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1. Introduction

Hybrid lithium-ion capacitors (HLICs),
composed of battery-type anodes and
capacitor-type cathodes, have the potential
to bridge the gap between high-energy-
density batteries and high-power-density
capacitors by combining the merits of these
two systems.[1–4] Over the past few years, a
variety of active materials with pseudocapa-
citive behaviors, such as transition metal
oxides (TiO2,

[5] V2O5,
[6] and Nb2O5

[7]),
sulfides (FeS2

[8]) and nitrides (VN[9]),
carbonaceous materials,[10–12] and
metal/covalent organic frameworks
(MOFs[13–19]/COFs[20,21]), have been pro-
posed as promising anode materials for
HLICs. However, the imbalances of the
electrochemical kinetics and lifespans
between the battery-type anodes and
capacitor-type cathodes seriously hamper
the further development of HLICs.
Especially, the relatively poor conducting
nature of conventional anode materials
usually limits the practical power density
of HLICs. Therefore, it is a key challenge
to design novel anode materials with abun-

dant Liþ-ion storage sites and highly conductive scaffolds to over-
come the imbalance issues in HLICs.

COFs are a class of crystalline porous polymers with
well-defined 2D or 3D topologies formed by organic building
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Hybrid lithium-ion capacitors (HLICs), a special class of electrochemical energy
storage devices composed of battery-type anodes and capacitor-type cathodes,
have the potential to bridge the gap between high-energy-density batteries and
high-power-density capacitors. Nevertheless, the key challenge for developing
high-performance HLICs is the imbalances of the electrochemical kinetics and
lifespans between the battery-type anodes and capacitor-type cathodes. Herein,
the self-assembly preparation of the 3D-crosslinked carbon nanotube (CNT)
network-threaded tetrathiafulvalene-bridging covalent organic framework (TTF-
COF) composite via in situ growth of the 2D-stacked TTF-COF capping layer
alongside the outer walls of 3D-interlaced CNTs is reported. Originated for the
electron-donating and redox-switchable TTF units, the TTF-COF component has
abundant active sites and high charge conductivity for reversible Liþ storage.
Moreover, due to the 3D-assembled architecture, the TTF-COF/CNT composite
possesses abundant open nanochannels for ion transfer and 3D-interconnected
conductive CNT network for electron transfer. When used in HLICs, the TTF-
COF/CNT composite anodes exhibit ultrahigh specific capacity (609 mAh g�1 at
100 mA g�1) and outstanding power density (12 000W kg�1 at 4000 mA g�1).
Herein, the design of advanced COF composite materials with high activity,
porosity, and conductivity can be a promising route for boosting the overall
performances of high-power-type energy storage devices.
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blocks linked with strong covalent bonds. Due to the advantages
of versatile structure design and high chemical stability, COFs
are emerging as promising candidates for electrode materials
in rechargeable batteries and supercapacitors.[22–25] The modular
construction of COFs allows the introduction of functional
groups in their frameworks, coupled with high porosity and uni-
form pore distribution. Moreover, the ordered pores in COFs can
form efficient ion transport pathways, enabling rapid ion diffu-
sion. As pristine COFs typically show poor intrinsic conductivity,
conductive additives are often incorporated to improve their elec-
tron transfer capability in energy storage applications. In this
regard, a series of COFs/conductive backbone composites have
been synthesized to intensify the electrochemical performances.
For example, conductive polyaniline (PANI),[26] graphene,[27] and
carbon nanotubes (CNTs)[28–30] were integrated with COFs to
enhance the electron transfer capability and rate performance.
In addition, it has been shown that exfoliated COFs with shorter
Li-ion diffusion pathways exhibit improved performance than
bulk COFs.[31]

In this work, we propose the rational construction of high-
performance HLICs based on carbon nanotube (CNT)
network-threaded tetrathiafulvalene-bridging covalent organic
framework (TTF-COF/CNT) composite as a promising anode
material. The TTF-COF/CNT composite was prepared by in situ
self-assembly synthesis of 2D-layerd and nanoporous TTF-COF
material alongside the outer walls of 3D-interconnected CNTs.
The TTF-COF possesses a 2D laminate structure with abundant
organic active sites for absorbing Li ions, open nanochannels for
ion transport, and electron-donating TTF units for charge trans-
fer (Figure 1a). Through the in situ growth of TTF-COF layer on
the outer walls of interlaced CNTs, highly conductive TTF-COF/
CNT composite with strong π� π interactions between these two
components were prepared, leading to the merits of abundant
active sites, high capacity utilization, and large power density.
By coupling the TTF-COF/CNT composite anodes and activated
carbon (AC) cathodes (Figure 1b), the TTF-COF/CNT||ACHLICs
demonstrate favorable energy density (156.4Wh kg�1 at
100mA g�1), ultrahigh power density (12 000W kg�1 at

4000mA g�1), and long-term cycling capability (80.5% after
2000 cycles). This work provides an efficient approach to prepare
rationally designed COF composites with high activity, porosity,
and conductivity to improve the overall performances of
fast-charging electrochemical power source devices.

2. Results and Discussion

The TTF-COF with 2D laminate structure was conveniently
synthesized via the condensation reaction between tetrathiafulva-
lene-tetrabenzaldehyde and 1,4-diaminobenzene in a mixed solu-
tion of anhydrous 1,4-dioxane, mesitylene and acetic acid at
120 °C for 3 days (Figure 1a). The TTF-COF is featured
with electron-donating and electroactive TTF building units
(Figure S1, Supporting Information), which bring the merits
of good conductivity, high electrochemical stability, and excellent
lithiophilicity.[32–34] Moreover, the π-conjugated TTF-COF exhib-
its high porosity with an average pore size of 1.6 nm, which is
favorable for Liþ-ion transport. To further enhance the charge
transfer capability for high-rate energy storage, the TTF-COF/
CNT composite was obtained by the in situ self-assembly synthe-
sis of 2D-layerd and nanoporous TTF-COFmaterial alongside the
outer walls of 3D-interconnected CNTs. A solvothermal reaction
between TTF tetraaldehyde and 1,4-diaminobenzene alongside
CNTs was involved for preparing the TTF-COF/CNT composite,
as elucidated in the Experimental Section.

Figure 2a,b shows the uniform “rope-like” morphology of
TTF-COF/CNT composite with the TTF-COF layer completely
coated on the outer walls of CNTs. The average outer diameter
of the pristine CNT was measured as �10 nm. After coating the
COF layer, the diameters of the composite tubes increased to
about 50–80 nm. (Figure 2b). The powder X-ray diffraction
(PXRD) pattern of the TTF-COF/CNT composite (Figure 2c)
shows a strong diffraction peak at 3.8°, together with a weaker
peak at 7.6°, which match well with those of the 2D
TTF-COF[35,36]. The diffraction peak at 26.1° was assigned to
the (002) planes of CNTs.[37] The successful preparation of

Figure 1. a) Synthesis route of TTF-COF. b) Schematic device configuration of the TTF-COF/CNT||AC HLICs.
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TTF-COF/CNT composite was also verified by Fourier-transform
infrared (FTIR) spectroscopy and Raman spectroscopy. In
Figure 2d, the FTIR spectra of both TTF-COF/CNT composite
and pristine TTF-COF show a characteristic absorption peak
at 1618 cm�1 derived from the vibration of C═N bonds.[32] In
the Raman spectra (Figure S2, Supporting Information), the
characteristic bands at 1200, 1420, and 1680 cm�1 were ascribed
to C─H stretching, benzene deformation, and C═N stretching,
respectively.[28] X-ray photoelectron spectroscopy (XPS) charac-
terizations confirm the presence of C, O, N, and S elements
in the TTF-COF/CNT composite (Figure S3, Supporting
Information). According to the deconvoluted N 1s XPS spectrum
(Figure S4, Supporting Information), the peaks emerged at
398.6, 399.3, and 401.4 eV were attributed to the C─N, C═N,
and N─H bonds, respectively.[38] High-resolution S2p XPS spec-
trum of the TTF-COF/CNT composite (Figure S5, Supporting
Information) shows two deconvoluted peaks at 165.1 and
163.9 eV corresponding to S 2p1/2 and S 2p3/2 bands, respectively.

The electrochemical performances of TTF-COF/CNT compos-
ite were first investigated as the active material in half cells with
Li foils as counter electrodes. Cyclic voltammetry (CV) analysis of
the TTF-COF/CNT composite was performed at a scan rate of
0.5mV s�1 between 0.01 and 3.00 V versus Li/Liþ (Figure 3a).
The broad anodic and cathodic peaks in the CV curves of
TTF-COF/CNT composite indicate the Li-ion storage behavior
with an insertion/extraction mechanism.[39,40] Notably, the active
sites of the TTF-COF/CNT composite for Li-ion storage include
benzene rings, C═N bonds, pore channels, and interlamination
space, which result in large specific capacity. The TTF-COF/CNT

composite anodes show a much larger current response
compared with that of the pristine TTF-COF anodes. For TTF-
COF/CNT composite, the uniform distribution of TTF-COF
alongside highly conductive CNTs is in favor of more and faster
Li-ion insertion into the 2D laminate structure of TTF-COF, thus
leading to higher capacity and better rate performance. The
Nyquist plots of TTF-COF/CNT||Li half cells were also measured
to further demonstrate the enhanced charge transfer kinetics of
TTF-COF/CNT composite anodes (Figure S6, Supporting
Information). The charge transfer resistance of TTF-COF/CNT
composite anodes was much lower than that of pristine
TTF-COF anodes, indicating that faster charge transfer and
smaller polarization were achieved with the assistance of the
3D-crosslinked CNT network. The specific capacities at different
current densities from 100 to 2000mA g�1 are shown in
Figure 3b. The TTF-COF/CNT composite and pristine TTF-
COF anodes deliver discharge capacities of 609 and
410mAh g�1 at 100mA g�1, respectively. When the current
density was increased to 200, 500, 1000, and 2000mA g�1, the
discharge capacities of the TTF-COF/CNT composite anode
maintained at 525, 400, 325, and 256mAh g�1, respectively, indi-
cating good rate performance. When the current density recov-
ered to 100mA g�1, the discharge capacity of the TTF-COF/CNT
composite was restored to 581mAh g�1. In contrast, the rate per-
formance of pristine TTF-COF anodes is much inferior than that
of TTF-COF/CNT composite. To illustrate the possible capacity
contribution of CNTs, the electrochemical performance of
pristine CNTs anode was measured. As shown in Figure S7,
Supporting Information, the pristine CNT anode exhibits

Figure 2. a) SEM image and b) STEM image of TTF-COF/CNT composite. c) PXRD patterns of TTF-COF/CNT composite, pristine TTF-COF and CNTs.
d) FTIR spectra of TTF-COF/CNT composite and pristine TTF-COF.
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discharge capacity of 98mAh g�1 at 1000mA g�1, which is
derived from the capacitive charge storage of carbon nanostruc-
ture[41] and is much lower than that of the TTF-COF/CNT com-
posite anode (325mAh g�1). Considering the low mass ratio and
specific capacity of CNTs, the capacity contribution of CNTs is
negligible in the total capacity. Figure S8, Supporting
Information, presents the cycling performance of TTF-COF/
CNT composite anodes at 100mA g�1. A specific discharge
capacity of 531mAh g�1 was achieved and the coulombic effi-
ciencies were higher than 97%, demonstrating good reversibility.
To study the cycling stability of TTF-COF/CNT composite anode
at a higher rate, a TTF-COF/CNT||Li foil half cell was cycled at a
large current density of 1000mA g�1 (Figure 3c), showing an ini-
tial discharge capacity of 430mAh g�1. After 300 cycles, a specific
capacity of 313mAh g�1 was still maintained, corresponding to a
capacity retention of 72.8%. The good rate performance and high
cycling stability of TTF-COF/CNT composite anodes are mainly
ascribed to the favorable synergistic effect between intercon-
nected CNTs network and CNTs-threaded TTF-COF layer.

To study the charge storage mechanism of TTF-COF/CNT
composites, the half cells were stopped at fully discharged
(0.01 V vs. Li/Liþ) and fully charged (3.0 V vs. Li/Liþ) states
and the ex situ XPS spectra were collected (Figure S9,
Supporting Information and 4). The high-resolution C 1s XPS
spectrum of pristine TTF-COF/CNT anode exhibits six deconvo-
lution peaks at 290.3, 287.9, 287.0, 285.9, 285.0, and 284.5 eV,

corresponding to the C─F, C─S, C═N, C─N, C─C, and C═C
bonds, respectively (Figure 4a). Compared with the pristine state,
an emerging peak corresponding to Li2CO3 (289.6 eV) is found in
the C 1s spectrum after cycling, which is attributed to the com-
position in the SEI film. When discharged to 0.01 V, the content
of C═C bond decreases, and then recovers in the following
charge process, suggesting the reversible interaction between
Liþ and benzene rings in conjugated frameworks. In the N 1s
XPS spectrum at the fully discharged state (Figure 4b), the new
peak at 398.6 eV is ascribed to the interaction between Liþ ions
andN sites.[42] The binding energy of Li 1s shifts to a lower binding
value during lithiation (Figure 4c), suggesting reversible Liþ stor-
age in TTF-COF/CNT. These results clearly confirm the possible
lithiation sites on aromatic rings and C═N groups. In addition, the
filling/plating of Liþ ions in pores and interlayer spaces of
TTF-COF/CNT composite also contributes to the capacity in
the lithiation process.[38] As shown in ex situ attenuated total
reflection-Fourier transform infrared (ATR-FTIR) spectra
(Figure 4d), the retention of C═N bonds indicates that
TTF-COF retains the integrity of its original framework after cycling.

The b values of TTF-COF/CNT anodes in different reducing/
oxidizing states were measured from CV analysis to distinguish
the capacitive behavior and diffusion-controlled process
(Figure 5a and S10, Supporting Information). The b values of
0.5 indicate that the electrochemical process is diffusion con-
trolled, while the surface capacitive behavior dominates as the

Figure 3. a) CV curves of TTF-COF/CNT composite and pristine TTF-COF anodes in half cells with Li foils as counter electrodes at a scan rate of
0.5mV s�1. b) Rate performance of TTF-COF/CNT composite and pristine TTF-COF anodes in Li half cells. c) Cycling performance and coulombic
efficiency of TTF-COF/CNT composite anodes at a large current density of 1000mA g�1.
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Figure 4. Ex situ high-resolution XPS spectra at a) C 1s, (b) N 1s, and c) Li 1s regions of TTF-COF/CNT composite anode at different states. d) ATR–FTIR
spectra of TTF-COF/CNT composite anode during cycling.

Figure 5. Electrochemical kinetics analysis of TTF-COF/CNT composite anode. a) CV curves at scan rates from 2 to 10mV s�1. b) Plots of b values at
different voltages during lithiation and delithiation processes. c) Surface capacitive contribution of TTF-COF/CNT composite anode at a scan rate of
10mV s�1. d) Percentages of the capacitive contribution of TTF-COF/CNT composite anode evaluated at different scan rates.
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b values approach 1. When Liþ ions are inserted in the TTF-COF/
CNT anode, b values of about 0.8 in the range 0.6–2.4 V versus.
Li/Liþ indicate that capacitive behavior dominates in this voltage
range (Figure 5b). The b values then decrease to 0.54 in the range
0.01–0.6 V versus Li/Liþ, suggesting that diffusion-controlled Liþ

intercalation dominates a major part of the electrochemical pro-
cess. The high specific surface area and abundant pore channels
favor the interaction of lithium ions with the active sites on the
material surface, resulting in dominant contribution of capaci-
tance. The average b value for the delithiation process shows sim-
ilar trends to the lithiation process, which suggests that both the
capacitive and diffusion-controlled processes contribute to the
total capacity and are mainly dominated by capacitance. As
shown in Figure S11, Supporting Information, 5c,d, the calcu-
lated capacitive contributions are 62%, 68%, 73%, 77%, and
81% at the scan rates of 2, 4, 6, 8, and 10mV s�1, respectively.
The above results suggest that the capacitive process plays an

important role in the Li-storage process of TTF-COF/CNT, espe-
cially for high rates, which accounts for the outstanding rate per-
formance of TTF-COF/CNT anode material for HLICs.

To investigate the electrochemical performances of TTF-COF/
CNT composite anodes in HLICs, we assembled full-cell HLICs
based on TTF-COF/CNT composite anodes and AC cathodes.
Figure 6a shows the CV curves of TTF-COF/CNT||AC HLICs
at different scan rates. The quasirectangular current responses
in CV curves suggest the electrochemical kinetics balance of
the TTF-COF/CNT composite anode and AC cathode (Figure 6a).
Figure 6b presents the galvanostatic charge–discharge voltage
profiles of TTF-COF/CNT||AC HLICs in the range of 2.0–4.0
V at different current densities. The nearly triangular voltage
profiles indicate ideal capacitive behavior. The Ragone plots of
TTF-COF/CNT||AC HLICs obtained by calculating the energy
density and power density at different current densities are
shown in Figure 6c, delivering a high energy density of

Figure 6. a) CV curves of the TTF-COF/CNT||AC HLICs between 2.0 and 4.0 V at various scan rates from 2 to 20mV s�1. b) Galvanostatic
charge–discharge curves of the TTF-COF/CNT||AC HLICs at different current densities from 100 to 4000mA g�1. c) Ragone plots of
TTF-COF/CNT||AC HLICs. d) Areal capacitances of the TTF-COF/CNT||AC HLICs with different mass loadings. e) Long-term cycling stability of the
TTF-COF/CNT||AC HLICs at a large current density of 4000mA g�1. f ) EIS plots of the TTF-COF/CNT||AC HLICs at different cycles.
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156.4Wh kg�1 at 300W kg�1 and a high power density of
12 000W kg�1 at 50.4Wh kg�1. As shown in Figure 6d, the areal
capacitances of TTF-COF/CNT||AC HLICs are 84, 73, 66, 58, 49,
and 45mF cm�2 at 100, 200, 500, 1000, 2000, and 4000mA g�1,
respectively. As the mass loading was increased to 6.0mg cm�2,
the areal capacitances of the HLICs reached 246, 210, 175, 140,
120, and 95mF cm�2 at the above current densities, respectively.
These favorable results indicate that the fast transportation of
ions and electrons within the TTF-COF/CNT composite is ben-
eficial to achieve the high capacitance of thick electrode with
large mass loading. The long-term cycling stability of TTF-
COF/CNT||AC HLICs was evaluated at a high current density
of 4000mA g�1, showing a high capacity retention of 80.5% after
2000 cycles (Figure 6e). The outstanding energy density,
power density, and lifespan of the TTF-COF/CNT||AC HLICs are
competitive among the state-of-the-art HLICs in the
previous literature (Table S1, Supporting Information).[13–21]

Electrochemical impedance spectroscopy (EIS) studies were con-
ducted to understand the cycling process of TTF-COF/CNT||AC
HLICs (Figure 6f ). As illustrated in the equivalent circuit
(Figure S12, Supporting Information), R0 is the internal resis-
tance, RSEI denotes the resistance for ion conducting in the
SEI film, and Rct represents the charge transfer resistance. At
the 1000th cycle, the values of R0 and RSEI are 9.8 and 21.6Ω,
respectively, which are larger than those values at the first cycle
(6.0 and 12.5Ω). The increased voltage polarization subsequently
leads to gradual capacity fading upon cycling. The suppression of
self-discharge rate is of great significance in the practical appli-
cation of capacitors. Generally, the diffusion of electrolyte ions in
the electric double layers and parasitic Faradic reactions would
lead to spontaneous voltage leakage and capacity fading in capaci-
tors. To evaluate the self-discharge rate, the voltage retention of
TTF-COF/CNT||AC HLICs was monitored under open-circuit
state. The TTF-COF/CNT||AC HLICs were charged to 4.0 V at
a current density of 0.1mA cm�2 and the voltage loss is
0.66 V (33%) after 10 h (Figure S13, Supporting Information),
which is competitive among the state-of-the-art aqueous and
nonaqueous capacitors.[43] The self-discharge behavior of the
TTF-COF/CNT anode was also examined, as shown in
Figure S14, Supporting Information. The voltage changes over
time were recorded for 100 h starting from 100% (fully charged)
and 0% (fully discharged) states. The voltage decays after 100 h
are only 0.64 V (21%) and 0.73 V (24%) (Figure S14, Supporting
Information), demonstrating the low self-discharge rate and
remarkable stability of TTF-COF/CNT anode.

3. Conclusion

In conclusion, this work demonstrates the in situ self-assembly
preparation of TTF-COF/CNT composite with high capacity and
fast kinetics as anode materials for high-performance HLICs.
The TTF-COF can provide abundant active sites for Liþ storage,
including the benzene rings, C═N bonds, pore channels, and
interlamination space, thus ensuring a high specific capacity.
The rope-like TTF-COF/CNT composites prepared via in situ
growth of TTF-bridging COF alongside the outer walls of inter-
laced CNTs deliver high conductivity and outstanding capacity
utilization due to exceptionally smooth charge transfer between

CNTs scaffolds and 2D laminate TTF-COF. A maximum energy
density of 156.4Wh kg�1 can be achieved at 300W kg�1 in TTF-
COF/CNT||AC HLICs. When the power output reaches
12 000W kg�1, an energy density of 50.4Wh kg�1 still can be
maintained, suggesting the favorable balance of high energy
density and high power density. This work provides a feasible
strategy to rationally design and prepare high-performance
COF-based composite electrode materials for the applications
in fast-charging energy storage systems.

4. Experimental Section

In Situ Synthesis of TTF-COF/CNT Composite: The tetrathiafulvalene
(TTF) tetraaldehyde precursor was prepared according to the previous lit-
erature.[36,44] The TTF-COF/CNT composite was synthesized via a solvo-
thermal reaction approach with the precursors of TTF tetraaldehyde
(248mg), 1,4-diaminobenzene (86.4 mg), and CNTs (41mg) in the mixed
solution of anhydrous 1,4-dioxane (20mL), mesitylene (20mL), and acetic
acid (3 M, 4mL). After being sonicated for 15min and bubbled with N2 for
another 15min, the mixture was heated at 120 °C for 3 days. The resulting
precipitate of the TTF-COF/CNT composite was collected by vacuum
filtration, subsequently washed with anhydrous tetrahydrofuran and
anhydrous acetone, and dried under vacuum at 120 °C overnight. In
the TTF-COF/CNT composite, TTF-COF accounted for 85 wt% and
CNTs accounted for 15 wt%.

Material Characterizations: Scanning electron microscopy (SEM) and
scanning transmission electron microscopy (STEM) were conducted with
a FEI Nova NanoSEM 450 Instrument. PXRD patterns were collected on a
Bruker Advance D8 diffractometer (40 kV, 40mA) with Cu radiation
(λ¼ 1.54056 Å) at room temperature. FTIR spectra were recorded on a
ThermoFisher Nicolet iS10 instrument between the wavenumber range
of 4000–400 cm�1. Raman spectra were measured by a Horiba JY
Raman spectrometer using 633 nm laser source. XPS was obtained from
a ThermoFisher K-Alpha spectrometer.

Electrochemical Analyses and Measurements: The TTF-COF/CNT com-
posite anodes were prepared by mixing the TTF-COF/CNT composite,
Ketjen black (KB), and polyvinylidene fluoride binder (PVdF) with a weight
ratio of 8:1:1 in N-methylpyrrolidinone (NMP) solvent. The mixture was
stirred for 12 h and spread on a copper foil with a doctor blade.
Similarly, the AC cathodes were prepared by blade coating the mixture
of AC/KB/PVdF (8:1:1 in mass) slurry on aluminum foils. The electrodes
were dried in a vacuum oven at 100 °C overnight to remove the solvent.
The areal active material loadings of TTF-COF/CNT composite anodes and
AC cathodes were 0.5 and 2.0mg cm�2, respectively. The coin cells
(CR2032 type) were assembled in an Ar-filled glove with Celgard 2400
separators and electrolyte of 1.0 mol L�1 LiPF6 in ethylene carbonate/
ethyl methyl carbonate/diethyl carbonate (EC/EMC/DEC, 4:3:3 in
volume) mixture with 1 wt% vinylene carbonate (VC) additive. For the
TTF-COF/CNT||Li half cells, TTF-COF/CNT composite anodes were used
as working electrodes, and Li foils were used as the counter electrodes. For
the TTF-COF/CNT||AC HLICs, TTF-COF/CNT composite anodes were first
prelithiated by adding 100 μL of LiPF6 electrolyte and contacting with a
piece of Li foil for 24 h. The CV curves were collected on a Chenhua
CHI-760E electrochemical workstation. EIS was conducted in the
frequency range from 100 kHz to 10mHz with an amplitude of 5 mV.
The galvanostatic cycling performances of the cells were measured on
a LAND CT2001A battery analyzer. The diffusion- and capacitance-
controlled contributions were distinguished according to the following
equation based on the current response (i) and scan rates (ν)[45]

iðVÞ ¼ avb (1)

logiðVÞ ¼ blogvþ loga (2)

where both a and b are constants. The capacitive contribution can be
quantified according to the Dunn equation.[46]
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iðVÞ ¼ k1vþ k2v1=2 (3)

iðVÞv�1=2 ¼ k1v1=2 þ k2 (4)

where k1 and k2 are constants, and k1ν and k2ν
1/2 are assigned to the

fractions of the capacitive and diffusion contributions, respectively.
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