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There are several applications for irradiating materials with protons that could provide alternative method-
ologies to synthesize and induce the formation of new compounds of different size scales. In this study, we
explored the effects of proton irradiation oncommercial glass silicate that was previously subjected to a
Cu*-Na™ ion exchange (IE) treatment at 600 °C for a duration of 60 min. The ion-exchanged glass samples
were irradiated with protons (p*) of 2 MeV energy at doses in the range of thousands of grays (3.3 x 10°, 7.9
x 10° Gy) and hundreds of thousands of grays (3.6 x 10° Gy). Significant changes in the optical and struc-
tural properties were observed post the radiation treatment. The UV-Visible absorption spectra of the irra-
diated samples revealed the appearance of overlapping absorption bands, which could be deconvoluted
into three Gaussian-shaped bands peaking at 566, 620 and 680 nm. These three bands could be attributed
to the surface plasmon resonance (SPR) of copper nanoparticles, non-bridging oxygen hole centers
(NBOHCs) and self-trapped hole (STH) defects, respectively. Prominent photoluminescence (PL) was
observed in the Cu-exchanged and irradiated samples, mainly induced by the presence of both Cu* and
Cu,0. Increasing the irradiation dose led to an increase in the PL intensity due to the conversion of cu?*
ions into Cu™. This result was confirmed by electron paramagnetic resonance (EPR) spectroscopy that
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microscopy (TEM) and high-resolution TEM (TEM and HRTEM) observations confirmed the presence of
copper nanoparticles (CuNPs) in the doped and p* irradiated Cu-exchanged glass silicate samples. These

rsc.li/dalton CuNPs were found to be crystalline with an average size of 12.39 nm.
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1. Introduction

The response of glass to different types of ionizing radiation,
such as X-rays, y-rays, UV to NIR light, electrons, and protons,
has attracted interest from a lot of researchers.'” Ionizing
radiation can result in modifications in the chemical, electri-
cal, mechanical, magnetic, and/or the optical properties of
glass owing to the formation of defects in the vitreous matrix
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structure. These defects may promote the light absorption
capacity at specific wavelengths, making the translucent glass
colored, creating the so called “color centers”. Therefore,
studies on glass defects that are induced by these different
sources of radiation are important to determine their nature,
the possible transformation mechanisms during and after
irradiation, and their effects on the glass properties.* Such
investigations have been of great interest for multiple appli-
cations in relation to the nuclear industry, medical devices
and drugs, and the development of functional optical
materials such as optical fibers.”” The glass response to
irradiation treatment is influenced not only by the specific
parameters of the irradiation regime,® but also by the charac-
teristics of the material under investigation. This complexity
makes studying the glass response to irradiation a challenging
task. In fact, changes in the glass composition may result in
the emergence of extrinsic defects, which can likewise replace
intrinsic defects.” For example, transition metal ions in silicate
glasses have been reported to change their oxidation state
when they are irradiated with gamma rays,'®'' leading to
different phenomena in the glass, including changes in their
electronic configurations and formation of nanoparticles.'?

This journal is © The Royal Society of Chemistry 2024
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Recently, significant efforts have been devoted to the study of
transition metal-containing glass, particularly glass silicates
that contain copper ions."*'® Indeed, among various tran-
sition metal ion activators, Cu’ ions are currently considered
to be promising emission activators due to their strong visible
luminescence under ionizing irradiation. Several studies were
conducted on the effects of irradiation on Cu-doped silicate
glasses.””*° However, specific investigations using the Cu*-
Na" ion-exchange method are relatively rare."”*° To the best of
our knowledge, no existing studies have explored the change
of physicochemical properties induced by heavy ions such as
proton irradiation in Cu’-Na' ion-exchanged glass. The ion-
exchange method has already been considered to be effective
for incorporating metal ions into glass surfaces which is
easy to perform and does not require any sophisticated
equipment.?®

In this context, Cu-Na ion-exchanged glass silicate was pre-
pared and irradiated using protons. The changes in the optical
properties of the exchanged glass post proton irradiation are
discussed. Additionally, electron paramagnetic resonance
(EPR) analysis and high-resolution transmission electron
microscopy (HRTEM) observations were performed for p* irra-
diated doped samples. We observed that Cu ion-exchanged
glass silicate is sensitive to heavy ion irradiation, because the
proton irradiation showed a significant impact on the optical
response of the Cu ion-exchanged glass silicate resulting in
the creation of defects, besides the emergence of crystalline
copper nanoparticles.

2. Materials and methods

Commercially available glass slides with dimensions of 10.25 x
11 x 1 mm?® were used in the present study. The chemical com-
position of these slides, as determined by SEM-EDX analysis,
in weight% is 71.7% SiO,, 14.2% Na,0, 8.6% CaO, 4.3% MgO,
0.7% Al,O3, 0.3% K,O0, 0.105% Fe,O3, and other traces of TiO,.
Doping the glass silicate with copper ions was realized using
the ion-exchange method.?"?* For this, the slides were dipped
in a molten salt bath formed by a mixture of 10 g of copper
and sodium (54:46 mol%), at T = 600 °C. The ion-exchange
duration was 60 min. The ion-exchanged samples were then
removed from the bath at room temperature, cleaned with dis-
tilled water to remove the adhering residues to their surfaces,
and finally air dried on dust-free paper.

Afterwards, the generated doped glass slides were irradiated
using protons. The irradiation with proton particles was per-
formed using a Van de Graaff AN2000 accelerator from INFN,
National Laboratories of Legnaro, Italy. The incident beam was
masked to a 2.5 x 2.5 mm square to provide a similar irra-
diated area for all samples. The samples were irradiated with
protons of energy 2 MeV with fluences of 1.1 x 10", 2.6 x 10"
and 1.2 x 10" H" per cm?, corresponding to a radiation dose
of 3 x 10%, 7.9 x 10 and 3.6 x 10° Gy, respectively. The pene-
tration depth of the protons was simulated with TRIM software
to be around 33 pm.**
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View Article Online

Paper

The optical absorption (OA) spectra were collected in the
range of 200-1600 nm by using a JASCO V-770 UV-Vis-NIR
spectrophotometer installed at the Department of Industrial
Engineering, University of Trento. The photoluminescence
(PL) measurements were performed with an FLS980 spectro-
meter installed at CNRSM, Tunisia, equipped with a 450 W
ozone-free xenon arc lamp that covers a range of 230-1000 nm.

The EPR spectra of the Cu-exchanged and p'-irradiated
samples were recorded at room temperature on a Bruker
ER-200D spectrometer, installed at CNSTN, Tunisia, operating
at 9.8 GHz X-band frequencies with a modulation amplitude
of 0.2 mT, modulation frequency of 100 kHz, sweep width of
210 mT and microwave power of 63 mW.

High-resolution transmission electron microscopy (HRTEM)
was performed using a JEOL-JEM-2100F, operated at 200 kV
with a vacuum of 1.0 x 10° Pa and a built-in EDX microanalysis
detector, was used to inspect the sample morphology at the
nanoscale and to analyze the chemical composition of the
samples. The crystallographic structure of the samples was
analyzed using the transmission mode and the selected area
electron diffraction (SAED) mode of that electron microscope.
Before the microscopic inspection, a few drops of the suspen-
sion of each powdered sample (in ethanol) were dispersed on
a Lacey-carbon-coated nickel grid and left to dry.

3. Results and discussion

3.1. Optical absorption spectroscopy

Prior to proton irradiation, the Cu ion-exchanged glass
resulted in an extended visible-near infrared wavelength band
between 650 and 1600 nm, peaking around 850 nm (Fig. 1,
black curve). This could be attributed to the conventional ’E,
— 2Ty, transition of Cu®’ ions.>***> Upon proton irradiation, a
significant change in the absorption spectra was detected, and
a large new absorption band preceded the one detected in the
non-irradiated glass in the spectral range of 450-750 nm. This
band appeared in the spectra generated from the three Cu-
doped and proton irradiated glass samples, with a varying
absorption intensity, such that the 3.3 x 10®> Gy proton irra-
diated sample showed the lowest absorption (Fig. 1, red curve),
followed by that irradiated with 3.6 x 10> Gy (Fig. 1, blue curve)
and the largest absorption intensity was detected for the Cu-
exchanged glass irradiated with 7.9 x 10* Gy (Fig. 1, green
curve). Previously, it was reported that the band separation
with Gaussian resolution for the induced optical absorption
spectra could facilitate the finding of absorption bands in irra-
diated glass silicate.”*>® The induced optical absorption in
the visible region for irradiated samples was perfectly modeled
with three bands, having their peaks at around 566, 620, and
680 nm. The first absorption band observed at 566 nm could
be attributed to the well-known surface plasmon resonance
(SPR) of copper nanoparticles.>>*® The appearance of such a
band reveals that p* irradiation leads to the formation of
metallic copper nanoparticles in the Cu ion-exchanged glass.
The second band peaking at 620 nm could account for the for-
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Fig. 1 Absorption spectra of Cu-exchanged glass before irradiation (black) and after irradiation with 3.3 x 10° Gy (red), 7.9 x 10® Gy (green) and 3.6
x 10° Gy (blue). The inset shows the deconvolution of the absorption band detected between 450 and 750 nm.

mation of a non-bridging oxygen hole center type HC, defect
(NBOHC, Si-0°), as reported previously.’’* Around two
decades ago, it was reported that copper could diffuse into the
Cu'-Na' ion-exchanged glass matrix for a depth of a few
microns, with Cu surface concentration reaching around 10>
atoms per cm®, which significantly exceeds the solubility limit of
copper in glass. The study demonstrated the dominance of the
monovalent copper ions in the glass silicate matrix in the
exchange process,®® with a restricted direct exchange of sodium
with the divalent copper ions due to their notably low diffusion
coefficient. This was also confirmed in other related studies.>**”
Indeed, during the ion exchange of Cu-Na, copper penetrates
the glass principally in the form of Cu" ions, replacing the Na"
ions of the matrix. The conversion mechanism of copper ions
from Cu® to Cu®* and/or Cu* to Cu® was found to be possible
during melting, annealing, and/or irradiation processes.”*®
The formation of NBOHC defects, the reduction of Cu®, and
subsequent precipitation of copper nanoparticles after proton
irradiation could be induced by the successive destruction of the
[=Si-O-Cu'] bonds mainly present near the exchanged surface
of the glass, initially formed after the replacement of Na" ions by
Cu' ions. It is assumed that these bonds are expected to be
easily ruptured at the Cu-exchanged surface, given the limited
penetration depth of the proton beams. In our experiments, only
a glass depth of 33 um was irradiated by the protons. The con-
version mechanism could be postulated as follows:
Si--O-Nat+Cuts0,~ — Si-O-Cu*+Na'so,~

(1)

Glass > e~ + h*

(2)
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Si—0—Cu" Si—0-Cu" + (e +h")

: PR (3)
—S8i—0—-h"+(e” +Cu")

e +Cut = cu’ (4)

mCu’ = (Cu®)m (5)

where =Si-O—h" is a NBOHC defect, identified in previous
reports as [=Si-0°],>*>*° h* is a hole, e” is an electron, and m
is the number of Cu atoms forming the nanoparticles.
According to previous reports from Bishay in 1970, Friebele
in 1991, Marshall et al. in 1997, Griscom and Mizuguchi in
1998, and Bartoll et al in 2000,>%*”*'"** jonizing radiation
induces the formation of NBOHC defects in glass silicates.
These defects can be roughly categorized into two types:
denoted as HC; and HC,. NBOHC defects are paramagnetic
and dominate the optical absorption spectra of irradiated
glasses.*® HC; was found to be associated with the induced
absorption band at 412 nm, while HC, seems to be responsible
for the absorption band at around 620 nm. The formation of
NBOHC defects in glass upon its irradiation starts with the for-
mation of electron-hole pairs. In silica-based glass, the holes
are mostly trapped by the non-bridging oxygen atoms leading
to the formation of NBOHCs, while electrons diffuse through
the glass network. Wang et al.>*> have reported the emergence
of NBOHCs: HC; at 404-410 nm and HC, at 599-605 nm,
within a multi-component glass upon being exposed to 1 MeV
of electron irradiation. They employed EPR measurements to
further confirm their presence. These defects have also been

This journal is © The Royal Society of Chemistry 2024
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observed in glass silicates post their exposure to X-ray, laser,
and gamma rays.>>**~"

In the proton irradiated Cu-exchanged glass synthesized
here, HC,-type defects were not observed in the corresponding
UV-VIS absorption spectra. The HC;-type defect center is
created in glass silicate owing to the dangling bond of -Si-O
and Na* ions (i.e. HC; — -Si-O-.-Na*, where ‘.-’ represents the
dangling bond).>>*® The difficulty in detecting these defects
could be attributed to their lower concentration than the
formed HC,-type defects, making their detection too difficult
to observe using UV-VIS spectroscopy.

The third observed band is that around 680 nm, which is
close to the optical band that was previously reported to be
attributed to type 1 self-trapped hole defect (STH;, =SiO-Si=)
on irradiated silica glasses.”” The irregular variation in the
intensity of the induced band as a function of proton
irradiation, particularly that the absorption intensity is lower
for the Cu-exchanged glass irradiated with the highest dose of
3.6 x 10° Gy which was accompanied by radiation-induced
defects in the matrix, could be caused by the increase of their
radiation resistance (Fig. 1). This assumption is supported by
earlier studies indicating that doping of silicates, phosphates
and some other glasses with transition or rare-earth metals
ions could increase their radiation resistance.”®”' In some
cases, this is caused by the reduction of the concentration of
radiation-induced non-bridging oxygen (NBO), while in other
cases, by the trapping of charge carriers by these ions.

3.2. Photoluminescence

The Cu-exchanged glass exhibits strong luminescence before
being irradiated (Fig. 2, black curve). This is principally due to

View Article Online
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the presence of Cu’ ions that, unlike the Cu®>* ions, are non-
luminescent, and emit bright luminescence in the visible
region under UV excitation.”?

After being exposed to the lowest applied dose of proton
irradiation (3.3 x 10® Gy), the treated glass encountered a
decrease in its PL intensity (Fig. 2, red curve). This change
could have resulted from the conversion of Cu” to Cu®" ions.
The increase in the proton irradiation dose, to 7.9 x 10° Gy,
resulted in another increase in the PL intensity (Fig. 2, green
curve) and this was more apparent when the dose of
irradiation reached 3.6 x 10°> Gy, owing to the subsequent
increase of the Cu' luminescent ions (Fig. 2, blue curve).

Regarding the deconvolution of the obtained spectra, the
emission spectra of the non-irradiated sample (under exci-
tation at 266 nm) can be interpolated using the sum of two
Gaussian curves, centered approximately around 500 and
570 nm (Fig. 3a). These two bands are mainly related to the
presence of Cu' ions occupying sites with tetragonal sym-
metries undergoing transition from 3d° 4s levels to the ground
state and the presence of Cu,0.”*"*

The deconvolution of PL spectral bands for the Cu-doped
irradiated samples at 3.3 x 10 and 7.9 x 10° Gy revealed three
bands that could be distinguished to be peaking around 485,
558 and 664 nm (Fig. 3b and c). The first two bands, related to
Cu' and Cu,O, were found to be blue shifted compared to
those calculated from the spectrum of the non-irradiated
sample (Fig. 3a). This shift could be ascribed to a probable
change in the coordination environment (different energy level
positions) of the existing ions after their irradiation.® The
third band at 664 nm is attributed to NBOHC silica
defects.’>>® The broadening of the NBOHC emission band
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Fig. 2 PL spectra of Cu-exchanged glass before (black curve) and after irradiation with protons with doses of 3.3 x 10°24(red), 7.9 x 10° (green),

and 3.6 x 10° Gy (blue).
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Fig. 3 (a—d) Deconvolution of PL emission spectra of Cu-exchanged glass; (a) before irradiation and after irradiation with doses of 3.3 x 10° (b), 7.9

x 10% (c) and 3.6 x 10° Gy (d).

towards the blue range for the sample irradiated at 7.9 x 10°
Gy compared to that irradiated with the 3.3 x 10* Gy dose can
be attributed to the larger distribution of NBOHC species.>®
The emission spectra of the 3.6 x 10> Gy-irradiated sample
are well interpolated using four Gaussian bands (Fig. 3d). The
blue luminescence band extending between 400 and 450 nm is
assigned to the single Cu” ions in cubic sites’” whereas the
green emissions at around 481 and 557 nm are related to Cu"
ions in tetragonal sites and Cu,O. The band of NBOHC was
found to be shifted towards a higher wavelength, being
detected at 659 nm. The existence of a blue band emission
post-high-dose irradiation could be ascribed to a cubic-to-tetra-
gonal symmetry change of Cu® ions."® This symmetry change
is related to a modification of the Cu' local environment
associated with defect formation under high proton rays.

3.3. Electron paramagnetic resonance (EPR)

No EPR signal was observed for the blank glass (Fig. 4, grey
curve). After ion exchange, a characteristic signal of Cu®* was

9582 | Dalton Trans., 2024, 53, 9578-9589

observed, with principal g values of g = 2.232 and g, = 2.040
(Fig. 4, black curve). This EPR signal resembles others reported
earlier for Cu®" in many other glasses.>®>°

The 3.3 x 10° Gy-proton irradiated sample showed another
EPR signal at 3500-3550 G (g1 = 1.995, g, = 1.990 and g; =
1.988) (Fig. 4, red curve), which is assigned to NBOHC
defects®>® and was observed previously in the optical absor-
bance and PL spectra of proton irradiated glass.

It is noteworthy that no EPR signal assigned to the STH
defect was distinguished in the spectra of irradiated samples,
although it is a paramagnetic defect. Given this, the latter is
characterized by a signal with g-values of g; = 2.002, g, =
2.0091, and gz = 2.04, considered to be very close to those of
Cu”" ions;**®! thus, it could be masked in the copper EPR
signal due to the high concentration of Cu®" ions.

The Cu®" EPR signal intensity of the Cu-exchanged glass
increased after irradiation at 3.3 x 10> Gy and then weakened
when the dose of exposure rose to 3.6 x 10°> Gy (Fig. 4, blue
curve). This Cu** EPR signal intensity decrease coincides with

This journal is © The Royal Society of Chemistry 2024
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the increase of photoluminescence intensity mainly induced
by Cu" ions observed previously for the same irradiation doses

(Fig. 3).

3.4. Valence state conversion of copper ions in Cu-exchanged
glass after proton irradiation

Implanted protons could have undergone collision with atoms
in the matrix, destroying a lot of Si-O bonds and leading to the
formation of NBO. As mentioned previously, the ionization
effect caused by irradiation induces a large number of electron—-
hole pairs in the path of the protons (eqn (6)). Then, the elec-
trons are either captured by the Cu®>" ions which are reduced to
Cu' ions (eqn (7)), leading to an increase in the luminescence
intensity assigned to the Cu’ ions, and/or by Cu" to form
neutral atoms (eqn (8)). On the other hand, the holes could
have stayed on the hole centers like the NBOHCs. However,
some holes can be captured by the Cu" ions, which were already
present in the glass before the irradiation according to eqn (9).
This reaction decreases the luminescence of Cu*.*?

Glass = e +h* (6)
Cu* +e” — Cu’ (7)
Cut +e —cu’ (8)
Ccu” +h" — cu®’. (9)

Therefore, if the non-irradiated Cu-exchanged glass already
bears a large amount of Cu', reactions in eqn (8) and (9)
compete strongly with the reaction stated in eqn (7). In this
case, the Cu’ luminescence intensity decreases.

This journal is © The Royal Society of Chemistry 2024

In the present study, the Cu-exchanged glass might contain
a high concentration of Cu' species before irradiation. As men-
tioned previously, during the Cu-Na ion exchange process,
copper penetrates the glass principally in the form of Cu" ions,
replacing the Na' ions of the matrix, which makes copper ions
exist mainly in the Cu” state in the glass silicate network.®®
This is observed from the intense luminescence of the glass
before irradiation (Fig. 3). In this case, reactions stated in eqn
(8) and eqn (9) are predominant, so that Cu’ ions work as both
electron- and hole-trapping sites. As a result, after irradiation,
the intensity of PL emission decreased (Fig. 3) and the Cu®*
EPR signal increased (Fig. 4), because the divalent copper ions
predominate over the monovalent ones.

Then, on further increasing the dose of proton irradiation,
Cu' luminescence increases, particularly for the Cu-exchanged
glass exposed to the highest dose. This result coincides with
the decrease of EPR Cu”" signals, which appeared to decrease
with increasing irradiation dose energy, due to the reduction
of Cu® ions into Cu*.** This fact could be attributed to the
stability of NBOHCs generated by irradiation, leading to a sup-
pression of the reaction in eqn (9) in favor of the dominance of
eqn (7). Similar effects were reported for other types of doped
and irradiated glasses, in which quenching of NBOHCs was
reported, which might predominate especially in cases where a
significant quantity of the additive ions preexist in the lower
oxidation state.'®®

Similar behavior of copper ion conversion was reported by
Nishi et al.,>* who studied the effect of X-rays and y-rays on the
radio-photoluminescence (RPL) of Cu-doped aluminoboro
glass silicate. In their investigation, they observed a prominent
RPL phenomenon that could be attributed to the conversion of
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Cu** to Cu" ions. However, there is a difference between the which showed almost no luminescence before irradiation. In

luminescence observed for our Cu-exchanged glass before the contrast, the Cu-exchanged glass displayed prominent PL
irradiation, when compared to those reported in their study, emission before irradiation. This difference could be attribu-

Si0, [P3,21]
1.15A = (101)

1.99A (100)

Si0, [P3,21]

1.15A (101)

(100)
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Fig. 5 Transmission electron microscopy [TEM] (a and c) and selected area electron diffraction [SAED] (b and d) of the blank glass (a and b) and Cu-
exchanged glass (c and d); EDX spectrum of the Cu-exchanged glass sample (e) and the respective normalized elemental quantitative analysis in
weight% (f) [all elements are assigned using their K series. Titanium accounts for <0.01%. The value of oxygen is a bit exaggerated].
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Fig. 6 High-resolution TEM [HRTEM] (a—c) of proton irradiated Cu-exchanged glass showing the formed nanoclusters in the glass structure (a) and
the formed nanoparticles (b), whose crystallinity could be confirmed through the observed lattice fringes in the high-resolution imaging (c). The par-
ticle size distribution graph (d) shows that although there is a wide distribution of the sizes, they are mostly less than 20 nm in diameter.

ted to the difference in the doping technique used in both
studies, which indeed affected the valence state of the primary
existing ions. In a recent study, we showed that increasing the
dose of gamma irradiation on Cu ion-exchanged glass resulted
in an increase of thermoluminescence (TL) emission, which is
mainly attributed to Cu* ions.®® This observation was further
confirmed through EPR spectral analysis for the same flu-
ences, in which we observed a decrease in the EPR Cu**
signals with increasing dose, indicating a decrease in Cu®*
ions that get converted into Cu'. Zhang et al. presented an
alternative method for adjusting the luminescence properties
of the Cu-doped glass, without using an irradiation treat-
ment.*® They observed a similar reduction of Cu®* to Cu* in
high silica glasses sintered under an air atmosphere. They
demonstrated that the introduction of AI’* ions led to an
enhancement in the luminescence intensity of the Cu-doped
glass, and they regarded this effect to be due to the dilution of

This journal is © The Royal Society of Chemistry 2024

e | Cu-Exchanged after P+
K CuNPs after P+
Na
A Ou .SI. o . y ——ry ?*"!-\ .
D 2 4 8
Site on P+ irradiated Cu-exchanged glass Si Cu
Cu-exchanged after P+ 31.96 | 68.04
CuNPs after P+ 9.25 90.75

Fig. 7 EDX spectral analysis of the Cu-exchanged glass post P*
irradiation and the respective normalized Si—Cu comparative quantitat-
ive analysis in weight% [assigned using their K series].
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the local concentration of Cu®" ions and the reduction of Cu**
ions to Cu" ions. This finding was supported by EPR analysis,
indicating that the inclusion of AI** ions weakened the ESR
signal and obscured the hyperfine structure of Cu®" ions.

3.5. Transmission electron microscopy (TEM)

The results of Gaussian deconvolution of the induced optical
band observed previously in UV-Vis optical spectroscopy
(Fig. 1) revealed the appearance of a surface plasmon reso-
nance (SPR) peak around 560 nm associated with the for-
mation of copper nanoparticles after proton irradiation of the
Cu-exchanged glass.>**°

High-resolution  transmission  electron  microscopy
(HRTEM) and selected area electron diffraction (SAED) were
employed to further analyze the samples at the nanoscale.
Blank glass is indeed amorphous (Fig. 5a); however, SAED
revealed two faint peaks that correspond to the (100) and (101)
planes of the silicon dioxide crystal structure (ICDD#00-046-
1045), probably due to the large content of SiO,, which is
around 70 wt% (Fig. 5b). After the chemical treatment with
copper sulfate which resulted in the ion exchange of sodium
with copper ions, the glass looked very much affected at the
nanoscale (Fig. 5c¢), resembling a layered structure that had
undergone exfoliation.®® SAED for the Cu-exchanged glass
revealed the appearance of diffraction spots at dpz = 2.80 A,
corresponding to cubic copper dioxide (ICSD #54126) (Fig. 5d).
STEM-EDX analysis revealed an increase in the copper content
in replacement of the sodium content, confirming the success
of the ion exchange procedure (Fig. 5e and f).

On the other hand, the Cu-exchanged and p' irradiated
glass showed the formation of nanoclusters on their surfaces
(Fig. 6a and b), besides the formation of crystalline nano-
particles (NPs) whose sizes extended from 2 nm up to 43 nm
(Fig. 6¢). The particle size distribution analysis based on 120
separate particles showed that the NP average size was
12.39 nm with a standard deviation of 10.04 nm (Fig. 6d).

EDX analysis of the sites corresponding to the formed
nanoclusters and nanoparticles revealed an abrupt increase in
the Cu weight %, compared to other sites on the Cu-exchanged
glass (Fig. 7).

The crystallographic analysis of SAED and HRTEM images
for the proton irradiated glass revealed that some NPs are
copper dioxide NPs [ICSD #54126] (Fig. 8a and b) and others
are copper oxide NPs [ICSD # 16025] (Fig. 8c and d), whereas
the majority of NPs are copper NPs (CuNPs) [ICSD # 53246]
(Fig. 8e and f). This observation indicates that proton
irradiation led to the synthesis of CuNPs, with a population
that is expected to be directly proportional to the intensity of
the dose irradiation. This result is in good agreement with the
optical analysis, revealing the emergence of the SPR peak for
doped and irradiated (p*) samples.

Recently, Kumar et al. reported the formation of CuNPs
with a diameter ranging around 10 nm in Cu-exchanged soda-
lime glass after annealing in an atmospheric gas at 450, 500,
550, 600 and 650 °C for 1 h.*° They studied the nonlinear
optical and surface plasmon resonance properties and behav-

This journal is © The Royal Society of Chemistry 2024
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ior of Cu nanoclusters. The obtained results indicated the for-
mation of CuNPs of 10 nm size within the glass matrices using
the ion-exchange method, which is the same NP size observed
for CuNPs in our study. They postulated that the resultant
treated glass could yield materials exhibiting favorable non-
linear optical (NLO) characteristics. This suggests promising
prospects for applications in nonlinear optics, optical limiting,
and enhancement of object contrast.

4. Conclusion

We report the effects of proton irradiation on the optical and
structural properties of Cu-exchanged glass silicate at three
different irradiation doses. The Cu-exchanged glass silicate
was found to be responsive to proton radiation. Significant
optical changes were detected from the optical absorption data
revealing the formation of defects post p* irradiation and the
precipitation of copper nanoparticles as well. The lumine-
scence spectra recorded under excitation of 266 nm showed a
prominent emission in the Cu-exchanged glass even before
irradiation, principally related to the presence of monovalent
copper ions occupying sites with tetragonal symmetries under-
going the transition from 3d° 4s levels to the ground state and
to the presence of Cu,O. The emission intensity was observed
to decrease after the first radiation exposure then to increase
upon further increasing the dose due to a reduction of Cu*" to
Cu'’. Electron paramagnetic resonance measurements indi-
cated the appearance of an apparent signal associated with
divalent copper ions following the ion-exchange treatment,
along with a characteristic signal of NBOHC defects that
showed up after irradiation. The variation of the Cu** EPR
signal with the radiation dose was found to be correlated with
the PL intensity mainly induced by Cu" ions observed at the
same fluences. Electron microscopy and the associated crystal-
lographic analyses confirmed the formation of crystalline
copper nanoparticles in the Cu-exchanged glasses after being
subjected to proton beams with an average size of 12.39 nm.
This research could be indicative of a relatively new application
of proton irradiation in the field of photonics, that is, the syn-
thesis of nanoparticles with acceptable small sizes. Further
experiments and studies on the nonlinear optical properties
are necessary to determine their applicability.
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