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ABSTRACT: Two-dimensional cobalt oxide (Co;0,) is a promising
candidate for robust electrochemical capacitors with high performance.
Herein, we use 2,3,5,6-tetramethyl-1,4-diisophthalate as a recyclable ligand
to construct a Co-based metal—organic framework of UPC-9, and
subsequently, we obtain ultrathin hierarchical Co;O, hexagonal nano-
sheets with a thickness of 3.5 nm through a hydrolysis and calcination
process. A remarkable and excellent specific capacitance of 1121 F-g™" ata
current density of 1 A-g™' and 873 F-g™' at a current density of 25 A-g™"
were achieved for the as-prepared asymmetric supercapacitor, which can
be attributed to the ultrathin 2D morphology and the rich macroporous
and mesoporous structures of the ultrathin Co;0O, nanosheets. This
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synthesis strategy is environmentally benign and economically viable due to the fact that the costly organic ligand molecules are

recycled, reducing the materials cost as well as the environmental cost for the synthesis process.
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B INTRODUCTION

The pursuit of sustainable and renewable energy storage and
conversion technologies is of importance to address the severe
energy crisis worldwide.'™ Supercapacitors are an ideal
solution to it because of their high power densities, fast
recharge capability, and long cycle lifes.*™” Supercapacitors are
classified into two categorizes based on their energy storage
principles: electrical double-layer capacitance (EDLC) and
pesudocapacitance.”” For EDLC, although fast response to
potential changes and high power density can be achieved, the
energy density is relatively low because only the surface of the
electrode materials is activated. Pseudocapacitance is associated
with the reversible redox reactions, intercalation, or electro-
sorption at or near the active material surface. Therefore, the
pseudocapacitance can be as large as 10 times of EDLC for
some transition metal oxides and hydroxides.

Among the candidates for pseudocapacitor electrodes, Co;0,
is one of the most attractive options due to its high theoretical
specific capacitance (ca. 3560 F-g™'), good electrochemical
stability, low cost, and environmental friendliness.'~"* In order
to achieve better electrochemical performances, Co;0,
materials with various structures/morphologies, such as nano-
tubes, fibers, nanoflowers, nanospheres, nanocages, nanosheets,
and wires, have been synthesized.">™"” Most Co;0, electrodes
reported show specific capacitances below 1000 F-g~', and the
specific capacitances usually severely decay at high charge/

v ACS Publications  © Xxxx American Chemical Society

discharge currents.””™>® It is established that the Co;0,
electrodes with layered morphologies, especially an ultrathin
nanosheet structure, deliver high electrochemical performance
and stability because such morphologies provide abundant
electrochemical active sites for direct electron transfer
processes.”*~*” For example, Lou et al. synthesized ultrathin
hierarchical Co;0,4 nanosheet arrays on the Ni foam support,
which showed an ultrahigh electrochemical capacitor value of
2735 F-g™! at a current density of 2 A-g™", and 53.7% of the
supercapacitor maintained at a high current density of 10 A-
g1 Therefore, the rational design and synthesis of layer-
structured Co;0, electrodes is of great significance to high
performance supercapacitors.

Metal—organic frameworks (MOFs), constructed by alter-
natively connecting metal ions or metal clusters with organic
ligands in a three-dimensional space, have been widely used as
sacrificial precursors to synthesize porous metal oxide nano-
materials by pyrolysis methods.””** Several specific MOFs are
constructed by bridging the organic ligands together between
the crystal layers, which is ideal for the preparation of laminar
metal oxide materials.”"**> However, there are two significant
barriers that need to be overcome in order to produce the
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Figure 1. Phase transformation process of UPC-9 and formation of ultrathin Co;0, nanosheets.

layered metal oxide materials via this pathway. On one hand,
the consumption of expensive organic ligands during the
pyrolysis makes the resultant product extremely costly,
accompanied by producing gaseous toxins. On the other
hand, controlling the structure during pyrolysis processes is
very difficult, causing inconsistent quality of the resultant
products. For these reasons, the porous Co;O, materials
synthesized by pyrolysis commonly show unsatisfied electro-
chemical performances.”® There is not an effective strategy to
construct laminar Co;O, nanomaterials with the capability in
recycling ligands and inheriting the parent porosity by using
MOFs as precursor so far.

Herein, using a Co-based MOFs (UPC-9) as precursor, we
fabricate ultrathin Co;O, nanosheets for application in
supercapacitors. 3,5,6-Tetramethyl-1,4-diisophthalate is used
as the ligand to react with the Co salt to prepare a Co-based
MOF of UPC-9. The hydrolysis of UPC-9 yields hexagonal
Co(OH), nanosheets, and subsequently, calcination of the
Co(OH), nanosheets produces a hierarchical structure
fabricated by Co;0, nanosheets. It is envisaged that the as-
produced Co;0, nanomaterial will deliver remarkable electro-
chemical performance if the layered structure is achieved.
Moreover, the organic ligands in UPC-9 dissolved in alkaline
aqueous solution can be recycled through a simple acidization
reaction. The resultant products are subject to systematic
materials characterization to verify the proposed synthesis route
while the performance is evaluated by a series of conventional
electrochemical techniques. To our knowledge, the successful
synthesis of ultrathin Co;0, nanosheets using MOFs as
precursors in a ligand-recyclable way has not been reported.

B EXPERIMENTAL SECTION

Synthesis of UPC-9. A measured amount of Co(NO;),-6H,0 (25
mg, 0.086 mmol) and H,L (15 mg, 0.032 mmol) were dissolved in a 4
mL mixture of solvents (DMA/H,0, v/v = 1:1), and the solution was
sealed in a pressure-resistant Teflon-lined stainless container. The
mixture was maintained at a temperature of 120 °C for 3 days after a
gradual heating from room temperature in 2 h. Then, the reactor
slowly dropped to room temperature in S h. Red-violet crystals were
produced at the bottom of the container and were collected by
filtration. The products were rinsed with fresh mother liquid and air-
dried (yield: 85%, based on organic ligand).

Synthesis of Co(OH),. UPC-9 was immersed in the aqueous
solution of 1 M KOH for 1 h, and the crystal color gradually changed
from bright-purple blue to pink in an outside-in process. The following
measurements confirmed that the pink products were Co(OH),. The
products were rinsed with deionized water and CH;OH sequentially,
absorbed KOH was removed, and the products were dried in vacuum
at 65 °C for 10 h.

Synthesis of Co30,. Co;0, was synthesized by calcination of the
Co(OH),. The Co(OH), was heated to 350 °C at 20 °C intervals
each minute, and maintained at 350 °C for 50 min. Black solids were

produced and were confirmed to be Co;0, by following measure-
ments.

B RESULTS AND DISCUSSION

Assembly of Hierarchical Co;0, Nanosheet. Hierarch-
ical Co;0, nanosheets were fabricated through a two-step
synthesis route from the MOF precursor of UPC-9 which has
layered arrangements. This unique structure is extremely
suitable for transforming to layered porous Co(OH), by
controllably removing the bridged ligands, and the target
Co;0, products can be obtained in a relatively low temperature
(350 °C), which is beneficial for preserving the morphology of
Co(OH),. Moreover, dehydration during calcination of Co-
(OH), will further increase the porosity of Co;O, material.””
Therefore, the hydrolysis and subsequent calcination of UPC-9
is ideal for synthesis of layered Co;0, with the high porosity.

Red-violet crystals of UPC-9 were synthesized by the
solvothermal reaction of Co(NO;),:6H,0 and 2,3,5,6-
tetramethyl-1,4-diisophthalate (denoted as H,L) in the mixed
solvents of DMA/H,O (v/v = 1:1). The formula of UPC-9
([Co,(OH),(L),5(H,0),]-3H,0-2.5DMA) was further con-
firmed by elemental analysis, TGA, and X-ray single-crystal
diffraction (crystallographic data can be seen in the Supporting
Information, Table S1). Topologically, UPC-9 possesses a
4,4,6T1 net based on a 4-connected organic linker (L) and a 6-
connected [Co,(p;-OH),(COO)s] SBU (Supporting Informa-
tion, Figure S2). Four cobalt ions are connected by two y;-OH
groups and six carboxylate groups, forming a four-centered
[Co,(43-OH),(COO)s] SBU (FC-SBU).

The layered arrangement of FC-SBUs in UPC-9 is the key to
the hierarchical products. Instead of direct calcination, the
hierarchical Co;O,4 nanosheets are prepared in a two-step route.
As shown in Figure 1, the fabrication route is the hydrolysis and
subsequent calcination, and the chemical reactions are as
shown:

2[Co,(OH),(L), s(H,0),] + 12KOH

— 8Co(OH), + 3K,L + 8H,0 (1)
6Co(OH), + O, — 2C0,0, + 6H,0 (2)
K,L + 4HCl - H,L + 4KCl 3)

3H,L + 8Co(NO,), + 12H,0
— 2[Co,(OH), (L), <(H,0),] + 16HNO, @)

As is known, pyrolysis of MOFs usually causes aggregation of
products due to the removal of organic ligands by
oxidization.****™* Moreover, oxidation of organic ligands
leads to elevated costs of production and hazards to
environments, which is inappropriate for large-scaled applica-
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Figure 2. Schematic illustration of the transformation mechanism of UPC-9, a-Co(OH),, and -Co(OH),.
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Figure 3. Morphological characterization of the Co(OH), and Co;0, samples at different scales: (a) SEM image of the Co(OH), sample. (b, c)
TEM images of the hexagonal Co(OH), nanosheets with different magnification. (d) AFM image and the thickness analysis (the inset) of the
Co(OH), nanosheet. (e) SEM image of Co;O, nanosheets. (f, g) TEM images of the Co;O, nanosheets. (h) AFM image and the thickness analysis

(the inset) of the Co;0, nanosheet.

tion. We utilized a hydrolysis process to solve the issues. Unlike
most MOF materials, hydrolysis of UPC-9 does not break the
pristine morphology but produces a hierarchical macrostructure
of Co(OH), nanosheets. Meanwhile, the ligands dissolved in
alkaline aqueous solution can be easily recycled by simple
neutralization, which efficiently solves the economic and
environmental issues caused by traditional pyrolysis. By directly
soaking UPC-9 crystals in 1 M KOH solution, the red-violet

UPC-9 crystals instantly turned blue. Subsequently, a dramatic
color change from blue to pink in 5 min was observed (Figure
1), implying the successful preparation of f-Co(OH),. The
ligand can be recycled with a ratio of 85% and has high purity
indicated by its '"H NMR spectrum (Supporting Information,
Figure S3), and the recycled ligand can be directly utilized for
the preparation of UPC-9 precursor for the next cycle.
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Figure 4. (a) 3D pillar—layer architecture of UPC-9. (b) Experimental (blue) and simulated (red) XRD patterns of UPC-9. (c, d) XRD patterns of
Co(OH), and Co;0, compared with their standard JCPDS cards, respectively. (e) N, adsorption—desorption isotherms of UPC-9, Co(OH),, and
Co;0, measured at 77 K. (f) FTIR spectra of the UPC-9, Co(OH),, and Co;0, nanosheets.

The specific feature of UPC-9 to facilitate the production of
the nanosheet morphology during hydrolysis can be explained
as a hydroxyl-induced oriented reassembly of FC-SBUs (Figure
2). The hydrolysis of UPC-9 can be classified into 3 steps.
Once UPC-9 crystals are immersed into the KOH aqueous
solution, coordination bonds between metal clusters and
carboxylate on crystal surface can readily react with hydroxyl
ions (Supporting Information, Figure S4), resulting in
hydroxyl-modified FC-SBUs (i.e, HMFC-SBUs) and free
organic ligands (L*7). Subsequently, the HMFC-SBUs
crystallize in the (1 0 —1) plane and transform into 2D blue
a-Co(OH), with single atomic layers. The L*~ ions between
HMFC-SBUs planes hamper the possible connection between
adjacent HMFC-SBUs, which plays a critical role in the
formation of a-Co(OH), single atomic layers. In this way, the
profile shape of UPC-9 crystals is well preserved. After that,
with continuous diffusion, hydroxyl ions gradually replace the
L*" ligands filling between a-Co(OH), single layers, which
induces phase transition from blue a-Co(OH), to pink f-
Co(OH), nanosheets in the thickness of a few atoms. The
residual L*~ ligands between a-Co(OH), single layers prevent
the aggregation to a great extent, which is beneficial to the
formation of the hierarchical Co(OH),. The Co(OH), can
then be transformed into hierarchical Co;0, nanosheets

products by a subsequent calcination process at 350 °C for
50 min.

Structural Characterization of Hierarchical Co(OH),
and Co30, Nanosheets. In order to investigate the effect
of synthesis route on the structural properties of final products,
both Co(OH), intermediates and Co;0, products are
examined using SEM, TEM, AFM, XRD, FTIR, and TGA
methods. The morphologies of Co(OH), were first examined
by SEM and TEM (Figure 3a—c). Uniform sized Co(OH),
hexagonal nanosheets arrange in a hierarchical structure. A
Co(OH), nanosheet is 150 nm in width and 14 nm in
thickness, and moreover, no cracks or secondary phases are
observed, which indicates the good controllability of the
hydrolysis process (Figure 3d). The hierarchical nanosheet
structure is well preserved during the subsequent calcination.
As shown in Figure 1, Co;0, presents the similar macroscopic
morphology as Co(OH),, implying the large porosity in the
final products. The average diameter of Co;0, nanosheets is
similar as Co(OH), but much narrower than the intermediates
(Figure 3e). A Co;0, nanosheet is only 3.5 nm thick and has
large amounts of nanovoids which are expected to improve
electrochemical performances (Figure 3f—h). We believe the
shrinkage due to the dehydration of Co(OH), in the
calcination is responsible for the thinner nanosheets and
nanovoids. XRD measurements were employed to provide the
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Figure 5. Electrochemical characterization of Co;0,. (a) Cyclic voltammograms of nickel foam (blue) and Co;0, (pink) at scan rate of 1 mV s™".
(b) CV curves at different scan rates. (c) Galvanostatic charge/discharge curves obtained at different current densities. (d) Corresponding specific
capacitance as a function of current density. (e) Cycling performance at a charge/discharge current density of 10 A-g™". Inset: cycling performance at
a charge/discharge current density of 2 A-g™". (f) Nyquist plots before and after 6000 cycles (the inset is the equivalent circuit model and the

enlarged view of the high frequency region).

compositional information on precursors, intermediate, and
products. UPC-9 consisted of layer-arranged Co secondary
building units (SBUs) and ligands as pillars in between (Figure
4a). As shown in Figure 4b, the well-resolved experimental
PXRD pattern of the precursor UPC-9 matches the simulated
counterpart, indicating the single-phase UPC-9 crystals. The
XRD measurements confirm that the pink intermediates by
alkaline hydrolyzing UPC-9 are single-phase -Co(OH),
(JCPDS card No. 74-1057). There are no further UPC-9
peaks, suggesting the full transformation of the MOF precursor.
The broad and weak peaks imply the nanosized Co(OH),
crystals, corresponding to the SEM results. The interplanar
spacing of 0.23 nm measured from the HRTEM image (Figure
SSc) is assigned to (101) planes, confirmed by the XRD peaks.
The XRD patterns of Co;0, products from calcination of
Co(OH), are confirmed by Co;0, standards (JCPDS card No.
43-1003). As shown in Figure 4d, the weak peaks at the 20
angles of 19°, 31° 36.5° 44.5°, 55.5° 59° and 65.5° are
associated with the (111), (220), (311), (400), (422), (511),
and (440) crystal planes, respectively. It suggests that all
Co(OH), transforms to Co;0, since no extra peaks presented
in the XRD patterns. The HRTEM image (Figure SSf) shows

the well-resolved lattice fringes of Co;O, with an interplanar
spacing of 0.25 nm, corresponding to the (311) planes of cubic
Co30,. The selected-area electron diffraction (SAED) also
confirms the well-defined diffraction rings, indicating their
polycrystalline characteristics (Figure S6). FTIR analysis further
indicates the proposed transformation process from UPC-9 to
Co;0,. As presented in Figure 4f, the peaks from 500 to 2000
cm™! in the UPC-9 spectrum are mainly from organic ligands.
After hydrolysis, the spectrum presents typical Co(OH),
features, and the organic ligands in UPC-9 are dissolved in
alkaline aqueous and then recycled by acid treatment (as shown
in reaction 3). The strong and broad band centered at 498
cm™' can be attributed to Co-O stretch, and the weak peak
around 973 ecm™" is Co-OH bending.*' The strong and narrow
peak at 3632 cm™' is the O-H stretch band from Co(OH),.
The weak and broad bands at 3386 and 1630 cm™" are due to
O-H stretch and bending of water. The FTIR spectrum of
calcinated Co(OH), indicates the successful preparation of
Co30, Two strong bands centered at 667 and 575 cm™" are
attributed to Co>* in a tetrahedral hole and Co®' in an
octahedral hole, respectively.”” X-ray photoelectron spectros-
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Table 1. Comparison of Selected Co;0, Materials Reported for Supercapacitors

structure capacitance (F~g_1)
Co30, nanosheets grown on Ni foam'” 2194
sub-3 nm Co;0, nanofilms"’ 1400
dendrite-like Co;0, derived by CPs™ 207.8
porous hollow Co;0, derived by ZIF-67° 1100
porous Co;0, derived by Co-MOFs™® 125.6
Co030, nano/micro supers'cructures45 208
mesoporous Co;0, derived by CPs* 427
porous Co;0, nanowires"’ 260
macro-/mesoporous Co;0,* 742.3
brush-like Co;0," 407.5
Co;0, hollow tube*’ 1498
porous Co;0, nanoflakes@SrGO®' 406
3D Co0;0,-RGO aerogel® 660
UPC-9 derived Co;0, (our work) 1121

current (A-g™") rate (%) at related current (A-g™")

1 54.6% at 15
1 91.1% at 8
0.5 36.1% at 6
1.25 39.4% at 12.5
1 94.7% at 3
1 49% at 3
125 61.1% at 7.5
2 65.7% at 15
0.5 60% at 20

1 78.5% at 6
0.5 53% at 10

1 80% at 16
0.5 75.7% at 10
1 77.9% at 25

copy (XPS) results (Figure S7) were performed to illustrate the
chemical compositions in Co;0, products.

The deconvolution of the Co 2p fine spectra was achieved by
fitting to six bands. Peaks at 780.9 and 796.2 eV are associated
with the Co>" ion, and the other two peaks at 779.4 and 794.6
€V are ascribed to the Co** ion. These four bands indicate the
coexistence of divalent and trivalent cobalt ions. Two weak and
broad satellites are also observed. The specific surfaces areas of
UPC-9 precursor, Co(OH) intermediate, and Co;0, products
were determined by their N, adsorption/desorption isotherms
measured using Brunauer—Emmett—Teller (BET) methods at
77 K (Figure 4e). The specific surface area of Co;0, is 101.7
m*g~’, which far exceeds that of Co(OH), (69.9 m*g™") and
UPC-9 (1.73 m*g™"). This enlarged surface area also verifies
the presence of nanovoids due to the volume shrinkage and
dehydration during calcination.””

Electrochemical Activity Evaluation. To demonstrate
the structural advantages of ultrathin Co;O, nanosheets as
pseudocapacitive materials, cyclic voltammetry (CV) and
galvanostatic charge/discharge measurements of the prepared
Co;0, electrode with 2 mg of active materials were first
performed in a three-electrode system using 6 M KOH aqueous
solution as the electrolyte. Cyclic voltammetry (CV) plots (see
Figure Sab) present typical pseudocapacitance features with
the potential window from 0.9 to 1.45 V (vs RHE) at different
scan rates. Faradaic reactions between Co*, Co’*, and Co**
contribute to the intensive redox peaks (as shown in the
Supporting Information). The current peak intensities increase
with increasing scan rates from 1 to 100 mV-s™', suggesting its
good reversibility of fast charge/discharge response (Figure
5Sb). It is also noted that the nickel foam has no contribution to
specific capacitance (Figure Sa). Galvanostatic charge/discharge
plots at the current density from 0.5 to 25 A-g”" are shown in
Figure Sc. Two inflexions can be observed at either charge or
discharge route as circled. Region 1 corresponds to the Co*"/
Co’" conversion and region 2 to the Co’"/Co** conversion,
corresponding to the previously reported results of Co;0,
electrodes.”” The specific capacitances at different current
densities were calculated based on the following equation™

C=(Ix At)/(mx AV) (1

where C, I, At, m, and AV are specific capacitance, current
density, charging—discharging time, mass of pesudocapacitance
materials, and potential window, respectively. The specific
capacitances at different current densities are shown in Figure

Sd. The pesudocapacitive material of hierarchical Co3;0,
nanosheets exhibits the high specific capacitance value of
1121 F-g™' at the current density of 1 A-g'. Moreover, the
excellent rate capability was also achieved at the current density
as large as 25 A-g™'. The capacitance retention can be
maintained as high as 77.9% (from 1121 F-g™' at 1 A-g™" to
873 F-g7' at 25 A-g™'). The supercapacitor performance
obtained in this work surpasses the previously reported MOF-
derived metal hyro-/oxide electrodes, and most of the reported
porous cobalt-based nanomaterials (Table 1). It is believed that
the rich meso/macropore structure in hierarchical Co;0, is the
key to its excellent electrochemical properties, which enables a
large amount of pesudocapacitive materials involving into the
redox reactions and elevates specific capacitance. Moreover, the
high porosity of this unique hierarchical structure provides
numerous electrolyte reservoirs, which facilitates the fast
diffusion of OH™ ions, and thus, good ratability at higher
current densities.

Cycling stability is another important property that needs to
be considered for practical application. The cycling stability of
the Co;0, pesudocapacitive electrode was examined within
1000 cycles at the constant current density of 2 A-g™". The
activation process, in which the specific capacitance values
increase obviously with cycling times during the initial 600
cycles (from 1087.3 to 1154.5 F-g™'), is observed. This is
common for a pesudocapacitor electrode due to that it usually
requires several cycles to improve the electrode surface
wettability and electrolyte ion accessibility, and thus an
increment in specific capacitance usually occurs at the
beginning. However, it is challenging to maintain the specific
capacitance because of decay of activated materials during the
repeated charge/discharge process. One common method to
improve the cycling performance is hybridization of pesudoca-
pacitive materials, such as wrapping activated materials with
polymer to prevent degradation. Although the cycling stability
is improved, the synthesis cost usually elevates and hinders the
practical applications. Herein, we did not further modify the
Co;0, material by hybridization, but it still shows impressive
cycling stability. As shown in Figure Se, the specific capacitance
maintains in the range of 1154.5—-1167.3 F~g_1, from 600 to
1000 cycles at the charge/discharge current of 2 A-g™'. The
cycling behavior was further examined at a higher charge/
discharge rate (10 A-g™') and for more cycling periods. The
result is similar to that at 2 A-g~". Only 1.81% capacitance fades
during the long-term cycles at the high charge/discharge rate,
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Figure 6. Electrochemical characterization of Co;0,//AC asymmetric supecapacitor. (a) CV curves of AC and the hierarchical Co;0, at a scan rate
of 10 mV s™%. (b) CV curves at different scan rates. (c) GCD curves obtained at different current densities. (d) The specific capacitance vs current
density. (e) Cycling performance at a current density of 2 A-g™". Inset: photograph of a red round LED indicator powered by two of our asymmetric
supercapacitors. (f) Ragone plots of the Co;0,//AC asymmetric supercapacitor compared with previously reported results.

indicating the good pesudocapacitive behavior for potential
applications. To track the morphology of the Co;0, electrode
at different cycling times, the electrode and the active materials
peeled off from the electrode were checked by SEM analysis. As
shown in Figures S8—S10, the Co;0, nanosheets can keep
their morphology after long-term cycling, contributing to the
high cycling performance. The initial and last 12 galvanostatic
charge—discharge cycles of the Co;0, electrode at 2 and 10 A-
g™ are shown in Figures S11—S14, respectively, which also
clearly illustrate that the charge—discharge process of the
electrode is highly reversible.

Cycling stability of the Co;0, was further investigated by
Nyquist measurements at 1.25 V (vs RHE) over a frequency
range of 0.01 Hz to 100 kHz. The Nyquist plots of the Co;0,
electrode before and after 6000 cycles are presented in Figure
5f. The x-intercept, radius circle, and the slope at the Warburg
region on the Nyquist plot indicate the equivalent series
resistance, charge transfer resistance, and ion diffusion
resistance, respectively. The equivalent cyclic circuit for fitting
is inserted in Figure Sf, and the corresponding parameters of
the proposed equivalent circuit model are listed in Table S3.
Both phases have angles that are close to 90° along the

imaginary axis (Z”) before and after long-time cycling,
indicating typical capacitance behaviors. In the medium
frequency area (0.38 Hz for the phase angle of 45°), the
angles between the inclined lines and the real axes are between
45° and 90°, corresponding to the ijon diffusion mechanism
between Warburg diffusion and ideal capacitive ion diffusion
(pseudocapacitance). The equivalent series resistance is due to
the ion diffusion in electrolyte, and does not change before and
after cycling. The transfer resistance at the interface between
electrolyte and electrode most increases, indicating the decay of
active materials. However, the transfer resistance is still much
smaller than the x-intercept even after long-term cycles,
implying that the specific capacitance is mainly affected by
electrolyte, which partly explains the good cycling stability of
hierarchical Co;0,.

The high-rate capability and excellent reversibility are
attributed to the following reasons: (1) The open geometry
built by Co;0, nanosheets is highly accessible to the
electrolyte, which would decrease the electrolyte starvation
near the electrode surface and facilitate ionic diffusion in the
solid electrode, resulting in lower internal resistance and faster
kinetics; (2) the large active surface area of Co;0, can be
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beneficial to electrolyte contact and adsorption of alkali ions,
leading to capacitance improvement; (3) the as-synthesized
Co;0, nanosheets are ultrathin (with only a few nanometers in
thickness) which ensures the maximum participation in the
Faradaic reactions from outside to inside, and therefore
facilitates a higher capacitance for charge storage; and (4) the
unique structure of the Co;O, nanosheets helps alleviate
structural damages caused by volume change during the
repetitive redox cycles, keeping structural integrity and
providing better reversibility and cycling performance.

An asymmetric supercapacitor with hierarchical Co3;0,
nanosheets as positive electrode and active carbon (AC) as
negative electrode was fabricated in 6 M KOH solution in order
to evaluate the practical application. The AC electrode was
prepared by mixing 90 wt % of the activated carbon and 10 wt
% of polytetrafluoroethylene and then spread onto a 1 cm X 2
cm Ni foam. Its specific capacitance is 140 F-g™" at the current
density of 2 A-g™" (as shown in Figure S15). It is noted that the
supercapacitive behavior of the AC electrode is typical EDLC,
as illustrated by the rectangular CV curve shown in Figure 6a.
Mass ratio between Co3;0, and AC was carefully calculated
based on charge balance theory, CCAV"'m™ = C'AV'm*,> for
complete utilization of active materials and was optimized to
3.9:1.

Supercapacitor performances at different scan rates from 1 to
100 mV-s~! were examined by CV plots. Two redox peaks are
observed, which are much broader than those in the plots
measured from the three electrode system. Galvanostatic
charge/discharge curves of the asymmetric supercapacitor
device at the current densities from 1 to 15 A-g™' are
demonstrated in Figure 6¢. The specific capacitance (F-g™'),
energy density (W-h-kg™'), and the power density (W-kg™") are

then obtained from the following equations

C, = (Ix At)/(m, X AV) (1)
E=05xC x AV? (111)
P=ExAt"! )

where C, is the total specific capacitance of an asymmetric
supercapacitor, I is the charge/discharge current density, m;, is
the total mass of cathode and anode active materials, At is the
discharging time, and AV is the operating voltage window.

The specific capacitance reaches 105 F-g™' at the current
density of 1 A-g”" and remains as high as 65 F-g™" at the higher
current density of 15 A-g”', implying the good rate perform-
ance (as shown in Figure Sd). Furthermore, the Co;0,//AC
asymmetric supercapacitor exhibits an extremely high energy
density of 32.8 W-h-kg™" at the power density of 752 W-kg™".
Even at the high power density of 11248 W-kg™', the
supercapacitor still has a high energy density of 20.3 W-h-
kg™', highlighting the rate capability of our asymmetric
supercapacitor. To better illustrate the good specific energy
and power densities in our asymmetric capacitor, a Ragone plot
(Figure 6f) showing energy density versus power density for
various asymmetric supercapacitors was made.”*™* Our
asymmetric supercapacitor clearly presents better perform-
ances, indicating the promising potential applications as
devices. The superior performance is attributed to the high
energy contribution of the Co;O, positive electrode of the
unique hierarchical porous structure.

Furthermore, a simple application to power a commercial
light-emitting diode (LED) is demonstrated by our super-

capacitor. The red LED (working voltage 1.6—3.0 V, 20 mA)
was lighted up by charging the supercapacitor to 1.8 V at 2 A-
g_l. Cycling performances of the asymmetric supercapacitor
were also evaluated at the current density of 2 A-g™". As shown
in Figure 6e, a very small decrease of the capacitance is
observed, which may be resulted from the consumption of the
active materials caused by harsh redox reactions. After 6000
cycles, the device still maintains approximately 98.1% of its
initial capacitance (initial 100 F-g~!, final 98.1 F-g™'), which
demonstrates the excellent cycling stability and superiority to
many previously reported asymmetric supercapacitors.sg_é2
The initial and final 6 galvanostatic charge/discharge curves
show little differences as shown in Figures S13 and S14, which
demonstrates the excellent cycling stability. This stability
performance is similar to that of the positive Co;0, electrode.

B CONCLUSION

In summary, a green fabrication method for ultrathin Co;0,
nanosheets is developed using the Co-based MOF of UPC-9 as
the sacrificial precursor by the hydrolysis and subsequent
calcination process. The recycling of organic ligands during
synthesis can drastically reduce the cost of materials and
environmental hazards, offering a green manufacturing of
functional nanomaterials. The as-prepared Co;0, nanosheets
present remarkable supercapacitor performance due to the
plentiful meso- and macropores in the designed hierarchical
structure The fabricated Co;0,/AC asymmetric supercapacitor
exhibits a high energy density of 32.8 W-h-kg™" at the power
density of 752 W-kg™' and remains 98.1% of its initial
capacitance after 6000 charge/discharge cycles at the current
density of 2 A-g”’, indicating its impressive long-term cycling

stability.
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