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Dual templating is an effective strategy to create multiple inorganic functional materials with enhanced struc-
tural, optical, and biological properties. We demonstrate how biopolymer directly dictates the internal structure
of zinc oxide. Here, a thermally degradable biopolymer, chitosan, is used as a structural template to produce
internal nano pores of zinc oxide, while biopolymer transforms into highly luminescent carbon dots in the same
solution. It is thought that zinc oxide is nucleated within the polymer network and continues to grow by

engulfing the network into its crystalline structure. This is followed by thermal degradation of polymer template
and its carbonisation into carbon dots. The synthesised porous zinc oxide-chitosan composites are characterised
by PXRD, FT-IR, TGA, and SEM. The shape and size of pores created within zinc oxide crystals are assessed by
FIB-SEM analysis. Finally, the antioxidant activity of the synthesised composites is significantly enhanced even at
low concentrations from 20% in pure zinc-oxide to 100% in the synthesised composites.

1. Introduction

Biotemplating using biopolymers is an attractive biomimetic strategy
to create novel materials through effective control over the final struc-
ture by directing, positioning, and linking multiple components during
synthesis [1]. A real advantage of these macromolecules is their struc-
tural specificity such as well-defined monomeric sequence, stereo-
chemistry, and specific chain length. Among available biotemplates,
polysaccharides are abundant sustainable alternatives that can be
employed to assist in synthesis of inorganic materials by providing a
well-defined matrix for growth. This polymeric network can be later
removed by mineralisation, calcination or sintering creating nano-
materials with long-range ordering, porous or anisotropic constructs.

Zinc oxide is an important semiconductor in the chemical, agricul-
tural, pharmaceutical, and personal care industries; such variety of ap-
plications is driven by its advantageous mechanical, thermal, optical
and electronic properties [2,3]. Additionally, it is biocompatible and
possesses useful bioactive properties [4,5]. All these properties are
strongly influenced by its physical characteristics such as the micro-
structure, particle size and crystallinity [6]. A wide range of physical,

chemical and biological methods are employed to produce zinc oxide
[7]. Common preparation techniques include mechanochemical process
[8-11], precipitation with and without surfactants present [12-16],
(micro)emulsion techniques [17,18], sol-gel [19-21], solvothermal
[22], hydrothermal [23-25], and microwave assisted methods [26,27].
Among these techniques, hydrothermal synthesis uses green solvent
(water) and lower reaction temperatures, it typically involves one-step
and is relatively straightforward process [28]. Moreover, hydrother-
mal methodology can incorporate control through temperature, reaction
time and pH yielding various shapes: baton-, star-, flower- and rod-like
ZnO crystals [29-32].

There are a few examples using polysaccharides in the fabrication of
ZnO composites. For instance, Xu. C et al. reported the modification of
the surface of ZnO particles synthesised by sol gel method with poly-
saccharides from fungal microorganisms [33]. Ma et al. synthesised
ZnO-cellulose nanocomposites using a colloid mil and demonstrated
that cellulose significantly affected the size and shape of the composites
due to the formation of nano-network between many OH groups of
cellulose and the surface of ZnO making ZnO immovable controlling
agglomeration of ZnO [34]. Other examples include ZnO-starch
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composites synthesised by a precipitation method, ZnO-soybean poly-
saccharide film synthesised by casting method, [35,36] preparation of
ZnO-chitosan by dispersion [37] and sol-gel conditions [38].
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Crystals with nanopores and
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Previously published studies on the hydrothermal treatment of bio-
polymers or biomass focus mostly on the formation of carbonaceous
sponges, carbon spheres and carbon dots through the degradation and
carbonisation of macromolecules [39-41]. To the best of our knowledge,
hydrothermal approach using chitosan as a template in ZnO synthesis
has not been explored yet. We demonstrate that the use of rigid chitosan
framework determines size (nano and macro), morphology and dimen-
sionality (1D, 2D and 3D) of the ZnO composites, and the choice of the
preparation strategy is a key. Our work shows how the biopolymer’s
thermal versatility can be exploited to form nanoporous crystals of ZnO,
doped carbonaceous spheres as well as carbon dots. Furthermore, this
study explores the role of chitosan and its effect on the optical, structural
and antioxidant properties of the final materials.

2. Experimental section
2.1. Materials and methods

All chemicals were of analytical reagent grade and used without
further purification. Chitosan (310-375 kDa, >75% deacetylation,
coarse ground flakes and powder) was purchased from Aldrich. Zinc
acetate dihydrate (97 + %) was purchased from Alfa Aesar. Sodium
hydroxide, 35% ammonia solution and ammonia acetate were pur-
chased from Fisher Chemical. Fluorescence data was recorded using
Fluoromax spectrofluorometer. Fourier transform infrared (FT-IR) data
was recorded using a PerkinElmer Spectrum One FT-IR spectrometer,
with 300 scans, in the range of 550-4000 cm™!. For powder x-ray
diffraction (PXRD) analysis, approximately 20 mg of a sample was
placed on the Si plate holder, and the diffraction data was collected on
D2 PHASER BRUKER and Diffrac Commander Software using Cu X-ray
source (CuKa wavelength of 1.5418 A) and a range of 12-65°. Ther-
mogravimetric analyser (TGA, SDT-Q600 Simultaneous TGA) was used
to analyse the composition of the samples. The data obtained from FT-IR
and PXRD were analysed using Origin. Scanning electron microscopy
(SEM, FEI NOVA 450, coating unit 4 nm of iridium) was used to analyse
the topography of the particle surface.

2.2. Focused ion beam (FIB)-SEM analysis and preparation of annealed
samples

Cross sections through the crystals were prepared using FIB milling
with a FEI Helio G4 CX dual-beam high-resolution monochromated FEG
SEM instrument equipped with a FIB. A selected area of the crystal was
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precoated with 2 um thick Pt. The operating voltage was 30 kV, and the
beam currents were varied between 0.1 and 5 nA. To prepare annealed
samples for FIB-SEM, ZnO-CS composites synthesised at 180 °C and
220 °C were annealed at 700 °C for 3 h in the oven; the heating rate to
reach the annealing temperature was set to 10 °C per min.

2.3. Synthesis of ZnO and ZnO composites

2.3.1. Synthesis of ZnO

To a 35% ammonia solution (2.5 mL) in deionised water (12.5 mL)
NaOH (0.15 g, 3.64 mmol) was added followed by zinc acetate dihy-
drate (0.28 g, 1.25 mmol) under stirring. The mixture was continuously
stirred and then set to reflux at a constant temperature of 60 °C for 1 h.
The mixture was transferred to a Teflon-lined autoclave, sealed, and
placed in the oven at 180 °C or 220 °C for 24 h hydrothermal treatment.
The resulting mixture was centrifuged. The solid residue was separated
from the supernatant, washed with deionised water, and centrifuged;
this procedure was repeated three times. The white solid was dried in a
vacuum oven at 60 °C.

2.3.2. Synthesis of ZnO-CS composites

Ammonia solution (2.5 mL, 35%) and deionised water (12.5 mL)
were added to a 100 mL round bottom flask. Chitosan (0.28 g,
0.18 mmol) was added to the solution and sonicated at 30 °C for 5 min.
NaOH (0.14 g, 3.61 mmol) was then added to the chitosan suspension
with stirring and to this zinc acetate dihydrate (0.28 g, 1.27 mmol) was
added. The solution was set to reflux at a constant temperature of 60 °C
for 1 h with a continuous stirring. A pH of 12 was recorded before the
mixture was transferred to a Teflon-lined autoclave, sealed, and placed
in the oven at 180 °C or 220 °C for 24 h hydrothermal treatment. The
supernatant (pH 10) resulting from the reaction mixture was collected.
The solid washed 3 times with deionised water and once with ethanol
and dried at 60 °C.

2.3.3. ZnO-ExCS composites

Ammonia solution (2.5 mL, 35%) and deionised water (12.5 mL)
were added to a 100 mL round bottom flask. Chitosan (1.37 g,
0.90 mmol) was added to the solution and sonicated at 30 °C for 5 min.
NaOH (0.14 g, 3.47 mmol) was then added to the chitosan suspension
with stirring; after that zinc acetate dihydrate was added (0.27 g,
1.24 mmol). The solution was set to reflux at a constant temperature of
60 °C for 1 h with a continuous stirring. A pH of 12 was recorded before
the mixture was transferred to a Teflon-lined autoclave, sealed, and
placed in the oven at 180 °C or 220 °C for 24 h hydrothermal treatment.
The supernatant (pH 10) resulting from the reaction mixture was
collected. The solid washed 3 times with deionised water and once with
ethanol and dried at 60 °C.

2.3.4. ExZnO-CS composites

Ammonia solution (2.5 mL, 35%) and deionised water (12.5 mL)
were added to a 100 mL round bottom flask. Chitosan (0.28 g,
0.183 mmol) was added to the solution and sonicated at 30 °C for 5 min.
NaOH (0.14 g, 3.60 mmol) was then added to the chitosan suspension
with stirring and to this zinc acetate dihydrate was added (1.37 g,
6.26 mmol). The solution was set to reflux at a constant temperature of
60 °C for 1 h with a continuous stirring. A pH of 12 was recorded before
the mixture was transferred to a Teflon-lined autoclave, sealed, and
placed in the oven at 180 °C or 220 °C for 24 h hydrothermal treatment.
The supernatant (pH 10) resulting from the reaction mixture was
collected. The solid washed 3 times with deionised water and once with
ethanol and dried at 60 °C.

2.4. Synthesis of CS carbon dots

Ammonia solution (2.5 mL, 35%) and deionised water (12.5 mL)
were added to a 100 mL round bottom flask. Chitosan (0.28 g,
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0.18 mmol) was added to the solution and sonicated at 30 °C for 5 min.
NaOH (0.14 g, 3.61 mmol) was then added to the chitosan suspension
with stirring and to this ammonium acetate dihydrate (0.1 g,
1.27 mmol) was added. The solution was set to reflux at a constant
temperature of 60 °C for 1 h with a continuous stirring. A pH of 12 was
recorded before the mixture was transferred to a Teflon-lined autoclave,
sealed, and placed in the oven at 180 °C for 24 h hydrothermal treat-
ment. The supernatant resulting from the reaction mixture was collected
and centrifuged. The precipitate was separated from the solution, which
contained dispersed carbon dots.

2.5. DPPH antioxidant activity assay

In brief, a 0.12 mM DPPH stock solution in ethanol and 10 mg/mL
stock solutions of ZnO, CS and synthesised composites in DMSO were
prepared. To prepare the range of the concentrations (0.04-0.4 mg/mL)
in 96-well plate, the aliquots (0.001-0.01 mL) of the stock solution of an
appropriate material were mixed with ethanol to make the final volume
of 0.15 mL in each well (SI Fig. S4). To each well containing an appro-
priate concentration of the sample, 0.10 mL of DPPH stock solution was
added and mixed well with a multichannel pipette (final volume in each
well of 0.25 mL). The final concentrations of the composites were 0.04,
0.08, 0.12, 0.16, 0.2, 0.3 and 0.4 mg/mL. After incubating the plate for
30 min in the dark, the absorption spectra of the samples from each well
were recorded. The Ag and A, values were measured as intensities of the
absorption peak at 517 nm from the UV-vis spectrum of each sample
after background subtraction. Radical scavenging activity (% RSA) was
calculated using the equation: (% RSA) = (Ap-An) / Ag x 100%, where
Ay is the absorbance of DPPH solution and A, is the absorbance of DPPH
with the corresponding concentration of ZnO/CS material. The experi-
ments were run in triplicates (SI Fig.S4).

3. Results and discussion
3.1. Synthesis

Zinc oxide and its composites with chitosan were prepared by hy-
drothermal method using a two-step procedure. Three different mass
ratios of Zn-precursor (zinc acetate) and chitosan (CS) were tested to
fabricate ExZnO-CS (5z5:1cs), ZnO-CS (17,:1¢s) and ZnO-ExCS (17,:5¢s).
Two reaction temperatures: 180 °C (@180) and 220 °C (@220) were
selected for comparison. Initially, chitosan is pre-treated with ammonia
solution at 30 °C under sonication for 5 min followed by the addition of
zinc acetate dihydrate dissolved in aqueous solution of NaOH. The
resulting mixture was heated at 60 °C for 1 h to facilitate deprotonation
of CS and initiate ZnO formation. Finally, the hydrothermal treatment
for 24 h at elevated temperature (180 °C and 220 °C) was performed to
facilitate thermal decomposition of chitosan. After hydrothermal treat-
ment, the reaction mixture was centrifuged to separate solid (compos-
ites) and supernatant (SUP). The supernatants are labelled as: SUP_ZnO-
ExCS, SUP_ZnO-CS and SUP_ExZnO-CS corresponding to the following
original loading ratios: 1z5:5¢s, 1zn:1cs and 5z5:1¢s, respectively.

3.2. Analysis of composites

Obtained solid materials were primarily ZnO (Wurtzite, JCPDS
36-1451) [42] as confirmed by PXRD analysis (see SI Figs.S1a and 1b)
showing the diffraction pattern of ZnO and all ZnO-CS composites syn-
thesised at 180 °C and 220 °C. The peaks centred at 32.0°, 34.6°, 36.4°,
47.8°,56.9° and 63.2° are attributed to (100), (002), (101), (102), (110)
and (103), respectively. The PXRD pattern of pure untreated chitosan is
characterised by two broad peaks centred at 9.5° (002), 20.2° (110) and
a broad shoulder between 30° and 40°. The percent crystallinity of CS
calculated by the PXRD integration method is 55% reflecting its partially
amorphous nature. For the samples synthesised at 180 °C, the peaks at
ca. 15.4° and 20.5° are recorded. This confirms that chitosan has
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transformed into a new carbonaceous material by carbonisation process,
which is consistent with the observation reported by Hammi et al. for
carbonised chitosan [43]. Moreover, samples ZnO-CS@ 220 and
ExZnO-CS@ 220 show only sharp diffraction pattern of wurtzite struc-
ture of ZnO indicating almost complete degradation of chitosan at
220 °C. The PXRD pattern of ZnO-ExCS@ 220 sample, however, features
a broad band and a low intensity pattern of ZnO wurtzite (100), (002)
and (101) with a percent crystallinity of 18% for this sample. The
average crystallinity (based on ZnO pattern) decreases as the ratio of
chitosan in the reaction increases for both temperatures revealing the
formation of an amorphous material. The FT-IR analysis provides key
evidence of the chitosan carbonisation (SI Figs.Slc and S1d); the fea-
tures primarily affected are specific to the fingerprint region and include
N-H (1584 cm™1), CH-OH (1418 ecm™}), CH,-OH (1375 cm ™) and C-N
(1371 em™ 1Y) stretches. It is clear that only ZnO-ExCS@ 180 sample
displays features of dehydrated chitosan; but a significant broadening of
the aforementioned typical CS stretches is observed in ZnO-CS@ 180
and ExZnO-CS@ 180 samples. While @ 180 series features chitosan as a
part of the sample’s composition, the FT-IR spectra for @ 220 series
show drastic changes in the fingerprint region, which is very dissimilar
to original chitosan. Two regions centred at 1562 cm ™! and 1376 cm ™
associated with acetylation degree have been gradually replaced by a
broad less defined band. Furthermore, the retention of 2928 cm ™" signal
assigned to asymmetric C-H stretch is observed supporting carbonisation
of chitosan.

TGA analysis of the composites is summarised in Fig. 1, where the
total % weight loss was calculated at 700 °C as no further decomposition
was observed beyond this temperature. The total weight loss of pure
ZnO is only 0.6%, which is attributed to the loss of moisture. The
degradation range of chitosan occurred between 200 °C and 650 °C,
which is perfectly consistent with the literature [44]. Overall, ZnO
content for the series synthesised at 220 °C is larger compared to the
series synthesised at 180 °C. The first derivative analysis (Fig. 1b and d)
reveals three distinct regions in the decomposition of chitosan with the
inflection temperatures (T;) of 279 °C, 479 °C and 597 °C with a rapid
first stage. The first step is attributed to the degradation of chitosan,
while the second step relates to the carbonisation process [45,46]. The
@ 180 series follow similar thermal decomposition behaviour for pure
chitosan with a slight shift of the first T; and lacking defined third stage.
The thermal decomposition pattern for @ 220 series is very different and
shows no real similarities with original chitosan. Here, the decomposi-
tion happens at higher temperature and mostly finishes at 600 °C.

3.3. SEM analysis

Based on SEM analysis, all ZnO-CS composites, except ZnO-
ExCS@ 220, exhibit common rod-like morphology (SI Fig.52) [29]. The
average length of the rods varies between 2.7 ym and 7.3 pm (analysis
by ImagelJ). As excess of Zn precursor increases the crystal size (both
width and length) increases too indicating the growth, while the rods of
a smaller diameter are observed with excess of CS; here, chitosan may
inhibit growth of ZnO and lead to crystals of a smaller diameter. Also,
the crystals appear to be ‘coated’ supporting the existence of composite
material rather than physical mixture of CS and ZnO. In contrast, SEM
images of ZnO-ExCS@ 220 show homogeneous spherical morphology
with a particle size of 37-80 nm; this observation is supported by PXRD
indicating its mostly amorphous nature. This domination of 1D
morphology is likely driven by efficient carbonisation of the biopolymer
resulting in the formation of carbonaceous spheres doped with ZnO.

The samples were subjected to FIB procedure to further understand
structural features of ZnO-CS composites. Cuts across the samples reveal
pores. Fig. 2b shows a cross-section (transverse) cut of the ZnO-CS@ 180
crystals where the pore size ranges from 7 nm to 42 nm. Longitudinal
cut through ZnO-CS@ 220 reveals the pore size between 8 nm and
76 nm (Fig. 2d). To better understand the origin of pores and their
content, annealing experiments of ZnO-CS samples synthesised at
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Fig. 1. TGA data with the percentages of the remaining ZnO at 700 °C: (a) TGA data for @ 180 series; (b) 1st derivative for @ 180 series; (c) TGA data for @ 220
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180 °C and 220 °C have been carried out. The annealing temperature of
700 °C was selected based on the TGA data indicating complete degra-
dation of any organic residual by 650 °C. SEM images of the annealed
ZnO-CS composites are shown in Fig. 2¢ and e.

After annealing, the pore size observed in the longitudinal cuts for
both ZnO-CS@ 180 and ZnO-CS@ 220 is similar and ranges from 8 nm
to 137 nm suggesting a universal mechanism of co-growth. The
maximum pore size for ZnO-CS@ 180 has increased significantly to
137 nm after annealing. This data demonstrates that during the co-
growth of ZnO with CS, the pores are formed within ZnO matrix. They
are partially filled with CS residuals and therefore appear smaller in
“not-annealed” SEM images. After annealing these residuals are
destroyed revealing the true size of pores within ZnO matrix.

Schematics of how ZnO can grow within biopolymer framework is
shown in Fig. 2f. In short, the chitosan framework serves as a template to
coordinate Zn?" ions through -OH and -NH; groups of CS. This entraps
Zn?" jons making them immobile and integrating the centres of nucle-
ation within the template. This is followed by the aggregation of insol-
uble Zn(OH); and subsequent ZnO growth entrapping chitosan within.
An elevated temperature during the hydrothermal treatment leads to the
degradation of CS network leaving pores, which can still contain
carbonised chitosan.

3.4. Fate of chitosan template

To further explore the role of chitosan, we have analysed superna-
tants (SUPs) from the corresponding hydrothermal reactions. All SUPs
independent from the reaction conditions, showed a strong blue fluo-
rescence (Fig. 3), which cannot originate from non-fluorescent chitosan.
Moreover, the fluorescence maximum was ‘floating’” depending on the
excitation energy, such behaviour is typical for carbon dots (CDs) due to
the quantum confinement effect, varying size and surface traps
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(functional groups) [47,48]. As CDs can be produced using top-down
approach [48,49] by subjecting large molecules and polymers such as
chitosan to pyrolysis, it is possible that chitosan, ammonia and acetate
were involved in the generation of the suspected CDs in the SUPs rather
than stopping at the stage of carbonaceous spheres.

To prove this, chitosan was hydrothermally treated using the same
procedure only replacing Zn(OAc), with ammonium acetate at 180 °C/
220 °C for 24 h. Analysis of a liquid phase (light brown solution) and a
solid residual from this reaction reveals that only the liquid phase (CS-
CDs) was highly fluorescent; the emission spectra were collected at
several excitation wavelengths from 300 nm to 400 nm with 10 nm in-
crements (Fig. 3a). A red shift of the emission band from 395 nm to
465 nm for both reaction temperatures is evident as the excitation
wavelength increases confirming the wavelength of the emission
maximum being dependent on the excitation energy (Fig. 3a and b).

There are some parallels between the emission spectra of chitosan
CDs (CS-CDs) and the SUPs obtained from the preparation of ZnO
composites (Fig. 3c and d). The SUPs emit in the same region
(395-465 nm), which suggests a similar CD composition. Although CS-
CDs prepared at 220 °C emit at 466 nm when excited at 390 nm, the
behaviour of individual SUPs in @ 220 series closely resembles the
SUP@ 180 series (Fig. 3d). Some broadening of the emission peak is
observed for SUP@ 220 series suggesting CDs with a varied particle size.
This is expected as the higher temperature of the reaction facilitates the
carbonisation of chitosan leading to variation in the particle size of
newly formed carbon dots.

Additionally, the UV-vis spectra of the SUPs obtained at 180 °C and
220 °C are similar showing a featureless broad band with a shoulder
centred at ca. 260-268 nm. This aligns well with the UV absorption
profiles of CS-CDs synthesised at 180 °C and 220 °C. The absorption
above 260 nm can be attributed to the n—x * and n—n * electronic
transitions in the newly created CDs [50].
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The presence of carbon dots should also be detectable in the com-
posites; thus, the ZnO-CS solid materials were dispersed in water and the
emission spectra were recorded at the excitation wavelength range of
300-400 nm. All ZnO-CS composites exhibit photoluminescence be-
tween 450 and 470 nm; in contrast, pure ZnO does not emit in this re-
gion (see SI Fig.S3). This also strongly supports that carbonised CS is
detained by ZnO matrix.

Finally, FTIR analysis of dried SUPs and only chitosan-CDs is sum-
marised in Fig. 4a and b. Although the C-H stretch is a prominent peak in
chitosan and composites, in all the SUPs, including CS-CDs, the C-H
stretch (2928 cm’l) is a much less significant peak. This coupled with
the loss of intensity of the C-H bending vibrations (1165-992 cm™!)
suggests degradation of the chitosan chain and pyranose ring, through
dehydration. Additionally, it is evident that the N-H peak
(1550-1590 cm ™ 1) is prominent in all SUPs. Overall, this is consistent
with what has been found for amino-functionalised fluorescent carbon
nanoparticles in the literature [40].

3.5. Evaluation of antioxidants activity

A suspended benefit of CS-incorporated ZnO is additional antioxi-
dant activity. The antioxidant capabilities were determined by DPPH
radical scavenging spectrophotometric assay. 1,1-Diphenyl-2-picrylhy-
drazyl (DPP) is a stable free radical with a visible absorption
maximum at 517 nm. It is often used as an equivalent of OH radical to
assess an antioxidant’s efficiency. We have employed our previously
reported DPPH protocol for the analysis of heterogeneous samples [51]
within the attainable accuracy range to minimise experimental errors
corresponding to the transmittance window of 20-60% [52] for spec-
trophotometric measurements. In this study, the final DPPH concen-
tration was 0.048 mM, and the concentration range of ZnO, CS and the
composites was 0.04-0.4 mg/mL. The radical scavenging reaction was
started by the addition of 0.1 mL of DPPH stock solution to the prepared
solutions containing the composites (0.15 mL). The Ay and A, values
have been measured as intensities of the absorption peak at 517 nm from
the control and the samples. The antioxidant activity of ZnO, CS and the
composites is summarised in Fig. 4c and d. Pure ZnO is an inefficient
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radical scavenger at low concentrations (11%, 0.04 mg/mL), although
% antioxidant activity improves up to 40% at higher concentrations. The
composites synthesised at 180 °C show a moderate antioxidant activity
with ExZnO-CS exhibiting the highest efficiency (54%), followed by
Zn0-CS (33%) and ZnO-ExCS (28%) with the latter two featuring below
ZnO itself. Such behaviour could be explained by the presence of the
residual CS in the composites, which potentially inhibits radical scav-
enging activity of the materials. In contrast, the composites prepared at
220 °C possess excellent antioxidant properties both at low and high
concentrations. All samples can reach 100% of antioxidant activity at
higher concentration. Moreover, ZnO-ExCS exhibit remarkably high
activity even at very low concentrations (100% at 0.08 mg/mL), while
ExZnO-CS reaches > 90% at the concentrations above 0.12 mg/mL.
These results indicate that the carbonisation of CS into smaller entities
such CDs can improve overall antioxidant activity of the composites.
Antioxidant properties of CDs were previously reported [53,54]. It can
also be added that ZnO-ExCS has a significantly smaller particle size and
therefore, potentially a larger active surface area to deactivate the
radicals. On the other hand, ExZnO-CS sample has the largest ZnO
content (TGA, 68%) together with carbonised CS, which results in
higher concentration of CDs in the composite as opposed to @ 180 se-
ries. It can be concluded that the presence of CDs may be a determining
factor of antioxidant activity enhancement.

4. Conclusions

In conclusion, ZnO-CS composites were synthesised at two temper-
atures (180 °C and 220 °C) using a hydrothermal procedure. All mate-
rials were characterised by PXRD, FT-IR, TGA, SEM, FIB, UV-vis
absorption and fluorescence spectroscopy. All materials in @ 180 series
showed the wurtzite structure of ZnO along with new peaks originated
from partial degradation of CS. In ExZnO-CS and ZnO-CS synthesised at
220 °C, characteristic pattern of the wurtzite ZnO is dominant, and a
minor broad peak can be observed. However, this broad peak, which
originates from carbonised CS, is prevalent in ZnO-ExCS accompanied
by a low intensity pattern of ZnO. TGA analysis shows that the com-
posites synthesised at 180 °C contain residual CS. The analysis of the
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Fig. 4. FT-IR analysis of SUPs synthesised: (a) at 180 °C and (b) at 220 °C. Radical scavenging activity measured by DPPH assay of ZnO, CS and composites: (c)

synthesised at 180 °C and (d) synthesised at 220 °C.
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first derivative plots for both series shows a drastic difference. The
thermal decomposition pattern for @ 220 series does no longer resemble
the original CS. Also, ZnO content for the composites synthesised at
220 °C was larger as CS degraded faster at higher temperature. The SEM
analysis reveals the shape, size, and the presence of pores in the mate-
rials. Additional experiments point out that the CS carbonisation during
the synthesis leads to the formation of pores and as a by-product the
carbon dots are produced. The formation of CDs was probed by fluo-
rescence spectroscopy revealing the floating like behaviour of the
emission maxima. Also, FT-IR analysis provided key evidence of the CS
carbonisation in the composites. Finally, the antioxidant activity of the
materials was determined by DPPH assay. The composites synthesised at
180 °C showed moderate radical scavenging activity, while those syn-
thesised at 220 °C exhibited excellent activity in comparison to pure
ZnO.
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