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1. Introduction

A significant increase in the worldwide consumption of fossil
fuels, resulting from the rapid growth of the global economy, has
been accelerating the exhaustion of fossil fuel reservation and the
deterioration of environmental problems [1,2]. Hence, the renew-
able energy generated, e.g., from the sun and wind, as well as elec-
tric vehicles with low CO, emissions, have been widespread
concerned, for which the energy storage system is expected to act
as the basic unit in power supply [3,4]. In this regard, batteries
and electrochemical supercapacitors are recognized as the two
important energy storage devices. Electrochemical capacitors, also
known as supercapacitors, are a type of devices featured with high
power density and long life time [3,5]. According to the different
working principles, supercapacitors are classified as electric double
layer capacitors (EDLCs) and pseudocapacitors, in which the former
store energy by physical absorption of ions on the electrode while
reversible redox reactions occur in electrodes of pseudocapacitors.

In observation of the importance of electrodes for the superca-
pacitor performances, preparing novel electrode materials or mod-
ifying the current electrode materials by processing techniques,
has been extensively considered to improve the performance of
supercapacitors. Among various materials, carbon materials such
as activated carbons, carbon nanotubes, carbide-derived carbons
and graphene, have been investigated as electrode materials for
EDLCs because of low density, high conductivity, high specific sur-
face area (SSA) and good chemical stability [6]. Comparatively,
metal oxides and conductive polymers exhibit pseudocapacitive

behaviors and have attracted intensive attention because of the
larger capacity, low-cost, easy preparation, light weight and high
flexibility [7]. Recently, two-dimensional (2D) materials other than
graphene, e.g., MXenes, have attracted intensive interest as super-
capacitor electrodes since MXenes comprise a conductive carbide
core and a redox surface [2,5]. Table 1 lists the state-of-the-art of
the electrode material performances in terms of specific capaci-
tance and cycling lifetime, with testing methods indicated. As we
can see, conductive polymers own specific capacities much higher
than bare carbons, but typically with limited scan rate and lifetime.
On the other hand, carbons for EDLCs can be tolerant to high scan
rates and long cycling but show specific capacities generally lower
than 400 F/g in aqueous electrolytes or 200 F/g in organic elec-
trolytes. Mxenes or related composites have demonstrated high
volumetric capacities of above 1000 F/cm?>. Probably due to their
high stability and low cost, most commercialized electrode materi-
als are carbon materials [8,9].

Several strategies, including optimization of electrolytes and
construction of asymmetric capacitors or Li-ion capacitors, have
been investigated to further improve the performance [28-30]. In
the pursuit, a fundamental understanding of the electrochemical
interface at the nanoscale and the behavior of ions in pores is crit-
ical. Because of the versatile structure of electrode materials, the
puzzles may include but not be limited to the following aspects:
how are the charges effectively stored at the electrolyte/electrode
interface? How does the electrical double layer form and is orga-
nized in the limited space of sinuous pores? How are the elec-
trolyte ions arranged in the pores? What are the specific factors
determining the ionic dynamic through pores?

Surely the answers to the above-mentioned questions would pro-
vide guidance for developing better electrode materials and advanc-
ing the electrochemistry for supercapacitors. In the typical
evaluations of electrodes, however, off-line current and voltage mea-
surements yield an “integrated capacity”, which may not reflect the
exact and instantaneous state during charging or discharging. With
the improvement of in-situ characterization techniques, researchers
shall have chances to monitor the behavior of electrolytes or the
change of electrodes during the electrochemical process [31]. Fur-
thermore, combining the in-situ characterizations and theoretical
simulations with electrochemical characterizations allows one to
develop the descriptors for the charge storage process and thus to
supplement a view for the construction of better supercapacitors.

In this article, we will briefly review the working principles of
supercapacitors and the advances on charge storage mechanisms
of supercapacitors using in-situ techniques such as infrared (IR)
spectroscopy, small angle X-ray/neutron scattering (SAXS/SANS),
electrochemical quartz crystal microbalance (EQCM) and nuclear
magnetic resonance (NMR) spectroscopy. Perspectives and
remarks on the future research are discussed in the final section.

2. Structure and working principle of supercapacitors

A typical supercapacitor consists of two electrodes separated by
an ion-permeable separator (e.g., cardboard, ceramic, glass, plastic
or paper) and electrolyte that ionically connects two electrodes. On
the electrodes, the charges are stored either in a Helmholtz double
layer at the electrode-electrolyte interface or via redox reactions
between electrolyte and electrode. The former leads to EDLCs
and the latter to pseudocapacitors.

2.1. EDLCs

In an EDLC, positive and negative ions in the electrolyte move
towards electrodes driven by an electric field and form a charged
layer near the surface of the electrode. As shown in Fig. 1(a), this



Table 1
Typical electrode materials and performances of supercapacitors reported in literatures. Except for in Ref. [24], the specific capacitance is normalized to single electrode based on the two-electrode devices.
Type of electrode Electrode materials Synthetic method Testing method Electrolyte Scan rate V (V) C, (Fecm™3) G (F g Cycle lifetime (retention) Ref.
material
Carbon materials a-MEGO KOH activation two-electrode 1 M BMIM BF4/AN 57Ag! 3.5 / 166 10,000 (97%) [10]
EM-CCGS self-assembly two-electrode 1 M H,S04 01Ag! 1.0 255 191.7 50,000 [11]
EM-CCGS self-assembly two-electrode 1 M BMIM BF4/AN 01Ag! 3.5 261 196 5000 [11]
PAN-b-PMMA-CFs block copolymer microphase two-electrode 6 M KOH 1.0Ag! 0.8 / 360 10,000 [12]
separation
CNT/GP microwave plasma chemical three-electrode 1 M H,S04 1 mA cm 2 1.0 / 500 10,000 (95%) [13]
vapor deposition
Activated carbon KOH activation two-electrode 6 M KOH 05Ag! 1.0 / 427 5000 (94%) [14]
Activated carbon KOH activation three-electrode 6 M KOH 01Ag! 1.0 550 519 / [15]
Activated carbon KOH activation two-electrode 6 M KOH 01Ag! 1.0 369 369 20,000 (100%) [15]
Metal oxides Co304 high temperature calcination three-electrode 1 M KOH 1.0Ag! 0.55 / 770 5000 (82%) [5]
Ag/NiO hydrothermal two-electrode 2 M KOH 25A¢g! 0.5 / 204 4000 (96%) [7]
Mn304 high temperature calcination three-electrode 0.6 M KOH 5mVs! 0.6 / 125 2100 (80%) [16]
RuO,/graphene combining sol-gel and low- three-electrode 1 M H,S04 1mvs! 1.0 / 570 1000 (98.2%) [17]
temperature
annealing processes
MnO,/graphene solution-phase assembly two-electrode 1 M Na,SO,4 05Ag! 2.0 / 31.0 1000 (98%) [18]
GO/MnO, self-assembly three-electrode 1 M Na,SO,4 02Ag! 1.0 / 197.2 1000 (84.1%) [19]
MnO;/graphene microwave irradiation three-electrode 1 M NaySO4 1mVs! 1.0 / 310 15,000 (95.4%) [20]
CNT/MnO, self-assembly three-electrode 1 M Na,SO4 500 mV s~! 1.0 / 522 500 (94.6%) [21]
Conductive PPy KOH activation two-electrode EMIMBE, 01Ag! 4.6 / 290 10,000 (108%) [22]
polymers PANI KOH activation three-electrode 2 M KOH 1.0mVs! 1.0 / 455 2000 (94.6%) [23]
PANI/RGO self-assembly two-electrode PVA/H,S04 0.08Ag! 0.8 148 112 17,000) (95%) [24]
MXene TizC,Ty films Ti3AlC, dissolving LiF in three-electrode 1 M H,S04 2mVs! 0.6 900 245 10,000 (100%) [25]
6 M HCI
Ti3C,Ty/CNT composite vacuume-assisted filtration three-electrode 1 M MgS0,4 2mVs! 1.0 390 / 1000 (100%) [26]
paper
Ti3C,Ty/rGO electrostatic self-assembly three-electrode 3 M H,SO4 2mVs! 1.0 1040 3354 20,000 (100%) [27]
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Fig. 1. Schematics of charge-storage mechanisms for (a) EDLC and (b-d) different types of pseudocapacitive electrodes: (b) Redox pseudocapacitor, (c) ion intercalation
pseudocapacitor and (d) underpotential deposition. Adapted with permission from [37], Copyright 2019, the Royal Society of Chemistry.

charged layer typically consists of an inner tight layer (Stern layer)
and an external diffusion layer namely electric double layer [32].
The tight layer is further composed of an inner Helmholtz layer
(IHP) including solvent and characteristically adsorbed ions and
an outer Helmholtz layer (OHP) mainly with solvated ions. The
interaction between solvated ions and charged electrodes is a
long-range electrostatic force and less dependent on the chemical
properties of ions, so the ions in OHP are called non-
characteristically adsorbed ions. Upon a thermal disturbance, the
non-characteristically adsorbed ions may diffuse into the diffusion
layer from OHP to bulk solution. During the charging, electrons are
transferred to the negative electrode from the positive electrode
through the external circuit. In the meantime, cations in the elec-
trolyte tend to move to the negative electrode and anions to the
positive electrode for compensation. In the discharging the ions
tend to (but not always) go to the opposite electrodes. Roughly
the capacity of EDLC can be estimated with Eq. (1) [31-33]:

TugTug

d

where ¢, is the relative permittivity of the electrolyte used, & the
permittivity of vacuum, A the effective surface area of the electrode
material which is accessible to the electrolyte ions, and d the effec-
tive charge separation distance in the EDLC, i.e., the Debye length.

C=

A, (1)

2.2. Pseudocapacitors

Pseudocapacitors rely on fast and reversible faradaic redox
reactions to store charges. The capacitance in a pseudocapacitive
electrode may be attributed to: (1) Redox pseudocapacitance, in
which reductive species are absorbed onto the surface or near
the surface of oxidative electrodes in a Faradaic system (e.g.,
RuO, or MnO,, as well as some conducting polymers, as shown
in Fig. 1b) [32,34,35]. The surface redox dominated pseudocapaci-
tive behaves just like EDLC, demonstrating linear galvanic charge/
discharge (GCD) curves and nearly rectangular cyclic voltammetry
(CV) curves; (2) intercalation pseudocapacitance, in which the
reversible intercalation/de-intercalation of cations (Na*, K*, Li",
HT, etc.) into the electrode materials is involved. It is worth noting
that a material phase change does not necessarily occur in the
intercalation-involved pseudocapacitor (e.g., Nb,Os, as shown in
Fig. 1¢) [28,32,36]; and (3) underpotential deposition-based pseu-
docapacitance, in which ions deposit on a metal-electrolyte inter-
face at potentials positive to their reversible redox potential (e.g.,
H* on Pt or Pd?* on Au, shown in Fig. 1d) [32,37,38]. One shall note
that some pseudocapacitors share similar features with batteries
while in most situations the pseudocapacitive process occurs on

or nearby the surface of electrodes to achieve a high power
capacity.

3. In-situ characterization techniques

A few in-situ techniques have been used in Li-ion batteries to
obtain insight on the evolution of electrodes and solid-electrolyte
interphase (SEI), information on side reactions and ion transport
properties [39-41]. Compared to batteries, however, the energy
storage in supercapacitors is more surface sensitive, while with
less phase or volume changes of electrodes, nor the formation of
SEI [42,43]. Hence, some techniques used to detect the structural
evolution of bulk electrodes, e.g., scanning electron microscopy
(SEM), transmission electron microscopy (TEM) and X-ray diffrac-
tion (XRD), may not provide very useful information for electrodes
of supercapacitors. Typically very fast kinetics of the surface pro-
cess in supercapacitors also restricts the applications of some tech-
niques such as X-ray photoelectron spectroscopy (XPS), X-ray
absorption (XAS) and Raman spectroscopy, as these techniques
usually need long sampling time or harsh testing environments.

These factors have restricted the applications of the in-situ tech-
niques to supercapacitors. Table 2 summarizes several commonly
used in-situ techniques for EDLC electrodes. Among them, in-situ
IR spectroscopy is used to detect molecular vibrations and
rotational energy levels, providing the following information:
(1) Chemical nature (e.g., bonding and orientation) of adsorbates,
solution species and production species in the thin layer of
electrolyte involved in the electrochemical reactions and (2) some
short-life intermediates in the reactions based on time-resolved
spectroscopy, revealing the reaction kinetics on electrodes [44-
46]. SAXS and SANS can be used to obtain the real-time informa-
tion of ion distribution and species of solution when a cyclic volt-
age is applied [47,48]. Using EQCM, the mass change of electrode
surface related to Faraday’s law can be quantitatively calculated
to understand the behavior of solvent ions on the electrode surface,
providing information on the reaction process of the electrode sur-
face from a new perspective [9,35,49]. The changes in NMR fre-
quency and intensity reflect difference in the molecular structure
and chemical environment, giving hints about the ion type and
number on the electrode surface or near the surface [50-52]. It is
worth noting that the quick yet complicated redox reactions on
electrodes would bring more challenges in the in-situ studies of
pseudocapacitors, thus the ion adsorption and diffusion studies
have been focused mainly on EDLC electrodes. In addition, in-situ
measurements may raise other requirements for the cell assembly
of supercapacitors, depending on the technique utilized.
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Table 2
Summary of in-situ characterizations typically used for supercapacitor electrodes.
In-situ Information to obtain Advantages Disadvantages Ref.
technique
IR Intensity and wavelength of  Variation of the absorption intensity of anions and It is difficult to measure the ion changes in the pores [31,53,54]
absorption peak cations can be separately obtained in real time
SAXS/SANS  Scattering intensity of X- Information of ion adsorption in different channels It is difficult to distinguish the type and number of [47,55]
ray/neutron at different can be observed; ions only based on scattering
scattering angles Scattering intensity variation (the difference in
electron density/nucleus of anion and cation) may
explain the energy storage mechanism
EQCM Mass of electrode from the  Combining mass change with the valence state of an It is difficult to justify the attribution of the mass [56,57]
vibration frequency of adsorbed anion or cation can be used to change in inorganic, solvent-containing organic
quartz crystal quantitatively estimate the adsorption species; electrolyte (anion, cation or solvent molecules);
Monitoring adsorbed ion mass change in electrolyte It is not suitable for viscoelastic samples and
with/without solvent can detect the desolvation pseudocapacitance reaction systems
process in restricted space
NMR Nuclear magnetic Ton concentration inside and outside the pores can  The resolution is limited and nuclear magnetic active [58-60]

resonance frequency and
intensity in local
environments

be measured separately;

Changes of ions number in different environments
can be quantitatively studied;

Variation of the width of nuclear magnetic peak
helps to understand the ionic dynamics information

elements are needed

3.1. In-situ IR spectroscopy

For in-situ IR, one challenge is how to make sure the incident
light precisely reaches the electrode/electrolyte interface or the
desired regions [31]. Among various configurations, experiments
using in-situ attenuation total reflection (ATR) IR spectroscopy
have shown powerful to investigate the electrochemical interface,
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as ATR minimizes the IR absorption of bulk electrolyte. Normally,
two modes, internal and external reflections, are utilized in ATR
IR, as shown in Fig. 2(a) [61]. In the internal reflection electrolytic
cell (left scheme in Fig. 2a), an infrared window plate with high
refractive index (Ge, Si, ZnSe, etc) is plated with a layer of thin
metallic film (working electrode) with a thickness of dozens of
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Fig. 2. (a) Schematic of in-situ IR with internal and external reflection configurations. Adapted with permission from [61], Copyright 2012, American Association for the
Advancement of Science. Normalized infrared absorbance of EMIM-TFSI as a function of time in three CV cycles from —1.5 to +1.5 V at a scan rate of 5 mV/s for (b) CDC and (¢)
OLC. (d) Normalized infrared absorbance of EMIM-TFSI and PC in a 50% EMIM-TESI/PC concentration as a function of time in three CV cycles from —1 to +1 V. Adapted with
permission from [62], Copyright 2013, American Association for the Advancement of Science. Initialized time-resolved concentration (unit ggnviv-trsi/8electrode) Of EMIM™ and
TFSI™ in neat EMIM-TFSI electrolyte in three CV cycles from 0 to 1V in electrodes for (e) NCNFs and (f) KOH-activated NCNFs. Adapted with permission from [63], Copyright

2014, American Association for the Advancement of Science.
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the metal film and the window, but the implicit wave of infrared
light still reaches the solution interface through the metal film
and attenuates exponentially. The IR can penetrate in a depth of
about 0.4-1 m into the working electrode (depending on the wave-
length) [46], well covering the adsorbed species [62]. In the exter-
nal reflection (right scheme in Fig. 2a), the working electrode is
placed in close contact with the light guiding prism; the thin liquid
layer (1-10 pm) between electrode and prism provides the path
for IR. As the layer is thin enough for the solvent, the reflected light
can be absorbed by species. Hence, this configuration can be used
for a wide range of electrode materials and allows to simultane-
ously determine the species in the electrolyte and those absorbed
on the electrode [54]. In ATR IR, excess amount of electrolyte or
bubbles shall be avoided to cause the undesired absorption.

The specific surface area (SSA) and pore distribution of carbon
electrode materials are key factors affecting the electrochemical
energy storage. By capturing the signal of thin liquid layer in the
external in-situ reflection IR, the ionic dynamics in electrodes of
onion-like carbons (OLCs, with small amount of holes) and
carbide-derived carbons (CDCs, with a highly porous structure) in
ionic liquid (IL, 1-ethyl-3-methylimidazolium bis(trifluoromethyl
sulfonyl)imide, EMIM-TFSI) electrode has been investigated [62].
As shown in Fig. 2(b), the IR absorbance intensity of both cation
(EMIM™) and anion (TFSI™) increases when the voltage decreases
from +1.5 V and reaches the maximum at 0 V for CDC; the absor-
bance intensity decreases in the reversed scans (0 to —1.5 V). The
behavior suggests a process of co-ion adsorption. The cyclic absor-
bance also clearly shows that the ions in pure IL electrolyte enter or
escape from the CDC in charging or discharging. In contrast, the IR
absorption of the same ions remains nearly unchanged for OLC
under the same conditions (Fig. 2c), suggesting that the ions are
located close to the surface of OLC with fast ion kinetics in charging
or discharging. This may explain why CDC has the higher specific
capacitance, while OLC has an excellent power, providing a guid-
ance for the fine balance between porous structure and short ion
diffusion distance. The effect of electrolyte concentration is also
investigated by in-situ IR. For EMIM-TFSI diluted in propylene car-
bonate (PC) with a mass concentration of 10%, a constant decease
in the absorbance of PC has been observed with time, possibly
due to the evaporation of PC or the trap of PC by the carbon parti-
cles [62]. For a 50% EMIM-TFSI/PC concentration, the PC molecules
enter or exit from the pores with the IL ions, as shown in Fig. 2(d),
due to the strong IL-PC solvation interaction. The result indicates
that the interaction between solvent molecules and ions can signif-
icantly affect the electrochemical process. The results agree with
the work of Gebbie et al. in which PC does not enter the pores in
a lower concentration electrolyte (EMIM-TFSI/PC), while the oppo-
site phenomenon was observed for the higher concentration when
the CDC electrode was used [64].

Meanwhile, the ionic behavior is sensitive to the surface prop-
erties of electrode materials [47,65]. In the external in-situ reflec-
tion IR, an experiment with nanoporous carbon nanofibers
(NCNFs) or potassium hydroxide (KOH)-activated NCNFs revealed
the different ionic dynamics when oxygen-containing functional
groups were introduced [63]. BET (Brunauer-Emmett-Teller) and
XPS analyses suggest that KOH activation does not obviously
change the average pore size of NCNFs but increases the oxygen
content from 2.9% to 4.9%. As shown in Fig. 2(e), for NCNF elec-
trode, the absorption of both EMIM" and TFSI~ decreases when
the voltage is scanned from 0 to 1 V, indicating that the cations
and anions simultaneously enter the nanopores of NCNFs together
due to the strong Columbic interaction between ions. In contrast,
the cation absorption increases while the anion absorption
decreases in the charging of KOH-activated NCNF electrodes, as
shown in Fig. 2(f). The difference suggests that the oxygen func-
tional groups play roles in the kinetics of ions. It is presumed the

oxygen groups induce negative charges to the carbon surface
which makes the pores more favorable to EMIM" under the open
circuit potential. Thus, in the positively charging the cations are
expelled from the nanopores but anions adsorbed into the nano-
pores [63]. By modifying electrode materials, such as with surface
functionalization, the charge storage process and the following
electrochemical performance could be optimized.

3.2. In-situ scattering

Small-angle scattering refers to the scattering within an angle
range of 2-5°. SAXS detects the fluctuation of electron density of
target materials with a particle size of 1-100 nm, while SANS
reflects the density difference of neutrons [47,55]. In contrast to
SAXS, SANS can accurately determine the position of light and
heavy atoms in the structure. Fig. 3(a and b) schematically show
the experimental setups of SAXS and SANS, respectively, in which
the small-angle scattering signal is recorded using a 2D position
sensitive X-ray/neutron detector and the transmission signal
recorded using an X-ray/neutron sensitive photodiode [66,69]. In
the in-situ testing with SAXS/SANS, coin cells with windows has
been widely used to contain a sandwiched configuration of plat-
inum current collector, working electrode/separator/counter elec-
trode, and another platinum current collector in a polyether
ether ketone (PEEK) housing [66,70]. Thin or porous current collec-
tor with a low load mass of electrode material is necessary to
assure the transmission of X-ray or neutrons.

SAXS has been used to evaluate the behavior of adsorbed mole-
cules in nano and sub-nano channels. For example, Prehal et al.
investigated the spatial arrangement of various electrolytes (1 M
CsCl, KCI or NaCl) in an activated carbon (AC, YP-80) with SAXS
[66]. As shown in Fig. 3(c and d), the mapping of scattering inten-
sity versus scattering vector modulus Q, can be obtained under the
scanning voltage applied. The mapping can be categorized into two
main regions: Q-A (Q <5 nm ') and Q-B (Q > 5 nm ') with differ-
ent intensity distributions. With the power law decay of the inten-
sity, the SAXS intensity of Q-A region is attributed to the large
porous structure in the AC particles; while Q-B is dominated by
the small pores, as well as the electrolyte in pores [48,55]. In 1 M
CsCl, the change of the scattering is dominated by the cation con-
centration due to the higher number of electrons in Cs* than in Cl~.
As shown in Fig. 3(c), the scattering intensity in Q-B region
increases (with the color changing from red to white) in the scan
from 0 to —1 V, suggesting that the Cs* adsorption occurs in dis-
charging. The scattering intensity decreases (with the color chang-
ing from red to blue) in the reversed scans (from 0 to 1 V),
suggesting that the Cs ion desorption occurs in charging process.
This behavior means a process of count-ion desorption for AC in
1 M CsCl. In contrast, with the same electron number, the scatter-
ing intensity of K* and CI~ in Q-B region is hardly changed neither
from O to 1 V (almost blue) nor from 0 to —1 V (mostly yellow), as
shown in Fig. 3(d). A reversed result was found for 1 M NaCl in the
Q-B region when compared to that situation for 1 M CsCl, due to
the fact that the number of electrons in the Na* ion is less than that
in the CI™ ion [66].

In-situ SANS has also been used to investigate the ion adsorp-
tion process in micropores under different voltages. Generally, 'H
has the high neutron scattering cross-section but '°B (20% in nat-
ure) can absorb neutrons very well [71,72]. For TEATFB (te-
traethylammonium tetrafluoroborate, N(C,Hs)4BF,) electrolyte,
the higher concentration of N(C,Hs); in the pore means the
increase in neutron scattering intensity, while the neutron scat-
tering intensity is attenuated with the higher presence of BF; in
pores [68]. As shown in Fig. 3(e), the lower scattering intensity
at +2 V found in activated carbon fabric (ACF) for TEATFB in
deuterated acetonitrile (d-AN) can be attributed to the process
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that N(CoHs)4 are replaced with BF; and solvent molecules. The
higher scattering intensity at —2 V may arise from the adsorption
of H-containing N(C,Hs); in the pores. It should be noted that the
exclusion of BF; from the pores also contributes to the increase in
the scattering intensity, which may account for the larger relative
change in normalized intensity in Q > 0.2 A~! at negative voltage,
suggesting that the micropores exhibit higher initial concentra-
tion of naturally adsorbed BFz, and the wetting behavior of ions
can affect the charge storage. Furthermore, the wetting of d-AN
in micropores was also studied by SANS. Due to the smaller scat-
tering contrast between carbon and deuterated solvents than that
between carbon and air (the scattering intensity is proportional to
the square of scattering difference, (AI)? = (I. — I«)?), the scatter-
ing intensity (I(Q)) of ACF in d-AN is lower than that in dry ACF
(Fig. 3f). In Q < 0.2 A~', two vertical downshift scattering curves
for dry ACF and ACF infiltrated with d-AN suggest that d-AN
has completely and uniformly wetted all large pores. However,
the gradual divergence of the two curves (Q > 0.2 A~!) shows that
a significant portion of the sub-nanometer pores is not completely
filled with d-AN [68].

3.3. Electrochemical quartz crystal microbalance (EQCM)

Electrochemical quartz crystal microbalance is a device that
combines inverse piezoelectric sensors with electrochemical
devices to convert the frequency change (Af) to mass change
(Am) on electrodes, as shown in Fig. 4(a). The conversion follows
the Sauerbrey equation (Eq. (2)) [56,57]:

Am = AVququf —CiAf 2)
2f4

where f; is the fundamental frequency, A is the area of active sur-
face, g is shear modulus of quartz (2.947 x 10'' g em™' s72), pq
is the density of quartz crystal (2.65 g cm~3), and C;is the sensitivity
factor. The model in principle is only suitable to the situation in
which the adsorption film is rigid and homogeneous without lateral
sliding. It is believed that EDLC consists of rigid adsorption; but for
pseudocapacitance, there is a controversy whether the Sauerbrey
equation is proper to calculate the mass changes of an electrode
in Faraday reaction [57]. To maintain the high detection sensitivity
(~107° g), some strict requirements on the sample preparation have
to be considered in EQCM [56,57]. Among them, a ultrathin and
homogeneous sample coated on the quartz sensor is very important
to enable the high fundamental resonance frequency without much
damping.

Levi et al. have made pioneering work on using EQCM as a mass
probe to measure the ion adsorption and desorption in porous car-
bon electrode. Fig. 4(b) shows CV curves at different scan rates and
the change of frequency and resonance peak width for a TiC-CDC
electrode in 0.1 M KCI [73]. In EQCM, the damping of oscillation
is expressed with dissipation factor AD = AW/f,, which is related
to the viscosity and elastic modulus of the adsorption layer on
the quartz crystal, indicating the internal energy consumption of
the sensor system [56]. The nearly unchanged AW across the
potential range means this adsorption can be roughly considered
as a rigid model. The potential for the frequency maximum (pfm)
is close to the potential of zero charge (pzc) in CV and the lower
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Af indicates the increase of Am which may be related to ion
adsorption at potentials other than pzc. Fig. 4(c) plots the popula-
tion change (AI') of cations (at Q < 0) and anions (at Q > 0), which
is calculated using the atomic weight (M) of the bare ions:
AI' = Am/M. Assuming a 100% counterion adsorption efficiency,
AT can also be calculated with the Faraday’s law. By comparing
experimental and theoretical curves, three different regions may
be distinguished: (1) For moderate charge densities, the slope of
experimental plot is equal to that of the Faradaic straight line, sig-
nifying that EDLC contains counterions only; (2) near the pzc, a
considerably diminished slope indicates the simultaneous pres-
ence of counter- and co-ions in EDLC; (3) for high charge densities,
a gradually increased slope may suggest the adsorption of desol-
vated ions in sub-nanometer pores, thus increasing the total mass
of adsorbed ions due to the higher numbers of ions [73].
Solvation of different alkali metal ions in AC materials has been
investigated using EQCM [73,74,76], as shown in Fig. 4(d). Com-
pared to bare alkali metal ions acquired with the Faraday’s law
(black line), Li* and Na* ions show higher slopes, indicating the
cations have higher effective mass than expected. In contrast, K*
and Cs* ions demonstrate slopes close to the Faradaic straight line,

suggesting that the effective ions mass is close to the mass of the
bare ions. Thus, the highly solvated cosmotropic ions in the bulk
solution, are desolvated when entering sub-nanometer pores. Tsai
et al. performed EQCM to characterize ion adsorption in CDC with
average pore sizes of 1 and 0.65 nm, respectively [49]. They found
that it is more difficult for EMI* and TFSI™ ions in AN to access
0.65 nm channel than 1 nm channel, and ions try to adapt to smal-
ler channels by reducing the degree of solvation (e.g., by adjusting
the solvation index from 3-4 to 1-2). Different electrochemical
processes based on the charge stored in the electrode has been
determined, as shown in Fig. 4(e). In region I, for negative charge
(AQ < 0), the measured mass change is higher than that predicted
for bare ion adsorption, suggesting the additional mass from sol-
vent molecules. In positive charge (AQ > 0), the slope of the plot
is always less than the theoretical line and it is linear only at higher
charge in region Il (Q > 0.4 mC/cm?). Such a behavior can be
explained by the existence of a cation-anion mixing zone, i.e.,
the ion exchange. In contrast to the porous structure, two-
dimensional carbons such as graphene may provide a good plat-
form for the study of adsorption and desorption behavior of ions
at the carbon-electrolyte interface. Ye et al. used EQCM to charac-
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terize the ion fluxes and adsorption on single layer graphene (SLG)
in neat EMI-TFSI electrolyte [75]. As shown in Fig. 4(f), the elec-
trode mass has no significant change from pzc to more negative
charges, indicating that the applied potential cannot bring more
species onto SLG surface, thus very likely, implying an ion re-
organization in the compact layer. However, the electrode weight
decreases linearly with the for Q > 0, indicating a charging mech-
anism of positively charged-ion-species desorption. This result is
totally different from the situation in porous carbons, highlighting
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the role of electrostatics correlations on ionic kinetics on an open
carbon interface.

3.4. In-situ nuclear magnetic resonance (NMR) spectroscopy

NMR spectroscopy is a promising tool for detecting the struc-
ture and dynamics of the electrode-electrolyte interface in super-
capacitors. The approach has been used for Li-ion batteries (LIB,
Fig. 5a). For supercapacitor study (Fig. 5b), a ‘shifted’ bag cell
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design is constructed from flat pieces of electrode films pressed
onto a mesh current collector. A small strip of porous polymer
membrane separator is placed between two electrodes and the
whole assembly is heat-sealed inside a plastic bag. Electrolyte is
added to the supercapacitor using a micro syringe before the final
seal. In this device, an excellent sealing shall be ensured to reduce
the volatilization of the electrolyte and ohmic resistance (circuit
contact resistance and solution resistance). The success of NMR
method stems from its ability to distinguish the ions species con-
fined in carbon nanopores (intrapore ions) and those located
between carbon particles and bulk electrolytes (extrapore ions)
[52,77]. When an external magnetic field was applied on sp? car-
bon, the ring current induces electron circulation within the delo-
calized m-orbitals, resulting in chemical shielding effect, thus the
chemical shift of the adsorption element is moving to the lower
chemical shift. For YP50F soaked in the electrolyte NEt4-BF,4
(tetraethylammoniumtetrafluoroborate) in AN (Fig. 5c¢), ions and
solvent molecules inside/outside the pores give rise to peaks which
are distinct to those from bulk electrolyte; the chemical shift of the
atomic nuclei adsorbed on the surface of carbon is lower relative to
those of the free extrapore nuclei. So the change of chemical shift is
closely related to the chemical environment of the nucleus [78,79].

In-situ NMR has been utilized to track the ion movement trajec-
tory in porous electrodes at different operating voltages in real
time. Griffin et al. studied the '°F and 3'P NMR spectra in PEt,-
BF4/AN (tetraethylphosphonium tetrafluoroborate) electrolyte
recorded at different charging states [80]. As the voltage value
increases, the higher chemical shift of cation and anion in '°F
NMR or 3P NMR indicates the stronger Coulomb force due to the
reduction of distance between ions and electrode surface (Fig. 5d
and e). Meanwhile, the resonance intensity of BFz in positive polar-
ization (Fig. 5d) or PEt; in negative polarization (Fig. 5e) increases
with the voltage, indicating the gradually increased number of
adsorbed counterions. In-situ NMR may provide guidance for the
development of new electrolytes by observing the kinetic behavior
of electrolyte ions in porous electrode materials. Forse et al.
recorded in- and ex-pore resonance line width change of '°F at dif-
ferent temperatures to evaluate the movement of ions in YP50F
[81]. As shown in Fig. 5(f), the ex-pore resonance (—78.3 ppm) does
not show any significant changes in line width, while the in-pore
(—84.9 ppm) line width steadily decreases as the temperature
increases in Pyr;3TFSI (1-methyl-1-propylpyrrolidinium bis(tri
fluoromethanesulfonyl)imide). The NMR spectra of EMITFSI show
similar changes of the in-pore line width with the temperature.
The in-pore line width mainly arises from two aspects: Dipole-
dipole interaction and ion adsorption sites in the carbon microp-
ores [82,83]. In the former case, the line width is not sensitive to
the magnetic field strength [60,83]. However, compared to the
results measured at a magnetic field of 7.1 T, the line widths of
Pyr3TFSI and EMITFSI show a significant increase at a magnetic
field of 9.4 T in the temperature range studied (250-350 K)
(Fig. 5g), indicating the contribution from different adsorption
sites. In the absence of any motion, each ion contributes separately
to the spectrum and the line shape represents the weighted distri-
bution of the different chemical shifts. The diffusion (or chemical
exchange) of ions between different sites leads to line shape per-
turbations. When the rate of diffusive motion exceeds the fre-
quency width of the distribution of chemical shifts, a single
coalesced resonance is observed which is narrower than the overall
distribution of shifts [51,82]. Thus, the in-pore line width gives a
measure of how quickly the ions diffuse through the carbon pores;
the faster the diffusion is, the narrower the intrapore resonance. As
shown in Fig. 5(f and g), the ions diffuse more quickly between dif-
ferent sites with the temperature increases. '°F in-pore line width
is smaller for EMITFSI than Pyr;3TFSI over the temperature range of
interest, suggesting the faster diffusion of in-pore anions in

EMITESI than in Pyr;3TFSI (Fig. 5g) [82]. By comparing '°F and 'H
spectra with those obtained without solvent, we can see that the
line widths of the in-pore resonances are dramatically reduced in
AN. Thus, the addition of AN solvent dramatically increases the
ionic diffusion in the carbon micropores, allowing faster charging.

4. Summary and prospect

We have seen that in-situ electrochemical characterizations can
help elucidate the factors influencing charging mechanisms espe-
cially in carbon electrodes for supercapacitors. The capacitance
and ion dynamics are significantly affected by charge screening,
ionic rearrangements and confinement, and pore features such as
ionophilic or ionophobic properties. Presumed ion dynamics
includes counterion adsorption, ion exchange, co-ion desorption
and potentially many others. Although advances summarized
above, more research in the field shall be considered.

Firstly, in-situ characterization technique needs improving. The
in-situ characterizations for supercapacitors are indeed challenging
for high power testing, which only takes a few seconds. Long sam-
pling time, e.g., in NMR (~10-10? s), has limited the technique from
characterizing the quick dynamics. Despite relatively short sam-
pling time, the setup of SAXS or SANS is complex. Well-designed
or standardized electrochemical cells are needed for high repro-
ducibility, enhanced signal intensity and introduction of the
state-of-the-art spectroscopic techniques. Surface-enhanced
Raman spectroscopy (SERS) and shell-isolated nanoparticle-
enhanced Raman spectroscopy (SHINERS) have been used to inves-
tigate the electrochemical interface, such as for observing the for-
mation of solid electrolyte interphase (SEI) in LIBs [84,85],
detecting reversible lithium peroxide (Li,O,) and irreversible para-
sitic products (i.e., LiOH, LiCOs, Li;O) in Li-O, cells [86,87], or
revealing the ion adsorption process on metal electrodes [88,89].
SERS and SHINERS can be used in supercapacitors to detect the
adsorption species in EDLC and reaction products in pseudocapac-
itors with higher time and spatial resolutions. On the other hand,
free electron laser (FEL) can produce coherent soft and hard X-
rays with high brightness, which is nearly ten orders of magnitude
higher than that of conventional synchrotron sources, with a pulse
duration from 500 to less than 10 fs [90-93]. Abundant informa-
tion could be achieved during the supercapacitor operation if the
emerging FEL could be adopted as laser sources in the in-situ spec-
troscopy for electrode materials. Combining two or more spectro-
scopic techniques may be also valuable. For instance, in-situ X-
ray transmission (XRT) and SXAS can reveal distinct factors in
the charge storage mechanism [70].

Secondly, theoretical modeling and computational simulation
provide an effective way to understand the ion dynamics. A series
of capacitors and resistors have been used to construct a range of
circuits in the transmission line model, for modelling of both
high- and low-frequency responses in charge transport [94],
although the matching between model and experimental needs
improving [95]. Molecular dynamics (MD) and classical dynamic
density functional theory (DFT) may elucidate the charging mech-
anisms of single or multiple nanopores, but the predicted relax-
ation time scale and spatial scale are smaller than experimentally
measured values. Therefore, combining theoretical modeling with
experimental model is a very sensible approach to resolve complex
structures. For example, single layer graphene films [75] or gra-
phene stacking with controllable layer spacing [96] could be used
as models to investigate the ion fluxes and adsorption in charging
and discharging by MD simulation and corresponding electro-
chemical measure.

Although not focused in this short review, searching for new
materials with enhanced electrochemical performance is still crit-
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ical, but would bring more puzzles on the mechanisms. MXenes,
metal nitrides, metal organic frameworks (MOFs), covalent organic
framework (COFs), black phosphorus, and transition-metal
dichalcogenides have been examined for their potential in energy
storage [1-3]. A recent progress on the graphene membrane super-
capacitor indicates the importance of interlayer distance for two-
dimensional materials [97]. Pseudocapacitance can be further
enhanced by heteroatom doping, e.g., in B/N co-doped [98], or N/
S co-doped graphene [99], due to modified electronic structure.
Supercapacitors may also be integrated with other devices to build
multifunctional self-charging wearable systems. For example, Liu
et al. designed a flexible solar-charging integrated unit based on
the design of printed magnesium ion aqueous asymmetric super-
capacitors [100]. With traditional or newly developed application
integrated together with supercapacitors, the understanding of
energy storage mechanisms is even more important and challeng-
ing, calling further development of in-situ techniques.
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