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ABSTRACT: Hexavalent chromium [Cr(VI)] poses a serious environmental threat due to its high toxicity and mobility in aqueous
systems. Here, we demonstrate that reduced graphene oxide (RGO) can act as an active interfacial substrate to modulate the crystal
structure of cadmium selenide (CdSe), rather than serving solely as a conductive support. RGO−CdSe nanocomposites synthesized
via an in situ hydrothermal route exhibit pronounced substrate-induced redistribution of hexagonal (wurtzite) and cubic (zinc-
blende) phases, accompanied by systematic lattice strain modulation, as quantitatively revealed by powder X-ray diffraction and
Rietveld refinement. These interfacial structural modifications enhance charge separation and transport, leading to markedly
improved visible−light−driven photocatalytic reduction of Cr(VI). As a direct consequence of the RGO−induced phase
redistribution and lattice strain modulation, the optimized RGO−CdSe composite delivers a 3.2-fold enhancement in Cr(VI)
reduction efficiency relative to pristine CdSe. This structural-electronic synergy simultaneously accelerates reaction kinetics and
increases the apparent quantum yield by factors of 4.6 and 2.96, respectively, while reducing the energy consumption by nearly 5.4-
fold, thereby demonstrating the significant role of interfacial crystal engineering in boosting photocatalytic efficiency. The
mechanism involves an interface-governed multielectron reduction pathway, where the RGO framework enables efficient electron
extraction and accumulation. These interfacial structural changes correlate with improved charge separation and transport, resulting
in enhanced visible−light−driven Cr(VI) reduction performance, highlighting the importance of interfacial phase and strain effects
and offering a promising strategy for designing efficient photocatalysts for sustainable water remediation.
KEYWORDS: RGO−CdSe composite, structural modulation, substrate-induced redistribution of phase, visible-light Cr(VI) reduction,
interfacial charge transfer

■ INTRODUCTION
The increasing release of toxic heavy metals into aquatic
environments due to industrial activities poses serious risks to
environmental sustainability and human health.1,2 Among
these contaminants, hexavalent chromium, Cr(VI), is partic-
ularly hazardous because of its high solubility, mobility, and
strong carcinogenic nature.3,4 Cr(VI) species readily migrate in
water and accumulate in biological systems, causing severe
health effects.5−11 Conventional treatment methods, such as
chemical precipitation,12 adsorption,13 and membrane separa-
tion14 often suffer from high operational costs, limited
efficiency at low concentrations, and secondary waste
generation. Consequently, the development of energy-efficient
and environmentally sustainable remediation strategies has
become increasingly important.

Visible-light-driven photocatalytic reduction offers an
attractive route for Cr(VI) remediation by converting highly
toxic Cr(VI) into the much less harmful Cr(III) using solar
energy.15,16 The efficiency of this process strongly depends on
the photocatalyst’s ability to absorb visible light and to
generate and separate charge carriers effectively. Cadmium
selenide (CdSe) is a promising visible-light-active semi-
conductor due to its narrow bandgap and strong optical
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absorption.17,18 However, its photocatalytic performance is
often limited by the rapid recombination of photogenerated
charge carriers and inefficient interfacial charge extraction.19,20

To address these limitations, CdSe has been integrated with
conductive carbon materials.21 Reduced graphene oxide
(RGO), with its large surface area and high electrical
conductivity, is particularly attractive for facilitating charge
transport and improving carrier separation.22,23 Beyond acting
as a conductive support, the two-dimensional framework of
RGO can influence nucleation, crystal growth, and phase
stability of semiconductor nanocrystals, thereby altering their
internal structural organization.24,25 Structural features such as
phase distribution and lattice strain play critical roles in
determining light absorption and charge-carrier dynamics in
semiconductor photocatalysts.26 Quantitative analysis using
powder X-ray diffraction and Rietveld refinement, therefore,
provides valuable insights into the relationship between the
crystal structure and photocatalytic performance.
Although graphene-based semiconductor composites have

been widely explored for photocatalytic applications, graphene
derivatives are typically considered only as conductive supports
that facilitate electron transport and suppress charge
recombination. In CdSe−graphene systems, however, the
influence of graphene on the crystallographic phase distribu-
tion and lattice strain of CdSe nanocrystals remains largely
unexplored, despite their important roles in determining the
band structure and charge-carrier dynamics.
In this work, RGO−CdSe nanocomposites were synthesized

to investigate how interfacial interactions with reduced
graphene oxide modify the structural properties of CdSe and
influence photocatalytic activity. The composites exhibit
significantly enhanced visible-light-driven Cr(VI) reduction
compared with pristine CdSe, with faster kinetics, higher
apparent quantum yield, and improved energy efficiency. By
correlating structural parameters obtained from Rietveld
refinement with photocatalytic performance, this study
establishes a clear structure−property−function relationship
in RGO−CdSe nanocomposites and highlights the active role
of two-dimensional conductive substrates in tuning semi-
conductor crystal structure for environmental remediation.

■ EXPERIMENTAL SECTION

Chemicals
All materials utilized throughout this investigation were of analytical
purity and used directly without further refinement. Compounds such
as graphite powder, potassium persulfate (K2S2O8), sodium nitrate
(NaNO3), phosphorus pentoxide (P2O5), cadmium nitrate tetrahy-
drate [Cd(NO3)2·4H2O], and sodium selenite (Na2SeO3) were
procured from Sigma−Aldrich. Additional reagents, including
concentrated sulfuric acid(H2SO4), potassium permanganate
(KMnO4), hydrochloric acid (HCl), ethylenediamine (ED;
C2H8N2), hydrogen peroxide (H2O2), were obtained from Merck.
Material Preparation
Preoxidized graphite was first exfoliated to obtain graphene oxide
(GO).27 RGO−CdSe composites were synthesized via a hydro-
thermal method. In a typical synthesis, GO was first dispersed in a
mixed solvent of C2H8N2 and double-distilled water (DD H2O) under
ultrasonication to obtain a homogeneous suspension. Subsequently,
Cd(NO3)2·4H2O and Na2SeO3 were added to the dispersion as Cd
and Se precursors. The molar amounts of Cd(NO3)2·4H2O and
Na2SeO3 were kept constant at 2 mmol each, while the amount of GO
was varied to obtain composites with different RGO contents.
Specifically, 20, 30, 40, 50, and 60 mg of GO were used to prepare the
20RGO−CdSe, 30RGO−CdSe, 40RGO−CdSe, 50RGO−CdSe, and

60RGO−CdSe composites, respectively. The sample labels, therefore,
correspond to the mass of GO (mg) introduced during synthesis
while maintaining constant CdSe precursor concentrations. The
resulting mixture was transferred to a Teflon-lined stainless-steel
autoclave and heated at 170 °C for 12 h, enabling the in situ growth of
CdSe nanostructures within the RGO framework under self-generated
pressure. Following natural cooling to room temperature, the solid
product was recovered by centrifugation, repeatedly washed with
deionized water until near-neutral pH was attained, and subsequently
vacuum−dried to yield a fine RGO−CdSe powder suitable for further
characterization. For control studies, pristine CdSe was prepared
through analogous procedures in the absence of GO. A schematic
overview of the synthetic strategy is provided in Figure 1.

Materials Characterization
Phase identification of both pure CdSe and the composite material
was performed using powder X-ray diffraction (PXRD) with Cu Kα
radiation, at room temperature, using a step size of 0.02°. The
resulting patterns were refined by the Rietveld method using the
FullProf software (Version 7.40). During refinement, the following
parameters were varied until convergence was reached: background,
scale factors, zero-point, unit cell parameters, atomic coordinates, and
the profile coefficients of a Thomson−Cox−Hastings (T−C−H)
Pseudo−Voigt axial divergence asymmetric function.
The structural and crystallographic details of the synthesized

materials at the nanoscale were obtained from transmission electron
microscopy (TEM) and high-resolution TEM (HRTEM) images,
recorded on a JEOL JEM 2100F microscope operating at 200 kV.
Raman spectra were recorded by using a LabRAM HR micro-Raman
spectrometer from Horiba Scientific. The UV−visible absorption and
photoluminescence (PL) characteristics were investigated using a
spectrophotometer (Agilent Cary 5000 UV−vis-NIR) and a
fluorescence spectrophotometer (Hitachi F-7000), respectively.
Evaluation of Photocatalytic Performance
The reduction efficiency of hexavalent chromium [Cr(VI)] under
visible-light irradiation was systematically evaluated using the
synthesized RGO−CdSe nanocomposite. Experiments were con-
ducted in a custom-designed glass photoreactor equipped with a
recirculating cold-water bath to maintain isothermal conditions. In
each photocatalytic experiment, 20 mg of photocatalyst was dispersed
in 40 mL of aqueous Cr(VI) solution prepared by dissolving 2.12 mg
of K2Cr2O7. This corresponds to an initial Cr(VI) concentration of
approximately 18.8 mg L−1 (0.36 mM). The initial pH of the solution
was ∼7 and was not externally adjusted during the photocatalytic
reaction. At near-neutral pH, Cr(VI) primarily exists as HCrO4

−/
Cr2O7

2− species in aqueous solution,28,29 which are commonly
involved in photocatalytic reduction processes. To ensure adsorp-
tion−desorption equilibrium between Cr(VI) species and the catalyst
surface, the suspension was stirred for 30 min in the dark before
initiating illumination. Control studies were also carried out to isolate
individual contributions from (i) dark adsorption using the RGO−

Figure 1. Schematic representation of the RGO−CdSe composite
synthesis process.
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CdSe composite over a 100 min period and (ii) direct photocatalytic
reduction of Cr(VI) in the absence of a catalyst under identical light
exposure. The light intensity was calibrated using a Newport 843-R
optical power meter. A 1000 W tungsten halogen lamp was used as
the illumination source for photoreduction of Cr(VI). At 10 min
intervals, 5 mL aliquots were withdrawn from the reaction suspension
and centrifuged at 5000 rpm for 3 min to remove photocatalyst
particles. The clear supernatant was then analyzed using a UV−vis
spectrophotometer by monitoring the characteristic absorbance of
Cr(VI) near ∼372 nm. The concentration at each time point (C) was
obtained from the corresponding absorbance and normalized to the
initial concentration (C0). The reduction efficiency was therefore
evaluated using the ratio C/C0 to monitor the temporal evolution of
Cr(VI) removal.

■ RESULTS AND DISCUSSION
The crystal structure, phase purity, and overall composition of
the as-synthesized CdSe and RGO−CdSe composite were
examined through XRD, with the corresponding diffraction
spectra displayed as experimental data in Figure 2A and B. As

shown in the figure, the XRD profiles with reflections at
23.89°, 25.36°, 27.09°, 35.12°, 42.01°, 45.77°, 49.71°, 50.71°,
and 52.07° nominally corresponding to the hexagonal wurtzite
structure of CdSe (space group P63mc), as per JCPDS Card
No. 08−045930 and can be indexed to the (100), (002), (101),
(102), (110), (103), (112), (201), and (004) planes,
respectively. All the indexed planes of CdSe are noticeably
present in the CdSe nanocrystal grown on the RGO mat, i.e.,
in the RGO−CdSe composite. Collectively, these observations
establish the coexistence of crystalline wurtzite CdSe and RGO
within the composite. A close inspection, however, reveals
slight deviations in the positions of several peaks. These
discrepancies point to either lattice distortions induced by
strain or minor inclusions of the cubic (zinc-blende) phase.
The convolution of peaks in the 25.36°, 42.01°, and 49.71°

regions further supports the possibility of a cubic phase
contribution (JCPDS Card No. 19−0191),31 but a definitive
assignment awaits advanced structural analysis via Rietveld
refinement.
To obtain quantitative structural parameters, the XRD data

were subjected to Rietveld refinement using the FullProf
program. Rietveld analysis for CdSe and RGO−CdSe,
displayed in Figure 2A and B, respectively, along with the
experimental data. The Rietveld refinement shows reasonable
agreement between the calculated and experimental diffraction
patterns. The relatively high Rp and Rwp values can be
attributed to peak broadening associated with nanoscale
crystallites, multiphase contributions, and possible preferred
orientation effects, which are commonly observed in nano-
structured materials. The values of the residual indices (Rwp,
Rp, Rf, and χ2) are listed in Table 1.
The crystal phase of these nanocrystals, typically the

hexagonal wurtzite or the cubic zinc-blende structure, is a
critical factor governing their electronic characteristics and
stability. While the wurtzite phase is often reported as the
thermodynamic product, controlling the synthesis to achieve a
specific phase ratio remains a significant challenge. The
Rietveld refinement analysis confirmed the existence of the
cubic zinc-blende structure at 41.78%, alongside the wurtzite
phase in pristine CdSe. A significant shift in the phase
composition of CdSe is observed when nucleated on the RGO
substrate. The fraction of the hexagonal (wurtzite) phase
increases to 70.26%, compared to 58.22% in the free-standing
nanocrystals, as obtained from the Rietveld refinement results
(Table 1). This pronounced change strongly suggests that the
RGO mat plays a dynamic role in directing crystal growth. The
RGO mat provides a vast, two-dimensional (2D) surface with
specific functional groups and defects. These sites can act as
anchors for Cd2+ or Se2 − ions, creating a high density of
nucleation centers. The hexagonal honeycomb lattice of RGO
acts as an epitaxial template, lowering the nucleation energy
barrier for the wurtzite phase through lattice matching and
surface energy effects. Furthermore, the altered reaction
kinetics and confinement provided by the 2D substrate likely
contribute to the preferential stabilization of the hexagonal
polymorph. This suggests the powerful utility of graphene-
based substrates in exerting controlled synthesis over the
crystal phase in semiconductor nanocomposites. The structural
integrity of the CdSe nanocrystals synthesized on the RGO
mat is confirmed by XRD analysis. A direct comparison of the
patterns for pristine CdSe and the RGO−CdSe composite
reveals that all characteristic diffraction peaks of the CdSe
phases are distinctly preserved, with no emergence of
extraneous impurity peaks, confirming the role of RGO as an
inert solid support. For the hexagonal phase, a subtle
contraction is observed in the c/a axial ratio, which decreases
from 1.6334 in pristine CdSe to 1.6321 in the composite. The
corresponding crystallite sizes and structural parameters were
determined from the diffraction data, and these results are
discussed in detail below.
Particle Size and Strain

The crystallite size of nanomaterials is commonly determined
using the Debye−Scherrer formula, which relates peak
broadening to size effects and intrinsic strain, and written as32

=D K
coshkl (1)

Figure 2. PXRD pattern with Rietveld refinement of XRD
diffractograms using the Thompson−Cox−Hastings (TCH) Pseu-
do-Voigt axial divergence asymmetric function of (A) CdSe and (B)
the RGO−CdSe composite. The observed experimental and
calculated diffractograms, along with differences, are presented. (C)
Phase diagram of the hexagonal and cubic phases of CdSe in the
RGO−CdSe composite. (D) Hexagonal and cubic phase percentages
of CdSe in pristine-CdSe and RGO−CdSe.
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where, D is the average crystallite size, K, Debye−Scherrer
constant (0.94), λ is the X-ray wavelength of CuKα radiation
(0.154 nm), βhkl is the full width at half-maximum (FWHM) of
the diffraction peak, and θ is the Bragg angle. To improve
accuracy across multiple peaks, the modified Scherrer
approach33 was applied, and which is written as

i
k
jjj y

{
zzz i

k
jjj y

{
zzz= +k

D
ln ln ln

1
coshkl (2)

A plot of ln βhkl versus ( )ln 1
cos

was done for all observable

diffraction peaks, and the y-intercept gives the value of ( )ln k
D
.

Thus, the crystallite size (D) can be calculated from the
expression

=k
D

eIntercept
(3)

Figure 3 displays the ln β versus ln (1/cosθ) plots for CdSe
and RGO−CdSe. The resulting linear fits for CdSe where y =
−4.6451 − 1.58796x and y = −4.31468 + 1.96155x for the
cubic and hexagonal phases, respectively, and for RGO−CdSe,
these are y = −5.31581 + 1.32172x and y = −4.3845 +
2.62363x for the cubic and hexagonal phases, respectively.
Using the y-intercepts, the mean crystallite sizes were
determined to be 10.37 and 14.43 nm for the hexagonal and
cubic phases of CdSe, respectively, and for RGO−CdSe, these
values are 11.12 and 28.22 nm.
The average crystallite size of the samples was estimated

using the Williamson−Hall (W−H) method. In this approach,
the broadening of XRD peaks arises from both finite crystallite
size and lattice strain, along with possible structural
imperfections. The analysis assumes a uniform distribution of
strain in all crystallographic directions. Accordingly, the total
peak broadening (βhkl) is expressed as the sum of crystallite
size broadening (βs) and strain-induced broadening (βε),

34

= +hkl s (4)

This study employed by the W−H models with the help of
Uniform Deformation Model (UDM). In UDM presumes
isotropic strain in all crystallographic directions. Accordingly,
the strain-induced broadening (βε) was determined using the
following relation:35

= ×4 tan (5)

The βs in the above equation is given by Scherrer’s

expression as follows: = cosk
Ds . Consequently, the overall

Table 1. Rietveld Refinement Parameters of CdSe and RGO−CdSe Samples at Room Temperature Using the FullProf
Program: Space Group, Phase Fraction, Cell Parameters, Cell Volume, and Discrepancy Factorsa

Parameter

CdSe RGO−CdSe

Hexagonal Cubic Hexagonal Cubic

Space Group P63mc F−43m P63mc F−43m
Phase Fraction 58.22% 41.78% 70.26% 29.74%
Cell Parameters
a (Å) 4.2972 6.0826 4.3012 6.0828
b (Å) 4.2972 6.0826 4.3012 6.0828
c (Å) 7.0188 6.0826 7.0202 6.0828
V (Å3) 112.247 225.045 112.477 225.07
Discrepancy Factors
Rp (%) 28.6 28.9
Rwp (%) 27.8 27.5
Rexp (%) 10.93 11.32
χ2 6.47 5.89

Atomic Position

Hexagonal Cubic Hexagonal Cubic

Phase Cd Se Cd Se Cd Se Cd Se

X 0.33333 0.33333 0.00000 0.25000 0.33333 0.33333 0.00000 0.25000
Y 0.66667 0.66667 0.00000 0.25000 0.66667 0.66667 0.00000 0.25000
Z 0.01384 0.39128 0.00000 0.25000 0.01063 0.38535 0.00000 0.25000

aRp (%) and Rwp (%) are the profile residual and the weighted profile residual factors, respectively, used to verify the Rietveld refinement quality
and the goodness of fit, chi-square (χ2).

Figure 3. Plot of ln βhkl versus ln (1/cosθ) obtained using the
modified Scherrer equation for CdSe in the (A) cubic phase and (B)
hexagonal phase, and for the RGO−CdSe composite in the (C) cubic
phase and (D) hexagonal phase.
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peak broadening arising from both crystallite size and lattice
strain can be expressed as34

= +k
D cos

4 tanhkl
hkl

hkl
(6)

Where ε is the strain. Thus, size- and strain-induced
broadening can be rewritten as follows:36,37

= +k
D

cos 4 sinhkl hkl hkl (7)

By plotting βhklcos θhkl against 4sin θhkl a linear fit is
obtained. The crystalline size can be derived from the
intercept, and the microstrain (ε) from the slope.
Figure 4 shows the W−H analysis of CdSe and RGO−CdSe

for different phases, assuming (UDM) analysis. Calculations
yielded sizes of ∼12.16 and 12.86 nm for the cubic and
hexagonal phases, where a compressive strain (−2.44 x 10−3) is
observed for the cubic phase and tensile strain (2.51 x 10−3)
for the hexagonal phase of pristine CdSe. A significant
increment in the crystallite size for the RGO−CdSe composite
is observed, and the increased sizes are ∼30.74 nm for the
cubic phase and 19.44 nm for the hexagonal phase.
Interestingly, in the presence of the RGO matrix, the strain
type of the CdSe cubic phase changes to tensile, which was
compressive for the pristine CdSe. The calculated strain for the
cubic and hexagonal phases of RGO−CdSe is 0.325 × 10−3

and 4.52 × 10−3, respectively. The estimated crystal size and
crystalline strain of CdSe and RGO−CdSe, using the Modified

Scherrer equation and the W−H equation, is compared in
Table 2.
Our results suggest a significant substrate-induced restruc-

turing of phase-dependent strain states in the CdSe nanocryst-
als. While controlled synthesis of CdSe yielded a mixed-phase
system (58.22% hexagonal, 41.78% cubic) with the cubic
domains under compressive strain, growth on the basal plane
of RGO reversed this signature: despite a higher hexagonal
phase fraction (70.26%), the cubic phase exhibited tensile
strain. This inversion indicates that RGO does not merely alter
the phase ratio but fundamentally reengineers the internal
architecture of the nanocrystal. Thus, the cubic phase
transitions from a compressed inclusion within a hexagonal
matrix to a tensile-strained foundational layer, highlighting the
profound role of 2D substrates in dictating nanomaterial phase
evolution and strain engineering.
The Williamson−Hall analysis was performed using the

Uniform Deformation Model (UDM), which assumes
isotropic microstrain. In nanostructured systems such as
CdSe nanorods and RGO−CdSe composites, strain may
include anisotropic contributions arising from directional
growth and interfacial interactions. Accordingly, the extracted
strain values represent effective average estimates, while the
observed trends provide useful insights into strain modulation
induced by RGO incorporation.
The microstructure of the RGO−CdSe composite was

investigated by TEM and high-resolution TEM, as illustrated
in Figure 5A. TEM images suggest that CdSe nanorods are
uniformly anchored onto the corrugated, two-dimensional
RGO framework, forming an interconnected hybrid structure

Figure 4. Crystallite strain analysis using Williamson-Hall plots: Plot of βhklcos θhkl versus 4sin θhkl for CdSe in the (A) cubic phase and (B)
hexagonal phase, and for the RGO−CdSe composite in the (C) cubic phase and (D) hexagonal phase assuming (UDM) analysis.

Table 2. Estimated Crystal Size and Crystalline Strain Using the Modified Scherrer Equation and the W−H Equation

Crystallite Size (nm) from Mod.
Scherrer Equation Crystallite Size (nm) from W−H Plot Strain (ε) x 10−3

Cubic Hexagonal Cubic Hexagonal Cubic Hexagonal

CdSe 14.43 10.37 12.16 12.86 −2.44 2.51
RGO−CdSe 28.22 11.12 30.74 19.45 0.325 4.52
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with extensive interfacial contact. Such close coupling between
the semiconductor nanorods and the conductive RGO scaffold
is expected to facilitate efficient interfacial charge separation
and electron transport. HRTEM analysis (Figure 5B) further
confirms the crystalline nature of the CdSe nanorods, revealing
well-resolved lattice fringes corresponding to the (002)
crystallographic plane, consistent with the phase assignment
obtained from X-ray diffraction. No evidence of a core−shell
structure was detected; instead, localized contrast variations
originate from overlapping or folded regions of multilayer
RGO. The selected area electron diffraction (SAED) pattern
(Figure 5C) shows sharp, well-defined diffraction spots
displaying a clear reciprocal lattice pattern, which were
observed and assigned to the (100), (002), (101), (102),
and (110) planes of CdSe. The coexistence of multiple
diffraction features suggests the presence of mixed crystalline
domains, while the observation of both low and higher-index
reflections indicates good overall crystallinity of the nanorods.
The structural properties and interface interactions of the

RGO−CdSe composite were examined using Raman spectros-
copy. The corresponding spectrum is presented in Figure 6A.
Two dominant Raman signals appear near 1340 and 1592
cm−1, representing the D and G bands of carbon-based
materials. The D band is associated with disorder-induced
breathing vibrations of A1g symmetry at the K-point of the
Brillouin zone. In contrast, the G band originates from the in-
plane E2g vibrational mode of sp2-hybridized carbon atoms.
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Besides the characteristic RGO features, several additional low-
frequency peaks arise from the CdSe phase. The distinct mode
observed at ∼206 cm−1 corresponds to the first-order

longitudinal optical (1LO) phonon, while those at ∼287 and
∼405 cm−1 are associated with surface phonon modes and the
second-order longitudinal optical (2LO) phonon, respec-
tively.38

The D and G bands’ intensity ratio (ID/IG) is frequently
used to assess the extent of graphitic ordering.39 For the
RGO−CdSe system, an ID/IG ratio of ∼1.3 signifies effective
GO reduction and corroborates the formation of well-
developed RGO sheets within the composite.
The photocatalytic function of a semiconductor strongly

depends on its visible light absorption capacity and its ability to
maintain effective separation of photogenerated electrons and
holes. To assess these aspects, optical absorption and PL
measurements were carried out (Figure 6B and C). CdSe
exhibits a clear absorption maximum near 620 nm, whereas an
enhanced optical absorption throughout the visible range is
observed for the RGO−CdSe composite. The Tauc plot
analysis was employed to estimate the optical band gap (Eg) of
CdSe as, αhv = A(hv − Eg)n, with n = 1/2 for direct transitions
and n = 2 for indirect transitions.40 The variation of (αhv)2
with photon energy,41 presented in the inset of Figure 6B, gives
an estimated bandgap energy (Eg) of ∼2.00 eV. This value is
blue-shifted relative to bulk CdSe (Eg ≈ 1.74 eV),42,43 which is
consistent with the expected quantum confinement effect.
Figure 6C presents the PL spectrum of the as-synthesized

pristine CdSe nanorods. Under excitation at 610 nm, a well-
defined emission band appears at 723 nm. The emission
appearing at a lower energy than the optical band gap signifies
a noticeable Stokes shift, arising from carrier relaxation to
energetically lower states and from recombination through
surface-related defect traps. Thus, the PL features arise from
the effects of both intrinsic and defect-mediated emission
processes. Conversely, a marked quenching of PL intensity was
observed for the RGO−CdSe composite, highlighting strong
electronic coupling between the RGO sheets and CdSe. The
quenching behavior indicates efficient charge extraction, as
photogenerated electrons in CdSe readily migrate to the highly
conductive RGO network, thereby suppressing electron−hole
recombination. A similar PL quenching behavior has been
reported in other RGO−CdSe composite systems.21,44 The
remaining holes in the CdSe valence band actively participate
in oxidation reactions, thereby enhancing photocatalytic
activity.
The reduced photoluminescence intensity observed for the

RGO−CdSe composite suggests more efficient separation of
photogenerated electron−hole pairs, which can be attributed
to interfacial charge transfer between CdSe nanorods and the
conductive RGO framework. Such interfacial coupling

Figure 5. (A) TEM image of the RGO−CdSe composite. (B)
HRTEM image and (C) SAED pattern acquired from CdSe nanorods
in the RGO−CdSe composite.

Figure 6. (A) Raman profiles of RGO−CdSe composite. (B) Optical absorption curves with an inset depicting the Tauc plot (αhv)2 vs photon
energy for CdSe, and (C) photoluminescence response.
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facilitates the migration of photogenerated electrons from
CdSe to the RGO network, thereby suppressing recombina-
tion. While the structural analyses indicate variations in phase
composition and lattice strain, the present optical results
primarily support improved charge separation and interfacial
electron transport as key contributors to the enhanced
photocatalytic performance.
Photocatalytic Reduction of Cr(VI) under Visible Light
Using RGO−CdSe Composite

Prior to evaluating the photocatalytic reduction of Cr(VI),
control experiments were conducted to examine its stability
under visible light in the absence of a catalyst, as well as in the
presence of the RGO−CdSe composite without illumination.
The UV−vis absorption spectra obtained under these
conditions confirmed that the concentration of Cr(VI)
remained essentially unchanged when no photocatalyst was
present [Figure S1A in the Supporting Information (SI)],
indicating that visible light alone cannot drive the reduction
process. Moreover, only a slight decrease in Cr(VI)
concentration was detected within 30 min when the RGO−
CdSe composite was stirred in the dark (Figure S1B),
suggesting minimal adsorption capacity. These results clearly
suggest that both the photocatalyst and visible light irradiation
are indispensable for initiating Cr(VI) reduction.
The photocatalytic reduction of Cr(VI) by pristine CdSe

and the RGO−CdSe composites was systematically inves-
tigated under visible light irradiation (Figure S2A-F, SI). In all
cases, the characteristic absorption bands of Cr(VI) pro-
gressively decreased with increasing irradiation time. A direct
comparison of normalized absorption intensities under
identical conditions (Figure S3A, SI) revealed that the
RGO−CdSe composite exhibited significantly superior activity
relative to CdSe alone. This enhancement is attributed to the
heterostructured interface between RGO and CdSe, where
favorable band alignment facilitates efficient charge separation
and accelerates electron transfer, thereby boosting the
photocatalytic Cr(VI) reduction process.
The photocatalytic reduction of Cr(VI) was quantitatively

assessed using the relation:45

i
k
jjjjj

y
{
zzzzz= ×C

C
Reduction efficiency (%) 1 100%

0 (8)

where C0 and C represent the initial and instantaneous
concentrations of Cr (VI) at time t = 0 and at irradiation time
t, respectively. The comparative results are shown in Figure 7A.
After 120 min of visible-light exposure, CdSe achieved only

23% Cr(VI) reduction efficiency, reflecting its limited activity.
In contrast, the RGO−CdSe composite reached 74% efficiency
under identical conditions. This remarkable improvement
stems from RGO’s role as a conductive matrix, which
accelerates electron transport and suppresses charge recombi-
nation.
Additionally, the intimate contact between RGO nanosheets

and CdSe nanoparticles promotes interfacial charge separation,
further speeding up the reduction of Cr(VI). These
cooperative effects emphasize the crucial role of RGO in
enhancing the overall photocatalytic performance of the
composites.
To elucidate the photocatalytic Cr(VI) reduction pathway,

kinetic studies were performed within the Langmuir−Hinshel-
wood (L-H) framework, a widely applied model for
heterogeneous photocatalysis, particularly when adsorption−
desorption equilibria influence the overall rate.46 According to
this model, the reaction rate (r, mgL−1min−1) is expressed as47

= =
+

r
dC
dt

k KC
KC1

r

(9)

where C denotes the pollutant concentration (mgL−1), kr is the
intrinsic rate constant (mgL−1min−1), the adsorption equili-
brium constant (Lmg−1) is denoted by K. This formulation
assumes rapid adsorption−desorption equilibrium, with the
reaction occurring at adsorbed sites. Under dilute concen-
tration conditions where KC ≪ 1, the above expression
simplifies to

=r k KC kCr (10)

where k = krK represents the apparent pseudo-first-order rate
constant. Integration of this expression gives the well-known
pseudo-first-order kinetic equation:48
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The photocatalytic reduction kinetics were analyzed using a
pseudo-first-order model, which is generally applicable for
dilute pollutant concentrations commonly employed in
photocatalytic studies. As shown in Figure 7B, the linear
correlation between ln(C0/C) and irradiation time enabled
determination of the rate constants. The RGO−CdSe
composite showed k = 0.017 min−1, nearly 5.6-fold higher
than that of CdSe (0.003 min−1). This enhancement is
attributed to the electron-accepting and transport properties of
the RGO framework, which suppresses charge recombination.
The apparent quantum yield (AQY) provides a quantitative

measure of how effectively incident photons are converted into
chemical output, thereby reflecting the light-to-chemical
conversion efficiency of a photocatalyst. It is defined as49

= ×AQY(%)
Number of Cr(VI) ions reduced

Number of incident photon
100

(12)

In practical applications, this can be further expanded to

=
×

×
N

P t E
AQY(%)

/
100Reduced

Incident Exposure Photon (13)

In this work, the AQY was calculated on the basis of the
number of Cr(VI) ions reduced per incident photon, following
a molecule-based definition commonly used in photocatalytic
reduction studies. Since the reduction of Cr(VI) to Cr(III)
involves multiple electron-transfer steps, the reported AQY

Figure 7. Visible-light-driven photocatalytic activity: (A) temporal
evolution of Cr(VI) reduction efficiency and (B) corresponding

pseudo-first-order kinetic plots ( )ln C
C

0 vs time for CdSe and the

RGO−CdSe composite.
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represents an apparent value that provides a comparative
measure of photocatalytic efficiency under identical illumina-
tion conditions.
Here, NReduced is the number of Cr(VI) ions reduced,

calculated from the initial concentration and reduction
fraction; PIncident is the incident light power (W); tExposure is
the irradiation duration (in s); and EPhoton is the energy of an
individual photon. The photon flux used in the AQY
calculation was estimated based on the measured light intensity
of the tungsten−halogen lamp under the experimental
conditions. The detailed calculation of AQY is presented in
SI. The AQY of the RGO−CdSe composite (∼0.16%) is
approximately three times higher than that of pristine CdSe
(∼0.054%), confirming the role of RGO in promoting charge
separation and electron transport. The reported AQY values
are based on the number of reduced Cr(VI) species without
accounting for the electron stoichiometry; since the reduction
of Cr(VI) to Cr(III) involves a three-electron transfer per Cr
ion, the actual AQY values would be three times higher when
expressed on an electron basis.
Since photocatalytic applications are closely tied to energy

demand, the “electrical energy per order” (EE/O) was also
evaluated, representing the electrical energy (kWh) required to
reduce pollutant concentration by 1 order of magnitude in 1
m3 of solution, thus serving as a key metric for assessing
process energy economy:50

= × ×
×V

EE/O
lamp power (W) time(h) 1000

treated volume ( ) log( )C
C0 (14)

where V is the treated solution volume (L). In the present
study, a 1 kW tungsten−halogen lamp was used as the
irradiation source. Lower EE/O values indicate higher energy
efficiency of the photocatalytic process. As derived from log
(C0/C) vs irradiation dose plots [Figure S3B, in SI], the EE/O
values were 314 and 57.6 kWh m−3 order−1 for CdSe and
RGO−CdSe, respectively. This nearly 5.45-fold reduction
suggests substantial energy savings upon RGO incorporation,
demonstrating the enhanced energy efficiency of the
composite.
Extending these analyses, the photocatalytic efficiency of

CdSe undergoes substantial enhancement once RGO is
incorporated, leading to the formation of RGO−CdSe
composite. The role of RGO concentration within the
RGO−CdSe system was systematically investigated under
uniform conditions. Notably, photocatalytic activity steadily
improves with increasing RGO fraction, achieving maximum
performance at 40RGO−CdSe (denoted as RGO−CdSe in
this paper), but declines when the RGO content is further
increased (Figure 8A). To quantify this, the apparent rate
constant (k) was determined for each sample, and its
dependence on RGO concentration is shown in Figure 8B.
All composites exhibit significantly higher k values compared
to pristine CdSe, confirming the cooperative interaction
between RGO and CdSe. Consistent with the photocatalytic
reduction trend, the maximum rate constant was obtained for
40RGO−CdSe. Similarly, the AQY of the composites follows
the same trend (Figure 8C), reaching its peak for 40RGO−
CdSe, whereas the EE/O displays the opposite behavior
(Figure 8D), attaining its lowest value at 40RGO−CdSe. The
observed variations can be rationalized as follows: at low RGO
concentrations, the amount of RGO is inadequate to provide
sufficient interfacial area for CdSe dispersion, while excessive

RGO tends to shield CdSe nanorods, thereby suppressing
exciton generation and charge transfer.
Upon visible-light irradiation, CdSe nanorods generate

electron−hole pairs. Owing to the intimate interfacial contact
and favorable band alignment, photogenerated electrons are
efficiently transferred from the conduction band of CdSe to the
RGO framework. The RGO network acts as a conductive
electron reservoir, suppressing charge recombination and
enabling electron accumulation at the CdSe/RGO interface.
These accumulated electrons directly participate in the
multielectron reduction of aqueous Cr(VI) species to Cr-
(III).51,52 In parallel, dissolved O2 can be reduced to
superoxide radicals •O( )2 , which may also contribute to
Cr(VI) conversion through indirect reduction pathways.51,52

Meanwhile, photogenerated holes remaining in the valence
band of CdSe are consumed through water oxidation or other
surface oxidation reactions, thereby maintaining charge
neutrality within the system.
The pronounced quenching of photoluminescence observed

for the RGO−CdSe composite suggests efficient interfacial
charge separation and electron extraction, which contributes to
the enhanced photocatalytic Cr(VI) reduction activity. The
proposed photocatalytic pathway is inferred from the observed
photoluminescence quenching and established literature
reports on semiconductor−carbon hybrid systems,53,54 and
therefore represents a plausible mechanistic hypothesis rather
than direct experimental confirmation. A comparison of the
photocatalytic performance of the RGO−CdSe composite with
previously reported photocatalysts for Cr(VI) reduction is
provided in Table S1 (Supporting Information), demonstrating
its competitive performance under visible-light irradiation.
The influence of the solution pH on the photocatalytic

reduction of Cr(VI) was investigated. The reduction efficiency
was higher under acidic conditions and gradually decreased
with increasing pH (Figure S4, in SI). This behavior can be
attributed to the favorable adsorption of protonated Cr(VI)
species and enhanced electron transfer at a lower pH. Under
alkaline conditions, electrostatic repulsion between chromate
ions and the catalyst surface reduces the reduction efficiency.

Figure 8. Influence of RGO content on photocatalytic behavior: (A)
variation in Red. Eff., (B) corresponding k, (C) AQY, and (D) EE/O
for the evaluated samples.
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The operational stability of the RGO−CdSe photocatalyst
was further evaluated through recycling experiments under
identical reaction conditions. As shown in Figure S5A, the
photocatalytic reduction efficiency of Cr(VI) decreased only
slightly after five successive cycles, retaining more than ∼88%
of its initial activity, indicating good reusability of the catalyst.
To examine structural stability, XRD analysis of the catalyst
recovered after five photocatalytic cycles was performed
(Figure S5B). The diffraction pattern remained essentially
unchanged compared with the fresh sample, confirming that
the crystalline structure of the RGO−CdSe composite was
preserved during the photocatalytic process. These results
suggest that the composite possesses good structural stability
under the present reaction conditions.
Collectively, the enhanced Cr(VI) reduction activity of the

RGO−CdSe nanocomposites can be attributed to RGO-
induced interfacial electronic interactions that promote
efficient charge separation and electron transport. This
interfacial coupling facilitates multielectron transfer to Cr(VI),
resulting in superior visible-light photocatalytic performance
compared with pristine CdSe. A schematic illustration of the
proposed photocatalytic Cr(VI) reduction mechanism over the
RGO−CdSe composite is presented in Figure 9.

■ CONCLUSION
In summary, we have demonstrated that RGO plays an
important role in modulating the crystal structure and
photocatalytic behavior of CdSe nanorods. Quantitative
analysis via Rietveld refinement of XRD data reveals a
substrate-induced redistribution of hexagonal wurtzite and
cubic zinc-blende phases, along with lattice strain variation,
which may contribute to charge-carrier separation and
transport. As a result, the optimized RGO−CdSe nano-
composite exhibits significantly enhanced visible-light-driven
Cr(VI) reduction efficiency, accelerated reaction kinetics,
higher quantum efficiency, and reduced energy consumption
compared to pristine CdSe. The photocatalytic reduction was
also found to be pH-dependent, showing higher efficiency
under acidic conditions due to favorable adsorption and
electron transfer processes. Performance is consistent with that
efficient interfacial electron extraction by the RGO framework,
which enables direct multielectron reduction of Cr(VI) to
Cr(III), while photogenerated holes are consumed via

oxidation pathways to maintain charge neutrality. These
observations suggest that the enhanced photocatalytic perform-
ance may be associated with interfacial phase and strain effects
introduced by RGO incorporation. In addition, the RGO−
CdSe composite exhibits good stability and reusability over
repeated photocatalytic cycles, indicating its potential for
practical applications. These results indicate that the
incorporation of RGO influences the structural characteristics
of CdSe and is accompanied by improved photocatalytic
performance, providing useful guidance for the design of
semiconductor−carbon heterostructures for sustainable water
remediation. These findings also highlight a viable route for
fine-tuning material properties through substrate-mediated
phase and strain engineering in nanocomposite systems.
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