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A hollow urchin-like metal–organic framework
with Ni–O-cluster SBUs as a promising electrode
for an alkaline battery–supercapacitor device†
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Yuxuan Guo,a Cheng Zhangb and Qichun Zhang *c,d,e

A hollow urchin-like Ni-based MOF material (named NiPSC) with long tentacles has been synthesized and

directly utilized as an active electrode material in supercapacitors. By virtue of multi-centered Ni-oxo SBU

clusters and a large d-spacing distance, the pristine NiPSC electrode delivers superior electrochemical

performance, including high specific capacity, good rate capability and outstanding cycling stability even

under the erosion of an alkaline electrolyte. Moreover, the NiPSC//AC device with NiPSC as the positive

electrode and active carbon (AC) as the negative electrode exhibits an excellent capacitance retention of

82.8% after 3000 cycles with a window voltage of 1.7 V, a maximum energy-density value of 28.81 W h

kg−1 at 425 W kg−1, and potential practicability (two cells can power four LED bulbs for 10 min). Our

results suggest that the strategy of modifying the interior structures of MOFs through introducing multiple

redox-active sites and adjusting the crystal-lattice distance could effectively improve the performance of

the as-obtained materials in supercapacitors.

1. Introduction

Owing to the continuous reduction of fossil fuels and the
demand for sustainable energy, the energy-storage grid faces
new challenges,1,2 and advanced eco-friendly energy storage/
conversion equipment has been extensively studied.3 As a class
of energy-storage systems, supercapacitors (SCs) with various
branches, such as alkaline-ion capacitors, alkaline battery–
supercapacitor hybrid devices, micro-supercapacitors and so
forth, have been extensively documented.4–8 Even though great
progress in enhancing energy densities has been witnessed in
these devices, with current commercially available SCs it
remains difficult to meet the energy-consumption require-
ments of human society. Therefore, developing new strategies
to design/prepare novel electrode materials and to fabricate

electrodes become crucial for the practical applications of
SCs.9,10

Currently, metal–organic frameworks (MOFs) have become
a class of promising candidate electrode materials for SCs due
to their precise chemical compositions at the molecular level,
abundant redox-active sites, and enormous “MOF
reservoir”.11–15 Through a wide range of research studies,
MOF-based electrodes have been demonstrated to be stable in
various situations, including acidic, neutral and alkaline
environments.16,17 However, in the process of implementation,
the functions of pores and distinct metal nodes/clusters on
electrochemical performances have rarely been mentioned or
discussed. On the other hand, the defects of normal MOF-
based electrodes as active electrodes for long-term recycling,
especially the disadvantages of instability and low conduc-
tivity, were repeatedly mentioned.18,19 To address these two
points, several strategies, including the combination of con-
ductive materials, the usage of MOFs as templates to fabricate
derivative materials, and the improvement of their conduc-
tivities, have been widely adopted.20–22 Furthermore, the for-
mation of bimetallic or trimetallic centers through doping
different metals has also been a proven and effective strategy
to amend the property defects of MOF-based electrodes, which
could further enhance specific capacities, rate capabilities and
coulombic efficiencies.23–26

These reported results strongly encourage us to investigate
the function of redox-active metal–oxide clusters as building
units in MOFs because these clusters can be considered as
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multimetal centers. Herein, a MOF-based nanomaterial
(named NiPSC) has been prepared through the reaction
between the building linker 4,4′,4″-(1,3,5-triazine-2,4,6-triayl)
tribenzoic acid (H3TATB) and Ni(NO3)2, where unique Ni–O-
clusters as SBUs have been formed in the crystalline lattice.
Due to these particular Ni–O-cluster sites, the obtained NiPSC
has been employed as an active electrode in supercapacitors to
evaluate its energy-storage performance. The long cycling
stability and structural alteration of NiPSC electrodes in an
alkaline environment have also been investigated in sole elec-
trode and alkaline supercapacitor–battery hybrid devices.

2. Results and discussion

The structure of the as-prepared Ni-based MOF (namely
NiPSC) was confirmed by powder X-ray diffraction (PXRD),
scanning electron microscopy (SEM) and high-resolution
transmission electron microscopy (HR-TEM). The PXRD
results indicate that all diffraction patterns of the as-obtained
powder, even after being fabricated into the active electrode
composite, are well matched with the peaks simulated from
the single-crystal data (H2[Ni3O(H2O)3(TATB)2]·5DMF·2H2O,
also known as PCN-5),27 as depicted in Fig. 1a. Its interior
structure contains tri-nickel µ3-oxo-centered SBU clusters that
connect six TATB linkers to form a connected network with
two kinds of open channels (Fig. 1b and Fig. S1†). This struc-
ture also produces multiple active sites. The SEM images
confirm that the NiPSC material consists of numerous urchin-
like hollow and spherical structures as shown in Fig. 1c and
Fig. S2a (for details, see the ESI†). The diameter of the hollow
spheres is about 1.5–4 μm (Fig. S2b†). The HR-TEM images
further reveal that NiPSC microspheres consist of numerous
tentacle structures and the width of the tentacle is about
15–30 nm (Fig. 1d). The crystal lattice of the tentacle structure
is clearly observed in the high-resolution TEM image and the
typical d-spacing width is ∼2.14 nm (Fig. 1e), which is close to
the diagonal distance of two adjacent Ni–O-cluster centroids
(inset of Fig. 1e). The XRD images of a calcined sample of

NiPSC, as depicted in Fig. S3,† suggest that the patterns of the
calcined sample exactly match the PCPDF pattern (no. 44-
1159) of standard patterns of NiO. The obtained NiO material
also shows an urchin-like spherical architecture with a short
tentacle motif, indicating a good template function of the
NiPSC material (Fig. 1f and Fig. S4a, b†). In contrast, the differ-
ence between these two materials is that the mean diameter of
the spheres and the tentacle length are less than those of the
NiPSC template (Fig. 1g and Fig. S5†). According to the
HRTEM image in Fig. 1h, the d-spacing distance (0.241 nm) of
calcined samples could be well assigned to the (111) crystal
facet of NiO, in good agreement with the PXRD results.

X-ray photoelectron spectroscopy (XPS) was then used to
identify the surface information and valence state of NiPSC.
The survey XPS spectrum confirmed the presence of Ni, C, O,
and N elements in the NiPSC material (Fig. S6†). As shown in
Fig. S7a,† deconvolution of the C 1s spectrum suggested the
existence of CvO (287.8 eV) and C–COOR (288.8 eV) bonds.
The strong peaks at 398.8 eV in the N 1s spectrum confirmed
that the DMF molecules were embedded into the crystal lattice
(Fig. S7b†). Ni 2p analysis shows four components, where two
peaks are located at 856.04 and 873.62 eV, attributed to Ni
2p1/2 and Ni 2p3/2, respectively, while the other two peaks
belong to the satellite peaks of the Ni element (Fig. S7c†).28

The O 1s peak at 532.1 eV proves the presence of Ni–O cluster
bonds or coordinated/lattice water (Fig. S7d†). Besides, energy
dispersive spectroscopy (EDS) further confirms the chemical
composition of the NiPSC and derived NiO materials, as
shown in Fig. S8 and S9.†

The specific surface area, pore volume, and pore size distri-
bution of the as-obtained NiPSC and NiO materials were
measured and calculated with the adsorption–desorption
curves and pore size distribution diagram, as displayed in
Fig. S10.† The adsorption–desorption patterns of NiPSC
belong to type IV isotherms. The presence of an
H3 mesoporous hysteresis loop indicates the mesoporous
structure of the NiPSC material.29 The specific surface area
and pore volume of NiPSC hollow spheres are ∼66.70 m2 g−1

and 0.340 cm3 g−1, respectively. After the calcination of NiPSC
into NiO, the specific surface area, average pore diameter and
pore volume all decreased significantly (for details, see
Table S1†). Almost no mesopores were observed in the derived
NiO material, which could be attributed to the collapse of
MOF structures (see the TEM images shown in Fig. S4†).

Through the above-mentioned analyses, the as-obtained
NiPSC materials could show potential applications in the
energy-storage field due to the unique Ni-oxo-centered SBU
clusters with hollow spherical architectures. To confirm
whether this idea works, the usage of NiPSC as a working elec-
trode in an alkaline environment was investigated. For com-
parison purposes, the derived NiO material was also studied as
the electrode material.

As shown in Fig. 2a and b, the CV curves indicated that
either the NiPSC or NiO electrode displayed evident redox
peaks over a potential window of 0–0.6 V, where the oxidation
peaks were centered at 0.42–0.52 V and the reduction peaks

Fig. 1 Structural characterization. (a) PXRD patterns of NiPSC material,
electrode and simulated bulk crystals. (b) Crystal structure of NiPSC
redrawn from the reported CIF.27 (c) SEM image of urchin-like NiPSC. (d
and e) TEM images of NiPSC at different magnifications. (f ) SEM image
of NiO. (g and h) TEM images of NiO at distinct magnifications.
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were located at 0.25–0.30 V. Based on the redox motif at
various scan rates, the characteristics of battery-type electrode
behavior can be inferred for both electrodes,30,31 resembling
the previous reports on Ni-based MOFs or Ni-based oxides/
hydroxides.32,33 For the NiPSC electrode, the redox couple
could be attributed to the NiII and NiIII species,34 while for the
NiO electrode, the chemical process could only happen
between the active substance NiO and NiOOH,35,36 where OH−

in the NiO lattice is replaced by O2− to form a proton defect
and the bivalent Ni site is replaced by trivalent Ni to produce
an electronic defect. In contrast, the peak currents and integral
areas of the NiPSC electrode, calculated from the CV profiles,
are much larger than those of the NiO electrode, suggesting
that the NiPSC electrode delivers a more superior
performance.

The charge–discharge profiles with the obvious plateaus
can further confirm the battery-type behaviors of the as-pre-
pared electrodes, as shown in Fig. 2c and d. The charging and
discharging processes of NiPSC and NiO showed distinct
potential plateau regions, in line with the CV curves. From the
discharge time calculation (Fig. 2e), the NiPSC electrode deli-
vered an ultra-high specific capacity of 480 C g−1 at a current
density of 0.5 A g−1. Even though the current density was
increased by 30 times, the capacitance retention of NiPSC still

remained at 40.9%, indicating good rate capability. In contrast,
the NiO electrode exhibited poor electrochemical performance
and the corresponding specific capacity was lower than 110 C
g−1 (at 0.5 A g−1). This phenomenon could be due to the dis-
tinct interior hollow structures with multiple Ni–O-based
redox-active centers (Fig. S11†) and the exterior tentacles. As
described before, the huge lattice d-spacing in the NiPSC tenta-
cles (2.14 nm) facilitates electrons and electrolyte ions reach-
ing the redox centers rapidly, effectively shortening the
diffusion path length. Additionally, the hollow structure pos-
sesses a sufficient gap/room to accommodate ions, making the
resulting specific capacity of NiPSC larger than that of the NiO
electrode (filled with nanoparticles).37,38 The previous BET
characterization could also support this deduction. Following
careful analyses, NiPSC displayed superior electrochemical per-
formance than NiO electrodes in many aspects. At a constant
scanning rate of 2 mV s−1 (the charge time is 300 seconds,
Fig. 2f), the maximum storage capacity of NiPSC can reach up
to 528 C g−1. Under the same charge time, the capacity of the
NiO electrode is only ∼205 C g−1. When the charge time is as
short as 6 seconds, the charge storage achieved by the NiPSC
electrode is 238 C g−1, which is still higher than the maximum
storage capacity of the NiO electrode (at 300 seconds).

To evaluate the surface contact conditions between the
NiPSC electrode and the electrolyte, electrochemical impe-
dance spectroscopy (EIS) measurements were conducted. The
plots were simulated as illustrated in Fig. 3a (based on the
equivalent circuit as shown in Fig. S12†). The Nyquist data
revealed that the series resistance (Rs) of the NiPSC electrode is
0.55 Ω, and the charge-transfer resistance (Rct) is 3.0 Ω,
suggesting a lower electrochemical reaction impedance of the

Fig. 2 Electrochemical performances. (a) CV curves of NiPSC. (b) CV
curves of the calcined sample. (c) Charge–discharge curves of NiPSC.
(d) Charge–discharge curves of the calcined sample. (e) Comparison of
the discharge capacitance of the NiPSC electrode and the NiO electrode
at the same current density. (f ) Comparison of the charge capacitance
of the NiPSC electrode and the NiO electrode at the same charging
time.

Fig. 3 Mechanism and cycling stability. (a) Nyquist plots of NiPSC. (b)
Normalized contribution ratio of surface/diffusion-controlled currents
at various scan rates. (c) Capacitance retention of NiPSC in the CV
cycling test under the three-electrode system. (d) CV cycling test for
NiPSC at 30 mV s−1 for 3000 cycles.
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Ni-based MOF electrode with multiple Ni–O clusters. In a bid
to further analyze the surface contribution to current, surface-
controlled and diffusion-dominated sections at various sweep
rates were calculated based on Dunn’s power-lawer equations
(for details, see the ESI†).39,40 The mimetic b values, based on
the peak currents, ranged between the values of 0.5 (diffusion-
dominated current) and 1.0 (surface-controlled current), illus-
trating that the electrochemical process of the NiPSC electrode
consists of two separate mechanisms simultaneously
(Fig. S13†).

These two operating mechanisms can further be simulated
quantitatively; at a scan rate of 2 mV s−1, the contributions
from the surface capacitive section and diffusion-dominated
part are 42.4% and 57.6%, respectively (Fig. S14†). When the
sweep rate reaches 100 mV s−1, the achieved surface-controlled
contribution to the current is 90.1% (Fig. 3b). At high scan
rates, the surface capacitive currents are predominant probably
because the diffusion speed of electrolyte ions into the interior
active sites is relatively low, which demonstrated once again
that NiPSC with its higher specific surface area facilitates the
generation of more prominent charge storage capacity.

Under a three-electrode configuration, the cycling perform-
ance of the as-fabricated NiPSC electrodes was estimated by
adopting CV technology at a constant sweep rate of 30 mV s−1

(Fig. 3c). Before 300 cycles, the specific capacity of the elec-
trode displays an obvious upward trend, which could be due to
the process of electrode activation, in which the aqueous elec-
trolytes usually take a period to permeate the interior area of
the active electrode materials. During this process, the infiltra-
tion degree of the NiPSC material into the electrolyte
increases. After 300 cycles, the specific capacity of the NiPSC
electrode drops sharply. The decline process begins slowly
after 800 cycles and the specific capacity retention of the
NiPSC electrode remains at 90.9% after 3000 continuous char-
ging–discharging cycles (Fig. 3c). Besides, the structural altera-
tion during this endurance process was also detected by
ATR-IR and PXRD (Fig. S13†). The ATR-IR results suggest that
the characteristic peaks of samples after 100 cycles and 3000
cycles are consistent with the characteristic peaks of parent
NiPSC, respectively (Fig. S15a†). The unchanged chemical
compositions of the NiPSC electrode at 100 and 3000 cycles
were further proved by PXRD, as shown in Fig. S15b.† The
sample has high similarity with the parent NiPSC after 100
cycles and still maintains the main framework intact after
3000 cycles of erosion, showing good electrode stability in
alkaline electrolytes. The initial increase in capacity could still
be due to the process of electrode activation. This result was in
good accordance with the almost unchanged CV curves after
3000 cycles (Fig. 3d).

Based on the excellent performance of the sole electrode, a
hybrid supercapacitor–battery energy-storage device with
NiPSC as the positive electrode and active carbon (AC) as the
negative electrode was investigated (Fig. S16a†). After optimiz-
ing the mass relationship between the positive and negative
electrode materials, the device, denoted as NiPSC//AC, was
assembled and the polarization curves and potential ranges

were evaluated as depicted in Fig. 4a and Fig. S16b.† By com-
paring the distorted circumstances of CV curves at various
operating potentials, the voltage window for the as-obtained
NiPSC//AC device is finally centered at 1.7 V. Under this voltage
window, the CV curves of the NiPSC//AC device exhibited
typical rectangular shapes at various scan rates, suggesting
good reversibility of the device. From the analysis of the dis-
charge branch, the NiPSC//AC device delivered a maximum
specific capacitance of 71.8 F g−1 at 1.0 A g−1. Under this con-
stant current density, the device can exhibit 28.81 W h kg−1

energy density at 425 W kg−1 power density, comparable with
those in the recent reports (Fig. 4d and Table S2†).41–46 After
assembling the NiPSC//AC device into a button cell, two cells
in series can supply power for LED lamps and maintain the
illumination of red LED bulbs for up to 10 minutes (inset of
Fig. 4d). The electrochemical stability of the NiPSC//AC device
was also measured by the cyclic voltammetry method. At a
high scan rate of 50 mV s−1 within a voltage window of 1.7 V,
the CV curves remained unchanged and the capacitance reten-
tion of the NiPSC//AC device remained at 82.8% after 3000
charging/discharging cycles (Fig. 4e and f). These superior per-
formances suggest that the NiPSC electrode with Ni–O SBU
clusters and hollow motifs could guide the future design of
MOF-based electrode materials.

Fig. 4 (a) Polarization curve of NiPSC//AC. (b) CV curve of NiPSC//AC.
(c) CP curve of NiPSC//AC. (d) Ragone plots of energy density and power
density for NiPSC//AC. Inset: the illumination of red LED bulbs with
NiPSC//AC. (e) CV cycling test for NiPSC at 50 mV s−1 for 3000 cycles.
(f ) Capacitance retention of NiPSC in the CV cycling test under the two-
electrode system.
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3. Experimental section

The Experimental section can be found in the ESI.†

4. Conclusions

In conclusion, NiPSC nanospheres have been successfully pre-
pared using a tripodal H3TATB linker and Ni(NO3)2. The NiPSC
electrode has been demonstrated to show excellent specific
capacity, and better rate performance and cycling stability in
contrast to its derived NiO material. Clearly, without calcina-
tion, MOF-based materials with multiple Ni–O redox-active
clusters as building units also show potential to be directly
used as electrode materials. After being assembled into a
hybrid device, NiPSC//AC maintained excellent cycling per-
formance in alkaline environments (82.8% capacitance reten-
tion after 3000 cycles). Furthermore, the NiPSC//AC device deli-
vers the highest energy-density value of 28.81 W h kg−1 with a
power density of 425 W kg−1, which are comparable with those
values in recent reports on MOF-based electrodes. These
results provide a good strategy for the future design of high-
performance MOF-based materials with large pores and mul-
tiple redox-active metal-oxo clusters.
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