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H I G H L I G H T S

• Two 3D Ni-MOFs with 1D helical channels exhibit pseudo-capacitor behaviors.

• Employing 3D Ni-MOFs directly in electronic energy storage field is scarce to date.

• Excellent rate capability, energy deliverable ability and cycling stability.
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A B S T R A C T

Two novel and isostructural Ni-based MOFs with topological symbol of 422·54·62, namely
[Ni2(TATB)2(L)2(H2O)], have successfully synthesized, where L is the flexibly N-donor bid (1,10-bisimidazole-
decane) or btd (1,10-bistriazoledecane) linker and TATB is the deprotonation mode from 4,4′,4″-s-triazine-2,4,6-
triyl-tribenzoic acid (H3TATB). Two types of left- and right-handed helical channels with mean diameter of 11 Å
results in large void space in 3D network. When directly use as electrode materials, the as-synthesized Ni-MOFs
single-crystal electrodes behave as pseudo-capacitor and deliver high gravimetric capacitance with superior
energy deliverable ability and cycling stability. For example, the maximum gravimetric capacitance is 705 F g−1

with the energy density of 29.6 Wh kg−1 at a current density of 1 A g−1. Even after 5000 continuous cycles, the
capacitance retention maintains at 92.1%. The good electrochemical performance should be ascribed to the 1D
helical channels facilitating the diffusion of OH−. Furthermore, the low bulk solution (0.46 and 0.50 Ω) and
charge-transfer resistances accelerate the contact between OH− and active species in the electrode, and con-
sequently result in efficiency Faradaic reaction. This work opens a new way for the directly application of 3D
topological MOFs single-crystal with novel interior structures especially porous and channel-like architectures in
electronic energy storage field.

1. Introduction

Tremendous research effort has been performed aiming at in-
creasing the energy density of supercapacitors (SCs) without sacrificing
their high-power capability to be close to or even beyond that of lithium
batteries as well as reducing fabrication costs in the past few years
[1–6]. For achieving this purpose, numerous electrode materials have
been prepared, such as carbon-based materials including graphene,
mesoporous carbon and activated carbon, metal oxides, conducting
polymers and their composites [7–11]. These SCs electrode materials
deliver high surface area, large specific capacitance and excellent sta-
bility [10,11]. However, carbon-based materials exhibit low

capacitance, metal oxides and conducting polymers have poor con-
ductivity and lack of stability. Therefore, exploring the new electrodes
with porous motifs, high surface area and structural stability remains
challenging and is still an optimal choice at present.

Metal–organic frameworks (MOFs) are a class of porous materials
first defined by Yaghi and co-workers [12], which have recently at-
tracted extensive research interests as potential electrode candidates for
SCs either served as soft-template for synthesis of nanostructured
carbon, metal oxides and their hierarchical composites or in a direct
application as a new type of electrode material [13–20]. Especially the
later one has attracted enormous attentions due to their high surface
areas, tunable architectures, permanent porosity and the growing
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number (more than 20000 MOFs have been created [8]). For instance,
Yang and co-workers prepared 2D Ni-MOFs delivering good rate cap-
ability, large capacitance (1127 F g−1 at 0.5 A g−1) and cycling sta-
bility (90% retention over 3000 continuous cycles) [13]. Besides, this
group also fabricated various Zn-doped Ni-MOFs and investigated the
SCs performance [14]. Based on the same strategy, to solve the poor
conductivity of MOFs, Banerjee used rGO as conductive matrixes sup-
porting Ni-doped MOFs that exhibited an energy density of 37.8 Wh
kg−1 at 226.7 W kg−1 [15]. Gao and co-workers fabricated a asym-
metric SCs including Ni-MOFs/CNTs positive electrode and rGO/C3N4

negative electrode that displayed a maximum energy density of
26.8 Wh kg−1 at 2000 W kg−1 [16].

Except of the poor conductivity, the instability for most MOFs
electrode materials during charge-discharge process is also extensively
considered a limitation for their application in SCs. The strategy for
solving this problem is to fabricate kinetically stable MOFs itself
through ligand functionalization [17,18]. For example, Qu and co-
workers successfully synthesized novel, nickel-based, pillared MOFs
through choosing functionalized bridged ligands with maximum spe-
cific capacitance of 552 F g−1 at 1 A g−1 and superior cycle stability
(98% after 16000 cycles) [17]. Recently, Sheberla et al. constructed an
Nickel-based MOFs (Ni3(HITP)2) with high electrical conductivity that
behaved as electric double-layer capacitors and showed a working po-
tential window of ≈1.0 V [19]. In these recent reports, many testing
electrodes materials are nano/micro-structured MOFs, which is con-
sidered as an effective way to scale-down the size and thus resulted in
decreasing the diffusion distance of electrolyte and enhancing the
electrochemical performance [20]. However, these nano/micro-scaled
MOFs powders are polycrystalline, although the structure is iso-
structural with the single-crystals. Moreover, the morphology and size
are tunable by adjusting the concentration of reactant, solvent, reacting
temperature and so forth [21–25]. Thus, nano/micro-sized MOFs itself
may turn into an erratic factor in long-cycle test.

In this regard, herein, two novel and isostructural 3D Ni-based
MOFs with interior 1D helical channels have been successfully fabri-
cated through choosing rigidly tripodal ligand H3TATB and flexibly
bridged linker, and directly applied the as-synthesized single-crystals as
electrode materials for SCs. The single-crystals are air-stable and in-
soluble in water and common organic solvents, and the report verifying
them as the electrode materials in SCs is scarce to date. They both
deliver high specific capacitance and energy density with good rate
capability, excellent energy deliverable ability and cycling stability.
After 5000 continuous cycles, the capacitance retention for the as-
synthesized MOFs is 92.1% and 88.7% separately. The maximum spe-
cific capacitance for Ni-MOFs crystals is 705 F g−1 at current density of
1 A g−1 and exhibit an energy density of 29.6 Wh kg−1 at 366 W kg−1.

2. Experimental section

2.1. Preparation of SC-1 and SC-2

The bid and btd ligands were synthesized by procedures reported
earlier [26]. Other reagents of analytical grade and solvents employed
were commercially available and used as received without further
purification.

Preparation of [Ni2(TATB)2(bid)2(H2O)]·2H2O crystals (SC-1). A
mixture of bid (0.041 g, 0.15 mmol), NiSO4·6H2O (0.039 g, 0.15 mmol),
H3TATB (0.044 g, 0.1 mmol), DMF (5 mL) and water (10 mL) was
placed in a Teflon reactor (20 mL) and heated at 110 °C for 3 days. After
the mixture had been cooled to room temperature at a rate of 10 °C·h−1,
green crystals of SC-1 were obtained with a yield of 86%.
C76H68N18Ni2O13, FT-IR (KBr pellet, cm−1): 3396w, 2297s, 2855 m,
1616s, 1571s, 1503s, 1420s, 1402s, 1347s, 1284w, 1136s,1101w,
1017s, 993 m, 880w, 819s, 771s, 697 m, 504 m.

Preparation of Ni2(TATB)2(btd)2(H2O) crystals (SC-2). The pre-
paration of SC-2was similar to that of SC-1 except that the btd (0.041 g,

0.15 mmol) was used instead of bid in SC-1. Green crystals of SC-2 were
collected in a yield of 82%. C76H68N18Ni2O13: FT-IR (KBr pellet, cm−1):
3601w, 3134 m, 2924s, 2852 m, 1693 m, 1596s, 1545s,1428 m,1377s,
1358s, 1292 m, 1235 m, 1107 m, 1016 m, 944w, 864w, 810 m, 774s,
699 m, 631w, 504 m.

Electrode preparation. The as-synthesized MOFs crystals were di-
rectly used as active materials. The working electrodes were prepared
as follows. The mixture containing 75 wt% active materials (SC-1 or SC-
2 single crystals), 15 wt% acetylene black and 10 wt% polytetra-
fluoroethylene (PTFE, 1 μm particle size purchased from Sigma-
Aldrich) was well mixed and strongly stirred in isopropanol system, and
then was deposited 1 cm2 on nickel foam bar (after treated by diluted
hydrochloric acid, size: 1 cm × 5 cm), and the typical mass load of
electrode materials ranged in 3.5–5.5 mg after pressed by Manual
Rolling Press (MR-100A, MTI Corp.).

2.2. Characterization

Diffraction intensities for SC-1 and SC-2 were recorded on a Bruker
SMART Apex CCD diffractometer with graphite-monochromated Mo Kα
radiation (λ = 0.71073 A) at 293 K. The structures were solved with
the direct method of SHELXS-97 [27] and refined with full-matrix least-
squares techniques using the SHELXL-97 program within WINGX [28].
The Squeeze option of Platon [29] was used to eliminate the con-
tribution of disordered guest molecules for SC-1 to the reflection in-
tensities. The formulas of SC-1 and SC-2 were calculated by considering
the results of thermogravimetric analysis, element analysis and single-
crystal structures, respectively. The high R factor for SC-1 may be re-
lated to the disordered guests. Crystal data for SC-1: orthorhombic,
a = 18.062(5) Å, b = 35.561(5) Å, c = 55.601(5) Å, α = β = γ = 90°,
V = 35713(12) Å3, space group Fddd, Z = 8, 74250 reflections mea-
sured, 8014 independent reflections (Rint = 0.1090). The final R1 value
was 0.0904 (I > 2σ(I)). The final wR(F2) value was 0.2467 (I > 2σ(I)).
The final wR(F2) value was 0.2758 (all data). The goodness of fit on F2

was 0.785. Crystal data for SC-2: orthorhombic, a = 18.238(5) Å,
b = 33.694(5) Å, c = 56.174(5), α = β = γ = 90°, V = 34520(11) Å3,
space group Fddd, Z = 8, 63667 reflections measured, 7759 in-
dependent reflections (Rint = 0.1035). The final R1 value was 0.0684
(I > 2σ(I)). The final wR(F2) value was 0.1659 (I > 2σ(I)). The final
wR(F2) value was 0.1978 (all data). The goodness of fit on F2 was 1.102.
The hydrogen atoms attached to carbons were generated geometrically.
The hydrogen atom positions were fixed geometrically at calculated
distances and allowed to ride on the parent atoms. The disordered
atoms of compounds SC-1 (C36) and SC-2 (C38) was refined using C
atoms split over two sites. The H atoms of the disordered C atoms were
not included in the model. Non-hydrogen atoms were refined with
anisotropic temperature parameters except C36, C39 and C40 in com-
pound SC-1. Notably, selected bond lengths and angles are listed in
Supplementary Tables S1–S2 and the CCDC number for SC-1 and SC-2
is 1567549 and 1567550 separately.

2.3. Methods and measurements

FT-IR spectra were recorded from KBr pellets in range 4000-
400 cm−1 on a Nicolet 380FT-IR spectrometer. Thermogravimetric
analyses (TGA) were carried out under atmosphere on a Beijing Hengjiu
HTG-1 instrument with a heating rate of 10 °C min−1. The powder X-
ray diffraction (PXRD) data of the samples was collected on a Rigaku
Dmax 2000 X-ray diffractometer with graphite monochromatized Cu
Kα radiation (λ = 0.154 nm) and 2 h ranging from 5 to 50°. The
electrochemical measurements were carried out by an electrochemical
analyzer system, CHI660E (Chenhua Instrument, Shanghai, China) in a
three-compartment cell with a platinum wire counter electrode, an Hg/
HgO reference electrode and an above-mentioned working electrode.
The electrolyte was a 6.0 M KOH aqueous solution and electrochemical
impedance spectroscopy (EIS) measurements of as-synthesized samples
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