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1 Introduction

A comparative study of Cu-anchored 0D and 1D
ZnO nanostructures for the reduction of organic
pollutants in water

Hazim M. Ali,> Samia M. Ibrahim,® Essam F. Abo Zeid,© Ahmed F. Al—HossainyﬂDb
and Mohamed Abd El-Aal ® *¢

In this work, Cu NPs were loaded at a fixed percentage (5 wt%) on 1D, (1D + 0D) and OD ZnO nanostructures
to investigate the effect of the support morphology on the reduction of organic pollutants in water. The
synthesized materials were characterized by high-resolution transmission electron microscopy (HR-
TEM), ultraviolet-visible spectroscopy (UV-Vis), Fourier transform infrared spectroscopy (FTIR), X-ray
diffraction (XRD), N, adsorption—desorption and X-ray photoelectron spectroscopy (XPS). The results
reveal that the loading of Cu NPs decreases the optical band gap, and a slight change in the crystallite
sizes increases the specific surface area value of the nanocomposites. The TEM images reveal that 1D
ZnO has an average width of 44.7 nm and an average length of 211 nm, while 0D ZnO has an average
diameter of 54.5 nm. The HR-TEM and XPS data confirm the loading of metallic Cu NPs on the surface
of the ZnO nanostructures. The pure ZnO and nanocomposites were tested for 4-nitrophenol (4-NP)
reduction in the presence of NaBH, at room temperature. The obtained results show that pure ZnO
nanostructures have no catalytic performance, while the nanocomposites showed good catalytic
activities. The catalytic reduction efficiency of 4-NP was found to follow the order of Cu/0DZnO > Cu/
(1D + 0D)ZNnO > Cu/1DZnO. The complete reduction of 4-NP has been observed to be achievable within
60 s using the Cu/0DZnO nanocomposite, with a kapp value of 8.42 min~! and good recyclability of up
to five cycles. This nanocomposite was then applied in the reduction of organic dyes in water; it was
found that the reduction rate constants for the methylene blue, Congo red, and acriflavine hydrochloride
dyes were 1.4 min~% 1.2 min%, and 3.81 min~, respectively. The high catalytic performance of this
nanocomposite may be due to the small particle size, high specific surface area, and the high dispersion
of Cu NPs on the surface of ZnO.

fields such as pharmaceuticals, textile dyes, paints, plastics,
fungicidal agents, and industrial solvents. 4-Nitrophenol (4-NP)

Water pollution is mainly caused by the discharge of industrial
effluents, which contain substantial amounts of heavy metal
ions,' nitro aromatic compounds, azo dyes, and hydrolysis
products of pesticides and herbicides. Therefore, the elimina-
tion of toxic dyes and nitro aromatic compounds should get
more attention. The removal of such materials from wastewater
is very difficult due to their chemical and biological stability.?
Moreover, forgoing the utilization of these hazardous materials
in human life is difficult because of their use in many important
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and organic dyes in industrial and agricultural wastewater are
common organic contaminants, which are very toxic, carcino-
genic, and mutagenic to human beings and aquatic organisms.
The removal of organic pollutants from water is essential to
protect aquatic ecosystems, protect the health of human beings,
and solve the problem of water shortage. Thus, it is crucial to
develop advanced technologies for the removal of these toxic
materials from wastewater.

Different approaches such as electrocatalytic reduction,’
membrane separation,® photocatalytic degradation,® ozone
oxidation,® adsorption’ and biological treatment® have been
successfully established for the effective removal of these
hazardous compounds or converting them to less toxic species.
However, some of these techniques have the following disad-
vantages: (1) some cannot destroy the pollutants but transfer
them from one phase to another, (2) some can degrade the
pollutants but they require expensive apparatus, and (3) some
methods can also effectively decompose the pollutants;

© 2022 The Author(s). Published by the Royal Society of Chemistry
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however, they use algae, fungi, bacteria, and yeasts, and these
are toxic and carcinogenic to microorganisms. The catalytic
reduction of these pollutants has been reported as an effective
approach for wastewater treatment technology.”*® It can effec-
tively degrade pollutants with good stability and recyclability.
However, a highly active catalyst is required for effective pollu-
tion reduction in the environment.

The use of noble and transition metal nanoparticles-based
catalysts as a heterogeneous catalyst for the reductive degrada-
tion of organic contaminants is very promising.'*** These cata-
lysts have a high density of active catalytic sites due to their
recyclability, chemical and physical toughness, and a large
surface area. Copper nanoparticles (Cu NPs) exhibit high
potential in the field of nanoscience and nanotechnology due to
their inexpensive cost and novel physiochemical characteristics;
thus, they are being used to replace noble metal NPs. Recently,
Cu NPs have been considered as promising catalysts for the
oxidation of alcohols,** oxidation of CO,** C-C bond formation
reactions,'® C-heteroatom bond formation,”” and various
coupling reactions.’®* Unfortunately, thermodynamically
unstable Cu NPs are prone to coalescence and agglomeration,
resulting in a significant reduction in their catalytic activity.
Immobilizing Cu NPs on specific supporting substrates, such as
carbon materials,*® porous silica,” polymers,* metal oxides,*
and metal-organic frameworks,* are the most effective
approaches for overcoming this drawback. Catalyst supports
serve a critical function in preventing nanoparticle agglomera-
tion and offer a high surface area, which makes it easier to be
recovered and reused.>® Consequently, this prevents the leaching
of nanoparticles in the environment and minimizes the cost at
the same time. Benefiting from the good loading capacity,
geological abundance, ecofriendliness, easy synthesis, and
remarkable structural stability, ZnO was widely utilized as
a promising catalyst support. In this issue, Rasaki et al>®
synthesized Ag/ZnO nanorods catalyst, which showed the high
catalytic reduction of 4-NP. A Ag/ZnO nanohybrid material was
prepared by Oualid et al.>” using the sodium alginate method for
the sonocatalytic reduction of 4-NP and antibacterial activity. The
Ag@ZnO/MWCNT nanocomposite was investigated by Garcia-
Valdivieso et al.*® for 4-NP reduction. Behera et al.* synthesized
maghemite/ZnO nanocomposites for 4-NP reduction. The CuO/
ZnO nanocomposite was synthesized in a green manner by the
assistance of Melissa officinalis L. leaf extract and investigated for
the reduction of 4-NP and Rhodamine B by Bordbar et al*
Alamro et al.** synthesized ZnO supported on carbon nanotubes
for 4-NP reduction via the laser assistance method. The ZnO/CdO
thin film for 4-NP catalytic degradation was investigated by
Mostafa et al®* Alula et al.*® prepared silver-coated ZnO/Fe;0,
composites for the reduction of 4-NP.

The physicochemical properties of ZnO supports such as
effective charge separation, photovoltaic, electron trapping,
photoluminescence, Lewis acid/base properties, defect forma-
tion, and strong metal-ZnO interactions have been reported to
play important roles in catalytic reactions.** Their morphologies
and nanostructures have a great impact on these properties.
The Cu-ZnO interactions influence the interface structure and
stability, which contributes significantly to improve its catalytic
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properties, such as increasing the available active sites.** As
a result, studying the effect of the ZnO support shape and its
role in the catalytic reduction reaction is of significant interest.
However, the influence of the support morphology on the
catalytic reduction of 4-NP and organic dyes over Cu NPs/ZnO
has not been documented to our knowledge.

In this paper, the effect of the support morphology on the
catalytic activity of Cu/ZnO nanocomposites for the reduction of
4-NP was studied. The pure ZnO and Cu/ZnO nanocomposites
were characterized via transmission electron microscopy (TEM),
UV-Vis spectroscopy, Fourier transform infrared (FTIR) spec-
troscopy, X-ray diffraction (XRD), surface area, and X-ray
photoelectron spectroscopy (XPS). The relationships between
the catalytic performance of the nanocomposites with their
surface area and their physicochemical properties were deter-
mined. The results revealed that the nanocomposite that
contains 0D ZnO support showed the highest catalytic perfor-
mance for the reduction of 4-NP. Moreover, this nanocomposite
was applied for the reduction of organic dyes such as methylene
blue, Congo red, and acriflavine hydrochloride.

2 Materials and methods

2.1. Chemicals

All materials were of analytical grade and used without any
further purification. All solutions were prepared using double-
distilled water. Zinc acetate dihydrate (Zn (CH3COO),-2H,0,
assay: 99.5%), sodium hydroxide (NaOH, assay: 99%), potas-
sium hydroxide (KOH, assay: 99%), and r-ascorbic acid (assay:
98%) were purchased from Alpha Chemika. Copper nitrate Cu
(NO3),-3H,0 (assay: 98%, Laboratory Chemicals) and 4-nitro-
phenol (assay: 98%) was supplied by Research-Lab Fine Chem
Industries (India), sodium borohydride NaBH, (assay: 98%) was
purchased from SDFCL, while absolute ethanol (ADWIC),
methylene blue (MB), Congo red (CR), and acriflavine hydro-
chloride (ACF) dyes were bought from Sigma-Aldrich (Ger-
many). The chemical structures of 4-NP, MB, CR, and ACF are
depicted in Fig. 1.

2.2. Synthesis of ZnO nanoparticles (NPs)

2.2.1. Synthesis of 1D ZnO NPs. 1D ZnO NPs were synthe-
sized by the thermal decomposition method following the
method reported by Singh et al.*® In this method, about 13.50 g
Zn(CH3COO0),-2H,0 was grounded in an agate mortar and
pestle for one hour. The powder was then annealed in a muffle
furnace at 500 °C for 3 h with a ramping rate of the furnace of
3 °C per minute.

2.2.2. Synthesis of (1D + 0D) ZnO NPs. (1D + 0D) ZnO NPs
were synthesized via the microwave-assisted method following
the method reported by Nikhil et al.?” In a typical synthesis, about
13.50 g Zn(CH3C0OO0),-2H,0 and 51.75 g KOH were dissolved in
100 mL double-distilled water and stirred at room temperature
for 20 min. The mixture was then transferred to a scientific
microwave oven (Start Synth) flask and irradiated for 20 min at
360 W power and 180 °C reaction temperature. The obtained
precipitate was filtered off and rinsed twice using double-
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Fig. 1 The chemical structures of (a) 4-nitrophenol, (b) methylene blue, (c), Congo red, and (d) acriflavine hydrochloride.

distilled water and ethanol to remove any impurities. Then, the
collected precipitate was dried overnight at 80 °C and subjected
to calcination at 500 °C for 1 h in a static air atmosphere.
2.2.3. Synthesis of 0D ZnO NPs. ZnO NSs were synthesized
by the chemical precipitation method following the conditions
reported by Cao et al.*® In the preparation method, about 13.50 g
Zn(CH3COO0),-2H,0 was dissolved in about 500 mL ethanol and
named as solution (A). Solution (B) was prepared by dissolving
about 14.76 g of NaOH in a mixture of ethanol and water (78 : 1
V/V). Solution (B) was added dropwise to solution (A) with
vigorous stirring for 2.25 h at 60 °C. The resulting precipitate
was filtered off and thoroughly washed with double-distilled
water and ethanol once the solution had cooled to room
temperature. The precipitate was then dried overnight at 80 °C
and calcinated for 1 h in a static air atmosphere at 500 °C.

2.3. Synthesis of the Cu/ZnO nanocomposite

A calculated amount of Cu(NO3),-3H,0 corresponding to the
theoretical yield of ZnO NPs, 5% (w/w), was respectively dis-
solved in 100 mL double-distilled water with stirring at room
temperature. An amount of ZnO NPs powder was dispersed in
copper nitrate solution (pH = 3.3) with sonication for 15 min.
The solution pH was changed to 8.52 after the complete
dispersion of ZnO NPs, which indicates the formation of
Cu(OH),.* After that, about 50 mL r-ascorbic acid solution ([t-
ascorbic acid] = 5[Cu(NO;),-3H,0]) was added dropwise into
the above mixture with continuous stirring at 90 °C for 2.5 h.
The pH of the mixture was changed to 5.54 after the complete
addition of the r-ascorbic acid solution, which confirmed the
transformation of Cu(OH), to Cu NPs through the formation of
Cu,0 as an intermediate.* The precipitate was filtered out and
rinsed with ethanol and double-distilled water multiple times
when the solution cooled to room temperature. Finally, the
precipitate was dried for 5 h at 80 °C. The formation of Cu NPs
on the surface of ZnO support is expected to follow these steps.
Cu®* ions were first converted to Cu(OH),, which was subse-
quently reduced to Cu,O by r-ascorbic acid. Finally, Cu,O was
converted to Cu particles. The reduction process can be repre-
sented as follows.*

16498 | RSC Adv, 2022, 12, 16496-16509

ZCU(OH)Z + C¢HgOg — Cu,O + CcHgO4 + H,O (1)

CU2O + C()Hgoé — 2Cu + C6H606 + H20 (2)

2.4. Characterization techniques

The morphologies of the pure ZnO nanostructures and the Cu/
ZnO nanocomposites were determined by transmission elec-
tron microscopy (TEM, JSM-2100 JEOL, Japan) operated at an
acceleration voltage of 200 kV.

The optical properties of the Cu/ZnO nanocomposites were
checked by recording the UV-Vis spectra of the aqueous
suspension of each sample using a SHIMADZU UV-3101 UV-Vis-
NIR spectrometer at room temperature.

The surface functionality and presence of organic impurities
was estimated via FTIR spectroscopy (Nicolet spectrophotom-
eter, model 6700) using the KBr pellet technique in the 400-
4000 cm ™" range.

The phase and crystal structure of Cu/ZnO nanocomposite
were investigated using X-ray diffraction technique (XRD, Phi-
lips diffractometer, model PW 2103/00) equipped with a Ni-
filtered Cu Ko radiation (2 = 1.5408 A). The samples were
scanned over 4-80° of the 26 range at a scan rate of 3° min—".

The surface area and texture of the catalysts were determined
via N, adsorption at —196 °C using a Nova 3200 gas adsorption
apparatus (Quantachrom Instrument Corporation, USA). The
Brunauer-Emmett-Teller (BET) theory was used to calculate the
surface area.

X-ray photoelectron spectroscopy (XPS) measurements were
obtained on a K-ALPHA instrument (Thermo Fisher Scientific,
USA) with monochromatic X-ray Al K-alpha radiation in the
range from —10 to 1350 eV with a spot size of 400 pm at
a pressure of 10~° mbar with a full spectrum pass energy of
200 eV and at narrow spectrum of 50 eV.

2.5. Catalytic reduction of 4-NP

The reduction of 4-NP to 4-aminophenol (4-AP) as a model
reaction in the presence of excess NaBH, was used to investigate

© 2022 The Author(s). Published by the Royal Society of Chemistry
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the catalytic characteristics of the Cu/ZnO nanocomposites.
Briefly, about 0.3783 g NaBH, was dissolved in 100 mL double-
distilled water in 250 mL beaker; then 1 mL 4-NP (1 x 10~> M)
solution was added, and then the solution mixture changed
from colorless to intense yellow.** UV-Vis spectroscopy in the
wavelength range of 200-600 nm was used to monitor the
reaction progress using a small amount of the reaction mixture
after a certain time interval. In the reaction process, the catalytic
conversion efficiency of 4-NP to 4-AP could be calculated using
the formula.

Ay — A,

0

Conversion efficiency of 4 -NP(%) = x 100  (3)
where 4, is the 4-nitrophenolate anions' initial absorbance at
Amax = 400 nm, while 4, is the absorbance at different time (¢)
intervals.
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3 Results and discussion

3.1. Characterization of Cu/ZnO nanocomposites

The morphologies of pure ZnO nanostructures and Cu/ZnO
nanocomposites were observed by TEM. As shown in Fig. 2a
of 1D ZnO, the sample has rod-like particles with an average
width of 44.7 nm and an average length of 211 nm. Fig. 2b
shows the micrograph of (1D + 0D) ZnO; the polydispersed
nanostructure contains rod particles with an average width and
length of 38.1 nm and 149.5 nm, respectively. Semi-spherical
particle with an average diameter of 54.5 nm were observed
from Fig. 2c of 0D ZnO. Also, the same morphology of semi-
spherical particles of the Cu/0DZnO nanocomposite was ob-
tained (Fig. 2d). The HR-TEM image of the Cu/0DZnO nano-
composite (Fig. 2e) showed a lattice spacing of 0.26 nm and
0.21 nm corresponding to the d-spacing of ZnO (002)** and Cu

Fig.2 TEM images of (a) 1D ZnO, (b) (1D + 0D) ZnO, (c) OD ZnO, (d) the Cu/0DZnO nanocomposite, and (e) the HR-TEM image of the Cu/0D

ZnO nanocomposite.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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(111),* respectively. EDX mapping analysis was used to study
the elemental distribution of Cu, Zn, and O in the Cu/0D
nanocomposite (Fig. 3a-e). It can be observed that the Cu NPs
was successfully loaded and uniformly distributed on the
surface of the ZnO support.

As shown in Fig. 4, as a nondestructive tool, diffused
reflectance spectroscopy (DRS) was utilized to characterize the

300nm

f 300nm A

Fig. 3 EDX mapping images of the Cu/0DZnO nanocomposite.
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optical parameters of ZnO nanostructures and Cu/ZnO nano-
composites with infinite thickness. By utilizing the Kubelka-
Munk model, the prepared nanocomposites’ photocatalyst
band gap was evaluated from the DRS data. From the curve
between (F(R)E)> and E, the optical band gap is estimated
according to Kubelka-Munk and Tauc's equations.**** The
optical band gap was estimated from the x-axis at the intercept

" 300nm L

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 (a) UV-vis diffuse reflectance spectra of the ZnO nano-
structures and Cu/ZnO nanocomposites, and (b) the determination of
their band gap.

with an extended straight line. The calculated values of the
optical band gaps for 1D, (1D + 0D), 0D ZnO, Cu/1D, (1D + 0D),
and 0D ZnO were found to be 3.078 + 0.061 eV, 3.088 =+
0.055 eV, 3.018 £ 0.057 eV, 3.045 £ 0.053 eV, 3.036 + 0.056 €V,
and 2.985 £ 0.051 eV, respectively. It was noted that the loading
of Cu NPs on ZnO nanostructures leads to a decrease in the
optical band gap of the nanocomposite, which results in
absorption edge redshift. The decrease in the optical band gap
energy could be attributed to high density oxygen vacancies and
syndromes corresponding to the difference in the ionic radius
and electronegativity between the Cu and ZnO ions because of
the substitution procedure of Zn>* by Cu®" in the matrix. E.
Gurger et al. have evaluated the optical band gap of ZnO to be
3.24 eV and by introducing Ag and Cu impurity atoms in the
nanocomposite, the band gap narrowed to 3.18 eV and 3.12 eV
for ZnO-Cu and ZnO-Ag, respectively.*® Chakraborty et al.*®
found that copper doping decreases the electron-hole recom-
bination, and the optical band gap value was reduced from

© 2022 The Author(s). Published by the Royal Society of Chemistry
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3.21 €V (ZnO) to 3.07 €V (Zn,y ¢Cu, ;0); these values are similar
to our results. In addition, these impurities created a special
imperfection, which seems to raise the Fermi level toward the
conduction band.*** The light absorption in the semi-
conductor nanocomposites results in the transportation of the
valence band electrons to a particular state through the
conduction band to provide electron in the conduction band
and hole in the valence band. If the size of the nanoparticle is
equal to the de Broglie wavelength, then the conduction band is
regarded as a quantum cavity of the electrons. According to the
obtained results, we can conclude that the optical band gap of
the prepared semiconductor nanocomposites could be affected
by its morphological changes, and demonstrated a prospective
agent for photovoltaics and other optical applications.

FTIR studies were performed to ascertain the purity and
nature of the functional groups available on the Cu/ZnO
nanocomposites. The FTIR spectra of the ZnO nanostructures
and Cu/ZnO nanocomposites are depicted in Fig. 5. The pristine
1D and (1D + 0D) ZnO nanostructures exhibited almost the
same bands. They showed bands for functional groups located
at 3412 ecm™*, 2922 cm ™', 2852 em™ %, 2359 cm ™Y, 2341 cm ™Y,
1561 cm ™, 1383 cm ™!, 871 em™ ', and 421 cm™'. The band
located at 3412 cm ™! is assigned to the stretching vibration of
the OH groups, which resulted from water molecules adsorbing
on the ZnO surface. The asymmetric and symmetric (C-H)
vibration modes of acetate CH, groups were detected at
2922 cm~ " and 2852 cm™'.* The vibration bands at 2359 cm ™"
and 2341 cm ™! are assigned to atmospheric CO,.*® The bands
ranging from 1561 cm ™' to 1383 cm ™' are attributed to the
symmetric and asymmetric stretching vibration of the C=0
group,® which may be due to zinc acetate used in the reaction.
The bands detected at 871 em™ ' and 421 cm ™" are attributed to
the stretching vibrational mode of the metal-oxygen bond (Zn-
0).”? In addition to the bands showed by 1D and (1D + 0D) ZnO,
0D ZnO exhibited three signals at 1775 cm™ ", 1436 cm™ ", and
880 cm ™, which could be because of the adsorbed carbonate

Transmittance (%)
g
-
-
I:

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm'1)

Fig. 5 FTIR spectra of (a) 1D ZnO, (b) (1D + 0D) ZnO, (c) 0D ZnO, (d)
Cu/1DZn0O, (e) Cu/(1D + 0D)ZnO, and (f) Cu/0DZnO.
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moieties,* the in-plane bending vibrations of the methyl group
(CH3),** and the metal-oxygen bond (Zn-O) stretching vibra-
tional mode,** respectively. The differences in the bands posi-
tions and intensities for the acetate group may be due to the
different amounts of acetate adsorbed on the ZnO surface. The
FTIR spectra of Cu/ZnO nanocomposites showed that some
bands are similar to pristine ZnO, while some new bands
emerged. These new bands were detected at 1605 cm
1427 em ™%, 1350 cm ™Y, 1160 cm ™Y, 1076 cm ™Y, and 1043 cm ™,
which might be attributed to the presence of r-ascorbic acid*
since the reaction occurs under an excess of it. It was also noted
that the band intensity of the hydroxyl group in the nano-
composite is sharper than that of pure ZnO.

The XRD patterns of the ZnO nanostructures and Cu/ZnO
nanocomposites are shown in Fig. 6. The clear, intense
diffraction peaks indicate the extremely crystalline quality of
the grown nanoparticles. After the analysis of positions and
comparative intensities of the diffracted peaks, the occurrence
of single-phase hexagonal wurtzite of ZnO with space group
P6;mc was established.”® The XRD patterns of the ZnO nano-
structures were similar, except for the variation in line broad-
ening due to the change in the morphologies. The pristine ZnO

. e 7ZnO
. ¥ CuNPs
Cu/0DZnO v * It % o o
— [ )
S o
& | Cu/(1D+0D)Zn0 M v * HEE S S
(]
2 ® . e o
% | curbzno v * % o o
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[ ]
€ | ob zno A e P e e
[ )
Te ° o o
(1D+0D) ZnO : o o o
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A A A o/\® o o

10 20 30 40 50 60 70 80
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Fig. 6 XRD diffraction patterns of the ZnO nanostructures and Cu/
ZnO nanocomposites.
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nanostructures exhibit well-defined XRD peaks at 20 = 31.8°,
34.5°, 36.3°, 47.6°, 56.7°, 62.9°, 66.5°, 68°, 69.2°, 72.6°, and 77°,
which are corresponding to the (100), (002), (101), (102), (110),
(103), (200), (112), (201), (004), and (202) crystal planes,
respectively. All the diffraction peak positions and their corre-
sponding crystal planes are described by the standard spectrum
(JCPSD card no. 01-089-0511).*” In addition, no additional
reflections can be detected related to the other impurities,
indicating the high purity of the produced ZnO. On the other
hand, the XRD patterns of Cu/ZnO nanocomposites showed
typical reflections of the pristine ZnO nanostructures. More-
over, a new reflection was noticed at 26 = 42.7° (for Cu/1D and
0D ZnO) and 42.2° (for Cu/(1D + 0D) ZnO), which corresponded
to (111), the preferred oriented plane of the FCC structure of Cu
NPs, and no obvious reflections arising from possible impurity
phases such as CuO and Cu,O were detected. The Scherrer
equation was used to determine the average crystallite size of
the ZnO nanostructures.

0942 ()
" Bcosb

where D is the particle crystallite size, A is the diffraction
wavelength (A = 1.5408 A), § is the full width at half maximum
of the diffraction peak, and ¢ is the angle of reflection. The
average crystallite sizes were calculated to be 21.53 nm,
23.38 nm, and 19.10 nm for 1D, (1D + 0D), and 0D ZnO,
respectively.

To establish the level of defects within the matrix crystal, the
dislocation density (6) was estimated from the following
equation.

3 (5)

Corresponding to interior lattice straining and Williamson-
Hall equations,* the micro-diffraction (¢) in the crystal nano-
structure and the crystallite size were evaluated from XRD by:

B
T 4tand (6)
. kA
ﬁ/,k/ cos @ =4esin 6 + B [7)

Table 1 Crystal lattice factors and specific surface area values of the ZnO nanostructures and Cu/ZnO nanocomposites

Average crystallite size D (nm)

Williamson-Hall equation

Microstrain Dislocation density
Samples Scherrer's equation (D) (D) (e) x 107* (6) x 107* (lines nm?) Sger (m* g™ 1)
1D ZnO 22.50 19.60 —5.95789 19.75 10.1
(1D + 0D) ZnO 24.42 22.73 —2.74854 16.77 29.0
0D ZnO 19.95 18.12 —4.65576 25.12 23.9
Cu/1DZnO 22.90 21.52 —2.32384 19.07 17.2
Cu/(1D + 0D)ZnO 22.95 21.87 —7.14024 18.98 35.5
Cu/0DZnO 22.00 22.14 0.534299 20.66 36.1
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Table 2 Comparison of the activity of the most active catalyst (Cu/0DZnO nanocomposite) with other Cu catalysts published in the literature

Catalyst k(x1073s™ TOF (x 10~® mmol mgg, ' s 1) Ref.
Cu NPs 1.59 0.08 64
Cu/polymers 2.10 2.82 65
Hierarchical Cu microspheroids 4.65 0.33 66
Porous Cu microspheres 5.26 9.26 67
Cu nanopolyhedrons 5.70 6.48 68
Hollow porous Cu NPs 9.30 12.8 69
Cu nanoplates 9.50 31.7 70
Cu nanocubes 10.1 111 68
Cu NPs-aggregated cages 10.4 34.7 71
Cu/carbon 13.0 3.05 72
Cu/rGO 17.3 104.4 73
Cu/carbon 24.0 3.51 74
Cu/rGO 23.2 298.7 63
Cu/0DZnO 140.4 300 This work

where D and ¢ were calculated by utilizing the fitting of least
square (pi cos 0 vs. 4 sin § for estimating the gradient and
intercept.

From the results of Table 1, we can note that the average
crystallite size of the (1D + 0D) ZnO sample is larger than both
that of 1D ZnO and 0D ZnO, respectively, as pure nano-
structures. Although the amount of copper added to the zinc

oxide samples of different shapes is a fixed percentage of 5%, we
note that the difference in size is not significant, i.e., 22.90 nm,
22.95 nm, and 22.00 nm, respectively. Therefore, the decrease in
the crystallite size after adding Cu NPs to zinc oxide is attributed
to the difference in the radius between the added copper atom
and the host zinc atoms. The incompatibility in the volumes of
zinc and copper atoms led to a strain caused by non-uniform
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Fig. 7 XPS spectra of the Cu/0DZnO nanocomposite: (a) full survey spectrum, (b) Zn 2p spectrum, (c) Cu 2p spectrum, and (d) O 1s spectrum.
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lattice deformation and dislocation in the crystal phase, which
appeared in the broadening of the peak in the nanocomposite.
In the case of 1D ZnO, adding copper to its crystals increases the
micro-strain of the crystal because the nature of stacking the
atoms in the form of rods decreases the interatomic distances
during the stacking process, which makes the copper atoms
substitute in the crystal sparsely. For (1D + 0D) zinc oxide
crystals of larger size, adding copper decreases the micro-strain
of the lattice crystal, which might be due to the nature of the
mixed particles and how the atoms are packed. The increase in
the inside crystal lattice strain of zinc oxide's spherical shape
might be due to the presence of rather large interspaces within
the spherical crystal nanostructure.

The N, adsorption-desorption isotherms (not shown) of ZnO
nanostructures and Cu/ZnO nanocomposites, as obtained from
Brunauer-Emmett-Teller (BET) analysis, are type II, according
to the IUPAC classification. The calculated specific areas of all
the catalysts are cited in Table 2. The Sggy of 1D ZnO, (1D + 0D)
ZnO, 0D ZnO, Cu/1DZnO, Cu/(1D + 0D)ZnO, and Cu/0DZnO was
about 10.1, 29.0, 23.9, 17.2, 35.5, and 36.1 m? g~ ', respectively.
It is well known that the Sggr increases with decreasing particle
size and increases if the particles are multi-particle agglomer-
ates or have a rough surface structure.® Among the prepared
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samples, 1D ZnO has a larger particle size (Fig. 2a) than that of
the other samples, and thus, it has the smallest Sger value.
Although (1D + 0D) ZnO has a particle size larger than that of 0D
ZnO, it has a higher Sggy value because it has multi-particle
agglomerates (Fig. 2b). It was observed that the addition of Cu
NPs to ZnO materials enhances their specific surface area due to
the doping effect and the formation of new pores due to effec-
tive Cu species diffusion in the ZnO support.*® The observed
increase in the surface area would be helpful for improving the
catalytic activity of the nanocomposite catalyst.

The chemical states and surface compositions of the Cu/
0DZnO nanocomposite were examined using XPS, and the
results are shown in Fig. 7. The full survey spectrum in Fig. 7a
indicates the presence of Zn, Cu, O, and C. The high-resolution
spectrum for the Zn 2p region (Fig. 7b) shows two peaks at
binding energies of 1044.8 eV and 1021.9 eV assigned to Zn 2p,,
» and Zn 2p;.,, respectively. The two peaks are separated by
a spin-energy of 23 eV, indicating the existence of Zn in the +2
oxidation state.®® The narrow spectrum of Cu 2p reveals two
main binding energy peaks at 952.1 eV and 932.2 eV, which
correspond to the 2p,,, and 2p;,, spin system of zerovalent Cu,
respectively.”> Moreover, two peaks at binding energies of
944.7 eV and 934 eV as characteristics of Cu”" were also
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Fig. 8 UV-Vis spectra of the reduction of 4-NP using (a) the Cu NPs/1DZnO nanocomposite as a catalyst, (b) Cu NPs/(1D + 0D)ZnO nano-
composite as a catalyst and (c) Cu NPs/0DZnO nanocomposite as a catalyst, and (d) plots of In(A./A) versus reaction time in the presence of the

Cu/ZnO nanocomposites as catalysts.
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detected, which indicates the formation of CuO during the
synthesis of Cu NPs.®* Fig. 7d displays the O 1s spectrum, which
was divided into two peaks with binding energies of 531.5 eV
and 530.5 eV indexed to chemisorbed oxygen species and lattice
oxygen in ZnO, respectively.®

3.2. Catalytic performance of Cu NPs/ZnO nanocomposites

3.2.1. Catalytic reduction of 4-NP to 4-AP. In the presence
of excess NaBH,, the catalytic performance of Cu/ZnO nano-
composites was examined for the liquid phase reduction of 4-
NP to 4-AP as a model reaction. The aqueous phase solution of
4-NP shows a noticeable absorption peak at Ay.x = 317 nm in
the UV-Vis spectrum. After the injection of excess NaBHy, this
absorption peak was redshifted to 400 nm due to the formation
of 4-nitrophenolate ions with a dark yellow color. The position
and intensity of the peak at 400 nm remain unchanged without
the catalyst. The decrease in the 4-nitrophenolate ion absorp-
tion peak (Amax = 400 nm) and the simultaneous appearance of
a new peak of 4-AP at Ayax = 300 nm indicated that the reduc-
tion reaction had proceeded. Using a UV-Vis spectrophotom-
eter, the decline in the absorption peak at 400 nm was
measured at regular intervals. The UV-Vis spectra during the
reduction of 4-NP over Cu/ZnO nanocomposites are presented
in Fig. 8. In the presence of pristine ZnO nanostructures, there
was no discernible change in the absorption peak at Ay.x =
400 nm after 1 h, which indicated that they have no catalytic
activity for 4-NP reduction. These results are in agreement with
those obtained by Bordbar et al.** However, the decline in the
absorption peak at 400 nm and the yellow color of the mixture
started to disappear after the addition of Cu NPs/ZnO nano-
composites in the reaction mixture. The Cu/0DZnO nano-
composite showed outstanding catalytic performance with 4-NP
reduction efficiency of about 100% in 1 min, while the Cu/(1D +
0D)ZnO nanocomposite exhibited a reduction efficiency of 91%
in 1 h. On the other hand, the Cu/1DZnO nanocomposites
demonstrated a poor catalytic efficiency of 28% in 1 h. The Cu/
0DZnO nanocomposites have a high catalytic performance due
to their high specific surface area, small particle size, and
excellent dispersion of Cu NPs on the ZnO surface, which
provide more active sites for the reduction reaction.

Because the concentration of NaBH, is substantially higher
than that of 4-NP, the reaction is thought to follow pseudo first
order kinetics, as shown by the equation

A,

In—

Ao = —kappt (8)

where 4, is the absorbance of 4-nitrophenolate ion (A = 400
nm) at zero time, 4, is the absorbance at different time intervals,
kapp is the apparent reaction rate constant, and ¢ is the reaction
time. Fig. 8 shows the plot of In(4,/4,) versus time (¢) and the
kinetic data of 4-NP reduction catalyzed by Cu/1D, (1D + 0D),
and 0D ZnO nanocomposites. The calculated rate constants
were 0.00523, 0.03546, and 8.42 min " for Cu/1D, (1D + 0D), and
0D ZnO nanocomposites, respectively. Furthermore, the value
of turnover frequency (TOF, mmol mgc, ' s~ ') was estimated
by the following equation.®

© 2022 The Author(s). Published by the Royal Society of Chemistry
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TOF = 9)
where N (mmol) is the concentration of 4-NP, M (mg) represents
the amount of Cu NPs, and ¢ (s) is the reaction time. The
comparison of the catalytic activity of the most active catalyst
(Cu/0DZnO) with other Cu catalysts found in the literature is
given in Table 2. The comparison indicates that the Cu/0DZnO
nanocomposite has higher k and TOF values (300 x 10 °) than
those of the other catalysts. The high catalytic activity of this
catalyst may be due to the high specific surface area, ultrafine
size, and good dispersion of Cu NPs.

Based on the previous investigations,”’® the -catalytic
reduction of 4-NP over Cu/0DZnO nanocomposite is an electron
transfer process and proceeded via two steps. The BH, ions
were first diffused from the solution to the surface of the Cu
NPs, forming a Cu-hydride complex via 7-7 stacking interac-
tions. Meanwhile, 4-NP was reversibly adsorbed on the surface
of Cu NPs. Then, electron transfer occurred from BH, and 4-
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Fig. 9 (a) Recyclability of the Cu/0DZnO nanocomposite towards
catalytic 4-NP reduction, and the (b) relationship between n(A/Ao)
and reaction time and under various NaBH,; concentrations in the
presence of the Cu/0DZnO nanocomposite as a catalyst.
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NP near the surface of the Cu NPs supported on ZnO as the
electron mediator. The hydrogen was transferred from the Cu
hydride complex to the nitro group, which was then reduced.
The final product (4-AP) was desorbed from the surface of the
nanocomposite. We may deduce from the previous explanation
that the ZnO support can stabilize Cu NPs against aggregation
and boost the reduction activity via a synergistic action.

Stability and reusability are important factors for a catalyst's
practical application. To investigate if the Cu/0DZnO nano-
composite could be reused, five successive cycles were carried
out using 0.01 g of the catalyst; the results are shown in Fig. 9a.
After each cycle, the catalyst was filtered out of the reaction
mixture, washed several times with double-distilled water and
ethanol, and dried at 60 °C in an oven. Only a slight decrease in
the catalytic activity of the nanocomposite was observed after
five cycles. The primary cause of the decline in the catalytic
activity is the loss of small portions of the catalyst during the
separation process.

The effect of NaBH, concentration variation (0.05 M to 0.2 M)
on the catalytic performance of the Cu/0DZnO nanocomposite
for the reduction of 4-NP was investigated while keeping the 4-
NP concentration constant (0.1 mM). The plot of In(4,/A,)
against time for every concentration of NaBH, tested is dis-
played in Fig. 9b. It was found that when NaBH, concentration
shifts from 0.05 M to 0.2 M, the k,p;, increases from 0.38 min~*
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to 8.84 min '. With increasing concentration of NaBH,, the
produced BH, " is increased, and more electrons are delivered
to the 4-NP; thus, the reduction occurs rapidly with a higher k;,
value and vice versa.”

3.2.2. Catalytic reduction of methylene blue (MB). MB is
a cationic dye that is utilized in the textile, paper, rubber, and
plastic sectors and causes substantial environmental damage.”®
The absorption peaks of MB in aqueous solution are 664 nm
and 614 nm. In a typical catalytic reaction procedure, 0.3783 g
NaBH, was dissolved in 100 ml double-distilled water in
a 250 mL beaker, then 100 uL of MB (1 x 10~ M) solution was
added. Fig. 10a shows the UV-Vis spectrum of MB reduction by
NaBH, in the presence of 0.01 g Cu/0DZnO nanocomposite. It
has been noted that the intensities of the peaks for MB gradu-
ally decrease with time and fully disappear after 2 min. The
presence of Cu/0DZnO nanocomposite as the catalyst helps in
the electron transfer from BH,  (donor) to MB (acceptor). The
reaction follows pseudo first order kinetics because the
concentration of NaBH, is substantially higher than that of MB,
and the linear relationship between In(A,/4,) and time (¢) is
depicted in Fig. 10d. The reaction's rate constant was estimated
from the straight line's slope and was found to be 1.4 min™".

3.2.3. Catalytic reduction of Congo red (CR). CR is a very
poisonous and carcinogenic anionic dye that is widely
employed in a variety of industries, including textiles, printing,
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Fig. 10 UV-Vis spectra of the reduction of (a) MB, (b) CR, and (c) ACF using the Cu/0DZnO nanocomposite as a catalyst, and (d) plots of In(A/Ao)

versus reaction time in the presence of the Cu/0DZnO nanocomposite
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leather, paper, pulp, and cosmetics.” The aqueous solution of
CR exhibits two characteristic peaks at 498 nm (m= — 7*) and
350 nm (n — 7v¥) transitions of the azo group.® In the exactly
same catalytic reaction steps, 0.3783 g NaBH, was dissolved in
100 mL double-distilled water in a 250 mL beaker, then 500 puL
of CR (1 x 10~* M) solution was added. Fig. 10b shows the UV/
Vis spectrum of CR reduction by NaBH, in the presence of Cu/
0DZnO nanocomposite. After the addition of 0.01 g of the
catalyst, the peaks intensities of CR gradually decreased with
time, indicating that the catalytic reduction occurred, and the
red color completely declined after 3 min. The rate constant was
estimated for the slope of the graph that represents the relation
between In(4,/4,) and time (Fig. 10d), and was found to be
1.2 min~". The Cu/0DZnO nanocomposite acts as an electron
delay from BH,  (donor) to CR (acceptor) molecules.

3.2.4. Catalytic reduction of acriflavine hydrochloride
(ACF). ACF is a fluorescent dye used as a biological stain, topical
antiseptic, and in the dual fluorescence analysis of cellular DNA
and protein simultaneously. However, inspite of the beneficial
uses of this dye, it may be harmful to the eyes or if inhaled. The
absorption peak of ACF in aqueous solution is 450 nm. In
a typical experiment, 0.3783 g NaBH, was dissolved in 100 mL
double-distilled water in a 250 ml beaker, then 1 mL of ACF (1 x
107> M) solution was added. The time-dependent UV/Vis
absorption spectra of ACF utilizing NaBH, in the presence of
Cu/0DZnO nanocomposite is displayed in Fig. 10c. After 0.01 g
of Cu/0DZnO nanocomposite was added to the reaction
mixture, the fluorescent color gradually declined and
completely disappeared after 2 min. The calculated rate
constant from the slope of the straight line produced from the
relationship between In(4,/4,) and time (Fig. 10d) was found to
be 3.81 min~ .

4 Conclusion

Three different ZnO morphologies were successfully synthe-
sized using three different methods (thermal decomposition,
microwave-assisted, and precipitation methods). Metallic Cu
NPs (5 wt%) were loaded on ZnO nanostructures by a simple
reduction method using r-ascorbic acid as a reducing agent.
The loading of Cu NPs on ZnO nanostructures leads to
a decrease in the optical band gap, slight change in the crys-
tallite sizes, increase in the specific surface area, and increase in
the catalytic reduction of 4-NP. The catalytic performance of the
nanocomposites takes the following order: Cu/0DZnO > Cu/(1D
+ 0D) ZnO > Cu/1DZnO. The Cu/0DZnO nanocomposite can
reduce 4-NP in a very short time (60 s) with 100% efficiency. The
high catalytic performance of this nanocomposite may be
attributed to its small particle size, high surface area, and the
high distribution of Cu NPs on the surface of ZnO. This
composite also showed good catalytic performance in the
reduction of organic dyes such as methylene blue, Congo red,
and acriflavine hydrochloride. The Cu/0DZnO nanocomposite
could be easily recycled with just a minor change in its catalytic
activity, indicating its potential for use at a broad scale in
chemical process industries.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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