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has been demonstrated as a promising 
electrode for electrochemical MSCs.[8,9] It 
provides an efficient direct-write process 
to generate the desired patterns, thus 
avoiding complicated photolithography 
techniques and time-consuming multi-
stage processes.[10–16] Previous studies 
have taken advantage of this approach for 
direct acquisition of electroactive mate-
rials such as reduced graphene oxide and 
3D porous multilayer graphene through 
one-step carbonization of polymers 
(e.g., polyimide film).[17–19] Nevertheless, 
the capacitance of the bare 3D porous LSG 
obtained through laser scribing process is 
limited.[20–22] To address this issue, pru-
dent implementations such as integra-
tion of capacitive materials (e.g., MnO2), 
heterogeneous atom doping (e.g., N),  
metal coating (e.g., Au) have been used to 
improve the electrochemical behavior of 
LSG. These approaches work by increasing 

redox activity, specific active sites, and conductivity.[22–28] 
Inherently, the laser graphitization process used to make LSG 
endows the 3D graphene with abundant pores and defects 
along with the transformation of the sp3-carbon atoms of the 
polymer to the sp2-carbon species.[29] Appropriate surface func-
tionalization of graphene has provided immense opportunities 
for the immobilization of low dimensional nanomaterials.[30–32] 
Similarly, the rough and defective LSG surfaces are expected 
to be served as conductive platforms for coupling capacitive 
moieties.

Metal–organic frameworks (MOFs), a new class of porous 
material, represent one of the promising electrode materials for 
electrochemical energy storage application due to their inherent 
porosity, open pore framework structure, and ultrahigh surface 
area.[33–40] Particularly, the conductive subgroup of MOFs 
possesses merits beyond the traditional MOFs because they 
can lead to faster electron transport during electrochemical 
reactions.[41,42] The effective π–π stacking between the 2D MOF 
layers allows for long range of π–π and π–d orbital overlaps, 
which imparts exceptional charge transport properties. This 
area has seen a surge of research activity after the exciting 
demonstration of supercapacitors whose electrodes are made 
solely from conductive 2D MOFs.[41,42] Yet, no studies on 
electrochemical microsupercapacitors using conductive MOF  
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Conductive 2D metal–organic frameworks (MOFs) have merits beyond 

traditional MOFs for electrochemical applications, but reports on using MOFs 

as electrodes for electrochemical microsupercapacitors (MSCs) are practically 

non-existent. In this work, a Ni-catecholate-based MOF (Ni-CAT MOF) having 

good conductivity and exhibiting redox chemistry in the positive and negative 
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grow the conductive Ni-CAT MOF on 3D laser scribed graphene (LSG). 
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collector for the hybridization of conductive Ni-CAT MOF nanocrystals. 

Impressively, MSCs fabricated using the hybrid LSG/Ni-CAT MOF show 

significant improvement compared with MOF-free LSG electrodes. 

Specifically, the LSG/Ni-CAT MOF electrodes can deliver MSCs with a wide 

operating voltage (1.4 V), high areal capacitance (15.2 mF cm−2), energy 

density (4.1 µWh cm−2), power density (7 mW cm−2), good rate performance, 
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Microsupercapacitors

1. Introduction

Miniaturized rechargeable energy storage systems are in high 
demand to keep up with the rapid development in portable elec-
tronics, implantable microdevices, sensor networks, internet of 
things, etc.[1–3] Electrochemical microsupercapacitors (MSCs) 
are one promising solution for on-chip micropower units in 
self-powered devices.[4–7] Recently, laser scribed graphene (LSG) 
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electrodes have been established so far, which might be attrib-
uted to the following concerns. First, nearly all the conductive 
MOFs reported have been prepared in microcrystalline form, 
which is commonly patterned by photolithography and inkjet/
screen printing.[1–3] These technologies require thermal 
evaporation/sputtering and etching processes, during which 
MOFs internal structure may degrade. Secondly, selective growth 
of conductive 2D MOFs on the desired substrates remains a 
great challenge, though constructing suitably modified surfaces 
might be an alternative strategy for the selective growth of 
MOFs on substrates.[34–36,41–43] Furthermore, most of the con-
ductive 2D MOFs have failed to exhibit capacitive properties as 
positive and negative electrodes simultaneously.[41,42] In the rare 
cases, where this has been possible, a specific electrolyte and 
harsh manipulation conditions (e.g., O2-free environment) were 
required and/or a narrow potential window was exhibited,[41–43] 
rendering them as suboptimal electrode materials. The unitary 
capability of MOFs as either positive or negative electrode mate-
rial makes it difficult to construct asymmetric devices, where 
elaborate device fabrication steps are needed. Thus, selective 
growth of conductive MOFs that can work in both positive and 
negative voltages can greatly simplify the fabrication of MSCs 
and increase the energy density.

Herein, we have combined a laser scribing technique with 
subsequent a low-temperature selective solvothermal growth 
to fabricate symmetric MSCs with significantly improved 
electrochemical behavior. The polyimide (PI) film is used as 
the substrate and carbon source for directly patterning 3D 
LSG, which is then served as a 3D conductive matrix for the 
selective growth of 1D conductive Ni-catecholate (Ni-CAT) MOF 
nanorods. Impressively, the as-prepared LSG/Ni-CAT MOF 
hybrids work as both positive and negative electrodes, making 
it possible to fabricate symmetric solid-state MSCs with much-
improved capacitance and energy density compared with bare 
LSG electrodes. Concurrently, the LSG/Ni-MOF hybrid-based 
MSCs exhibit a good rate performance and cycling stability. 
This work inspires the development of conductive MOFs as 
active materials for miniaturized on-chip MSCs with highly 
enhanced performance.

2. Results and Discussion

The fabrication process of the hybrid LSG/Ni-CAT MOF 
electrodes and MSCs is schematically illustrated in Figure 1a–c. 
First, a well-established laser scribing technique is adopted 
for the graphitization of commercial PI film into LSG, which 
simultaneously served as the support substrate and carbon 
source to make on-chip LSG patterns. After the exposure to a 
CO2 laser (power 4%, see details in the Experimental Section), 
a dark gray in-plane interdigital pattern is obtained. Raman 
spectra (Figure S1, Supporting Information) show a low ID/IG 
ratio (≈0.51) and a 2D band which originates from the second 
order zone-boundary phonons,[22] indicating that few-layer 
stacked graphene with a high degree of graphitization has been 
produced. Scanning electron microscopy (SEM) images show 
the LSG films to have an interlaced porous morphology with 
the thin graphene sheets approximately perpendicular to the 
PI substrate (Figure 2a; Figure S2, Supporting Information).  

Numerous nanosized pores are observed in the transmission 
electron microscopy (TEM) image (Figure S3, Supporting 
Information), which originate from the gaseous species 
(e.g., H2O, CO2) that evolve during the decomposition of PI 
and transformation of sp3-carbon atoms to the sp2-carbon 
matrixes.[22] The 3D and porous surfaces of the LSG are ideal 
for attaching pseudocapacitive moieties such as MOF. Moreover, 
the wettability and functionality of the host LSG can play a key 
role in the subsequent growth of MOF crystals, where a good 
wettability with low surface energy leads to sufficient penetration 
of growth solutions, and dangling functional groups (e.g., OH) 
which provide extra chemical bonds (or nucleation sites) for 
anchoring metal complexes. The as-prepared LSG shows a 
hydrophobic surface judging from the large contact angle 
(Figure S4, Supporting Information), which is tuned to be hydro-
philic by a nonthermal O2-plasma treatment, so as to facilitate 
the infiltration of the precursor solution for MOF incubation.

Subsequently, Ni-CAT MOF is selected to be deposited on 
the surface-modified LSG, in view of the following factors: first, 
as depicted in Figure 1d,e, Ni-CAT has a well-defined structure 
with two types of 2D layers: the extended honeycomb structure 
with hexagonal pores and the discrete units. These 2D layers 
are stacked alternately (i.e., A-B-A-B-…, as shown in Figure 1f,g) 
driven by the hydrogen bonding and π-interaction, forming 
permanent open 1D pore channels (≈1.2 nm in size) which can 
allow the free permeation of electrolytes. Second, the Ni-CAT 
MOF has a decent electrical conductivity (10−1 S cm−1) compared 
to typical MOFs due to the highly π-conjugated tricatecholate 
ligands.[44] Though the analogs containing ortho-substituted 
heteroatoms (NH2 or SH) show higher conductivity than 
that of OH, the latter is more chemically stable (in different 
solvents including water and in air below 200 °C) and it is easier 
to manipulate its structure.[41–44] Third, Ni-based crystals are 
smaller in size compared to those of Co and Cu-based ones,[44] 
which could be advantageous for forming more uniform dis-
persion/coating on the LSG surface. In light of these potential 
advantages, we have focused on the LSG/Ni-CAT MOF hybrid 
to demonstrate the MOF feasibility in MSCs. Considering that 
the dimethylformamide (DMF) is a polar aprotic solvent that 
facilitates the deprotonation reaction,[45–47] a modified solvo-
thermal strategy with extra DMF in the solvent was developed 
for MOF deposition. The black-gray pattern turns into dark blue 
after the growth (inset of Figure 2b), and tiny uniform nanorods 
are anchored tightly on the LSG sheets, as shown in the SEM 
and TEM images (Figure 2b,c; Figure S5, Supporting Infor-
mation). The length and diameter of the nanorods are around 
1 µm and tens of nanometers, respectively. The high-resolution 
TEM images in Figure 2d,e display clearly the ordered channels 
and pores (≈1.2 nm) of the typical nanorods along with the inci-
dent electron beam perpendicular or parallel to the channels, 
where some defects are observed in the nanorods (Figure S6, 
Supporting Information). These features are in agreement 
with that of the Ni-CAT MOF nanorods reported previously.[44] 
Notably, the conductivity is measured to be ≈0.01 S cm−1 using 
compressed pellets of small MOF crystals (see details in the 
Experimental Section), which is nearly eight orders of magni-
tude more conductive than typical MOFs.[44,48] Moreover, the 
X-ray diffraction (XRD) patterns are recorded for both bare LSG 
and nanorod powders collected after 4 and 8 h reaction time,  
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as shown in Figure 2f. The LSG shows a main peak located 
at ≈26°, corresponding to the typical (002) reflection of the 
graphene. The XRD patterns of the nanorods are well-matched 
with that of the Ni-CAT MOFs.[44] Meanwhile, all the absorption 
bands observed in the Fourier transform infrared (FTIR) spec-
troscopy can be assigned to the vibration features of the bonds 
in Ni-CAT MOFs (Figure 2g), further providing strong evidence 
of the formation of Ni-CAT MOFs on the LSG (denoted as LSG/
Ni-CAT hereafter). Notably, prolonged incubation time (8 h) 
results in decreased crystallinity according to the XRD results, 
which might degrade the electrochemical behaviors.

The mass loading of the Ni-CAT MOF nanorods after 
different growth time was recorded (Figure 3a), to determine the 
optimal loading density for the electrochemical performance. 
It can be seen from Figure 3a that the mass loading increases 

dramatically within the first 2 h, but slows down hereafter. 
The N2-sorption isothermal diagrams of the microcrystalline 
powders collected after 4 and 8 h are of a mixed I/IV type,[22] 
indicating the existence of mesopores along with the typical 
micropores of the MOFs (Figure 3b). The mesoporous portion 
is increased with longer growth time (from 4 to 8 h), upon 
which the corresponding Brunauer–Emmett–Teller (BET) 
surface area is decreased from 212 to 194 m2 g−1 (based on the 
micropore range). Notably, many grain particles and nanorods 
with varied lengths and diameters are observed in the powder 
samples (Figure S7, Supporting Information), while tidier 
and uniform rods of Ni-CAT are observed for growth on LSG, 
which probably possess fewer defects and thus larger surface 
areas. X-ray photoelectron spectroscopy (XPS) spectra were 
then collected to verify the valence state of the elements. In the  

Adv. Energy Mater. 2019, 1900482

Figure 1. Schematic and structural illustration of LSG/Ni-CAT MOF hybrid. a) In-plane interdigital LSG pattern. b) Solvothermal growth of Ni-CAT 
MOF nanorods. c) Structure of LSG/Ni-CAT MOF. d,e) View of the two layers of Ni-CAT MOF structure along the c-axis. f,g) View of the Ni-CAT MOF 
stacked layers along c-axis and [110] direction, respectively. Color code: C, gray; O, red; H, white; Ni, blue.
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C 1s spectrum of the LSG, the main deconvoluted peak (76%) 
is located at 284.4 eV, corresponding to the CC bonds, while 
a small portion at 286 eV (≈21%) can be assigned to CO 
bonds (Figure 3c).[22] The O 1s spectrum confirms the existence 
of CO bonds (Figure 3e), implying that the LSGs are domi-
nated by the sp2 carbon, with some O dopants and oxygenated 
groups that can be attributed to the air ambient graphitization 
and plasma post-treatment. After the Ni-CAT nanorods coating, 
the CO peak at 285.9 eV becomes dominant in the C 1s spec-
trum thanks to the plentiful catecholates, while the increase of 
the CO (287.3 eV) and OCO (289.2 eV) proportion might 
be attributed to the termination of the coordination-unsatu-
rated catecholates (Figure 3d).[22,49] The intensity of O 1s peak 
is greatly increased, as a result of the contribution of lattice O 
(ONi) and CO of the coordinated catecholates (Figure 3f).[50] 
The altered features in the XPS spectra are in agreement with 
the emergence of Ni-CAT MOF species.

Electrochemical tests in a three-electrode mode were first 
conducted to investigate the capacitive performance of both bare 
LSG and LSG/Ni-CAT MOF electrodes. As shown in the cyclic 
voltammetry (CV) curves, the LSG/Ni-CAT electrode exhibits 
capacitive capabilities as both negative and positive electrode in 
a neutral aqueous LiCl electrolyte with a Ag/AgCl reference elec-
trode (Figure 4a). Thus, it shows great potential as electrode for 
symmetric capacitors. The CV curves tested in a two-electrode 
configuration in aqueous electrolyte display analogical quasirec-
tangular shapes (Figure 4b), implying an electrical double-layer 
capacitive storage mechanism and a wide working potential  

window (up to 1.4 V). As a comparison, the bare LSG electrode 
shows a much smaller current density than that of the LSG/
Ni-CAT composite (Figure 4c), indicating the substantial capaci-
tance contribution from the Ni-CAT MOFs. The galvanostatic 
charge/discharge (CD) curves were measured to evaluate the 
areal capacitances of both LSG and LSG/Ni-CAT electrodes 
(Figure 4d). It is obvious that the LSG/Ni-CAT shows a 
better capacitive behavior with a specific areal capacitance of 
≈8.5 mF cm−2 based on the integrated discharge area, which is 
over three times higher than that of the bare LSG (2.7 mF cm−2). 
It should, therefore, be possible to fabricate high-performance 
solid-state symmetric MSCs by virtue of the predominant 
capacitive behavior of the hybrid LSG/Ni-CAT electrodes.

A solid-state LiCl/PVA electrolyte was prepared for the 
fabrication of MSCs with interdigital electrode structure (see 
details in the Experimental Section). The CV curves of the 
LSG/Ni-CAT device indicate that the capacitance increases with 
reaction time, while an optimal value is reached at 4 h (Figure 5a). 
Prolonged reaction time up to 8 h results in degradation of the 
capacitive performance (Figure S8, Supporting Information), 
in agreement with the decreased crystallinity and surface area. 
Thus, the devices with a deposition time of 4 h were selected 
for the following electrochemical tests. The device exhibits good 
quasirectangular CV curves at different scan rates (Figure 5b), 
with the area becoming larger when the scan rate is increased, 
demonstrating the good electrical double-layer capacitive 
storage performance. By contrast, the CD curves of the LSG/
Ni-CAT based device show a sharp improvement compared  

Adv. Energy Mater. 2019, 1900482

Figure 2. Morphology and composition characterization. a,b) SEM images of LSG and LSG/Ni-CAT MOF, respectively. c) TEM image of LSG/Ni-CAT 
MOF. d,e) Typical high resolution TEM images of Ni-CAT nanorod with incident electron beam perpendicular and parallel to the channels, respectively. 
f) XRD patterns of LSG and Ni-CAT MOF nanorods (baseline corrected). g) FTIR spectra of LSG and Ni-CAT MOF.
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to that of the bare LSG (Figure 5c). To investigate the charge 
transfer dynamics, the electrochemical impedance spectroscopy 
analysis was performed on both types of devices (Figure S9, Sup-
porting Information). As shown in the Nyquist plots, the LSG/
Ni-MOF hybrid-based MSC shows a smaller equivalent series 
resistance (Rs, 11.8 Ω) and semicircle (charge transfer resist-
ance, Rct, 0.6 Ω), as well as a shorter diffusion region compared 
to that of bare LSG (Rs, 15.8 Ω; Rct, 0.8 Ω), indicating a faster 
charge transfer and more efficient electrolyte ion diffusion.[9,51] 
Moreover, the device based on the LSG/Ni-CAT electrodes 
exhibits a slow self-discharging rate (decreased by 20% after 
10 h, Figure S10, Supporting Information), which is competi-
tive with literature.[52] The rate performance of the LSG/Ni-CAT 
device is evaluated at various charge/discharge current densities 
(Figure 5d), which overwhelmingly outperforms the bare 
LSG (Figure S11, Supporting Information). The comparison  

of the areal capacitance of the two devices is summarized as 
Figure 5e. It can be clearly seen that MSCs using LSG/Ni-CAT 
electrodes have nearly one order of magnitude higher areal capac-
itance compared to bare LSG electrodes at all current densities 
(e.g., 15.2 vs 0.76 mF cm−2 at 0.2 mA cm−2; 10.2 vs 0.71 mF cm−2 
at 1 mA cm−2. Due to the high specific areal capacitance and 
wide operating voltage window, a high areal energy density  
(EA, max ≈ 4.1 µWh cm−2) and power density (PA, max ≈ 7 mW cm−2)  
are reached in the LSG/Ni-CAT MSCs, which is competitive with 
MSCs using various types of composite electrodes (Figure S12, 
Supporting Information).[4,22,24,53] Moreover, the cycling stability of 
the device was evaluated by the galvanostatic CD at 2 mA cm−2, 
as shown in Figure 5f and Figure S13 (Supporting Information). 
The capacitance retained after 5000 cycles for the MOF-based 
electrodes is around 81% and 87% in the aqueous and gel electro-
lytes, respectively.[34–36,41–43] SEM and TEM images after cycling 

Adv. Energy Mater. 2019, 1900482

Figure 3. Surface characterization and analysis. a) Mass loading of Ni-CAT MOF. b) N2 isothermal curves Ni-CAT MOF. c,e) XPS C 1s spectra of LSG 
and LSG/Ni-CAT MOF, respectively. d,f) XPS O 1s spectra of LSG and LSG/Ni-CAT MOF, respectively.
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reveal that the morphology of Ni-CAT MOF is retained, while 
the crystallinity has slightly decreased (Figures S14 and S15, 
Supporting Information). The drop in capacitance is likely 
due to the oxidation of the Ni centers (increased lattice ONi 
bonds, Figure S16, Supporting Information), leading to the 
deterioration of the Ni-CAT MOF electrode (Figure S17, Sup-
porting Information).

3. Conclusion

We have demonstrated microsupercapacitors using MOF 
electrodes for the first time. The Ni-CAT MOF exhibits good 
conductivity, redox activity in the negative and positive voltage 
windows, resulting in large voltage window operation. The 
Ni-CAT MOF was selectively grown on patterned 3D LSG 
electrodes through a combined laser-scribing and a selective 
solvothermal deposition process. The LSG serves as the con-
ductive 3D matrix for the selective and uniform deposition of 
conductive Ni-CAT MOF nanorods by enriching the surface 
wettability through plasma treatment. The as-synthesized micro-
supercapacitors using LSG/Ni-CAT MOF electrodes exhibit 
superior capacitance, power density, and rate performance com-
pared with bare LSG electrodes, while retaining good cycling 
stability. This work shows that conductive MOF electrodes can 
serve as electrodes for high-performance electrochemical micro-
supercapacitors for miniaturized energy storage systems.

4. Experimental Section

Fabrication of LSG Pattern: The LSG patterns were prepared by a CO2 
laser cutting technique (Universal X-660 laser cutting platform), with a 
beam size of ≈100 µm and laser power of 4%. The scan rate and the 
focused laser beam distance were set as 3% and 3 mm, respectively. PI 
film was used directly as the substrate and as the carbon source. The 
thickness of the PI film is ≈200 µm.

Synthesis of Ni-CAT Nanorods (NRs) on LSG: Prior to the Ni-CAT 
MOF NRs growth, the LSG on PI film was treated with O2-plasma under 
700 mTorr pressure (power 45 W) for 1.5 min. The Ni-CAT nanorods 
were synthesized with a modified solvothermal method.[44] Specifically, a 
mixture of nickel(II) acetate tetrahydrate (0.02 mmol) and tricatecholate, 
i.e., 2,3,6,7,10,11-hexahydroxytriphenylene (0.01 mmol) ligand was 
dissolved in 0.5 mL deionized (DI) water and 0.5 mL DMF solvent, and 
added in a glass vial. Then, a piece of treated LSG film was put in the 
glass vial with the LSG facing down and heated at 80 °C for 1 to 8 h. 
The color of the LSG changed from black-gray to dark blue after the 
solvothermal process. The as-obtained film was washed with DI water, 
DMF, and acetone in succession. The final product named LSG/Ni-CAT 
was dried under vacuum for 20 h at 50 °C. Powders obtained in the 
growth were collected for the BET and XRD measurements.

Electrochemical Tests of Bare LSG and LSG/Ni-CAT MOF Electrodes 
in Aqueous Electrolyte: The LSG/Ni-CAT MOF was used as the working 
electrode for the electrochemical tests in the three-electrode configuration, 
with a Ag/AgCl electrode and graphite rod as the reference and counter 
electrode, respectively. The electrolyte used in the three-electrode mode 
was 3 M LiCl aqueous solution. In the two-electrode configuration, 
the LSG/Ni-CAT MOF was used as both the positive electrode and 
the negative electrode by hanging in the aqueous electrolyte. Bare LSG 
was tested in the same condition for comparison.

Adv. Energy Mater. 2019, 1900482

Figure 4. Electrochemical tests in aqueous electrolyte. a) CV curves of LSG/Ni-CAT MOF electrode in a 3 M LiCl electrolyte in three-electrode mode. 
b) CV curves of LSG/Ni-CAT MOF in two-electrode mode. c) CV comparison of bare LSG and LSG/Ni-CAT MOF. d) Galvanostatic CD curves of bare 
LSG and LSG/Ni-CAT MOF.
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Fabrication of Symmetrical Microsupercapacitors: The LiCl/PVA 
gel electrolyte for the microsupercapacitor devices was prepared by 
dissolving 1 g PVA powder in 10 mL 3 M LiCl aqueous solution under 
vigorous stirring at 80 °C until a clear gel is formed. The LSG/Ni-CAT was 
first immersed in the LiCl/PVA gel electrolyte for 30 min and then taken 
out for drying in ambient for another 30 min before the measurement. 
Bare LSG was tested in the same condition for comparison. The 
electrochemical impedance spectra were recorded at the open-circuit 
voltage with a voltage amplitude of 10 mV in the frequency range from 
100 kHz to 10 mHz. The specific areal capacitances, energy densities, 
and power densities were calculated via the equations according to the 
previous reports.[22]

Characterization: SEM images were captured on a field emission 
scanning electron microscopy (FEI Magellan) operated at 3 kV and 
13 pA. TEM images were taken on a transmission electron microscope 
(FEI, Titan 80–300 ST). XRD patterns were scanned on a Bruker 
diffractometer with Cu Kα radiation (λ = 1.5406 Å). Raman spectra 

were collected on a micro-Raman spectrometer (LabRAM ARAMIS, 
Horiba-Jobin Yvon) using a cobalt laser (473 nm). BET surface area 
was evaluated by N2 adsorption–desorption isotherms measured on a 
N2 adsorption/desorption analyzer (ASAP 2020, Micrometrics). XPS 
analysis was performed on a photoelectron spectrometer (Kratos Axis 
Supra, Shimadzu). FTIR spectra were collected on a Nicolet iS10 FT-IR 
Spectrometer. Contact angles were captured on a Kruss FM40 EasyDrop 
contact angle measuring instrument. Conductivity measurement was 
perfromed based on a compressed pellet of Ni-CAT MOF powder 
(15 MPa, 200 µm in thickness) using a four-point probe method on a 
thermoelectric tester RZ2001i (Ozawa Science Co. Ltd., Japan).

Supporting Information

Supporting Information is available from the Wiley Online Library or 
from the author.

Adv. Energy Mater. 2019, 1900482

Figure 5. Electrochemical tests of microsupercapacitor devices with gel electrolyte. a) CV curves of LSG/Ni-CAT MOF with different growth periods. 
b) CV curves of LSG/Ni-CAT MOF at different scanning rates. c) Galvanostatic CD curves of bare LSG and LSG/Ni-CAT MOF. d) Galvanostatic CD 
curves of LSG/Ni-CAT MOF at different current densities. e) Areal capacitance comparison. f) Cycling stability test of LSG/Ni-CAT MOF device.
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