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Abstract

Surface-enhanced Raman scattering spectroscopy (SERS) has emerged as a powerful analytical 

technique to enable nanoscale investigations of energy systems. This mini-review focuses on 

the applications of in-situ and operando SERS in energy-related research, highlighting its 

unique capabilities and significant contributions to understanding energy storage and 

conversion processes. We first introduce the fundamental principles of SERS, key SERS-

derived techniques, and commonly employed platforms. Subsequently, we delve into the 

diverse applications of in-situ and operando SERS across various energy systems, 

encompassing photocatalytic and electrocatalytic systems, fuel cells, solar cells, and batteries. 

Finally, we conclude with our perspective on the current challenges and prospects in this area. 

We hope this mini-review serves as an essential overview to guide the design and 

implementation of in-situ and operando SERS studies of energy systems.

Keywords: Surface-enhanced Raman scattering spectroscopy (SERS), In-situ, Operando, 

Energy systems, Photocatalysis, Electrocatalysis, Fuel Cells, Solar Cells, Batteries
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Introduction 

The development of advanced energy storage and conversion systems with higher 

efficiency, durability, and safety is critical to transit away from our current over-reliance on 

fossil fuels and effectively combat the ongoing energy crisis.1, 2 The urgency for these 

advancements is underscored by the ‘Net-Zero by 2050’ Roadmap released by the International 

Energy Agency (IEA) in 2021, which positions the accelerated growth of sustainable, 

renewable energy storage technologies among its key global technological agendas. Among 

various energy systems, photocatalytic and electrocatalytic systems, fuel cells, solar cells, and 

batteries play pivotal roles in meeting these needs. Despite the significant progress to date, these 

energy systems still need to be significantly improved to cater to the ever-growing demand. 

Key issues include, but are not limited to, maximizing energy storage densities in batteries, 

achieving high faradaic efficiencies, selectivities and preventing catalyst failure in fuel cells 

and electrocatalytic systems, as well as enhancing long-term stability and photoconversion 

efficiencies in solar cells and photocatalytic systems. Fundamentally, the rational design of 

better catalysts, reactors, and interfaces across various energy systems is impeded by the lack 

of near-total mechanistic understanding. However, such near-total mechanistic understanding 

remains challenging due to the high complexity of energy systems, which involves interrelated 

dynamic processes such as charge transfer, evolution of transient species, and surface/interface 

compositional and structural changes.

To address this challenge, the strategic use of in-situ or operando techniques offers a 

powerful toolkit for real-time tracking of these dynamic processes with high sensitivity and 

excellent spatiotemporal resolution.3-8 By definition, in-situ measurements are performed on-
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site in their native working environments, while operando studies focus on the real-time and 

dynamic analysis of the system during its active operation.9, 10 Nevertheless, as most research 

employs these terms interchangeably, we will directly use the terms defined in each case study 

in the subsequent sections. Currently, diverse in-situ/operando techniques have been leveraged 

to capitalize on their unique technological advantages to probe different aspects of energy 

systems.3-8 For example, techniques such as transmission electron microscopy (TEM), X-ray 

diffraction (XRD), and X-ray absorption spectroscopy (XAS) are highly useful for in-situ 

analysis of structural evolution in crystallographic structures, crystal defects, and chemical 

coordination information.3-5, 7, 8 On the other hand, techniques such as atomic force microscopy 

(AFM), scanning tunneling microscope (STM), and X-ray photoelectron spectroscopy (XPS) 

can provide essential surface information in terms of changes in topography or chemical states.3, 

5-7 As for vibrational spectroscopic techniques such as surface-enhanced Raman scattering 

spectroscopy (SERS) and infrared spectroscopy (IR), they offer valuable, molecular-level 

insights into structure-activity correlations, reaction pathways, and key surface/interfacial 

dynamic events during reactions, which can guide the development of novel and high-

performance energy-related materials.11-16 Among these techniques, SERS stands out as a 

powerful tool which provides high molecular sensitivity and vibrational fingerprinting 

capability by amplifying the weak intrinsic Raman spectra of molecules adsorbed or close to 

nanostructured metal/semiconductor surfaces by >1010-fold.11-16 At the same time, SERS has 

excellent compatibility with both air and aqueous environments, making it particularly suited 

for in-situ/operando studies of most energy systems.

In this mini-review, we offer a critical outlook on the use of in-situ/operando SERS to 
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elucidate nanoscale energy storage and conversion processes in various energy systems, 

spanning photocatalytic and electrocatalytic energy systems, fuel cells, solar cells, and batteries. 

To guide readers on how to leverage SERS for energy-related investigations, we first introduce 

the fundamental principles of SERS and discuss key techniques and platform design 

configurations that can be integrated with in-situ/operando SERS measurements. Next, for each 

energy system of interest, we systematically highlight the current state-of-the-art in utilizing in-

situ/operando SERS to derive mechanistic insights that were previously elusive or ambiguous, 

using representative works from 2018 to 2023. We focus on three main aspects: (i) investigation 

of structure-activity correlations, such as surface crystallinity and molecular arrangements, (ii) 

elucidation of reaction pathways by tracking species evolution, and (iii) monitoring of other 

surface/interfacial events, such as charge transfer and catalyst surface reconstruction. Finally, 

we conclude with our perspective on the current challenges and potential research directions to 

further leverage in-situ/operando SERS for accelerating the development of next-generation 

energy technologies.

Background on SERS 

To facilitate readers in understanding the significance of in-situ/operando SERS for energy 

systems and its implementation, we first provide an overview of SERS, introducing its 

fundamental working principles and commonly employed platform configurations. We also 

highlight a key variant of the SERS technique, namely tip-enhanced Raman spectroscopy 

(TERS), which demonstrates immense potential for in-situ/operando investigations in energy 

systems. 
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Working principles of SERS

SERS is a vibrational spectroscopic technique in which the inelastic Raman scattering of 

incident photons by molecules is amplified by factors up to 1012 or larger when the molecules 

are adsorbed on or close to nanostructured metal/semiconductor surfaces.11-16 It is widely 

accepted that the Raman signal enhancement in SERS can be attributed to two key mechanisms, 

namely the electromagnetic enhancement (EM) and the chemical enhancement (CHEM) 

(Figure 1A). 

EM arises from a unique phenomenon known as localized surface plasmon resonance 

(LSPR), which relies on the resonance between the incident light and collective electron 

oscillations of the plasmonic nanomaterial (usually metallic) upon laser irradiation (Figure 1A-

i).17 The LSPR excitation in turn creates a localized region of highly intense electromagnetic 

field near the metal surface at distances < 10 nm where both the incident and scattered light are 

amplified, contributing to a large Raman signal enhancement of up to 1012.11-16 The magnitude 

of EM enhancement depends on various factors including the nanomaterial (Au, Ag, Cu, etc.), 

size, morphology, and inter-particle gap.

On the other hand, CHEM involves the photon-induced charge transfer (CT) between the 

substrate (semiconductors or metals) and chemisorbed molecules (Figure 1A-ii).18, 19 

Resonance-like Raman scattering is produced when the photon energy of the incident laser 

matches the CT transition energy between the molecule and the substrate, which increases the 

adsorbed molecule’s polarizability to effect Raman signal enhancement of about 102. 

Collectively, the combined effect of EM and CHEM mechanisms is essential for SERS to 

achieve high molecular sensitivity. Readers interested in the fundamental, detailed explanations 
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of the physics behind SERS can refer to these comprehensive reviews.20, 21

Figure 1. Introduction of SERS. (A) Schematics of SERS working principles, namely (i) EM 

and (ii) CHEM. (B) Representative SERS platforms. (i) Plasmonic metallic nanostructures, 
with TEM images of Au NPs (left) and Ag nanorods (right). (ii) Semiconductor 
micro/nanostructures, with SEM images of reverse opal TiO2 (left) and O-doped MoS2 
nanocrystals (right). (iii) Hybrid nanostructures, with TEM/SEM images of Au NP-decorated 
TiO2 nanoflowers (left, the inset shows the magnified image) and Au@Pt NPs (right). (iv) 
SHINs, with TEM images of an isolated Au@SiO2 NP with a near-spherical (left) and 
polyhedral (right) core. (C) Schematic of TERS technique. The SEM images and their insets 
show a typical tip for TERS. Reprinted and adapted with permission from (B) Refs. 22, 23, 24, 
25, 26, 27, 28, 29, and (C) ref. 30. Copyright 2006-2008, 2015-2018, 2022 American Chemical 
Society. Copyright 2017 Zuhui Zheng, Shan Cong, Wenbin Gong, Jinnan Xuan, Guohui Li, 
Weibang Lu, Fengxia Geng & Zhigang Zhao.
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Commonly employed SERS platforms

In terms of SERS platforms, most utilize plasmonic metallic nanomaterials (Au, Ag, Cu 

etc.) due to their strong LSPRs that ensure high SERS EM enhancement.21-23, 31 To further 

maximize SERS signals, these platforms possess nanoscale surface roughness, which include 

nanoparticles (NPs) and various shape-controlled nanostructures with large curvatures and/or 

sharp tips and edges, such as nanocubes, nanorods, and nanostars (Figure 1B-i). Moreover, 

these NPs and nanostructures can also be organized into 2D and 3D assemblies to achieve 

heightened SERS enhancements via inter-particle plasmonic coupling.32-38 In addition to 

plasmonic metallic nanostructures, nano-architectured semiconductor materials such as Cu2O, 

TiO2, ZnO, and MoS2 can also serve as SERS-active platforms.24, 25, 39-41 For these 

semiconductor-based platforms, CHEM arising from charge transfer (CT) between the 

semiconductor material and the adsorbed molecules is the primary enhancement mechanism 

(Figure 1B-ii). Target nanostructures employed in various energy systems that are fabricated 

from these SERS-active materials can thus be directly employed for in-situ/operando SERS 

studies. It is noteworthy that compared to plasmonic metal-based platforms in which EM 

enhancement is stronger than CHEM enhancement, semiconductor-based platforms are 

inherently well-suited for studying CT processes in energy systems since CT is the main source 

of their SERS effect.

To obtain in-situ/operando spectroscopic insights on non-SERS active functional 

materials, researchers have developed various hybrid configurations which integrate these 

functional surfaces with plasmonic materials. Notable hybrid configurations include 

core@shell, core-satellites, and other hybrid nanostructures in which the functional materials 
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are encapsulated over plasmonic metal cores, and incorporated as satellite nanostructures, 

respectively (Figure 1B-iii).14, 26, 27, 42-45 In these hybrid configurations, the Raman signals from 

chemical species on these functional materials are effectively amplified by EM enhancement 

from the SERS-active plasmonic cores. They thus offer a generic substrate architecture with 

additional versatility to monitor various catalytic and other surface processes on a wide range 

of target surfaces. 

Another widely used platform configuration in energy system study is shell-isolated 

nanoparticles (SHINs), in which a plasmonic core is surrounded with an ultrathin inert dielectric 

shell of SiO2 or Al2O3 (Figure 1B-iv).28, 29, 46, 47 Non-SERS active materials of interest can be 

loaded onto these SHINs in SHIN-satellites configurations for in-situ/operando SERS studies. 

Moreover, in specific cases where atomically flat single crystalline surfaces are preferred as 

model energy systems, e.g., for fundamental investigations, SHINs can be assembled on the 

material surface to amplify the Raman signals of adsorbed species. SERS measurements 

performed with SHINs is conventionally referred to as shell-isolated nanoparticle-enhanced 

Raman spectroscopy (SHINERS).28, 29, 46, 47 Notably, the inert shell prevents the direct 

adsorption of target molecules on the plasmonic Au or Ag cores to avoid potential undesired 

catalysis (such as electrocatalytic oxygen reduction reaction, ORR) which may interfere with 

the in-situ/operando measurements. On the other hand, a sufficiently thin (< 5 nm) inert shell 

is critical to maintain satisfactory SERS enhancement. The shell also enhances the thermal and 

chemical stability of the plasmonic cores, which facilitates SERS exploration in energy systems 

with harsher system conditions such as high temperatures or highly acidic chemical 
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environments. Readers interested in the more details about SHINERS can refer to the primer 

paper.48 

In overall, SERS thus offers high molecular sensitivity and vibrational fingerprinting 

capability for univocal molecular identification, making it highly suited to acquire molecular-

level insights on dynamic energy storage and conversion processes in energy systems. 

Nonetheless, since SERS requires roughened or nanostructured surfaces, it is incompatible with 

smooth material surfaces, which could limit its application in cases where atomically flat 

surfaces are favored as model energy systems. In addition, the submicron spatial resolution of 

SERS may be insufficient to capture spectroscopic evidence of position-dependent events such 

as surface reconstruction.

Tip-enhanced Raman spectroscopy (TERS)

To circumvent these limitations and probe dynamic surface/interfacial events with high 

spatial resolutions, SERS can be integrated with a scanning probe system. Conventionally 

referred to as tip-enhanced Raman spectroscopy (TERS), this alternative detection modality 

locally amplifies the EM field at a plasmonic tip (Figure 1C).30, 49-51 TERS allows effective 

molecular detection even on atomically flat single crystal surfaces, which improves the 

morphological generality of SERS to better probe surface/interfacial processes across a broader 

range of materials and surfaces. Next, it provides high spatial resolution for atomic-level 

measurements with precise positioning, which is highly relevant to obtain nanoscale molecular 

and topographical information in energy systems, such as identifying positions of active sites 

or probing heterogeneous surfaces.30, 49-51 For more in-depth explanations on TERS, we 

recommend this review.52
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In overall, the continuous development of SERS offers researchers powerful tools to 

unravel various mechanistic insights in diverse energy systems, including photocatalytic and 

electrocatalytic systems, fuel cells, solar cells, and batteries, which will be discussed in the 

following section. To provide strategic guidance for readers in their preliminary platform 

selection for in-situ/operando SERS investigations in energy systems, we consolidate the main 

features and advantages of these platform configurations in Table 1.
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Table 1. Overview of commonly employed SERS platform configurations.

Platforms Description Examples Advantages Ref.

Plasmonic metallic 
nanostructures 

Support strong LSPRs in the visible light 
to near-infrared region

Au NPs
Ag nanocubes
Au nanorods

 High molecular sensitivity
 Can be functionalized with additional probe 

molecules to track species of low Raman 
cross-sections/are poorly adsorbing

11-16, 21-23, 

31-38

Semiconductor 
nanostructures 

Semiconductor materials that utilize 
CHEM as the main SERS enhancement 

mechanism 

Cu2O superstructures
TiO2 inverse opals

ZnO nanocages

 Suitable to study CT processes
 Low cost

18, 19, 24, 25, 

39-41

Functional-
material/plasmonic-

metal hybrid 
nanostructures

Core@shell: functional material of interest 
(usually non-SERS active) encapsulating 

plasmonic metal cores.

Core-satellites: functional material of 
interest (usually non-SERS active) 

integrated as satellites on a plasmonic 
metal core.

Au@Pt NPs
Ag NP-decorated 

ZnO nanorod array
Au core-metal oxide 

satellite 
nanostructures

 Enable SERS investigations on non-SERS 
active materials of interest

14, 26, 27, 42-

45

Shell-isolated 
nanoparticles 

(SHINs)

Plasmonic core wrapped with an ultrathin 
inert dielectric shell (usually SiO2 or 

Al2O3)

Au@SiO2 NPs
Au@Al2O3 NPs

 High thermal and chemical stability
 Prevent interference from inner plasmonic 

core (e.g., undesirable photocatalysis)
 Enable SERS investigations on non-SERS 

active materials of interest

28, 29, 46, 47, 

53-59

Plasmonic tips for 
TERS

Standard tips coated with plasmonic 
metals (usually Ag or Au) OR 

Electrochemical etching of all-metal tips 
AND/OR Grafting of NPs at the metallic 

tips.

 High morphological generality and does not 
require target surfaces to possess nanoscale 
roughness 

 High spatial resolution with precise 
positioning 

30, 49-51, 54

*Bimetallic nanostructures in which both metals act as the catalysts. 
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Applications of in-situ/operando SERS for energy systems

For each energy system, we present the commonly utilized in-situ/operando reaction-SERS 

setups, as well as the novel fundamental mechanistic insights gained in terms of structure-

activity correlations, reaction pathways, and other surface/interfacial events and processes. We 

also provide a non-exhaustive summary of the latest developments in utilizing in-situ/operando 

SERS across different energy systems in Table 2. 
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Table 2. Current progress in utilizing in-situ/operando SERS across different energy systems. 

Energy system Studied issue Phenomenon of interest Platform/nanomaterial Additional information Ref.

Crystal defects such as 
oxygen vacancies

Au NPs on metal oxide films (TiO2, 
ZnO and WO3) and NPs (TiO2)

p-mercaptobenzoic acid as 
probe molecules

60, 61

Different crystal phases 4H Au nanoribbons, fcc Au nanowires, 
fcc Au nanorods N.A. 62

Hot electrons and holes Au@TiO2 NPs p-aminothiophenol as probe 
molecule

63

Structure-activity 
correlations

Adsorbate molecular 
ordering

Electrochemically etched Ag tips on 
single and polycrystalline Au

4-nitrobenzenethiol 
dimerization 

64

Silanol photooxidation SHIN-CuO core-satellite 
nanostructures N.A. 53

Photocatalytic 
systems 

Reaction pathways
CO2 reduction Ag NPs Single NP-level SERS 65, 66

Au@Ni3FeOx core-satellite 
superstructures

Oxygen evolution reaction 
(OER)

67Structure-activity 
correlations & reaction 

pathways

Reaction intermediates & 
in-situ dynamic surface 

restructuring Cu electrodes CO2 reduction (CO2RR) 68, 69

Nanorod-like bismuth-based metal 
organic frameworks

Nitrogen reduction reaction 
(NRR)

70
Structure-activity 

correlations
In-situ structural 
transformations Mo2C-MoOx on carbon cloth Hydrogen evolution 

reaction (HER) 
71

Nanoporous Ag coated with Pd/Cu CO2 reduction (CO2RR) 72

Electrocatalytic 
systems

Reaction pathways Product selectivity 
mechanisms

Ag nanocubes coated with oleylamine-
functionalized zeolitic imidazolate 

framework

NRR vs. HER with 4-
mercaptopyridine as probe

73

Other surface/interfacial 
events

Molecular ordering of 
interfacial water Au@SiO2 SHINs on Pd(hkl) surfaces HER 54
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Table 2. Current progress in utilizing in-situ/operando SERS across different energy systems (continued)

Energy system Studied issue Phenomenon of interest Platform/nanomaterial Additional information Ref.
Hybrid Au@PtNi NPs, Au@Pd@Pt NPs, Pt-

based ternary alloys
Oxygen reduction 
reaction (ORR)

15, 54, 

74
Doping of different metals

PtRu bimetallic catalysts, Au@PtNi Hydrogen oxidation 
reaction (HOR)

75, 76

Structure-activity 
correlations & 

reaction pathways
Structure ordering degree AuCu bimetallic nanocatalysts ORR 77

Au@Pt, Au@Co, and Au@PtCo core-shell NPs ORR 78Reaction 
pathways

Composition and evolution 
of intermediates Au@SiO2 SHINs on Pt(hkl) surfaces ORR 55-57

Fuel cells

Other surface/ 
interfacial events Catalyst poisoning events Ag@SiO2 SHINs on various SOFC cathodes and 

cathodes N.A.
79, 80, 

81

Photoinduced interfacial 
reactions Au@SiO2 SHINs on TiO2(hkl) surfaces

Photoinduced behaviors 
of dye molecules in 

DSSCs
58, 82

Solar cells Other surface/ 
interfacial events

Charge transfer processes
Various DSSC systems 
(e.g., TiO2@N719@Ag,

ZnO-TiO2/N3/Ag)
N.A. 83-85

Polycrystalline rough Au electrode Lithium-oxygen 
batteries

86
Reaction 
pathways

Composition of reaction 
intermediates Nickel–cobalt–manganese oxide (NCM)@Li2O 

cathodes
Initial-anode-free 

lithium battery
87

Au nanocubes on LiNi0.33Co0.33Mn0.33O2 
(LNMC) cathode Lithium ion batteries 88

Au@SiO2 SHINs on different electrodes (e.g., 
Sn, Si etc.) Lithium ion batteries 59, 89

Batteries

Other surface/ 
interfacial events

Compositions and 
dynamics of electrolyte 

interphases Nanostructured Cu, Au@SiO2 SHINs with Li 
deposits Lithium ion batteries 90
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In-situ/operando SERS in photocatalytic systems

As one of the promising technologies to tackle the current issues of energy shortage and 

environmental pollution, it is crucial to design photocatalysts with enhanced solar energy 

conversion efficiencies and photocatalytic activities. The most common approach to set up an 

in-situ/operando SERS study of photocatalytic systems is to deposit the photocatalysts onto 

solid support substrates and subsequently obtain the SERS spectra using the same laser 

employed to initiate photocatalysis or an additional light source (Figure 2A-i).53, 60, 62, 63 For 

real-time monitoring in liquid systems, the as-prepared substrates can be immobilized within 

microfluidic cells and then mounted on an inverted optical microscope system to allow the 

solution containing the target reactants to flow over the affixed photocatalysts (Figure 2A-ii).65, 

66 In addition, to prepare the photocatalysts for in-situ/operando SERS measurements, SERS-

active photocatalysts such as Au nanowires and Ag NPs can be directly employed, while non-

SERS active photocatalysts can be loaded onto plasmonic nanostructures or SHINs.62, 65, 66
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Figure 2. In-situ/operando SERS in photocatalytic systems. (A) Schematic of representative 
in-situ/operando SERS setups for photocatalytic systems, namely (i) direct dropcast on solid 
substrates and (ii) microfluidic systems. (B)(i) SERS for structure-activity correlations. (ii) 
Calculated VO healing lifetimes determined from in-situ SERS spectra against the 
photocatalytic activity of ZnO films. (iii) STEM images (top) and maps (bottom) of the Raman 
peak intensity ratio of product/reactant (I1442/I1080) corresponding to disordered and ordered 4-
NTP phases. The maps are achieved from in-situ TERS spectra measured at different locations 
on the Au(111) surface during photo-induced 4-NTP dimerization. (C)(i) SERS for reaction 
pathway investigations. (ii) In-situ SERS spectra (bottom) and time-resolved intensity map (top) 
from individual plasmon-excited Ag NPs in CO2-saturated water. The peaks in the 750-1800 
cm-1 region affirm the formation of multi-carbon products. (iii) Bar plot showing the number 
of detection events across the spectra set for each surface C1, C2, C3, and C4 species with their 
percentages. Reprinted and adapted with permission from (A) ref. 65 (B) ref. 61, 64 and (C) 
ref. 65. Copyright 2021 Dinumol Devasia, Andrew J. Wilson, Jaeyoung Heo, Varun Mohan & 
Prashant K. Jain. Copyright 2021 Daniel Glass, Raul Quesada-Cabrera, Steven Bardey, 
Premrudee Promdet, Riccardo Sapienza, Valérie Keller, Stefan A. Maier, Valérie Caps, Ivan P. 
Parkin, & Emiliano Cortés. Published by American Chemical Society. Copyright 2021 
American Chemical Society.

The use of in-situ/operando SERS has uncovered key structure-(photocatalytic)activity 

correlations, including the influence of the photocatalyst’s crystal structure (e.g., its exposed 

crystal phases and crystal defects), as well as the molecular ordering of adsorbates on the crystal 

surface (Figure 2B-i).60-62, 64 This is often facilitated by the strategic use of molecules with large 

Raman cross-sections as probes to study different surfaces, whereby photoinduced changes in 

their molecular structures, charge distributions and vibronic states can be facilely tracked by 

monitoring their spectral changes.60, 61, 63 For instance, experimental observations of surface 

defects such as oxygen vacancies (Vo) are highly challenging due to their inherent low 

concentrations and high reactivities, especially at ambient pressures. In one study, a SERS 

variant – photoinduced enhanced Raman spectroscopy (PIERS) – was employed to probe Vo 

dynamics on ZnO films by tracking the peak intensity changes of 4-mercaptobenzoic acid 
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(MBA) with UV exposure, whereby Vo formation increases the MBA band signals via resonant 

charge transfer while Vo removal reduces the MBA band signals.61 By loading Au NPs pre-

functionalized with MBA on the ZnO films, the PIERS spectra revealed for the first time that 

the lifetime of in-situ generated oxygen vacancies (i.e., longer Vo healing) is more significant 

in increasing photocatalytic activities than their concentrations (Figure 2B-ii). Besides surface 

defects, the correlation of adsorbate arrangements with photocatalytic efficiency is also 

elucidated using in-situ/operando SERS. For instance, high-resolution TERS images of the 

photocatalytic dimerization of 4-nitrothiophenol (4-NTP) molecules over Au(111) surfaces 

highlight that a disordered 4-NTP adlayer exhibits higher reactivity, with ~82 % product 

formation surface coverage, compared to ~18% for its well-ordered counterpart (Figure 2B-

iii).64 Briefly, this is achieved by monitoring the peak intensity ratio of the 1442 cm-1 product 

peak to the 1080 cm-1 4-NTP reactant peak. These representative case studies highlight how in-

situ/operando SERS provides invaluable experimental insights on surface structural and 

molecular characterizations in photocatalytic systems, which are crucial to develop and 

optimize better photocatalysts. Although current studies predominantly focus on proof-of-

concept model reactions, our aspiration is for these case studies to inspire readers to broaden 

the application of in-situ/operando SERS towards other practical and high-value photocatalytic 

reactions.

In addition to uncovering fundamental structure-activity correlations, in-situ/operando 

SERS has also revealed critical mechanistic information on the reaction pathways, in terms of 

identifying the key intermediates, products, and reaction kinetics (Figure 2C-i).66, 91-94 Several 

industrially important photocatalytic reactions that have been studied include silane oxidation 
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to silanol, C-H arylation, and CO2 reduction (CO2RR). For instance, in-situ SHINERS on CuO-

decorated SHINs reveals that the photooxidation of dimethyl(4-(methylthio)phenyl)silane (4-

DMPSE) on CuO photocatalysts proceeds via an *OH intermediate species in the presence of 

H2O2 oxidant. This is evidenced by the emergence of 708 cm-1 peak that was attributed to 

surface-adsorbed *OH species.53 Notably, this spectroscopically obtained mechanistic insight 

was crucial to guide and rationalize the solvent optimization for practical, industrial-scale 

catalysis using CuO powder instead of CuO NPs by selecting solvents that promote H2O2-to-

*OH conversion. In another study, in-situ SERS (750-1800 cm-1 region) on 96 individual Ag 

NPs during photo-driven CO2 reduction reactions offered nanoscale and subsecond 

spatiotemporal resolution to provide a comprehensive profile of the full panel of surface 

adsorbates and intermediates (Figure 2C-ii).65 Notably, the study identified several surface 

species, encompassing a diverse range of C1-C4 species such as ethylene glycol, oxalic acid, 

propanol, and butanol (Figure 2C-iii). These species were previously not elucidated in bulk-

level studies because they do not necessarily survive or culminate into the bulk product profile. 

Such surface chemical knowledge made accessible by in-situ nanoscale SERS probing is 

postulated to better inform computational modeling and engineering of Ag NP catalysts to 

promote specific reaction pathways for higher selectivity.

In overall, in-situ/operando SERS has demonstrated immense potential to advance our 

mechanistic understanding of photocatalytic reactions. In addition, we would like to highlight 

the use of in-situ/operando SERS to elucidate the roles and behaviors of hot electron carriers 

in the rapidly emerging domain of plasmon-driven photocatalytic systems, which has been 

extensively discussed in Warkentin et al.'s review.95
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In-situ/operando SERS in solar cells

Solar cells play an indispensable role in advancing clean, renewable, and safe energy 

systems by harnessing sunlight to generate electricity for diverse sectors, such as residential, 

commercial, transportation, and agriculture.96, 97 Similar to photocatalytic systems, the most 

common approach for in-situ/operando SERS studies of solar cells is to deposit the 

photocatalysts onto support substrates and illuminate the as-prepared platforms with a light 

source to simulate solar irradiation and an additional laser for SERS excitation. In addition, to 

probe solar cells in the presence of electric fields or under high pressure, customized photo-

Raman cells as described in ‘In-situ/operando SERS in electrocatalytic systems’ subsection, or 

diamond anvil cells equipped with a small hole for sample loading are employed, respectively 

(Figure 3A). In terms of platform configurations, plasmonic metallic nanostructures and SHINs 

are usually used, either by direct dropcast on the surface of interest for solid-phase studies or 

by mixing with target NPs such as semiconductor TiO2 NPs for liquid-phase measurements.
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Figure 3. In-situ/operando SERS in solar cells. (A) Schematics of representative in-
situ/operando SERS setups in solar cells, including (i) spectroelectrochemical cells and (ii) 
diamond anvil cells for electrified and pressurized systems, respectively. (B) (i) SERS to 
monitor photoinduced behaviors of sensitizer molecules. (ii) In-situ SERS spectra of PbS 
QDs/TiO2/Au/TiO2 electrode for potentials ranging over −1.1 to 0.5 V (vs Ag/AgCl) in an 
aqueous 0.05 M Na2S/ 0.1 M NaOH electrolyte. The right upper panel shows potential-
dependent Raman intensities of the main peaks. The right lower panel shows the schematic of 
interfacial hole transfer from PbS QD to a sulfide donor in the electrolyte to produce -S8. (C) 
(i) SERS to study charge transfer processes. (ii) In-situ SERS spectra of N3 in Ag/N3/TiO2, 
Ag/N3, Ag@Au/N3/TiO2, and Ag@Au/N3 systems (left panel). The two marked peaks at 1026 
and 1267 cm−1 are using for calculation of the ρCT. The right panel shows the excitation 
wavelength dependent ρCT for Ag/N3/TiO2 and Au@Ag/N3/TiO2. Reprinted and adapted with 
permission from (A) ref. 98 (B) ref. 98, and (C) ref. 83. Copyright 2018 and 2019 American 
Chemical Society.

State-of-the-art solar cell research is strongly motivated by two goals: 1) improve the 

photoelectric conversion efficiency (PCE) to approach the upper Shockley-Queisser theoretical 

limit, and 2) overcome the longstanding challenge of poor long-term stability.58, 82, 83, 98 In this 

aspect, in-situ/operando SERS has demonstrated immense potential to examine different key 
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surface/interfacial events in solar cells such as photoinduced behaviors of sensitizers (Figure 

3B-i). For instance, in-situ SERS investigations revealed that increased photocurrents in a PbS 

quantum dot (QD)-sensitized TiO2/Au/TiO2 solar cell with more positive potentials stems from 

interfacial hole transfer from photoexcited PbS QDs to inorganic sulfide redox couples (S2-/S) 

electrolytes, which leads to efficient electron-hole separation.98 Briefly, the SERS spectra 

indicate that interfacial hole transfer occurs via the formation of cyclo-octasulfur (α-S8), as 

evidenced by characteristic peak emergences at 155, 222, and 474 cm-1 (Figure 3B-ii). In 

another study, in-situ SHINERS of a mixture of TiO2 and ruthenium-based N719 dye molecules 

reveals that N719 undergoes photoinduced decarboxylation, which can potentially be one of 

the primary reasons that cause poor N719 sensitization and long-term operational inefficiency 

in dye-sensitized solar cells (DSSCs).58 The photoinduced decarboxylation is evidenced by the 

observed band splitting of 1545 cm-1 C=C stretching mode, and respective blue- and redshifts 

of 1478 cm-1 C=N stretching and 1612 cm-1 C=C stretching modes, which are well-aligned with 

simulated spectral changes of N719 and decarboxylated N719. These case studies thus highlight 

how in-situ/operando SERS can provide potentially in-depth understanding of the sensitizer 

photoactivity on different semiconductor surfaces to guide the rational design of solar cells with 

increased photovoltaic performances.

In addition, in-situ/operando SERS is intrinsically well-suited to study charge carrier 

dynamics at the donor-acceptor interface, including charge generation, separation, 

recombination, and transfer, since CT is involved in one of the two key SERS enhancement 

mechanisms (Figure 3C-i).83-85, 99 For instance, the use of in-situ/operando SERS has unveiled 

fundamental interfacial information on how the integration of bimetallic Au@Ag NPs reduce  
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the CT threshold of N3 dye-based DSSCs, which is essential to expand the CT response range 

and enhance CT efficiency in the low-energy region.84 Using the peak intensity ratio of N3’s 

1267 cm-1 CT-dependent peak against its 1026 cm-1 CT-independent peak at different laser 

wavelengths to estimate CT probability (ρCT), it was determined that the CT threshold is 

reduced from 2.47 eV in Ag/N3/TiO2 system to < 1.58 eV in bimetallic Au@Ag/N3/TiO2 

system (Figure 3C-ii). The decreased CT threshold is proposed to arise from energy level 

equilibration and Ag activation at the core-shell interface, which lowers the energy levels. In 

another study, in-situ SERS is used to investigate the effect of external stimuli such as pressure 

on the interfacial CT processes of TiO2@N719 and TiO2@N719@Ag.83 Briefly, the CT 

probability ρCT, which is positively correlated with the peak intensity ratio of N719’s 1266 cm-1 

CT-dependent peak against its 1024 cm-1 CT-independent ring breathing peak, is favored with 

increasing external pressures up to 2.48 and 1.37 GPa, respectively. The in-situ spectral results 

thus affirm that high external pressures effectively tune the TiO2 bandgaps to increase ρCT.83

From a broader perspective, these case studies collectively highlight the utility of in-

situ/operando SERS as a facile approach to obtaining mechanistic information on 

surface/interfacial events on diverse surfaces, including single-crystal, polycrystalline, and 

amorphous surfaces. Although current SERS investigations of solar cells and solar cell-like 

systems predominantly focus on DSSCs and QDSSCs, we anticipate the growing adoption of 

similar methodologies for other emerging solar cell technologies such as perovskite solar cells.
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In-situ/operando SERS in electrocatalytic systems

The conversion of electrical energy to chemical fuels including H2, NH3, formic acid, 

formate, carbon monoxide, and various multicarbon C2+ products hold immense appeal due to 

their high energy densities.67-69, 71, 100-103 Typically, the in-situ/operando SERS studies of 

electrocatalytic systems are performed in customized spectroelectrochemical cells, with the 

working electrode illuminated from above while the counter and reference electrodes are 

positioned away from the laser beam path (Figure 4A). Various electrochemical techniques 

including cyclic voltammetry, chronoamperometry, and electrochemical impedance 

spectroscopy can be integrated with SERS by linking the spectroelectrochemical cell to a 

Raman spectrometer and an electrochemical workstation. For the SERS-active working 

electrode, it can be directly prepared via surface roughening or dropcast assembly of plasmonic 

nano-electrocatalysts on the electrode surface. Non-plasmonic electrocatalysts can be modified 

with SHINs or hybridized with plasmonic nanostructures in plasmonic core-electrocatalytic 

satellite configurations to facilitate in-situ/operando SERS studies.67
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Figure 4. Applications of SERS in electrocatalytic systems. (A) Schematics of representative 
in-situ/operando setups. (B) (i) SERS to monitor surface reconstruction dynamics. (ii) In-situ 
spectra of the Bi-MOF catalyst immersed into a thin electrolyte film from −0.1 to −1.1 VRHE. 
The schematic for in-situ electroreduction-derived transformation from nanorods to 
nanoparticles included as top inset. (C) (i) SERS to identify key reaction intermediates for 
reaction pathway monitoring. (ii) In-situ SERS spectra on three electrodes during CO2RR, with 
schematics of intermediates included (top), and corresponding faradaic efficiencies of different 
products. (iii) Schematic depicting the diffusion of water into MPY-capped M@ZIF and 
M@ZIF-OAm platforms, with respective deconvoluted bands on the breathing modes after 
water addition. Reprinted and adapted with permission from (A) refs. 101 and 102, (B) ref. 70, 
and (C) refs. 72, 73. Copyright 2021, Proceedings of the National Academy of Sciences. 
Copyright 2023 Bjorn Hasa, Yaran Zhao, and Feng Jiao. Copyright 2020 American Chemical 
Society. Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Key electrocatalytic reactions that have been probed with in-situ/operando SERS include 

hydrogen evolution reaction (HER), oxygen evolution reaction (OER), CO2 reduction reaction 

(CO2RR), as well as N2 and NO3
- reduction (NRR and NO3RR). In terms of structure-activity 
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correlations, in-situ/operando SERS offers crucial molecular-level insights into the surface 

reconstruction dynamics and true active sites of electrocatalysts (Figure 4B-i). Such 

information is intimately linked to the observed faradaic efficiencies and product selectivity of 

different electrocatalysis reactions.67-69, 71 For instance, in-situ SERS monitoring of NRR on 

nanorod-like Bi-based metal organic frameworks (MOFs) affirms the importance of the 

electrocatalysts’ in-situ structural rearrangement into zero-valent Bi NPs to afford significant 

NH3 yield of 3.25 ± 0.08 µg cm−2 h−1 at −0.7 VRHE and a faradaic efficiency of 12.11 ± 0.84% 

at −0.6 VRHE.70 The in-situ structural rearrangement is revealed by peak disappearances at 86 

and 152 cm-1, indexed to Bi-MOF bonding, and concomitant peak emergences at 69 and 93 

cm-1, corresponding to Eg and A1g stretching modes of Bi-Bi bonds, at negative applied 

potentials (Figure 4B-ii).

As for studying electrocatalytic reaction pathways, in-situ/operando SERS has revealed 

key reaction intermediates, which are essential to deduce the selectivity mechanisms for 

complex reactions involving multiple electron and proton transfer steps since there are many 

potential reaction routes (Figure 4C-i). For intermediates with distinct Raman fingerprints, the 

evolution of their characteristic vibrational modes can be directly tracked using SERS. For 

example, in-situ SERS was used to understand the selective CO2RR to HCOOH and C2H5OH 

on electrocatalytic nanoporous Ag electrodes modified with Cu (np-Ag@Cu) and Pd (np-

Ag@Pd), respectively.72 For np-Ag@Pd, CO2 adsorbs via *COOH  intermediate with a top-site 

adsorption structure to selectively produce C2H5OH, recording more intense *COOH out-of-

plane wagging mode at 408 cm-1(Figure 4C-ii). For np-Ag@Cu, CO2 preferentially adsorbs via 
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* OCO- instead with a bridge-site adsorption structure to selectively yield HCOOH, as 

evidenced by the more intense *COOH out-of-plane wagging mode at 530 cm-1. 

On the other hand, intermediates with intrinsically weak Raman signals can be indirectly 

monitored with probe molecules. For instance, in-situ SERS was employed to affirm that their 

hybrid zeolitic-imidazolate framework-based electrocatalyst effectively suppresses water 

adsorption on the electrocatalytic surface for preferential NRR over HER (Figure 4C-iii).73 

Since water is a poor Raman scatterer, the detection of adsorbed water is achieved using 4-

mercaptopyridine (MPY) as a probe. The observed small increase in the relative intensities of 

the 1006 cm-1 hydrogen-bonded to 1017 cm-1 Li+-bonded MPY ring breathing modes over 2 h 

indicates that the initial MPY-Li+ interactions are not replaced with water, thus affirming that 

few water molecules can access the electrocatalyst. Collectively, these examples highlight how 

key intermediates (or the lack thereof) at the electrocatalyst-electrolyte interface can be 

univocally identified and verified using in-situ/operando SERS to elucidate the mechanistic 

pathways, regardless of their inherent Raman scattering nature.

Besides probing on-surface dynamics, in-situ/operando SERS is also indispensable to 

track other interfacial events, which complements acquired surface-associated information and 

enables researchers to obtain a holistic view of the complete electrocatalytic reaction 

mechanism. For instance, one essential yet poorly understood aspect of electrocatalytic systems 

is the role of the electrolyte, including the individual effects of the electrolyte pH, ionic species 

present, and the solvent type. In one study, in-situ SHINERS was leveraged to investigate how 

the inclusion of co-catalyst interfacial cations improves HER rates on atomically flat Pd single 

crystal surfaces, using the strong signal enhancement at the junctions between SHINs and Pd 
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substrate.54 The authors determine that an increase in the electrolyte NaClO4 concentration 

enhances HER due to an increase in Na·H2O proportion which enables a more structured 

ordering of interfacial water for better charge transfer efficiency. This is affirmed using 

SHINERS by comparing the intensity ratios of the O-H stretching modes of Na+ ion-hydrated 

interfacial water (Na·H2O, indexed at ~3540 cm-1) and hydrogen-bonded interfacial water 

(HB·H2O, indexed at ~3155 and 3350 cm-1).

Overall, these representative examples highlight the significant progress achieved to date 

in deciphering the full roadmap of various key electrocatalytic reactions using in-situ/operando 

SERS. This in-depth mechanistic understanding is critical to guide the design of next-

generation electrocatalysts with improved Faradaic efficiencies and higher product selectivity.

In-situ/operando SERS in fuel cells

To date, there are diverse fuel cell technologies that cater to different applications ranging 

from electric vehicles to power plants and stations, typically categorized by their electrolyte 

type and fuel source.104 The setups for in-situ/operando SERS studies of these diverse fuel cell 

systems can be tailored to match the individual operating conditions. For example, SERS 

investigations of fuel cells with liquid electrolytes, such as proton-exchange membrane and 

alkaline anion exchange fuel cells (PEMFCs, AEMFCs), can be performed in standard three-

electrode electrochemical setups (Figure 5A-i). On the other hand, fuel cells of high operating 

temperatures, such as solid oxide fuel cells (SOFCs; operate at 600 – 1000 oC) require high-

temperature chambers to simulate the actual operating conditions (Figure 5A-ii). The SERS-

active electrode can be prepared via similar methodologies as other electrocatalytic systems, 
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either through direct dropcast of plasmonic nanoelectrocatalysts on the electrode surface or 

modification with bifunctional core@shell, core-satellites, SHINs, or SHIN-satellites 

nanostructures. In particular, SHINs are favored to probe high-temperature fuel cell systems 

due to the additional thermal stability bestowed by their protective dielectric shell.

Figure 5. In-situ/operando SERS applied in fuel cells. (A) Schematic of representative in-
situ/operando SERS setups for fuel cells, namely (i) three-electrode electrochemical system 
and (ii) high-temperature chambers. (B) (i) SERS to elucidate ORR/HOR reaction pathways. 
(ii) In-situ SHINERS spectra on Pt(211) surface under different potentials (left) and on different 
Pt(hkl) surfaces at 0.8 V (right) in 0.1 M O2-saturated HClO4 solution. (C) (i) SERS to elucidate 
key surface/interfacial events including catalyst degradation and poisoning. (ii) In-situ SERS 
spectra of a Ni−BZCYYb electrode when the fuel was changed from dry to wet 100 ppm H2S/H2 
at 500 °C. (iii) Evolution of the -SO4 peak intensity before ande after H2O vapor injection 
(lower). Proposed mechanism of water-mediated sulfur tolerance via H2S-to-SO2 conversion 
(upper). Reprinted and adapted with permission from (A) ref. 107 (B) ref. 55, and (C) ref. 80. 
Copyright 2020, 2021 American Chemical Society.

A key application of in-situ/operando SERS in fuel cells is to investigate the reaction 
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pathways of major half-cell reactions including hydrogen oxidation reaction (HOR) and oxygen 

reduction reaction (ORR) on different catalytic surfaces, which strongly govern their reaction 

dynamics and determine the resultant activity and/or stability (Figure 5B-i).15, 55, 57, 74-78, 105 For 

instance, in-situ SHINERS is proven instrumental in clarifying the ORR pathways on high-

index Pt(211) and Pt(311) surfaces in acidic conditions through direct observations of both *OH 

and *OOH intermediates at 1040 and 765 cm-1, respectively.55 Notably, the higher intensity of 

the 765 cm-1 band for Pt(311) indicates that *OOH binds more strongly to Pt(311) than Pt(211) 

surfaces, which accounts for its reduced ORR activity (Figure 5B-ii). Leveraging the SHINERS 

strategy, the ORR mechanism was also elucidated on low-index Pt(hkl) surfaces, and on Pt(hkl) 

surfaces in nonaqueous electrolytes.56, 57 It is worth noting that the ORR reaction pathway over 

Pt catalyst has remained controversial for a long time, despite Pt-based catalysts being highly 

popular candidates for ORR catalysis. These fundamental mechanistic insights would thus 

provide useful theoretical guidance for the rational design of high-activity ORR catalysts.

In-situ SERS is also valuable for obtaining direct spectroscopic evidence to establish 

structure-activity correlations, such as the effect of metal doping on the activity and stability of 

catalysts.15, 74, 105 In one study, the in-situ SERS spectra show that Ni doping in Pt-based 

catalysts decreases the *OH-O binding energy in *HO2 intermediate to achieve more efficient 

electron transfer for improved ORR performance, as evidenced by the observed redshift of 

*HO2’s vibrational mode.15 The observed redshift can be explained by the higher orbital overlap 

which enhances the binding and back-donation between the p orbital of O(H) and d orbital of 

Pt on the PtNi surface, thus decreasing the *OH-O binding energy and redshifting the associated 

*HO2 vibrational mode. Related studies also unveil that incorporating CoSn and Pd instead of 
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Ni can also improve ORR by optimizing HO2 adsorption configuration and lowering the *HO-O 

binding energy via the strain and electronic effects respectively. 61-63 Collectively, these 

representative case studies highlight how in-situ/operando SERS monitoring of intermediate 

evolution is essential to better rationalize the observed catalyst performances and guide strategic 

catalyst design, screening, and optimization for fuel cell systems.

Another key area of high research value in the field of fuel cells is to investigate various 

catalyst failure mechanisms at the electrode-electrolyte interface, such as catalyst degradation 

and catalyst poisoning by air contaminants including SOx, NOx, and organic impurities (Figure 

5C-i). The obtained in-situ/operando mechanistic insights are critical to guide the strategic 

design of mitigation strategies for more durable fuel cell systems, which is one of the bottleneck 

problems hindering the commercial application of many emerging fuel cell technologies.79-81, 

106, 107 For instance, in one study, in-situ SERS studies of the conversion of highly toxic H2S 

reveals that the presence of water enhances sulfur tolerance of Ni-BaZr0.1Ce0.7Y0.1Yb0.1O3−δ 

(BZCYYb) anodes in SOFCs.80 With exposure to water vapor, H2S which is adsorbed on the 

BZCYYb anode as –SO4 (peak at 980 cm-1), is effectively removed by the following reaction: 

H2O + SO4
2- + 2e- → 4OH- + SO2 to enhance sulfur tolerance, as evidenced by the rapid 

disappearance of the 980 cm-1 peak (Figures 5C-ii, 5C-iii). In another study, operando SERS 

reveals the Cr poisoning mechanism on thin-film La0.6Sr0.4Co0.2Fe0.8O3 (LSCF) cathode 

(deposited on Gd-doped ceria substrate, GDC), which allows the authors to develop more Cr-

tolerant LSCF cathodes.106 The results show that when the LSCF is in direct contact with the 

Cr alloy, Cr is converted to insulating SrCrO4 which blocks the active ORR sites, as evidenced 

by the observation of multiple bands between 800 and 900 cm-1. Leveraging these insights, the 
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authors coated the LSCF cathodes with ORR-active but Cr-inert catalysts, namely 

PrNi0.5Mn0.5O3 and PrOx, and additional SERS analyses affirm that the hybrid LSCFs exhibit 

excellent Cr tolerance, with no SrCrO4 peaks while maintaining high ORR activity. 

In all, in-situ/operando SERS thus establishes itself as an invaluable tool to directly and 

sensitively probe different key aspects of fuel cells, ranging from catalytic reaction pathways 

to performance failure. These comprehensive mechanistic revelations are crucial in designing 

more durable and efficient fuel cells for more sustainable and reliable power generation.

In-situ/operando SERS in batteries

Battery systems represent one of the most mature energy systems in which in-situ/operando 

SERS has been utilized, owing to the urgent technological need to accommodate modern energy 

requirements such as electric vehicles.88, 108-113 To enable in-situ SERS measurements, the 

electrodes and separator are typically sealed in an electrolyte-filled Raman cell of various 

tailored configurations such as coin cells, with a quartz window for effective laser beam 

exposure and Raman signal acquisition (Figure 6A-i). Due to the high reactivity of lithium 

metal, which is the most studied anode material in batteries, the electrochemical cell usually 

needs to be airtight to prevent air and moisture exposure. However, one interesting setup that 

has been reported specifically for combinatorial screening involves using a pipette probe 

containing electrolyte solution and a quasi-reference counter electrode (QRCE) over a Si 

electrode, with SHINs assembled atop the Si electrode (Figure 6A-ii).59, 89, 90 Regardless of the 

platform configuration, the spectroelectrochemical cell is then connected to both a Raman 

spectrometer and an electrochemical workstation, similar to other electrocatalytic systems.  As 
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for the SERS-active substrates, SERS-active working electrodes such as Au, Ag and Cu are 

commonly electrochemically roughened to achieve varied roughness from submicron to 

nanoscale using different voltage waveforms, cycle numbers and potential windows. To achieve 

more precise control and more intense SERS enhancement, designer SERS-active 

nanostructures and SHINs can be deposited on the working electrode instead, which is 

important to effectively elucidate the compositions and dynamics within the battery systems 

because the target interfacial species and reaction intermediates are usually low in 

concentrations.

Figure 6. Application of SERS in batteries. (A) Schematics of (i) coin cell setup and (ii) 
combinatorial electrochemical screening of SEI formation using SHINERs. (B) (i) SERS to 
identify redox intermediates and products. (ii) Schematic of in-situ SERS study of AQ-
catalyzed solution-mediated ORR on a model Au-AQ electrode. The rough Au surface 
represents the enhanced Raman substrate. (iii) In-situ SERS (bottom) and corresponding Raman 
intensity as a function of the potential on an Au-AQ electrode in 0.1 M O2-saturated LiClO4–
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CH3CN. The characteristic peaks indexed to the intermediates are indicated. (C) (i) SERS to 
unravel interfacial events at electrode-electrolyte interphases. (ii) Schematic of oligomerization 
mechanism during CEI formation. Solvent molecules (EC and DMC) polymerize with ether 
and ester linkages and adsorb on the LNMC surface. (iii) Operando Raman spectral evolution 
acquired in four consecutive cycles for an LNMC electrode (top). The cell was cycled between 
3–4.5 V and each spectrum is acquired within a voltage interval of 50 mV. Representative 
spectra were acquired at the low voltage state (∼3 V, blue) and the high voltage state (∼4.5 V, 
red) in comparison with a Raman spectrum of a 1 M EC/DMC LiPF6 electrolyte (black) 
(bottom). Raman bands related to CEI are marked with blue circles and the band likely 
contributed by oxidation of the electrolyte is marked with an asterisk. Reprinted and adapted 
with permission from (A) refs. 59 and 89, (B) ref. 86, and (C) ref. 88. Copyright 2019, 2021 
American Chemical Society. Copyright 2022 Daniel Martín-Yerga, David C. Milan, 
Xiangdong Xu, Julia Fernández-Vidal, Laura Whalley, Alexander J. Cowan, Laurence J. 
Hardwick, Patrick R. Unwin. Angewandte Chemie International Edition published by Wiley-
VCH GmbH.

For battery systems, in-situ/operando SERS has provided numerous spectroscopic 

evidence for an in-depth understanding of the redox reaction pathways at the electrode materials, 

including the charge and discharge products, as well as reactive, short-lived intermediates 

(Figure 6B-i).59, 86, 87, 89, 90 These redox chemistries can be highly complex due to multi-electron 

processes and multi-phase transitions, such as in the case of lithium-sulfur batteries involving 

sulfur and lithium polysulfides. For instance, soluble catalysts such as reduction mediators have 

been successfully employed in solution-mediated oxygen reduction reaction (ORR) to regulate 

cathode passivation from discharge product Li2O2, particularly in Li-O2 batteries (i.e., the 

‘sudden-death’ phenomenon). However, the exact reaction pathway remains controversial to 

date due to a lack of direct in situ evidence. In this aspect, a recent study leveraged in-situ SERS 

to obtain direct spectroscopic evidence of the reaction intermediates and related elementary 

steps in aprotic Li-O2 batteries to clarify the mechanism at the molecular level (Figure 6B-ii).86 

The investigation utilized an anthraquinone (AQ)-immobilized Au electrode/CH3CN model 
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interface to represent the complex battery system, in which AQ is the reduction mediator. 

Briefly, the authors found that AQ first interacts with Li+ to form Li+[AQ], which is then 

preferentially reduced and combined with O2 to form LiAQO2 intermediates, as evidenced by 

the shift of AQ’s Ag mode from 481 cm−1 to 488 cm−1 and subsequent band emergence of O−O 

stretch mode at 1064 cm−1 (Figure 6B-iii). The LiAQO2 finally releases LiO2 to form Li2O2 via 

disproportionation in the bulk electrolyte.

In addition to deciphering the electrode’s redox chemistries, in-situ/operando SERS has 

also made significant strides in fundamental studies of the compositions and dynamics of 

electrolyte interphases during charge and discharge cycles/states (Figure 6C-i). These 

surface/interfacial events are highly challenging to investigate due to the heterogeneous and 

complex distributions of the electrolyte interphases and potential electrolyte interferences. In 

one study, operando SERS was employed to unravel the correlations between the cathode-

electrolyte interphase (CEI) dynamics and state-of-charge (SOC) of LiNi0.33Co0.33Mn0.33O2 

(LNMC) cathode in a Li-ion battery, with ethylene carbonate/dimethyl carbonate/LiPF6 as 

electrolyte (Figure 6C-ii).88 By depositing Au nanocubes on the LMNC, the authors observed 

the emergence of vibrational modes associated with ester and ether linkages in the 850 – 1900 

cm-1 region (νMid) such as ν(C-O-C) stretching, ν(C=O) stretching, and δ(C-H) bending, which 

indicated that the ester molecules oligomerize during CEI formation (Figure 6C-iii). They 

further uncover the polymerization dynamics as a function of cell potential, whereby 

polymerization is more favored at lower voltages (i.e., in the discharged state or lower SOC), 

with maximal CEI-associated band intensities. In another example, the authors used in-situ 

SHINERS with SHINs-decorated tin anodes to track the solid-electrolyte interphase (SEI) 
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formation in a coin cell-like operando Raman cell filled with ethylene carbonate/diethyl 

carbonate (EC-DEC)/LiPF6 electrolyte.59 By observing the peak emergences at 501-513, 1074 

and 1266 cm-1, in-situ SERS studies reveal that the EC-DEC electrolyte mixture is 

predominantly reduced to diethyl 2,5-dioxahexane dicarboxylate (DEDOHC) and lithium 

ethylene monocarbonate (LEMC) on tin electrodes. The observed products are in stark contrast 

with other often-reported electrolyte reduction products on Au and Ni electrodes such as lithium 

ethylene decarbonate, LiF and Li2CO3. Notably, the cyclic formation of electrolyte-soluble 

DEDOHC accounts for the poor passivating properties of tin in EC-DEC LiPF6 electrolyte and 

for its large irreversible capacity, thus offering crucial insights into the degradation of organic 

electrolytes and tin-specific interfacial instability. By obtaining accurate descriptions of the 

compositions of electrolyte interphases and their voltage-dependent evolutions, researchers can 

thus more effectively design new electrolyte and electrode formulations for optimized battery 

operation.

Collectively, these case studies highlight the importance of in-situ/operando SERS to 

better elucidate the mechanistic origins behind battery performance by clarifying reaction 

pathways and surface/interfacial events that are previously elusive or inconclusive.

Conclusion and outlook 

By offering molecule-specific spectral fingerprints with ultrahigh sensitivity, nanoscale 

spatial resolution, and subsecond time resolution, in-situ/operando SERS has thus established 

itself as a powerful and indispensable technique to advance energy research. To further tap on 

the potential that in-situ/operando SERS offers, we identify several challenges and potential 
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research directions.

One challenge to overcome is to precisely isolate the target SERS signals from species of 

interest in complex, real-life energy systems comprising multiple components, reaction 

pathways, and interfacial events, which often result in highly complicated and overlapping 

spectra. Moreover, this is exacerbated by the low Raman cross-sections of certain target species 

such as adsorbed oxygen and hydrogen, whose weak signals may be easily masked by 

interfering signals from other species present in the energy system. To tackle this challenge, we 

have seen the burgeoning use of advanced data analysis techniques, such as multivariate 

analysis and machine learning algorithms, to facilitate the extraction and identification of 

specific SERS signals from complex backgrounds.114, 115

A second challenge is to further improve the temporal resolution of SERS to better capture 

spectroscopic evidence of transient, short-lived events that occur on femto- to picosecond 

timescales. In this aspect, the strategic use of ultrafast SERS, which combines SERS with 

ultrafast spectroscopy using ultrafast pump pulses, is a highly promising SERS variant to watch 

these molecular and molecule-substrate dynamics on their inherent timescales.116 Although the 

specific use of ultrafast SERS in the energy systems of interest in this mini-review is still in its 

infancy stages, we anticipate a rapid increase in its application for energy-related investigations. 

It is also of note that ultrafast SERS is compatible with key SERS-active platform 

configurations described in the earlier sections, and thus we postulate that it can be readily 

adopted to study energy systems.

Next, to advance these energy systems toward practical, real-life applications, it is also 

important to apply these in-situ/operando techniques to more industrially relevant setup 
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configurations, which may exhibit different reaction dynamics and kinetics, such as transiting 

from conventional three-electrode systems to gas-diffusion electrodes in electrocatalytic 

systems. It will also be highly advantageous to develop techniques that are compatible with 

plasmonics in the near-to-far UV range to further broaden the substrate scope. On this note, we 

would like to highlight several promising developments in enhancing SERS capabilities for 

energy research. Notable developments include the combination of SHINERS with scanning 

electrochemical cell microscopy for high-throughput screening of SEI formation under 

different electrochemical conditions, and the development of depth-sensitive plasmon-

enhanced Raman spectroscopy to overcome the surface-sensitive nature of SERS and 

characterize SEI at different depths.89, 90

Overall, as the requirements of energy systems continue to increase, we believe that new 

SERS technologies will emerge to overcome the challenges faced by existing SERS techniques 

and enable better in-situ/operando studies of more energy systems such as perovskite solar cells, 

triboelectric nanogenerators, thermoelectric devices, piezoelectric materials etc. By embracing 

these opportunities and addressing the existing challenges, we are confident that SERS will 

continue to be a transformative tool in advancing energy systems.
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