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Introduction

The energy and environmental crisis has seriously affected the
current economic and social development. As a new type of
clean energy, how to efficiently store and utilize electrical
energy becomes the core technique to solve the ineluctable
energy crisis in the next years.* Normally, the current forms
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Abstract: By utilizing the proper template of Metal-Organic Frameworks ( MOFs ) for fabricating high performance
supercapacitor electrodes have been emerging a great attention. But rare attention has been paid onto how to prepare
the excellent MOF template for deriving the anticipated electrode materials. Herein, one two-fold interpenetrating MOF,
had been successfully constructed, along with microporous structure and multi-components as nickel, phosphorus,
nitrogen, oxygen and carbon in the final framework. The pristine sample could be directly utilized as supercapacitor
electrode materials, which exhibits the moderate electrochemical capacitance of 979.8 F g™ at a current density of 1 A g%,
By the simple treatment of one-step pyrolysis in the nitrogen atmosphere at different annealing temperature ( 500°C,
600°C, 700°C, 800°C ), rare hierarchical Ni/P/N/C composites, denoted as Ni/P/N/C-500, Ni/P/N/C-600, Ni/P/N/C-700,
Ni/P/N/C-800, have been derived from the parent MOF. The anticipated multi-components of Ni, P, N and O have been
uniformly incorporated into carbon materials, which would result in excellent synergistic effect to improve the
performance of electrochemical energy storage. The morphologies and components of these derivatives have been
characterized via SEM, XPS and XRD, indicating the uniform distribution of different components in the hybrid structures.
The maximum specific capacitance of Ni/P/N/C-500 electrode could reach 2887.87 F g* at a current density of 1 A g%,
superior to the other hierarchical composites and setting up a new benchmark in the related field. The combination of
several advantages in these derivatives, such as a high surface area, even distribution and ultrahigh content of Ni/P/N/C
components, ensure their high-performances in energy storage. The presented results fully demonstrate the unique
advantage of utilizing the pre-designed MOFs as a template to prepare the hybrid materials used as the potential
electrode-active materials in supercapacitors, and provide an efficient route to fabricate the superior performance energy

storage devices.

of utilizing the electrical energy contain solar cells, fuel cells
and batteries, which have been commercialized and widely
used.>®The traditional batteries would not only supply a high
density of electrical energy, but also provide the longer energy
life. However, the power density of traditional batteries is
normally poor, which may be ascribed to the nature of slow
redox process and sluggish rate of ion migration via the
electrode-active materials.”? Compared to the traditional
batteries, supercapacitor, as a
electrochemical energy storage devices, have received more

booming class of
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and more attention, since supercapacitors usually have higher
power density and longer cycle life.>"13 The energy storage
mechanism of supercapacitors is generally deemed as that
electrons could be stored onto the surface of electrode-active
materials through the adsorption of electrolyte ions.1417
Nowadays, most of the electrode-active materials concentrate
on the carbon materials, which normally exhibit the low
capacitance due to the low specific surface area (SSA), single
adsorption active-sites and bad conductivity.182! Through the
presented results, it has been revealed that the introduction of
hetero-components, such as metal/metal oxide, nitrogen,
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phosphorus or oxygen, into carbon materials would effectively
enhance the capacitance.2226 The combination of hetero-
components into carbon materials would motivate the
pseudocapacitive effects, promote the wettability to
electrolyte solution and enhance the conductivity.27-30
Therefore, the effective fabrication of uniform multi-
components carbon materials has become the main target for
the development of supercapacitor electrode-active materials.

Metal-Organic Frameworks (MOFs), as a very attractive
organic-inorganic hybrid material, has the characteristics of
structural- and surface-tunability, and has shown excellent
application prospects in many fields.3133 Recently, pristine
MOFs or MOF-based carbon derivatives have been explored to
utilize as the electrode-active materials of supercapacitors due
to the specific characteristics of MOFs materials, such as
versatile selection of organic linkers and metal nodes, inherent
porosities, uniform distribution of multi-components and facile
treatments of the related materials.343¢ Through the reported
results, it has been validated that MOFs could be of the ideal
pyrolysis templates to prepare the anticipated electrode-active
materials. Compared to the traditional porous carbon-based
electrode-active material, the MOFs-based derivatives exhibit
the very unique traits: To improve the performance, the pre-
designed multi-components could be easily introduced into
the final hybrid materials; the types and proportions of the
doped hetero-components could be modulated via the very
facile handling; more importantly, the doped elements could
be evenly distributed due to the effective spacing and regular
arrangement.3740 All of these traits endow MOF-based
derivatives excellent electrochemical activity, which have been

widely used as the high-performance electro-active
materials.10-18
However, most of the reported results had been

concentrated on the utilization of the several star MOFs, and
only one or two types of hetero-components could be
effectively introduced into the final carbon materials, such as
N, O or metal/metal oxides.#43 In the reported derivatives
fabricated from the pristine MOF, rare samples, which
simultaneously emerge elements of metal, P, N and O into one
carbon materials, had been reported due to the limited
selection of pristine MOF materials. The element of P is usually
introduced via the post-modification method. Thus deficiency
means that the excellent advantages of MOFs, such as the
structural diversity and adjustability, had been not vyet
adequately utilized in the field of electrochemical energy
storage. In order to reflect the richness of structural
characteristic and tunable components of MOFs, more and
more innovative works, including the effective construction of
new pristine MOFs, the variable conditions of preparing MOF-
based derivatives and the rational design of sacrificial
templates, are urgently requested to be presented.**47 It is
well known that if the pre-selected organic linkers for
assembling MOFs could contain the anticipated components,
multi-component hybrid electrode materials could be
effectively fabricated via the specific processing methods. In
addition, it has been proven that the nickel-based derivatives
derived from Ni-MOFs could exhibit the high performance of
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super-capacitance effect due to the induction of
pseudocapacitive effects and high rate capability.46-47
Therefore, with the comprehensive consideration of the
advantages of the multiple components, the types of
composite derivatives, exampled as
Nickel/Phosphorus/Nitrogen/Carbon composites, might exhibit
the higher level of synergistic effect to improve the
performance of the supercapacitance.

Figure 1. (a) Perspective view of asymmetric unit of Ni-MOF; (b) Partial view of the
single framework of Ni-MOF along b-axial direction; (c) Partial view of the two-fold
interpenetrating structure of Ni-MOF along c-axial direction.

To verify the practicality of the above hypothesis, a hexa-
carboxylate ligand, hexakis(4-formylphenoxy)
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cyclotriphosphazene (HeL1), which contains the multiple
elements of C, P, N and O, had been selected to react with
nickel ions to build the highly-ordered crystalline sample. The
resulted MOF material could serve as the parent template to
fabricate the hybrid derivatives simultaneously combining Ni,
P, N, C and O elements into one material via one-step
treatment. Herein, a two-fold interpenetrating MOF,
[Nis(H20)(bpy)s(L1)] ( 1, bpy = 4,4’-bipyridine ), had been
successfully constructed via solvothermal method. The
purpose of introducing bpy is to ensure the formation of Ni-N
surrounding and porous structure. Subsequently, the pristine
template could be further converted to the anticipated multi-
component hybrid materials via the method of pyrolysis at
different temperatures ( 500, 600, 700 and 800 °C), labelled as
Ni/P/N/C-500, Ni/P/N/C-600, Ni/P/N/C-700 and Ni/P/N/C-800.
The pristine MOF and hierarchical hybrid composites after
annealing at different temperatures have been utilized as
electrode-active materials of supercapacitance, which
illustrate the high efficient and tunable electrochemical
performances related with the characteristics of derivatives.
The synthesis, crystal structure, characterization of
morphologies and components and the performance of
electrochemical storage of each sample had been detailed.

Results and discussion
Description of the crystal structure of pristine MOF 1

The pristine crystal sample of Ni-MOF 1 had been constructed
via solvothermal method. The rod-like green crystal samples
could be directly obtained via the solvothermal method at 120
°C for 2 days. The strong peaks around the positions of 1615
and 1385 cm! in the IR spectrum clearly illustrate the full
deprotonation of carboxyl groups, in consistent with the
presented results of crystallographic studies. Through the
scanning electron microscopy (SEM) image ( Figure 2 ), the
uniform distribution of nickel, phosphorus, nitrogen, carbon
and oxygen elements could be detected due to the long-range
order nature of MOF material, which is very essential for the
synthesis of the subsequent hybrid derivatives.

The X-ray crystal data of Ni-MOF 1 had been collected at
room temperature, and the detailed parameter had been
listed in Table S1. 1 crystallizes in monoclinic space group
P21/c, whilst the asymmetric unit consist three nickel ions, one
complete hexa-carboxylate linkers, three bpy ligands and one
coordinated water molecule ( Figure 1a ). Each nickel ion is
hexa-coordinate and adapts the distorted octahedral
configuration, which is surrounded by different coordinated
atoms. For Ni(1) ion, the coordination sites are occupied by
two N-atoms of cis-pyridines and four O-atoms from two
carboxylate groups with different modes ( one w-#%:7! and
one syn-syn ) and one u,-bridge water molecule; For Ni(2) ion,
the coordination sites are occupied by one N-atom of pyridine
and five O-atoms from four carboxylate groups with different
modes ( two mono-dentate, one u,-7%:#* and one syn-syn ) and
one u,-bridge water molecule; For Ni(3) ion, the coordination
sites are occupied by three neighboring N-atoms of pyridine

This journal is © The Royal Society of Chemistry 20xx
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and three O-atoms from two carboxylate groups with different
modes ( one mono-dentate and one chelating ). Ni(1) and Ni(2)
atoms are interlinked together via water bridge and two
carboxyl groups ( syn-syn and wu,-n%:n* ) to form the di-nuclear
node, which is further extended via three bpy and two hexa-
carboxylate ligands; whilst Ni(3) atom acts as the single-atom
node, which is further extended via three bpy and two hexa-
carboxylate ligands. The Ni-O and -N bond lengths fall in the
range of 2.059(2) to 2.227(1) A, similar to the typical values of
Ni(ll) state.*®4° In these two nodes, two of the parallel bpy
linkers connect one di-nuclear node and single-atom node, and
the perpendicular bpy linker bind the same node. In addition,
the hexa-carboxylate ligand utilizes its six benzoate arms to
bind two di-nuclear and two single atom nodes in one plane
with the range of distorted Ccarboxy-Osubstituted-Pcentral angles
from 52.1 to 140.2°% In this way, one three-dimensional
framework with 1D dimensional channel had been constructed
via the reticular connections between nodes to assemble the
4,5-connected sqc65 topological network with the point
(Schl&fli) symbol {42-6%H{43-67}, calculated with TOPOS
software.

Figure 2. SEM images of pristine MOF (a), hierarchical derivatives, Ni/P/N/C-500 (b),
Ni/P/N/C-600 (c), Ni/P/N/C-700 (d) and Ni/P/N/C-800 (e) along with the enlarged

J. Name., 2013, 00, 1-3 | 3
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image of Ni/P/N/C-800 (f); (g-j) EDX mapping image of Ni, P, O and C elements in
hierarchical derivatives, Ni/P/N/C-500, Ni/P/N/C-600, Ni/P/N/C-700 and Ni/P/N/C-800;
(k-m) TEM images of pristine MOF, Ni/P/N/C-500 and Ni/P/N/C-700.

The presence of large channel is further blocked by the
same framework to form the dense packing structure. The
porosity has been decreased or blocked and ionic diffusion
through the MOFs is curtailed, which is estimated as 18.7%
according the report of PLATON routine. Viewed from the
regular crystal structure, the anticipated elements have been
captured into the Ni-MOF, which distribute uniformly and have
been effectively separated by the organic linkers. These
characteristics of the titled MOF satisfy the criteria for
preparing the electrode derivatives, and encourage us to
investigate the possibilities as the sacrificial template via the
method of pyrolysis.

Journal Name

be ascribed to the loss of lattice molecules as water and DMF
molecules. The framework could retain up to 400 °C, and then
begin to decompose rapidly. The highly connection mode,
interpenetrating framework and dense crystal structure must
be responsible for the high thermal stability of Ni-MOF.
Therefore, the pyrolysis temperatures for the pristine
crystalline sample had been determined as 500, 600, 700 and
800 °C according to the thermal stability of the title Ni-MOF.
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Figure 3. XRD patterns (a) and N, sorption isotherms at 77K (b) of hierarchical
derivatives, Ni/P/N/C-500, Ni/P/N/C-600, Ni/P/N/C-700 and Ni/P/N/C-800.
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Figure 4. Overall XPS spectra of hierarchical derivatives (a); Ni XPS spectra of Ni/P/N/C-
500 (b), Ni/P/N/C-600 (c), Ni/P/N/C-700 (d) and Ni/P/N/C-800 (e) along with the

intensity comparison (f).

The purity of the as-synthesized crystalline sample had been
validated by XRD measurement, which shows the matched
spectra between the fitted and experimental results. To
determine the pyrolysis temperature, the thermal behavior of
crystalline sample had been investigated via
thermogravimetric analyses (TGA) under N, atmosphere (
Figure S2 ). For 1, the weight loss from 35 °C to 220 °C should

4 | J. Name., 2012, 00, 1-3

Synthesis and morphology of hierarchical derivatives

The obtained crystalline samples were directly utilized for the
characteristics and as the sacrificial template to derive the
other pyrolysis products at different temperatures. Under the
nitrogen atmosphere, the pristine MOF material had been
annealed at 500, 600, 700 and 800 °C for two hours to
fabricate the hierarchical derivatives, which have been utilized
for the further characteristics and measurements. The series of
hierarchical derivatives could not only still reserve the intrinsic
rod-like shape of original sample, but also illustrate the
rougher surface along with the obvious porous structure via
SEM images ( Figure 2 ). The surface of Ni/P/N/C-500 and -600
is smooth, whilst Ni/P/N/C-700 and -800 is rough, which might
be caused by the agglomeration of metal nano-particles to
form larger ones along with the increasing carbonization
temperature.>%-52 More importantly, the different anticipated
elements, Ni, P, N, O and C, could be reserved and distribute
uniformly in the fabricated hybrid materials with the tunable
ratio from the constructed sacrifice template via element EDS
mapping ( Figure 2 ), which would significantly improve the

This journal is © The Royal Society of Chemistry 20xx
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synergistic effect of the materials and improve the effect in
electrochemical performance. To further explore the detailed
structures, the pristine MOF, Ni/P/N/C-500 and Ni/P/N/C-700
were also observed via TEM, as shown in Fig. 2k-l and S10. All
of these samples exhibit the porous structure. In accordance
with the SEM results, the surface of Ni/P/N/C-700 is more
rough compared to Ni/P/N/C-500, leading to the larger specific
surface area caused by the higher thermolysis temperature.

After the thermal treatment, the original XRD diffraction
peaks of Ni-MOF could not be presented ( Figure 3 ). Inversely,
for Ni/P/N/C-500, two peaks around 44.5° and 51.8° should be
assigned to the (111) and (200) of metallic Ni® cubic phase,
along with the broad peak of graphite around 26°.5355 When
the increasing of calcination temperature up to 600 °C,
different types of composite material had been obtained,
which exhibits the characteristic peaks as 44.5° (111) and 51.8°
(200) of metallic Ni° cubic phase, 27.34° (101) and 31.73° (002)
of Ni,O3 and broad peak of graphite.>>->8 The weak intensity of
the two peaks indicate the low content of metallic Ni state in
these two different samples. Comparably, for the derivative
obtained at 700°C, the strong typical (002) peak of graphite
around 26.6° could be detected, along with the other graphite
peaks of 36.5° (111), 42.3°(100), 46.3°(012). Whilst partial
nickel centers became the state of NisC inferred from two
peaks around 41.75°(006) and 44.52°(113).5%-61 The assignment
of XRD peaks for sample annealed at 800 °C was inexecutable
due to the in-matched peak positions compared to the
reported Ni species. However, the XRD pattern is very similar
to the species of MnCoNiO4 obtained by the thermolysis of
MnCoNiCOs precursor, such as 20.28° (111), 29.96° (220),
34.61° (311), 35.77° (222) and 45.66° (400).%2 Obviously, the
different annealing temperatures play the important role in
leading to the hierarchical derivatives with different
morphologies and compositions.

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. Cyclic voltammogram curves of different electrodes containing pristine MOF
(a), Ni/P/N/C-500 (b), Ni/P/N/C-600 (c), Ni/P/N/C-700 (d) and Ni/P/N/C-800 (e) at
different scan rates in the range of 5-200 mV s-1; (f) The comparison of specific
capacitance of five fabricated electrodes at different scan rates.

The SSA and detailed porous structure of the different
hierarchical Nickel/Phosphorus/Nitrogen/Carbon composites
had been also investigated via N, adsorption-desorption at 77
K ( Figure 3 ). No adsorption behavior for the activated Ni-MOF
could be observed due to the collapse of framework in vacuum
condition. For Ni/P/N/C-500, 600 and 700, the N, adsorption-
desorption isotherm shows a typical type-IV curve with the
hysteresis effect in the pressure range from 0.5 to 0.95 bar,
along with the gradually increasing adsorption amount.
Differently, Ni/P/N/C-800 exhibits the type-l adsorption
isotherms with a small hystersis, indicating the micro-porous
materials, in accordance with the morphology studies in SEM
studies. The pore size distribution of different Ni/P/N/C
derivatives had been shown in Figure S3, illustrating the micro-
porous structure that provide enough surfaces for the process
of electron adsorption-desorption in the electrode of
supercapacitors.

The series of Ni/P/N/C derivatives had been further
analyzed via XPS measurements, as shown in Figure 4 and
Table S3. For all of these samples, the signals of Ni, P, N, O and
C could be clearly investigated in each spectrum. In each
spectra, the major peaks around 857 eV and 875 eV should be
ascribed to Ni 2p3/2 and Ni 2p1/2, along with the satellite
peaks of Ni 2p3/2 and Ni 2p1/2 around 862 eV and 881 eV,
respectively. The low content of metallic nickel state in
Ni/P/N/C-500 and Ni/P/N/C-600 might be responsible for the
absence of the related peaks.®3-64 Furthermore, the increasing
XPS intensity and ICP-OES analysis ( Table S4 ) of nickel

J. Name., 2013, 00, 1-3 | 5
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element indicate the increasing content of nickel component
in different derivatives.
Electrochemical performance of hierarchical derivatives

The structural characteristics of multi-components and specific
porous volumes endow the hierarchical derivatives with the
potential possibilities as the electrode-active materials in high-
performance supercapacitor. To systematically explore the

capacities and set up the relationship between the
performances and constitutions, pristine MOFs and
hierarchical derivatives had been fabricated as active

electrodes which had been investigated by cyclic voltammetry
(CV), charge-discharge curves and galvanostatic charge-
discharge (GCD) cycling tests with the electrolyte of 6 M KOH
and a three-electrode configuration.

Firstly, the CV curves for each sample had been collected
with scan rates varied from 5 to 200 mV s 1, which had been
shown in Figure 5. At a scan rate of 5 mV s™1,the apparently
reversible redox peaks could be detected around 0.35 V and
0.1V, excepted for Ni/P/N/C-500 around 0.25 V and 0.0 V. The
different metal state, especially the Ni atom in Ni/P/N/C-500,
must be responsible for the different appearance of redox
peaks, which indicates the mechanism of pseudo capacitive
behavior caused by the redox reactions of the metal ions
during the test process.#44° Along with the increasing trend of
the scan rate up to 200 mVs?, the separation of the redox
peaks are gradually widened because of the small over
potential of the electrode. In addition, due to the restriction of
mass transfer or ionic transportation at high scan rates, CV
curves from 100 to 200 mV s get deformed, and the redox
peaks disappear gradually, except for the still apparent redox
peaks for Ni/P/N/C-500. The reservation of apparent redox
peaks clearly illustrates the good rate capability of Ni/P/N/C-
500 compared to the pristine MOF and other derivatives. In
addition, according to the equation of C = [ [dV/20AVm ( the
parameters of I/, AV, v and m represent the instant current ,
potential change, scan rate and sample mass, with the unit of
A, V, mV st and g, respectively ), the specific capacitance C
(farads per gram) for the prepared electrodes could be
conducted from the measured CV curves at different scan rate,
as shown in Figure 5f. The calculated specific capacitance of
prepared electrodes are 1616.7, 2791.6, 1699.3, 1901.9 and
402 F gt at the scan rate of 5 mV st for pristine MOF,
Ni/P/N/C-500, Ni/P/N/C-600, Ni/P/N/C-700 and Ni/P/N/C-800,
and then decrease apparently. Observed from the primary
results, the electrode containing Ni/P/N/C-500 illustrates the
best performance compared to other ones, reflecting the
important role of the fabricated components in affecting the
corresponding behaviour in electrochemical energy storage.

To further compare the different performance and illustrate
the role of component states in electrochemical energy
storage, galvanostatic charge-discharge curves of the
fabricated electrodes at different density current from 1 to 20
A g1 had been measured, which exhibit the typical
galvanostatic charge-discharge curves as shown in Figure 6. All
of the discharge curves for the fabricated electrodes illustrate
two stages, incorporating quick potential drop firstly and then

6 | J. Name., 2012, 00, 1-3

gradual potential decay to 0 V. The represented behaviors of
discharge curves clearly illustrate that the capacitor
mechanism for these fabricated electrodes should be the co-
existence of the electric double-layer capacitance originated
from the charge separation between the interface of electrode
and electrolyte and the pseudo-capacitive characteristic of the
electrode. In consistent with the results of CV curves, the
electrode composed of Ni/P/N/C-500 exhibits the longest
discharging time, compared to not only the series of
hierarchical derivatives in this work, but also the other MOFs-
based derivatives ( Table S5).

The excellent capacitance performance of electrode
composed of Ni/P/N/C-500 has been further validated by the
detailed values of the specific capacitance C (farads per gram),
which had been calculated according to the equation of C = It
/mAV based on the discharge curves, as shown in Figure 6f.
Herein, the parameters of / , s, m and AV mean the applied
constant current during the process of charge-discharge,
consumed time used in the process of discharge, mass (g) of
the active sample in the fabricated electrode and the potential
range with the unit of A, s, g and V, respectively. Observed
from the calculated values, Ni/P/N/C-500 electrode exhibits
the most efficient performance compared to other electrodes,
as listed in Table S5. At a current density of 1 A g1, the specific
capacitance of Ni/P/N/C-500 electrode is calculated as 2887.87
F g1, and along with the increase of current densities up to 20
A g1, the value decreases to 1496.96 F g1. The decreasing
tendency is normally observed due to the poor availability of
electrode-active sites at high at high current densities.22-26
With the consideration of the excellent performance of
Ni/P/N/C-500 electrode, the unique structure and uniformly
distributed components must be responsible for such good
electrochemical behavior.

This journal is © The Royal Society of Chemistry 20xx
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Figure 6. The galvanostatic charge-discharge curves of pristine MOF (a), Ni/P/N/C-500
(b), Ni/P/N/C-600 (c), Ni/P/N/C-700 (d) and Ni/P/N/C-800 (e) at the current density of
1-20 A g-1 in 6 M potassium hydroxide aqueous solution; (f) The comparison of specific
capacitance of five fabricated electrodes at different current densities.

The excellent electrochemical performance of Ni/P/N/C-500
electrode could be further validated by the interpenetration of
electrical conductivity and ion diffusion. The plots of Nyquist
impedance had been measured, which are shown in Figure 7.
In the low frequency regions, all the curves show the almost
straight lines, which are ascribed to the pseudo-capacitive
characteristic of the fabricated electrodes. In the high
frequency regions, the values of equivalent series resistance
(ESR) for each electrode could be conducted from the
intercepts with real axis, which could illustrate the sums of
intrinsic resistance of the whole electrode, electrolyte and the
contact resistance between them. The corresponding values
are 0.39, 0.42, 0.86, 0.47 and 0.45 Q for pristine MOF,
Ni/P/N/C-500-800. Although the similar ESR value with the
pristine MOF had been presented, the smallest diameter of
the semicircle in the Ni/P/N/C-500 electrode illustrates the
smallest charge transfer resistance.**> Comprehensively, the
Ni/P/N/C-500 electrode should exhibit the lowest resistance,
and is favour for electron transport in the electrode. Since the
most efficient performance, the cycling performances of
Ni/P/N/C-500 electrode had been further evaluated by cycling
measurements. As shown in Figure S4, almost 90% effect could
be retained after 1000 continuous cycling test at a current
density of 10 A g7, illustrating the satisfied endurance in the
practical application.

Except for the excellent performance of Ni/P/N/C-500
electrode, both Ni/P/N/C-600 and -700 electrodes also exhibit

This journal is © The Royal Society of Chemistry 20xx
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the high-efficient performance compared to other reported
electrodes ( Table S5), further manifesting the important role
of the title Ni-MOF as the scarified template for fabricating the
excellent hierarchical derivatives used in supercapacitor
electrodes. The unique structural advantages of hierarchical
derivatives must be responsible for the highly efficient
1) After

thermal treatment, the proper porosity could be reserved in

performance in electrochemical energy storage:

the final material, which ensure not only the enough surface
area and channel for the transmission of ions and electrons,
but also the abundant contact interfaces between the layers of
electrode and electrolyte;*150 2) The resulted derivatives
possess multi-components as Ni, P, N, O and C that distribute
uniformly in the whole material, which would supply the
specific synergistic effect for improving the effective utilization
of the active materials; 3) the decorated hybrid atoms as
oxygen, nitrogen and phosphor atoms could improve the
wettability to electrolyte solution and enhance the
conductivity, resulting in the satisfied electron-transfer
resistance. In addition, the best performance for Ni/P/N/C-500
should be ascribed to its specific components, proper porous
surface and smallest charge transfer resistance compared to
other hierarchical derivatives. The porous surface is not large,
which might be more suitable for the electric double layer
capacitor. The existence of nickel atom in Ni/P/N/C-500 might
be also responsible for enhancing the effect of
pseudocapacitors and the generation of excellent synergistic
effect to improve the performance in supercapacitor. For
example, although the higher nickel content in Ni/P/N/C-800
could be observed, the low performance might be ascribed to
the lack of the effective synergistic effect between the
versatile components.

20
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Figure 7. Nyquist plots and the enlarged plots of the five fabricated electrodes.

Conclusions

In summary, to explore the possibility of fabricating multi-
components active materials used in supercapacitor, an
excellent MOF template had been constructed by the careful
selection of starting reactants, and then the effect of post-
treatment temperature to the title MOF template had been
explored. The hierarchical derivatives containing the desired
Ni/P/N/C elements had been fabricated by controlling the
annealing temperature, which represents the rare examples
that simultaneously and uniformly incorporate these elements
into one material used for supercapacitor. Through systematic
electrochemical characterizations, have

these materials
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manifested the excellent capacitance compared to the
reported active materials, especially Ni/P/N/C-500 exhibits the
highest specific capacitance and the good endurance, superior
to the other hierarchical composites and setting up a new
benchmark in the related field. The maximum specific
capacitance of Ni/P/N/C-500 electrode could be reach 2887.87
F g1 at a current density of 1 A g1, along with the high
capacitance of 90% retained after 1000 cycles at a current
density of 10 A g1 in 6M KOH solution. The high-efficient
performance of these derivatives must be originated from the
structural advantages inherited from the title MOF template,
such as the porous structure and evenly distributed multi-
components. Therefore, the related results not only reflect the
important role of the selected MOF template, but also the key
factor of the post-fabrication conditions for derivatives. The
successful fabrication of Ni/P/N/C hybrid electrode materials
via the pre-designed MOF template open up facile avenue to
explore the anticipated high-efficient supercapacitor
electrode, which would prompt the rapid development of
related industry.
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Hierarchical  Nickel/Phosphorus/Nitrogen/Carbon = Composites
Templated by One Metal-Organic Framework as Highly-Efficient

Supercapacitor Electrode Materials
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By utilization of the structural advantage of Metal-Organic Frameworks, hierarchical
carbon materials containing Ni, P, N and O have been firstly fabricated, exhibiting the

high performance in electrochemical energy storage.



