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1. Introduction

Redox-driven synthesis of stable copper
nanoparticles via metal displacement and their
application in organic dye degradation
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This study uses a novel approach to synthesize copper nanoparticles (Cu NPs) using tartaric acid as a
reducing and capping agent via a metal displacement method. The uniqueness of this approach lies in
its clean and efficient synthesis route that enables the formation of metallic copper nanoparticles under
mild conditions by employing tartaric acid as a dual-functioning complexing and capping agent, and
utilizing a spontaneous metal displacement reaction with aluminum. The quality of the synthesized Cu
NPs is clearly reflected in the characterization results, which show an average size of 3 nm, sharp
crystallinity (crystallite size around 32 nm), the absence of oxide phases, and strong surface
functionalization, confirming the successful formation of stable, oxidation-resistant metallic copper. This
approach stands out for producing structurally pure and chemically intact Cu® nanoparticles without
relying on toxic chemicals or inert environments. Evaluation of the photocatalytic activity of the Cu NPs
by monitoring the degradation of sample pollutants under visible light irradiation revealed their
exceptional efficiency in the removal of organic contaminants from wastewater. The localized surface
plasmon resonance (LSPR) effect is a unique property of copper nanoparticles that enables them to
absorb visible light, further making them an auspicious material for photocatalytic applications. The
synthesized Cu nanoparticle photocatalyst exhibited excellent visible-light-driven degradation
efficiencies of 97.9% for rose bengal (k = 0.043 min~?) and 88.0% for methylene blue (k = 0.026 min™?).
These results highlight its strong photocatalytic performance and favorable reaction kinetics. This
synthesis strategy offers a sustainable route to producing high-quality copper nanomaterials with
promising applications in environmental remediation and advanced photocatalytic systems.

change, underscores the urgent need for innovative solutions in
water treatment. As the world population is projected to reach

The looming threat of freshwater scarcity, exacerbated by rapid
population growth, unsustainable urbanization, and climate
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9.7 billion by 2050, the demand for freshwater resources will
increase.>* It is crucial to develop groundbreaking solutions
that can minimize this strain and ensure unbiased access to
safe and hygienic water for all.*® The fact here is that water
quality degradation poses significant environmental and health
risks, with various types of contaminants in wastewater acting
as major factors. These pollutants can be classified as organic,
inorganic, and biological toxins, each having unique properties
and potential impacts on aquatic ecosystems and human
health.””® Wastewater treatment is commonly carried out using
a variety of approaches, including physical, chemical, and
biological treatment approaches.'®™*®

Heterogeneous photocatalysis is a promising process for
enhanced oxidation, and this process utilizes light energy on
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semiconductor or metal nanoparticles to facilitate pollutant
degradation in wastewater."*'® Copper nanoparticles (Cu NPs)
have attracted momentous attention for their potential applica-
tions in photocatalysis due to their unique optical and electro-
nic properties."® The localized surface plasmon resonance
(LSPR) effect is a unique property of copper nanoparticles that
enables them to absorb visible light, further making them an
auspicious material for photocatalytic applications.**™* Studies
have established the ability of copper nanoparticles to degrade
a variety of pollutants, including pesticides, industrial chemi-
cals, and organic dyes, over a period of time under different
conditions.”**” By adapting the surface, shape and size proper-
ties of copper nanoparticles to optimize for more efficient
pollutant degradation, photocatalytic performance can be
optimized.?®

CuNPs are appealing alternatives to noble metal-based cata-
lysts, offering advantages such as visible-light plasmonic activa-
tion, low material cost, excellent electrical conductivity, and
excellent environmental stability. Unlike typical semiconductor-
based catalysts (e.g., TiO,, ZnO, and CdS), Cu nanoparticles can
generate Reactive oxygen species (ROS) through a plasmonic
mechanism, eliminating the need for complex doping or hetero-
junction engineering.>® However, their high reactivity causes
rapid surface oxidation in ambient conditions, forming Cu,O
or CuO, which greatly reduces their functional properties.>**"
This inherent instability poses a significant challenge to their
application in practical settings, such as flexible electronics,
catalysis, and sensors.>”** To overcome this, surface capping
and stabilization strategies have been widely studied, including
polymer encapsulation and ligand coordination, chemical
reduction using agents such as sodium borohydride and ascor-
bic acid, green synthesis with plant extracts, and stabilization
with polymers like poly(tartaric acid).>>> Despite their utility,
these methods often face limitations such as particle aggrega-
tion, susceptibility to oxidation, and complex processing steps,
which hinder scalability and long-term stability. As an alterna-
tive, metal displacement reactions offer a simple, scalable, and
environmentally benign route for producing metallic
nanoparticles.*>™** In such systems, more electropositive metals
such as zinc or aluminum can spontaneously reduce Cu”* ions
through galvanic exchange.*>** This principle has been utilized
to deposit copper onto aluminum substrates or to generate Cu
NPs in situ. More complex approaches, such as double-atom
(heteroatom) displacement involving sequential Au/Cu ion
exchange in alloy clusters, have also been investigated for the
precision-controlled synthesis of nanoparticles.

Notably, citrate-capped Cu NPs studied by Yoon et al
demonstrated remarkable mechanical durability, maintaining
electrical conductivity even after 2500 bending cycles, which
highlights the importance of surface chemistry in protecting
against oxidation.** Despite these advances, current methods
often require harsh chemical reductants or complex reaction
conditions, or are difficult to scale up. In contrast, we present
for the first time an easy, eco-friendly, and scalable method for
making tartaric acid-capped metallic Cu NPs through single-
atom metal displacement using aluminium scrap as a
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reductant in a tartaric acid solution. To the best of our knowl-
edge, single-atom displacement in tartaric acid has not been
reported, particularly with the aid of ultrasonic activation to
enhance reaction kinetics and nanoparticle dispersion.*> The
reaction is improved by ultrasonic activation, which ensures
even dispersion and speeds up ion exchange. Tartaric acid acts
not only as the reaction medium but also as a surface-capping
agent, effectively preventing oxidation.*® The resulting Cu NPs
demonstrate excellent oxidation stability, keeping their crystal-
line metallic phase with minimal CuO formation even after
45 days of air exposure, confirmed by transmission electron
microscopy (TEM) analysis. This method provides a new and
sustainable way to produce oxidation-resistant Cu NPs, ideal for
next-generation nanomaterial-based devices. The synthesized
Cu NPs are used to characterize and assess their application in
wastewater treatment, particularly in the degradation of
organic pollutants. By exploring the potential of Cu NPs in
wastewater treatment, this study aims to contribute to the
development of efficient and cost-effective solutions for envir-
onmental remediation.

2. Experimental methods

2.1. Materials & methods

All chemical reagents, including copper sulphate (CuSO,), and
tartaric acid, were purchased from Sigma-Aldrich and used as
received. All the chemicals used were of the highest purity
available. Ultrapure water (DM water) was used for all the
experiments.

2.2. Metal displacement synthesis of Cu NPs

The Cu NP synthesis was carried out by using a green and facile
redox metal displacement method involving tartaric acid and
aluminum scrap as key reagents; the detailed flowchart is
presented in Fig. 1. Initially, 100 g of tartaric acid was dissolved
in 100 mL of DM water, forming a transparent tartaric acid
solution with a pH of 2.77. This acidic medium facilitates the
complexation of Cu®' ions and tartrate ligands. Separately,
copper sulfate pentahydrate (CuSO,4-5H,0) with particle sizes
of 40-60 pm was dissolved in DM water and then added to the
tartaric solution. The mixture was stirred continuously for
30 minutes, during which a copper-tartrate complex was
formed, raising the solution’s pH to 3.46. This complexation
step is critical as it modulates the redox potential of Cu** ions
and ensures controlled nucleation during reduction. Further-
more, aluminum scrap was introduced as a reducing agent into
the copper-tartrate complex. Since aluminum scrap is more
electropositive, Cu”" ions were spontaneously reduced to metal-
lic copper, while aluminum was oxidized to AI*". The synthe-
sized Cu NP photograph is presented in Fig. 1.

To speed up ion exchange and promote uniform nucleation,
the mixture was subjected to ultrasonic agitation for 15 min-
utes. The ultrasonic waves broke apart agglomerates, increased
the local temperature, and enhanced mass transport, resulting
in a faster and more even reduction of copper ions into

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Flowchart showing the metal displacement synthesis of Cu NPs.

pH 3.46

.

nanoparticles. During this process, zero-valent copper atoms
nucleated and grew into nanoscale clusters. Tartaric acid
molecules served a dual role: they stabilized the copper nuclei
through electrostatic and steric interactions and also capped
the nanoparticle surfaces to prevent aggregation and oxidation.
This capping process involved the coordination of hydroxyl and
carboxyl groups from tartaric acid with the copper surface. After
approximately 30 minutes, the reddish-brown Cu NPs precipi-
tated and settled at the bottom of the vessel. The solid product
was isolated from the reaction mixture through filtration and
was thoroughly washed several times with deionized water to
remove any leftover aluminum ions, unreacted precursors, and
byproducts. The detailed mechanism of the Cu NPs is illu-
strated in Fig. 2. After purification, the copper nanopowder was
collected and air-dried. This process finalized the synthesis,
producing stable, dispersible Cu NPs ready for use in photo-
catalysis and environmental cleanup.

2.3. Characterization techniques

Various analytical techniques have been used for the character-
ization of metal displacement in the synthesized Cu NPs. The
morphological and elemental characterization was performed
using TEM, JEM-2100plus, JEOL Japan, 0.2 A resolution. The
crystal structure was determined through X-ray diffraction
(XRD) using a SMART LAB 9 kW system (Rigaku, Japan).
X-Ray photoelectron spectroscopy (XPS) was performed using
a Thermo Fisher Scientific, Model-K-Alpha, aluminium (Al)
K-alpha micro-focused monochromator, energy resolution
<0.5 eV, pass energy-50.0 eV for high resolution scan, pass
energy — 200.0 eV for survey scan, energy step size — 0.1 eV, X-ray
power - 72 W, analyzer — 180° double-focusing hemispherical

© 2025 The Author(s). Published by the Royal Society of Chemistry
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analyzer, detector - 128-channel detector. The Brunauer-
Emmett-Teller (BET) method was utilized for surface area
analysis using an Anton Paar Autosorb iQ Station. Diffuse
reflectance UV-VIS spectra of the samples were recorded using
a UV-Vis NIR spectrophotometer (Agilent Technology, Carry
5000). The structural features were analyzed using Fourier
transform infrared spectroscopy (FTIR) (Shimadzu 8201 PC
Fourier Transform Infrared). Raman spectroscopic studies were
performed using a Horiba Jobin Yvon, LABRAM-HR.
Photocatalytic study. Photodegradation of organic dyes like
methylene blue (MB), rose bengal (RB), and a mixed dye of MB
and RB by using the prepared catalysts. These carcinogenic
dyes are harmful to the environment, and to break these dye
molecules to reduce their toxicity, we have selected photocata-
Iytic dye degradation with Cu NPs. In this experimental process,
25 mg of the generated catalysts was dissolved in 50 mL of dye
solution (20 mg L™ "). Later catalysts containing dye solution
were exposed to the visible light by using a photoreactor
(Annular type-250 W tungsten lamp) for 3 hours. During light
irradiation, 1.5 mL of dye solution was collected at fixed intervals
of time from the photoreactor for intensity measurement with a
UV-Visible spectrophotometer (Systronics-2203double beam spec-
trophotometer). The maximum absorbance for MB & RB was
663 nm and 545 nm, respectively. The formula for calculating the
degradation efficiency is,
Co —
Co

C

Degradation efficiency (%) = x 100.

ey

where C, and C are the initial and variable intensities of the dye
molecules, respectively, and the treated sample was centrifuged
following the first cycle to finish the stability study, cleaned with
acetone and water, and dried at 80 °C.***” Additionally, to
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Fig. 2 Illustration of the detailed steps of the Cu NP synthesis method.

determine the true depolluting rate, the following first-order
kinetic investigation was conducted as follow as,

~In (é) =kt @)

where k (min~") is the rate of reaction constant and ¢ (min) is
time.*®*° The photocatalytic research was conducted in a photo-
reactor with visible light and the light intensity was measured
with a Digital Lux meter. As a result, the average light intensity
was 0.80 x 10° lux, computed at 30-minute intervals.

3. Results & discussion

3.1. Characterization of MD Cu-NPs

The XRD analysis of the synthesized Cu NPs reveals a face-
centered cubic (FCC) structure, consistent with the standard
data (JCPDS 04-0836).>*>" The diffraction peaks at 43.3°, 50.4°,
and 74.1° correspond to the (111), (200), and (220) planes,
respectively, indicating a high degree of crystallinity (shown
in Fig. $1).>%°>® The absence of impurity peaks (CuO/Cu,0)
confirms the pristine phase of the nanoparticles, suggesting
that the tartaric acid reduction method employed in this study
is effective in producing pure Cu NPs.>** The effectiveness of
tartaric acid as a reducing and capping agent is evident in the
XRD results, which show no signs of oxidation or impurities.

We observed remarkable stability of our synthesized Cu NPs
against oxidation in air. To evaluate their stability, 1 g of the Cu
NPs was exposed to air for a short duration (2 min) and then
stored for 45 days, followed by a brief air exposure before
sealing the vial. XRD analysis (Fig. S1) after 45 days revealed
the exceptional stability of the Cu NPs. This can be attributed to
the capping of Cu NPs with tartaric acid during synthesis,
which likely prevented extensive oxidation.

The observed XRD data of the prepared Cu nanoparticles at
room temperature are refined using the Rietveld refinement
method with FullProf software (Fig. 3(a)). The data is refined by
assuming the space group Fm3m and a cubic crystal structure.

9578 | Mater. Adv, 2025, 6, 9575-9589

The observed lattice parameters and the Rietveld refined para-
meters are given in Table 1. From the refinement of the
observed data, there are no external impurities present in the
prepared material, indicating high-purity single-phase cubic
nanoparticles.’®*” To estimate the crystallite size of the Cu
nanoparticles, the Debye-Scherrer formula is used.

K
" fcosh

where k ~ 0.89 is the shape factor, 1 = 0.1542 nm is the
wavelength of Cu Ka radiation, f is the full width at half
maxima (FWHM) of the peak and 0 is the Bragg’s angle. The
calculated crystallite size is given in Table 1.

The FTIR spectrum of the synthesized Cu NPs reveals
distinct vibrational bands corresponding to the functional
groups of tartaric acid, confirming its role as an effective
capping and stabilizing agent. As shown in Fig. 3(b), prominent
bands at 3426 cm ™%, 2930 cm ™!, and 2854 cm ™' are attributed
to O-H and sp® C-H stretching vibrations, while the strong
band at 1625 cm™ " corresponds to the C=O stretching of
carboxylic acid or carboxylate groups. Additional bands at
1361 em ' and 1022 cm™ ' are assigned to C-O-C bending
and C-O stretching vibrations, respectively.**>* These features
are consistent with tartaric acid adsorption on the nanoparticle
surface, forming a protective organic shell. Importantly, no
absorption bands are observed in the region of 500-650 cm ™',
which typically indicates Cu-O bond vibrations associated with
copper oxides (CuO or Cu,O). This absence of oxide-related
bands strongly suggests that the nanoparticles are predomi-
nantly metallic copper with no significant formation of
oxides.*® Compared with literature reports, the observed spec-
trum closely matches those of pure Cu NPs capped with organic
acids and clearly differs from CuO or Cu,O nanoparticles,
which exhibit strong metal-oxygen bond vibrations in the
low-frequency region. Thus, the FTIR analysis, in conjunction
with supporting XRD, confirms the successful synthesis of
phase-pure, metallic Cu NPs with long-term stability.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Comprehensive characterization of the synthesized CuNPs: (a) XRD patterns of Cu NPs immediately after synthesis and after 45 days. (b) FTIR
spectrum. (c) Raman spectrum. (d)—-(g) XPS survey spectrum identifying Cu, O, and C elements in the sample. (h) UV-Visible absorption spectrum. (i) Tauc

plot for bandgap evaluation.

Table 1 Refined crystallographic parameters and crystallite size of Cu
nanoparticles obtained from Rietveld analysis of the XRD data. (R, (profile
residual), Rwp (weighted profile residual), GoF (goodness of fit), %2 (Chi-
square): statistical indicator of fit, crystallite size (nm)

Lattice parameters Crystallite
(a=b=¢ R, Rup GoF Ve size (nm)
3.6151(2) 10.7 16.2 1.6 2.44 32

The Raman spectrum of the synthesized Cu NPs reveals two
prominent peaks at 1369 cm™' and 1585 cm ™', which are
attributed to the vibrational modes of surface-bound organic
groups derived from tartaric acid (as shown in Fig. 3(c)). The
peak at 1369 cm™ " corresponds to symmetric C-C stretching,
while the 1585 cm ™' band is indicative of C=0 or aromatic-
type C—C stretching, both of which are characteristic of
carboxylate and hydroxyl functionalities present in tartaric acid
molecules.’® These features confirm the successful surface
functionalization of Cu NPs by tartaric acid, which acts as a
capping and stabilizing agent. Importantly, no significant
peaks are observed in the low-wavenumber region between

© 2025 The Author(s). Published by the Royal Society of Chemistry

200 and 700 cm™*

Cu-O vibrational modes typically appear in the CuO and Cu,O
nanoparticles.”>® This absence of Cu-O signals strongly sup-
ports the conclusion that the synthesized nanoparticles are
predominantly metallic copper, free from oxide contamination.

The XPS studies of the synthesized Cu NPs were performed
to determine the elemental composition and the chemical
state. The results are depicted in Fig. 3(d)-(g). The survey
spectra in Fig. 3(d) revealed the presence of Cu2p, Ols, and
C1s. The deconvolution of the Cu2p spectrum in Fig. 3(e)
showed that core level photoelectrons appear at BE of
932.5 eV and 934.7 eV corresponding to Cu(0) 2ps/, and Cu(i)
2pay, respectively, along with the satellite peak at 943.4 eV.*'
The additional two other peaks are attributed to Cu(0) 2p,,, and
Cu(u) 2py,, photoelectrons that appear at binding energies of
952.45 eV and 954.4 eV, respectively, along with an associated
satellite peak at 962.6 eV. The Cu(0) 2ps/, and Cu(0) 2p,,, peaks
show a narrow FWHM of 1.7, confirming the successful for-

, particularly around 280-630 cm ™', where

mation of Cu metallic nanoparticles.’> Relative atomic% for
Cu(0) vs. Cu(u) has been calculated from the area of the peaks,
and the results are 80:20, respectively. The Cu 2p;z, and Cu

Mater. Adv,, 2025, 6, 9575-9589 | 9579
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2py1s2, are well-separated with spin-orbit coupling of ~20 eV.
The shakeup satellite peaks are attributed to the 3d-4s transi-
tion during the ejection of 2p photoelectrons.®® These XPS data
confirm the successful formation of Cu metallic nanoparticles,
which is also in agreement with the PXRD data. The C 1s and
O 1s spectra, as shown, are attributed to C-O, C=0, C-C, and
C-H from the capping agent tartaric acid, which also agrees
well with FTIR data.

The UV-Visible spectrum of the synthesized Cu NPs exhibits
a prominent surface plasmon resonance (SPR) absorption band
centered at 549 nm, indicating the formation of metallic Cu
NPs (shown in Fig. 3(h)). This SPR peak is a signature of
collective oscillation of conduction electrons in response to
incident light and is characteristic of nanoscale metallic cop-
per, typically observed in the 540-580 nm range.*®®*®> The
band of Cu NPs was calculated using the Tauc plot from UV-Vis
spectroscopy measurements (Fig. 3(i)). The calculated band gap
was found to be 1.69 eV. It is well-known that colloidal Cu NPs of
~10 nm exhibit well-defined SPR bands at around 555 nm,
attributed to dipolar plasmon resonance, whereas oxidized cop-
per forms (Cu,O and CuO) exhibit broad, featureless absorptions
either in the UV or near-IR region without such distinct SPR
features.®* The location and sharpness of the SPR band in our
spectrum indicate high crystallinity, minimal surface oxidation,
and a relatively narrow size distribution of the particles.
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In the green synthesis approach described by Issaabadi et al.
Cu NPs synthesized using Thymus vulgaris extract exhibited SPR
peaks at approximately 560-570 nm, with a slight red shift
attributed to a larger particle size and partial surface
oxidation.®® Similarly, Suramwar et al reported that pure,
starch-capped metallic Cu NPs prepared under ambient condi-
tions exhibited SPR bands at 590 nm, while emphasizing that
this absorption shifts to higher wavelengths in the presence of
oxidation or aggregation.®” Compared to these, our Cu NP peak
at 549 nm is slightly blue-shifted, which suggests a smaller
average particle size, reduced aggregation, and better resistance
to oxidation, likely due to the effective capping action of tartaric
acid in our method.®®®® The absence of any secondary peaks in
the UV region (~ 300-400 nm) further rules out the presence of
Cu,O or CuO impurities, which typically exhibit characteristic
interband transitions in that region.”®

3.2. Morphological studies

TEM images have shown the size and distribution of the
particles (Fig. 4(a) and (b)). It’s revealed that the spherical
nanosized particles and relatively narrow size distribution with
a normal morphology are present in the sample. The majority of
the nanoparticles observed in the micrographs are nearly sphe-
rical and well dispersed, with a mean particle size of 3 &+ 0.4 nm
(N =150) (Fig. 4(b)), where 3 is the mean size, 0.4 is the standard
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Fig. 4 Morphological and microstructural characterization of the synthesized Cu NPs. (a) TEM image of the isolated nanoparticles. (b) Particle size
distribution histogram. (c) High-resolution TEM (HRTEM) image of the Cu NPs. (d) Selected area electron diffraction (SAED) pattern.
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deviation, and N is the number of particles measured. The
particle size is observed by using Image] software, and the mean
size of the particles is shown in the histogram. The lattice planes
(111) and (200) are observed in the HR-TEM image (Fig. 4(c)),
which also supports the Cu phase of the sample. The diffraction
rings in the selected area electron diffraction (SAED) pattern
show that the crystalline phase of the nanoparticles is present in
the sample (Fig. 4(d)). The SAED pattern and lattice planes
display distinct diffraction rings, consistent with those of metal-
lic copper, further corroborating the XRD data.

The nitrogen adsorption-desorption isotherms and pore
size distribution analyses provide insight into the textural
properties of the synthesized Cu NPs. The isotherms shown
in Fig. 5(a) and (b) exhibit a gradual increase in adsorption
volume with rising relative pressure, followed by a more pro-
nounced uptake near P/P, ~ 0.9-1.0. This behavior is char-
acteristic of type IV isotherms, which are typically associated
with mesoporous materials. The presence of a hysteresis loop
between the adsorption and desorption branches further sup-
ports the mesoporous nature and suggests capillary condensa-
tion occurring within the pores at higher relative pressures.
Fig. 5(c) displays the Barrett-Joyner-Halenda (BJH) pore size
distribution derived from the desorption branch of the iso-
therm. The graph indicates that the pore volume is primarily
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concentrated in pores with radii ranging from approximately
2 to 20 nm, consistent with the definition of mesopores.
A secondary contribution is observed at larger pore radii,
possibly arising from interparticle voids or aggregations of
nanoparticles. Fig. 5(d) shows the cumulative pore volume plot,
indicating that the majority of the accessible pore volume is
contributed by smaller mesopores, with a steep initial rise
followed by a plateau as the pore radius increases. This profile
further highlights that the synthesized Cu NPs possess signifi-
cant nanoscale porosity.

Overall, the nitrogen adsorption-desorption analysis con-
firms that the Cu NPs prepared via tartaric acid-mediated metal
displacement exhibit mesoporous textural characteristics, pro-
viding a high surface area and pore volume that are beneficial
for applications such as catalysis and adsorption-based pro-
cesses. The surface area of Cu NPs was found to be 7.7 m*> g~ *.”*

Photocatalytic activity studies. The photocatalytic efficiency
of the Cu NPs depends on their narrow bandgap, tunable
electronic properties, and ability to generate ROS. This study
highlights the role of Cu NPs in degrading organic pollutants
under visible light. Surface morphology, including size, shape,
porosity, and crystallinity, significantly affects light absorption
and charge dynamics. Smaller Cu NPs, with higher surface area,
offer more active sites for dye degradation, as confirmed by
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Fig. 5 BET analysis of the synthesized Cu NPs. (a) Absolute isotherm. (b) Isotherm in normalized form. (c) Barrett—Joyner—Halenda (BJH) pore size

distribution. (d) The cumulative pore volume plot.
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TEM analysis. Moreover, the Cu’/Cu’ redox cycle plays a key
role in electron shuttling, boosting ROS generation and overall
photocatalytic efficiency.”?

Fig. 6(a) and (b) present the UV-Vis spectra of MB dye and RB
dye after 180 minutes of catalytic treatment. A gradual
reduction in the main absorption peaks was observed, indicat-
ing the breakdown of key chromophore groups responsible for
dye coloration. Likewise, the prepared Cu NP photocatalytic

View Article Online
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studies were examined against the RB dye solution. The effi-
ciency plot (C/C,) of the MB dye and RB dye solution is
represented in Fig. 6(c). The efficiency plot describes the Cu
NPs, which showed the maximum degrading ability. The
degradation efficiencies of Cu NPs were 88.1%, respectively.
These findings highlight the superior photocatalytic perfor-
mance of Cu NPs. Under the same conditions, the degrading
efficiencies of the Cu NPs were 97.9% (Fig. 6(d)).
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Fig. 6 Photocatalytic degradation by Cu nanoparticles: (a) MB, (b) RB, (c) efficiency plot (C/Co), (d) degradation efficiency, and (e) degradation kinetic

study of MB and RB dye.
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Table 2 Dehydration parameters of Cu NPs against RB and MB dye
solution

Name Concentration
S. ofdye of dye solution Light Degradation K
no. solution (ppm) source efficiency (%) (min~') R®
1 RB 20 Visible 97.9 0.043 0.99
2 MB 20 Visible 88.1 0.026 0.92

Fig. 6(e) clearly illustrates the kinetic study of the degrada-
tion process, confirming that it follows first-order kinetics.
While catalyst concentration plays a crucial role in enhancing
photocatalytic activity, an excessive amount can hinder light
absorption, thereby limiting efficiency. The corresponding
pseudo-first-order rate constants (k) were 0.043 min~' (R> =
0.99) for RB and 0.026 min~* (R* = 0.92) for MB and shown in
Table 2.7%7°

3.3. Photodegradation of a dye mixture

Fig. 7(a) and (b) represents the study of the photodegradation
of a mixture of MB and RB using Cu NPs, demonstrating the
efficient catalytic activity of Cu-based nanomaterials in the
degradation of organic dyes under visible light irradiation.
The experiments were conducted on the solution mixture with
samples taken at every 30 min interval. After 180 minutes of
light irradiation, the UV-Vis spectrophotometric analysis con-
firmed a progressive reduction in absorbance at -max 663 nm
(MB) and 545 nm (RB), indicating effective dye degradation. Cu
NPs significantly improved the degradation of MB and RB due
to their LSPR effect, which enhances light absorption and
electron transfer.’*”” In the mixed dye degradation study,
potential spectral interference between MB and RB was care-
fully considered. As shown in Fig. 7(a), both dyes exhibit strong
absorbance in the visible region, MB at approximately 663 nm
and RB at 545 nm, leading to partial spectral overlap in the
UV-Vis absorption spectra. To accurately monitor the degrada-
tion of each dye, their characteristic absorption maxima
(663 nm for monomeric MB and 545 nm for RB) were indepen-
dently tracked throughout the photocatalytic process.”® These

View Article Online
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wavelengths were selected for their minimal overlap and high
sensitivity to concentration changes. In cases of slight overlap,
spectral deconvolution was carried out using baseline correc-
tion and absorbance subtraction techniques to isolate and
quantify the individual contributions of each dye. This
approach enabled a precise evaluation of the degradation
efficiency, as illustrated in Fig. 7(b), for the mixed dye system.
Cu NPs offer a promising, cost-effective, and environmentally
friendly approach for the photodegradation of MB and RB,
paving the way for their application in large-scale wastewater
treatment and environmental remediation.

3.4. Role of active species

When exposed to visible light, photons are absorbed by the
photoactive catalyst, which creates electron-hole pairs as
charge carriers. These charge carriers facilitate the production
of reactive oxygen species (ROS), which play a critical role in
photodegradation.”®*® Typically, three types of ROS are gener-
ated, and it is essential to identify and control the dominant ROS
responsible for the degradation mechanism.®' Scavenger experi-
ments were conducted to elucidate the photodegradation path-
way of dyes over the Cu NP catalyst, providing valuable insights
into the specific ROS involved and their contributions to the
degradation process. The scavenger reagents ethylenediaminete-
traacetic acid (EDTA), methanol, and p-benzoquinone (BQ) are h*
scavengers, *OH scavengers, and O,°  scavengers, respectively.
They were included in the reagent to inhibit the action of h',
*OH, and O,°". Fig. 8(a)-(c) illustrates the percentage degrada-
tion in the presence of various scavengers. The scavenger studies
revealed that adding BQ and EDTA significantly suppressed the
degradation efficiency of both dyes, indicating their role in
quenching specific reactive species of superoxide radical and
hole involved in the photodegradation process.®> The structure
and morphology of the catalyst are critical factors influencing its
performance under visible light illumination. In this study, the
Cu NPs resulted in enhanced visible light absorption and an
increased number of surface-active sites, which collectively con-
tributed to the improved degradation efficiency of MB and RB
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dyes. Furthermore, the reusability of the Cu NP catalyst was
reviewed over five consecutive cycles, as shown in Fig. 8(d),
demonstrating its stability and potential for practical applica-
tions in wastewater treatment. But, this minor drop is attributed
to catalyst loss during recovery and accumulation of intermedi-
ate products on the surface.

The photocatalytic mechanisms are as mentioned below,

(i) Production of excitons

80,83

Cu NPs + hv — h" (VB) + e~ (CB) (3)
(ii) Hydroxyl radical generation

OH™ +h" - OH* (4)
H,0+h" - OH* + H' (5)

(iif) Superoxide radical generation
O, +e” — 0, (6)

(iv) Degradation of dye molecules
Dye + OH*+ O,°~ — Degradation products (7)

The Cu NPs act as efficient photocatalysts in the degradation
of organic dyes like MB and RB due to their ability to generate
ROS. Primarily, the Cu NPs, when exposed to light, promote

9584 | Mater. Adv., 2025, 6, 9575-9589

electron transfer to oxygen, generating superoxide radicals and
0,°" initiates dye degradation by attacking conjugated struc-
tures in MB and RB. Superoxide anion radicals are highly
reactive and break down dye molecules into smaller, less
harmful fragments. They attack aromatic rings and chromo-
phores, leading to the loss of color in the MB and RB solutions.
Cu NPs adsorb dye molecules, facilitating direct electron trans-
fer (DET), which leads to the breakdown of dye molecules via
reductive cleavage. Rough or mesoporous Cu NPs provide more
defect sites, which can act as traps for charge carriers, reducing
electron-hole recombination. The crystallographic facets of Cu
NPs impact their reactivity and electron transfer properties,
which improve visible-light absorption and photocatalytic eftfi-
ciency. Fig. 9 shows the schematic diagram and the possible
degradation mechanism of the photocatalytic dye degradation.
Furthermore, Table 2 presents a comparative summary of
recently reported Cu-based photocatalysts, highlighting their
degradation efficiencies for dye degradation.

The degradation products of the MB and RB dyes were
investigated using LC-MS analysis.*®* As shown in Fig. 10,
UV-Vis chromatographic results of MB dye revealed a prominent
peak at 11.873 min before treatment, confirming the presence of
intact MB. After photocatalysis, this peak significantly dimin-
ished, with new peaks emerging at 4.323, 12.068, 13.714, and
28.747 min, indicating the formation of intermediate and final

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 Schematic diagram and possible degradation mechanism of the photocatalytic dye degradation.

degradation products. Furthermore, total ion chromatograms
(TIC) from LC further support this observation. Prior to treat-
ment, major peaks at 11.933, 11.123, and 10.109 min, along with
27.295 and 29.099 min, correspond to undegraded MB species.
Post-treatment spectra showed the disappearance of these peaks
and the appearance of new signals at 11.490, 12.091, and
15.751 min, confirming effective degradation and partial miner-
alization. Mass spectra analysis (Fig. S2) also support this con-
clusion. A dominant peak at m/z = 743.5 (RT = 11.123 min) in the
untreated sample corresponds to intact MB or its dimer/adduct
form. After photocatalysis, this peak disappears, and new low-
mass fragments at m/z = 122.10, 143.10, 204.10, and 259.10
appear, representing oxidative degradation products. These
changes confirm the breakdown of MB into smaller species and
the high efficiency of the photocatalyst in dye degradation.
Similarly, the photocatalytic degradation of RB dye was
systematically investigated using LC-MS analysis. As shown in

© 2025 The Author(s). Published by the Royal Society of Chemistry

Fig. S3, the total ion chromatogram (TIC) before treatment
exhibited sharp and prominent peaks at 10.09, 11.11, 26.183, and
29.19 min, which are attributed to the intact RB and its associated
species. After photocatalytic treatment, these peaks were signifi-
cantly reduced. New peaks emerged at 2.175, 3.625, 25.704, and
29.108 min, indicating the formation of intermediate degradation
products and partial mineralization of RB. Mass spectral analysis
further validates this transformation (Fig. S4). Prior to degrada-
tion, a strong peak at m/z = 701.5 (RT = 11.109 min) was observed,
corresponding to intact RB molecules. Additionally, signals at
m/z = 340.4 and 679.5 support the presence of unaltered dye
species. Post-photocatalysis, these characteristic peaks vanished,
and new fragment ions appeared at m/z = 163.2, 201.1, 259.1,
284.4, 369.3, and 473.3. These low-mass ions are indicative of
oxidative cleavage and breakdown of RB molecules into smaller
organic fragments. Overall, the disappearance of the parent dye
peak and the formation of distinct lower-mass fragments confirm

Mater. Adv., 2025, 6, 9575-9589 | 9585
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Fig. 10 LC-MS analysis of methylene blue (MB) dye before and after photocatalytic degradation.

Table 3 Comparison of the photocatalytic activity of the Cu NPs for various dyes

Volume of  Catalyst Light Time duration

Catalyst Dye dye. (mL)  conc. (mg) source (min) Efficiency (%) Ref.
CuO Methylene blue 10 10 Sun light 135 92 86
Cu NPs Direct blue 100 100 Sun light 300 91.53 87
Cu-TiO, Methylene blue 60 10 Visible 120 99 88
Ag,5-Cuys Methylene blue 48 10 Visible 70 70 89
Cu NPs Methylene blue 40 10 Sun light 120 81 87
KA®@CP-S Rose bengal 25 40 Room light 150 76.1 90
5%Zr-CuFe,0O Rose bengal 100 100 Visible 120 88 91
CuO Rose bengal 10 10 uv 120 92 92
Cu NPs Methylene blue, (RB-MB) 50 25 Visible 180 88.08, 97.86 & 79.22-84.62  This work

the successful photocatalytic degradation of RB dye and highlight
the efficiency of the employed photocatalyst in breaking down
complex dye pollutants. The detailed comparison of the photo-
catalytic activity of the Cu NPs for various dyes is presented in
Table 3.

4. Conclusions

In summary, this study demonstrates a clean, low-cost, envir-
onmentally friendly, and efficient strategy for synthesizing pure
metallic Cu NPs using tartaric acid-assisted metal displacement
with aluminum under mild aqueous conditions. The resulting
nanoparticles exhibit uniform nanoscale dimensions, sharp
crystallinity, and exceptional stability against oxidation, as
confirmed by comprehensive structural and surface analyses.
Their strong localized surface plasmon resonance and high
surface area enable excellent photocatalytic performance,
achieving rapid and efficient degradation of organic dyes under
visible light irradiation. In particular, the synthesized Cu
nanoparticle photocatalyst exhibited high photocatalytic effi-
ciency under visible light, achieving 97.9% degradation of rose
bengal (k = 0.043 min~ ') and 88.1% for methylene blue
(k = 0.026 min~ "), confirming its strong activity and favorable

9586 | Mater. Adv., 2025, 6, 9575-9589

kinetics. LC-MS analysis confirmed the successful photocataly-
tic degradation of both methylene blue (MB) and rose bengal
(RB) dyes. Disappearance of the parent dye peaks and emer-
gence of low-mass fragments indicate complete breakdown and
formation of intermediate degradation products. The unique
combination of structural purity, oxidation resistance, and
catalytic activity underscores the potential of these Cu NPs as
sustainable materials for advanced wastewater treatment and
environmental remediation applications.
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