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The discharge of toxic Cr(v) into water presents environmental health hazards, requiring efficient,
sustainable photocatalysts for its reduction to Cr(). In this work, a simple, environmentally friendly
solvent-free solid-state route was developed to synthesize CuO-Cu,O-Cu heterostructures, where the
novel use of solid ascorbic acid (AA) as a green reductant enables both the solid-state formation of Cu
species and controlled reduction of CuO to Cu,O and Cu by adjusting the AA amount. Structural
analyses confirmed the coexistence of Cu, Cu,O, and CuO phases, while FESEM and HRTEM revealed
cavity-like core-shell architectures with dense heterointerfaces facilitating charge transfer. The
optimized CuO-A1.1 showed a narrower band gap (1.42 eV vs. 1.67 eV for CuO) and a higher Cu*/Cu?*
ratio with oxygen vacancies, boosting its photocatalytic performance. The photocatalytic detoxification
of Cr(vi) under visible light showed that all heterostructures were active. The CuO-Cu,O-Cu sample
prepared by reducing 1 g of CuO with 1.1 g of ascorbic acid (CuO-Al.1l) was the most efficient. It
achieved complete Cr(vi) reduction within 30 min. Its pseudo-first-order rate constant was 0.1036 min?,
which is nearly 50 times higher than that of pristine CuO (0.0021 min~%). OFAT screening identified pH,
Cr(vi) concentration, and catalyst dosage as key factors. One-way ANOVA with Tukey's test showed that
pH (F = 762.06, p < 0.0001, R*> = 0.9965) and concentration (F = 92.46, p < 0.001, R> = 0.97)
significantly affected reduction efficiency, while catalyst dosage showed no significant effect (p > 0.05).
Levene's test confirmed variance homogeneity, validating the results. Radical scavenging confirmed

electrons and ‘O, as key reactive species. Post-reaction XPS analyses and EPR measurements verified
Received 26th November 2025

Accepted 22nd January 2026 the proposed mechanism in which interfacial charge transfer among Cu, Cu,O, and CuO promotes

electron migration and suppresses recombination. These establish  CuO-Cu,O-Cu
heterostructure photocatalysts for Cr(vi) reduction and provide mechanistic insights into phase—-function
relationships in copper oxide.
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manufacturing sectors,” and metal processing.® Unlike organic
pollutants, heavy metals are non-biodegradable and persis-
tently accumulate in ecosystems," infiltrating food chains and

1 Introduction

In recent decades, rapid industrialization and economic growth

have led to increasingly severe environmental contamination.
Industrial activities release large volumes of wastewater con-
taining heavy metals into aquatic systems, causing water scar-
city and contamination."” The treatment of hazardous
wastewater containing heavy metals presents a major challenge
for environmental protection.>* Heavy metal pollution poses
global threats to both aquatic ecosystems and human health,*

originating  primarily  from industrial ~ processes,®
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concentrating at higher trophic levels.” Among these, chro-
mium (Cr), especially hexavalent chromium (Cr(vi)), is a notable
industrial contaminant due to its high solubility and mobility,
which facilitates membrane penetration,'*'* rendering it ~100
times more toxic than trivalent chromium (Cr(m))."> Conse-
quently, converting Cr(vi) to Cr(m) is essential for mitigating
chromium pollution.*®

Various strategies, including chemical reduction, ion
exchange, bacterial degradation, and adsorption, have been
employed for Cr(vi) remediation."*** However, these approaches
can be costly and may produce secondary pollution,"” high-
lighting the need for eco-friendly, efficient, and practical water
treatment methods. Photocatalysis has emerged as a promising
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solution due to its strong redox capability and lack of secondary
pollution.” In particular, nanomaterial-based photocatalysts
offer simplicity, cost-effectiveness, and high efficiency for water
purification.' Semiconductor photocatalysts that utilize light to
generate photogenerated electrons and reactive oxygen species
at room temperature can effectively reduce highly toxic Cr(vi) to
less hazardous Cr(m).>*** Transition metal oxides (TMOs) such
as TiO,, ZnO, WO;, CuO, and Cu,O have been extensively
investigated for photocatalytic environmental remediation
owing to their variable oxidation states, chemical stability, and
ability to generate reactive species under light irradiation.**?**
Copper-based oxides, specifically CuO and Cu,O, are gaining
attention due to their advantageous properties, such as narrow
band gaps (1.6-2.3 eV),>* low cost, and strong visible-light
absorption.”® These characteristics enable their effective use
in solar energy applications and catalysis.>* The dynamic redox
interconversion between Cu®**, Cu’, and Cu® states enhances
their catalytic versatility, making them suitable for various
reduction and oxidation reactions.***” However, copper oxides
also face significant challenges that hinder their long-term
efficiency. Key issues include photo-corrosion, rapid electron-
hole recombination, and structural instability under prolonged
illumination.?® These factors limit their practical applications in
photocatalysis, necessitating innovative strategies to enhance
their performance.”** Combining two or more phases with
differing band gaps can enhance photocatalytic efficiency by
improving charge separation and broadening the photoexcita-
tion range.*»** CuO/Cu,O heterostructures, in particular,
demonstrate enhanced visible-light photocatalytic activity** and
are typically prepared via thermal or chemical oxidation of
metallic Cu.>**” However, oxidation-based methods, such as
calcination-induced Cu,O/CuO composites, provide limited
control over phase composition and interfacial architecture
because temperature fluctuations can affect phase ratios and
photocatalytic behavior.*®

Recently, controlled reduction strategies have emerged as
more versatile approaches for heterojunction construction.
Kumar et al. reported CuO-Cu,O-Cu nanocomposites prepared
via controlled reduction, yielding multi-phase systems with
internal heterojunctions that enhanced photocatalytic H,
evolution and dye degradation.** Similarly, CuO-Cu,0-Cu
heterostructures produced via chemical precipitation and
glucose-mediated reduction exhibited improved hydrogen
generation.” Despite numerous studies on CuO and Cu,O
photocatalysts, most reported synthesis methods rely on wet-
chemical or hydrothermal techniques that require controlled
atmospheres, surfactants, or complex multistep procedures.
These methods often provide limited control over the Cu®/Cu*/
Cu®" balance and interfacial architecture, which are critical for
optimizing charge separation. Starting with CuO and selectively
reducing it to Cu,O or metallic Cu offers a more predictable and
controllable pathway for phase evolution but remains under-
explored. Solid-state approaches for such transformations are
especially appealing, offering straightforward, solvent-free, and
potentially scalable alternatives to wet-chemical methods.

To the best of our knowledge, this study addresses the envi-
ronmental challenge of toxic Cr(vi) contamination by developing
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efficient photocatalysts for its reduction to Cr(m). Copper-based
semiconductors (CuO, Cu,O) were selected for their low cost
and visible-light activity. CuO-Cu,O-Cu heterostructures were
engineered using a green, ascorbic acid-mediated solid-state
reduction method that enables precise control of phase compo-
sition and particle size. Compared with conventional hydro-
thermal or wet-chemical synthesis routes, the ascorbic acid-
mediated solid-state method developed in this work is environ-
mentally benign, solvent-free, and energy-efficient. It enables
precise phase control and high-yield synthesis of CuO-Cu,0-Cu
heterostructures using a green reductant, providing a scalable
pathway for sustainable photocatalyst fabrication. Comprehen-
sive characterization (XRD, FTIR, XPS, SEM, TEM, and UV-Vis
DRS) was employed to elucidate phase evolution and band gap
tuning associated with stepwise reduction. Photocatalytic activity
toward Cr(vi) reduction under visible light was systematically
evaluated, including recyclability studies to assess stability. Post-
reaction XPS and XRD analyses provided direct evidence of
structural and surface changes during catalysis, while theoretical
band position calculations and EPR measurements supported
the proposed charge transfer mechanism.

2 Experimental and analytical
methods
2.1 Materials

All chemicals used in this study were of analytical grade and used
without further purification. Copper nitrate (Cu(NOs),-3H,0O
=99%), citric acid (C¢HgO; =99%), ethylene glycol (C,HeO,,
99.8%), ascorbic acid (AA) (C¢HgOs =99%), 1,5-diphenylcarbazide
ACS reagent (DPC), and potassium dichromate (K,Cr,O; =99%)
were purchased from Sigma-Aldrich. Hydrochloric acid (HC,
32%) and sodium hydroxide (NaOH =98%) were obtained from
Merck. Methanol (CH;0H = 99%) was obtained from Piochem.
Deionized (DI) water was used in all preparation and processing
steps. All chemicals were stored in airtight containers at room
temperature in a dry environment. Glassware was cleaned with
1 M HNO; and rinsed with DI water before use.

2.2 Synthesis of pristine CuO

Pristine CuO was synthesized by a Pechini route with minor
modifications.** Copper nitrate, ethylene glycol, and citric acid
were combined in a 1:4 molar ratio and stirred at room
temperature until homogeneous. The viscous solution was
heated to 100 °C for 3 h to form a polymeric gel; the gel was
dried at 110 °C for 12 h to remove volatile components and then
calcined in air at 400 °C for 6 h (heating rate 5 °C min™"). The
dried calcined powder was ground and stored in a desiccator.

2.3 Synthesis of CuO-Cu,0-Cu heterostructures

CuO-Cu,0-Cu heterostructures were prepared by a solid-state
ascorbic acid-mediated reduction process (Scheme 1). In
a typical procedure, 1.0 g of CuO powder was mixed thoroughly
with different amounts of ascorbic acid (0.2, 0.5, 0.8, and 1.1 g)
using a mortar and pestle for 30 min to ensure homogeneity,
then transferred to a ceramic crucible under an air-limited

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Schematic illustration of the synthetic route. (a) Preparation of phase-pure CuO nanoparticles by the Pechini route. (b) Subsequent
formation of CuO-Cu,O-Cu heterostructures via the ascorbic acid-mediated solid-state reduction of CuO by varying the ascorbic acid weights.

environment (ceramic crucible covered with a lid) and calcined in
air at 350 °C (5 °C min~' ramp) for 1 h. After calcination, the
powders were washed sequentially with water and ethanol several
times using vacuum filtration to remove soluble by-products,
then dried at 70 °C for 12 h and stored in a desiccator. Reac-
tion atmosphere was nominally air, but the local microenviron-
ment during AA decomposition is reducing due to CO/CO,/H,0/
CH, evolution, which enables partial reduction without an inert
gas (as described in detail in Section 3.1.2). The final samples
were designated as CuO-A0.2, CuO-A0.5, CuO-A0.8, and CuO-
A1.1, corresponding to the CuO/ascorbic acid ratios. The solid-
state reduction process exhibited high recovery, with yields
ranging from 91% to 98% depending on the ascorbic acid
content. The detailed yield values are presented in Table S2 (SI).
The chemical rationale for the solid-state reduction (CuO —
Cu,0O — Cu) is reported in detail in Section 3.1.2 (reaction
pathway and mechanism of CuO-Cu,O-Cu Formation). All
experiments were repeated three times, and the same yield and
phase evolution patterns were consistently observed, confirming
the reliability and robustness of the procedure. Full details
regarding the characterization, electrochemical impedance
spectroscopy measurements, and statistical analysis of the CuO-
Cu,0-Cu heterostructures can be found in the SIL

2.4 Photocatalytic reduction of Cr(vi)

The photocatalytic activity of the CuO-Cu,O-Cu hetero-
structures was evaluated by the reduction of Cr(vi) under visible-
light irradiation. Photocatalytic reduction experiments were
carried out at room temperature (25 + 1 °C) using a glass reactor
with an internal volume of 50 cm®. In a typical experiment,
20 mg of the synthesized photocatalyst was dispersed in 40 mL
of an aqueous Cr(vi) solution with a concentration of 25 mg L.
Methanol (1 mM) was added as a hole scavenger, and the pH =
2.5. To ensure uniform dispersion, the suspension was first
sonicated for 1 minute and then stirred at 500 rpm in the dark
for 30 minutes to establish adsorption-desorption equilibrium.
Illumination was provided by a visible LED lamp (2 x 15 W),
positioned approximately 20 cm above the reactor, corre-
sponding to an estimated light intensity of ca. 84 mW cm 2.
During irradiation, the suspension was continuously stirred to
maintain homogeneity. During irradiation, 3 mL aliquots were
withdrawn at regular time intervals, centrifuged at 5000 rpm for

© 2026 The Author(s). Published by the Royal Society of Chemistry

10 min, and the resulting supernatant was analyzed to deter-
mine the residual Cr(vi) concentration. To evaluate the influ-
ence of different parameters on photocatalytic performance,
a series of experiments was conducted by varying the initial
Cr(vi) concentration (15-45 mg L"), solution pH (2.5-8), and
photocatalyst dosage (20-50 mg). All experimental runs were
conducted in triplicate (n = 3) under each tested condition. In
this study, pH values of the reaction system were adjusted by
using HCI (1 M) or NaOH (1 M) solution. In addition, radical
scavenger tests were performed using isopropanol (IPA),
benzoquinone (BQ), and silver nitrate (AgNO;) to selectively
quench hydroxyl radicals ("OH), superoxide radicals (O, "), and
photogenerated electrons (e™), respectively,*” thereby providing
deeper insight into the active species governing the photo-
catalytic reduction of Cr(vi). The scavengers were added at a 20-
fold molar concentration relative to the initial Cr(vi) concen-
tration. Furthermore, recyclability experiments were carried out
over multiple consecutive runs, in which the catalyst was
recovered by centrifugation, thoroughly washed several times
with distilled water, dried, and reused under identical condi-
tions to evaluate its long-term stability and reusability.

2.5 Analysis of Cr(vi)

The photoreduction of Cr(vi) during the experiments was moni-
tored spectrophotometrically by the diphenylcarbazide (DPC)
colorimetric procedure,* where 0.5 mL of a filtered sample was
transferred to a 10 mL colorimetric tube, mixed with 1.5 mL of
0.25% DPC in acetone and 1 mL of 2 M H,SO,, and diluted to 5 mL
with distilled water. After a reaction time of 5 minutes, absorbance
was measured at 540 nm using a UV-vis spectrophotometer. The
photocatalytic efficiency was calculated as follows:

CO* Ct

S0 =S 100
G

Photoreduction efficiency(%) =

(1)

where Cj is the initial concentration, and C; is the concentration
after the photoreduction.

3 Results and discussion
3.1 Characterization of CuO-Cu,0-Cu heterostructures

3.1.1 XRD analysis. CuO-Cu,0-Cu heterostructures were
prepared via a solid-state ascorbic acid-mediated reduction of
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Fig. 1 XRD patterns (a) and FTIR spectra (b) of CuO, CuO-A0.2, CuO-A0.5, CuO-A0.8, and CuO-Al.l samples.

pristine CuO. By varying the ascorbic acid content from 0.2 to
1.1 g per gram of CuO, the relative proportions of CuO, Cu,0,
and metallic Cu could be systematically tuned, providing
a controllable pathway for heterostructure formation. The
crystalline structures of the resulting samples were analyzed by
X-ray diffraction (XRD) (Fig. 1(a)). The pristine CuO sample
exhibited sharp, well-defined diffraction peaks at 32.6, 35.7,
38.8,48.9, 53.5, 58.2, 61.6, 66.4, and 68.1°, corresponding to the
monoclinic phase planes (110), (002), (111), (202), (020), (202),
(113), (022), and (200), in agreement with standard JCPDS
data,* confirming the crystallinity of the synthesized material.
Upon gradual introduction of ascorbic acid, additional diffrac-
tion peaks emerged, indicating progressive reduction of CuO. At
low ascorbic acid concentration (CuO-A0.2), weak reflections at
43.3°, 50.6°, and 74.3° appeared, corresponding to the (111),
(200), and (220) planes of metallic Cu (JCPDS No. 04-0836),
confirming the onset of CuO reductionIncreasing the ascorbic
acid content (CuO-A0.5 and higher) led to the appearance of
Cu,0 peaks at 36.6° and 41.7°, corresponding to the (111) and
(200) planes of cubic Cu,O (JCPDS No. 05-0667). The coexistence
of CuO, Cu,0, and Cu phases confirms the successful formation
of CuO-Cu,0-Cu heterostructures, with their relative intensi-
ties evolving in direct correlation with the amount of reducing
agent. In the highly reduced CuO-A1.1 sample, Cu and Cu,O
peaks dominate, indicating extensive conversion of CuO into
reduced phases. Crystallite sizes were calculated from XRD peak
broadening using the Scherrer equation:

kA

b= B cos 0 )

where D is the average crystallite size, K = 0.9, A = 1.5406 A (Cu
Ka), 3 = FWHM, and 6 = Bragg angle. Characteristic reflections
were selected for each phase: CuO (002, 111), Cu,O (111, 200),
and Cu (111, 200). The calculated results are summarized in
Table 1.

The crystallite size trends (Table 1) illustrate a stepwise CuO
— Cu,O — Cu transformation. Pristine CuO exhibited large
coherent domains (~62 nm). Mild reduction (CuO-A0.2)
slightly increased the CuO crystallite size (~68 nm) and gener-
ated moderate-sized Cu (~50 nm), consistent with surface

6380 | RSC Adv, 2026, 16, 6377-6393

oxygen loss and Cu nucleation.*> At CuO-A0.5, CuO crystallites
shrank (~44 nm) while fine Cu,0 (~54 nm) and larger Cu (~56
nm) formed, indicating lattice disruption and nucleation-driven
growth. Intermediate reduction (CuO-A0.8) promoted coales-
cence, with Cu,0 (~84 nm) and Cu (~67 nm) growing signifi-
cantly, and CuO partially regrowing (~49 nm). In the most
reduced sample (CuO-A1.1), Cu remained large (~71 nm), Cu,O
decreased (~39 nm), and CuO further diminished (~37 nm),
suggesting consumption of Cu,O into metallic Cu. This evolu-
tion outlines a nucleation-growth-conversion sequence culmi-
nating in a Cu-dominant heterostructure. Overall, XRD analysis
confirmed a controlled solid-state reduction of CuO into Cu,O

Table1l Crystallite sizes of CuO, Cu,0O, and Cu phasesin CuO-Cu,0O-
Cu heterostructures determined by Scherrer analysis

Crystallite size

Sample Phase (hkD) 26 (°) average (nm)

Pristine CuO CuO (002) 35.59 62
CuO (111) 38.78

CuO-A0.2 Cu (111) 43.43 50.25
Cu (200) 50.60
Cuo (002) 35.59 68.4
CuO (111) 38.78

Cu0-A0.5 Cu (111) 43.43 55.54
Cu (200) 50.60
Cuo (002) 35.59 43.86
CuOo (111) 38.78
Cu,0 (111) 36.4 53.74
Cu,0 (200) 42.70

CuO-A0.8 Cu (111) 43.43 67.40
Cu (200) 50.60
Cuo (002) 35.59 48.61
CuO (111) 38.78
Cu,0 (111) 36.4 84.39
Cu,0 (200) 42.70

CuO-Al.1 Cu (111) 43.33 70.55
Cu (200) 50.43
CuO (002) 35.54 37.09
CuO (111) 38.73
Cu,0 (111) 36.47 39.34
Cu,0 (200) 42.41

© 2026 The Author(s). Published by the Royal Society of Chemistry
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and Cu phases, with phase composition systematically tuned by
the ascorbic acid content. The progressive shift in peak inten-
sities and variations in crystallite size evidenced a sequential
CuO — Cu,0 — Cu transformation, validating the successful
formation of CuO-Cu,O-Cu heterostructures.

To verify that the CuO — Cu,0 — Cu transformation orig-
inates solely from ascorbic acid, a control sample of pure CuO
was subjected to the same calcination treatment (350 °C, 1 h,
covered crucible) without any reducing agent. The XRD pattern
(Fig. S1) revealed only diffraction peaks corresponding to
monoclinic CuO, indicating no self-reduction or thermal
decomposition under these conditions. In contrast, the ascor-
bic acid-treated samples progressively exhibited Cu,O and Cu
reflections with increasing AA content (CuO-A0.2 — CuO-
A1.1), confirming that the reduction arises from the ascorbic
acid thermal treatment.

3.1.2 Reaction pathway and mechanism of CuO-Cu,O-Cu
formation. At 350 °C, ascorbic acid (AA) acts not as a classical
electron donor but as a solid precursor of reductive gases. The
transient CO and H, generated in situ extract oxygen from CuO,
while the carbonaceous residue maintains a locally reducing
atmosphere that suppresses re-oxidation of the reduced copper
species.

This temperature was deliberately chosen because it repre-
sents a balance between AA decomposition and CuO stability.
Thermogravimetric and TG-FTIR studies show that AA begins to
decompose at about 190-200 °C and continues up to ~400 °C
according to the literature,*® releasing CO, CO,, H,O, CH,, and
carbonaceous fragments capable of reducing metal oxides. In
contrast, CuO remains phase-stable when calcined alone at
350 °C for 1 h in air, as confirmed by XRD (Fig. S1). Therefore,
any phase evolution in CuO-Ax (x = 0.2, 0.5, 0.8, and 1.1 g AA)
mixtures must arise from redox interactions with the decom-
position products of AA rather than from the intrinsic thermal
instability of CuO. Upon heating, the generated gases react with
CuO surfaces through heterogeneous reactions. These pathways
lead to the stepwise reduction of CuO — Cu,O — Cu, driven by
the spatially variable reducing strength of the locally formed
gases.

The reduction strongly depends on the AA/CuO ratio. At low
AA loading (CuO-A0.2), the total amount of reducing gases is
small, but high local concentration at contact sites produces
limited Cu nuclei alongside unreacted CuO. Increasing AA
content (CuO-A0.5, CuO-A0.8) enlarges the reducing atmo-
sphere, promoting the growth of Cu,O and Cu phases. At the
highest AA dosage (CuO-A1l.1), the environment becomes
strongly reducing, yielding predominantly Cu and Cu,O with
minimal CuO.

Overall, the results demonstrate that AA decomposition
gases, not direct electron transfer, govern the reduction
sequence and phase composition. The controlled partial
reduction at 350 °C thus enables formation of a stable CuO-
Cu,0-Cu heterostructure, providing abundant interfaces
beneficial for charge transfer and photocatalytic activity. XRD
analysis provides clear evidence of this transition. The
progressive decreases the intensities of CuO peaks, and the
emergence of Cu,O and Cu reflections in the XRD patterns

© 2026 The Author(s). Published by the Royal Society of Chemistry
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indicates phase evolution with increasing ascorbic acid content.
Scheme S1 illustrates this sequential reduction pathway of CuO
depending on the AA/CuO ratio.

3.1.3 FTIR spectroscopy. The FTIR spectra (Fig. 1(b))
further support the structural evolution observed in XRD. Pure
CuO displayed strong absorption bands between 700-400 cm ™,
corresponding to Cu-O stretching vibrations in the monoclinic
phase.*” With increasing ascorbic acid concentration, these Cu-
O bands decreased in intensity, indicating progressive reduc-
tion of CuO. A characteristic absorption feature in the 1000-
400 cm ™! region was assigned to Cu-O-Cu and O-Cu-O link-
ages involving Cu®" and Cu" in their lattice sites.*® The peak
near 1630 cm™ ' was attributed to adsorbed water on the
nanostructured CuO surface. Interestingly, although XRD
analysis of the CuO-A1.1 sample revealed metallic Cu and Cu,O
as the dominant phases, its FTIR spectrum retained the signa-
ture of CuO. This apparent discrepancy can be explained by the
infrared inactivity of metallic Cu* and the relatively weak or
overlapping Cu-O vibrational modes of Cu,O. Moreover, the
stronger IR absorption of even small residual CuO fractions may
dominate the spectrum. Together, the XRD and FTIR analyses
confirm a controlled solid-state redox mechanism where
ascorbic acid acts as the sole reducing agent, yielding hierar-
chical CuO-Cu,O-Cu heterostructures.

3.1.4 XPS analysis. XPS analysis provided deeper insight
into the chemical states. The survey spectra of CuO-A0.5 and
CuO-A1.1 confirmed Cu and O as the major elements, with only
a minor C 1s peak from adventitious carbon used for charge
calibration (Fig. 2(a and b)). The high-resolution Cu 2p spectra
(Fig. 2(c)) showed clear differences between the samples. For
CuO-A0.5, the Cu 2p;), region was dominated by a peak at
~934.2 eV (Cu®" in CuO) with a weaker feature at ~932.2 eV
(Cu*/Cu®). The corresponding Cu 2p;, components were
observed at ~954.3 eV (Cu®*) and ~952.1 eV (Cu'/Cu°).
Pronounced satellite shake-up peaks at ~942.8 and ~962.8 eV
further confirmed the presence of Cu®" species.®®*' A peak at
932.5 eV (Cu 2pj3/,) was also observed, which may arise from
either Cu® or Cu", since these states cannot be distinguished
solely by binding energy.> In contrast, CuO-A1.1 exhibited
dominant low-binding-energy contributions (~932.5 and
~952.1 eV) characteristic of Cu*/Cu®, while Cu®>" peaks (~934.1
and 954.2 eV) and their satellites were significantly diminished.
This indicates that higher ascorbic acid loading led to extensive
reduction of CuO into Cu,O and metallic Cu. The O 1s spectra
(Fig. 2(d)) supported these assignments. In CuO-A0.5, two
components were resolved: a lattice oxygen peak at ~529.8 eV
(0> in Cu-O) and a higher-binding-energy feature at
~531.4 eV, attributed to surface hydroxyls, chemisorbed oxygen,
and vacancy-related species.”* For CuO-A1.1, the lattice oxygen
peak (~529.7 eV) dominated, with only a weak shoulder at
~531.3 eV, suggesting a lower density of oxygen vacancies and
a higher metallic Cu contribution. Overall, CuO-A0.5 exhibited
a Cu®"-rich surface with abundant oxygen vacancies, while
CuO-A1.1 was dominated by Cu*/Cu° species with fewer surface
oxygen states. This trend mirrors the XRD-determined reduc-
tion sequence (CuO — Cu,O — Cu) and correlates with the
optical response: CuO-A1.1 leverages plasmonic Cu and multi-
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interface charge transfer to enhance photocatalytic perfor-
mance, whereas CuO-A0.5 relies primarily on defect-assisted
trapping.

Along with XRD analysis, XPS analysis provides clear
evidence of this transition. The progressive disappearance of
CuO peaks and the emergence of Cu,O and Cu reflections in the
XRD patterns indicate phase evolution with increasing ascorbic
acid content. XPS Cu 2p spectra further confirm the reduction
process through the decreasing intensity of the Cu®" satellite
peaks and the simultaneous growth of Cu® and Cu’ compo-
nents. The O 1s spectrum also reveals the formation of oxygen
vacancies, which act as shallow electron traps, enhancing
charge carrier separation and migration across interfaces. The
combination of these structural and electronic transitions
results in a robust CuO-Cu,O-Cu heterostructure, where the
metallic Cu domains serve as electron mediators between CuO
and Cu,0, facilitating efficient charge transfer and suppressing
recombination. This synergistic interface coupling is key to the
high photocatalytic performance observed for Cr(vi) reduction.

3.1.5 SEM and TEM analysis. SEM analysis of CuO-A0.5
and CuO-A1.1 (Fig. 3(a, b), S2(a and b)) highlights the strong
influence of ascorbic acid concentration on the microstructure.
The FE-SEM images of CuO-A0.5 (Fig. 3(a) and S2(a)) show
broad, irregular flakes with thin, layered morphology. These
loosely assembled sheets form a porous framework with rough
textures and uneven edges, suggesting a high surface area
favorable for photocatalytic reactions due to the abundance of
exposed active sites.*® In contrast, CuO-A1.1 (Fig. 3(b) and S2(b))
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exhibited larger, rounded cavities and interconnected channels,
consistent with an expanded surface area that further enhances
photocatalytic efficiency.**** The EDX spectra (Fig. 3(c and d))
confirmed Cu and O as the main elements in both samples. A
noticeable increase in Cu peak intensity, accompanied by
a decrease in O signal from CuO-A0.5 to CuO-A1.1, reflects the
progressive reduction of CuO to Cu,O and Cu. Elemental
mapping (Fig. S2(c and d)) further demonstrated the uniform
distribution of Cu and O in both samples, while CuO-A1.1
exhibited localized Cu-rich domains, consistent with the coex-
istence of multiple Cu oxidation states in the heterostructure.

TEM analysis (Fig. 4 and S3) reveals that the ascorbic acid
concentration dictates the architecture of the reduced particles.
The CuO-A0.5 sample exhibits a distinct core-shell structure
with a dark CuO-rich core and a lighter shell of reduced phases
(Cu,0/Cu), as confirmed by SAED rings (Fig. 4(c and d)) corre-
sponding to all three phases. In contrast, the CuO-A1.1 sample
shows a more homogeneous contrast with SAED patterns
dominated by Cu and Cu,O, indicating near-complete reduc-
tion of the original CuO framework. This structural evolution
confirms that the ascorbic acid-mediated reduction proceeds
from the surface inwards, creating cavity-like architectures at
higher reductant loadings, which correlate with the enhanced
photocatalytic activity.

3.1.6 BET surface area and pore structure analysis. The N,
adsorption-desorption isotherms (Fig. 5(a)) confirm the meso-
porous nature of both pristine CuO and CuO-A1.1. Pristine CuO
exhibits a BET surface area of 19.41 m”* g~ !, while CuO-A1.1

Cu,0
(110) (111)
2.746 A 2.46A

cuo

Fig. 4 TEM images of CuO-AOQ.5 (a) and CuO-A1.1 (b), along with SAED patterns of CuO—-A0.5 (c) and CuO-A1.1 (d) samples.
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Fig. 5 N, adsorption—desorption isotherms (a), and BJH pore size distribution curves (b) of pristine CuO and CuO-A1.1.

shows a significantly higher value of 57.02 m* g~ . The BJH pore
size distribution (Fig. 5(b)) indicates that pristine CuO is
dominated by small mesopores, whereas CuO-Al.1 displays
a broader mesopore distribution with pore sizes mainly in the
ranges of 1.9-3.2 nm and 3.2-9.5 nm. These textural features are
consistent with the porous morphology observed in FESEM and
HRTEM and, together with improved interfacial charge transfer
in the CuO-Cu,0-Cu heterostructure, contribute to the
enhanced Cr(vi) reduction performance.

3.1.7 UV-vis diffuse reflectance spectroscopy (DRS). UV-Vis
diffuse reflectance spectroscopy was used to evaluate changes in
the electronic structure of the CuO-Cu,O-Cu heterostructures.
Compared with pristine CuO, the reduced sample CuO-A1.1
shows a gradual shift of the absorption edge (Fig. 6(a)), indi-
cating band-gap modification. The band gap energies were

estimated from Tauc plots according to eqn (3):**%”

(ahv) = A(hv — E,)? 3)

where « = absorption coefficient, # = Planck constant, A =
constant, v = frequency, E; = absorption band gap energy, and

n = one or four for direct and indirect band gaps. Band gap
values estimated from Tauc plots (Fig. 6(b) and S4) decrease
from ~1.70 eV for pristine CuO to ~1.40 eV for CuO-A1.1. This
band-gap narrowing is attributed specifically to the progressive
reduction of Cu”" in CuO to Cu’ (forming Cu,0) and Cu°
(metallic Cu), as confirmed by XRD and XPS (Fig. 1(a) and 2).
The formation of CuO/Cu,O heterointerfaces creates mid-gap
states, while plasmonic absorption from metallic Cu nano-
particles contributes to the extended visible-light absorption.

3.2 Photocatalytic reduction of Cr(vi)

Photocatalysis is widely considered an environmentally
sustainable approach for converting toxic Cr(vi) into the less
harmful Cr(m) state. To verify the photocatalytic nature of the
Cr(vi) reduction, control experiments were performed under
three different conditions: (i) without a catalyst under visible
light, (ii) with a catalyst in the dark, and (iii) with the CuO-A1.1
catalyst under visible-light irradiation. No change in the Cr(vi)-
DPC absorption peak at 540 nm (Fig. S5) was observed in the
light-only test, while a remarkable decrease was noted in the
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Fig.6 UV-Vis absorption spectra normalized to BET surface area of pristine CuO and reduced samples (a); Tauc plots (b) for band gap estimation

of pristine CuO and CuO-A1.1.
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dark condition with catalyst, which stabilized after 30 min due
to adsorption-desorption equilibrium. These results confirm
that both light and the photocatalyst are necessary for effective
Cr(vi) reduction. The CuO-Cu,0-Cu heterostructures exhibited
markedly enhanced photocatalytic activity compared with
pristine CuO (Fig. S6(a)). Complete reduction of Cr(vi) within
30 min was achieved using CuO-A1l.1, whereas pristine CuO
showed only minor activity under identical conditions. Samples
with intermediate reductant levels (CuO-A0.2, CuO-A0.5, and
CuO-A0.8) displayed progressively higher efficiencies, consis-
tent with the effect of phase composition and heterointerface
density. Kinetic analysis of photoreduction (In(C,/C,) vs. time,
Fig. S6(b)) demonstrated that all samples followed pseudo-first-
order behavior, with R*> values >0.95. The apparent rate
constants (k) derived from the slopes (Fig. S6(c)) confirmed the
superior activity of CuO-A1.1 (0.10359 min~"), nearly 50-fold
greater than pristine CuO (0.0021 min'). This enhancement
arises from the synergistic interplay of Cu, Cu,O, and CuO
domains, which improve charge separation, extend visible-light
absorption, and promote electron transfer for Cr(vi) reduction.
Although all reduced samples contain mixed phases, the opti-
mized phase balance and high heterointerface density in CuO-
A1.1 appear to be decisive for its enhanced photocatalytic
performance.

3.2.1 Effect of solution pH. The effect of solution pH on
photocatalytic performance was further investigated using
CuO-A1.1 over a pH range of 2.5-8 (Fig. 7(a)). All experimental
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runs were conducted in triplicate (n = 3). At pH > 3.5, the
reduction efficiency decreased markedly. This pronounced pH
dependence is governed by two interconnected factors: Cr(vi)
speciation/surface precipitation and catalyst surface charge.
Under acidic conditions (pH < ~4), Cr(vi) predominantly exists
as the highly reducible dichromate ion (Cr,0,>", eqn (6)), while
the reduced product Cr** remains soluble. At higher pH, Cr(vi)
shifts to CrO,>~, and Cr’" precipitates as Cr(OH); (eqn (5)),
forming surface deposits that block active sites and hinder light
absorption.”®** In addition, the catalyst surface charge plays
a decisive role in regulating Cr(vi) reduction. The point of zero
charge (pH,,,.) of CuO-A1.1, determined by the pH drift method
(Fig. S7), is approximately 5.4. At the optimal reaction pH of 2.5
(well below the pH,), the catalyst surface is strongly positively
charged, electrostatically attracting the anionic Cr(vi) species
(HCrO, /Cr,0,°7) and thereby enhancing adsorption and
interfacial electron transfer. As the pH increases toward and
beyond the pHpzc, the surface charge becomes neutral and then
negative, weakening this crucial electrostatic interaction.
Consequently, the reduction proceeded most efficiently at pH
2.5, achieving nearly complete detoxification within 30 min.
Kinetic fitting confirmed pseudo-first-order behavior (Fig. 7(b),
R?>0.94), with the rate constant at pH 2.5 (0.1178 min~ ') being
orders of magnitude higher than at pH 8 (1.53 x 10" min™ "),
unequivocally demonstrating the critical role of proton
concentration and surface electrostatics in the photoreduction
process.
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(a) Variation of Cr(vi) concentration (C/Co) with time at different pH values. (b) Pseudo-first-order kinetic plots of In(C,/Co) versus time. (c)

Apparent rate constants (k) at each pH. (d) Mean photoreduction efficiency (%) with standard deviations. (Cr(vi) concentration: 25 mg L™*; catalyst

dosage: 20 mq).
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CuO-Cu,0-Cu+ hv > h* +e” (4)
CrO4>~ + 4H,0 + 3¢~ — Cr(OH); + SOH™ (5)
Cr,0,2~ + 14H" + 6e~ —2Cr’* + 7H,0 (6)
4h™ + 2H,0 — O, + 4H" (7)

O,+e = "0y (8)

Descriptive statistics for Cr(vi) photoreduction at different
pH levels are presented in Table S4, summarizing the mean,
standard deviation, and standard error of the mean (n = 3 for
each condition). To statistically confirm the effect of pH, one-
way ANOVA was performed (Tables S5 and S6). The analysis
revealed a highly significant influence of pH on Cr(vi) photore-
duction efficiency (F = 762.06, p < 0.0001), with an R* = 0.9965,
confirming that pH accounted for over 99% of the total varia-
tion in removal performance. Post hoc Tukey's HSD test showed
that the mean photoreduction efficiencies at pH 2.5 and 3.5
were significantly lower (p < 0.001) than those at pH 3.5 and 8.
Pairwise comparisons indicated that differences between adja-
cent levels (e.g., pH 2.5 vs. 3.5, pH 3.5 vs. 5.8, and pH 5.8 vs. 8)
were all statistically significant at « = 0.05, confirming the steep
decline in reduction efficiency as pH increased, as shown in
Table S7. The mean photoreduction efficiency (%) with
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standard deviations for different concentration levels is shown
in Fig. 7(d). Levene's test verified the homogeneity of variance (F
= 1.20, p = 0.369), confirming that the ANOVA assumptions
were satisfied (Table S8). The small coefficient of variation
(3.9%) and low root MSE (2.31) also demonstrate the precision
and reproducibility of the data, as shown in Table S6.

Overall, both experimental and statistical results highlight
that acidic conditions (pH = 2.5) are optimal for achieving
maximum Cr(vi) photoreduction efficiency, while alkalinity
strongly suppresses the process due to reduced Cr(vi) speciation
reactivity and surface site deactivation.

3.2.2 Effect of initial Cr(vi) concentration. The influence of
initial Cr(vi) concentration on photocatalytic reduction effi-
ciency was investigated in the range of 15-45 mg L~" under
identical experimental conditions using CuO-A1.1 (Fig. 8(a)).
The photoreduction efficiency decreased gradually with
increasing Cr(vi) concentration. At lower concentrations (15-
25 mg L"), nearly complete reduction was achieved within 20~
30 min, whereas at higher levels (=35 mg L"), the reaction rate
and photoreduction efficiency declined markedly. This trend is
attributed to the higher number of Cr(vi) ions competing for the
same number of active sites, as well as increased light scattering
and reduced photon penetration in concentrated solutions.
Moreover, the limited generation of photoexcited charge
carriers relative to the excess Cr(vi) at higher concentrations can
hinder complete reduction.® Kinetic fitting confirmed pseudo-
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(a) Variation of Cr(vi) concentration (C/Co) with time at different solution concentration values. (b) Pseudo-first-order kinetic plots of

IN(C/Co) versus time. (c) Apparent rate constants (k) at each solution concentration. (d) Mean photoreduction efficiency (%) with standard

deviations (catalyst dosage: 20 mg; pH: 2.5).
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first-order behavior (Fig. 8(b)) across all concentrations, with
apparent rate constants (k) decreasing from 0.1246 min~" at
25 mg L' to 0.0335 min~ " at 45 mg L~ (Fig. 8(c)). However, at
elevated concentrations (=35 mg L"), pseudo-first-order
kinetics were maintained (R* > 0.95), confirming that the
reduction mechanism remains dominated by surface-mediated
electron transfer rather than mass transport limitations. The
apparent rate constant decreased from 0.0872 min~ ' at
35 mg L " to 0.0335 min " at 45 mg L™, indicating active site
saturation and competitive surface adsorption effects. Statis-
tical analysis further validated these trends. One-way ANOVA
(Table S5) revealed a highly significant effect of concentration
on photoreduction efficiency (F = 92.46, p < 0.001, R*> = 0.972).
Tukey's post hoc test (Table S7) indicated that the 45 mg L™"
treatment was significantly different (p < 0.05) from the other
concentrations, while no significant difference was observed
among 15-35 mg L. The mean photoreduction efficiency (%)
with standard deviations for different pH levels is shown in
Fig. 8(d). The Levene's test confirmed the homogeneity of vari-
ance (F = 2.64, p = 0.121), validating the use of ANOVA (Table
S8). The low coefficient of variation (2.13%) and small root MSE
(1.99) (Table S6) further support the precision and reproduc-
ibility of the data. These results confirm that lower initial Cr(vi)
concentrations favor faster kinetics and higher overall photo-
reduction efficiency due to more efficient light utilization and
greater availability of reactive sites per Cr(vi) ion.

3.2.3 Effect of catalyst dosage. The effect of catalyst dosage
on Cr(vi) photoreduction efficiency was examined using CuO-
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A1.1 at loadings of 20-50 mg (Fig. 9(a)). Increasing the dosage
from 20 to 30 mg slightly enhanced the photoreduction effi-
ciency from 99.0% to 99.8%, while a minor decrease to 99.0%
was observed at 50 mg. The reduction in efficiency at higher
loadings can be attributed to excess particle concentration,
which leads to light scattering and reduced photon penetration
through the suspension.®* Nevertheless, pseudo-first-order
kinetics (Fig. 9(b)) are maintained under all dosage conditions
(R* > 0.95), indicating that the reaction mechanism remained
unchanged. The apparent rate constant (k) from pseudo-first-
order kinetics increased from 0.1178 min ' at 20 mg to
0.1509 min~' at 50 mg (Fig. 9(c)), suggesting that a moderate
increase in catalyst amount improves active site availability up
to an optimal level. Despite these variations, pseudo-first-order
kinetics (Fig. 9(b)) were maintained under all conditions (R* >
0.95). This indicated that moderate catalyst dosages provide
a favorable balance between active-site density and light
absorption. Compared with other reported CuO and Cu,O-
based photocatalysts, the cavity-engineered Cu-Cu,O-CuO
heterostructure (CuO-Al.1) displayed relatively higher activity
for Cr(vi) reduction (Table 2), attributable to its optimized phase
composition and heterointerface density.

Statistical evaluation supported these findings. One-way
ANOVA indicated that catalyst dosage had no statistically
significant effect on the overall reduction efficiency (F = 0.565, p
= 0.596, R*> = 0.158) as shown in Table S5. Tukey's post hoc
comparison confirmed that the differences among 20, 30, and
50 mg loadings were not statistically significant (p > 0.05) (Table
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Fig. 9

(a) Variation of Cr(vi) concentration (C;/Cq) with time at different catalyst dosage values. (b) Pseudo-first-order kinetic plots of In(C,/Co)

versus time. (c) Apparent rate constants (k) at each catalyst dosage value. (d) Mean photoreduction efficiency (%) with standard deviations

(solution concentration: 25 mg L™ pH: 2.5).
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Table 2 Performance of different catalysts for chromium photoreduction

Usage Cr conc. Photoreduction Photoreduction
Catalyst (mg) (mg L™ time (min) efficiency (%) Ref.
CuO 20 25 60 6 This study
Cu,0 nanocrystals 50 40 180 40 63
Ag/Cu,0/CuO Not reported 1.5 240 57 64
Cu-Cu,0/Si0, 125 50 180 57.34 65
3D/2D Cu,O/BiOBr S 40 15 100 65.46 66
2D CuO/rGO 50 10 60 75 67
Nb,O5/Cu0O 10 50 210 84 68
CuO-Cu,0-Cu (CuO-A1.1) 20 25 30 100 This study

S7). However, Levene's analysis (F = 7.52, p = 0.023) revealed
that variation in dosage moderately influenced the apparent
rate constant, reflecting changes in surface active-site density
(Table S8). These results confirm that increasing the catalyst
dosage beyond the optimal 30 mg offers no substantial
improvement in Cr(vi) removal efficiency due to light attenua-
tion effects. The mean photoreduction percentages for each
dosage (n = 3) are presented in Fig. 9(d). Overall, the optimal
conditions for maximum efficiency were highly acidic (pH 2.5),
with moderate Cr(vi) concentration (25 mg L™') and a catalyst
dosage of 30 mg, resulting in nearly complete photoreduction of
Cr(vi) within 30 minutes. The heterostructure maintained high
performance under real tap-water conditions, confirming its
structural stability and strong interfacial charge transport,
making it suitable for wastewater detoxification.

3.3 Photocatalytic performance in real tap water

Although the primary experiments were conducted in
a controlled Cr(vi) aqueous solution to isolate the intrinsic
activity of the CuO-Cu,O-Cu heterostructure, to assess the
practical applicability of the CuO-Cu,O-Cu heterostructure,
photocatalytic tests were carried out in Cr(vi)-spiked tap water
(conductivity = 290-350 pS cm ', TDS = 191-231 ppm)

containing common ions e.g., (CI~, SO,>7, HCO; ). Under
identical experimental conditions to the deionized-water
system (Cr(vi) = 35 mg L™ ", catalyst dose = 20 mg, pH = 2.5,
40 mL), the reduction efficiency decreased slightly from 95.7%
to 82.5% within 30 min, as revealed in Fig. S8. This small drop
in performance is attributed to ionic competition and minor
light scattering effects, confirming the high stability and effi-
ciency of the heterostructure under realistic water conditions.
In conclusion, the study found that Cr(vi) reduction is a photo-
catalytic process that requires visible light and the CuO-Cu,0-
Cu heterostructure. CuO-A1.1 showed the highest photo-
catalytic activity, achieving complete Cr(vi) reduction within 30
minutes.

3.4 Verification of Cr(vi) reduction by complexation and UV-
vis spectroscopy

To confirm the chemical transformation of Cr(vi) during pho-
tocatalysis, complementary complexation and UV-Vis spectro-
scopic analyses were performed. As shown in Scheme 2(a),
residual Cr(vi) species in the treated solution were detected via
complexation with 1,5-DPC, forming a violet Cr(vi)}-DPC
complex characterized by a strong absorption band at
540 nm.*>”° The disappearance or pronounced decrease of this

.
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Scheme 2 Chromium analysis using 1,5-diphenylcarbazide (DPC). (a) Quantitative analysis of Cr(vi) and Cr(in). The inset shows the corresponding
absorbance spectra (presented separately in Fig. S9). (b) Qualitative analysis of Cr(i). Photographs shown are original and were taken by the

corresponding author.
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absorption feature after illumination directly confirms the
reduction of Cr(vi) to Cr(ur). For qualitative visualization of the
resulting trivalent chromium species, the filtrate was treated
with Na,COg3, yielding a bluish-green hydroxo complex typical of
Cr(m) under mildly basic conditions, Scheme 2(b).”* This
carbonate-based colorimetric change was used only as
supportive evidence, while the primary verification relied on the
diminished Cr(vi)-DPC absorption band. To further strengthen
the identification, comparative UV-Vis spectra of standard
Cr(vi)-DPC and Cr(u1) solutions were recorded (Fig. S9). The
spectra confirmed the disappearance of the 540 nm Cr(vi)-DPC
peak in the photocatalyzed sample, providing strong evidence
for the complete reduction of Cr(vi) to Cr(m) during the process.

3.5 Recyclability test

Cyclic photoreduction experiments were conducted to evaluate
the long-term stability and reusability of the CuO-Al 1 catalyst.
Fig. 10(a) presents the stability trend over seven consecutive
cycles, while the corresponding full kinetic profiles (C,/C, vs.
time) for each cycle are provided in Fig. S10. The plots the
photocatalytic reduction efficiency (%) for each cycle, providing
a dynamic view of the stability trend. The efficiency remained
above 97% throughout all seven runs (99.4% in Cycle 1 to 97.3%
in Cycle 7), confirming outstanding operational stability with
only a gradual, minimal decay. No abrupt activity loss was
observed at any specific cycle, highlighting the structural
robustness of the heterostructure. This stability and durability
arise from its compositional gradient and self-regulating redox
equilibrium. During illumination, photogenerated electrons are
transferred through the Cu,0-CuO cascade and accumulate at
the metallic Cu interface, which serves as the primary site of
reduction. In the acidic chloride medium, dissolved Cu species
exist mainly as Cu-Cl complexes (CuCl, CuCl,™),”” that remain

View Article Online

RSC Advances

concentrated near the Cu surface. These complexes readily
capture the accumulated electrons and are reduced back to Cu®
or Cu,0, leading to in situ photo-redeposition of copper’>”* and
effective self-healing of the catalyst surface. Thermodynami-
cally, the outer Cu and Cu,O layers, with lower oxidation
potentials (E, .. Jow (10.34 V) and Eg o Jcu+ (10.16 V), prefer-
entially donate electrons to Cr(vi) (EEU(VI) Jou(my = 1133 V), thus
preventing self-corrosion. This thermodynamic hierarchy,
combined with rapid interfacial electron transfer and physical
encapsulation of the CuO core, ensures long-term catalytic
stability, as verified by post-cycling XRD, SEM, and XPS anal-
yses. Post-reaction XRD (Fig S11(a)) and XPS analyses (Fig. 10(b
and c)) confirmed that the Cu**, Cu*, and Cu® phases remained
structurally stable even after multiple photocatalytic runs. Only
minor variations in relative peak intensities were detected,
suggesting limited redistribution among Cu®*, Cu*, and Cu°
species under reaction conditions (discussed in detail in the
Subsection no. 3.8). As revealed in SEM images (Fig. S11(b)),
after multiple cycles, the overall morphology was largely
retained, showing only minor surface smoothing and partial
aggregation, without any evidence of severe degradation or
particle sintering. Thus, maintaining >97% activity retention
after seven cycles.

3.6 Scavenger experiments

The role of reactive species in the Cr(vi) reduction process was
further investigated through scavenger experiments (Fig. 11(a)).
Methanol was used as a hole scavenger, isopropanol (IPA) as
a hydroxyl radical scavenger, benzoquinone (BQ) as a super-
oxide radical (O, ") scavenger, and AgNO; as an electron scav-
enger. The addition of IPA caused only a minor decrease in
activity (97.1%), suggesting that hydroxyl radicals contribute
little to the overall process. In contrast, BQ led to a significant
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Fig. 10 Recyclability photocatalytic Cr(vi) reduction over CuO—-A1.1 under visible light for 7 successive cycles (a). Post XPS of CuO-A1.1: Cu 2p

spectra (b), and O 1s spectra (c).
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reduction in activity (74.6%), highlighting the important role of
superoxide radicals. The strongest inhibition was observed with
AgNO;, where activity decreased to 42.3%, demonstrating that
photogenerated electrons are the dominant reactive species
driving Cr(vi) photoreduction. Electron paramagnetic resonance
(EPR) spectroscopy was employed to directly identify the reac-
tive species generated during the photocatalytic process using
DMPO as a spin-trapping agent. As shown in Fig. 11(b and c), no
EPR signals were detected in the dark for either DMPO-'O,~ or
DMPO-'OH, indicating negligible radical formation in the
absence of light. Under visible-light irradiation, a strong char-
acteristic quartet signal corresponding to DMPO-'O,  was
clearly observed, confirming the generation of superoxide
radicals. In contrast, no detectable DMPO-'OH signal was
observed under identical conditions, demonstrating that
hydroxyl radicals are not involved in the photocatalytic Cr(vi)
reduction process. These results are consistent with the scav-
enger experiments, where isopropanol (‘OH scavenger) exhibi-
ted only a weak inhibitory effect. Combined with the
pronounced suppression observed in the presence of electron
and ‘O,  scavengers, the EPR results confirm that Cr(vi)
reduction proceeds predominantly via a direct electron transfer
and O, mediated pathway, rather than through "OH radicals.

3.7 Band structure and charge separation

Upon exposure to light, photogenerated electron-hole (e and
h*) pairs are produced in the conduction band (CB) and valence

6390 | RSC Adv, 2026, 16, 6377-6393

band (VB) of semiconductor materials. The electronic band
structure of the CuO-Cu,O-Cu heterostructure can be assessed
by estimating the positions of the conduction and valence band
edges using the empirical formulas stated in the literature.”7”®
The valence and conduction band edges were estimated for CuO
and Cu,O. For CuO, Eyg = 2.162 eV and Ecg = 0.462 eV; for
Cu,0, Eyg = 2.064 eV and Ecg = —0.406 eV. A plausible mech-
anism is suggested to elucidate the augmented photocatalytic
activity of the Cu-Cu,O-CuO heterostructure (Scheme 3). As
seen in Scheme 3 CuO and Cu,O exhibit a staggered band
alignment that promotes charge separation at their interface.
Both CuO and Cu,O produce electron-hole pairs when exposed
to visible-light irradiation. The photogenerated electrons in the
conduction band (CB) of Cu,O (—0.41 eV) are transported to the
CB of CuO (+0.46 eV), whereas the photogenerated holes in the
valence band (VB) of CuO (+2.16 eV) migrate toward the VB of
Cu,O (+2.06 €V).”” This bidirectional transfer inhibits charge
recombination and leads to spatially distinct redox sites. The
electrons accumulated in the CuO conduction band, facilitated
by metallic Cu as an electron mediator, convert O, into super-
oxide radicals (O, ). These radicals possess a moderately
reducing potential (EE02 j.0,-) = —0-33V vs. NHE) that enables
them to transfer electrons to Cr(vi) species, facilitating the
stepwise conversion of Cr,0,*~ — Cr’*" (E ¢y /crm) = 1-33 V
vs. NHE). The band structure analysis shows that the valence
band positions of CuO and Cu,O lie above the H,O/'OH
oxidation potential (+2.40 eV),”® indicating that photogenerated

© 2026 The Author(s). Published by the Royal Society of Chemistry
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holes cannot generate ‘OH. The added methanol served as
a sacrificial hole scavenger, since it was reported that the redox
level of "CH,OH/CH;OH is 1.45 V,”” which is well above the
valence band potential of the catalyst under study (for CuO
(+2.16 eV) and Cu,O (+2.06 eV)), so positive holes can easily
oxidize the methanol, enabling efficient hole consumption.

3.8 Experimental verification: electronic redistribution and
charge transfer

To further verify the proposed photocatalytic mechanism, post-
reaction XPS analyses were performed. The high-resolution Cu
2p spectrum (Fig. 10(b)) revealed a slight red shift and increased
intensity of the Cu’ component, consistent with electron accu-
mulation and partial reduction of Cu®>". Conversely, the Cu**
peak exhibited a slight blue shift and decreased intensity,
indicating partial transformation toward lower oxidation states.
The O 1s spectrum (Fig. 10(c)) showed an increase in the low-
binding-energy component associated with oxygen vacancies,
confirming the generation of surface defects during the reac-
tion. Consistently, EPR measurements (Fig. 11(b and c)) directly
confirm the generation of superoxide radicals ('O, ) under
visible-light irradiation, with no detectable ‘OH signals.
Together, these results demonstrate that dynamic electronic
redistribution and defect formation in the CuO-Cu,O-Cu
heterostructure promote efficient electron transfer and ‘O,~
mediated Cr(vi) reduction.

The charge transfer kinetics were evaluated using electro-
chemical impedance spectroscopy (EIS) Nyquist plots
(Fig. 11(d)), where the arc diameter directly represents charge
transfer resistance (R.).** While pristine CuO exhibits a large
semicircle indicating poor carrier mobility, the semicircle for
CuO-A1.1 effectively vanishes. This transition to a diagonal line
signifies negligible charge R, reduced resistance, and more
efficient electron transport.** Together, the XPS, EPR, and EIS
results demonstrate that dynamic electronic redistribution,
defect formation, and enhanced interfacial charge mobility in
the CuO-Cu,0-Cu heterostructure work synergistically to
promote rapid electron transfer and efficient ‘O, -mediated

© 2026 The Author(s). Published by the Royal Society of Chemistry

Cr(vi) reduction, fully accounting for the superior photocatalytic
performance of CuO-A1.1.

4 Conclusions

CuO-Cu,0-Cu heterostructures were successfully synthesized
via an ascorbic acid-mediated solid-state route, achieving the
study's objective of developing an efficient, stable, and envi-
ronmentally benign photocatalyst for Cr(vi) reduction under
visible light. Structural investigation revealed the presence of
Cu, Cu,0, and CuO phases, whilst FESEM and HRTEM images
displayed cavity-like morphologies with dense heterointerfaces
that improved charge transfer. The optimized CuO-A1.1 catalyst
exhibited a band gap of 1.42 eV (decreased from 1.67 eV for
pristine CuO) and an enhanced Cu*/Cu®" ratio with oxygen
vacancies, as validated by the XPS study. Under visible light,
CuO-A1.1 achieved complete Cr(vi) reduction (100%) within 30
minutes, corresponding to an apparent rate constant (k =
0.1036 min~') nearly 50 times higher than that of CuO
(0.0021 min~"). One-way ANOVA followed by Tukey's post hoc
test statistically verified the significance of pH (F = 762.06, p <
0.0001, R*> = 0.9965) and initial Cr(vi) concentration (F = 92.46, p
< 0.001), while catalyst dosage showed no significant effect on
overall efficiency (p > 0.05). Levene's test confirmed variance
homogeneity across all experimental sets, supporting the reli-
ability of the ANOVA assumptions. The catalyst maintained over
97% efficiency after seven reuse cycles, demonstrating excellent
structural and electronic stability verified by post-reaction XRD
and XPS. Scavenger experiments identified electrons and
superoxide radicals as the primary active species, validating the
proposed Z-scheme charge transfer mechanism. Overall, the
CuO-Cu,0-Cu heterostructure showed efficient charge separa-
tion, strong visible-light response, and high stability, enabling
superior Cr(vi) reduction. The simple ascorbic acid synthesis
makes it a promising and scalable photocatalyst for wastewater
treatment. Future research will explore their integration into
continuous-flow photoreactors, performance under solar irra-
diation, and potential applications in persistent contaminants
like dyes and pharmaceutical residues.
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