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Abstract

In order to cope with the increasingly serious problem of energy shortage,
supercapacitors have been developed as a clean and renewable energy source,
and the supercapacitors with excellent energy density and long cycle life are
imperative. Here, by employing a facile liquid-liquid (L-L) interfacial method
at room temperature (RT), a set of two-dimensional (2D) metal complex
nanosheets N1-N3 have been synthesized by the facile coordination between
Co>" ion and 2,3,6,7,10,11-hexaiminotriphenylene (HITP). Given the layered
superstructure with well-ordered nanopores, the N1-N3 electrodes displayed
excellent capacities of 4751.9, 5770.9 and 60752 Fg ' at 1 Ag ', and a good
cyclic stability with 92.1% capacity retention after 1000 cycles for the N3 elec-
trode. The asymmetric supercapacitor device with N3 as the positive electrode

—1

delivers a maximum energy density of 238.2 Wh kg™~ at a power density of
1610.1 W kg~ " and an excellent cycling stability with a capacitance retention
of 109.1% after 5000 cycles. This is the best electroactive bottom-up metal com-
plex nanosheet reported so far for use in supercapacitor, which greatly expands

the applicability of this 2D nanomaterial in energy device applications.
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1 | INTRODUCTION

Mankind remains perplexed by energy shortage and envi-
ronmental pollution problems which become constraints
to the social development since this century. Under this
circumstance, energy storage units such as batteries and
supercapacitors (SCs) have attracted much attention, in
which SCs are regarded as promising candidates owing to
their high energy density, fast charge/discharge kinetics,
relatively small volume, and excellent cycling stability.'™
SCs can be divided into electric double layer capacitors
(EDLCs) and pseudocapacitors (PCs) on the basis of their
storage mechanisms, which involve charge separation on
the electrode surface for EDLCs, and Faradaic reactions
on the surface or electrode-electrolyte interface for PCs,
respectively. Generally, EDLCs own good conductivity
but show inherent low capacitance, while PCs show high
capacitance but have poor conductivity, hindering the
electron transfer and leading to low capacitance at high
current density.® Therefore, development of reliable elec-
trode materials with good conductivity and high capaci-
tance can be an effective way to overcome the above
limitations.”

Since the first discovery of graphene in 2004, two-
dimensional (2D) materials, for instance, silicone, phos-
phorene, metal oxides and metal hydroxides have been
studied and extensively used in the domains of field-
effect transistors, batteries and SCs.2'° As one of the best
candidates to achieve high-performance supercapacitors,
Pang and co-workers reported a 2D MXene based mate-
rial, which was fabricated as symmetric SCs with areal
capacitance of 290.5 mF cm ™2 at 1 mA cm ™2, and stabil-
ity over 10 000 cycles."' In particular, due to the rich
redox activity of organic connectors as well as variable
valence state of metal centres, 2D metal-organic frame-
works (MOFs) with graphene-like structures have been
shown to confer good conductivity, high surface area,
and versatile functionalities, which are considered as
promising electrodes for fabricating SCs. Hydrothermal
synthesis and top-down exfoliation are the most common
methods for getting 2D MOF materials according to the
literature. For instance, Han and co-workers prepared a
2D conductive MOF (Ni-CAT) as a flexible independent
membrane by combining the electrospinning technology
with the hydrothermal method, which was used to fabri-
cate a SC electrode and gave an energy density of
18.67 Wh kg™ ! at a power density of 297.12 W kg™, and
maintained 106.19% of the initial specific capacitance
after 5000 cycles.'> By the hydrothermal method, Wang
et al. reported a Ni-MOF/CNTs, which was utilized as a
positive electrode and delivered an energy density of
36.6 Wh kg™ at a power density of 480 W kg™ ', as well
as a good cycle life along with 95% specific capacitance
retention after 5000 cycles.”> Sun and co-workers

prepared a few-layer nanosheet Ti;C,Ty by the solvother-
mal intercalation and exfoliation method for supercapaci-
tor applications, which displayed a specific capacity of
508Fg ' at 1Ag ' and an energy density of
8.93 Wh kg '.'* Although hydrothermal process can
effectively produce 2D materials, the high temperature
condition causes severe aggregation of these nanomater-
ials. The properties of top-down nanosheets are also
largely restricted by their mother materials. Furthermore,
it is found that the energy density of SCs is governed by
the morphology, size and microstructure of the electrode
materials.”>'® Thus, controllable synthesis of 2D MOF
with uniform morphology and appropriate microstruc-
ture is crucial to improve its electrochemical performance
as the SC electrode.

In the past decade, a new class of 2D MOF
nanosheets have been fabricated directly from metal ions
and organic ligands by the liquid-liquid (L-L) interfacial
synthesis, from which the morphology and microstruc-
ture could be adjusted by selecting constituent building
blocks (metal ions and organic ligands).'”" Besides, due
to the in-plane delocalization via n-d conjugation realized
by mixing the frontier orbitals of conjugated ligands and
the d-orbitals of transition metals, 2D MOF nanosheets
possess excellent electrical conductivity. For example, as
a symmetric and conjugated ligand, HITP
(2,3,6,7,10,11-hexaiminotriphenylene) can easily coordi-
nate with metal ions (Ni*", Cu®", etc) to form a metal-
organic graphene analogue with good electrical
conductivity,”>*" which have been used in many fields
such as chemiresistive sensing,21 lithium-sulfur
batteries,” electrocatalysts for oxygen evolution reac-
tion®®> and fuel cell,” EDLC supercapacitor electrodes
and so on. In addition, such 2D MOF materials have
good chemical stability. Bao et al. reported an electrode
based on conductive hexaaminobenzene (HAB)-derived
2D MOFs, which not only possessed a high packing den-
sity and hierarchical porous structure, but also excellent
chemical stability in both acidic and basic aqueous solu-
tions.”® Although numerous 2D nanomaterials have been
constructed by amino derivatives, reports of bottom-up
2D nanosheets synthesized by the L-L interfacial method
and used as electrodes of SCs are still very limited and
this research needs to be further explored.

Given the above considerations, a group of 2D metal
complex nanosheets N1-N3 have been synthesized by the
facile coordination between Co>" ion and HITP through
a simple L-L interfacial method at room temperature.
The as-fabricated N1-N3 have been used as electrodes
which afforded excellent capacities of 4751.9, 5770.9 and
60752 F g ' at 1 A g ' respectively, and a good cycling
stability with 92.1% capacity retention after 1000 cycles
for the N3 electrode. The asymmetric supercapacitor
(ASC) device was fabricated using N3 as the positive
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FIGURE 1
illustration and chemical structures
of the nanosheets N1-N3 derived
from Co?" ion and its coordinated
ligand HITP.

Schematic
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electrode and activated carbon (AC) as the negative
electrode, delivering a maximum energy density of
238.2 Wh kg~ " at a current density of 2 A g~ with a spe-
cific power of 1610.1 W kg™, accompanied by an out-
standing cycling stability with a capacitance retention of
109.1% after 5000 cycles.

2 | RESULTS AND DISCUSSION

2.1 | Synthesis of nanosheets N1-N3 and
referential complex P1

10 mL of degassed dichloromethane solution of the
ligand HITP of three different concentrations
(1.6 x 10>, 32 x10°°, and 4.0 x 10 >mol L™ ') was
each added into the glass bottles (50 mL capacity) with a
diameter of 3.2 cm, respectively. After that, a buffer layer
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was formed by covering with 10 mL of degassed
D.I. water on the solutions. Then, 10 mL aqueous solu-
tion of Co(NO3),-6H,0 (0.05 mol-L™") was injected into
the mixture with a syringe. The reactions were carried
out for 6 days at RT. After that, nanosheets with layered
structure appeared at the L-L interface, which were
marked as N1, N2 and N3, respectively (Figure 1). The
as-fabricated nanosheets N1-N3 were transferred to the
substrates and washed by D.I. water, ethanol, and
dichloromethane, respectively, followed by drying under
vacuum.

1.16 g of Co(NOs),:6H,O was put into a degassed
N,N-dimethylformamide  solution of the HITP
(24 x 10> mol L™*, 80 mL), and the mixture was soni-
cated for 20 min to let the solid dissolve thoroughly.
Then, the mixture was poured to a steel autoclave
(100 mL capacity) with teflon-lined stainless steel. The
reaction was done at 160°C for 12 h. Then the reaction
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mixture was centrifuged with N,N-dimethylformamide
several times to afford a purple precipitate, which was
dried in vacuo for 12 h at 60°C and marked as P1.

2.2 | Structure and morphology of
nanosheet N3

Through the L-L interfacial synthesis method, the ligand
HITP with six functional amino groups could spontane-
ously coordinate with Co®" to form the nanosheets
N1-N3 with the topological structure depicted in Figure 1
(the counter anions are omitted for clarity). Here, in
order to illustrate the advantages of bottom-up
nanosheets, different solution concentrations of Co*"
ions were employed to give a set of nanosheets N1-N3,
the electrochemical performances of which are all very
impressive (vide infra). N1-N3 were insoluble in any
organic solvents and water, facilitating its transfer to the
substrates. FTIR spectrum of N3 is shown in Figure SI.
The peaks at 3394.7, 1639.5, 1517.9 and 1433.1 cm ™' can
be assigned to the N—H stretching, N—H bending, aro-
matic C=C stretching and C—N stretching, respectively,
which are all shifted compared with the ligand HITP,
matching well with the features of Co*" and HITP.***’
Furthermore, the presence of a new absorption band for
Co-N stretching at 451.3 cm ™' also confirms the coordi-
nation between amino nitrogen and Co®*.*® In order to
study the crystallinity and phase purity, powder X-ray dif-
fraction (PXRD) and theoretical simulation were con-
ducted for nanosheet N3. As revealed from PXRD,
nanosheet N3 displayed a strong diffraction peak at the
26 value of 44.7°, which is assigned to the (021) plane
and consistent with the result of the high resolution
transmission electron microscopy (HRTEM) test (vide
infra). The PXRD profile of the experimental pattern
agrees with the simulated PXRD pattern of the AA-
eclipsed stacking fairly well (Figure S2), suggesting that
N3 has a structure of the AA-stacking model. The AA-
stacking mode affords a unit cell with parameters of
a=b=239.83A, c=293A, and a=p=90°, y =120°
(Rwp = 3.17%, R, = 2.03%). Table S1 shows the atomic
coordinates for the AA-stacking mode of nanosheet N3.
As shown in Figure 2A, the resultant gray nanosheet N3
completely covered the entire interface. The optical
microscopy (OM) image (Figure 2B) shows a transparent
gray colored N3 on a FTO substrate with a large domain
size on one side exceeding 1 mm. The scanning electron
microscopy (SEM) images also reveal a uniform, flat,
film-like morphology for the nanosheet N3 (Figure 2C).
The multilayer morphology on the edge reveals the layer-
by-layer stacking for the bottom-up growth. To make a
contrast, a traditional hydrothermal method was con-
ducted to obtain a purple solid material P1 (Figure 2D).

SEM shows that P1 consists of aggregated small particles
with an average particle size of 3 ~ 4 pm, lacking of a
continuous and well-distributed structure compared with
the nanosheet N3 (Figure 2E). Furthermore, the atomic
force microscopy (AFM) image of nanosheet N3 shows a
flat and smooth sheet morphology for N3 (Figure 3A).
The thickness of N3 was determined to be about 67.9 nm
by analyzing the cross-section. The 3D AFM image also
reveals its flat film morphology coverage on the Si sub-
strate (Figure 3B). The TEM and HRTEM analyses were
further conducted to study the detailed structure of the
nanosheet N3. TEM image of N3 displays a clear 2D lay-
ered structure (Figure 3C) like a transparent silk scarf.
The twisting and folding structure on the edge can pro-
vide the typical evidence of a 2D sheet material. Owing to
the (021) crystal plane, a honeycomb hexagonal structure
with a lattice fringe spacing of approximately 0.19 nm for
N3 is clearly identified by the HRTEM image
(Figure 3D,E), which is due to the interlayer distance of
n-m conjugated structure in N3, offering abundant redox
sites and ion diffusion channels. The selected-area elec-
tron diffraction demonstrates the polycrystalline struc-
ture of N3 (inset of Figure 3D).

In order to detect the composition and distribution of
elements, energy dispersive X-ray spectrometer (EDX)
was conducted for the nanosheet N3. The SEM/EDX
mapping images are given to reveal the homogeneity in
the distribution of Co and N for N3 as proposed
(Figure 3F-I). The obtained ratio of N:Co (3.27:1) is close
to the ideal stoichiometric value (3:1) (Figure S3), reveal-
ing the successful coordination of Co®*" ion and amino
groups into the nanosheet N3, which is consistent with
the schematic illustration in Figure 1. X-ray photoelec-
tron spectroscopy (XPS) was used to further investigate
the internal structure and electronic surface state of N3,
ligand HITP and referential complex P1 (Figure 4 and
Figure S4). The peaks related to C 1s, N 1s, O 1s and Co
2p of N3 are shown in the spectrum (Figure 4A), and the
existence of oxygen element likely arises from the air
atmosphere. Compared with the ligand HITP
(Figure S4A), an additional Co 2p peak is found for N3,
demonstrating that Co®" ion is bound to HITP. The
valence state of Co ion in N3 has been confirmed to be
only +2 (Figure 4B), while in P1, the valence states of Co
ion are both +2 and +3 (Figure S4D). This is because
some original Co*" ions can be more prone to be oxidized
to Co>" ions at high temperature and pressure during the
hydrothermal reaction. The binding energies at 780.8 eV
and 796.6 eV match the Co 2ps,, and Co 2p,,, peaks for
Co*", respectively.””** In addition, the obvious satellite
peak at 786.9 eV is related to the Co*" resulting from the
coordination between Co*" and amino groups from
the HITP.*' In the presence of the Co(II)-N moieties and
the C-N bond in the n conjugation group, the N 1s
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(A) Schematic diagram and photo of the nanosheet N3 synthesized by the L-L interfacial method. (B) The OM image of the

nanosheet N3 deposited on a FTO substrate. (C) The SEM image of the nanosheet N3 deposited on the Si substrate. (D) Photograph of the
powder P1 from the reaction by hydrothermal method. (E) The SEM image of P1 on the Si substrate.

spectrum of N3 is deconvoluted into two peaks centered
at 399.5 and 398.0 eV, respectively (Figure 4C).**** The
narrow scan XPS spectra focusing on the N 1s for ligand
HITP, N3 and referential complex P1 can be found in
Figure 4D. The peak of N 1s is shifted between HITP
(397.6 eV) and N3 (398.3 eV) which shows a higher bind-
ing energy for N3, and demonstrates the coordination of
functional amino groups of HITP with Co*" ions to form
N3. Furthermore, the disappearance of the shoulder
peaks for N 1s is an indication of the completion of metal
complexation.>* In addition, the binding energy of N 1s
core level for N3 is very similar to that of P1 (399.4 eV),
which is a further proof for the formation of the Co(II)-N
moieties within N3. Brunauer-Emmett-Teller (BET) tests
were conducted for nanosheet N3 and referential com-
plex P1 (Figure S5) to study their adsorption-desorption
behavior. The specific surface areas of N3 and P1 are
39.67 and 16.71 m* g, respectively. This agrees with the
concept that the mild L-L interfacial method for N3 is
much more conducive to form a layered superstructure
with ordered nanopores.

2.3 | Electrochemical performance of
electrodes N1-N3 and P1

To ascertain the superiority of bottom-up nanosheets in
the electrochemical performances, nanosheets N1-N3
with different ligand concentrations and referential
complex P1 by hydrothermal method were prepared,

which were studied as positive electrodes, the electro-
chemical performances of which were evaluated by
cyclic voltammetry (CV), galvanostatic charge-
discharge (GCD), electrochemical impedance spectros-
copy (EIS) and long-term stability measurements in a
three-electrode system containing 1.0 M KOH aqueous
solution.>> The CV performances of electrodes N1-N3
and P1 at the scanning rates from 2 to 50 mV s~ ' are
depicted in Figure 5A and Figure S6, respectively.
Apparent redox peaks arise on the CV curves of all the
N1-N3 electrodes, indicating that the pseudocapacitance
behavior is attributed to the faradaic process on the elec-
trode surface. The various oxidation states of cobalt and
the possible conversion of cobalt in the possible charge
and discharge mechanism are described in Equations S1
and S2.3° As the scanning rate increases, the area of the
CV curves and its peak value of the current density both
significantly increase, demonstrating the rapid ion
absorption and diffusion taking place in the electrodes
N1-N3 and P1. Among these electrodes, the N1-N3 elec-
trodes have higher integrated surface areas compared to
P1 electrode in the potential window of 0 ~ 0.5V at
10 mV s~ (Figure 5B), which indicates that the specific
capacitances of N1-N3 prepared by the interfacial
method are much better than that of P1 prepared by the
solvothermal method. The uniform and continuous pore
structure of nanosheets N1-N3 can give more electro-
chemical active sites, and hence reduce the ionic paths
and enhance the electronic transport of the entire elec-
trode material, which can also be proved by the larger
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FIGURE 3 (A) The AFM image of the nanosheet N3 and the cross-sectional analysis along with the white line. (B) The 3D AFM image
of nanosheet N3. (C) TEM and (D) HRTEM image for N3 on ultrathin pure carbon film with no formvar backing on the lacey carbon
support film. (E) The lattice distance of hexagonal structure shown in the yellow rectangle in (D). (F) The SEM/EDX of N3 on FTO
substrate. The SEM/EDX mapping images of N3 for (G) Co, N, (H) Co and (I) N, respectively.

BET for electrode N3 compared to that of the elec-
trode P1.>’

To further clarify the charge storage dynamics of the
electrodes N1-N3 and distinguish the surface-controlled
capacitive behavior or diffusion-controlled process, the
CV curves at different scanning rates have been analyzed
for electrode N3 and the relationship between the peak
current (i) and scanning rate (v) can be described by For-
mula S1 and logarithm peak current density (log(i)) and
logarithm scanning rate (log(v)) were calculated by For-
mula S2. In general, values of 0.5 and 1 for b represent
diffusion control processes and typical capacitance contri-
bution, respectively.>® The b values of the cathodic and
anodic peaks are 0.62 and 0.64, indicating that the charge
storage process in N3 is mainly controlled by a fast capac-
itive behavior (Figure 5C). Furthermore, the contribution
of capacitive and diffusion-controlled charge storage to
total charge storage can be quantified to study the charge
storage mechanism according to Formula S3. The capaci-
tive contribution for the electrode N3 accounts for 75.3%
of the total capacitance at 50 mV s~ (Figure 5D). As the
scanning rate increases from 2 to 50 mV s7L the

capacitive contribution accordingly increases from 47.2%
to 75.3% of the total capacitance, demonstrating that the
charge storage for electrode N3 is mainly controlled by
the Faradaic pseudocapacitive behavior rather than
diffusion-controlled process (Figure 5E).

GCD curves of electrodes N1-N3 and P1 at the current
densities of 1 ~ 10 A-g~! within the potential range of
0 ~ 0.45V (Figure S7) demonstrate that the electrodes
N1-N3 have good electrochemical capability. The shapes
of charge-discharge curves do not conform to the charac-
teristics of that of the isosceles triangle of electric double-
layer behavior, which agrees with the characteristics of
the CV curve mentioned above, thus also confirming that
nanosheets N1-N3 can be used as the electrode materials
of pseudocapacitive supercapacitors. At the current den-
sity of 1 A g ™!, the discharge times are 1995.8, 2423.8,
and 2551.6 s for nanosheets N1-N3, but only 99.2 s for
P1, which is far lower than that of N1-N3 (Figure 5F and
Table 1). Figure 5G depicts a graph to intuitively reflect
the capacitances of N1-N3 and P1 at different current
densities. The high specific capacitance is caused by the
ion exchange mechanism inside the material for
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the pseudocapacitance.®® When the current is lower,
there is much more time for OH™ to transfer between the
electrodes’ surface and the solution to be inserted into or
extracted out of the electrode materials, which indicates
that more charge could be transferred and stored to
obtain higher specific capacitance. According to Formula
S4, the specific capacitance values of 4751.9, 5770.9, and
6075.2 F g~ have been obtained for the electrodes N1-N3
at 1 A g ', respectively (Table 1), which outperformed
most other reported electrode materials (Figure 6 and
Table S2). In addition, electrodes N1-N3 exhibit good
symmetry under the conditions of different current densi-
ties, which indicates that N1-N3 have good reversibility
and stability. At the same current density of 1 A g ', only
a value of 230.7 F g~ ' has been obtained for electrode P1,
which is far lower than those of the N1-N3 electrodes. It
can be seen that the nanosheets N1-N3 prepared by the
L-L interfacial method show an enormous potential in
the application of electrochemical energy storage because
of their large specific surface area and abundant active
centers available compared with P1 prepared by the
hydrothermal method. From Figure 5H, the GCD tests of
1000 cycles were conducted to investigate the cycling sta-
bility of the nanosheet N3 electrode at 10 A g ' in the
potential range of 0 ~ 0.45 V. The specific capacitance
can be held steady at about 92.1% of the initial value from
800 cycles to 1000 cycles. Actually, from the 500th cycle

to the 1000th cycle, only a decrease of 1.1% can be
observed. The inset in Figure S5F shows the typical GCD
curves in the first three cycles and the last three cycles of
the nanosheet N3. The similarity in the time-potential
response behavior of each charge-discharge cycle indi-
cates that each cycle process is reversible and the elec-
trode material is stable.*® EIS tests were also performed
for nanosheet N3 and comparative sample P1. The EIS
Nyquist plot is shown in Figure 51 for the N3 electrode,
which consists of a tiny semicircle in the high frequency
region and a straight line in the low frequency region.
According to the point where the actual impedance (Z')
axis intersects in the high frequency region, a very small
electrolyte resistance R; of 0.14 Q represents that the
resistance between the nanosheet N3 and electrolyte dur-
ing the Faradic reactions is very low, indicating an excel-
lent charge transfer performance for N3, which is also
revealed by the semicircle (R, = 0.76 Q) in the high fre-
quency region. In the low frequency region, the inclina-
tion angle of the curved line is significantly greater than
45°, demonstrating the better ion mobility than that of P1
(<45°). This is because the appropriate interlayer dis-
tance of N3 and the micro/mesopore formed by the stack-
ing of N3 can facilitate the migration of OH™ ions.
Compared to N3, the value of R for P1 (0.36 Q) is greater
than that of the nanosheet N3 (0.14 ), which suggests
that the charge transfer for P1 is relatively lower.
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FIGURE 5 (A) CV curves of the electrode N3 at different scanning rates. (B) The CV curves of various electrodes at 10 mV s~ . (C) The
b-value determination of the peak anodic and cathodic currents for N3. (D) Capacitance contribution at a scanning rate of 50 mV s~ for N3.
(E) Contribution of capacitive and diffusion-controlled percentages at different scanning rates from 2 to 50 mV s~ * for N3. (F) GCD curves of

various electrodes at 1 A g~'. (G) Specific capacitance curves of various electrodes at different current densities. (H) Cycling performance of
the N3 electrode in the potential range of 0 ~ 0.45 V at 10 A g *. The inset shows the GCD processes for the first three cycles and the last
three cycles. (I) Comparison of the EIS Nyquist plots for N3 and P1 electrodes. Inset: The high-frequency region data for (I).

TABLE 1 Discharge times and specific capacitances for electrodes based on N1-N3 and P1 with current densities of 1, 2, 5and 10 A g .

Current density (A g ")

Discharge time (s)

Specific capacitance (F g ')

N1 N2
1 1995.8 2423.8
2 916.8 1210.6
5 340.0 400.4
10 154.4 171.0
24 | Electrochemical performance of

N3

2551.6

1144.8
370.0
146.1

N3//AC (active carbon) based asymmetric

supercapacitor (ASC)

To further estimate the practical application of nanosheet
N3 as electrode material, ASC device was prepared in

P1 N1 N2 N3 P1
99.2 4751.9 5770.9 6075.2 230.7
45.0 4365.7 5764.8 5451.4 209.3
134 4047.6 4766.7 4404.8 155.8
4.3 3676.2 4071.4 3478.6 100.0

6 M KOH aqueous solution using N3 and AC as a posi-
tive electrode and negative electrode, respectively. The
CV curve of AC in Figure 7A displays typical characteris-
tics of a double layer supercapacitor with a rectangular
closed area. The redox peak in the quasi-rectangular CV
curves indicates the effectiveness of the integration of
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pseudocapacitance and double-layer capacitance. In addi-
tion, there is no significant change in the shape of the CV
curve as the scanning rate increases, demonstrating good
stability and capacitance performance.’**' The GCD
curves were conducted to give the charge/discharge
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FIGURE 6 Comparison of the specific capacitance for various

materials with different typical ligands for previous literature
reports and this work.
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performance of the as-fabricated ASC device at different
current densities (Figure 7C), which also reveals the
pseudocapacitive behavior. The specific capacitance of
the as-fabricated ASC device at different discharge cur-
rent densities of 2, 4, 6, 8 and 10 A g_1 were 670.0, 568.4,
470.7, 236.5 and 158.1 F g, respectively (Table S3). Due
to the Faradaic reactions, the EIS Nyquist plot of the as-
fabricated ASC device exhibits a semi-circle in the high
frequency region (Figure 7D) and shows a very low R of
0.63 Q, which is in accordance with the fact that the low
internal resistance is beneficial for OH ™ ions to approach
the active centers.*” The specific energy of the as-
fabricated ASC device is as high as 238.2 Whkg ' at a
current density of 2 Ag ' with a specific power of
1610.1 W kg '. As the current density is up to 10 A g,
the specific energy can be maintained at 56.7 Wh kg™
with a specific power of 7996.8 W kg~ ! (Formulas S6 and
S7), demonstrating a very high rate of charge-discharge
for this as-fabricated ASC device, which can maintain
both high power density and energy density. These values
outperform those of most other reported ASC electrode
materials, for instance, CNF@Ni-CAT//AC,'> NMORP//
AC,”®  NCP//AC,*  NiTe//AC,”  Co0;0,@NF//
CNT@HCNF-1.5," PCN//MXene,"” Fe-Co-Ni MOF//
AC,*® PANI NWAs//Ti;C,TX,* Mn/NiCo-LDH//AC,*
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FIGURE 7 (A) Comparison of CV curves between N3 and AC electrodes at 10 mV s~ . Electrochemical performances of N3//AC based

ASC device (B) CV curves with different potentials at scanning rates from 2 to 50 mV s~ *. (C) GCD curves at current densities from 2 to
10 A g~ *. (D) EIS Nyquist plots for the ASC device. (E) Comparison of energy density and power density with other reported ASCs electrode
materials. (F) Cycling stability and coulombic efficiency of N3//AC device at the current density of 10 A g * after 5000 cycles. Inset: Sketch

for lighting up the LEDs by N3//AC based ASC device.
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CoNi-nanosheet//AC’" (see Figure 7E). Additionally, the
GCD tests of 5000 cycles were conducted to examine
the cycling performance of N3//ASC device at 10 A g~
in the potential range of 0 ~ 1.6 V (Figure 7F). A signifi-
cant upward trend for the specific capacitance is shown
in the first 2000 cycles and 119.3% of the initial specific
capacitance can be reached, which can be considered as
an activation process in the initial cycle process. After
5000 cycles, the as-fabricated ASC device can still keep
109.1% of the original capacitance along with a coulom-
bic efficiency of nearly 100%. LEDs can be lluminated for
more than 10 min by connecting three as-fabricated ASC
devices in series (inset of Figure 7F), testifying the poten-
tial value of N3 in energy device applications.

3 | CONCLUSION

A series of hexaiminotriphenylene ligand-based metal
complex nanosheet N1-N3 have been successfully synthe-
sized by a simple L-L interfacial method at RT. The as-
prepared nanosheet N3 has been identified by FTIR,
PXRD and simulation study, and OM, SEM, AFM and
HRTEM images reveal a uniform, flat, film-like morphol-
ogy for N3, which have a large domain size (>1 mm in
one side) with a thickness of 67.9 nm. Compared with
the referential complex P1, nanosheet N3 displays an effi-
cient utilization rate of redox active sites and good energy
storage performance, indicating the advantages of 2D
metal complex nanosheet prepared by the bottom-up
method. Nanosheets N1-N3 have been exploited as SC
electrodes, showing excellent capacities of 4751.9, 5770.9
and 60752 F g ' at 1 Ag ' respectively, and a good
cycling stability with 92.1% capacity retention after
1000 cycles for N3. The N3//AC based ASC device dis-
plays a maximum energy density of 238.2 Whkg ' at a
power density of 1610.1 W kg ', accompanied by an out-
standing cycling stability with a capacitance retention of
109.1% after 5000 cycles, which is better than most other
ASC electrode materials reported. This holds a great
promise of exploiting the nanosheet N3 in energy-storage
devices and obviously leads to a significant expansion of
the applicability of such 2D nanomaterials in energy-
related applications.
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