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A B S T R A C T

Copper Oxide/Carbon (CuO/C) nanocomposites were developed through the green method using the leaf extract
of Adhatoda vasica at room temperature. Here, the leaf extract serves as a capping agent, reducing agent and a
source of carbon for the formation of nanocomposites. As we know, this is the first article on the synthesis of CuO/
C nanocomposites using this leaf extract. The nanocomposites were prepared by mixing the copper sulphate
pentahydrate solution with the plant extract under certain conditions. The synthesized material was characterized
by XRD, UV-Visible, FTIR, FE SEM, EDS, XPS and TGA. The results revealed that the synthesized material is a
composite of copper oxide and functionalized graphene-like carbon. The SEM images indicated that the CuO/C
nanoflakes had an average thickness of 7–11nm. Further, the composites were examined for antifungal activity
and antibacterial activity. The nanocomposites showed significant antibacterial activity against the pathogenic
bacterial strains Escherichia coli, Pseudomonas aeruginosa, Klebsiella pneumoniae and Staphylococcus aureus and
antifungal activity against the fungi Aspergillus niger and Candida albicans. Also, the Minimum Inhibitory Con-
centration (MIC) and Minimum Fungicidal/Bactericidal Concentration (MFC/MBC) of the nanocomposites were
determined against the fungus C. albicans and the bacteria K. pneumonia.
1. Introduction

Recently, copper oxide nanostructures have drawn special consider-
ation of material scientists because of their broad collection of applica-
tions such as sensors [1, 2], catalytic [3], optical [4], electrical [5], gas
sensors [6, 7, 8], preparation of organic-inorganic nanostructure com-
posites and solar energy transformation [9]. Further, they can be utilized
as an antibacterial and antifungal agent [10]. In ancient Ayurveda, there
are many pieces of literature describing the preparation and benefits of
Tamra bhasma [11]. Tamra bhasma is nothing but the purified form of
copper oxides. Also, there are many reports available describing the
antibacterial activity of nanostructured carbon [12, 13, 14, 15]. Chen
et al. published the antimicrobial activity of graphene oxide against
bacterial phytopathogens and fungal conidia [16]. The composites of
carbon and copper oxide could be an incorporation of properties of the
two components which can lead to a newmaterial bearing novel features.
However, there are a few reports available about the biological activity of
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carbon enclosed with copper oxide nanocomposites. In 2017, Kiran
Kumar et al. reported the synthesis of graphene oxide/copper oxide
nanocomposites and the biological activity of the prepared composites
[17]. Also, there are some reports available suggesting the antimicrobial
activity of graphene oxide/metal hybrids [18, 19].

Nowadays, the green synthesis of nanomaterials became a better
choice of scientists compared to the other synthesis methods. This is
because the synthesis techniques involve eco-friendly and non-toxic
procedures. In the green synthesis of nanomaterials, the plant has a
better role compared to the microorganisms due to its availability and
simplicity of the method of preparation. Also, the rate of production is
quicker than in the case of microorganisms. There are many kinds of
literature available about the green synthesis of nanostructures. J. Y.
Song et al. reported the engineering approaches for the production of
metal nanoparticles using plant extracts [20, 21]. H. J. Lee et al. reported
the production of copper nanoparticles using the Magnolia Kobus leaf
extract for the first time [22]. Many reports about the synthesis of
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copper/copper oxide nanoparticles using different types of plant extracts
are available [23, 24, 25, 26, 27, 28, 29, 30]. Also, some reports are
describing the green synthesis of carbon nanostructures. In 2013,
Mewada et al. reported the biological synthesis of carbon dots using the
aqueous extract of Trapa bispinosa peel [31] and in 2018, Zhing et al.
published the synthesis of fluorescent carbon dots from starch [32]. Also,
Lu et al. published the synthesis of fluorescent carbon nanoparticles from
pomelo peel [33]. In this report, we are presenting the green synthesis of
CuO/C nanocomposites using the aqueous leaf extract of Adhatoda vasica
Nees as reducing agent and capping agent. The plant extract also acts as
the source of carbon [34]. As we know, this is the first article on the
synthesis of CuO/C nanocomposites using the aqueous extract of A. vasica
Nees.

The identification of Adhatoda vasica Nees/Justicia adhatoda is made
with the available literature. It is a well-known plant drug used in Ay-
urveda. It is very commonly known as Malabar nut tree. The local names
of the plant are Ya-Zui-Hua in China, Nongmangkha-agouba (Manipuri),
Adasaramu (Telugu), Alduso (Gujarati), Adadodai (Tamil), Vasaka
(Sanskrit), Atalotakam (Malayalam) and Adusoge (Kannada) in India. It
is a small evergreen shrub having broad leathery leaves. The leaves have
a light green colour on top and deep green beneath. The leaf becomes
brownish-green colour when it is dried and it tastes bitter [35]. The
aqueous extract of A. vasica leaves contain phytochemicals such as al-
kaloids, tannins, saponins and phenols [36, 37, 38, 39, 40, 41]. They also
contain sugars, proteins and amino acids such as glycine.

Different types of characterization techniques have been employed to
investigate the composition and structure of the prepared material. Also,
the antimicrobial activities of the composites against the pathogenic
Figure 1. The UV-visible spectrum of CuO/C nanocomposites.

Figure 2. Powder XRD spectrum of CuO/C nanocomposites
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bacterial strains E. coli, P. aeruoginosa, S. mutans, K. pneumonia and
S. aureus and the fungi A. niger and C. albicans were studied.

2. Materials and methods

2.1. Plant material and preparation of leaf extract

The fresh leaves of A. vasica were gathered from the botanical garden
of S.N College, Kollam, Kerala, India (8o52052.0700 N and 76o3504.8800).
The leaves were properly cleaned with tap water to avoid dust and other
contaminated particles and were cleaned many times by double distilled
water. The leaves were shade dried for three weeks and made into a fine
powder using a grinder. The crushed leaves were weighed and dispersed
in double-distilled deionized water in the ratio 1g: 100 ml. The disper-
sion was sonicated for half an hour and then centrifuged. The supernatant
solution was kept in a refrigerator and again centrifuged after 24 h. Then
the solution was purified using a Whatmann No.1 filter paper to avoid all
the plant residues in it.

2.2. Synthesis of CuO/C nanocomposites

Copper sulphate pentahydrate (CuSO4.5H2O) of analytical grade was
purchased from Merck. The solution of copper sulphate pentahydrate
was used as the source for the CuO and the leaf extract as the reducing
agent, capping agent and source of carbon. In double distilled water 0.01
M copper sulphate solution was made and added to the supernatant so-
lution of leaf extract in 5:4 volume ratio followed by constant stirring and
in a nitrogen atmosphere. The experiment was repeated for different
volume ratios. But the maximum yield was obtained in the ratio 5:4. So
the ratio was fixed to 5:4. The reaction mixture was continued to be
stirred for half an hour. Then a cloudy cluster of particles was formed.
The formation of nanostructures was observed with a notable colour
change [22]. The pH of the precursor solution, plant extract and the
mixture solution were noted during the experiment. Then the nano-
composite solution was incubated for 24 h to complete the reaction and
the residue obtained was cleaned five times with deionized water and
centrifuged. The purified particles were air-dried and used for further
study.

2.3. Characterization

The composition and structure of the synthesized material were
analysed by UV-Visible (Shimadzu UV-1800 Spectrophotometer), XRD
(“X” Pert PROPAN Analytical, model: PE3040/60), FE-SEM (JEOL-JSM
5600), EDS (FEI-Nova Nano SEM 450), XPS (Kratos Analyticals, U.K;
model: Axis Ultra with Aluminium Kα), FTIR (Shimadzu FTIR Spectro-
photometer, model: IR Prestige-21) and TGA (TGA-50 Detector).
Figure 3. FTIR spectrum of Adhatoda vasica leaves and CuO/C nanocomposites



Figure 4. SEM images of CuO/C nanocomposites obtained (a) under magnification of 25000 (b) under magnification of 50000 (c) under magnification of 150000 (d)
under magnification of 150000 and labelled with porosity and flake thickness.

Figure 5. EDS profile of CuO/C nanocomposites
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2.4. Antimicrobial test

The antimicrobial tests were conducted according to NCCLS, 1993
(National Committee for Clinical Laboratory Standards. (1993a). Per-
formance standards for Antimicrobial Disk Susceptibility Tests-Fifth
Edition: Approved Standard M2-A5. NCCLS, Villanova, PA.). The anti-
microbial activity was determined by agar well diffusion method. The
principle of this method is that the antimicrobials existing in the sample
are permitted to spread out into the medium and these antimicrobials
interact in the plate sowed with the test organisms. The resultant zones of
inhibition against the organisms will be fairly circular since there will be
a convergent lawn of growth. The diameter of the resulting zone of in-
hibition in this method can be measured in millimetres. Muller Hinton
Agar Medium (MHI Agar Media) was used for bacterial culture. The
3

medium for the antibacterial test was prepared by liquifying 33.8 g of the
commercially available Muller Hinton agar medium in 1000 ml distilled
water. The dissolved medium thus obtained was steamed at 15 lbs
pressure at 121 �C for 15 min. Then the steamed medium was blended
well and drained onto the 100 mm Petri plates (20–30 ml/plate) while
molten and these Petri plates consisting of 20 ml MHA medium were
sowed with bacterial culture of E. coli (ATCC 25922), P. aeruginosa (ATCC
27853), K. pneumonia (ATCC 13883), S. mutans (MTCC 890) and S. aureus
(ATCC 25923) (growth of culture adjusted according to McFarland
Standard, 0.5%). Then wells of 10 mm were drilled and varied concen-
trations of the sample such as 0.25 mg/ml, 0.5 mg/ml and 1.0 mg/ml
were added. DMSO (10%) was used as the solvent for sample prepara-
tion. Then the plates were set at 37 �C for 24 h. The antibacterial capacity
was determined by estimating the diameter of the inhibition zone created



Figure 6. XPS signals of Cu2p.

Figure 7. Deconvoluted XPS signal of C1s.

Figure 8. XPS signals of O1s.

Figure 9. TGA curve exhibiting weight loss (mg)against temperature under an
air atmosphere.

Figure 10. TGA curve exhibiting weight loss (mg)against temperature under
nitrogen atmosphere.
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around the well. In the antibacterial test, streptomycin was taken as a
positive control.

Potato Dextrose Agar Medium (HiMedia) was used for fungal culture.
The medium for the antifungal test was prepared by liquifying 39 g of
commercially available Potato Dextrose Agar Medium in 1000 ml
4

distilled water. The liquified medium thus obtained was steamed at 15
lbs pressure at 121 �C for 15 min. The steamed mediumwas blended well
and drained onto 100 mm Petri plates (20–30 ml/plate) while still
molten. The fungi A. niger (ATCC 16404) and C. albicans (ATCC 10231)
were grown overnight (growth of fungal culture adjusted according to
McFarland Standard, 0.5%) and swabbed. Then the wells of 10 mm were
drilled and samples of varying concentrations such as 0.250 mg/ml, 0.5
mg/ml and 1.0 mg/ml were added. The zone of inhibition in the anti-
fungal test was measured after overnight incubation at room temperature
and the activity was compared with that of a standard antimycotic
(Clotrimazole). The detailed methods of antimicrobial tests are provided
in the supplementary material.

TheMinimum Inhibitory Concentration (MIC) was measured by using
two-fold serial dilution method (Subcommittee on Antifungal Suscepti-
bility Testing (AFST) of European Society of Clinical Microbiology and
Infectious Diseases (ESCMID), European Committee for Antimicrobial
Susceptibility Testing (EUCAST),” Method for determination of Mini-
mum Inhibitory Concentration by broth dilution of fermented yeast”,
CMI, Vol.9,8,2003). The growth of inoculum (test organisms) was
adjusted to 1% McFarland standard. The nutrient broth for this method
was made by diluting 13 g of nutrient broth media in 1000 ml distilled
water and autoclaved at 121 �C, 15 lbs for 15 min. The broth dilution
assay was done in a 96 well microtiter plate. Each well in the plate was



Figure 11. Photographs showing the zones of inhibition against the bacteria (a). E. coli (b). P. aeruginosa (c). K. pneumoniae (d). S. aureus and (e). S. mutans.

Figure 12. Photographs showing the zones of inhibition against the fungi (a). A. niger and (b). C. albicans.
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added with 100 μl of the diluted conidial inoculum suspensions (two
times) to make final volume in each well to 200 μl. The CuO/C nano-
composites were diluted in DMSO to a final concentration of 10 mg/ml
and were added in various concentrations such as 0.0625mg, 0.125 mg,
0.250 mg, 0.5 mg, 1.0 mg to the wells and incubated overnight at room
temperature. A control well was kept with the organism alone. Growth
was observed by visual inspection and by estimating the optical density
(OD) at 630 nm using ELISA plate reader. The OD was calculated quickly
after the visual reading. The growth of inhibition for the wells taken for
the antimicrobial test at each extract dilution was calculated by using the
formula

Percentage inhibition¼ðOD of control� OD of the testÞ � 100
ðOD of controlÞ (1)

The Minimum Fungicidal Concentration (MFC) and Minimum
Bactericidal Concentration (MBC) tests were done using the CLSI
5

protocol (CLSI Methods for determining bactericidal activity of antimi-
crobial agents. Approved guideline, NCCLS document M26-A, CLSI, 950,
Wayne, USA). The materials required for the MBC test were the nutrient
broth and Muller Hinton Agar (MHA) plates. The medium was made by
liquifying 38 g of the MHA medium in 1000 ml distilled water. The
liquified medium was steamed at 15 lbs at 121 �C for 15 min. After
steaming, the media (20 ml) was allowed to cool to 60 �C and was poured
to pre-sterilized Petri plates. Then the plates were permitted to solidify in
a laminar airflow chamber. The nutrient broth of 23 g was dissolved in
1000 ml of distilled water and was steamed at 121 �C, 15 lbs for 15 min.

The minimum bactericidal activity was determined against
K. pneumonia. The initial steps were done as in the MIC protocol. The
sample concentration for the MBC test were 0.0625 mg, 0.125 mg, 0.250
mg, 0.5 mg, 1.0 mg, 1.5 mg and 2.0 mg. After 24 h of incubation, 20 μl
from each well was swabbed onto MHA plates; the constituents of the
well were not shaken before the removal of the definite volumes. The test



Table 1. Zones of inhibition (in diameter) shown by different bacteria.

Sample Bacteria Concentration (mg/ml) Zone of inhibition
Diameter (mm)

CuO/C nanocomposites E. coli Streptomycin (1mg) 23

0.25 Nil

0.5 Nil

1.0 11

Pseudomonas aeruginosa Streptomycin (1mg) 28

0.25 Nil

0.5 Nil

1.0 12

Klebsiella pneumoniae Streptomycin (1mg) 20

0.25 Nil

0.5 Nil

1.0 14

Staphylococcus aureus Streptomycin (1mg) 30

0.25 Nil

0.5 Nil

1.0 11

Streptococcus mutans Streptomycin (1mg) 22

0.25 Nil

0.5 Nil

1.0 Nil

Table 2. Zones of inhibition (in diameter) shown by different fungi.

Sample Organism Concentration (mg/ml) Zone of inhibition
Diameter (mm)

CuO/C nanocomposites Aspergillus niger Clotrimazole (1mg) 22

0.25 11

0.5 12

1.0 13

CuO/C nanocomposites Candida albicans Clotrimazole (1mg) 22

0.25 11

0.5 12

1.0 14

Table 3. Percentage of inhibition against the bacteria K. pneumonia shown by the
CuO/C nanocomposites in different concentrations.

Organism: K. pneumonia

Group Absorbance Percentage of Inhibition

Control 0.2296 0.00

CuO/C nanocomposites
Concentrations (mg/ml)

0.625 0.2175 7.45

0.125 0.1851 19.38

0.250 0.1751 23.74

0.5 0.1233 46.30

1.0 0.1033 55.14
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plates were then incubated at 37 �C for 48 h. After incubation, the test
plates were observed for the survival of colony-forming units (CFU). The
minimum fungicidal activity was determined against the fungus
C. albicans. The materials required for MFC were the nutrient broth and
Potato Dextrose Agar (PDA) plates. The mediumwas made by diluting 39
g of the commercially available PDA in 1000 ml of distilled water. All the
other parts of the MFC test was done as in the MBC test. The PDA test
plates were incubated for 48 h and at room temperature.

3. Results and discussion

3.1. Characterization of nanocomposites

The formation of nanocomposites during the synthesis was indicated
by a change in colour [22]. When the plant extract of hickory brown
colour was added to the copper sulphate pentahydrate solution the light
blue colour of copper sulphate solution changed to greenish-brown. Also,
there was a pH change during the synthesis indicating the reduction
reaction [42] and the formation of nanoparticles [43]. After the addition
of plant extract (pH value 8.46), the pH of copper sulphate solution (pH
value 5.39) was changed to 5. The alkaloids such as vasicine and vasi-
cinone, tannins, saponins, proteins and phenols present in the leaf extract
served as the reductant for the reduction of copper sulphate into copper
and at the same time served as capping agents to avoid the further
6

agglomeration of nanocomposites. The amino acids such as glycine,
vitamin C and sugars existing in the leaf extract served as the source of
carbon. However, the entire mechanism involved in the reduction pro-
cess in the green synthesis of nanostructures using plants is still
unknown.

3.1.1. UV-visible spectra analysis
The synthesized material was dispersed in distilled water and was

used for the UV-Visible spectrum analysis. The spectrum recorded for the



Table 4. Percentage of inhibition against the fungus C. albicans shown by the
CuO/C nanocomposites in different concentrations.

Organism: C. albicans

Group Absorbance Percentage of Inhibition

Control 0.2217 0.00

CuO/C nanocomposites
Concentrations (mg/ml)

0.625 0.2123 4.24

0.125 0.2030 8.43

0.250 0.1670 24.67

0.5 0.1349 39.15

1.0 0.1069 51.78
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prepared nanocomposites is shown in the Figure 1. The surface plasmon
vibration of the composites produced an absorption band centred at 282
nm which accords to the π - π* transition of aromatic sp2 carbon domains
[44]. The weak absorption band was assigned to the existence of reduced
graphene oxide-like nanosheets demonstrating an effective exfoliation
[45, 46]. The CuO nanoparticles also show the absorption band in the
same region [47]. But, the quantity of CuO is very low and hence in the
nanocomposite formation of CuO with Carbon a weak absorption band is
formed. Also, there is no obvious band edge absorption found up to 700
nm. The figure represents the transient nature of absorption spectra in
the visible range from 450 to 700nm which suggests the composites to
find application in fluorescent materials [48, 49].

3.1.2. X-ray diffraction analysis
The XRD spectrum of synthesized nanocomposites is shown in

Figure 2. The broad peaks centred at 29o and 41o are attributed to the
graphene-like carbon present in the nanocomposites. The exfoliated
carbon nanoflakes are formed during the synthesis of CuO/C nano-
composites and so the peaks of graphene-like carbon are weaker, sug-
gesting the disordered stacking and agglomeration of carbon sheets in the
nanocomposites [50]. Reduction in intensity of the peaks indicates that
the volume of the sample that can diffract is lower for the composites
which implies a better exfoliation of graphene-like carbon sheets in the
CuO/C nanocomposites [51]. The characteristic peaks of CuO are not
apparent in the XRD, suggesting the presence of small CuO nanoparticles
with low crystallization, because of the presence of functional groups.
The functional groups such as C¼O present in the nanocomposites inhibit
diffusion, crystallization and growing of CuO grains [52, 53, 54].

3.1.3. FTIR analysis
The comparison of the FTIR spectrum (Figure 3) of leaf powder and

CuO/C nanocomposites gives an idea about the bonds in biomolecules
which are capable of the reduction and the capping of nanocomposites.
The peaks common to the spectra correspond to the bonds of
Table 5. Table exhibiting the MBC determination of CuO/C nanocomposites
against K. pneumonia.

Organism: K. pneumonia

Group CFU/ml

Control 4144

CuO/C nanocomposites (mg/ml)

0.0625 116

0.125 92

0.25 56

0.5 40

1.0 12

1.5 1

2.0 NIL
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biomolecules which are responsible for the stabilization of nano-
composites and sources of carbon. Some of the peaks are absent in the
FTIR spectrum of CuO/C nanocomposites. This is as the consequence of
either the breakage of bonds responsible for the reduction reaction or the
absence of phytochemicals that are insoluble in water. In the FTIR
spectrum of leaf powder the peaks at 635cm–1 and 984 cm–1 due to the
alkyne C–H, 1074 cm–1 and 1192 cm–1 due to the C–C, 1462 cm–1 due to
the C–H, 1632 cm–1 due to C¼C stretch and 2895 cm–1 due to the C–H
stretch represent the bonds corresponding to the phytochemicals such as
alkaloids, proteins, sugars etc. present in the leaf. The peak at 2525 cm-1
indicates the thiol groups and 2062 cm-1 indicates the metal carbonyl
groups in the leaves. In the FTIR spectrum of nanocomposites, the peaks
at 1620 cm�1 due to the alkene C¼C; 1447 cm�1 due to the aromatic
C¼C; 1115 cm�1 due to the C–O are originated from the biomolecules of
the leaf extract. The new bond formation at 619 cm�1 is owing to the
Cu–O bond formation [55, 56].

3.1.4. SEM-EDS analysis
The surface morphology and porosity of CuO/C nanocomposites were

studied using SEM. The SEM images are shown in Figure 4. The software
image J. was used to measure the images. The observable parts of the
composite layers were considered for the measurement and the average
values were calculated. The composite flakes have an average thickness7-
11nm and the average interlayer distance between the flakes is 13–22
nm. Also, there is enough space between each stack, indicating the highly
porous character of CuO/C nanocomposites.

The EDS data recorded from the CuO/C nanocomposites is as shown
in Figure 5. The EDS profile shows the signals of copper along with ox-
ygen and carbon. This supports the possibility of a composite develop-
ment of copper oxide with carbon. The presence of carbon and oxygen is
originated from the biomolecules present in the aqueous leaf extract. The
major element present in the nanocomposites is carbon which is much
greater than the percentage of oxygen. The percentage of copper is small
compared to carbon and oxygen. The amount of sulphur is too small
compared to other elements.

3.1.5. XPS analysis
XPS is a strong technique for analysing the chemical composition of

materials. The oxidation state of copper oxide and nature of hybridisation
of carbon were studied using the XPS. In the XPS profile, we got the
characteristic copper peaks along with carbon and oxygen. The result is
similar to that we obtained from the EDS analysis. The characteristic peak
of Cu2p is shown in Figure 6. The peaks at 933.7 eV and 953.4 eV are
assigned to the Cu2p3/2 and Cu2p1/2 binding energy values for Cu (II)
[57, 58]. There is no much intensity difference between the peaks of
Cu2p3/2 and Cu2p1/2. This is due to the oxide layers present in the
nanocomposites. The emergence of the two strong satellite peaks near to
Cu2p3/2 and Cu2p1/2 and the binding energy difference of 19.7 eV be-
tween Cu2p3/2 and Cu2p1/2further confirms the presence of Cu (II) ions
[59]. The Cu (II) ion has an observable collection of satellite features at
Table 6. Table exhibiting the MFC determination of CuO/C nanocomposites
against C. albicans.

Organism: C.albicans

Group CFU/ml

Control 424

CuO/C nanocomposites (mg/ml)

0.0625 24

0.125 20

0.25 12

0.5 11

1.0 3

1.5 NIL

2.0 NIL



Figure 13. Photographs showing the antibacterial activity of (a) control and CuO/C nanocomposites in different concentrations (b) 0.0625 mg/ml (c) 0.125 mg/ml(d)
0.250 mg/ml (e) 0.5 mg/ml (f) 1.0 mg/ml (g)1.5 mg/ml (h) 2.0 mg/ml against the bacteria K. pneumonia.

Figure 14. Photographs showing the antifungal activity of (a) control and CuO/C nanocomposites in different concentrations (b) 0.0625 mg/ml (c) 0.125 mg/ml(d)
0.250 mg/ml (e) 0.5 mg/ml (f) 1.0 mg/ml (g)1.5 mg/ml (h) 2.0 mg/ml against the fungus C. albicans.
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943 eV, but for Cu(I)ions the satellite is weak. Also, the strong satellite
peak near to Cu2p1/2 is absent in the XPS spectra of Cu(I) [60]. The
deconvolution of the C1s signal at 280–290 eV is shown in Figure 7. The
peak at 284.4 eV originates from the C¼C present in the nanocomposites.
This implies that the majority of the carbon is present in the sp2hybrid-
ization state. The peak at 286.1 eV is assigned to the C–O in the CuO/C
nanocomposites and the weak peak centred at 288.6 eV is contributed to
the shake-up feature of carbon in the aromatic compounds which results
from the π→π* transition. π bond is a characteristic of sp2 hybridized
carbons. The peak associated with C¼C is more predominant than the
peak associated with C–O. Hence most of the C atoms present in the
CuO/C nanocomposites are in sp2 hybridized form [54]. The character-
istic peak of O1s signal is shown in Figure 8. The main strong peak at 532
8

eV is assigned to C–O present in the nanocomposites. The fitting up of the
weak peak centred at 528.6 eV due to Cu–O in O1s spectra is difficult due
to the large width of the peak. This is because the amount of CuO is very
small compared to carbon and oxygen [61, 62, 63].

3.1.6. Thermo gravimetric analysis
The thermogravimetric analysis of the CuO/C nanocomposites was

done both in the air (Figure 9) and in the nitrogen atmosphere
(Figure 10). The TGA of nanocomposites under air gave a three-step
degradation curve. The first step is due to the escape of water content
and the other volatile components present in the sample. Above 100� the
decomposition is due to the pyrolysis of oxygen-holding functional
groups present in the plant extract giving CO2, CO or H2O vapours. The
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third step is due to the combustion of carbonaceous materials. The TGA
curve of the nanocomposites under nitrogen atmosphere also gave a
three-step degradation curve. The first step of the curve is due to the
escape of volatile components. In a nitrogen atmosphere, no oxidation or
reduction takes place. However, the volatile components, water mole-
cules and the volatile functional groups are degraded at respective tem-
peratures in comparison with the TGA curve of nanocomposites obtained
under air atmosphere. Under a nitrogen atmosphere, the functionalised
graphene nanocomposites have better stability compared to the amor-
phous carbon materials. The main weight loss of functionalised graphene
nanocomposites occurs only at about 500 �C. This is due to the more
stable oxygen-carrying functional groups present in the nanocomposites.
Under a nitrogen atmosphere, the TGA curve obtained for the CuO/C
nanocomposites similar to that of the functionalised graphene nano-
composites. The amorphous carbon contaminates have lower oxidation
temperatures (200oC–300 �C). If the carbon present in the nano-
composites is in the form of graphite oxide it will decompose at about
250 �C. But the CuO/C nanocomposites have a higher decomposition
temperature. This is similar to the decomposition behaviour of func-
tionalised graphene nanocomposites. Due to this special feature, the
CuO/C nanocomposites can be used for thermal management of various
materials [64].

3.2. Antimicrobial activity

The antimicrobial activity of the CuO/C nanocomposites against the
bacteria E. coli, P. aeruginosa, K. pneumoniae, S. aureus and S. mutans and
the fungi A. niger and C. albicanswas studied by determining the diameter
of their zones of inhibition against the microbes. The CuO/C nano-
composites showed significant zones of inhibition. The photographs
showing the zones of inhibition by the nanocomposites against bacteria
are shown in Figure 11 and fungi are shown in Figure 12. The clear
images of Zone of Inhibition shown against E. coli (Figure S1),
P. aeruginosa (Figure S2), K. pneumoniae (Figure S3), S. aureus (Figure S4),
S. mutans (Figure S5), A. niger (Figure S6) and C. albicans (Figure S7) are
given in the supplementary material provided with this article. Also, the
original individual reports of zone of inhibition shown by the composite
against E. coli (Table S1), P. aeruginosa (Table S2), K. pneumonia
(Table S3), S. aureus (Table S4), S. mutans (Table S5), A. niger (Table S6)
and C. albicans (Table S7) are presented in the supplementary material.
The summary of zones of inhibition in terms of the diameter shown by
the nanocomposites against the bacteria under study is given in Table 1
and against the fungi is given in the Table 2. The code ABED represents
CuO/C nanocomposites and AB represents the control. The CuO/C
nanocomposites exhibit the highest antibacterial performance against
the gram-negative bacteria K. pneumoniae compared to the other four
bacteria. The zone of inhibition with a zone diameter 14 mm was ob-
tained in K. pneumoniae. The composites show no zone of inhibition
against the bacteria S. mutans. The diameter of the zone of inhibition
against the bacteria E. coli and S. aureus is 11mm. The CuO/C nano-
composites show antibacterial activity against both gram classes of
bacteria. The zone of inhibition with a zone diameter 12 mm was ob-
tained in the gram-negative bacteria P. aeruginosa. The diameter of the
zone of inhibition against the fungi A. niger is 13 mm and C. albicans is 14
mm. The growth of inhibition may be due to the interruptions of cell
membranes by the nanocomposites which result in break-down of cell
enzyme [30]. All these results indicate that A. vasica mediated CuO/C
nanocomposites show a significant antimicrobial property.

For the quantitative measurement of antimicrobial activity of the
CuO/C nanocomposites, theMIC andMBC orMFCwere determined. Two
organisms K. pneumonia and C. albicans in which the composites showed
better inhibition zone compared to other organisms were taken for the
study. The Percentage of inhibition by the composites against
K. pneumonia in varied concentrations is shown in Table 3 and that
against the fungus C. albicans is shown in Table 4. The MIC value for the
composites against K. pneumonia is calculated to be 0.791 mg/ml and
9

against C. albicans is calculated to be 0.873 mg/ml (calculated using
ED50 PLUS VI.0 software). The MBC or MFC was the minimal drug
concentration that exhibited either no growing or fewer than 3 colonies
to obtain 99–99.5 % extinction activity. The MBC measurement results
against K. pneumonia are summarized in Table 5 and MFC measurement
results against C. albicans are shown in Table 6. The photographs
showing the antibacterial performance against the bacteria K. pneumonia
by the composites in varied concentration are depicted in Figure 13 and
the antifungal activity against C. albicans in different concentration are
shown in Figure 14. The clear images of the MBC test in control
(Figure S8) and the composites in various concentrations 0.0625 mg/ml
(Figure S9), 0.125 mg/ml (Figure S10), 0.250 mg/ml (Figure S11), 0.5
mg/ml (Figure S12), 1.0 mg/ml (Figure S13), 1.5 mg/ml (Figure S14)
and 2.0 mg/ml (Figure S15) and that of the MFC test in control well
(Figure S16) and the composites in different concentrations 0.0625 mg/
ml (Figure S17), 0.125 mg/ml (Figure S18), 0.250 mg/ml (Figure S19),
0.5 mg/ml (Figure S20), 1.0 mg/ml (Figure S21), 1.5 mg/ml (Figure S22)
and 2.0 mg/ml (Figure S23) are provided in the supplementary material.
The MBC and MFC of the composites are measured to be 1.5 mg/ml.

4. Conclusion

The proposed strategy for the synthesis of CuO/C nanocomposites
using A. vasica leaf extract includes a novel, simple and eco-friendly
procedures. From the FTIR, XPS and EDS analysis it is confirmed that
the prepared material is a composite of CuO and Carbon. From the
measurement of SEM images using software image J, the dimensions of
the composites are found to be in the nano range. So, the prepared ma-
terial is a nanocomposite of copper oxide and carbon. The TGA confirms
the very important feature of the nanocomposite that the core structure
of nanocomposite is functionalised graphene-like carbon embedded with
copper oxide particles which are surrounded by the volatile functional
groups. The CuO/C nanocomposites show significant antimicrobial ac-
tivities against the gram-negative bacteria P. aeruginosa, E. coli and
K. pneumoniae and the gram-positive bacteriae S. aureus, and the fungi
A. niger and C. albicans.

5. Future prospective

Eco-friendly supercapacitors with CuO/C nanocomposites as material
and nano-cellulose papers as substrates can be fabricated and these
supercapacitors can be substituted for the usual supercapacitors.
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