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Raman spectroscopy and correlative-Raman technology
excel as an optimal stage for carbon-based electrode
materials in electrochemical energy storage

Ying Zheng1 | Ting Deng1 | Nailin Yue1 | Wei Zhang1,2,3,4 |

Xuanbo Zhu1,2 | He Yang1 | Xianyu Chu1 | Weitao Zheng1

1State Key Laboratory of Automotive Simulation and Control, and School of Materials Science & Engineering, Electron Microscopy Center, and
International Center of Future Science, Jilin University, Changchun, 130012, China
2National and Local Joint Engineering Laboratory for Synthetic Technology of High Performance Polymer, College of Chemistry, Jilin University,
Changchun, 130012, China
3Wuhan National Laboratory for Optoelectronics, Huazhong University of Science and Technology, Wuhan, 430074, China
4IKERBASQUE, Basque Foundation for Science, Bilbao, 48013, Spain

Correspondence
Wei Zhang, State Key Laboratory of
Automotive Simulation and Control, and
School of Materials Science &
Engineering, Electron Microscopy Center,
and International Center of Future
Science, Jilin University, Changchun
130012, China.
Email: weizhang@jlu.edu.cn

Xuanbo Zhu, National and Local Joint
Engineering Laboratory for Synthetic
Technology of High Performance
Polymer, College of Chemistry, Jilin
University, Changchun 130012, China.
Email: zhuxuanbo@jlu.edu.cn

Weitao Zheng, State Key Laboratory of
Automotive Simulation and Control, and
School of Materials Science &
Engineering, Electron Microscopy Center,
and International Center of Future
Science, Jilin University, Changchun
130012, China.
Email: wtzheng@jlu.edu.cn

Funding information
National Natural Science Foundation of
China, Grant/Award Number: 51932003,
51872115; Fundamental Research Funds
for the Central Universities; Open Project
Program of Wuhan National Laboratory
for Optoelectronics, Grant/Award
Number: 2018WNLOKF022; Jilin
Province/Jilin University Co-construction
Project Funds for New Materials, Grant/
Award Numbers: Branch-

Abstract

The structural details of carbon materials directly affect their properties as an

electrode material, such as specific capacitance and coulomb efficiency. There-

fore, the structural analysis of carbon materials has always been an important

step in the mechanistic insight into their roles in electrochemical energy stor-

age. Raman spectroscopy, as molecular spectroscopy technique, has been

widely used in understanding the lattice vibration mechanics of carbon mate-

rials and providing information on the chemical structure at molecular level,

as well as microstructure analysis of carbon materials. In addition, the develop-

ment of correlative-Raman technology enables clarifying more comprehensive

and accurate structural information for carbon-based materials. With this

information, it is of great significance to guide the construction of advanced

carbon-based electrode materials for energy storage.
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1 | INTRODUCTION

Carbon materials have been widely used in electrochemi-
cal energy storage electrode materials because of their
advantages such as abundance, good electrical conductiv-
ity, good stability, non-toxic, and pollution-free fea-
tures.[1] Raman spectroscopy has been widely used in
biology,[2,3] medicine,[4] and archaeology.[5] Raman peak
intensity provides information about concentration and
molecular orientation (polarization); the peak position of
Raman spectrum clarifies the information of functional
groups and structure; the peak displacement reflects the
possible stress/strain and pressure; the information of
defect, doping, and crystallinity can be obtained by ana-
lyzing half height width; Raman peak ratio corresponds
to the relative intensity information.[6–8] In addition,
Raman spectroscopy has the advantages of fast, nonde-
structive, non-contact, and high spatial resolution.[9]

Raman spectroscopy plays an irreplaceable role in inves-
tigations of carbon materials.[10] Ajayan et al.[11] summa-
rized the reports of some carbon materials involved with
Raman spectroscopy in the last 30 years (based on Web
of Science). Raman spectroscopy has been increasingly
used for common carbon materials such as graphite,
graphene, carbon nanotubes, and carbon fiber and has
thereof attracted more and more attention.

Supercapacitors[12,13] and lithium-ion batteries,[14–16]

as the typical electrochemical energy storage devices, are
very important for storage and conversion of new
energy.[17] Carbon materials are widely used as electrode
materials for batteries and supercapacitors due to their
high conductivity, stability, non-toxicity, wide source,
good stability, and diversity. The structural details of car-
bon material directly affect their performance as electrode
materials. For example, as graphite has obvious regular
layer structure, it can be used as an active electrode mate-
rial for batteries, allowing ions to be intercalated and de-
intercalated between graphite layers for charge storage,[18]

whereas the carbon fiber has a disordered layer graphite
structure, usually used as the electrode active material for
supercapacitors, where charges is stored via double elec-
tric layers.[19] To obtain high power density and energy
density energy storage devices, electrode active materials
are usually required with high specific capacitance, wide
potential window, and long cycle life. To improve these
performances of carbon-based electrode materials, it often
requires comprehensive understanding of the energy stor-
age mechanism[20,21] and continuous optimization of the
surface/interface structure.[22–24] Raman spectroscopy
provides very important information for the optimization
of carbon-based electrode materials. For instance, it
enables clarifying the degree of graphitization and surface
functional groups of carbon materials. The higher the
graphitization degree represents, the more conducive to
the intercalating of ions between graphite layers; pseudo-
capacitance may be introduced due to surface functional
groups of carbonmaterials.

Moreover, correlative-Raman technology has been
recently developed. It can provide information on various
aspects of materials and achieve accurate analysis. As is
known, the integration of Raman-SEM,[25] Raman-SEM–
EDX,[26] and Raman-AFM[27,28] can afford a variety of
comprehensive details in the same micro-regions, with
which very accurate and effective information are pro-
vided for analysis of electrode material structure. Since
the electrode active materials change dynamically in the
process of energy storage and conversion, they often need
to be analyzed in real-time. The in situ electrochemical
Raman spectroscopy combined by Raman spectroscopy
and electrochemical cell makes up for this need.[29] The
structural change of electrode materials can be thereof
recorded during charging and discharging process, which
facilitates clarifying the energy storage mechanism of
materials.[30] Compared to the individual characteriza-
tion techniques, such correlative-Raman techniques are
superior.
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In this review, the application and potential of Raman
spectroscopy in the research of carbon-based energy stor-
age electrode materials are reviewed. Our paper briefly
reviewed the principle of Raman's research on carbon
materials and summarized the application of Raman
spectroscopy in carbon materials with different energy
storage mechanisms. We put forward the advantages of
some advanced correlative-Raman techniques in the
research field of energy storage electrode materials. As a
consequence, it proves that Raman spectroscopy has
a very high potential in the study of carbon-based energy
storage electrode materials.

2 | THE PRINCIPLE OF RAMAN
SPECTROSCOPY

The Raman effect was predicted by physicist Smekal,[31]

until physicist C.V. Raman discovered that the wave-
length of an incident light is different from the one of the
scattered light. Since then, the scattered light that has a
different wavenumber from the incident light is called
Raman scattering, and the displacement of the
wavenumber is named Raman shift.[32,33] Raman activity
depends on whether a molecular polarization changes
when the molecule vibrates; that is, only the molecular
vibration mode with the change of molecular polariza-
tion can produce Raman scattering. The magnitude of
Raman shift is not correlated with the excitation energy
but is only related to the molecular energy level structure.
Thus, the Raman shift can reflect the molecular vibration
wavenumber or rotational wavenumber. Because the
materials with different molecular structures have differ-
ent energy level structures, they have different Raman
shifts, Raman lines, and Raman relative strengths. This is
the basis of qualitative analysis of molecular groups and
molecular structures. For the same materials, Raman
scattering intensity is proportional to group content. It is
challenging to measure conventional Raman spectros-
copy because of its weak signals. It has been one of the
research directions of Raman spectroscopy to continu-
ously improve the measurement method based on the
original techniques. For example, resonance Raman spec-
troscopy (When the laser wavenumber approaches the
electron absorption wavenumber of an object, the laser
photon energy is comparable to the energy of an electron
transition; As a result of such resonance, the increase of
Raman scattering intensity will occur by 102–106

times),[34,35] Fourier transform Raman spectroscopy (The
integrating the near-infrared excitation Raman technique
and Fourier transform technique),[36] microscopic confo-
cal Raman spectroscopy (The Raman spectrometer is
combined with a standard light microscope; the laser

beam is focused through a microscope into a spot with a
diameter of 0.5–1.0 μm; Then, the Raman signal in a spot
passes through the microscope and travels back to the
spectrometer, where the spectral information is
obtained),[37] and surface enhanced Raman spectroscopy
(It is an surface enhanced effect associated with rough
surfaces; Only three kinds of metals, viz., gold, silver,
copper, and a few uncommon alkali metals [such as lith-
ium and sodium] have strong surface enhanced effect; It
is only after surface coarsening that gold, silver, and
copper will have high surface enhanced activities)[3,38]

are being developed and flourished.
The characterization and analysis of carbon materials

by Raman spectroscopy have formed a complete theoreti-
cal system. The large family of carbon materials can be
divided into sp1, sp2, and sp3 carbon materials.[39] Most of
these sp2 carbon materials can be thought of as evolved
from a single layer of graphene. Single-layer graphene is
sp2 carbon atoms that tightly packed two-dimensional
atomic crystal possess hexagonal honeycomb struc-
ture.[40] A protocell contains two non-equivalent carbon
atoms A and B, and there are six phonon dispersion cur-
ves, namely, the in-plane longitudinal optical (iLO), in-
plane transverse optical (iTO) and out-plane transverse
optical (oTO), in-plane longitudinal acoustic (iLA), in-
plane transverse acoustic (iTA), and out-plane transverse
acoustic (oTA).[41] There are four characteristic peaks in
a typical Raman spectra of graphene edge. The G-peak
(1,582 cm�1) is generated by the in-plane vibration of the
sp2 carbon atom, which is due to the doubly degenerated
iTO and iLO optical phonon interaction in the center of
the Brillouin region. G peak has E2g symmetry and is the
only first-order Raman scattering process in monolayer
graphene. The 2D peak (2,700 cm�1) is generated by two
valley inelastic scattering with the iTO optical phonon
near the K point, while the D peak (1,350 cm�1) involves
valley scattering between an iTO phonon and a defect.
The D0 peak (�1,620 cm�1) is the double resonance pro-
cess in the valley, and the two scattering processes are
the intra-valley scattering of the defect and the inelastic
intra-valley scattering of the iLO phonon near the
Gamma point, respectively.[42] The Raman spectrum
analysis of carbon materials is mainly based on these four
peaks.

3 | CARBON-BASED
ELECTROCHEMICAL ENERGY
STORAGE ELECTRODE MATERIALS

The basic requirement of carbon-based materials as elec-
trochemical energy storage electrode materials is good
electrical conductivity. The most common carbon
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materials in electrochemical energy storage electrode
materials include high purity graphite,[43,44] expanded
graphite,[18] carbon nanomaterials (such as graphene[45]

and carbon nanotubes),[46] carbon fiber,[19] and activated
carbon.[47] Carbon materials have more complex surface
chemical structures than metallic materials. This is
because carbon materials abounds in a variety of struc-
tures, surface bonds and functional groups.[48] The
energy storage mechanism of carbon materials can be
roughly divided into two kinds: the electrical double layer
mechanism and intercalation/de-intercalation mecha-
nism. Raman spectroscopy has different advantages for
these two types of energy storage carbon materials.

3.1 | Electrical double layer mechanism

Carbon materials with the electrical double layer energy
storage mechanism are commonly found in super-
capacitors.[49] Charged ions are adsorbed on the surface
of carbon materials through electrostatic action to form a
compact double layer for charge storage. The electrical
double layer is divided into three parts: the inner Helm-
holtz layer (IHP), the outer Helmholtz layer (OHP) and
the diffuse layer. The diffuse layer is caused by the ther-
mal movement of ions, which is only correlated to the
temperature, concentration and the residual charge den-
sity of the diffuse layer. The non-special ion adsorption of
OHP is mainly electrostatic adsorption through a cou-
lomb interaction. Whereas IHP has special ion adsorp-
tion. In general, most inorganic cations do not undergo
special adsorption, except for only a few cations with low
hydration energy (e.g., Cs+) that can make. However,
such special adsorption will more or less occur for almost
all anions. For this kind of carbon-based electrode mate-
rials, the methods to improve the specific capacitance
include optimizing the electrical conductivity, increasing
the specific surface area, constructing hierarchical pore
structure[50] and introducing pseudocapacitance.

Some work on the characterization of carbon-based
supercapacitor energy storage electrode materials by
Raman spectroscopy are listed in Table S1 (Supporting
Information). ID/IG is treated as one of the parameters
for the carbon electrodes. For example, Ferrari et al.[51]

pointed out that for a definite LD (the distance between
defects), ID/IG depends on the laser energy. A set of
empirical relations (satisfied under specific conditions)
was thereof proposed to quantitatively analyze point
defects in graphene using Raman spectroscopy. In
another work, they described the detailed Raman spectra
from graphite to tetrahedral amorphous carbon.[52] A
three-stage model is proposed: First, graphite is converted
to nanocrystalline graphite, and then the latter to low-sp3

amorphous carbon, and finally to high-sp3 amorphous
carbon. The defects affect largely the specific capacitance
in the double-layer supercapacitor electrodes. Chen
et al.[53] revealed how the inclusion of topological defects
or heterogeneous atoms in graphene can lead to the
capacitance increase of an electrical double layer. That is,
the defects increase the density of electronic state (DOS)
of carbon materials, i.e., an increase of the quantum
capacitance. On the other hand, heterogeneous atom
doping enables mainly the changes of the Fermi level,
and its effect on the electron density of states is relatively
negligible. However, both of them affect quantum capaci-
tors in series with Helmholtz capacitors, thereby
resulting in an alternation of the electrical double layer
capacitors. Although there are more defects (a larger
ID/IG in Table S1), no larger specific capacitance can be
found. This is because the specific capacitance of carbon
materials is related not only to defects but also to specific
surface area, morphology, and other factors. For example,
Wang et al.[54] used a nitrogen atmosphere to activate
carbon fiber cloth at different temperatures. ID/IG gradu-
ally increases with the annealing temperature
(Figure 1a), indicating an increase of surface disorder
(increasing defects) and the specific capacitance
increased gradually (Figure 1d). This is because the spe-
cific surface area increases with the increase of annealing
temperature, which is conducive to the formation of dou-
ble electric layer (Figure 1b). At the same time, the
decrease of contact angle (from hydrophobic characteris-
tics to super-hydrophilic characteristics) is beneficial to
the contact between electrode and electrolyte (Figure 1c).
Therefore, the evaluation of the overall performance of
the electrode should be combined with a variety of char-
acterization techniques.

Due to the limitations of carbon materials, such as
low specific capacity (the specific capacitance of carbon
has been at a moderate level of 100–200 F/g for decades
[19]), they are usually compounded with other materials
to improve the specific capacitance of the electrode.[55–57]

Raman spectroscopy can not only analyze the defects of
carbon-based composite electrode materials but also
analyze the types of materials and play a role in phase
identification. Chen et al.[58] prepared porous α-Fe2O3

nanorods and carbon nanotube-graphene foam compos-
ites. The process diagram is shown in Figure S2a–c. First,
graphene foam (GF) was prepared. Carbon nanotubes
were then grown on graphene foam (CNT-GF); finally,
Fe2O3/CNT-GF was prepared by solvent heating
and annealing methods. XRD (Figure S2h) and SEM
(Figure S2d–f) were used to analyze the synthesized prod-
ucts of each step and their corresponding morphologies.
The test results of Raman are shown in Figure S2g. The
characteristic peaks at 227, 290, 408, and 607 cm�1
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belong to the A1g and Eg modes of α-Fe2O3. The charac-
teristic peak at 1,313 cm�1 is the double magnon scatter-
ing peak. CNT-GF only exists in D-band and G-band. It
can be seen from the Raman spectrum of the composite
electrode material that there is an obvious characteristic
peak of Fe2O3. It was proved that Fe2O3 and CNT-GF are
composited successfully. Guo et al.[59] also analyzed the
structure of Co–Fe3O4 NS@NG (cobalt encapsulated
Fe3O4 nanosphere is developed on N-graphene sheet) by
Raman spectroscopy. The Raman characteristic peak of
Fe3O4 (≈200–800 cm�1) showed that the complex was
successfully synthesized. At the same time, it proved that
Co-doping is beneficial to curing of the structural imper-
fections through modifying ID/IG.

3.2 | Intercalation/de-intercalation
mechanism

Carbon materials with intercalation/de-intercalation
mechanism are commonly found in battery systems. Tak-
ing a dual-ion battery as an example, the energy storage
process is shown in Figure S1a,b.[60] The anions and cat-
ions in the electrolyte are intercalated into the cathode
and anode respectively during charging. During dis-
charge, the anions/cations are removed from the cath-
ode/anode and returned to the electrolyte. Such carbon
materials often have a distinct layer structure of graphite
that allows charged ions to be intercalated to form
acceptor-type graphite-intercalated compounds (GIC).[61,
62] Taking the formation of GIC by anions intercalated in
graphite cathode as an example, there is a large height
between the carbon planes of GIC. That is, the

interaction between the layers is weakened. Therefore,
the anions intercalating into the graphite electrode is
usually accompanied by a large volume expansion. In
addition, the complex electrostatic and elastic interac-
tions between anions affect the subsequent anions inter-
calation dynamics and the storage capacity of anions.[63]

Placke et al.[64] systematically studied the intercalation
behavior of graphite with a series of anions, including
PF6

�, BF4
�, TFSI�, and FTFSI�. The degree of anion

intercalating is positively correlated with specific capacity
during charging. The degree of intercalating of ions is
usually marked by stage. The definition of stage is based
on the assumption that a continuous GIC is formed in a
defect-free graphite lattice.[65] It is described in terms of
the number of graphene layers inserted between adjacent
ionic layers,[66] for example, the number 4 corresponding
to stage 4. Raman spectroscopy is very sensitive to the
change of graphite structure. When the ions are interca-
lated into the graphite, the G band of the graphite is blue
shifted and split into two mode, inner (E2g(i)) and outer
(E2g(b)).

[67–69] Based on IE2g(i) and IE2g(b), we can calcu-
late the number of intercalation stage.[70] Formula is as
follows:

Ii
Ib
¼ σi
σb

n�2ð Þ
2

,

where σi/σb represents the ratio of Raman scattering
cross sections of the inner and the boundary carbon
layers and suggested that this ratio is a unity in case of
lithium intercalation.[71] This n represents the intercala-
tion stage (n > 2).

FIGURE 1 (a–d) Raman spectra test

diagrams, nitrogen adsorption/desorption test

diagrams, contact angle test diagrams, and

galvanostatic discharge-charge diagrams of

carbon cloth and activated carbon cloth,

respectively. This figure was reprinted with

permission from Wang et al.[54] Copyright 2017

Elsevier BV [Colour figure can be viewed at

wileyonlinelibrary.com]
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Angell et al.[72] used Raman spectroscopy to study the
structural changes of graphite during charge and dis-
charge in aluminum ion batteries. Figure 2a,b shows the
Raman spectrum of the intercalation process and the
constant current charging curve. The original graphite
has G peak at 1,584 cm�1, and the G peak is shifted by
20 cm�1 under the lower charging platform, thus gener-
ating two different E2g peaks. This is due to the
rearrangement of positive charges on the graphite bound-
ary layer caused by anion intercalation. At 1.94–1.99 V
charging platform (Raman spectrum green line), E2g(b)

underwent a small split. In this case, n is approximately
equal to 2.5. Then, E2g(i) disappears after continuous
charging, and E2g(b) intensity increases. Continue
charging to 2.097–2.3 V. E2g(b) has a large splitting at
1,619–1,632 cm�1. In the fully charged state, only one
high-intensity peak of 1,632 cm�1 still exists, indicating
that stage 1 or 2 GIC is formed because neither E2g(i) nor
E2g(b) bands exist. The de-intercalation process is shown
in Figure 2c,d. The discharge process is a reversible reac-
tion of the charging process, and Raman spectrum has
the opposite result. Raman spectroscopy proves the struc-
tural changes of graphite at different potentials during
charging and discharging, which is helpful to understand
the specific reaction process of the formation of graphite-
intercalated compounds by ions intercalation into
graphite. Shi et al.[73] also used this method to study the
structural changes of carbon fiber paper cathode when
PF�

6 intercalated into cathode in the dual-ion battery.
Kim et al.[74] used graphite as cathode material for
aqueous dual-ion batteries and magnesium chloride and
choline as water-in-salt electrolyte. XRD showed that no
new compounds were formed when Mg-Cl superhalides

were inserted into graphite. Combined with Raman spec-
tra, the G peak does not split under full charging condi-
tion, indicating that the insertion of Mg-Cl superhalide
does not form GIC but only leads to the defects generated
during cycling. Combined with the results of ex situ
high-resolution transmission electron microscopy, it is
believed that the anion intercalation process induces
turbostratic structural sites. This result is of great signifi-
cance for the future research of carbon-based-aqueous
dual-ion batteries battery. However, Zhang et al.[75] used
graphite as the cathode of aqueous dual-ion batterie,
21M of LiTSI, and 3 M of ZnTfO2 as the electrolyte. It
leads to the formation of a diversity of stages at different
charging potentials. Raman spectroscopy plays an irre-
placeable role in the study of anions intercalated behav-
iors in graphite. Therefore, the Raman spectroscopy of
GICs has been widely explored.[76–78]

4 | ADVANCED CORRELATIVE-
RAMAN TECHNOLOGY

With the development of research on electrode materials,
it is often required to conduct more in-depth testing and
analysis in order to obtain more comprehensive and
effective information and optimize the electrode continu-
ously. Especially, testing the electrode in the electrode
reaction process is usually required, such as in situ XRD
technology.[79] Raman spectroscopy has some limitations
in the study of carbon-based electrodes. It can only
acquire information about the chemical structure of the
surface. Therefore, it is very important for the
development of correlative-Raman technology. Raman

FIGURE 2 (a and c) Raman spectra of the

charging and discharging processes,

respectively. (b and d) Galvanostatic discharge-

charge curves of the corresponding processes.

This figure was reprinted with permission from

Angell et al.[72] Copyright the authors and 2017

National Academy of science [Colour figure can

be viewed at wileyonlinelibrary.com]
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spectroscopy combined with other characterization tech-
niques to obtain more accurate and rich information,
which is also one of the future development directions of
Raman spectroscopy. For example, Raman spectroscopy
is used in combination with electron microscopy and
electrochemical measurement (galvanostatic charge-
discharge[12] and capillary electrophoresis[80]).

4.1 | Raman-SEM

RISE (Raman Imaging and Secondary Electron Micros-
copy) technology was successfully established in 2014,[81]

combining Raman and scanning electron microscopy
(SEM). Figure 3 shows the correlative SEM-Raman
equipment using a TESCAN S9000G electron microscope
integrated with a WITec R300 confocal Raman imaging
system at Electron Microscopy Center of Jilin University.
Confocal Raman microscopes are placed in the vacuum
chamber of the electron microscope and controlled
directly by RISE software. Raman and scanning electron
microscopy measurements are carried out continuously
at two different locations in this chamber using the auto-
matic transfer stage. The position shown in Figure 3a is
Raman measurement, and the position shown in
Figure 3b is SEM measurement. RISE uses a carefully cal-
ibrated piezoelectric scanning technique to ensure that
the same area of the sample is scanned in SEM and
Raman modes. By superimposing Raman surface image
and SEM image according to a different mixing degree,

RISE image containing both SEM morphology informa-
tion and Raman information can be obtained.

For example, graphene films are grown on silicon
substrate by CVD, and SEM images of graphene films are
obtained by RISE test.[81] SEM shows sheets of graphene
growing on the substrate. More detailed characterization
of graphene films by confocal Raman spectroscopy: the
defects in graphene films lead to differences in peak
width and peak strength in Raman spectra. Several
graphene layers may be distinguished according to the
difference in 2D peak. In the RISE image, single-layer
graphene regions (blue), and multi-layer graphene
regions (green and red) are shown. The silicon substrate
is shown in yellow, and this test method well explains
the layer structure information of different regions of the
graphene films. In this way, the morphology of
the deposited graphene films and the corresponding films
thickness can be known simultaneously. In addition,
RISE can be also used in conjunction with EDX to obtain
the chemical structure information, elemental distribu-
tion information, and surface morphology information in
the same microregion.[26, 83]

RISE has great advantages in the characterization of
electrode materials [84]. The surface morphology and
chemical structure information are measured separately
in the traditional testing process. The RISE technology
can be used to characterize the morphology and chemical
structure in the same microregion, which is very impor-
tant for electrode optimization and design. Zheng
et al.[82] also used RISE technology to explore the surface

FIGURE 3 Schematic diagram of

correlative SEM-Raman (RISE

microscopy) equipment at Electron

Microscopy Center of Jilin University.

(a) Raman spectroscopic mode; (b) SEM

mode. (c–h) Raman images of CFC,

350CFC, 400CFC 425CFC, 450CFC, and

475CFC, respectively. The insets are the

corresponding RISE images. This figure

was reprinted with permission from

Zheng et al.[82] Copyright 2020

Elsevier BV [Colour figure can be

viewed at wileyonlinelibrary.com]
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structure and corresponding chemical information of car-
bon fiber cloth (CFC) electrode. The activated commer-
cial CFCs were marked as 350CFC, 400CFC, 425CFC,
450CFC, and 475CFC by annealing at temperatures of
350�C, 400�C, 425�C, 450�C, and 475�C. RISE analysis
of CFCs can obtain Raman, SEM images, as shown in
Figure 3. Red, blue, green, purple, and yellow represent
high-G/D, medium-G/D, low-G/D, background, and
fluorescent areas, respectively. RISE reveals the change
of G-band and D-band of CFC under different treatment
conditions. It can be seen from Figure 3c–h that the red
area gradually disappears with the increase of annealing
temperature, which proves that the order degree of CFC
is reduced due to the activation process and defects are
introduced on the surface. Combined with other charac-
terization methods, such as BET, contact angle, and other
experiments, the relationship between the electrochemi-
cal properties and structures of different activated
electrodes was proved.

4.2 | In situ electrochemical Raman
spectroscopy

In situ studies do not refer to a specific research means or
methods; it is the change of research methods. The tradi-
tional method (off-line) is to isolate the research object
from the change system and then analyze the change
results. This method cannot analyze the changes of the
research object in time and can only obtain some static
results. In situ research, the analyzer is directly con-
nected to the changing electrode without changing the
working state of the electrode so as to acquire real and
accurate results. In situ electrochemical Raman spectros-
copy has an important application in the identification of
molecules involved with the electrochemical processes,
including intermediate phases, providing intuitive infor-
mation on the microstructure of electrode surface/inter-
face during the battery charging and discharging.

An in situ Raman cell was designed by Hu
et al.[85] as Figure 4a. Li metal as the anode, poly
(methacrylate)/poly (ethylene glycol)-LiClO4-3wt%SiO2

composite polymer electrolyte (CPE) and multiwall car-
bon nanotubes (CNTs) as cathode. CO2 reaches the
cathode through the intake hole to participate in the
reaction, and the excess gas is excluded from the out-
let. A small hole is cut in the top of the cathode shell
and protected with optical glass to allow the laser sig-
nal to reach the cathode. Raman spectroscopy was
used to analyze cathode at different potentials (differ-
ent charging and discharging states of the same elec-
trode) as Figure 4c. During the discharge process, the
Li anode loses electrons and releases Li+ to the cath-
ode, thus causing CO2 molecules to react with Li+.
Raman spectroscopy (red line) showed that the Raman
peak of Li2CO3 increased gradually (located at
1,090 cm�1) with the deepening of discharge degree.
This result proves that Li+ reacts with CO2 to produce
Li2CO3 during the discharge. In the charging process,
the peak of Li2CO3 gradually weakens, representing
the decomposition of Li2CO3. There are no other
Raman peaks found on the Raman spectrum, indicat-
ing that no other side effects occurred during charging
and discharging. XRD is used to analyze the cathode
after charging and discharging, which further proves
that the discharge product is Li2CO3 as Figure 4b. All
of these results to verify the reaction mechanism of Li-
CO2 battery: 4Li + 3CO2 $ 2Li2CO3 + C.

Yang et al. studied the conversion-intercalation pro-
cess of LiCl and LiBr in graphite by in situ Raman spec-
troscopy.[86] (LiBr)0.5(LiCl)0.5–graphite and graphite as
cathode and anode, respectively. LiTFSI, LiOTf, and poly-
vinyl alcohol are mixed as electrolyte. The
(LiBr)0.5(LiCl)0.5–graphite electrode experiences a two-
step reaction during charging. When the charging voltage
is 4.0–4.2 V, Br� is oxidized to Br0 and intercalate into
graphite to generate Cn[Br]. The reaction equation is as
follows:

FIGURE 4 (a) Design of the in-situ Raman

cell; (b) XRD patterns of the cathode after

discharge and recharge; (c) discharge/charge

profiles with 16 selected states and the

corresponding in situ Raman spectra. This

figure was reprinted with permission from Hu

et al.[85] Copyright 2017 John Wiley & Sons ltd

[Colour figure can be viewed at

wileyonlinelibrary.com]
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LiBrþCn $Cn Br½ �þLiþþe�

When the charging voltage is 4.2–4.5 V, Cl� is oxi-
dized to Cl0 and intercalate into graphite to generate
Cn[BrCl]. The reaction equation is as follows:

LiClþCn Br½ �$Cn BrCl½ �þLiþþe�

There are two pairs of redox peaks on the cathode
cyclic voltammetry curve, corresponding to the two-step
reaction of Br� and Cl�. In situ Raman spectral analysis
was performed on the cathode electrodes under different
charging/discharging states. There is no Raman peak of
Br2 when charging 0%. When charging gradually
increases to 50%, the Raman peak of Br2 at 242 cm�1

gradually strengthens, which proves the intercalation
process of Br2 in charging process. When charging to
75%, Raman peak of BrCl at 310 cm�1 was observed, but
no Raman peak of Cl2 was observed before, proving that
Cl� conversion-intercalation process occurred after Br�

conversion-intercalation process and Cl� combines with
Cn[Br] to form Cn[BrCl] with the Br2 peak weakens. This
result is consistent with the results of galvanostatic
discharge-charge test. After charging to 100%, the Raman
peak of Br2 completely disappears, and the peak of BrCl
is enhanced, proving that the Cl� completely combine
with the previous Cn[Br] to generate Cn[BrCl]. In this
work, the conversion-intercalation mechanism of Cl�

and Br� in graphite was strongly proved by the combina-
tion of in situ electrochemical Raman spectroscopy.
Laura et al.[87] used in situ Raman spectroscopy to study
the charging/discharging process of carbon-coated
ZnFe2O4 anode in a lithium-sulfur battery. It proves that
the lithium removal process is not completely reversible
and parts of lithium remains being trapped in the carbon
shell. Xie et al.[88] used in situ electrochemical Raman
spectroscopy to track the changes in the signals of Poly-
sulfide intermediates as the voltages ranged from 2.7 to
1.8 V. The sulfur chain signals of different polysulfide
species were studied in order to understand the morpho-
logical evolution of sulfur during the charge and dis-
charge. Zhong et al.[89] investigated the mechanism of
titanium substitution for P2–Na2/3Ni1/3Mn2/3O2 and P2–
Na2/3Ni1/3Mn1/3Ti1/3O2 cathode in sodium ion batteries.
Indeed, in situ Raman spectroscopy plays an important
role in characterizing the evolution of electrode materials
and understanding the energy storage mechanism of elec-
trodes in both lithium-ion and sodium-ion batteries. Such
in situ Raman spectroscopy technique can also gain
mechanistic insight into some electrocatalysis processes.
Leyva-Garcia et al.[90] used in situ Raman spectroscopy to
analyze the interaction between two kinds of activated

carbon materials (ANK-3 and MWV-E510A) and hydro-
gen in an electrochemical hydrogen storage process at
cathode. The C–H bond appears at 0.69 and 0.59 V for
these two types of carbon respectively, indicating that
MWVE-510A is more prone to store hydrogen.

4.3 | Electrochemical tip-enhanced
Raman spectroscopy

Electrochemical tip enhanced Raman spectroscopy (EC-
TERS) combines electrochemistry with tip enhanced
Raman spectroscopy. As a kind of optical technology
with high spatial resolution, TERS can provide the chem-
ical composition information of substances.[91] This tech-
nique is particularly suitable for surface/interface studies
due to the electromagnetic coupling enhancement decays
exponentially with the distance between the tip and the
sample. In the latest report of Hou research group, the
combination of STM-AFM-TERS not only determines the
structural and chemical heterogeneity among three
pentacene species but also proves the importance of spe-
cific local interactions between pentacene and Ag(110)
surfaces.[92] In the electrochemical process, the change of
electrode potential (i.e., the Fermi level of the electrode)
will cause the change of interface structure. Once the
potential control or electrolyte is disconnected, the inter-
face process will change, and the interface structure may
change to an open circuit potential state, which is differ-
ent from the electrode state during charge and discharge.
Therefore, it is very necessary to combine the TERS
method with electrochemical characterization. In situ
studies with high sensitivity and spatial resolution can be
realized by EC-TERS to obtain the structural information
of materials in the electrochemical reaction process.
TERS and SERS (Surface enhanced Raman spectroscopy)
has the same enhancement mechanism. The TERS rep-
laced multiple SERS hot spots with hot spots formed by
Au or Ag tips controlled by scanning probe microscopy,
depending on light enhancement and space constraints
near the plasma nanotips. The plasma nanotips can be
positioned on the sample and controlled by a suitable
scanning probe microscope (such as atomic force micro-
scope [AFM] or scanning tunneling microscope
[STM]).[93] Through the raster scan of nanotips, it can
obtain high spatial resolution of nanometer images. The
structure diagram of EC-TERS is shown in Figure 5a. The
electronic part is the same as EC-STM, where the poten-
tial of the tip (WE1) and substrate (WE2) is controlled by
a double potentiostat. The laser is introduced horizon-
tally into the electrochemical cell through a long working
range microscope objective (NA = 0.45). By tilting the
single crystal to about 10�, the laser can be correctly
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focused on the tip to efficiently collect the Raman signal.
The generated TERS signal is collected by the same target
and sent to Raman system for detection.

Zeng et al.[94] used EC-TERS technology to study the
performance of 4-PBT/Au(111) (40-(pyridin-4-yl)biphenyl-
4-yl)methanethiol is attached to Au(111)) electrode, 0.1 M
NaClO4 as the electrolyte. The STM image of 4-PBT/Au
(111) is shown in Figure 5b, showing a clear ladder on the
surface of the single crystal. 4-PBT molecule forms a dense
self-assembled monolayer on the surface of gold through
gold-sulfur bonds and has few surface defects. The cyclic
voltammetry (CV) of 4-PBT/Au(111) and Au(111) is
shown in the red and black curves in Figure 5c. The CV
curve has a wide potential window (0.7 � +0.3 V). In con-
trast, the surface of Au(111) exhibits complex electro-
chemical processes under potential window, due to the
passivation of the surface by 4-PBT molecules. The Raman
spectra of 4-PBT/Au(111) at different potentials were
shown in Figure 5d. Double peaks could be observed at
1,592 and 1,605 cm�1 on 0.3 V. When the voltage was
0.7 V, the low-wavenumber peak disappeared and only
one shoulder peak appeared. This special Raman peak
transformation was not observed in EC-SERS system. This
advanced Raman characterization technique combines
the advantages of electrochemistry, STM and Raman,
which has great advantages for the study of carbon-based
electrode materials.

5 | SUMMARY AND
PERSPECTIVES

Carbon materials are very common as electrode active
materials for supercapacitors and lithium-ion batteries.
Analysis of the structural features of carbon materials
can establish the immediate relationship between the

structure and performance. Raman spectroscopy, as
the molecular spectroscopy technique, has been well
developed for the structural characterization of carbon
materials. Amounts of information can be obtained from
the shape, position, and strength of the Raman spectrum
peak. In this review, the Raman spectra data of carbon
materials with electrical double layer energy storage
mechanism and intercalation/de-intercalation energy
storage mechanism are summarized. And the relevant
examples were given to analyze the Raman spectra effec-
tively. The structural information obtained by the Raman
spectroscopy is of great significance for the optimization
of electrode materials and the deep understanding of the
energy storage mechanism of electrode materials. At
the same time, we also introduce several advanced
correlative-Raman technologies. RISE can obtain the sur-
face morphology and structural information of the same
micro-region. In situ electrochemical Raman spectros-
copy can clarify Raman information in the electrode reac-
tion process. EC-TERS can realize the integration of
morphology, structural, and electrochemical information.

Although Raman spectroscopy has been widely used
to study carbon-based electrode materials, there are still
some challenges. A single Raman spectrum can only
obtain information related to molecular energy level
structure, which is simple. This article only introduces a
few correlative-Raman technologies, and there are some
other correlative-Raman technologies, such as Fourier
transform infrared (FTIR) and Raman spectroscopy can
be combined to provide complementary information. The
integration of Raman and photoluminescence spectrome-
ter can simultaneously characterize the vibrational and
electronic properties of samples in the same instrument
platform, although some of these techniques have not yet
been applied to the research field of carbon-based energy
storage electrodes. However, in the future, they will be

FIGURE 5 (a) Structure diagram of EC-

TERS; (b) STM image of 4-PBT/au(111);

(c) cyclic voltammetry curves of 4-PBT/au(111)

and au(111); (d) EC-TERS spectra of 4-PBT/au

(111). This figure was reprinted with permission

from Zeng et al.[94] Copyright 2015 American

Chemical Society [Colour figure can be viewed

at wileyonlinelibrary.com]
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an effective method for the study of electrode materials
due to their unique advantages.
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