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Abstract
For practical uses, there has been a lot of interest in simple, inexpensive, and efficient synthesis of materials for supercapaci-
tor applications. Pure and cobalt-doped zinc sulfide (Co-doped ZnS) powder samples were synthesized in this study using 
a straightforward co-precipitation process, and their electrochemical performance was examined. It was observed that, at a 
scan rate of 10 mV s−1, pure ZnS has a specific capacitance of only 460.7 F g−1; however, the Co-doping in ZnS increases it 
to 947.8 F g−1 for the 5% Co-doped sample, Co (0.05): ZnS. The results suggest that Co-doping in ZnS increases the kinetics 
and rate of redox processes. The increase in electrochemical active sites brought about by integrating Co into ZnS increases 
the surface area and results in the sample's capacity for storage. The encouraging findings increase the likelihood of elemental 
doping with other transition metal elements to increase the energy storage capability of earth-abundant ZnS samples.
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Introduction

Due to ever-growing energy demand and the increase in 
the global population, electrical energy storage systems 
are immensely needful for the present society. Even with 
renewable energy sources, which are not fully reliable, and 
other intermittent green energy sources, efficient and long-
life energy storage systems are necessary to tackle the prob-
lem. Supercapacitors (SCs), also known as electrochemical 

capacitors, use a type of energy storage technology ideal for 
green and sustainable future, with their advantages being 
rapid charge–discharge (< 1 s to > 10 s), high power density 
(10,000 W kg−1), sufficient energy density (~90 Wh kg−1), 
high capacitance (few hundred to few thousand farads), long 
lifespan (~ 105 cycles), higher energy efficiency (~ 100%), 
and environmental friendliness.1–5 Due to these favorable 
properties, SCs are useful in various applications, such as 
power grids, portable electronics, medical devices, aero-
space appliances, telecommunication devices, and electric 
vehicles.1,2,6,7 Supercapacitors outperform batteries and reg-
ular capacitors in terms of both specific power and cycle life. 
Nonetheless, conventional supercapacitors can only store 
energy without harvesting energy, and their energy density 
remains low when compared to batteries.8 As a result, com-
bining high specific energy and high specific power, long 
cycle life, and even quick self-charging in a single cell has 
been a potential approach for future energy storage tech-
nologies. Recently, multifunctional hybrid supercapacitors, 
such as asymmetric supercapacitors, batteries/supercapacitor 
hybrid devices, and self-charging hybrid supercapacitors, 
have received a lot of attention.9

SCs can be divided into two categories: (1) pseudocapaci-
tors and (2) electric double-layer capacitors (EDLC). In the 
case of pseudocapacitors, the charge storage occurs through 
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rapid redox reactions based on faradaic charge transfer. In 
EDLCs, the storage mechanism is an electric double-layer 
formation of non-faradaic charges at the electrode-elec-
trolyte interface via adsorption–desorption. Carbonaceous 
materials, such as graphene, carbon nanotubes, etc., are used 
as EDLCs because of their porous structure and high specific 
surface area.10,11 EDLC faces limited energy density (10–20 
Wh kg−1) and specific capacitance (100–500 F g−1).12–15 
Materials used for pseudo-capacitors include conducting 
polymers and transition metal compounds, such as oxides, 
nitrides, oxynitrides, sulfides, carbides, chalcogenides, 
etc.10,16–23 Pseudo-capacitors have higher capacitance (10-
100 times greater than that of EDLC), and energy density 
(20–80 Wh kg−1) than EDLC but also have disadvantages, 
including lower power density (due to the slow nature of the 
faradaic process compared to non-faradaic), bad electrical 
conductivity (0.1–1 S m−1), and limited cycle life (several 
hundred to thousand cycles).11,24 Transition metal com-
pounds are advantageous for electrochemical research due 
to their earth-abundant nature, low cost, distinctive physical 
and chemical features, and high specific capacitance.25

Transition metal sulfides are reported to have better elec-
trochemical behavior (more than quintuple improvement in 
charge storage capacity) and high electrical conductivity 
compared to their metal oxide counterparts.22,26 Since sul-
fur's electronegativity (2.58) is lesser than oxygen's (3.44), 
it may lead to a more flexible structure.22 Zinc sulfide (ZnS) 
nanostructures are commonly studied because of their suit-
ability to be used in a wide range of industrial applications 
and their properties, such as the ability to tune the bandgap 
(3.6–3.8 eV) with suitable dopants, excellent optical proper-
ties, low cost, ease of synthesis, and environmental friendli-
ness. ZnS also shows excellent electrochemical properties, 
but further research is required to understand its potential. 
High capacity and excellent redox reversibility make it suit-
able in Li-ion batteries and SCs.22

In a single hydrothermal step, Hussain et al. created thin 
ZnS nanoflakes grown on nickel form (NF) and measured a 
specific capacity of 659 C g−1 at a current density of 2 A g−1 
with high cycling stability. Hussain and colleagues evaluated 
the performance of Mn-doped ZnS with other nanostruc-
tures produced directly on NF in a different investigation.27 
Mn-doped nanoneedles, nanoflakes, and nanosheets have 
specific capacitances of 1517, 850, and 1905 F g−1, respec-
tively, at 1 A g−1. Mn-doped ZnS nanosheets displayed the 
best performance with high capacitance retention.12,22 For 
high-performance SCs, Yi et al. reported uniform-sized ZnS 
nanoparticles with a specific capacitance of 824 F g−1 at 
1 A g−1.26 Additionally, the performance of supercapaci-
tors was enhanced by the heterostructure of ZnS with other 
transition metal compounds and carbon compounds.7,28–30 
ZnS nanowires were deposited on NF using a single hydro-
thermal process, according to Rauf et al.,31  and showed a 

specific capacitance of 781 F g−1 at 0.5 A g−1 and long-term 
cyclic stability. Ali et al. created a honeycomb-like structure 
of Mo-doped ZnS that was directly deposited on NF and 
demonstrated a high specific capacitance of 2208 F g−1 at 1 
A g−1 in another investigation.32 Ni-doped ZnS microspheres 
showed increased specific capacitance compared to pure ZnS 
microspheres, according to Rose et al.33

Doping and heterostructure are the two most utilized 
techniques to improve the electrochemical performance of 
materials by enhancing conductivity and introducing a syn-
ergistic effect. The cobalt doping in ZnS (Co-doped ZnS) 
improves its optical, electrical, magnetic, and photocatalytic 
properties.34,35 Co2+ and Zn2+ have comparable ionic radii 
(58 pm and 60 pm) which will help to enhance the ZnS 
properties and both have a co-ordination number of 4.35 The 
electrochemical performance of Co-doped ZnS has not been 
studied sufficiently. In this work, we have tried to improve 
the electrochemical performance of ZnS nanoparticles via 
cobalt doping. The Co-doped ZnS was synthesized through 
a simple chemical co-precipitation method, an industrially 
favorable low-cost technique.36 The doping percentage of 
cobalt was varied at 1% and 5% to understand its doping 
effect in electrochemical performance. The as-synthesized 
doped and undoped samples were coated on NF and investi-
gated for their electrochemical performances using a three-
electrode working system.

Experimental

Materials and Chemicals

The precursor chemicals used for the synthesis of the sam-
ples includes zinc acetate [Zn(CH3COO)2.2H2O], sodium 
sulfide (Na2S), cobalt nitrate, [Co(NO3)2.6H2O], potassium 
hydroxide (KOH), acetylene black (Sigma Aldrich), polyvi-
nylidene fluoride (PVDF; Sigma Aldrich), and hydrochloric 
acid (HCl). Ni foam (99.9% pure, pore size: 0.05–0.5 mm) 
was procured from Nanoshel, Intelligent Material. Deionized 
water was used for washing.

Synthesis of pure ZnS and doped ZnS

Pure and transition metal-doped ZnS nanoparticles were 
synthesized at room temperature using a simple chemical 
co-precipitation technique. None of the chemicals employed 
in the synthesis underwent purification prior to usage. This 
procedure produced separate solutions of 0.2 M sodium 
sulfide and 0.2 M zinc acetate in 100 mL of deionized 
water. The sodium sulfide solution was added dropwise into 
the zinc acetate solution, causing the quick production of 
a white fluid, suggesting ZnS precipitation. This process 
does not use a capping agent, which may alter the particle 
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size, purity, and overall yield. The reaction mixture was then 
centrifuged to separate the white ZnS residue. To eliminate 
unreacted chemicals and contaminants, the solid product was 
centrifuged several times and rinsed with deionized water. 
Following purification, the precipitate was dried in an oven 
at 80°C for around 16 h. After drying, the material was 
ground into a fine powder and kept in a desiccator to avoid 
moisture absorption. Despite the method's simplicity, the 
lack of a capping agent and reagent purification may affect 
the final attributes of the ZnS product, such as particle size 
distribution and purity:

A chemical co-precipitation approach was used to synthe-
size cobalt-doped ZnS nanoparticles at various concentra-
tions (1% and 5%). The technique began with the preparation 
of 0.2 M sodium sulfide and 0.2 M zinc acetate solutions, 
analogous to the production of pure ZnS. Co(NO₃)₂·6H₂O 
was added dropwise to the zinc acetate solution before intro-
ducing sodium sulfide. This regulated addition ensured a 
uniform distribution of cobalt ions throughout the ZnS 
matrix. The cobalt-doped ZnS nanoparticles were gener-
ated with two distinct doping concentrations, 1% and 5%, 
by varying the amount of cobalt nitrate used. The interac-
tion between zinc acetate, sodium sulfide, and cobalt nitrate 
produced Co-doped ZnS nanoparticles. Following the reac-
tion, the same processes as in the synthesis of pure ZnS 
were used, including centrifugation to collect the precipitate, 
several washings with deionized water to eliminate impuri-
ties, and drying in an oven at 80c for around 16 h. This 
technique resulted in Co-doped ZnS nanoparticles, with the 
cobalt doping concentration possibly influencing the mate-
rial's optical, electrical, and structural properties:

Physical Characterization

The crystal structure and phase evaluation of all the synthe-
sized samples were analyzed using x-ray diffraction (XRD; 
Rigaku) operated at 60 kV using Cu- Kα (1.5418 Å). The 
porous nature and specific surface area of samples were 
determined by performing the Brunauer–Emmett–Teller 
(BET; TB440A; Altamira) technique at 77.35 K after degas-
sing the samples at 200°C for 3 h.

Electrochemical Characterization

The electrochemical performance of the samples was ana-
lyzed using 3-electrode measurements carried out in a 
CHI608E electrochemical workstation. In the 3-electrode 

(1)Zn(CH
3
COO)

2
+ Na

2
S → ZnS + 2NaCH

3
COO

(2)
(1 − x)Zn(CH3COO)2 + Na2S + xCo(NO3)2
→ Zn1−xCoxS + 2NaCH3COO + 2xNaNO3

setup, a platinum (Pt) mesh was used as the counter elec-
trode, a saturated calomel electrode was used as the refer-
ence electrode, catalyst-coated NF was used as the working 
electrode, and 3 M KOH as the electrolyte. The slurry was 
prepared by mixing the active material (85 wt%), carbon 
black (10 wt%), and PVDF (5 wt%) in N-methyl-2 -pyr-
rolidone and ground well for 45 min. Before coating the 
slurry onto the  porous NF, the NF was washed ultrasoni-
cally with 3 M HCl for 15 min to remove the oxide layers 
on the surface, followed by ethanol and distilled water for 
10 min. The washed NF was dried in a hot-air oven for 6 h at 
60°C, and the produced slurry was coated over the 1 × 1-cm2 
patch of cleaned NF using the brush-coating technique. 
After that, the coated electrode was dried for 6 h at 80°C. 
The constructed working electrode's active material mass 
loading ranged from 1.2 to 2.5 mg cm−2. All the samples 
were subjected to electrochemical impedance spectroscopy 
(EIS) analyses with an AC amplitude of 5 mV at the open-
circuit potential value, and the frequency range was 100 kHz 
to 100 mHz. Figure 6 shows the Nyquist plots with fitting 
curves for the pure and doped ZnS samples.

Results and Discussion

Material Characterization

The crystal structure of pure the ZnS and Co-doped ZnS 
samples were analyzed using the XRD characterization tech-
nique. Figure 1 shows the XRD patterns of the doped and 
pure samples, and the XRD pattern of pure ZnS is in good 
agreement and matches the standard data card (JCPDS No. 
01-080-0020). The three major diffraction peaks at the 2θ 
values of 28.91°, 48.11°, and 58.12° indicate the (hkl) planes 
(111), (220), and (311), respectively, matching the synthe-
sized sample. The XRD patterns of the doped ZnS samples, 
Co (0.01):ZnS and Co (0.05):ZnS, show an almost similar 
pattern to pure ZnS because of uniform doping and lower Co 
dopant content.32,37–39 This also confirmed the development 
of a ZnS:Co2+ solid solution rather than Co precipitation 
or second phase. Furthermore, the doped ZnS nanocrystals' 
diffraction peaks shifted somewhat towards a high angle 
compared to the undoped ZnS nanocrystals, showing that 
cobalt ions have replaced zinc ions, resulting in lower lattice 
constants.40–42

The crystallite size of all the samples was calculated 
using the Scherrer formula:

where D is the crystallite size, k is the shape factor, λ is 
the X-ray wavelength, β is full width at half-maximum (in 

(3)D =
k�

�cos�
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radians) of the diffraction peak, and θ is the corresponding 
diffraction angle (in degrees). Despite increasing the doping 
percentage of Co in ZnS, the crystallite size of the sample 
remained constant. The average crystallite size calculated 
using the Scherrer formula from high-intensity peaks for 
all the samples was ~ 1.87 nm. The size constancy is due 
to the low temperature of the heat treatment used, which 
does not lead to grain growth. This similarity of the peak 
profile is also suggestive of the Co ions being incorporated 
into the host matrix in place of the Zn sites.43 The supple-
mentary Table S1 contains in-depth research from the XRD 
spectrum.

The SEM micrograph of Co-doped ZnS NPs is shown in 
Figure 1b. SEM shows that the most frequent issue with NPs 
is that all the samples are aggregated and lack any distinc-
tive dopant-dependent morphological traits.44 Nanoparticles 
have an increased relative surface area, a greater relative 
number of surface atoms, unsaturated coordination, and 
unoccupied coordinate sites on each atom. They attempt to 
create bonds, and, since these bonds often occur between 
particles close to one another, NPs clump together. Figure 1c 
shows the EDX spectra of Co (0.01):ZnS. The EDX results 
suggest that Co: Zn has an atomic ratio of 9:91, somewhat 
lower than the nominal ratio (Fig. 1c). Figure 1d displays the 

FTIR spectra of both the pure and codoped ZnS nanoparti-
cles. The absorption bands at about 3499 cm−1 correspond to 
the O-H mode, while those at 2934 cm−1 correspond to the 
C-H mode. The peaks near 1400–1700 cm−1 correspond to 
the C = O stretching mode, the absorption peaks at 616 cm−1 
indicate vibrations of Zn-S, the peaks at 616–1103 cm−1 are 
due to the connection between cobalt and sulfur, and the 
extra signal at 1386 cm−1 indicates Zn-S and Co-S bonding.

The sample's porosity and specific surface area have been 
studied using the BET characterization technique. Figure 2 
compares the isotherm and pore size distribution collected 
for the pure and doped ZnS samples. The relative pressure 
(p/p0) range of the N2 adsorption–desorption isotherm hys-
teresis loop in all the samples is between 0.45 and 0.95. The 
obtained isotherm was compared with the IUPAC technical 
report for physisorption in solids and fine powders, and it 
is understood that all the samples have type IV isotherms 
with a mesoporous nature.45 The pore size distribution also 
shows the existence of mesopores (2–50 nm) in the sample.46 
The BET surface area calculated from the isotherm for pure 
ZnS, Co (0.01):ZnS and Co (0.05):ZnS are 30.89, 73.20, 
and 99.30 m2 g−1 respectively, indicating that the Co-doped 
ZnS material has an enhanced surface area compared to pure 
ZnS, which improves its electrochemical performance as a 

Fig. 1   (a) Powder XRD patterns of pure and Co-doped ZnS samples, (b) SEM micrographs of Co-doped ZnS sample, (c) EDX spectra of Co 
(0.01):ZnS, (d) FTIR spectra of Co-doped ZnS [a Co (0.01):ZnS, b Co (0.03):ZnS, c Co (0.05):ZnS)].
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supercapacitor.46 The average pore diameter and pore vol-
ume comparison of the pure and doped ZnS samples are 
given in supplementary Table S2, which shows a reduc-
tion in pore size and an increase in total pore volume with 
Co-doping.

Electrochemical Measurements

A straightforward 3-electrode system setup was used for 
all electrochemical analyses of the undoped and doped 
ZnS samples. Different electrochemical characterization 
methods, including galvanostatic charge–discharge (GCD), 
cyclic voltammetry (CV), and EIS in a 3-M KOH elec-
trolyte medium, were used to examine the behavior of the 
supercapacitor.

The specific capacitance values of the pure and doped 
ZnS samples were determined from the GCD curve at 

various current densities (Fig. 3). The specific capacitance 
was computed from GCD using:

where C is the specific capacitance (Fg−1), I/m is the cur-
rent density (Ag−1), td is the discharging time (s), and V 
is the voltage window (V). The specific capacitance cal-
culated from the GCD curve of pure ZnS, Co (0.01):ZnS, 
Co (0.03):ZnS, and Co (0.05):ZnS are 344.4 Fg−1, 396.4 
Fg−1, 635.2 Fg−1, and 606 Fg−1, respectively, at 1 Ag−1. The 
specific capacitance of samples decreases with increasing 
current density, which indicates the inaccessibility of inner 
electrochemical active sites at high current density.47 From 
the GCD curves, specific capacity (Cg−1) values of samples 
can be calculated by multiplying the specific capacitance 
(Fg−1) value by the potential window FgCD (V). From the 

(4)C =
(I∕m) ∗ t
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Fig. 2   BET analysis of pure and Co-doped ZnS samples with N2 adsorption–desorption isotherms: (a) ZnS, (b) Co (0.01):ZnS, (c) Co 
(0.05):ZnS; inset of each isotherm graph shows the corresponding pore size distribution of the sample.
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comparison plot of specific capacitance obtained through 
the GCD technique (supplementary Figure S1) for the pure 
and doped ZnS samples, it is clear that there is not much 
difference in the performance of Co (0.03):ZnS and Co 
(0.05):ZnS at all current densities, and the performance is 
better compared to pure ZnS.

Undoped and Co-doped samples are compared in Fig.4b 
using scan rates of 10 mV s−1. The greater charge storage 
ability of the doped ZnS samples is indicated by a higher 
integral area under their CV curve compared to pure ZnS. 
The comparison of the GCD profile at 1 Ag−1, as shown in 
Fig. 4a, also makes obvious the increased supercapacitive 
nature of the doped samples.

The potential window for the CV cycles is 0.1–0.65 V (vs. 
Hg/HgO) (for pure ZnS, it is 0.05–0.65 V) at various scan 
rates (5–100 mVs−1). Figure 5 shows the specific capaci-
tance of the pure and doped ZnS samples at various scan 
rates. The specific capacitance is highest at the lowest scan 
rate and declines as the scan rate is increased. Due to the 
rapid ion mobility, this may be connected to incomplete 
redox reactions occurring at high scan speeds. The mass 

transfer limitation of ions in electrolytes is caused, in part, 
by the inaccessibility of the inner side of the electroactive 
material (other than the surface) at higher scan speeds.47 The 
specific capacitance can be calculated from the CV cycle 
using:

where C is the specific capacitance (Fg−1), ∫ IdV  is the inte-
gral area under the CV curve (A V), v is the potential win-
dow of the CV curve (V), s is the potential scan rate (Vs−1), 
and m is the mass of electroactive material (g). From the CV 
at a scan rate of 10 mVs−1, the specific capacitance of pure 
ZnS, Co (0.01):ZnS, Co (0.03):ZnS, and Co (0.05):ZnS are 
460.7 Fg−1, 721.6 Fg−1, 867.5 Fg−1, and 947.8 Fg−1, respec-
tively. At lower scan rates, the specific capacitance of sam-
ples follows the order Co (0.05):ZnS > Co (0.03):ZnS > Co 
(0.01):ZnS > ZnS (supplementary Figure S2). However, at 
higher scan rates, the specific capacitance order changes to 
Co (0.03):ZnS > Co (0.05):ZnS > Co (0.01):ZnS > ZnS. It 

(5)C =
∫ IdV

2 ∗ m ∗ s ∗ v

Fig. 3   Electrochemical charge–discharge curves taken at different current densities for (a) ZnS, (b) Co (0.01):ZnS, (c) Co (0.03):ZnS, (d) Co 
(0.05):ZnS, in the three-electrode system, using 3 M KOH electrolyte.
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Fig. 4   Electrochemical performance comparison of pure and Co-doped ZnS: (a) charge–discharge curve comparison at the current density of 1 
A g−1 , (b) CV curve comparison at a scan rate of 10 mV s−1 in the three-electrode system using 3 M KOH electrolyte.

Fig. 5   Electrochemical cyclic voltammetry (CV) curves taken at different scan rates for (a) ZnS, (b) Co (0.01):ZnS, (c) Co (0.03):ZnS, (d) Co 
(0.05):ZnS, in the three-electrode system, using 3 M KOH electrolyte.
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is clear from the specific capacitance measured during the 
CV cycle that adding a modest amount of Co dope enhances 
the super-capacitive characteristic of ZnS. The sample's par-
ticular capacity (Cg−1) can be determined from the CV cycle 
by multiplying its specific capacitance (Fg−1) by the CV 
cycle's associated potential window (V) (Fig. 6).

The potential window in GCD for the charge–discharging 
process is 0–0.5 V. The potential window in GCD was kept 
below 0.5 V to avoid the current generated through water elec-
trolysis during the process. Compared to CV cycles in which 
the potential is varied, avoiding water electrolysis is crucial 
in GCD since the material has to achieve the fixed potential 
value.

EIS can be used to understand the kinetics of the electrodes. 
The comparison figure unmistakably demonstrates how dop-
ing with Co improved the kinetics of ZnS. The comparison 
(supplementary Table S4) that contains internal series resist-
ance ®s) and charge–transfer resistance ®ct) of the pure and 
Co-doped samples (supplementary Table S3), as well as the 
equivalent circuits (supplementary Figure S3), are included 
in the supplemental information. The analogous circuit model 
also includes constant phase elements (Q1 and Q2) and War-
burg impedance, representing ion diffusion resistance due to 
ion transport from the electrolyte to the electrode surface. The 
Rs value, which takes into account the electrolyte's ionic con-
ductivity, electrode  contact resistance, and electroactive mate-
rial intrinsic resistance, follows the order Co (0.05):ZnS < Co 
(0.03):ZnS < Co (0.01):ZnS < ZnS.47 The dramatic drop in Rct 
values brought on by the co-doping speeds up the redox reac-
tion rate at the electrode surface.10 The reduced interfacial Rct 
value increases conductivity, leading to rapid electrochemical 
reactions at the surface and better energy storage.

The cyclic stability of the material was also tested by per-
forming a GCD experiment at a current density of 2 Ag−1. 
Supplementary Figure S4 indicates the capacitance retention 
(%) after 500 and 1000 cycles. The capacitance retention after 
500 GCD cycles follows the order Co (0.03):ZnS < ZnS < Co 
(0.05):ZnS < Co (0.01):ZnS. The stability results are sup-
ported by the specific capacitance variation from GCD profil-
ing (see supplementary Figure S1). The stability of the sample 
can be improved by co-doping with other atoms,32,48 chang-
ing the morphology of the sample47, and making a compos-
ite with carbon-based materials. 49,50 or other oxide/sulfide 
systems.51–53 Incorporating EDLC with a pseudo-capacitive 
nature will make the system hybrid, boosting cyclic stability 
and electrochemical performance.48

Conclusions

Pure and co-doped ZnS powder samples were synthesized 
using a simple co-precipitation technique and their elec-
trochemical performance has been studied. Co doping in 

ZnS enhances the specific capacitance to 947.8 Fg−1 for Co 
(0.05):ZnS which is only 460.7 Fg−1 for pure ZnS at a scan 
rate of 10 mVs−1. Co-doping helps to improve the electro-
chemical performance in the following manner. First, co-
doping in ZnS helps to increase the kinetics and rate of redox 
reactions by reducing Rct values. Secondly, the enhancement 
in surface area due to Co incorporation into ZnS leads to an 
increase in electrochemical active sites, which supports the 
storage capacity of the sample. Finally, the Co doping in 
ZnS changes the sample's crystallite size, which ultimately 
contributes to the kinetics of charge transfer, fast faradaic 
reaction, and electrochemical performance. These promis-
ing results ensure the chances of improving the energy stor-
age capacity of earth-abundant ZnS samples by elemental 
doping with other transition metal elements. The sudden 
improvement with simple Co doping opens up further pos-
sibilities of enhancement in performance by co-doping, in 
designing composite material, and in developing hybrid 
systems.
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