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academic research in the last two dec-
ades.[1–3] As complementary energy storage 
devices to batteries, electrochemical SCs 
are designated to find applications in 
consumer electronics, electric vehicles, 
and emergency power supplies, etc.[2] 
Variety of materials (carbon-based mate-
rials, metal oxides, conductive polymers, 
etc.) and multipronged approaches (sur-
face area/pore structure control, hetero-
structure design, doping, crystal structure 
engineering, current collector modifica-
tion, etc.) to assemble SCs with high per-
formances have been explored.[1,2,4,5] 
Improved specific capacitance, rate per-
formance, energy density, and cycling sta-
bility of SCs have been realized.[2,4]

During the charge–discharge process, 
complicated structural/physical/chem-
ical properties variations of electrode 
materials are accompanied. Changes in 
lattice parameters, ion adsorption/des-
orption, chemical bonding formation/
breakage, dimensional/mass change, etc., 
are involved in the electrochemical pro-
cess.[6–9] Several advanced characterization 
techniques (in situ X-ray diffraction [XRD], 

in situ X-ray scattering, in situ atomic force microscopy [AFM], 
in situ nuclear magnetic resonance [NMR], in situ Raman/
infrared (IR) spectroscopy, electrochemical quartz crystal 
microbalance [EQCM], scanning electrochemical microscopy 
[SECM], etc.) have been utilized to study the dynamic processes 
in SCs.[6,8,10–14] The information extracted varies for different 
characterization techniques, complementing each other to 
establish a more comprehensive mechanism understanding of 
SCs.

Electrochemical SCs are primarily energy storage devices, 
notably, new functionalities can be introduced into SCs through 
configuration modification or integration, catering the needs of 
efficient, flexible, and sustainable electronics.[2] With adoption 
of new electrodes/electrolytes/current collectors and different 
integration approaches, mechanically deformable SCs with flex-
ibility or stretchability, self-healable SCs, low-temperature SCs, 
color tunable SCs, self-chargeable SCs, integrated SC-sensors, 
SC-actuators, etc., have been attempted and prototyped in the 
literature.[15–20]

Despite the success in design and assembly of high per-
formance SCs, the electrochemical mechanisms of SCs based 
on different electrode materials are still not fully understood. 
In addition, the possibilities of novel functions incorporated 

Electrochemical supercapacitors (SC) with high power and long cycle life have 
been extensively studied and applied in certain areas. However, a majority 
of the efforts have been devoted to developing SCs with improved perfor-
mance through novel electrode/electrolytes design. The full mechanistic 
understanding of SCs based on different electrode materials has not yet been 
realized. In addition, exploration of new functions for SCs to widen their 
applications must be accelerated. In this essay, the use of advanced charac-
terization methods (in situ X-ray diffraction, in situ X-ray scattering, in situ 
atomic force microscopy, in situ nuclear magnetic resonance, in situ Raman/
infrared spectroscopy, electrochemical quartz crystal microbalance, scanning 
electrochemical microscopy, etc.) to unveil the electrochemical process of SCs 
from different aspects will be discussed. The working principles, information 
to be extracted, and case studies of respective methods will be presented. 
The multipronged mechanism studies of electrode properties inspire and 
enable exploration of extra functions within the same electrochemical SCs. 
Realization of mechanically deformable, low-temperature, color tunable, self-
healable, and self-chargeable SCs; integrated SC-sensors; and SC-actuators 
with adoption of new electrode/electrolyte/current collectors/configurations 
are showcased. The remaining issues hindering the wide exploitation of SCs 
and the future development trend of SCs are also discussed.
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1. Introduction

Electrochemical supercapacitors (SC), with distinguished high 
power and superior cycling stability, have been a hotspot in 
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into SCs are also not entirely explored. Multifaceted mecha-
nism investigation of electrochemical SCs help to under-
stand and refine the fundamental processes involved, while 
the exploration of new functionalities for electrochemical 
SCs can widen the possible application fields. In this essay, 
the advanced characterization techniques employed for elec-
trochemical SC studies and the examples of multifunctional 
SCs will be summarized. The advanced (mostly in situ) 
characterization techniques will be classified into four sec-
tions based on the information derived, including changes 
in crystal structures, physical, chemical, or electrochemical 
properties variation. The principles of the respective methods 
will be briefly stated, followed by case studies to illustrate 
the findings derived. The attempts to fabricate mechanically 
deformable, low-temperature SCs, self-chargeable, and elec-
trochromic (EC) SCs as well as SC-sensors, SC-actuators, 
etc., will be presented. This essay serves as a toolbox to 
researchers, displaying the available toolkits to gain a deeper 
understanding of SCs, as well as the possibilities to realize 
extra functions in SCs for more than merely energy storage 
applications.

2. Mechanism Understanding of Electrochemical 
Supercapacitors
During the electrochemical reactions, SC electrodes will 
undergo a series of physical/chemical/structural properties 
variations, including but not limited to crystal planes expan-
sion/shrinkage, ion confinement/exchange in nanopores, 
geometry (thickness and lateral dimensions) variation, chem-
ical bonding/oxidation state variations, etc.[6–9] These dynamic 
changes can be investigated with multiple techniques to pro-
vide more insights in the electrochemical mechanism of SCs. 
Considering the advantages of real time data acquisition of 
in situ/operando characterization versus ex situ methods,[21] 
more focus will be placed on in situ/operando methods in 
this section. The various methods will be classified into four 
sections based on the information to be extracted: crystal 
structure, physical properties, chemical properties, and elec-
trochemical properties. Representative examples of advanced 
characterization methods to explore the electrochemical 
mechanisms of SCs have been summarized in Figure 1. The 
characterization methods reported in literature will be dis-
cussed, accompanied by brief introduction on the working 
principles and the information to be derived, followed by case 
studies.

2.1. Crystal Structures Variation

Electrode materials of electrochemical SCs are normally clas-
sified into two groups: i) non-Faradaic materials based on 
electrical double layer capacitance (mostly carbon materials); 
ii) Faradaic materials with pseudocapacitance (e.g., metal 
oxides, metal nitrides, metal carbides, etc.). The electro-
chemical process of the latter often involves ion intercalation/
de-intercalation into the crystal structure, causing reversible lat-
tice parameter variation during the charge storage.

2.1.1. In Situ X-Ray Diffraction

In situ XRD can reveal the crystal structure variation during 
electrochemical process, for pseudocapacitive materials 
including metal oxides and MXenes.[6,22,28,29] Multiple cations 
(Li+, Na+, K+, Al3+, NH4

+, and Mg2+) can be intercalated into 
Ti3C2 MXene layers in aqueous electrolyte, offering capacitance 
higher than 300  F  cm−3.[29] Shrinkage of MXene layers upon 
cathodic K+ and Mg2+ intercalation was verified with in situ 
XRD characterization, possibly due to the increased electrostatic 
attraction with alien cations intercalation.[29] In the presence 
of 1-ethyl-3-methylimidazolium bis-(trifluoromethylsulfonyl)-
imide (EMI-TFSI) ionic liquid (IL) electrolyte, in situ XRD 
reveals the MXene interlayer spacing increases/decreases along 
with negative/positive polarization, which can be ascribed to 
combined electrostatic attraction of TFSI− with MXene layers, 
and steric effect of EMI+ intercalated in MXene layers.[6] Interca-
lation/de-intercalation induces lattice cell expansion/shrinkage 
especially on pseudocapacitive oxide electrodes. For example, 
the reversible expansion/shrinkage of orthorhombic Nb2O5 cell 
upon Li+ insertion/extraction was revealed by in situ XRD, with 
reversible c-axis lattice parameter variation.[28] The crystal struc-
ture variations of MnO2 2D birnessite in LiCl aqueous electro-
lyte were also studied with in situ XRD as shown in Figure 1a; 
the changes in lattice cells were attributable to the electrostatic 
attraction of intercalated cations with charged framework.[22] 
However, this method is non-applicable to amorphous elec-
trode materials and requires construction of properly designed 
SCs that allow penetration of X-rays.

2.2. Structural Properties Variation

Aside from possible lattice shrinkage/expansion, SC electrode 
materials also experience other structural changes during elec-
trochemical process, including pore structure, geometry, mass, 
and mechanical properties. Real time detection of the structural 
variations as a function of voltage in the electrochemical pro-
cess can be followed in in situ X-Ray scattering, in situ AFM, in 
situ electrochemical dilatometry (eD), and EQCM.

2.2.1. In Situ X-Ray Scattering

Nanoporous carbon endows large surface area and copious 
micropores for ions adsorption and transport. In situ X-ray 
scattering can probe the local positions of ions and reveal the 
ion transportation dynamics across nanoporous carbon elec-
trodes.[23,30] During the in situ X-ray scattering measurements, 
the scattered radiation of high X-ray photon flux caused by the 
different electron density in the electrode materials will be 
recorded in a temporal resolution down to seconds and milli
seconds, unveiling both the changes of local ion concentration 
and ion location.[23,30] Using in situ X-ray scattering and Monte 
Carlo simulations, Presser et  al. quantified the degree of ion 
confinement (local ion concentration variation) and desolvation 
in carbon materials with different pore sizes.[31] The degree of 
ion confinement is higher in carbide-derived carbon (CDC, pore 
size 0.65 nm), correlating to the higher specific capacitance 
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(normalized to micropore volume), while partial dehydra-
tion occurred even in activated carbon (pore size 1.3 nm) with 
pore size larger than hydrated ions.[31] In the presence of ILs, 
Simon et  al. employed X-ray scattering coupled with hybrid 
reverse Monte Carlo simulation revealing the formation of 
non-Coulombic ion pairs of the ILs in monolayer confinements 
in the nanopores of CDC (pore size 0.7  nm).[10] In situ X-ray 
scattering analysis further indicated the densified population of 
co-ions (TFSI–TFSI) in the charged pores and more EMI–EMI 
co-ions in discharged pores.[10] As shown in Figure  1b, in situ 
small angle X-ray scattering of activated carbon in CsCl elec-
trolyte clearly demonstrated voltage-dependent local rear-
rangement of ions. During charging process, the degree of 
confinement (DoC) of cations in the pores will be increased 

while the DoC of anions decreases. Combination with theoret-
ical simulation further revealed the time lag between ion trans-
portation and voltage application, due to the accommodation of 
local equilibrium arrangement.[23]

2.2.2. In Situ Electrochemical Dilatometry/Atomic Force Microscopy

Macroscopic dimensional change of electrodes during elec-
trochemical testing can be tracked by in situ eD and in situ 
AFM.[32,33] With construction of non-encapsulated planar SC 
device, the variations in mechanical properties (e.g., strain 
curves and elastic modulus) of the working electrode materials 
can also be recorded by in situ AFM when the AFM tip is in 
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Figure 1.  Representative cases of advanced characterization methods for SCs. a) In situ X-ray diffraction pattern of MnO2 birnessite electrode in 
1M LiCl electrolyte. Reproduced with permission.[22] Copyright 2012, Elsevier. b) In situ X-ray scattering of activated carbon electrode in 1 m CsCl. 
Reproduced with permission.[23] Copyright 2017, Royal Society of Chemistry. c) In situ atomic force microscopy measurement of mesoporous carbon 
in ionic liquid electrolyte at different scan rates. Reproduced with permission.[11] Copyright 2014, John Wiley & Sons. d) Electrochemical quartz crystal 
microbalance (with multiple overtones) measurement of Ti3C2 MXene in different electrolyte. Reproduced with permission.[24] Copyright 2015, John 
Wiley & Sons. e) In situ Raman spectra of NiO2Hx in 2 m KOH electrolyte. Reproduced with permission.[25] Copyright 2016, John Wiley & Sons. f) In 
situ X-ray absorption spectra of MnO2/C-CNT composites in Na2SO4 electrolyte. Reproduced with permission.[26] Copyright 2016, Royal Society of  
Chemistry. g) In situ nuclear magnetic resonance spectra (19F) of coconut-derived carbon in ionic liquids. Reproduced with permission.[27] Copyright 2013,  
American Chemical Society. h) Scanning electrochemical microscopy. Approach curves of the tip to poly-aniline electrodes with different thickness. 
Reproduced with permission.[13] Copyright 2015, John Wiley & Sons.
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contact mode.[9,11] Relative height changes of CDC electrodes 
with different pore size were monitored by in situ eD during 
electrochemical scans in tetraethylammonium tetrafluoroborate 
in acetonitrile (ACN) electrolyte.[33] With the same amount of 
negative charge accumulation, CDC with the smallest pore size 
(5.8 Å) showed maximum height change (≈2%), due to the pore 
expansion induced by entrance of the larger cations.[33] The volu-
metric expansion/shrinkage of SC electrode materials during 
electrochemical testing were also observed by in situ AFM.[9,11] As 
shown in Figure 1c, relative height change of mesoporous carbon 
(MC) membranes was observed by in situ AFM in IL at dif-
ferent scan rates.[11] Clearly, the height change is smaller at faster 
scan rates with only one broad peak per cycling voltammogram 
cycle, while larger height change is recorded with maximum/
minimum height at highest/lowest potential. The strain, volume 
change, and ions kinetics of three types of carbon materials (MC, 
activated MC, and graphitized MC) with different pore size dis-
tribution and pore volumes were further studied by coupling 
with molecular dynamics simulation.[11] Strains will be induced 
during both cathodic/anodic scans with cations/anions intercala-
tion into the small pores.[11] In order to measure the strain curves 
of carbon materials, a non-encapsulated planar SC was assem-
bled, with a high surface area carbon ring as the counter/refer-
ence electrode, surrounding the working electrode at the center. 
During the cycling voltammogram scans, Pt-coated nanosensors 
AFM tip was kept in contact with the working electrode with con-
stant contact force. The maximum cathodic strain and anodic 
strain for the three types of carbon materials are in the range of 
0.2–0.5%. Asymmetric strain curve was observed for carbon with 
smallest pores (1.5 nm), with maximum anodic strain (≈0.44%) 
higher than cathodic strain (≈0.18%). The cations/anions kinetics 
were also found to be hindered by the presence of micropores.[11] 
On oxide nanostructured electrodes, the volume changes of 
MnO2 grains during electrochemical testing were reflected by 
the interparticle distance variation.[9] Protons intercalation during 
discharge predominantly led to the expansion of MnO2 particles, 
which was compromised by localized compression accompanied 
by reduced porosity of the electrode.[9] The height profile of 200 
grains was measured and the average MnO2 particle expansion 
rate was 1.9%. Some of the grains undergo shrinkage upon dis-
charge and some undergoes expansion; on average, the grains 
exhibit 1.9% expansion in particle size. In addition, discharge 
induced softening of MnO2 was revealed with in situ nanoin-
dentation.[9] The nanoindentation testing was done at charged 
state (0.8  V, vs Ag/AgCl; Pt counter) and discharged state 
(0 V, vs Ag/AgCl; Pt counter); it was not stated after how many 
cycles was the measurement conducted. It seems the softening is 
more voltage-induced rather than cycling-induced.

The dimensional and mechanical properties variations 
during electrochemical process can be tracked by in situ AFM, 
yet the contact of AFM tip with electrode materials may inter-
fere with the electrochemical reactions, and electrolyte evapora-
tion is also possible in the open SC cells.

2.2.3. Electrochemical Quartz Crystal Microbalance

EQCM has been employed to quantify the mass change of SC 
electrode materials during charge–discharge process, based 

on the linear relation between resonance frequency and mass 
change as revealed by Sauebrey’s equation.[14,34]

/ m mass∆ = − × ∆f n C m 	 (1)

In this equation, Δf is the change in the resonance frequency, 
n is the overtone order, Cm is the mass sensitivity constant, and 
Δmmass is the mass change of electrode materials. For example, 
the mass of electrodeposited MnO2 was quantified by EQCM 
and the coinsertion of protons and Na+ into MnO2 electrode 
during charging was verified through mass change/mole of 
electrode as quantified by EQCM.[35] Mass change recorded by 
EQCM revealed that the nanopores in N-doped carbon micro-
spheres (pore size < 0.4 nm) are accessible for both cations and 
anions, harnessing high capacitance of 330  µF  cm−2 (normal-
ized to surface area).[36] However, linear gravimetric quantifica-
tion is only conclusive when no dissipation factor (the ratio of 
full resonance width peak to the related resonance frequency) 
variation is involved.[14] In this case, hydrodynamic spectroscopy 
(EQCM-D) needs to be incorporated, which can operate under 
different overtones enabling different penetration depth.[37] 
The potential induced geometrical change of porous electrodes 
(e.g., effective layer thickness and lateral permeability length) 
can be derived by fitting the resonance and frequency change 
versus electrode potential to suitable hydrodynamic admit-
tance model.[14,34] For example, the alkaline-ion intercalation 
induced MXene electrode dimension variations were extracted 
by EQCM-D as shown in Figure  1d, showing the increased 
layer distance and volume expansion of MXenes by large Cs+ 
and reverse effect by smaller Li+ with higher charge density, 
this occurs despite their similar cyclic voltammogram curves.[24] 
The frequency and dissipation factors variations of poly-pyrrole 
(PPy) during electro-polymerization were recorded by EQCM-D, 
indicating the formation of denser soft PPy microfibrils at 
higher deposition potential.[38] The as-obtained microfibrils 
PPy electrode manifests specific capacitance of ≈100  F  g−1.[38] 
With negligible viscoelastic behavior, the charging–discharging 
mechanism of nanoporous carbon beads (average pore size is 
1.2  nm) in different ILs was studied by EQCM, revealing the 
involvement of smaller ions at potential close to zero charge 
and more favorable counterion absorption at higher potentials 
accompanied with electrode volume expansion.[32]

Given the above examples, EQCM-D is powerful in quanti-
fying the mass change and geometrical variations of electrode 
materials during electrochemical process. However, this tech-
nique is very sensitive to the amount of electrode materials on 
the quartz crystal substrate, the analysis result may not be rep-
resentative when the loading mass is higher. Also, the adhesion 
between electrode materials with the quartz crystal substrate 
needs to be guaranteed during testing.

2.3. Chemical Properties Variation

Other than the crystal structure and structural variations of SC 
electrode materials, the chemical properties changes are also 
of great interest. The insights on molecular structure change, 
oxidation states, chemical bonding, coordination chemistry, 
etc., are to be harvested by various methods as discussed below, 
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including in situ Raman/infrared spectroscopy, in situ X-ray 
absorption spectroscopy (XAS), and in situ NMR.

2.3.1. In Situ Raman/Infrared Spectroscopy

As a non-destructive method, in situ Raman spectroscopy can 
reveal valuable information of the molecular and crystal struc-
tures of electrodes during electrochemical process.[12] In situ 
infrared spectroscopy can also reveal chemical changes on mole-
cular level during electrochemical testing.[39] Reversible interlayer 
spacing shrinkage/expansion, increased/decreased Jahn–Teller 
disorder, and polarizability upon discharge/charge were detected 
in MnO2 birnessite with in situ Raman spectroscopy, when tested 
in NaNO3 electrolyte.[12] Similar variations were also observed in 
KNO3/LiNO3, yet with higher/lower degree of disorder and polar-
izability upon deep discharge.[12] Charge storage mechanisms of 
MXene in three different sulfate electrolytes were studied by in 
situ Raman, revealing the bonding/de-bonding of hydronium 
ions with O terminals in MXene upon discharging/charging (in 
negative polarization) in H2SO4, accompanied with reversible 
Ti valence state change.[40] The Raman bands of MXene remain 
intact when tested in (NH4)2SO4 or MgSO4 electrolyte, distin-
guishing the ion exchange-based electrochemical mechanism in 
H2SO4 from counterion adsorption in (NH4)2SO4 or MgSO4.[40] 
The major contribution of OH bonds breaking/formation to 
the charge storage of NiO2Hx in alkaline KOH electrolyte was 
verified by in situ Raman spectra as displayed in Figure  1e, 
while no noticeable changes in bands features were observed in 
KNO3 electrolyte.[25] Besides the aforementioned in situ Raman 
study of pseudocapacitive metal oxides/nitrides/hydroxides, 
in situ infrared spectroscopy was also employed to investigate 
the electrochemical process of non-Faradaic carbon materials. 
Entrance/exit of both cations and anions into the pores of CDC 
during charging/discharging was observed with in situ infrared 
spectroscopy.[41] For KOH activated carbon nanofibers with 
abundance of pores and high surface area, the charge storage 
mechanism of ILs in the nanopores was also revealed by in situ 
infrared spectroscopy, quantifying increased concentration of 
cations in the nanopores during charging process, which was 
ascribed to the increased ionophilicity by the oxygen functionali-
ties introduced during activation process.[39]

2.3.2. In Situ X-Ray Absorption Spectroscopy

XAS is related to the transition of electrons from core levels to 
unoccupied electronic states, making this technique element-
specific for local chemical environment detection.[26] In situ 
XAS can indicate the oxidation state and interatomic bonding 
variations in electrode materials.[26,42,43] Increased/decreased 
oxidation state of Mn in MnO2 during charging/discharging 
was verified with in situ XAS in different pH electrolyte.[7] 
Larger average oxidation state change was quantified in weak 
acidic electrolyte than in strong acidic electrolyte, which was 
related to the higher pseudocapacitance in weak acidic elec-
trolyte.[7] MnO2-based composites also exhibit oxidation state, 
tunnel size, and local electronic structures variation as detected 
by in situ XAS.[26,44] As shown in Figure  1f, varied pre-edge 

absorption and main edge absorption during electrochemical 
testing was observed in MnO2/C-carbon nanotubes (CNT) com-
posite.[26] Increased oxidation state of Ni from NiO to NiOOH 
at around 0.5  V was revealed with absorption energy shifting 
through in situ XAS measurements, corroborating the anodic 
peak position observed in cyclic voltammogram curves.[45] 
Reversible average oxidation state variation of Fe in FeOOH in 
Li2SO4 electrolyte was detected with in situ XAS.[42] Decreased 
FeO and FeFe bonding length upon charging was also 
revealed with extended X-ray absorption fine structure spec-
trum (EXAFS), accompanied by delithiation induced distor-
tion relief and restored symmetry in FeO6 octahedral unit.[42] 
Removal of one electron per mole of Mo in Mo2N upon charge 
storage was quantified by in situ XAS, with minimal local struc-
tural variation of Mo in the EXAFS results, indicating the good 
structural stability.[46]

2.3.3. In Situ Nuclear Magnetic Resonance

When non-zero spin nuclei in a strong magnetic field are per-
turbed by a weak oscillating magnetic field, an electromagnetic 
signal will be produced with characteristic frequency of the mag-
netic field of the nucleus. The resonance frequency observed 
by NMR is element-dependent and sensitive to local chemical 
environment, making it a powerful technique for electro-
chemical interfaces study.[27,47] In situ NMR can detect the local 
chemical environment variation of elements of interest, distin-
guishing contribution of different chemical species to electro-
chemical process.[27,47] As shown in Figure 1g, in situ NMR (19F, 
aiming at BF4

− anions) was used to study the electrochemical 
mechanism of SCs based on coconut-derived activated carbon, 
showing periodic absorbed resonance variation.[27] Two stages of 
charge storage were identified, revealing the dominating short 
range rearrangements and co-ions ejection at voltage <0.75  V 
and the contribution of both counterions adsorption and co-ion 
ejection at voltage >0.75 V.[27] In situ NMR was also employed 
to study the ion dehydration process of NaF aqueous electrolyte 
in polymer-derived activated carbon.[48] Hydrated F− can enter 
the nanopores at voltage >0.4 V while partial dehydration of F− 
occurs only at voltage >0.7 V.[48] Ion diffusion coefficients (D) in 
nanoporous carbon (pore size < 2 nm) was quantified by in situ 
NMR methods with pulsed field gradient and different observa-
tion time.[8] It was found out that confinement of ions in the 
nanopores leads to significant reduction of D for both cations 
and anions, with cations suffering more drastic D reduction.[8] 
Deschamps et  al. employed in situ 1D magnetic resonance 
imaging to probe the ions population variations of symmetric 
SCs based on CDC (pore size  <  1  nm) or conventional nano-
porous carbon (pore size < 2 nm). It was found out that coun-
terion adsorption mechanism are dominating for conventional 
carbon, while both counterion adsorption and co-ion ejection 
are responsible for the higher capacitance of CDC.[47]

2.4. Electrochemical Properties

With the above-discussed characterization methods, the phys-
ical, structural and chemical variations of electrode materials 
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during electrochemical process can be recorded. Nonetheless, 
there are also approaches to gain insights on electrochemical 
properties of electrode materials, for example using SECM to 
quantify the heterogeneous charge transfer rate constants.

2.4.1. Scanning Electrochemical Microscopy

SECM system consists of a moveable ultramicroelectrode 
(UME, diameter < 30 µm) in a three-electrode electrochemical 
cell (containing redox mediator), both of which are connected 
to a bipotentiostat.[49,50] SECM can be utilized for both 2D map-
ping (feedback mode and general collection mode) and localized 
kinetics investigation, as well as localized surface modifica-
tion.[49] SECM studies for electrochemical SCs have been carried 
out to provide further insights. For example, our group utilized 
SECM in feedback mode to quantify the heterogeneous charge 
transfer rate constants (keff) of MnO2-based and polyaniline 
(PANI)-based electrode materials in Fe(CN)6

4−/Fe(CN)6
3− redox 

mediator.[13,51] Positive feedback current from MnO2-based 
electrode has been verified.[51] The approach curves of the tip 
to PANI electrodes with different thickness can be seen in 
Figure  1h, and the extracted keff values (at electrode potential 
of 0.6  V) correlate with the macroscopic specific capacitance, 
explaining the decreased specific capacitance when PANI is 
thicker than 5  µm.[13] Similarly, we have investigated the keff 
values of carbon nanotubes/hydroquinone and reduced gra-
phene oxide/hydroquinone interfaces as quantified by SECM 
in feedback mode, providing further understanding for redox-
active electrolyte SCs.[52] Through SECM mapping, Sapati et al. 
also verified the facilitated charge transfer to UME tip (biased 
at 0.4 V) when the electrochemically deposited MnO2 is biased 
at −0.2 V.[35]

2.5. Other Properties

Aside from the above-mentioned properties variation of SC 
electrodes during electrochemical testing, some other phe-
nomenon can also be observed. Heat generation in multiple 
carbon-based symmetric SCs were monitored during cycling, 
using isothermal calorimeter.[53] Identical heat generation rates 
in positive and negative electrodes were detected in absence of 
CMC (sodium carboxymethyl cellulose) binder, while presence 
of CMC resulted in a higher heat generation rate in the positive 
electrode than in the negative electrode, due to the interaction 
between anionic groups in CMC with the cations in the nega-
tive electrode.[53]

Gas evolution in symmetric SCs with MnOx/reduced gra-
phene oxide (rGO) electrode and Na2SO4 electrolyte was 
monitored with in situ differential electrochemical mass spec-
troscopy.[54] Evolution of CO2 at voltage higher than 1.0 V was 
detected, possibly due to carbon corrosion, coincides with the 
working potential of the SCs.[54] Evolution of other gas (H2, O2) 
on carbon electrode in symmetric SCs at high voltages were 
also detected with pulsed electrochemical mass spectroscopy.[55]

The above-mentioned characterization methods for mecha-
nism investigations of SCs have been summarized as shown in 
Table 1. The key issues of these methods, including the specific 
active materials, information to be derived and advantages/
disadvantages have been listed. There have been a few review 
articles summarizing the use of different characterization 
methods for the mechanism investigations in electrochemical 
SCs.[56–59] For example, Wang et al. discussed the use of in situ 
XRD, in situ XAS and EQCM for mechanism investigation of 
SC electrodes, mostly for metal oxides and hydroxides.[58] Mai 
et al. reviewed the use of in situ Raman/IR spectroscopy to dis-
close the mechanism for carbonaceous SC materials, and the 
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Table 1.  Summary of the key issues of the above-discussed characterization methods.

Methods Specific materials Information to be derived Advantages Disadvantages

Crystal 
structure

In situ XRD Metal oxides, MXene Lattice parameter Non-destructive, Fast  
data acquisition

Not applicable for EDLC  
materials and amorphous 

materials

Structural 
properties

In situ X-ray  
scattering

Porous carbon Ion transportation dynamics  
(ion confinement, desolvation, etc.)

Non-destructive, high  
temporal resolution

Special set-up

In situ eD/AFM Porous carbon, metal  
oxide, etc.

Macroscopic dimensional change, 
mechanical properties variation

Facile set-up AFM tip in contact with  
electrode materials

EQCM Porous carbon, metal  
oxide, MXene, conductive 

polymers etc.

Mass change, geometrical change High sensitivity and  
accuracy

Loading mass on quartz  
crystal should be low,  

adhesion should be good

Chemical 
properties

In situ Raman/ 
infrared spectroscopy

Porous carbon, metal  
oxide, MXene, etc.

Molecular structure Crystal  
structure

Fast data acquisition, 
high spatial and temporal 

resolution

Possible sample heating,  
Localized analysis

In situ XAS Metal oxides, MXene, etc. Chemical environment  
(chemical bonding, oxidation  

state coordination structure, etc.)

Applicable for both  
crystalline and amorphous 

materials

Requires high-energy X-rays 
with short wavelengths

In situ NMR Porous carbon Local chemical environment  
(ion confinement)

Element-sensitive,  
suitable for interface study

Only applicable for non-zero  
spin nuclei, long sampling time

Electrochemical 
properties

SECM Metal oxides,  
conductive polymers

Heterogeneous charge  
transfer rate constants

Localized investigation Dependent on sample  
thickness, conductivity,  

porosity, etc.
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use of in situ XAS and in situ XRD for metal oxide-based SC 
materials.[59] Zhu et al. emphasized the use of in situ IR, X-ray 
scattering, NMR and EQCM for SC mechanism investigation 
of electric double-layer capacitor (EDLC) materials.[56] In our 
essay, we present and distinguish the characterization methods 
based on the categorized information to be derived, that is, 
crystal structure, structural, chemical, and electrochemical 
properties, for both carbon-based materials and metal oxide/
MXene/conducting polymers-based pseudocapacitive materials. 
These methods also pave the way for constructing multifunc-
tional SCs as highlighted in this essay.

Mechanism understanding of SCs provides the basis for 
some of the other functions harvested by the same electrode 
materials. For example, the mechanical properties variation of 
electrode materials unveiled by in situ AFM offer instructions 
on the assembly of deformable SCs,[9] the structural change 
of electrode materials quantified by in situ XRD/dilatometry/
AFM/EQCM can be related with the electrochemical actuator 
performances,[19] and the crystal structure variation of some 
metal oxides unveiled by in situ XRD is correlating with electro-
chromic modulation.[60] In the last section, the development of 
multifunctional SC will be introduced.

3. Multifunctional Applications of Electrochemical 
Supercapacitors
SCs were invented as energy storage devices. The under-
standing of the electrochemical mechanism of SCs has evolved 
with the help of the above-mentioned available toolkits. How-
ever, application of SCs is still limited to certain fields. The 

development of future electronics in different application sce-
narios have necessitated the integration of extra functions in 
SCs. Multifunctional SCs can be realized by exploring extra 
functions within the same SCs or by integration with other 
functional devices.

As displayed in Figure  2, SCs with multifunctionalities 
including but not limited to mechanical deformability, self-
healability, self-chargeability, color tunability, sensing ability, 
and actuation have been integrated. These multifunctional SCs 
will certainly expand the applications of SCs and stimulate the 
development of future electronics with better flexibility, effi-
ciency, and sustainability. Multifunctional SCs demonstrated in 
literature will be presented and discussed as follows.

In order to construct multifunctional SCs, one need to care-
fully evaluate different electrode materials, electrolyte, current 
collector, and substrates for different purposes.[61–63] a) For the 
electrode materials, carbon-based EDLC materials manifest 
high electrical conductivity, high porosity, and high electro-
chemical stability, thus fast discharge and high power density, 
while the capacitance and energy density are often limited. 
Pseudocapacitive materials (e.g., metal oxides, MXene, and 
conductive polymers) based on Faradaic reactions have better 
charge storage capability, at the expense of discharge rate and 
power. In addition, carbon-based materials often offer better 
mechanical stability and can be used as backbone to support 
pseudocapacitive materials, harvesting the merits of both.[62] 
b) Electrolytes used for SCs include aqueous-, organic-, and 
IL-based electrolytes. Aqueous electrolytes have high ionic con-
ductivity (101–102 mS cm−1) yet narrow voltage window. Organic 
electrolyte can sustain wider voltage window (up to 3.5  V), 
with sacrificed ionic conductivity (100–101  mS  cm−1). IL-based 
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Figure 2.  Schematic illustration of multifunctional supercapacitors, including mechanically deformable, self-healable SCs, SC-sensors, SC-actuators, 
electrochromic SCs, and self-chargeable SCs (piezoelectric-, triboelectric-, photovoltaic-, thermoelectric SCs).
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electrolytes have the merits of low vapor pressure and good 
electrochemical stability (operational voltage up to 3.7 V), while 
the high viscosity and low ionic conductivity will cause limited 
rate performance.[62] During SC assembly, liquid electrolyte 
can often lead to electrolyte leakage. Incorporation of polymer 
host in aqueous and/or organic electrolyte, and fumed silica 
in ILs can resolve the electrolyte leakage issue and avoid the 
use of separator, while allowing good mechanical stability and 
flexibility. Again, the ionic conductivity will be sacrificed and 
proper sealing still needs to be guaranteed. c) The current col-
lector/substrate is also of great importance for multifunctional 
SCs assembly. Rigid substrates, for example, silicon wafer and 
ITO/fluorine-doped tin oxide (FTO) glass are not applicable 
for deformable SCs, while polymer-, paper-, and textile-based 
substrates are favored in this case. For multifunctional electro-
chromic SCs, substrates with high transparency is needed to 
allow light modulation.[61]

3.1. Deformable Supercapacitors

SCs with rigid structures are limited and unfavorable for wear-
able electronics, portable electronics, flexible displays, etc., 
triggering efforts to develop mechanically deformable SCs.[2] 
Preparation of flexible SCs are mostly relied on the assembly of 
flexible electrodes, which are normally realized by using conduc-
tive carbon materials or metals as substrate/current collector.[64,65] 
Flexible SCs based on only carbon materials, for example, acti-
vated carbon, carbon nanotubes, and graphene fibers as elec-
trodes have been extensively studied. Wei et al. mixed CNT with 
activated carbon, obtaining activated carbon/CNT flexible elec-
trode with specific capacitance of 267.6  F  g−1.[66] Fiber-shaped 
carbon-based electrodes was also developed for flexible SCs. 
Wire-shaped SCs based on symmetric CNT/ordered MC fiber 
electrodes and PVA (polyvinyl alcohol)/H3PO4 gel electrolyte 
was developed.[67] The SC wires has optimized specific capaci-
tance of ≈2 mF cm−1, without significant capacitance decay after  
1000 cycles’ bending.[67] Similarly, activated carbon drop-casted 
onto carbon fibers and PVA-H3PO4 gel electrolyte were used to 
fabricate fiber-shaped symmetric SCs, which realized specific 
capacitance of 45.2  mF  cm−1.[68] Three SCs were weaved into a 
wrist band and can light up an LED.[68] Wet-spun graphene fibers 
was coated with PVA-H2SO4 gel electrolyte, which was further 
coated with sheath graphene fiber and the same gel electrolyte, 
fabricating a fiber-shaped SC.[64] Specific capacitance of 182 F g−1 
was realized by the SC, which can be weaved into cotton yarn 
with capacitance retention of 92% over 100 bending cycles.[64]

Flexible SCs incorporating pseudocapacitive materials are 
favorable in terms of specific capacitance and energy density. 
MnO2 was electrodeposited onto CNT paper, obtaining flex-
ible electrode with specific capacitance of >150  F  g−1.[69] PANI 
polymerization on CNTs was also conducted to obtain flexible 
paper electrode, which was soaked in PVA-H2SO4 gel electro-
lyte to fabricate symmetric ultrathin SCs.[70] The paper SC have 
thickness comparable to A4 paper and capacitance of 150 F g−1 
for the whole device.[70] Electro-polymerization of PANI onto 
graphene paper also produced flexible SC electrode.[15] Asym-
metric flexible SCs employing CNT paper as current collectors 
for both electrodes were fabricated. MnO2 electrodeposited 

onto CNT paper and PANI electropolymerized on CNT paper 
are the positive and negative electrodes, respectively, which 
were further assembled into flexible SCs with polyvinylpyr-
rolidone (PVP)-Na2SO4 gel electrolyte.[71] The flexible SCs 
showed maximum energy density of 24.8  Wh  kg−1.[71] Flexible 
fiber-shaped SCs using symmetric bisrolled CNT/poly(3,4-
ethylenedioxythiophene) (PEDOT) yarns as electrode with 
PVA-H2SO4 gel electrolyte was fabricated, showing excellent 
mechanical deformability with no obvious capacitance degra-
dation after 10  000 cycles at bent state.[72] Instead of CNTs or 
graphene paper, metal substrates were also utilized to fabricate 
flexible SCs. ZnCo2O4 grown on Ni foam was used as the elec-
trode for symmetric flexible SCs with PVA-KOH gel electro-
lyte.[65] The flexible SC showed excellent capacitance retention 
of ≈100% over 3000 cycles at bent or twisted states.[65] Other 
than directly utilizing conductive substrates, modification of 
originally non-conductive substrates to obtain conductive and 
flexible substrates have also been reported. CNTs absorption 
onto cellulose sponge[73] and infiltration into Kimwipes tis-
sues[74] result in conductive and flexible substrates, which were 
utilized for MnO2 electrodeposition and PANI polymerization, 
respectively. Polyester cloth coated with reduced graphene oxide 
was also utilized as conductive and flexible substrate for PANI 
polymerization, enabling fabrication of flexible and wearable 
SC fabrics.[75] The flexibility of the above-mentioned flexible 
SCs are realized through different strategies. i) adoption of flex-
ible/conductive substrate, for example, CNT paper, graphene 
paper, and Ni foam.[15,65,69] ii) Incorporation of gel electrolyte, 
for example, PVA-H3PO4.[67] iii) SCs with different form factor, 
for example, fiber-shaped.[67]

Aside from flexibility, stretchable SCs are also required for 
certain applications. Fabrication of stretchable SCs are more 
challenging than assembly of flexible SCs, with the “pre-
straining” approach often adopted.[76] SCs based on electrodes 
of PANI electrodeposited on wavy graphene foam sustained 
stretchability of 20%,[77] while stretchability of 370% was 
obtained in SCs based on electrodes of prestretched elastic 
fiber wrapped by aligned CNT arrays.[78] Elastomeric substrates 
are also often used for fabrication of stretchable electrodes.[79] 
Electrode of laser-induced graphene on polydimethylsiloxane 
(PDMS) showed stretchability of 50%.[80] Electrode of CNT 
arrays fixed by polyurethane (PU) manifests stretchability of 
500%.[81] Symmetric SCs fabricated using this electrode and 
PVA-H3PO4 can sustain stretching of 200% with minimal 
capacitance degradation.[81] Our group has attempted to fabri-
cate stretchable SCs using Ag-wire networks embedded in PU 
acrylic substrate as the current collector.[82] Electrochemical 
coating with Ni and Fe onto Ag nanowires (NWs) results in 
the positive and negative electrodes, enabling fabrication of 
asymmetric SCs with stretchability of 35% and transparency 
(50%).[82] In a nutshell, assembly of stretchable SCs are often 
relying on the “wavy” structure, “prestraining” approach, and 
elastomeric substrate, with the use of gel electrolyte.[62]

3.2. Self-Healable Supercapacitors, Shape Memory Supercapacitors

Repeated deformations may cause accidental damage of 
SCs and performance degradation in practical applications, 
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necessitating the development of self-healable SCs and shape 
memory SCs (SMSCs) with extended life span.[16,83,84]

Self-healable electrodes through incorporation of self-healing 
polymers (SHPs) have been developed. The SHPs can be 
obtained based on Leibler’s method.[85–87] This method employs 
carboxylic-acid ends to attach functional groups (amidoethyl 
imidazolidone, di(amido ethyl)urea, and diamido tetraethyl 
triurea), forming SHPs based on multiple hydrogen bonds.[88] 
The structure stability of PANI/GO electrodes was improved 
by hydrogen-bond-based SHPs coating, leading to increased 
cycling life (≈97.5% capacitance retention after 9000 cycles) of 
the full SCs device.[85] Wrapping aligned CNTs on SHP fibers 
resulted in the self-healable electrodes, enabling fabrication of 
self-healable wire-shaped SC device.[87] TiO2 nanospheres incor-
porated SHPs were employed as self-healable substrates for 
spreading of CNTs, allowing the assembly of symmetric SCs 
with PVP-H2SO4 gel electrolyte.[86] Our group also developed a 
self-healable substrate based on liquid metal particles on car-
boxylated PU (CPU).[89] Further coating of graphene platelets 
enables assembly of stretchable and self-healable symmetric 
SCs with IL electrolyte. The self-healing process was based on 
the hydrogen bonding of CPU and the flow of liquid metals.[89] 
Thermally self-healable substrates based on Ag NWs on poly-
caprolactone (PCL)/PVA was developed.[90] Thermal induced 
softening of PCL/PVA enables the restoration of the electrical 
conductance between Ag NWs.[90] Magnetic-assisted self-
healable yarn SCs were assembled with PPy/magnetic Fe3O4/
stainless steel fiber electrodes and PVA-H3PO4 gel electro-
lyte.[83] SHP CPU was used to coat the whole symmetric yarn 
SCs. Under magnetic field, the magnetic fibers will reconnect, 
restoring 71.8% of the electrochemical performance of the yarn 
SCs after four times breaking/healing.[83]

Self-healable electrolytes based on hydrogels or ionogels were 
also synthesized for self-healable SCs.[91] Self-healable supramo-
lecular hydrogel electrolyte based on KCl-Fe3+/poly acrylic acid 
(PAA) was developed with ionic conductivity of 0.09  S  cm−1, 
endowing higher cycling stability in SCs as compared to liquid 
electrolyte.[92] The self-healing property was based on the for-
mation of interchain bonding between PAA and Fe3+ at the 
cut interface.[92] Sodium alginate grafted with dopamine/KCl 
hydrogel electrolyte is also self-healable based on the dynamic 
catecholborateester bonding, enabling self-healable SCs sus-
taining ten cycles of cut/healing.[93] Polyelectrolyte was synthe-
sized by PAA dual crosslinked by hydrogen bonding and vinyl 
hybrid silica nanoparticles, endowing as-fabricated self-healable 
SCs with >100% healing efficiency after 20 breaking/healing 
cycles.[16]

SMSCs have been demonstrated in literature with incorpora-
tion of shape memory polymers or alloys as substrates.[84,94–96] 
With coating of aligned CNTs on shape memory PU fibers, 
fiber-shaped symmetric SMSCs can be obtained with PVA-
H3PO4 electrolyte, maintaining electrochemical performance 
during deformation and after shape recovery.[95] NiTi shape 
memory alloy was used as both substrate and current collectors 
to fabricate SMSCs.[84,94] Yan et al. utilized graphene on NiTi as 
negative electrode and MnO2 on Ni film as positive electrode 
to fabricate SMSCs.[94] The NiTi alloy has phase transition tem-
perature of 15 °C, thus human skin temperature can actuate the 
shape recovery of the SMSCs.[94]

3.3. Low-Temperature Supercapacitors

In extreme weather conditions, for example high altitudes 
and cold climates, the advantage of high power density of  
electrochemical SCs will be significantly compromised due to 
the increased equivalent series resistance and electrode ionic 
resistance, especially in aqueous and propylene carbonate 
(operating limit −25  °C)-based electrolyte.[97,98,99] In order to 
construct low-temperature-tolerant SCs, alternative electrolytes 
with mixed salts/solvents have been developed.[98]

Hydrogel-based electrolytes with abundant hydrogen 
bonding between hydrophilic polymer chains with water mole-
cules can effectively disrupt ice formation, thus improving 
the low-temperature performance of SCs.[100,101] With dual-
crosslinked PVA-AA-H2SO4 hydrogel electrolyte, the specific 
capacitance of a symmetric SC based on MoN/CNT elec-
trodes can retain 80% of its original value after being stored 
at −35  °C for 23 days.[100] Incorporation of fatty species was 
also attempted to improve the antifreezing properties of PVA 
hydrogels.[102] The storage modulus of LiCl-PVA-H2O hydrogel 
was increased dramatically when the temperature was reduced 
from 25 to −40  °C, while the storage modulus of LiCl-PVA-
H2O/ethylene glycol hydrogel remain almost constant. As a 
result, symmetric SC employing this LiCl-PVA-H2O/ethylene 
glycol hydrogel electrolyte and CNT paper electrodes can 
maintain 88.3% of its capacitance even after 5000 cycles at 
−20 °C.[102]

Super-concentrated water-in-salt electrolyte (WiSE) exhibit 
wide electrochemical window of ≈3  V due to the strong coor-
dination of water molecules with the Li+.[103,104] However, the 
tendency of salt precipitation in these WiSE electrolytes at 
low temperatures will inevitably exclude their application in 
low-temperature scenarios.[103,104] In view of this, Yan et  al. 
blended ACN solvent with WiSE to formulate AWIS electrolyte, 
endowing increased ionic conductivity, reduced viscosity, and 
preserved voltage window. The incorporation of ACN molecules 
can disrupt the cation–anion aggregates due to spatial isola-
tion while preserving the strong coordination of water mole-
cules with Li+ in LiTFSI-based AWIS electrolyte.[103] Similarly, 
in NaClO4-based AWIS electrolyte, ACN molecules strongly 
coordinates with Na+, changing the solvation structure from 
cation–anion aggregates to contact ion pairs (one ClO4

− anion 
coordinate with one Na+) and/or solvent separated ion pairs.[104] 
In this NaClO4-based AWIS electrolyte, commercial activated 
carbon can maintain 86.5% of its room-temperature capaci-
tance at −50 °C.[104]

Low ice point ILs were also employed as electrolytes to 
assemble temperature-tolerant SCs. For example, symmetric 
SCs with lamellar porous carbons tack electrodes and 1-butyl-
3-methylimidazolium tetrafluoroborate (ice point of −72  °C) 
electrolyte were assembled, exhibiting specific capacitance of 
76.8  and 25.2  F  g−1 at 20 and −30  °C, respectively.[99] Mixing 
ILs with binary organic solvents was also attempted to 
decrease the viscosity of ILs at low temperature without nar-
rowing the electrochemical window.[105–107] Yan et al. reported 
a 1-butyl-3-methylimidazolium tetrafluoroborate/ACN/methyl 
acetate-based electrolyte, which manifest widened potential 
window of 3.5  V at −50  °C.[105] Symmetric SCs employing 
this electrolyte and PANI derived activated carbon electrodes 
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delivered specific capacitance of 45  F  g−1 at −50 °C, compa-
rable to that at room temperature, with capacitance retention 
of 71.2% after 10 000 cycles at −50 °C.[105] Similarly, Ding et al. 
reported a low melting point triethylmethylammonium tetra-
fluoroborate/ACN/1,3-dioxolane electrolyte.[106,107] Sluggish 
ion desolvation at low temperature will lead to drastic decay in 
capacitance when the pore size of activated carbon is <0.9 nm. 
On the contrary, temperature independent capacitance can 
be manifested in activated carbon electrode with pore size 
of >0.9  nm, delivering specific capacitance of 164  F  g−1 at 
−100 °C.[106]

3.4. Supercapacitors-Sensors

SCs with high power density and long cycling life are ideal 
power sources for digital communication electronics.[108] 
Various sensors, including photodetector,[109] chemical 
sensor,[110,111] strain/pressure sensor,[112,113] and temperature 
sensor,[114] integrated with SCs have been demonstrated. Shen 
et  al. reported a self-powered photodetector system based on 
in-plane SCs of GeSe2/PVA-H2SO4/GeSe2 powering photode-
tectors of CdSe NWs, giving similar current response on white 
light illumination when the photodetector is powered either 
by the SCs or external power of 0.3  V.[108] Instead of directly 
connecting SCs with sensors, higher level of integration of 
SCs and photodetectors into one device were also realized by 
employing light-sensing materials as electrode for SCs.[115] Gra-
phene was used as both the negative electrode for SCs and the 
light-sensing material, realizing photodetection through moni-
toring the leakage current of SCs.[115] Similarly, TiO2-based 
integrated SC-photosensor in one device was also realized by 
monitoring leak current of SCs.[20] Chemical sensors based on 
SC electrodes have been showcased in literature. Graphene/
ZnO electrode has lower detection limit of ≈1.0 µm and ≈10 nm 
for [Fe(CN)6]3+ and dopamine, respectively.[110] Hierarchical 
SnO2 nanostructures showed conductance variation to multiple 
volatile gases exposure, with highest response to ethanol.[111] 
Specific capacitance of 187.7 F g−1 was also realized by the same 
electrode.[111] ZnCo2O4/PANI composite electrode delivers 
capacitance of 398  C  g−1 while realizing hydrazine sensitivity 
of 0.43 µA µm−1 with lower detection limit of 0.2 µm.[116] NO2 
sensor based on graphene and microSCs based on PANI/CNT 
was integrated on the same deformable substrate, realizing 
stretchable self-powered gas sensor.[117] Aside from photo- and 
chemical-sensors, other type of sensors integrated with SCs 
have also been attempted. CNT-PDMS sponge manifests high 
sensitivity (0.008 kPa−1) as piezo-resistive sensor,[113] which can 
also be employed as electrodes for symmetric SCs. The sym-
metric SCs show volumetric capacitance of 13.82 mF cm−2.[113] 
3D printed fiber-shaped SCs based on V2O5/CNT and VN/CNT 
electrodes were integrated with temperature sensors based 
on rGO fibers, realizing self-powered integrated fiber-shaped 
temperature sensor with sensitivity of 1.95% °C−1.[114] SCs inte-
grated with multiple sensors were also demonstrated, utilizing 
PPy coated on CNT stretchable textile as both light-sensing and 
pseudocapacitive electrodes.[112] In this self-powered device, 
both energy storage SCs, photosensors and strain sensors are 
integrated.[112]

3.5. Supercapacitor-Actuators

Actuators can convert external stimuli (heat, electricity, light, 
etc.) into mechanical energy with deformations or motions for 
soft robotics.[19,118] Carbon-based materials with high surface 
area and high electronic conductivity have been widely reported 
for both actuators and SCs. Aabloo et al. reported a bifunctional 
SC-actuator based on CDC electrode in IL electrolyte, which 
delivers maximum strain of 0.6% and gravimetric capacitance 
of 119 F g−1.[119] The actuation mechanism was related to the dif-
ferent ion size effect.[119] Incorporation of Fe3O4 nanoparticles 
into graphene layers was found out to increase the actuation 
strain by 56% due to the mitigated restacking, while harnessing 
specific capacitance of ≈65  F  g−1.[120] The actuation phenom-
enon was dominated by Coulombic contribution.[120] Recently, 
Gao et al. reported a bifunctional symmetric SC-Actuator device 
based on MXene electrode with gel electrolyte PVA-H2SO4, 
which can accumulate curvature of 0.038  mm−1 and strain 
of 0.26% as well as capacitance of 55  F  g−1.[19] The actuation 
is caused by proton insertion/extraction induced interlayer 
spacing expansion/shrinkage of MXene, as revealed by in situ 
XRD analysis.[19] Instead of ion insertion/extraction induced 
actuation, bifunctional SC-actuators based on joule heating 
was also reported. Graphite paper deposited with PANI nano-
particles was laminated with biaxially oriented polypropylene 
(BOPP) film.[118] The different thermal expansion coefficient 
between BOPP and graphite paper resulted in the actuation 
upon voltage induced joule heating. The graphite paper-based 
electrode demonstrates large bending curvature (1.03  cm−1) at 
a low driving voltage of 2.5 V and areal specific capacitance of 
402.5 mF cm−2.[118] Integrated bifunctional SC-actuator devices 
based on this electrode was demonstrated as a gripper with 
charge storage capability.

3.6. Electrochromic Supercapacitors

Electrochromism happens when the electrode materials are 
biased in electrolyte, accompanied by electrochemical ion 
insertion/extraction, resembling the electrochemical process 
in pseudocapacitors.[2,17,60] Inspired by the similarity between 
EC and SC, bifunctional SC-EC devices have been demon-
strated in literature. Yang et  al. reported a multifunctional 
SC-EC window by employing WO3 on FTO glass as electrode 
through thermal evaporation.[121] A high specific capacitance 
of 639.8  F  g−1 and a large transmittance modulation of 76.2% 
are both harvested by the as-prepared electrode. In WO3-based 
SC-EC device, the transmittance modulation was achieved by 
the reversible oxidation state change of W center between W6+ 
(transparent state) and W5+ (colored state), accompanied by 
charge storage/release.[61] Thus, the charge/discharge state of 
SC-EC device can be visually inspected based on the color.[61] 
SC-EC bifunctional cells based on WO3 quantum dots,[122] other 
metal oxides including NiO,[123] NiMoO4,[124] and V2O5,[125] or 
conducting polymers[126] have also been reported. Instead of 
relying on rigid FTO/ITO glass-based substrate, mechanically 
deformable SC-EC devices have also been achieved by adoption 
of different conductive substrates. For example, WO3 was elec-
trodeposited onto flexible polyethylene terephthalate (PET)/Ag 
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grid/PEDOT: PSS films, which achieved optical modulation of 
81.9% with specific capacitance of 221.1  F  g−1 (at current den-
sity of 1 A g−1) in 0.5 m H2SO4.[127] Other flexible SC-EC devices 
based on Ni(OH)2 on Ag NWs/PEDOT: PSS/poly(ethylenimine) 
ethoxylated,[128] PANI on PEDOT/PET,[129] PANI on Au NWs 
membrane,[130] PANI on ITO/PET,[131] polyFe on ITO/PET,[132] 
etc., have also been prototyped in literature. Fiber-shaped SC-EC 
bifunctional device utilizing PANI on CNT/elastic fiber[133] and 
stretchable SC-EC devices based on WO3 nanotubes on Ag 
NWs/PDMS[134] have been reported as well.

3.7. Self-Chargeable Supercapacitors

Energy conversion devices that convert energy from environ-
ment into electric energy have emerged as intriguing devices to 
improve energy efficiency. However, the converted energy is nor-
mally intermittent and dependent on the environmental condi-
tions, thus storage of the converted electric energy is desired. In 
this section, integration of SCs with solar cells, piezo-, tribo-, and 
thermo-electric devices will be showcased and discussed.

3.7.1. Solar Cells Supercapacitors

Solar cells can only convert solar energy into electric energy 
during daytime, thus integration with energy storage devices, for 
example, SCs, is a necessity.[135] Gong et al. attempted to power a 
flexible solid state SCs with perovskite hybrid solar cells (Voc of 
0.9 V).[135] The SCs can be charged to 0.75 V and sustain a dis-
charge time of 45 s (at 1 A g−1).[135] Wang et al. demonstrated a 
power pack composed of a perovskite solar cell (CH3NH3PbI3-
based) and a SC (PPy-based) connected in series.[136] The power 
pack delivered high energy storage efficiency of 10% and has an 
improved output voltage of 1.45 V under AM 1.5G illumination 
when SC is fully charged.[136] With the purpose of device minia-
turization and footprint area reduction, photo-capacitor devices, 
in which solar cells and SCs have one shared electrode, have been 
developed. For example, Peng et al. demonstrated an energy fiber 
with solar cells and SCs at two ends, sharing the same Ti wire.[18] 
The energy fiber gives total photoelectric conversion to storage 
efficiency (η) of 0.82%, and are flexible and weavable.[18] Wang 
et  al. reported a power unit composed of a hybrid silicon NW/
polymer heterojunction solar cell and a PPy-based SC using Ti 
film as the conjunct electrode, yielding η value of 10.5%.[137] Fur-
thermore, both photo conversion and energy storage capabilities 
can be integrated into a single device.[138] A bifunctional twisted 
fiber consisting of Ti@TiO2 fiber as the core and CNTs/PANI 
as the shell, separated by electrolyte containing I3

−/I− redox ion 
couple, has been prototyped.[139] The twisted fiber demonstrated 
high energy conversion efficiency of 6.58% and specific capaci-
tance of 85.03 mF cm−1.[139]

3.7.2. Piezoelectric Supercapacitors

Piezoelectric devices harvest mechanical energy into electric 
energy, which is intermittent if the mechanical input is non-
continuous.[140] Taking polarized poly(vinylidene fluoride) 

(PVDF) film as an example, the piezoelectricity originates from 
the β-phase where C-F dipoles are aligned in the same direc-
tion, creating intrinsic charges.[61] Desirable piezoelectric-SCs 
(PESC) devices that store intermittent electric energy have been 
attempted and showcased in literature. Wang et  al. reported a 
self-chargeable PESC device based on MnO2 electrode sand-
wiching PVDF-ZnO piezoelectric separator immersed with 
H3PO4-PVA electrolyte.[141] The PESC device can be charged 
to 110  mV with human palm impact within 300  s.[141] Our 
group demonstrated a bifunctional PESC device based on 
poled porous piezopolymer (poly[vinylidene fluoride-co-trif-
luoroethylene]) foam immersed with LiClO4-based gel electro-
lyte, sandwiched by CNT electrodes.[142] Upon application of 
mechanical force, as-generated piezoelectric potential creates 
ion concentration gradient in the electrolyte, increasing the 
open circuit potential (OCP). With mechanical force of 70 N at 
5 Hz, the OCP can be improved by 70 mV, with capacitance of 
95 µF cm−2.[142] Similarly, bifunctional PESCs based on porous 
electrospun piezoelectric separator immersed with ion gel elec-
trolyte, and subsequently sandwiched with MoSe2 electrodes 
was reported.[143] The device can be charged to 708  mV with 
mechanical force of 30  N within 100  s.[143] Bifunctional PESC 
device with asymmetric electrodes was also designed to enlarge 
the voltage operation window.[144] Hydroxide-based cathode and 
rGO-based anode with PVA-KOH electrolyte were incorporated, 
with perforated fish swim bladder as the piezoelectric sepa-
rator.[144] The OCP of the device can be increased by ≈150 mV 
within 80 s by finger imparting at 1.65 Hz. Energy storage capa-
bility of the device has been demonstrated by powering LEDs 
and small electronic gadgets.

3.7.3. Triboelectric Supercapacitors

Triboelectric nanogenerators (TENG) can convert mechanical 
energy into electric energy through coupled contact electrification 
and electrostatic induction.[145,146] Integration of TENG and SC 
devices have also been attempted.[146,147] Wang’s group has paid 
much efforts in developing deformable integrated bifunctional 
TENG-SC devices for portable and wearable electronics.[148–150] 
For example, fiber-shaped symmetric SC based on rGO/Ni/
polyester yarn electrodes and PVA/H3PO4 gel electrolyte can be 
powered by TENG fabrics of weaved intercrossed Ni/polyester 
and parylene/Ni/polyester straps versus common cotton 
cloth.[150] The SC (three connected in series) can be charged to 
2.1 V by the textile-based TENG in 2009 s with vibration motor 
at 5  Hz, demonstrating dual-functionality.[150] Paper deposited 
with Au was utilized as substrates for electrodes of both SCs 
and TENGs, enabling the assembly of ultralight and deformable 
rhombic-shaped TENG-SC device.[149] Laser-induced-graphene on 
both sides of polyimide film was used as electrode for SC and 
TENG separately, allowing the assembly of bendable TENG-SC 
into one device.[145] Stretchable and washable TENG-SC bifunc-
tional devices were also realized through weft-knitting of fiber-
shaped TENG and SCs, realizing maximum peak power density 
of ≈85 mW cm−2 and lighting up 124 LEDs at stretched state.[151] 
The TENG consists of stainless steel/polyester yarns coated with 
silicone rubber while the SC is based on symmetric PEDOT:PSS/
CNTs/carbon fiber electrodes in PVA/H3PO4 gel electrolyte.[151]

Adv. Energy Mater. 2021, 11, 2003311



www.advenergymat.dewww.advancedsciencenews.com

© 2020 The Authors. Advanced Energy Materials published by Wiley-VCH GmbH2003311  (12 of 16)

3.7.4. Thermoelectric Supercapacitors

Thermoelectric devices harvest thermal energy into electric 
energy through Seebeck effect, usually based on thermodiffusion 
of electronic charge carriers.[152,153] Nonetheless, ionic thermo-
electric devices based on thermodiffusion of ionic charge car-
riers (Soret effect) are also being investigated.[152,153] Kim et al. 
utilized a thermoelectric device to power a SC, achieving dis-
charging/charging ratio of 98% with eliminated Soret effect.[154] 
Crispin et al. reported an integrated thermoelectric-SCs bifunc-
tional devices employing symmetric CNT/Au electrodes with 
poly(ethylene oxide) (PEO)-NaOH electrolyte, inducing Na+ and 
PEO− concentration gradients upon thermal gradients, storing 
the thermo-induced electric energy in SCs.[155] The integrated 
thermoelectric-SC bifunctional device has much higher con-
version efficiency compared to a typical thermoelectric and SC 
devices connected in series.[155] The same group also studied 
the conversion efficiency of polystyrene sulfonate sodium 
(PSS−Na+) electrolyte, for the application of ionic thermoelec-
tric SCs.[152] Similarly, Yu et al. utilized polystyrene sulfonic acid 
electrolyte and PANI/Graphene/CNT electrode to fabricate an 
ionic thermoelectric-SC device, realizing charged potential of 
38  mV and areal capacitance of 120  mF  cm−2 upon tempera-
ture difference of 5.3  K. An increased OCP in SCs was also 
observed when being heated up to 65 °C, which is attributed to 
the enhanced Faradic kinetics at the electrode surface.[156]

3.8. Multifunctionality

Dual-functionality is not the destination for SCs development, 
integration of multiple functions with SCs is also being pur-
sued. Kim et al. fabricated a self-powered human-activity sensor 
by integrating TENG with SC.[157] The TENG is with two elec-
trodes, the patterned PU/polyimide on conductive carbon fabric 
and patterned PDMS/Al on carbon fabric. The TENG harvests 
the mechanical energy produced during the swing motions, 
powering the SCs composed of CNT/RuO2 electrodes.[157] The 
slope of charge accumulation by the TENG is linearly pro-
portional to the frequency of rubbing, enabling monitoring 
of human activity, demonstrating an integrated wearable self-
powered human activity monitoring system.[157] Wang et  al. 
reported a self-powered pressure sensor system, by integrating 
ultrathin SCs based on A4 paper and ultrathin TENG based 
on ITO and polytetrafluoroethylene films. Electricity gener-
ated by TENG can be stored by SCs, and the voltage of SCs 
increases with higher pressure applied, enabling a biomimetic 
self-powered pressure sensor system that can detect both static 
(detection limit 0.07 N cm−2 and sensitivity of 12.1 mV cm2 N−1) 
and dynamic pressure (detection limit 0.3  N  cm−2 and sensi-
tivity of 17.5  V  cm2  N−1).[158] Another self-powered pressure/
temperature sensor was also realized by coupling piezoelectric 
PVDF into separator of solid-state SCs.[159] The capacitance of 
SCs are increased with higher temperature and static pres-
sure. The integrated sensor can detect both static (detec-
tion limit 0.1  N  cm−2 and sensitivity of 2.47  nF  cm2  N−1) and 
dynamic pressure (detection limit 0.4 N cm−2 and sensitivity of 
15.5  mV  cm2  N−1) sensing as well as temperature (sensitivity 
of 0.1521 nF cm2 °C−1).[159] Smart cloths that can convert solar 

energy and body motion energy into electricity by fiber-shaped 
dye-sensitized solar cell (TiO2//I3

−I−//C@Pt) and fiber-shaped 
TENG (Cu vs PDMS), and store the energy in fiber-shaped SCs  
(symmetric RuO2·xH2O electrodes in PVA-H3PO4) were  
prototyped by weaving the three fiber-shaped devices.[160] This 
smart self-chargeable textile is a good example of applying inte-
grated SCs for wearable electronics.

4. Summary and Perspectives

With adoption of various characterization techniques, the prop-
erties variation of SCs electrode materials can be monitored. 
Electrochemical charge/discharge induced crystal structure 
expansion/shrinkage, ion confinement in nanopores, induction 
of strain, dimension expansion/shrinkage, chemical bonding 
formation/breakage, oxidation state increase/decrease, etc., 
have been observed. Representative case studies have been 
summarized in Figure 1. However, for different electrode mate-
rials the characterization methods need to be carefully selected. 
Some of the methods are favorable for carbon electrode mate-
rials based on non-Faradaic reactions, for example, in situ NMR, 
X-ray scattering to study the ion diffusion dynamics, including 
ion desolvation, confinement, and local rearrangements in 
nanopores. Some of the methods are more suitable to study 
metal oxides-/carbides-based electrode materials involving Fara-
daic reactions, for example, in situ XRD and XAS to monitor 
the crystal structure, chemical bonding, and oxidation state 
variations. Nonetheless, some methods are applicable for both 
types of materials, for example, in situ eD, AFM, EQCM, and 
SECM to monitor the dimensional and electrochemical prop-
erties variation. Thus, it is suggested to evaluate the strength 
of respective methods before employing these tools for analysis 
in specific cases, and combination of more than one method 
is needed sometimes. Theoretical calculation/simulation is also 
informative and can complement experimental characterization 
methods, yet this aspect is not covered in this essay.

“Self-discharge” phenomenon in SCs will cause spontaneous 
voltage drop and capacitance decay under the OCP, which is the 
bottleneck and detrimental to the wide adoption of SCs.[161,162] 
However, the “self-discharge” mechanism is not fully under-
stood. Theoretically, some of the toolkits discussed in Section 2 
can be employed to better unveil the self-discharge mechanism. 
As listed in Table  1, in situ Raman/IR spectroscopy, in situ 
X-ray absorption spectra, in situ NMR, etc., can be employed 
to monitor the change in surface chemical bonding of electrode 
under OCP; in situ X-ray scattering can be adopted to monitor 
the variation of pore structure under OCP. For example, the 
mitigated self-discharge rate in thermally annealed Ti3C2Tx 
was correlated with the lower valence state and higher coordi-
nation number of Ti after eliminating F atoms, as evidenced 
by XANES spectra.[162] The anti-self-discharge phenomenon of 
few-layer phosphorene (FLP)-based hybrid Zn-ion capacitor was 
also correlated with the reduced Ag

1(large component in the 
direction of armchair outside of the plane)/B2g (mode moves 
along the serrated direction inside the plane) ratio of FLP at the 
discharged state, as revealed by Raman mapping.[163] However, 
as far as we know, the number of publications in this topic is 
still quite limited, more efforts are to be spent to disclose the 
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self-discharge mechanism in SCs with the available characteri-
zation methods.

Multifunctional SCs have been demonstrated as schemed in 
Figure  2. However, the electrochemical performance of these 
SCs should be maintained or at least not severely sacrificed. 
Novel design in electrodes/electrolytes/current collectors/
configurations will inevitably increase the weight and dimen-
sion of the full SCs, compromising the gravimetric/volumetric 
capacitance. Incorporation of heavy current collectors, SHPs, 
or shape memory alloys, etc., to construct deformable, self-
healable, and shape memory SCs is not favorable when light-
weight is required. The actuation in integrated SC-actuators 
will also be mitigated when incorporating heavy components. 
Color tunable SC-ECs employing heavy ITO/FTO glass also suf-
fered from low gravimetric capacitance. The energy conversion 
efficiency in self-chargeable SCs harvesting solar-, piezo-, tribo-, 
thermo-electric energy needs to be improved.

Smart and self-powered systems integrating energy harvesting, 
energy conversion, and energy storage are deemed as promising 
next-generation intelligent electronics. However, integration of 
multiple functions will create more challenges. It is suggested to 
evaluate the application scenario (working condition and device 
structure) prior to selection of electrode materials, electrolyte, and 
the integration process. SCs connected in series or in parallel 
can be the way to reach the energy and power requirement. The 
efficiency and durability of the integrated systems are also to be 
optimized. For example, in implantable applications, biodegrad-
able materials are needed for the integration, while life-span of 
the integrated system should be long enough for well operation 
and short enough to allow bio-degradation.

With judicious selection of characterization methods discussed 
in this essay, mechanism understanding of SCs that are based 
on different electrode materials can be effectively achieved. Con-
struction of multifunctional SCs with lightweight and high effi-
ciency will also undoubtedly expand the application areas of SCs. 
A renaissance of electrochemical SCs is expected with deeper 
understanding of electrochemical mechanism on one hand, and 
realization of multifunctional SCs with lightweight and high effi-
ciency on another.
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