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In this work, nickel-catecholate (Ni-CAT) nanorods were in situ compounded on graphene oxide (GO) to
form a composite Ni-CAT@GO (NCG) with a special “blanket-shape” structure, which was used as an
electrode material for supercapacitors. The morphology of Ni-CATs in situ grown on GO was modulated
by introducing various contents of GO. With increasing GO, the length of nanorods of Ni-CATs is
obviously shortened, and the charge transfer resistance of NCG is significantly reduced as the GO
content is relatively low while it increases with further addition of GO, because excessive GO in NCG
results in smaller crystal sizes accompanied by smaller stacking pores. Both the over-long Ni-CAT nano-
rods and the smaller stacking pores can restrict the accessible surface areas for the electrolyte. Optimal
nanorod sizes are crucial to achieve good electrochemical performance for electrode materials.
Galvanostatic charge—discharge analysis of NCG electrodes shows that their capacity initially increases
and then decreases with the addition of more and more GO, and Ni-CAT@GO-0.5 (NCGO.5) with minimal
charge transfer resistance exhibits the best electrochemical performance. The results demonstrate that
the NCGO.5 electrode with optimal morphology possesses an excellent capacitance of 563.8 F g~ at 0.5
A g7 and a good rate performance of 61.9% at 10 A g7, indicating that Ni-CAT@GO is a new type of

rsc.li/dalton

1. Introduction

Supercapacitors are an emerging class of electrical energy
storage devices." Based on the difference in the mechanism
of charge storage, supercapacitors can be divided into two
types: electrical double layer capacitors (EDLCs) and pseudo-
capacitors.® EDLCs store charges by accumulating charges on
the interfaces between electrodes and electrolytes, which is
similar to traditional capacitors.””® A large specific surface area
can enhance the charge storage ability of EDLCs, and well-con-
trolled hierarchical pores can improve the rate performance by
reducing the charge transfer resistance in electrode materials.’
Pseudo-capacitors store charges through a prompt and revers-
ible Faraday reaction,'®' resulting in better capacitance
values than those of EDLCs. Electrode materials for pseudo-
capacitors are typical compounds composed of transition
metals with variable valence states such as Ni,'* Co,"* Mn,"
and Bi,">'® and these materials for pseudo-capacitors gener-
ally have lower conductivity compared to the electrode
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promising electrode material for supercapacitors based on conductive metal-organic frameworks.

materials used in EDLCs, for instance, carbon. Usually, the
cycling stability and rate performance of a pseudo-capacitor is
lower than those of EDLCs."” Supercapacitors with high per-
formances require large surface areas, abundant redox sites
and good conductivity for various electrode materials.'®
Research on a lot of advanced porous materials such as metal-
organic frameworks (MOFs)'*™>* and covalent organic frame-
works (COFs)***® for supercapacitor electrodes is rapidly
blooming, but their application is still restricted because of
their inadequate conductivity. The usage of a conductive sub-
strate and/or conductive materials can enhance the electro-
chemical performance of electrode materials.

A common way to enhance the electrochemical perform-
ance of supercapacitors is to reduce the electrical resistance of
the electrode material by compounding it with a conductive
substrate, such as carbon nanotubes (CNTs)'”*° or graphene.?”
Graphene is a special two-dimensional carbon material with
outstanding properties such as high specific surface area and
excellent electrical conductivity, hence arousing significant
interest within the academic community.”® By Hummers’
method,”® graphite underwent exfoliation and oxidation,
resulting in a derivative of graphene known as graphene oxide
(GO). This process introduces oxygen-containing functional
groups, including hydroxyl and carboxyl groups, onto the

This journal is © The Royal Society of Chemistry 2024
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surface of graphene. These functional groups make the GO
surface more polar and negatively charged in water. As a
result, the water dispersibility and hydrophilicity of GO are
improved, preventing a reduction in specific surface area due
to self-stacking. Furthermore, the positively charged ions are
able to be attracted to the negatively charged surface of GO,
anchoring the ions to it.** Nevertheless, there is a reduction in
electrical conductivity of GO in comparison with graphene.*

Metal-organic frameworks (MOFs) are composed of metal-
lic ions and organic ligands,*** possessing high specific
surface areas and ordered pores; such ordered porous struc-
tures allow a large number of active metallic sites to be
exposed. These properties facilitate their application in various
fields, such as catalysis, adsorption, and drug delivery, and as
a kind of promising electrode material for supercapacitors.
However, MOF materials have seldom been used directly as
components of electrode materials due to their poor electrical
conductivity.*>*® However, MOFs can function as a precursor
of porous electrode materials for EDLCs.'>*"*’ Ping et al.’®
used ZIF-8 and cellulose as precursors and obtained a type of
activated porous carbon with high capacitances of 244 F g™*
and 177 F g~ ' at current densities of 1 A g~ and 20 A g,
respectively.

Some series of special types of MOFs can exhibit relatively
good electrical conductivity.’**> These materials are expected
to have a considerable specific surface area, relatively good
electrical conductivity, and numerous exposed active tran-
sition-metal sites. Metal catecholates (M-CATs) are a series of
conductive MOFs formed by combining metallic ions with
2,3,6,7,10,11-hexahydroxytriphenylene (HHTP) as a ligand.**™*°
Most M-CATs, such as Ni-CAT and Co-CAT, exhibit two distinct
2D structures within their crystals. One is a 2D structure
polymer sheet containing hexagonal holes extending along the
plane, as depicted in Fig. 1, where each metal ion coordinates
with two water molecules. The other comprises discrete com-
plexes formed by a metal ion coordinating with a deprotonated
HHTP molecule and four water molecules. These 2D
nanosheets and discrete complexes align alternately and then
stack perpendicular to the planes, and rod-shaped crystals are
formed, driven by van der Waals forces. In the nanorod crys-

2.3.6,7.10.11-hexahydroxytriphenylence (HHTP)

Fig. 1 Chemical structure of HTTP and polymer sheets in the Ni-CAT
structure.
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tals, hexagonal holes are allowed to align and 1D pore tunnels
are formed parallel to the stacking direction.*” This arrange-
ment enables electrons to migrate in the conjugated n-bond
electron cloud within the ligands and also transfer across the
hydroxyl group to the metal ion, making these M-CATs electro-
conductive. Chen et al.*® synthesized Bi(HHTP) nanobelts as
negative electrodes for supercapacitors and obtained a remark-
able capacitance of 234.0 F g' at 1 A g7, and 72% of the
capacitance value was retained after 1000 cycles. In a separate
study, Zhao et al.*® grew Ni-CAT crystals on carbon fibers
obtained by electrostatic spinning, resulting in an electrode
material with a capacitance of 502.95 F g~! under 0.5 Ag™". On
the one hand, nickel is a transition metal element that can act
as a Faraday reaction site.’® On the other hand, using GO as a
carbon matrix to improve conductivity through Ni-CAT crystals
appears to be a viable approach for enhancing capacitance
performance.’®" Therefore, it is rational to expect that the
high specific surfaces and good conductivity of both GO and
Ni-CAT will enhance the capacitance performance of the com-
posite Ni-CAT@GO.

In this work, a simple one-step hydrothermal strategy was
applied to compound GO with Ni-CAT, modulating the content
of GO to obtain Ni-CAT@GO (NCG) samples with various com-
positions and different morphologies. Electrochemical tests
were carried out on the supercapacitor electrodes prepared
from the NCG samples. Among the tested samples, Ni-
CAT@GO-0.5 (NCGO.5) demonstrated great potential with an
excellent capacitance of 563.8 F g”' at 0.5 A g~ '. It retained
61.9% capacitance at a high current density of 10 A g”* and
maintained 68.7% of its initial capacitance after 1000 cycles.
With an optimal ratio, the morphology of Ni-CAT@GO was tai-
lored by a straightforward strategy of in situ compounding,
which significantly increased the accessible surface of the Ni-
CAT@GO electrodes, such that the capacitive performance is
expected to be significantly enhanced.

2. Materials and methods
2.1 Sample preparation

The GO dispersions were prepared by the conventional
Hummers’ method.>? Typically, 3 g of NaNOs, 3 g of graphite,
and 100 ml of concentrated sulfuric acid were added to a flask
and stirred for 30 minutes under ice bath conditions.
Subsequently, 9 g of KMnO, was slowly added to the flask, and
the mixture was stirred thoroughly for 1 hour at 35 °C. Then,
100 ml of distilled water was added while maintaining the
temperature of the mixture below 90 °C. After 30 minutes,
80 ml of 30% H,O, solution was added and maintained for
two hours to obtain the mixture. The mixed solution was
washed three times by centrifugation at 10 000 r per min with
deionized water and then it was centrifuged three times at
7000 r per min and the supernatant was removed, with each
centrifugation lasting 5 minutes. Subsequently, deionized
water was added to the mixture and vigorously stirred to
ensure uniformity, and then it was centrifuged at 3500 r per
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min for 3 minutes to collect the upper suspension. This
process was repeated five times. The collected suspension was
subjected to dialysis until the pH value of the dialysate solu-
tion reached ~7, resulting in the GO dispersion. The GO dis-
persion was stirred and concentrated at 45 °C; then, deionized
water was added to form a 10 g I"* GO dispersion.

Fig. 2 illustrates a concise diagram of the sample prepa-
ration process.> Firstly, solution A was prepared by dissolving
0.6 mmol of nickel acetate in 15 ml of deionized water (DI).
Subsequently, solution B was prepared by dissolving 0.3 mmol of
HHTP in 15 ml of DI Then, a certain volume of 10 mg ml™
aqueous dispersion of GO was dispensed in DI to obtain a 15 ml
solution, which was denoted as solution C. Solutions A, B, and C
were mixed homogeneously and ultrasonicated for 30 min; then,
the mixture was settled in an autoclave at 85 °C for 12 hours. The
resulting suspensions were then centrifuged 3 times with DI and
acetone respectively, followed by overnight drying. Finally, the
resultant powder samples were denoted as Ni-CAT@GO-0.25, 0.5,
1, and 2 (NCG0.25, NCG0.5, NCG1, and NCG2), according to the
volume (ml) of GO aqueous dispersion in solution C. When
15 ml of DI was directly used as solution C without adding any
GO dispersion, the sample was labeled as Ni-CAT (NC).

2.2 Characterization

A scanning electron microscope (SEM, HITACHI, S-4800) was
used to determine the surface morphology and microstructure of
the samples. Field-emission transmission electron microscopy
(TEM, JEM-F200) was employed to investigate the morphology
and lattice pattern of the samples. A nitrogen adsorption and de-
sorption apparatus (JW-BK 122 W, JWGB, China) was applied
without any further treatment to estimate the specific surface
areas and pore size distributions of the samples at 77 K. An X-ray
diffraction analyzer (XRD, D8Advance, Bruker AXS, Germany) was
used to analyze the crystal structure and estimate the grain size of
the samples. The grain size can be derived using the Debye-
Scherrer equation given below:

K2

- pcos @ (1)

where D (nm) is the grain size, K represents the Scherrer con-
stant, 4 (nm) is the wavelength of X-ray (Cu Ka), # denotes the
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Fig. 2 Preparation process of the samples.
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full width at half maximum (FWHM) of the peak, and 0 is the
Bragg angle of the peak.

2.3 Electrochemical measurement

The electrochemical performance of NC and NCG samples was
investigated using an electrochemical workstation (CS 1005,
Wuhan Corrtest, China). To prepare the electrode materials,
NC and NCG samples were mixed respectively with acetylene
black and polyvinylidene fluoride (PVDF), in a mass ratio of
8:1:1. To obtain a wuniform slurry, a few drops of
N-methylpyrrolidone (NMP) were added to the mixture and
ground. The mixture was then applied to a carbon sheet and
dried overnight at 60 °C in a vacuum oven to obtain active elec-
trodes. Each electrode contained ~5 mg of the active material.
3 M KOH was used as the electrolyte.

To evaluate the electrochemical performance of the
samples, a series of measurements were performed in a three-
electrode system at room temperature, with a 1 x 1 cm plati-
num plate as the counter electrode and a Hg-HgO electrode as
the reference electrode. Cyclic voltammetry (CV), galvanostatic
charge/discharge (GCD), and electrochemical impedance spec-
troscopy (EIS) were performed and analyzed. The CV test was
performed with a voltage window of 0 to 0.6 V and a scanning
rate selected from 5 mV s~ to 50 mV s . For the GCD test, the
potential range was set from 0 to 0.5 V**
density was applied in the range from 0.5 A g”' to 10 A g™,
The EIS test was performed within a frequency range of 0.01 to
100000 Hz and a voltage amplitude of 10 mV. The precise
capacitances of the samples were calculated from the GCD
curve, according to the following equation:

and the current

1At
- mAV

(2)

where I (A) is the electric current, At (s) represents the duration
of the discharging process, m (g) is the mass of NC or NCGs in
the electrode, and AV (V) is the potential range. In addition,
the samples underwent 1000 cycles of GCD at a current density
of 10 A g7' to investigate the cycling stability of the
supercapacitor.

To further study the electrochemical properties of the
samples, the electrode prepared with NCGO0.5 was employed as
the positive electrode and paired with a negative electrode pre-
pared using activated carbon (AC); measurements in a two-
electrode system were carried out in the same electrolyte as the
three-electrode test. The masses of active materials in the posi-
tive and negative electrodes were matched using the following
equation:

m,C, AV, =m_C_AV_ (3)

where m, (g) and m_ (g) are the masses of NCG0.5 and AC
respectively, C (F g™') is the specific capacitance and AV is the
potential range. For the CV test, the potential window was set
from 0 V to 1.6 V and the scan rate was taken from 5 mV s~* to
100 mV s~". For the GCD test, the voltage range was also set
from 0 V to 1.6 V and the current density was set in a range of

This journal is © The Royal Society of Chemistry 2024
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0.5-10 A g . The energy density (W h kg™") and power density
(W kg™") were derived using the following equation:
2
= (4)

(5)

pP=

~ &N

Intensity (a.u.)

where C (F g7") is the specific capacitance of the system, V (V)
is the voltage window, and ¢ (s) is the discharging duration.

3. Results and discussion
3.1 Microstructures and morphologies of NC and NCGs

Fig. 3a-e show the microstructure and morphology of NC,
NCGO0.25, NCG0.5, NCG1, and NCG2 observed by SEM, respect-
ively. The micrographs of NC as shown in Fig. 3a exhibit a
typical columnar structure. This is due to the formation of Ni-
CAT crystals by stacking 2D sheet layers containing hexagonal
holes, which are aligned and stacked along the c-axis to form
rod-shaped crystals.>® The morphology of NCG0.25 to NCG2 as
shown in Fig. 3b—-e displayed a “blanket-like” shape combining
1D Ni-CAT nanorods and 2D GO substrates. Furthermore, the
size of nanorods decreases progressively with the incremental
addition of GO. This is due to the negatively charged GO
surface attracting and adsorbing Ni ions, providing anchor
sites for the growth of Ni-CAT rod-shaped crystals.>® As the
content of GO increases, the quantity of anchoring sites for
the Ni ions also increases. This leads to a depletion of organic
ligands before the rod crystals can grow further, which might
result in shorter nanorod lengths. The EDS results are pre-
sented in Fig. S1.f Fig. 3f presents the TEM image of the
NCGO0.5 sample. The rod-shaped Ni-CAT crystals exhibit
uniform growth on the 2D GO matrix. Furthermore, there is an
evident lattice with a spacing of 1.7 nm, corresponding to the
(100) crystal plane of the Ni-CAT nanorods.”® The in situ
growing process of the NCG samples leads to good contact
between Ni-CAT nanorods and GO nanosheets, which contrib-
utes to the enhancement of the overall electrical conductivity
of the NCG “blanket”.

Fig. 4 presents the X-ray diffraction (XRD) patterns of the
samples. The peak located at 13.9° corresponds to the (311)

Fig. 3 SEM images of (a) NC, (b) NCGO0.25, (c) NCGO.5, (d) NCG1, and
(e) NCG2. (f) TEM image of NCGO.5.
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Fig. 4 XRD patterns of samples.

Table 1 Grain sizes of the samples

Sample NC NCGO0.25 NCGO0.5 NCG1 NCG2
FWHM (degree) 0.374 0.412 0.429 0.438 0.489
Grain size (nm) 21.17 19.22 18.46 18.08 16.19

plane of Ni-CAT, and the grain sizes of the five samples are
determined based on their FWHM as described in Table 1.**
The main peak of the NC sample exhibits the smallest FWHM,
indicating the largest grain size. As the quantity of GO
increases, the peaks broaden gradually, indicating a gradual
shortening of nanorods. This result is highly consistent with
the SEM observation.

Fig. 5a illustrates the nitrogen adsorption/desorption iso-
therms, and Fig. 5b displays the pore distributions of the
samples. The specific surface areas of the samples are
86.28 m”> g7', 75.93 m* g7, 93.40 m> ¢g', 89.38 m> g, and
107.93 m” ¢!, corresponding to NC and NCGs with various
GO contents, respectively. Since the samples did not undergo
the solvent exchange and vacuum heating process, the
majority of the micropores in Ni-CAT are likely to be occupied
by solvent molecules, with only a minor portion on the surface
being exposed due to the evaporation of solvent molecules.
Consequently, the micropores seem to be rare and the iso-

B
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w
g
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——NCG0.25
+—NCG0.5

——NCG1

B
2

Volume Absorbed (cm'g')
2 7 g
3

0.0 0.2 04 0.6 0.8
Relative Pressure (P/P,)

PoreSize (nm)

Fig. 5 (a) Nitrogen adsorption—desorption isotherm curves of samples;
(b) pore size distribution of samples.
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therms could exhibit a typical IV-type behaviour. Accordingly,
all samples contain less micropores and numerous stacking
pores formed among the NC nanorods and GO nanosheets. As
shown in Fig. 5b, the distribution of mesopores becomes nar-
rower with smaller average pore sizes as the content of GO
increases.’® For instance, the size of mesopores in NCG0.25 is
primarily distributed between 7 and 15 nm, whereas for NCG2,
it dispersed in the range of 4-8 nm. The decrease in the
average stacking pore size could be attributed to the smaller
size of the Ni-CAT nanorods, which act as spacers between the
GO sheets. This narrower pore distribution with a smaller size
might influence electrolyte diffusion in the electrode based on
NCGs.

3.2 Electrochemical measurement of NC and NCGs

Fig. 6a-e present the CV curves of samples NC, NCGO0.25,
NCGO0.5, NCG1, and NCG2, respectively. All of these samples
exhibit a pair of obvious redox peaks, indicating that the
charge storage mechanism is mainly attributed to pseudo-
capacitance. The shift in the peak position with increasing
scanning rates is due to not only internal resistance, but also
the delay in diffusion of ions in the active material.>” By ana-
lyzing the correlation between the scanning rate and the peak
current in the CV curve, the mechanism that dominates the
charge storage in the system can be determined using the fol-
lowing equation:

i=av? (6)

where i (A) is the peak current of the redox peak, and v (mV
s7") is the scan rate. When the b value approaches 1.0, it
implies that surface capacitance plays a dominant role in
charge storage, and when the value of b is around 0.5, it

View Article Online
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suggests that ion diffusion is the dominant factor in charge
storage. Based on the CV curve, the b values of the samples
were calculated with the oxidation peaks (peak 1) and the
reduction peaks (peak 2), as shown in the Fig. 6f-j. The data
for the calculation are taken with a scanning rate of 5-40 mV
s~'. The b values of all samples are approximately 0.5, indicat-
ing the dominance of the ion diffusion-controlled mechanism
in the energy storage. As shown in Fig. 6f-j, the NC sample
exhibits a value of b closer to 0.5, and the b value rises after
the GO addition, indicative of an increase in the proportion of
surface capacitance mechanism for the NCG composites. To
better quantify the contributions of surface-control mecha-
nisms (capacitive) and diffusion-control mechanisms, further
analysis of the oxidation peak can be conducted using the fol-
lowing equation:

i = kv + kyv'/?

7)

here, kv and k,v"'" can be regarded as components corres-
ponding to surface and diffusion controlled contributions,
respectively. As shown in Fig. 6k-o, it is evident that the pro-
portion of the capacitive mechanism in the NC sample is
exceptionally low, whereas in the NCG samples, the proportion
of the surface controlled contribution is significantly higher
than that in the NC sample. Particularly, the NCG1 and
NCGO0.5 samples exhibit a higher proportion of capacitive
mechanism compared to the other NCG samples. This result
indicates that these two samples might possess superior
microstructures, conducive to the accessible surface area for
the electrolyte, in comparison with the other samples.

Fig. 7a-e illustrates the GCD curves of the samples of NC,
NCGO0.25, NCG0.5, NCG1 and NCG2, respectively. The charging
and discharging plateau can be observed, indicating the
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pseudo-capacitive behavior of the NC and NCG samples, which
is consistent with the results of the CV test. The same electro-
chemical tests were conducted on freeze-dried GO powder
samples. As shown in Fig. S2, GO almost exhibited no capaci-
tive contribution within the potential range of 0-0.5 V; thus,
the capacitance of the material was almost entirely contributed
by Ni-CAT. Fig. 7f presents the capacitance derived from the
GCD data; the capacitance of all samples decreased gradually
as the current density increased. The Nyquist plots of all
samples shown in Fig. 7g demonstrate comparable small semi-
circle shapes in the high-frequency range and lines in the low-
frequency range. According to the intercept of the Nyquist
plot, the equivalent series resistance (R;) of the samples is
obtained, and by the corresponding circuit fitting, the charge
transfer resistance (R.) of the samples is obtained, as shown
in Table 2.

As shown in Fig. 7f, it is evident that NC shows the lowest
capacitance, possibly due to its oversized crystals and long 1D
pores, which significantly restrict the surface areas available
for electrolyte ions to penetrate. In cases of slightly rapid
charge-discharge, it’s believed that Faraday’s reaction in the
NC sample mainly takes place on the surface of the Ni-CAT
crystals. Generally, as the degree of oxidation increases, GO
may exhibit conductivity varying from semiconducting to insu-
lating. Since both Ni** and HHTP ligands demonstrate con-
siderable reducing properties under the hydrothermal con-
ditions of the synthesis process of NCGs, it is likely that the
oxidation degree of GO is decreased, resulting in relatively

Table 2 Resistance of the samples

Sample NC NCGO0.25 NCGO0.5 NCG1 NCG2
R, (@) 1.25 1.02 0.89 0.81 0.77
R (Q) 13.53 9.03 5.30 7.93 9.55

This journal is © The Royal Society of Chemistry 2024

7' (Ohm em’) Cycle Number

(e) NCG2 at different scan rates; (f) rate performance of all samples. (g)

good conductivity. From Table 2, it’s rational that the R, value
decreases gradually with increasing GO content because of the
good conductivity of GO. The samples were compressed to
tablets at 5 MPa, followed by a four-probe test method to evalu-
ate their conductivity. The results shown in Fig. S31 demon-
strate a significant enhancement in conductivity with the
increase of GO, agreeing with the results of R,. Although this
conductivity might be influenced by the presence of numerous
particle interfaces, the enhancement is likely due to the inher-
ently higher conductivity of the additive GO. The R, of NC is
13.53 Q, and it decreases to 5.30 Q for NCGO0.5, while it
increases to 9.55 Q for NCG2 with more GO content. On the
one hand, the introduction of GO leads to a reduction in the
size of Ni-CAT crystals, allowing more 1D micropores to be
exposed and to participate in the Faraday reaction, thereby
reducing the R of the electrode material, as illustrated in the
Nyquist plot shown in Fig. 7g. On the other hand, excessive
addition of GO causes the stacks of NCG “blankets” to become
denser and the gaps between the GO layers to become too
narrow, which increases R.; and reduces the accessible surface
area for the electrolyte. Hence, under the total effect of the Ni-
CAT nanorods and the GO layer spacing, the R. of the five
samples shows an initial increase and then a decline as the
amount of GO added increases.>®

According to Fig. 7f, the highest capacitance of 563.8 F g*
is achieved by NCGO.5 at 0.5 A g~". The results reveal that ele-
vating the quantity of GO above NCGO.5 leads to a significant
reduction in the capacitance at a current density of 0.5 A g7".
The decrease in capacitance is mainly due to the smaller
average pore size of the stacking pores of GO within the
sample, which leads to a lower accessible surface area.
Additionally, a higher proportion of GO may lead to a decrease
in specific capacitance since the Ni element dominates the
main charge storage. Noteworthily, the rate performance of the
samples improved gradually with the addition of GO. For
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instance, the capacitance of NCG2 only decreased to 71.7% for
0.5 A g~ at a current density of 10 A g~*, which was signifi-
cantly better than that for NC (which was 35.3%). The addition
of GO effectively improves the capacitance and rate perform-
ance of the NCG sample in comparison with pristine Ni-CAT.

Fig. 7h displays the cycling performance of the NC and
NCG samples. The cycling stability of the samples improves
with increasing GO content. After 1000 cycles, the capacitance
of NC and NCGs remains 50.3%, 60.6%, 68.7%, 71.3%, and
82.4% of their maximum values, respectively. The decrease in
the size of Ni-CAT crystals may lead to a reduction in defor-
mation during charging and discharging. As we known, the
stability of Ni-CAT crystals is very limited in strong alkaline
environments.***® It is interesting to find that the detachment
of the active material is repressed because of its self-assembly
on GO surfaces, leading to an improvement in cycling
stability.*°

The electrochemical performance of the samples was
further tested using a two-electrode system. An asymmetric
supercapacitor was constructed, with NCGO0.5 as the positive
electrode material due to its superior performance in the
three-electrode system. AC was utilized as the negative elec-
trode material. The electrochemical performance of AC is
shown in Fig. S4.1 Fig. 8a-c show the electrochemical perform-
ance of the NCGO0.5/AC supercapacitor. The CV curve of the
supercapacitor shows an irregular shape with several redox
peaks. The specific capacitance of the supercapacitor obtained
from the GCD test can reach 66.8 F g~" at a current density of
0.5 A g~', which corresponds to an energy density of 23.76 W h
kg™" at a power density of 399.95 W kg . When the current
density reaches 10 A g™, the capacitance decreases to 32.0 F
¢!, corresponding to an energy density of 11.38 W h kg™" at a
power density of 7984.09 W kg™ '. The Ragone plot of NCGO.5//
AC is shown in Fig. S5,7 which demonstrates that the super-
capacitor based on NCGO0.5 possesses a better performance in
comparison with those in the literature. Generally, the specific
capacitance of an ideal symmetrical two-electrode system
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Fig. 8 Electrochemical performances of the capacitor: (a) CV curves,
(b) GCD curves, (c) rate performance and (d) cycling stability at 5 A g™,

4686 | Dalton Trans., 2024, 53, 4680-4688

View Article Online

Dalton Transactions

should be 1/4 that of a capacitor in three electrode system.
Since the negative electrode material was AC, which exhibited
a specific capacitance of approximately 150 F g™, this resulted
in the negative electrode material constituting a significant
portion of the total mass. Hence, this result is reasonable.

To test the cycling performance of supercapacitors, a GCD
test of 1000 cycles was performed at 5 A g~'. A significant
decrease in capacitance was observed in the first 100 cycles;
however, the specific capacitance increased as cycling contin-
ued, which is possibly due to the activation of the carbon nega-
tive electrodes by the electrolyte during the charge and dis-
charge processes. After 1000 cycles, the capacitance remained
at approximately 92.0% of the initial capacitance, which is a
fairly good cycling performance of the supercapacitor. The
result suggests that NCGO0.5 can be a good reference for similar
electrode materials of supercapacitors.

4. Conclusions

In summary, conductive MOF Ni-CAT was successfully in situ
grown on GO substrates. SEM observation revealed that NCG
samples exhibit a blanket-shaped structure composed of Ni-
CAT nanorod crystals and a 2D GO substrate. The grain size of
Ni-CAT was observed to decrease gradually with increasing GO
content, which was further confirmed by XRD analysis. These
shortened Ni-CAT crystals enabled the exposure of 1D pores.
The nitrogen adsorption and desorption results indicated that
the average size of the mesopores in the NC and NCG samples
gradually decreased with increasing addition of GO. This
suggests that the reduction in the size of the nanorods reduces
the size of the stacking pores between the Ni-CAT nanorods
and GO layers. The electrochemical results indicate that the
NCGO0.5 sample possesses a high capacitance value (563.8 F
¢ ' at 0.5 A ¢7") and a low charge transfer resistance, which
can be attributed to the optimal micromorphology of the
in situ grown Ni-CAT@GO “blankets”. When the GO content is
lower than that in NCGO.5, the elongated 1D pores in the Ni-
CAT nanorods prevent the electrolyte ions from adequately
penetrating inside. While the GO content is higher than that
in NCGO.5, the smaller stacking pores also hinder the
diffusion of electrolyte ions. Due to the above synergistic
effect, the NCGO0.5 sample with optimal micromorphology
achieved a highly accessible surface area for the electrolyte.
Additionally, as the quantity of GO increases, the equivalent
series resistance of the NCG samples gradually decreases,
which leads to an improvement in rate performance and
cycling stability. NCGO0.5 exhibits a slightly lower rate perform-
ance and cycling stability (61.9% at 10 A g " and 68.7% after
1000 cycles) in comparison with NCG2, but remains in a quite
acceptable level. Furthermore, the asymmetric supercapacitor
NCGO.5//AC exhibits a high energy density of 23.76 W h kg ™" at
a power density of 399.95 W keg™'. The electrochemical pro-
perties of the NCGs are considerably enhanced by a straight-
forward combination strategy and morphology control, which

This journal is © The Royal Society of Chemistry 2024
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may provide guidance for future research on the application of
conductive MOFs in supercapacitor electrode materials.
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