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Abstract: Supraparticles comprising semiconductor colloidal quantum dots as building blocks
are a new class of microscopic lasers with a wide host of applications, including photocatalysis,
biological and environmental sensing, integrated photonics, and medicine. Despite the recent
advances in their fabrication, there have been no reports of their quantum dot components being
recovered for use in a circular economy. Herein, we demonstrate a novel method for the recycling
of these whispering-gallery-mode supraparticle lasers with a quantum dot recovery yield of 85%.
The photoluminescence quantum yield of the recycled quantum dots is retained at 83 ± 16%
from the initial batch of 86 ± 9%. These recycled quantum dots are then used again to synthesize
distinct supraparticles via an oil-in-water emulsion self-assembly technique, allowing for the
recreation of lasing supraparticles with similar thresholds to their freshly made precursors at 32.8
± 8.2 mJ·cm−2 and 34.8 ± 8.6 mJ·cm−2, respectively. This proof-of-concept for recyclability has
the potential to complement and enhance the manufacturing of supraparticle lasers, as well as to
contribute to the overall recycling efforts of a broad spectrum of colloidal nanoparticle species,
aiming to improve the economic and environmental sustainability of the technology.
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1. Introduction

Semiconductor colloidal quantum dots (CQDs) are finding use in many photonic applications,
including color converters for solid-state lighting and display technologies, biosensing, and gain
media in novel types of lasers [1]. For these applications, CQDs are either blended with other
materials to form composites or assembled and densely packed together to form films or again
supraparticle (SP) microspheres. These SPs are formed using a modified surfactant-stabilized
directed self-assembly technique in an oil-in-water emulsion [2]. The resulting microscopic SPs
have a high refractive index when compared to their surrounding medium, and due to this contrast
at the interface, total internal reflection of light leads to whispering gallery modes (WGM) within
the SP. This occurs on the resonance condition that the optical path length is an integer multiple
of the wavelength of incident light. The SP is therefore a microresonator made of an optical gain
material; the quantum dots. In turn, an individual SP can be made to lase by optical pumping
[3]. Such microresonators comprised of high gain media have quality (Q) factors of ∼103 and
relatively low thresholds of approximately 100 µJ·cm−2 for a 100-200 fs pulse duration, but
otherwise in the range of 1-100 mJ·cm−2 for a pump duration of 1-10 ns [4]. This is due to
enhanced optical gain from quantum confinement, which allows for efficient energy transfer and
stimulated emission within the resonator, paving the way for their potential as biological labels
and targeted drug delivery systems [5].
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These SPs can be coated in protective inorganic silica or titania shells [6,7], further surface
functionalized [8], embedded in flexible gels [9], or stored in water. Lasing WGMs are mostly
confined to the surface boundary of a spherical resonator through total internal reflection, making
them sensitive to the resonator’s size and shape. Over time, however, these SPs microcavities
will begin to degrade physically, resulting in a loss of a large degree of their symmetry and
quality, thereby often increasing the lasing thresholds to the point where they may no longer
exhibit lasing [10]. This is ultimately the unequivocal end stage for the life cycle of any given
nanomaterial, particularly those exposed to oxidation by air and moisture and stored in ambient
conditions. By recycling these SPs – i.e. recovering the CQDs and using them to fabricate novel
SPs – we should see if their potential to lase with similar thresholds as those freshly made is
retained, and in doing so increase their overall shelf life. Another significant source of overall
material losses in CQD SP production is low-yielding batches, and any scalable fabrication of SP
lasers would greatly benefit from the ability to reprocess defective products.

Many nanoparticle species – including CQDs – are often made from expensive, sometimes
toxic, and/or scarce elements. Although the primary focus of this study is on semiconductor
CQDs, there is a need for an innovative approach that can target nanoparticle aggregates on
a broader scale. This is especially critical for rare-earth elements given that only 2% of them
are currently recycled, with demand due to outstrip supply before the end of this decade [11].
Due to the economic viability of rare-earth recycling, studies on retrieving trace amounts from
wastewater have already been conducted [12]. The recovery of rare-earth element nanoparticles
from electronic waste by leveraging their electric and magnetic properties has been explored,
though it requires specialized instrumentation [13], complex bio-metallurgical absorption [14],
and acid leaching processes [15]. Hence, a greener technique is still sought after which can be
easily paired with existing methods, such as in the separation of rare-earth species through ligand
structure-selectivity [16].

The available literature on the recycling of CQD aggregates is sparse at the time of writing,
alluding to the novel nature of this area. The need for CQD recycling and sustainability has,
however, already been substantially addressed [17,18]. The focus now is on ensuring that
the concerns of cost, hazard, and the end-of-life for these nanoparticles and their aggregates
are considered before pursuing any large-scale manufacturing [19]. An ample portion of the
published research highlights carbon CQDs due to their abundant and non-toxic nature, with
examples emphasizing greener-synthesis strategies for creating recycled carbon CQDs from palm
leaves, rice, and cellulose [20–22]. Previous studies for more toxic CQD species have focused on
creating perovskite CQDs from recycled material [23], as well as the recycling and testing of
similar CQDs in glass composites, demonstrating promising results with no significant reduction
in photoluminescence quantum yield (PLQY) or emission properties [24]. The application of
CQDs in catalysis and wastewater treatment is prevalent within scientific research [25]. Thus,
this study retains relevance within these domains, especially concerning instances of nanoparticle
agglomeration [26,27]. It is imperative to ensure that photocatalysts – whether they be in powder
or aggregated SP form – are retrievable within aqueous environments to prevent secondary
environmental pollution [28]. In studies where photocatalytic CQDs have been salvaged, their
efficacy persisted over the initial 10 recycling iterations [29].

Many nanoparticle recovery processes have been prior proposed, including: filtering, scrub-
bing, centrifugation, flocculation/sedimentation, magnetic separation, thermal treatment, bio-
metallurgical, electro-migration in solution, extraction using supercritical water [30], and selective
recovery [31] to name but a few. Each, however, comes with a particular drawback such as
the requirement for specific ultrafiltration centrifugation tubes in an otherwise environmentally
friendly process for recycling perovskite CQDs [32]. It is important to consider what components
for a recycling technique would be considered as a consumable and henceforth a black mark
against the sustainable nature of the method. Furthermore, it is hoped that a method can be
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designed and tailored for laboratories that do not have access to specialist equipment, particularly
in developing countries where CQDs and SPs are being considered for wastewater treatment
[33]. Thus, pioneering a simple technique for recycling CQDs from SPs suspended in water
ultimately takes inspiration from previous studies of microsphere controlled disassembly via
ultrasonication [34–36], exploiting the low connectivity between the ligand coated CQD building
blocks within the SPs in solution. This process was combined with thermal disassembly, as
although CQD lasers are typically stable at varying temperatures [37], higher temperatures
improve the dissolution of CQDs in organic solvents. Previous studies have shown that a
temperature of 100°C is optimal for CdSe CQDs [38]. It is noted that disassembly via salt
concentration and pH alteration are also avenues to consider [39]. In summary, research on
the recycling of CQDs has seen notable advancement in recent years, but typically requires the
CQDs to remain in their colloidal, dispersed form. Methods that have been proposed are often
complex, expensive, or environmentally harmful. No studies to date have successfully recycled
fully formed CQD aggregates after application such as WGM SP crystals.

In this study SPs made from the highly toxic CdSxSe1−x/ZnS oleic acid capped CQDs are
recycled, and it is hoped that this method will further economize the costs already associated with
direct disposal. Hence, there are both economic and environmental incentives for the recovery
these materials for reuse.

There is no guarantee that SPs formed from recycled CQDs will retain their lasing properties.
However, if they continue to exhibit WGM, they may still function as microresonators. In
this capacity, they can still serve various applications such as in security barcoding [40], color
converters, light emitting diodes, and biological sensors [41] due to their capacity for multiplexed
emission spectra and often specific spectral fingerprint. As WGM SPs have the potential for
further surface functionalization [8], the opportunity thus arises to recuperate these SPs after use
to either re-functionalize or otherwise, with the only modifications being on the ligand exchange
for the new surface functional groups of choice. In preceding research, biotin-functionalized
WGM optical biosensors have been successfully regenerated via O2 plasma treatment with no
noticeable Q factor loss [42]. With these surface functionalized SPs in mind, future inquiries
into incorporating this method with the recycling of the aforementioned silica- and titania-coated
microspheres can be postulated through the utilization of chemical etching [43].

We address the challenges that come with the mechanical and thermal disassembly technique
through the purification of the recovered CQDs followed by a ligand reattachment with surplus
oleic acid to ensure all surface passive sites are re-occupied. With the operational goal to create
a sustainable recycling method first and foremost, an easy, non-toxic, open-bench method was
designed without the need for extreme conditions or specialized equipment. Herein, we report a
facile method for reliably recycling CQDs from luminescent SPs, demonstrate that this method
enables the recovery of the foundational CQDs, characterize their optical properties, and re-use
them for the assembly of new SPs with the retention of lasing.

2. Experimental section

2.1. Materials

CdSe1−xSx/ZnS alloyed core/shell colloidal quantum dots capped with oleic acid ligands were
purchased from CD Bioparticles (cat. DNP-C006) with a peak emission wavelength (λem) of
630 nm in toluene. Poly(vinyl alcohol) (PVA) 87–89 kDa, Rhodamine B (λem = 575 nm in
ethanol), ethanol 99%, toluene 99%, hexane 99%, oleic acid, hydrochloric acid (HCl) 37%,
sodium hydroxide (NaOH) 25 mM solution, and chloroform 99% were purchased from Merck.
Water was purified with a Milli-Q water purification system (Milli-Q IQ 7000, Ultrapure Lab
Water System, Merck Millipore).
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2.2. Supraparticle fabrication

The fabrication of SPs between 1 and 20 µm in diameter by the assembly of alloyed core-shell
CdSe1−xSx/ZnS CQDs with a nominal size 5.5 - 6.5 nm through an oil-and-water emulsion
was performed as illustrated by steps 1–3 in Fig. 1. Here, a 1.25% by weight solution of
PVA in distilled Milli-Q water was mixed with the CQDs suspended in chloroform by way of
vortexing (VWR Advanced Heavy-Duty Vortex Mixer) at 2000rpm for 10 seconds and followed
by ultrasonication (Bandelin Sonorex Super RK31) operating at 35 kHz for 10 seconds. The two
immiscible liquids were then further stirred for 2 hours at 350 rpm at room temperature until the
chloroform had completely evaporated.

Fig. 1. The unified process of SP fabrication and recycling; 1. CQD precipitation, 2.
Self-assembly, 3. Completed fabrication of SPs, 4. Sonication & heat treatments, 5.
Separation & filtration, 6. Ligand re-attachment, 7. Recovery of CQDs.

2.3. Colloidal quantum dot recycling

This process required all equipment used to be devoid of contaminants at every stage obtained
through thorough washings with methanol, toluene, and acetone, followed by pneumatic cleansing
with pressurized gas – which in this instance was nitrogen – in a fume hood to ensure its cleanliness
prior to use. This was to limit the potential for nucleation sites around which the CQDs can
aggregate. Additionally, this is to maintain a high level of purity which will show up later in the
quality of the reformed supraparticles.

After optical characterization, a portion of the SP sample was taken and recycled as illustrated
by steps 4–7 in Fig. 1. The SPs were disassembled in toluene via repeated ultrasonic and high
temperature cycles. The ultrasonication operated at 35 kHz for 2 hours at room temperature,
followed by the heat treatments of 105°C for 2 hours on a hotplate. This was followed by filtration
with 0.2 µm pore size cellulose syringe filters (Whatman) and a water-oil phase separation
purification process with a separatory funnel to facilitate the removal of excess PVA surfactant
and any other water-soluble impurities. A modified ligand exchange reaction was carried out
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using excess oleic acid in hexane for the purpose of ensuring ligand re-attachment had been
successful. This is to ensure ligand saturation in any vacant active sites on the surface of the
CQDs that could arise as a consequence of the heating and ultrasonication cycles. The CQDs thus
recuperated were then re-used to synthesize new SPs following the same method of fabrication
as prior. The yield for the recycling process was calculated as follows:

yield(%) =

(︃
mass of recycled CQDs
mass of initial CQDs

)︃
· 100 (1)

Here, the mass of the initial CQDs was taken as the mass of CQDs used to make the initial SP
sample, and the mass of recycled CQDs was taken as the mass of recycled CQDs prior to the
refabrication of SPs.

2.4. Optical characterization

Absorption and photoluminescence (PL) spectra of the recycled CQDs were measured as well as
their PLQY. The optical emission of the SPs made from recycled CQDs under nanosecond pulse
optical pumping were compared to that of the original SPs. For the optical emission of individual
SPs under pulse operation, a sample of SPs at a ratio of 1:50 by volume in water were dropcast
onto a glass slide and left to dry. Subsequently, an SP was found and optically pumped on a
micro-photoluminescence (µPL) setup illustrated in Fig. S1, using a 5 ns pulsed Nd:YAG laser
(λ= 355 nm) at a repetition rate of 10 kHz and a beam spot radius of 1.54× 10−5 ± 0.21× 10−5

cm2. A spectrometer (AvaSpec-2048-4-DT with a spectral resolution of 0.6 nm between 200-1100
nm, Avantes) was used for spectral data acquisition. All spectra were an average of five separate
two second recordings under excitation. SP sizes were measured using ImageJ 1.53 t software
with images taken from an optical microscope equipped with a CCD camera (DCC1645C,
Thorlabs) and a digital scale bar for reference (see Visualization 1). Individual lasing SPs were
found by initially detecting strong PL with the µPL spectrometer, followed by using the CCD
camera to capture the SP for size measurement in conjunction with the ImageJ software. Errors
in SP sizes were calculated using the pixel resolution at a given scale around the defined borders
between the background and SP edge. Scanning electron microscopy (SEM) was carried out
using the JEOL JSM-IT100 InTouchScope to study the surface morphology and size distribution
of the SPs, operating at 20 kV at probe current 30-60 under high vacuum at a working distance
of 10 mm. PLQY values were obtained via the comparative method with an aqueous solution
of Rhodamine B as the standard. Absorption spectra were measured both using a Genesys 30
UV-visible absorbance spectrometer (Thermo Fisher Scientific Inc.) and a Cary 60 UV-vis
spectrophotometer (Agilent Technologies Inc.). The PL spectra of the CQDs suspended in toluene
was recorded using a continuous-wave, 10 mW, 532 nm laser (DJ532-10, Thorlabs) for excitation,
and a fiber-coupled OceanOptics USB4000 spectrometer (Ocean Insight) for detection. For the
measurement of the CQDs’ zeta potential, a Zetasizer Nano ZS series (Malvern Panalytical Ltd)
was used with 1 ml disposable plastic cuvette, a Universal Malvern Dip Cell, and all CQDs
measured in hexane. The pH was adjusted by adding 2 µL aliquots of NaOH or HCl (1 mM in
water) and measured using the Jenway 3510 benchtop pH meter.

3. Results and discussion

3.1. Viability of colloidal quantum dot recycling

The calculated yield for the optimized recycling process and recovery of CQDs was found to
be 85%. The size distributions for both the original and recycled SPs found in Fig. 2 provided
an average SP diameter of 2.7± 1.6 µm and 4.0± 2.9 µm with the extrapolated polydispersities
of approximately 58% and 74%, respectively. These values were found using the ImageJ size
analysis of SEM images provided in Fig. S2. The disparity between the mean radii is a result of

https://doi.org/10.6084/m9.figshare.26327095


Research Article Vol. 14, No. 12 / 1 Dec 2024 / Optical Materials Express 2987

the emulsion method used in the SP fabrication, as experimental conditions such as temperature,
pH, and electrostatic charges in the laboratory often vary.

Fig. 2. The size dispersions for both the initially fabricated SPs and the SPs fabricated from
the CQDs recycled from the original batch, along with their corresponding mean diameters.

During the recycling process, the SPs are broken down back to individual CQDs. Throughout
this process, some surface ligands may be removed due to intense sonication and heat cycles. This
can affect the solubility and PLQY of the CQDs. The recycled CQDs were therefore mixed with
oleic acid, to ensure that the surface was saturated with the capping ligand. The zeta (ζ) potential
is a measure of the surface charge at the surface of the CQD in a colloidal dispersion, which can
determine a sample’s proclivity to coagulate and therefore its overall stability in suspension. For
CQDs, this charge is highly dependent on the presence of ligand binding at the surface, and so
the technique can be implemented to measure changes in the ligands present [44]. The surface
modification by ligand reattachment was confirmed through zeta potential measurements, which
demonstrated a change in the surface charge at a pH of 6.5. Before any SP fabrication, CQD
recycling, or ligand modification, the CQDs exhibited a surface charge of -13.8± 9.48 mV. Prior
to ligand reattachment, the recycled CQDs exhibited an increased surface charge of 17.6± 20.8
mV, while post-ligand reattachment, this value reduced to 4.44± 9.87 mV. This decrease in zeta
potential for the CQDs after ligand reattachment aligned with the expectation for a return towards
a negative value, as can be found in the literature [45,46]. The errors in these values represent
the variability within their respective distributions, visualized in Figs. S3, S4 and S5. The higher,
positive zeta potential value for the recycled CQDs pre-ligand reattachment, which is consistent
with the literature values for uncoated CQDs [47], contributes evidence towards an observed loss
of ligand coating.

Assuming, therefore, that there has been ligand loss, it is crucial to recoat the CQDs with
ligands to prevent future aggregation [48], thus extending their service life. In the initial recycling
experiments without the addition of oleic acid ligands, the SPs fabricated were notably less
spherical as shown in Fig. S6, and did not retain the ability to lase upon excitation via the µPL
setup despite exhibiting WGM resonance depicted in Fig. S7. This can be partially explained
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by the loss of surface ligands on the CQDs which will affect the attractive Van der Waals and
repulsive steric forces involved with inter-particle aggregation during the self-assembly process.
Here, an insufficient amount of oleic acid ligand lowers the surface free energy for each CQD,
resulting in the incomplete aggregation of CQDs into non-spherical SPs [49]. This appears to have
been remedied with the inclusion of a ligand reattachment step and the consequent re-emergence
of spherical SP microlasers. To measure the efficiency as a ratio of photons absorbed vs photons
emitted, PLQY measurements were carried out using a fluorimetric method [50]. The PLQY
for the CQDs before and after recycling was extracted from a linear regression plot of the
absorption and PL spectra over a range of known CQD concentrations in toluene against the
standard Rhodamine B of a known PLQY of 31%, shown in Fig. S8. The calculated values
for the recycled CQDs were determined to be 83± 16% down from the 86± 9% characteristic
of the original CQDs. The retention of a high PLQY similar to the original CQDs suggests
no significant increase in the rate of non-radiative processes, insofar that the CQDs maintain
sufficient efficiency as to act as gain material in refabricated SP lasers.

3.2. Supraparticle analysis

An SP from the original fresh batch was fully characterized and compared to an SP from the
recycled batch, as seen in Fig. 3. To find the laser transfer functions for the SPs, the peak spectral
emission intensity over increasing pump fluences were integrated over the spectral range of the
dominant lasing peaks at 636 nm for the original SP, and 631 nm for the recycled SP. The two
peaks seen in both SPs correspond to two different lasing modes within the same SP. While each
SP may support several closely spaced WGMs, different WGMs may oscillate (lase) depending
on the size of the SP. Figure 4 of the resulting transfer function displays the transition slopes for
spontaneous emission and laser oscillation of each SP. From this, the laser thresholds are found
as the fluence at the point where the two slopes intersect. For the original SP (11.5± 0.5 µm)
and recycled SP (5.5± 0.5 µm) the laser thresholds were found to be 32.8± 8.2 mJ·cm−2 and
34.8± 8.6 mJ·cm−2, as indicated. Alongside the similar thresholds, the conversion efficiencies
above threshold was calculated using the following equation, which defines the slope above
threshold:

Conversion efficiency =
∆integrated emission

∆fluence
(2)

Fig. 3. PL spectra for the (A) SP from the original batch (diameter of 11.5± 0.5 µm) and
(B) SP from the recycled batch (5.5± 0.5 µm). Each graph displays clear distinction between
emission spectra for both below (black) and above (red) lasing threshold. The inset of each
PL spectrum contains an image of the corresponding SP under lamp illumination (left) and
above lasing threshold (right). The scale bar is 50 microns.
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Fig. 4. The laser transfer function for the dominant lasing WGM peaks of both an original
SP (11.5± 0.5 µm) and a recycled SP (5.5± 0.5 µm).

The resultant conversion efficiencies are also similar at 51± 2 and 48± 2 counts/mJ·cm−2.
Despite the recycled SP being approximately half the diameter of the original SP, it demonstrates
a higher intensity of emission. We hypothesize that, as a result of the recycling process, there is a
greater packing density of fluorescent material. This could be attributed to the recycling process,
which leaves the CQDs with less ligand cover. Consequently, they are able to aggregate more
tightly, leading to a higher gain per unit of volume.

Given the size of our SPs, WGMs that oscillate are mostly confined to the surface boundary
and are dependent on the sphere’s geometry and the refractive index contrast between the sphere
and its surroundings. For an individual SP, this is the radius (R) and the effective refractive
index (neff), with the one path of light around the equator for a WGM approximated to 2πR. As
spherical microresonators, WGMs occur in multiple dimensions (polar, radial, and azimuthal),
and thus have, for each polarization, associated angular components with quantum numbers (n,
l, and m) [51]. The spherical harmonic nature of these WGM SPs ensures that only certain
discrete wavelengths (λ) are supported, from which the pseudo-free spectral range (FSR) – or
the wavelength spacing between successive angular mode numbers – can be approximated. By
taking the peak wavelength value obtained from the PL spectra, the FSR can be calculated to find
an estimated value for this wavelength separation (∆λ) between consecutive WGMs [52]. Here,
the neff value was taken as 1.7 [53].

FSR = ∆λ ≈
λ2

2πneff R
(3)

The spectral data was filtered by calculating the moving average at the expected FSR and
removing the main PL emission using Wolfram Mathematica. A discrete Fourier transform
(DFT) was performed to find probable FSR values as depicted in Fig. 5. The closest peak to
the estimated pseudo-FSR value was then taken as the actual FSR value, which for the original
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and recycled SPs was 6.4 and 10.6± 0.6 nm, correspondingly. Note that from the actual FSR
values, this equation can provide approximate neff values of 1.7 and 2.0. This increased neff for
the recycled SP could account for the increased brightness of the recycled SP relative to the larger
SP from the initial batch, supporting the hypothesis of a higher density of CQD gain material per
unit of volume in the recycled sphere.

Fig. 5. The raw and filtered WGM PL spectra below threshold (A), the DFT (B), and the
Gaussian operation (C) for an original SP (11.5± 0.5 µm). The raw and filtered WGM PL
spectra below threshold (D), the DFT (E), and the Gaussian operation (F) for a recycled SP
(5.5± 0.5 µm).

Once the FSR is known, it’s easier to spot the modes in the PL (Fig. 5(A) and Fig. 5(D)).
These modes were analyzed individually by fitting each one of them to a Gaussian (Fig. 5(C) and
Fig. 5(F)). The Q factor, defined as a WGM resonators ability to store energy at a given frequency
[54], was calculated for each individually pumped original and recycled SPs near the 630 nm
WGM wavelength position using the following equation:

Q =
λ

∆λ
(4)

where ∆λ is the full width at half maximum (FWHM) at wavelength λ of that particular lasing
peak WGM, found by taking a Gaussian fit of the peak below threshold in Fig. 5. From this we
calculate approximate values for the Q factors as 340± 70 for the original SP and 380± 40 for
the recycled SP.
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As the pump energy increases, one or several of these modes will go past the lasing threshold
resulting in the pronounced and narrow peaks seen in Fig. 3 (both for the original and recycled
SPs). The lasing peaks can be separated into a range of different modes accounted for by the
phenomenon of selective mode enhancement, deriving from mode competition processes such as
spatial hole burning [55].

To summarize, from the lasing threshold and PL spectral data there does not appear to be a
meaningful difference in overall CQD and SP quality, to the extent that they continue to lase.
The apparent disparity in the average sizes of lasing SPs fabricated between the original and
recycled batches can be attributed to variations inherent in the self-assembly fabrication reaction
procedure itself, a factor that has been observed in the literature when employing this technique
[4,8]. Other noticeable discrepancies in the microsphere morphology can be seen in Fig. 6,
with a higher degree of surface microporosity seen in the original SPs than in the recycled SPs.
This can be rationalized not by the CQDs present but through the reaction conditions that direct
the fabrication, such as humidity, temperature, and the surfactant and solvent types [56,57]. A
higher porosity and subsequent lower density would corroborate the apparent disparity in neff
values and Q factors. While solvent and surfactant choice is a key component for the quality and
reproducibility of SP synthesis, this method was chosen for its simplicity where only PVA was
used as the emulsion stabilizing surfactant. Additional research on the solvent and surfactant
species of choice is warranted to investigate the effect on the recycling viability.

Fig. 6. SEM images of (A) the original batch of SPs, (B) an individual SP from the original
batch, (C) the recycled batch of SPs, and (D) an individual SP from the recycled batch. The
scale bars range between 5 and 30 microns, but do not share uniform length.

While there is no discernible change evident in the Stokes shift in either the absorption or
PL spectra between the original and recycled CQDs as displayed in Fig. S9, the spectra above
threshold reveals the emergence of a laser peak shifting phenomenon for the recycled SP as the
pump energy is increased. Here, in the recycled SPs that were formed and exhibited dominant
WGM lasing peaks, the dominant WGM lasing peak maxima blue shifts by 2 - 4± 0.6 nm as
seen in Fig. S10.

One tentative explanation could be photodegradation. Oxidation upon exposure to environ-
mental oxidizers before, during, or after the recycling process such as in the presence of moisture
and air, as has been seen prior in cadmium CQDs and silicon QD aggregates [58,59]. However,
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as the blue-shift arises at high fluences, photophysical degradation and the subsequent loss
of surface ligand, restructuring of the surface atomic structure, and photo-oxidation has been
suggested as a cause for the increase of surface trap states [60]. As these trap states arise, the
size of the SP CQDs may decrease through photobleaching and thermally assisted quenching,
resulting in a possible neff decrease and subsequent blue-shift. As quantum wells, the CQD band
structure will be sensitive to the modification of even just the surface layer induced by oxidation.
It is reasonable to assume that even if only the top layer is partially oxidized while other layers
underneath remain intact, a potential barrier for carriers will form between the top layer and the
rest of the sample [61].

This blue-shifting has not been observed in the original SPs above threshold. Therefore, further
analysis is essential to determine if the blue-shifting is a result of a permanent photoactivated
change resulting in an altered neff , or if it redshifts back to sub-threshold positions. Currently, it
remains to be seen whether this loss in surface stability is a direct result of the recycling process,
deficiencies with the recuperated CQD surfaces, or an entirely separate phenomenon.

4. Conclusion

In summary, we have developed an inexpensive, facile, and resource-efficient method to retrieve
CQDs from SP lasers. Novel SPs can be formed with the recovered CQDs while retaining
WGM lasing characteristics for repurposed photonic applications and greater sustainability. The
method demonstrates excellent practicality without the need for specialist equipment, ultrahigh
pressures/temperatures, or extensive in-house synthesis. This study provides a proof-of-concept
for recyclable SP CQD lasers with analogous Q factors, PLQY values, and lasing thresholds to
their parent materials. Accordingly, this method unlocks the potential for continued investigation
into the recycling of other nanoparticle species, crucially rare-earth up-converting nanoparticles,
and is expected to be fully scalable. Follow-up studies are required to ascertain the durability
of such nanoparticles over multiple recycles, with a focus on their continued ability to exhibit
lasing emission. With further modification, this approach shows promise for the recycling of
more complex functionalized, capped, or otherwise encapsulated SP species.
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