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l Cu nanostructures for efficient
photo-catalytic degradation of methylene blue
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This work reports the synthesis of stable oxidation-resistant two-dimensional copper (Cu) nanostructures

using non-toxic reducing agents and a rapid and simple chemical reduction technique by replacing

conventional solvothermal methods. The formation of two-dimensional Cu nanostructures such as Cu

nanosheets was successfully observed by tuning the sodium hydroxide (NaOH) and surfactant (CTAB)

concentrations during the synthesis process. It has been observed that a high concentration of NaOH

(�2 M) is essential to produce stable Cu nanosheets through the oriented attachment mechanism. The

morphology of Cu nanosheets was characterized using a transmission electron microscope. Cu

nanosheet phase purity and thickness were analysed using XRD and AFM techniques. Moreover, these

Cu nanosheets exhibited efficient photocatalytic activity in degrading the methylene blue (MB) dye from

synthetic wastewater. The large surface area associated with Cu nanosheets and their two-dimensional

structure helps to enhance the photocatalytic activity and MB dye degradation upon solar and UV light

irradiation as compared to zero and one-dimensional Cu nanostructures. Almost 95% degradation

efficiency has been successfully observed by irradiating the MB dye solution under solar light for 20 min.

Cu nanosheet powder was also successfully recycled for degrading the MB dye by centrifuging the

degraded solution, and the recycled Cu nanosheets exhibit �80% degradation under solar light irradiation.
Environmental signicance

The work deals with the synthesis of 2D Cu nanostructures using a chemical reduction method for its application in dye degradation. Dyes in effluent pose
a serious threat to water bodies and their aquatic ecosystems. Dyes are also carcinogenic in nature if they come in contact with the palatable water. Therefore, the
developed material can efficiently degrade the dye under sunlight via the photocatalytic effect. Additionally, the nanostructures prepared using the chemical
reduction method can be scaled to a larger quantity because of their lower cost.
1. Introduction

Two-dimensional nanostructures such as nanosheets ndmany
applications in various elds due to their unique physical,
chemical, optical, and electrical properties associated with the
nanoscale dimensions in their diameter and thickness
compared to zero and one-dimensional nanostructures such as
spherical nanoparticles, nanorods, and nanowires. These
applications include fabrication of nanodevices,1,2 formation of
transparent conducting electrodes,3,4 lithium ion batteries,5,6

energy storage devices,7,8 desulphurization of fuel9 etc. In the
past few decades, extensive work has been conducted using
prominent two-dimensional nanostructures such as graphene/
graphene oxide for various applications.10 Even though a suffi-
cient amount of research has been conducted on graphene-
based 2-D nanosheets, interest has been created recently in
searching for new materials to replace them due to their
chool of Chemical Engineering, Vellore

-mail: aabidhussain.s@vit.ac.in

826
complex synthesis procedure and high costs. To overcome this
issue, copper has been considered a suitable material for
graphene-based nanosheets due to its low cost and simple
synthesis techniques. Also, the research conducted on the
synthesis of copper nanosheets as an alternate efficient 2-D
structure for graphene is very sparse due to copper's unique
easy oxidation behaviour. This work focuses on synthesizing
stable oxidation resistant Cu nanosheets as a substitute for
graphene-based nanosheets.

Despite applications, the synthesis of 2-D nanostructures
such as nanosheets is a complex issue. Various methods are
available to prepare nanosheets. These include the sol-
vothermal method,11 chemical bath deposition,12 thermal
decomposition,13 sonochemical method,14 exfoliation method15

etc. Tang et al. have synthesized graphene oxide nanosheets
using the hydrothermal method.16 Dubal et al. have reported
that multilayer metal oxide nanosheets, such as copper oxide
nanosheets, could be prepared using the chemical bath depo-
sitionmethod.17 Wang et al. have proposed that graphene-based
nanosheets can be prepared by thermally decomposing citric
© 2022 The Author(s). Published by the Royal Society of Chemistry
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acid at various high temperatures.18 Krishnamoorthy et al. have
reported that graphene nanosheets could be synthesized from
graphene oxide nanosheets by reducing graphene oxide by
ultrasonication.19 Layered MoS2 nanosheets were also synthe-
sized by applying the shearing exfoliation technique by Li et al.20

The methods discussed above for the synthesis of nanosheets
mainly focus on graphene-based and oxide-based nanosheets.
These synthesis procedures involve highly complex techniques
such as heating at high temperatures for a prolonged duration
and applying shearing for exfoliation. Hence, in this work, we
focus on replacing graphene-based and oxide-based nanosheets
with cost-effective metal-based nanosheets such as Cu nano-
sheets by employing simple and rapid techniques for their
synthesis.

A few reports were available in the literature to synthesize
copper nanosheets using simple and rapid techniques. Shaik
and Chakraborty (2016) suggested a simple and rapid room
temperature reduction technique for synthesizing Cu nano-
sheets by reducing Cu(OH)4

2− with hydrazine hydrate in the
presence of CTAB at room temperature.21 Recently, Lee et al.
(2021) synthesized Cu nanosheets using food-grade chemicals
such as methylsulfonylmethane (DMSO2) and NaOH and LiOH
as reducing agents.22 This method requires 2 hours of reaction
time for producing Cu nanosheets. Although these twomethods
are simple, these procedures involve using toxic chemicals such
as hydrazine hydrate21 and a reaction time of more than 2
hours.22 This work proposes a simple and rapid reduction
technique for synthesizing Cu nanosheets in 1 hour by replac-
ing toxic reducing agents such as hydrazine hydrate and sodium
borohydride with non-toxic reducing agents such as ascorbic
acid.

Moreover, these 2-D nanostructures, such as nanosheets,
mainly focus on fabricating energy storage devices. However,
the application of nanosheets in wastewater treatment, i.e.,
removing textile dyes from wastewater, is very limited. The
removal efficiency of dye can be improved by increasing the
surface area through surface modication. Manippady et al.
(2020) prepared hybrid mesoporous magnetic nanosheets by
carbonization of bagasse and claimed that these nanosheets are
efficient in removing the Congo red and methylene blue dyes
from wastewater (more than 90%) within 24 min.23 Lei et al.
(2013) reported that oils, organic solvents, and dyes could be
removed from wastewater using porous boron nitride nano-
sheets.24 Wang et al. (2019) state that the wastewater can be
puried in terms of dye using hierarchical micro- and meso-
porous carbon nanostructures such as N-doped carbon nano-
sheets with a high specic surface area.25 Dang et al. (2019)
prepared WS2 nanosheets using the hydrothermal method and
claimed that these nanosheets are highly efficient in removing
methylene blue dye from waste water.26 In addition, several
researchers have also conducted various studies on different
nanomaterials towards dye degradation.27–39

From the foregoing discussion, it has been observed that
most of the studies were reported on removing the textile dye
from wastewater using hybrid nanosheets synthesized using
toxic chemicals and complex heat treatment methods that are
not cost-effective. No work has been reported to remove textile
© 2022 The Author(s). Published by the Royal Society of Chemistry
dyes such as methylene blue dye using cost-effective metal
nanosheets such as copper nanosheets. In addition, rapid MB
dye degradation could be possible due to the combined
adsorption due to larger surface area and degradation effect due
to light intensity. In this work, we propose a simple, rapid, and
toxic chemical-free usage technique for synthesizing copper
nanosheets to efficiently remove the methylene blue dye. Cu
nanosheets produced in this work show better removal effi-
ciency in MB dye removal, which is on par with the hybrid
nanosheets produced using very expensive and prolonged
synthesis techniques.

2. Experiments
2.1. Materials required

Copper chloride dihydrate (CuCl2$2H2O), ascorbic acid, and
cetyltrimethylammonium bromide were purchased from
Sigma-Aldrich, India. Sodium hydroxide was procured from SD
Fine Chemicals, India. Ethanol of AR grade 99.9% purity was
obtained from Jiangsu Huaxi International, China. Methylene
blue dye was received from Merck Chemicals, India. The
chemicals received were used as received without performing
any purication procedures.

2.2. Deoxygenation of solvents

The solvents used to synthesize Cu nanosheets were purged
with inert gases (N2/Ar) for 30 min before synthesis to reduce
the dissolved oxygen concentration present in the solvents.
Aer purging with inert gases, dissolved oxygen in the solvents
was reduced to less than 1 mg l−1, as conrmed by the
measurements of dissolved oxygen.

2.3. Synthesis of Cu nanosheet powder

Cu nanosheet powder was synthesized by modifying the already
published protocol by Shaik and Chakraborty (2016).21 Initially,
a sodium hydroxide (NaOH) solution of 2 M was prepared in
100 ml of water. Then 1.5 mmol of copper chloride dihydrate
(CuCl2$2H2O) was weighed, added to the above NaOH solution,
and stirred continuously for 10 min until the copper salt
completely dissolved. Aer the dissolution of copper salt in
NaOH solution, 5 mmol of cetyltrimethylammonium bromide
(CTAB) surfactant was weighed and mixed with the above
solution under vigorous stirring for 20 min until the complete
dissolution of CTAB. Later, the above solution was reduced by
adding 10 ml of 3 M ascorbic acid reducing agent solution. Aer
the addition of the reducing agent solution, the color of the
solution starts to turn into a brick red color from the blue color
Cu (OH)4

2− solution indicating the formation of Cu nanosheets
in the aqueous solution. Later, the above solution was trans-
ferred to centrifuge tubes and centrifuged at 10 000 rpm for
10 min. Aer 10 min, the supernatant solution was discarded
from the tubes, and the paste attached to the powder was
redispersed in ethanol solution and centrifuged again for
10 min at 10 000 rpm. Finally, the Cu nanosheet paste attached
to the centrifuge tubes was collected and dried in an inert gas
environment to recover Cu nanosheet powder.
Environ. Sci.: Adv., 2022, 1, 814–826 | 815
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2.4. Photocatalytic degradation of methylene blue dye using
Cu nanosheet powder

Degradation of methylene blue dye was performed by
exposing the dye solution containing Cu nanosheet powder
under solar and UV light. Initially, the synthetic wastewater
was prepared by adding MB dye to water (40 ppm concentra-
tion). Later, the above solution was mixed with the required
amount of Cu nanosheets powder (different mass concentra-
tions ranging from 0.1–1 wt%). The above solution was stirred
continuously under magnetic stirring for 1 hour to reach
equilibrium. Next, the above solution was irradiated using UV
light and solar light for 2 hours by exposing the solution to
these lights. At regular intervals of time, the sample was
collected and its concentration was measured using a UV-vis
spectrophotometer. Based on the initial and nal concentra-
tions, the degradation efficiency of methylene blue dye was
measured.
Fig. 1 (a) Digital image of Cu nanosheets in an aqueous phase, (b) UV-vis
of Cu nanosheets.

816 | Environ. Sci.: Adv., 2022, 1, 814–826
2.5. Characterization

The optical properties, photoluminescence, energy band gap
and dye concentration were measured using a UV-vis spectro-
photometer (Shimadzu 1800). The morphology of Cu nano-
sheets was characterized using a transmission electron
microscope (Tecnai G2 20S Twin). The thickness of Cu nano-
sheets was measured using an atomic force microscope (Agilent
Technologies, Model-5500, USA). The phase purity of Cu
nanosheet powder was analyzed using the X-ray diffraction
technique (Philips PW-17291710). The concentration of dis-
solved oxygen present in water was measured using a probe type
dissolved oxygen meter (HACH).
3. Results and discussion
3.1. Synthesis of Cu nanosheets

Two-dimensional Cu nanostructures were synthesized by
employing a simple reduction technique using a non toxic
spectra, (c) digital image of Cu nanosheet powder and (d) XRD spectra

© 2022 The Author(s). Published by the Royal Society of Chemistry
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reducing agent. This method helps in replacing conventional
methods such as the hydrothermal method for preparing two-
dimensional nanostructures that require high heating temper-
atures and prolonged reaction times. Despite synthesis, Cu
nanosheets nd some limitations due to their quick oxidizing
nature. Hence it is very challenging to protect the Cu nano-
sheets from being oxidized. In this work, Cu nanosheets were
shielded from oxidation by purging the solvents with inert gases
and performing the entire synthesis in an inert gas environ-
ment. In addition to purging, oxidations of Cu nanosheets were
also minimized by protecting the surface of Cu nanosheets with
sterically stabilized surfactants such as CTAB. The selective
adsorption of CTAB on the surface helps in two-dimensional
growth of nanosheets. Additionally, it also helps in minimis-
ing the surface oxidation of Cu nanosheets by providing
a protective layer on the surface.

Fig. 1(a) represents the digital image of the synthesized Cu
nanosheets in the aqueous phase. The initial indication of the
presence of Cu nanosheets in water was conrmed by
measuring the surface plasmon resonance peak using a UV-vis
spectrophotometer, as shown in Fig. 1(b). From the gure,
a surface plasmon resonance peak at 595 nm was observed
suggesting the formation of Cu nanosheets in water. Next, Cu
nanosheet powder was prepared by centrifuging the Cu nano-
sheet sol and drying using inert gas purging, as shown in
Fig. 1(c). The phase purity of Cu nanosheet powder obtained
aer centrifugation of Cu nanosheet sol was measured using X-
ray diffraction, as shown in Fig. 1(d). The XRD plot from
Fig. 1(d) shows the diffraction peaks at 43�, 50.4�, and 74.2�,
which corresponds to (1 1 1), (2 0 0), and (2 2 0) faces of pure
copper (JCPDS: 04-0836). Since Cu is an easily oxidizable metal,
there is a possibility of surface oxidation. This was also observed
in our XRD studies where it shows a small peak at a diffraction
angle of 36� (highlighted in Fig. 1(d)) suggesting the formation
of a Cu2O layer on the surface of the Cu nanostructure along
with pure Cu peaks. Also, as observed from our previous work
Fig. 2 (a) TEM and (b) HRTEM images of Cu nanosheets.

© 2022 The Author(s). Published by the Royal Society of Chemistry
(XPS study on copper), a minimal surface oxidation occurs
leaving bulk pure copper.40 This conrms that the Cu nano-
sheets are highly stable against aggregation and oxidation with
minimum surface oxidation.

The morphology of the as-synthesized Cu nanosheets was
measured using a transmission electron microscope, as shown
in Fig. 2(a). The TEM image from Fig. 2(a) clearly demonstrates
that the formed structures are elongated, such as nanosheets
with a length of 650 nm and diameter of 150 nm. And also, the
thickness of the nanosheets is very thin, as observed from the
TEM image. HRTEM analysis of Cu nanosheets was also con-
ducted to conrm that the nanosheets are mostly formed due to
the growth in 2-dimensions, which has been observed from the
uniform fringe structure at a larger distance, as shown in
Fig. 2(b). The HRTEM image shows the uniform fringe structure
pattern over a larger distance with a d-spacing of 0.21 nm which
correspond to the 111 plane of Cu as obtained from XRD
spectra, suggesting Cu nanosheet growth.

The exact thickness of Cu nanosheets was characterized
using an atomic force microscope, as shown in Fig. 3. As shown
in the gure, the Cu nanosheets exhibit a thickness of 13 nm,
which is well consistent with the data obtained from TEM
analysis.

The concentration of NaOH greatly inuences the growth of
Cu nanosheets. In order to probe this effect, Cu nanosheets
were prepared by varying the NaOH concentration from 0.5–3 M
NaOH. Fig. 4 represents the TEM images of Cu nanostructures
synthesized at various concentrations of NaOH. The gure
shows that the spherical nanoparticles and one-dimensional
nanostructures such as nanorods were observed at 0.5 M and
1M concentrations of NaOH, as shown in Fig. 4(a) and (b). If the
NaOH concentration reaches 2 M, two-dimensional structures
such as thin and large nanosheets were observed as shown in
Fig. 4(c). However, the diameter and length of the nanosheets
were drastically reduced for the Cu nanostructures synthesized
with a 3 M NaOH concentration, as shown in Fig. 4(d). This
Environ. Sci.: Adv., 2022, 1, 814–826 | 817
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Fig. 3 Atomic force microscopy image of Cu nanosheets.
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conrms that the variation of pH due to different NaOH
concentrations promotes Cu nanostructure growth due to the
oriented attachment mechanism of spherical particles with
respect to the NaOH concentration. A similar mechanism has
also been reported in the literature with respect to the NaOH
concentration on crystal growth.41

3.1.1. Checking the suitability of Cu nanosheets as a pho-
tocatalyst using band gap energy. The band gap energy of the
synthesized 2D Cu nanostructures was calculated using the
Tauc equation from UV-vis spectroscopy data. The Tauc plot (hn
vs. (ahn)2) was generated from the UV-vis data as shown in Fig. 5.
From the plot, a band gap energy of 2.78 eV is noticed for the as
synthesized Cu nanosheets. Even though it is less than those of
semiconductor nanomaterials such as ZnO and TiO2 nano-
structures, it can be considered as an excellent photocatalyst for
dye removal from waste water due to its larger aspect ratio and
surface area.
3.2. Degradation of methylene blue dye using Cu nanosheet
powder

In this work, degradation of methylene blue dye was performed
through the photocatalytic process by irradiating the dye solu-
tion using Cu nanosheet powder under UV light and sunlight.
Prior to degradation studies, 40 ppm of methylene blue dye
solution was prepared by dispersing a known amount of
methylene blue dye powder in water. Aer preparing the
required concentration of dye solution, the synthesized
818 | Environ. Sci.: Adv., 2022, 1, 814–826
photocatalyst such as Cu nanosheet powder of different mass
concentrations was added to the above dye solution and
constantly stirred for 1 hour under dark conditions using
a magnetic stirrer to achieve equilibrium. Aer that, the
degradation of the dye solution was performed by irradiating
the conical ask containing Cu nanosheet powder using UV and
solar light. The degradation efficiency was calculated in terms
of percentage using the following formula.

Degradation efficiencyð%Þ ¼ C0 � C

C0

� 100

where, C0 ¼ initial concentration of dye solution and C ¼ nal
concentration of dye solution.

Initially, degradation of methylene blue with aqueous
synthetic water was performed by adding Cu nanosheet powder
to the dye solution followed by not irradiating the dye solution
under UV and solar light, as shown in Fig. 6. Aer adding Cu
nanosheet powder, the sample was collected at regular intervals
of time from the ask and measured for its concentration using
a UV-vis spectrophotometer. Fig. 6 shows the concentration and
degradation proles of methylene blue dye solution without
irradiation. From the gure, it can be seen that the degradation
efficiency is �40%, which is very low, and also, the time
required for degradation is very high, which consumes
�90 min, as shown in Fig. 6. This could possibly be due to the
adsorption of dye molecules on the surface of Cu nanosheets
associated with a larger surface area as compared to zero
dimensional (spherical nanoparticles) and one dimensional
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 TEM image of Cu nanosheets synthesized at (a) 0.5 M (b) 1 M (c) 2 M and (d) 3 M NaOH concentrations.

Fig. 5 Tauc plot for the energy band gap of synthesized Cu
nanosheets.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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structures (nanorods) which helps in more adsorption of dye
molecules on the surface of Cu nanosheets. Also, degradation
experiments were conducted in an open beaker without sealing
the mouth of the beaker allowing the light to enter the beaker.

Next, the degradation of MB dye solution containing
different mass concentrations of Cu nanosheet powder was
performed by irradiating the synthetic dye solution under UV
light and solar light, as shown in Fig. 7. Fig. 7 represents the
photocatalytic degradation of methylene blue dye solution
using Cu nanosheet powder under UV light (9 W mercury lamp
as a light source) concerning different mass concentrations of
Cu nanosheet powder in the synthetic dye solution. From the
gure, it can be seen that the degradation efficiency increases
with an increase in the concentration of Cu nanosheet powder.
Moreover, a maximum degradation of �75% was observed
within 45 minutes compared to degradation that occurred
without irradiation. The main reason for this high efficiency
and low degradation time could possibly be due to the
combined adsorption and degradation effect. Since we have
Environ. Sci.: Adv., 2022, 1, 814–826 | 819
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Fig. 6 Degradation and concentration profiles of MB dye using Cu nanosheet powder without irradiation.
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used 2-dimensional Cu nanostructures such as Cu nanosheets
for removing the dye from the aqueous solution, these 2-
dimensional structures have a large surface area as compared to
zero dimensional (spherical nanoparticles) and one dimen-
sional structures (nanorods) thereby helping in more adsorp-
tion of dye molecules on the surface of Cu nanosheets. In
Fig. 7 Degradation and concentration profiles of MB dye using Cu nano

820 | Environ. Sci.: Adv., 2022, 1, 814–826
addition, degradation due to UV irradiation also accelerates the
MB dye removal efficiency. Due to this combined effect, dye
removal efficiency was enhanced under UV light irradiation as
compared to that without irradiation.

However, a sudden and rapid reduction in the degradation
time of�20min and an increase in the degradation efficiency of
sheet powder of different weights under UV irradiation.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 8 Degradation and concentration profiles of MB dye using Cu nanosheet powder of different weights under solar irradiation.
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�95% has been observed due to the irradiation of dye solution
containing Cu nanosheet powder under solar light irradiation
as shown in Fig. 8. This could possibly be due to the high
intensity of solar light and the adsorptive catalytic behaviour of
Cu nanosheets due to their 2-dimensional structure.

3.3. Degradation of methylene blue dye using recycled Cu
nanosheet powder

Next, we tried to investigate the effect of recycled Cu nanosheets
on dye degradation efficiency. To examine this effect, recycled
Cu nanosheet powder was prepared from the already irradiated
dye solution through centrifugation at 10 000 rpm for 30 min,
followed by drying by inert gas purging. Aer drying, the recy-
cled Cu nanosheet powder was further used to irradiate the dye
solution under UV and solar light, as shown in Fig. 9. It was
observed that the degradation percentage is reduced as
Fig. 9 Degradation of MB dye with recycled Cu nanosheet powder und

© 2022 The Author(s). Published by the Royal Society of Chemistry
compared to the initially used fresh Cu nanosheet powder. The
reduction in degradation could be due to the decrease in Cu
nanosheets' catalytic activity, possibly due to the aggregation of
nanosheets in the synthetic dye solution.

The reaction kinetics of the degradation of methylene blue
dye using Cu nanosheets under UV and solar light irradiation
were explored and shown in Fig. 10. From the gure, it has been
noticed that the dye degradation follows pseudo zero order
kinetics for UV irradiation and the rate constant was found to be
0.66 whereas solar irradiation follows rst order kinetics with
a rate constant of 0.78 h−1.

3.4. Photoluminescence study of Cu nanosheets

Fig. 11 represents the photoluminescence spectra of the
synthesized Cu nanosheets obtained using a low intensity
source in the UV-vis spectrum. Upon exciting the sample using
er (a) UV light and (b) solar light irradiation.
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Fig. 10 Reaction kinetics model fitting for MB dye degradation under (a) UV light and (b) solar light irradiation.
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a xenon laser, d-band electrons jumped into the sp-conduction
band due to inter band transition. A peak at 535 nm from the
photoluminescence plot conrms the recombination of elec-
tron hole pairs between the d-band and sp-conduction band
which in turn produces luminescence. A similar type of result
was also observed by other researchers.42,43

A summarized table describing various recent research
ndings on the Cu nanostructures and their application in dye
degradation has been provided (Table 1). From the table, it can
be observed that a very limited amount of work has been con-
ducted on the application of pure Cu nanostructures to photo-
catalytic degradation of dyes. Also, the degradation time to
achieve more than 95% efficiency is very high as compared to
our work where it acquired �20 min using 2-D Cu nano-
structures (Cu nanosheets reported in this work).
Fig. 11 Photoluminescence spectra of Cu nanosheets.

822 | Environ. Sci.: Adv., 2022, 1, 814–826
From the literature, it has been observed that most of the
degradation of organic dye pollutants was performed by irra-
diating the waste water containing organic dye pollutants using
UV and solar light in the presence of some semiconductor
nanoparticles as photocatalysts such as ZnO and TiO2. The
nanostructures used in these studies are mostly zero dimen-
sional nanostructures and exhibit less adsorption followed by
less degradation upon irradiation. Also the time required for
degradation is high for achieving maximum degradation effi-
ciency. In contrast, in our current work reported here, the
synthesized 2-dimensional Cu nanostructures act as an efficient
photocatalyst upon irradiation as compared to zero dimen-
sional nanostructures used in the literature. Due to their 2-
dimensional structure, these photocatalysts create more active
sites for adsorbing the pollutants thereby increasing the
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Table describing the comparison of various research findings from the literature on Cu nanostructures as an efficient photocatalyst in
dye degradation with those from the current work

S. no
Type of Cu
nanostructure

Name of the dye
degraded

Type of
irradiation

Degradation
time Degradation efficiency Reference

1 Cu nanoparticles Methylene blue (MB) Solar 135 min 96% Sinha and
Ahmaruzzaman
(2015)44

2 Cu doped ZnO
nanoparticles

MB and methyl orange
(MO)

Solar 30 min 92% for MB and 80%
for MO

Kuriakose et al. (2015)45

3 Cu nanoparticles MO and eosin Without
irradiation

45 hours 92% for MO and 95%
for eosin

Kumar et al. (2021)46

4 Cu doped TiO2 MB Solar 120 min 99% Ikram et al. (2020)47

5 Cu nanosheets MB Solar 20 min 95% Our current work
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degradation efficiency and reducing the time required for
degradation as compared to conventional degradation
methods. Moreover, they can also help in replacing other 2D
nanostructured based photocatalysts such as graphene due to
their economics in terms of synthesis of these structures. Gra-
phene synthesis requires some autoclave reactors and high
temperature which makes the product highly expensive.
However, the Cu nanosheets prepared in this work do not
require any autoclave reactors and high temperatures thereby
making the product inexpensive.
3.5. Mechanism of MB dye degradation using Cu nanosheets

The probable charge carrier transfer mechanism for the
degradation of methylene blue dye using Cu nanosheets is
Fig. 12 Schematic representing the MB dye degradation mechanism us

© 2022 The Author(s). Published by the Royal Society of Chemistry
shown in Fig. 12. The energy band gap of the synthesized Cu
nanosheets as observed from the Tauc plot is around 2.78 eV
which lies in the visible range (1.7–3.1 eV) of electromagnetic
spectra. When Cu nanosheets present in the MB dye solution
are illuminated by the solar light, they absorb the photon energy
which is equal to their energy band gap and generate the elec-
trons and holes thereby promoting the transfer of electrons
from the valence band to the conduction band leaving the holes
in the valence band.44,48 These electrons and holes present in
the conduction band and valence band react with the available
acceptor and donor species that are absorbed on the surface of
the photocatalyst to produce superoxide and hydroxyl radicals.
Since the Cu nanosheets have a large surface area due to their 2-
dimensional structure, they provide more active sites for
reacting the electrons and holes with acceptor and donor
ing Cu nanosheets.
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species and help in the generation of more superoxide and
hydroxyl radicals. Then the formed radicals which are highly
reactive in nature react with the dye and degrade the dye into
non-toxic compounds. The following reactions suggest the
mechanism of photodegradation of MB dye using Cu
nanosheets.

Cu + hn / h+(Cu) + e−(Cu)

H2O + h+ / OHc

O2 þ e�/O
�

2

DyeþOH�
�
O

�

2/CO2 þH2Oðdegraded intermediate productsÞ
4. Conclusion

Two-dimensional Cu nanostructures such as nanosheets were
successfully synthesized using a non-toxic reducing agent such
as ascorbic acid and by replacing the conventional hydro-
thermal methods with simple and rapid chemical reduction
techniques. The concentration of NaOH was successfully tuned
to promote the growth of Cu nanosheets. The synthesized Cu
nanosheets are highly resistant to oxidation even aer exposure
to air, as conrmed by the XRD analysis.

Cu nanosheets show excellent photocatalytic activity in
degrading the methylene blue dye from the synthetic waste-
water solution. The degradation efficiency increases as the
concentration of Cu nanosheets in synthetic dye solution
increases. Solar light irradiation exhibits higher degradation
efficiency than UV light irradiation, possibly due to the higher
intensity of solar light compared to that of UV light. The
recycled Cu nanosheet powder from the centrifugation of the
used dye solution shows better photocatalytic activity in
degrading the fresh dye solution. Since these Cu nanosheets
show an energy band gap of �3 eV, they can be considered as
an alternative for other semiconductor photocatalysts such as
ZnO and TiO2 in terms of organic pollutant removal. In addi-
tion, the Cu nanosheets photocatalyst can also be easily
commercialised on par with graphene due to the low cost and
simple, rapid technique in producing photocatalysts on a large
scale.
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