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Exploring the Dual Role of TEMPO-Oxidized Cellulose Nanofibers
in CdSe Quantum Dots Synthesis for Biocomposites in Metal lon
Chemosensing

Mauricio C. Cifuentes®®, Daniel A. Amaya?, Cristian B. Tirado?, Marianny Y. Combariza®*

TEMPO-oxidized cellulose nanofibers (TOCNs) are commonly used to develop hybrid functional materials. Aldehyde moieties
in TOCNs allow them to act as a reducing agent for the in-situ synthesis of Ag, Pt, Au, and Pd NPs (NPs). However, no reports
exist on using TOCN as a reducing agent for synthesizing semiconducting quantum dots (QDs). This study presents the
simultaneous use of TOCN as a reducing and stabilizing agent for synthesizing thioglycerol CdSe QDs biocomposites (QTC).
With TOCN present, the synthesis of CdSe-TG QDs proceeds rapidly, eliminating the need for an additional reducing agent.
TEM analysis shows that a thirty-minute reaction at 100 °C in aqueous media containing TOCNs produces homogeneously
dispersed CdSe-TG QDs biocomposites with a crystallite size of approximately 2.3 nm, whereas a reaction without TOCN
using NaBH, as a reducing agent takes 12 to 15 hours and results in larger nanostructures. QTC bionaocomposites were
tested as chemosensors for metal ions detection in water using absorption and fluorescence spectroscopy. The hybrid
material displayed high selectivity and sensitivity toward copper ions (Cu?*) with a detection limit as low as 320 ppb.

Keywords: TEMPO-oxidized cellulose nanofibers, TOCN, CdSe quantum dots, fluorescence sensors, in situ synthesis, copper

ion, cadmium

Introduction

Quantum dots (QDs) are light-emitting inorganic semiconductor
materials with attractive electronic and optical properties. High
quantum yields, strong resistance to photodegradation, broad
extinction spectra, narrow and tunable fluorescence emission,
among other characteristics, make them promising materials for
photocatalysis, solar cells and, sensing applications.’ QDs prepared
via an organometallic synthetic route are typically stabilized by
hydrophobic capping agents such as trioctylphosphine oxide (TOPO),
trioctylphosphine (TOP), or hexadecylamine (HDA). These agents
help provide highly crystalline and monodisperse nanomaterials.
However, they also impact the water dispersibility of QDs, and have
been associated with toxicity, limiting their practical use in aqueous
media.*® These challenges can be addressed by substituting the
hydrophobic ligand with hydrophilic molecules, although there are
some concerns about potential alterations in photoluminescence.”®

Greener approaches to chalcogenide QDs involve reacting
metallic precursors (e.g., zinc, cadmium, silver) with the
corresponding chalcogen precursor (e.g., tellurium, sulfur, selenium)
in the presence of diverse capping agents (3-mercaptopropionic acid,
1-thioglycerol, glutathione, L-cysteine).>* These approaches
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require dissolving the metal precursor and the capping agent in
degassed water, followed by rapidly injecting the chalcogenide
precursor at high pH (9-11). Subsequently, the system is refluxed,
and crystal growth is controlled by reaction time.® Cadmium
selenide (CdSe) QDs are classic 1I-VI semiconducting nanomaterials
with a band gap of 1.74 eV at room temperature.’>1® Due to their
high crystallinity and photoluminescence properties, these QDs are
widely used in applications like solar cells, chemosensors, and
biomedical imaging'®1® However, the synthesis of CdSe QDs
requires reducing agents, like NaBH,4, and long reaction times.3:1%:20

Cellulose, the most abundant natural polymer on earth, has
unique characteristics such as high biocompatibility, hydrophilicity,
relative thermal stability, mechanical strength, high sorption
capacity, and self-assembly properties. Traditionally used in textiles
and papermaking, cellulose now has applications in more technical
areas, such as wastewater treatment, enhanced oil recovery, and
high-performance advanced biomaterials, among others.?! The
presence of hydroxyl groups on the cellulose surface gives the
polymer remarkable chemical flexibility and the ability to introduce
a wide range of functionalities to control interfacial phenomena.?223

Nanocelluloses, as nanofibers and nanocrystals, are a new class
of cellulosic derivatives with remarkable physicochemical properties
and applications. Chemical, mechanical, and biological processes, as
well as their combinations, have been extensively studied for the
isolation of nanocellulose, as documented in numerous literature
reviews. 24726 One of the most widely used chemical methods for
producing cellulose nanofibers is TEMPO-mediated oxidation. In this
catalytic regioselective reaction, the primary -OH groups at the C6
position of the anhydroglucose units in cellulose are sequentially
oxidized to aldehydes and then to carboxylic acids.?’ The reaction
results in what is known as TEMPO-oxidized cellulose nanofibers
(TOCNs).
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The role of TOCN as a stabilizing agent for CdS QDs was recently
reported. CdCl, and Na,S precursors were mixed with TOCN to form
films of TOCN-containing CdS QDs formed in situ. These composites
exhibited transmittance of up to 95% at 550 nm and an elastic
modulus of up to 8.1 GPa, indicating their potential for use in flexible
electronic devices. In this context, there is no change in the oxidation
state from precursors to products in the synthesis of CdS QDs; thus,
TOCNSs act as a stabilizing agent. This is not surprising, as cellulose
derivatives are known for their ability to prevent nanoparticle
aggregation and decomposition.?® Additionally, CdTe QDs were
immobilized and stabilized using bacterial cellulose and incorporated
into cellulose microspheres by mechanically spraying a mixture of
QDs and TOCNs. In these examples, NaBH,; was always used as a
reducing agent to reduce the precursor from Te** to Te?.2931

Recent reports, including our research, demonstrate that TOCN
can reduce and stabilize metallic NPs.3233 For example, in TOCN-
based hydrogels prepared by adding AgNOs; aqueous solutions to
TOCN suspensions, Ag* ions were observed to be reduced to metallic
silver by interacting with the unreacted aldehydes on the TOCN
surfaces and the reducing end of the cellulose.3* In this example,
TOCN effectively reduced silver ions, which have a standard
reduction potential of +0.7996 V (Ag*|AgP®). Considering that the
reduction potential of Se**|Se? is +0.190 V, we hypothesized the
possibility of obtaining in-situ CdSe QDs by reducing selenium ions in
the precursor Na,SeO; from Se** to Se? using only TOCN, without the
need for any additional reducing agents.3®

We report the successful synthesis of a luminescent CdSe-TG QDs
JTOCN bionanocomposite in aqueous media using a one-pot
strategy. In this process, cellulose nanofibers eliminate the need for
a reducing agent, which is typically required for producing these
materials. When TOCN was exclusively used as a reducing and
stabilizing agent, homogeneous and well-dispersed CdSe QDs were
obtained. Furthermore, the reaction time decreased from 12 hours,
required for synthesizing water-dispersed CdSe TG QDs using NaBH,,
to just 0.5 hours with TOCN.336 To test the role of TOCN as a reducing
agent, post-oxidation of TOCN was performed to convert the
remaining aldehydes into carboxylic acid groups and thereby assess
the reducing capability of aldehydes in producing in-situ CdSe QDs.
No formation of semiconducting CdSe QDs was observed when using
post-oxidized TOCN, despite prolonging the reaction for 6 hours.

Materials and methods
Chemicals

Fique fibers (Furcraea macrophylla) were collected in San Joaquin,
Santander, Colombia. 2,2,6,6-Tetramethyl-piperidin-1-oxyl (TEMPO)
was obtained from Sigma Aldrich. Sodium hypochlorite (NaClO, 13%)
was sourced from Carlo Erba Reagents (Milan, Italy). Sodium
bromide (NaBr), hydrogen peroxide (H,0,), sodium hydroxide
(NaOH), ethanol (EtOH), hydrochloric acid (HCI, 37%), thioglycerol
(C3HgO,S), sodium selenite (Na,SeOs), and cadmium acetate
dihydrate (Cd(CH3COO),#2H,0) were acquired from Merck
(Darmstadt, Germany). All chemical reagents were used as received,
with no additional purification. Aqueous solutions and suspensions
were prepared with ultrapure water (18 MQecm / 25 °C).

Fique tow treatment, delignification, and TOCN extraction

TOCN isolation was performed according to procedures previously
reported by our group, with slight modifications.3* Fique fibers were
immersed for 30 minutes at 25 °C in an ultrasonic bath (Bransonic
CPX3800, 40 kHz, 130 watts) containing deionized water and then
dried to eliminate impurities. Twenty-four grams of short fique fibers
were immersed in 300 mL of a H,0,; solution (10% w/w) at pH 11.5

2| J. Name., 2012, 00, 1-3

to remove hemicellulose and lignin. To optimize the,process this
step was repeated twice. The mixture wasimairainedoinoan
ultrasonic bath for 2.5 hours at 70 °C and then dried in an oven.

For TOCN extraction, delignified fique tow was suspended in 200
mL of water. TEMPO (32 mg) and sodium bromide (200 mg) were
gradually added to the suspension. NaClO solution (0.1212 mol) was
added dropwise to initiate the oxidation reaction. The reaction was
conducted at room temperature in an ultrasonic bath (Bransonic
CPX3800, 40 kHz, 130 watts), with the pH maintained at 10.5. The
addition of ethanol halted the reaction. The product was centrifuged
with ultrapure water until a neutral pH was achieved to remove
unreacted species and separate TOCNs. A TOCN aqueous suspension
of 1.34 wt% was obtained following mechanical disintegration in an
Ultrasonic Processor (Sonics Vibra-cell VC750, 20 kHz, 750 W) for 10
minutes (1:1 pulses) at 40% amplitude.

Synthesis of thioglycerol-functionalized CdSe-TG quantum dots
(QTG)

The synthesis of CdSe-TG quantum dots was performed using a
previously reported method with some modifications.? A solution of
cadmium acetate dihydrate (1.54 g) and thioglycerol (TG, 1 mL) in
200 mL of degassed water was continuously stirred under an argon
atmosphere. The pH of the resulting mixture was adjusted to 11.2
with @ 2 M NaOH solution. Separately, an aqueous solution of
Na,SeO; was prepared by dissolving 0.5 g in 5 mL of water and
injected into the pH-controlled mixture of Cd%* and TG while stirring
vigorously. The molar ratio of Cd?*/TG/Se?” was set at 1:2:0.5. Next,
a solution of the reducing agent NaBH, (0.5 g in 5 mL) was injected
into the final solution using a syringe, while it was continuously
stirred at 100 °C under an argon atmosphere. The reaction
proceeded for 12, 18, and 24 h, until it turned yellow. The QDs were
extracted by precipitation in isopropanol. The solution was stirred for
one hour, and the precipitate was centrifuged and then dried in a
desiccator under vacuum. The materials prepared with 12-, 18-, and
24-hour reaction times are labelled as QTG-1, QTG-2, and QTG-3,
respectively.

In situ synthesis of CdSe-TG QDs /TOCN biocomposite (QTC)

The synthesis of CdSe-TG quantum dots/TOCN followed the
procedure described in the previous paragraph, with the distinction
that instead of using NaBH, as the reducing agent, we added a TOCN
solution (20 mL, 1 wt%) as both a stabilizer and reducing agent. The
transition from a translucent to a yellow-coloured solution indicates
the formation of a CdSe-TG QDs/TOCN bionanocomposite. The TOCN
aldehyde content was determined through conductometric analyses,
and the molar ratios of Cd2+/TG/Se2-/COH were established as
1:2:0.5:1.5. Reaction times of 30, 60, and 90 minutes were selected
based on previous tests. The CdSe-TG QDs/TOCN were isolated using
isopropanol. This product was re-dispersed in deionized water and
lyophilized to obtain an aerogel material. The materials prepared
with reaction times of 30, 60, and 90 minutes were labelled as QTC-
30, QTC-60, and QTC-90, respectively.

Metal lon Detection Assay

The selectivity and sensitivity of the bionanocomposites

chemosensing properties were tested for M** metal ions, including
Cu?, Ca?*, Mg?*, Fe3*, Ni%*, Zn?*, and Cd?*. Sensitivity was assessed

This journal is © The Royal Society of Chemistry 20xx

Page 2 of 16


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00700c

Page 3 of 16

Open Access Article. Published on 11 September 2025. Downloaded on 9/13/2025 1:21:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(ec)

using aliquots of M**, ranging from 0 to 18 ppm, added to a 2 mL
aqueous solution of the QTC (1000 ppm) bionanocomposite, with
both absorbance and fluorescence spectra recorded. Selectivity was
evaluated under the same conditions for aqueous solutions
containing mixtures of the metals.

Quantum Yield Determination

The quantum yields were obtained by using anthracene as reference
(@e=0.29 in ethanol at 390 nm) and using the following equation:

Fx 1—10_AStht % 7])26

Pr.x = PF, st *F_st*
(1)

1-10-4xlx 72

&

Where x represents the sample solution, st the standard solution, ¢
the quantum vyield, F the integrated area of the emission, A the
absorbance at the excitation wavelength, L the length of the cell, and
n the refractive index of the solvent.37:38

Materials characterization

A Shimadzu UV-Vis spectrophotometer (UV-2401PC) was used to
obtain absorbance measurements ranging from 190 to 1100 nm. A
Photon Technology International PTI QuantaMaster
Fluorescence/Luminescence Spectrometer covered an emission
range of 185 to 680 nm with a focal length of 300 mm for emission
measurements. For attenuated total reflectance (ATR-IR)
measurements, a Bruker Tensor 27 (Billerica, MA) FTIR instrument
equipped with a Platinum Diamond ATR unit A225/Q (Billerica, MA)
was utilized at a resolution of 2 cm™, accumulating 32 scans for each
spectrum. X-ray diffraction (XRD) analyses were conducted using a
Bruker D8 DISCOVER X-ray diffractometer (Billerica, MA) with a
DaVinci geometry; the instrument featured a CuKal radiation source
(40 kV and 30 mA), a VANTEC-500 area detector, and a poly(methyl
methacrylate) sample holder. Thermogravimetric (TGA) analyses
were conducted using an STA 449 F5 Jupiter instrument (Sdo Paulo,
Brazil) under a nitrogen flow of 50 mL/min. The samples were
scanned from 30 to 800 °C at a heating rate of 10 °C/min. Zeta
potential was measured with a Malvern Zetasizer Nano ZS90
instrument (Worcestershire, UK), equipped with a capillary cell 1070
and utilized for DLS measurements. Scanning Electron Microscopy
(SEM) analyses were performed using a QUANTA FEG 650 (FEl)
instrument equipped with a large field detector. Micrographs were
captured at 7 kV; in every case, the sample surfaces were coated with
a thin carbon layer before analysis. Elemental analysis was
conducted using an Energy-Dispersive X-ray Spectroscopy (EDS)
accessory connected to the microscope at 20 kV. Transmission
Electron Microscopy (TEM) analyses were done using an FEI Tecnai
G2 F20 instrument at an acceleration of 160 kV.

Results and Discussion

Synthesis of QTC bionanocomposites

The synthetic procedure for the in-situ formation of the CdSe-TG
QDs/TOCN bionanocomposite is illustrated in Figure 1. Lignin and
hemicellulose were removed from Fique fibers through a bleaching

This journal is © The Royal Society of Chemistry 20xx
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procedure using an alkaline hydrogen peroxide solution., Cellulose
nanofibers (CNFs) were derived from delignified 3figuevAoo70via
oxidation. The TEMPO-oxidized treatment facilitates regioselective
surface oxidation of the primary -OH groups at the C6 position of the
glucopyranose rings into aldehydes and, ultimately, carboxylates via
a catalytic cycle. The TEMPO-oxidized cellulose nanofibers (TOCNs)
used in this work contain carboxylate and aldehyde levels of 0.94 and
0.46 mmol/g cellulose, respectively, and have a T potential of -43.4
mV.

When the Cd(CH3C0O0),-2H,0/TG aqueous mixture is added to
TOCN, the carboxylate groups in neighbouring glucopyranose rings
can function as cation exchangers, replacing Na* ions (leftover from
the TEMPO oxidation) with Cd?* ions (Figure 1). Additionally, Cd?*
ions can coordinate with adjacent -OH groups at the C2 and C3
positions in the glucopyranose units along the cellulose nanofibrils
chain.®® These two interactions facilitate the TG-capped Cd?* ion's
anchoring into the layered structure of TOCN, eventually preventing
aggregation of the CdSe QDs and promoting good dispersion of the
NPs in the TOCN. When Na,SeOs; is added to the reaction mixture
containing TOCN, Se* is reduced to Se? to form CdSe QDs. The
formation of a yellow colour in the colloidal mixture indicated the
formation of CdSe QDs in the reaction mixture containing TOCNs
(Figure 1). During the TEMPO-catalyzed oxidation of cellulose, the
primary hydroxyl group at the C6 position of the anhydroglucose unit
is initially converted into an aldehyde and subsequently into a
carboxylate. However, some aldehydes remain in the cellulosic
structure even after the oxidation process stops. These intermediate
aldehyde groups (0.46 mmol CHO/g cellulose) function as a reducing
agent with oxidation potential of approximately -0.580 V (R—CHO | R—-
COOH) to facilitate the reduction of Se* to Se? with a reduction
potential of +0.19 V.3%*! Interestingly, while the cadmium precursor
(Cd?*) could also be reduced by TOCN it does not readily undergo
reduction because the selenium ion (Se**) is a stronger oxidizing
agent. This is evidenced by the standard reduction potentials:
Se*’|Se? has a potential of +0.19 V, which is more positive than that
of Cd?*|Cd° at -0.403 V. Moreover, stabilization of Cd?* ions by
chelation with the carboxylate groups of TOCN could also hinder the
reduction of Cd?* to Cd®.4244

Aldehydes have been shown to be effective reducing agents for
various metal ions, including platinum, silver, palladium, and
gold.344546 For example, Nath et al. found that acetaldehyde (-0.390
V) and formaldehyde (0.056 V) can reduce Au3* to Au® for Au NPs
synthesis. Acetaldehyde reduced Au3* immediately upon the
reaction's initiation, whereas formaldehyde required a longer time
due to its lower oxidation potential.*6 Researchers have widely used
nanocellulose derivatives to synthesize metal nanoparticles,
leveraging the aldehyde and hydroxyl groups in their cellulosic
structure. For example, Xu et al. used dialdehyde -cellulose
nanocrystals as both the reducing and stabilizing agents to synthesize
silver nanoparticles. Similarly, Battocchio et al. harnessed the
reducing power of TOCN to produce the same nanoparticles without
needing additional reducing agents. 4748

The production of CdSe-TG QDs with and without TOCN was
monitored using UV-Vis and fluorescence spectroscopy. According to
Brahim et al, CdSe-TG QDs exhibit two characteristic bands in the
region of 370 to 400 nm.3*° However, as shown in Figure 2a, the
excitonic absorption band typical of semiconductor nanocrystals
appears as a wide band at 370 nm for the QTG QDs dispersions,
indicating variability in the crystal size distribution. The absorption
maxima for these materials remain consistent regardless of reaction
time.> On the other hand, the UV-Vis spectra of QTC
bionanocomposites show two absorption bands between 367 nm

J. Name., 2013, 00, 1-3 | 3
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and 440 nm. There is a bathochromic shift -from 427 nm to 438 nm—
as the reaction time increases from 30 to 60 minutes. This shift
results from the quantum confinement effect characteristic of QDs
formation, which is associated with the increase in crystal size over
time as the reaction progresses.>%5! Extending the reaction time to

OH oo O
HO

0 o\%‘o’y_&’vo

O™ OH  ( C HO" On

Journal Name

90 minutes didn't lead to a higher bathochromic shift, which aligns
with the crystal size determined from the T&Mmicsogpapthio(Table
S1). In contrast, TOCN shows no absorption (Fig. 2b and Fig. S1,
respectively).

OHHO,C

HO.C o
n

HO OH OHC

QTC hydrogel

= CdSe QDs

Fig. 1. Synthesis of the CdSe-TG QDs/TOCN bionanocomposite.

Research studies have shown that using modified CNCs can
produce CdS QDs that are smaller than those synthesized in
bulk.52>3 Chen et al. reported that the carboxyl groups introduced
in cellulose nanocrystals (CNCs) by TEMPO oxidation were vital
for the controlled synthesis of CdS QDs, as they formed carboxyl-
Cd%* complexes prior to the addition of sodium sulfide, enabling
the in-situ formation of the QDs in the CNC matrix. Moreover,
partially desulphonated CNC functionalized with
polyethyleneimine led to the formation of smaller-sized CdS QDs,
demonstrating the impact of additional capping on crystal size.53
TOCN acts as a stabilizing agent, structural template, and ion-
exchange matrix during CdSe-TG synthesis. Under alkaline
conditions, the carboxylate and hydroxyl groups strongly bind the
Cd?* cation, controlling nucleation rates and preventing
aggregation during the formation of the NPs. In addition, hydroxy
and thiol groups from TG contribute to controlling the rate of
crystal size formation, stabilizing the growth of QDs, ensuring
efficient surface passivation, and improving size uniformity, as
observed in the TEM micrographs (Fig. 1 and Fig. 4).28

The band gap of QTC bionanocomposites and QTG QDs was
calculated using the absorption edges (A.), which were obtained
from the intersection of the sharply decreasing region of the UV-
Vis spectra with the baseline, as illustrated in Fig. 2a and 2b.52
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Table S1 in the supporting information shows a decrease in the
band gap from 2.43 eV during the first 30 minutes of reaction time
to 2.27 eV and 2.23 eV at 1 hour and 1.5 hours of reaction time,
respectively, as crystal size increases.> According to our results,
TOCN exerts greater control over QDs size distribution, yielding
CdSe-TG QDs with an average crystal size of 2.25 nm (QTC-30, E,
= 2.43 eV). In contrast, in the absence of TOCN, relatively larger
nanostructures are produced (QTG-1 with average size =2.66 nm,
and Eg = 2.82 eV). Additionally, using TOCN as a reducing agent
significantly reduces the synthesis time of CdSe-TG QDs
compared to NaBHy, from 18-24 hours without TOCN to about 1.5
hours with the nanocellulose (Table 1).4%5>

To investigate how aldehyde moieties influence the formation
of CdSe QDs, TOCN underwent mild oxidation with NaClO, to
oxidize aldehydes to carboxylates. The resulting material, known
as post-oxidized TOCN, was wused to synthesize QTC
bionanocomposites under the same reaction conditions as those
used for TOCN. However, no formation of CdSe-TG QDs occurred
when using post-oxidized TOCN, even after 6 hours of reaction
time. This finding suggests that the aldehyde groups generated
through the incomplete oxidation of cellulose in the catalytic
cycle of the TEMPO reaction are crucial for TOCN to function as
an effective reducing agent, thereby reducing the precursor Se**

This journal is © The Royal Society of Chemistry 20xx
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ions to SeZ in the CdSe-TG QDs.>® Additionally, the absence of TG
as a capping agent resulted in a vivid white solution, illustrated in
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Fig. 2. UV-Vis and fluorescence spectra of a,c) QTG bulk QDs and b,d) QTC bionanocomposites, respectively.

The fluorescence spectra of QTC bionanocomposites and QTG
QDs were recorded at an excitation wavelength of 370 nm in an
aqueous solution, as illustrated in Figures 2c and 2d. The
bionanocomposites exhibited maximum emission at 545 nm for
the samples with reaction times of 30 and 60 minutes, and at 548
nm for the sample with a 90-minute reaction time. However, the
fluorescence emission of the QTC bionanocomposites occurred at
a shorter wavelength compared to the CdSe-TG QDs without
TOCN. Like UV-Vis observations, the fluorescence emission
shifted to longer wavelengths as the reaction time increased, a
phenomenon attributed to the quantum confinement effect.
Notably, this behavior was observed only for the QTC-90
bionanocomposite. The decrease in fluorescence intensity of QTC
bionanocomposites was found to be smaller than that of the QTG
QDs solution; this is attributed to the TOCN matrix enhancing the
stability of CdSe-TG QDs, as the TOCN surface can prevent
agglomerate formation and reduce the number of defects on the
QDs surface.

Among the three bionanocomposites obtained, QTC-30
exhibited the highest relative quantum yield in water (p=0,0206)
using anthracene as a reference (¢g=0.28). The UV-Vis absorption
and fluorescence spectra of anthracene solutions (N=6) and
solutions of the prepared bionanocomposites (N=6) were
recorded, and the quantum yield of the latter was calculated
according to equation (1). As the size of the CdSe-TG QDs particles
increases, their surface-to-volume ratio decreases, but surface
defects increase disproportionately.>”*® These defects
create nonradiative recombination pathways, which reduce the

This journal is © The Royal Society of Chemistry 20xx

guantum yield. For instance, Kumal et al. reported that TOP-
capped CdSe QDs exhibited a decrease in quantum yield from
20% (3.5 nm) to approximately 10% (5.0 nm) as the crystal size
increased->® Our results show that the decrease in quantum yield
with increasing crystal size is minimal, changing from @¢=0.0206
(2.25 nm) to @=0.0156 (2.89 nm). This is consistent with Rath et
al., who reported a quantum yield value of @=0.0191 for QTG
QDs using the same Cd?*/Se? ratio of 1.0:0.5 in their synthesis.>®
The relatively low decrease in quantum yield with increasing
crystal size may be related to the control exerted by the cellulose
structure on TOCN during crystal growth. Surface ligands and shell
materials play a significant role in mitigating trap states. However,
larger QDs have poorer ligand coverage due to their increased
surface curvature. In CdSe/ZnS core-shell QDs, incomplete shell
growth on larger cores leaves defects unpassivated, resulting in a
lower quantum vyield compared to smaller, fully passivated
cores.®0

XRD, FTIR, TEM, and TGA Characterization

The crystalline nature of QTC, TOCN, and QTG QDs was
investigated using X-ray diffraction (XRD). Figure 3a presents the
XRD pattern of the TOCN and the bionanocomposite aerogel
powders synthesized under the abovementioned conditions.
Both materials exhibit similar peaks at 17.3°, 22.5°, and 34.6°
corresponding to the crystallographic planes of (11 0), (200), and
(0 0 4) characteristic of type | cellulose (JCPDS card No. 50-2241),
space group P21 (No 4).34 The similarity in the diffraction peaks of
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all the analyzed compounds indicates that the formation and
subsequent immobilization of the CdSe-TG QDs on the TOCN do
not affect the backbone of the oxidized cellulose nanofibers.

Table 1. Comparative images of QTC bionanocomposites, QTC
with post-TOCN, and QTC synthesis without TG at different
reaction times.

Reaction time (h)
1.0 | 15 |
QTC

0 | o5 | 6.0 | 12

QTC with post-oxidized TOCN

QTC without TG

The diffraction peak observed at 26 = 28° in the QTC-30
bionanocomposite sample is attributed to the (111) crystalline
plane of CdS QDs (JCPDS card No. 21-0829). This transient phase
is likely the result of a kinetically favored reaction wherein a small
quantity of S*" ions, liberated from the partial decomposition of
the TG capping ligand, interacts with available Cd?* ions to form
CdS nuclei during the initial stages of the synthesis.?%62 As the
reaction time is extended to 60 and 90 minutes (QTC-60 and QTC-
90), this peak is no longer observed. This indicates that the
continued supply of Se?” ions in the solution facilitates an anion
exchange process, whereby the less stable S?° ions are
progressively displaced by Se?” ions. This process ultimately
converts the initial CdS into the thermodynamically more stable
CdSe QDs.®3

The diffractogram of QTG QDs (Fig. 3a) shows peaks at 25.8 °,
44.3 °, and 46.8° associated with lattice planes with Miller indices
of (11 1), (220), and (3 1 1), respectively, indicating the cubic
phase structure of CdSe QDs (JCPDS card No. 19-0191).% The
noise in the XRD diffractogram can be attributed to surface
defects or the formation of smaller-size QTG QDs.
Simultaneously, broad signals can indicate residual oxygen in the
reaction medium despite performing the reaction with degassed
water under an argon atmosphere. The mean crystalline diameter
D for CdSe-TG QDs can be estimated according to Scherrer’s
formula from the full width at the half maximum (FWHM) of the
crystallographic plane (11 1):

kA

b= PcosO

(3)

Where k= 0.9 is an instrumental constant, A is the wavelength
of the incident X-ray of the CuK, line (1.5405 A), and b is the
FWHM of the diffraction peak. Based on the diffraction plane (1 1
1) at 2q = 25.8°, the average size of CdSe-TG QDs is estimated at

6 | J. Name., 2012, 00, 1-3

approximately 6.82 nm. This value is larger than the measured via
TEM analysis (Fig. 5a) due to uncertaintyin: detesmining @eaks
width value. The mean crystalline diameter of the QDs in the
bionanocomposite could not be calculated from XRD data
because the CdSe-TG QDs diffraction peaks were absent in the
QTC diffractogram. Likewise, the crystallinity index (Crl) of TOCN
before and after the synthesis of CdSe-TG QDs NPs was calculated
using the following equation:%

Crlygp = %X 100 ()

Where |yoo represents the maximum intensity of the
crystalline peak from the diffraction plane (2 0 0), while I, is the
intensity of the amorphous diffraction. The crystallinity index for
TOCN was 46.4%, whereas the QTC bionanocomposites exhibited
values of 22.3%, 15.8%, and 10.6% at 30, 60, and 90 minutes,
respectively. This indicates that the crystallinity of the
bionanocomposites was lower than that of the TOCN and showed
a decreasing trend as the reaction time increased. A decrease in
the crystallinity could be related to the in situ growth of CdSe QDs
on the cellulose nanofiber surface, which gradually weakens the
hydrogen bonds among TOCN, resulting in an increase in
amorphous content regions.3* The effect can also be a result of
the high reaction temperature, further weakening the hydrogen
bond network.

The FTIR spectra of freeze-dried TOCN and QTC
bionanocomposites reveal distinct cellulose bands (Fig. 3b). A
prominent band near 1600 cm indicates the asymmetric stretching
vibrations of carboxylate groups.®> The broadband from 3000 to 3400
cm corresponds to the stretching of the -OH group. The peaks
around 1000 and 2900 cm! are attributed to CH, and C-OH stretching
vibrations. The signal between 1095 and 1206 cm™! is characteristic
of the (1->4) C-O-C glucosidic bond vibration. Slight shifts in the
wavenumber values were observed for most FTIR peaks in QTC
compared to TOCN (Table 2). These shifts indicate a strong
interaction between the -COO- groups of TOCN and the Cd**-TG
complex, which is involved in forming the CdSe-TG QDs on the
cellulose nanofibers.%¢ The similarity of the FTIR profiles among the
samples suggests that the chemical structure of TOCN remains
unchanged despite the immobilization of QDs NPs.

The QTC bionanocomposites’ thermogravimetric behaviour is
similar to TOCN's, indicating that the biopolymer’s structure remains
intact during the synthesis. This observation aligns with the XRD and
FTIR data discussed above. TGA thermograms (Figure 3c) of TOCN
and QTC bionanocomposite aerogels reveal an initial weight loss of
about 3% between 30 °C and 120 °C, attributed to the samples'
humidity and residual solvent traces absorbed by the porous TOCN
structure.®’” The second significant weight loss (>50%) occurs in the
region of 200-400 °C, which is attributed to cellulose
depolymerization to form levoglucosan and levoglucosenone in a
one-step process.?® The mass loss observed between 190 °C and
234 °C is attributed to the breakdown of the crystalline zones in
TOCN and QTC bionanocomposites, along with the decomposition of
the amorphous region of the TOCN matrix into D-glucopyranose
units. Subsequently, significant thermal-oxidative degradation of the
polymeric structure initiates at approximately 510 °C.6%7° As shown
in Figure 3c, the presence of CdSe-TG QDs on the TOCN polymer
matrix causes a small decrease in thermal degradation temperature
compared to TOCN. Finally, the dramatic weight loss after 250 °C can
be attributed to the decomposition of the carboxylic units on the
TOCN surface followed by cellulose depolymerization.”*72 The DTG
curves in Figure 3d showed two distinct bands at approximately
260°C and 300 °C. The former is due to thermal degradation of

This journal is © The Royal Society of Chemistry 20xx
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anhydroglucuronate units and the latter to cellulose backbone
decomposition.”! The low thermal variability in both TGA and DTG
thermograms of the bionanocomposites compared to TOCN
indicates that the formation of CdSe-TG QDs on the TOCN surface
does not significantly alter the cellulosic material's thermal stability.

The morphology and dispersion of the QTC
bionanocomposites were examined using TEM. Figure 4
demonstrates that the CdSe-TG QDs, both with and without
TOCN, are nearly spherical and show a low tendency to
agglomerate. However, the QTC-30 bionanocomposite exhibited
improved dispersion of the QDs NPs, as illustrated in Figure 4b,
attributed to the porous network structure of TOCN that
facilitates the anchoring and distribution of Cd?* ions uniformly
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TG QDs (Figure 4a) formed larger NPs, m@aﬁu{@qgﬁ;‘)eévgwmag%@
4 nm. In contrast, the QTC-30 bionanocomposite displayed a
more uniform particle size of around 2.3 nm (Figure 4b). Electron
dispersive X-ray spectroscopy (EDX) was employed to confirm the
elemental composition of the nanomaterials, with the detected
elements aligning with those expected in the bionanocomposites
structure. The intense peaks of carbon and oxygen result from the
high concentration of TOCN. The cadmium and selenium peaks
arise from the formation of CdSe TG QDs, further confirmed by
the presence of the sulfur peak from the 1-thioglycerol capping
agent (Fig. S2).
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Fig. 3. a) XRD diffractograms, b) FTIR spectra, c) TGA, and d) DTG analysis for QTG QDs and QTC bionanocomposites synthesized at 30,

60, and 90 minutes.

Table 2. FTIR peaks of freeze-dried TOCN, QTG QDs, and QTC bionanocomposites.

sample Wavenumber (cm™)
v C=0 v OH v CH, v C-OH v C-0-C v Cd-Se
TOCN 1567 3295 2863 977
QTG-1 1619 3271 2832 1009 1068 737
QTC-30 1567 3279 2856 976
QTC-60 1595 3311 2895 1025 1095-1206
QTC-90 1568 3311 2879 973

QTC bionanocomposites as chemosensors

The QTC bionanocomposites served as a proof of concept for
a chemosensor for Cu* ions. Heavy metals, essential to industrial
processes, can—at high concentrations—significantly pollute the
environment because of their reactivity.”> While copper is a
crucial microelement aiding in energy production, connective
tissue formation, and brain development, excessive levels can
adversely affect the central nervous system, potentially leading to
diseases like Parkinson's and Alzheimer's, along with other
neuromotor system issues.”® Thus, a straightforward approach
for selectively and sensitively detecting these heavy metals in the
environment is relevant. The UV-Vis and fluorescence spectra of
the QTC bionanocomposites were measured in water to evaluate
the absorbance and fluorescence emission intensity in response

This journal is © The Royal Society of Chemistry 20xx

to Cu?* and several other metal ions, including Ca?*, Mg?*, Fe3*,
Ni%*, Zn?*, and Cd?*. For bionanocomposites synthesized at
varying reaction times, the absorbance band at 450 nm exhibited
a linear increase with Cu?* addition, as depicted in Figure 5b. As
the copper concentration rose, the dip at this wavelength began
to fade, resulting in a continuous line with enhanced absorbance.
This trend is more clearly seen at approximately 500 nm. The
absorbance spectra revealed a linear response to Cu?* ions for
each bionanocomposite within a range of 0 — 12.8 ppm (refer to
Table S2).

Figures 5b and 5d show that the QTC-30 achieved the lowest
detection limit (LOD) along with the highest R2 coefficient and
sensitivity in both absorbance and fluorescence measurement
modes. The LOD, sensitivity, and R2 coefficient values of QTC-60
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http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5ma00700c

Open Access Article. Published on 11 September 2025. Downloaded on 9/13/2025 1:21:01 PM.

This articleislicensed under a Creative Commons Attribution-NonCommercia 3.0 Unported Licence.

== 1uMaterials Ac

ARTICLE

and QTC-90 bionanocomposites suggest they both perform
similarly, but not as well as QTC-30. These results indicate that
reaction time affects LOD and sensitivity in QTC
bionanocomposites. The LOD was calculated as 30/K per IUPAC
standards, where o¢ is the standard deviation of ten
measurements of the material’s absorbance in the absence of
Cu2+.75

The selectivity of the QTC bionanocomposites was also evaluated
using UV-Vis spectroscopy to analyze the impact of different metal
ions on the optical response of the chemosensor. Thus, the
absorbance of the bionanocomposites was titrated with various
metal ions within a concentration range of 0 ppm to 5.5 ppm. As
illustrated in Figure 5a, only the Cu?* ions resulted in a significant
change in absorbance. In contrast, the other metal ions had minimal
effect on the absorbance of the chemosensors. Therefore, QTC
bionanocomposites could serve as a practical absorbance probe for
the selective detection of Cu?* compared to commonly found water
ions such as Fe3*, Ni?*, Zn?*, and Cd?*. Figures S4 and 5c display the
fluorescence emission spectra and fluorescence quenching for the
QTC bionanocomposites with the metal ions listed above, at an

Fig. 4. TEM images of the a) QTG-1 sample and the b) QTC-30 bionanocomposite.

Conclusions

This study successfully demonstrates the preparation of CdSe-TG
quantum dots (QDs) using TEMPO-oxidized nanocellulose (TOCN) as
both a capping and reducing agent in an aqueous environment under
mild conditions. The rapid synthesis of QTC bionanocomposites
within thirty minutes marks a significant advancement, reducing the
reaction time from previously reported reaction times (up to twelve
hours) when employing NaBH,. This remarkable efficiency reveals
the potential of residual aldehydes in TOCN to effectively reduce
selenium cations, facilitating the formation of CdSe QDs.
Transmission electron microscopy (TEM) micrographs reveal
enhanced control over nanocrystal growth facilitated by TOCN,
yielding nanoparticles with an average diameter of approximately
2.3 nm. The fluorescence emission of the bionanocomposites was
observed at around 545 nm, with an excitation wavelength of 390
nm. Notably, the well-dispersed formation of QDs on the TOCN
surface contributes to a significantly intense fluorescence observable
to the naked eye.

The CdSe-TG QDs /TOCN biocomposites (QTC) serve as effective
chemosensors for detecting copper cations in aqueous solutions,
exhibiting exceptional selectivity towards Cu?* ions, even amidst

8 | J. Name., 2012, 00, 1-3
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excitation wavelength of 370 nm. Similar to the find\i/pe%sAmdyga}(AQ
spectroscopy, the QTC-30 bionanocomposite exhibitedihadowest
limit of detection for Cu?* ions, as illustrated in Figure 5d. In contrast,
the other biocomposites showed higher LOD values, possibly due to
the larger size of the CdSe-TG QDs on the TOCN scaffold. This
observation is supported by the research of Zhong et al., who noted
that larger NPs result in reduced sensitivity when quenching the
photoluminescence of CdTe QDs with various metal ions. According
to these authors, the increase in Cu?* concentration leads to its
reduction to Cu*, which ultimately displaces Cd on the QD surface
through cation exchange, causing fluorescence quenching due to
surface defects.”® Figure 5c shows that only Cu?* and Cd?* could
quench the chemosensors' fluorescence to some extent.

Interestingly, after a specific concentration (e.g., QTC-30 at 14.1
ppm Cu?* and 5.8 ppm Cd?*), the intensity of the fluorescence
emission remains unchanged. This could be attributed to the
formation of CdSe-TG QDs within the TOCN network, which may not
interact with the metal ions, as well as the Cu* ions possibly being
unable to replace the Cd on the surface of the QDs.

other metal cations. This selectivity is substantiated through rigorous
testing via UV-Vis and fluorescence spectroscopy. While a slight
fluorescence quenching was noted in the presence of Cd?* ions,
particularly for chemosensors synthesized at 60 and 90 minutes, the
QTC-30 variant showcased an impressive detection limit of 320 ppb
for Cu?* detection. This finding positions the QTC bionanocomposites
as promising candidates for developing more robust and sensitive
probes for copper ion detection in aqueous environments, paving the
way for future advancements in sensor technology.
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