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Rapid cold plasma synthesis
of cobalt metal-organic
framework/reduced graphene
oxide nanocomposites for use
as supercapacitor electrodes

Zeinab Karimzadeh?, Babak Shokri%2** & Ali Morsali>**

Metal-organic frameworks (MOFs) are recognized as a desirable class of porous materials for energy
storage applications, despite their limited conductivity. In the present study, Co-MOF-71 was
fabricated as a high-performance supercapacitor electrode at ambient temperature using a fast and
straightforward, one-pot cold plasma method. A supercapacitor electrode based on Co-MOF@rGO
was also synthesized by adding reduced graphene oxide (rGO) during processing to increase the
capacitance retention and stability after 4000 cycles from 80 to 95.4%. The Co-MOF-71 electrode
provided a specific capacitance (Cs) of 651.7 Fg~* at 1 Ag™}, whereas the Co-MOF@rGO electrode
produced a Cs value of 967.68 Fg™* at 1 Ag™™. In addition, we fabricated an asymmetric device
(Co-MOF@rGO||AC) using Co-MOF-rGO as a high-rate positive electrode and activated carbon (AC)
as a negative electrode. This hybrid device has a remarkable specific energy and power density. The
combination of MOFs with reduced graphene oxide (rGO) in a cold plasma environment resulted in
the formation of a three-dimensional nanostructure composed of nanosheets. This nanostructure
exhibited an increased number of electroactive sites, providing benefits for energy storage
applications.

The demand for sustainable and efficient energy storage systems has increased considerably due to the exten-
sive use of fossil fuels and rising population growth. Thus, high-performance energy storage devices, such as
batteries and supercapacitors, are receiving more attention. Supercapacitors exhibit considerable potential as
a viable alternative owing to their enhanced power density, accelerated charge and discharge capabilities, pro-
longed operational lifespan, and diminished mass. However, their low energy output limits their usefulness,
so new electrode materials were required!—. One strategy is to develop and identify novel materials, such as
metal-organic frameworks (MOFs), that exhibit both electrochemical double-layer storage (EDLC) and rapid
surface redox reactions*™.

Due to inherent properties such as structural flexibility, crystalline nature, and a large specific surface area,
metal-organic frameworks have been excellent candidates not only for electrochemical energy storage”® but also
in applications such as gas storage and filtration®!’, sensors'’, catalysis'*'4, and drug delivery'>-'”. The direct
application of a metal-organic framework (MOF) as an electrode material has the potential to reduce energy
consumption and costs related to the commercialization of MOF-based energy storage technologies. However,
previous research on Fe-MOFs!®, Ni-MOFs', Co-MOFs?, and Zn-MOFs?! revealed that pristine MOFs are not
appropriate for energy storage because of their limited conductivity and energy density.

Numerous techniques have been proposed for solving this issue??. Combining MOFs with highly conduc-
tive materials such as metals*>**, carbon nanotubes®*¢, graphene*”?, or conductive polymers*~* is the most
common method. Using these hybride materials is useful due to their increased intrinsic conductivity and
unique structures. The work undertaken by Kim et al. provides an illustration of this phenomenon, wherein
they synthesised a hybrid material comprising Sn-Co-S and MXene®'. This hybrid material exhibited a specific
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capacity of 305.71 mA h gm™ at a current density of 1 Ag™'. A cathode material with an areal capacity value of
1.43mA h cm™ at 1 mA cm™? was created by Alam et al. using MOF-driven NiS@Co-Mo-LDHs shell@core®.
In their study, Alam et al. presented the synthesis of novel anode materials for asymmetric supercapacitors,
which consisted of silver nanoparticles embedded within a titanium carbide (Ti;C,) matrix and were fabri-
cated using a 0D@2D printing technique®*. The resulting anode material demonstrated a specific capacitance of
368.56 Fg~! when tested at a current density of 1 Ag™'. Alam et al. used an ink-printed electrode made of TiO;
and Ag nanoparticles*, which had a maximum specific capacitance of 257.8 (122.96 mA h mg™') Fg™'at 1 Ag™".
The study conducted by Saeed and colleagues involved the presentation of the synthesis and characterization of
nanosheet arrays consisting of manganese-cobalt-sulphur (Mn-1) CoxSy*. These nanosheets are enveloped by
distinctive marigold flower-like nanoreservoirs composed of nickel-copper hydroxides (Ni-CuOHs). In another
study, Alam et al. integrated boron nitride nanotube (BNNT) powder into a binary composite material consisting
of activated carbon (AC) and multi-walled carbon nanotubes (MWCNTs) with the aim of improving the elec-
trochemical properties of the composite®. Furthermore, according to Hao et al., combining MXenes (Ti;C, T,)
and ZIF-8 can improve the performance of the hydrogen evolution reaction (HER)*. Hussain and his colleagues
have used a solvothermal method to make an ethanol sensor out of 2D WSe, nanosheets (NSs) and a WSe,/rGO
hybrid material®®. They use rGO that is wound on WSe, NSs to improve electron transmission across the NSs
in their research. In their study, Hanan et al. investigated the use of reduced graphene oxide (rGO) combined
with iron oxide (Fe;0,) nanostructures as an electrocatalyst with high activity for the hydrogen evolution reac-
tion in alkaline media®. The overall electrochemical measurements of rGO@Fe;O, have been enhanced due to
the improved conductivity and the introduction of different ionic charges by dissimilar elements within crystal
lattices. Moreover, Hanan et al. synthesized composite systems comprising cobalt ferrite oxide and reduced gra-
phene oxide (Co,Fe O,@rGO) for the purpose of trifunctional water splitting*’. The incorporation of reduced
graphene oxide (rGO) into the composite offers several benefits. rGO’s exceptional electrical conductivity and
large surface area facilitate rapid electron transport, improving charge transfer kinetics and reducing internal
resistance. It also facilitates ion diffusion and accessibility, reducing ion transport limitations and enhancing
overall charge storage capacity. Additionally, rGO plays a pivotal role in extending the composite’s long-term
cycling stability by mitigating structural degradation and particle agglomeration during repeated charge-dis-
charge cycles. Furthermore, rGO can promote and enhance faradaic contributions to the overall capacitance,
facilitating charge transfer processes associated with specific redox-active centers within the MOF structure.
These collective benefits synergistically enhance the electrochemical performance of the composite, justifying
its incorporation as a means to achieve superior supercapacitor characteristics compared to standalone MOF
electrodes*"*2. Nevertheless, there have been obstacles, such as the difficulty of combining materials uniformly,
the complexity of the preparation process, and the need for high temperatures and extended periods in the
composition process*’. Consequently, additional research is required to develop effective methods for MOF
composite production and direct use in energy storage devices.

Furthermore, the electrochemical efficacy of electrodes is dependent not only on the type and content of the
electrode but also on its morphology, porosity, and dimension. The performance of supercapacitors can also
be enhanced by constructing a unique architecture that allows extensive use of nanoporous structural features.
In general, morphological modification has a considerable effect on the functioning of active material. Because
of their distinct pore size distribution and higher surface area, nanoporous materials exhibit superior electro-
chemical properties compared to bulk materials. Such characteristics facilitate electrolyte diffusion and ion
transport. Even though there are problems with chemical agents, adding chemical components like surfactants
or counter-ions to the reactants is a common way for standard protocols to control the shape of MOFs. These
additives impede the swift development of the MOF nucleation phase*~*°.

On the other hand, conventional methods of synthesis, such as hydrothermal or microwave synthesis, typi-
cally demand energy, cost, a longer reaction time, or the use of complicated processes and special chemicals. As a
consequence, the search for breakthrough techniques and materials with optimal structures remains a major pri-
ority for future electrochemical energy storage systems. Recently, a new approach based on cold plasma has been
reported as a solution to these issues. Compared to conventional preparation methods (such as hydrothermal,
which often require several hours or even days and heating equipment), cold plasma has significant advantages,
including ease, energy savings, and high synthesis speed. Therefore, it can generate more active sites with distinct
structures and morphologies without using any chemicals**->’. Among the various plasma sources, dielectric
barrier discharge (DBD) possesses the properties of a non-equilibrium cold plasma, which is characterised by a
comparatively low macroscopic temperature and a high electron temperature. The perturbation of plasma equi-
librium has a critical role in facilitating chemical reactions. Although the energy of electrons can successfully
ignite relatively stable (or even neutral) small molecules to start a chemical reaction, the entire reaction system
was kept at a low temperature for industrial applications. The production of DBD plasma is considered to be a
relatively straightforward and cost-efficient procedure, as it can be achieved at standard room temperature and
atmospheric pressure, eliminating the need for a vacuum environment. In addition, the utilisation of plasma
synthesis obviates the necessity for surfactants, hazardous reducing agents, stabilisers, and specialised solvents,
commonly employed in the fabrication of metal nanoparticles and metal oxides. For the production of MOF
nanoparticles, this method is reliable, inexpensive, environmentally friendly, and quick®"*%.

This study examined the effect of simple one-step plasma synthesis on the structural, physical, and electro-
chemical properties of the Co-MOF supercapacitor electrode system. In addition, the specific capacitance, and
capacity retention of supercapacitors are measured and discussed. Second, the effect of adding rGO during the
synthesis of the Co-MOF-rGO supercapacitor electrode on its electrochemical stability and specific capacitance
is investigated. The Cs of Co-MOF-rGO were determined to be 967.68 Fg™! at 1 Ag™!, higher than Co-MOF
(651.7 Fg™!). After 4000 cycles, the Cs retention of this electrode exhibited excellent 95.4% stability. In addi-
tion, we constructed an asymmetrical device by employing Co-MOF-rGO and activated carbon (AC) as the
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positive and negative electrodes, respectively, in the configuration of Co-MOF@rGO||AC. The hybrid device
exhibits a noteworthy specific energy value of 41.82 W h kg~ ! and a power density of 284 W kg™ at a current of
1 Ag~!. Generally, plasma leads to the formation of a 3D nanosheet morphology that enhances electrochemical
performance.

Methods

Materials. Potassium hydroxide (KOH), Cobalt (II) nitrate hexahydrate (Co(NO3),* 6 HO), nickel (II)
nitrate hexahydrate (Ni(NO3),*6 H,0), terephthalic acid (CsHgO4), N, N-dimethyl formamide (DMF), and
ethanol were purchased from Merck. Reduced graphene oxide (rGO) was bought from Borhan Co., Iran. No
additional processing was required, and all chemical compounds were utilized as supplied.

Synthesis of pristine MOF. A homemade DBD-based reactor is used in this work for MOF preparation.
All MOFs were produced by straightforward, one-step plasma synthesis. Firstly, 1 mM (0.291 g) Co(NO3),* 6
H,0 and 1 mM (0.166 g) terephthalic acid (BDC) were mixed in 12 ml of DME After that, the combined solu-
tion was stirred for 15 min while 1.8 ml of ethanol was added drop by drop to create a homogeneous mixture.
Following that, the solution was transferred to the DBD plasma reactor, where it was discharged for 30, 45 and
60 min, respectively (Table S1). Then, the mixture was washed three times with DMF and ethanol. The purple
substance was gathered and dried for 12 h.

Synthesis of MOF@rGO composites. MOF@rGO nano-composites were made, and their ability to
store energy was investigated in order to determine the influence of reduced graphene oxide as a conductive
compound on the electrochemical properties of the MOE. Multiple weight percentages (wt%) of MOF:rGO (1:2,
1:1, and 2:1) were sonicated for 30 min in DMF with Co(No3),* 6 H,O to adjust the Co-MOF@rGO ratio in the
nanocomposite for optimal supercapacitive behavior. The mixture was subsequently sent to the DBD reactor and
discharged at 6.5 kV for 45 min. The resulting black solid was rinsed many times with DMF and ethanol before
being dried for 12 h.

Plasma reactor. Figure 1a depicts a schematic diagram of the DBD cold plasma device for synthesizing
Co-MOF and single-step Co-MOF-rGO production at atmospheric pressure. The cylindrical DBD cold plasma
reactor makes up for this purpose, which includes the stainless-steel mesh (200 mm long) that functions as a
low-voltage electrode and the stainless-steel rod (300 mm long and 10 mm in diameter) that acts as a high-
voltage electrode, along with a quartz tube (300 mm long and 14.5 mm inner diameter). A handmade AC power
supply with a maximum output of 130 W at 14 kHz was used to turn on the plasma. A Tektronix (TDS-2024B,

= Plasmaregion

Gas-Liquid plasma reactor Co-MOF-71

(f)
’

Figure 1. (a)A schematic diagram of the DBD gas-liquid cold plasma device for synthesizing MOF-71 and
MOF composites. Synthesised (b) MOF-71, (c¢) Co-MOF-rGO. (d, e) optical image of Co-MOF in 10X and 40X
resolution. (f, g) optical image of Co-MOF-rGO nanocomposite in 10X and 40X resolution.
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USA) oscilloscope and a Tektronix high-voltage probe (P6015A, USA) were used to record the discharge voltage.
As the working gas, ultra-pure argon gas (>99.999%) with a flow rate of 150 sccm (standard cubic centimeter per
minute) was used. The discharge gap measured 4.5 mm. As indicated in Table S1, a planned investigation was
conducted to optimize the synthesis parameters in terms of discharge time, discharge voltage, and reactant con-
centration. From now on, Co-MOF, and Co-MOF@rGO are defined as those that were produced under excellent
synthesis conditions. Additionally, the optical images of these synthesised structures are depicted in Fig. 1b-g.

Further details regarding the fabrication of electrodes, the electrochemical techniques employed, calculations,
and extra analyses can be found in the supplemental information section.

Results and discussion

Structural characterization. Field emission scanning electron microscopy (FESEM) was used to analyze
the morphology of the generated MOFs. The Co-MOF morphology consists of a highly porous nanosheet array
with an average thickness of about 20 nm (Fig. 2a, b). Clearly, the manipulation of plasma characteristics has the
potential to exert a substantial influence on the structure of metal-organic frameworks (MOFs). In this study,
it was seen that when the plasma voltage was raised, the regularity of layered Co-MOF nanosheets got better.
Consequently, a highly porous three-dimensional network was produced, exhibiting characteristics that make it
more suitable for use in supercapacitor applications. (Figure S4).

As shown in Figure S5, when rGO is introduced into the Co-MOF structure, it is positioned between and on
the surface of the Co-MOF layers. By increasing the ratio of rGO to Co(NO3),* 6 H>O, its network structure is
obliterated, leading to a reduction in active redox sites. However, at the optimal ratio (Fig. 2¢, d and S5b), the
presence of rGO increases the structure’s conductivity and electrolyte diffusion by producing more conductive
channels within the Co-MOF@rGO nanocomposite structure and improves its supercapacitor’s electrochemical
performance (as we will explain in the electrochemical section). Compared to a previous report on MOF-71,
it is crucial to note that gas-liquid plasma synthesis can alter the morphological structure and produce a more
porous 3D nanostructure®>®4,

Energy-dispersive X-ray spectroscopy (EDX) was used to examine the elemental composition and distribu-
tion of metal ions in the Co-MOF and Co-MOF@rGO nanocomposite (Fig. 2e and S6). The EDX and the EDX
mapping images of the Co-MOF and Co-MOF@rGO samples (Fig. 2f, g and S7) confirmed the existence and
uniform distribution of Co, C, and O atoms throughout the nanocomposite structure.

The X-ray diffraction analysis (XRD) peaks for Co-MOFs are depicted in Fig. 3a, exhibiting peaks at approxi-
mately 9.7, 10.3, 15.6, 17.7, 22.2, and 27 degrees. The diffraction pattern exhibits a strong resemblance to the
previously observed structure of MOF-71%. Sharp and narrow peaks with a consistent baseline suggest the highly
crystalline structure of the MOFs. Figure S2 depicts the effect of preparation parameters, such as discharge
duration and voltage, on the XRD peaks of the synthesis sample. Crystallinity increases with preparation time
and voltage, whereas beyond a certain threshold, plasma no longer contributes to crystal structure. In general,
the XRD peaks are sharper and stronger at the optimal voltage (peak to peak) of 6.5 kV and time of 45 min.
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Figure 2. FE-SEM images of (a, b) Co-MOE, (¢, d) Co-MOF@rGO nano-composite synthesized with plasma,
respectively. (¢) EDX spectrum of the as-synthesized Co-MOF@rGO, (f, g) EDS elemental mappings of cobalt
and carbon elements of the Co-MOF@rGO nano-composite.
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Figure 3. (a) XRD patterns of Co-MOEF, rGO, Co-MOF@rGO composite and simulated MOF-71. (b) FT-IR
spectra of Co-MOEF, and Co-MOF@rGO composite. (c) BET and BJH analysis of Co-MOE. (d) BET and BJH
analysis of Co-MOF-rGO.

Furthermore, the composite has a strong peak at 25 degrees and a weak peak at 43 degrees due to the (001)
plane of graphene®®*’. The similarity of other peaks to the purified sample indicates that rGO has no effect on
the composite crystal structure.

The main FTIR (Fourier Transform Infrared Spectroscopy) bands of Co-MOF include the wide stretching
band of OH (3428 cm ™), the small wide stretching band of CH (2972 cm™}), the small stretching band of C=0
(1679 cm™1), the vibrational double band of C=C (1579, 1510 cm™!), the sharp vibrational band of C-O-O
(1379 cm™1), and three absorption bands (1094, 1010, and 808 cm™ 1), which are the vibrational CH bands
characteristic of the aromatic ring (Fig. 3b). Nevertheless, peak at approximately 557 cm ™! is associated with
the metal bonding between the metal atoms and the carboxylic group of the BDC ligand (Co-O band). In addi-
tion, the FTIR pattern of Co-MOF@rGO reveals the distinct absorption bands of rGO®, which correspond to
the stronger and broader OH stretching band at about 3580 cm ™, as well as the C=C vibrational peak at about
1665 cm™ ! and the C-O at about 1107 cm ™.

The BET (Brunauer-Emmett-Teller) curve shows that Co-MOF and Co-MOF-rGO possesses a type IV
nitrogen adsorption/desorption isotherm (Fig. 3¢, d). The initial steep slope of the graph reveals micropores
(<2 nm), whereas the continuous increase in absorption with increasing relative pressure indicates monolayer
or multilayer nitrogen molecule absorption in mesopores (2-50 nm). Absorption at increasing relative pressures
(p/po~ 1) shows mesopore and micropore volumes. In addition, the layer structure can be inferred based on the
diagram’s shape®. Overall, the gas-liquid plasma-produced Co-MOF has a larger surface area than earlier MOF-
71 experiments (Table $3)*. Furthermore, the Barrett-Joyner-Halenda (BJH) technique demonstrated that the
Co-MOF contained pores from 1 to 10 nm, with the largest being 6 nm while the Co-MOF-rGO nanocomposite
had smaller pores (about 2.9 nm). The findings suggest that the incorporation of reduced graphene oxide (rGO)
may lead to a reduction in the pore size of the structure, while yet allowing for unobstructed pore functionality.

In order to comprehend how gas-liquid plasma generates MOF nanostructures, we analysed the optical
emission spectrum (OES) at three locations within the reactor (Fig. 4). The uppermost, middle, and lowermost
regions were located within the gaseous phase, the interface between the gas and liquid phases, and the liquid
solution, respectively. The upper part featured spectral lines from 650 to 850 nm associated with argon working
gas. The emission spectrum was produced when electrons collided with a high-energy carrier gas (Ar), caus-
ing gas atoms to transition from the ground state to the excited state and then to unstable lower energy states.

Ar4+e” — Arf+e” (1)
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Figure 4. Optical emission spectra of plasma discharge in the (a) plasma gas (up), (b) interface (middle), and
(c) plasma solution (down).

Within the intermediate region, argon lines are present alongside nitrogen and hydrogen peaks. In the solu-
tion, various spectral lines such as N2, NO, CH, and OH can be observed. Additionally, certain lines associated
with C* and C, were identified in the Co-MOF@rGO sample®-®2,

In general, plasma consists of electrons, positive and negative ions, atoms and molecules in their ground and
excited states, reactive species, and a strong electric field. Radicals and electrons can enter the solution during
plasma production, starting complex chain reactions. Thus, it may be challenging to perceive the processes of
producing excited species and plasma dynamics on the emission spectrum. Strong electrons and free radicals
accelerate chemical processes in plasma. High-energy electrons may attack the solution and cause chemical
reactions with its ions. In addition, high-energy electrons travel faster than heavier Ar* ions, providing a strong
electric field. This electric field may generate a potential gradient at the plasma-liquid interface due to the sepa-
ration of positive and negative ions. It quickly breaks up the positively charged metal cations (Co*") and NO3
ions, facilitating the subsequent formation of coordination bonds.

On the other hand, organic linkers must be deprotonated before synthesis. This is usually done by heating
or adding a Brensted base (Brensted-Lowry theory). Plasma can accomplish this task due to its strong electric
field and active species. Therefore, electrons at the gas-liquid plasma interface can alter the pH of the solution.
Achieving a balance between deprotonation and protonation via the electric field results in the further depro-
tonation of the linkers through the isolated proton®. Additionally, the solution contains hydrogen, according
to OES. The electrons can easily separate this hydrogen from the linkers and turn it into hydride. Furthermore,
the plasma OES spectrum shows CN species, which may result from the formation of an intermediate molecule
that has a stable C-N bond. As Jiang et al. described, DMF radicals produced in the plasma field could be con-
sumed to form intermediate DMC molecules®. In addition, plasma discharges contain OH radicals. Due to the
electronegative nature of OH, cations can easily convert it to OH™ by giving it their electrons. Consequently,
the metal hydroxide and organic linker form a coordination bond. This enables the crystal to grow from atoms,
molecules, and ions layered on top of a nucleus. Further research will be conducted to investigate the impact of
plasma variables on MOF properties.

Electrochemical measurements. Figure 5a displays Co-MOF electrode CVs (cyclic voltammetry) at
varying scanning rates. At all scanning velocities, the cathodic and anodic redox peaks demonstrate that faradic
reactions dominate charge storage in active materials. At slower scan rates, MOF reacts sequentially and revers-
ibly with dissolved anions at the electrode/electrolyte interface. This produces two oxidation peaks and one
reduction peak. Although the scan rate increases the intensity of the redox peak, this indicates rapid Faraday
reactions on the surface of the electrode material and low resistance. However, efficiency is diminished because
ions cannot reach distant micropores in active materials at high scan velocities.

The closed area of the cyclic voltammetry (CV) curve serves as an indicator of the electrode’s capacity. In
order to optimise the supercapacitive properties of the nanocomposite, thereby facilitating improved charge
storage capacity, efficient electron transport, and greater electrolyte accessibility, we conducted an analysis of
three different ratios of metal-organic framework (MOF) to reduced graphene oxide (rGO) (1:2, 1:1, and 2:1)
using cyclic voltammetry (CV) curves. The chosen ratios facilitate the clarification of the impact of MOF and
rGO on the electrochemical activity of the composite. Our findings reveal that the 1:1 ratio exhibited the most
favorable outcome (Figure S8¢). In addition, the Co-MOF@rGO electrode’s oxidation-reduction peak distance
is shortened (0.14-0.09 V). Due to the fact that rGO by itself did not store energy in this system (Fig. 5b), the
nanocomposite sample possessed superior electrical conductivity and double-layer capacitance. Clearly, multi-
component MOF electrodes increase electrochemical efficacy.

Based on the redox potential of Co species, the following redox reactions are most likely involved in the
charge storage processes of Co-MOF-71*%

[CoBDC] + OH™ — ¢~ — [CoBDC (OH)] @)

[CoBDC (OH)] + Kt 4+ ¢~ — K[CoOH](BDC) (3)
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Figure 5. (a) CV curves of the Co-MOF electrode at different scan rates from 5 to 100 mV s~ (b) CV curves
of Co-MOE, Co-MOF-rGO composite and rGO at 5 mV s~ L. (c) Discharge profiles of the electrodes at 1 Ag*1
(d) Discharge profiles of Co-MOF at different current densities. (e) capacitance retention, and (f) coulombic
efficiency for two nanomaterials. (g) Nyquist and (h) Bode phase plots of all the synthesized electrodes in the
frequency range from 100 kHz to 0.1 Hz at an open-circuit potential, and (i) capacitance retention vs number of
cycles of the two nanomaterials. All the electrochemical studies were performed in a 6.0 M KOH electrolyte.

K[CoOH](BDC) + OH™ — ¢~ — K[Co(OH),](BDC) (4)
K[Co(OH),](BDC) + K + ¢~ — Li;BDC + Co(OH), 5)
Co(OH), + OH™ — ¢~ - CoOOH + H,0 (6)

It has been determined that OH ™ ions are more nucleophilic than BDC?~ ligands. When Co>™ is reduced to
Co?t in electrochemical reactions, depicting in Egs. (3) and (5), the -COO™ of BDC?™ connected to the cobalt
atom is removed instead of OH ™. In addition, OH ™ assaults the cobalt atom rather than the -COO~ of BDC?~,
oxidizing Co?* to Co®* in accordance with Eq. (4). Under the influence of an electric field, OH™ ions progres-
sively replace BDC2~ ions in MOFs, which ultimately results in the transformation of Co-MOF into Co(OH),
and CoOOH*%.

Furthermore, the redox reaction mechanism, which is a surface capacitance or diffusion-driven process,
can be validated using the relationship between peak current ip and scan rate (mVs™") from the CV curves. This
relationship can be described by the equation i, = aV?, where b indicates the charge storage mechanism. The
logarithm of the current (i) plotted against the logarlthm of the voltage (v) is employed in the determination
of the magnitude of b. Diffusion-controlled or surface capacitance-dominated processes occur as the value
approaches 0.5 or 1, respectively®. The b values for Co-MOF and Co-MOF@rGo electrodes were 0.66 and 0.62,
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respectively. This implies that charge storage reactions are controlled by diffusion (see Figure S9, Supporting
Information, for details).

The findings of the Galvanostatic Charge Discharge (GCD) examination for the synthesised materials are
depicted in Fig. 5c. The CO-MOF@rGO sample had a longer discharge time, indicating higher capacity. The
GCD graphs (Fig. 5d) revealed that when the CO-MOF electrode was initially charged, the potential rose rapidly;
however, electrochemical reactions may have caused the potential to rise more slowly over time. During the initial
phase of the discharge procedure, a slight decrease in potential, commonly referred to as the IR drop, may arise
due to factors such as electrolyte resistance, contact resistance between the active materials within the electrode,
or series resistance (ESR) inherent in the system. This minimal IR demonstrates that the MOF nanohybrid
electrode has superior rate capabilities and electrochemical contributions overall. The discharge process of the
graph exhibits a gradual incline as a result of the electrochemical oxidation-reduction reactions. Subsequently,
the plot exhibits a pronounced decrease in potential towards zero, demonstrating the Faraday characteristic of the
material. The Co-MOF@rGO nanocomposite electrode had a specific capacity of 967.68 Fg~!at 1 Ag~!, which
was significantly higher than Co-MOF (651.75 Fg~!at 1 Ag™1). It can be attributed to several factors, including
the inherent characteristics of the nanosheet array, the presence of numerous active sites, the exceptional mass
transfer qualities, and the synergistic effect resulting from the combination of Co and rGO.

As depicted in Fig. 5e, the progressive rise in current density leads to a gradual reduction in Cs values, owing
to the influence of the internal resistance of the electrochemical system. Furthermore, the volumetric capacitance
of materials was also computed and shown in Fig. 5f.

Electrochemical impedance spectroscopy (EIS) spectra were taken to investigate electrochemical processes
at the electrode surface (Fig. 5g, h). Two frequency regions are represented in EIS profiles: a semicircle at high
frequency, corresponding to faradic resistances and surface charge transfer (R.), and a straight line at low
frequency, demonstrating ion diffusion resistances (Warburg impedances). In the high-frequency region, the
connection point of the Nyquist plot and the real impedance axis is the equivalent series resistance (ESR), which
consists of the inherent resistance of the electrode and electrolyte and the contact resistance between the current
collector and the active material®. The Co-MOF@rGO sample had lower charge transfer (R.;) and series resist-
ance (R;) than pristine samples. The presence of more active Co-MOF sites and rGO improved electron transfer
at the electrode-electrolyte interface.

The EIS of the optimal supercapacitor electrode has an angle of approximately 45 degrees with respect to an
imaginary axis®. As shown in Fig. 5h, Co-MOF and Co-MOF@rGO have a similar pattern. The constant phase
element (CPE) model can explain nonuniform diffusion or multiple system routes®”. The CPE consists of the
alpha exponent’s pseudo-capacitance and roughness area, which rise as alpha decreases. Co-MOF@rGO has a
higher admittance than Co-MOE, which results in increased pseudo-capacitance.

Co-MOF and Co-MOF@rGO electrode capacitance retention with cycle number is depicted in Fig. 5i. The
Co-MOF@rGO electrode has a remarkable 95.4% stability. The synergistic effect of Co-MOF and rGO reduces
mechanical deformation during cycling redox reactions, thereby enhancing cycle stability. In contrast, the Co-
MOF electrode retains 80% of its capacitance and is less stable.

Device fabrication. An asymmetric supercapacitor was created to study the Co-MOF-rGO nanocomposite
electrode’s potential applications. The positive electrode was composed of Co-MOF-rGO, whereas the negative
electrode comprised activated carbon (AC). Figure 6a shows the CV curve of the positive and negative electrodes
in a three-electrode cell configuration with a scanning speed of 25 mVs™. Based on the shape of this curve, we
can infer that the operating range of the AC electrode is between 0 and —0.9 V, whereas the efficiency range
of the Co-MOF-rGO nanocomposite electrode is between 0 and 0.6 V. As a result, the asymmetric device can
function from 0 to 1.5 V. We tested the constructed asymmetric supercapacitor at various scanning speeds rang-
ing from 5 to 100 mvs'. With increased scanning speed, the nanocomposite-based supercapacitor maintains
its form (Fig. 6b). The GCD profile of the supercapacitor device at a range of current densities is illustrated in
Fig. 6¢c. The device maintains its triangular shape and exhibits a minimal infrared (IR) drop during the initial
discharge phase, even at high rates. This suggests that the device possesses a significantly low equivalent series
resistance (ESR). As is observed from the Nyquist plot (Fig. 6d), the effective series resistance (ESR) value is
slightly over 1 Q, which shows the low internal resistance of the device. The equivalent circuit fitted with EIS
shows that the device has quick response kinetics and low charge transfer resistances at medium frequencies
since it is composed of two overlapped semicircles with sizes of 0.15 and 8.9 Ohm. These values, together with
the straight line in the low-frequency region, confirm the performance of the hybrid charge storage that includes
the characteristics of the pseudo-capacitor and the Electric double-layer capacitors (EDLC). According to the
Ragone diagrams of this device (Fig. 6e), at a current density of 1 Ag™!, the specific capacitance of the asymmet-
ric supercapacitor was 153.6 Fg~!. This system provides high specific energy (41.82 Wh g~!) and specific power
(283.9 W g71) at a current density of 1 Ag~. The specific capacity versus specific current for the Co-MOF-
rGO||AC device is seen in Fig. 6f. The specific capacity values exhibit a progressive reduction as the particular
current increases. Nevertheless, the Coulombic efficiency (CE) tends to reach a value close to 100%. Hence, the
utilisation of a single-step plasma synthesis method for the production of Co-MOF-rGO results in the creation
of an electrode material exhibiting favourable characteristics such as high-power density and minimal energy
density losses, rendering it well-suited for implementation in supercapacitor devices.

Conclusion

The fabrication of Co-MOF-71 and Co-MOF-rGO supercapacitor electrodes was carried out under ambient con-
ditions using a one-step cold plasma technique. The nanocomposite of Co-MOF@rGO preserves the nanosheet
morphology observed in Co-MOF, with an average thickness of 20 nm. Hence, the utilisation of gas-liquid
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Figure 6. (a) CV of activated carbon as a negative electrode, Co-MOF-rGO as a positive electrode at a scan rate
of 25 mV s~ L. (b) CVs of the Co-MOF-rGO||AC device at various scan rate of 5-100 mV s~ . (c) GCD curves of
the Co-MOF-rGO||AC device at different current densities from 1 to 10 Ag~". (d) Nyquist plot of Co/Ni-MOF@
rGO||AC device. (e) Ragone plot-specific energy vs specific power of the device at different specific currents
from 1 to 10 Ag~'. (f) Rate capability plot of the Co-MOF@rGO||AC device at different specific currents from

1 to 20 Ag™! (primary y-axis). CE % at different rates (secondary y-axis). All the studies were performed in a

6.0 M KOH electrolyte.

plasma synthesis has the capacity to modify the morphology and yield a nanostructure characterised by porosity
and a three-dimensional configuration. The electrode containing Co-MOF@rGO demonstrated a Cs value of
967.68 Fg™ when tested at 1 Ag™', whereas the electrode containing Co-MOF exhibited a Cs value of 651.76 Fg™*
under the same conditions. In addition, the hybrid device consisting of Co-MOF@rGO||AC exhibits a notable
specific energy of 41.82 Wh kg™ and a specific power reaching up to 284 W kg™, This one-pot synthesis method
is extremely environmentally friendly because it does not require any pre- or post-treatments. We believe that
gas-liquid plasma provides a rapid and safe process for the synthesis of nanocomposites with a unique structure
that are ideal candidates for energy storage devices.

Data availability
The data that support the findings of this study are available within the article and its supplementary material.

Received: 8 July 2023; Accepted: 31 August 2023
Published online: 13 September 2023

References

1. Xu, B., Zhang, H., Mei, H. & Sun, D. Recent progress in metal-organic framework-based supercapacitor electrode materials. Coord.
Chem. Rev. https://doi.org/10.1016/j.ccr.2020.213438 (2020).

2. Yang, J., Ma, Z., Gao, W. & Wei, M. Layered structural co-based MOF with conductive network frames as a new supercapacitor
electrode. Chem. A Eur. J. 23, 631-636 (2017).

3. Wang, D. G,, Liang, Z., Gao, S., Qu, C. & Zou, R. Metal-organic framework-based materials for hybrid supercapacitor application.
Coord. Chem. Rev. 404, 213093 (2020).

4. Wang, K. B, Xun, Q. & Zhang, Q. Recent progress in metal-organic frameworks as active materials for supercapacitors. EnergyChem
2, 100025 (2020).

5. Tahir, M. A, Arshad, N. & Akram, M. Recent advances in metal organic framework (MOF) as electrode material for super capaci-
tor: A mini review. J. Energy Storage https://doi.org/10.1016/j.est.2021.103530 (2022).

6. Cai, Z. X., Wang, Z. L., Kim, J. & Yamauchi, Y. Hollow functional materials derived from metal-organic frameworks: Synthetic
strategies, conversion mechanisms, and electrochemical applications. Adv. Mater. 31, 1-28 (2019).

7. Luo, X. et al. Trimetallic metal-organic frameworks and derived materials for environmental remediation and electrochemical
energy storage and conversion. Coord. Chem. Rev. https://doi.org/10.1016/j.ccr.2022.214505 (2022).

8. Radwan, A, Jin, H., He, D. & Mu, S. Design engineering, synthesis protocols, and energy applications of MOF-derived electro-
catalysts. Nano-Micro Lett. 13, 1-32 (2021).

9. Cai, G, Yan, P,, Zhang, L., Zhou, H. C. & Jiang, H. L. Metal-organic framework-based hierarchically porous materials: Synthesis
and applications. Chem. Rev. 121, 12278-12326 (2021).

10. Xu, X., Hartanto, Y., Zheng, J. & Luis, P. Recent advances in continuous MOF membranes for gas separation and pervaporation.

Membranes 12, 1205 (2022).

Scientific Reports |

(2023) 13:15156 |

https://doi.org/10.1038/s41598-023-41816-9 nature portfolio


https://doi.org/10.1016/j.ccr.2020.213438
https://doi.org/10.1016/j.est.2021.103530
https://doi.org/10.1016/j.ccr.2022.214505

www.nature.com/scientificreports/

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

Xu, H. et al. A Zr-MOF nanoflower sensor and its mixed-matrix membrane for the highly sensitive detection of nitroaromatics.
J. Mater. Chem. C 10, 7469-7475 (2022).

Hong, D. H., Shim, H. S., Ha, ]. & Moon, H. R. MOF-on-MOF architectures: Applications in separation, catalysis, and sensing.
Bull. Korean Chem. Soc. 42, 956-969 (2021).

Hao, M., Qiu, M., Yang, H., Hu, B. & Wang, X. Recent advances on preparation and environmental applications of MOF-derived
carbons in catalysis. Sci. Total Environ. 760, 143333 (2021).

Jiao, L., Wang, Y., Jiang, H. L. & Xu, Q. Metal-organic frameworks as platforms for catalytic applications. Adv. Mater. 30, 1-23
(2018).

Lawson, H. D., Walton, S. P. & Chan, C. Metal-organic frameworks for drug delivery: A design perspective. ACS Appl. Mater.
Interfaces 13, 7004-7020 (2021).

Bieniek, A. et al. MOF materials as therapeutic agents, drug carriers, imaging agents and biosensors in cancer biomedicine: Recent
advances and perspectives. Prog. Mater. Sci. 117, 100743 (2021).

Harzand, V.E, Nejad, S.N.M, Babapoor, A., Mousavi, S.M., Hashemi, S.A., Gholami, A., Chiang, W.H., Buonomenna, M.G. and Lai,
C.W. Recent Advances in Metal-Organic Framework (MOF) Asymmetric Membranes/Composites for Biomedical Applications.
Symmetry, 15(2), 403 (2023).

Zeng, Y. et al. Iron-based supercapacitor electrodes: Advances and challenges. Adv. Energy Mater. 6, 1-17 (2016).

Kang, L., Sun, S. X., Kong, L. B,, Lang, ]. W. & Luo, Y. C. Investigating metal-organic framework as a new pseudo-capacitive mate-
rial for supercapacitors. Chin. Chem. Lett. 25, 957-961 (2014).

Lee, D. Y. et al. Unusual energy storage and charge retention in Co-based metal-organic-frameworks. Microporous Mesoporous
Mater. 153, 163-165 (2012).

Guo, S. N. et al. (Metal-organic framework)-polyaniline sandwich structure composites as novel hybrid electrode materials for
high-performance supercapacitor. J. Power Sources 316, 176-182 (2016).

Bhardwaj, S. K. et al. An overview of different strategies to introduce conductivity in metal-organic frameworks and miscellaneous
applications thereof. J. Mater. Chem. A 6, 14992-15009 (2018).

Han, S. et al. Tunneling electrical connection to the interior of metal-organic frameworks. J. Am. Chem. Soc. 137, 8169-8175
(2015).

Zhang, A. et al. Controllable synthesis of nickel doped hierarchical zinc MOF with tunable morphologies for enhanced superca-
pability. J. Colloid Interface Sci. 618, 375-385 (2022).

Schulze, H. A., Hoppe, B., Schifer, M., Warwas, D. P. & Behrens, P. Electrically conducting nanocomposites of carbon nanotubes
and metal-organic frameworks with strong interactions between the two components. ChemNanoMat 5, 1159-1169 (2019).
Wang, Q. et al. Flower-shaped multiwalled carbon nanotubes@nickel-trimesic acid MOF composite as a high-performance cathode
material for energy storage. Electrochim. Acta 281, 69-77 (2018).

Kim, D., Kim, D. W,, Hong, W. G. & Coskun, A. Graphene/ZIF-8 composites with tunable hierarchical porosity and electrical
conductivity. J. Mater. Chem. A 4,7710-7717 (2016).

Dao, X. et al. Electrochemical performance of metal-organic framework MOF(Ni) doped graphene. Int. J. Hydrogen Energy 47,
16741-16749 (2022).

Biserci¢, M. S., Marjanovi¢, B., Zasoniska, B. A., Stojadinovi¢, S. & Ciri¢-Marjanovi¢, G. Novel microporous composites of MOF-5
and polyaniline with high specific surface area. Synth. Met. 262, 116348 (2020).

Dhara, B. et al. Increase in electrical conductivity of MOF to billion-fold upon filling the nanochannels with conducting polymer.
J. Phys. Chem. Lett. 7, 2945-2950 (2016).

Chang Kim, M. et al. Ultrafine nanoparticles of tin-cobalt-sulfide decorated over 2D MXene sheets as a cathode material for high-
performance asymmetric supercapacitor. J. Ind. Eng. Chem. 124, 294-303 (2023).

Alam, A,, Saeed, G., Kim, K. H. & Lim, S. Metal-organic framework-derived NiS@Cobalt-Molybdenum layered double hydroxides
shell@core as cathode and CoFe,O,-nanoparticles@MXene shell@core as anode materials for ultra-high energy-density flexible
asymmetric supercapacitor. J. Energy Storage 55, 105592 (2022).

Alam, A. et al. Direct ink writing (DIW) printed high-performance asymmetric supercapacitor based on 0D@2D silver-nanopar-
ticles@MXene as anode and 0D@2D MnO,-nanoparticles@MXene as cathode materials. J. Energy Storage 72, 108227 (2023).
Alam, A., Saeed, G., Kim, K. H. & Lim, S. Sonochemical synthesis of welded titanium dioxide-silver nanocomposite as a 3-dimen-
sional direct ink writing printed cathode electrode material for high-performance supercapacitor. J. Energy Storage 45, 103524
(2022).

Saeed, G. et al. Metal-organic framework-derived (Mn-1)CoxSy@(Ni-Cu)OHs marigold flower-like core@shell as cathode and
(Mn-Fel0)Sx@graphene—foam as anode materials for ultra-high energy-density asymmetric supercapacitor. Mater. Today Chem.
23, 100758 (2022).

Alam, A, Saeed, G., Hong, S. M. & Lim, S. Development of 3d-printed MWCNTs/AC/BNNTS ternary composite electrode material
with high-capacitance performance. Appl. Sci. 11, 2636 (2021).

Hao, L. P. et al. Synergistic integration of MXene and metal-organic frameworks for enhanced electrocatalytic hydrogen evolution
in an alkaline environment. Catalysts 13, 802 (2023).

Hussain, A. et al. Preparation of reduced graphene oxide decorated two-dimensional WSe, nanosheet sensor for efficient detection
of ethanol gas. Phys. E Low-Dimens. Syst. Nanostruct. 147, 115574 (2023).

Hanan, A. et al. Novel rGO@Fe;0, nanostructures: An active electrocatalyst for hydrogen evolution reaction in alkaline media. J.
Indian Chem. Soc. 99, 100442 (2022).

Hanan, A. et al. Co,FeO,@rGO composite: Towards trifunctional water splitting in alkaline media. Int. J. Hydrogen Energy 47,
33919-33937 (2022).

Saraf, M., Rajak, R. & Mobin, S. M. A fascinating multitasking Cu-MOF/rGO hybrid for high performance supercapacitors and
highly sensitive and selective electrochemical nitrite sensors. J. Mater. Chem. A 4, 16432-16445 (2016).

Wang, Z. et al. Electrochemical performance and transformation of Co-MOF/reduced graphene oxide composite. Mater. Lett. 193,
216-219 (2017).

Zhang, H. et al. Influence of Co-MOF morphological modulation on its electrochemical performance. J. Phys. Chem. Solids 160,
110336 (2022).

Zheng, S. et al. Dual-ligand and hard-soft-acid-base strategies to optimize metal-organic framework nanocrystals for stable
electrochemical cycling performance. Natl. Sci. Rev. 9, nwab197 (2022).

Xiao, Z. et al. Controlled hydrolysis of metal-organic frameworks: Hierarchical Ni/Co-layered double hydroxide microspheres
for high-performance supercapacitors. ACS Nano 13, 7024-7030 (2019).

Chokradjaroen, C., Wang, X., Niu, J., Fan, T. & Saito, N. Fundamentals of solution plasma for advanced materials synthesis. Mat.
Today Adv. https://doi.org/10.1016/j.mtadv.2022.100244 (2022).

Tao, X., Cong, W., Huang, L. & Xu, D. CeO, photocatalysts derived from Ce-MOFs synthesized with DBD plasma method for
methyl orange degradation. J. Alloys Compd. 805, 1060-1070 (2019).

Tang, T., Jin, X,, Tao, X., Huang, L. & Shang, S. Low-crystalline Ce-based bimetallic MOFs synthesized via DBD plasma for excel-
lent visible photocatalytic performance. J. Alloys Compd. 895, 162452 (2022).

Tao, X., Wang, G., Huang, L., Ye, Q. & Xu, D. A novel two-level dielectric barrier discharge reactor for methyl orange degradation.
J. Environ. Manage. 184, 480-486 (2016).

Scientific Reports |

(2023) 13:15156 | https://doi.org/10.1038/s41598-023-41816-9 nature portfolio


https://doi.org/10.1016/j.mtadv.2022.100244

www.nature.com/scientificreports/

50. Jiang, X. et al. Plasma-catalysed reaction M: N + + L-H — MOFs: Facile and tunable construction of metal-organic frameworks
in dielectric barrier discharge. Chem. Commun. 55, 12192-12195 (2019).

51. Brandenburg, R. Dielectric barrier discharges: Progress on plasma sources and on the understanding of regimes and single fila-
ments. Plasma Sources Sci. Technol. 26, 053001. https://doi.org/10.1088/1361-6595/aa6426 (2017) (Plasma Sources Sci. Technol.
<Emphasis Type=&quot;Bold&quot;>27</Emphasis> (2018)).

52. He, J. et al. Dielectric barrier discharge plasma for nanomaterials: Fabrication, modification and analytical applications. TrAC
Trends Anal. Chem. https://doi.org/10.1016/j.trac.2022.116715 (2022).

53. Bigdeli, H., Moradi, M., Hajati, S., Kiani, M. A. & Toth, J. Cobalt terephthalate MOF-templated synthesis of porous nano-crystalline
Co;0, by the new indirect solid state thermolysis as cathode material of asymmetric supercapacitor. Phys. E Low-Dimens. Syst.
Nanostruct. 94, 158-166 (2017).

54. Hu, X. et al. Cobalt-based metal organic framework with superior lithium anodic performance. J. Solid State Chem. 242, 71-76
(2016).

55. Rosi, N. L. et al. Rod packings and metal-organic frameworks constructed from rod-shaped secondary building units. J. Am. Chem.
Soc. 127, 1504-1518 (2005).

56. Thakur, S. & Karak, N. Green reduction of graphene oxide by aqueous phytoextracts. Carbon N. Y. 50, 5331-5339 (2012).

57. Cui, P, Lee, J., Hwang, E. & Lee, H. One-pot reduction of graphene oxide at subzero temperatures. Chem. Commun. 47, 12370-
12372 (2011).

58. Thangasamy, P,, Shanmuganathan, S. & Subramanian, V. A NiCo-MOF nanosheet array based electrocatalyst for the oxygen evolu-
tion reaction. Nanoscale Adv. 2, 2073-2079 (2020).

59. Ambroz, E, Macdonald, T. ], Martis, V. & Parkin, 1. P. Evaluation of the BET theory for the characterization of meso and micropo-
rous MOFs. Small Methods 2, 1800173 (2018).

60. Chen, Q., Kaneko, T., Matsuda, N. & Hatakeyama, R. Potential structure of discharge plasma inside liquid directly measured by
an electrostatic probe. Appl. Phys. Lett. 102, 6-10 (2013).

61. Bashir, M., Rees, J. M., Bashir, S. & Zimmerman, W. B. Characterization of atmospheric pressure microplasma produced from
argon and a mixture of argon-ethylenediamine. Phys. Lett. Sect A Gen. At. Solid State Phys. 378, 2395-2405 (2014).

62. Attri, P. et al. Influence of ionic liquid and ionic salt on protein against the reactive species generated using dielectric barrier
discharge plasma. Sci. Rep. 5, 1-13 (2015).

63. Miles, D. O,, Jiang, D., Burrows, A. D., Halls, J. E. & Marken, E Conformal transformation of [Co(bdc)(DMF)] (Co-MOF-71, bdc =
1,4-benzenedicarboxylate, DMF = N, N-dimethylformamide) into porous electrochemically active cobalt hydroxide. Electrochem.
commun. 27,9-13 (2013).

64. Liu, Y. L. et al. Selenium-rich nickel cobalt bimetallic selenides with core-shell architecture enable superior hybrid energy storage
devices. Nanoscale 12, 4040-4050 (2020).

65. Shi, X. et al. Ni(OH), nanoflakes supported on 3D Ni;Se, nanowire array as highly efficient electrodes for asymmetric supercapaci-
tor and Ni/MH battery. Small 15, 1-10 (2019).

66. Shafi, P. M., Ganesh, V. & Bose, A. C. LaMnO;/RGO/PANI ternary nanocomposites for supercapacitor electrode application and
their outstanding performance in all-solid-state asymmetrical device design. ACS Appl. Energy Mater. 1,2802-2812 (2018).

67. Cordoba-Torres, P., Mesquita, T. ]. & Nogueira, R. P. Relationship between the origin of constant-phase element behavior in
electrochemical impedance spectroscopy and electrode surface structure. J. Phys. Chem. C 119, 4136-4147 (2015).

Acknowledgements
This work was funded by Iran National Science Foundation (INSF) under the silk road program.

Author contributions
Z.K.: Conceptualization, Methodology, Investigation, Data curation, Validation, Writing-original draft, Writing-
review, and editing. B.S.H.: Supervisor, Review, and editing. A.M.: Advisor, and Review.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-023-41816-9.

Correspondence and requests for materials should be addressed to B.S. or A.M.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2023

Scientific Reports |

(2023) 13:15156 | https://doi.org/10.1038/s41598-023-41816-9 nature portfolio


https://doi.org/10.1088/1361-6595/aa6426
https://doi.org/10.1016/j.trac.2022.116715
https://doi.org/10.1038/s41598-023-41816-9
https://doi.org/10.1038/s41598-023-41816-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Rapid cold plasma synthesis of cobalt metal–organic frameworkreduced graphene oxide nanocomposites for use as supercapacitor electrodes
	Methods
	Materials. 
	Synthesis of pristine MOF. 
	Synthesis of MOF@rGO composites. 
	Plasma reactor. 

	Results and discussion
	Structural characterization. 
	Electrochemical measurements. 
	Device fabrication. 

	Conclusion
	References
	Acknowledgements


