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Sixty years ago, Reddy, Devanatan, and Bockris performed the first in situ electrochemical ellipsometry
experiment, which ushered in a new era in the study of electrochemistry, using optical spectroscopy.
After six decades of development, electrochemical optical spectroscopy, particularly electrochemical
vibrational spectroscopy, has advanced from a phase of immaturity with few methods and limited
applications to a phase of maturity with excellent substrate generality and significantly improved
resolutions. Here, we divide the development of electrochemical optical spectroscopy into four phases,
focusing on the proof-of-concept of different electrochemical optical spectroscopy studies, the
emergence of plasmonic enhancement-based electrochemical optical spectroscopic (in particular
Received 2nd September 2023 vibrational spectroscopic) methods, the realization of electrochemical vibrational spectroscopy on well-
defined surfaces, and the efforts to achieve operando spectroelectrochemical applications. Finally, we
discuss the future development trend of electrochemical optical spectroscopy, as well as examples of
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1. Introduction

Since the nineteenth century, the electrochemical research
method has been developed mainly by using electric signals
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new methodology and research paradigms for operando spectroelectrochemistry.

as excitation and detection means, i.e., to study the structure
and reaction mechanism at electrode/electrolyte interfaces,
with precise measurement of current, potential and charge
(e.g., chronoamperometry, chronopotentiometry, cyclic voltam-
metry, AC impedance, etc.)."™ The electrochemical methods
developed with the advances in electronics have now achieved a
very high detection sensitivity, capable of detecting a change in
a sub-monolayer of atoms or molecules (i.e., the adsorption/
desorption of a sub-monolayer of molecules on a single crystal
electrode surface)."™* However, the traditional electrochemical

Zhong-Qun Tian is a full professor
of chemistry at Xiamen University.
He obtained his BSc degree from
Xiamen University in 1982 and
completed his PhD under the
supervision of Prof  Martin
Fleischmann at University of
Southampton in 1987. Prof Tian
is a member of the Chinese
Academy of Sciences, a Fellow of
the Royal Society of Chemistry and
the International  Society of
Electrochemistry, and served as
President of the International
Society of Electrochemistry from 2019 to 2020. His main research
interests include SERS, spectroelectrochemistry, nanochemistry,

Zhong-Qun Tian

plasmonics, and catassembly, etc.

Chem. Soc. Rev,, 2024, 53, 3579-3605 | 3579


https://orcid.org/0000-0001-7809-5933
https://orcid.org/0000-0002-9775-8189
http://crossmark.crossref.org/dialog/?doi=10.1039/d3cs00734k&domain=pdf&date_stamp=2024-02-29
https://rsc.li/chem-soc-rev
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00734k
https://pubs.rsc.org/en/journals/journal/CS
https://pubs.rsc.org/en/journals/journal/CS?issueid=CS053007

View Article Online

Chem Soc Rev

Review Article

*9[01 £ a3 paseq
sferd NIHS JO [[9YS o11309[a1p da1j-d[oyuld ‘uryi-enin ayL S9POI13II[D [ISA10-9[3UlS 34 I8 Us30IpAY jo uondiospy -oINPNISOUBN  0T0T STANIHS-OA
261£9POTIID
S9pOI [e3sA10-913urs
[e3sA10-9[3Uls 3d 38 , OpIuekd pue  ua301pAy jo uondiospy [EWION  ¥66T uo HIS-Dd
086SOPO1IID
0¢S9PO1DIA [e3sh1d-3[3uts nY je supuAd jo uondiospe 08661 [e3sA10-o13urs
'S90BJINS 9POIIIJ[S Je[j A[[edIoIe UO [eUSIs 2'SPPO1II[A [e3sh10-913uls Sy 38 VINANd jo uondiospy POseq-ULY ,‘T66T  UO UBWERY-DH
ueurey ay) 2UBYUD UONBINIJU0D YLV Aq paonpul 4dS 99ej 52-0g?POTI[A  (S90BJINS pauyap-[[om UO
-INS 9poI13II[2 paulyap-[[om e uo Adossondads [euoneiqia S9pOIIA[d S086T [eask1o sardoosonoads [euoneiqia
ay3 sarowoid apowr 51d0ds0130ads UONII[FOI-[RUINIXD YL [e3sA10-3[3UlS 3d I® - UaS0IPAY pue , .. 0D jo uondiospy pPoseq-dIV 9T -o[3UIS U0 YI-DA [EOTWAYD0I1I09[3) IIT oSeyd
“JUSWIUBYUD
93 0 [BIONID I8 9POIIII[D Wl [e3ow a3 aredaid 03
a3e1 uonIsodap [EdIWAYD0I1III3 10 3jel uoneiodesds wnndea
QUL "SYAS JO 18y} 03 paredwiod }Sapow ST SVAIAS JO 10308
JUSWIAdUEBYUD Y3 ‘Tasamoy ‘uondiosqe I Suoxns A[snow 'S9pPO139[d WY Ny 10 3y UIy3 uo . duIiptikd paseq-dLv Pue  S0661
-1I0UD JIqIYX SW[l [e3dW ury) pajeiodesd uo Sa[NI[ON pue  ‘Sejns-103em . ‘193em . ‘HOOD-OV Jo uondiospy -aIndnnsoueN  -PIN ¢, SVIIAS-Od
fmqronpoidai 12SPIO[[0D
pue A11qels pood YIm AIAnoe SYAS d[qeIIsap as1adstpouowx
10§ 91e1SNS Y3 UO paduelre A[re[n3dal arom saponredoueu ensqns prjos payipow-1awAjod-aueisouedio uo paseq a[quuasse-J[os
aAnOR SYAS-YS1Y os1adsipououtr ay) ‘own ISy ay3 104 pajquiasse sapniedoueu 3y 10 ny asiadsipouowt U0 SYAS-DA -9INONISOUBN  S66T UM SYAS-DH
*SQJBJINS JALL AIOB-SYHAS-UOU I0 AP[Bam-SYHAS U0
reudrs uewey ay3 aqoid 03 sarensqns 3y 10 Ny dANIL-SYAS soyensqns 3y 1o ny uo payisodap (239 . ‘qd pue ., ‘pd paseq oz SINL
Ay3rq woy H1anoe SYAS Y3y , 3uimoiroq,, Jo A3arens v g3 ;10D IN fod ‘2 1) SI9AR] JALL JUSISJIIP UO SYHAS-DH -9INIONISOUBN /861 uo SYAS-DA
*90B}JINS POV Y (sordoosonoads
UO PagIOSpe SI[NIJ[OW JO IdAe[ououi(qns) JO JUSWINSLIW [BUOTIBIQIA [BITWYD0I)
o1doosonoads uewrey Aienb-ydiy ay3 sajqeus 30930 90BJINS 9POIIIA[O paseq  //6T -09[0 PIseq-JuaWDURYUD
JUIWIAOUBYUS 90BJINS Y} YOIYM UI ‘SYAS JO A19400STp oYL, 3V pauay3no1 A[[eorwayoonos[d ue uo aurpridd jo uondiospy -o1njonnsoueN  -/61 o1 SUAS-DA sruowserd) [1 aseyq
*90BJIIUT [BIIWAYD0IIOJ[S Y3 I8 UOIBULIOJUI [BUON)
-eIqIA Ie[nosjowr ym Adoosonoads reaurjuou ny1s U1 ISIA *90BJINS 9POIIIJA 3d Y} U0 _ND pue QD jo uondiospy [EULION  066T 1 DIS-0d
*90BJINS IPOIIIJ PN i (0] sh A
a3 38 pagrospe sa[ndajow jo speudrs uondiosqe ¥ a1mboe *SOpOIJA 1d U0 OFH pue [eUIIXd
0] owi[} ISI[J 9} 10] Pasn Sem IPOW UOMDIJ[JII-[BUIXS UY d[0pul jJo uondiospe ay) pue aUSIYIUBIY) JO UOIIBPIXO0III[H [EULION  086T Buisn ¥I1-DA
‘I[99 pue uoneIn3Fuod
ondo a3 jo uoneziundo 9y3 0s[e pue (UONDI[JII [BUINXI)
JUSWAINSBIW UBWEY [BULIOU Y3 JBI[I0B] YIIYM ‘SI913edS
uewey Suons are ‘Anowosdi[[o-DF IS1 oY} UI SIDOT
Aq parpnis swisAs awes ay) ‘O3H pue ‘“1g%3H ‘“1D%H *03H pue ‘“C1g%3H ““1D%3H Jo uonisodop [eTWAY2013[H [eULION /61 L uBwey-04
*90RJI9IUL
[eo1wayd01399[2 ay3 38 Adoosoxdads Jeauruou n1s Ul ISIg 'SOpOIIJ[ 3y pue IS PIIIIINS[H [EULION /96T o DHS-DF
“UOTdI[JaI
[EUISIUI-I[NUI J0J SPINSoABM B PUEB SPOIIII[A JUDIOM
® Se A[snoaue)nuiIs pasn sem a5 yorym ur ‘Adossonoads *S[edTPeI 991)
[euoneIqia Sursn A1SIwayo01309[00130ads nJ1s U1 ISI  SUIPIZUIQ[AYIaWEIId) pue [ourjournb-g jJo suononpaiondd[a poseq-dLV 9961 AI-0d
pSuaeAeMm SIA
-AN ur 3y31[ qIosqe 03 pasu sAh[eue Y[, “aseyd uonnos ur QUIPI[0}-0 JO UOTIBPIX00IIIJ
jonpoid [edrwayd0nd9e Jo Apnis ordoosonydads nis U1 ISIA J113oWONU0dOUOIYD PUE dPIUBAIOLID) JO XOPII-01II[H [EULION  $96T SIA-AN-DT
*9AISIOAP pue J[qeIIsap A[YSIy sI sajf[eue Jo Iaquinu
JuedHIUSIS B SUTUIEIUOD SSAUNDIY) UTeIIdD B [IM dpoIy (sordoasonoads
03[0 WI[IJ 93} “YUIWNIISUL JO AJIAISUSS UOIIDIIIP PIaWI| ,Anowosdyd [eondo [ea1WLY20193]0 JO
a3 03 an( *Adoosox3oads eonndo [edTWIY01I03[D 1218 Ul ISILA S9pOI303[d 3H UO sw[l [D%H JO UOHBWIOY JIPOUY [EULION  €96T -Dd  1daouoo-jo-jood) [ aseyq
S9J0U puB SINJEd] wWa)SAS [BOTWAYI0109[H opowr  IBdX anbruyoa aseyd juawdorasaq
ordoosonoads ordoosonoads

sanbiuyoa) 21doosonoads Aay payejal pue Adodsouyoads 1eo1ndo 1edIwayd04303)9 JO Juswdo)ansp ay) ul saseyd Jno4 T 9)gel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INd G5:6€°0T 9202/T2/T U0 papeo|umoqd 20z Afeniged 62 U0 paustignd 801y sseody uedo

This journal is © The Royal Society of Chemistry 2024

Chem. Soc. Rev., 2024, 53, 3579-3605

3580


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3cs00734k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 29 February 2024. Downloaded on 1/21/2026 10:39:55 PM.

(cc)

Chem Soc Rev

gn of cells compatible with operando spectroscopic

experiments is essential, and the normal external-reflection
transparent window, and the electrode component requires

a hole to allow for the optic access.

Operando study of electrolyte distribution inside a laminate Without using a transparent optic window in place of the
teries for non-destructive analysis of the electrolytes during

cycling. Normally, silicon and TAS are used as fiber mate-

embedded directly into the practical or commercial bat-
rials for Raman and IR, respectively.

SPM with high spatial resolution are combined to enable
tions. Normally, the exterior of the cell was changed to a
battery exterior, optic fibers can be used as small probes

vibrational spectroscopy on well-defined electrodes.

Features and notes

Protonation and deprotonation of 4-PBT on Au single-crystal The electrochemistry, plasmon-enhanced spectroscopy, and

electrodes;** electrochemical redox of Nile blue on an ITO
Nafion membranes at various hydration states in operating spectroscopic mode is suitable under real working condi-

EC-IR of the adsorbed CO on the Pt membrane electrode in an The desi

operating fuel cell;*” EC-Raman of water distribution in
Electrolyte analysis in a commercial 18650 jelly roll and a

Potential-dependent aggregations of sulfate and ammonium

at the graphene-electrolyte interface.

Electrochemical system
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Abbreviations: EC-IR, electrochemical infrared spectroscopy; EC-SHG, electrochemical second hormonic generation; EC-SFG, electrochemical sum frequency generation; EC-SERS, electrochemical surface-

enhanced Raman spectroscopy; EC-SEIRAS, electrochemical surface-enhanced infrared absorption spectroscopy; TERS, tip-enhanced Raman spectroscopy; TMs, transition metals; TM-coated Au, transition

metal-coated Au; EC-SHINERS, electrochemical shell-isolated nanoparticle-enhanced Raman spectroscopy; SHIN, shell-isolated nanoparticle; EC-nano FTIR, electrochemical Fourier transform infrared

nano-spectroscopy; AQ-COOH, 2-anthraquinonecarboxylic acid; pPNDMA, para-nitrosodimethylaniline; 4-PBT, (4'-(pyridin-4-yl)biphenyl-4-yl)methanethiol; SPP, surface plasmon polariton; SPM, scanning

probe microscopy; TAS, Te,As;Ses. Both operando fiber-based EC-Raman and EC-IR refer to operando spectroscopic experiments in batteries.

View Article Online

Review Article

methods have their intrinsic limitations; for instance, the
electrical signal is incapable of chemically recognizing specific
molecules and revealing the bonding information and fine
molecular structure of the individuals. Accordingly, to accu-
rately identify various species on the electrode, and to explain
the mechanism of electrochemical reaction, it is imperative to
integrate other advanced technologies into the modern electro-
chemical methods, thus offering a great opportunity to apply
optical spectroscopy in electrochemical studies®.

After sixty years of development, the main frame of the
electrochemical optical spectroscopy has been established,
moving forward from the early phase of proof-of-concept of
spectroscopic methods to the phase of making practical con-
tributions to the field of electrochemistry.® In particular, since
2010, the operando spectroscopic technique has attracted con-
siderable attention because it allows for the real-time studies of
the correlations between electrochemical performance with
chemical and structural changes inside electrochemical devices
under real working conditions, and this methodology, which
advances the object of study from the previous ideal electro-
chemical interface to the practical interphase between the
electrode and electrolyte (namely, “from the interface to the
interphase”), has become an important application in spectro-
electrochemistry. Therefore, it is necessary to review the
history and different phases of the development of electro-
chemical optical spectroscopy (in this review, optical spectro-
scopy refers to the spectroscopy studies in the spectral
wavelength range from ultraviolet to IR), and to discuss the
new methodology and research paradigm for operando spectro-
electrochemistry.

Here, as shown in Table 1, we divide the development into
four phases, focusing on the proof-of-concept of different
electrochemical optical spectroscopy studies (phase I), the
emergence of plasmonic enhancement-based electrochemical
vibrational spectroscopic methods (phase II), the realization of
electrochemical vibrational spectroscopy on well-defined sur-
faces (phase III), and the development of operando electroche-
mical vibrational spectroscopy (phase IV).

2. Four phases of development of
electrochemical optical spectroscopy
2.1. PhaseI

2.1.1. Proof-of-concept of electrochemical optical spectro-
scopy studies. Phase I corresponds to the pioneering works
establishing the proof-of-concept for electrochemical optical
spectroscopy, as shown in Table 1. Between the 1960s and
1970s, electrochemists seized the opportunity provided by the
rapid development of spectroscopy at that time, and estab-
lished a number of electrochemical optical spectroscopy
technologies.” In 1963, the first in situ electrochemical optical
spectroscopy, that is, electrochemical ellipsometry (EC-
ellipsometry) experiments, was reported by Bockris et al.” They
kept the current constant while recording the changes in the
intensity of the polarized light on the surface of the electrode

Chem. Soc. Rev,, 2024, 53, 3579-3605 | 3581
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e
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Fig. 1 Schematics of the electrochemical cell for the pioneering work of

working electrode
=~—Gas inlet

IR window Counter electrode

EC-ellipsometry (A), EC-UV-Vis (B), EC-IR (multi-internal reflection) (C),

EC-Raman (D), EC-IR (external reflection) (E), respectively. Fig. 1A is reproduced with permission from ref. 7. Copyright 1963 Elsevier B.V. Fig. 1B
is reproduced with permission from ref. 43. Copyright 1968. Elsevier B.V. Fig. 1C is reproduced with permission from ref. 9. Copyright 1966 American
Chemical Society. Fig. 1D is reproduced with permission from ref. 15. Copyright 1974 Elsevier B.V. Fig. 1E is reproduced with permission from ref. 44.

Copyright 1984 Elsevier B.V.

using an ellipsometer in real time (the method was referred to
as ‘“chronoellipsometry” in this work); the formation and
growth mechanisms of the thin calomel film on the mercury
electrode were in situ studied (see Fig. 1A for the electrochemi-
cal cell). However, ellipsometry spectroscopy requires a high
degree of surface smoothness in the electrode material. Addi-
tionally, the bulk electrolyte phase affects the optical path
during ellipsometry measurement when the excitation and
collection angles are varied. Furthermore, it is challenging to
differentiate between the optical changes induced by the
adsorbed species and electronic changes on the electrode sur-
face. At a Faraday Discussion meeting in the early 1970s, there
was an intense discussion on the ionic and electronic contribu-
tions to the changes in reflectivity at Pt electrodes during
hydrogen adsorption.”” Therefore, a careful interpretation is
required when analyzing reflectance results in the presence of
specific adsorption.

It is important to note that due to the limited detection
sensitivity of the instrument during the early stages of spectro-
electrochemistry, a calomel film electrode with a certain thick-
ness played a crucial role in validating the proof-of-concept of
the new method because it contains a considerable number of
molecules, which greatly facilitated the acquisition of optical
signals on electrode.

In 1964, Kuwana et al. used a simple but classic optical spectro-
scopic technique, UV-Vis spectroscopy, in the electrochemical

3582 | Chem. Soc. Rev,, 2024, 53, 3579-3605

system for the first time.® They used a common transmission
optical configuration for UV-Vis measurement and a transparent
tin dioxide as the working electrode (Fig. 1B). In this work, the
electro-redox of ferrocyanide in a KCI solution and the chronopo-
tentiometric electrooxidation of o-tolidine were recorded. As a
milestone in the early stages of spectroelectrochemistry, this was
the first time when the electrochemical reaction product in the
solution phase was studied using a spectroscopic technique. It is
worth noting that, in UV-Vis measurements, this method is
mainly used for analytes that can absorb excitation wavelengths
of light.

2.1.2. Electrochemical vibrational spectroscopy. Infrared
(IR), Raman, and sum frequency generation (SFG) spectroscopy
are currently the most widely used vibrational spectroscopic
techniques in surface and material science.>*>™*# Compared to
UV-Vis absorption and conventional electrochemical techni-
ques, one of the major advantages of vibrational spectroscopy
is its high energy resolution for chemical recognition, e.g., for
Raman spectroscopy with an excitation wavelength in the
visible spectral region, the spectral resolution can reach one
wavenumber or even better (<1 cm™"), which corresponds to
an energy resolution of around 0.1 milli-electron volts (meV).*’
This energy resolution is at least two orders of magnitude
higher than that of conventional electrochemical techniques,
and this advantage is also the reason why molecular vibrational
spectroscopy is known as the finger-printing technique.

This journal is © The Royal Society of Chemistry 2024
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In 1966, a meaningful electrochemical infrared (EC-IR)
experiment was conducted by Mark and Pons,” in which a
polished semiconducting Ge plate was simultaneously used as
a working electrode and a waveguide, enabling a multiple-
reflection configuration of IR light (Fig. 1C). This is the first
report of in situ electrochemical vibrational spectroscopy; how-
ever, it is worth noting that Ge is not a universal electrode
material, and other electrode materials commonly used in the
electrochemistry field, such as Au, Pt, and Pd, cannot be
applied in the attenuated total reflectance (ATR)-IR mode, thus
limiting the generality of this method at that time.

In 1973, Fleischmann et al. achieved an breakthrough in
spectroelectrochemistry, that is, the application of Raman
spectroscopy in the electrochemical study for the first time.'*
A prominent advantage of Raman spectroscopy compared to IR
absorption is that Raman spectra can be recorded by using
lasers in the visible wavelength region. Therefore, the absorp-
tion of incident light by the aqueous solution and the glass
optical window is negligible. As a result, it is more convenient
to use a generalized electrochemical cell for Raman spectro-
scopy measurements, for example, the incident light can be
directed to the electrode surface through a glass optical flat and
the aqueous electrolyte (the electrochemical cell is shown in
Fig. 1D"). This is the first time that an external reflection
excitation-collection mode has been used in electrochemical
vibrational spectroscopy, which is more suitable for the use of a
common rod-like metal electrode in spectroelectrochemistry
and thus more attractive to the electrochemistry community.

It should be noted that, in the absence of the resonance
effect and surface enhancement, the differential Raman cross-
section is generally smaller than 10 >° cm?® sr ', which is
approximately 10 orders of magnitude lower than IR absorp-
tion, resulting in an extremely weak Raman signal.”® Hence,
back in 1972 when the authors discussed the possibility of
obtaining Raman spectra from the electrode surface, the

A EC-IR in 1980
191 10* ARR
0.05V-0.5V
8
6
0.4V to 0.75V
1
4 Mum 5

Fig. 2
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mercury/calomel system was recommended as calomel has an
exceptionally large Raman scattering cross-section (i.e., a strong
Raman scatter).** At the same time, to generate a large-area
mercury surface, thin films of Hg,Cl, were formed on mercury
droplets that had been electrodeposited onto a Pt disc foil'’. As
a result, a characteristic Hg-Hg stretch band at 168 cm™ " was
observed, which disappeared upon shifting the potential to a
more cathodic state, indicating that the signal originated from
the electrode surface layer. Furthermore, similar observations
were obtained with the Hg,Br, and HgO system, suggesting for
the first time that Raman scattering could be employed for
in situ spectroelectrochemical studies.""**

It is of significance that this mercury oxide and halide
system is the same system which Bockris et al. studied ten
years ago for the first in situ electrochemical ellipsometry
measurement (1963),” in which the excellent optical scatters
facilitate the collection of spectroelectrochemical signals, the
optimization of optical path, and the design of electrochemical
Raman (EC-Raman) spectroscopic cells. However, given the
larger number of molecules in the mercury oxide and halide
system, it was still highly desirable to realize investigations of
(sub-)monolayer adsorption (reaction) species on the electrode
surface, which are more significant and more challenging. In
practical terms, this means that the research object needs to be
advanced from the film electrode studied in the early work to
more important interfaces, such as the electrode/electrolyte
interface, which requires a much higher detection sensitivity.

In 1980, a significant work was conducted by Bewick
et al.,"»" in which an external-reflection mode was used for
the first time to acquire IR absorption signals at the electrode
surface. Based on this configuration, a commonly used Pt disc-
shaped electrode served as a working electrode to study the
hydrogen and water adsorption on the Pt surface under
potential modulations (Fig. 1E and 2A). Notably, to avoid the
significant absorption of IR light by the electrolyte, a thin-layer

B EC-SFG in 1990
-0.25 V/SCE  -0.05 V/SCE
«

N

-
T

Sum Frequency signal (arb. units)

o .
2030

I
2050 2070
Frequency (cm™)

2090

(A) First EC-IR measurement using an external-reflection mode by Bewick et al. in 1980, in which the spectra were recoded from the Pt/1 M

H,SO4 interface under potential modulations. (B) First EC-SFG spectroscopy study by Tadjeddine et al. in 1990. These SFG spectra were obtained from
CO adsorbed on a Pt electrode. Fig. 2A is reproduced with permission from ref. 12. Copyright 1980 Elsevier Ltd. Fig. 2B is reproduced with permission

from ref. 14. Copyright 1990 Elsevier B.V.

This journal is © The Royal Society of Chemistry 2024
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electrolyte between the electrode surface and window was
required. At the same time, the authors employed a continuous
potential modulation method to improve the signal-to-noise
ratio. This method was called electrochemically modulated
infrared spectroscopy (EMIRS),”" which is the first electroche-
mical IR technique of using an electrode potential difference
strategy.”?

In the meantime, with short laser pulses, nonlinear
optics started to play an important role in spectroelectrochem-
istry. Compared with IR and Raman spectroscopic methods,
nonlinear spectroscopis methods, such as sum frequency gen-
eration (SFG) and second harmonic generation (SHG) are
characterized by their inherent surface specificity and
sensitivity.*” In 1967, Lee et al. reported the first electrochemi-
cal SHG measurements, in which the second-harmonic
reflected light was in situ detected on electrified silicon and
silver surfaces in KCI solutions.'® SFG (wspg = w; + ;) is an
extension of the SHG process (w; = w, = ®, wsyg = 20), and in
addition to having the high sensitivity of the SHG technique,
SFG is also capable of probing the characteristic vibrational
transitions of molecules.””

SFG spectroscopy has several distinct advantages over
Raman scattering and IR absorption spectroscopy: (1) under
the electric dipole approximation, SFG is only allowed in media
with a broken centrosymmetry, making it an inherently surface
specific spectroscopic technique; (2) at the interface of a
molecule adsorbed on a metal, SFG can probe the response of
the adsorbed molecule, electronic excitations of the metal, and
the interaction of molecule adsorption modifying the density of
states at the interface; (3) in cases involving short pulsed lasers,

View Article Online
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SFG is able to investigate the vibrational dynamics at the
interface with a time resolution from nanosecond (ns) to
less than 100 femtosecond (fs) and (4) the surface structure
can be studied through anisotropy experiments, among other
techniques.”>*7¢

In 1987, in order to obtain the fingerprint vibrational
spectroscopic information at the interface, Shen et al. devel-
oped IR-visible SFG spectroscopy, where one incident light
source is a tunable IR laser and the other incident light source
is a visible laser with a fixed wavelength, ie., the IR pulse
spatially and temporally overlaps with a visible pulse for the
SFG signal.”’>° Three years later (1990), Guyot-Sionnest and
Tadjeddine applied SFG spectroscopy to electrode-electrolyte
interfaces for the first time."* Because an IR beam is used as
one of the excitations, a similar issue to that in EC-IR spectro-
scopy, i.e., the strong adsorption of IR light by electrolyte,
should be tackled. Therefore, a thin-layer cell similar to the
one commonly used in EC-IR spectroscopy was adopted in
electrochemical sum frequency generation (EC-SFG) measure-
ments to study the adsorption of CO, CN~, and SCN™ anions on
Pt electrodes. As shown in Fig. 2B, no background interference
from the electrolyte or Pt electrode was observed in the SFG
signal of the CO stretching vibration (i.e., a well-defined reso-
nance of vibration over an unobservable contribution from
metal), demonstrating the characteristic surface sensitivity of
EC-SFG, which is crucial and invaluable for studying adsorbed
species on the electrode surface.

Electrochemical vibrational spectroscopy, including EC-IR,
EC-Raman, and EC-SFG, among others, is characterized by its
ability to provide fingerprint vibrational information from the
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Fig. 3 The total number of articles on electrochemical vibrational spectroscopy methods using the key words “electrochemical Raman”, “electro-
chemical IR”, and “electrochemical sum frequency generation”, and the total number of articles on other electrochemical optical spectroscopies using
the keywords “electrochemical UV-Vis", “electrochemical ellipsometry”, and “electrochemical second harmonic generation”, respectively. These data
are obtained through Web of Science®.
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electrochemical interface or bulk phases. Furthermore, the
significant advancements in nanoscience since the 1990s have
led to an explosive growth of electrochemical vibrational spec-
troscopic research studies, which has promoted the important
new development phases of spectroelectrochemistry. A search
was conducted through Web of Science® using the key words
‘electrochemical Raman’, ‘electrochemical IR’, ‘electrochemical
sum frequency generation’, ‘electrochemical UV-Vis’, ‘electro-
chemical second harmonic generation’, and ‘electrochemical
ellipsometry’, respectively. As revealed in Fig. 3, in recent years,
the number of research articles on electrochemical vibrational
spectroscopic methods (including Raman, IR, and SFG) is
nearly 6000 per year, which is almost 4 times of the total
number of articles on EC-ellipsometry, EC-SHG, and EC-UV-
Vis. Therefore, the significant and rapid growth of electroche-
mical vibrational spectroscopy have notably contributed to
phases II to IV in the development of electrochemical optical
spectroscopy.

Herein, it is reasonable to present a comprehensive overview
of the development of electrochemical optical spectroscopy
methods, but with an emphasis on vibrational spectroscopy
in light of historical and future development trends.

2.2. Phase II

2.2.1. Plasmonic enhancement-based electrochemical vibra-
tional spectroscopy. In phase I, for the proof-of-concept, most
electrochemical optical spectroscopic techniques used a normal
external-reflection configuration (namely, the normal mode, as
shown in Fig. 4A). However, the normal spectroscopic mode
typically lacks high detection sensitivity (especially EC-Raman),
so it is usually unsuitable to study small amounts of surface or
interfacial molecules, let alone the active atomic sites. In phase II,
to enhance the surface detection sensitivity, researchers have
discovered and explored the surface enhancement effects based
on plasmon resonance-active substrates, including electrochemi-
cally roughened substrates, nanoparticles, ordered nanostruc-
tures, nanoisland structures (e.g., the thin metal films normally
used in an ATR configuration), etc., which can significantly
improve sensitivity (Fig. 4B and C).°>*

2.2.2. EC-SERS. Compared to IR and SFG spectroscopy,
Raman spectroscopy has prominent advantages in electroche-
mical system research due to the smaller interference
from aqueous solution and the absence of special requirements
for sample and electrochemical cell materials (for example,
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quartz/glass can be used as the optical window).*> However, as
normal Raman scattering is a second-order process, the Raman
signals are usually very weak. For a non-resonant molecule,
the differential Raman cross-section is usually only (or below)
107>° em 2 sr™ ', and 10°~° photons are needed to produce a
Raman photon.’® When Raman spectroscopy is used to detect
the surface monolayer species, the corresponding Raman sig-
nal intensity is generally less than 1 photon count per second
(e.g., the strongest Raman peak of pyridine adsorbed on a
mechanically polished Ni electrode is only ~0.4 counts per
second™). Therefore, these intrinsic limitations made it nearly
impossible to study the surface adsorptions or reactions using
Raman spectroscopy. However, it was in the brave attempt to
challenge this impossible goal that SERS, demonstrating an
extremely high surface sensitivity, was discovered.

In 1974, in order to overcome the extremely low detection
sensitivity for surface adsorbed species in Raman spectroscopy,
Fleischmann, Hendra, and McQuillan came up with a strategy
to significantly increase the number of surface molecules, in
which pyridine (Py) was chosen because of its very large Raman
cross-section."® They used potential-controlled oxidation and
reduction cycles (ORC) to increase the surface area of a silver
electrode in an aqueous 0.1 M KCl electrolyte containing 0.05 M
Py. As shown in Fig. 5, by using a front-reflection cell (see
Fig. 1D for the schematic of cell), the Raman spectra obtained
on the electrochemically roughened silver electrode exhibit
unexpectedly high quality, and the distinct potential depen-
dence suggested that the Raman signal originates from the
electrode surface-adsorbed species. In fact, the preliminary
result of this work was briefly introduced during a general
discussion at the conference of 56th Faraday Discussions in
1973,** but it was formally published in 1974.'

In retrospect, although Fleischmann and co-authors were
unaware of the SERS effect at the time, this work was the first
SERS measurement, ie., EC-SERS (Fig. 5). They initially
believed that the electrochemical roughening largely increased
the electrode surface area and thus the number of surface
adsorbed molecules, resulting in the acquisition of strong
Raman signals from the surface adsorbed Py. With careful
calculations and experimental verifications, Van Duyne and
Jeanmaire found that the major contribution to the strong
Raman signal intensity of adsorbed Py species is an anomalous
enhancement of 5 to 6 orders of magnitude compared to those
predicted from the scattering cross-section for Py in bulk.'®
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Fig. 4 Different electrochemical vibrational spectroscopic modes. (A) Normal mode (external reflection). (B) Nanostructure-based mode. NP is an
abbreviation for nanoparticle. (C) ATR-based mode. (D) Tip-based mode. (E) Fiber-based mode.
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Reproduced with permission from ref. 15. Copyright 1974 Elsevier B.V.

However, their paper went through a long and exhaustive
reviewing procedure and was eventually published in 1977.'
In the same year, Albrecht and Creighton independently
reported a similar result.®” These pioneers presented strong
evidence to demonstrate that the enormously strong surface
Raman signals must be caused by a genuine enhancement of
the Raman scattering efficiency itself. This Raman enhance-
ment effect was later named SERS.®*®*

The discovery of SERS created a sensation in the fields of
surface science and spectroscopy;’”®® after comprehensively
studying the SERS effect through experiments and theorical
calculations, people realized the enhancement is largely owing
to the excitation of surface plasmon resonance (SPR).°*”° In
1978, Moskovits proposed that the Raman enhancement in
SERS is caused by the resonances of conduction electrons on
the surface of roughened metal.”” Moreover, he predicted that
the Raman enhancement could be realized on Au, Ag, and Cu
colloids. In 1979, Creighton et al. conducted the first study of
SERS using Ag and Au colloids, which were synthesized through
wet-chemical methods.*’

Looking back at the history of SERS, the enthusiasm in the
fields of surface science and electrochemistry was greatly
motivated after the discovery of SERS, but soon wore off in
the late 1970s. The main reasons are the limitations on the
substrate material and morphology of SERS.”* First, the gen-
erality of materials is limited to a few “free-electron like”
metals, such as Au, Ag, and Cu.”> However, the application of
SERS on other electrode materials important to electrochem-
istry, such as weakly SERS-active or SERS-inactive group VIIIB
transition metals (TMs), was difficult.

3586 | Chem. Soc. Rev., 2024, 53, 3579-3605

Therefore, a strategy of “borrowing” high SERS activity from
highly SERS-active Au or Ag substrates was initially proposed by
Van Duyne to study the adsorbates on semiconductor electrode
surfaces, i.e., n-GaAS(100), in 1983.”° But in this method, the
analytes were able to adsorb on the Ag surface as well, which
may result in mixed signals from molecules adsorbed on both
the semiconductor and Ag. In 1987, the Fleischmann group'”*°
and Weaver group'®'® independently developed the “borrow-
ing” strategy by coating a layer of different TMs, such as Fe,*°
Ni,’” Co,"” Pt,*® Pd,'® Pb," etc. onto the surface of Au or Ag
substrates. It is worth noting that the thickness of the coating
layer of TMs should be kept as thin as possible to prevent the
decay of the electromagnetic field transmitting through the layer,
thus “borrowing” stronger plasmonic enhancement from the Au
core. In 2002, utilizing the under potential deposition (UPD) and
redox replacement methods, the well-controlled ultra-thin (as thin
as a single atomic layer) and pinhole-free Pt-group metal layer-
coated Au nanoparticle-dispersed electrodes were developed by
Weaver et al., enabling a strong SERS signal on weakly SERS-active
TM surfaces by “borrowing” the enhancement from the highly
SERS-active Au nanoparticle core.”

In 2004, Tian et al. proposed an alternative ‘borrowing”
SERS activity strategy through which monodispersed Au core-
TM shell nanoparticles (Au@TM) can be directly prepared via
wet-chemical methods.””””” In these methods, the material of
TM shells can be changed from Pt to Pd, Ni, Rh, Ru, and Co,
respectively; meanwhile, the monodispersed Au@TM nano-
particles can be conveniently drop cast onto the electrode
surface, thereby facilitating the generalized spectroelectro-
chemical study.”

This journal is © The Royal Society of Chemistry 2024
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The another major limitation of SERS is that SERS was
predominantly used to study the molecules adsorbed on the
nanostructure-based ill-defined substrate surfaces, such as
roughened electrodes>2%”® or metal colloids;**’® however, it
was challenging to carry out EC-SERS on well-defined or well-
ordered electrode surfaces. Fueled by the development in
nanoscience, there has been a surge in activity in EC-SERS
since the 1990s. One of the most significant works for prepar-
ing SERS substrates in a well-controlled manner was proposed
by Natan et al in 1995.>' In this work, highly SERS-active
monodisperse Au or Ag nanoparticles were assembled on
organosilane-polymer-modified solid substrates. Furthermore,
conducting materials, such as indium-doped SnO, and Pt could
be used as the substrate to immobilize the colloids, which
provided a new way for applications in spectroelectrochemistry.

An alternative approach to prepare large-area and well-
ordered SERS substrates is nanosphere lithography (NSL),
which has been predominantly developed by the Van Duyne
group®”’?#° and Bartlett group®"®* since the early 2000s. In a
representative procedure of the NSL method, monodispersed
silica or polystyrene (PS) nanospheres are first self-assembled
on the surface of a conductive substrate to obtain a monolayer
or multilayers of a two-dimensional (2D) colloidal crystal mask,
and then it is used as a template for the preparation of SERS-
active metal films over nanosphere (MFON) electrodes® or
periodic particle arrays (e.g., metal nanotriangles).®

2.2.3. EC-SEIRAS. In 1980, a few years after the discovery of
the SERS effect, Hartstein et al. reported surface-enhanced
infrared absorption spectroscopy (SEIRAS), in which the
authors claimed that the IR absorption of organic molecular
monolayers was enhanced by a thin metal overlayer and under-
layer in a ATR geometry.®* In this work, the silicon plate was
first deposited with molecular monolayers of organic acids to
prepare the sample. And then, the overlayer and underlayer
made of thin films of Ag or Au with a thickness less than 60 A
were evaporated. However, the studied frequency region in the
IR experiments was limited to above 2000 cm™" (in particular,
the C-H stretching modes near 2900 cm™") due to the absorp-
tion of silicon, which is insufficient for the examination of a
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new surface enhancement effect considering the possible con-
tamination by hydrocarbons.®>"%”

In 1982, Suétaka et al. carried out a detailed study of the
SEIRAS effect, where the IR absorption enhancement of finger-
print vibration bands below 2000 cm™' from p-nitrobenzoic
acid (e.g.,, NO, symmetric stretching at 1345 cm™') was
examined.®® They found that the absorption enhancement on
a ~5 nm thick Ag film evaporated onto a Ge prism was about
an order of magnitude.® In this work, a thin Ag film with an
island structure is necessary for the absorption enhancement,
and the Ag thickness plays a dominating role in the enhance-
ment mechanism.®>%°

Osawa et al.”?>®° and Suétaka et al.*>*® delved deeply into
the mechanism of SEIRAS in the 1980s to 1990s. It is worth
noting that SEIRAS did not receive much attention due to
limited enhancement in 1980s, and since the 1990s, it has
received renewed interest owing to its applications,®” and in
particular, many efforts have been devoted to the preparation
and characterization of SEIRAS-related nanoparticles or
nanostructures.®>**> Nowadays, the SEIRAS effect is applic-
able to a variety of surface adsorbed species on various metal
films, such as Ag, Au, Cu, Pt, Pd, In, Ni, Al, etc.>>°"%

After the pioneering work, SEIRAS has been developed to
promote the application of IR spectroscopy to the electroche-
mical interface, leading to a notable growth of EC-SEIRAS
studies since the mid-1990s.>>>>% Significantly, along with
the SEIRAS effect, the application of the ATR mode greatly
facilitates the EC-IR measurement on the metal film electrodes,
and the Osawa group pioneered the ATR-SEIRAS studies of
molecular adsorption and reactions at the electrode-electrolyte
interface in the 1990s (a representative ATR-cell is shown in
Fig. 6A).>*2%°187 Tg realize high-performance electrochemical
ATR-SEIRAS, it is crucial to prepare suitable thin metal films on
the optical window. Advanced by nanotechnology, the ATR-
SEIRAS mode has been revived due to the development of
fabrication techniques with which different kinds of metal
materials, such as Ag, Au, Cu, Pt, Pd, In, Ni, and Al>>%"%
can be more easily deposited in the form of thin films on
window materials through which IR light propagates.

B Thin Au film electrode on Si

50 x 50 nm2

(A) Schematic of an ATR-SEIRAS cell. (B) STM images of a thin Au(111) film electrode for EC-SEIRAS experiments, where the electrode was

obtained by vacuum-evaporation on a Si prism. Fig. 6A is reproduced with permission from ref. 22. Copyright 1993 Elsevier B.V. Fig. 6B is reproduced with

permission from ref. 25. Copyright 1998 American Chemical Society.
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Interestingly, as shown in Fig. 6B, vacuum evaporated gold
films with ordered nano-island structures can provide suitable
SEIRAS enhancement while still exhibiting the electrochemical
response of Au(111) single crystal electrodes.>***

In addition to the SEIRAS effect, the presence of thin metal
films introduced another interesting phenomenon at the elec-
trochemical interface. An abnormal infrared effect (AIRE) was
observed in the IR study of molecules adsorbed on the electrode
surface in the presence of metal films, primarily by Sun
et al.®>® in the late 1990s. The IR spectra of CO and SCN™
adsorbed on thin Pt, Pd, and Rh films deposited on glassy
carbon (GC) electrodes showed an inversion in the sign of IR
bands as well as an IR absorption enhancement. The AIRE was
directly related to the reflection of IR light from the metal thin
film electrode; however, it was not limited to the SPR-active
coinage metals (i.e., Au, Ag, and Cu) and was not sensitive
to surface roughness, which is not similar to the SEIRAS
effect.”*?°

2.2.4. EC-SESFG. It is important to note that, due to the
SPR effects, the surface-enhanced SFG (SESFG) experiments
have been conducted on the surfaces of thin metal films®®°”
or nanoparticle substrates.”®'°° For instance, the nanoparticles
coupled with a Au film can provide a 10°-fold enhancement in
SFG signals of surface adsorbed p-mercaptobenzonitrile.’® As a
nonlinear spectroscopy method, the configuration of the elec-
trochemical cell and optic system in the electrochemical SFG
measurement is demanding; therefore, SESFG offers a new
opportunity for ultra-sensitive nonlinear coherent spectroscopy
at electrochemical interfaces, e.g., theoretically, the enhance-
ment of IR absorption can compensate for the attenuation of IR
light in the electrolyte, facilitating the EC-SFG measurement
while avoiding the complications of using a thin-layer cell.
However, because SFG requires high smoothness of the sub-
strate surface, and due to the intrinsic high surface sensitivity
and selectivity, normal mode SFG is preferred for spectroelec-
trochemical studies.’®

Based on the surface enhancement effect, the vibrational
spectroscopic signal of surface-adsorbed molecules can be
enhanced up to several orders of magnitude (e.g., a Raman
signal enhancement greater than 10°fold in EC-SERS),
enabling the in situ vibrational detection of a (sub)monolayer
of molecules on the surface.*>>° Thanks to the pioneering work
and the excellent surface detection sensitivity, electrochemical
surface-enhanced spectroscopy has become a significant
experimental subfield in spectroelectrochemistry,*>¢%101:102

2.3. Phase III

In spectroelectrochemistry, the use of structurally well-defined
electrode surfaces, such as an atomically flat single-crystal
electrode surface, can help to determine the coverage, arrange-
ment, and orientation of adsorbed molecules, as well as the
electrode surface state and optic field, respectively. Therefore,
the substrates with well-defined surfaces greatly facilitate the
systematic research studies on the electrochemical mechanism
and its correlation with theory. In phase III of the development
of electrochemical optical spectroscopy, as advanced by the

3588 | Chem. Soc. Rev,, 2024, 53, 3579-3605

View Article Online

Chem Soc Rev

rapid development of nanoscience since the 1990s, consider-
able efforts had been devoted to the realization of spectro-
electrochemical measurements on well-defined surfaces.

2.3.1. Electrochemical vibrational spectroscopy on well-
defined surfaces. The external-reflection spectroscopic configu-
ration (Fig. 4A) further promoted the in situ measurement of IR
and SFG spectroscopy on structurally well-defined electrodes, in
particular, the single-crystal electrode surfaces.>®2%31:32103,104
From the late 1980s to the early 1990s, pioneering experiments
using IR or SFG spectroscopy to elucidate the electrochemical
properties of surface adsorbed species (such as carbon
monoxide,*>*” hydrogen,”®*' cyanide,** etc.) on the surface of
noble metal single crystal electrodes paved a new way for under-
standing the relationship between the surface structure and
electrochemical process by means of vibrational spectroscopy.

However, as compared to IR and SFG spectroscopy, Raman
spectroscopic measurement on well-defined surfaces is more
challenging due to the intrinsically extremely low optical cross-
section. As shown in Fig. 4B, although the SERS effect greatly
enhances the Raman signal of surface-adsorbed species, the
electrode surface needs to be roughened or nanostructured to
excite the localized surface plasmon resonance (LSPR) for high
SERS activity.”® As a result, the Raman signal responses are
inhomogeneously distributed over the electrode surface with
ill-defined morphology. Furthermore, spatially-resolved SERS
measurements on nanostructured electrode surfaces revealed
that the plasmonic “hotspots” with large electromagnetic field
enhancement can even provide site-specific redox potentials."*>
Therefore, spectroelectrochemical studies on atomically flat
single-crystal surfaces are important in surface electrochemis-
try, but highly challenging for conventional SERS. This intrinsic
difficulty has led to a gradual decrease in the tidal wave
of SERS research since the late 1980s.'°® Different from the
nanostructure-based SERS, an alternative way to enable the
SERS effect on a smooth metal surface is to excite the surface
plasmon polariton (SPP) through an ATR configuration
(Fig. 4C), including the Otto configuration and Kretschmann
configuration.®® In 1991, based on a Kretchmann configu-
ration, the EC-Raman measurement was conducted on a well-
defined Ag(111) film electrode epitaxially grown on mica.”® On
the other hand, with an ATR-Otto configuration, the facet-
dependent adsorption of pyridine was studied on three low-
index Cu single-crystal electrode surfaces, i.e., Cu(111), (100),
and (110), respectively.>® But there are still several limitations:
first, the signal is still very weak, and a few systems with very
strong Raman signals, e.g., para-nitrosodimethylaniline®® and
pyridine,*® can be studied; second, related optical system
configurations and electrochemical cells are complicated.

2.3.2. EC-SHINERS. In 2010, to solve the problems of
material and surface morphology generalities in conventional
SERS, Tian et al. invented a new Raman spectroscopic mode by
isolating the highly SERS-active Au nanoparticle core with an
ultra-thin and pinhole-free dielectric SiO, (or Al,0;3) shell,
which was named shell-isolated nanoparticle-enhanced Raman
spectroscopy (SHINERS).>® Fig. 7A-C show the comparison
between the working principles of conventional SERS using

This journal is © The Royal Society of Chemistry 2024
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SHINERS. (D) Potential-dependent SHINERS spectra of hydrogen adsorbed on Pt(111) electrode surfaces. Reproduced with permission from ref. 33.

Copyright 2010 Macmillan Publishers Limited.

bare Au nanoparticles (Fig. 7A) and Au core-TM shell nano-
particles (Fig. 7B), and the SHINERS method (Fig. 7C).
Because the shell of shell-isolated nanoparticles (SHINS) is
chemically and electrically inert, the SHINERS method can
prevent the interference due to the contact of the analyte
and electrolyte with the Au core, while allowing the SERS
enhancement generated by the SERS-active Au core to penetrate
through the shell, thereby offering largely enhanced
Raman signals from the electrode surface species. As shown
in Fig. 7D, the important potential-dependent adsorption of
hydrogen on the Pt(111) electrode is revealed by SHINERS
spectra (curves I to III), which cannot be obtained on a bare
single-crystal electrode through normal Raman spectroscopy
(curve IV). Hence, the SHINERS method is suitable for the
spectroelectrochemical study on weakly SERS-active or SERS-
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inactive material surfaces, such as the important single-crystal
electrode surfaces.

2.3.3. Tip-based electrochemical vibrational spectroscopic
modes. Meanwhile, the development in the field of scanning
probe microscopy (SPM), including scanning tunneling micro-
scopy (STM) and atomic force microscopy (AFM), has provided an
unprecedented high spatial resolution for probing structurally
well-defined surfaces in an electrochemical environment,'®”%°
and has further inspired the idea of tip-based electrochemical
vibrational spectroscopy (Fig. 4D). In 1994, Tian et al. conducted a
pioneering study by combining STM and Raman spectroscopy to
in situ measure the surface morphology and vibrational signal
from the electrode simultaneously (the schematic of the com-
bined base for simultaneous STM and Raman spectroscopy is
presented in Fig. 84)."1%
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Fig. 8 Schematics of the combined base of simultaneous STM and Raman spectroscopy (A), in situ cell of EC-TERS (B) and nano-FTIR (C), respectively.
(A) is reproduced with permission from ref. 110. Copyright 1996 Elsevier. (B) is reproduced with permission from ref. 34. Copyright 2015 American
Chemical Society. (C) is reproduced with permission from ref. 36. Copyright 2019 American Chemical Society.
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Based on SPM, tip-enhanced Raman spectroscopy (TERS)
was independently invented by several groups in 2000,"*>7*?
which can provide a Raman spectroscopic imaging resolution
at a nanometer-scale.’®® However, it is highly difficult to
combine TERS and electrochemistry in the limited space of a
SPM system. In 2015, Ren et al>** and Van Duyne et al’”
independently reported electrochemical TERS (EC-TERS), ush-
ering in a new era of nanospectroscopic research at electro-
chemical interfaces. On a Au(111) single-crystal surface, EC-
TERS can reveal the potential-dependent protonation and
deprotonation of the adsorbed aromatic molecules (a typical
cell for EC-TERS is shown in Fig. 8B),** and with the further
improvement in sensitivity, this technique is currently able to
probe a chemical reaction in solution with a spatial resolution
of around 5 nm."*®

On the other hand, the combination of SEIRAS effect and
scanning near-field optical microscope has advanced nanoscale
IR spectroscopy on a well-defined surface.''” In 2019, based on
AFM, the first in situ electrochemical Fourier transform infra-
red nanospectroscopy (nano-FTIR, Fig. 8C) was realized on a
graphene electrode surface, where the potential-dependent
behavior of SO,>~ and NH," ions at the graphene/electrolyte
interface was studied using nano-FTIR spectra.’® Furthermore,
the combination of nano-FTIR and ATR-FTIR methods allows
for the probing of subsurface depths at the nanoscale and
microscale, respectively. This was achieved by applying a
custom-built solid polymer electrolyte cell with a single layer
of graphene as the working electrode, which is IR
transparent.’'® As a result, it was capable of simultaneously
in situ studying both the electrochemical interface together
with the bulk phase of solid polymer electrolyte.

Furthermore, scanning electrochemical microscopy (SECM)
is a unique method to investigate the nanoscale information of
structure-activity on electrode surfaces, in which an ultrami-
croelectrode (UME) tip is positioned near the substrate surface,
which drives a redox reaction that records the diffusion-limited
currents generated during scanning of the substrate surface,
thus offering information on the surface morphology and local
interfacial electrochemical activity.""®> Combining SECM with
optical spectroscopy enables the simultaneous in situ studies of
the electrochemical processes and molecular vibrational signa-
tures in local regions,"*"*! i.e., to study local surface modifica-
tions with self-assembled monolayers'>” and the surface pH
perturbations induced by the UME tip-driven hydrogen evolu-
tion reaction (HER)."*

2.4. Phase IV

2.4.1. Operando methodology. After entering the 21st cen-
tury, in order to understand the electrochemical structure and
process in an electrochemical device under the real working
conditions, the enthusiasm of electrochemical researchers to
perform operando spectroelectrochemistry is ever growing.
Therefore, in phase IV, the latest phase in the development of
electrochemical vibrational spectroscopy, we will focus on the
advances of operando spectroelectrochemistry methodology.

3590 | Chem. Soc. Rev,, 2024, 53, 3579-3605
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Unlike the concepts of ex situ and in situ, which were
proposed in early times and have been applied ever since, the
term operando originates from the Latin gerund, and it was
introduced in 2002 as a tentative name for “real” reaction
in situ spectroscopy.’** Both the terms in situ and operando
originated from heterogeneous catalysis research,"* while the
operando methodology was first used for the combination of
in situ spectroscopy characterization and simultaneous evalua-
tion of both the structure and activity of catalysts under work-
ing conditions."**"*® Figuratively speaking, ex situ techniques
study a dead fish out of water (or a sliced fish), in situ techni-
ques study a live fish restricted to a small fishbowl, while
operando techniques can comprehensively study a fish swim-
ming freely in the ocean. In contrast to ex situ techniques
normally examining the sample outside the electrochemical
working environment, in situ and operando techniques can
study the surface and phase changes in the electrode bulk,
and the electrochemically generated reaction intermediate.
Normally, in situ measurements are suitable for the fundamen-
tal study on a well-defined or model electrode surface, whereas
operando characterization emphasizes on the measurements in
a practical/commercial device or an architecture highly resem-
bling the practical one,'*""*7"'>°

2.4.2. Operando electrochemical vibrational spectroscopy.
The pioneering operando EC-IR and EC-Raman studies were
conducted in the early 2010s.>”>° Nowadays, as the emerging
electrochemical interfaces become more complicate, consider-
able efforts are devoted to designing a suitable cell for operando
measurement (especially, the studies of batteries under real
working conditions).’"">”7'?°  Recently, to monitor the
dynamic chemical information in a full battery under real
working conditions, the operando spectroscopic methods that
combine fiber probes and vibrational spectroscopy have been
developed.*®*»13%131 1n the meantime, artificial intelligence
(AT) has emerged as a promising approach to revolutionize
the research paradigm of chemistry and material science, and
is thus expected to offer more advances in the data-driven
operando spectroelectrochemical techniques.'** The novel
fiber-based electrochemical vibrational spectroscopic mode
(Fig. 4E) will be discussed in Section 4.2.2.

3. Advances in in situ and operando
applications

Nowadays, with a growing impact on electrochemical fields as
diverse as electrochemical energy storage and conversion,
electrolysis, electroplating, corrosion, electrochemical synth-
esis, biological electron-transfer processes, etc., in situ or
operando characterization methods with desirable detection
sensitivity and resolutions to understand the structure and
dynamics of electrode-electrolyte interfaces/interphases have
become increasingly significant.>*>°"'! In the following, we
will focus on the recent advances in in situ and operando
applications of electrochemical vibrational spectroscopy.

This journal is © The Royal Society of Chemistry 2024
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3.1 Electrical double layer

Probing the composition and structure of the electrical double
layer is highly significant in electrochemical studies. Interfacial
water has an important impact on the physical and chemical
properties of the electrical double layer, and the EC-Raman
investigation of interfacial water was first carried out by
Fleischmann et al in 1981.*® However, the conventional
Raman spectroscopy is incapable of probing interfacial water
on single-crystal electrodes with atomically flat surfaces, which
limits the understanding of the atomic structure of interfacial
water. As a key figure of merit, SHINs can be used as Raman
signal amplifiers to obtain vibrational spectra on the surface of
single-crystal electrodes without interference from the bulk
electrolyte (Fig. 9A-C show the working principle and surface
Raman signal enhancement in SHINERS during the study of
interfacial water'*?).

As shown in Fig. 9D and E, the SHINERS method is suitable
for the in situ probing of the adsorption of interfacial water on
Au(111)"*"® and Pd(111)"* electrodes, respectively. SHINERS
spectra of interfacial water, particularly the OH stretching
modes in the spectral range from 3000 to 3800 cm ™', show
distinct potential dependence on both Au(111) (Fig. 9D) and
Pd(111) (Fig. 9E) electrodes, indicating the changes in the
structure of interfacial water, i.e., the orientation of interfacial
water and related hydrogen-bonding networks. On the Au(111)

View Article Online

Review Article

electrode, the Stark tuning rate can be derived from the Raman
frequency shift of the interfacial water under bias conditions,
with which it is capable of revealing two structural transitions
of interfacial water, i.e., from a “parallel” structure to a ‘“‘one H-
down” structure and then to a “two-H-down” structure, as the
electrode potential was negatively scanned from potential of
zero charge (PZC) toward the hydrogen evolution reaction
(HER) region."** On the surface of the Pd(111) electrode, the
interpretations on the OH stretching mode indicate that inter-
facial water consists of hydrated cations and hydrogen-bonded
water. Meanwhile, the interfacial water structurally trans-
formed from a randomly distributed state to an ordered one
in the HER region owing to the cation cooperation and the
potential changes.'**

Vibrational IR-visible SFG spectroscopy is a unique spectro-
scopic method for studying water molecules at the interface,
where the OH frequency and intensity reveal the hydrogen
bonding strength and ordering of water molecules,"*” enabling
the sensitive nonlinear spectroelectrochemical study of the
structures of interfacial water and the electrode double
layer,'*?3102:1387192 Aq shown in Fig. 10A and B, Benderskii
et al. investigated the IR-visible SFG signal of D,O on a
monolayer graphene electrode surface, and they found a pro-
nounced asymmetry in the response of OD stretching to the
positive and negative potentials."*® To detect the charge-neutral
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(A) Schematic of a back-scattering Raman cell for the SHINERS method on a single-crystal electrode. (B) Schematic of EC-SHINERS for interfacial

water measurement. (C) Finite-element-method simulation of Raman signal enhancement on a Au electrode surface in EC-SHINERS. (D) In situ EC-
SHINERS spectra of interfacial water on the Au(111) electrode in a 0.1 M Na,SO4 solution. The potential is referenced to potential of zero charge. (E) In situ
EC-SHINERS spectra of interfacial water on the Pd(111) electrode in a 0.1 M NaClOy4 solution (pH 11). The Pd(111) electrode is obtained by coating a Pd
monolayer onto a Au(111) electrode surface and the potential is referenced to a reversible hydrogen electrode. (B)-(D) reproduced with permission from
ref. 134. Copyright 2019 Springer Nature. (E), Reproduced with permission from ref. 135. Copyright 2021 Springer Nature.
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Fig. 10 (A) In situ SFG spectra of D,O at the graphene electrode (no electrolyte is added to D,O). The potential is referenced to a Ag/AgCl electrode. (B)

Schematic of an electrochemical cell and the corresponding photograph of a graphene electrode for SFG experiments. (C) and (D) The extracted surface
(C) and bulk (D) contribution from SFG spectra as a function of the applied field. Reproduced with permission from ref. 140. Copyright 2021 Springer

Nature.

point on the graphene electrode, the minimum of potential-
dependent G-band Raman frequency of graphene was mea-
sured and it was found at ~ +0.1 V (vs. Ag/AgCl). For the spectra
obtained at potentials more negative than —1.6 V, only a
relatively narrow peak at 2697 cm ' was found, which was
assigned to the free OD stretching mode of D,0O in the topmost
monolayer (Fig. 10A). However, when the potential was set to
positive values above —1.0 V, only the characteristic broad
hydrogen-bonded bands from ~2300 to ~2700 cm™ ' were
observed and the narrow free-OD band disappeared.

SFG is nominally a second-order nonlinear process (the
second-order susceptibility tensor of the medium can be
expressed as y'?), but the static electric field at the charged
graphene-D,O interface gave rise to a third-order contribution
(i.e., the y® term). In contrast to the y® term, which originates
from only a few monolayers of water on surface, the »* term
may contain the contribution from the region through which
the static electric field penetrates, ie., the Debye screening
length (in the order of 1 pm in this work). By comparing the
imaginary parts of the surface (Im[;®], Fig. 10C) and bulk
(Im[yp), Fig. 10D) contributions from the spectra, the extracted
potential-dependent Im[7'*] does not follow the linear response
as that of Im[y;,], exhibiting significant asymmetry at positive
and negative potentials. The unusual nonlinear response of
interfacial water to the applied electric field suggested that
treating interfacial water as a simple linear dielectric medium
should be carefully considered and further examined.

3.2. Electrocatalysis

Vibrational spectroscopy (such as IR and Raman spectroscopy)
exhibits an energy resolution of around two orders of

3592 | Chem. Soc. Rev., 2024, 53, 3579-3605

magnitudes higher than conventional electrochemical techni-
ques; therefore, it can be used to carefully study the molecular
structure of adsorbed molecules or oxidation (reduction) of
molecules, enabling a detailed analysis of the reaction mecha-
nism in electrocatalysis. For instance, in the spectroelectro-
chemical study of electrocatalytic reactions, IR absorption
spectroscopy has been combined with cyclic voltammetry (CV)
in the in situ investigation of direct oxidation of methanol on
the Pt electrode."*® In the CVs of both the positive and negative
potential sweeps of the polycrystalline Pt electrode, the domi-
nant and shoulder peaks were almost merged. However, in the
corresponding IR absorption spectra with a spectral resolution
at 4 cm ™', the linearly and bridged-bonded CO molecules were
clearly differentiated at the beginning of potential scan. It was
clearly demonstrated that vibrational spectroscopy is beneficial
for a higher energy resolution to identify the adsorbed species
as compared to the conventional electrochemical technique."*?
With this intrinsic advantage, IR spectroscopy has received
great attention in the study of significant electrochemical CO,
reduction reactions (CO,RR), ie., the CO,RR on Cu electroca-
talysts, where Cu is one excellent electrocatalyst material for
CO2RR and also a suitable substrate for high SEIRAS
activity.®>'** Based on in situ ATR-SEIRAS, Shao et al. studied
the role of a bicarbonate-based electrolyte, a widely used
aqueous electrolyte, in the CO,RR on a Cu thin film electrode
supported on a Au substrate.’*> As the potential was scanned
from +0.3 toward —1.3 V in CO,-saturated KHCOj;, they
observed several distinct vibrational features in the spectral
region from 1300 to 2400 cm ™', where the depletion of CO, (i.e.,
the IR absorption band at ~2340 cm™') and increase of
adsorbed CO (ie., the broad band at ~2080 cm™ ') become

This journal is © The Royal Society of Chemistry 2024
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curve (dotted line) and peak intensities in (A). (C) ATR-SEIRAS spectra measured in an Ar-saturated 0.1 MKHCO3 electrolyte. (D) Time-dependent ATR-
SEIRAS on the Cu thin film electrode after stepping from 0.2 to —0.6 V vs. RHE in a CO, purged 0.1 M KH®COj electrolyte. In (A) and (C), spectrum
obtained at 0.3 V was used as a reference. In (D), the reference spectrum was obtained at 0.2 V. Reproduced with permission from ref. 145. Copyright

2017 American Chemical Society.

visible at ~ —0.4 V vs. RHE, close to the onset of the reduction
current in the linear scanning voltammogram at ~—0.3 V
(Fig. 11A and B). However, they found that the surface-
adsorbed CO species could be detected in the absence of CO,
purge, ie., the bands around 2020 and 2070 cm™ " originating
from the different adsorption configuration of CO on Cu were
still observable in the control experiment in Ar-saturated 0.1 M
KHCO; (Fig. 11C). This observation indicated that bicarbonate
anions were the main CO, source in the CO,RR process on the
Cu electrode. Furthermore, they carried out an isotopic experi-
ment by purging the unlabeled CO, to a labeled KH"’CO;
electrolyte and measured the time-dependent SEIRAS spectra
at —0.6 V. As shown in Fig. 11D, a depletion of '*CO, in
the solution was observed at 2277 cm™ ' in the first 3s,
followed by the simultaneous appearance of adsorbed “*CO at
~1990 cm ™', which offered direct spectroscopic evidence that
the CO, in equilibrium with CO;~ was the main CO, source.**®

The understanding of the relationships between the surface
structure and catalytic activity can greatly benefit the design
and synthesis of high-performance electrocatalysts. Pt electro-
catalysts play a significant role in the oxygen reduction reaction
(ORR); however, the related Raman spectroscopic studies are

This journal is © The Royal Society of Chemistry 2024

limited to nanostructured Pt electrode surfaces; therefore they
are unable to investigate the structure-activity relationships on
structurally well-defined single-crystal electrodes.”* To unravel
the reaction mechanism of ORR on a single-crystal Pt(hki)
electrode surface, Li et al. used in situ EC-SHINERS to identify
the intermediates involved in the ORR in both acidic environ-
ments, in which they found different pathway mechanisms of
the ORR process on Pt(111), Pt(100), and Pt(110) electrode
surfaces.'*® As shown in Fig. 12, they spread SHINs (pinhole-
free Au@SiO, nanoparticles) onto the Pt single-crystal electrode
surface to enhance the Raman signal from the interfacial
region (the related experimental configuration is similar to that
illustrated in Fig. 9). In a 0.1 M HCIO, solution, in situ EC-
SHINERS spectra were recorded on the Pt(111) electrode from
1.1 to 0.5 V vs. RHE, in which a Raman peak of 732 cm™*
appeared at 0.8 V (Fig. 12A). Based on the deuterium isotopic
substitution experiment and density functional theory (DFT)
calculations, this peak was assigned to the O-O stretching
mode of HO,* species on Pt(111). In addition, as revealed in
Fig. 12B, the Raman peak corresponding to HO,* species
appeared at a potential very close to the potential at
which the ORR process achieved the limiting diffusion current

Chem. Soc. Rev,, 2024, 53, 3579-3605 | 3593
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(A) In situ EC-SHINERS spectra on the Pt(111) electrode in O,-saturated 0.1 M HCLO,. (B) Potential-dependent Raman intensity of HO,* species

on Pt(111) versus ORR current. ORR current was obtained in a O,-saturated 0.1 M HCLO4 solution using a rotating disk electrode Pt(111) electrode with a

rotation rate of 1600 rpm. and a scan rate of 50 mV s~2. (C) and (D) In situ EC-

SHINERS spectra on Pt(100) (C) and Pt(110) (D) electrodes in O,-saturatred

0.1 M HCIlOg4. Reproduced with permission from ref. 146. Copyright 2018 Springer Nature.

(~0.7 V), indicating a crucial role of HO,* species in the ORR
under acid conditions. In sharp contrast, the important HO,*
species was absent on Pt(100) and Pt(110) electrode surfaces;
however, two Raman peaks at 1030 and 1080 cm ' were
observed, which were attributed to the symmetric stretching
mode of ClO; in HCIO, and Pt-OH bending mode OH* species.
Apparently, the EC-SHINERS method provided direct spectro-
scopic evidence of the different ORR mechanisms on three
Pt(hkl) electrodes in an acidic solution, that is, the ORR on the
Pt(111) surface by the generation of HO,*, while on Pt(100) and
Pt(110) electrode surfaces by the formation of OH*.

3.3 Rechargeable batteries

Recently, operando characterization methods have received
great attention due to their ability to probe the structural,
chemical, and mechanical changes in electrochemical energy
devices under their real working conditions,'®"?7:17148 1p
rechargeable batteries, operando methods benefit largely
from the collaboratively combination of diverse characteriza-
tion techniques to understand the complex interrelated

3594 | Chem. Soc. Rev,, 2024, 53, 3579-3605

phenomena, such as the relationships between structural
transformation and chemical reaction and performance of
device."*® As a representative example shown in Fig. 13, Zhou
et al. carried out an operando spectroelectrochemical study of
the anionic redox process in Li-ion batteries by correlating
vibrational Raman spectroscopy and differential electrochemi-
cal mass spectrometry (DEMS)."*® The exploration of oxygen-
related anionic redox (peroxo-like (0,)"” species) activity in
Li-ion batteries opens up a new way for boosting the capacity
limit of electrode materials and thus has attracted much
interest, but it also calls for advanced operando characterization
techniques to probe the underlying nature of the anionic redox
activity.""'>*> Vibrational Raman spectroscopy is a powerful
characterization method of probing oxygen-related species at
electrochemical interfaces."*®'**71*> As shown in Fig. 134, a Li-
rich Ni/Co-free O3-type Ligg[Liyp,Mn,]O, was used as the
cathode, and assembled into an operando Raman cell with Li
foil serving as both the reference and counter electrode. During
the first and second charge-discharge cycles, a vibrational
feature appeared in the region from 795 to 845 cm ' that was

This journal is © The Royal Society of Chemistry 2024
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attributed to the O-O stretching mode of peroxo species
(Fig. 13B), indicating reversible redox properties. However,
the peak position shifted toward a higher wavenumber in the
second cycle, which suggested a longer O-O distance of peroxo
species that would cause the generation of superoxo species
(the Raman peak at 1104 cm ™" at the end of the first cycle) and
gaseous O, (a O, evolution rate of 254 umol g~ * as quantified by
DEMS). Furthermore, the electrochemical decomposition of
electrolyte at high voltage and the nucleophilic attack on
propylene carbonate by superoxo species could be detected by
operando Raman spectroscopy, as indicated by the appearance
of a Raman peak around 1080 cm ™" revealing the formation of
Li,CO;. Therefore, by combining operando Raman spectroscopy
and DEMS, relatively reversible oxygen-related redox and elec-
trolyte decomposition processes were monitored in real-time,
allowing a better understanding of anionic redox activity in
high-capacity electrode materials.

Probing the chemical composition and structures of
electrode-electrolyte interfaces (EEIs) or solid-electrolyte inter-
phases (SEIs) is one of the most significant applications of
electrochemical vibrational spectroscopy in Li-ion chemistry.
Although the thickness of EEIs is only on the nanometer scale,
its formation and evolution play a crucial role in achieving a
Li-ion battery with high performance and a long cycle life."*® By
coupling with electrochemical operation, optical spectroscopy
methods with high surface sensitivity, such as nanostructure-
and ATR-based vibrational spectroscopy®®'?® and surface
plasmon resonance spectroscopy,'®”**® provide prominent
opportunities for in situ/operando tracking of the chemical
and structural evolution of electrode/electrolyte interfaces or
interphases. Shao-Horn et al. used in situ FTIR spectroscopy to
study the formation of EEIs, that is, the oxidation of carbonate-
based electrolyte on a Ni-rich LiNijgC0y,Mn, 40, (NMC811)
electrode surface.” Usually, a thin film electrode directly
deposited on a prism is preferred for ATR-IR measurements,
but it is challenging to prepare a NMC thin film electrode in
this configuration. Therefore, in this work, a composite NMC/
glassy fiber was used as a working electrode (positive electrode)

This journal is © The Royal Society of Chemistry 2024

that was placed downward, facing the Pt thin film supported by
a CaF, prism; thereby the reaction intermediates generated
from the NMC electrode could be detected through IR absorp-
tion in an internal reflection geometry (Fig. 14A). As shown by
the in situ FTIR difference spectra on an NMC811 electrode
charged to 4.4 V in ethylene carbonate with 1.5 M LiPF¢
(Fig. 14B), several bands appeared in the spectral region from
~1750 to 1830 cm ' (C=O0 stretching region) at 3.8 V. These
peaks were assigned to vinylene carbonate (~1830 cm %),
ethylene carbonate (~1800 cm™ "), Li*-associated ethylene car-
bonate (~1770 em™"), and oligomers with ethylene carbonate-
like rings (~1760 cm "), respectively. It is noted that vinylene
carbonate is one of decomposed products of ethylene carbo-
nate, that is, vinylene carbonate results from the removal of two
hydrogens from ethylene carbonate, forming a C=C bond in
the ring. Meanwhile, the oligomer possibly resulted from the
opening and polymerization of ethylene carbonate. By poten-
tiostatically holding at 4.4 V for a period of time (0 to 60 min),
no obvious changes in the peak intensities were observed
(Fig. 14C). In contrast, in the time-dependent measurement
at open circuit potential (OCP) following the holding experi-
ment at 4.4 V, the peak intensities of ethylene carbonate,
vinylene carbonate, and oligomers decreased quickly, indicat-
ing these species diffused away from the EEI at OCP (Fig. 14D).
However, a deconvoluted peak at 1813 cm ™' hardly changed
with increasing time, which was assigned to dehydrogenated
ethylene carbonate. This observation suggested that dehydro-
genated ethylene carbonate adsorbed on the oxide surface of
the NMC electrode, possibly on the surface oxygen through a
C—Ogyrface bond generated during the dehydrogenation reaction
of ethylene carbonate. As NMC811 was galvanostatically
charged to 4.4 V, potentiostatically held at 4.4 V, and rested
at OCP, the potential-dependent intensity trends of peaks were
consistent with the corresponding voltage profile (Fig. 14E),
showing that in situ FTIR spectroscopy is sufficient in revealing
the chemical and structural changes in the EEI, thus giving
insights into the strategies to develop stable and high-
performance Li-ion batteries.
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Fig. 14 (A) Schematic of an in situ FTIR cell. (B)-(D) In situ FTIR difference spectra on the LiNig gC0g1Mng 10, electrode during charging to 4.4 V (B),
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Solid-state batteries are anticipated to be an alternative to tighter packing of battery components, while also providing
conventional lithium-ion batteries since they replace the flam- safety advantages.'®*'°" However, as the active electrode mate-
mable liquid electrolyte with a solid electrolyte, allowing for rials are normally opaque, the light beam is unable to penetrate
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Fig. 15 (A) Schematic of an operando Raman spectroscopic cell for solid-state batteries and the corresponding components of the setup. (B) Time—
voltage profile of a solid-state Li—S battery and the corresponding operando Raman spectra contour. Reproduced with permission from ref. 162.
Copyright 2023 Wiley-VCH GmbH.
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through the closely packed solid layers, making it difficult to
perform operando spectroscopic experiments in a traditional
manner, e.g., focusing the incident beam perpendicularly
through the liquid electrolyte bulk to the electrode surface. As
shown in Fig. 15, in the spectroelectrochemical study of a solid-
state lithium-sulfur (Li-S) battery, the operando Raman cell
with an open side was placed inside an inert argon environ-
ment to enable the spectroscopic detection of each battery
component from the cross-sectional direction.'®* As revealed
by the operando Raman spectra, sulfur (Sg, of which the Raman
peaks are at 158, 220, and 473 cm ™', respectively) underwent
gradual reduction but was not completely reduced during the
discharge process, while an intermediate species, that is, Li,S,
(438 cm ™) appeared at the half charge state (2.359 V) and then
disappeared at the full charge state (2.789 V), indicating that
Li,S was first oxidized to Li,S,, and then to Sg during the
charging process.'®> With a side opening cell, this method is
suitable for the characterization of a solid-state electrolyte in
operando, and thus to understand the emerging solid-solid
electrochemical interfaces/interphases.

The development of electrochemical vibrational spectro-
scopy offers great opportunities for conducting in situ and
operando studies in important areas such as fundamental
electrochemistry, electrocatalysis, rechargeable batteries, etc.
Each electrochemical vibrational spectroscopy technique (i.e.,
EC-IR, EC-Raman, and EC-SFG) has advantages and limitations,
which are briefly summarized in Table 2, and can be selected
according to the practical requirements and applications.

4. Summary and outlook

4.1. Development trends

The application of in situ optical spectroscopy in electrochem-
istry was carried out six decades ago, with a significant growth
since the 1990s, driven by advancements in nanoscience. The
development of electrochemical optical spectroscopy, in parti-
cular vibrational spectroscopy, has made incalculable contribu-
tion not only to the progress of electrochemistry, but also to
physical and chemical science and technology. It is foreseeable
that electrochemical optical spectroscopy will be further inno-
vated in both theory and experiments with the development of
new spectroscopic techniques, instrumentation, nanotechnol-
ogy, data-driven methods, etc.

The main development direction of electrochemical optical
spectroscopy must be consistent with that of electrochemistry.
Currently, electrochemical energy is of paramount importance
in electrochemistry; therefore, it is desirable to further develop
a new strategy, methodology, and research paradigm with
respect to the different key scientific and technical problems
in electrochemical energy studies.

For practical applications of electrochemical optical spectro-
scopy, the energy conversion and storage systems are in
strong demand and facing the challenges of new systems
with complex structures, raising unprecedented requirements
for the capability of obtaining more reliable and useful
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information of various electrochemical interfaces under working
conditions, i.e., developing operando spectroscopic methods with
high detection sensitivity, along with high temporal and spatial
resolutions. Furthermore, there are still great difficulties in oper-
ando studies under low and high temperature working conditions,
i.e., probing the emerging wide-temperature batteries for applica-
tion under extreme climate/operation conditions.”*'* Tt is
imperative to develop new spectroscopic methods for character-
ization in such complex and extreme environments.

To discuss these significant explorations, examples illustra-
tin the new strategies, methodologies, and research paradigm
in electrochemical optical spectroscopy are presented below.

4.2. New strategies, methodologies, and research paradigms

4.2.1. New “borrowing” strategy in EC-SERS. In the oper-
ando EC-Raman study of an electrochemical energy device, the
electrode materials are usually SERS-inactive or weakly SERS-
inactive, such as cathode and anode materials in Li-ion bat-
teries. As discussed in Section 2.2.2, an effective way to probe
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Fig. 16 (A)—(F) Operando Raman spectroscopic measurement inside a
laminate cell using microprobes. (A) Schematic of probe consisting of one
excitation optical fiber and one collection fiber. (B) Photograph of a
laminate cell inserted with eight microprobes. (C) Inside and (D) cross-
section view of the laminate cell with the probes. (E) Photograph of setup
of the operando fiber-based Raman spectroscopic measurement. (F)
Raman spectrum of electrolyte inside the laminate cell. Reproduced with
permission from ref. 130. Copyright 2017 Elsevier B.V.
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the electrode materials with weak or no SERS-activity is to
employ a strategy of “borrowing’”” SERS activity. In the conven-
tional SHINERS method (Fig. 7), the ultrathin shell of SHIN can
prevent the adsorption of the analyte on the Au core surface
while allowing the ‘“borrowing” of SERS activity from the Au
core to boost the Raman signal from the probe material sur-
face. However, the Raman enhancement of the analyte is
limited because the electromagnetic field generated from the
plasmonic Au core will be attenuated exponentially due to the
presence of a dielectric shell (an electromagnetic field decrease
of ~5 times or more).”” Hence, it is important to design new
nanostructures to engineer the SERS hotspots, figuratively
speaking, to push the hotspot outside the shell in the SHINERS
method, and thus making it closer to the surface of probe
material surface, which could further enhance the enhance-
ment in the SHINERS method. Presumably, a method to
achieve this goal is to use a shell material with a high-
refractive index, such as Si, GaP, and TiO,.'°®'” In these
scenarios, the high-refractive index shell could serve as a
“nanoscale lens” that is able to concentrate the field into the
medium, and thus it could provide a much higher local electric
enhancement on the surface of the dielectric shell."®® There-
fore, the hotspots are located on the outer shell surface of
SHIN, leading to a much higher Raman enhancement of the
analytes.

It is worth noting that SERS-active substrate materials have
been expanded beyond ‘‘free-electron like” metals to the semi-
conductor/dielectric substrates’®® as well as graphene
materials,"®® opening up new avenues for EC-SERS applica-
tions. In particular, the roles of such SERS-active substrates
are manifold, e.g., graphene can simultaneously act as a Raman
probe to reveal the spectroelectrochemical features of carbon
materials.?**>%?

4.2.2. Operando fiber-based electrochemical vibrational
spectroscopy. There is an urgent need to develop operando
spectroscopic methods that have the advantages of a probe
that does not interfere with the working conditions of an
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203 1n Li-ion

electrochemical device and be nondestructive.
batteries, the in situ or operando studies of EEIs are normally
performed on the half cells using lithium foil as the counter
(reference) electrode; however, the corresponding (electro)che-
mical behavior is different from that of a commercial full cell
typically using a graphite anode. It is worth noting that the
volume of electrolyte used in a half-cell testing system is
generally smaller than in the commercial cells, resulting in
deviations in the study of the complex interaction between the
electrode and electrolyte from those in a practical full
battery."*' Owing to the miniaturization and non-destructive
properties, fiber optics is widely used for invasive analysis. By
directly embedding fiber optic sensors within a practical bat-
tery and combining with vibrational spectroscopy, that is, fiber-
based mode electrochemical vibrational spectroscopy (Fig. 4E),
people are able to monitor Li-ion chemistry in a full battery in
Operand0.40,41,130,131

As shown in Fig. 16A-F, Yamanaka et al. placed eight ultra-
fine fiber Raman probes inside a practical laminate lithium-ion
battery at different positions to monitor the electrolyte concen-
tration variations.’*® The probe consists of two silica-based
optical fibers, i.e., one excitation fiber for laser light and one
collection fiber for Raman signals, where the total cross-
sectional area of the probe is around 30 pm x 60 pm.***3°
Usually, the Raman spectroscopic measurement offers an aver-
aged information of electrolyte from a battery. However, based
on the ultra-fine spectroscopic probes at different locations
inside the battery, the concentration gradient of electrolyte in
the plane parallel to the electrode surfaces was observed and
the corresponding changes during cycles were monitored in
operando. Hence, this measurement will be beneficial for the
studies of ion migration and related position-dependent reac-
tions inside a battery.

Since silica-based fiber is typically limited to the spectral
range from 0.8 to 2 um, to enable to fiber-based spectroelec-
trochemistry in the IR range, chalcogenide glass fiber can be
employed instead.’’ As shown by the schematic in Fig. 17A,

vOCO

5CH, VOCH,  WPF

DMCcoDo’vMC"“

Py
Q
Q
“Q

0
1,900 1,800 1,700 i 1,600 1,500 1,400 1,300

Wavenumber (cm™)

1,200 1,100 1,000 900

2
Decomposition|
Formaton| O

L L L
1,400 1,300 1,200

Wavenumber (cm™)

2 L L L
1,900 1,800 1,700 1,600 1,500 1,100 1,000 900

Fig. 17 (A) Schematic of operando IR fiber evanescent wave spectroscopy (FEWS) using mid-IR light in the range from 830 to 5000 cm™* passing
through the Te,AszSes (TAS) fiber core (a diameter of 150 um). The TAS fiber is located in the central void of a commercial 18650 jelly roll, allowing IR-
FEWS measurements of the electrolyte under operando conditions. (B) Operando IR-FEWS spectra obtained during the first charge—discharge cycle. The
spectra in charge were colored in blue, while those in discharge were colored in red. (C) The relative IR absorbance changes (A(t) — Al(to)) obtained in
charge (bottom) and discharge (top). Reproduced with permission from ref. 41. Copyright 2022 Springer Nature.
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Gervillié-Mouravieff et al. used a Te,AS;Se; (TAS) fiber to
conduct operando fiber-based IR evanescent wave spectroscopy
(FEWS) in the commercial 18650 Na-ion battery.*' The TAS fiber
was passed through a pre-drilled 18650 jelly roll cell (the hole
was then closed by with epoxy) to monitor the electrolyte
decomposition reaction. Operando IR-FEWS spectra clearly
reveal the dynamics of electrolyte species, e.g., dimethyl carbo-
nate (DMC) and PF, ", and identify the decomposition reaction
intermediates/products, e.g., alkyl carbonate and methoxy spe-
cies, during the charge and discharge processes, respectively
(Fig. 17B and C). This fiber-based EC-IR approach provides an
opportunity to rapidly diagnose the dynamics of electrolyte in a
battery, which can be expected to offer additional important
molecular insights into the different components of an electro-
chemical device under real working conditions.

Rather than just monitoring the state of electrochemical
devices, we can anticipate more important advances in oper-
ando spectroelectrochemical techniques. The synergistic
combination of operando characterization, real-time analysis
of information, and autonomous adjustment of the working
condition of devices is a new research paradigm to be devel-
oped. In particular, an implantable diagnostic tool is desirable
to collect the operando information of a device and then to
immediately communicate with the outside world.** As
inspired by the fiber optical diagnosis as we discussed above,
an optical fiber can be inserted inside a battery to collect the
operando information, such as operando Raman*®"*%"** or IR*!
spectra, and transmit the these signals simultaneously, and
therefore, we can anticipate an important progress toward a

A Flow schematic for the mediated H, anode

o
o AQS 2e-
SOzNa
AQS o Anolyte O‘O —>
o +2H*
; Electrolysis
loop

reservoir OOO
OH

Pd/C

o
Hydrogenation H,
loop

Anolyte

In anolyte reservoir OH

Li,CO, +2H —> 2Li*+H,0+CO,

H* generated and neutralized in the anolyte

B Ultraviolet-visible analysis of mediator redox behaviour

Hydrogenation loop only

Absorbance (AU)
Absorbance (AU)

Electrolysis loop only

View Article Online

Chem Soc Rev

new research paradigm of Al-driven operando spectroelectro-
chemistry in the coming years.

4.2.3. Temporal resolution and a light source. Further-
more, the high temporal resolution is crucial for identifying
short-lived species and tracing transient information in reactions,
and thus the understanding of dynamics of electrochemical
processes. In EC-SERS measurements, the temporal resolution
may vary from a millisecond to nanosecond timescale using a
pulse-probe or a potential step strategy.*'>**°*?% For instance,
using a transistor-transistor logic (TTL) signal trigger, Ren and co-
workers developed a transient electrochemical surface-enhanced
Raman spectroscopy (TEC-SERS) method to capture the transient
molecular vibrational signatures during redox reactions, ie., the
redox of Nile blue on the Ag electrode, on a timescale smaller than
that of double layer capacitance charging.>*® To obtain a temporal
resolution even at a femtosecond timescale (commonly the time-
scale of molecular vibrations), ultrafast laser techniques such as
femtosecond stimulated Raman spectroscopy (FSRS) are expected
to possibly provide a temporal resolution of a few tens of
femtoseconds on the electrochemical dynamics study.>*”*%

Optical spectroscopic instruments are strongly dependent
on the power of the light source and the sensitivity of the
detector. It is well known that the Raman scattering phenom-
enon was discovered in 1928, but it was rapidly developed and
widely applied until the invention of lasers in 1960.*® Therefore,
the laser technology has been indispensable to the develop-
ment and popularization of Raman spectroscopy. In particular,
in operando research studies, there are enormous demands in
the laser power, efficiency, and wavelength tuning range of
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(A) Schematic of mediated H, anode by paring the thermal hydrogenation of AQS and the electrochemical oxidation of AQSH; in real time. (B)

In situ UV-Vis spectra of the redox speciation of AQS and AQSH, species in the anolyte reservoir for various processes, such as hydrogenation-only or
electrolysis-only loop, or both loops operating simultaneously. Reproduced with permission from ref. 215. Copyright 2023 Springer Nature.
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incident light source. In this regard, the powerful free electron
laser (FEL) technology is capable of fully tunable wavelength,
high-quality light beam, high-level polarization, high peak
brightness, and high average power, etc.?’® Therefore, the
application of FEL will be definitely beneficial for progress of
spectroelectrochemistry.®

4.2.4. Electrochemical optical spectroscopy for synthetic
electrochemistry. In October 2023, the International Union of
Pure and Applied Chemistry (IUPAC) announced that synthetic
electrochemistry has been selected as one of the top ten
emerging technologies in chemistry due to its significant
potential in promoting global sustainability.>'® In this field,
electrochemistry offers an economical and environmentally
friendly way to tailor the synthetic processes with a high level
of chemo- and regio-selectivity.”!* Typically, the electrochemi-
cal measurement, such as CV, is used to elucidate the electro-
chemical synthetic mechanisms.*'> However, for some complex
synthesis processes involving both chemical and electrochemi-
cal reactions, it is essential to introduce optical spectroscopy
with molecular recognition capability to in situ analyze yields
and reaction selectivity in a comprehensive and sensitive
manner.

Compared to vibrational spectroscopy, EC-UV-Vis spectro-
scopy has advantages in sensitivity and quantitative analytical
capability for the study of electrolyte bulk; it has widely
contributed to the in situ characterization of electrogenerated
species and study of redox processes.?'**'* Thus, EC-UV-Vis is
suitable for the quantitative analysis of large number of inter-
mediates during electrochemical synthesis.

The reversible chemical/electrochemical interconversion
between quinone and hydroquinone has been widely recog-
nized in electrochemical synthesis and organic redox flow
batteries.”'>*'® Recently, it was used in a nickel-catalyzed
cross-electrophile coupling (XEC) reaction to synthesize phar-
maceutical intermediates on a hectogram scale (100 g scale).>"”
In this work, nickel-catalyzed XEC reaction was supported by a
quinone-mediated H, anode under non-aqueous conditions.
UV-Vis spectroscopy was employed to in situ investigate the
interplay between thermal catalytic hydrogenation of sodium
anthraquinone-2-sulfonate (AQS) and the electrochemical oxi-
dation of the corresponding anthrahydroquinone (AQSH,) in
real time. As shown in Fig. 18, the redox speciation of AQS (with
an absorption band at ~330 nm) and AQSH, (with an adsorp-
tion band at ~380 nm) species in the anolyte reservoir was
studied using UV-Vis spectroscopy during various processes,
such as hydrogenation-only or electrolysis-only loop, or both
loops operating simultaneously. This spectroelectrochemical
method demonstrates significant potential in the real-time
analysis for the development of highly-efficient, large-scale
synthetic electrochemistry.

After sixty years of development and growth, electrochemical
optical spectroscopy has become one of the most important
branches of spectroelectrochemistry. Based on the promising
development trend, we are optimistic that in the near future,
the emergence of new breakthroughs in spectroelectrochemis-
try will bring incalculable impact not only to the progress of

This journal is © The Royal Society of Chemistry 2024
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electrochemistry, but also on surface/interface science and the
wider fields of materials science and technology.
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