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Understanding the charging of supercapacitors by
electrochemical quartz crystal microbalance

Supercapacitors are highly valued energy storage devices
and it’s crucial to understand their charging mechanism. We
present a comprehensive discussion on the applications of
EQCM in the supercapacitor community.
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Understanding the charging of supercapacitors by
electrochemical quartz crystal microbalance

Liang Niu, ©2 Long Yang,? Jingjing Yang,? Ming Chen, @? Liang Zeng,? Pan Duan,?
Taizheng Wu,® Emmanuel Pameté, @®° Volker Presser °°? and Guang Feng O~

Supercapacitors are highly valued energy storage devices with high power density, fast charging ability, and
exceptional cycling stability. A profound understanding of their charging mechanisms is crucial for
continuous performance enhancement. Electrochemical quartz crystal microbalance (EQCM), a detection
means that provides in situ mass change information during charging-discharging processes at the
nanogram level, has received greatly significant attention during the past decade due to its high sensitivity,
non-destructiveness and low cost. Since being used to track ionic fluxes in porous carbons in 2009, EQCM
has played a pivotal role in understanding the charging mechanisms of supercapacitors. Herein, we review
the critical progress of EQCM hitherto, including theory fundamentals and applications in supercapacitors.
Finally, we discuss the fundamental effects of ion desolvation and transport on the performance of
supercapacitors. The advantages and defects of applying EQCM in supercapacitors are thoroughly
examined, and future directions are proposed.
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Electrochemical energy storage (EES) systems, serving as a
key technology in modern society, are widely used in portable
electronic devices, renewable energy sources, and electric
vehicles."™ Supercapacitors have gathered great attention
among various EES technologies because of their high power
density, fast charging ability and excellent cycling stability.*
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They are utilized in grid peaking, energy recovery, backup
power, and vehicle starting.”® Through remarkable progress,
commercial supercapacitors could provide a high specific
power of 30 kW kg *.” However, their energy density is lower
than lead-acid and lithium-ion batteries, impeding their
further application.”® Numerous studies focus on the way to
get high power density and energy density simultaneously. It
is widely accepted that supercapacitors’ power and energy
density are strongly impacted by the charging process,
including ion desolvation and ion transport.”™' Hence, a
deep comprehension of these phenomena can help redesign
supercapacitors with improved performance.

Owing to the development of evaluation theory, various
inspection methods, including electrochemical quartz crystal
microbalance (EQCM), nuclear magnetic resonance (NMR)
spectroscopy, infrared spectroscopy, scattering methods and
theoretical simulations, allow a detailed examination of ion
adsorption, pore-selection effect, charging rate and chemical
changes under polarization, thus significantly enhancing our
understanding  of the charging mechanisms in
supercapacitors."* Among them, the EQCM method,
characterized by non-destructive, economical, low demand,
and high sensitivity, provides in situ mass change and
viscosity response information during the charging-
discharging process.””™” As shown in Fig. 1, since
investigating ion flux in porous carbon in 2009, EQCM has
been considered a crucial tool for studying the charging
mechanisms in supercapacitors.””2° Moreover, combining
EQCM and other in situ characterization techniques and
simulation methods has achieved quantitative ion transport
detection, providing a molecular-level picture of
supercapacitors.*?

Several reviews have focused on the theory and typical
applications of EQCM in supercapacitors."*?%>*** Levi
et al.*>*® introduced the in situ gravimetric and deformations
monitoring of electrodes during their charging. Shpigel
et al.®® reviewed the application of EQCM in capacitive
deionization. Recently, Ji et al.*® summarized the application
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Fig. 1 Schematic of applications of EQCM in supercapacitors.
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of EQCM in batteries for mechanistic studies. These reviews
provide insightful information on the recent advance in the
application of EQCM in capacitive and battery technologies.
However, it remains essential to distill and analyze these
studies to establish a comprehensive understanding of ion
transport and desolvation. In addition, the combination of
EQCM with other experimental or computation methods has
not yet been discussed systematically. Herein, we provide an
overview of the theory and development progress of EQCM,
especially the preparation techniques for coating electrode
film on the quartz crystal surface.”> Moreover, we summarize
the application of EQCM in supercapacitors concerning ion
transport, ion desolvation, and quantitative characterization.
Finally, the future research direction of EQCM is explored to
inspire new ideas for developing EQCM in supercapacitors.

2 Fundamentals of the EQCM
2.1 Theory and history of EQCM

The EQCM system is shown in Fig. 2, comprising a test
module, a quartz crystal microbalance (QCM), a potentiostat,
and a computer. The theoretical basis of EQCM can be traced
140 years back. In 1880, Jacques and Pierre Curie discovered
that some crystals appear to have a voltage proportional to
the applied pressure.””””®* When an alternating current voltage
is applied to these crystals, they undergo a period of
mechanical distortion, called vibrate.>”*®* In 1959,
Sauerbrey®® observed a linear relationship between the
change of vibration frequency and mass variation of the load
on the quartz crystal surface, which was proposed as the
Sauerbrey formula:*®

2fo"

Af = -0 pm
Ay/Pofq

(1)

where Af is the frequency change, f, is the fundamental
frequency of the quartz crystal, Am is the mass change of the
surface thin film, p, is the density of the quartz crystal (2.648
g em™), yg is the shear modulus of the quartz crystal (2.947 x
10" ¢ em™ s7), and A is the surface area of the quartz
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Fig. 2 Scheme of EQCM system.
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crystal. The Sauerbrey formula provides a theoretical
foundation for nanogram-level mass characterization, but
this formula was initially thought to be retained in the gas
phase, severely limiting its application. In the 1980s, Nomura
and Okuhara®® showed that this formula was also applicable
in liquid, while the frequency response depended on the
liquid density and viscosity. Subsequently, Schumacher and
Martin developed techniques for measuring the surface mass
change of quartz crystals in liquid environments, which
broadens the application scope of EQCM.*'*?

In addition to the mass response, viscoelastic changes of
coatings on the quartz crystal have also been studied. Then, the
EQCM technology route has developed in two directions. On the
one hand, Rodahl et al.** proposed in 1995 the theory of EQCM-
D to simultaneous evaluation the change of mass and the viscous
properties, where the dissipation factor D was defined as:

_ iilzsnpated (2)
stored

where Egjssipatea 1S the energy dissipated during one period of
oscillation, and Egqreq is the energy stored in the oscillating
system.”® This method can determine the viscoelastic changes of
coatings by monitoring the dissipation factor qualitatively: an
increase of D indicates an increase in coating viscoelasticity. On
the other hand, in 2002, the quartz crystal admittance (QCA)
theory that considers the effect of surface roughness on the
response of the QCM was developed to detect the effect of surface
roughness on vibration frequency.** Based on this theory, a
hydrodynamic model was proposed by Daikhin et al.>® about 10
years later, which is composed of carbon particles (either porous
or non-porous) and a polymeric binder layer. This model gave the
penetration depth J as:*

1/2
_ U
o= {(mfoﬂ)} ©)

where # and p are dynamic viscosity and density of solvent,
respectively, 7 is overtone orders, f; is the fundamental frequency.
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According to the derivation of this model, the frequency and half-
peak width variation are linearly related to J, for an ideal flat
electrode:*

2 9 2
_5anfo AW =6 nprfo (4)

A= N

- VHaPq

where p;, is the density of the liquid, 44 and pq represent the
elastic shear modulus and density, respectively. If the electrode
surface is not ideal, the Af ~ 6, and AW ~ 9,, curves will deviate
from the ideal linear curve, thus obtaining information referring
to the viscoelastic changes. Daikhin et al®® obtained various
values for ¢, by putting the electrode in different liquids, and the
reliable change of aggregate and porous structure parameters
was obtained. However, the method by changing solutions
requires the re-establishment of a liquid environment, limiting
the in situ detection of ion transport. In 2016, Shpigel et al.>°
combined the EQCM-D method and electrochemical quartz
crystal admittance (EQCA) models to obtain different values of d,,
in the same solution by changing the multipliers, thus in situ
detecting the structural parameters of the electrode.

With these breakthroughs, EQCM is now widely used in
electrochemical energy storage, biology, crystallization and
electroplating, sensors, and other fields.*®*’° The
representative application of EQCM in supercapacitors is listed
in Fig. 3. In 2009, Levi et al.® used the EQCM to detect ion flux
within porous carbon materials, introducing this advanced in
situ mean in the analysis of the charging mechanism of
supercapacitors. Further, EQCM was utilized to investigate the
ion transport and desolvation of supercapacitors by comparing
the theoretical mass change with measured experimental mass
variation."*** The application of EQCM in supercapacitors
has gained rapid development in the past few years. In 2020,
EQCM was used to research the various behavior in two-
dimensional graphene channels with different spacings.”” In
2021, EQCM helped understand the role of anionic species
during the energy stored process in Mxenes.*" In 2022, Zhang
et al® demonstrated at a molecular level that N-doping
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Fig. 3 The history of EQCM application in supercapacitors (Copyright 1995 AIP Publishing, Copyright 2002 American Chemical Society, Copyright
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strongly influences the charging mechanism in porous carbon
with the aid of EQCM.*” These applications demonstrate the
key role of EQCM in the study of the charging mechanism of
supercapacitors.

2.2 Film coating method

The application of EQCM in supercapacitors is based on the
Sauerbrey formula.'®?*® This formula is derived by assuming
the film and quartz crystal as a unit and no slip occurs
during the measurement. Therefore, the Sauerbrey formula is
only suitable for rigid films, suggesting that the prepared
films must remain rigid without changes in volume or
porosity in solution and polarization conditions.”® In
practical testing, a low-frequency change and a small
dissipation/resistance value is required.***® Due to these
strict demands, a high-quality film is essential for EQCM
measurement, which significantly relies on the film
preparation method.

The film preparation commonly includes spray-assisted
coating, spin  coating, pyrolysis, direct pyrolysis,
electrochemical deposition, physical/chemical deposition and
vacuum filtration transfer (VFT).***® The spray-assisted
coating is the most used method owing to its easy operation,
low price, and reasonable uniformity, but it still suffers from
problems of poor reproducibility and discontinuity.*® The
spin coating method can be applied continuously; however,
the mass loading is low. The direct pyrolysis method is
suitable for some materials (such as LiMn,0,).*°
Nevertheless, the temperature is limited to 400 °C and the
experiment parameter needs to be optimized. The
electrochemical deposition method can be used for in situ
mass monitoring but is commonly applicable for metallic
substances. Vapor deposition has the advantage of high
uniformity and precise thickness control but usually requires
high-temperature annealing.’® In 2019, the VFT method
proposed by Zhang et al,** significantly improved the
uniformity of porous carbon, manganese dioxide
nanoparticles, carbon nanotubes, MXenes, manganese
dioxide nanorods and manganese oxide nanosheet films,
which is advantageous for more reliable charging mechanism
exploration of various electrode materials by EQCM. In the
future, this approach may play an important role in the
application of EQCM.

3 Applications of EQCM in
supercapacitors

EQCM, owing to the ability to detect ionic behaviors by
monitoring the mass changes during charging-discharging
progress, has become a key tool for investigating the
charging mechanisms of supercapacitors."”” EQCM results
show that the pore size, topological structures, surface
functional groups of the electrode, and the ionic size and
charge number of the electrolytes, have a crucial effect on
charging mechanisms.'®***” In addition, the combination of
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EQCM with other in situ characterization techniques has
provided a quantitative molecular-level picture of the charge
storage process in supercapacitors, significantly elevating our
knowledge of the supercapacitor charging mechanisms.*

3.1 Ion transport in supercapacitors

The crucial role of understanding the charging mechanisms
for improving the performance of supercapacitors has been
widely accepted.'™” Ton transport plays a vital role in the
charging mechanisms. In 2009, Levi et al'® first indicated
the feasibility of EQCM to probe ion flux in nanopores,
finding that porous carbon represents a more noticeable
frequency change during charge-discharge progress than
non-porous carbon black (Fig. 4a). Based on this landmark
work, Levi et al* proposed to detect the charging
mechanisms by comparing the experimental slope with the
theoretical slope calculated from the Faraday law (assuming
that only bare counter-ion adsorption occurs)

kolke = ATIQ (5)

where £, is the experimental slope, k; is the theoretical slope,
Ar’ is the molar amount of adsorbed/desorbed ions, and Q is
the amount of charge passed during charging. Herein, three
cases might occur: (1) k. is lower than the k;, indicating that
the charge is stored by the exchange of co-ion and counter-
ion; (2) k. is equal to k. suggesting charge storage by
adsorption of rare counter-ion; (3) k. is higher than the k,
indicating charges storage by adsorption of partial or
complete solvation counter-ion.*” The EQCM study of Sigalov
et al*® investigated the charging mechanisms of activated
carbon (Kuraray, type YP-17) immersed in 0.025 M CsCl. It
was found that the charge was stored through the exchange
of co-ion and counter-ion at low charge density, while
through the adsorption of counter-ion as the charge density
increased (Table 1). When the charge density increased
further, some water molecules entered the electrode pores
along with the counter-ion, which was the response to the
electrode’s expansion under highly polarized conditions.****

Besides electric double-layer capacitors, EQCM is also
essential for investigating pseudocapacitors. Combining
EQCM with in situ Raman spectroscopy, Zhang et al*’
discovered that 2D cation-intercalated manganese oxide
Naj55Mn,0,4-1.5H,0 (NMO) mainly displayed surface-
controlled pseudocapacitance at low charge densities and
intercalation pseudocapacitance under high charge density.
Similar to these efforts, the key role of charge density in the
charging mechanisms was broadly identified.""**°

The concentration and ion size of the electrolyte significantly
affect the ion transport behavior. As shown in Table 1, in
microporous activated carbon (Kuraray, type YP-17), while the
concentration of the CsCl aqueous solution increases from
0.025 M to 0.1 M, the increasing ion number enhances co-ion
and counter-ion exchange effects, thus leading to an ion
exchange over a wider voltage range (Fig. 4b).*° Similarly, the
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Fig. 4

(a) Potential-time dependencies (red line) and the related mass changes (Am) of activated carbon (black line) and carbon black (blue line)

electrodes. The dashed straight lines mark the mass change peaks of the cation and the anion. The position of the point of zero charges (PZC) is shown by
the dotted red line (Copyright 2009 Springer Nature);'® (b) related molar amounts of ions () during charge-discharge vs. electrode charge (Q) (Copyright
2010 Elsevier B.V.);*° (c) the amounts of adsorbed ions (/) as a function of the electrode charge density (Copyright 2011 Wiley-VCH);*’ (d) electrode mass
change (Am) versus charge (AQ) during the polarization of CDC-1 nm in 2 M EMIM-TFSI + acetonitrile (ACN) (Copyright 2014 American Chemical
Society);>° (e) the simultaneous mass change (Am) of reduced graphene oxide (RGO) film during the cyclic voltammetry (CV) cycle. The blue and yellow
backgrounds refer to the electrodes under negative and positive polarizations, respectively. The dotted line represents the theoretical mass change of pure
solvated Li* adsorption and desorption (Copyright 2020 Elsevier B.V.);?? (f) frequency (Af) and dissipation changes (AD) as a function of time for third
through ninth overtone orders. The theoretical frequency changes are denoted as black dashed lines (Copyright 2021 American Chemical Society).**

effect of electrolyte concentration on the charging mechanism
has been concluded in the same electrode with organic
electrolyte.”® In addition to the electrolyte concentration, ion
sizes are also thought to affect the performance of
supercapacitors. Based on conventional electrochemical tests, it
has been widely agreed that the capacitance of supercapacitors
decreases significantly when the ion size is larger than the pore
size, exhibiting an apparent ion-sieving effect.”">> However,
these methods failed to obtain the detail of the charging
mechanism of supercapacitors. The advent of EQCM makes it
possible to understand ion sieving at a molecular scale.
Compared to NH," ions, the ion-exchange region of symmetrical
quaternary tetraalkyl ammonium cations
[tetramethylammonium (TMA"), tetracthylammonium (TEA"),
tetrabutylammonium (TBA')], or the unsymmetrical surfactant
cation (tetradecyl)dimethylbenzylammonium (DMBA") with a
larger size expands to higher charge density in microporous
carbon YP-17 (Fig. 4c).*” This effect is ascribed to the larger ion
size decreasing desolvation energy, favoring ion exchange.”’
Ionic liquids have been widely used as supercapacitor
electrolytes due to their wide electrochemical window, excellent
thermal stability, non-volatility, and non-flammability.>® In ionic
liquids, the unique property of strong interaction between
anions and cations may result in different charging
mechanisms. Tsai et al®® found that in pure 1-ethyl-3-
methylimidazolium bis(trifluoromethanesulfonyl)imide (EMIM-
TFSI) electrolyte, the charge stored in the pores of CDC-1 nm is
dominated by counterion (EMIM') adsorption at a negative
voltage, similar to the permeation selectivity (charging by
permselective cation) introduced by Levi et al.'®*° The charge
storage depended on the electrode charge density under a

© 2023 The Author(s). Co-published by the Institute of Process Engineering,
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positive voltage. Specifically, ion exchange dominates at low
charge densities, implying a failure of permeation selectivity;
while recovering as the charge density increase further.>® The
above phenomenon indicates that the ionic migration of EMIM"
is easier than TFSI™ anion. Moreover, the effect of solvent on
charging mechanisms in the ionic liquid is investigated.’®**
The difference in charging behavior between the 2 M EMIM-
TFSI acetonitrile solution and pure EMIM-TFSI appears under
the positive polarization, where permeation selectivity failed
even at high charge density (Fig. 4d). This consequence suggests
that the cation exchange dominates the charging of CDC-1 nm
in the presence of acetonitrile, differing from the behavior of
the microporous activated carbon in the propylene carbonate
solution."

The pore size also impacts the charging mechanisms
significantly. The charging mechanisms in microporous/
mesoporous carbon have been analyzed, including activated
carbons (such as YP-17, YP-50), carbon black, and carbide-
derived carbons (including TiC-CDC)."*?****° For instance,
Tsai et al.”® investigated the effect of electrode pore size by
CDC-1 nm and CDC-0.65 nm in 2 M EMIM-TFSI acetonitrile
solution. The CDC-0.65 nm electrode displayed negligible
mass change under a positive voltage, indicating the
inaccessibility of pores for the larger TFSI" anion and the
increased mass caused by adsorbed anions outside the pore
is balanced by the expelled acetonitrile molecules. Instead,
the CDC-1 nm electrode shows an obvious mass change
during positive polarization, and the charge is stored by
anions and cations exchange.

Two-dimensional —materials, especially graphene and
MXenes, have become a very active direction for supercapacitor
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Table 1 Charging mechanisms and solvation number in supercapacitors with different electrodes and electrolytes

Solvation
Low charge High charge High charge number
Electrode materials Electrolyte density density (negative) density (positive) Cation Anion Ref.
YP-17 0.1 M LiCl Ion exchange Counter-ion Counter-ion adsorption 2.2 0.6 60
adsorption
0.1 M NaCl Ion exchange Counter-ion Counter-ion adsorption 1.3 0.6 60
adsorption
0.1 M KCl Ion exchange Counter-ion Counter-ion adsorption 0.5 0.6 60
adsorption
0.1 M CsCl Ion exchange Counter-ion Counter-ion adsorption 5.8 0.6 60
adsorption
0.1 M MgCl, Counter-ion Counter-ion Counter-ion adsorption 3.7 0.6 60
adsorption adsorption
0.1 M Cacl, Counter-ion Counter-ion Counter-ion adsorption 2.8 0.6 60
adsorption adsorption
0.1 M BaCl, Counter-ion Counter-ion Counter-ion adsorption 0.5 1.4 60
adsorption adsorption
0.025 M KF Counter-ion Counter-ion adsorption 0.5 0.6 60
adsorption
0.025 M KCl Counter-ion Counter-ion adsorption 0.5 0.05 60
adsorption
0.025 M KBr Counter-ion Counter-ion 0.5 0 60
adsorption adsorption/ion exchange
0.025 M KI 60
0.025 M CsCl Ion exchange Counter-ion 40
adsorption
0.1 M CsCl Ion exchange Counter-ion 40
adsorption
0.05 M NH,Cl Ion exchange Counter-ion Counter-ion adsorption 47
adsorption
0.025 M NH,CI Ion exchange Counter-ion Counter-ion adsorption 47
adsorption
0.025 M TMACI Ion exchange Counter-ion Counter-ion adsorption 47
adsorption
0.025 M TEACI Ion exchange Counter-ion Counter-ion adsorption 47
adsorption
0.025 M TBACI Ion exchange Counter-ion 47
adsorption
0.025 M DMBACI Ion exchange Ion exchange 47
0.2 M CsCl + 0.005 M Ion exchange Counter-ion Counter-ion adsorption 20
HCI adsorption
BP-880 0.025 M CsCl Ion exchange Counter-ion Counter-ion adsorption 20
adsorption
0.1 M CsCl Ion exchange Counter-ion Counter-ion adsorption 20
adsorption
0.025 M LiCl Ion exchange Counter-ion Counter-ion adsorption 2 0.1 20
adsorption
0.025 M NaCl Ion exchange Counter-ion Counter-ion adsorption 0.8 0.1 20
adsorption
0.025 M KCl Ion exchange Counter-ion Counter-ion adsorption 0.1 0.1 20
adsorption
0.025 M CsCl Ion exchange Counter-ion Counter-ion adsorption 0 0.1 20
adsorption
0.025 M KF Ion exchange Counter-ion Counter-ion adsorption 0.1 1.2 20
adsorption
0.025 M KCl Ion exchange Counter-ion Counter-ion adsorption 0.1 0.1 20
adsorption
0.025 M KBr Ion exchange Counter-ion Counter-ion 0.1 0 20
adsorption adsorption/ion exchange
0.025 M KI Ion exchange Counter-ion Counter-ion 0.1 0 20
adsorption adsorption/ion exchange
BP-2000 0.025 M LiCl Ion exchange Ion exchange Ion exchange 2.3 0.3 20
0.025 M NacCl Counter-ion Ion exchange Ion exchange 1.8 0.3 20
adsorption
0.025 M KCl Counter-ion Ion exchange Ion exchange 0.7 0.3 20
adsorption
0.025 M CsCl Counter-ion Ion exchange Ion exchange 0.3 0.3 20
adsorption
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Table 1 (continued)
Solvation
Low charge High charge High charge number
Electrode materials Electrolyte density density (negative) density (positive) Cation Anion Ref.
0.025 M KF Counter-ion Ion exchange Ion exchange 0.7 1.5 20
adsorption
0.025 M KCl Counter-ion Ion exchange Ion exchange 0.7 0.3 20
adsorption
0.025 M KBr Counter-ion Ion exchange Ion exchange 0.7 0 20
adsorption
0.025 M KI Counter-ion Ion exchange Ion exchange 0.7 0 20
adsorption
0.05 M CsCl Counter-ion Counter-ion 20
adsorption adsorption
0.1 M CsCl Ion exchange Counter-ion 20
adsorption
TiC-CDC-800 2 M EMIMTFSI + ACN Counter-ion Counter-ion adsorption 57
adsorption
TiC-CDC-1100 2 M EMIMTFSI + ACN Ion exchange 2.6 0.6 57
CDC-1 nm EMIMTEFSI Ion exchange Counter-ion Ion exchange 50
adsorption
CDC-1 nm 2 M EMIMTFSI + ACN Counter-ion Ion exchange 1.6 50
adsorption
CDC-0.65 nm 2 M EMIMTEFSI + ACN Counter-ion 3.7 50
adsorption
TiC-CDC 0.025 M KCl Ion exchange Ion exchange Ion exchange 20
TiC-CDC 0.2 M CsCl + 0.005 M Ion exchange Counter-ion Counter-ion adsorption 20
HCI adsorption
Activated carbon 0.25 M BMIMNTf, + PC  Ion exchange Counter-ion Ion exchange 62
adsorption
Activated carbon 0.025 M TEABF, + PC Ion exchange Counter-ion Counter-ion adsorption 19
adsorption
0.1 M TEABF, + PC Ion exchange Counter-ion Counter-ion adsorption 19
adsorption
Activated carbon 0.5 M CsCl Ion exchange Counter-ion Counter-ion adsorption 18
adsorption
Nag.55Mn,0,4-1.5H,0 Na,SO, Ion exchange Ion exchange 49
RGO film 1 M Li,SO, Ion exchange Ion exchange Ion exchange 22
RGO film 0.5 M K,S0, Ion exchange Ion exchange Ion exchange 22
RGO film 1 M KCl Ion exchange Ion exchange Ion exchange 22
RGO film 1 M LiCl Ion exchange Ion exchange Ion exchange 22
RGO film 1M CaCl, Ion exchange Ion exchange Ion exchange 22

electrodes by their high specific surface area, excellent electrical
conductivity, good mechanical stability, and flexibility.>>*® Bo
et al.** used EQCM to study ion transport behaviors of Li,SO,
aqueous electrolytes in disordered porous carbon and graphene
films containing adjustable two-dimensional channels. The
porous carbon only showed permeation selectivity at high
charge density and stored charge by ion exchange at low charge
density, similar to previous results.'"”?****® In contrast, the
mass of the graphene films changes approximately linearly to
the stored charge, and the electrode mass decreases under
negative voltage, exhibiting a Li*-dominated charging process
(Fig. 4e). This difference is linked to the enhanced ions pre-
filling caused by the ordered two-dimensional structure,
negative surface charge, and better wettability of graphene
films.>* As another 2D material, MXenes also store charge
through ion intercalation. Therefore, understanding the
charging mechanism is vital for applying MZXenes as
supercapacitors electrode materials. However, the role of anions
in charge storage and their influence on electrochemical

© 2023 The Author(s). Co-published by the Institute of Process Engineering,

Chinese Academy of Sciences and the Royal Society of Chemistry

behavior remained unknown until 2021.** Shpigel et al.** found
that the mass of MXene electrodes increased when the voltage
changed from positive to negative potential (-0.4 V). In
comparison, the opposite trend was identified at positive
polarization (from -0.4 to 0.5 V) (Fig. 4f). Furthermore, although
the masses of CI” and Br~ varied considerably, the mass change
during the above processes was similar. These results indicate
that the anions are not involved in the electrochemical process.
In addition to anions, cations exhibit unique behavior in water-
in-salt electrolytes. Wang et al.'® noticed that MXenes show a
pair of clearly separated battery-type redox peaks in a 19.8 mol
kg™ LiCl electrolyte. The EQCM results demonstrated that the
peaks are related to the desolvation-free Li" insertion progress.
This anomalous behavior increased in the layer spacing, thus
enhancing the charge storage.'®

Compared with two-dimensional materials, single-layer
graphene (SLG) provides a platform for understanding the
ionic  adsorption interaction of graphene under
polarization.**** In EMIM-TFSI ionic liquid, the mass of the
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SLG electrode shows barely change under negative
polarization and linearly decreases with a stored charge
under positive polarization. Considering the capacitance still
presents under negative polarization, the above EQCM results
suggest that the charge storage process is dominated by ion
rearrangement under a negative voltage and relies on cation
desorption under a positive voltage. This behavior is believed
to be related to the strong n-m interactions between EMIM"
and the graphene surface.” The work showed the significant
effects of electrode-electrolyte interaction. Yin et al.”>” further
test carbon material with a more complex three-dimensional
porous structure, demonstrating that the local structure of
carbon has an important influence on the charging
mechanism.””

3.2 Ions desolvation in supercapacitors

In electrolytes with solvent, the ions are surrounded by
solvent molecules, called solvated ions. Previous reports have
shown that ions can enter nanopores with a size smaller than
the solvated ion by desolvating their solvent molecules,
leading to influencing the capacitance.’®*® Further studies
reported that an anomalous increase in capacitance occurs
when the ion size is close to the pore size, showing the
significant effect of ion desolvation on the supercapacitor
performance.>®

Since the desolvation process is accompanied by mass
change, EQCM plays a crucial role in the study of ion
desolvation. The solvation number mainly characterizes the
desolvation of ions. Levi et al>>®® calculated the average
solvation number of ions by comparing the theoretical slope
calculated from Faraday's law with the experimental slope
(Fig. 5a), which is given by:*>*°

(ai_aF)M F

Ny =———"— 6
W aFMW ()

where g; is the slope of the experimental slope, ar is the slope
of the theoretical slope assuming bare ion adsorption, My is
the molar mass of the bare ion, and M,, is the molar mass of
the solvent molecule. According to this formula, the EQCM
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data demonstrated that diverse alkali metal cations and
halide anions exhibit desolvation in microporous/
mesoporous activated carbons, and the desolvation degree is
correlated with ion size and charge number.*® Specifically,
the ions with larger charge-to-size ratios (Li*, Mg*', Ca®", Na',
F) lose their solvation shell more easily than the ions with
smaller charge-to-size ratios (K*, Cs", CI", Br, I'), which may
be associated with the distinct desolvation energy.”® In
addition to the charge-to-size ratio, the solvation number of
Li" increased slightly from 2.6 to 3 when the water solvent
was replaced by propylene carbonate (Fig. 5a and b), showing
a limited influence."®?**° Furthermore, when the halide
anion (Cl) was replaced by SO,>”, the solvation number
significantly increased from 2.6 to 5.2.°>*> Considering the
electrodes in these two works have a similar pore size and
structure,>**? this apparent difference seems to inspire the
crucial role of anion in the desolvation of Li". However, more
work is needed to explain the fundamental principle.

In addition to the electrolyte, the electrode structure also
has a crucial effect on ion desolvation. Tsai et al.> claimed
that in 2 M EMIM-TFSI acetonitrile solution, the solvation
number of EMIM" decreased from 3.7 to 1.6 when the pore
size of the CDC reduced from 1 nm to 0.65 nm (Fig. 4d and
5¢).°° Similar to the CDC porous electrode, Bo et al.** found
that the solvation number decreased under a smaller layer
spacing, and the solvation number of Li" in 1 M Li,SO,
aqueous solution at a layer spacing of ~0.4 nm is 1.4. These
results indicated that solvated ions are partially desolvated
when entering narrow pores; meanwhile, the narrower pores
lead to a higher degree of desolvation. However, other reports
gave a different view: Levi et al.>® showed that in both alkali
metal cations and halide anions, BP-880 (containing 16 nm
interstitial pores) had a smaller solvation number than the
microporous carbon YP-17 (with an average pore size of
approximately 1 nm), as summarized in Table 1. This
phenomenon is ascribed to the easier replacement of water
in BP-880 without confinement conditions.>® Additionally,
Srimuk et al.®" provided a work of sodium desolvation in
different materials. Among these, Mo;1/3C-MXene showed a
nearly ideal pseudocapacitor behavior, and only 10% of the
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Fig. 5
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(@) AI' vs electrode charge (Q) obtained with BP-880 carbon in 0.025 M solutions of alkaline metal chlorides (Copyright 2013 American Chemical

Q (mC cm?)

Society);?° (b) amount of cations and anions (A7) as a function of the charge density (Q) for the different salts dissolved in propylene carbonate (PC). The
inset compares the number of solvent molecules (the solid red curve) (Copyright 2010 American Chemical Society);'® (c) electrode mass change (Am) vs.
charge (Q) (solid blue lines) during the polarization of CDC-0.65 nm in 2 M EMIM-TFSI + ACN. The red dashed lines are the theoretical mass change of neat
jons calculated from Faraday's law. The black dashed line shows the linear fitting of measured mass change (Copyright 2014 American Chemical Society).>°
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initial number of solvent molecules was maintained after
cation insertion between the MXene nanolayers. This may be
because of the presence of nanoconfined water between the
MZXene sheets. Moreover, in pseudocapacitive Nagy 4,MnO,
with a different structure, sodium would lose all water
molecules during the insertion process.®’

The electrode-electrolyte correlation also needs to be
taken into consideration. Recent EQCM measurements
demonstrate that the solvation number of EMIM" on the SLG
surface in a 2 M EMIMTFSI acetonitrile solution is only 1,
much smaller than that (3-4) in porous carbon with a pore
size of 1 nm.>® This result is surprising, as there is no
confinement effect on the SLG. The phenomenon is related
to the strong specificity interaction of the CH-n and n-n
between EMIM " and SLG.**

3.3 Combination of EQCM with other experimental/
computational methods

In EQCM experiments, the change of charge and mass can be
detected simultaneously. Nevertheless, it is difficult to
distinguish the contribution of each electrolyte component
since many electrolytes typically contain cations, anions, and
solvent molecules. Undeniably, the qualitative results
reported to date have significantly promoted our knowledge
of the energy storage mechanism within supercapacitors.
However, more precise quantitative characterization is
necessary for further elucidation. The attempts hitherto to
achieve this objective can be divided into two directions: (1)
optimizing the analyte itself, such as using ionic liquids
containing only two species or selecting the electrode/
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electrolyte so that only cation or anion is involved during the
charging process (2) combining various experimental or
simulation analysis methods, such as the incorporation of
EQCM, in situ NMR, and molecular dynamic (MD)/density-
functional theory (DFT).

Adopting ionic liquid containing only two species is
auspicious and convenient for quantitative characterization.
However, ionic liquids are not a predominant choice in
EQCM reported hitherto,”**° which may be related to the
technical problems associated with the high viscosity of ionic
liquids.” In addition to the usage of ionic liquids, Dou
et al.®* grafted anion or cation on silica nanoparticles that is
significantly larger than the pore size (Fig. 6a). As a result,
only ungrafted anion/cation or solvent molecule can enter
the pore.®” Regarding the electrode, some materials, like
MXenes may only allow cations and solvent molecules to
enter the interlayer, thus enabling quantitative
characterization of ion transport (Fig. 6b).""** Although
quantitative characterizations are achievable without
reforming the detection equipment, these methods greatly
limit our research region, which is harmful to studying
energy storage mechanisms in supercapacitors.

A landmark work about the combination of various
characterization modalities appeared in 2015. Griffin et al.*!
quantitatively characterized the charge storage process of
porous carbon at the molecular level by combining in situ
NMR and EQCM (Fig. 6¢ and d). The in situ NMR provides
the precise amounts of anions and cations separately that are
not available in EQCM measurements. EQCM allows the
characterization of solvent molecules which is difficult to
measure accurately in in situ NMR due to their fast
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Fig. 6 (a) Structure of anions, and silica nanoparticle-grafted cation (Copyright 2017 Springer Nature);®? (b) scheme of MXene electrode interaction with 1 M
H,SO, aqueous electrode (Copyright 2022 Wiley-VCH);®® (c) in-pore ion populations (7) for YP-50F in the range -1.5 V to +1.5 V, deconvoluted from the
resonance intensities of NMR (Copyright 2015 Springer Nature);?* (d) experimental and calculated electrode mass changes (Am) for a YP-50F electrode (Copyright
2015 Springer Nature);? (e) CV recorded of TisC,Tx in water-in-salt electrolytes during EQCM measurements (Copyright 2021 American Chemical Society);” (f)
frequency (Af) and dissipation (D) changes as a function of time obtained in saturated LiBr for MXene electrode (Copyright 2021 American Chemical Society).*®
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mobility.>" Afterward, more and more work has focused on
combining EQCM with other detection tools.>*"*' The
combination of in situ Raman and EQCM provides an
accurate characterization of NMO, showing that the energy
storage mechanism is related to the pH of the electrolyte and
the degree of polarization.”® In Na,SO, electrolytes, NMO
displays surface pseudocapacitance at low charge density but
intercalation pseudocapacitance at high charge density. In
contrast, it exhibits a distinct battery-like behavior during the
whole operating voltage window in NaOH solutions.*’
Furthermore, the combination of EQCM and electrochemical
dilatometry links the microscopic energy storage mechanism
with the macroscopic electrode swelling behavior, showing
that charge storage dominated by counter-ion adsorption at
high charge density leads to a significant increase in
electrode deformation.*®

Additionally, the combination of experiments and
simulations synergetically provides added value and enhanced
understanding. In this respect, the combination of DFT and
MD simulation with EQCM has shown great potential. Wang
et al." obtained the solvation number of Li* in the interlayer of
MXenes by DFT calculations, which strongly supported the
EQCM results (Fig. 6e and f). Using MD simulation, Bo et al.>*
discovered that the effective diffusion coefficients of Li" in the
graphene channel were significantly higher than that of SO,*
when the interlayer spacing was ~0.4 nm. The apparent
difference in diffusion coefficients resulted in a Li'-dominated
charge/discharge mechanism, confirmed by the results of
EQCM. Furthermore, the results of the MD simulation show
that the addition of solvent to the ionic liquid could promote
the counter-ion adsorption mechanism on the electrode surface
under polarization, which is also in line with the results of the
EQCM.**

The above two attempts provide a novel perspective for
understanding the energy storage mechanism of
supercapacitors. We believe that the combination of EQCM
and simulation methods has great potential. Nevertheless,
developing a full combination and quantitative comparison
of simulation results and experimental EQCM data is
required.

4 Conclusion and outlook

Through monitoring the mass and viscosity variation of
electrodes under polarization, EQCM, as one of the advanced
in situ inspection techniques, greatly help understand the
energy storage mechanism of supercapacitors. Here, we first
introduce the development of EQCM and the film coating
techniques that have a crucial impact on the measurement
results. Then, we summarize the achievements hitherto of
the supercapacitor energy storage mechanism study based on
EQCM from three aspects: ion transport, ion desolvation, and
quantitative characterization.

Although the EQCM technique has acquired immense
success, its application in supercapacitors is still limited. The
flaws and perspectives are listed as follows:
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(1) For systems containing three or more species, since
only two types of data, mass and charge, are available, the
information obtained from EQCM data using the current
analysis methods is still qualitative, thus impeding the
research of supercapacitors. The current EQCM testing and
data analysis methodologies require further innovation to
gather additional information. For instance, Zheng et al.®®
used matrix calculations to deconvolute the real-time fluxes
and ion currents of various ions from EQCM data, which
provides a new idea for the analysis of EQCM data. In
addition, the advanced electrogravimetric analysis method,
which combines electrochemical impedance spectroscopy
(EIS) and EQCM, is considered as a powerful tool for
evaluating the chemical structure and dynamics of the
electrical double layer.**

(2) The combination of EQCM with other simulation
approaches could deliver more molecular-level information. For
instance, the ion orientation®* and diffusion coefficients**
obtained from simulation enable an accurate interpretation of
EQCM data. However, a more comprehensive and quantitative
combination between experiments and simulations is desired.
Among the different simulation methods, MD simulation can
capture detailed information on the mass change, ion exchange,
and distribution. In-depth integration of EQCM with MD
simulation could improve our understanding of the
supercapacitor energy storage process considerably. Thus,
combining EQCM and MD simulation is an essential
development direction.

(3) Although the combination of EQCM with different
experimental  techniques has obtained remarkable
achievements, the various test methods cannot perform in
the same system, which may affect the quality of the
obtained data. In the future, simultaneous measurements of
EQCM with other experimental techniques in the same
system will greatly improve the accuracy of experiments.
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