
In Situ Synthesis of Ni-BTC Metal−Organic Framework@Graphene
Oxide Composites for High-Performance Supercapacitor Electrodes
Tianen Chen, Tao Shen, Yuanhao Wang, Zexu Yu, Wei Zhang, Yi Zhang, Zeen Ouyang, Qingguo Cai,
Yaxiong Ji,* and Shifeng Wang*

Cite This: ACS Omega 2023, 8, 10888−10898 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: In response to serious ecological and environmental
problems worldwide, a novel graphene oxide (GO) induction
method for the in situ synthesis of GO/metal organic framework
(MOF) composites (Ni-BTC@GO) for supercapacitors with
excellent performance is presented in this study. For the synthesis
of the composites, 1,3,5-benzenetricarboxylic acid (BTC) is used
as an organic ligand due to its economic advantages. The optimum
amount of GO is determined by a comprehensive analysis of
morphological characteristics and electrochemical tests. 3D Ni-
BTC@GO composites show a similar spatial structure to that of
Ni-BTC, revealing that Ni-BTC could provide an effective
framework and avoid GO aggregation. The Ni-BTC@GO
composites have a more stable electrolyte−electrode interface
and an improved electron transfer route than pristine GO and Ni-BTC. The synergistic effects of GO dispersion and Ni-BTC
framework on electrochemical behavior are determined, where Ni-BTC@GO 2 achieves the best performance in energy storage
performance. Based on the results, the maximum specific capacitance is 1199 F/g at 1 A/g. Ni-BTC@GO 2 has an excellent cycling
stability of 84.47% after 5000 cycles at 10 A/g. Moreover, the assembled asymmetric capacitor exhibits an energy density of 40.89
Wh/kg at 800 W/kg, and it still remains at 24.44 Wh/kg at 7998 W/kg. This material is expected to contribute to the design of
excellent GO-based supercapacitor electrodes.

1. INTRODUCTION
Fossil fuels have been the primary source of energy for
economic growth since the industrial revolution.1 On the one
hand, utilization of large amounts of fossil fuels, however, has
led to serious ecological and environmental issues worldwide,
such as air pollution and photochemical smog. On the other
hand, as the world’s population continues to grow, the demand
for energy is increasing, which will inevitably cause an energy
crisis.1,2 Even in the Tibet region of China, which is known as
the third pole of the world, the same problem is faced. One
thing that should be noticed is that lots of energy resources,
including geothermal and solar energy, exist in the plateau
areas of China, such as Tibet, Xinjiang, and Inner Mongolia.
The conversion of these energy sources into electrical energy
and further application in electric vehicles, high-speed rail, and
various household electronic devices could be an ideal strategy
for pollution control and energy saving.3−7 Noteworthily,
benefiting from rapid charging/discharging speed, high density
of power, and long cycle life, supercapacitors are attracting
increasing research focus in energy storage systems.8−13 The
preparation of high-performance supercapacitors is highly
valued, which is crucial for the development of electrode
materials.14−19

Compared with traditional carbon materials, recent research
studies focus on the investigation of novel two-dimensional
materials as an electrode candidate, such as metal oxides,
conductive polymers, transition metal carbonitrides, etc.20−25

Particularly, the application of graphene and its derivatives in
supercapacitors has become a hot spot.26,27 Graphene oxide
(GO) has been proved to show excellent electrical
conductivity, water permeability, mechanical property, and
ultrahigh theoretical specific surface area. In addition, due to
the richness of oxygen-containing groups, GO could provide
enough active sites for the growth of the material while
initiating the Faradaic reaction of supercapacitors.28,29

Unfortunately, strong directional interactions lead to the
accumulation of graphene oxide, limiting active sites and
decreasing the specific surface area, thus creating a significant
barrier to the application of GO.30,31
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Metal−organic frameworks (MOFs) are classified as
periodic skeletal materials composed of transition metal
ions/clusters and organic moieties. Benefiting from the
adjustable pore sizes, diverse structures, and large specific
surface area, MOFs are widely used in fields of hydrogen
storage, ionic batteries, catalysis, gas adsorption/separation,
and supercapacitors.31−35 Xiao et al. synthesized a nickel-based
metal−organic framework (Ni2(OH)2(C8H4O4)) with a
hierarchical microblock structure and used it as the electrode
of a supercapacitor, which displayed a specific capacitance of
631 C/g at a current density of 1 A/g.36 Kale et al. prepared
nanoflower-like Ni-MOF and obtained a high specific capacity
(Cs) of 467 C/g at 1 A/g.37 Gao et al. synthesized Ni-MOF
and verified a specific capacitance of 804 F/g at 1 A/g.35

Although a satisfactory specific capacity of Ni-based MOFs is
obtained, most of them have poor conductivity, severely
limiting actual application as supercapacitors.
To repair the poor electrical conductivity of MOF-based

materials, multifunctional MOF heterojunctions are proposed
through the synergistic interaction between individual func-
tional units.38 To prepare high-performance supercapacitor
electrodes, Hong et al. synthesized Ni-Co-MOF/GO compo-
sites, whose maximum specific capacitance was 447.2 F/g at a
current density of 1 A/g.39 2D/2D NiCo-MOFs/GO
composite nanosheets have a specific capacitance of 413.61
C/g at a current density of 0.5 A/g.40 Qu et al. synthesized Ni-
MOF/Ti3C2Tx nanosheets for supercapacitor electrodes,
whose specific capacitance is 867.3 F/g at 1 A/g.41 A
synergistic effect between Ni-MOF and GO on electro-
chemical performance is observed and proposed.39,42 The
presence of GO can solve the issue of poor electrical
conductivity of MOFs, while the composites formed by
MOFs and GO can reduce or even eliminate the strong
directional force between GO and thus prevent the aggregation

of GO. The inherent synergistic mechanism and structural
optimization of these hybrid materials, however, are still vague
so far.39−41,43

This paper reports a facile method to prepare Ni-MOF@GO
composites to meet the demand for supercapacitors with high
performance. 1,3,5-Benzenetricarboxylic acid (H3BTC) is
chosen as the economical organic ligand and nickel nitrate as
the metal salt for the in situ synthesis of Ni-BTC@GO
composites together with GO. The ultimate goal of this study
is to prepare electrode materials with extremely good electron
and charge transport characteristics by means of characterizing
the morphology of the composites and analyzing their
electrochemical properties. Meanwhile, the mechanism by
which the composite structured materials increase in
conductivity and specific capacitance relative to Ni-BTC itself,
as well as the influence of the ratio of Ni-BTC and GO on the
specific capacitance of composite structured materials, is also
fully investigated.

2. EXPERIMENTAL SECTION
2.1. Synthesis of GO. For preparing GO, the modified

Hummer’s strategy was used,44 and the detailed steps are
shown in the Supporting Information.

2.2. Synthesis of Ni-BTC. Ni-BTC was prepared in
accordance with previously published procedures.45 Ni(NO3)2·
6H2O (912 mg), 1,3,5-trimesic acid (BTC) (435 mg), and 2-
methyl-imidazole (117 mg) were sonicated for 30 min in 31.8
mL of DMF. The solution was baked at 170 °C for 48 h in a
Teflon-lined autoclave. The crystals were first obtained after
being naturally cooled, filtered, washed with DMF and ethanol;
after that, drying at 80 °C was processed for 24 h.

2.3. Synthesis of Ni-BTC@GO. Ni-BTC@GO composites
are prepared according to Figure 1. GO sheets (0, 10, 20, and
40 mg) in 31.8 mL of DMF were sonicated for 30 min to

Figure 1. Preparation process of the Ni-BTC@GO composites.

Figure 2. (a) XRD patterns of GO, Ni-BTC, and Ni-BTC@GO composites; (b) FT-IR spectra of GO, Ni-BTC, and Ni-BTC@GO composites.
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obtain GO that is uniformly distributed, followed by addition
of 1,3,5-trimesic acid (BTC) (435 mg), Ni(NO3)2·6H2O (912
mg), and 2-methyl-imidazole (117 mg). The blend was
obtained using the same strategy described in Section 2.2.
Series hybrid materials were prepared by adjusting the GO
dosage (0, 0.01, 0.02, and 0.04 g of GO), which are denoted as
Ni-BTC@GO 0, 1, 2, and 4, respectively.

3. RESULTS AND DISCUSSION
3.1. Morphological Characterization. Figure 2a depicts

the XRD results of GO, Ni-BTC, Ni-BTC@GO 1, Ni-BTC@
GO 2, and Ni-BTC@GO 4. The (001) reflection of GO
corresponds to the peak at 2θ = 10.1°.46 Characteristic peaks
of Ni-BTC are in complete agreement with the literature.45

The characteristic peak of GO disappears in the XRD patterns
of Ni-BTC@GO composites, which may result from the

following: (i) The greater randomness of GO dispersion on the
Ni-BTC surface decreases the aggregation state and orderliness
of lamellar GO. (ii) Relatively low GO dosage results in its
inconspicuous characteristic peak. To detect the existence of
GO in Ni-BTC@GO, the Ni-BTC@GO 2 composites have
been ground to completely break the Ni-BTC crystal, and then
XRD characterization of the ground composite materials is
conducted again; as shown in Figure S1, it can be clearly
observed that the characteristic peak of GO appears. This is a
strong proof of the existence of GO in Ni-BTC@GO. In the
XRD pattern of Ni-BTC@GO 4, the characteristic peak of Ni-
BTC becomes less obvious, which is caused by the fact that the
excess GO destroys the crystallinity of Ni-BTC.47 Moreover,
the higher peak intensity of Ni-BTC@GO 2 is due to the
smaller effect of GO sheets on the crystallinity of Ni-BTC,
which could be further observed by SEM and TEM images.

Figure 3. (a−d) SEM images of Ni-BTC@GO 0, 1, 2, and 4; (e−h) EDS mapping of Ni-BTC@GO.
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FT-IR has been used as a powerful tool to characterize the
structure of Ni-BTC and Ni-BTC@GO (Figure 2b). The peak
at 3408 cm−1 is derived from −OH groups.45 Interactions
between GO and Ni-BTC are verified by the slight shift of the
C�O stretching mode and ester groups (from 1724 and 1619
cm−1 to 1620 and 1555 cm−1).47 From the spectrum diagram
of Ni-BTC@GO composites, C−H stretching and asymmetric
bending are observed at 1435 cm−1. Strong absorption bands
attributed to the bound C−O group occur at 1435 and 1362
cm−1, indicating that the BTC is coordinated with Ni.45 An
O−H absorption peak at 3416 cm−1 reveals that some carboxyl
groups are not fully deprotonated, which accounts for some
free carboxylates. Finally, the peak at 1637 cm−1 confirms the
coordination of Ni with −COO− moieties.39,46

To further characterize the morphology of the as-prepared
composites visually, SEM images are shown in Figure 3. Ni-
BTC crystals are uniform octahedral particles with smooth
surfaces, the dimensions of which are about 5 μm (Figure
3a).48 Compared with Ni-BTC, the Ni-BTC@GO materials
show similar morphology to Ni-BTC, suggesting the negligible
effect of GO on the structure of Ni-BTC. The composites
exhibit different phase transitions with significantly rougher
surfaces (Figure 3b−d). In addition, the surface of the
composites can be clearly observed to be covered with layered
materials, and its morphology is consistent with the SEM
image of GO (Figure S2). The EDS mapping of Ni-BTC@GO
2 also shows that the C element is uniformly distributed on the
surface of the composite (Figure 3f). All these can prove the
successful composite of GO and Ni-BTC. At lower GO dosage,
it can be clearly seen that GO sheets intermittently disperse on
the surface of Ni-BTC, and the sheets could not cover the
whole octahedral structure (Figure 3b). A moderate amount of
GO can be uniformly dispersed on the surface of Ni-BTC
crystals and firmly anchored on it (Figure 3c). Ni-BTC crystals
contribute to disorder GO dispersion and effectively solve the
problem of GO aggregation (Figure 3b,c). As shown by the
EDS mapping of Ni-BTC@GO 2 (Figure 3e−h), the elements
C, O, and Ni are uniformly dispersed over the surface of Ni-
BTC, demonstrating that GO has been successfully dispersed.

In addition, the existence of Ni demonstrates that GO is
partially covered on the particle surface, which can (i)
effectively increase the contact area between the electrode
and the electrolyte and (ii) shorten the diffusion path of ions
and preserve the active site of Ni2+ during the electrochemical
test. However, high GO dosage in Ni-BTC@GO 4 results in
GO aggregation on Ni-BTC, leading to a defective
morphology. When compared to Ni-BTC, Ni-BTC@GO 4
has a similar octahedral structure but visible crystal defects.
The size of Ni-BTC@GO 4 nanoparticles is similar, but fewer
active sites are exposed than Ni-BTC@GO 1 and Ni-BTC@
GO 2. GO intervention not only limits the growth of MOF
nuclei but also results in GO agglomeration.47 From the SEM
images of Ni-BTC@GO composites, it can be concluded that
the GO sheet gradually covers the whole surface of Ni-BTC
uniformly with the increase in GO dosage. As flexibility is one
of the main characteristics of GO sheets, surplus GO may
cause the incorporation between GO sheets and the Ni-BTC
surface; as a result, Ni-BTC@GO 4 has a similar crystal
structure to Ni-BTC. Results from SEM images are consistent
with XRD.
After being decorated with GO sheets, a lower N2 uptake

amount is obtained on Ni-BTC@GO 2 than the pristine Ni-
BTC (Figure S3), indicating that the coverage of GO would
hinder the surface porosity of Ni-BTC,49 resulting in the
decreased surface area of the resultant composites, which is
consistent with the results of SEM images. Moreover, the
successful preparation of Ni-BTC@GO hybrid composites is
proved by the lower surface area of Ni-BTC@GO 2 than Ni-
BTC.
The morphology of the GO, Ni-BTC, and Ni-BTC@GO 2

composites was further characterized by TEM. It can be
observed that GO presents an irregular nanosheet layer
structure, and the sheets are stacked together in disorder
(Figure S4a). Meanwhile, Ni-BTC has a regular octahedral
structure (Figure S4b), which is consistent with that observed
in the SEM image. Through the TEM image of Ni-BTC@GO
2 (Figure S4c), it can be observed that in the composite
material, the addition of GO did not influence the structure of

Figure 4. XPS survey spectra of (a) Ni-BTC and (b) Ni-BTC@GO 2 and C1s (c, d), O1s (e, f), and Ni2p (g, h) of Ni-BTC and Ni-BTC@GO 2,
respectively.
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Ni-BTC, and the presence of Ni-BTC also made GO
uniformly dispersed into single-layer sheets again and attached
to the surface of Ni-BTC.
The thermostability and actual amount of GO in Ni-BTC@

GO 2 could be evaluated by TG-DTG curves (Figure S5). The
pristine GO suffers an apparent loss near 100 °C due to the
loss of adsorbed water. Subsequently, the major mass loss of
GO at about 200 °C accompanied by a vigorous release of gas
is attributed to CO, CO2, and steam release from labile
functional groups. When the temperature is higher than 400
°C, the weight residue of pure GO is approximately 0%.50 The
Ni-BTC@GO composite shows almost the same trend as Ni-
BTC, containing the desorption process of absorbed water
(within 150 °C) and decomposition of the organic ligand
(around 400 °C).46 Notably, relatively lesser residues (i.e., Ni
derivatives) of Ni-BTC@GO (17.9%) are observed than Ni-
BTC (19.9%), which may be due to the additional weight
losses of GO. According to the weight residues and relative Ni
contents in Ni-BTC and the composite, it can be calculated
that the actual loading of GO is approximately 10 wt % in the
sample of Ni-BTC@GO 2.
XPS survey spectra of Ni-BTC and Ni-BTC@GO

composites are depicted in Figure 4 and Figure S6. The
binding states of C, O, and Ni elements are evaluated by
deconvoluting the C1s, O1s, and Ni2p. The existence of O−
C�O and C�C (derived from the organic ligand) in Ni-BTC
is verified by the peaks at binding energies of 287.00 and
283.86 eV, respectively (Figure 4c).51 The high-resolution O1s
spectrum represents two dominant peaks at 532.17 and 530.50
eV, which are in line with C�O and metal−O bonds (Figure
4e).52 In the Ni2p spectrum of Ni-BTC (Figure 4e), peaks at
877.80 and 860.23 (855.17) eV are assigned to Ni3+ and Ni2+,

respectively.53 After being decorated with GO sheets, obvious
shifts of C1s, O1s, and Ni2p peaks are obtained in the spectra
of Ni-BTC@GO composites. Due to the existence of C and O
elements in the raw GO sheet, the shift of C1s and O1s may
result from the adulteration process. Compared with the Ni2p
spectrum in the pristine Ni-BTC, a decreased binding energy
of Ni2p1 (877.68, 877.77, and 877.66 eV in Ni-BTC@GO 1,
2, and 4, respectively) and increased binding energy of Ni2p3
(860.57 (855.35), 860.36 (855.31), and 860.55 (855.34) eV in
Ni-BTC@GO 1, 2, and 4, respectively) are observed. Shifts of
these binding energies indicate that the attachment of GO
sheets on the surface of Ni-BTC is mainly in the manner of
chemical bonding, instead of physical adsorption, which
verifies the great stability of the as-prepared composites.
Notably, compared with Ni-BTC@GO 1 and Ni-BTC@GO 4,
Ni-BTC@GO 2 shows the most minute shift of binding energy
in Ni2p, validating its stably morphologically retained property
under the GO dosage of 0.02 g.

3.2. Electrochemical Analysis. CV (cyclic voltammetry)
and GCD (galvanostatic charge−discharge) tests via a three-
electrode system in an electrolyte of 3 M KOH were
conducted to evaluate the electrochemical capacitance
performances. The specific capacitance of GO was tested to
be 180 F/g (Figure S7). Distinct redox peaks are observed
instead of rectangular shapes in Figure 5a, indicating their
typical pseudocapacitive behavior based on the reversible
Faraday reaction of Ni2+ in electrolyte solution. The higher
peak current of Ni-BTC@GO 2 is obtained compared to other
electrodes, demonstrating that Ni-BTC@GO 2 has signifi-
cantly enhanced electrochemical activity.54,55 The integral area
of the CV curve can directly reflect the capacitance
performance. The order of the integrated area of the CV

Figure 5. (a) CV curves of Ni-BTC and Ni-BTC@GO composites at 2 mV/s, (b) GCD curves of Ni-BTC and Ni-BTC@GO composites at 1 A/g,
(c) CV curves of Ni-BTC@GO 2 at 2−100 mV/s, and (d) GCD curves of Ni-BTC@GO 2 at 1−20 A/g.
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curves of these four electrodes is Ni-BTC < Ni-BTC@GO 1 <
Ni-BTC@GO 4 < Ni-BTC@GO 2 (Figure 5a), which at the
same time represents the order of their specific capacitance.
This fact can also be demonstrated by the GCD curves at 1 A/
g as shown in Figure 5b, where Ni-BTC@GO 2 has the longest
charge/discharge time. Moreover, all GCD curves have
obvious charging and discharging plateaus, again demonstrat-
ing their typical pseudocapacitive behavior. The specific
capacitance can be calculated from the GCD curves by using
eq S1.56 The specific capacitances of Ni-BTC, Ni-BTC@GO 1,
Ni-BTC@GO 2, and Ni-BTC@GO 4 are 625.6, 691.6, 1199,
and 945.4 F/g, respectively. GO sheets on the surface can
significantly improve the conductivity of Ni-BTC, reducing the
ion transport path and increasing the specific capacitance. As
the amount of GO increases, the charging and discharging time
is first increasing followed by decreasing, which reveals that the
GO dosage is unsaturated in Ni-BTC@GO 10, resulting in its
weaker conductivity and specific capacitance than Ni-BTC@
GO 20.
Excess GO dosage in Ni-BTC@GO 40, however, would lead

to deteriorated GO aggregation and repressed conductivity
performance, which are consistent with the results from SEM
images. As shown in the SEM images, it can be observed that
among Ni-BTC@GO 1, 2, and 4, the lamellar GO is tightly
adhered to the surface of the octahedral Ni-BTC. In particular,
in Ni-BTC@GO 2, the GO sheets are uniformly distributed on
the Ni-BTC surface, while the excessive GO in Ni-BTC@GO
4 accumulates on the surface of the MOF, which may block the
Ni ion transport path and, at the same time, hinder the contact
between the MOF and the electrolyte. The charging/
discharging behavior and capacitive behavior of the composite
electrode are related to the synergistic effect of Ni-BTC and
GO. GO can increase the conductivity of the composites and
provide enough embedding/dis-embedding space of OH−,
while Ni-BTC can provide a uniform rigid framework for GO
adhesion and reduce the aggregation of GO.
CV curves of Ni-BTC@GO 2 are shown in Figure 5c (the

CV curves of other materials are shown in Figures S8a, S9a,
and S10a; scan rates ranging from 2 to 100 mV/s). Ni-BTC@
GO 2 shows more notable redox peaks, demonstrating a
substantial increment in capacitance. The presence of redox
peaks can be observed in the diagram, which indicates that the
capacitance is actually a pseudocapacitance that is caused by
the redox mechanism. Nickel-based MOFs (Ni-MOFs) for

supercapacitor applications are due to their ability to produce
extremely high theoretical specific capacitance because they
not only have a porous structure but also ample active sites
that enhance the transfer of ions and variable oxidation state
(Ni2+ and Ni3+).57 On the one hand, the electrochemical
performance of the pristine Ni-BTC has been reported
previously.58 Peaks in the CV curve are mainly ascribed to
the intercalation and desorption of OH− ions between MOF
spheres during the reaction, where the metal nickel ion inside
the MOF framework promotes the Faradaic redox reaction on
the electrode/electrolyte interfaces.59,60 On the other hand,
due to the nonconductive character of GO, a composite
surface covered by GO sheets is difficult for the electrostatic
adsorption of charged species. Enhancement of the electro-
chemical property is due to the properties of GO in providing
homogeneous product particles of desirable size and
distribution. Benefiting from the addition of GO sheets, a
larger surface area and higher accessibility of electrolyte ions
are obtained.61 As shown in the CV curves of Ni-BTC@GO
composites (Figure 5 and Figures S9 and S10 in the paper),
Ni-BTC@GO composites show similar redox peaks to the
pristine Ni-BTC, indicating their similar pseudocapacitance
mechanism to supercapacitor electrodes. A synergistic effect
between Ni-BTC and GO sheets is obtained, indicating the
effective role of GO sheets in the structural improvement of
Ni-BTC by increasing the contact area between the electrode
and the electrolyte, as well as shortening the diffusion path of
ions and preserving the activate sites of Ni ions during the
electrochemical test.
Due to the hysteresis kinetics of charge transfer caused by

electrode polarization, the oxidation peaks of Ni-BTC@GO 2
move toward higher potentials and the reduction peaks are
shifted to the lower voltage with the increase in scan rates.55

Moreover, the shape of the CV curves remains consistent with
increasing scan rate, which means that the Ni-BTC@GO 2
electrode has not only exceptional rate properties but also
excellent cyclability. The GCD values of Ni-BTC@GO 2 were
measured when the current density equals 1−20 A/g (Figure
5d) (GCD curves of other materials are displayed in Figures
S2b, S3b, and S4b). Typical pseudocapacitive behavior is
demonstrated by the apparent potential platform between 0
and 0.5 V in the GCD curves of Ni-BTC@GO 2. Ni-BTC@
GO 2 shows good Coulombic efficiency, which could be
indicated from the curves’ symmetrical structure during the

Table 1. Comparison of the Electrochemical Performance of Similar MOF@GO Composites Reported in the Literature

material capacitance rate capacitance cycling performance electrolyte reference

Ni−Co−Cu−O 917.3 mF/cm2 <42%
(10−50 mA/cm2)

83% retention after 2500 cycles 1 M KOH 62

G-NiS 409.2 F/g at 5 A/g 73.4% (5−20 A/g) 98.1% retention after 1000 cycles 3 M KOH 63
Co0.4Ni1.6P 330 F/g at 1 A/g 22.7% (1−10 A/g) 96% retention after 5000 cycles at 1 A/g NA 64
spike-piece-structured Ni(OH)2 interlayer
nanoplates

2.83 F/cm2 at
6 mA/cm2

64.3%
(6−24 mA/cm2)

51.5% retention after 3000 cycles at
24 mA/cm2

2 M KOH 65

Ni-MOF (H2BDC, triethylenediamine) 804 F/g at 1 A/g 66% (1−10 A/g) 37.5% retention after 5000 cycles at
10 A/g

2 M KOH 35

nanoflower-like Ni-MOF (2-MeIm) 849 F/g at 1 A/g 66.4% (1−10 A/g) 83% retention after 5000 cycles at 5 A/g 6 M KOH 37
Ni-Co-MOF (2-MeIm)/GO 447.2 F/g at 1 A/g 61% (1−5 A/g) 99.6% retention after 300 cycles at 1 A/g 6 M KOH 39
2D/2D NiCo-MOF (PTA, TEA)/GO 413.61 C/g at 0.5 A/g 69.29% (1−20 A/g) NA 2 M KOH 40
Ni-MOF (p-phthalic acid)/Ti3C2Tx 867.3 F/g at 1 A/g 64.4% (1−20 A/g) 87.1% retention after 5000 cycles at

5 A/g
2 M KOH 41

q-2D-MOF (H3BTC)/rGO 292 F/g at 1 A/g NA >100% after 1000 cycles 1 M
H2SO4

46

Ni-BTC (H3BTC, 2-MeIm)@GO 1199 F/g at 1 A/g 68% 84.47% retention after 5000 cycles at
10 A/g

3 M KOH this
work
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rapid charge−discharge procedure. Specific capacitances
obtained for Ni-BTC@GO 2 are 1199, 1058.6, 1000.8, 927,
815, and 676 F/g at 1, 2, 3, 5, 10, and 20 A/g, respectively. The
specific capacitance of 1199 F/g at a current density of 1 A/g is
the highest value compared with similar MOF@GO
composites (Table 1).35,37,39−41,46,62−65

The specific capacitances at different current densities are
illustrated in Figure 6a and Figure S10. The specific
capacitances of Ni-BTC, Ni-BTC@GO 1, Ni-BTC@GO 2,
and Ni-BTC@GO 4 are 354, 378, 815, and 621 F/g,
respectively, at a current density of 10 A/g. As a result, these
values indicate capacity retention values of 56.6, 54.7, 68.0, and
65.7%, respectively, compared to capacities of 625.6, 691.6,
1199, and 945.4 F/g at a current density of 1 A/g. The Ni-
BTC@GO 2 electrode retains 56.4% of the capacity when the
value of current density reaches 20 A/g, which means that the
samples as-prepared at high current densities exhibit excellent
electron mobility and ion diffusion. The rate performance of
the Ni-BTC@GO 2 composite is better than that of other Ni-
based materials and Ni@GO composites (Table 1). Figure 6b
indicates the specific capacitance of the Ni-BTC@GO hybrid
supercapacitor electrode versus the amount of GO, which is
also affected by the amount of the Ni element. The GO
amount and Ni elements in Ni-BTC@GO could affect the
supercapacitor performance mainly from two aspects: (i)
tuning the composite structure and morphology and (ii)
influencing the amount of Ni active sites of pseudocapacitance.
The Ni-BTC@GO 2 electrode exhibits the best charge and
discharge duration and the maximum specific capacitance. A
decrement of device performance is obtained in Ni-BTC@GO
4.
The frequency range of 0.01−100 kHz is tested for

electrochemical impedance spectroscopy (EIS) data, and

Nyquist plots are shown in Figure 6c. The Nyquist plot
includes semicircles and lines, which are located in high-
frequency and low-frequency regions. Lines represent ion
diffusion, which corresponds to the Warburg resistance (Zw).
The higher the line slope, the smaller the Zw value. The slope
of Ni-BTC@GO 2 is significantly higher than that of Ni-BTC.
A schematic of the equivalent analog circuit with the materials
is included in Figure 6c. According to the simulation results,
the bulk electrolyte solution resistance (Rs) values of Ni-BTC
and Ni-BTC@GO 2 are 0.6602 Ω and 0.7911 Ω, respectively.
The semicircle diameter in the high-frequency region reveals
charge transfer resistance (Rct) induced by the redox behavior.
Ni-BTC@GO 2 has the smallest semicircle diameter. The
values of Rct of Ni-BTC and Ni-BTC@GO 2 are 7.649 Ω and
7.065 Ω, and the corresponding electrical conductivities of Ni-
BTC and Ni-BTC@GO 2 are 0.131 and 0.142 S/m,
respectively. CPE represents the fixed-phase element of the
equivalent circuit.55,66,67 In summary, Ni-BTC@GO 2 exhibits
high-performance impedance characteristics where the OH−

ions in the electrolyte own faster diffusion capacity to the
electrode surface. A simulated equivalent circuit can be
obtained, and its main parameters (as shown in Table 2) are
derived through numerical fitting.68

Figure 6. (a) Specific capacitance at various current densities of Ni-BTC and Ni-BTC@GO 2, (b) dependence of specific capacitance on the mass
of GO at a current density of 1 A/g, (c) electrochemical impedance spectroscopy (EIS) of Ni-BTC and Ni-BTC@GO 2 in the frequency range of
0.01 Hz to 100 kHz, and (d) cycling performance of Ni-BTC and Ni-BTC@GO 2 at a current density of 1 A/g in 3 M KOH electrolyte.

Table 2. Equivalent Circuit Parameters Obtained from EIS
Plots of Ni-BTC and Ni-BTC@GO 2

Rs (Ω) Rct (Ω)

Ni-BTC 0.7911 7.649
error (%) 1.5072 16.607
Ni-BTC@GO 2 0.6602 7.065
error (%) 1.8552 16.609
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To clarify the decay of the performance of the synthesized
composites after multiple charge/discharge measurements, Ni-
BTC@GO 2 has a cycling stability of 84.47% after 5000 cycles
at 10 A/g (in the potential range of 0−0.5 V) as shown in
Figure 5d. Fluctuations are observed at the beginning of the
cycle, mainly because the materials are still in the activation
stage. However, in the latter part of the cycle, these curves
stabilize as the materials are fully activated. Finally, the capacity
retention values of Ni-BTC and Ni-BTC@GO 2 are 81 and
89%, respectively, demonstrating that the Ni-BTC@GO 2
composite electrode has better stability than the Ni-BTC
electrode and other Ni-based materials (Table 1). The
excellent performance of Ni-BTC@GO 2 indicates that
appropriate GO addition is important in the material
performance. The most intuitive manifestation of different
GO loadings is the variation in the surface as well as the
structure of the material, which plays important roles in the
electron transfer trajectory and speed, as well as the adequacy
of electrolyte contact with the material. Due to the

functionalization of MOF with GO, the process of the
insertion and de-insertion of OH− leads to the reduction of
the volume change of MOF, which improves the cycling
performance of hybrid materials.
An ASC was fabricated by the Ni-BTC@GO 2 composite as

a positive electrode to further evaluate its electrochemical
properties. In this two-electrode cell, active C was used as the
counter electrode and a 3 M KOH aqueous solution as the
electrolyte. The CV window for active C is in the potential
range of −1.0 to 0 V, while for the Ni-BTC@GO 2 composite,
it is 0−0.6 V. For the as-fabricated ASC, the working window
is chosen according to the CV curves measured at 50 mV/s
(Figure 7b). This shows that the CV curve of the ASC
managed to keep similar shapes within the voltage window of
0−1.6 V, which was selected as the testing voltage window for
subsequent measurements. Figure 7c shows the CV curves of
the ASC at different scan rates from 2 to 100 mV/s. There was
no observable distortion, indicating excellent rate capability.
This result coincided well with the GCD measurements. The

Figure 7. (a) CV windows for active C and Ni-BTC@GO 2 measured at 50 mV/s, (b) different operation windows measured at 50 mV/s, (c) CV
curves at different scan rates, (d) GCD curves at different current densities, (e) Ragone plots of the ASC Ni-BTC@GO 2//AC compared with
other works,69−72 and (f) cycling performance at 10 A/g for 10,000 cycles.
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calculated capacities from the GCD curves showed a maximum
energy density of 42.89 Wh/kg at a power density of 800 W/kg
and held up to an energy density of 24.44 Wh/kg even at a
power density as high as 7998 W/kg. To evaluate the
electrochemical performance of the as-fabricated ASC, a
comparison was made with a few recently reported analogues
(Figure 7e). Ni-BTC@GO 2//AC exhibited properties
superior to those of reported composites, such as NiCo-
LDH@MOF//AC, NiCo-LDH//AC, Ni-Co LDH//AC,
NiCo-LDH/10//CNT, and ZIF-67-LDH−CNP-110//AC.
Last but not least, the cycling performance of Ni-BTC@GO
2//AC was assessed with 10,000 GCD cycles and 70%
capacitance retention was achieved, indicating an outstanding
stability.

4. CONCLUSIONS
In this study, enhancement of charge capacitance of Ni-BTC
and avoidance of GO aggregation could be solved by the in
situ synthesis of Ni-BTC@GO heterostructures, which
proposes an effective strategy for the fabrication of high-
performance supercapacitor electrodes. The 3D structure of
Ni-BTC provides a rigid framework for 2D GO dispersion,
reaching a synergistic effect on the electrochemical perform-
ances of the resultant nanostructured heterostructures. The Ni-
BTC@GO heterostructure is superior to Ni-BTC in aspects of
steric hindrance, electron transport, and ion diffusion rate.
Specific capacitances of Ni-BTC, Ni-BTC@GO 1, Ni-BTC@
GO 2, and Ni-BTC@GO 4 are 625.6, 691.6, 1199, and 945.4
F/g, respectively. The highest specific capacitance of Ni-
BTC@GO 2 is obtained compared with reported MOF@GO
composites. Notably, Ni-BTC@GO 2 owns satisfactory cycling
performance, which retains 84.47% of the initial capacity
compared to 75.81% for Ni-BTC even after 5000 cycles. The
Ni-BTC@GO composite electrode material owns the capacity
of both the mechanical strength and functional groups of GO
and the 3D stereo structure of MOF. Greater GO dispersion
that benefited from the rigid framework effect of Ni-BTC
contributes to the trajectory and speed of electron transfer and
the adequacy of electrolyte contact with the material during
the electrochemical experiments. Moreover, the assembled
asymmetric capacitor exhibits an energy density of 40.89 Wh/
kg at 800 W/kg, and it still remains at 24.44 Wh/kg at 7998
W/kg. This work not only introduces an excellent electrode
material for high-performance supercapacitors but also
provides new insights for the fabrication of hybrid nano-
composites to enhance the conductivity performance in the
future.
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