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Metal-organic frameworks (MOFs) and nanocellulose represent
emerging and traditional porous materials, respectively. The combi-
nation of these two materials in specific ways could generate novel
nanomaterials with integrated advantages and versatile functionalities.
This study outlines the development of hierarchical porous and
conductive nanosheets based on zeolitic imidazolate framework-67
(ZIF-67, a Co-based MOF)-templated Co-Ni layered double
hydroxide (LDH) nanocages, Cladophora cellulose (CC) nanofibers,
and multi-walled carbon nanotubes (CNTs). The LDH-CC-CNT
nanosheets can be used as flexible and foldable electrodes for energy
storage devices (ESDs). The electrodes are associated with a high areal
capacitance of up to 1979 mF cm~2 at a potential scan rate of 1 mV s ™%,
A flexible, foldable, and hybrid ESD is assembled from LDH-CC-CNT
and CC-CNT electrodes with a PVA/KOH gel. The entire device has
an areal capacitance of 168 mF cm™2 and an energy density of
0.6 MW h cm™3 (60 uW h cm™), at a power density of 8.0 mW cm™>
(0.8 MW cm™2). These promising results demonstrate the potential of
using MOFs and sustainable cellulose in flexible, foldable electronic
energy storage devices.

Introduction

There is currently great interest in the development of high
performance, thin, flexible, lightweight, environmentally
friendly energy storage devices (ESDs)."”” Supercapacitors (SCs)
constitute an important class of electric energy storage systems
that bridges the gap between conventional capacitors and
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Interweaving metal—organic framework-templated
Co-Ni layered double hydroxide nanocages with
nanocellulose and carbon nanotubes to make
flexible and foldable electrodes for energy storage
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batteries. Generally, SCs are classified as electrical double layer
capacitors (EDLCs) and pseudocapacitors, depending on the
charge storage mechanism and the active materials used.?
EDLCs store charges on the large internal surfaces of active
materials such as activated carbon, carbon nanotubes (CNTs)
and graphene.® Pseudocapacitors rely on electrochemically
active materials including certain transition metal oxides,
hydroxides, and conducting polymers, for example, RuO,,"
MnO,," and polypyrrole,*” which store electrochemical energy
faradaically via reversible redox reactions at the interface of the
electrode and electrolyte and thus provide higher specific
capacitances than EDLCs. In order to increase the energy
density, two electrodes with different charge storage behaviours
may be applied in the assembly of ESDs.'*' For example,
asymmetric supercapacitors pair one pseudocapacitive elec-
trode and one capacitive electrode, e.g., MnO, and activated
carbon.” Hybrid capacitors combine faradaic battery-type
electrodes and capacitive electrodes, such as Ni(OH), and acti-
vated carbon.’ Because of their high power density, rapid
charge/discharge rate, and long operational lifetime, a signifi-
cant amount of effort has been devoted to the development of
flexible SCs and hybrid devices to meet the growing demands of
flexible electronics, for instance, foldable phones, roll-up
displays, and wearable devices.”**

Metal-organic frameworks (MOFs) are a newly emerging
family of functional materials with exceptionally high surface
areas and well-defined pores that are constructed by coordina-
tion between metal ions or clusters and organic linkers.”>*" In
addition to their well-studied applications in gas storage and
separation,® catalysis,* drug delivery,* and sensors,* extensive
research interest in MOFs has recently been triggered for the
exploration of novel electrode materials for SCs.>**® Their
ordered structures and high surface areas result in fast diffu-
sion of the electrolyte in microporous or mesoporous channels.
In addition, transition metal ions or clusters in some MOFs are
redox-active centers that can deliver electrochemical activity.
Various pristine MOFs and MOF-derived materials have already
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been successfully applied as capacitive, pseudocapacitive and
battery-type electrode materials for ESDs.>*™*° In addition to the
conventional considerations for ESDs (e.g., high capacitance,
high power density, and long lifetime), flexibility and areal
capacitance are more important for flexible ESDs. Recently,
a number of MOF-related materials have been fabricated as
flexible electrodes for ESDs; these materials are normally coated
onto or grown in situ on flexible substrates such as plastics,
textiles or carbon cloths.*****> However, the challenge of
developing a MOF-related electrode with good flexibility and
high areal capacitance for the fabrication of flexible ESDs
remains.

Cellulose is the main component of plants and the most
naturally abundant biopolymer on earth. Its characteristics of
intrinsic flexibility, high mechanical strength, rich organic
functional groups, and sustainability make cellulose a prom-
ising substrate for the development of novel electrodes.**** More
importantly, cellulose can also act as an intrinsic electrolyte
reservoir due to its hydrophilic features and ability to swell in
water.*> The hierarchical porous structure formed by cross-
linking of cellulose fibers can be used to transfer the electrolyte
and diffuse ions in the electrolyte to electrochemically active
materials. Because of the versatile functionalities and superior
properties of MOFs and cellulose, fabrication of hybrid materials
based on MOFs and cellulose could combine the advantages of
both materials and allow the design of novel functional mate-
rials. However, very few examples of such hybrid materials have
been reported to date and the study of their applications has
historically been focused only on separations (e.g. gas separation
and removal of heavy metal ions and dye molecules from
polluted aqueous solutions).**** We envision loading MOFs or
MOF-related nanocrystals into a flexible cellulose substrate as
a feasible approach for the design of novel flexible electrodes
with promising electrochemical performance characteristics.

In this paper, we introduce an assembly approach for inter-
weaving nanocellulose fibers, multi-walled carbon nanotubes
(CNTs), and ZIF-67 (a cobalt-based zeolitic imidazolate frame-
work, i.e. a MOF) nanocrystals into a flexible sheet. A subsequent
chemical etching process converts the loaded MOF nanocrystals
into Co-Ni layered double hydroxide (LDH) nanocages with
unique hollow structures, a well-known electrochemically active
material.**** This strategy involves the formation of a flexible,
conductive substrate and the subsequent interweaving of the
isolated LDH nanocages with nanocellulose and CNTs. The
nanocellulose enables the knitting process and reinforces the
LDH nanocages on the substrate, while also providing the flexi-
bility of the composite, and the CNTs act as conductive bridges
for electron transfer between the LDH nanocages. The resultant
flexible and conductive composite containing compactly inter-
connected and homogeneously dispersed nanostructures can be
used as a high performance electrode for the assembly of flexible
and foldable ESDs.

Results and discussion

Cladophora cellulose (CC), a type of nanofibrillated cellulose
extracted from an environmentally polluting green alga, was
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chosen as the substrate in this study. Firstly, it was expected
that MOF nanocrystals could be loaded into its nanofibrous and
mesoporous structure.*** Moreover, its high crystallinity®® gives
rise to the outstanding mechanical flexibility of the substrate,
which is an important characteristic of flexible electronic
devices. Scheme 1 illustrates the synthesis procedures. Firstly,
the as-synthesized ZIF-67 nanocrystals (pre-dispersed in
ethanol), CC, and CNTs, with a mass ratio of 2:1:3, are
dispersed in water by sonication to form a homogeneous
mixture. The dispersion is then vacuum filtered using
a membrane filter, and the filter cake is dried to form a free-
standing composite, called a ZIF-CC-CNT nanosheet. The
composite is then immersed in an ethanol solution of nickel
nitrate for three hours to etch the ZIF-67 nanocrystals. During
this time, the protons generated from the hydrolysis of Ni*" ions
gradually digest the core structure of the ZIF-67 nanocrystals
and release Co®" ions into the ethanol solution. The released
Co”" ions are partly oxidized to Co** by the NO;~ ions in the
presence of the protons, followed by further co-precipitation of
Ni*" and Co?'/Co*" and the formation of Ni-Co LDH shells,
templated by ZIF-67 nanocrystals.*® Finally, a freestanding,
flexible, and foldable composite, called an LDH-CC-CNT
nanosheet, is obtained.

With the fixed ratio of the three components in the initial
dispersions, the thickness and areal density of the active
materials in the hybrid nanosheets can be precisely controlled
by adjusting the total amounts of the starting materials. Three
ZIF-CC-CNT nanosheets and the three corresponding LDH-
CC-CNT nanosheets with tuned thicknesses (9, 39, and 103 pm)
were prepared. Thermogravimetric analysis (Fig. S1t) indicated
that the content of the active material ZIF-67 was 0.305, 0.754,
and 1.720 mg cm ? in the ZIF-CC-CNT nanosheet and LDH
was 0.225, 0.481, and 1.452 mg cm™? in the LDH-CC-CNT
nanosheet.

The structures of the ZIF-CC-CNT and LDH-CC-CNT
nanosheets were fully characterized by powder X-ray diffraction
(XRD), X-ray photoelectron spectroscopy (XPS), and X-ray energy
dispersive spectroscopy (EDS). The XRD pattern of ZIF-CC-CNT
in Fig. 1a clearly shows the existence of ZIF-67, cellulose and
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Scheme1 (a) Schematic illustration of the formation process of LDH—

CC-CNT nanosheets; (b) optical images of a flexible, foldable LDH-
CC-CNT nanosheet (size: 4 cm x 4 cm). CC = Cladophora cellulose;
LDH = Co-Ni layered double hydroxide nanocages; CNTs = carbon
nanotubes.

J. Mater. Chem. A, 2018, 6, 24050-24057 | 24051


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c8ta10133g

Open Access Article. Published on 09 November 2018. Downloaded on 12/4/2025 8:25:38 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry A

(a) (b)~ .

27 o —=—ZIF-67-CC-CNT
¥ Co-Ni-LDH (LDH) S 20]%: —4—LDH-CC-CNT,
- = Cladophora cellulose (CC) 13 < \
S * Carbon nanotubes (CNT) £ H
g FE
%‘ LDH-CC-CNT £ ol dH 5
2 ZIF-CC-CNT H iadioe
] T
= ® 5
2
Tt o
10 20 30 40 5 60 70 S 00 02 04 06 08 10
20 (degree) <] Relative pressure (p/p,)
(c) (d)
Rawdata  Co2p, ——Raw data Ni2p, Ni*
- =---Fitted data ==~ Fitted data /
-~ Background - —— Background
3 3
< L sat.
2 2
[Z3 [Z}
c c
2 ]
£ £
795 790 785 780 775 870 865 860 855 850

Binding energy (eV) Binding energy (eV)

Fig. 1 (a) A comparison of powder X-ray diffraction patterns of pure
ZIF-67, Cladophora cellulose (CC)-CNTs, ZIF-CC-CNT nanosheets,
and LDH-CC-CNT nanosheets; (b) N, adsorption and desorption
isotherms of ZIF-CC-CNT and LDH-CC-CNT nanosheets, recorded
at 77 K. The inset shows the pore size distributions calculated from the
adsorption branches using density functional theory; (c) high-resolu-
tion Co 2ps3/» and (d) Ni 2ps/», X-ray photoelectron spectra of LDH-
CC—-CNT. CNT = carbon nanotube; LDH = Co-Ni layered double
hydroxide nanocages.

CNTs, thus confirming the composition of the nanosheet. The
diffraction peaks for ZIF-67 were entirely absent after etching
the composite in an ethanol solution of Ni(NO;), -6H,0, and the
peaks for a typical LDH structure were found, confirming the
formation of an LDH structure by the reaction between ZIF-67
and Ni(NO;),-6H,O (Fig. 1a and S21). Strong and narrow
diffraction peaks at 2 = 14, 17 and 22° in both the ZIF-CC-CNT
and the LDH-CC-CNT nanosheets confirmed the high crystal-
linity of the CC nanofibers.”” The elemental composition of
LDH-CC-CNT was confirmed by EDS and XPS studies. The EDS
spectrum of the selected area of LDH-CC-CNT (Fig. S3t)
revealed that the LDH nanocages contained Co and Ni, with
a Co : Niratio of 1 : 2.1. The XPS survey scan spectrum of LDH-
CC-CNT (Fig. S4t) indicated the presence of C, O, N, Ni, and Co
in the composite. Fig. 1c and d show the high resolution XPS
spectra of LDH-CC-CNT in the Co 2pj3/, and Ni 2p;/, regions.
The deconvoluted peaks at 782.3 and 780.8 eV in the Co 2p3/,
spectrum correspond to Co”” and Co®", respectively,*® confirm-
ing that a portion of the Co®" ions released from ZIF-67 were
oxidized to Co®" during the etching procedure. The single peak
located at 856.1 eV in the Ni 2p;, spectrum indicated the
existence of Ni** in the LDH structure.®

Nitrogen sorption measurements at 77 K were carried out to
analyze the porosity of the samples. As shown in Fig. 1b, the
adsorption isotherm for ZIF-CC-CNT, with rapid N, uptake at
low partial pressures (P/P, < 0.1), revealed the microporous
structure of ZIF-67. Meanwhile, the pore size distribution
analysis based on the adsorption isotherm indicated that ZIF-
CC-CNT had relatively narrow micropores, with pore sizes
centered at 1.0 and 1.4 nm, whereas these typical micropores
were absent in LDH-CC-CNT because of the digestion of the
framework of ZIF-67 during the etching procedure. Accordingly,
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the calculated Brunauer-Emmett-Teller (BET) surface areas for
LDH-CC-CNT of different thicknesses lie in the range of 219 to
261 m®> g~'; these were significantly smaller than those for
ZIF-CC-CNT (525-693 m? g~ ). The size of the micropores in
LDH-CC-CNT (1.2 nm) can be attributed to the presence of
CNTs (Fig. S5t). Both ZIF-CC-CNT and LDH-CC-CNT samples
showed mesoporous structures generated by interweaving CC
nanofibers and CNTs with pore size distributions in the range of
20.0 to 34.4 nm.

The morphology of the ZIF-CC-CNT and LDH-CC-CNT
nanosheets was studied by field emission scanning electron
microscopy (FESEM) to reveal the interconnections between the
ZIF-67 or LDH nanocrystals, the CC nanofibers, and the CNTs.
The as-synthesized ZIF-67 nanocrystals had a typical rhombic
dodecahedral morphology and an average size of approximately
800 nm (Fig. S6at). SEM images (Fig. 2) revealed the surface
morphology of the ZIF-CC-CNT and LDH-CC-CNT nanosheets
at different magnifications. The cross-linked CC nanofibers and
CNTs (with diameters of about 30 nm and 10 nm, respectively)
were interwoven in the well-dispersed ZIF-67 crystals to form
the framework of the ZIF-CC-CNT nanosheets. More impor-
tantly, the ZIF-67 nanocrystals were not only attached to the
surface of the nanosheets but were also entangled in the matrix,
as indicated by the “bumps” in the SEM images, suggesting that
ZIF-67 nanocrystals were evenly distributed throughout the
entire nanosheet. In comparison, in the ZIF-CNT composite,
the ZIF-67 nanocrystals formed agglomerates with the CNTs,
which remained separate in the absence of cellulose nanofibers
(Fig. S6b and ct). Therefore, we can conclude that CC nano-
fibers play a key role in the formation of uniform and intimately
connected nanostructures because of their ability to aid in the
dispersion and intertwining of the active materials.

After etching the ZIF-CC-CNT nanosheets in a solution of
Ni(NO3),-6H,0 in ethanol, where the ZIF-67 nanocrystals were
transformed into hollow LDH nanocages, these uniform and
interconnected nanostructures were successfully transformed
into LDH-CC-CNT nanosheets. It was expected that the
uniformity of the LDH-CC-CNT nanosheets and the hollow
nanostructure of LDH would lead to fully accessible sites for the
active materials and fast diffusion of guest molecules or ions.
Furthermore, the intimate connections between the LDH
nanocages and the flexible and conductive matrix composed of
nanocellulose and CNTs could effectively improve the conduc-
tivity of LDH. Considering the flexible, binder-free, conductive,
and fully accessible characteristics of these structures, we
anticipated that LDH-CC-CNT nanosheets would make effec-
tive electrode materials.

The electrochemical performance of the LDH-CC-CNT
electrodes was studied in a traditional three-electrode cell using
1.0 M aqueous KOH as the electrolyte. Binder-free electrodes
were prepared by pressing a piece of LDH-CC-CNT nanosheet
(1 x 2 cm) at a pressure of 150 MPa onto a piece of flexible
graphite paper as the current collector. The design of these
binder-free electrodes was chosen to avoid “dead” mass and
volume in the electrode, thus increasing its gravimetric/
volumetric capacity. Fig. 3a shows the cyclic voltammetry (CV)
curves of the LDH-CC-CNT (9 pm, 0.225 mg cm > LDH)

This journal is © The Royal Society of Chemistry 2018
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Fig. 2 Scanning electron microscopy images of (a—c) ZIF-CC-CNT and (d—f) LDH-CC—-CNT nanosheets at different magnifications. CC =
Cladophora cellulose; CNT = carbon nanotube; LDH = Co—Ni layered double hydroxide nanocages.

electrode at different scan rates (1-30 mV s~ ') in the potential
range of 0 to 0.6 V vs. Hg/HgO. With the increasing scan rate
from 1 to 30 mV, the CV curves were similar in shape, with
slightly shifted peak positions. The CV curve at a scan rate of
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nanocages.
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reactions because of the similar redox potentials for Ni**/Ni**
and Co’*/Co*".*® In addition, a pair of broad and inconspicuous
redox peaks in the potential range of 0.1 to 0.2 V vs. Hg/HgO was
observed in the CV curve. This pair of redox peaks at low
potentials can be ascribed to the redox reaction of Co(OH),/
CoOOH and further confirms the existence of Co** in the LDH
structure.” Based on this analysis of the CV curves, we
hypothesized that the electrochemical reaction process in the
LDH is as follows:

Co(OH), + OH™ < CoOOH + H,0 + ¢~ 1)
CoOOH + OH™ < C00, + H,O + ¢~ )
Ni(OH), + OH™ < NiOOH + H,0 + ¢~ 3)

In order to investigate the charge storage mechanism of the
LDH-CC-CNT electrodes, studied the voltammetric
response at various scan rates in the CV measurements. In
principle, the dependence of the peak current (i,) on the scan
rate (v) can be expressed as®**

we

iy =a’ @)

where a and b are adjustable parameters.

Generally, the peak current is proportional to the square root
of the scan rate (b = 0.5) for a battery-type faradaic reaction,
whereas the pseudocapacitive current is linearly dependent on
the scan rate (b = 1). We found that the plots of peak current vs.
scan rate can be linearly fitted with b = 0.5 for the three elec-
trodes of LDH-CC-CNT with different loadings of LDH
(Fig. S7t), suggesting that the LDH-CC-CNT electrodes are
battery-type electrodes and the charge storage mechanism
is mainly based on the diffusion-controlled intercalation/
deintercalation of the electrolyte ions.**™**

The capacitances of the active material (LDH) and the entire
electrode were calculated by analyzing the CV curves. In order to
evaluate the contributions of the CNTs and the current collector
to the capacitance of the electrode, a background electrode
composed of CC and CNTs on graphite paper was prepared for
electrochemical analysis. Based on the CV curves of LDH-CC-
CNT and this CC-CNT electrode at 1 mV s~ and by deducting
the contributions of the CNTs and graphite paper, the specific
capacitance of LDH was calculated to be 1287.8 F g~ ', which is
comparable to the reported values for Co-Ni LDH.?%>%64
Importantly, the gravimetric capacitance of LDH was not
significantly reduced in the electrode with a higher mass
loading, as shown in Fig. 3b. In contrast, the capacitance of
LDH was only 732.2 F g ' in an LDH-PVDF-CNT electrode
prepared by coating LDH, CNTs and a binder of polyvinylidene
fluoride (PVDF) on graphite paper in a traditional manner,
under the same conditions (Fig. S8t). Comparison of the
nanostructures in the SEM images provides a possible expla-
nation for this large difference in the capacitive performance of
LDH in the two electrodes. As mentioned above, the LDH
nanocages were uniformly dispersed and interconnected by
cellulose nanofibers and CNTs in the LDH-CC-CNT nano-
sheets. In contrast, the LDH-PVDF-CNT electrode displayed
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agglomerates of LDH nanocages attached onto the surface of
the CNT matrix (Fig. S6d and et). Consequently, the rates of ion
diffusion and electron transfer were limited, leading to the
much lower capacitance. These results strongly supported our
assumption that the electrochemical performance of the elec-
trode could be significantly increased by forming a uniform and
interwoven nanostructure within the conductive substrate.

For flexible and wearable electronic devices, areal capaci-
tance is even more important than gravimetric capacitance. In
general, the areal capacitance of an electrode increases with the
increasing areal density of the active material in the substrate.
However, aggregation and stacking of the active materials
usually occur with subsequently increased resistance.®* As
a result, the areal capacitance will gradually reach a plateau
when the mass loading is increased, and the electrochemical
performance of the active material will be much lower than the
theoretical value. In order to evaluate the effects of mass loading
and thickness on the electrochemical performance, LDH-CC-
CNT electrodes with different mass loadings (0.225, 0.481, and
1.452 mg cm™ > LDH) and thicknesses (9, 39, and 103 um) were
studied using CV (Fig. S9t). Fig. 3c shows a comparison of
the CV curves of the three electrodes at the same scan rate of
5mV s~ '. Notably, the redox peak positions only shifted slightly
with the increasing thickness and mass loading. Meanwhile,
the electrochemical impedance spectroscopy (EIS) results dis-
played as Nyquist plots in Fig. 3d revealed that both the high
frequency resistance and the charge transfer resistance for
LDH-CC-CNT electrodes were relatively low, and these resis-
tances were not significantly affected by increasing the mass
loading and thickness because of the uniform nanostructure of
the conductive electrodes.

Galvanostatic charge-discharge (GCD) measurements were
performed to evaluate the energy storage performance of the
LDH-CC-CNT electrodes (Fig. S107). The highly symmetrical
shape of the chronopotentiometric curves reflected the
reversible redox reactions in the electrode (Fig. 3e). The
discharge curves showed that the areal capacitances of the
LDH-CC-CNT electrodes with mass loadings of 0.225, 0.481,
and 1.452 mg cm > LDH were 377.5, 688.6 and 1979.2 mF cm ™2,
respectively, at a current density of 1 mA cm > The three
electrodes retained 37.1, 30.5, and 21.2% of their capacitances
when the current density was increased from 1 to 20 mA cm ™2,
indicating a good rate capability (Fig. 3f). Importantly, the
flexibility of the electrode was not influenced by increasing the
thickness and mass loading towards higher areal capacitances.
A further increase in the mass loading of LDH to 2.87 mg cm >
in the LDH-CC-CNT nanosheet with a thickness of 212 pm
achieved an even higher areal capacitance of 3200 mF cm ™ ?;
however, the electrode had a very poor rate capability and was
not as flexible. Nonetheless, the value of 1979.2 mF cm ™2 for the
areal capacitance of the LDH-CC-CNT electrode ranks as one of
the highest reported for LDH-based electrodes (Co-Ni LDH/
NiCo,0,/carbon fiber paper:* 1640 mF cm 2 at 2 mA cm™ 2
NiCo,S,@Ni-Mn LDH/graphene sponge:”” 1740 mF cm > at
1 mA cm™ % Ni-Co@Ni-Co LDH nanotube array/carbon fiber
cloth:*> 2000 mF cm ™2 at 4.6 mA cm™%; NiCo-LDH/carbon fiber
cloth:* 2242 mF cm ™ * at 1 mA cm ).
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To demonstrate the potential of the composite electrode
for practical applications in flexible electronics, we assembled
a flexible, foldable, and all-solid-state hybrid ESD. As shown
in Fig. 4a, the LDH-CC-CNT (1 cm x 2 cm, 0.481 mg cm >
LDH) and CC-CNT (1 em x 2 cm, 3.375 mg cm > CNTSs)
nanosheets were used as the positive and negative electrodes,
respectively. A poly(vinyl alcohol)/KOH gel was used as the
solid electrolyte, and a piece of filter paper (1.2 cm x 2.5 cm)
was used as the separator. The total volume of the assembled
device was 0.2 cm®. The CV curves in Fig. 4b present the
potential windows of —1.0 to 0 V vs. Hg/HgO for the LDH-CC-
CNT electrode and 0 to 0.6 V vs. Hg/HgO for the CC-CNT
electrode at the same scan rate of 5 mV s~ . It was anticipated
that this hybrid ESD could reach a high operating potential.
CV curves of the hybrid ESD were recorded in the two-
electrode system at a scan rate of 50 mV s ' within the
potential window from 0-1 V to 0-1.6 V (vs. Hg/HgO), as
shown in Fig. 4c. This demonstrated that the stable operating
voltage could be extended to 1.6 V. In addition, CV curves of
the hybrid ESD at different scan rates (10-50 mV s ') were
measured within the potential window of 0-1.6 V vs. Hg/HgO
(Fig. S117%). The almost rectangular shapes of the CV curves at
low operating potentials demonstrated the double-layer
capacitance of CC-CNT. Broad redox peaks were observed at
high operating potentials, indicating a combined contribu-
tion of both capacity and double-layer capacitance in the
hybrid ESD. To evaluate the flexibility and foldability of the
hybrid ESD, we recorded the CV curves when the device was
folded to 90° and 180°. As shown in Fig. 4d, the CV curves were
only very slightly different before and during folding, indi-
cating that the device was fully flexible and foldable.

The specific capacitance, and energy and power density of
the hybrid ESD were calculated from the GCD measurements.

(a) (b)

\_‘ —or
9% ~——LDH-CC-CNT
Scan rate: 5mV' s
— 0.01 H
< i
| Boowy ————
g :
= H
\ Graphite paper 60
™y LDH-CC-CNT 002
Ny PVAKOH ,
s CC-CNT 1.0 -0.8 -0.6 -0.4 0.2 0.0 0.2 0.4 06

Potential (V vs Hg/HgO)
(c) (d)
Scan rate: 50 mV s” 0.0084 ——Flat g
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Fig. 4 (a) Schematic illustration of the flexible and solid-state hybrid
ESD LDH-CC-CNT//CC-CNT. (b) Cyclic voltammetry (CV) curves of
LDH-CC-CNT and CC-CNT electrodes at the same scan rate. (c) CV
curves of the device at different potential windows at the same scan
rate. (d) CV curves of the device under different bending conditions.
ESD = energy storage device; CC = Cladophora cellulose; CNT =
carbon nanotube; LDH = Co-Ni layered double hydroxide.
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Fig. 5 (a) Galvanostatic charge—discharge curves of the flexible and
solid-state hybrid ESD LDH-CC-CNT//CC—-CNT and the calculated
areal capacitances at different current densities. (b) Comparison of
areal capacitance (B this work, [ reported values), and power and
energy density (@ this work, O reported values) of the device with
those of other flexible ESDs based on electrodes of nMOF-867,%
MOF-MnO,,**  PANI-ZIF-67-carbon  cloth,*?  NiCo-LDH/CFC,*
NiC0,S4@NiMn-LDH/GS,*” NiCo-LDH NSs@Ag@carbon cloth,%®
NiCo-LDH NFAs@NSs/Ni fabric,®® ZIF-PPy-2,7° Ni(OH), nanofibers™
and various carbon electrodes. (c) Photo of red LEDs powered by the
bent or folded device. (d) Cycling performance of the device. ESD =
energy storage device; CC = Cladophora cellulose; CNT = carbon
nanotube; LDH = layered double hydroxide; PANI = polyaniline; PPy =
polypyrrole; CFC = carbon fiber cloth; NFAs = nanoflake arrays; NSs =
nanosheets; GS = graphene sponge.

The areal capacitance for the whole cell was 168.3, 149.5, 123.8,
and 102.5 mF cm ™ ? at discharge current densities of 1, 4, 10,
and 20 mA cm 2, respectively (Fig. 5a). Accordingly, the
maximum energy and power densities of the hybrid ESD
were 0.6 mW h cm™® (60 pW h cm™?) and 160 mW cm >
(16 mW cm™?), respectively (Fig. 5b). The values of areal
capacitance, and energy and power density were comparable to
those for state-of-the-art flexible SCs (Table S11).>>77* It should
be noted that the volume of the whole hybrid ESD was consid-
ered when calculating the volumetric energy/power densities.
We also assembled two hybrid ESD units in series to power an
LED. As seen in Fig. 5c, the devices in the series light the LED
even when they were folded. The long-term stability of the
hybrid ESD was tested through continuous CV cycling. As
shown in Fig. 5d, the hybrid device retained more than 80% of
its original capacitance after 2000 cycles at 50 mV s *. Collec-
tively, the electrochemical studies suggested that the all-solid-
state hybrid ESD showed an excellent capacitive behavior,
a good rate capability, and excellent flexibility and foldability.

Conclusions

In conclusion, novel LDH-CC-CNT nanosheets have been
successfully prepared by interweaving MOF-derived Co-Ni LDH
nanocages with CC nanofibers and CNTs. The electrodes based
on LDH-CC-CNT nanosheets had a very high areal capacitance
and a good rate capability. Given their excellent flexibility and
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foldability, along with their superior electrochemical perfor-
mance, the LDH-CC-CNT electrodes were fabricated into an all-
solid-state hybrid ESD. We conclude that the interwoven, hier-
archically porous, fully accessible, and conductive nano-
structures in the LDH-CC-CNT nanosheets play a key role in
the electrochemical performance of the hybrid ESD. An external
current collector is required for this electrode and energy
storage device because of the limited interactions between the
hydrophobic CNTs, and the hydrophilic nanocellulose and LDH
nanocages. This limitation could be overcome by using chem-
ically modified nanocellulose and CNTs in high quality
dispersions to design highly compact and conductive
matrices.”” Thus, this study opens up a path for the develop-
ment of new designs for thin, flexible, lightweight, and high-
performance electronic energy storage devices based on MOF-
related materials and sustainable cellulose.
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