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Advanced supercapattery materials: hydrothermally synthesized niobium
sulfide/reduced graphene oxide composites
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Supercapattery combines batteries with the advantages of supercapacitors. The
hydrothermal method was employed to synthesize niobium sulfide (NbS), then doped them
with reduced graphene oxide (rGO). A total surface area of 15.50 m?/g was identified for
NbS/N-GQDs by Brunauer-Emmett-Teller (BET). The composite niobium sulfide
(NbS/rGO) displayed 858 Cg! regarded as a higher specific capacity (Cs) in the three-
electrodes assembly. To construct an asymmetric supercapacitor, battery-graded NbS/rGO
was used as the +ve as well as AC as the -ve terminals respectively. The Nbs/rGO//AC
demonstrated maximum Cs of 190 Cg™! besides power and energy densities of 1510 WKg™!
and 34.6 WhKg™! respectively. 90% of the initial capacity of NbS/rGO//AC remained after
5000 cycles. Future energy storage systems can use NbS/rGO as a nanostructured electrode
due to its remarkable electrochemical efficiency.
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1. Introduction

The decreasing availability of confined fossil resources has increased in this century,
causing an energy crisis. To address this need, there is an increasing demand for highly efficient
energy storage and transition technologies. [1-4]. Capacitors store charges electrostatically, whereas
batteries store charges by faradic interactions with electrodes and electrolytes. [5, 6]. Compared to
traditional chemical storage technologies, supercapacitors, frequently referred to as ultra-capacitors,
have several advantages, such as a high power density and a long cyclic life. [7]. Intermediate energy
and power can be produced via pseudo capacitors (PSc), which use reversible diffusion-controlled
mechanisms to store electrical energy at the boundary of electrode materials. [8]. Two essential
components that allow S.C.s to regulate the energy density include cell potential as well as electrode
capacitance. [9]. Designing a nanoscale, porous electrode material having higher energy density
values is one way to boost capacitance. Constructing asymmetric or hybrid energy storage devices,
which raise the cell's overall potential, is a further strategy. Two forms of asymmetric/hybrid S.C.s
are further classified. Two capacitive electrodes are used in the first kind of hybrid devices, such as
EDLCs and PCs. Two forms of asymmetric/hybrid S.C.s have also been distinguished. The first
class of hybrid devices with two capacitive electrodes includes PCs as well as EDLCs. Individual
capacitive electrodes have been combined alongside a battery-graded electrode in the second kind
of hybrid device. [10, 11]. That kind of hybrid device is known to be a supercapattery [12]. Because
of their beneficial electrical and conductive qualities, metal sulfides, oxides, and particularly
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phosphates/phosphides, are often used as active materials in electrode design. They can also be used
in charge-storage devices because of these qualities.

Niobium sulfide (NbS) has gained popularity to be an anode material due to its extended
cycle life, increased specific capacity, as well as better electrical conductivity. [13]. The application
of niobium-oxide to enhance the hybrid capacitor was explored by Liao ef al. Still, much more effort
is needed to develop niobium-base materials for SC electrodes. [14]. The SCs can greatly benefit
from the usage of materials based on nickel. On the other hand, combining niobium with two metals
can effectively boost its conductivity. Excellent electrical conductivity, flexibility, hardness,
extended cyclic retention, remarkable electrochemical characteristics, and high energy storage
capacity distinguish NbS. [15].

Organic Graphene quantum dots have impressive interval-to-diameter ratios and higher
surface area, along with other chemical and physical characteristics. [16]. A variety of methods for
decreasing chemicals are often used in GO reduction (rGO) agents. [17, 18]. Recent developments
in energy storage systems have used 2D materials like graphene, MXenes, MoS,, etc. to improve
the EES device's performance. Each type of material's GO nanosheets, with their flawless 2D carbon
structure, showed unmistakably better electrochemical properties. Its impressive mechanical
strength, and excellent electrical conductivity, with unusually large electrolyte achievable surface
area are the reasons for this. However, during composite manufacturing, graphene undergoes
significant agglomeration, which lowers the specific active area available for electrolyte interaction.
This limit harms its specific capacitance along with energy density. Adding the right
catalytic material into the host composite electrode materials is a workable way to solve the
graphene (GO) restocking problem and improve the redox active reactions on the surface of the
active composite electrode materials. [19].

In this work, niobium sulfide was doped with nitrogen-graphene quantum dots (N-GQDs)
using the hydrothermal method. Scanning electron microscopy (SEM) was employed to examine
morphology. X-ray diffraction (XRD) has been used to investigate NbS/N-GQDs structural
properties. The material structure was examined using the X-ray photoelectron spectrum (XPS).
Mostly researchers focused on replacing battery-grade electrodes in previous investigations. We
adjust combined capacitive as well as battery-graded electrodes during this work. NbS/N-GQDs was
used as the +ve terminal and AC was used as the -ve terminal for preparing an asymmetric device.
Cyclic voltammetry (CV), galvanometric charge-discharge (GCD), specific capacity (Cs),
electrochemical impedance spectroscopy (EIS), and stability testing were used in the
electrochemical testing of NbS/N-GQDs.

2. Experimental section

2.1. Materials

We purchased activated carbon (AC) and KOH pellets. Niobium nitrate (NbNOs3), carbon
black (CB), PVDF, NMP, and sodium sulfide hydrate (Na,S.nH,O) from Sigma Aldrich are also
included. The nickel foam was acquired with the assistance of Urich Technology Malaysia. Every
chemical was acquired through a commercial purchase and used before any kind of purification.
Purchased from ALS Co. LTD. in Japan, the Pt wire and Hg/HgO were utilized as reference and
counter electrodes, respectively.

2.1.1. Synthesis of Niobium sulfide

A hydrothermal method was used for making niobium sulfide. The hydrothermal process
was adopted as the method of synthesis since it was straightforward and effective. Moreover, it
offers more crystallinity than alternative methods like the co-precipitation process. [21]. During the
hydrothermal method, the ideal temperature limit is 120-250 °C. The 30ml of deionized water
(DIW) was used to create 0.8 mol solutions of sodium sulfide hydrate (Na>S.9H,0O) and niobium
nitrate hex hydrate (NbHi2NOy). Subsequently, we agitated the hex hydrate niobium nitrate
(NbH2NOy) solution continuously for 30 minutes while adding drops of Na,S.9H,0. Subsequently,
the resultant solution was autoclaved for six hours at 120 °C. To remove impurities, this synthetic
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material was repeatedly cleaned with water and ethanol. After being dehydrated in an oven for four
hours at 50 °C, the material was then obtained.

3. Results and discussion

The materials are examined using X-ray diffraction to confirm that they are crystalline.
Figure 1(a) displays the X-ray diffraction peaks of NbS/rGO. The XRD peaks observed at 26 =
15.2°,29.6°, 53.8°, and 64.5°, which correspond to (002), (100), (110), and (200), represent the NbS
contribution. Conversely, the rGO XRD peaks, which correlate to (001), (002), and (111), were
found at 20 = 10.6°, 25.4° and 45.5°. These XRD peaks in composite conditions validate the

synthesis of NbS/rGO.
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Fig. 1. (a) XRD of NbS, rGO, and NbS/rGO composite.

Table 1. The evaluation of energy density versus power density of earlier researches in the field.

Compound name Power density | Energy Density | Specific Capacity | Reference.
ZnS/MnS 7.78 91 [29]
Co-MOF/polyaniline | 1600 232 162.5 [30]
NbS/rGO Supercapattary 858 This Work

3.1. Measurement of NbS/rGO electrodes electrochemically

NbS doped NbS/rGO electrochemical characteristics are studied by analyzing cyclic
voltammetry (CV), and galvanostatic charge-discharge (GCD). The CVs of all three samples were
evaluated at various scan rates from 3 to 50 mVs™, all within the 0 to 0.8 V potential range. Figure
2(a—b) displays the CV graphs for NbS and NbS/rGO, respectively. The redox peaks on the graph
shapes show NbS/rGO. Faradaic performance is an indication of battery-type materials. When the
OH-ions of the electrolyte come in contact with the working electrode, the faradaic reaction takes
place. As the scan rate rises, oxidation/reduction peaks display increasing current values. The Cs of
electrodes were determined using the given formula.
M

-1 (Vs
Qs_mv v, [ x vdVv
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The variable Qsin the calculation given stands for specific capacity, val 71 x VdVrepresents
the CV curve's area, whereas the m and v stand for scan rate as well as active mass, accordingly.
This formula is divided by the 0.7 V potential range "V" to find the specific capacity (Cs).

Equation (1) obtains specific capacities for NbS and NbS/rGO of 702 Cg™' and 1089 Cg.
The oxidation peaks displayed an additional increase after the NbS composite was doped with rGO.
[20, 21]. At this point, several attractive surface regions are dominated by the material NbS/rGO,
resulting in them being unavailable for charge storage. An interesting finding about the doped
material from Figure 2(a-b) is the moving of oxidation peaks to a higher potential, showing a
decreased oxidation rate of rGO, even though, NbS/N-GQDs exhibit larger peaks than the NbS
sample. In contrast to previous samples, the broad surface of the doped compound exhibits a more
current response. When the CV performance of each sample is compared, the NbS sample
outperformed the others due to its larger area over the curve and higher specific capacity. The
specific capacities for NbS and NbS/rGO were found to be 703 Cg™' and 1085 Cg! as displayed in
Figure 2(c).
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Fig. 2. Cyclic voltammetry for (a) NbS (b) NbS/rGO (c) Specific capacity
of NbS and NbS/rGO at various scan rates.

Figure 3 shows the electrode analysis findings from GCD at 1 to 2.6 Ag™ current density
range in potential ranges of 0 to 0.60 V. This material is considered battery-grade, as shown by the
non-linear behavior of galvanostatic charging and discharging in Figure 3. These figures show that
the specific capacity consequently decreases the discharge time with increasing current density. The
limited period that the electrolyte ions and electrode material may interact is the cause of the shorter
discharge period. At greater current densities, the charge carrier interaction which is the result of
increased interest causing internal resistance also contributes to the drop-in discharge time. The Cs
of electrodes via GCD can be calculated by the expression given below.



where, current and discharge time are denoted by "I" and "t," respectively.
At 1 A/g, the NbS showed 594 C/g, and the NbS/rGO 858 C/g in Figure 3(c). Because of its

quicker ion diffusion channel for electrolytes in contact with the material deposited on the electrode,
NbS/rGO shows high specific capacity.[22, 23].
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Fig. 3. (a) GCD for NbS (b) Doped material NbS/rGO GCD Curves (c) Specific capacity of NbS and

NbS/rGO via GCD at different current density values.
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Using the BET technique, its pore size, pore volume, and surface area were measured. BET
calculates surface area and is used to measure the adsorption isotherm. Although it performs well
with materials that exhibit isotherm curves, this technique is often applied to a variety of materials
[21]. Here is the NbS/rGO isotherm shown in Figure 4(a). The NbS/rGO has a pore volume of 0.038
cm’/g and a surface area of 16.69 m?/g. Its pore size of 21.12 nm gives the appearance of rapid ion
movement. These results suggest that a substantial quantity of charge may be rapidly stored in
NbS/rGO due to its large pore size and high surface area. With cycle stability, this increased surface
area immediately improved the specific capacity. A larger surface area facilitates stronger charge
accumulations, but increased hole volume expedites ion transportation. The EIS measurement is

shown in Figure 4(b).
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Fig. 4. (a) BET of NbS and NbS/rGO. (b) EIS of NbS and NbS/rGO.

NbS/rGO has a lower impedance, which makes it more advantageous for supercapattery
design. Because the components' properties resemble those of a battery, the EIS form in this instance
cannot be completely vertical. The cause of this increased conductivity is rGO.

To perform more studies on the material's efficiency, a supercapattery device is made. With
the sample NbS/rGO as the +ve electrode and carbon black as the -ve electrode. To make a device
that can be used in daily life, the best sample was combined with activated carbon. After a two-
electrode system has been fabricated, the assessment of GCD and CV test performance at different
current densities at various scan rates is shown in Figure 5(a—c). To construct the real device, the
positive electrode was the binary composite material sample NbS/rGO, while the negative electrode
was activated carbon. Electrochemical characterization of this device was performed in an
electrolyte solution containing 1M KOH. Equation (3) below illustrates how the object's Cs and
potential range are the only factors that affect the energy density.

E= %cv2 3)

where "V" stands for a prospective window and "C" for specified capacity [24]. For sample
NbS/rGO, the independent calculation of the CV peaks in a three-electrode assembly is performed
at 3 mVs™', and the AC over potential is between 0 and 0.6 V and -1 to 0 V. Within 0 to 1.6 V
potential range, the scan rates from 5 mVs' to 100 mVs™" using the NbS/rGO electrodes and
activated carbon in CV graph. The presence of redox peaks at higher potentials and non-rectangular
CV curves indicates a non-capacitive, battery-graded character. The CV curves at lower potentials
show capacitive behavior. The device's remarkable rate capabilities can be explained by the form
retention of CV at higher scan rates. Using GCD, the device's behavior was further examined in 0
to 1.6 V potential range from 1 to 2.4 Ag™” current density range.
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Fig. 5. (a) Two-electrodes hybrid device CV curves (3 to 50 mVs™) (c) Computation of Galvanostatic charge
discharge at various values of current density. (c) The calculated specific capacity for NbS/rGO//AC vs
various scan rates. (d) NbS/rGO//AC specific capacity vs different current densities.

These findings improve on the potential applications of supercapattery development. The
GCD peak's consistent behavior at higher current density levels and its well-preserved shape
demonstrates the device's exceptional rate capacity and stability. The highest Cs of 308 C/g for the
device sample NbS/rGO/AC was obtained by CV at 3 mV/s, whereas the maximum Cs of 190 C/g
was determined using GCD.

A current density of 4.8 A/g was used for 5000 GCD cycles to assess the supercapattery
durability. The charge/discharge time calculated over 5000 cycles is shown in Figure 6(a). The
capacity retention graph, which is displayed in Figure 6(b), was found to be 84% after 5000 cycles.
Figure 6(b) displays the Coulombic efficiency (CE), which is determined using the previously
indicated equation following 5000 GCD cycles. The result was found to be 90%. The Nbs/rGO/AC
b-values that fall within the supercapattery b-value range are shown in Figure 6(c). Additionally, the
b-values suggest that supercapattery development has been in place. The battery's b-values vary
from 0 to 0.5, the supercapattery's from 0.5 to 0.8, and the supercapacitors' from 0.8 to 1.0, as shown
in Figure 6(d) [25]. The energy and power densities can be determined via the following formulas.

—1y _ QsxAV
EWhhkg™) = &2 @)
P(Wkg™) = =222 (5)

The energy density (E) for a power density of 1510 W k/g was found to be 34.6 Wh k/g, as
shown in Figure 6(d). This value is higher than previously published values of un-doped sulfides,
suggesting that NbS/rGO performs better in energy storage device applications [26-28]. The power
and energy density of this study are compared with earlier ones in Figure 6(d).
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Fig. 6. (a) The device stability up to 5000 charging/discharging cycles (b) Specific capacity retention and
columbic efficiency after 5000 charging/discharging cycles (c) Linear fitting for NbS/rGO//AC
supercapattery (d) Comparing energy density vs power density with other’s work.

Based on the improved performance of the NbS/rGO sample, it was concluded that doping
with rGO enhanced the binary metal sulfide performance, making NbS/rGO an acceptable substitute
for supercapattery applications.

4. Conclusion

The hydrothermal process was used in this work to produce NbS. Following the binary
composite NbS/rGO, many samples are used to compare its electrochemical performance. Because
of the rGO's large surface area, which promotes a longer and stronger ion diffusion channel, the
NbS/rGO showed better capacity. Our supercapattery device achieved a Cs of 190 Cg™ at 1 Ag™' and
90% cyclic retention even after 5000 charge-discharge cycles. The device was found to have a power
density of 1510 WKg™' and an energy density of 34.6 WhKg™'. These results imply that NbS/rGO
may be used to develop supercapattery devices with excellent performance.
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