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ABSTRACT

Conductive metal-organic frameworks (c-MOFs) are promising active electrode
materials for electrochemical double-layer capacitors with a performance that already
exceeds most carbon-based materials. However, their excellent supercapacitance is
primarily based on organic or alkaline electrolytes, which largely impede their broad
applications and sustainabilities. In this work, we propose a new synthesis approach for
fabricating carbon nanotubes (CNTs) and c-MOF core-shell structures (CNT@MOFs),
which result in high supercapacitance in neutral aqueous electrolytes. We identify that
CNTs provide abundant active sites to ensure high capacitance, and Niz(HITP),
nanoarrays that in-situ grow on the surface of CNTs bundles can significantly improve
the conductivity and provide enough ion transport pathways in aqueous electrolyte.
Specifically, using CNT@MOFs core-shell structures as an electrode, we obtained a
high initial capacitance of 150.7 F'g™! at 0.1 A"g”! in 1 M Na»SO4 solution and good
capacity retention of 83.5% after 10000 cycles at 4 A-g™!. We also found that the
carboxyl groups on the surface of CNTs provide better anchor sites for the in situ
growth of c-MOF, which promotes the uniform growth of c-MOF shells on the CNT
surface and improves aqueous electrolyte accessibility. We believe that the high
supercapacitance in aqueous electrolytes reported in this work would provide a good
prospect for deploying c-MOF based energy storage devices into biomedical and other

healthcare electronic applications.
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1 Introduction

Metal-organic frameworks (MOFs), due to their tunable structure, rich micropore
structure, and high specific surface area [1-3] have been widely researched and applied
in many fields, such as supercapacitors [4, 5], batteries [6, 7], electrocatalysis [8, 9],
sensors [10], drug delivery [11, 12], and recently reported airborne water harvest [13-
15]. However, the poor electrical conductivity and stability of most traditional MOFs,
in particular, their poor electrochemical performance in aqueous electrolytes,
significantly limit their applications [16-18]. Generally, there are two strategies to
address this challenge: 1) developing new MOFs materials with high conductivity and
stable structure [19], ii) composite with high conductive materials, such as graphene,

carbon nanotubes (CNTs), conductive polymers [20, 21].

So far, the most challenging and potentially rewarding approach is to synthesis new
MOFs materials with high charge mobility and electrical conductivity. Since the
discovery of Cu[Cu(pdt):] (conductivity: 1x102 S-m™!) in 2009 by Takaishi [22], nearly
20 types of conductive MOFs (c-MOFs) were designed and synthesised, such as
M(C2Hz2N3)2 (M = Mg, Mn, Fe, Co, Cu, Zn) [23], Cu3(BTC): [24], M2(DXBDC) (M =
Mg, Fe, X =0, S) [25, 26], Mo(TTFTB) (M = Mn, Co, Zn, Cd) [27], M3(HXTP), (M =
Co, Ni, Cu, Pt, X =0, S, NH) [4, 28-31], M-HAB (M = Co, Ni, Cu) [32], M3(HHTT):
(M = Ni, Cu) [33]. Among them, 2D c-MOFs have shown the highest conductivity
values, most likely due to the in-plane charge delocalization and extended -
conjugation in the 2D sheets [34]. Sheberla and co-workers have reported a 2D c-MOF
Ni3(HITP), (HITP = 2,3,6,7,10,11-hexaiminotriphenylene), which has a bulk (pellet)
conductivity value of 200 S-m! [35]. As the electrode of the supercapacitor, Niz(HITP)»
exhibited a capacitance of 102 F-g! at 0.1 A'g ! and remained 90% after 10000 cycles
in 1 M TEABF4/CAN electrolyte. M3(HXTP),, M3(HHTT)>, and M-HAB are n-stacked
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2D c-MOFs with an extended m-conjugate plane structure, similar to graphite. The high
conductivity of 2D c¢c-MOFs originates from their extended m-conjugate structure,
giving it more n-m and m-d orbital overlap, while n-n stacking between layers also
enables spatial charge transfer [36, 37]. However, further improving the capacitance
and energy density is challenging. Currently, adding electrochemically active materials
as additives and composite materials into c-MOF is well acknowledged as an efficient
approach. For example, assembling MOFs with high conductive carbon materials such
as graphene, CNTs, carbon black, and so on has become an effective strategy for

improving energy storage efficiency [21, 38, 39].

Among these materials, CNTs exhibit high electrical conductivity, large surface area,
and excellent cycle life, which enable them to be the most promising conductive
composites materials [40]. For example, Wen and co-workers synthesized Ni-
MOF/CNT composites, which exhibited good electrochemical activity due to the
synergism between the specific structure of pristine Ni-MOF and the high conductivity
of CNTs, achieving a high specific capacitance of 1765 F-g™! at 0.5 A'g™! [21]. Ansari
and co-workers synthesized Cu-MOF/CNT hybrids for supercapacitor applications
reveal a high specific capacitance of 380 F-g ™! at 1.6 A-g ™! with a good rate performance

[41].

More importantly, these results suggest that the introduction of conductive CNTs into
porous MOFs structures not only enhanced the mechanical strength and conductivity
but also enhanced the electrolyte accessibility throughout the charge-discharge process
[18, 42, 43]. For instance, it was reported that the high conductivity of CNTs can
improve the electron transport from the active material to the collector [21, 41].
Therefore, introducing conductive CNTs into porous MOFs structures is a feasible
strategy for exploring the possibility of MOFs supercapacitance electrochemical energy
storage in neutral aqueous electrolytes. Neutral aqueous electrolytes have the
advantages of safety, simple manufacturing, low cost and environmental friendliness.
More importantly, the ionic conductivity of aqueous electrolytes is usually much higher
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than that of organic electrolytes, which leads to better rate performance.

Herein, a CNT@c-MOF core-shell structure was synthesized by the “bottom-up”
approach which directly grew Niz(HITP), (c-MOF) on the CNTs surface. A benchmark
symmetric supercapacitor configuration was employed for evaluating the
electrochemical supercapacitive performance of CNT@c-MOF in neutral aqueous
electrolytes. Furthermore, different amounts of CNTs were tested to explore the effect
of CNTs loading on the final morphological of CNT@c-MOF composites and their
electrochemical energy storage performance. We found that the carboxyl groups on the
surface of CNTs provide better anchor sites for the in situ growth of c-MOF, which
promotes the uniform growth of c-MOF shells on the CNTs surface and improves
aqueous electrolyte accessibility. However, the MOF/CNT-0.5 with CNTs content of

13.09 wt.% shows the best specific capacitance, rate performance, and cyclic durability.

2 Experimental section

2.1 Materials

Nickel chloride hexahydrate (NiCl,-6H>0) and aqueous ammonium were purchased
from Tianjin Fengchuan Chemical Reagent Technologies Co., Ltd (China). 2, 3, 6, 7,
10, 11-hexaaminotriphenylene hexahydrochloride (HATP:-6HCI) was purchased from
Zhengzhou Alfa Chemical Co., Ltd (China). The above chemicals were used directly
without further purification. Single-walled carbon nanotubes (SWCNTs, purity >95%,
external diameter <2 nm, length 0.3—5 um) purchased from Aladdin Industrial
Corporation were used after oxidation treatment by the mixture of H2SO4 and HNO3

(3:1 v/v). Specific methods can refer to our previously published works [38, 44].

2.2 Synthesis of Niz(HITP); powder

Niz(HITP)> was synthesized by mixing HATP-6HCI to NiCl-6H>O following the
procedure reported by Sheberla and co-workers [35]. Typically, the 40 mg of
HATP-6HCl was dissolved in 20 mL of deionized water under continuous
ultrasonication for 30 min and then transferred into a 100 mL flask. Meanwhile, the
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26.4 mg of NiCly-6H>O was dissolved in 20 mL of deionized water, added 1.2 mL
NH;-H20 (28%) and transferred to a 25 mL constant pressure drop funnel. After that,
the NiCl2-6H20 solution was dropwise added into the flask under stirring and control
the dropping speed is 1 drop/2 s. This mixture was stirred in a flask for 2 hours at 65 °C.
The resulting black powder was filtered by a microporous membrane (0.22 um), and
washed with a large amount of water and acetone, and dried at 80°C overnight. The

final collected black powder was named c-MOF.

2.3 Synthesis of CNTs@Ni3;(HITP), Powder

The preparation of CNTs@Nisz(HITP), composites followed the same procedures as
that of Ni3(HITP), powder, except that the HATP-6HCI (40 mg) was dissolved in 20
mL of CNTs aqueous solution instead of deionized water. Typically, a series of CNTs
dispersions with a concentration of 0.2, 0.5, and 1.0 mg-mL™! was prepared by
dispersing CNTs powder into deionized water under continuous ultrasonication (KQ-
300VDE, 45 kHz, 8 h). After that, HATP-6HCIl (40 mg) was dissolved in CNTs
aqueous solution with further 30 min ultrasonication. Then, the preparation of
CNTs@Niz;(HITP), hybrids followed the same procedures as that of Nis(HITP),
powder. For the different amounts of CNTs loading, each CNTs@Niz(HITP), hybrid
was denoted as c-MOF/CNT-0.2, c-MOF/CNT-0.5 and ¢c-MOF/CNT-1.0, with CNTs

concentration of 0.2, 0.5, and 1.0 mg-mL, respectively.

2.4 Characterization

The morphology was carried out by field emission scanning electron microscope
(FESEM, Zeiss Sigma 300, Germany) with 10 kV operating voltage. High-resolution
transmission electron microscopy (HRTEM) images were acquired using Titan G260-
300 microscopy (FEI, USA). Fourier transform infrared spectroscopy was employed to
identify the functional groups on the materials by a Nicolet Avatar 360 FT-IR
spectrometer (FT-IR, Instrument Co., Madison, WI, USA). Raman spectra were
collected on a LabRAM HR Evolution spectroscopy with an excitation wavelength of
532 nm (HORIBA Jobin Yvon, France). X-ray diffraction (XRD) patterns were
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recorded using a Rigaku MiniFlex 600 X-ray diffractometer (Rigaku Co., Tokyo, Japan)
with Cu Ka radiation over the 20 range of 3-80°. X-ray photoelectron spectroscopy
(XPS) was performed on a Thermo Scientific K-alpha instrument (Thermo Scientific
Inc. USA). The N; adsorption isotherms were measured by a Micromeritics ASAP 2460
gas sorption analyzer (Micromeritics Instrument Corp., USA) at 77 K. The electrical
conductivity was performed on an RTS-9 (4 PROBES TECH, Guangzhou, China) four-

point probes station.

2.5 Electrochemical Measurements

The working electrode was prepared by casting the slurry of 80 wt% active materials
(c-MOF, or CNTs@Niz(HITP), with different amounts of CNTs loading), 10 wt%
conductive agents (carbon black), and 10 wt% binders (polyvinylidene fluoride, PVDF)
in N-methyl-2-pyrrolidone (NMP) on the nickel foam current collector (1x1 cm?) and
dried at 80 °C for 12 h, and then pressed at a pressure of 10 MPa. The active materials

loading of each electrode was 8 mg-cm?.

A CHI660E electrochemical workstation (Shanghai Chen Hua Instruments Co.,
Shanghai, China) was employed to test the electrochemical properties of all electrodes.
All of the tests were carried out in a three-electrode cell consisting of the as-prepared
electrode (1 cm x 2 cm) as the working electrode, a 2 cm x 2 cm Pt sheet as the counter
electrode, Ag/AgCl (saturated KCl) as the reference electrode, and 1 M Na>SO4
aqueous solution as the electrolyte. Cyclic voltammogram (CV) curves were tested at
various scan rates of 5, 10, 20, 40, 60, 80, and 100 mV-s™! with a potential window of
-0.2-0.4 V. Electrochemical impedance spectroscopy (EIS) measurements were
performed in a frequency range from 1072 to 103 Hz with an ac amplitude of 5 mV at
open circuit potential. Galvanostatic charge—discharge (GCD) tests were carried out at
a current of 0.1, 0.2, 0.4, 0.6, 0.8, 1.0, 2.0, 3.0, 4.0, 5.0, and 6.0 A-g"! with a cutoff
voltage of -0.2-0.4 V.

The gravimetric specific capacitance (Cs) was calculated from the GCD discharge
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curves using the following equation:

Cs (F-g™") =] I(U) dU/(2-m-v-AU) (1)
and Cs (F-g") = I-At/(m-AU) ()

where I is the discharging current (A), At is the discharging time (s), m is the mass of

active material on one electrode (g), and AU (V) is the potential discharging range.

The symmetric supercapacitor (SC) was fabricated with a 1.0 M NaSO4 aqueous
solution to evaluate the energy density. Two GCA 2-2 electrodes were immersed in 1.0
M Na;SO4 aqueous solution for 12 h and then separated by filter paper soaked with
electrolyte. The GCD test was performed at a current density of 1 A-g~! with a potential

range of -0.2-0.4 V.

The gravimetric specific capacitance (Cs) was calculated based on the total mass of
two electrodes:
Cs (F-g!) = 4I' At/(m- AU) ()
and Cs (F-g™") =] I(U) dU/(2'm-v-AU) (3)

where v is the scan rate (V-s!).

3 Results and discussion
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Figure 1. Schematic diagrams of (a) the synthesis of Ni3(HITP). (named c-MOF), and
(b) the synthesis of Ni3(HITP),/CNTs (named c-MOF/CNT).

The fabrication processes of Niz(HITP), and c¢-MOF/CNT composites are
schematically shown in Figure 1a-b. Ni3(HITP), powder was prepared via the chemical
reaction between HATP-6HCI and NiCl,-6H>0 in NH4OH at 65 °C. After being filtered,
rinsed, and dried, a black powder of Ni3(HITP), was obtained. It features a two-
dimensional (2D) hexagonal lattice structure by coordinating Ni ions and HATP ligands
in a long-range order with the AB stacking arrangement within the ab plane. Compared
with traditional MOFs, the high conductivity of c-MOF originates from their own
extended m-conjugate structure, which offers it a more n-n and n-d orbital overlap. In
addition, m-m stacking between layers also enables spatial charge transfer. The effective
orbital overlaps between Ni ions and organic HATP ligands contribute a high
conductivity over 500 S-m™! (Figure S1), exceeding those of the activated carbon [45].
The preparation process of ¢c-MOF/CNT composites is shown in Figure 1b. First,
HATP-6HCI was physisorption in CNTs dispersion with 30 min ultrasonication, and

then transferred into a flask. HATP-6HCI molecules are then physisorption to the



surface of CNTs via m-m interaction. Meanwhile, the mixed aqueous solution of
NiCl,-6H>0 and NH3-H>O (28%) was set in a 25 mL constant pressure drop funnel.
After that, the Ni** solution was dropwise added into the flask. This mixture was stirred

in a flask for 2 hours at 65 °C. At this stage, the c-MOF shelling layer was formed.

Figure 2. The SEM of (a, b) Niz(HITP),, and (d, ) c-MOF/CNT-0.5.

The morphological structures of Niz(HITP), and c-MOF/CNT are characterized at
different scales through SEM analysis. Figure 2a-b shows the structure and morphology
of Ni3(HITP).. The finger-like structure is composed of a stacking layered Ni3(HITP).
nanosheet with a width of about 10-20 nm and a length of 100-200 nm. The finger-like
structure is self-assembled again to form nanoarrays, and then scrolled to form a ring
structure (Figure 2c¢ shows the model of structure). This structure is further
demonstrated in the following TEM analysis. As shown in Figure S2b, the internal
diameter of the “ring” is about 50-100 nm and the external diameter is about 100-200
nm. The structure of Ni3(HITP); is a two-dimensional in-plane n-conjugated material.
In Niz(HITP),, Ni atom adopts dsp? hybridization, forming a 2D conjugation. Their
morphology was further confirmed by transmission electron microscopy (Figure 3 and

Figure S3).

As shown in Figure 2c¢-d, the SEM picture of c-MOF/CNT-0.5 shows a large of



uniformly growing nanoarrays on the nanotube bundles, indicating that Ni3(HITP), has
successfully assembled on the CNTs surface. However, the presence of particles is
rarely observed on the more thin CNTs bundles, suggesting the difficulty of composites
on the nanotubes with a smaller radius of curvature. The structure model of the c-
MOF/CNT composite is shown in Figure 2f. Meanwhile, the c-MOF can be evenly
loaded onto the CNTs bundles. When CNTs are overloaded, few nanoarrays can be

observed.

The SEM images of ¢-MOF/CNT composites with different CNTs contents are
shown in Figure S4. Because of the difficulties of dispersing CNTs powder into
deionized water, CNTs usually tend to be stacked together to form bundles. In Figure
S3, we can observe that the diameter of the bundle increases with the increasing CNTs

content.

10 1/mm

Figure 3. The TEM images of (a-d) Niz(HITP),, and (e-h) c-MOF/CNT-0.5. (i) SAED
pattern of c-MOF/CNT-0.5. (j) EDS elemental mapping of c-MOF/CNT-0.5 with (k) C,
(I) N, (m) O, and (n) Ni elements from a selected area.

Based on the SEM analysis, we propose that the c-MOF molecules are coupled via
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weak metal-metal interaction and strongly bonded on the CNTs surface by way of n-n
conjugation. To verify our hypothesis, the detailed morphological features of
Ni3(HITP), and ¢-MOF/CNT-0.5 (CNT@c-MOF with CNT concentration of 0.5
mg-mL™!') composite are investigated by high-resolution TEM (HRTEM). The
morphological structure of Ni3(HITP), shown in Figures 3a and b is consistent with the
SEM results. As shown in Figures 3c and d, Ni3(HITP), presents clear hexagonal
lattices of 1.90 nm indicates parallel 1D pores, consistent with the periodic arrangement
of hexaiminotriphenylenes linked by the square planar metal centers. The crystalline
nature of CNTs bundles and Niz(HITP), can be easily recognized from the HRTEM
image of the c-MOF/CNT-0.5 composite (Figure 3¢ and d). HRTEM image of c-
MOF/CNT-0.5 composite (Figure 3g) showed that the Niz(HITP), bonded on the CNTs
surface also presents clear hexagonal lattices of 1.97 nm. The n—n stacking distance of
the c-MOF/CNT-0.5 composite is measured as 0.36 nm (Figure 3h), which is consistent
with the d-spacing between the crystalline (001) plane of Ni3(HITP) [46]. The selected
area electron diffraction (SAED) pattern (Figure 31) showing diffused ring patterns
indicates poor crystallinity. Selected area TEM elemental mapping (Figure 3j) was
employed to further confirm the uniform distribution of the c-MOF/CNT-0.5 composite.
As depicted in Figure 3k-n, the characteristic elements for c-MOF/CNT-0.5, including
C, N, O, and Ni, are evenly distributed on the surface of the c-MOF/CNT-0.5.
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Figure 4. (a) FTIR spectra, (b, c) Raman spectra, (d, €) XRD patterns of c-MOF, c-
MOF/CNT-0.2, c-MOF/CNT-0.5, and c-MOF/CNT-1.0. (f) N2 adsorption/desorption
isotherms of c-MOF and c-MOF/CNT-0.5.

FTIR analysis was carried out to investigate the chemical structure of c-MOF and c-
MOF/CNT powder with different CNTs contents. As shown in Figure 4a, the absorption
peak at 3430 cm! belonging to N-H stretching vibration on Niz(HITP), or O-H
hydroxyl stretching vibration of adsorbed water. The peak located at 1620 cm™ is
caused by C=C benzene skeleton vibration. The signals observed at 1520 and 1340 cm-
! represent the antisymmetric stretching vibration and symmetrical stretching vibration
of -NOz, which indicates that the partial ammonia groups are oxidized. The other peaks,
such as 1440, 1360~1020, and 900~650 ¢cm™ correspond to C-H in-plane bending
vibration, C-N stretching vibration, and C-H or N-H out-of-plane bending vibration,
respectively. The presence of N-H, C=C, C-N demonstrates the successful synthesis of
Niz(HITP). The similar absorption spectra of c-MOF and CNT@c-MOF  with
different CNTs loading ratios suggest that c-MOF is successfully assembled on the

surface of CNTs rather than a simple mixing process.

In addition, Raman spectroscopy was employed to study the structural changes of c-
MOF/CNT composite as a function of CNTs contents. As shown in Figure 4b and
Figure S5, two peaks centered at 1580 cm ™! (G-band) and 1320 cm™! (D-band) can be
revealed, which are usually associated with the vibration of sp? hybrid carbon atoms
and the defect or disorder structure, respectively. The peak intensity ratio of the D-band
and G-band (/p/Ig) of c-MOF is about 0.987, which is considerably higher than those
of ¢-MOF/CNT-0.2 (0.075), c-MOF/CNT-0.5 (0.153), and ¢c-MOF/CNT-1.0 (0.075),
indicating the high disorder degree in sp? carbon (Figure 4¢). Compared with other c-
MOF/CNT composites, c-MOF/CNT-0.5 shows the highest /p// value, implying more

defects or disorders can enable more active sites for energy storage.

To better understand the crystal structure changes of c-MOF/CNT composites as a
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function of CNTs contents, the XRD analysis of c-MOF and c-MOF/CNT composites
is performed and shown in Figure 4d. The prominent peaks at 26 = 4.7°, 9.5°, 12.6°,
16.5°, and 27.3°, indicate the successful synthesis of Ni3(HITP). crystals. The
diffraction peak at 26 = 4.7° is attributed to the (100) crystal plane of Niz(HITP), with
an interlayer spacing of 2.09 nm. The weaker and broader peak at 20 = 27.3° is
attributed to the (001) crystal plane with an interlayer spacing of 0.36 nm, which is
consistent with the TEM test results. Compared with Niz(HITP)2, no significant
changes are observed for the peak position and FWHM of these peaks in c-MOF/CNT
composites, indicating that Ni3(HITP), is successfully assembled on the surface of
CNTs. However, as the CNTs content increased, a slight displacement was observed
(Figure 4e and Figure S6), which indicates that the addition of CNTs may alter the

crystal structure of c-MOF via additional n-r stacking and interaction.

N2 adsorption isotherms at 77 K and pore size distributions of ¢-MOF and c-
MOF/CNT-0.5 are presented in Figure 4f and Figure S5. The Brunauer—Emmett—Teller
(BET) specific surface areas of c-MOF and c-MOF/CNT-0.5 are determined to be
589.09 m?-g ! and 753.22 m?-g !, respectively (Table S1). The higher specific surface
area of the c-MOF/CNT-0.5 indicates a higher micropore volume (Figure S7). The
results were further confirmed with pore size distribution curves based on non-local
density functional theory (DFT) calculation which is a typical method for extracting
pore size distributions from nanoporous materials (Figure S6).[1] The curves show
peaks centered at around 0.95 nm, which suggests the existence of microporous
structure in c-MOF. Furthermore, the intensity of the centered differential pore volume
peak of c-MOF/CNT-0.5 is higher than that of c-MOF, exhibiting an improvement of

the microporous structure.
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Figure 5. (a) Wide-scanned XPS spectra, and XPS core spectra corresponding to (b, ¢)
C Is, (d) N Is, (e) O 1s, and (f) Ni 2p of c-MOF and c-MOF/CNT-0.5.

XPS measurements were carried out to investigate the chemical compositions and
elemental oxidation state. From the wide-scanned XPS spectra shown in Figure 5a, the
existence of Ni 2p, O 1s, N 1s, and C 1s resonance peaks can be observed. The contents
of C, N, O, and Ni elements are 68.14%, 12.64%, 17.85%, and 1.37% for Ni3(HITP).,
and 70.42%, 11.49%, 16.95%, and 1.13% for c-MOF/CNT-0.5. The high O content is
due to the partial oxidation of Niz(HITP)> during the synthesis process. The presence
of CNTs reduced the content of O in the c-MOF/CNT-0.5 composite. The C 1s spectra
were divided into three main peaks centered at 284.3, 285.6, and 287.7 eV for
Ni3(HITP), and 284.3, 285.1, and 287.9 eV for ¢-MOF/CNT-0.5. These peaks are
attributed to C=C/C-C, C-N, and C=0 bonds, respectively (Figure 5c). As shown in
Figure 5d, the N 1s spectra are mainly divided into three peaks with a binding energy
of 397.4, 399.1, and 401.7 eV corresponding to N-Ni, graphitic-N, and N-H,
respectively. The XPS spectra of O 1s were fitted with two prominent peaks are
assigned to O=C and C-OH with binding energies of 531.1 and 282.3 eV, respectively
(Figure 5e). Specifically, the Ni 2p spectra were fitted with four individual peaks, which

are belonging to Ni 2p32, Ni 2p32 satellite, Ni 2p12, and Ni 2p12 satellite with binding
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energies of 855.4, 861.7, 873.0, and 879.8 eV, respectively (Figure 5f), confirming that
the oxidation state of Ni in Niz(HITP); is +2. Compared with pristine Niz(HITP),, it is
clear that the binding energy of Ni 2p3,» and Ni 2pi/2 in c-MOF/CNT-0.5 is almost the
same as those in Niz(HITP).. It indicates that there are no changes in the chemical

composition or chemical environment of Ni in Ni3(HITP), after composing.
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Figure 6. (a) CV curves at a scan rate of 10 mV-s!. (b) CV curves of c-MOF/CNT-0.5
with different scan rates. (c) Specific capacitance at different scan rates. (d) GCD curves
at a current density of 1 A-g!. (¢) GCD curves of c-MOF/CNT-0.5 in a different current
density range of 0.1-5 A-g!. (f) Specific capacitance vs current density. (g) Nyquist
plots. (h) Bode plots of imaginary capacitance C" vs frequency. (i) Cycling stability of
c-MOF and c-MOF/CNT-0.5 based supercapacitor over 10000 cycles at a current
density of 4 A-g™!.

To investigate the electrochemical properties of the prepared electrodes, cyclic
voltammetry (CV), galvanostatic charge/discharge (GCD), and electrochemical

impedance spectroscopy (EIS) measurements were performed under a three-electrode
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cell configuration in a neutral aqueous electrolyte (1.0 M NaxSOs). As shown in Figure
6a, the electrodes based on c-MOF and c-MOF/CNTs composites show characteristic
rectangular CV curves without significant redox peaks, indicating typical double-layer
capacitance properties. In addition, the c-MOF/CNT-0.5 electrode exhibits a larger
integral area than c¢-MOF and other c-MOF/CNT composites electrodes, which
indicates a higher specific capacity and more electrochemical active sites. Figure 6b
shows the CV curves of c-MOF/CNT-0.5 at various scan rates between 5 and 100 mV-s
!'in a working potential window of -0.2-0.4 V. The specific capacitance of all electrodes
at different scan rates were calculated by Equation (1) are shown in Figure 6¢. Thus,
the c-MOF/CNT-0.5 electrode has a higher specific capacitance than other electrodes.
Also, GCD curves suggested the same situation.

As shown in Figure 6d, the GCD curves of c-MOF and c-MOF/CNT electrodes were
symmetrical and linear, indicating excellent electrochemical reversibility. The GCD
curves of the c-MOF/CNT-0.5 electrode at various current densities are shown in Figure
6e, which are linear and highly symmetric, and the IR drop is low indicating the
excellent stability in the charge/discharge process. As depicted in Figure S8b, the IR
drop is lower at a small current density. It increases gradually with increasing current
densities. Furthermore, the IR drop of the c-MOF/CNT-0.5 electrode is much lower
than that of the other c-MOF/CNT electrode and pristine c-MOF electrodes at the same
current density. This means that the overall resistance reduces significantly. The
specific capacitances of all electrodes calculated from the GCD curves by Equation (2)
are shown in Figure 6f. As the current density increases from 0.1 to 5 A-g!, c-
MOF/CNT-0.5 and ¢-MOF maintain 35% (from 150.7 to 53.3 F-g'!") and 14% (from
122.8 to 17.5 F-g!) of their initial capacitances, indicating that c-MOF/CNT-0.5 has a
better rate capability than c-MOF. Furthermore, rate capability increases with
increasing CNTs content, which can be confirmed by the slop of the curves in Figure

S9. The smaller absolute value of the slope indicates the better rate capability.

Electrochemical impedance spectra (EIS) provided helpful information to explain
this phenomenon. The Nyquist plots (Figure 6g and Figure S10) of all electrodes
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include two regions, an incomplete semicircle obtained in high-frequency areas and a
linear tail received in low frequency, respectively. Compared with the other electrodes,
c-MOF/CNT-0.5 shows a much smaller charge transfer resistance (Rct), and a more
vertical tail means a faster charge transfer and excellent capacitive behavior. To better
understand the frequency response of the electrode, the relaxation time constant to was
calculated, as shown in Figure 6h. Typically, to represents the minimum time required
to discharge the stored energy with 50% efficiency [47]. All c-MOF/CNT electrodes
have similar to, which was slightly smaller than the value of c-MOF, indicating the faster
charge/discharge properties characteristics and the most facile penetration of ions into
pores. Cyclic stability results for c-MOF and ¢c-MOF/CNT-0.5 are provided in Figure
61. Both c-MOF and c-MOF/CNT-0.5 exhibit good cycle stability, retaining above 82%
after 10,000 charge/discharge cycles at a current density of 4 A-g!. In conclusion, the

addition of CNTs effectively improves the electrochemical properties of c-MOF

materials.
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Figure 7. (a) CV curves of the devices at a scan rate of 10 mV-s™!. (b) CV curves of c-
MOF/CNT-0.5//c-MOF/CNT-0.5 with different scan rates. (¢) GCD curves at a current
density of 1 A-g™'. (d) GCD curves of c-MOF/CNT-0.5//c-MOF/CNT-0.5 with different
current densities. (e) Specific capacitance vs current density. (f) Imaginary capacitance
C" vs frequency and Nyquist plots (inset).
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To explore the practical application value of c¢-MOF, c¢-MOF/CNT-0.5, the
symmetric capacitor was assembled with c¢-MOF, c-MOF/CNT-0.5 as working
electrodes in 1.0 M Na;SO4 (Figure S11). The CV curves (Figure 7a-b) display an ideal
rectangle and a slight deviation with the increasing scan rates (5 to 100 mV-s™).
Similarly, the GCD curves (Figure 7c-d) also exhibit a highly symmetrical triangle in
0.1~2 A-g'l, reflecting excellent rate performance and fast reaction kinetics. The
specific capacitances calculated by GCD discharging time as a function of the current
densities are plotted in Figure 7e. The result shows that the specific capacitance of the
device is almost one-fourth of that of a single electrode. We can see that the c-
MOF/CNT-0.5//c-MOF/CNT-0.5 symmetric capacitor has a higher specific
capacitance than the c-MOF//c-MOF symmetric capacitor at current densities from 0.1
to 3 A-gl. As the current density increases from 0.1 to 3 A-g"!, c-MOF//c-MOF and c-
MOF/CNT-0.5//c-MOF/CNT-0.5 maintain 14.5% (from 29.0 to 4.2 F-g!) and 46.7%
(from 28.5 to 13.3 F-g!) of their initial capacitances, indicating that c-MOF/CNT-0.5//
c-MOF/CNT-0.5 has a better rate capability than c-MOF//c-MOF.

The relaxation time constant to was plotted for a better comparison of the frequency
response of the electrodes (Figure 7f). c-MOF/CNT-0.5//c-MOF/CNT-0.5 device
exhibited a short to and a smaller R¢; (inset of Figure 7f) than that of c-MOF//c-MOF,
revealing that the addition of CNTs had a positive effect on the electro-
adsorption/desorption kinetics. Meanwhile, only one peak is observed in Figure 7f,
which indicates that there is only one primary charge storage mechanism, which is more

likely due to ion adsorption.

4 Conclusions
In summary, we synthesized the composite CNT@c-MOF by directly growing
Niz(HITP)2 on the CNTs surface and demonstrated the potential application in high-

performance supercapacitors in neutral aqueous electrolytes. We identified that CNTs
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provide abundant active sites to ensure high capacitance, and Ni3(HITP), nanoarrays
that in-situ grow on the surface of CNTs bundles can significantly improve the
conductivity and provide enough ion transport pathways. It is confirmed that the c-
MOF/CNT-0.5 electrode has higher specific capacitance and better rate capability than
that of other c-MOF/CNT electrodes and c-MOF electrodes in both a three-electrode
system and aqueous device. In a three-electrode system, the c-MOF/CNT-0.5 electrode
has a specific capacitance of 150.7 F-g! at 0.1 A'g! in 1 M NaySOs solution,
maintaining 83.5% of the primitive capacitance after 10000 cycles at 4 A-g™!. Our
results demonstrate that CNT@c-MOF is a promising material platform for addressing
the challenge of applying c-MOF into neutral aqueous electrolytes for high-
performance electrochemical energy storage applications. We also envisaged that
conductive CNT@c-MOF could be a new kind of promising microporous electrode

material for other wearable energy storage and gas storage applications.
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A new synthesis approach for fabricating carbon nanotubes (CNTs) and conductive
metal-organic frameworks (c-MOF) core-shell structures (CNT@MOFs) has been
proposed, which enables c-MOF based supercapacitors in neutral aqueous
electrolytes with a record energy storage performance beyond previously reported

works.
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Electronic conductivity (S-cm™?)

¢-MOF 5
¢-MOF/CNT-0.2 5.667
¢-MOF/CNT-0.5 6.250
c-MOF/CNT-1.0 7.429
c-MOF/CNT-2.0 10
c-MOF/CNT-3.0 12.5

Figure S1. (a-b) Determination of electronic conductivity by four-point probes method.

(c) The electronic conductivity of all samples.
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Figure S2. (a) SEM images of c-MOF. (b) TEM images of c-MOF.
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Figure S3. (a) TEM images of rods of Ni3(HITP), with diameters about 12 nm. Well-
aligned fringes indicate the ordered 1D pore structure of Niz(HITP),. (b) Left:
schematic representation of one layer of Niz(HITP): and the pore arrangement that
observed under TEM. Right: schematic representation of a stacking configuration of
six layers of Niz(HITP); parallel to 2D layers. Pink dashed arrows in the left scheme
indicate the direction of viewing for the right scheme. (¢) Interlayer n-stacking of layers

of Ni3(HITP): (red lines).
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Figure S4. SEM images of (a) c-MOF/CNT-0.5, (b) c-MOF/CNT-1.0, (c) c-
MOF/CNT-2.0, (d) c-MOF/CNT-3.0.
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Figure SS. Raman spectra of all samples.
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Figure S6. XRD pattern at different regions.
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Figure S7. (a) N adsorption and desorption isotherms at 77 K. (b) Pore size

distribution[1].
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Table S1. Pore structure parameters of MOF and MOF/CNT-0.5.

samples Sger/(m?-g!)? Vrot/(m3-g1)° Vmie/(m?-g 1)
c-MOF 589.09 0.541 0.158
¢-MOF/CNT-0.5 753.22 0.783 0.210

2 Surface area (m?-g!) calculated from nitrogen adsorption based on the BET model.
b Total pore volume (m?-g™') calculated at p/po = 0.989.
¢ Micropore volume (m?-g™)
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Figure S8. (a) GCD curves of all samples at a current density of 1 A-g!. (b) IR drop vs

current density.
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Figure S9. (a) Specific capacitance versus current density. (b-g) The rate capability (the
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Figure S10. Nyquist plots of all samples.
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Figure S11. Schematic illustration of the as-prepared symmetrical supercapacitor

configuration.
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