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Abstract

Heterogeneous Cu/Cu,0/CuO nanoparticles were synthesised via polyphenols of pomegranate for various application.
X-ray diffraction and high resolution-scanning electron microscopy confirmed Cu/Cu,0/CuO NPs crystallinity and the
particle size which ranged from 5 to 20 nm. The electrochemical band gap energies of Cu/Cu,0/CuO NPs were calculated
to be between 0.9 and 2.1 eV. EIS measurements were used to calculate the capacitance and specific capacitance of the
nanoparticles which were found to be 11.2 Fand 69 F g~'. Surface diffusion coefficient obtained from cyclic voltammetry
was found to be 1.54x 1078 cm? s ~! with r? of 0.99 suggesting a fast electron movement. The calculated surface cover-
age was 1.38 x 107> mol cm™ suggesting the formation of monolayer at the electrode interface. The results confirmed
the electroactivity of Cu/Cu,0/CuO electrode towards the volatile organic compound- ethanol. Cu/Cu,0/Cu0 exhibited
good electrochemical performance towards ethanol with higher current density and most negative onset potential
—0.3V, meaning that it requires lower energy for ethanol activity to occur at the electrode interface. EIS profiles con-
firmed the kinetics of Cu/Cu,0/CuO at the electrode surface with characteristic small circular curvature signifying that
the polarisation resistance (R,) is prominent, proposing a faster electron shuttling process for ethanol activity. Further,
the amperometric response with long time test for the Cu/Cu,0/CuO based electrode system estimated a lower limit of
detection to be 0.09 uM at a signal to noise ratio of 3 with sensitivity of 0.049 uA uM~' at steady state. Raman and FTIR
highlighted mechanism of coordination.

Keywords Cu/Cu,0/CuO nanoparticles - Pomegranate - Electrochemical methods - Ethanol activity - Capacitance -
Mechanism

1 Introduction capability to synthesise highly methodical nanomaterials
of any shape and size, have led to the production of inno-

Of late, Green synthesis has become a centre of atten-  vative materials. The characters of metal and metal oxide

tion in different disciplines of nanotechnology. The term
‘Green chemistry’ was invented by the US Environmental
Protection Agency (EPA-1990s) with the aim to stimulate
cutting-edge eco-friendly technologies in the production,
design and use of chemical products [1-3]. In the last dec-
ade, Green Chemistry was used to achieve sustainability
since it was adopted as a culture and a methodology. Cur-
rent developments in nanotechnology, particularly the

nanomaterials have been of great interest due to their dis-
tinctive feature such as catalytic activity, optical, magnetic
and electrical properties [4-9]. Nanoparticles coordination
with biological entities (e.g., microorganisms) has created
a succession of nanoparticle-biological interfaces that
depend on both colloidal forces and dynamic biophys-
icochemical interactions [2, 5, 6]. During coordination,
new nanomaterials with controlled morphology, surface
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chemistry, roughness and surface coatings are formed. Use
of plants as a protocol for nanoparticle synthesis provides
a cost-effective and eco-friendly alternative to chemical
and physical synthesis [6, 10, 11]. Relative to their coun-
ter-parts, plants can be scaled up for large-scale synthe-
sis without employing harsh chemicals and the demand
for high energy, temperature and pressure. Further, this
substantiate that the green method of synthesis is easy,
efficient, and eco-friendly relative to chemically medi-
ated synthesis [12-14]. Though not much has been done,
scientists have engaged themselves in the green produc-
tion of different metal oxide NPs for various applications.
Raja Naika et al. [15] prepared bio-inspired Cu/Cu,0/CuO
nanoparticles and reported their antibacterial activity.
Other oxide NPs (TiO, NiO, MgO etc.,) have been synthe-
sised using different plants such asneem [15], alfalfa [15],
cinnamomum camphora, embilica officinalis, lemon grass,
tamarind, and euphorbia tirucalli [16, 17] for applications
such as solar systems, supercapacitors etc.,. Due to their
technological applications in the fields such as sensors,
conductors, catalysis, energy [18, 19], transformation and
preparation of organic-inorganic nanostructure compos-
ites [18, 20-22] Cu, Cu,0 or CuO and Cu-Cu,0-CuO NPs
have attracted significant attention in the research com-
munity [23-25]. Copper oxides (Cu,0 or CuO) are among
the important oxide materials because of their versatile
functionalities and their low cost and toxicity are advan-
tageous for commercial uses [24-26]. Key applications of
Cu,0 or CuO in chemistry include catalysis, solar cells, bat-
teries, and, gas sensors [27]. For such applications, Cu,O or
CuO nanostructures such as nanoparticles, nanocrystals,
nanorods, nanocubes, nanosheets, etc. have been used
extensively to enhance catalytic performance [24-26, 28].
These nanomaterials reveals mixed phase properties and
are regarded as p-type and monoclinic crystal structure
with indirect and direct band gap band gap energies rang-
ing between ~ 1.4 and 2.8 eV [29-32]. Furthermore, when
integrated in coatings and textiles the metal oxides can be
used as an anti-fungal agent, antimicrobial, anti-biotic [19].
Different methods such as sonochemical, alkoxide based
route, electrochemical methods, precipitation-pyrolysis,
microwave irradiations, [33-35] and thermal decomposi-
tion of precursor [19, 33-36] have been used to synthesise
Cu/Cu,0/CuO NPs. Nonetheless, these synthetic routes are
prone to toxicity and other drawbacks in many application
fields (e.g., medical application). Recently, green syntheses
of different nanoparticles by plants have been reported
[4, 36]. For this view, we present an undemanding and
eco-friendly biosynthesis of Cu/Cu,0/CuO nanoparticles
using pomegranate peel extract and highlight their elec-
trochemical and catalytic activity towards ethanol. Fur-
thermore, the pomegranate method of synthesis required
no harsh chemicals, no prolonged periods and no high
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energy requirements for preparing Cu/Cu,0/CuO NPs, thus
proving to be an innovative method.

2 Experimental procedures
2.1 Reagents and materials

Copper chloride salt (CuCl, 99.98%) and Silver/Silver chlo-
ride (Ag/AgCl, 3 M), Polyesterine graduated tubes and
0.22 ym hydrophilic filters (Whatman) were used for NPs
preparation. Phosphate buffer solution (PBs), 0.1 M, pH 7.0
was prepared from anhydrous potassium hydrogen phos-
phate (Na,HPO,) and potassium dihydrogen phosphate
(NaH,PO,) while purified deionized water was used for
aqueous solution preparations as recorded in our previ-
ous study [37]. Pomegranate fruits were purchased from
vendors. All chemicals were supplied by Sigma-Aldrich.

2.2 Synthesis of reduced Cu/Cu,0/Cu0
nanoparticles from pomegranate peel extract

Dried Peels of pomegranate (40 g) were added into a
250 mL conical flask of deionised water (40 °C, 1 h), a yel-
low to reddish brown extract was formed with a recorded
solution pH = 3. The broth/extract was filtered with What-
man paper (0.22 um). 8 g of the copper chloride salt was
then dissolved in 200 mL of pomegranate broth and the
aliquot was subjected to a constant temperature (80 °C),
after which a dark green-brown precipitate of copper/
cupric oxide (Cu/Cu,0/Cu0) nanoparticles (NPs) (pH 5)
was formed. For microscopic (SEM) and spectroscopic
(XRD) analysis, the precipitate was collected via centrifu-
gation (10 min, 1000 rpm) and the nanomaterials washed
with deionized H,O three times in order to remove loosely
bound materilas, using a centrifuge and a sonicator [38].
80% yield of the nanopowder was realised and was oven
dried at 65 °C, 30 min. The as-prepared Cu/Cu,0/CuO nan-
oparticles were then crushed into a powder using mortar
and pestle, after which the nanomaterials were calcinated
at different temperature (100 °C, 200 °C, 300 °C, 400 °C and
500 °C). The Cu/Cu,0/CuO nanoparticles were re-disper-
sion (20 min) in 0.1 M phosphate buffer (pH 7.0) for further
analyses.

2.3 Preparation of GC/Cu/Cu,0/Cu0 electrodes

Glassy carbon electrode (GCE) was thoroughly cleaned
by sonication in absolute ethanol and deionized water
(5 min), respectively and finally rinsed with distilled water.
The electrode (GCE) was drop-coated with Cu/Cu,0/CuO
NPs solution (60 uL), dried at 50 °C for 15 min, and followed
by gently washing with distilled water to remove unbound
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particles. The electrode was labelled as GC/Cu/Cu,0/CuO.
For electrochemical measurements Phosphate buffer solu-
tion (0.1 M, pH 7) was employed as the electrolyte as was
noted from previous our study [38] (Scheme 1).

2.4 Instrumentation and electrochemical
measurement

Surface morphology and particle size dispersion of the
prepared Cu/Cu,0/CuO nanoparticles were examined
using high resolution electron microscope (TEM, JEOL
2011). Electron dispersion spectroscopy (EDS) together
with X-ray diffraction (XRD- Rigaku D/MAX-PC 2500
X-ray diffractometer with a CuK, (A=1.54 A) at 40 kV and
200 mA) were used to enabled components of the as pre-
pared nanomaterials. Transmition (%T) and vibrational/
absorption bands were determined using Infrared Spec-
troscopy (FTIR on a Perkin Elmer spectrometer Spectrum
100). Emission and wavelength bands were determined
by employing Fluorescence-fibre optic ocean-view LEDs
and UV/Vis absorption spectroscopy using fibre optic
ocean-view detector. Raman spectra were obtained on
Horiba scientific, Olympus Model No BX41TF MAT 200 kV.
Electrochemical experiments such as, cyclic voltammetry
(CV) and electrochemical impedance spectroscopy (EIS)
were performed using an Autolab potentiostat, Metrohm.
A typical three-electrode system made of auxiliary (Ag/
AgCl reference) electrode, a platinum wire-counter elec-
trode and a glassy carbon (GCE) working electrode were
used in all electrochemical measurements with 0.1 M PBS
(pH 7) used as an electrolyte [38].

Scheme 1 Schematic repre-
sentation of Cu/Cu,0/CuO NPs
synthesis and its characterisa-
tion

Peels of Punica granatum L

‘ Catalysis

3 Results and discussion
3.1 Optical properties of Cu/Cu,0/CuO NPs

Figure 1a shows the UV-visible absorption spectra of
colloidal Cu/Cu,0/CuO nanoparticles with average
nanoparticle sizes of 5-20 nm. The figure further illus-
trates the temperature dependence process of the as-
prepared nanoparticles. Compared to the control (insert:
peel extract at A,,,, =374 nm), Fig. 1 depicts absorption
peaks at about 206, 306, 546 and 830 nm for all five
samples (25-500 °C), respectively. The peaks at 206 and
306 nm corresponds to inter band transition from deep
level electrons of valance band of Cu/Cu,O while the
peak around 380 nm is due to the band edge transition
of CuO/Cu,0 [38-40]. The peaks at 546 and 830 nm are
attributed to existence of Cu/Cu,0/CuO on the surface
of the synthesized material [39, 41, 45, 46]. The obtained
results are comparable with literature [30, 39, 42, 43]. The
results suggest that Cu/Cu,0/CuO NPs were formed after
interaction with the biomolecules, apparent by a shift
in A, From the observed spectra, a decrease in peak
intensities (from low to higher temperatures) is evident
with slight shifts in absorption maxima. However, at high
calcination temperatures Cu/Cu,0/CuO particles exhibits
relatively lower absorptions intensities [43, 44]. The shifts
and low absorptions in electronic and optical proper-
ties can be viewed as a function of NPs size and shape.
In addition, due to the transformation of the random
nanoparticle shapes to nearly spherical and the increase
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Fig. 1 UV-vis spectra (a) and (b) PL spectra of Cu/Cu,0/CuO NPs at
different annealing temperatures

of the average particle size, the sp resonance shifts to red
and becomes broader showing the inter-diffusion of the
metals-ligands thus forming a ternary/alloying NPs. This
behavior could also be attributed to the concentration
of conduction electrons/intra-band transitions of the
energy state.

Figure 1b shows the corresponding fluorescence spec-
tra of Cu/Cu,0/CuO NPs at different calcination tempera-
tures. A pronounced emission band appeared at 275 nm
and is largely attributed to a near-band-edge emission
band and another broad band was noted ranging from
458 to 590 nm [44]. According to literature, the green
emission band at 590 nm is due to the ionized oxygen
vacancies [35, 39]. At around 670 nm emission shifts from
green to near yellow due to interstitial in Cu/Cu,0/CuO
NPs were observed and are assigned to surface defects
presence, which are expected to be of large density in
nanoparticles of small sizes [45, 46]. The visible photo-
luminescence sparks from the radioactive recombina-
tion of an electron occupying the oxygen vacancy with
photo-generated hole [41, 47, 48]. Therefore, decreases
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in PL intensities are attributed to more photo-induced
electrons that are trapped and stably transferred through
the interface whilst the enhanced PL spectrum denotes a
fast recombination rate of electron-hole pairs. A further
comparison study of PL data and the UV-Vis absorption
maxima measurements showed that the obtained results
are consistent with each other.

3.2 Morphology, structure and functionality of Cu/
Cu,0/Cu0

Further evidence of the as-prepared Cu/Cu,0/CuO NPs for-
mation was provided by HRSEM and HRTEM, Figs. 2 and
3. HRSEM and HRTEM provided the size, morphology and
structural properties of the as-synthesised Cu/Cu,0/CuO
NPs. Figure 2a—-g shows the HRSEM micrographs of the
as-synthesised Cu/Cu,0/CuO NPs at different annealing
temperatures (a: RT, b: 100 °C, ¢: 200 °C, d: 300 °C, e: 400 °C,
f: 500 °C, g: 500 °C).

SEM micrographs (Fig. 2a-g) reveals different Cu/Cu,0/
CuO structures while providing evidence of the Cu/Cu,0/
CuO constituents, Fig. 2h. Figure 2a show agglomerated
cube-like, rod-like and spherical like structures of the as-
prepared Cu/Cu,0/CuO nanocomposites while unveiling
porous nano-micro structures at higher temperatures
(Fig. 2b—100 °C, 2¢—200 °C, 2d—300 °C and 2e—400 °C
and 2f—500 °C). Meanwhile, Fig. 2f shows combined
phases of spherical like structures growing within the
nano-micro structures of the prepared Cu/Cu,0/CuO
nanocomposites. Literature provided evidence that the
Cu/Cu,0/Cu0 mixed phases and nano-micro structures
can be used in different applications such as energy and
biomedical technology [31, 32]. HRTEM (Fig. 3a—f) was also
employed to confirm and elucidate the nature of the as-
synthesised NPs. The HRTEM images was able confirm and
provide evidence of Cu/Cu,0/CuO particle size distribu-
tion at different temperature (RT-600 °C) and was found to
be 2-20 nm. Meanwhile, SEM mapping (Fig. 3g—h) micro-
graphs proved the formation of Cu-Cu-0O-Cu,-O showing
different positioning of metal-metal oxides. Therefore,
SEM and TEM micrographs are in agreement in-terms of
change in structure as the temperature moves from low
to optimal temperatures.

Raman and FTIR spectra (Fig. 4a, b) were able to provide
additional insight into the structure and properties of the
prepared Cu/Cu,0/CuO nanocatalyst. To investigate local
atomic arrangement, vibrational modes and crystallinity
of Cu/Cu,0/CuO NPs, Raman spectroscopy (Fig. 4a) was
utilized. According to literature [49, 50] CuO NPs belongs
to C6,,, space group. The Mzy =4Au+5Bu+Ag+2Bg modes
which are called zone-centre optical-phonon are reviewed
here, where G=vibrational freedom, Au and Bu repre-
sent IR modes,Ag and Bg represents Raman modes [51,



SN Applied Sciences (2020) 2:902 | https://doi.org/10.1007/542452-020-2704-5 Research Article

(i)
Punicalagin
OH
\100nm;RT" z - °
o [o]
(c) o
o
.
HO
wa ©OHow OH
100 nm : 200 °C 100 nm : 300 °C -
o I
Punicalin

Pedunculagin

=
s
=
]
2
g
=

100 nm : 600 °C

0 5000 10000 15000 20000
Energy keV

Punicalagin

Fig.2 SEM images of as-prepared Cu/Cu,0/CuO NPs a RT, b 100 °C, ¢ 200 °C, d 300 °C, e 400 °C, f 500 °C, g 600 °C and h EDX spectra of the
prepared Cu/Cu,0/CuO NPs

52]. Further, the calculated [53] structural and vibrational Its frequency is indicated in Fig. 4 and corresponds to
properties of cuprite Cu,O were observed and accord-  the broad feature at w=500-520 cm™' and this agrees
ing to the group theoretical selection rules, the cuprite  well with literature values [53]. The Cu-Cu,0 and CuO
structure allows only a single Raman-active mode (T2g).  particles exhibited their characteristic Raman bands at
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Fig.3 HRTEM images of as-prepared Cu/Cu,0/CuO NPs a RT, b 200 °C, ¢ 300 °C, d 400 °C, e 500 °C, f 600 °C and g, h EDX mapping spectra of

the prepared Cu/Cu,0/CuO NPs
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Fig.4 Raman (a) and FTIR (b) spectra of as-prepared Cu/Cu,0/CuO nanocomposites

488 and 523 cm™'. The Raman peaks are broad,the peak
at 432 and 574 cm™' can be attributed to the Bg modes
[50-52]. Additional Raman peak was also observed at
1107 cm™" and corresponds to a multiphonon band of
Cu/Cu,0/Cu0 nanostructures, relating to the harmonic
coupling between phonons [50]. In particular, the mul-
tiphonon band 2Bg in Cu/Cu,0/CuO was suggested to be
the stretching vibration in the 2-2 plane [50]. Figure 4a(i-v)
represent the Raman spectra of the synthesised Cu/Cu,0O/
CuO NPs at different temperatures. As we move from low
to high temperature the structure of the prepared material
becomes clearer since all the impurities are removed. The
resultant spectra at higher temperature suggest that for-
mation of pure Cu/Cu,0/CuO requires high energies. The
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frequencies of all Raman bands observed in this study are
similar to those obtained by other reserchers [54].
IR-spectroscopy was utilized to characterize the surface
nature of the resulting Cu/Cu,0/CuO NPs, as depicted in
Fig. 4b. Strong band at 512 cm™' related to the vibrations
of the Cu-0 functional group was observed (Fig. 4b). This
confirmed the presence of nanosized Cu/Cu,0/CuO par-
ticles. The extract which serves as the control in this case
(Fig. 4b), show intense and broad band at 3430 cm™ cor-
responding to the stretching hydroxyls of adsorbed water
[56, 57]. The peak at 1020 cm™" indicated the presence of
C-0 stretching frequency of carboxylate ion bond to the
Cu/Cu,0/Cu0 nanoparticles as bidentate ligand [56, 57],
whereas the peak at 1600 cm™' signified the unreacted
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carboxyl group proposing the existence of flavonones
adsorbed on the Cu/Cu,0/CuO NPs surface [58]. The
results propose that water soluble organic moieties of
peel extract were accountable for the formation and
stability of the as-prepared Cu/Cu,0/CuO NPs. Further-
more, broad vibrational stretches were also observed at
2002 cm™" and 1433 cm™' which were mainly attributed
to the chemisorbed and physisorbed H,0 and CO, mol-
ecules on the surface of Cu/Cu,0/Cu0 particles [59, 60]. A
Similar behaviour was also reported by other researchers
[59-61]. Compared to the control (peel extract, Fig. 4b), the
spectrum at higher temperature confirms the formation
of pure Cu/Cu,0/CuO NPs evident by absence of hydroxyl
and carboxylate vibrational stretches.

FTIR and Raman (Fig. 4a, b) spectroscopy were also
utilised to reveal the proposed mechanism of coordi-
nation as reviewed in our previous study [62, 63]. With
few alterations,briefly: CuCl, as a precursor separates
into ions (Cu**) when in solution. Meanwhile, hydroxyl
and ketonic groups (from phenolic compounds) con-
tained in the extract were able to interact with metal
ions which were reduce and capped to nanosize par-
ticles. After interaction and chelation of polyphenols
to ions, coordination occurred and a complex-ligand
(Cu**-polyphenols) was formed through the displayed
constituents (Fig. 2i-j). To further support this coordi-
nation and mechanism of formation (Fig. 2i-j), a com-
parison study of the IR and Raman spectra between
the synthesised nanoparticles and the solution extract
(control) was carried out, Fig. Figure 4a, b. Compared
to the control, the nanoparticles showed a reduction
in transmition and a shift in wavenumbers at around
3430 cm™' (OH- absorption), 1600 cm™' (C=0), and
512 cm™! proving coordination and formation complex-
metal ligand. Though, varying the calcination tempera-
ture demonstrated the deformation of the (OH), v(C=0)
and v(CO) vibrational modes, signifying the formation
and deprotonation of the pure Cu/CuO at 512 cm™' and
at 1110 cm™' is broader vibrational stretch of Cu-0O in
Cu,0, thus confirming the formation of Cu/Cu,0/CuO.
Raman and FTIR spectra (Fig. 4a, b) revealed the purity
of the prepared nanoparticles, evident by the observed
Cu-CuO, Cu,0 phonons. Itis evident that the mechanism
of the reduced nanoparticles has been established from
supporting IR, Raman, TEM and SEM studies by provid-
ing details of different phases and structures of the pro-
duced mixed phase Cu/Cu,0/CuO.To further support our
proposition, we have prepared a compositionally similar
Cu-CuO nanocomposite using Cu ++and polyphenols
of pomegranate extracts which displayed lower rate of
reduction at RT towards the formation of the ternary
oxides. However, as we increase the annealing tempera-
ture the production of ternary nanocomposite (Cu/Cu,0/

CuO) become apparent along with the formation of Cu/
Cu20, Cu/CuO etc. and this was due to the unique aque-
ous synthetic procedures of the nanoparticles.

3.3 Crystallinity of Cu/Cu,0/CuO NPs

The crystallographic structures, phase identification and
size of the synthesised NPs were determined by XRD-
Rigaku (PXRD-7000) using Cu-Ka radiation of wavelength
A=1.541°A and thermal gravimetric analysis (DSC/TGA)
Fig. 5. The synthesised nanopowder clearly directs the
occurrence of two crystalline phase indices, monoclinic
cupric oxide (CuO) and cubic cuprous oxides (Cu,0) at
both low and high temperatures (RT—600 °C), Fig. 5a.
The presences of these two phases were also confirmed
by UV-Vis and fluorescence results. The (110), (111) and
(200) indices planes are assigned to 26 values of 37°, 42°,
and 45 ° which agree with those of mixed phase powdered
Cu,0, CuO, Cu obtained from JCPDS file number 75-1525
and confirm the creation of Cu/Cu,0/CuO structure [6,
63], as the temperature is increased (300-500 °C) pure
Cu/Cu,0/CuO NPs become evident. CuO particles peaks
which are same as single cubic phase monoclinic (JCPDS:
80-1916) structure with a lattice constant a=4.68830°A,
b=3.42290°A and ¢=5.13190°A, =99.51 are shown in
Fig. 5a. The base-centre monoclinic cupric oxide (Cu-CuO)
exhibiting 20 values 32°6, 37°,42°, 62°, 76° and 78° with
phases (110), (111), (200), (220), (311) and (222) matched
well JCPDS card number 75-1525 which correspond with
the values of tenorite-monoclinic phase CuO and cupric
Cu,0 as reported by Volanti et al. [63, 64], Vinod et al. [1],
Amrut et al. [5] and recently by Abboud et al. [6]. From
the observed results, it can be noted that due to changes
in calcination temperature from 400 to 500 °C there is a
slight shift towards lower angles. In addition, the observed
increase (at 400 °C) and/or decrease (at 500 °C) in peak
intensity proves the formation of pure and highly crystal-
line Cu/Cu,0/CuO NPs. Due to an increase in tempera-
ture, the peak intensity of Cu/Cu,0/CuO NPs becomes
inversely-propotional (increase) to the full width at half
maximum (FWHM), illustrating possible alteration in the
Cu/Cu,0/Cu0 grain size [6, 43] and ensures the formation
and enhanced crystallinity of the prepared material. Evi-
dently cupric oxide has high content than cuprous oxide
which reveals its higher intensity at 42° and 62° and dem-
onstrating that the varied phase has main proportions of
Cu0O/Cu,0 with the highly oriented crystalline Cu/Cu,0/
CuO phase. The mean particle size of Cu/Cu,O was calcu-
lated from the line broadening of Cu/Cu,0/Cu0 [200] peak
(26=42°) by Scherrer equation [32, 62].

The mean particle size was calculated using the Scher-
rer formula (Eq. 1),
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Fig.5 Thermal analysis of Cu/Cu,0/CuO nano-composite subjected to different temperatures (RT- 600 °C)

D= kA
pcosb

1

where D is mean particle size, k (is a constant)=0.9, A is
wavelength of X-ray source (0.1541 nm), 8 is the FWHM
and 0 is the half diffraction angle. The average particle size
was calculated to be 20-25 nm which is comparable with
other results [62]. UV-VIS absorption spectra, The XRD pat-
tern, TEM and SEM micrographs, together provides strong
evidence for the existence and size of Cu/Cu,0/CuO NPs
[63].
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Combined plots of (Fig. 5b—f) at different temperatures
(RT, 200 °C, 400 °C, 500 °C and 600 °C) are observed. DSC/
TGA analysis of the uncalcined and calcinated Cu/Cu,0/
CuO catalyst was carried out to ascertain the thermal
stability of the nano-catalyst. TGA plots confirm weight
loss (peak I-11l) starting from 100 to 400 °C, Fig. 5b-e).
According to the DSC thermograms (Fig. 5b), four exother-
mic peaks were evident at 90 °C, 250 °C (Fig. 5a-c peaks
I-11), 300 °C and 330 °C (Fig. 5e, f peaks I-1l), respectively.
The decomposition of the sample may be due to the
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condensation dehydration of the polyphenols (especially
kenotic (-C=0) and hydroxyl (OH-) group) and also from
water vapour. Notably, at 600 °C the TGA curves reveal no
weight loss of the nanocatalyst, thus concluding a ther-
mally stable and pure Cu/Cu,0/CuO nanocomposite. The
results are in agreement with our previous FTIR results [38].
The results further confirm that the thermal decomposi-
tion of the catalyst is complete below 600 °C.

3.4 Catalytic properties and effect of Cu/Cu,0/Cu0
NPs

Cyclic voltammetry was used to investigate the electro-
chemical behaviour of the synthesized Cu/Cu,0/CuO NPs.
In addition, to also study the band gap energies of the
NPs when subjected to different annealing temperatures
(25-500 °C). Figure 6 shows typical CVs of naked GCE and
Cu/Cu,0/Cu0 -modified GCE (GCE/Cu/Cu,0/Cu0) in 0.2 M
PBs,pH 7.

Compared to modified electrode, the bare GCE elec-
trodes possess no redox properties (Fig. 6a), meanwhile
the redox properties of the synthesised Cu/Cu,0/CuO
NPs were revealed at the electrode interface (Fig. 6b).
The as-prepared NPs shows two oxidation peak cur-
rents (Ip,a) at oxidation peak potentials (Ep,a) of -0.4V
and reduction peak potential (Ep,c) =-0.01V, respectively
(Fig. 6(a) d and a). Small oxidation peak current (/,,,,,) at
Ep,a:_ 0.4 V was observed (Fig. 6(a) d) and has been
attributed to the adsorption of oxygen [55], whilst the [, ,
atk, ,=-0.01V (Fig. 6(a) a) corresponds to the oxidation
of Cu,0 to CuO NPs [62, 65]. The cathodic peak current
(I,0) at E, =—0.15V (Fig. 6(a) b) represents the reduc-
tion of [Cu(OH), and cathodic peak current (Fig. 6(a) c)
at E=-0.35V results from the reduction of mixed phase
Cu-Cu,0/Cu0 [65-67]. The obtained results confirm the
formation of the synthesised nanomaterials and are in

01 (a) 2

)

rd

L 0l

= 20 —Bare GCE
-40 4 ——GCE/Cu/Cu,0/Cu0
-60 -
-80 -

40 05 00 05 1.0 1.5

E(Ag/AgCI)/ V

good agreement with literature [65-67]. The reported
results can be correlated with the following reactions
(62, 66]:

2CuO + 20H™ — Cu,0 + 2e~

Cu,0 + 20H™ — 2CuO + H,0 + 2e~

Figure 6b reveals CVs of GCE/Cu/Cu,0/CuOin 0.2 M
PBs, pH 7.0 at different annealing temperatures. Relative
to the RT NPs, a shift in the reduction and oxidation peak
potentials was noted. The shift in peak potential was
from —0.2to-0.3Vand —0.01 to —0.04 V (between: 25
and 100 °C) with peak to peak separation of 0.3-0.5V. In
addition, a decrease in peak currents (Fig. 6a—c) was also
observed which can be attributed to the formation and
shape of the pure crystalline Cu/Cu,O NPs. Furthermore,
as we increase the annealing temperature the oxidation
and reduction peak currentsat E=—0.4Vand E=-0.15V
decreases in intensity to almost disappearing (Fig. 6b,
d), confirming the formation of crystalline Cu/Cu,0/CuO
NPs as both the reduction and oxidation peaks of Cu-
CuO/Cu,0 NPs remain constant. From Fig. 6, we were
able to calculate the band gap energy of the synthesised
NPs since it has been established that the potentials
related to the cathodic and anodic curves obtained from
cyclic voltammetry can be utilised to assess the ioniza-
tion energy (/,) and the electron affinity (£,), as well as
the difference between the lowest unoccupied molecu-
lar orbital (LUMO) and the highest occupied molecular
orbital (HOMO) [68, 69]. This difference is called the band
gap (Eg). Further, quantum chemical calculations by Bre-
das et al., reported a linear correlation between lp and
E, as well as between E, and reduction potentials (E,)
[69]. All these parameters are related according to Eq. 2
below [68, 70, 71].

40 05 00 0.5 10 15
E(Ag/AGCI) V

Fig.6 Typical CVs of a bare GCE and GCE/Cu/Cu,0/CuO and b Cu/Cu,0/CuO NPs at different annealing temperatures (0°-500 °C)
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E, = (E] + 44)eV
I, = (E, +44)eV
E,=E,—1,

(2)

where E’, and E', are the respective onset reduction and
oxidation potentials vs. Ag/AgCl reference electrode
[67]. The band gap energy of the Cu/Cu,0/CuO NPs at
different annealing temperatures was calculated to be
E,=2.2-2.5eV (at 0-100 °C), E;=2.7-2.9 eV (at 200-300 °C)
and Eg= 1.2-2.4 eV (at 400-500 °C). The obtained band gap
energies are comparable with that of PL measurements.
Wang et al. [54] synthesised Cu/Cu,0 NPs using a plant
extract and their calculated band gap energies were in
agreement with our results.

Following an electrochemical probing of the as-pre-
pared NPs, scan rate dependence studies were carried
out to evaluate the adsorption/desorption, diffusion pro-
cesses and also determine the surface coverage of the Cu/
Cu,0/Cu0 particles. Figure 7 shows cyclic voltammograms
of the Cu/Cu,0/CuO NPs in 0.2 M PBs, pH 7. The spectra
show highly reversible Cu/Cu,0/CuO NPs at different
scan rates. Two distinct redox couples from the pure as-
prepared NPs were observed (Fig. 7a) at oxidation peak
potential (E,,)=—0.01V and a reduction peak potential
(Ep,c) =-0.4V, Fig. 7. The observed peak potentials were
attributed to the products of NPs which were associated
with redox properties of Cu/Cu,0/CuO. Nonetheless, a
reduction peak current (I, ) at E, .=—0.4V was chosen as
the peak of interest (Fig. 7(a) b), due to an increase in peak
current when Cu/Cu,0 NPs were introduced onto GC elec-
trode surface and since the oxidation peak current showed
no trend (Fig. 7(a) a).

From the obtained voltammograms a significant
increase in current as a function of scan rate was observed

i@
i(a
601
401
28 9 »
< _20_ / /
3 gg ——10mVis
B -804 ——20mVI/s
= 1001 —30mVis
-120 ——40 mVI/s
-140 1 ——50mV/s
::II gg ] ! — 60mVis
-200 4+

-1.00.80.60.40.20.00.20.40.60.81.0
E(Ag/AgCI)/ V

(Fig. 7b). The increase in current suggests a catalytic effect
of the as-prepared NPs. To confirm or facilitate the move-
ment of electrons in the system, the diffusion coefficient
(D) and surface coverage (') were calculated using the
following equations: For reversible systems, by Randles-
Sevcik (Eq. 3) and Laviron equations (Eq. 4) (at 25 °C):

I, = 2.69 x 10°n*/2AD'/2V/2C 3)

Iv  n2F2AT

v 4RT

(4)

where I, is the peak current in amperes, v is the scan rate
inVs~', the area of an lectrode is represented by A in cm?,
number of electrons transported is represented by n, a
diffusional system is presented by D (diffusion coefficient
cm?s7") and Ciis the concentration in mol cm™3, I repre-
sents the surface coverage concentration (mol cm™2) and F
is the Faraday constant. The calculated diffusion coefficient
was found to be 1.54x 107 cm? s ~! with the correlation
coefficient of (r?) 0.99. The values were calculated using a
reversible equation (Eq. 1). The Laviron equation (Eq. 2) was
used to demonstrate the relationship between the current
and amount of adsorbed species at a solid surface. The
peak current is directly proportional to the surface cover-
age and the potential scan rate, v [72]. The calculated sur-
face coverage was found to be 1.38x 107> mol cm~ for this
electrode. The parameter suggests the formation of mon-
olayer at the electrode interface. The scan rate depend-
ence plot of the voltammetric peak currents of Cu/Cu,0/
CuO particles confirmed the behaviour of the system and
its response are plotted in Fig. 7a, b. The obtained results
suggest a highly catalytic behaviour of the prepared Cu/
Cu,0/CuO NPs whilst possessing capacitance behaviour at

404
P 099 ()
-607 Slope 28.48
-80
< -100-
_g -120 4
140
-160 -
'1 80 T T T T T T
3 4 5 6 7 8

Fig.7 Typical CVs of Cu/Cu,0/CuO NPs a at different scan rates and b a corresponding calibration plot
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the oxidation peak potential, apparent by a decrease and
increase in peak currents.

Comparative studies between bare and modified GC
electrode were evaluated at an applied formal potential
of AE,=—0.17V (observed from CV measurements, Fig. 7)
using EIS. The conductivity of the electrodes (GCE and
GCE/Cu/Cu,0/Cu0) was characterised using Nyquist plots
and bode plots, Fig. 8.

Through fitting and simulation the charge-transfer
resistance (R.) values of bare GC and GC/Cu/Cu,0 elec-
trodes were found to be 432 Q and 298 Q, respectively.
The results obtained prove that the modified electrodes
are more favourable than unmodified electrode, due to
lower R, values. The behaviour in charge transfer resist-
ance suggests a faster electron transfer, thus showing a
more conducting system of GCE/Cu/Cu,0 than bare GCE.
Some parameters were calculated from the Nyquist plots;
the surface coverage (8) of the modified electrode was
calculated to be 1.45x 1073 cm s™' using (Eq. 6). The cal-
culated value is in good agreement with that obtained
by CV in which both systems suggest a monolayer at the
electrode interface.

R.:(Bare/GCE)

6=1-
R (GCE/Cu/Cu0) )

Z , Z—plots, presented in Fig. 8a confirmed that the
Cu/Cu,0/CuO NPs behaves as a typical capacitor over the
frequency range of 100 kHz to 0.01 mHz. This behaviour
was also confirmed by the presence of some parameters in
the equivalent Randles—Sevcik circuit (Insert: Fig. 8a). The
parameters as represented in equivalent circuit include;
R.: solution resistance, Z,: Warburg diffusion imped-
ance, R.: charge-transfer resistance, and Cg: Faradaic

=== Bare GCE
=== GCE/Cu/Cu,0/Cu0

0.14
a
0.42]®
100 kHz-0.01mHz .
e 0.104 "
£ 0.08- L.
g 0.06 - = e P )
= -o‘. e
O 0.04 e
N 0.02- / ./\A,.| Im“m F
R=7800 ® e—& W @
000' Cull24f mw»
0 50 100 150 200 250
Zr Ohms cm™3

pseudo-capacitance, respectively. The EIS behaviour was
dominated by three phenomena (high, intermediate
and low frequency regions) which are denoted by semi-
circular mass transfer behaviour which revealed a small
polarisation resistance of the nano-oxides film was (high
frequency), diffusion of ions at the electrode interface
was predominant at the medium frequency and at low
frequency, an ideal capacitive behaviour of Cu/Cu,0/Cu0
NPs at electrode interface, relative to the bare electrode
was obvious. To calculate capacitance and specific capaci-
tance of the NPs, Eq. 4 was used;

7" = 2zfC)™! (6)
-2
o = 2ami /27 @

where m represents the mass of an electrode, the fre-
quency is denoted by f and |Z"| is the magnitude of
imaginary impedance, Cis the capacitance and C, is the
specific capacitance. The capacitance and specific capaci-
tance at —0.17 V calculated from the Z” values at the high
frequency (f=100 kHz) were found to be 11.2 F, 8.76 F and
69-22 F g~', respectively. The results are in agreement with
fitted values. Figure 8b shows the phase angle versus ac
frequency relationship for bare GC and GC/Cu/Cu,0/Cu0
electrodes. The phase angles and the capacitance of the
prepared NPs were observed from bode plot spectra. The-
oretically, the capacitor behaves is ideal when 6=-90°.
However, the phase angles of the prepared NPs are slightly
lower by 20° as expected for semiconductor. Conversely,
the results reveal the relationship between capacitance vs.
frequency. Thus, as the frequency increases, capacitance
increases displaying the applicability of the prepared

=== Bare GCE
=== GCE/Cu/Cu,0/Cu0

Fig. 8 Typical Nyquist plots of Cu/Cu,0/CuO NPs (a) and the corresponding bode plots (b)
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sample. The results however, prove that with surface modi-
fication Cu/Cu,0/CuO particles can be evaluated as the
active material in capacitors applications, evident by the
observed experimental and calculated values.

The electrocatalytic activity of as-synthesized Cu/
Cu,0/Cu0 towards ethanol was investigated with an
aqueous solution of 1T M KOH electrolyte using both EIS,
Time-based amperometry (i-t), CV and chronocoulometry
(CQ), Fig. 9a-c. The peak potentials at Fig. 9((a) a-b)) are as
explained earlier (Figs. 6 and 7).

Compared to bare solution (KOH) Fig. 9(a)(i), Cu/Cu,0/
CuO exhibits fair electrochemical performance for etha-
nol activity with higher current density and most negative
onset potential (OP). The enhancement of catalytic alcohol
activity is generally interpreted in terms of the ability to
remove intermediates such as CO, which can poison the
catalytic surface. It showed a more negative onset poten-
tial (-0.3 V), meaning that it requires lower energy for etha-
nol activity to occur on Cu/Cu,0. EIS profiles confirmed the
kinetics of Cu/Cu,0 at the electrode surface (Fig. 8c). Com-
pared to Fig. 13b(i), Fig. 8b(ii) revealed superior electrical
properties towards ethanol. The Randle Sevcik’s equiva-
lent circuit (insert, Fig. 8b) was used to assess and simulate
the specific parameters as presented by the behaviour of
our modified electrodes. Remarkably, the Nyquist plots
reveal characteristic small circular curvature Fig. 8b(ii) of

Cu/Cu,0/Cu0 at high frequency region signifying that
the polarisation resistance (R;) is prominent, proposing
a faster electron shuttling process for ethanol activity.
Furthermore, the inclined line at the lower frequency
regime denotes a capacitive (n=0.89) behaviour and at
high frequency, diffusion- controlled system is apparent.
The EIS profiles results are consistent with fitted values, CV,
and literature data [73, 74]. The relationship between the
polarisation resistances and the ethanol concentrations
were observed. An apparent decrease in R, (Fig. 8c: insert)
was obvious and suggests an effective electrode as the
electrode system was subjected to high concentrations of
ethanol. Figure 9d shows the characterisation of ethanol
detection using a Cu/Cu,0/CuO based electrode system.
The electrode was immersed a solution containing 1 M
KOH as an electrolyte. The electrode was brought to equi-
librium by keeping it at —=0.017 V (vs. Ag/AgCl electrode
(3 M KCl)) and steady-state current (i) was recorded before
introduction of ethanol. Different concentrations of etha-
nol were added to the cell from stock solution and the sys-
tem was stirred during detection for currents (i,) response
obtained at -0.017 V. The current values (Ai=i,—i,) were
plotted against the ethanol concentration in order to
determine the working range of the electrode, Fig. 9f. As
seen in Fig. 9f, the response currents at the Cu/Cu,0/Cu0
based electrode system are directly proportional to the
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Fig.9 Shows CV and EIS (a, b) response for ethanol electro-activity
by Cu/Cu,0/CuO modified electrode in alkaline conditions (1 M
ethanol+1 M KOH) at a scan rate of 0.01 Vs™' vs. Ag/AgCl, c EIS
responses of Cu/Cu,0/Cu0O modified electrode at different concen-
trations of ethanol, d Time-based amperometric response of Cu/
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nol, e CC response of Cu/Cu,0/CuO modified electrode at different
concentrations of ethanol and f corresponding calibration curve in
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concentration of ethanol in the range of 0.5-2 uM with
with a correlation coefficient (r%) of 0.94 (n=6). From the
slope of 0.049 pA pM~', the lower limit of detection was
estimated to be 0.09 uM at a signal to noise ratio of 3. The
system further indicates that the response is under the
diffusion control at steady state which agrees well with CC
(Fig. 9e) and is comparable with other systems such [74].
The amperometric response with long time test for the
Cu/Cu,0/Cu0 based electrode system was studied under
continuous 5 M ethanol flow and no obvious decrease is
observed in 4005, indicating the good stability of the Cu/
Cu,0/Cu0 based electrode system.

4 Conclusion

In the present work, we report an eco-friendly and cost
effect method for the synthesis of Cu/Cu,0/CuO NPs using
peel extract of pomegranate as both capping reducing
agent. To the best of our knowledge, a first-time facile
strategy to prepare ternary Cu/Cu,0/CuO NPs and Cu/
Cu,0/CuO structured electrodes. The green synthesised
Cu/Cu,0/CuO nanocrystals where successfully character-
ised by different techniques and methods. The CV and EIS
results coupled with XRD, SEM, FTIR and UV-Vis explored
the formation, conductivity, optical and redox processes of
Cu/Cu,0/Cu0 NPs in neutral media. XRD and SEM revealed
the structure and crystalline nature of the NPs with parti-
cles size 5-25 nm. FTIR and EDS confirmed the formation of
the pure synthesised Cu/Cu,0/CuO NPs, evident by pres-
ence of both Cu-O components. The conductivity nature
and the capacitance behaviour of the synthesised Cu/
Cu,0/CuO NPs were exposed by CV, UV-Vis and EIS. Due to
high current density (15 j. mA cm™), R, =20 Q (capacitive,
n=0.89) and 8=70°, Cu/Cu,0/CuO electrode proved to be
catalytically active towards ethanol using CV and EIS meth-
ods. Conclusively, the results suggest that the nanomateri-
als can be manipulated and controlled at different anneal-
ing temperatures to ascertain different morphology. It is
noteworthy, that the Cu/Cu,0/CuO nanoparticles can be
evaluated as the active material in capacitors and catalysis
applications such as oxygen reduction reaction (ORR) and
ethanol oxidation reaction (EOR). The system also proved
to be highly sensitive toward ethanol detection.
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