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Abstract

In this study, a nanocube of zeolitic imidazolate framework-67 (ZIF-67) was prepared by blending cobalt nitrate hexahydrate and
2-methylimidazole together in aqueous solutions containing hexadecyltrimethylammonium bromide (CTAB). Then, grapheme
oxide (GO) wrapped ZIF-67 nanocomposites (ZIF-67/GO-n) were prepared by one-pot stirring method at room temperature. The
morphology and microstructure of ZIF-67 and its GO nanocomposites were investigated by Raman spectra, X-ray diffraction
(XRD), scanning electron microscopy (SEM), and Brunauer-Emmett-Teller (BET) specific surface area analysis.
Electrochemical capacitance properties of all samples were characterized by cyclic voltammetry and chronopotentiometry,
respectively. The results demonstrated that the content of GO used during synthesis process affected the specific capacity of
nanocomposites while they were constructed as supercapacitor electrode. Compared with pure GO and ZIF-67 nanocubes, ZIF-
67/GO-n composites had better specific capacitance. While the concentration of GO was 2 wt% based on their initial total mass of
two reactants, ZIF-67/GO-2 composite presents a specific capacitance of 100.41 F g ™! at a sweep rate of 5 mV s . The good
electrochemical performance of ZIF-67/GO-n composite may be credited to large BET surface area of ZIF-67 nanocubes and
good conductivity of GO, and thus is expected to become a potential electrode material for supercapacitors.
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Introduction mechanisms, SCs can be divided into electrical-double-

layer capacitors (EDLCs) and pseudo-capacitors [3, 4].

It is of high important to exploit renewable energy sources
and sustainable storage technologies because of the fast
depletion of fossil fuels and the associated environmental
pollution resulting from the burning. Supercapacitors
(SCs), as one of the promising energy storage devices,
have attracted considerable focus thanks to their outstand-
ing features, such as high power density, ultrafast charge/
discharge rate, good cycle stability, and environmental
friendly [1, 2]. According to the electrochemical storage
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EDLCs usually use carbon materials with high surface
and good electric conductivity to store energy by electro-
static accumulation at the interface of carbon material on
substrate and electrolyte. Pseudo-capacitors exploit near-
surface oxidation-reduction of electrochemically active
materials such as transition metal oxide [5, 6], conductive
polymers [7, 8], and metal coordination compounds [9,
10]. Ordinarily, EDLCs can provide long cycle life, high
charge/discharge rate, but low capacitance, while pseudo-
capacitors possess high capacity, enhanced energy density
but relatively poor circling life and rate performance [11,
12]. SCs have exhibited important application value in
electric vehicles, backup power storage, aerospace sys-
tems, etc. [13, 14], of which the performance is chiefly
depended on the electrode materials. Therefore, how to
develop high performance electrode materials has and will
become the focus of study in the field of SCs [15, 16].
Metal organic frameworks (MOFs), synthesized via the
interconnection of metal ion nodes and organic linkers in suit-
able solvent, have attracted intense interest during the past
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10 years owing to their high porosity, high surface area, and a
tunable chemical property [17, 18]. With these versatile prop-
erties, MOFs have been extensively studied for gas storage
and separation [19], sensors [17], catalysis [20], drug delivery
[21], and energy storage and conversion [22-24]. In principle,
the oxidation-reduction of metal ions provide an electronic
channel, while the linker facilitate charge transfer in the frame-
work [25]. However, most MOFs or MOF-derived materials
exhibit poor conductivity and bad cycling stability in the pro-
cess of charge/discharge, which restricts their application in
SCs [26]. The introduction of some conductive materials such
as carbon nano-tubes and graphene [10, 24, 27] improves the
electrochemical performance of composites.

In this work, zeolitic imidazolate framework (ZIF-67)
nanocubes, a subclass of MOFs, werw easily synthesized
by assembling cobalt ions and 2-methylimidazole ligands
in the presence of surfactant hexadecyltrimethylammonium
bromide (CTAB). Subsequently, grapheme oxide (GO)-
wrapped ZIF-67 nanocomposites (ZIF-67/GO) were synthe-
sized by one-step stirring method at room temperature. The
properties of synthesized materials were studied by Raman,
XRD, SEM, and BET. When synthesized materials were
utilized as electrodes for SCs, ZIF-67/GO nanocomposites
exhibit enhanced specific capacitance and high cycling sta-
bility compared to single ZIF-67 and single GO. The test
results show that the addition of a certain amount of GO can
greatly improve the electrochemical performance of ZIF-67/
GO composites as electrodes for SCs. Here, in comparison
with the previous similar works in the literature, the uniform
size and regular shape of ZIF-67 nanocubes wrapped by GO
sheets was prepared by a simple method at room tempera-
ture in our work, which provide a new choice as the elec-
trode material for supercapacitors.
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Materials and methods
Preparation of graphene oxide

Graphene oxide was prepared according to the Hummer’s
method [28] with modification. Briefly, 2.0 g graphite
(Aladdin, 99.99%) and 1.0 g sodium nitrate (Sinopharm, an-
alytical grade) were mixed into 46 ml sulfuric acid
(Sinopharm, analytical grade) at 0 °C of ice-water bath with
mechanical agitation for 10 min. After adding 6.0 g potassium
permanganate (Sinopharm, analytical grade) into the above
solution, the mixture was kept stirring for 30 min at 35 °C.
Then, 100 ml redistilled water was added little by little until
the temperature was up to 98 °C and kept for 20 min. Finally,
the mixed solution including 260 ml redistilled water and
20 ml hydrogen peroxide (Sinopharm, 30%) was added at
98 °C for 20 min. The oxidized solution was washed using
5% hydrochloric acid and redistilled water several times. The
yellow brown GO was obtained with centrifugation of
10,000 rpm for 10 min. After freeze-drying for 3 days, the
GO powder was obtained.

Preparation of ZIF-67 nanocubes

The nanocubes of ZIF-67 were easily obtained when mixing
cobalt nitrate hexahydrate (Sinopharm, analytical grade) and
2-methylimidazole (Aladdin, 99%) in aqueous solutions in-
cluding CTAB (Sinopharm, >99%), as described in the pre-
vious report [29]. First, 58 mg cobalt nitrate hexahydrate was
dissolved in 2 ml redistilled water containing 1 mg of CTAB;
908 mg 2-methylimidazole was dissolved in 14 ml redistilled
water. Then, mixing these two solutions and then vigorously
stirring them at an ambient temperature, the purple

E—
Stirred
20 min

Scheme 1 Schematic illustration of the synthesis process of GO wrapped ZIF-67 nanocubes (ZIF-67/GO composite)
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Fig. 1 Raman spectra of graphite (a) and graphene oxide (b)

precipitates were collected by centrifuging (10,000 rpm,
10 min) and followed by washing at least three times with
water and methanol respectively. Finally, ZIF-67 nanocubes
were dried at 80 °C for 4 h for ready to use.

In situ preparation of ZIF-67/GO-n composites

The synthesis route of ZIF-67/GO-n composites is similar to
that of ZIF-67 nanocubes. Before the fabrication of ZIF-67/
GO, a certain concentration of GO aqueous suspension was
first prepared with the assistance of ultrasonication. Then, the
GO suspension was added into the pre-mixed solution con-
taining 58 mg cobalt nitrate hexahydrate, 908 mg 2-
methylimidazole, and 1 mg CTAB, and rapidly agitated for
20 min at room temperature. The final black products were
labeled as ZIF-67/GO-n, where n=1, 2, and 3 represent
1 wt%, 2 wt%, and 3 wt% GO added based on their initial
total mass of Co(NOs3),-6H,0 and 2-methylimidazole during
the synthesis process, indicated as GO-1, GO-2, and GO-3.
The in situ synthesis process of ZIF-67/GO composites was
schematically illustrated in Scheme 1.

Material characterization

The morphology of prepared materials was investigated by
field emission scanning electron microscopy (FE-SEM,
SU8000, Hitachi, Japan) with an operating voltage of
10.0 kV. The crystal structures of these materials were deter-
mined with an X-ray diffractometer (XRD, X’ pert powder
PANalytical, Netherlands) with Cu K, radiation (A=
1.5410 nm) over the 26 range of 5-90° at 40 kV, 40 mA. N,
adsorption-desorption isotherms were recorded with a surface
area and porosity analyzer (Micromeritics 2020, ASAP, USA)
at the temperature of liquid nitrogen (— 196 °C). The
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Fig.2 a XRD patterns of GO, ZIF-67 nanocubes, and the simulated ZIF-
67; b XRD patterns of ZIF-67/GO-n composite with different
concentrations of GO

Brunauer-Emmett-Teller (BET) surface areas of ZIF-67 and
ZIF-67/GO-2 was calculated based on the relative pressure (P/
Py) values of 0.03-0.30, and yet the total pore volume was
obtained at the P/P, value to be 0.995. Raman spectra was
carried out using a 532-nm laser with a Raman spectroscopy
(Renishaw New Mills, UK) ranging from 100 to 3200 cm .

Fabrication of supercapacitor electrodes

The above synthesized active materials, conductive carbon
black power (CABOT, USA), and polyvinylidene fluoride
(PVDEF, HSV900, Arkema, France) were first mixed with a
weight ratio of 8:1:1 in N-methyl-2-pyrrolidone (NMP,
Aladdin, 99%,) to form slurry in agate mortar. The mass load-
ing of active materials in this paper was on average
2.5 mg cm 2. Then, the slurry was carefully dipped into the
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Fig. 3 FE-SEM images of GO

(a), ZIF-67 nanocubes (b), ZIF-
67/GO-1 (¢), ZIF-67/GO-2 (d),
and ZIF-67/GO-3 (e)

clean nickel foam and the coated foam were dried for 4 hin a
drying oven at 80 °C. Finally, the supercapacitor electrodes
were pressed for 10 s under a pressure of 8 MPa for use.

Electrochemical measurements

The electrochemical performance of all the supercapacitor elec-
trodes was measured using CHI 660D electrochemical worksta-
tion (Shanghai Chenhua, China) in a three—electrode test system
in 6 M KOH electrolyte solution. The supercapacitor electrode
acted as the working electrode while Pt foil and saturated calomel
electrode (SCE) as counter electrode and reference electrode. The
cyclic voltammetry (CV) measurements were executed in the
potential range of —0.3-0.4 V with different scan rates from 5
to 100 mV s ', and the charge-discharge performance (GCD)
was tested using chronopotentiometry technique by changing
the current density in a potential window of —0.3-0.35 V. The
voltammetric specific capacitance (C (F gﬁl)) was derived from
the integral area of CV curve by Eq. (1) [30]:

_ v
Y 2muAV

(1)

where / (A) is the response current, m (g) is the mass of active
material, ~ (V s ') is the scan rate and AV (V) is the absolute

@ Springer

value of the potential windows. The specific capacitance (Cj
F g_l)) of GCD can also be determined through GCD curves
according to Eq. (2) [31]:

It imt
C=AV — AV 2)

where i, (A g ') = I/m represents the discharge current density, ¢
(s) represents the discharge time and AV (V) represents the po-
tential window applied in the process of discharge.

Results and discussion
Materials characterization

Raman spectroscopy is an extensively characterization tool
for the study of carbon materials. As shown in Fig. 1, a strong
sharp G band located at 1581 cm ', a small D band at
1352 cm™ !, and a 2D band at 2716 cm™ ! were observed for
graphite powder (curve a). Generally, the G band corresponds
to sp” carbon domains from the graphite lattice and the D band
to defective/disordered graphitic carbon caused by the graph-
ite edges [32, 33]. In the present graphite powder, the intensity
of D band is relatively weak. However, the Raman spectrum
of GO obtained by chemical treatment exhibits two intense G
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and D bands at 1597 cm ' and 1355 cm ', respectively (curve
b), which indicated that the G band appears some blue-shift
for GO. Accordingly, the intensity of the D band enhances due
to the existence of more sp” domains or defects in GO [34]. In
addition, these two bands are broadened compared to those of
graphite. A universal account is that higher disorder in graph-
ite results in a broader G band, as well as in a broader D band
with relative higher intensity.

The crystallographic structure of the samples was analyzed
using XRD, as displayed in Fig. 2. The XRD patterns of single
GO, ZIF-67 nanocubes, and simulated ZIF-67 were given in
Fig. 2a. In the GO pattern, the intense feature diffraction peak
at 20 =11.9° attributes to the crystal face of (001) with an
interlayer spacing of 0.74 nm and the weak feature peak at
20 =42.5° corresponds to the (100) crystal face, confirming
the complete conversion of graphite into GO [35]. In compar-
ison with the graphite interlayer spacing of ca. 0.34 nm [36],

T T T T T T T T 20 T T T T T
-04 -03 -02 -01 00 01 02 03 04 05 0 20 40 60 80 100
Potential / V vs SCE

Scan rate /mV s

the increase in interlayer spacing of GO can be ascribed to the
incorporation of abundant oxygen-containing groups onto
graphene layers during the oxidation process, which increased
the disorder of structure [34]. The ZIF-67 nanocubes exhibit
good crystal structure consisted with the reference [29]. The
strong peaks of ZIF-67 nanocubes correspond to (011), (002),
(112), (022), (013), (222), (114), (223), and (134) crystal
faces, respectively, which coincide exactly with the simulated
ZIF-67 pattern. Figure 2b shows the patterns of ZIF-67/GO-n
composites with different GO concentrations. It was observed
that the background signal of XRD patterns enhances slightly
with the increasing amount of GO because of the amorphous
phase of GO. All the composites show the similar patterns
including four strong characteristic diffraction peak corre-
sponding to (011), (002), (112), and (222) crystal faces of
ZIF-67, indicating that the incorporation of GO did not de-
stroy or disorganize the structure of ZIF-67 in composites
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Fig. 5 Chronopetentiometric
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during in situ synthesis process. It was also found that the
characteristic peaks of GO were not appeared in the patterns
of ZIF-67/GO-n composites since the intensity of GO diffrac-
tion peak in comparison with that of ZIF-67 nanocubes are too
weak to be detected by XRD, the result was consisted with the
previous report [2].

The surface morphology of GO, ZIF-67, and ZIF-67/GO-n
composites was investigated by FE-SEM in Fig. 3. The syn-
thesized GO displays a typically lamellar and wrinkled mor-
phology like a ruftled silk scarf (Fig. 3a). Figure 3b shows that
the prepared ZIF-67 crystals have a uniform nanocubic shape
with an average particle size of 150 nm, instead of the com-
monly obtained polyhedrons. The formation of nanocubic
morphology was accredited to the addition of surfactants like
CTAB, which can be adsorbed onto the hydrophobic surface
of ZIF-67 crystals and then change the crystal growth rate [29,
37]. As shown in Fig. 3b—e, ZIF-67/GO-n composites exhibit
a homogenous distribution of ZIF-67 which was still well-

@ Springer

maintained in shape after combining with GO in situ.
Apparently, ZIF-67 nanocubes were wrapped in the GO
sheets. The ZIF-67 nanocubes become more compact in a
higher concentration of GO (Fig. 3e). From all these FE-
SEM images, it can also be concluded that GO sheets were
not only well assembled with ZIF-67 nanocubes, but also did
not change the nanocubic structure of ZIF-67 in composites,
which is consistent with the observation from XRD analysis.

Electrochemical properties of supercapacitor
electrodes

The electrochemical properties of single GO, single ZIF-67,
and ZIF-67/GO-n composites investigated by CV curve and
GCD curve are revealed in Figs. 4 and 5. Interestingly, the CV
curves of GO give a pair of well-defined oxidation and reduc-
tion peaks at ca.0.23 Vand 0.13 V, respectively, as shown in
Fig. 4a, indicating a pseudo-capacitive behavior of GO due to
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the presence of abundant oxygen-containing functional
groups. The similar result has been analyzed in the part of
XRD analysis. The pseudo-capacitance of GO probably
comes from electrochemical reactions between quinone/
hydroquinone groups at the electrode interfaces [38—40].
However, two pairs of redox peaks were observed for all
ZIF-67 and ZIF-67/GO-n composites in Fig. 4b—e. All these
CV curves in shape clearly reveal that the capacitance charac-
teristic of single ZIF-67 and ZIF-67/GO-n composites is also
pseudo-capacitive behavior, which is well different from that
of EDLCs associated with a relatively rectangular shape [41].
The capacitance of ZIF-67 and ZIF-67/GO-n composites
might be largely attributed to the Faradaic reaction of Co(Il)/
Co(II) and Co(III)/Co(IV) redox couples inside the frame-
work which was mediated by intercalation/deintercalation of
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Fig. 7 N, adsorption-desorption isotherms of single ZIF-67 (black line)
and ZIF-67/GO-2 composite (red line)

OH ions from a alkali electrolyte solution on basis of the
previous reports [42, 43]. Vitally, upon all these five active
electrode materials, the shape of CVs and redox peaks poten-
tial almost remains unchanged with increasing scan rates and
at the same time, the characteristic peak currents are linearly
related with scan rates in the CV curves, suggesting that these
electrodes have good reversibility and the redox reactions are
belonged to the surface-controlled process, also a characteris-
tics of pseudo-capacitive behavior.

Figure 4f shows the voltammetric specific capacitance
values of different electrodes obtained from the integral area
under the CV curves according to Eq. (1) at different scanning
rates. It was observed that the specific capacitance of all mate-
rials decreases with the increase of scan rate due to limitation of
ion diffusion rate. All the ZIF-67/GO-n composites present a
higher specific capacitance in comparison with single GO and
single ZIF-67 because of the synergetic effect between GO and
ZIF-67. The ZIF-67/GO-2 composite exhibits the best CV spe-
cific capacitance of 100.41 F g at the scanning rate of 5 mV/s,
but the capacitance reduced to 57.06 F g at the scanning rate
of 100 mV/s. The test results proposed that charge transfer
kinetics suffer higher restriction between electrodes and
intercalation/deintercalation of OH at higher scan rate [10].

To further investigate the capacitive performance of differ-
ent active electrode materials, the GCD tests were carried out
with a potential range of —0.3-0.35 V at different current
densities, as depicted in Fig. Sa—f. The shape of GCD curves
also did not exhibit the characteristics of a pure EDLCs, but
mostly pseudo-capacitive behavior, further demonstrating the
capacitive characteristic of the materials in the CV analysis.
All the GCD specific capacitances of ZIF-67/GO-n compos-
ites were higher than those of single GO and single ZIF-67
under the same condition, which is well agreeable with the
results from the CV curves. The specific capacitance value
derived from Eq. (2) vs. the discharge current density was
constructed in Fig. 5f. The ZIF-67/GO-2 electrode also exhib-
ited the best GCD specific capacitance at the same current
density. The GCD specific capacitance of ZIF-67/GO-2 com-
posite is up to 70.76 F g ' at the lower current density of
1 A g and 46.36 F g' at the higher current density of
20 A g'. This result may also be explicated by considering
the OH  ion diffusion rate during the charge-discharge pro-
cesses. At higher current density, the unfavorable accessibility
of OH ions in the interface of electrolyte solution and elec-
trode cannot meet the demand [10, 44].

In addition, the specific capacitance values of ZIF-67/GO-n
composites were influenced by the amount of GO added in the
composite. Similar trends were observed in the CV and GCD
performance. While the weight ratio of GO was 2% based on
the initial total weight of two reactants during the synthesis of
the composites, the best specific capacitance was obtained for
ZIF-67/GO-2, which indicated that the ZIF-67/GO-2 compos-
ite can store more charge than the others. As mentioned in
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Table 1 Comparison of the
porosity of ZIF-67 and ZIF-67/

GO-2 composite

Parameters ZIF-67 ZIF-67/GO-2
BET surface area 1222.15m* g! 763.06 m*> ¢!
Pore volume 0.65 cm® g 0.60 cm® g™
Adsorption average pore width (4 V/A by BET) 2.13 nm 3.19 nm

SEM images, it can be included that ZIF-67 nanocubes were
grown with GO in situ and synchronously well wrapped by
GO nanosheets. The ZIF-67 nanocubes at a higher content of
GO become more compact. The introduction of GO nano-
sheets can serve as electron/charge transfer carrier and bring
more active sites of ZIF-67 for oxidation-reduction reactions
due to its good conductivity. On the other hand, a high content
GO may conceal some of the exposed active sites in the frame-
work and prevent ZIF-67 from effectively contacting with
electrolyte [2]. Hence, the specific capacitance of ZIF-67/
GO-3 composite displays a certain reduction in comparison
with that of ZIF-67/GO-2 composite.

The cycle life of single GO, single ZIF-67 nanocubes, and
ZIF-67/GO-2 composite was measured by a chronopotentiomet-
ric technique at 10 A g ' in 6 M KOH solution. These
supercapacitor electrodes displayed good cycle stability, as
depicted in Fig. 6. The specific capacitance of GO kept 95.3%
of its original value after 1000 cycles (red line). The capacitance
of pure ZIF-67 almost retains a constant value during 900 cycles,
but there is a slightly increase between 900 and 1000 cycles
(black line). The eventual specific capacitance value of ZIF-67
was 118% of its original value. However, the cycling perfor-
mance test of ZIF-67/GO-2 composite shows that the capaci-
tance value increases to 62.06 Fg " after 600 cycles and remained
only a slight increase from 600 to 1000 cycles. The final capac-
itance value of ZIF-67/GO-2 composite was up to 150% of its
original value after 1000 cycles (blue line). The increasing ca-
pacitance with the cycle charge-discharge process might be as-
cribed to activation of the ZIF-67/GO-2 composite with time,
since it takes a certain time for electrolytes to permeate the inte-
rior of the electrode materials [45]. The similar result was report-
ed in the previous reference [42].

Nitrogen adsorption-desorption properties of ZIF-67
and ZIF-67/GO-2

Figure 7 depicted the N, adsorption-desorption isotherm of pure
ZIF-67and ZIF-67/GO-2 composite. The specific values associ-
ated with pore texture, such as BET surface areas and pore vol-
ume, are summarized in Table 1. Apparently, N, adsorption-
desorption isotherms for ZIF-67 resembles a reversible type 1
isotherm (red line), suggesting a characteristics of microporous
material. A sharp increase near Y-axis at low relative pressure for
the isotherm of ZIF-67 also imply the presence of micropores.
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The sudden increase at high relative pressure can be ascribed to
physisorbed liquid nitrogen on the surface of the nanoparticles
[46]. The ZIF-67 nanocubes with an average pore diameter of
2.13 nm has an extremely large BET surface of 1222.1 m”* g
and total volume of 0.654 cm® g, These values are higher than
the values reported previously from ZIF-67 polyhedrons without
adding surfactant [46, 47]. However, a characteristics small hys-
teresis loop at relative pressure between 0.48 and 0.98 is ob-
served for the isotherm of ZIF-67/GO-2 composite, representing
the type I of isotherms with a H4-type hysteresis loop. This
behavior suggests the coexistence of mesopores from composite.
The BET surface of 763.0 m* g ' and a micropore volume of
0.609 cm® g ' are also estimated for ZIF-67/GO-2 composite
with an average pore diameter of 3.19 nm. Moreover, the de-
crease in BET surface of ZIF-67/GO-2 composite in comparison
with ZIF-67 is due to the addition of GO where ZIF-67
nanocubes can be wrapped by the lamellar GO. The coexistence
of mesopores from composite could play a key part in high
specific capacitance of ZIF-67/GO-2 composite owing to favor-
able intercalation/deintercalation of OH ions at the electrode
[48]. The result here does match well with those discussed above.

Conclusions

In summary, ZIF-67/GO-n composites with different concen-
trations of GO were synthesized by an in situ hydrothermal
method at room temperature. Since ZIF-67 nanocubes can
provide large BET surface of 1222.1 m* g compared to the
commonly observed polyhedrons of ZIF-67, and GO have
good electron conductivity, the specific capacitance values
of ZIF-67/GO-n composites were significantly higher than
those of single GO and single ZIF-67. The ZIF-67/GO-2 com-
posite, which has 2 wt% GO based on the initial total weight
of two reactants, showed the best CV capacitance of
100.41 F g ' at the low scan rate of 5 mV/s and the best
GCD capacitance of 70.76 F g ' at the low current density
of 1 A g”'. Both single ZIF-67 and ZIF-67/GO-2 composite
also displayed good cycle performance. Owing to the addition
of GO, electrolyte ions can favorably intercalate/deintercalate
between electrolyte and ZIF-67 nanocubes wrapped by GO.
Hence, the ZIF-67/GO composite can be developed as a latent
electrode material for supercapacitors.
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