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1. Introduction

Regenerated and reformed gold and titanium
dioxide quantum dots from waste for sustainable
and efficient environmental monitoring+t

Zain Ul Abideen,
Samane Maroufi,

* Rasoul Khayyam Nekouei, ©2 Mohsen Hajian Foroushani,
Farshid Pahlevani and Veena Sahajwalla

Driven by the urgent need for sustainable materials in advanced technologies, this study investigates the
potential of regenerated and reformed waste materials containing Au and TiO, quantum dots (R-Au-TiO,
QDs), derived from industrial waste, as a viable alternative to commercial TiO, (C-TiO,) for photocatalytic
applications. The R-Au-TiO, QDs demonstrate a high purity of 99.8 wt% and a particle size of less than
10 nm. The presence of Au (0.24 wt%) further enhances the photocatalytic performance of R-Au-TiO,
QDs through localized surface plasmon resonance (LSPR), leading to superior degradation rates of
methylene blue (MB) when deposited on flexible aluminum foil substrates under UV and solar light.
R-Au-TiO, QDs achieve a degradation rate of 82.5% with a rate constant of 0.029 min~* under UV light,
representing a 28% increase in degradation rate and a 70% increase in the rate constant compared to
64.5% and 0.017 min™%, respectively, for C-TiO,. Under the solar simulator, R-Au-TiO, QDs also outper-
form C-TiO,, achieving a degradation rate of 68%, further highlighting their effectiveness. These results
are attributed to smaller particle size, higher surface area, enhanced light absorption and improved
charge separation in the R-Au-TiO, hybrid material. This study demonstrates that R-Au-TiO, QDs not
only match, but often surpass, the performance of commercial TiO,, offering a cost-effective and envir-
onmentally friendly solution for UV sensing, environmental monitoring, and water purification systems.
These findings advocate for the strategic utilization of waste resources containing valuable elements to
regenerate high-performance materials, thereby contributing to the development of a circular and sus-
tainable economy.

biodiversity loss and ecosystem disruption. Recovering these
materials conserves natural resources and minimizes the

The metallurgical industry is a significant contributor to
industrial waste, generating vast amounts of by-products
including slag, dust, and sludge from processes such as smelt-
ing, refining, and steel production." Annually, this industry
produces an estimated 400 million metric tons of waste,
which, if not managed properly, poses severe environmental
risks, including contamination of soil, water, and air, leading
to ecological damage and health hazards." Improper disposal
of metallurgical waste, particularly through landfilling, can
lead to the leaching of heavy metals such as lead, cadmium,
and mercury into the environment, causing long-term con-
tamination and health risks such as neurological disorders
and cancer.>® Moreover, this disposal method contributes to
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environmental impact associated with primary mining.*”
Reforming metallurgical waste is both environmentally and
economically advantageous, aligning with the objectives of
Sustainable Development Goal 12 (SDG 12), which emphasizes
sustainable consumption and production. SDG 12 focuses on
optimizing resource use and minimizing the loss of energy
and materials in the form of waste and emissions throughout
the life cycle of products. In the metallurgical industry, this
goal has garnered significant attention as companies seek to
recover valuable metals from production waste, reduce energy
consumption, and lower greenhouse gas emissions. By adopt-
ing circular economy practices, such as reforming and re-
cycling slag, dust, and other metallurgical by-products, the
industry not only mitigates environmental impact but also
enhances resource efficiency, contributing to both economic
sustainability and environmental stewardship.®® Recent
studies have also demonstrated the successful development of
waste-derived catalysts and functional materials for energy and
environmental applications, further supporting the value of

This journal is © The Royal Society of Chemistry 2025
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waste valorization strategies.”'® However, the complex compo-
sition of metallurgical waste, with its mix of valuable and
hazardous components, makes the recovery process challen-
ging. Therefore, we have suggested that these components
should be used in a reformed state, going beyond conventional
recycling.

Metallurgical waste is rich in different valuable metals such
as gold (Au) and titanium dioxide (TiO,), making it a critical
resource for recovery.” For example, metallurgical slag can
contain up to 84.5% TiO,, essential for various industrial
applications, including the production of pigments, coatings,
and photocatalysts.® Au and TiO, are particularly valuable for
applications in photocatalysis."’ Au nanoparticles, known for
their unique optical properties such as localized surface
plasmon resonance (LSPR), enhance light absorption and are
effective in biosensing, imaging, and catalysis.">™** On the
other hand, TiO, is a widely studied semiconductor for its
photocatalytic properties, stability, and non-toxicity, especially
in environmental remediation. When exposed to light with
energy equal to or greater than its bandgap (3.2 eV for anatase
TiO,), TiO, generates electron-hole pairs that drive redox reac-
tions, degrading organic compounds such as methylene blue
(MB).*"*>1% Combining Au with TiO, enhances photocatalytic
efficiency by broadening the light absorption spectrum to
include visible light and improving charge separation, thereby
reducing electron-hole recombination and enhancing overall
photocatalytic performance.’” Using recovered Au and TiO,
from metallurgical waste offers significant cost savings and
environmental benefits compared to commercially synthesized
nanoparticles, which often require expensive precursors and
energy-intensive processes. Reforming these materials reduces
production costs, which aligns well with sustainable practices,
minimizing the demand for extraction of virgin resources
while reducing waste volume.

In this study, we explore the potential of completely regen-
erated and reformed Au-TiO, hybrid quantum dots (R-Au-
TiO, QDs) as a sustainable and efficient photocatalyst for
environmental applications, offering a novel approach to
regenerating valuable materials while addressing the environ-
mental challenges posed by the waste. In their reformed state,
we have demonstrated the structural and surface integrity of
R-Au-TiO,. The photocatalytic performance of R-Au-TiO, QDs
was evaluated through the degradation of MB in flexible, wear-
able composite films on aluminum foil substrates under
various light conditions, including a solar simulator, UV light
at 254 nm, and natural sunlight. The results reveal that R-Au-
TiO, QDs exhibit superior photocatalytic activity compared to
commercial TiO,, particularly under UV light, with a degra-
dation rate of 82.5%. This enhanced performance, attributed
to the plasmonic effect of Au nanoparticles, suggests that
R-Au-TiO, QDs are highly effective for applications such as
water purification and environmental monitoring. By utilizing
reformed materials, this study advances photocatalysis and
supports the development of a circular economy, promoting
sustainability and reducing the environmental impact of met-
allurgical waste.
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View Article Online

Paper

2. Results and discussion

Fig. 1 presents a comprehensive comparison between R-Au-
TiO, QDs and C-TiO, through various characterization tech-
niques. Fig. 1a shows the X-ray diffraction (XRD) pattern for
R-Au-TiO, QDs. The R-Au-TiO, QDs exhibit characteristic
peaks corresponding to the anatase phase, with a high phase
purity of 99.8%, indicating a successful recovery from the
industrial waste. The XRD peaks for R-Au-TiO, QDs were
matched against the Inorganic Crystal Structure Database
(ICSD) reference pattern 154607, confirming a tetragonal
crystal system with a space group of I4,/amd. The presence of
Au nanoparticles is confirmed by a distinct peak around 20 =
38°, which matches the ICSD reference pattern 759732, indi-
cating a cubic crystal system with a space group of Fm3m, and
a total Au content of 0.24%.

Rietveld refinement was performed to obtain detailed infor-
mation on the crystal structure, including lattice parameters,
phase composition, and particle size distribution. The calcu-
lated pattern from Rietveld refinement fits well with the
observed data (Fig. 1a). The refinement parameters, Ry,
(weighted profile R-factor) and R, (expected R-factor) are
measures of the fit quality, where lower values indicate a
better fit."®'” The refinement parameters for R-Au-TiO, QDs,
Ryp = 6.03, Reyp = 4.20, and G = 1.43, indicate good fitting
quality of the refinement process. The goodness-of-fit (G)
value close to 1 implies an excellent match between observed
and calculated patterns.'®"” The difference plot in Fig. 1a
shows the residuals between the observed and calculated pat-
terns validating the refinement process. The crystallinity of
R-Au-TiO, QDs was measured to be 100%, as detailed in the
Experimental section. The high crystallinity of R-Au-TiO, QDs,
evidenced by the sharp and well-defined XRD peaks, makes it
a viable and sustainable alternative for sensing and photo-
catalytic applications.”>'®'® The R-Au-TiO, QDs exhibit
characteristic peaks corresponding to the anatase phase, with
high crystalline phase purity as determined by Rietveld refine-
ment of the XRD data, indicating successful recovery from the
industrial waste. This phase composition is further supported
by X-ray fluorescence (XRF) and inductively coupled plasma
optical emission spectroscopy (ICP-OES) analyses (Table S17),
which confirm TiO, as the dominant component and Au nano-
particles as a minor functional additive.

Fourier transform infrared (FTIR) spectroscopy was con-
ducted to analyze the chemical structure and identify the func-
tional groups present in both R-Au-TiO, QDs and C-TiO,
nanoparticles, helping to understand the surface chemistry
and any potential modifications resulting from the reforming
process. The FTIR spectra, shown in Fig. 1b, illustrate the
transmittance (%) of both R-Au-TiO, QDs and C-TiO, across
the wavenumber range of 650 to 4000 cm™'. For R-Au-TiO,
QDs, characteristic peaks are observed at 1126 cm™,
1631 cm ™, and 2981 cm™'. The peak at 1126 cm™" is associ-
ated with Ti-O stretching vibrations that indicate the presence
of titanium-oxygen bonds typical of the anatase phase.”®?
The peak at 1631 cm™" corresponds to the bending vibrations
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(a) XRD patterns showing the anatase phase for R-Au-TiO, QDs, displaying a peak for Au nanoparticles. Rietveld refinement confirms high

purity and crystallinity (b) FTIR spectra indicating Ti—O bonding and surface hydroxyl groups in R-Au-TiO, QDs, with higher moisture content com-
pared to C-TiO, (c) Raman spectra revealing characteristic anatase phase peaks for both R-Au—TiO, QDs and C-TiO,, indicating preserved crystalline
structure post-reforming (d) UV-vis absorbance spectra showing strong UV absorption and slightly red-shifted absorption edge in R-Au-TiO, QDs
due to Au nanoparticles. The inset includes Tauc plots indicating band gaps and powder colors calculated from UV-vis spectra.

of adsorbed water molecules, signifying the presence of
surface hydroxyl groups, which are known to enhance photo-
The
is attributed to C-H stretching vibrations,

catalytic activity by providing active sites for reaction.>”
peak at 2981 cm™"
likely due to residual organic compounds from the reforming
and synthesis process.>” The observed blue shift of the Ti-O
stretching peak to 1126 cm™" in R-Au-TiO, QDs, compared to
C-TiO,, is attributed to quantum confinement effects associ-
ated with the sub-10 nm particle size, which can induce lattice
strain and frequency shifts. Additionally, surface hydroxylation
and residual organics, indicated by peaks at 1631 cm™"
2981 cm™', may influence the local bonding environment.

and

Structural reorganization during the reforming process may
further contribute to this shift.

14370 | Nanoscale, 2025, 17, 14368-14380

The surface area of R-Au-TiO, QDs was measured to be
131.4 m® g~! using Brunauer-Emmett-Teller (BET) analysis. A
higher surface area typically enhances photocatalytic efficiency
by providing more active sites for reactions and improving the
interaction between the catalyst and analytes.*” The variations
in peak positions and intensities in FTIR spectra between
R-Au-TiO, QDs and C-TiO, nanoparticles can be attributed to
the presence of these residual organic compounds or slight
structural modifications during the reforming process of
R-Au-TiO, QDs. The increased moisture content in R-Au-TiO,
QDs, as indicated by the more pronounced water adsorption
peak, suggests that the reforming process may have introduced
or retained more surface hydroxyl groups. These surface modi-
fications could influence the photocatalytic and sensing pro-

This journal is © The Royal Society of Chemistry 2025
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perties of the material, potentially enhancing its
performance.?*?*

Raman spectroscopy was employed to investigate the
vibrational properties and phase purity of both R-Au-TiO, QDs
and C-TiO, nanoparticles. The Raman spectra in Fig. 1c reveal
the vibrational modes of R-Au-TiO, QDs and C-TiO,. For both
samples, prominent peaks are observed at 146.6 cm™ (Eg),
398.3 em™" (Byg), 515.3 em™' (Ay,), and 638.5 cm ™! (E,). These
peaks are characteristic of the anatase phase of Ti0,.>® The
strong E, mode at 146.6 cm™" is indicative of the symmetric
stretching vibrations of the TiOg octahedra.”® The peak at
398.3 cm™' (By,) corresponds to the symmetric bending
vibrations of the Ti-O bonds.*>** The 515.3 cm™ (Ay) peak
represents the asymmetric bending vibrations of the Ti-O
bonds.?® The peak at 638.5 cm™" (E,) is due to the symmetric
stretching vibrations of the Ti-O bonds. The similarity in peak
positions and intensities between R-Au-TiO, QDs and C-TiO,
indicates that the reforming process preserves the crystalline
structure and vibrational properties of TiO,. This suggests that
the structural integrity of TiO, is maintained during the recov-
ery process from industrial waste, making R-Au-TiO, QDs a
suitable material for applications requiring high phase purity
and crystallinity.””*®

Next, ultraviolet-visible (UV-vis) spectroscopy was per-
formed to evaluate the optical properties and band gap ener-
gies of both R-Au-TiO, QDs and C-TiO, nanoparticles. These
measurements are crucial for understanding the light absorp-
tion capabilities and potential applications of R-Au-TiO, QDs
in UV detection and photocatalysis.”” Fig. 1d displays the UV-
vis absorbance spectra of R-Au-TiO, QDs and C-TiO,. Both
samples exhibit strong absorption in the UV region, with
absorption edges around 390 nm.”” The inset Tauc plots, as
detailed in the Experimental section, indicate direct band gaps
of 3.21 eV for R-Au-TiO, QDs and 3.23 eV for C-TiO,.>° The
slight red shift in the absorption edge of R-Au-TiO, QDs can
be attributed to the presence of Au nanoparticles, which
enhance light absorption through LSPR effects.’®?!
Additionally, the inset of Fig. 1d shows the actual colors of
both R-Au-TiO, QDs and C-TiO, powders, as calculated from
the UV-vis spectra. The slight color difference can be attributed
to the particle size difference, a relatively higher moisture
content, and presence of Au nanoparticles in R-Au-TiO, QDs,
which influence the optical properties.

Scanning electron microscopy (SEM) was performed to
investigate the surface morphology and particle size distri-
bution of both R-Au-TiO, QDs and C-TiO, nanoparticles. This
analysis is crucial for confirming the physical structure and
consistency of the synthesized nanoparticles, which are key
factors for their application in various technologies. Fig. 2a
presents the SEM micrograph of R-Au-TiO, QDs, while Fig. 2b
shows the SEM micrograph of C-TiO, nanoparticles. Both
images reveal a similar agglomerated morphology, typical of
TiO, nanoparticles.”” The average particle size in both R-Au-
TiO, QDs and C-TiO, nanoparticles was found to be smaller
than 20 nm, with the Au-TiO, QDs being smaller than 10 nm
(Fig. S271). The high-resolution SEM images illustrate that the

This journal is © The Royal Society of Chemistry 2025
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R-Au-TiO, QDs maintain a uniform and consistent structure,
comparable to that of the commercial counterpart (Fig. S17).

High-resolution  transmission  electron  microscopy
(HR-TEM) analysis was conducted to obtain detailed infor-
mation about the particle size, shape, degree of agglomeration,
and crystallinity of the R-Au-TiO, QDs. Fig. 2c¢ presents the
HR-TEM image of R-Au-TiO, QDs, revealing well-dispersed
particles with a uniform size distribution, which is crucial for
consistent performance in various applications.*” The average
particle size is less than 10 nm, which is the threshold for QD
size. Despite some degree of agglomeration, the HR-TEM
image shows that the QDs retain their individual identities
while remaining physically clustered (Fig. S21). This is impor-
tant for maintaining the high surface area and reactivity of the
particles.’® Furthermore, the high-resolution image confirms
the high crystallinity of the R-Au-TiO, QDs (Fig. 2c). The
lattice fringes observed in the HR-TEM image indicate well-
defined crystal planes, demonstrating that the reforming and
synthesis process preserves the crystalline structure of the
R-Au-TiO, QDs (Fig. 2c and Fig. S2t). This high crystallinity is
essential for applications that require efficient electron trans-
port and optimal optical properties.>*

Selected area electron diffraction (SAED) analysis was per-
formed to investigate the crystalline structure and phase purity
of the R-Au-TiO, QDs. Fig. 2d shows the SAED pattern of
R-Au-TiO, QDs, displaying distinct planes that correspond to
the anatase phase of TiO, with indices (101), (004), (200), and
(105).>® These rings indicate the presence of well-defined
crystal planes, further confirming the high crystallinity of the
R-Au-TiO, QDs. Additionally, the presence of Au nanoparticles
is indicated by the (111) diffraction plane, validating the incor-
poration of Au within the TiO, matrix.*® The clear and sharp
diffraction spots in the SAED pattern confirm the high crystal-
linity and phase purity of the R-Au-TiO, QDs.

Energy-dispersive X-ray spectroscopy (EDX) and scanning
transmission electron microscopy (STEM) analyses were per-
formed to investigate the elemental composition and spatial dis-
tribution of elements within the R-Au-TiO, QDs. Fig. 2e pre-
sents the EDX elemental maps for Ti, O, and Au in R-Au-TiO,
QDs. The uniform distribution of Ti and O elements indicates
the homogeneous composition of the TiO, QDs. The presence
of Au nanoparticles is confirmed by the EDX map, which shows
discrete spots corresponding to Au nanoparticles. The EDX
elemental maps demonstrate that the Ti and O elements are
evenly distributed throughout the R-Au-TiO, QDs. The discrete
spots of Au observed in the EDX map confirm that Au nano-
particles are integrated within the TiO, matrix.

Furthermore, energy-dispersive spectroscopy (EDS) analysis
was conducted to quantify the elemental composition of both
R-Au-TiO, QDs and C-TiO,, as shown in Fig. 2f. The promi-
nent peaks for Ti and O in both samples confirm the TiO,
composition. The additional peaks for Au in the R-Au-TiO,
QDs spectrum verify the presence of Au nanoparticles. The
presence of carbon (C) and sulfur (S) peaks is due to the
carbon coating used for SEM analysis and residual sulfur from
the recovery process, respectively.?”*®

Nanoscale, 2025, 17,14368-14380 | 14371
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Fig. 2 (a) SEM image of R-Au-TiO, QDs, showing a similar agglomerated morphology to commercial TiO, in panel (b). (b) SEM image of C-TiO,
nanoparticles (c) HR-TEM image of R-Au-TiO, QDs, revealing well-dispersed QDs with uniform size distribution and high crystallinity, confirmed by
lattice fringes. (d) SAED pattern of R-Au—-TiO, QDs, displaying distinct diffraction rings corresponding to the anatase phase of TiO, and the presence
of Au nanoparticles (e) EDS elemental maps for Ti, O, and Au in R-Au-TiO, QDs, indicating a homogeneous composition of TiO, and discrete spots
of Au nanoparticles (f) EDS spectra of both R-Au-TiO, QDs and C-TiO,, showing prominent peaks for Ti and O, and additional peaks for Au in
R-Au-TiO, QDs, highlighting the presence of regenerated Au nanoparticles.
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Overall, the characterizations presented in Fig. 1 and 2
confirm that R-Au-TiO, QDs recovered from waste, exhibit
structural, vibrational, and optical properties closely matching
those of C-TiO, nanoparticles. This demonstrates the effective-
ness of the reforming process and the potential of R-Au-TiO,
QDs as a cost-effective and viable alternative to commercial
TiO, for applications in UV detection, organic degradation,
and other technologies.

Next, we investigated the light detection and degradation
capabilities of MB in flexible polymer films (200 pm thick)
composed of R-Au-TiO, QDs and C-TiO, nanoparticles on
aluminum foil substrates. Fig. 3 presents a comprehensive
analysis of the reflectance spectra and degradation rates for
MB under different light conditions, specifically a solar simu-
lator and UV light at 254 nm. The transmittance spectra are
crucial for analyzing the degradation process, as they provide
direct information on how much light passes through the film
at different wavelengths. In this context, the region around
600-700 nm is of particular interest because it corresponds to
the absorption peak of MB. A decrease in absorption at this
wavelength, indicated by an increase in transmittance, sig-
nifies MB degradation, as less dye remains to absorb the
light.*®

The initial reflectance values before any light exposure for
R-Au-TiO, QDs and C-TiO,, with MB concentrations of 30 pL
in both films, were 19% and 17% at 664 nm, respectively
(Fig. 3a and b). Both spectra show a baseline reflectance level
with a significant decrease around 600-700 nm due to MB
absorption. Upon exposure to the solar simulator and UV light
for 1 hour, the reflectance values for R-Au-TiO, QDs film
increased to 34.3% and 33.8% at 664 nm, respectively, indicat-
ing MB degradation leading to less absorption and higher
reflectance.?® Similarly, the reflectance for C-TiO, increased to
29% under the solar simulator and 24% under UV light after
1 hour of exposure, which indicates MB degradation and film
discoloration.

Fig. 3c illustrates the rate of MB degradation for R-Au-TiO,
QDs and C-TiO, films under different light exposures. The
degradation rates were determined by measuring the change
in reflectance at the characteristic wavelength of MB (664 nm)
before and after 1 hour of light exposure. R-Au-TiO, QDs
exhibited degradation rates of 35% (0.59% min~') under the
solar simulator and 34% (0.57% min~") under UV light. In
comparison, C-TiO, showed degradation rates of 31% (0.51%
min~") and 19% (0.32% min~") under the same conditions.
These results confirm that R-Au-TiO, QDs outperform C-TiO,
under both light conditions, with a more pronounced advan-
tage under UV light, highlighting its superior photocatalytic
performance.

Fig. 3d presents the visual discoloration of the flexible
sensors composed of R-Au-TiO, QDs and C-TiO, before and
after light exposure. Sensors with both 30 pL and 120 pL MB
concentrations were prepared, and the color changes were
measured using UV-vis spectroscopy to visually indicate the
degree of MB degradation. The rate constants, k, for MB degra-
dation under these light conditions were calculated using the

This journal is © The Royal Society of Chemistry 2025
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A

i (7)
. . . A
first-order kinetics formula, k = % , where A and A,

are the absorbance values after and before light exposure,
respectively, and ¢ is the exposure time (60 minutes).**"*°

For the sensors with 30 pL. MB concentration, the rate con-
stants for R-Au-TiO, QDs under the solar simulator and UV
light were approximately 0.0097 min™' and 0.0095 min,
respectively. For C-TiO,, the rate constants were approximately
0.0065 min™" and 0.0036 min~' under the same conditions.
These findings confirm that R-Au-TiO, QDs sensors are more
effective than C-TiO, sensors under both light conditions.

For the sensors with 120 L. MB concentration, the rate con-
stants for R-Au-TiO, QDs were 0.0035 min~' under the solar
simulator and 0.0022 min~" under the UV light (Fig. 3e). In
contrast, C-TiO, exhibited rate constants of 0.0041 min™" and
0.0014 min~' under the same conditions (Fig. 3f). Notably,
R-Au-TiO, QDs sensors exhibit a higher rate constant under
UV light, suggesting its better performance under this specific
condition. However, 1 hour of exposure may not fully capture
MB degradation and film discoloration at higher MB concen-
trations. Therefore, sensors were exposed to light for extended
periods to achieve complete MB degradation, as detailed in
Fig. 4.

Fig. 4a and b present the transmittance spectra of R-Au-
TiO, QDs and C-TiO, films, respectively, before and after
11 hours of exposure to solar simulator and UV light at
254 nm. The extended exposure time was chosen to thoroughly
investigate the long-term effects of sustained light exposure on
MB degradation, simulating real-world applications where the
wearable sensor is exposed to light for extended periods.

For R-Au-TiO, QDs, the transmittance spectra in Fig. 4a
show significant changes after 11 hours of light exposure.
Initially, the film exhibits a deep absorption band around
600-700 nm. After 11 hours under the solar simulator, trans-
mittance in this region increases markedly, indicating a sub-
stantial portion of the MB has been degraded. The degradation
rate under the solar simulator was calculated to be 68%, with
a degradation rate per minute of 1.14% min~", and a rate con-
stant of 0.0192 min~". When exposed to UV light for 11 hours,
R-Au-TiO, QDs show an even greater increase in transmit-
tance, with a degradation rate of 82.5%, a degradation rate per
minute of 1.38% min~?, and a rate constant of 0.0291 min™".
The more pronounced increase in transmittance under UV
light is attributed to the higher energy of UV photons, which
induce more efficient photocatalytic reactions.

In comparison, the transmittance spectra for C-TiO, in
Fig. 4b also show significant increases after 11 hours of light
exposure. Initially, the spectrum displays a deep absorption
band around 600-700 nm. After exposure to the solar simu-
lator, transmittance in this region increases, corresponding to
a degradation rate of 69%, a degradation rate per minute of
1.16% min™", and a rate constant of 0.0199 min~'. These
values suggest that C-TiO, performs slightly better than R-Au-
TiO, QDs under the solar simulator. Under UV light, however,
C-TiO, exhibits a lower degradation rate compared to R-Au-
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TiO, QDs, with a rate of 64.5%, a degradation rate per minute
of 1.07% min™", and a rate constant of 0.0173 min~'. This
indicates that while C-TiO, is still effective at degrading MB
under UV light, its performance is not as robust as that of
R-Au-TiO, QDs, especially under UV light.

The differences in transmittance spectra between R-Au-
TiO, QDs and C-TiO, after 11 hours of exposure highlight the
enhanced photocatalytic efficiency of R-Au-TiO, QDs under
UV light, likely due to the presence of Au nanoparticles that
enhance the light absorption through LSPR effects.

Fig. 4c and d present the b* component of the CIELAB
(Commission Internationale de IEclairage L*a*h*) color
system for the R-Au-TiO, QDs and C-TiO, sensors, respectively,
as a function of time during 11 hours of exposure to the solar
simulator and UV light. The CIELAB color system, specified by
the International Commission on Illumination (CIE), models
human vision and represents colors in a perceptually uniform
way.’>*! The system consists of three axes: L*, which rep-
resents lightness; a*, which represents the color spectrum
from green to red; and b*, which represents the color spectrum
from blue to yellow."> The b* component is particularly rele-
vant in this study as it reflects the degree of yellowing or
bluing of the sample, directly correlating with MB degradation
in films.>* As MB degrades, it loses its characteristic blue
color, leading to changes in the b* value. These color measure-
ments were obtained directly from the sensors using a Nix
Mini Color Sensor, a handheld device that provides accurate
and consistent readings of the color in CIELAB and standard
RGB (sRGB) coordinates. This approach allows for a non-
destructive and precise quantitative method of monitoring the
progress of MB degradation over time.

Fig. 4c shows the b* values for R-Au-TiO, QDs over the
11 hour light exposure period. Initially, the b* value is rela-
tively low, reflecting the presence of MB, which imparts a blue
tint to the film. As exposure time increases, the b* value rises,
indicating a shift toward the yellow part of the spectrum,
corresponding to MB degradation. Under the solar simulator,
the b* value increases steadily, indicating continuous MB
degradation. However, under UV light, the increase in b* is
more pronounced, suggesting that UV light is more effective in
degrading MB in the R-Au-TiO, QDs film. This result aligns
with the transmittance data, where UV exposure led to a
higher degradation rate.

Fig. 4d shows the b* values for C-TiO, under the same con-
ditions. The b* value for C-TiO, also increases over time as MB
degrades, but the rate of increase under both the solar simu-
lator and UV light is slightly lower than that observed for
R-Au-TiO, QDs, which is consistent with the slightly lower
degradation rates seen in the transmittance spectra (Fig. 4b).
The solar simulator causes a moderate increase in b* over
time, while the UV light induces a more gradual rise, indicat-
ing that C-TiO, is less effective in degrading MB compared to
R-Au-TiO, QDs under UV conditions.

The b* plots in Fig. 4c and d are directly related to MB
degradation, providing a quantitative measure of the color
change associated with the loss of MB in the films. The greater
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change in b* under UV light for R-Au-TiO, QDs underscores
its superior photocatalytic capabilities, especially in conditions
where high-energy light sources are used.

In addition to analyzing the b* component, we also exam-
ined the a* component of the CIELAB color system, as shown
in the ESI (Fig. S31). The a* component, which represents the
green to red color spectrum, offers further insights into the
color changes occurring as MB degrades. Initially, both
sensors exhibit smaller a* values, indicating a greenish tint
due to the presence of MB. As exposure time increases, the a*
values rise, signifying a shift toward the red spectrum, correlat-
ing with MB degradation. For R-Au-TiO, QDs, the a* increase
is more pronounced under UV light, aligning with the higher
degradation rates observed. C-TiO, also shows an increase in
a*, but to a lesser extent, particularly under UV light, indicat-
ing a lower degree of MB degradation. These a* measurements
complement the b* analysis presented in Fig. 4c and d, collec-
tively highlighting the enhanced photocatalytic performance
of R-Au-TiO, QDs, especially under UV conditions.

Fig. 4e and f present the b* component of the CIELAB color
system, similar to Fig. 4c and d, but with the actual colors cap-
tured by the color sensor displayed in sRGB values. These
plots visually represent the color changes associated with MB
degradation in R-Au-TiO, QDs and C-TiO, films during
11 hours of exposure to the solar simulator and UV light. In
Fig. 4e, the R-Au-TiO, QDs sensor shows a noticeable shift
from a blue-green hue to a more yellowish color over time,
reflecting the increase in the b* value as MB degrades. The
color change is more pronounced under UV light, which aligns
with the higher degradation rate observed in previous analyses.
Fig. 4f shows a similar trend for the C-TiO, sensor, with the
colors shifting toward yellow as MB degrades. However, the
color change is less intense compared to R-Au-TiO, QDs, par-
ticularly under UV light, indicating a slower degradation
process. Fig. S47F also visually presents the color changes over
11 hours of light exposure, directly showing the transition
from blue green to yellow as MB degrades in R-Au-TiO, QDs
and C-TiO, films. These visual representations in SRGB format
effectively demonstrate the extent of MB degradation, comple-
menting the quantitative b* data and further confirming the
superior photocatalytic performance of R-Au-TiO, QDs,
especially under UV light exposure.

In addition to the solar simulator and UV light at 254 nm, a
range of experiments using natural sunlight were also con-
ducted to evaluate the photocatalytic performance of R-Au-
TiO, QDs and C-TiO, films. As shown in Fig. S5, the reflec-
tance spectra for both R-Au-TiO, QDs and C-TiO, films were
measured before and after 1 hour of exposure to natural sun-
light. The results indicate that R-Au-TiO, QDs exhibit a more
significant decrease in reflectance at 600-700 nm, corres-
ponding to a greater degree of MB degradation, compared to
C-TiO,. These findings suggest that R-Au-TiO, QDs are not
only effective under controlled light conditions but also
demonstrate robust performance in real-world sunlight
exposure, positioning them as promising candidates for practi-
cal environmental remediation applications. Table S21 pro-
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vides a comparative overview of different TiO, preparation
methods, sources, substrates, and photocatalytic performance,
highlighting the comparable and even superior performance
of reformed and regenerated Au-TiO, QDs in this study.

The photocatalytic properties of TiO, and the mechanisms
underlying the degradation of organic dyes such as MB are
well-documented in the literature.>*>”%%3 However, this study
aims to demonstrate that reformed and regenerated materials
from waste resources, specifically Au-TiO, QDs, can exhibit
properties comparable to or even superior to their commercial
counterparts. Fig. 5 illustrates the proposed mechanism of MB
degradation and sensing in both C-TiO, and R-Au-TiO, QDs.
The primary mechanism involves the excitation of TiO, nano-
particles under light irradiation, generating electron-hole
pairs that participate in redox reactions to degrade MB mole-
cules (Fig. 5a and b).** When TiO, absorbs photons with
energy equal to or greater than its bandgap (3.2 eV), electrons
in the valence band are excited to the conduction band,
leaving behind holes in the valence band, represented by the
equation: TiO, + v — TiO, (e~ + h*). The excited electrons and
holes then migrate to the surface of the TiO, nanoparticles,
where they participate in oxidation and reduction reactions.*”

For MB degradation under UV light at 254 nm, UV light
excites the TiO,, creating electron-hole pairs. The electrons
reduce adsorbed moisture or oxygen to superoxide radicals
(0,7), while the holes oxidize water or hydroxide ions to
hydroxyl radicals (OH"), as shown in the reactions: e~ + O, —
0,” and h* + H,0 — "OH + H".?° These radicals react with MB
molecules, leading to their degradation and mineralization:
'OH + MB — degraded products and ‘O,” + MB — degraded
products. Under the solar simulator and natural sunlight,
similar reactions occur. However, R-Au-TiO, QDs sensor
demonstrates superior performance under UV light, with a
higher degradation rate compared to the solar simulator and
sunlight, indicating that the high energy of UV photons signifi-
cantly enhances the photocatalytic efficiency.***

The enhanced photocatalytic activity of R-Au-TiO, QDs is
attributed to the LSPR effect of Au nanoparticles. The red-shift
in the UV-vis absorption edge (Fig. 1d), along with Au incor-
poration confirmed by XRD, SAED, and EDS, supports this
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Fig. 5 (a) Schematic illustration of the MB degradation and sensing
mechanism for C-TiO, and R-Au-TiO, QDs containing Au nanoparticles
(b) TiO, nanoparticles absorb light to generate electron—hole pairs, with
Au nanoparticles in R-Au-TiO, QDs enhancing photocatalytic activity
through the plasmonic effect and improved charge separation, leading
to more efficient MB degradation under solar simulator and UV light at
254 nm.
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mechanism. LSPR-induced hot electrons may be injected into
the conduction band of TiO,, facilitating charge separation
and reducing recombination. Similar effects have been
reported in Au-TiO, systems with sub-1 wt% Au
loadings.""'**® This process is illustrated in Fig. 5b and can
be described as: Au + iv - Au — Au + e~, where the hot elec-
tron is injected into the conduction band (CB) of TiO,.

Additionally, Au nanoparticles may act as electron sinks,
reducing the recombination rate of electron-hole pairs and
prolonging carrier lifetimes.*> While the enhancement is most
pronounced under UV light, the R-Au-TiO, QDs also show
improved photocatalytic performance under solar simulator
and natural sunlight, suggesting that the plasmonic effect con-
tributes across multiple light conditions. While the R-Au-TiO,
QDs investigated in this study contained 0.24 wt% Au as recov-
ered from waste, future work will focus on systematically
tuning the Au:TiO, ratio to optimize photocatalytic perform-
ance and material cost. Literature suggests that excessive Au
loading may lead to performance saturation or decline due to
plasmonic damping and surface shielding effects. Systematic
composition optimization is therefore warranted to fully
realize the application potential of this material.

The practical application of these flexible and wearable
films includes their use as sensors in environmental monitor-
ing or water purification systems, where the degradation of
organic pollutants such as MB is critical. The use of the solar
simulator and UV light at 254 nm in this study was designed
to replicate conditions these sensors would encounter in real-
world applications, ensuring that they perform effectively
across a range of light environments.

In addition to their functional performance, the R-Au-TiO,
QDs offer sustainability advantages by utilizing industrial
waste as the sole feedstock through a low-cost, low-tempera-
ture process. A performance comparison with reported TiO,-
based systems is provided in Table S2 (ESIf), demonstrating
their competitive activity alongside circular economy benefits.

3. Conclusion

This study demonstrated that R-Au-TiO, QDs, regenerated
from industrial waste, exhibit superior photocatalytic perform-
ance compared to commercial TiO,, particularly under UV
light. The R-Au-TiO, QDs achieved an MB degradation rate of
82.5% and a rate constant of 0.0291 min~', outperforming
C-TiO, (64.5%, 0.0173 min~") under 254 nm UV exposure. The
b* component from the CIELAB color system showed a more
pronounced shift in R-Au-TiO, films, further confirming
enhanced activity.

The improved performance is attributed to the sub-10 nm
particle size and the presence of Au nanoparticles, which
enhance light absorption through localized surface plasmon
resonance (LSPR) and improve charge separation by acting as
electron sinks. These structural features contribute to reduced
electron-hole recombination and prolonged charge carrier
lifetimes.
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Unlike conventional TiO, synthesis methods that rely on
synthetic ~ precursors and high-temperature treatment
(>450 °C), the regeneration process presented here uses a
waste-derived Au-Ti alloy and operates at a moderate tempera-
ture of 300 °C. This reduces material costs, energy consump-
tion, and waste generation. The process employs scalable
industrial techniques such as leaching, precipitation, and low-
temperature heat treatment, aligning with circular economy
principles and supporting potential for industrial
implementation.

These results highlight the potential of R-Au-TiO, QDs as a
sustainable, low-cost alternative for photocatalytic applications
in environmental monitoring and water purification. While
MB was used as a model pollutant under controlled con-
ditions, we acknowledge that real wastewater includes compet-
ing species and variable conditions. Future studies will explore
the performance of R-Au-TiO, QDs in realistic environmental
matrices to further assess their practical applicability.

4. Experimental

4.1. Reforming and regeneration process

R-Au-TiO, QDs were prepared using a leaching and precipi-
tation method. A waste Au-Ti (50 wt%—-50 wt%) alloy served as
the starting material and was leached in aqua regia (HNO; +
3HCI). During the dissolution process, the solution tempera-
ture rose to 60-80 °C and was maintained until the alloy was
fully dissolved. Titanium rapidly precipitated as TiO,, as it has
negligible solubility in aqueous media.*>*°

During this spontaneous precipitation, Au species in the
leachate, likely in the form of chloroauric acid (HAuCl,), were
partially incorporated onto or within the forming TiO, nano-
crystals through physical attachment or entrapment. This
process occurred without the use of chemical reducing agents
or capping molecules and was driven by the concurrent pres-
ence of both species in solution.

The small particle size (<10 nm) of R-Au-TiO, QDs is attrib-
uted to the rapid nucleation and spontaneous precipitation of
TiO, in the acidic leachate. In the absence of growth modifiers
or high-temperature sintering, the particles form quickly and
remain in the nanoscale range. Key parameters influencing
particle size include the concentration of the leachate, the
reaction temperature (maintained at 60-80 °C), and the rapid
precipitation rate. The mild post-treatment at 300 °C prevents
particle sintering, helping to preserve the small size of the
resulting quantum dots.

The final Au content (0.24 wt%) in the regenerated R-Au-
TiO, QDs was significantly lower than the initial 50 wt% in the
alloy due to this selective precipitation behavior: titanium pre-
cipitated readily as TiO,, while most gold remained dissolved.
Unlike conventional Au recovery approaches, no chemical
reduction step was applied in this process.

Some agglomeration was observed in the resulting particles
(Fig. 2a), which is typical for sol-gel-like precipitation methods
conducted without stabilizers. The aggregation likely occurs
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among TiO, particles rather than between Au and TiO,.
Although morphology control was not the focus of this work,
future optimization may include surfactants, pH adjustment,
or controlled precipitation to minimize particle agglomeration.

The particles were washed with deionised water and cal-
cined at 300 °C to remove moisture and physically or chemi-
cally adsorbed species. The reforming process was repeated
three times with separate batches of Au-Ti alloy waste. All
batches produced R-Au-TiO, QDs with consistent Au content
(0.24 wt%) and anatase TiO, purity exceeding 99.5%, confirm-
ing the reproducibility of the regeneration method.

4.2. Materials and methods

R-Au-TiO, QDs (99.8 wt% purity) with an average particle size
of less than 10 nm, containing 0.24 wt% Au, were utilized to
fabricate wearable and flexible UV sensors. Polyvinyl alcohol
(PVA, with an average molecular weight (MW) of 85000 g
mol ™) was procured from Merck, and methylene blue (MB,
with an average molecular weight of 320 g mol ") was obtained
from Acros Organics, Thermo Fisher Scientific. Both PVA and
MB were used without further purification. Deionized water
with a resistivity of 18 MQ cm was used in all experiments. For
comparative analysis, commercial TiO, (C-TiO,) anatase (MW:
80 g mol™!, >99 wt% purity), primary particle size 21 nm
(TEM) was also purchased from Merck.

4.3. Sensor fabrication

The wearable and flexible film sensors were fabricated using a
mixture of solutions comprising R-Au-TiO, QDs, PVA as a
binder, and MB as an organic dye. The stock solutions were
prepared as follows: 0.05 g of R-Au-TiO, QDs was added to
10 mL of deionized water and sonicated for 1 hour at 30 °C.
Following this, 1 g of PVA was added to the solution, which
was then stirred for 4 hours at 75 °C. A stock solution of MB
was prepared by dissolving 45 mg of MB in 10 mL of deionized
water. The resulting solution was used to create sensing films
employing a commercial doctor blade technique on transpar-
ent glass and flexible aluminum substrates, achieving a
uniform thickness of 200 pm. The doctor blade speed was set
to 6 mm s~ to ensure consistent thickness across 30 mm long
aluminum substrates. The prepared films were dried at room
temperature and stored in dark conditions. Small circular
sensors, 10 mm in diameter, were then punched out using a
manual punch press.

4.4. Light exposure experiments

The sensors were subjected to light exposure experiments
using three different light sources: a solar simulator, UV light
at 254 nm, and natural sunlight. For simulated sunlight
exposure, a G2 V solar simulator with an intensity of 100 mW
cm™?, equivalent to one sun (AM1.5G), and a spectral range of
365 to 1100 nm was employed. UV exposure experiments uti-
lized a low-power (8 watt) UV generator equipped with a UVP
3UV Lamp, provided by Analytik Jena US, to generate 254 nm
UV light. The working distance was maintained at 7 cm from
both the solar simulator and the UV generator. For natural
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sunlight exposure, samples were directly exposed to sunlight
through an office window from morning onwards. All samples
were kept in dark conditions before and after each light
exposure experiment. All light exposure experiments were
repeated with independently prepared sensors under UV light,
solar simulator, and natural sunlight. Consistent degradation
responses across these three lighting environments confirm
the reproducibility and reliability of the experimental results.

4.5. Characterization techniques

The R-Au-TiO, QDs, recovered from waste, were characterized
using various techniques to investigate their size, morphology,
purity, and surface area.

Phase identification and quantification were performed
using a PANalytical Xpert Multipurpose X-ray Diffraction (XRD)
system at room temperature with Cu Ka radiation (Kol =
1.54060 A and Ka2 = 1.54443 A). The XRD spectra were ana-
lysed and refined using a commercial PANalytical HighScore
Plus software. The modified Scherrer equation is used to accu-
rately estimate the crystal size of quantum dots from XRD
peaks*”*® and is given by, In = In (@) +1n (%) , where f
is full width at half-maximum, in radians, located at any 20
position in the pattern, 4 (nm) is the radiation of wavelength,
K is the Scherrer constant or shape factor, and D is the particle
size in nm.

Scanning electron microscopy (SEM) analysis was con-
ducted using an FEI Nova NanoSEM 450 (FE-SEM), equipped
with energy dispersive spectroscopy (EDS) provided by Bruker
and Cambridge. Transmission electron microscopy (TEM) ana-
lysis was performed using an FE-TEM JEOL JEM-F200, operat-
ing at 200 kV, coupled with energy dispersive X-ray spec-
troscopy (EDX).

The surface area of the nanoparticles was determined using
the Brunauer-Emmett-Teller (BET) method with a
Micromeritics TriStar II 3020. Approximately 100 mg of the
samples were analysed at 77.3 K in liquid nitrogen.

Fourier transform infrared (FTIR) analysis was performed
using a PerkinElmer Spectrum 100 equipped with Spectrum
V.10 software. The spectra were collected from 650 to
1800 cm™" or 4000 cm ™' to qualitatively compare the R-Au-
TiO, QDs and C-TiO, nanoparticles.

Raman data were acquired using a Renishaw inVia Raman
microscope equipped with a He-Ne green laser (4 = 514 nm)
and a diffraction grating of 1800 g mm™". The equipment was
calibrated using the Si peak at approximately 520 cm™.
Spectra were collected in the range of 50-800 cm™" with a spot
size of ~4 pm and analysed using Renishaw WiRE 4.4 software.

All UV-vis measurements, including absorbance, transmit-
tance, and reflectance, were performed on the sensing films
and R-Au-TiO, QDs powder using a LAMBDA 1050 UV/vis/NIR
spectrophotometer (PerkinElmer) equipped with a snap-in
150 mm integrating sphere. Reflectance measurements were
taken as percentages relative to a diffuse white standard (spec-
tralon) in the wavelength range of 200 to 800 nm. The Tauc

This journal is © The Royal Society of Chemistry 2025

View Article Online

Paper

plot was used to compute the optical bandgap TiO, nano-
particles using Tauc and Davis-Mott relation from UV-vis
absorption spectroscopy as described elsewhere."’

Data availability

The data supporting this article have been included as part of
the ESL.T The ESIf includes: XRF and ICP-OES analysis results,
SEM images comparing reformed Au-TiO, hybrid quantum
dots and commercial TiO, nanoparticles at various magnifi-
cations, TEM images of R-Au-TiO, quantum dots at different
scales, a* component colorimetric analysis of R-Au-TiO, and
C-TiO, during various light conditions, visual representation
of color changes in R-Au-TiO, and C-TiO, films during
different light exposure conditions, reflectance spectra before
and after natural sunlight exposure for R-Au-TiO, and C-TiO,
films with different MB concentrations, and a table overview of
TiO,-based materials for MB degradation under various light
sources.
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