
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

8 
A

pr
il 

20
23

. D
ow

nl
oa

de
d 

on
 4

/1
4/

20
25

 3
:3

8:
35

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
Catalytic perform
aDepartment of Medical Nanotechnology, Sch

(SATiM), Tehran University of Medical Scie

razi.tums.ac.ir
bDepartment of Chemistry and Physics, La

Trobe University, Bundoora, Vic 3086, Austr

† Electronic supplementary informa
https://doi.org/10.1039/d2ra07645d

Cite this: RSC Adv., 2023, 13, 13213

Received 1st December 2022
Accepted 29th March 2023

DOI: 10.1039/d2ra07645d

rsc.li/rsc-advances

© 2023 The Author(s). Published by
ance of PVP-coated CuO
nanosheets under environmentally friendly
conditions†

Mahdi Shahmiri, *a Saadi Bayat b and Sharmin Kharrazi a

Aromatic nitro compounds are an increasing concern worldwide due to their potential toxicity, prompting

a quest for efficient removal approaches. This study established a simple and environmentally friendly

method to synthesize a highly efficient, recoverable and stable CuO nanosheets catalyst to overcome

public health and environmental problems caused by nitro aromatic compounds. In the current research,

the effect of different concentrations of copper nitrate on the size and shape of CuO nanostructures in

the chemical synthesis was studied. The CuO nanosheets were characterized by X-ray diffraction (XRD),

transmission electron microscopy (TEM), thermogravimetric analysis (TGA), Fourier transform infrared

spectroscopy (FTIR) and ultraviolet-visible spectrophotometry. It was found that at concentrations of

0.07 M and 0.1 M of copper nitrate, pure CuO was formed. The FTIR results showed that carbonyl group

in PVP coordinated with CuO and formed a protective layer. The as-synthesized CuO nanosheets with

an average width of 60 ± 23 nm and length of 579 ± 154 were used as a catalyst for highly selective and

efficient reduction of aromatic nitro and aromatic carboxylic acid to the corresponding amine and

alcohol compounds. The reduction reaction was monitored by either UV-Vis absorption spectroscopy or

high performance liquid chromatography (HPLC). 4-Nitrophenol and 4-nitroaniline were reduced to

corresponding amine compounds within 12 min and 6 min, respectively in the presence of a reasonable

amount of catalyst and reducing agent. The CuO nanosheets also exhibited excellent stability. The

catalyst can be reused without loss of its activity after ten runs.
1. Introduction

Nitroaromatic compounds are extremely mutagenic and toxic
and many of them are recognized as carcinogenic.1–4 Their
interactions with DNA, which result in mutagenicity, have been
extensively examined and reviewed for a variety of heterocyclic,
polycyclic, and monocyclic nitroaromatic compounds.3 Conse-
quently, the elimination of nitroaromatic compounds has
always been an important concern especially, in wastewater
treatment. Many efforts have been focused on the development
of effective approaches to convert nitroaromatic to the corre-
sponding amine compounds. Amines and their derivatives have
a huge market share in the organic chemical sector.5,6 For
instance, 4-nitrophenol (4-NP) is a refractory organic pollutant,
while, 4-aminophenol (4-AP) is used for the production of
antipyretic and analgesic drugs such as acetanilide,
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paracetamol, and phenacetin. Additionally, it is a very impor-
tant ingredient in the production of industrial dyes, it is mar-
keted as a photographic developer and its oxalate salt is used as
a corrosion inhibitor.7 Traditionally, the conversion of aromatic
nitro compounds into aromatic amines is performed through
metallic reagents (iron and tin) in acidic media.8,9 But the major
drawbacks of these methods include expensive nature, corro-
sion of the equipment, formation of large amounts of metal
oxide sludge, etc.10,11 Due to the need for some characteristics
such as environmentally friendly, greener route, and safer
operation direct catalytic conversion routes have been devel-
oped for the conversion of nitro compounds to amines.12 One
such route involves direct hydrogenation of nitro compounds
using sodium borohydride (NaBH4) which is a milder agent.13

The reaction that is carried out in an aqueous medium, is
relatively simple, and clean (eqn (1)).

NaBH4(s) + 2H2O / 4H2(g) + NaBO2(aq) (1)

However, the sluggish self-hydrolysis of NaBH4 affects the
rate of hydrogenation of the nitro compound. The chemical
reduction of the nitro group with NaBH4 is extremely slow, and
hence it is necessary to use a catalyst. A variety of catalysts such
as gold,14 silver,15 Ni,16 palladium,17 RANEY® nickel,18 and
RSC Adv., 2023, 13, 13213–13223 | 13213
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Fig. 1 XRD pattern of the CuO samples prepared with different
concentrations of Cu2+.
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platinum19 are used for the reduction of aromatic nitro into
aromatic amines. However, costly metals including platinum
and palladium, and RANEY® Ni are ammable along with the
necessity of an inert atmosphere. Furthermore, catalytic reac-
tions used in industrial applications to convert aromatic nitro
compounds into aromatic amines, such as Ni suldes, Pd/
Al2O3, and Pd–Pt/C (Fe as modier) need to be performed at
elevated temperatures and pressures.20

Nanosized materials due to having specic properties such
as highly acidic active sites and high surface area are ideal
candidates to be used as catalysts.21 Nanosized catalysts, such as
faujasite NaY zeolite,22 Mg–Fe hydrotalcite,23 and polymer-
supported Ni–B NPs24 have been utilized for the hydrogena-
tion of nitroarenes. The main disadvantages of these catalysts
are that their activity decreases with consequent recycling and
also their reactions are conducted under reux, which requires
several hours.25 In recent years, transition metal oxides (TMOs)
have attracted growing interest due to their particular physical
and chemical properties such as chemical and thermal stability,
high reactivity, and reusability.26,27 One of the unique properties
of TMOs is the large surface-to-volume ratio, which makes them
prime candidates for catalysts. However, the small size and high
surface energy of metal oxide nanoparticles oen leads to
agglomeration.28,29 Therefore, polymers and surfactants are
oen used as capping agents to increase the stability of the
metal oxide nanoparticles.30 Among polymers, poly-
vinylpyrrolidone (PVP), is the most commonly used polymer in
the preparation of metal oxide nanoparticles mainly because of
its chemical stability, biocompatibility, low toxicity, and distinct
shape.30 Tu et al. synthesized several PVP-stabilized colloidal
platinum metal nanoparticles and showed that PVP is a good
stabilizer to protect Pt nanoparticles.31 It has also been shown
that the size of nanomaterials synthesized by PVP was depen-
dent on the amount and type of PVP.32 Among transition metal
oxides, copper oxide (CuO) nanoparticles, due to their different
technological applications such as catalysis,33,34 antibacterial
activity,35 and CO oxidation36 have gained much more attention.
Compared to the catalysts of other transition metal oxides, CuO
is comparatively cheaper, easily available, scalable, abundant,
and has higher catalytic activity and simpler preparation. CuO
is a transition metal oxide and a p-type semiconducting mate-
rial with a monoclinic crystalline structure and cell parameters
a = 0.4684 nm, b = 0.3423 nm, c = 0.5128 nm, and b = 99.54°.37

Many different physical and chemical methods have been
utilized to synthesize CuO nanoparticles.38–41 The use of the
quick precipitation method is particularly more attractive due
to its cost effectiveness, simple operation, safe, and environ-
mentally friendly procedure. The lack of study on CuO nano-
structures for the reduction of nitrophenol has prompted
researchers of the present study to investigate the catalytic
activity of CuO nanostructures. In the present study, CuO
nanosheets were synthesized under mild condition without
using any support. For the determination of an appropriate
synthesis condition, the concentration of CuNO3 was changed
in the reaction mixture. The catalytic behaviour of CuO nano-
sheets, that were good in terms of shape are studied for the
reduction of aromatic nitro and aromatic carboxylic acid to the
13214 | RSC Adv., 2023, 13, 13213–13223
corresponding amine and alcohol compounds in an aqueous
medium using sodium borohydride (NaBH4) as the reducing
agent. The kinetics and mechanism have also been discussed.
2. Results and discussion

The XRD patterns of the products obtained with the variation of
copper nitrate concentration (0.07 M, 0.1 M, and 0.14 M) at pH
10 are shown in Fig. 1. All the diffraction peaks of the samples
obtained at 0.07 M and 0.1 M are attributed to the monoclinic
phase of CuO with the lattice parameters matching with stan-
dard values. However, further increasing the concentration of
copper nitrate to 0.14M resulted in the diffraction peaks located
at 2q = 12.80, 25.79, and 33.48 (shown by asterisk) related to
impurity phases.

The TEM micrographs of CuO samples prepared at concen-
trations of 0.1 M and 0.07 M (Fig. 2) revealed that particles have
sheet-like geometry with an average width of 60± 23 nm and an
average length of 579± 154 nm and a width of 204± 96 nm and
a length of 548 ± 160 nm, respectively.

The results illustrated that variation in the concentration of
Cu2+ has a remarkable effect on the size of nal products. Wu
et al. (2010)41 investigated the effect of different molar ratios of
Cu2+/OH− on the size and shape of CuO nanoparticles. It has
been shown that when themolar ratio was 1 : 4 rod-like particles
were obtained, whereas when the molar ratio was 1 : 5 larger
particles of the same shape were formed. They speculated that
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 The TEM micrographs of CuO nanosheets prepared at 0.1 M (a) 0.07 M (b) concentration of Cu2+.
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forming larger particles could be related to the formation of H-
bonds via interaction of OH− ions, leading to aggregation.
Therefore, it can be explained in this way that at 0.1 M required
amount of OH− reacted with Cu2+ to form CuO precipitates,
then extra OH− ions surrounded CuO precipitates and formed
H-bonds through interconnection. It has been proposed that H-
bonds could accelerate the rate of aggregation.42 By decreasing
the concentration of Cu2+ to 0.07 M, an excess amount of OH−

in the solution was present, which resulted in the formation of
larger particles. To examine the effect of PVP on the size of the
nal product, the specimen was prepared at 1.5 wt% of PVP,
while other variants were kept constant ([Cu2+] = 0.1 M and pH
= 10). TEM micrographs (Fig. S1†) revealed that particles have
sheet-like geometry with a width of 160 ± 68 nm and length of
446 ± 127 nm.

The comparison between the particles obtained at 5 wt% and
1.5 wt% of PVP shows that by decreasing the concentration of
PVP, the width of particles increased and their length
decreased. This can be explained by the polymer selective
adsorption.43 It is considered that the existence of selective
capping agents, such as PVP in a reaction could control the
growth rates of various faces of metal oxide nanoparticles
throughout the adsorption on these surfaces via Cu–N and Cu–
Fig. 3 UV-Visible absorption spectra of PVP in the absence and present

© 2023 The Author(s). Published by the Royal Society of Chemistry
O coordination bonds.44 In the case of Ag nanocrystals DFT
studies revealed that the surface–selective interaction of PVP
with {111} and {100} facets occurs via direct binding and van der
Waals attraction through oxygen atom.45 It has also been shown
that PVP strongly binds to {100} facet than {111}. Different
shapes of gold nanostructures were synthesized using PVP as
a shape-directing polymer. The authors suggested that PVP
enhanced the growth rate along [100] directions and reduced
the growth rate along [111] directions.46 These results demon-
strate that PVP interacts in a way completely different from Ag,
stabilizing {100} facets, compared to {111} facets of Au.46,47 In
another study, Pt cubes and tetrahedral were synthesized using
a PVP-assisted polyol process.48,49 The results showed PVP
functions similar to what is observed in the PVP-Ag system in
which PVP is preferentially adsorbed onto the {100} facets.

Chen and co-workers synthesized TiO2 nanosheets using
PVP as a stabilizer.50 They showed that PVP adsorbed on the
facets caused hampering their growth. Xia et al. 2011 synthe-
sized CuO chain-like hierarchically nanostructured using PVP
(MW 30 000). SEM analysis of the sample showed the average
size of CuO to be about 1 mm in diameter and several
micrometers in length.47 According to the aforementioned
results, it is concluded that PVP as a selective polymer can
of Cu2+.

RSC Adv., 2023, 13, 13213–13223 | 13215
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Fig. 4 UV-Visible absorption spectra of CuO nanosheets obtained at 0.1 M and 0.07 M of Cu2+ (a), and their respective Tauc plot for deter-
mination of optical bandgap (b).
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reduce growth rate along some specic crystal faces while
promoting others. Therefore, we suggest that increasing the
amount of PVP led to reducing the growth rate along the [100]
directions and enhancing the growth rate along [010] direc-
tions. It should be noted that increasing the polymer
Fig. 5 Schematic diagram of the interaction of PVP chains with CuO na

13216 | RSC Adv., 2023, 13, 13213–13223
concentration by more than 5% caused the system to become so
viscous and it was difficult to collect the CuO nanosheets.

The UV-Vis absorption spectrum was used to investigate the
optical properties of the CuO nanosheets. PVP has no absorp-
tion in the range of 200–800 nm (Fig. 3) but when trace amounts
of Cu2+ ion was added to the colourless PVP solution, the colour
nosheets through H-bonding.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 TGA curve of the PVP-coated CuO nanosheets and pure PVP.

Fig. 7 FT-IR spectra of pure PVP, CuO synthesized without PVP (bulk)
and PVP-coated CuO nanosheets.
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of the mixture turned blue and displayed two absorption bands
at 275 nm and 760 nm. The appearance of these two absorption
bands is due to the formation of the Cu2+/PVP complex since
this process is a chromogenic response. Fig. 4(a) illustrates the
UV-Visible absorption spectrum of the CuO nanosheets. The
absorption peaks at 280, 287 nm are observed for the samples
prepared at concentrations of 0.1 M and 0.07 M of Cu2+,
respectively. The spectra showed that the excitonic peak of the
CuO nanosheets shied to shorter wavelengths upon increasing
the concentration of Cu2+ ions, which is in excellent agreement
with the TEM results conrming the reduction in the size of
nanosheets. It is therefore expected that these nanosheets
exhibit a larger bandgap. Fig. 4(b) shows the Tauc plot and the
respective optical band gap for CuO nanosheets obtained at
0.07 M and 0.1 M. The intersection between the linear t and
the energy axis gives the value to Eg. The corresponding calcu-
lated band gap energies are 2.8 eV for 0.07 M and 2.9 eV for
0.1 M. These two values are greater than the value for bulk CuO
(Eg = 1.2 eV).51

It has been shown that PVP tends to be well-adsorbed onto
the surface of metal oxide nanoparticles via H-bonding with an
acid–base interaction52 (Fig. 5). Therefore, thermogravimetric
analysis was carried out to conrm whether the CuO was
modied by PVP. Fig. 6 indicates four stages of weight loss
observed for pure PVP. An initial weight loss observed in the
range of room temperature to 106 °C was calculated to be 6.6%,
which could be attributed to loss of moisture and loss of
residual solvent. The second stage was 3.5% in the range of
106 °C to 181 °C. The third stage was 5.8% in the range of 243 °C
to 330 °C. In the last stage that was 78.05%, a major weight loss
began at 330 °C, which is attributed to the structural decom-
position of the polymer. Fig. 6 also shows TGA analysis of PVP
coated CuO nanosheets in which only one distinct stage of
weight loss was observed at about 350 °C, which is attributed to
the decomposition of the polymer. This result shows that the
thermal stability of PVP is improved due to the presence of CuO
nanostructures.
© 2023 The Author(s). Published by the Royal Society of Chemistry
FTIR is a suitable and sensitive approach to detect the
interaction between two species. In this study, FTIR was
employed to conrm that the CuO nanostructures were modi-
ed by PVP. Fig. 7 demonstrates FT-IR spectra for pure PVP,
bulk CuO and CuO/PVP nanosheets produced in PVP 5 wt%. In
FT-IR spectrum of pure PVP, the peak at 1652 cm−1, corre-
sponds to the peak of C]O stretching vibration.53 In the FTIR
spectrum of PVP-coated CuO, the C]O stretching band is
located at 1641 cm−1 compared to that for pure PVP. This red
shi stems from the strong chemisorption of the C]O on the
surface of CuO nanosheets that reduces the density of electrons
in the carbonyl bond and therefore the vibratory energy.54 Metal
oxide commonly exhibits absorption bands below 1000 cm−1

arising from inter-atomic vibrations.55,56 The absorption band at
475 cm−1 and 581 cm−1 in the FTIR spectrum of bulk CuO
corresponds to Cu–O band stretching. Due to the interaction
with PVP, these two peaks shied to 505 cm−1 and 601 cm−1,
respectively. The presence of carbonyl peak that was absent in
the bulk CuO spectrum indicates that PVP coordinated with
CuO through carbonyl group and formed a protective layer.
RSC Adv., 2023, 13, 13213–13223 | 13217
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Fig. 8 UV–Vis absorption spectra for 4-NP and 4-NP + NaBH4 (a) 4-NA and 4-NA + NaBH4 (b) UV–4-NP + NaBH4 + CuO (c) 4-NA + NaBH4 +
CuO (d).

Table 1 Characteristic of CuO nanosheets at different concentrations
of copper nitrate

Concentration
of Cu2+ (M)

Concentration
of PVP (wt%) pH

Size (nm)

Width Length

0.07 5 10 204 � 96 nm 548 � 160
0.1 5 10 60 � 23 nm 579 � 154
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2.1. Reduction of aromatic nitro group

Based on the above results, it was found that CuO nanosheets
prepared at 0.1 M of Cu2+ are well-suited particles in terms of
purity, size, and shape. As a result, this sample was chosen to
study the catalytic activity of CuO nanosheets. The catalytic
properties of CuO nanosheets were examined for NaBH4

reduction of 4-NA and 4-NP in the presence and absence of the
catalyst. The reduction process was monitored using UV-Visible
spectroscopy. In addition, the yield and progress of reduction
reactions were determined by HPLC (HPLC spectra of all the
samples and products and be found in the supplementary data
(Fig. S2–S22†). It was observed that aer the addition of
a freshly prepared ice-cold solution of NaBH4, the peak of 4-NP
was red-shied from 321 to 401 nm due to the n/p* transition
(Fig. 8(a)). The colour of the reaction mixture was changed from
pale yellow to deep yellow due to the formation of 4-nitro-
phenolate ion in an alkaline solution.57 In the case of 4-NA, no
shiing of the absorption peak at 382 nm was observed,
however, the intensity of the peak increased aer the addition
of NaBH4 (Fig. 8(b)) and the colour of the solution (yellow)
remained unchanged for a couple of days without the addition
13218 | RSC Adv., 2023, 13, 13213–13223
of CuO sheet-like particles. With the addition and proper mix-
ing (stirring) of CuO nanosheets, the intensity of the peak at
401 nm gradually decreased, while a new peak at 300 nm
appeared aer 3 min and colour of the solution turned to
brown, which substantiated the formation of 4-aminophenol (4-
AP) Fig. 8(c).58 The peak at 401 nm fully vanished aer 12 min,
suggesting the completion of the reduction reaction. In the case
of 4-NA, the peak at 382 nm gradually decreased and a new peak
started to appear at 308 nm aer 3 min, due to the formation of
4-phenylenediamine.59 The peak at 382 nm completely dis-
appeared aer 6 min (Fig. 8(d)). The reduction rate of 4-NA is
0.1 1.5 10 160 � 68 446 � 127

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Reusability investigation of CuO nanosheets in reduction of
4-nitrophenol

Entry Time (min) Yield [%] (HPLC)

1 12 100
2 12 100
3 13 100
4 14 100
5 16 100
6 19 100
7 21 100
8 23 100
9 27 100
10 32 100

Table 2 Transfer reduction of aromatic nitro and carboxylic
compounds to the corresponding amines and alcohols in the pres-
ence of CuO-nanosheets

Entry Substrate Product (nal) Time (min)
Yield [%]
(HPLC)

1 12 100

2 12 100

3 15 100
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signicantly higher than the reduction rate of 4-NP. It can be
explained that the amine group in 4-NA is a donating group and
provides a sufficient electron source for the nitro group in one
hand, and proton on CuO sheet-like particles can absorb the
oxygen of nitro easier.

With these ndings in hand, we then extended our studies to
reduce various kinds of aromatic nitro compounds and
aromatic carboxylic acid to establish the scope of the CuO
nanosheets. Table 2 exhibits that the catalyst system was
surprisingly versatile. Various structurally diverse aryl nitro
compounds and aromatic carboxylic acid could be selectively
reduced to the corresponding amine and alcohol compounds.
4-Nitrobenzaldehyde, 2-nitrobenzaldehyde, and 5-amino-2-
hydroxybenzoic acid (5-ASA) were reduced using NaBH4 in the
mixture of MeOH : H2O (1 : 1). In the rst step, in the absence of
catalyst, aldehyde group was reduced to alcohol (4 and 2-
nitrobenzyl alcohol) and 5-ASA was remained intact during the
reduction process. The reaction progress was monitored by
HPLC (Fig. S2–S22†). In the absence of CuO-nanosheets NaBH4

was capable of reducing only aldehyde group to alcohol.
Whereas, with the addition of the CuO-nanosheets to the
reaction, both nitro and carboxylic acid groups were converted
to the corresponding products. Mandlimath et al.60 studied
catalytic activities of the rst row transition metal oxides
(TMOs) in the conversion of p-nitrophenol to p-aminophenol.
The conversion happened at room temperature (30 °C) using
aqueous NaBH4. The results showed that CuO, Co, and NiO
accelerated the reduction process. Conversely, the oxides such
as TiO2, V2O5, Cr2O3, MnO2, and ZnO were found to be inactive
towards the conversion of the p-nitrophenol. They argued that
metal oxides having ‘dn’ (n = 5–9) electronic conguration are
© 2023 The Author(s). Published by the Royal Society of Chemistry
active catalysts because they relay electrons from the donor
BH4

− to the acceptor. They supposed that p-type semi-
conductors with a surface positive charge can facilitate the
interaction between donor species BH4

− and the surface of
metal oxides.

2.2. Reusability of CuO nanosheets

The reusability of catalysts is a vital criterion for their practical
applications. The reusability of the CuO nanosheets was tested
by ten consecutive cycles and the results are shown in Table 3.

The catalyst was ltrated and employed without drying in the
model reduction reaction of 4-nitrophenol to obtain the corre-
sponding product. Interestingly, the catalyst was capable of
reducing the nitro group to amine without a decrease in the
yield of reaction (100% by HPLC), suggesting the excellent
reusability of the catalyst. Although, the reaction time needed to
full conversion of 4-nitrophenol increased from an initial
12 min to 32 min in the last run.

Mandlimath et al.60 examined the reusability of CuO nano-
structures. They showed that the conversion time decreased
aer the rst run, suggesting the formation of metallic copper.
The metallic copper catalyzed 4-NP at the same duration,
showing that it is a highly effective catalyst even aer tenth run.
Conversely, in our case the conversion time increased aer the
rst run, therefore, the formation of metallic copper can be
ruled out. It was conrmed by XRD experiment (Fig. 9), which
showed that the structure of CuO nanosheets was preserved
aer ten successive cycles. No trace of metallic Cu or Cu2O1 was
observed.

To highlight the efficiency of the catalytic activity of CuO
nanosheets, a comparison was made with catalysts reported in
the literature (Table 4) in terms of the time needed to complete
the reduction reaction of nitro compounds. It depicts that the
reduction reaction is completed in a shorter time with an
excellent yield using CuO nanosheets. It is worthwhile to note
that some reports show that the reduction reaction of nitro
compounds is done in a much shorter time compared to our
work but with a very high amount of catalyst and reducing agent
or a tiny amount of nitro compounds used. In the current
research, the reduction reaction was carried out using 60 mg of
nitro compounds dissolved in 3 ml DI water in the presence of
RSC Adv., 2023, 13, 13213–13223 | 13219
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Table 4 List of various catalysts used for the reduction of aromatic nitro compounds

Particles Reduction condition Reduction time, yield Ref.

CuO 4-Nitrophenol 16 min 60
NiO NPs High temperature 4-nitrophenol 60 min, 96% 25
Ni NPs p-Nitrophenol 25 min 10
Cu NPs 4-NP 45 to >100 min, 100% 66
Cu NPs CuBr2 as pre-catalyst, which was in situ
reduced to copper NPs

Nitrobenzene 300 min, 100% 67

Gum acacia-silica hybrid anchored Cu NPs 4-NP 2.3 min 61
Fe3O4 supported Cu-MOF 1,4-Dinitrobenzene 180 min, 95% 68
Fe–Ni NPs 4-Nitrophenol 180 min 69
Nickel loaded on TiO2 30 min
Ni–B/Al2O3 4-Nitrophenol 85 min, 96% 70
Fe3O4/b-alanine-acrylamide-Ni Nine different nitroarenes 15 min 71
Spindly CuO micro-particles 4-Nitrophenol 90 min 72
CuO nanosheets 4-Nitrophenol 12 min, 100% This work
CuO nanosheets 4-Nitroaniline 6 min, 100% This work
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120 mg (3.17 mmol) NaBH4 and 4 mg CuO nanosheets in 2 ml
DI water. Singh et al.61 synthesized gum acacia-silica hybrid
anchored Cu NPs and studied the reduction reaction of 4-NP. It
was shown that the reduction completed within 2.3 min if
0.004 mg of 4-NP, 100 mM NaBH4, and 3 mg catalyst were used.
However, upon increasing the concentration of NaBH4 to >0.1M
the reaction completed immediately. As can be seen a very little
amount of 4-NP was used in this work. In another report, it was
shown that if 0.8 mg CuO catalyst was used the reduction
completed within 16 min but upon increasing the concentra-
tion of CuO catalyst to 100 mg the reduction time decreased to
40 seconds.60 Furthermore, another advantage of the as-
prepared CuO nanosheets is that our catalyst can reduce nitro
and carboxyl compounds simultaneously. 4-Nitrobenzaldehyde,
Fig. 9 The XRD patterns of the original CuO nanosheets and the CuO
nanosheets recovered after 10 catalytic cycles.

13220 | RSC Adv., 2023, 13, 13213–13223
2-nitrobenzaldehyde reduced to 4-aminobenzyl alcohol and 2-
aminobenzyl alcohol respectively within 12 min. 5-Amino-2-
hydroxybenzoic acid reduced to 4-amino-2-(hydroxymethyl)
phenol within 15 min.

2.3. Mechanism

The mechanism of the hydrogenation of the nitro compound
designates that the process is affected by the factors such as
proton availability and electron transfer to the nitro
compound.62 There are two steps involved in this reaction: (a)
CuO nanosheets react with borohydride ions to form the metal
hydride on the surface of CuO nanosheets and (b) discharge of
electrons from BH4

− through the metal oxide to the acceptor.
Water is a polar protic solvent, and it supplies the required
hydrogen ion for the completion of the reduction reaction.63,64

The adsorption process plays an important role in catalysis. In
this study, the CuO nanosheets catalyst provided the adsorption
site for BH4

− ions as well as for the nitro aromatic compounds
and also facilitated the transfer of electrons from the donor
BH4

− ions to the nitro aromatic compound (acceptor) as
depicted in Fig. 10.

3. Conclusions

The CuO nanosheets were successfully synthesized at different
concentrations of Cu2+ at pH = 10.00, using the quick precipi-
tation method as a cost-effective, simple, safe, and environ-
mentally friendly method. The results showed that PVP-coated
CuO nanosheets exhibit excellent catalytic activity for the
reduction of aromatic nitro and carboxylic group by NaBH4 at
room temperature. One of the most important features of CuO
nanosheets catalyst is that it maintains an excellent activity and
yield over ten runs. The current research is valuable in the
development of CuO recoverable nanocatalyst, which is a highly
efficient and stable catalyst to promote the reduction of nitro
and carboxylic groups. These characteristics indicate the prac-
tical applications of CuO nanosheets in environmental
remediation.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Schematic diagram of the proposed mechanism of nitro group reduction catalyzed by CuO nanosheets.
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4. Experimental
4.1. Materials and methods

All the chemicals used were of analytical reagent grade and were
used without any further purication. PVP (MW 10 000) was
provided by Sigma-Aldrich (USA). Copper nitrate trihydrate
(98%, Cu(NO3)2$3H2O) and sodium hydroxide (99.5%, NaOH)
granules were purchased fromMerck (Germany). 4-Nitrophenol
(4-NP), 4-nitroaniline (4-NA) 4-nitrobenzaldehyde, 2-nitro-
benzaldehyde, and 5-amino-2-hydroxybenzoic acid (5-ASA) were
purchased from Sigma Aldrich (Germany).
4.2. Synthesis of CuO nanosheets

Different concentrations of Cu(NO3)2$3H2O (Table 1) were dis-
solved in 60 ml aqueous solution of PVP 5% (w/v). The pH of the
solutions was adjusted to 10 by adding NaOH (1 M) and the
solutions were then maintained at 60 °C under stirring for 1 h
until a large amount of black precipitates was achieved. Then
the solutions were cooled down to room temperature, the black
precipitate was separated by centrifugation, washed with
deionized (DI) water, and then dried in an oven at 60 °C
overnight.
© 2023 The Author(s). Published by the Royal Society of Chemistry
4.3. Characterization

The structural analysis of the CuO nanostructures was done by
X-ray diffraction using a PW1730/10 X-ray diffractometer (Ni
ltered CuKa radiation, l = 1.542 Å, Philips, The Netherlands).
The size and shape of the nal products were examined by
transmission electron microscopy (TEM) using Philips-CM120
(Netherlands) operated at 100 kV. The specimens for TEM
imaging were prepared by suspending solid samples in DI
water. 1 mg of each powder was added to 5 ml DI water and was
then sonicated at 35 kHz for 10 min. One drop of each solution
was deposited on the copper grid and dried at 60 °C. The
particle sizes were determined using UTHSCSA Image Tool
version 3.00. The optical properties of CuO nanostructures were
examined by UV-Vis spectrophotometer (Bio Aquarius CE 7250,
United Kingdom). The yield and progress of reduction reactions
were determined by HPLC (Waters 1525 Binary Pump and UV-
Water 2489) analysis employing a reverse phase column
(xbridge, 4.6 mm × 250 mm). Flow rate, 1 ml min−1, mobile
phase: ACN, in 220 nm. The compositions of the products were
characterized by using the FT-IR spectroscopy. FTIR measure-
ments can conrm chemical structure of nanoparticles and also
can prove the modication of CuO NPs by PVP. FTIR spectra
were recorded at ambient temperature using attenuated total
RSC Adv., 2023, 13, 13213–13223 | 13221
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reection (ATR) technique. The samples were scanned at
a wavelength range of 400–4000 cm−1, resolution of 4 cm−1. The
infrared spectra of samples were measured with a Thermo
Nicolet Avatar 360 FTIR spectrometer. Thermogravimetric
analysis (TGA) was carried out using on the pure PVP and CuO/
PVP using (TA Instruments, SDT Q600, USA). Appropriate
amount of samples was heated at a rate of 20 °C min−1 from
room temperature up to 700 °C in owing N2.

4.4. Optical bandgap determination

The band gap is an important feature of semiconductors, which
determines their applications in optoelectronics. The band gap
indicated the difference in energy between the top of the
valence band lled with electrons and the bottom of the
conduction band devoid of electrons. The absorption spectra
could be utilized to calculate the energy gap of the CuO nano-
sheets using Tauc's equation (eqn (2)).65

(ahy)n = B(hy − Eg) (2)

where h is Plank's constant, B is a constant related to the
material, n is the photon's frequency, hy is the energy of the
photon, n is an exponent that can be either 1/2 for an indirect
transition or 2 for a direct transition, Eg is the optical bandgap,
a is the absorption coefficient calculated through ad = ln(1/T),
where T is transmittance, and d is the path length of the wave.
Using Tauc's equation, ahv was plotted against hn. A line is
drawn tangent to the point of inection on the curve and the hn
value at the point of the intersection of the tangent line is the
band gap value.

4.5. Catalytic performance test

4-NP and 4-NA (60 mg, 0.43 mmol) were dissolved in 3 ml
distilled water and then NaBH4 (120 mg, 3.17 mmol) was added.
CuO nanosheets solution (4 mg in 2 ml DI water) was sonicated
at 35 kHz for 10minutes to homogenously disperse the particles
then the catalyst solution was added to the above solution
under vigorous stirring at room temperature. To dissolve 4-NP
faster, 1 ml iso-propanol was added. The conversion of 4-NP and
4-NA nitro compounds were monitored by UV-Vis absorption
spectroscopy.

4.6. Recycling of the catalyst

At the end of the reduction of 4-nitrophenol, the catalyst was
ltered and employed in the model reduction reaction without
drying. The results for ten runs are summarized in Table 3.
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