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Two-dimensional (2D) materials offer distinct advantages for electrochemical energy storage (EES) compared
to bulk materials, including a high surface-to-volume ratio, tunable interlayer spacing, and excellent in-plane
conductivity, making them highly attractive for applications in batteries and supercapacitors. Gaining a funda-
mental understanding of the energy storage processes in 2D material-based EES devices is essential for opti-
mizing their chemical composition, surface chemistry, morphology, and interlayer structure to enhance ion
transport, promote redox reactions, suppress side reactions, and ultimately improve overall performance. This
review provides a comprehensive overview of the characterization techniques employed to probe charge
storage mechanisms in 2D and thin-layered material-based EES systems, covering optical spectroscopy,
imaging techniques, X-ray and neutron-based methods, mechanical probing, and nuclear magnetic reso-
nance spectroscopy. We specifically highlight the application of these techniques in elucidating ion transport
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dynamics, tracking redox processes, identifying degradation pathways, and detecting interphase formation.
Furthermore, we discuss the limitations, challenges, and potential pitfalls associated with each method, as
well as future directions for advancing characterization techniques to better understand and optimize 2D
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1. Introduction

The growing demand for portable electronics, electric vehicles,
and stationary energy grid storage is driving the development
of electrochemical energy storage (EES) devices with higher
energy and power densities and longer life. To meet these
demands, new materials are continuously being developed to
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enhance performance, including improved redox activity for
higher energy density, better kinetics for higher power output,
and enhanced chemical and electrochemical stability for
longer cycle life. Two-dimensional (2D) materials and thin
layered materials, such as transition metal dichalcogenides
(TMDs)," graphene,”™ borophene,” phosphorene,® layered
double hydroxides,” and 2D transition metal carbides/nitrides
(MXenes),® are a class of materials consisting of atomically
thin layers with strong in-plane bonding and weak interactions
between layers. Their unique structures offer many distinct
advantages for EES applications compared to bulk materials,
including a high surface-to-volume ratio which benefits the
charge storage capacity, expandable interlayer spacing for
enhanced ion transport,” and high in-plane conductivity for
fast electron transfer.'® Furthermore, some 2D materials
exhibit abundant surface chemistry for redox activity, the
ability to form heterostructures for synergistic performance
enhancements, tunable morphology for improved transport
properties, and excellent mechanical strength that enables
flexible and free-standing structures.'* These advantages have
led to the successful integration of 2D materials into various
EES components, including electrodes, current collectors, >
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electrolyte constituents,” separators,"* and binders,'”> where
they have been reported to enhance device performance.

2D materials have been widely explored as electrode materials
in batteries, pseudocapacitors and supercapacitors, for example,
the early use of graphene as an anode material in lithium-ion bat-
teries'® and the application of MXene electrodes in aqueous
supercapacitors.’” In batteries, charge is stored through diffusion-
controlled faradaic reactions, which mostly involve phase trans-
formation and at least one full electron transfer. This mechanism
enables high energy density but limits power output due to slow
ion diffusion. In contrast, supercapacitors rely on non-faradaic
surface reactions, where ions rapidly adsorb onto the electrode
surface to form an electrochemical double layer (EDL),® resulting
in exceptional power density but much lower energy density.
Pseudocapacitors are expected to bridge this energy-to-power gap
as they realize charge storage through fast surface redox reactions
and pseudocapacitive intercalation.”” For 2D and layered
materials, the charge storage mechanism cannot be solely classi-
fied based on their chemical composition, as it varies depending
on many factors, such as the electrode-electrolyte combination,
applied potentials and electrode thickness. For example, TMDs
(TiS,,*° MoS,),*" layered transition metal oxides (TMOs) (V,0s,>>
LiC00,)** and MXenes (Ti;C,T,)** have been widely studied as
cation intercalation hosts for batteries. However, the charge
storage behavior of these materials can change significantly when
the electrode thickness is reduced or when the electrolyte compo-
sition is modified to favor fast, surface-based redox reactions. For
example, pseudocapacitive behavior has been observed in TMDs
(MoS,),>2® MXenes,””>° graphene with transition metal nano-
particles®® and N-doped graphene®! in various electrolytes.
Moreover, the surface faradaic contribution in some 2D materials
can be further suppressed by incorporating a high level of sol-
vation, approaching double-layer behavior.*> To determine their
charge storage mechanism, various electrochemical characteriz-
ation techniques, including cyclic voltammetry, galvanostatic
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charge-discharge, and electrochemical impedance spectroscopy,
are widely used. However, electrochemical methods alone do not
provide detailed insights into electrode and electrolyte properties,
offering little to no insight into ion intercalation, electron trans-
fer, and other reaction processes.

Revealing the charge storage mechanisms in 2D materials
and at 2D electrode-electrolyte interfaces is essential for estab-
lishing the correlation between electrode properties and EES
performance, ultimately guiding the optimization and design
of new 2D materials. For example, increasing the ion accessi-
ble redox-active electrode surface area, facilitating ion trans-
port in the 2D interlayer space, and extending electrochemical
stability can enhance the electrochemical performance of 2D
materials. Since charge storage is always accompanied by
changes in the chemical composition, structure, or electronic
state of the electrode, a range of advanced characterization
techniques is employed to measure these changes and eluci-
date the underlying charge storage mechanisms (Fig. 1). To
investigate ion intercalation and solvent co-intercalation, tech-
niques such as X-ray diffraction (XRD), electrochemical dilato-
metry (ECD), neutron diffraction (ND), transmission electron
microscopy (TEM), and atomic force microscopy (AFM) are
used to monitor variations in interlayer spacing.**~>> However,
these methods do typically not directly identify the interca-
lated species at specific applied potentials. To obtain a micro-
scopic picture of the intercalation process and the interlayer
electrolyte composition, they must be combined with electro-
chemical quartz crystal microbalance (EQCM), inelastic
neutron scattering (INS), and computational simulations.*®?”
For understanding redox activities during ion intercalation,
changes in the local chemical environment can be probed
using X-ray photoelectron spectroscopy (XPS), nuclear mag-
netic resonance (NMR), TEM, scanning transmission X-ray
microscopy (STXM), neutron total scattering (NTS), Raman
spectroscopy, and Fourier transform infrared spectroscopy
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Fig. 1 Characterization methods for 2D materials as EES electrodes,
grouped by type of analysis. In these schematics, intercalant species
indicate solvent molecules and ions that intercalate into the interlayers
of 2D materials, the motion of which is defined by ion transport.
Interlayer distance refers to the space between two layers of 2D material
which varies when species intercalate. Local environment is the chemi-
cal composition and bonding structure at the nanoscale, whereas elec-
tronic state refers to the behavior and energy of electrons in the
material. Also, imaging techniques produce a visual impression of the
sample. Panel imaging is reproduced with permission from ref. 47, copy-
right 2021 Elsevier.

(FTIR).>®*?° Meanwhile, the electron transfer process can be
directly monitored using in situ UV-vis spectroscopy, X-ray
absorption spectroscopy (XAS) and Raman spectroscopy. The
diffusion kinetics of intercalated species, which is closely cor-
related with the rate performance of EES devices, can be ana-
lyzed using quasi-elastic neutron scattering (QENS) and NMR.
Additionally, imaging techniques such as TEM, STXM,
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neutron tomography (NT), and neutron depth profiling (NDP)
are valuable for chemical mapping and visualizing particle
morphologies, enabling the monitoring of electrode degra-
dation and interphase formation.*®™*® It is important to note
that several practical challenges complicate the characteriz-
ation of 2D materials compared to bulk materials. Sample
preparation demands extra care, as the physical properties of
2D materials can vary considerably with the number of layers
and their uniformity. Additionally, 2D materials are often
highly reactive with oxygen and moisture, increasing the risk
of contamination. Furthermore, interpreting data from 2D
materials requires special attention, as their properties can
differ significantly from those of bulk materials, illustrating
the necessity for comprehensive guidelines in the literature.

In this review, we explore a wide range of in situ and ex situ
characterization techniques used to investigate charge storage
mechanisms in 2D and layered material-based EES devices.
While previous review articles have covered characterization
techniques for either 2D materials or bulk EES materials, they
primarily focus on specific methods or broader applications
without directly addressing the charge storage mechanisms in
2D electrodes. Additionally, other reviews focus on characteriz-
ation methods for specific systems, such as lithium
batteries,"*> or on a single technique for a specific system.*®
However, there is a lack of reviews that specifically cover
characterization methods used to investigate the charge
storage mechanism in various 2D-material-based electrodes.
Our review fills this gap in the literature by uniquely integrat-
ing advanced characterization techniques with a focus on
charge storage mechanisms in 2D materials, offering a com-
prehensive perspective on both their capabilities and limit-
ations. For each method, we provide a general explanation of
its working principle, followed by examples of studies demon-
strating its application in uncovering key charge storage
mechanisms, such as ion intercalation, redox activity, degra-
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dation mechanisms, and interphase formation in 2D material-
based electrodes. Additionally, we highlight the challenges
associated with each technique, offer practical guidelines to
mitigate experimental pitfalls, and propose potential direc-
tions for future advancements in characterization method-
ologies for 2D material-based EES processes.

2. Optical spectroscopy
2.1 Raman spectroscopy

Raman spectroscopy is a fast, versatile, and non-destructive
vibrational spectroscopy used to characterize lattice structure and,
in some cases, the electronic, optical, and phonon properties of 2D
and layered materials.*® A Raman spectrum offers rich information,
where the band position identifies chemical structures, band inten-
sity indicates the polarizability of chemical bonds, the orientation
of phases, and the detectability of bonds, bandwidth informs the
quality of the crystalline structure and the concentration of doping
or defects, the band ratio gives relative concentrations of bonds,
and band position shift advises changes to deformation, pressure,
stress, and temperature. This abundant information, combined
with the lab-scale Raman instrument’s availability, made it one of
the most popular techniques for characterizing 2D and layered
materials. However, the simplicity of Raman measurements comes
with the difficulty of spectral interpretation. It takes considerable
experimental and theoretical effort to understand the structural
roots of spectral features, which serve as the foundation for further
investigations like understanding charge storage mechanisms. The
groundwork was laid for graphene,’®*® MoS,,”® MXenes,”> and
many others, and will be needed for new materials in the future.
When it comes to energy storage, in situ Raman is helpful with
identifying phase transformation,”>® bond formation,”**” and
interfacial solvent orientations.”®

Here, we first review two examples of in situ Raman spec-
troscopy of graphene to showcase the depth of charge storage
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insights attainable from this powerful technique. Wang et al.
characterized the potential-dependent transformation in the
surface-confined interfacial water structure on graphene,
which is a fundamental component of the electrical double
layer.”® The authors overcame the weak interfacial water signal
with shell-isolated nanoparticle-enhanced Raman spec-
troscopy (SHINERS). They performed the experiments in setup
as shown in Fig. 2a. Note that the signal enhancement here is
achieved through special sample preparation. A similar setup
can be used for any in situ Raman work, which requires the
Raman laser to be focused on the electrode while performing
the electrochemical experiments. With SHINERS, the authors
identified three types of water near the interface: the most
popular 2-coordinated hydrogen-bonded water (2-HB-H,O),
4-coordinated hydrogen-bonded water, and cation-hydrated
water. With ab initio molecular dynamics (AIMD) simulations
and surface selection rule, they found a good correlation
between the potential-driven intensity change of 2-HB-H,O
and water orientation at the interface (Fig. 2b). From the open-
circuit potential (OCP) to more negative potentials, most inter-
facial water gradually transitions from being parallel to the
surface into one H-down structure, with one OH bond facing
the graphene and the other toward the solution and, even-
tually, the solution-facing OH bond also rotates toward the gra-
phene surface. This finding deepens our understanding of
surface-confined interfacial water, a crucible constituent of the
electrical double layer, relevant to the development of future
aqueous-based supercapacitors. In another example, Cohn
et al. studied diglyme-solvated Na-ion intercalation in few-
layered graphene (FLG) with in situ Raman, as shown in
Fig. 2c. As the FLG intercalates diglyme-Na and reaches a
voltage plateau (stage 2 to stage 1 transition happens, where
the stage number represents the number of graphene layers in
between intercalant layers), a new G band (in-plane optical
phonon modes corresponding to sp® carbon bonding) repre-
senting the charged graphene layers (G.) increases drastically
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as the G band representing the uncharged graphene layers
(Guc) red shifts and disappears. This drastic intensity change
was attributed to the Pauli blocking of destructive interference
Raman pathways, which happens when the Fermi level is at
half the excitation laser energy. Using lasers of two different
lasers (532 and 785 nm), they estimated the Fermi energy of
~0.8 eV for the stage 2 compound and ~1.2 eV for the stage 1
compound, which is close to the 1.5 eV Fermi energy of LiCs.
They also found that the onset of the G, band blue shift corre-
lates well with the start of the staging reaction (Fig. 2d). The
insight of staging behavior informs us of the phase transform-
ation in the FLG, an important phenomenon related to the
performance of energy storage materials. Phase transformation
is typically related to nucleation overpotential, which lowers
energy efficiency’® and mechanical deformation, which may
lead to long-term mechanical failure of the material®® of the
electrodes during charge storage. The change in the Fermi
level indicates changes in the electronic conductivity of FLG,
which in turn affects the power density of the electrode.

In situ Raman can be applied to other 2D and layered
materials to elucidate electrochemical ion intercalation mecha-
nisms. Xiong et al. investigated Li-ion intercalation in a single
MoS, flake in a commercial lithium-ion battery electrolyte.>®
As shown in Fig. 3a-i, Li-ion intercalation causes the MoS,
flake to be more translucent and broadens the E,,' band (in-
plane optical vibration of the Mo-S bond), which is a sign of
structural defects caused by the lithiation of MoS,. When the
flake is fully lithiated, the A, band (out-of-plane optical
vibration of S atoms) vanishes, indicating the dissociation of
interlayer bonding due to Li-ion influx. Meanwhile, peaks at
150 and 200 cm™" emerge, indicating a 2H to 1T phase trans-
formation in MoS,. These effects appear to be reversible over
multiple cycles, showing reversible structural changes in MoS,
caused by repeated Li intercalation and deintercalation.
Similarly, the electrochemical proton surface redox reactions
of Ti;C,T, MXene in acidic electrolytes were investigated with
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in situ Raman. Shevchuk and Sarycheva et al. showed in Fig. 3j
and k that during pseudocapacitive proton adsorption on the
surface oxygen terminations of Ti;C,T, MXene, the A,(Ti, C,
T,) band (out-of-plane vibration modes of titanium atoms in
the outer layer as well as carbon and surface groups) region
diminishes and the A,4(C) band (out-of-plane vibration modes
of the carbide core) red shifts with decreasing intensity.>* The
reversible change of the latter was observed by Johnson et al.
(Fig. 3i).>” The diminishing of the A;,(Ti, C, T,) band is attribu-
ted to the change of symmetry due to the surface termination
reaction from -O- to ~OH, while the A;,(C) band is explained
by the softening of the Ti-O bond. These Raman spectrum
changes provide more insight into the structural evolution
related to the redox-active intercalation of protons in TizC,T,
MXene.

With the advancement of instrumentations like faster
detectors, coupling with atomic-force microscopes to enable
tip-enhanced Raman spectroscopy (TERS),61 and more, Raman
spectroscopy will bring more insights into charge storage
mechanisms in 2D and layered materials. The challenge of
spectral interpretation demands more development of theore-
tical frameworks to correlate spectral features to the structure
of materials as well as coupling with additional characteriz-
ation techniques to narrow down the factors that affect the
spectral changes during charge storage.

2.2 Fourier transform infrared spectroscopy

Fourier Transform Infrared (FTIR) spectroscopy is a vibrational
spectroscopy technique that characterizes the transmitted or
reflected IR radiation from a sample. The spectrum carries
information on molecular absorption, creating molecular fin-
gerprints of materials. These fingerprints are used to identify
chemical bonds that involve changes in dipole moments
during molecular vibrations (stretching or bending), which is
complementary to Raman spectroscopy. In 2D and layered
materials, FTIR is useful for characterizing defects and con-
fined water, as demonstrated in graphene oxides and the
12 most common MXenes.®>** When operated in the attenu-
ated total reflectance (ATR) mode, the infrared radiation pene-
trates the substrate and is reflected by the sample before it
reaches the electrolyte, as shown in Fig. 4a. As a result,
ATR-FTIR can get rid of much of the signal interference from
the bulk electrolyte and allows for in situ or operando obser-
vation of molecular vibrational changes in materials during
electrochemical cycling, giving insights into intercalation
species, surface functional groups, defect evolution, and con-
fined water dynamics.®>®

Since many carbon bonds are active in IR spectra, FTIR is a
powerful technique to identify surface functional groups of
carbon materials. Yao et al. adopted operando ATR-FTIR in 2015
to study the structure and composition changes during electro-
chemical cycling in 0.1 M HCIO,.*® This study used a Si ATR
prism as a substrate and deposited mono- to few-layer graphene
as the working electrode. With a temporal resolution of 1 s per
spectrum and a spectral resolution of 4 cm™, they could collect
IR spectra at 20 mV s ' with cyclic voltammetry. operando
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(a) Schematic of an aqueous in situ electrochemical Raman cell, with Pt wire as the counter electrode and saturated calomel electrode (SCE)

as the reference electrode. (b) intensity change of the OH stretching band and the vertical component of the OH bond of 2-coordinated hydrogen-
bonded water confined at the surface of a single-layer graphene-Au(111) electrode in a 0.1 M NaClO, solution collected by in situ shell-isolated
nanoparticle-enhanced Raman spectroscopy (SHINERS).>8 In situ Raman spectroscopy of diglyme-solvated sodium ion intercalation in few-layered
graphene: (c) potential profile of the intercalation with the corresponding microscope images, band diagrams, and pseudo heat map showing the
Raman intensity using two lasers (1.58 eV = 785 nm and 2.33 eV = 532 nm). (d) The positions of graphene G peak components during Galvanostatic
discharge at 0.2 A g%, where G, is the G mode of a charged graphene layer, G, is the G mode of an uncharged graphene layer, triangles are data
from the 1.58 eV laser, and circles are data from the 2.33 eV laser.>* Panel (a and b) reproduced with permission from ref. 58, copyright 2023

Elsevier. Panel (c and d) reproduced with permission from ref. 54, copyright 2016 American Chemical Society.

ATR-FTIR helped identify that the oxygen-containing functional
groups such as C-OH, C=0, and -COO™ at the edge and defect
sites of graphene are the active sites for water oxidation and gra-
phene at the graphene at E >2 V vs. reversible hydrogen electrode
(RHE). In addition, they found graphene is stable between 0.05 V
and 1.5 V vs. RHE and provides high IR sensitivity of interfacial
species, suggesting that graphene layers can be a stable support
for amplifying the signal of other samples. Similarly, Bernicola
et al. investigated the electrochemical activation of graphene
oxide with operando ATR-FTIR.®” They revealed water uptake
upon activation and the formation of organic intermediates like
lactones and hydroquinones.

Intercalation of hydrated ions is common among 2D and
layered materials in aqueous media. The strong IR absorption
of O-H bonds makes FTIR spectroscopy one of the most well-

13536 | Nanoscale, 2025, 17, 13531-13560

suited techniques for studying hydrogen bond networks and
water solvation under the confinement of 2D materials.
Recently, Lounasvuori et al. applied synchrotron operando
ATR-FTIR to study the confined water in Ti;C,T, MXene in
acidic and water-in-salt electrolytes.®®® Synchrotron IR offers
a high flux in the far-IR and THz range and a high brightness
in the mid-IR spectral range. The IRIS beamline at the
Helmholtz-Zentrum Berlin could achieve an advantageous
spectral resolution of 0.2 cm™.%° A typical in situ IR cell used
in the experiment is shown in Fig. 4b. When Ti;C,T, MXene is
cycled in 0.5 M H,SO,, the in situ cell showed a relatively resis-
tive cyclic voltammogram at 2 mV s (Fig. 4c), likely due to
the higher resistance of dropcast film compared to vacuum-
filtered ones. With this setup, they found fundamentally
different H-bonding structures of hydrated protons confined

This journal is © The Royal Society of Chemistry 2025
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In situ Raman spectroscopy of a MoS; flake in a 1 M LiPF6 in 1:1 w/w ethylene carbonate/diethyl carbonate: (a—h) optical reflection images

of the MoS, flake at different cycles and potentials of Li-ion intercalations. (i) Raman spectra of the MoS, flake at different cycles and potentials
(potentials are indicated in the optical reflection image diagram).56 In situ Raman spectroscopy of TizC,T, MXene in acidic electrolytes: Raman
spectra of (j) the A4(Ti, C, T,) vibration region and (k) the A;4(C) vibration region.>? (1) the shift in wavenumber of the Ay4(C) peak and potential as a
function of time.>” Panel (a—i) reproduced with permission from ref. 56, copyright 2015 American Chemical Society. Panel (j—k) reproduced with
permission from ref. 52, copyright 2023 American Chemical Society. Panel (l) reproduced with permission from ref. 57, copyright 2022 Wiley.

in the interlayer of Ti;C,T, MXene compared to the bulk solu-
tion. The evolutions of IR features in Fig. 4e highlighted two
parallel processes: water reordering toward stronger
H-bonding due to the applied potential in the electrical
double layer and proton intercalation coupled with surface
redox reactions. The intercalated protons/hydronium ions
showed a reduction in the coordination number due to 2D
confinement and possess an Eigen-like character. The water
H-bonding was also strengthened at higher proton concen-
trations. However, challenges remain in identifying the surface
hydroxyl groups in the IR spectra. In the 19.8 m LiCl water-in
salt electrolyte (WiSE), the voltammogram of Ti;C,T, MXene in
Fig. 4d is almost identical to the standard Swagelok cell
electrochemical characterization.>” Upon solvated lithium-ion
intercalation, the difference FTIR spectra in Fig. 4f show the
number of coordinated water molecules around Li-ions within
MXene nanoconfinement as a function of electrochemical
potentials, demonstrating a changing intermolecular hydrogen
bonding network. The strongly H-bonded water has reduced
activity and is consistent with the suppressed HER and a
larger electrochemical window, typical in WiSE.

This journal is © The Royal Society of Chemistry 2025

While numerous charge storage insights have been
obtained from operando electrochemical ATR-FTIR, there are
plenty of opportunities to investigate 2D and layered materials
with this technique. One empty area is studying the structural
change of MXenes, for example, through fingerprint regions,
as previous studies focused on the confined water region. In
addition, electrochemical conversion at the interface between
the electrode and the electrolyte is a promising area.”® We
expect to see continued development of this technique for
studying 2D and layered materials.

2.3 UV-Vis spectroscopy

UV-Vis spectroscopy is a technique that measures the amount
of discrete wavelengths of UV and visible light absorbed by or
transmitted through a sample. It allows for concentration
measurement of 2D and layered materials dispersed in solu-
tions using Beer-Lambert’s law, thickness measurement of
thin films,”* degradation quantifications,”* and optical prop-
erty investigations.”>”* Light absorption in the visible and
near IR region can be related to electronic transitions and plas-
monic effects in materials. Therefore, the electrochromic effect

Nanoscale, 2025, 17, 13531-13560 | 13537
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(a) Schematic of an operando attenuated total reflectance-Fourier transform infrared (ATR-FTIR) spectroscopy setup with TizC,T, film drop

cast on a monolayer-graphene-coated silicon wafer as the working electrode. (b) the physical instrument of the schematic in (a) showing the
counter electrode of coiled Pt wire and a quasi-reference electrode of Ag wire.5® Cyclic voltammograms at 2 mV stof TizC,T, in (c) 0.5 M HySO,4 65
and (d) 19.8 m LiCl collected from this setup.®® Operando electrochemical FTIR difference spectra of TisC,T, measured during electrochemical
cycling in (e) 0.5 M H,S0, ®® and (f) 19.8 m LiCL.%® Panel (a—c and e) reproduced with permission from ref. 65, copyright 2023 Springer Nature. Panel
(d and f) reproduced with permission from ref. 66, copyright 2023 American Chemical Society.

caused by electrochemical ion intercalation can be readily
characterized by in situ UV-Vis spectroscopy, as demonstrated
in multiple MXenes (Fig. 5a).”>’° Electrochromic effect and
charge storage are two sides of the same coin. More recently,
in situ UV-Vis spectroscopy was demonstrated as a powerful
tool for distinguishing charge storage mechanisms and quan-
tifying oxidation state changes.””

A general workflow for using in situ UV-Vis spectroscopy to
determine the charge storage mechanism and oxidation state is
summarized in Fig. 5b. For a thin film sample, cost-efficient
in situ cells can be constructed with glass slides, tape, the active
material, an electrolyte, a counter electrode, and a reference elec-
trode. The coupling between the electrochemical responses and
UV-Vis signal can be determined by operando UV-Vis spec-

13538 | Nanoscale, 2025, 17, 13531-13560

troscopy, where single-wavelength UV-Vis signal can be measured
at a fast rate during a cyclic voltammetry experiment. In the case
of Ti;C,T, MXene in sulfuric acid, a clear correlation between the
electrochemical cyclic voltammogram (CV) and the derivative of
absorbance, which may be named UV-Vis CV, can be established,
as shown in Fig. 5c. This correlation means that the evolution of
UV-Vis spectra is related to redox activities, and allows for further
investigations of charge storage mechanisms using UV-Vis. Then,
in situ UV-Vis spectroscopy, where full UV-Vis spectra are col-
lected at discrete potential steps, can be set up to distinguish
between electrical double-layer (EDL), pseudocapacitive, and
battery-type charge storage mechanisms in an electrochemical
system. In a charge storage process, there are always regions
dominated by electrical double-layer charging (red region in

This journal is © The Royal Society of Chemistry 2025
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(a) in situ UV-Vis spectra of TizC,T,, TizCNT,, Ti,CT, and Ti; gNbo 4CT, in a protic gel electrolyte comparing cathodic polarization (-1 V vs. Ag

to determine charge storage mechanism using in situ UV-Vis spectroscopy

from experimental setup to data analysis. In situ UV-Vis spectroscopy TizC,T, in 1 M H,SO4: (c) Electrochemical (red) and UV-Vis (blue) cyclic voltam-
mograms (CVs), (d) electrochemical CV with the electrical double layer (EDL) contribution in red and the redox contribution in blue. (e) UV-Vis CV
with the EDL contribution in red and the redox contribution in blue.”” Panel (a) reproduced from ref. 76 with permission from the Royal Society of
Chemistry. Panel (b—e) reproduced with permission from ref. 77, copyright 2023 Springer Nature.

Fig. 5d). The comparison of absorbance change (or derivative)
due to a redox-active region and an EDL region informs us of the
extent of charge transfer (blue vs. red regions in Fig. 5e). In the
study of Zhang et al,”” between the potential region of interest
and the EDL region, EDL, pseudocapacitive, and battery-type
charge storage mechanisms typically have a ratio of ~1, ~10, and
~50, respectively. This method can also quantify the extent of oxi-
dation state changes (n) according to eqn (1):

Z(on - Ere) ) &

n—
F AA

(1)
where, [ is the thickness of the film, ¢, and ¢, are the extinc-
tion coefficients of the electrode material in the oxidized and
the reduced states, respectively, 7° is the total molar amount of
electrode material, F is the Faraday constant, and AQ and AA
are the charge difference and absorbance change within a
selected time interval or potential range. The extinction coeffi-
cients of the electrode material in the oxidized and reduced
states can be determined by preparing electrodes of at least

This journal is © The Royal Society of Chemistry 2025

three different thicknesses and finding the slope of absorbance
values vs. thickness at the oxidized and reduced states. For
TizC,T, MXene in sulfuric acid, the authors obtained 0.147 oxi-
dation state changes on Ti, which is close to the value of 0.134
obtained from synchrotron X-ray absorption spectroscopy.

While in situ UV-Vis spectroscopy or spectroelectrochemis-
try is a mature technique especially in the field of electrochro-
mic materials, determining charge storage mechanism and
oxidation state changes is a new development that needs to be
validated in more charge storage systems, including 2D and
layered materials. Given the availability of UV-Vis spec-
trometers, this technique is expected to help make energy
storage research more accessible.

2.4 Practical considerations for optical spectroscopy

There are several limitations to optical techniques, which
require that the source light reaches and interacts with the
materials of interest and then is received by the detector
without significant interference throughout the process.

Nanoscale, 2025, 17,13531-13560 | 13539
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First, the limited penetration depth of light in the UV-Vis-IR
range in solids demands only optically transparent substances
to be included in the optical path, making it challenging to
probe the embedded interfaces in solids with Raman spec-
troscopy. Similarly, UV-Vis spectroscopy transmission mode
needs optically transparent, thin samples. To circumvent this
limitation, researchers may choose spectroscopy based on par-
ticles with extended penetration depth, such as neutrons, or
light of different wavelengths, such as X-rays.

Second, the spectroscopic features of interest may be inac-
tive in the materials of interest, outside the instrument’s
range, or overwhelmed by other sources. For example, metals
are not Raman-active, charge storage-induced spectroscopic
changes may be outside the UV-Vis range, fluorescence can
interfere with Raman signal, and overlapping peaks of water
can overwhelm material-specific vibrational information in
FTIR. While studying metal requires fundamentally different
techniques, range limitations may be overcome by installing a
detector to cover the IR range, fluorescence interference in
Raman spectroscopy can be overcome by switching the laser
wavelengths, and overlapping water peaks in FTIR may be
resolved by improved sample preparation or changing charac-
terization techniques to those involving a vacuum environ-
ment, like vibrational electron energy loss spectroscopy.

Third, it is crucial to ensure that the observation is not
caused by beam damage. For example, the focused laser beam
in Raman spectroscopy may damage or alter the samples over
time at high power. Control experiments can help rule out
such effects.

Last, while optical spectroscopy provides valuable infor-
mation on molecular vibrational signatures and oxidation
state change quantifications, it does not characterise long-
range order crystal structures, mechanical deformation, mass
change, and elemental distribution. It is important to use the
complementary techniques mentioned in this review to form a
comprehensive understanding.

For example, XRD can be paired up with optics to get a full
picture of the interlayer of 2D materials. While XRD requires
long-range order in the structure, FTIR and Raman examine
molecular vibrations, which represent local bonding environ-
ments. FTIR is suitable for studying interfacial molecules and
functional groups, while Raman excels at probing the solid-
state bonds in inorganic materials. Alternatively, for measuring
the oxidation state change of electrodes, in situ UV-Vis, XAS,
and Electron energy loss spectroscopy (EELS) can all be used;
however, the sample requirements differ, and the availability
of the instrumentation varies significantly.

3. Transmission electron microscopy

Transmission Electron Microscopy (TEM) is a powerful tool for
highly localized investigation of 2D nanomaterials in EES
applications down to atomic resolution. TEM involves a broad
toolkit of analytical techniques, including imaging, diffraction
and spectroscopy. Therefore, TEM is suitable for obtaining
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information on the structure/morphology, crystallography and
chemical composition of materials. TEM measurements
require thin samples that are transmissible for electrons (typi-
cally <100 nm), which generally brings both opportunities and
challenges for the particular case of 2D materials. Because of
their anisotropic shape, in-plane analysis is favoured with the
electron beam normal to the (thin) 2D layers. The analysis of
the interlayer region is complicated by the need for (often chal-
lenging) orientation of the 2D layers parallel to the electron
beam. The latter case can require the preparation of thin
lamellas, for example by focused-ion beam techniques, for
TEM analysis.”®”®

TEM can provide insights into electrochemical mechanisms
via in situ or ex situ/post-mortem analysis. While the former
requires in situ TEM holders capable of biasing/electrochemi-
cally cycling samples, the latter often involves inert and/or
cryogenic sample transfer workflows of cycled electrode
materials in combination with low dose and/or cryogenic
imaging. There are comprehensive reviews on both
in situ*®°® and (cryogenic) ex situ/post-mortem TEM
analysis.®*"®¢ This chapter is intended to give a short overview
of the particular uses for 2D nanomaterials with an analysis of
the advantages and disadvantages of each technique.

The advantage of in situ TEM is that the dynamics of pro-
cesses and the evolution of the 2D materials’ structure, crystal-
lography and/or chemistry during an electrochemical process
can be observed. The challenge is to replicate a “realistic”
environment of an electrochemical cell in the microscope. For
example, the ultra-high vacuum environment and the impact
of a high-energy electron beam necessitate non-volatile and
highly stable electrolytes (e.g., ionic liquids, polymer or solid
electrolytes) or liquid cell TEM holders.

Prominent examples of such in situ TEM experiments are
investigating the electrochemical lithiation of graphene sheets,
using a custom silicon/silicon nitride chip with electrical con-
tacts as a sample support.®”®® A device is constructed by
placing a bilayer graphene sheet and solid electrolyte next to
each other on the contacts (Fig. 6a). In combination with low-
voltage aberration-corrected high-resolution TEM, this allows
for a direct visualization of the intercalation of lithium upon
electrical biasing on an atomic level. It was demonstrated that
the lithium can assume a superdense close-packed phase in
this configuration (Fig. 6b-d).”” However, while such in situ
experiments allow us to investigate the dynamics of an electro-
chemical process on the atomic level, they may not necessarily
represent exactly the conditions present in a bulk cell. For
instance, the few-layer 2D material may extend the gap
between the layers more easily than the bulk material. Also,
the electron beam used for imaging may itself have a signifi-
cant influence on the dynamics, as it provides energy and may
even cause damage to the materials.

An alternative, complementary strategy is to employ ex situ
TEM characterization. This way, the 2D material is subjected
to electrochemical operation in a standard electrochemical
testing cell (e.g., coin cell or three-electrode cell) to reach a
certain state of charge or aging. Then, the sample is removed

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 In situ TEM to study Li* intercalation in bilayer graphene. (a)
Shows the device layout on a Si/SisN4 chip with a bilayer graphene bar
placed across small holes in the substrate and on electrical contacts.
The solid electrolyte is placed directly adjacent to the bilayer graphene
on another set of contacts, allowing the lithium to intercalate upon
electrical biasing. (b) Shows an aberration-corrected HRTEM image of a
close-packed Li phase entering from the bottom during lithiation, scale
bar is 5 nm. (c) shows a Fast Fourier Transform (FFT) of the image,
revealing three distinct Li crystal orientations in addition to the graphene
lattice, scale bar is 10 nm™. Those Li crystal orientations are mapped in
(d), with scale bar 5 nm. Figure reproduced with permission from ref. 87,
copyright 2018 Springer Nature.
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from the electrochemical cell and loaded into the TEM holder,
which subsequently has to be transferred to the microscope.
Here, the main challenge is to avoid changes to the sample
during loading and transfer, which requires specialized work-
flows with loading in an inert environment (e.g., glovebox) and
transfer to the microscope with inert-/vacuum-/cryo-transfer
holders.®® The main advantage of the strategy is that the
sample undergoes electrochemical aging in realistic con-
ditions and the setup involved is generally less complex com-
pared to in situ analysis. However, dynamic information typical
for in situ/operando measurements is not readily available.
This shortcoming can be addressed, for example, by the use of
identical-location TEM. Samples dispersed on identical-
location TEM grids can be imaged in the pristine state, then
be cycled in an electrochemical cell using the same TEM grid
as a current collector, and then transferred back to the micro-
scope to re-analyze the same particle.**°

Yu et al. employed cryogenic ex situ TEM to study the con-
version reaction of Li" with MoS, flakes. Chemical vapor depo-
sition was employed to deposit a monolayer of MoS, on the
TEM grid. After lithiation in an electrochemical cell on the
TEM grid, the sample was transferred in an argon-filled
sample container and with liquid nitrogen cooling to the
microscope, where they were loaded under liquid nitrogen to
the TEM sample holder (Fig. 7a). Cryo-TEM analysis revealed
that after lithiation, the MoS, film wrinkled due to volume
expansion and the formation of metallic Mo and Li,S domains
was detected by both imaging and diffraction (Fig. 7b-e), con-
firming the electrochemical conversion reaction mechanism.”*
Likewise, Zhao et al. used ex situ TEM to study the charge
storage mechanism of Li" in Co,(OH),CO; on graphene,
finding that it phase separates into Co(OH), and CoCO; after

Electron beam

Cryo-STEM/TEM

Individual
+Me atoms

Broad Mo
(110) Ring

<4—MoS:

© ®[001]

Fig. 7 Ex situ cryo-TEM to study electrochemical conversion reaction of Li* with monolayer MoS.. (a) Schematic illustration of the preparation and
transfer of monolayer MoS, from the TEM grid to the electrochemical cell to the microscope. (b) Annular dark-field cryo-scanning transmission
electron microscopy (ADF cryo-STEM), (c) bright-field cryo-TEM, and (d) selected area electron diffraction (SAED) of lithiated MoS, sample, detecting
Li,S and Mo formation. (e) Cryo-STEM of partially lithiated MoS, monolayer detecting both pristine MoS, regions and converted Mo & Li,S regions.

Figure reproduced with permission from ref. 91, copyright 2019 Wiley.

This journal is © The Royal Society of Chemistry 2025
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the 1% cycle, which increases the reversibility and stability of
the electrode during lithiation.*”

The discussed cases illustrate how powerful in situ and ex
situ TEM techniques can be for analyzing the charge storage
mechanisms of 2D materials. When deciding whether to use
in situ or ex situ methods, researchers need to evaluate
whether dynamic information or electrochemical treatment
like lithiation in realistic conditions is prioritized. The combi-
nation of both techniques can provide a full picture. The inte-
gration of Electron Energy Loss Spectroscopy (EELS) during
TEM analysis can provide more detailed, localized information
of the chemical environment and oxidation states of the
sample. A big advantage of the technique is its ability to detect
light elements like Li* that are often relevant for electro-
chemical charge storage.

4. X-ray-based techniques
4.1 X-ray diffraction

X-ray diffraction (XRD) relies on X-ray scattering, where con-
structive interference produces diffraction patterns from crys-
talline or partially crystalline materials. Ex situ and in situ XRD
are commonly used to monitor crystal structure changes in
EES electrodes during charging and discharging. XRD is also
valuable for studying phase transformations or crystal struc-
ture changes between 2D materials and their precursors,
confirming the successful synthesis of 2D materials. XRD oper-
ates in two modes: reflection, where the X-ray exits on the
same side it enters the sample, and transmission, where
the exit is on the opposite side.”® In transmission mode,
synchrotron XRD, with its higher photon brilliance and flux, is
particularly effective at penetrating through cell components,
enabling data collection with high spatial and temporal
resolution while minimizing material damage. It is worth
mentioning another X-ray technique commonly performed at
synchrotron facilities and based on X-ray scattering: Grazing
Incidence Wide-Angle X-ray Scattering (GIWAXS). Compared to
XRD, this technique utilizes a shallow incidence angle,
enabling precise analysis of the structural features of thin film
2D materials.” Complementary to GIWAXS, X-ray Reflectivity
(XRR) can be used on thin films to gather information on the
interlayer space and electron density of 2D materials.”>?°
Since this technique relies on low-angle reflection rather than
diffraction, it is optimal for measuring the interlayer space
change in very thin films for which the GIWAXS signal is too
weak.

For 2D material-based electrodes, irreversible crystal struc-
ture changes are primarily associated with variations in the
interlayer spacing caused by the intercalation of ions or
solvents.”” Different patterns of change reflect the intercala-
tion of distinct species, providing insights into different
charge storage mechanisms. For example, the d-spacing of 2D
MXene, derived from the 002 peak in the XRD pattern,
changes differently during the charging process in various
electrolytes.>”?®% In the H,SO, electrolyte, when Ti;C,T, is
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negatively charged, the d-spacing initially decreases by 0.1 A
from 0 V to —0.6 V vs. Ag wire before expanding rapidly by
0.5 A from —0.6 V to —0.9 V (Fig. 8a).”” This change in inter-
layer spacing in the acidic aqueous electrolyte is primarily
caused by the interactions between the intercalated ions and
the surface groups. Specifically, H' intercalation results in a
contraction of the interlayer space in O-terminated MXenes,
while it causes an expansion in OH-terminated MXenes. The
co-intercalation of solvent molecules also significantly
affects the charge storage mechanism, as reflected in the
change in interlayer spacing. For example, cycling Ti;C,T, in
LiTFSI-based organic electrolyte with different solvents shows
different interlayer space changes. Notably, the d-spacing of
Ti;C,T, MXenes at the most negative potential is 19.0, 13.0,
and 10.7 A in LiTFSI containing dimethyl sulfoxide (DMSO),
acetonitrile  (ACN), and propylene carbonate (PC),
respectively. This indicates distinct arrangements of interfacial
species in different solvents (Fig. 8b and c).'°® Such variations
in the ion and solvent arrangement within the interlayer
space impact ion storage capacity and transport, leading to
differences in energy storage and rate capabilities.
Additionally, the amount of co-intercalated solvent can be
observed via XRD. For example, during the ion intercalation
process in Ti;C,T, MXene with a WiSE, the interlayer space
dramatically changes at a relatively positive voltage due to the
co-insertion of three water molecules per Li-ion.*” At more
negative potentials, however, the interlayer space remains
almost unchanged when approximately one water molecule is
intercalated per Li-ion. The co-insertion of more water per Li-
ion weakens the Li-MXene interactions, leading to reduced
surface redox activity at positive potentials. Furthermore, the
intensity change in the in situ XRD pattern also provides infor-
mation on irreversible phase changes during cycling. For
example, the 200, 211, and 321 peaks of NiSe, weaken and
become obscured as the cell voltage increases from ~0 to 3V,
indicating irreversible phase changes and structural defor-
mation in NiSe,.'°*

The changes in interlayer space observed through XRD do
not directly reveal the intercalated species when studying the
mechanisms in 2D materials. To gain a deeper understanding
of the intercalates’ structure and the molecular arrangement
between layers, XRD must be combined with other techniques
such as EQCM and simulations. Additionally, XRD has limit-
ations for detecting small structures present only in trace
amounts and is less effective for identifying amorphous
materials. This restricts its application in identifying inter-
mediate or final products of reversible/irreversible electro-
chemical reactions during cycling. For materials with low
atomic numbers, the diffracted X-ray intensity may be low,
making neutron diffraction a valuable alternative.
Furthermore, the choice of method for analyzing XRD peaks—
such as the Debye-Scherrer, Wilson, Williamson-Hall, and
Halder-Wagner analyses—should be carefully considered,
especially when high precision is required, as they can influ-
ence the accuracy of crystallite size and other microstructural
parameters.'%*
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Fig. 8 (a) In situ XRD patterns of MXene cycled in H,SO, electrolyte.?” (b) In situ XRD patterns of MXene cycled in LiTFSI-PC organic electrolyte.'®

(c) llustration of the interlayer spacing of MXene cycled in LiTFSI-PC organic electrolyte, showing restricted access of PC molecules. (d) Schematic
representation of synchrotron-based ambient-pressure X-ray photoelectron spectroscopy.116 (e) F 1s XPS depth profiling of MXene after Zn plating
in LiTFSI-containing and LiTFSI-free electrolytes.® () In situ S K-edge XANES spectra at various voltages during cycling.'?® (g) XANES spectra of Sn
K-edge at different voltages and the corresponding chemical valence changes of Sn atoms in various electrodes.'?* (h) In situ Ti K-edge XANES
spectra and the associated Ti valence changes at different voltages.'?? Panel (a) reproduced with permission from ref. 27, copyright 2019 Wiley.
Panel (b) reproduced with permission from ref. 100, copyright 2019 Springer Nature. Panel (c and d) reproduced with permission from ref. 116, copy-
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duced with permission from ref. 122, copyright 2022 American Chemical Society.
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4.2 X-ray photoelectron spectroscopy

X-ray photoelectron spectroscopy (XPS), a highly developed
surface-sensitive technique based on the photoelectric effect,
is widely employed to identify elements in a sample and
provide information about their chemical bonding. In the
context of 2D materials, XPS has been extensively used for
elemental analysis and can also characterize the thickness of
2D films.'® Its quantitative nature and exceptional surface
sensitivity (less than 10 nm) make it an indispensable tool for
detecting surface composition changes induced by various
processing methods, such as plasma treatment, thermal
annealing, electrochemical processing, or chemical
modification.'** % For example, XPS has revealed that inter-
calating tetrabutylammonium into 2H-MoS,/MXene acts as an
electron donor, increasing the local electron density around
Mo and S in MoS, and inducing a phase transition from 2H to
1T.'°° XPS also revealed the degradation mechanism of MoS,
as a catalyst in Zn-air batteries, which deactivates over time as
it gets oxidized to Mo®".'”” Additionally, the surface-sensitive
feature allows XPS to determine the chemical formulae and
bonding of surface groups. When combined with Ultraviolet
Photoelectron ~ Spectroscopy  (UPS) and  Resonant
Photoemission Spectroscopy (PES), XPS provides detailed
insights into the bonding environment and structural arrange-
ment of termination species in Ti;C,T, MXenes.'”® This is
achieved because the valence band intensity in UPS/XPS varies
with photon energy, making valence band structures highly
sensitive to the local environment of the probed species.
When 2D materials are used in EES devices, XPS facilitates
the understanding of charge storage mechanisms by analyzing
changes in bonding structures and compositions during ion
intercalation, redox reactions, and solid-electrolyte interphase
(SEI) formation.'®™""* By comparing XPS spectra at different
charging states, researchers can gain valuable insights into
surface reactions, interfacial phenomena, and degradation
mechanisms, aiding the development of improved battery
materials and optimized performance. As a non-destructive
technique, XPS can be applied in situ under vacuum con-
ditions. For example, in situ XPS has been used to study
lithium deposition on graphene and N-doped graphene films
prepared via CVD growth on Cu foil and transferred onto SiO,/
Si substrates."'? Lithium was deposited within the XPS
vacuum chamber, and analysis of the C 1s and Li 1s spectra
showed that N-doped graphene exhibited a more pronounced
shift in the C 1s peak compared to pristine graphene, indicat-
ing stronger lithium interaction. This was attributed to
N-doping, which enhanced lithium adsorption. This enhanced
interaction was attributed to the N-doping, which promoted
stronger lithium adsorption. In situ XPS has also provided
insights into SEI composition changes during cycling. For
example, lithium electrochemical deposition on a garnet solid-
state electrolyte was monitored to understand improved inter-
facial stability with the addition of 2D boron nitride.'*® The
presence of LisN in the SEI layer between the electrolyte and
lithium metal was observed, explaining increased ionic con-
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ductivity and enhanced stability against metallic lithium.
While not yet applied to 2D materials, in situ XPS combined
with imaging techniques holds great potential for investigating
the SEI layer with high spatial resolution, enabling real-time
tracking of its chemical composition, thickness, and
evolution."*

For liquid electrolytes, in situ XPS is challenging because it
requires open cells operated under ultra-high vacuum.''*
However, in situ XPS has been successfully applied to study the
stability of layered carbide-derived carbon/electrolyte interfaces
during electrochemical polarization in ionic liquid electro-
lytes."*® Tonic liquid electrolytes can be used in open cells due
to their non-volatile nature. By tracking changes in the C 1s
and N 1s energy levels, Lust and co-workers identified the reac-
tion mechanism responsible for electrolyte degradation at
high potential (>3.6 V). This mechanism involves the oxidative
dimerization of the imidazolium cation via N-N bond for-
mation. For aqueous systems, ambient-pressure XPS enables
researchers to study ion intercalation processes at water-solid
MXene interfaces during ion exchange.''® Ambient-pressure
XPS provides direct insights into how surface-terminating
groups and solutes, such as inorganic cations, influence water
uptake in layered materials, as illustrated in Fig. 8d.

In addition to the vacuum chamber challenge, XPS has
other limitations, including high sensitivity to surface con-
tamination and reduced sensitivity to insulating materials. To
minimize contamination effects, samples are often cleaned by
removing top layers with an ionized beam. For insulating
samples, a charge neutralizer is used to prevent peak shifts
and other complications caused by charging."'” In in situ XPS,
the production of insulating materials during the observation
process can also cause charging issues, affecting calibration
and data acquisition."*® Finally, when bulk properties are of
interest, XPS can be combined with ion-beam etching for line
and depth profiling of elemental compositions. For example,
in-depth XPS has been used to analyze SEI composition
changes with depth''® in a Li-metal battery when an adhesive
Li-BN composite is used in the anode. In another work, in-
depth XPS revealed differences in SEI composition at various
depths for different electrolytes during the Zn ion deposition
process on a MXene-based anode. Comparison of the in-depth
Zn 2p and F 1s XPS spectra showed that adding LiTFSI salt to
the electrolyte led to the formation of ZnF, in the SEI layer,
which explains the suppressed Zn dendrite growth on MXene
(Fig. 8e).''° However, the in-depth XPS technique is destructive
and can only be applied ex situ.

4.3 X-ray absorption spectroscopy

X-ray absorption spectroscopy (XAS) measures the X-ray absor-
bance of a material as a function of X-ray energy. A sharp
increase in absorption, known as the “absorption edge”,
occurs when the X-ray energy matches the binding energy of
the material. Analyzing the detailed shape of the absorption
spectrum either around the edge (X-ray Absorption Near-Edge
Structure, XANES) or beyond the edge (Extended X-ray
Absorption Fine Structure, EXAFS) provides information about
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the chemical state and molecular structure.’?® Unlike XPS, XAS
does not require high vacuum conditions, making it more suit-
able for in situ analysis of EES devices with different electro-
lytes.*> However, XAS requires an intense, tunable, high-energy
X-ray beam and is typically conducted at synchrotron radiation
facilities, in contrast to UV-Vis spectroscopy mentioned earlier.

In situ XAS provides insights into the chemical properties of
electrode materials, particularly the oxidation state variations
during charge and discharge cycles."*" Local structural ana-
lysis can be performed by examining oxidation states, bond
lengths, or coordination numbers from the outer electron
shell. Time-resolved XAS analysis enables continuous monitor-
ing of oxidation state changes in electrodes during cycling,
with the acquisition time of each XAS spectrum being crucial
for uninterrupted observation without halting electrochemical
cycling."”® In situ XANES, combined with in situ optical
microscopy, has been used to observe the formation of liquid
sulfur species on a 2D MoS, electrode in a Li-S battery. The
sulfur K-edge XANES revealed the conversion of S,>” to
elemental sulfur, with key absorption features at 2471 eV and
2473 eV corresponding to negatively charged terminal sulfur
atoms and internal atoms in the polysulfide chain, respect-
ively. At 3.0 V, the absorption feature at 2471 eV diminished
while the 2473 eV feature remained, confirming the formation
of liquid sulfur droplets on the 2D material (Fig. 8f)."** XANES
can also be used to observe the valence of intercalated ions in
2D materials, providing insights into the intercalation process.
For example, during the Li" intercalation/deintercalation in
Sn-intercalated V,C MZXene, the valence of Sn reversibly
changed from +3.35 to +3.42 within a voltage window of 0.012
to 3.16 V vs. Li/Li", contributing additional capacity to the Li-
ion battery (Fig. 8g)."** Additionally, in situ XANES can probe
the oxidation state changes of metal-containing 2D materials.
A reversible metal valence change was observed when cycling
MXenes in acidic, neutral, and water-in-salt aqueous
electrolytes.'?>"*>'2¢ This reversible valence change, along
with less than one electron transfer per metal ion (Fig. 8h),
indicates a pseudocapacitive charge storage mechanism for
MXene electrodes in aqueous electrolytes.

XAS signals can be collected using the transmission mode
of Scanning Transmission X-ray Microscopy (STXM), which
allows simultaneous X-ray imaging with fluorescence mode
acquisition. This technique has been used to investigate the
degradation process of phosphorene during oxidation, as the
absorption features of P(0), P(m), and P(v) differ."”’
Furthermore, the absolute thickness of the phosphorene
sample at each pixel can be determined by fitting the XANES
spectra with reference spectra of fresh phosphorene. In con-
trast to AFM, which only provides morphological information,
STXM offers detailed chemical imaging, providing a deeper
understanding of the degradation process. For more real-time
imaging, transmission X-ray microscopy (TXM), combined
with a 2D camera, can be used, albeit with a trade-off in
resolution. XANES combined with TXM has been employed to
visualize and spectroscopically analyze the evolution of CuO
during lithiation and delithiation, with voltage variation.'*®
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Chemical mapping, along with line profiles of the sample, can
provide insights into the morphological evolution and the
chemical distribution of specific particles. These X-ray
mapping techniques are still awaiting application in an appro-
priate system to effectively reveal the charge storage mecha-
nisms in 2D material-based electrodes.

5. Neutron-based techniques

Neutron characterization techniques are useful for revealing
the charge storage mechanism in 2D materials due to their
ability to probe molecular interactions in tight interlayer
spaces, their sensitivity to light elements often found in elec-
trolytes, like H and Li, and their ability to penetrate bulk
materials. Free neutrons interact with atomic nuclei through
scattering or absorption. The selectivity of such interactions
varies greatly between isotopes, giving a unique contrast to
certain elements that other methods cannot match. For
instance, X-rays are sensitive to elements with big electron
clouds, making them mostly sensitive to heavy elements, while
neutrons have particular sensitivity to light elements with
small nuclei (H, Li, O, F). Furthermore, neutrons can dis-
tinguish between elements of similar atomic numbers,*® probe
magnetic properties, and have better penetration properties
than X-rays, allowing analysis of bulk processes.

5.1 Neutron scattering

Neutron Scattering (NS) techniques can accurately reveal the
structure and atomic interactions inside 2D materials and are
particularly useful for measuring interactions between elec-
trode materials and the electrolyte. Contrary to photon-based
spectroscopy, neutrons can easily probe the confined interlayer
spaces of 2D materials due to their strong penetrating power.
The suitability of each scattering technique depends on the
length scale of interest and the internal mobility of the
sample. During Inelastic Neutron Scattering (INS), neutrons
gain or lose energy when triggering vibrational transitions
within the sample,”” revealing surface-solvent interactions of
hydrogen species in confined spaces. Mashtalir et al. used INS
to demonstrate the thermally reversible intercalation of N,H,
pillar molecules within Ti;C,T, MXene layers by measuring
the change in -OH/-NH vibrational modes (Fig. 9a).'*
Furthermore, INS was used to monitor thermal NH; intercala-
tion in TiS,,"*° prove water deintercalation in Nb,C MXene,"*"
and demonstrate that the water content and structural dis-
order in Ti;C,T, interlayers decrease after metal ion intercala-
tion."*” Quasi-Elastic Neutron Scattering (QENS) is similar to
INS, but the energy transfer is much smaller, revealing the
mobility and diffusivity of molecules in confined spaces. Osti
et al. used QENS to study the effect of humidity exposure in
[EMIm'][Tf,N"] ionic liquid with Ti;C,T, (Fig. 9b and c¢), and
found that humidity increases ionic diffusivity due to water-
induced displacement of ions from the hydrophilic MXene
surface.”®® Furthermore, Sun et al. showed that Ti;CNT, has
immobile intercalated water and almost no -OH surface
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Fig. 9 (a) INS spectra for TisC,T, before (black curve) and after (red curve) hydrazine treatment.*?® Normalized elastic intensities measured from dry
and wet samples on heating at 2 K min™ from 20 to 300 K for (b) MXene/[EMIm*][Tf,N7] and (c) bulk [EMIm*][Tf,N"] liquid.*** (d) Neutron PDFs of
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lations at the local scale.?* (f) Sections of ND patterns obtained from a commercial 18 650-type NMC Li-ion cell upon different “equilibrated” charge
states.®*® (g) Neutron imaging data of sample D10 (left) and sample D5 (right), both cells were discharged (lithiation of V,Os) to 0% SOC.?? (h)
Change of the NDP spectra for the pristine state of the cell. (i) Transformation of the NDP signal count rate into Li concentration in Li atoms per
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charge/discharge cycle.*** Panel (a) reproduced from ref. 129 with permission from the Royal Society of Chemistry. Panel (b and c) reproduced with
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groups when compared to Ti;C,T,."* QENS was also used to

measure water mobility in porous Ti;C,T,'** and prove the
stabilizing effect of K™ intercalation between Ti;C,T, layers.'*®
For disordered or nanocrystalline samples, Neutron Total
Scattering (NTS) is useful for determining the local atomic
structure. Both inelastic and elastic scattering are collected to
form a Pair Distribution Function (PDF). For instance, Brady
et al. used NTS to elucidate the binding behavior of Na ions in
Na,Ti;C,T, MXene for Na-ion batteries (Fig. 9d and e), finding
that the nature of Na-redox varies depending on the type of
sodiation site.?* Moreover, NTS was used to assess the atomic
structure of layered materials, such as the positional random-
ness of C and N in Ti;CNT,,** and the difference in surface
group distribution of TizC,T, etched with various concen-
trations of HE."*’

13546 | Nanoscale, 2025, 17, 13531-13560

5.2 Neutron diffraction

Neutron Diffraction (ND) is used to obtain structural infor-
mation on crystalline solids through elastic neutron scattering.
Similar to XRD, neutrons diffract on crystal planes and show
Bragg peaks at well-defined angles. A shift in Bragg peak posi-
tion relates to a changing crystal lattice length. Since neutrons
are sensitive to lithium, ND is a popular tool for measuring
lithium intercalation in crystalline 2D lithium host materials.
Dolotko et al. used in situ ND to study structural changes in
commercial battery cells containing Li,Niy sMn, 4C0,,0, and
graphite, and found that the NMC lattice parameters shift
gradually during the charging cycle (Fig. 9f), corresponding to
Li" (de)intercalation. Since neutrons penetrate the whole cell,
the signals for NMC and graphite are measured simul-
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taneously, also revealing the lithiation of graphite. Besides, no
Li/Ni cation mixing was observed at 80% SOC and beyond."*®
Similar in situ studies were done on other layered TMOs, such
as Li,CoO, **'311% and Li,M00,."** Alternatively, Ex situ ND
was done on Li,TiS, cathodes, demonstrating that Li preferen-
tially occupies the octahedral sites in the 2D TiS, van der
Waals gaps while no 3D Li ordering was observed.*> Similar ex
situ studies were done on Li,MoS,'** and LiV,05.'** The
exceptional sensitivity of neutrons to lithium allows the detec-
tion of minuscule Li fractions in the sample, enabling in situ
measurement of relatively small quantities of material.

5.3 Neutron imaging

Neutron Imaging (NI) is based on the differences in neutron
contrast between elements. Since light elements (H, Li)
strongly attenuate neutron beams, imaging techniques can
reveal the position and concentration of such elements in the
sample, which helps determine mesoscopic charge kinetics in
2D materials. Neutron Tomography (NT) renders a 3D image
by rotating the sample in a neutron beam while measuring
attenuation at each position. Zhang et al. used NT to track the
spatial distribution of Li in V,05 cathodes (Fig. 9g) and found
that fast lithiation causes non-uniform Li distribution, while
the uniformity of delithiation was independent of charge rate.
The penetrating power of neutrons allowed them to use an
unmodified commercial button cell.>* Similar work was done
on LiCoO, cells.**®

Neutron Depth Profiling (NDP) uses neutron absorption to
measure spatial Li concentration with micrometer accuracy.
When the isotope °Li (7.5% natural abundance) absorbs a
neutron, it decays into “He>" and *H* with well-defined kinetic
energies, which slow down as they move through the sample.
The remaining energy of these particles at the detector reveals
the depth at which they formed. Linsenmann et al. used oper-
ando NDP to track the lithiation of graphite anodes (Fig. 9h
and i), and found that the concentration of Li in the SEI is
lower than predicted by models.'** NDP has been used to
study Li plating behavior in batteries’*>'*® and Li motion in
LiFePO,."*”'*® While NDP is not commonly applied to 2D
materials, it could be a valuable tool for probing spatial Li dis-
tribution with high precision. Its specific sensitivity to °Li even
enables measurement of aqueous systems, as hydrogen scatter-
ing cannot influence the detected signal.

NS techniques are regularly used with 2D and layered
materials to elucidate the charge storage mechanism, while
ND and NI techniques are more commonly used with layered
materials only. Here lies an opportunity to apply these tech-
niques to monitor the movement of Li in 2D electrode
materials. Another possibility lies in Small Angle Neutron
Scattering (SANS), a technique where elastic scattering at small
angles is used to probe the average size, shape, and orientation
of bulk nanostructures in the nm-um size domain."*>**° This
could be applied to 2D materials in which nanostructures
form during cycling. Furthermore, Neutron Reflectometry (NR)
which is not yet widely applied to 2D materials, could be used
to study SEI formation in 2D material-based electrodes.'>!
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Whereas neutrons are extremely sensitive to light isotopes,
many other isotopes are hard to distinguish. Some elements
will even become highly radioactive in a neutron beam.
Besides, neutron facilities are uncommon and expensive, and
most neutron beams have low fluxes requiring large amounts
of sample material. These aspects limit the use of neutrons to
cases where no alternatives are viable.

6. Mechanical techniques
6.1 Atomic force microscopy

Atomic Force Microscopy (AFM) is a force-based technique that
exhibits high spatial resolution (sub-nanometer in out-of-plane
direction and few nanometers in in-plane direction). Based on
the interaction between the AFM probe and the sample, infor-
mation about the morphology, mechanical properties (Young’s
modulus, plastic deformation, adhesion), and electrical pro-
perties (conductivity, surface potential) of the material can be
extracted. For 2D or layered materials, AFM is particularly
useful for verifying the morphology, dimension, thickness and
other intrinsic information of the monolayer."*>'>* More
importantly, it is possible to conduct AFM measurements in a
liquid environment, which allows for characterizing the
materials under operando conditions and providing important
insights into charge storage mechanisms.*>">*

During the operando AFM measurement, the electrode
volume and morphological change are monitored. Their corre-
lation with electrochemistry provides deeper insights into the
charge storage mechanism and the ion intercalation process.
For example, Aurbach et al. imaged the graphite electrode
surface in the LiPFs in EC-DMC electrolyte. It was observed
that the electrode undergoes an irreversible morphological
change during the first cycle, followed by an overall reversible
surface change for the consecutive cycles, indicating a stable
SEI was successfully formed during the first cycle.'>® Apart
from liquid imaging, Balke et al. developed another approach
that uses the AFM probe as a nanometer-sized
dilatometer.*>**” This approach obtains local (area under the
tip) strain and global (entire electrode) current at the same
time. Their correlation reveals details on electro-chemo-
mechanical coupling behavior and the charge storage mecha-
nism of the materials.’>® This approach has been applied to a
self-assembled 16-layer TizC,T, electrode cycled in 0.5 M
K,SO, (Fig. 10), revealing that the MXene electrode volume
remains constant from +0.25 V to —0.05 V vs. Ag/AgCl and
starts to expand when the potential is below —0.05 V vs. Ag/
AgCL'® During the positive potential sweep, the electrode
shrinks at a near-constant speed and back to its initial posi-
tion. This result demonstrates that, during the negative sweep,
there are two different charge storage mechanisms above and
below —0.05 V vs. Ag/AgCl. The former does not involve volume
change, while the latter does. Furthermore, the charging
process is highly reversible, and the ions can access the inter-
layer space easily, as the deformation curves do not change

much when cycling from 100 to 1000 mV s ™.
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The AFM can obtain the elastic modulus of materials
through either force-distance (FD) measurement or contact-
resonance AFM (CR-AFM). Traditionally, the FD measurement
is performed with the sample lying on a hard, flat substrate
(e.g. Si wafer). However, for a single or a few layer(s) of 2D
material, the sample is too thin, and the result might be influ-
enced by the substrate. Therefore, single-layer 2D materials are

E (V) vs Ag/AgCI

(a) Illustration of operando AFM set-up, (b) CV and (c) volume change of MXene electrode in 0.5 M K,SO, at various scan rates. Reproduced

often specially prepared to be suspended on a grid or a pat-
terned substrate to perform an AFM-nanoindentation
(Fig. 11a-c)."® This allows accessing the 2D elastic modulus
and fracture strength and strain of a single layer.'®® The
Young’s modulus of the suspended MXene Ti;C,T, was found
to be 333 + 30 GPa. A similar approach was also applied to gra-
phene,'®' MoS, '®* and MoB,."**
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Fig. 11

(a) Scheme of nanoindentation of a suspended TizC,T, membrane with an AFM tip. (b) Force-deflection curves of a bilayer TisC,T, flake at

different loads. The bottom inset is a detailed view of the same curves showing the center of origin. The top inset shows an AFM image of the frac-
tured membrane. (c) Comparison of loading curves for monolayer (1L) and bilayer (2L) TisC,T, membranes.'* (d) Contact AFM topography image of
a multilayer MXene flake at the surface of the electrode. (e—k) Elastic modulus images taken at potentials between —0.2 V and —0.8 V versus Pt
during Li* charge (e—h) and discharge (h—k).!®® Panel (a—c) reproduced from ref. 159 with permission from the American Association for the
Advancement of Science. Panel (d—k) reproduced with permission from ref. 163 copyright 2016 Wiley.
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However, at the device level, the electrode is composed of
multilayer 2D material instead of a single layer. During ion
intercalation, the stiffness of the electrode changes due to the
additional ions in between the layers and the distance between
the layer changes. Come et al. demonstrated that the elastic
modulus of a Ti;C,T, electrode, monitored by CR-AFM, exhi-
bits an overall increase during Li-ion intercalation (Fig. 11d-h)
and decreases when the ions leave the electrode (Fig. 11h-
k).'®® In addition, the modulus change of the electrode is
inhomogeneous, suggesting that parts of the electrode do not
participate in charge storage. A follow-up study monitoring the
multivalent Mg”* intercalation with CR-AFM shows that pre-
intercalating K' in the Ti;C,T, electrode opens up the inter-
layer spacing and allows more electrode area to participate in
the Mg>" intercalation and charge storage.'®* One should note
that the elastic modulus measured by the AFM is dependent
on the probe-sample contact area. It is thus important to care-
fully take into account the sample roughness, sample stiffness,
probe size, and shape when extracting modulus values.

The recent development of AFM-based scanning electro-
chemical microscopy (AFM-SECM) makes it possible to simul-
taneously obtain topological information and spatially-
resolved electrochemical activity, providing insights on local
redox activities on Li,S,'®® and hard carbon'®® electrodes.
However, it has not been applied to 2D electrode materials and
would be a powerful tool to investigate the effect of heterogen-
eity on electrochemistry.

While AFM provides topological and mechanical infor-
mation with high spatial resolution, it is not a chemically sen-
sitive technique. To understand the chemical or molecular
origin of the observed AFM results, it is crucial to pair AFM
with other chemically sensitive techniques, such as XPS or
Energy-Dispersive X-ray spectroscopy (EDX) to achieve a
thorough understanding.

6.2 Electrochemical dilatometry

Electrochemical dilatometry (ECD) is an operando technique that
can analyze the perpendicular, macroscopic dilatation/thickness
change of an electrode in the z-direction (ie., expansion or
shrinkage) upon electrochemical stimulation. Electrochemical
dilatometers can be custom-made or purchased commercially,
and they are typically based on a setup (Fig. 12a) that decouples
the volumetric response of the working electrode from the
counter/reference electrode(s) by using a stiff glass frit as a
separator. This allows for a detailed investigation of the electro-
chemo-mechanical response of the individual electrode reaction,
with a height resolution of commercial setups in the range of
5-10 nm. While Escher et al. provided an in-depth review of the
ECD technique containing many technical details,"®” this
section will focus, in particular, on its use in the electrochemical
investigation of 2D nanomaterials.

To investigate the charge storage mechanism of 2D nano-
materials like MXenes or TMDs, it is necessary to analyze the
change in interlayer spacing upon electrochemical ion interca-
lation and/or electrosorption reactions. The most common
method to do this is operando X-ray diffraction (XRD), as dis-
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cussed above, however, several challenges that are particular to
2D nanomaterials arise necessitating complementary
methods.

First, 2D nanomaterials often exhibit small crystalline
domain sizes and/or experience amorphization or exfoliation
upon electrochemical cycling, leading to a loss in long-range
crystalline order and, thus, in XRD signal. Tobis et al.’®® inves-
tigated the Li-ion intercalation mechanism into hydrother-
mally-synthesized MoS, with a nanocrystalline domain size,
which only exhibits a weak diffraction signal. The authors
found that operando XRD in transmission geometry was could
not provide sufficient intensity to conclusively track the
changes of interlayer spacing during cycling. As an alternative
method, ECD was employed and demonstrated a reversible
electrode expansion/contraction of ca. 2-3% for lithiation/
delithiation (Fig. 12b). The results qualitatively demonstrate
the electro-chemo-mechanical behavior of the host material
that was not accessible through operando XRD, even though
the quantitative expansion/contraction cannot be directly
translated into changes of the d-spacing on a microscopic
level. The example illustrates how ECD can be a superior
method for investigating the charge storage mechanism of
intercalation-based 2D electrode materials.

The second challenge for operando XRD measurements is
that diffraction angles below ca. 8-10° 26 are excluded due to
the construction of operando cells for reflection measure-
ments. This prevents the measurement of materials with large
interlayer spacings or strong expansion upon cycling, where
relevant diffraction angles are often below this threshold.
Examples of such systems include MXenes, where diffraction
signals related to the interlayer spacing are typically below 10°
26 (based on Cu Ka radiation).’®® ECD was used to demon-
strate the volumetric response of Ti;C,T, MXene electrodes
upon ion intercalation or electrosorption.’”®”?> For example,
Koudabhi et al. demonstrated a reversible expansion of Ti;C,T,
MXene upon negative polarization in EMIM-TFSI electrolyte by
ca. 2% as a consequence of EMIM' electrosorption
(Fig. 12¢)."”* No volumetric changes were observed upon posi-
tive polarization, which led to the conclusion that TFSI-anions
are prohibited from entering the MXene interlayer spacing.'”>
Another phenomenon that may be prevalent in electrodes
based on 2D nanomaterials is the intercalation of (partially)
solvated ions instead of desolvated ions. Such ion-solvent coin-
tercalation reactions**'”? can cause significant electrode
expansion or even exfoliation with a loss of long-range order.
In such cases, ECD was demonstrated as a suitable method to
verify the cointercalation mechanism.'”*17

While ECD enables the investigation of charge storage
mechanisms in 2D nanomaterials where operando XRD is
limited by structural disorder, there are several challenges
associated with the interpretation of ECD results. The fact that
the measurement is macroscopic means that inactive electrode
components and electrode porosity influence the ECD
signal.'”’® In the case of typical MXene-based electrode
materials, this likely leads to different quantitative ECD results
when comparing densely packed/restacked with few-layer/exfo-

Nanoscale, 2025,17,13531-13560 | 13549


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr00649j

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 09 Mee 2025. Downloaded on 13.02.26 08:42:52.

(cc)

View Article Online

Review Nanoscale
a) Electrochemcial dilatometry (ECD) setu
1
2
3
q
5
b) Li* intercalation in nano-MoS,: operando XRD vs. ECD
26 Mo Ka (°)
50 55 6.0 65 70
3V 4
1.1% 1.0% b o F2 =~
0.79%  0.49% S
-03%  03% -03% 29
4.0 T T T T gw
=35] 20mAg’ MoS,LC [20 S
- I 3}
+ -
530/ \ 15 £
g —25] \ 2
8 Q (10 @
F 5291 8
€15 5 E
g S
<) 8
———— 0.51— , . :
1015202530 0 25 50 75
28 Mo Ka (°) Potential vs. Li/Li* (V) Time (h)
c) lon electrosorption in Ti;,C,T, MXenes: EMIM* vs. TFSI
" Ti,C,T,-HCI/LIF in [EMIm][TFSI] ~ . Ti,C,T,-HCILIF in [EMIm][TFSI]
0.06 ) B+ <7 CETA) — )
~ 2.8
.Tc» 0.04 4 B EMIm
< 1mvs' 241 -
= 0.02 - - £ 20] - ]
g 000 £ 16] 8 ]
o n <
£ -0.02- 1 1.2 1
o R
5 i 1 o8 7.50A .
3 004 - 01.93A
-0.06 - . 1 o 1
0.0 S ]
008 f—r—r———————————————
2.0-16-12-08-04 0.0 04 08 12 16 20 15 10 05 00 05 10 15
Potential vs. carbon (V) Potential vs. carbon (V)
Fig. 12 (a) Cross-sectional view of a typical electrochemical dilatometry setup with 1: metal membrane, 2: working electrode (WE), 3: glass T-frit, 4:

counter electrode (CE), 5: CE plunger, 6: sensor tip, 7: spacer disc, 8: reference electrode pin (RE).Y”” (b) Comparison of electrochemical operando
XRD (left) and operando ECD (right) measurements of the Li* intercalation reaction into hydrothermally synthesized nano-MoS; in 1 M LiPF¢ in ethyl-
ene carbonate/dimethyl carbonate (EC/DMC) electrolyte. % (c) Cyclic voltammograms for both positive and negative polarization of TizC,T, MXene
electrode in 1-Ethyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide (EMIM-TFSI) ionic liquid electrolyte (left) and corresponding ECD
response (right).}”? Panel (a) reproduced with permission from ref. 177, copyright 2017 Elsevier. Panel (b) reproduced from ref. 168 with permission
from Chemistry Europe. Panel (c) reproduced from ref. 172 with permission from Elsevier.

liated electrodes. The preferential orientation of 2D (nano)
materials parallel to the current collector and the possibility to
prepare electrodes free-standing and additive-free generally
favor them for ECD analysis. The height change information
from ECD is comparable to the above-discussed microscopic
operando AFM method. A combination of operando AFM and

13550 | Nanoscale, 2025, 17, 13531-13560

ECD, therefore, allows the obtaining of electro-chemo-mechan-
ical information over several length scales.

6.3 Electrochemical quartz crystal microbalance

Electrochemical Quartz Crystal Microbalance (EQCM) is a
powerful operando analytical tool that provides gravimetric
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information about an electrode during an electrochemical
reaction. It has been widely used in the studies of electrodepo-
sition, and polymer growth. In the last decade, it has gained
increasing popularity in the energy storage field as it allows
quantitative analysis of the electrolytic species that enter and
leave the electrodes (via electrode mass change) and elucidates
the charge storage mechanisms.

The quartz used in EQCM is composed of a thin AT-cut
quartz crystal with a thickness of a few hundred micrometers
sandwiched by two thin metal electrodes. An alternating elec-
tric field is applied on the electrodes, causing a vibrational
motion of the quartz due to its piezoelectric nature. The funda-
mental resonance frequency of the quartz under the alternat-
ing electric field is dependent on its thickness. If a deposited
thin film is as rigid as the quartz itself and rigidly attached to
the quartz surface, there is no dissipation of the oscillation
energy across the deposited film (AD = 0). Under this con-
dition, Sauerbrey’s equation, which converts the resonance fre-
quency (Af) change into mass change (Am), can be applied.
However, for EQCM measurements in the energy storage field,
the battery or supercapacitor electrode materials, usually made
of irregularly shaped particles that are between a few nano-
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meters to a few hundred micrometers in size, are mixed with
polymer binders and deposited on the quartz. The electrode-
deposited quartz is then used as a working electrode,
immersed in the electrochemical cell for cycling. The thick-
ness, morphology, porosity, and stiffness of the deposited elec-
trode and the viscosity of the liquid electrolytes the quartz
immersed in will affect the dissipation of the quartz oscil-
lation.?® Verification of the dissipation (EQCM-D) and careful
correction are needed to obtain quantitative gravimetric infor-
mation on the electrode during cycling. For more details, the
readers are referred to other reviews focusing on the funda-
mental aspects of the EQCM-D technique and the effect of a
realistic battery electrode on the data analysis.'”®"7°

The EQCM-D technique was used to investigate the amount
of solvent that participated in the charge storage of an MXene
electrode. Ti;C,T, exhibits a rectangular CV with no redox
peak when cycled in 2 M Li,SO, (Fig. 13a),'®® while with a
clear set of redox peaks in saturated LiCl WiSE (Fig. 13c).*?
The deposited MXene electrode was thin and rigid, and the
dissipation change (AW/n) during cycling remains constant
(Fig. 13b), suggesting the frequency change is of gravimetric
origin. The Li-ions enter and leave the MXene with one water
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Fig. 13

(a) Cyclic voltammogram recorded during EQCM measurement of a TizC,T, electrode in 2 M Li,SO, at different scan rates and (b) the

corresponding EQCM-D (Af/n and AW/n) results at 20 mV 572289 (c) Cyclic voltammogram recorded during EQCM measurement of a TizC,T, elec-
trode in 19.8 m LiCl electrolyte, and (d) the corresponding change of resonance frequency Af/n during the insertion/extraction of Li-ion and
water.>? Panel (a and b) reproduced from ref. 180, copyright 2017 American Chemical Society. Panel (c and d) reproduced from ref. 32, copyright
2017 American Chemical Society.
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molecule in 2 M Li,SO,. The solvation number remains con-
stant across the entire potential range. When cycled in satu-
rated LiCl, the Li-ions first enter with almost no water mole-
cules (S1: 0.45-0.17 V), followed by a sudden increase to 2.85
water molecules (S2: at the cathodic peak), and continue with
1.45 water molecules after passing the cathodic peak (S3)
(Fig. 13d). The EQCM-D results quantify the solvent involve-
ment during the electrochemical process and shed insights
into the effect of solvation environment of the bulk electrolyte
on charge storage mechanism.

It should be noted that EQCM measures the overall mass
change of the electrode regardless of the species. When the
individual electrolytic species (cations, anions and solvents)
have similar molecular masses, EQCM cannot distinguish
their contribution. Also, surface adsorption of solvents and/or
parasitic side reactions can complicate precise determination
of the species involved in charge storage. Thus, it is beneficial
to pair up with another chemically sensitive technique, such
as NMR, FTIR or Raman spectroscopy, to deconvolute the par-
ticipation of each species in the charge storage mechanism.'®!

7. Nuclear magnetic resonance
7.1 Ex situ NMR

Nuclear Magnetic Resonance (NMR) is an element-specific,
quantitative and non-destructive technique for studying
materials. It is sensitive to both long-range and short-range
ordered and disordered structures, as well as dynamics.'®
Magic angle spinning solid-state NMR (MAS SSNMR) has been
proven to be an informative tool for studying MAX phases and
MXene, particularly excelling at revealing the structure and
dynamics of surface functional groups. It has been applied to
study VZAIC,183 VZCTX,183 Tiscsz’134,184—186 Ti3A1C2,187,188
Nb,AIC,*®” Nb,AlC;,'®” Nb,CT,,'*” Nb,C;T,,'*” Ti,AlC,'5®
Mo, TiAlC,,"®® Mo,TiAlC;,'*® Mo,Ga,C,"®® Ti;C,(N-dda)’® and
T,CNT, *** via probing nuclei **C, 'H, *F, ?’Al, **Nb, *"/*°Ti
and "°N.

In two seminal works applying MAS SSNMR to study
MXene, 8184 the molecular details of the V,CT, and Ti;C,T,
surface terminations were analyzed. 'H NMR spectra were
acquired and revealed an unusually large "H chemical shift at
85 ppm and in the range of 10-20 ppm for the protons in close
proximity to the V,CT, and Ti;C,T, surfaces, respectively. The
high values of chemical shifts were caused by the Knight shift
effect through the Fermi contact interaction of nuclei with the
conduction electrons from a metallic material. Therefore, the
Knight shift is an indicator for a nucleus bound to a metallic
surface within one or two-bond distance.'*® The 'H spectra for
the Ti;C,T, prepared via the HF and LiF-HCI routes are shown
in Fig. 14a."® The 'H signals at 18.6 ppm and 12.5 ppm were
assigned to Ti-OH groups. Besides '"H NMR, a recent work
showed that *>C chemical shifts are sensitive to the surface ter-
minations such as -F vs. -O, arising from the orbital contri-
bution to the NMR shielding and the Knight shift.'®”
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To further confirm the connectivity of the surface hydroxyl
groups to the Ti;C,T,, a two-dimensional (2D) 'H-"C hetero-
nuclear correlation (HETCOR) NMR was performed.'®*
HETCOR probes the connectivity of nuclei separated on the
order of angstroms. The 'H-'>C HETCOR spectrum for the
Ti;C,T, in Fig. 14b shows one signal centered at 20 ppm for
'H and 380 ppm for '*C, where the latter is from the bulk
Ti;C,, confirming that the -OH group is in the proximity to
the Ti;C,T,. A similar 1D '°F and 2D "H-'°F correlation experi-
ment, as shown in Fig. 14c, revealed the surface-bound Ti-F
groups. A later work further measured the intermolecular dis-
tance between Ti-OH terminations to be within 5 A via 2D
'"H-"H correlation experiments.'®’

Since NMR is quantitative, the surface functional groups
can be quantified by comparing them to the NMR signal of a
known standard. With the quantitative information from the
1D 'H and '°F NMR spectra (Fig. 14d), the chemical formula
for Ti;C,T, via the LiF-HCI synthesis was determined to be
TizCy(OH)o.06F0.2500.84, and via the HF synthesis to be
Ti;C,(OH).12F0.500 54, respectively.'®*

In addition to structural elucidation, NMR is sensitive to
dynamic processes, such as chemical exchange. Exchangeable
protons in bulk water and surface water in Ti;C,(OH), MXene
were unveiled by a 2D 'H-'H homonuclear correlation NMR
experiment in which exchangeable protons give rise to off-
diagonal signals.'®® As shown in Fig. 14e, a 2D "H-'"H homo-
nuclear correlation NMR spectrum showed an off-diagonal
signal at 5.0 and 6.8 ppm, revealing the exchange between
bulk-like water at 5.0 ppm and surface water at 6.8 ppm. Note
that the bulk-like water refers to the water molecules trapped
between MXene layers. The resonance frequency difference of
these two signals puts a lower limit of exchange time to be
above 1 ms.

Besides NMR studies of MXene structures and dynamics,
intercalation of water into Ti;C,T,,'®> sodium ions into
Ti;C,T, '® and silica into Mo,TiC, *°' were investigated via
*Na, *®Si and 'H NMR. Fig. 14g presents the **Na NMR
spectra of Ti;C,T, that had undergone two cycles of sodiation
and desodiation."®® The **Na signal at 5 ppm increased after
sodiation and decreased after desodiation, most likely arising
from the intercalated sodium species. Although detailed
quantification and structural elucidation were not further
pursued, this work demonstrates the feasibility of applying
MAS SSNMR for probing the intercalation of ionic species into
MXene, and shows the prospects of applying advanced in situ
NMR techniques to study intercalation as a function of electro-
chemical conditions.

7.2 In situ NMR

NMR is a low-frequency (in the radio-frequency regime) and
low-energy technique, allowing deep penetration of the NMR
excitation and non-destructive measurements, and thus is
ideal for in situ/operando studies of an electrochemical
device.”>'** Besides the high chemical specificity, temporal
resolution for the commonly studied nuclei "H, '°F, "Li and
*3Na is on the order of seconds to minutes, sufficient for fol-
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HETCOR NMR spectrum of HF synthesized TisC,T, MXene recorded at 40 kHz MAS rate.*®* (c) °F NMR spectra of HF and LiF-HCl synthesized
TsC,Tx MXene recorded at 60 kHz MAS rate.'®* (d) NMR-derived composition of the TisC,T, surface functional groups synthesized via the HF and
LiF-HCl routes.*®* (e) 2D *H-'H homonuclear correlation NMR spectrum of TisC,T, annealed at 110 °C.*8> (f) Suggested model for TizC,(OH),
MXene with exchangeable water molecules between the interlayer bulk and surface. White: hydrogen, red: oxygen, orange: lithium, blue: titanium,
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with permission from ref. 189, copyright 2016 American Chemical Society.

lowing charge-discharge cycles of an EES device. Different
probe designs based on solenoids,'®* striplines,"®” parallel
plates,'®® parallel lines detectors,"®” and in situ cell designs,
including the bag cell,"**'*> plastic capsule cell,'*> flow cell,'®
and commercial coin cells'® have been demonstrated for
studying different types of electrochemical devices. The sole-
noid probe combined with an electrochemical capsule cell is
the most commonly used configuration, as illustrated in
Fig. 15a."%> For example, it was applied to study Na-ion battery
and captured the metastable metallic phase of sodium during
(de)intercalation, as evidenced by the shifting signals towards
760 ppm in Fig. 15b, which, depending on the time for sample
preparation, could escape ex situ characterizations due to self-

This journal is © The Royal Society of Chemistry 2025

discharge.®® The majority of in situ NMR experiments were
performed in static mode, i.e. without MAS, and therefore the
spectral resolution is sub-optimal. Nevertheless, well-separated
resonances, such as the Knight-shifted metallic Na or Li reso-
nances, can be readily observed.”*' % A recent work demon-
strated the possibility of performing in situ MAS SSNMR on an
intact battery via a jelly cell design.>®* Although the battery
was not (dis)charged during the NMR measurement, it rep-
resents a major step towards MAS SSNMR on an operating
battery.

While in situ NMR studies of 2D MXene-based electrode
materials are yet to be demonstrated, the existing in situ NMR
setups of various types could be readily transferrable to study
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Li-ion and Na-ion intercalation, for example, to probe the local
environment of Li- and Na-ions, metallic phases and to investi-
gate the effect of intercalation on surface functional groups
and layered structures. Because of the rich structural and
dynamic information obtainable via NMR, along with the exist-
ing and fast-developing in situ methods, in situ NMR for study-
ing 2D MXene-based electrodes will likely emerge in the fore-
seeable future.

7.3 Practical considerations for NMR

NMR has a relatively low sensitivity compared to some other
characterizations, such as optical or X-ray-based methods, and
therefore, in some cases, requires isotopic labelling or hyper-
polarization techniques.>®® For studying surfaces, NMR
requires a large surface area, therefore nanosized or 2D
materials are the most suitable. Another challenge associated
with NMR characterization is that the assignment of NMR
signals often requires ancillary experiments on model com-
pounds. If model compounds cannot be obtained easily, calcu-
lations of NMR shifts should be performed to aid the assign-
ment.?”” Furthermore, NMR is silent to paramagnetic species.
Nevertheless, paramagnetic shift of the nearby nuclei can be
used as an indirect probe.’*® A technique that can directly

13554 | Nanoscale, 2025, 17, 13531-13560

detect unpaired electrons and characterize paramagnetic
species is electron paramagnetic resonance (EPR) spec-
troscopy. NMR and EPR are complementary. Coupling these
two methods will allow studies of paramagnetic and diamag-
netic species, and is particularly useful when there is inter-
conversion between paramagnetism and diamagnetism during
battery cycling. The coupling has been demonstrated for
in situ studies of redox flow batteries,”®® but is yet to be
applied for 2D material-based batteries.

8. Summary

This review provides a comprehensive overview of advanced
in situ and ex situ characterization techniques for investigating
charge storage mechanisms in 2D and layered material-based
EES devices. Understanding these mechanisms is crucial for
optimizing EES performance, as it enables researchers to
analyze how these materials interact with electrolytes, facilitate
ion transport, undergo redox reactions, and form interphases.
A summary of the characterization techniques described in
this review, including their applications, is given in Table 1.
We first discuss optical spectroscopy techniques, focusing
on Raman, infrared, and UV-vis spectroscopy. These methods

This journal is © The Royal Society of Chemistry 2025
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Table 1 Summary of the applications of the characterization techniques described in this review

Detectable qualities Technique Main Application
Intercalant mass EQCM Measure mass change of electrodes
Imaging TEM Visualization of electrode structure and morphology
NI Visualization of lithium transport
Ion dynamics NS Diffusivity determination in confined spaces
NMR Diffusion and exchange
Local environment Raman Fingerprint chemical bonds in the electrode/electrolyte
FTIR Fingerprint chemical bonds in the electrode/electrolyte
TEM Visualize differences between local structures
NS Fingerprint chemical bonds in the electrode/electrolyte
XPS Chemical composition of the electrode surface
NMR Chemical bonding of the surface and bulk of an electrode
Structure & morphology TEM Visualization of electrode structure and morphology
AFM Physically probe electrode morphology & expansion
ECD Thickness change of macroscopic electrode
XRD Measure interlayer space distance of 2D materials
ND Measure interlayer space distance of 2D materials
Electronic state XAS Quantify oxidation states of active electrode elements
XPS Quantify oxidation states of elements at the electrode surface
UV-vis Measure oxidation state shifts in the electrode

provide valuable insights into chemical bonding, phase tran-
sitions, and interfacial interactions by analyzing vibrational
modes and light absorption characteristics. They are particu-
larly useful for tracking the structural evolutions and oxidation
states of 2D materials during electrochemical cycling, which is
essential for understanding redox activities.

Next, we explore the imaging technique TEM, which allows
for the direct visualization of morphological changes, ion
diffusion pathways, and degradation processes in 2D
materials, aiding in the correlation between structure and
electrochemical performance.

We then discuss the role of X-ray and neutron-based
methods in characterizing 2D material-based EES devices.
X-ray and neutron scattering techniques are widely used to
analyze crystallographic structures, interlayer spacing, and ion
intercalation mechanisms. Additionally, X-ray absorption and
photoelectron spectroscopy provide chemical state infor-
mation. Compared to X-ray techniques, neutron-based
methods offer unique sensitivity to light elements such as
hydrogen and lithium, making them particularly useful for
studying electrolyte interactions and ion transport.

For mechanical probing techniques, we examine AFM,
ECD, and EQCM. These methods help reveal electrode expan-
sion, mechanical properties, and mass changes, providing
insights into ion intercalation dynamics and electro-chemo-
mechanical coupling.

Finally, we provide an overview of NMR spectroscopy, an
element-specific and non-destructive technique that enables
the analysis of ion transport, interfacial interactions, and
surface functionalization in 2D materials. NMR is particularly
valuable for studying dynamic processes under both ex situ
and in situ conditions.

As new 2D and layered materials continue to be developed
and their applications in various EES devices expand, selecting
appropriate characterization methods is essential for uncover-
ing charge storage mechanisms and guiding material design.

This journal is © The Royal Society of Chemistry 2025

By systematically evaluating the strengths and limitations of
these techniques in 2D material-based EES devices, we high-
light existing gaps in understanding EES processes and ident-
ify opportunities for improving characterization method-
ologies. Future advancements in multi-modal and in situ/oper-
ando techniques, along with the integration of machine-learn-
ing-assisted data analysis, will play a crucial role in accelerat-
ing the discovery and optimization of 2D material electrodes.
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