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Abstract
Photocatalysis provides excellent potentials for the complete removal of organic pollutants in
environmentally friendly ways and sustainablemeans of technology. It has been noted that under
UV-visible light irradiation, nanostructured semiconductormetal oxides photocatalysts can degrade
different organic pollutants. Taking into consideration of the photocatalytic activity, the present study
deals with the synthesis of cuprous oxide (Cu2O)nanoparticles (NPs) by the sonochemicalmethod
and characterized for their physicochemical, optical, and photocatalytic properties. The powdered
X-ray diffraction (XRD) analysis confirmed for the cubic phase crystalline structure while the Field
emission scanning electronmicroscopy (SEM) supported for the icosahedronmorphology. The
bandgap of the synthesizedCu2ONPswas found to be 2.26 eV,which is the suitable bandgap energy
so as to achieve the enhanced photocatalytic degradation efficiency. On testing for the degradation of
Malachite green (MG) as amodel pollutant, the synthesizedCu2ONPs demonstrated a high
degradation efficiency under visible light irradiation. The observed results suggest that the synthesized
Cu2ONPs are attractive photocatalysts for the degradation of toxic organic wastes in thewater under
visible light. Further investigation confirmed for the photocatalytic reduction of 4-nitrophenol
(4-NP) into 4-aminophenol (4-AP) under aqueous conditionswith visible light.

1. Introduction

Nowadays, Cuprous(I) oxide (Cu2O)nanoparticles (NPs) have achieved excellent properties as it supports a
wide range of applications like optoelectronics, catalysis, sensors, solar energy, batteries, energy storage, etc [1].
Moreover, it is naturally available abundantly, non-toxic in nature, chemically stable and hence suits well for the
photocatalytic applications. Since themain limitation of the commonly used photocatalyticmaterials is that the
excited electron-hole pairs are not with the effective band gap separation and this leads to the fast recombination
ratewhich tends to reduce the photocatalytic activity. But these drawbacks can simply be overcome by the
incorporation of Cu2ONPs as photocatalysts taking advantage of its excellent photocatalytic activity. TheCu2O
NPs showdifferent crystal faces and exhibit different physical and chemical properties such as stability, catalytic
activity, etc [2–4]. According to different researchers, there are various semiconductingmaterials including
CuO, Fe2O3, TiO2, andZnOwhere they can also be used as photocatalysts because of their ability to degrade the
dye-containing effluent. The removal of pollutants or dyes with that of photocatalysts usesUV radiation
provided by theUV lamps in order to obtain sufficient energy for the formation of oxide radicals [5]. The
photocatalysis is a process that involves the break downor decomposition of various dyes, organic dirt, and
biological species such as harmful fungi and viruses on surfaces usingUVor visible light irradiation tomake it
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clean [6, 7]. By keeping in view of the harmful effects of industrial effluents that pollute thewater streams,most
of the industrial processes in the developed countries are designed to limit or purify the dye contained products
especially before they actually can get released into thewater bodies [8, 9]. The commonly available technologies
for the dye containedwater purifications on an industrial scale includemembrane technology, precipitation,
chemisorption, sandfiltration, photocatalysis, etc [10, 11]. The photocatalysis process is considered to be amore
proficientmethod owing to its effective utilization of highly available solar energy and formation of non-toxic
mineralized products (such asH2O,CO2 , etc). Thus, the designing of visible light-active photocatalystmaterials
is themost important objective among scientific community for the disinfection ofmicroorganisms and to
treat the hazardous pollutants in a sustainable ways [12–14]. In this paper, we report the facile synthesis,
characterization and visible-light photocatalytic degradation of the perforatedCu2ONPs synthesized by the
sonochemical process. The synthesized Cu2ONPswere examined by several techniques to investigate the crystal
structures,morphologies, optical, compositional, and photocatalytic properties.

2.Materials and experimentalmethods

2.1. Chemicals
Copper acetatemonohydrate (Cu(CH3COO)2.H2O), absolute ethanol, glucose, and sodiumhydroxide (NaOH)
were purchased fromSigmaAldrich andwere used as received. All chemicals and solvents were usedwithout any
further purifications and the solvents usedwere of the highest analytic grade.

2.2. Synthesis of Cu2ONPs
In a typical synthesis, about 0.25 MCu(CH3COO)2 and 100 mLof absolute ethanol solutionwere taken in a
250 ml beaker and ultrasonicated for 10 minThen, 50 mLof 1 MNaOHwas added to the above solution and
ultrasonicated (probe ultrasonicator, sonics Vibra cell, 20 kHz, 50% amplitude) for 15 min and observed to see
the turning of reactionmixture into dark intense green colour. Now 1.0 mmol ofD-glucose was added to the
above solution and ultrasonicated for another 30 min. Finally, a dark red coloured precipitate was obtained
which indicates the formation of Cu2ONPs. The precipitate wasfiltered, washed, and dried under vacuumat
room temperature [15]. Figure 1 shows the schematic representation of the synthesis of Cu2ONPs and the
synthesis reactions for the formation of theCu2Oparticles are given below.

( ) ( )+  +Cu CH COO NaOH Cu OH CH COONa3 2 2 3

( ) +  + +2Cu OH C H O Cu O C H O 2H O2 6 12 6 2 6 12 7 2

Figure 1. Sonochemical synthesis of Cu2ONPs.
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3. Results and discussion

3.1. Physicochemical characterization ofCu2ONPs
TheCu2ONPswere prepared by the sonochemicalmethod in the presence of some external compounds like
glucosewhere the characteristic functional groupswere identified by the FTIR spectroscopy as shown in
figure 2(a). Fromfigure 2(a) the observation of broad bands at 3496 cm−1 1413 cm−1 can be linked to theH-OH
stretching andCOO− stretching vibrations, respectively. Further, the band at 611 cm–1 was ascribed to the
vibrationalmode of Cu–O in theCu2Ophase [16]. Similarly, the Raman spectrum for theCu2ONPs at room
temperature is shown infigure 2(b)where the band at 218 cm−1 refers to the 2EURaman-active phononmode
and the other band at 330 cm−1 can be attributed to the A2U phononmodes [17]. The bands at 420 and 510 cm−1

are attributed tomultiple phonon scattering processes and the intense band at 618 cm−1 is attributed to the
infrared allowedmode of theCu2ONPs. Thus from the comparative analysis of FTIR andRaman spectroscopy
bands, it can be confirmed for the formation of Cu2Omaterial with amoisture on its surface.

The optical properties were investigated using theUV–vis DRS analysis where the results were plotted and
shown infigure 3(a). From the figure, it can be seen that the absorptionmaximum is observed at 590 nm for the
Cu2O samplewhich is obvious for theCu2ONPs in the visible region [18]. This strong absorption of Cu2ONPs
is attributed to the electron excitation from the valence band (VB) of Cu to the corresponding conduction band
(CB). As shown infigure 3(b)which represents the Tauc plot, the band gap value of Cu2ONPswas found to be
2.26 eV andwith this band energy value, the enhanced photocatalytic activity can be expected.

The structure and phase composition of Cu2ONPswere investigated by the powderedXRD analysis in the
2θ range of 10° - 70°. As can be seen infigure 4, the diffraction peakswith respective intensities for Cu2ONPs at
29.7o, 36.4°, 42.5° and 61.4° corresponding to (1 1 0), (1 1 1), (2 0 0), and (2 2 0) planes of cubic crystal structure

Figure 2. (a) FTIR, and (b)Raman Spectroscopic analysis of Cu2ONPs.

Figure 3. (a)DRS-UV–vis spectrum, and (b)Tauc plot of Cu2ONPs.
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of Cu2O, and further they arewellmatchedwith the reported literature and standard JCPDS card (No.65-
3288) [19].

More information about themorphological properties of the as-synthesized Cu2ONPswas deliberated by
the FESEManalysis and the images are shown infigures 5(a), (b). From figure 5, theCu2Oparticles are
exhibiting the uniform icosahedronmorphologywhere theNPswere observed to be aggregated in nature
(figure 5(a)). The surfacemorphology of Cu2ONPs in themagnification of 2 μmscale (figure 5(b)), further
confirmed for the icosahedronmorphology and aggregatedmicron crystallites formation [20]. According to
FESEMmicrograph results, the diameters are roughly estimated frommicrographs of the samples within the
ranges from5 to 2 μm.

TheTEManalysis and the corresponding SAEDpattern for theCu2ONPs are shown infigures 6(a), (b)
respectively where theCu2ONPswere identified again in the icosahedral shapewith no sharp edges (figure 6(a)).
TheCu2Oparticle size was determined to be in the broad range of 20–95 nm.Also, the SAEDpattern
(figure 6(b)) showed that theCu2ONPs comprised the small nanocrystalline structures whichmaintain
orientation different from the single crystal diffraction pattern. From the analysis, it can be confirmed that the
Cu2ONPs are crystalline in nature, whichwas earlier proposed by theXRDpattern (figure 4).

3.2. Photocatalytic degradation of Cu2ONPs
For the photocatalytic activity testing, the Cu2ONPs are being used to evaluate the degradation property of
malachite green (MG) in an aqueousmediumunder visible light illumination. In a typical photocatalytic
experiment, 10 mg L−1MGaqueous solutionwas selected as amodel pollutant and its degradation in the

Figure 4.PowderedXRDpattern of Cu2ONPs.

Figure 5.Comparison of FESEM images of Cu2ONPs at differentmagnifications of 5 μm (a), and 2 μm (b).
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presence ofUV light determines the efficiency of ourCu2O sample where the optical absorptionwasmeasured
to study the photocatalytic degradation process. For the study, a 10 mg of Cu2ONPswere taken in 250 ml ofMG
dye (1×10−3M) andwas sonicated for 45 min for the complete dispersion. Approximately 15 mg of catalyst
powderwas added to the beaker containing 100 mLofMG solution, followed by 20 min stirring in darkness to
create an adsorption-desorption equilibriumbetween theMGdye and the synthesizedCu2O surface. TheMG
dye and the catalystmixturewere allowed to stir in the dark for 20 min before subjecting to the visible light
irradiation to ensure the adsorption equilibrium. The samples were taken in a 5 mL sample holder at 15 min
intervals during irradiation time and their absorbancewas recorded at 615 nm, corresponding to the highest
absorptionwavelength ofMGUV–vis usingUV-3600Cary 8453UV–vis spectrophotometer [21]. Figures 7(a),
(b) summarizes theMGpercentage versus treatment time in the range of 0–45 min under the visible-light
treatment in the absence and presence of Cu2ONPs.We identified the adsorption-desorption equilibrium
reaction ofMB can be determinedwithin the 45 mins periodwhere the catalytic study in the absence of theCu2O
catalyst (figure 7(b)) did not show a significant effect of the product formation.However, for the same reaction
in the presence of the catalyst, we found some significant effect with respect to the time (figure 7(b)).

The good photocatalytic reactivity of Cu2ONPs denotedCt/C0 between the residual concentration and the
initial concentration ofMG. The ratio of Ct/C0 depends on the dye irradiation time figure 8(a). As shown in
figure 8(a)which compares the effect of Ct/C0with time, it can be observed that there is a good linear correlation
between (Ct/C0) and the reaction time (t) for the presence and absence of the catalyst.

Figure 6.TEM image of Cu2ONPs (a), and the corresponding SAEDpattern (b).

Figure 7.Photocatalytic activity ofMG in the absence (a), and presence (b) of Cu2ONPs.
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( ) ( )/= - ´E C C C 100 1t 0 0

Where, E corresponds to the degradation efficiency, C0 for the initial absorbance, Ct - absorbance after complete
degradation. The degradation efficiencywithout the catalyst during 5 min is 1.39% and at 45 min, it is 21.39%;
with the presence of catalyst, the efficiency at 5 min is 11.59%and at 45 min, it was observed to be 91.89%and
these significant changes in the efficiency confirms for the good photocatalytic efficiency as shown infigure 8(b).
The observation of such activity of the Cu2ONPsmight be due to the reduction in the penetration of light into
the photocatalyst and further generation of larger amounts of photons adsorbed onto the catalyst surface. From
the analysis, the observation of a very high significance (about 92% at 45 min) by theCu2ONPs confirms the
excellent photodegradation capability towards theMGdye solution [22].

The kinetic studies of theMGhave a high performance of the photocatalytic activity of Cu2ONPs forfirst-
order kineticmodel the equation (2).

[ ] ( )/ =ln C C K 2t o app
t

Where, Kapp stands for the apparent rate constant, C0 andCt for the absorbances at zero and after the t time
(min) respectively.

Further, figure 9 shows the comparison of the changes in the concentration ofMGdye (ln(Ct/C0))with
respect to time (0–45 min) in the presence and absence of theCu2O catalyst. From thefigure, it can be seen that
there is no significant change for the reaction occurring in the catalyst absence, while significant decrease in the
MGdye concentrationwas observed for the catalyst presence and this effect is getting increasedwith increase of
reaction time.

Figure 8. (a)Degradation rate, and (b) efficiency (%) ofMGdye in the absence and presence of Cu2ONPs.

Figure 9. First-order kineticmodel ofMG in the absence and presence of Cu2ONPs.
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This greater degradation efficiency of Cu2ONPs under visible light ismostly attributed to their unique
structure with high specific areas and excellent optical absorption behavior. The photocatalyticmechanism
depends on thewavelength of the light, pollutant and the sample catalyst. During the photocatalytic degradation
of phenol andMG separately, on irradiation of the aqueous catalyst with the visible light energy greater than the
energy gap, the electrons are subjected to the pumping to theCB and this creates the holes. The electrons in the
CB reduces the dye directly or react with dissolved oxygen species to form superoxide ion (O2

−) or participates in
a reactionwith electron acceptors (likeO2) absorbed on the surface of the catalyst. The holes which are generated
in themechanism can oxidize thewatermolecules intoOH− radicals or react withOH−.When these hydroxyl
radicals get combinedwith other oxygen containing oxidant species (·O−

2 ), they undergoes a heterogeneous
photochemical degradation process which has the capacity to easily degrade the organic dye substrates. Figure 10
shows the schematic representation of the effective separation of electrons amongCB andVB and the unique
role played by the heterojunction structure towards the scavenging of photoexcited electron (e−) and hole (h+)
pairs. So in the present case, the Cu2ONPs being themajor constituents showed some strong absorbance
characteristics under the visible light region. Following the light absorption, the electrons in theVB of Cu2Owill
bemigrated to theCB and inturn, the holes are shifted to theVB. The available free electrons in theCu2O’s CB
are quickly captured by the adsorbedO2 and generates the highly reactive superoxide radicals (·O2

−), and holes in
theCu2O’s VB reacts with the adsorbedH2OorOH− to form the other extremely reactive ·OHradicals in
aqueous solution [23–25].

3.3. Catalytic reduction of Cu2ONPs
In order to test the catalytic efficiency of the synthesizedCu2ONPs, the particles were tested based on the
reduction of 4-nitrophenol (4-NP) to 4- aminophenol (4-AP) in the presence of aqueous sodiumborohydride
(NaBH4) as amodel. The success of the reactionwas evaluatedwith the help ofUV–vis spectroscopy and by the
measurement of absorbance peak for 4-AP at 263 nmunder acidic or neutral conditions.With this technique,
the disappearance of 4-NP’s absorption peak (at 400 nm) and the appearance of 4-AP’s peak (263 nm) confirm
for the catalytic reduction [26]. Figure 11 shows theCu2Omediated catalytic conversion of 4-NP into 4-AP over
a 45 min periodwhere it can be observed that theNPs are highly active towards the conversion of nitro groups
into amino even at room temperature conditions. Since the addition ofNaBH4 to the reactionmixture causes
the alkalinity and so a slight shift to the peak at 400 nm can be expected due to the generation of 4-NP ions [27].
From the comparison of absorption peaks, it can be observed that there appears theweakening of absorption
peak at 400 nmand concomitant increase in the intensity of peak at 263 nmwith respect to an increase in the
time. This confirms that the preparedCu2Oparticles are effective towards the reduction of 4-NP into 4-AP and
can be used explored on an industrial scale or for other compounds for the economicalmeans of the conversion
of nitro to amino groups.

Figure 10. Schematic representation of themechanisms involved in theVB andCBs towards the degradation ofMGby theCu2ONPs.
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4. Conclusion

In summary, theCu2ONPswere synthesized by a simple and efficient sonochemical technique using glucose as a
reducing agent. The spectroscopic andmicroscopic results revealed for the successful formation of Cu2ONPs.
The bandgap of theCu2ONPswas found to be 2.26 eVwhich supports the enhanced photocatalytic
performance .On testing under visible light irradiation, the Cu2ONPs found to exhibit high photodegradation
activity towards the degradation ofMGdye and that too shows enhanced degradation in a short time. Also, the
preparedCu2ONPs showed very promising catalytic activity towards the reduction of 4-NP to 4-AP. These
results indicate that theCu2ONPs can further be incorporated in the photocatalytic activity devices for adapting
suitable bandgap energy and also for reducing the nitro groups simultaneously.
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