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First Cu-nanostar as a sustainable catalyst realized
through synergistic effects of bowl-shaped
features and surface activation of sporopollenin
exinet

Vijayendran Gowri,$*° Sarita Kumari,1® Raina Sharma,® Abdul Selim? and
Govindasamy Jayamurugan (2 *@

Recently, nanostar-shaped structures, including gold nanostars (NS), have drawn much attention for their
potential use in surface-enhanced Raman spectroscopy (SERS) and catalysis. Yet, very few studies have
been conducted on Cu—-Au hybrid NS, and there are none for Cu-based NS. Herein, we describe an
effective method for controlling copper-oxide nanostar (ESP-PEI-Cu""O-NS) growth using sporopollenin
as a sustainable template material. However, ESP-PEI-Cu”"O-NS growth depends on sporopollenin
surface functionalization. Sporopollenin surface activation was done by amine functionalization with poly-
ethyleneimine (PEI), without which ESP-PEI-Cu”"O-NS growth was not observed. The sporopollenin’s
exine (outer wall) has a bowl-like structure, which mediates the growth of Cu nanorods, resulting in an NS
morphology. Furthermore, due to their increased surface area, ESP-PEI-Cu”"O-NS showed excellent
catalytic activity for Huisgen 1,3-dipolar cycloadditions even when used in H,O and without additives
under green conditions. This approach utilising biomass as a sustainable template would pave the way for
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Introduction

In today’s era of global warming and environmental degra-
dation, there is a strong focus on replacing harmful chemicals
with eco-friendly alternatives and sustainable chemistry
practices.””” Copper-oxide nanostructured materials are a fast-
developing class due to their excellent physical and chemical
properties arising due to their size of 1 to 100 nanometres
(nm) and the variety of shapes they take.** They are ideal can-
didates for applications such as environmental remediation,’
energy storage,® nanophotonics,” plasmonics,® " catalysis,'>"?
and nanoscale electronics.’* According to many studies, size
and shape (morphology) can influence nanostructured
materials’ activity due to their high surface-to-volume ratio
and active sites exposed in specific phases.'”” Given the
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developing controlled growth of nanostructures for SERS-related and catalytic applications.

challenges in controlling these parameters, research has
shifted towards regulating their morphology, size and shape
because slight variations in factors such as reaction con-
ditions, temperatures, electrostatic interactions, and steric con-
finement can significantly alter the materials’ properties.'®
The preparation of Cu’"O-NPs with diverse sizes and shapes
has been carried out via a wide range of methods, including
sonochemistry, alcohothermal synthesis, thermal decompo-
sition by direct heating, electrochemistry, and colloid-thermal
synthesis with microwave radiation.’”” The methods described
above have been demonstrated to be able to produce nano-
structured Cu,O in a wide range of morphologies, such as
nanocrystals, nanotubes, nano-dendrites, nanorings, nano-
wires, nanorods, nanoribbons, microspheres, and macro whis-
kers along with several other morphologies.'®*’

From a sustainable chemistry point of view, plant waste,
especially sporopollenin, is a potential precursor in various
applications primarily explored as a nanocarrier for drugs,>
pesticide carriers,?" and food additives.>> However, the unique
feature of sporopollenin (SP) being a rugged (resistant to
chemical, light, and biological degradation) material®® and its
nanosized (typically, this ranges from tens to hundreds of
nanometers, depending on the origin of the species)*® bowl-
like surfaces with channel pores make it an excellent candidate
for use in catalysis as a sustainable heterogeneous catalyst/

This journal is © The Royal Society of Chemistry 2024
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support for easy recoverability and reuse.>* We envisage that
this feature can be utilised as a template to synthesize particu-
lar nanosized shapes, for example an unexplored nanostar like
“morning star weapon”.”®> There are metal nanoparticles
shaped like the “morning star” especially gold
nanoparticles®*?° and rarely hybrids (Ag and Cu with
gold)**** composed of a central sphere surrounded by points.
This research has mainly been related to gold nanoparticles
that can concentrate electromagnetic fields at their extremities.
While many shapes of copper oxide have been reported, to the
best of our knowledge, the nanostar has not been reported.
Sporopollenin (SP) is a highly cross-linked biological
polymer available in large quantities naturally from plant-
based biomass, which can be utilised in the circular economy.
It is a chemically inert major component of the tough outer
(exine) walls of plant spores and pollen grains and is com-
posed of elements such as carbon, hydrogen, and oxygen.
Because of its unique features, such as cytocompatibility,®®
large cavities for drug cargo, and a tough protecting layer, SP
is being researched heavily in drug delivery,*® besides other
applications.>” However, its application in catalysis is still at
an infant stage.”® While the exact basic monomeric unit struc-
ture of sporopollenin is still under investigation and debatable,
many studies have suggested that it is composed of aliphatic-
polyketide-derived polyvinyl alcohol units and 7-O-p-coumaroy-
lated C16 aliphatic units, crosslinked through a distinctive
dioxane moiety featuring functional groups such as hydroxyl,
epoxide, acetal, etc.*® Thus, in this work, we envisaged that the
unique surface profile with bowl-like compartmentalization lyco-
podium clavatum (LC) based spores would act as a template to
grow nanorods, which may result in the synthesis of a nanostar-
like copper-oxide catalyst with higher activity. Notably, results
revealed that the growth of copper-oxide rods on the spore’s

CuCl,

View Article Online

Paper

surface depends mainly on the surface functionalization with
polyamines, without which nanostar growth has not been
observed. Furthermore, its catalytic activity was investigated
against copper(1)-catalyzed azide-alkyne cycloadditions (CuAAc)
under environmentally benign conditions.

Results and discussion

While various shapes of exine sporopollenin are available, lyco-
podium clavatum (LC) was chosen as the template material
due to its unique surface shape, characterized by bowl-like irre-
gular hexagons. This shape may facilitate the nucleation of
rod-shaped nanoparticles, leading to the formation of copper-
oxide (Cu""0) nanostar-shaped catalysts, which could result in
improved catalytic activity, even when using water as a solvent
and at room temperature.”® With this hypothesis for synthesiz-
ing a copper-oxide (Cu”"0) nanostar-shaped nanostructure, we
have performed the synthesis with lycopodium powder
(Section B, ESIT). However, to remove the genetic and other
associated materials and to obtain empty sporopollenin (ESP)
(Scheme 1a) with a hollow morphology, the established litera-
ture procedure was adopted using the phosphoric acid treat-
ment method (for experimental details, see Section B, ESIT).41
Preliminary investigation of ESP for the copper-oxide synthesis
using CuCl, in EtOH/H,O 1:1 did not provide nanostars
(Scheme 1e). This experiment suggests that nascent surface
functional groups don’t initiate nucleation for the nanostar
growth because of the C-, H-, and O-based non-coordinating
functional groups. Therefore, we envisaged covalently functio-
nalizing polyethylene imine (PEI) to create coordinating nitro-
gen/amine functionalities. This may occur due to the presence
of epoxide, alcohol, and aldehyde that may facilitate nuclea-

e)

EtOH/H0 1:1

e TES
”3‘% »;é jb,!qﬁ Ccuch,
(X 1 o OSS o
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Scheme 1 Synthetic route to the ESP-templated Cu""O nanostar; TEM image of (a) sporopollenin without the genetic material (ESP), (b) PEI coated
ESP (ESP-PEI), (c) copper-oxide nanostars (ESP-PEI-Cu”"O-NS), (d) zoomed image of copper-oxide nanostars (ESP-PEI-Cu'"O-NS), and (e) PEI-

unfunctionalized ESP-Cu'"O.
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tion on the ESP. To test this hypothesis, we have executed the
amine functionalization using PEI (Mw 750000 Daltons,
50 wt% in H,0, Sigma Aldrich) in DMSO solvent at 60 °C to
obtain ESP-PEI (Scheme 1b). After amine functionalization,
upon treatment with CuCl, in EtOH/H,O 1:1, a copper-oxide
nanostar (ESP-PEI-Cu”"0-NS) was yielded (Scheme 1c and d).

The Fourier transform infrared (FT-IR) spectroscopy study
was investigated to shed light on the cleaning of spores and
PEI-functionalization (Fig. 1a). The FT-IR spectrum of the ESP
showed the absence of a peak at 665 cm™" and 80 cm™" shifts
in C-O-C (1092 cm™) in comparison with SP due to the
removal of genetic materials and the presence of epoxide
groups on the sporopollenin surface, respectively, whereas the
FT-IR spectrum of ESP-PEI showed several new peaks at 3160
(N-H, m), 3428 (O-H, m), 1654 (N-H bend, m), 1117 (C-O-C
of ESP, s), 807 (m), and 671 (m) cm ™" characteristic of PEI and
ESP. They indicated efficient PEI coating on the sporopollenin
surface via covalent amine functionalization with the epoxide-
generating aminol groups. Similarly, the FT-IR spectrum of
ESP-PEI-Cu”"O-NS showed the growth of Cu""O-NS and its
interaction with amine functional groups, which is evident
from its significant shift in the N-H peaks at 3280 cm™", while
peaks such as 1655 and 804 cm ™" did not exhibit a significant
shift. These results indicate that the covalent functionalization
of PEI on the spore helps in the growth of copper-oxide nano-
rods due to the presence of multiple N-chelating sites, activat-
ing the growth of copper-oxide nanorods.
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The spores’ size, shape, and morphology were analyzed by
transmission electron microscopy (TEM) analysis. The TEM
images of ESP showed that they were evenly distributed and
spherical, and the particle size distribution was in the range of
100-300 nm (Scheme 1a), which is quite smaller-sized ESP as
typically the reported sporopollenin size is in the range of
>1 um. Notably, the microscopic analysis requires optimization
for better reproducibility by manipulating the power source
due to smaller particles, whereas the TEM image of ESP-PEI
shows aggregated densely packed structures upon coating of
PEI over sporopollenin (Scheme 1b). However, the growth of
copper oxide over the ESP afforded uniformly distributed
“morning star” kind of morphology, and the particle size dis-
tribution of the formed ESP-PEI-Cu”"O-NS was found to be
around 500-750 nm (Scheme 1c). However, in the case of spor-
opollenin, having no PEI functionalization after the treatment
with CuCl, showed no nanostar. Instead, it showed clusters
(Scheme 1e), indicating that PEI has been acting as a chelating
agent, mediating the growth of copper-oxide nanorods over the
sporopollenin capsules. After the successful synthesis of
morning star-shaped particles, the elemental composition was
investigated by energy-dispersive X-ray analysis (EDAX),
powder X-ray Diffraction (PXRD), X-ray photoelectron spec-
troscopy (XPS), and inductively coupled plasma-mass spec-
trometry (ICP-MS) analyses. TEM-EDAX elemental mapping
showed the presence of elements C, O, N, Cl, and Cu due to
PEI and CuO (Section C, Fig. S2, S3 and Table S1, ESI{). The
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Fig. 1 (a) Overlapped FT-IR spectra of SP, ESP, ESP-PEI, and ESP-PEI-Cu”"O-NS, (b) PXRD pattern of ESP-PEI-Cu'"O-NS, (c) XPS spectra of
ESP-PEI-Cu"O-NS, and (d) high-resolution XPS-survey spectra of Cu"O NPs of the copper 2p profile of the ESP-PEI-Cu""O-N$S catalyst.
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high resolution TEM image clearly shows metallic fringes
(0.392 nm) on the nanorods without any organic coating
(Fig. S2b, ESIf). This observation is further supported by EDX
mapping of different elements, such as carbon (organic com-
ponent) and Cu (CuO). The mapping shows no nanostar
feature for carbon, while a nanostar feature is observed for Cu.
This suggests the absence of an organic component on the
nanorods, except at the core of the nanostar. Therefore, based
on the HR-TEM and EDX mapping data, we infer that the
nanorods are entirely composed of CuO, originated from the
organic ESP template and are not coated or encapsulated by
the organic ESP template.

Furthermore, the oxidation and crystalline state of Cu were
analyzed by powder XRD, which indicates the monoclinic
structure of CuO and the cubic fec structure of Cu,O (Fig. 1b).
The observed diffraction peaks at (111), (200), (211), (220), and
(113) reflections are of the standard fcc cuprite crystal struc-
ture. This suggests the formation of ESP-PEI-Cu”"O-NS. The
unassigned peaks might be due to the precursors as observed
by the overlapped XRD spectra of ESP, ESP-PEI, and
ESP-PEI-Cu”"O-NS (Fig. S6, ESIt). Furthermore, (XPS) survey
(Fig. 1c) of the prepared ESP-PEI-Cu”"O-NS showed the pres-
ence of Si, P, C, O, and Cu elements. The deconvoluted spectra
of Cu indicated the presence of CuO/Cu,O in a ratio of 91:9.
The characteristic binding energy corresponding to Cu 2p;,, of
copper(1) has exhibited a weak peak at 933 eV. In the case of
copper(u), a strong peak has appeared at 935.4 eV, which is
characteristic binding energy for the Cu 2p;z/,. The thermal
stability of the catalyst studied by thermogravimetric analysis
(TGA), both ESP-PEI and ESP-PEI-Cu”"0O-NS, showed excellent
thermal stability with a total weight loss of 14.5 and 23.8%,
respectively, up to 800 °C (Section C and Fig. S4, ESIt). The
initial stage weight loss up to 200 °C occurs presumably due to
the removal of absorbed ethanol and water from the catalyst.
Further weight loss in the temperature range of 200 to 800 °C
is attributed to the degradation of PEI. Furthermore, the
loading of copper on ESP-PEI-Cu”"O-NS was found to be
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12.82 wt%, as determined by inductively coupled plasma mass
spectrometry (ICP-MS). It is clear from these results that PEI
acts as a reducing metal ion and stabilising agent for nanorod
growth. In addition, solid-state ultraviolet-visible (UV/Vis)
spectra were also obtained for ESP, ESP-PEI and ESP-PEI-
Cu”O-NS to understand how the optical properties of ESP
have been modified upon functionalization with the PEI
polymer and deposition of CuO nanorods. In the comparative
diffuse UV/Vis reflectance spectra, ESP has demonstrated a
single absorption band ranging from 230-355 nm with A, =
263 nm (Fig. S5, ESIt), whereas ESP-PEI showed a significant
bathochromic shift of the absorption band ranging
234-543 nm with A, = 263 nm indicating successful amine
functionalization. Interestingly, ESP-PEI-Cu’"O-NS exhibits
two absorption bands ranging from 230-388 and 400-619 nm,
with Amax values at 276 and 499 nm, respectively. These bands
are likely due to charge transfer transitions from O, (2p) —
Cu**(3d) and Cu**-0, -Cu*", as well as d-d transitions of Cu**
with various symmetries.*”> A similar absorption profile has
been previously observed for CuO nanoflower structures,
showing absorption wavelengths up to 780 nm.** The lower
end of the absorption band (619 nm) may be attributed to
coordination with the amine polymer.

After the successful synthesis and characterization of sporo-
pollenin templated Cu"™O nanostars (ESP-PEI-Cu”"O-NS), as
originally intended, we then evaluated their catalytic activity to
promote the Huisgen 1,3-dipolar cycloaddition reaction. For
this purpose, 2,6-difluoro-benzyl azide and phenylacetylene
were chosen as substrates for the model reaction. Initially, the
reaction was carried out by varying the solvents at room temp-
erature (25 °C) (Table 1). MeOH and MeOH/H,0 (1:1, v/v)
showed conversion of 50 and 90%, respectively (Table 1
entries 3 and 6). Despite increasing the reaction time to 48 h,
no complete conversion was observed. Surprisingly, full con-
version was obtained after 24 h for 3a (1-(2,6-difluorobenzyl)-4-
phenyl-1H-1,2,3-triazole) with an isolated yield of 98.4% only
in the case of H,O as the solvent (Table 1, entry 7).

Table 1 Optimization of reaction conditions for the azide—alkyne cycloaddition reaction (CUAAC)?

F
ESP-PEI-Cu'O-NS
+
N P Solvent, 25 °C :w
3 FON

1a 2a 3a
S. no. Solvent Time (h) Conversion 3a” (%)
1 CH,CN 24 —
2 CHCl, 24 —
3 MeOH 48 50
4 EtOH 24 —
5 i-PrOH 24 —_
6 MeOH/H,01:1 30 90
7 H,0 24 100
8 Toluene 24 —

“ Reaction conditions: 2,6-difluoro-benzylazide 1a (0.059 mmol, 1 equiv.), phenylacetylene 2a (0.059 mmol, 1 equiv.), solvent (1 mL), ESP-PEI-Cu”

0-NS (3.4 mol%), 25 °C. ” Conversion was determined by GC-MS.

This journal is © The Royal Society of Chemistry 2024
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Table 2 Substrate scope for CuAAc
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Ri H,0, 25 °C I\(
Rz
1 (a-c) 2 (a-f) 3 (a-n)
Substrate
S. no. R, 1(a—c) R, 2(a-f) Time (h) Isolated yield 3(a-n) (%)
10 26 3j (97.3)
/
1b 2b
11 48 3k (87.3)
o e
/
1b 2f
12 30 31(90.8)
oL
/
1b 2e
13 ©_§ %—@ 24 3m (90.4)
1c 2a
14 30 3n (91.5)

e

1c

(@)
§)J\OCH3
2¢

Reaction conditions: 1(ac) (1 equiv.), 2(a—f) (1 equiv.), H,O (1 mL), ESP-PEI-Cu”™0-NS (3.4 mol%), 25 °C.

Furthermore, exclusively a 1,4 regio-isomer was formed by the
catalytic reaction as indicated by NMR (Section D(iii), ESIT).
Also, no cycloaddition product was observed in the case of any
other solvents we tested so far. Therefore, H,O was chosen as
the optimal solvent for the rest of the studies, providing envir-
onmentally friendly conditions, as H,O is a green solvent.

Furthermore, various substituted azides and alkynes were
taken to check the scope of the catalyst for the CuAAc reaction.
The azides 1(a-c) were synthesized via already reported pro-
cedures, while all the alkynes were purchased commercially
(Section D, ESIt). Complete conversion was observed in all the
cases, with a good to excellent isolated yield of 76-98% with
excellent 1,4 regioselectivity for the triazole products (Table 2).
All the products were well characterised by 'H-, ">C-NMR spec-
troscopy and gas chromatography-mass spectrometry (GC-MS)
(Section D, ESIt).

After successful substrate scope studies, a reusability study
was also conducted under the optimised conditions with the
2,6-difluorobenzyl azide 1a and the phenylacetylene 2a to
check the sustainability of the catalyst. As soon as the reaction
is completed, product 3a and the catalyst can easily be isolated
by solvent extraction with CH,Cl, and H,O, respectively. The
organic layer is then dried over Na,SO,, while the aqueous
layer is centrifuged, washed with EtOH three times, and dried

This journal is © The Royal Society of Chemistry 2024

in a vacuum oven to recover the catalyst. This process was
repeated up to 5 cycles, but after each cycle, the product yield
decreased (Fig. 2, an isolated yield of 98 to 60% in the 5th
cycle). The reduction in yields was because of the leaching of

1 2 3 4 5

No. Of Cycles

Fig. 2 Isolated yields of 3a using the ESP-PEI-Cu"”"O-NS catalyst up to
five cycles.
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Table 3 Literature comparison for CUAAC reactions in water catalyzed by template supported copper-based catalysts
Temp. Catalyst loading Time  Yield
Entry Catalyst Conditions (°C) (additive) (h) (%) Ref.
1 ESP-PEI-Cu’"O-NS H,0 rt 3.4 mol% 24-48 76-98  This work
2 Copper(1)-chelated cross-linked cyclen micelles H,0, N, 35 20 ppm 24 80-99 43
3 Nano ferrite-glutathione-copper catalyst H,0, microw. 120 100 mg 0.16 80-99 44
4 Polydiacetylene micelle encapsulated copper nanoparticles H,O rt 0.35 mol% 24 85-99 45
5 Copper-containing metal-organic nanoparticles H,0 50 5-30 ppm 24 83-99 46
(sodium ascorbate)
6 Amphiphilic resin-supported copper catalyst H,0, N, 25 5 mol% 12 85-100 47
(sodium ascorbate)
7 Copper-doped functionalized p-cyclodextrin H,0, N, rt-70 10 mol% 1-12  77-92 48
8 Aminomethyl polystyrene supported copper(i) Cu(1-AMPS  H,O It 1 mol% 1-2 43-88 49
9 Activated carbon supported copper H,0 rt 0.5 mol% 6 60-91 50
10 Copper-incorporated porous organic polymer H,0 50 1 mol% 1-12 3899 51
11 Cellulose acetate-supported copper H,0 rt 5 mol% 8 90-98 52
12 Polystyrene resin-supported Cul-cryptand 22 complex H,0 rt 0.3 mol% 10 78-99 53
13 Cu(u)-cellulose-poly(hydroxamic acid) H,0 70 0.05 mol% 3.5 89-96 54
(sodium ascorbate)
14 Cu(OAc),-SBA-15-PTAA H,O0 50 2 mol% 6-12 91-98 55

the Cu from the ESP-PEI-Cu’™O-NS, which is indicated by
ICP-MS as the amount of Cu was found to be 8.65% after the
5th cycle, i.e. 4.17% decrease in the Cu amount, which causes a
loss in the catalytic activity. The copper-oxide nanorods are
highly exposed on the outside surface, which is the reason for
the leaching of Cu from ESP-PEI-Cu”"O-NS as indicated by
TEM (Section C, Fig. S8, ESI{). Additionally, we have per-
formed characterization of the recovered catalyst to determine
whether metal leaching causes changes in the oxidation states
of Cu”™O-NS. For this purpose, XPS analysis was conducted
after the fifth cycle of the model reaction. The XPS results
showed a change in the Cu®*/Cu" ratio from 91:9 to 73:27,
presumably due to the leaching of copper ions, which affects
the ion ratio and, consequently, the catalytic activity. To
ensure that the catalytic activity indeed occurs on the Cu’"0
nanostructures and not due to the leaching of the catalyst, we
performed a time-dependent reaction profile and monitored
the product yield by "H-NMR and Cu-release by ICP-MS (for
experimental details, see Section C, ESIT). Fig. S7f shows the
product yield as well as the percentage of copper release versus
reaction time profile. The study reveals that the maximum
release of copper is 11% between 0-6 h, with a product yield of
36%. However, from 6-24 h, the maximum release increases to
14%, with a product yield of 99%. This suggests that the pre-
dominant catalytic activity occurs mainly from the unreleased
ESP-PEI-Cu”™O-NS rather than the released ions. Overall, the
reaction is very easy to perform; it does not demand any
heating or additives with easy separation of compounds, and
the catalyst activity within water suggests that it may be suit-
able for other organic transformation reactions.

The ESP-PEI-Cu"™O-NS catalytic system was compared with
other reported template-supported copper-based catalysts
which are used in water in order to determine its catalytic per-
formance. In general, the previous work presented in Table 3
shows some limitations, such as the use of additional reducing
agents, high temperatures (including some microwave con-
ditions), and inert reaction conditions. In contrast, the current

18362 | Nanoscale, 2024, 16, 18356-18364

catalyst, ESP-PEI-Cu”™O-NS, operates efficiently under milder
reaction conditions (room temperature, air) without requiring
additives. Furthermore, while certain catalysts rely on costly
starting materials, we utilized sporopollenin, an abundantly
available and cost-effective biopolymer, for catalyst synthesis.

Conclusion

In the present work, we have demonstrated the unprecedented
synthesis of copper-oxide nanostars using sporopollenin exine
(ESP) as a sustainable template material. This study unraveled
that the synergistic effect of bowl-shaped features and amine
functionalization is crucial for the successful growth of nano-
star-shaped  uniformly sized particles. Furthermore,
ESP-PEI-Cu”"O-NS was well characterised using microscopic
and other characterization techniques. As analyzed using TEM
images, a uniform size of 500-750 nm was observed for the
ESP-PEI-Cu""O-NS. Furthermore, for the first time, Cu’”O NS
were tested for their catalytic activity towards the CuAAc reac-
tion and excellent performance was observed with 1,4-regio-
selectivity in H,O under greener conditions without any addi-
tives. We believe this work will open a new window for future
studies toward designing “morning star” like nanostructures
and their role in catalysis and other areas.

Preprints of this work have been deposited on 17 January
2024.%°
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