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Different approaches for the fabrication of CNT-supported Ni-triazole composites, such as room-
temperature stirring and hydrothermal treatment for a distinct reaction time has been presented. As
a result, various morphologies, MMOF wrapped CNTs, CNTs entangled with an MMOF and CNTs
attached on an MMOF, were synthesized and investigated through electrochemical measurements. The
as-synthesized CNTs/MMOF-based hybrids, especially for the CNTs/MMOF-8H structure, show a good

rate capability after 20 times increase, a superior coulombic efficiency and an excellent long-term
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Accepted 31st July 2019 cycling stability (more than 98% retained after 2000 cycles). This enhancement can be ascribed to the
introduction of the CNT conductive additives, which promote the fast charge-transfer ability of ions and

DOI: 10.1035/c9ra05442a electrons. Even for the other CNTs/MMOF-based composites, the overall electrochemical performances
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Introduction

Metal-organic frameworks (MOFs) possessing high surface
areas, topological structures and controllable cavity sizes have
attracted extensive attention in catalysis, sensors, gas storage,
drug delivery etc." Besides, MOFs and MOF-derived inorganic
materials are receiving an increasing focus in energy-storage
fields, such as supercapacitors (SCs) and lithium ion batteries
(L1Bs).** In contrast with LIBs, SCs not only store equal energy
but also provide the high power needed which can recharge in
seconds.

Although the limitations of the poor conductivity and
instability exists in MOF-based SCs electrodes, the specific
capacitance value is remarkable due to the similar redox
mechanism to metal-oxides-based pseudocapacitors.”*> For
instance, Wei's group fabricated a two-dimensional (2D) Ni-
based MOFs electrode delivering high capacitance of 1127 F
¢ ' at a current density of 0.5 A g% Liu prepared a layered Co-
MOFs electrode displaying a high capacitance of 2474 F g ' at
1.0 A g~ . Wang and co-workers also synthesized a topological
3D Co-MOFs electrode and obtained a maximum capacitance of
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are still superior to those of pristine MMOF electrodes.

2572 Fg " at 2.0 Ag '.*° This pseudo-capacitive behavior makes
them serving as new candidates for applying in SCs fields to
date.

A strategy, compositing with carbon-based materials, is
forward up to avoid the drawbacks of MOFs SCs electrodes in
recent years.”*™® Carbon-based materials, such as carbon
nanotubes (CNTs), graphene, mesoporous carbon and
whatnot, are usually used to wrap up metal oxides or inorganic
particles with weak-conductivity.>** For example, Brown>
group found that the synergy and optimization of CNTs can
result in a high gravimetric capacitance of 640 F g~ " at high
MnO, specific loading. Furthermore, Zhou®® prepared gra-
phene oxide (GO) and CNTs co-compositing conducting poly-
mer to further improve the conductivity of the final electrode
materials. The obtained PEDOT-GO/CNTSs ternary composites
displayed a high areal specific capacitance of 99 mF cm™ > at
1.0 mA cm 2 and excellent cycle stability of 99.2% after 5000
continuous cycles.

The departure point of this strategy is to improve the
conductivity of MOFs, resembling the strategy of self-
strengthening conductivity.>”*® The self-strengthening method
is fabricating conducting ligand to react with metal ions to
construct 2D MOFs. However, it is hard to choose and prepare
polycyclic aromatic compound and not to mention to synthesize
the 2D MOFs with concrete single-crystal structure. On the other
hand, introduction of carbon materials could occur a syner-
gistic effect and optimize composite structure through self-
supported high surface area and porous structure and thus
more beneficial to ions and electron transport. Interestingly

however, the introduction of carbon-based materials
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influencing or altering the structures of the hybrids is scarce to
be mentioned. Herein, controllable synthesizing CNTs-
supported MOFs with various morphologies have been investi-
gated through adjusting reaction parameters. Consequently,
MMOF wrapped CNTs, CNTs entangled with MMOF and CNTs
attached on MMOF, have been synthesized and directly used as
SCs electrodes.

Experimental
Synthesis of Ni-triazole microstructures (MMOF)

Solvents and all other chemicals were obtained from commer-
cial sources and used as received unless otherwise noted. The
nitrogen-rich carboxylate 3-amino-1,2,4-triazole-5-carboxylic
acid hemihydrate (ATC, 0.3202 g) was weighed and dissolved
in deionized water with the assistance of NaOH (0.1 g) to form
ATCNa aqueous solution (ca. 0.05 M). In a typical synthesis of
MMOF, 0.05 M ATCNa (12 mL) aqueous solution was intro-
duced into 0.05 M Ni(OAc), (6 mL) aqueous solution drop by
drop in co-solvent mixture (water/ethanol: 20/20, v/v) under
unceasing stirring for 12 h, and the resulting green precipitate
was collected by centrifugation, and washed several times with
ethanol and water to remove un-bonded reactants and
byproducts. Then the powder product was dried in an oven at
40 °C for 12 h and denoted as MMOF for convenient descrip-
tion. Elemental analysis (EA) for MMOF: C, 21.99; H, 2.51; N,
35.03%. IR (KBr pellet, cm~*): 3368 s, 3238 w, 1582 s, 1508 s,
1480 s, 1435 s, 1377 s, 1290 s, 1122 m, 1058 m, 890 m, 828 m,
814 m, 726 s, 646 m, 602 w, 519 s, 462 w, 435 s.

Synthesis of CNTs-supported MMOF composites

For synthesis of CNTs/MMOF composites, carbon nanotubes
(CNTs, 0.02 g) and the additive polystyrene sulfonate sodium
(PSS, 0.6 mL) were introduced into the above-mentioned
MMOFs system under the same reaction time and the same
post-treatment methods. For comparison, the mixed
compounds were placed in a Teflon reactor (100 mL) and heated
at 120 °C for one hour and eight hours and labeled as CNTs/
MMOF-1H and CNTs/MMOF-8H, respectively.

Methods and measurements

FT-IR spectra were recorded from KBr pellets in range 4000-
400 cm ! on a Nicolet 380FT-IR spectrometer. The elemental
analyses of C, H, and N were performed on an Elementar Vario
MICRO Elemental Analyzer. X-ray powder diffraction (XRD) data
were collected on a Bruker D8 Advance instrument using CuK,
radiation (A = 1.54056 A) at room temperature. The morphol-
ogies of the as-prepared samples were obtained by using
a Hitachi S-8100 field-emission scanning electron microscope
(FE-SEM).

The detailed electrode preparation process can be found
in our previous work.'>'* The electrochemical data compila-
tion were carried out through CHI660E (Chenhua Instru-
ment, Shanghai, China) in a three-compartment cell with
a platinum plate counter electrode, a Hg/HgO electrode
reference electrode and a working electrode. The electrolyte
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was a 6 M KOH aqueous solution and the resistance data were
collected using electrochemical impedance spectroscopy
(EIS) method at open circuit voltage in the frequency range of
100 kHz to 10 mHz. Notably, typical mass load of electrode
materials ranged in 2.0-4.3 mg after pressed by Manual
Rolling Press (MR-1004).

Results and discussion

In a typical experiment, MMOF have been firstly synthesized
through a simple coordination method. Its structure is char-
acterized by X-ray powder diffraction (XRD) as shown in Fig. 1a.
All the diffraction peaks are strong and sharp indicating well-
crystallized nature after 12 hours of reaction. It is noteworthy
that the crystal structure of MMOF cannot correspond to any
known phase of Ni-triazole-based MOFs (based on the search
results from CCDC??) and it suggests MMOF is a new structure.
Therefore, the elemental analysis (EA) and IR spectrometry were
adopted to further detect the structure (details seen Experi-
mental section). The characteristic bands in MMOF centered at
1480-1582 cm ™' can be assigned for anti-symmetric stretching
of carboxylate group and 1377-1435 cm™ ' belongs to symmetric
stretching. The absence of the fixed bands centered at 1685~
1715 cm ™ * for the protonated carboxylate group indicates the
occurrence of coordination reaction.?® However, the diffraction
peaks alter into broad type when carbon nanotubes merged into
MMOF system as depicted in Fig. 1b. Whether adding CNTs
through hydrothermal method or room-temperature stirring,
the structure keeps unchanged except of the crystallinity.
Correspondingly, the introduction of CNTs weakens the crys-
tallinity of MMOF indicating the alternation of the microscopic
structure.

This alternation can be confirmed from the SEM image of as-
synthesized MMOF and CNTs/MMOF-based samples. Fig. 2a
shows the SEM images of MMOF. The broccoli-like clusters are
constructed by various ragged blocks and these blocks hierar-
chically aggregated together as displayed in Fig. 2b. By contrast,
CNTs/MMOF, synthesized from the same condition as MMOF,
shows an agglomerate motif that the MMOF blocks wrap the
CNTs inside (Fig. 2c). The CNTs arrays are entangled together
with mean width of 20 nm (Fig. 2d).

When the reaction temperature changed from room
temperature into 120 °C under hydrothermal condition, the
different exterior morphology was obtained as vividly shown in
Fig. 3. The CNTs and MMOF materials display in a state of
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Fig.1 XRD patterns of MMOF (a) and CNTs/MMOF-based samples (b).
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Fig. 2 SEM images of MMOF (a and b) and CNTs/MMOF samples (c
and d).
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Fig.3 SEMimages of CNTs/MMOF-1H (a and b) and CNTs/MMOF-8H
samples (c and d).

intergrowth at the hydrothermal time of 1 hour (Fig. 3a and b).
In other words, CNTs and sheet-like MMOF were wrapped up or
entangled together to form a bulk motif. Interestingly however,
the CNTs materials grow along the “MMOF cliff” to form
a moss-analogue attachment at 8 hours. In this motif, the
surface of MMOF is tighter and the bulk MMOF is larger due to
the longer growing period (Fig. S1}). This growing direction is
just opposite to that of the CNTs/MMOF at room temperature
(Fig. 3c and d).

Due to the discrepancy of the morphology caused from
introduction of CNTs, the electrochemical performances could
have distinct results for the as-synthesized samples. The
electrochemical properties of as-prepared MOF-based prod-
ucts were investigated by directly applying them as the active
electrode materials for SCs. The first difference is mainly
focused on the integral area which were measured through
cyclic voltammetry (CV) within the potential window in 0-

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 CV curves of MMOF (a), CNTs/MMOF (b), CNTs/MMOF-1H (c)
and CNTs/MMOF-8H (d) electrodes at different scan rates.

0.6 V. The obtained CV curves for as-prepared MMOF and
CNTs/MMOF-based electrodes are shown in Fig. 4. Multiple
redox peaks originated from the redox processes of Ni'-MOF/
Ni"-MOF, are characteristics of the electrochemical pseudo-
capacitors from reversible faradaic redox reactions occurring
within the electro-active sites.”*® To be specific, CNTs/MMOF
electrode is the only one that displays the two symmetric
redox peaks. For CNTs/MMOF-8H electrode, it possesses
a larger integral area indicating a higher specific capacitance.
However, it generates an asymmetric redox peak at a high scan
rate of 50 mV s~ for CNTs/MMOF-1H electrode. These results
suggest that the morphology discrepancy results in distinct
electrochemical behavior: (i) the CNTs materials indeed
enhance the performance of MMOF; (ii) the synergistic effect
of the CNTs attached on MMOF (CNTs/MMOF-8H) or the
MMOFs wrapped CNTs (CNTs/MMOF) shows better electro-
chemical activity.
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Fig. 5 CP curves of MMOF (a), CNTs/MMOF (b), CNTs/MMOF-1H
(c) and CNTs/MMOF-8H (d) electrodes at different current
densities.
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The same conclusion can be further confirmed by chro-
nopotentiometry (CP) measurements as depicted in Fig. 5. Long
discharge time represents high specific capacitance. Specifi-
cally, for CNTs/MMOF-8H electrode, the specific capacitance is
calculated to be 804, 702, 646, 561, 506 and 469 F g’1 at current
densities of 0.2, 0.5, 1.0, 2.0, 3.0 and 4.0 A g~ ', respectively. The
other detailed data are listed in Table S1.} The results indicate
that CNTs additives, to different extent, improve the specific
capacitances of MMOF, which are in keeping with the CV
results. Notably, the maximum capacitance value can also be
compared with that of recent reports on MOFs-based elec-
trodes.®®11617:30-33 These results suggest that introduction of
CNTs not only influences the exterior morphology and thus
further affects the surface area, the interface effect and synergy
effect of the composite, but also indeed improves the resulting
electrochemical performances through its morphology
discrepancy.”***

After carefully checking from the table, the second discrep-
ancy is generated, that is, the distinct rate capability. The
detailed data show that 30.7%, 36.4%, 62.6% and 58.3%
capacitance is maintained after 20 times (from 0.2 to 4.0 Ag™")
increase for MMOF, CNTs/MMOF, CNTs/MMOF-1H and CNTs/
MMOF-8H respectively (Fig. 6 and S27). The result shows that
CNTs exposed in external can maintain the stability of the
hybrids, while the special structure, MMOF wrapped CNTs
materials, enhances the rate capability but the level of
enhancement is relatively low. The possible reason is that the
exterior MMOF cannot protect the composites in electro-
chemical reaction process. Besides, the hydrothermal treat-
ment, from SEM images, may improve the structural stability of
MMOF itself than that of room-temperature synthesis.

The third difference originated from morphology discrep-
ancy is embodied in coulombic efficiency. The coulombic effi-
ciency (n/%) information can be calculated as n = ¢4/t x 100 (¢4
and t. are the discharging and charging time respectively) from
charge-discharge curves. The mean 7 is calculated to be 82.7%,
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_I.b-D 600
= 58.3%
z; 500 \
G
g 4004
S
62.6%
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00 05 10 15 20 25 30 35 4.0 45

. -1
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Fig. 6 The specific capacitances of CNTs/MMOF-1H (star) and CNTs/

MMOEF-8H (circle) electrodes obtained from different current
densities.
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Fig. 7 The coulombic efficiency of MMOF (cubic), CNTs/MMOF
(circle), CNTs/MMOF-1H (star) and CNTs/MMOF-8H (triangle) elec-
trodes obtained from different current densities.

86.0%, 89.6% and 88.8% for MMOF, CNTs/MMOF, CNTs/
MMOF-1H and CNTs/MMOF-8H electrode separately (Fig. 7).
The result, the CNTs entangled with MMOF displaying better
energy deliverable efficiency, is in good accordance with the
conclusion from rate capability. It suggests that the possible
reason of CNTs/MMOF-1H and CNTs/MMOF-8H displaying
better rate capability and coulombic efficiency could be due to
their stable structures after hydrothermal treatment. Notably,
the affinity to faradaic reaction for entangled structure could be
weaker than that of other CNTs/MMOF-based hybrids resulting
in lower specific capacitance.

This conclusion can be proved by the electrical resistance
data, which can be quantitatively documented by electro-
chemical impedance spectroscopy (EIS) measurements. The
Nyquist plots for the as-synthesized MMOF and CNTs/MMOF-
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Fig. 8 The Nyquist plots of MMOF, CNTs/MMOF, CNTs/MMOF-1H
and CNTs/MMOF-8H electrodes obtained at room temperature.
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based electrodes conducted in the frequency range of 10 mHz to
100 kHz are depicted (Fig. 8). The plots for these electrodes are
all consisted of one semicircle corresponded to redox reactions
process. The absence of Warburg line suggests that the resis-
tance caused by diffusion can be omitted and the overall elec-
trochemical process is mainly dominated by kinetic control.>*
An equivalent circuit is simulated according to the EIS data and
depicted through ZView software in Fig. S3. Rs (means series
resistance) value can be obtained from the point intersecting
with the Z' axis at the high frequency region, while R, (repre-
sents charge-transfer resistance) is determined from the diam-
eter of semicircle. Based on the calculation and deduction, the
R, value for MMOF, CNTs/MMOF, CNTs/MMOF-1H and CNTs/
MMOF-8H electrode is 0.43, 0.40, 0.64 and 0.57 Q respectively,
illustrating good wettability of MMOF even before compositing
with CNTs. Correspondingly however, R value is determined to
be 7.4, 2.9, 3.5 and 1.6 Q. This result indicates that introduction
of CNTs indeed enhance the conductivity of pristine MMOF and
it can act as the conductive matrix, especially for the sample
after eight hours of hydrothermal treatment, to support the
MMOF to possess more fast charge transfer ability.

The last discrepancy caused by distinct morphology is the
different cycling performance. The endurance tests using CV
methodology at the same scan rate of 20 mV s~ are pre-
sented as depicted in Fig. 9. After comparing the first cycle
and 2000™ continuous cycle, the capacitance retention
maintains at 66.9%, 88.4%, 74.7% and 98.9% for MMOF,
CNTs/MMOF, CNTs/MMOF-1H and CNTs/MMOF-8H elec-
trode, respectively. This discrepancy phenomenon is basi-
cally in line with the above-mentioned results. Therefore,
based on these results, CNTs serve as a good conductive
matrix to enhance the conductivity, rate capability,
coulombic efficiency and cycling life of MOF-based samples.
Besides, alternation of preparing methods can change the
final morphology of hybrids and thus result in discrepancy of
performance.
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Fig. 9 The endurance life of MMOF (a), CNTs/MMOF (b), CNTs/
MMOF-1H (c) and CNTs/MMOF-8H (d) electrodes gained at a scan rate
of 20 mv st
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Conclusion

In summary, various CNTs/MMOF-based hybrids have been
synthesized through compositing CNTs with Ni-triazole frame-
works. The introduction of CNTs can alter the resulting
morphology of the hybrids and consequently influence the
electrochemical performance. The resulting performance
discrepancies are specific capacitance, rata capability,
coulombic efficiency and cycling endurance. The obtained
CNTs/MMOF-based hybrids, especially for the CNTs/MMOF-8H
structure, show a good rate capability after 20 times increase,
a superior coulombic efficiency and an excellent long-term
cycling stability (more than 98% retained after 2000 cycles).
The distinct approaches for fabrication of various CNTs/MMOF
hybrids should offer an effective methodology to enhance the
rate capabilities of carbon-supported composite electrode
materials in SCs fields.
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