘phantom’ SFG
signals."* To rationalize their experimental results, Dlott and
coworkers suggested a model that considers both second (y®)
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(Reproduced with permission from Ref. [139], Copyright 2009 American Chemical Society)

and third-order (x*®') susceptibilities. Their observations suggest
that in presence of a large electric field, the potential depend-
ency of the VSFG signal has a significant contribution from the
third-order term [¥® x Eys(w;) x Ep(w,) X Epcl (see  Equa-
tion (3)). In these calculations, both second (y®) and third-order
(') susceptibilities were considered potential independent.
However, Li deposition and stripping at the anode (Au) affects
the nonlinear effects on the surface and cause changes in the
VSFG response originating from the electrode surface at the
respective potentials. This provides direct means to monitor Li
deposition or Li stripping from the electrode, even though Li-
ions themselves do not have vibrational resonances in the mid-
IR range. Unlike the VSFG on electrode surface, signals from the
SEl was not influenced by the Li deposition or stripping, instead,
the evolution of the SEI during individual charging/discharging
cycles was monitored by the VSFG response stemming from
constituents of the SEI, for example Lithium ethylene dicarbon-
ate (LIEDC).

Horowitz et al. studied the reduction of an EC/DEC solvent
on crystalline silicon electrodes in a Li-ion battery half cell
system. From the operando VSFG signal, the authors
concluded about the formation of a Si-ethoxy species, which is
associated with the vibrational mode —CH; and —OCH, detected
at a potential of about 1V (vs. Li/Li*) (see Figure 20).

[144]
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Figure 20. (a) VSFG intensity (divided by another SFG response during CV at
the particular potential range or OCP) under reaction conditions from
crystalline silicon Si(1 0 0)-hydrogen-terminated anode in contact with EC/
DEC. At 1.1 V0.8 V (vs. Li/Li") evolution of the peak near 2895 cm™'
corresponds to the s-OCH, group stretch associated with the Si-ethoxy
formation. Which is not seen in presence of only EC (b) (Reproduced with
permission from Ref. [144], Copyright 2016 American Chemical Society)

Corresponding vibrational features were only visible in the
presence of DEC and with H terminated Si. Therefore, the
authors proposed a mechanism, that involved the formation of
an ethoxy radical (or anion) which reacts with acidic Si sites
leading to the formation of a Si-ethoxy bond. EC does not allow
for this reaction to proceed as the corresponding anion of EC

will lead to the formation of LIEDC.
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Additional VSFG experiments addressed the mechanism of
DEC decomposition, which starts even at open circuit potential
(OCP) when the electrolyte is in contact with an acidic silicon
surface.™ However, it was reported earlier that the use of
fluorinated electrolytes increases the stability of the SEI"* and
improves cyclability.'"” Comparative VSFG studies of the
electrode/SEl interface formed by 1,2- diethoxy ethane and its
fluorinated version on Si anode indicated that using the
fluorinated electrolyte increases the ordering of the interface
and leads to narrower and more intense VSFGbands. The
underlying mechanism was associated with changes in the
orientation of the —CF; end groups of linear fluorinated ether
with respect to the surface. While working with a cyclic
carbonate (EC) and its fluorinated form (FEC) on silicon and
sapphire surfaces, Horowitz et al. observed a similar reorienta-
tion with more FEC rich solvent* They conducted VSFG
experiments with different polarization geometries to probe the
orientation of the C=0 oscillator (see Figure 21). Their exper-
imental results indicated that the oscillators are preferentially
oriented perpendicularly to the surface upon addition of FEC.
This FEC induced ordering might be helpful for Li* ion diffusion
through the electrolyte molecules, as indicated by the authors.
Successive VSFG experiments and additional theoretical studies
revealed that upon adsorption of EC or FEC, the strong Si—O
bond inhibits desorption of EC/FEC."* Olson et al. conducted
further studies in this direction with nano particle-based Si
electrodes. Their observation suggests that electrochemical
reduction of the EC on lithiated Si nanoparticles produces
soluble and unstable byproducts, which readily diffuse from the
interface as indicated by the absence of SFG signals."*® On the
other hand, potential-dependent reduction of FEC produced

pure EC @

¢ SPS

EC:FEC 7:3 Surface plane
[ LI N T Ly
QO - —a— High 7
- ‘ i T
60

EC:EECHET

Normalized VSFG intensity (a.u.)

ol v =, |
100 90 80 70 60 50
EC (wt.%)

3
1750 1800 1850 1900
Wavenumber (cm-')

1700

Figure 21. (a) SFG spectra of EC/FEC mixtures at a different ratio at open
circuit potential probed at ssp (open circles) and sps (open diamonds)
polarization. In the top left panel “low” and “high” are assigned to vibration
of EC carbonyl group with tight and loosely packed molecules respectively.
(b) Top, an illustration showing the C=0 vector and its angle (0) from the
normal to the surface. Bottom, the C=0 bond angle to the surface normal as
a function of FEC wt % content. (Reproduced with permission from

Ref. [148], Copyright 2018 American Chemical Society)
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LiF, Li,CO,, fluorinated alkyl species thus suppressing the
generation of soluble constituents in the SEI.

4, Conclusion

This review discusses the development of VSFG spectroscopy as
an operando spectroscopic technique to study electrochemical
interface. In particular, the combination of VSFG spectroscopy
with electrochemical methods proved successful in unraveling
molecular processes underlying the overall electrochemical
process at the surface or interface. For instance, knowledge
gained from studying adsorption and reorientation of small
molecules, for example CO or nitriles, formed the basis for
studying complex molecular catalysts at interfaces. Potential-
controlled VSFG experiments revealed the response of interfa-
cial molecular layers to changes in the surface charge or surface
electric fields. While it is important to realize the different
effects caused by changes in molecular dipole moment, polar-
izability, or its physical orientation when subjected to an
external electric field or internal reaction field, the specific
assignment/quantification of these effects in VSFG response
poses significant challenges. Hence complementary theoretical
studies have been established as the gold standard, which
themselves are however not the focus of this review.

Analyzing the current trends and results from VSFG experi-
ments targeting different electrochemical systems, we highlight
the success of VSFG in detecting adsorbed species, in tracking
adsorbate orientation at surfaces, and in monitoring the real-
time surface reaction. The extent of electrode-catalyst inter-
action is also realized by monitoring the stark shift of the
adsorbed species. The application of this technique in observing
the electrochemical phenomena in battery half-cell provides
information regarding the solvent adsorption process. Also, in
presence of different electrolytes/electrodes, different compo-
nents in the formation and dynamics of the SEI was explored.

At the current stage, VSFG is arguably one of the most
effective spectroscopic technique to study solid-electrolyte
interface under operando conditions. However, the complex
and dynamic nature of the electrode-electrolyte interface for
example in energy storage devices makes the interpretation of
the data challenging. Active collaboration between spectro-
scopy (VSFG) and material chemistry or energy research is
certainly an asset in modelling such function-determining
interfaces in energy storage devices. As our understanding of
these interfaces improves, a broader and more general use of
VSFG in energy research is expected. For analyzing the data
more quantitatively development of theoretical studies with
comparable systems will also be useful.
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