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1. Introduction

Embedding crystalline Cu and Cu,O nanoparticles
in silicate glasses through an ion-exchange
process followed by gamma irradiation and
annealing: an optical absorption spectroscopy
assessment

Safa Toumi, ©2 Khaled Farah** and Alaa Adawy @ *9¢

Studies focusing on finding methodologies to obtain nanocrystalline structures in the form of nanoparticles
have gained significant interest in the last two decades, given their broad possibilities to serve in different
technological applications, and those related to glass technology are not an exception. Different routes are
utilized to characterize crystalline nanoparticle growth. Hereby, an ion-exchange process followed by
gamma ray irradiation and/or annealing treatment was used to effectuate the growth of copper
nanoparticles (CuNPs) in glass matrices. Relying on well-established optical absorption spectroscopy, a
precise and timely analysis of the changes occurring in the glass matrix, along with the formation of the
CuNPs, defining their oxidation state and their sizes was performed. The study revealed that the formation
of CuNPs in the glass matrix takes place within an unexpectedly short duration after the ion-exchange
process. Irradiating the Cu-exchanged glass with gamma rays at =100 kGy increased the CuNPs formation
and volume fraction, whereas at higher doses =1000 kGy the formed nanoparticles had smaller sizes.
Interestingly, combining y-irradiation with annealing for the Cu-exchanged glasses resulted in either size
growth of CuNPs or their partial or total oxidation and their conversion to the more stable and ecofriendly
Cu,O nanoparticles.

exchange process given its simplicity and minimal equipment
requirements.'> Combining heat treatment with ion-exchange

Glass silicates that contain nanoparticles of copper, silver and
gold exhibit nonlinear optical properties and thus they have
high potential to be used across several applications.”” They
have been widely used for glass coloration,® for ionizing
radiation dosimetry,™® and for fabricating optical devices,
such as waveguides, lenses, and optical switches.®® There are
several methodologies employed for incorporating noble
metals into a glass surface,”™ among which is the ion-
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has attracted great interest, owing to their potential to
embed nanoscale metallic particles in glass silicates such as
copper nanoparticles (CuNPs), which have been widely
studied, because of their unique optical responses in the
wavelength range of 560-570 nm that are attributed to the
well-known surface plasmon resonance (SPR)."*'* In fact,
SPR is crucial for numerous linear and nonlinear
applications, making the optical response of CuNPs essential
for their use in surface plasmon-based components. SPR
provides information on the composition and particle size,
since the position and shape of the SPR band are influenced
by the structure and distribution of the clusters, as well as
the dielectric properties of metal. Irradiation with
electromagnetic waves such as lasers, gamma rays, electrons,
heavy ions or X-rays accompanied by or used instead of heat
treatment is nowadays an accepted approach for producing
metallic nanoclusters post ion-exchange in glass silicates.
Ionizing radiation results in modifications in the chemical,
electrical, mechanical, magnetic, and/or optical properties of
glass, due to the defect formation in the vitreous matrix

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 Schematic representation for the Cu ion-exchange process and
growth of Cu NPs inside the glass matrix.

structure. The production of these defects causes preferential
light absorption at specific wavelengths, rendering the
translucent glass coloured, creating the so called “colour
centres”. There are many types of these centres depending
on the glass composition.

Many studies have explored the combined effects of
ionizing radiation and heat treatment on the formation of
silver nanoparticles (AgNPs) in ion-exchanged glass.'*"®
Additionally, proton irradiation effects on silicate glass have
been studied in our previous paper.'” However, only a few
studies have been reported about the dual role of gamma
irradiation and heat treatment on the formation of CuNPs in
ion-exchanged glass. The main goal of the present work is to
study the optical absorption properties of copper
nanoclusters embedded in the Cu'-Na"’ ion exchanged soda-
lime glass post heat treatment and gamma irradiation. Our
studies indicate that the first stage of CuNPs formation
occurs within a short duration of the ion-exchange process.
Particularly, the dual heat treatment and gamma irradiation
resulted in either the CuNPs growth or the partial to total
oxidation of copper, resulting in the formation of Cu,O
nanoparticles (Fig. 1).

Table 1 The labels of the samples

View Article Online

Paper
2. Experimental section

The glass samples were obtained from a single glass sheet, to
ensure their structural similarities, and were cut into pieces
with dimensions of 11 x 30 x 1.5 mm?®. The chemical
composition of the glass samples in weight% is: 68.52 SiO,,
13.77 Na,O, 8.19 CaO, 4.34 MgO, 1.003 Al,0;, 0.588 K,O,
0.105 Fe,O; and about 3.5% of other components.18

For the ion-exchange treatment, the glass samples were
dipped in a molten salt bath formed by mixing 10 g of copper
and sodium; (54 :46 mol%), at 550 °C, for 15 minutes. The ion-
exchanged samples were then removed from the bath at room
temperature, cleaned with distilled water to remove the
adhering residues to their surfaces, and finally air dried on
dust-free paper. The generated copper-exchanged glass samples
were then irradiated at the Tunisian pilot plant ®°Co gamma
irradiation facility'’® at room temperature with doses varying
from 1 to 1000 kGy. The thermal annealing was done in an
electrical furnace in atmospheric air. The as-exchanged non-
irradiated and irradiated samples at 1000 kGy were annealed at
600 °C for different time periods ranging from 30 to 180 min.
On the other hand, the Cu-exchanged and irradiated samples at
100 kGy were annealed for 30 min at a large temperature range
from 60 to 500 °C. The details of every sample's experimental
conditions are displayed in Table 1.

The optical absorption (OA) spectra were measured in the
range of 300-700 nm by using a Shimadzu UV-vis
spectrophotometer ~ (model =~ PharmaSpecUV-1700).  The
measurements were conducted against those of a glass
sample that neither had undergone ion exchange nor gamma
irradiation as the control sample (G-blank). The Electron
Paramagnetic Resonance (EPR) spectra of the Cu-exchanged
irradiated and annealed samples were measured at room
temperature using a Bruker ER-200D spectrometer located at
CNSTN, Tunisia. The spectrometer operates at 9.8 GHz
X-band frequencies with a modulation amplitude of 0.2 mT,
modulation frequency set at 100 kHz, a sweep width of 210
mT, and a microwave power of 63 mW. The high-resolution
transmission electron microscopy and related
crystallographic and size analyses were performed on JEOL-

Dose Annealing temperature
Sample Treatment (kGy) (°C)/duration (min)
G-Blank — — —
G-EXC Ion-exchange (IE) — —
G-A600-30 IE + annealing — 600 °C/30 min
G-A600-60 IE + annealing — 600 °C/60 min
G-A600-180 IE + annealing — 600 °C/180 min
G-Il IE + irradiation 1 —
G-110 IE + irradiation 10 —
G-1100 IE + irradiation 100 —
G-11000 IE + irradiation 1000 —
G-1A100 IE + irradiation + annealing 100 60-500 °C/30 min
G-IA1000-30 IE + irradiation + annealing 1000 600 °C/30 min
G-1A1000-60 IE + irradiation + annealing 1000 600 °C/60 min
G-TIA1000-180 IE + irradiation + annealing 1000 600 °C/180 min

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 Optical absorption spectra of G-Blank (black curve) and G-EXC
(red curve).

JEM 2100F with characteristics and experimental setup
thoroughly detailed elsewhere.*

3. Results

3.1. Effect of ion-exchange

Fig. 2 reveals the optical absorption spectra of the G-Blank
and the G-EXC samples. A broad absorption peak centred
around 578 nm is observed in the ion-exchanged glass, which
accounts for the surface plasmon resonance band of the
CuNPs.”"** The Cu'-Na" ion exchange of the glass at 550 °C
for 15 minutes resulted in the formation of a small number
of elemental Cu® within the glass matrix.

—a— G-EXC

—e— G-A600-30
4 G-A600-60

3 - —v— G-A600-180

Intensity (a.u.)

400 600

Wavelength (nm)

Fig. 3 Optical absorption spectra of G-EXC before (black curve) and
after the annealing treatment at 600 °C for different durations [30 (red
curve), 60 (green curve) and 180 (blue curve) minutes].
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Fig. 4 Optical absorption spectra of the non-exchanged glass (red

curve) and the Cu-exchanged glass (black curve) after being irradiated

at 100 kGy.

3.2. Effect of annealing treatment

The ion-exchange process was followed by an annealing
treatment in atmospheric air at 600 °C for 30, 60 and 180
minutes. The optical absorption spectra of the annealed
samples for different durations are shown in Fig. 3. A notable
increase in the SPR peak intensity (around 578 nm) was
observed upon increasing the atmospheric post heat-
treatment time, indicating a rapid increase in the number of
Cu® atoms on the surface of the Cu ion exchanged glass
matrix.

For the annealed samples G-A600-30, -60 and 180, a
notable blue-shift of the SPR band position could be
observed, compared to the G-EXC sample (Fig. 2). This
plasmonic peak shift accounts for a change in the cluster
size.”® Beside this peak, another sharp peak could be
detected between 350 and 450 nm, which is attributed to the
presence of Cu,O nanoparticles.>* The longer the duration of
heat treatment, the higher the amplitude of this absorbance
peak.

3.3. Effect of gamma irradiation

The G-Blank and G-EXC samples were exposed to gamma
rays at 100 kGy. Optical absorption spectra of both samples
are shown in Fig. 4. The non-exchanged, but irradiated
sample's spectrum displays an overlapping of two
characteristic bands with maxima at about 410 and 630 nm
that are attributed to non-bridging oxygen hole centres
(NBOHCs) type HC; and type HC,, respectively.”> The

Table 2 Gaussian fitting parameters of the optical spectrum of the non-
exchanged glass sample irradiated at 100 kGy

Peak position (nm) FWHM (nm) Area under the band Assignment

410 230.57
628 158.81

938.74 HC,
175.9 HC,

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Optical absorption spectra for the Cu-exchanged (black curve)
and the irradiated samples with doses of 1 kGy (G-11, red curve), 10
kGy (G-I110, green curve), 100 kGy (G-1100, blue curve) and 1000 kGy
(G-11000, baby blue curve).

spectrum was fitted by Gaussian curves, for which the fitting
parameters are displayed in Table 2. Following the Cu ion-
exchange treatment, a significant reduction in the optical
absorption response of the irradiated glass was observed.
This reduction was accompanied by the appearance of a
surface plasmon resonance (SPR) peak, which was already
detected in the spectra of the G-EXC and the annealed
samples (Fig. 2 and 3).

According to previous studies, the ionizing radiation
leads to the formation of NBOHC defects in silicate glasses.
These defects are typically classified into two categories, HC;
and HC,, both of which are paramagnetic and contribute
significantly to the optical absorption spectra of irradiated
glasses. Their formation originates from radiation-induced
electron-hole pair generation, where holes are preferentially
trapped by non-bridging oxygen atoms, forming NBOHCS,
while electrons diffuse throughout the glass network. Wang
et al. have further confirmed the presence of HC; (404-410
nm) and HC, (599-605 nm) absorption bands in multi-
component glasses subjected to 1 MeV electron irradiation,
with evidence supported by EPR measurements.*°

26-29

3.4. Effect of absorbed doses

To investigate the effect of varying irradiation doses on the
optical absorption spectra of the as-exchanged glass and
especially on the evolution of the SPR peak, the Cu-

Table 3 Approximated cluster sizes, SPR peak positions and the FWHM
for the Cu-exchanged and the irradiated samples from 1 up to 1000 kGy

Sample Peak position (nm) FWHM (nm) Size (nm)
G-EXC 577.3 30.8 8.56
G-Il 575.1 37.7 7.01
G-I110 575.7 46 5.76
G-1100 574.5 85.2 3.09
G-11000 563.4 192.5 1.31

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 HRTEM images for the Cu-exchanged (a) and the irradiated
samples with doses of 1 kGy (G-I1, b), 10 kGy (G-I10, c), 100 kGy (G-
1100, d) and 1000 kGy (G-11000, e).

exchanged samples were irradiated in a large dose range of
1-1000 kGy (Fig. 5). It could be observed that irradiating the
Cu-exchanged samples with doses up to 100 kGy resulted in a
notable increase in the NBOHC absorption band (410 nm)
and the SPR peak intensity. However, once the exposure
reaches 1000 kGy, a notable decrease has been observed
accompanied by a remarkable blue-shift of about 15 nm in
the SPR absorption peak. In the present study, the average
cluster radii (R) were determined from the full width at half
maximum Al (FWHM) of the optical absorption peaks using
the following equation:*'**

_ Vikp® 1

"~ 2nCAL @)

where V¢ = 1.57 x 10° m s is the Fermi velocity for bulk
copper, Al is the full width at half maximum of the
absorption band and 4, is the specific wavelength at which
SPR takes place. It is worth mentioning that the SPR peak

—&— G-1100
—@—60°C
—w—150°C
—<4—250°C

300°C
—@— 350°C

—x—400°C ! %,
® 450°C %

5 c =, ",
5
k|

550 %0 50
Wavelength (nm)

Intensity (a.u.)

300 400 5<Im 600 700
Wavelength (nm)

Fig. 7 Optical absorption spectra for G-1100 before the annealing

treatment and after annealing (G-1A100) at temperatures between 60

and 500 °C. The inset shows a magnification for the obtained spectra

in the wavelength range between 540-580 nm.
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position and the plasmon bandwidth were obtained by using
a bi-Gaussian function to fit the experimental absorbance
plots, commonly employed for asymmetric peaks.*' Based on
the acquired spectra, the size of the formed CuNPs was found
to significantly decrease with increasing the irradiation dose
(Table 3). This estimation was in accordance with the high-
resolution transmission electron microscopy (HRTEM)
inspection for the respective samples in which we observed
similar size ranges of the formed nanoclusters (Fig. 6).

3.5. Effect of gamma irradiation and heat treatment

3.5.1 Gamma rays + isochronous annealing. The glass
samples that were gamma irradiated at 100 kGy and
annealed at different temperatures ranging from 60 °C to 500
°C for 30 minutes showed the combined effects on Cu-
exchanged glass (Fig. 7). The optical absorption spectrum of
the Cu-exchanged irradiated sample (G-I100) before
annealing showed the NBOHC (HC, and HC,) bands at about
440 and 630 nm, along with the SPR peak of CuNPs.
Significant reduction in optical absorption intensity has been
observed immediately after initiating the annealing treatment
(60 °C). Increasing the temperature up to 300 °C resulted in a
decrease in the absorbance that in turn remained constant
up to an annealing temperature of 500 °C. The size of CuNPs
increased with increasing temperature, reaching a maximum
value at 350 °C, followed by a slight decrease (Table 4).

Fig. 8 shows the Electron Paramagnetic Resonance (EPR)
spectra of the gamma-irradiated sample at 100 kGy, followed by
an annealing treatment for 30 minutes at various temperatures
ranging from 60 °C to 500 °C. The G-1100 sample exhibited an
EPR signal in the 3500-3550 G range (g; = 1.995, g, = 1.990, g3 =
1.988), which is attributed to the NBOHC defect, similar to
those previously reported in various other glasses.***

It is worth noting that both HC, and HC, defects are
characterized by their overlapping EPR resonance associated
with the same fundamental paramagnetic centre (NBOHC), a
signal that is a superposition of two components attributed
to HC; and HC,. Furthermore, detailed EPR studies showed
that although HC; and HC, gave rise to distinct optical
absorption bands, they are not separate species but rather
variants of the same NBOHC defect with slightly different
local environments. Notably, distinguishing between HC;

Table 4 Approximated average cluster sizes, SPR peak positions and the
FWHM for the annealed samples at various temperatures up to 500 °C
for a duration of 30 min

Annealing temperature Peak position FWHM Radius
(°C) (nm) (nm) (nm)
Un-annealed 574.5 85.2 3.09
60 563.6 63 4.02
150 563.5 38.8 6.53
250 564.2 40 6.54
300 564.1 34.3 7.42
350 563.5 31.9 7.96
450 563.7 32.4 7.84
500 564.5 34 7.49
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Fig. 8 EPR spectra for G-1100 before the annealing treatment and
after annealing (G-1A100) at temperatures between 60 and 500 °C.

and HC, components remains challenging due to their close
spectral overlap.®*?*

As the annealing temperature increased, the intensity of the
NBOHC signal decreased, while a characteristic Cu®" signal
appeared in the 3400-3450 G range, (g-values: g = 2.232 and g,
= 2.040). This signal, attributed to Cu®" ions, is consistent with
previous reports in various copper doped glass matrices.*>*
With further annealing, the intensity of this Cu®* signal
gradually increased, suggesting a concurrent decrease in the
presence of monovalent Cu' ions, which are diamagnetic and
therefore do not contribute to EPR signals.®”

3.5.2 Gamma rays + isothermal annealing. Fig. 9 shows
the UV-vis spectra of the Cu-exchanged samples irradiated at
1000 kGy and annealed at 600 °C for 30, 60, and 180
minutes. Annealing the irradiated sample for 30 minutes at
600 °C resulted in a slight decrease in the SPR peak intensity

—a— G-EXC
4 A— G-11000
—w— G-IA1000-30
G-1A1000-60
—<— G-IA1000-180

Intensity (a.u.)

0 T T T
400 500 600 700
Wavelength (nm)

Fig. 9 Optical spectra of G-EXC (black), G-11000 (green) and the

annealed irradiated samples G-11000-30 (blue), G-11000-60 (baby
blue) and G-11000-180 (pink).

This journal is © The Royal Society of Chemistry 2025
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and the onset of the Cu,O NP band. Increasing the heat
treatment duration to 60 min resulted in a decrease in the
SPR peak that became barely visible, while the band at 490
nm significantly increased and reached a maximum,
indicating further oxidation of CuNPs. Upon extending the
annealing duration to 180 minutes, the absorbance band of
Cu,O NPs decreases and reaches a plateau region of constant
absorbance from 390 to 440 nm, while the SPR peak
completely disappears.

The crystallographic analysis of the HRTEM images
acquired for the glass exchanged sample and those that were
afterwards irradiated and annealed showed the presence of
only copper nanocrystals in the former and a mix of copper
and Cu,O nanocrystals in the latter (Fig. 10).

4. Discussion

In the Cu'-Na’ ion-exchanged glass matrix, copper diffuses
into the glass matrix to a depth of a few microns.”® The
monovalent copper ions control the exchange process in
silicate glass networks, along with a restricted direct
exchange with divalent copper ions due to their notably low
diffusion coefficient.*®*® Indeed, during the ion exchange of
Cu-Na, copper penetrates into the glass principally in the
form of Cu' ions, replacing the Na' ions of the matrix as
shown in eqn (2). The ion-exchange process is typically
carried out by substituting Na" ions in sodium silicate and
soda-lime glasses due to the high mobility and large molar

[002]

8 1/nm

B 1994 (11)
P 245A(111)

Fig. 10 Upper panel for the glass-exchanged sample: HRTEM image
(a) and its crystallographically analysed fast Fourier transform [FFT]
result, revealing the [002] plane of the cubic crystal of copper (b);
lower panel for the glass-exchanged sample, 10° Gy irradiated and
annealed at 600 °C for 60 minutes: HRTEM image (c) and its
crystallographically analysed FFT result (d), revealing the fingerprints of
cubic copper (red) and cubic Cu,O (black) crystals.

This journal is © The Royal Society of Chemistry 2025
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concentration of Na' ions compared to other alkali ions
present in the glass. The substantial presence of Na' ions
allows an increased number of Cu’ ions to penetrate the
glass, making Na" the most promising candidate for ion
exchange with copper.*’

=Si-0-Na" + Cu’sO,” — =Si-0-Cu"’ + Na's0O,~ (2)

Then, a small fraction of the diffused Cu" ions can be further
reduced to elemental Cu’ atoms, leading to the emergence of
a surface plasmon resonance (SPR) peak in the G-EXC sample
(Fig. 3). The reduction of Cu® to Cu® is facilitated by electrons
originated from non-bridging oxygen (NBO) atoms within the
glass matrix. It was found that the number of NBOs in the
glass structure, determined by the content of network
modifiers (e.g,, Na,O, CaO), directly influences the ion
mobility and diffusion rate.*" Glasses with a higher NBO
content, such as silicate glasses with sufficient Na,O,
facilitate faster diffusion, thereby enhancing the ion-
exchange process and subsequent CuNP formation. These
oxygen atoms provide the electrons necessary for the
reduction process, enabling the formation of neutral copper
atoms. As a result, a small number of metallic Cu clusters
begins to form even during the ion-exchange phase. Similar
findings have been reported in prior studies, where Cu-doped
soda-lime glass exhibited an SPR band after undergoing a
short ion-exchange process (~1 min) at 560-570 °C.*?

In this study, the ion-exchange process was conducted at
550 °C for 15 minutes. This specific temperature was selected
to ensure complete fusion of the salt mixture (54:46 mol%),
a crucial factor for efficient ion exchange and controlled Cu
nanoparticle (CuNP) formation. At lower temperatures,
incomplete fusion was observed, resulting in insufficient ion
exchange. Conversely, increasing the duration beyond 15
minutes led to the absence of the SPR band, likely due to
excessive Cu diffusion which could result in the dissolution
or oxidation of Cu species, preventing stable nanoparticle
formation. This fact could explain the absence of the SPR
band in the absorbance spectrum of the as-exchanged Cu
sample in our previous study,'” where the ion-exchange
duration was four times longer than that in the current work.

The role of ion-exchange conditions in CuNPs formation
is further confirmed in other previous studies.** UV-vis
spectroscopy of samples subjected to a shorter ion-exchange
process (5 minutes at 580 °C) revealed a broad, low-intensity
SPR peak around 570 nm, indicative of the presence of very
small CuNPs (at about 1 nm).** The weak SPR signal
suggested either the early stages of nanoparticle nucleation
where the particles were too small to display strong
plasmonic interactions or a limited number of CuNPs prior
to annealing. These findings emphasize the sensitivity of
CuNPs formation to ion-exchange parameters, reinforcing the
selection of 550 °C for 15 minutes as an optimal balance
between nanoparticle stability and efficient ion exchange.

Another independent study supported this observation,
demonstrating that even a 5 minute ion exchange treatment

CrystEngComm, 2025, 27, 3444-3455 | 3449
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could lead to the emergence of an SPR peak in Cu-exchanged
glass samples.”

In our study, a notable increase in the SPR peak intensity
was observed upon increasing the atmospheric post heat-
treatment duration (Fig. 2). This enhancement accounts for a
rapid increase in the number of elemental Cu® atoms on the
surface of the Cu-exchanged glass matrix. It has been previously
reported that the number of reduced Cu® increases with
increasing annealing temperatures and when using longer heat
treatment durations.”™** This leads to an increase in the
number and dimension of Cu aggregates near the surface of the
glass matrix. Indeed, the thermally annealed samples have a
higher number of free electrons when compared to the Cu-
exchanged sample.***> As a result, many Cu’ ions can trap
these electrons and form copper atoms (Cu®) near the surface of
the glass matrix. Typically, the post-thermal treatment process
of the Cu-exchanged glass samples promotes the reduction of
Cu'/Cu™ to elemental Cu” atoms after capturing the electrons
from the glass structure or impurities as follows:

heating _

Glass =" ¢ +ht 3)
Cu"+h" — cu** (4)
Cu**+e — Cu" (5)
Cu"+e — cu’ (6)
mCu® = (Cu®)m )

where, h” is a hole, e is an electron, and m is the number of
Cu atoms forming the nanoparticles.

The notable blue-shift of the SPR band position that was
observed as the annealing duration increased (Fig. 3) is
generally attributed to a change in the cluster size. In earlier
studies, a similar kind of blue shift in the SPR peak after the
heat treatment process of the Cu-exchanged glass sample was
reported and attributed to a significant reduction in
nanoparticle size.?***** Moreover, the formation of Cu,O NPs
was confirmed by the appearance of a characteristic absorption
band between 350 and 450 nm.>* The absorbance intensity was
significantly higher for the samples subjected to a longer heat
treatment duration. This indicates that annealing the Cu-
exchanged glass sample at 600 °C in air promotes the growth of
Cu,O NPs. Indeed, the diffusion of oxygen atoms into the near-
surface of the Cu-doped layer in the soda lime glass results in
the partial oxidation of copper ions to form Cu,O NPs on the
surface of the glass matrix, resulting in a mixture of both phases
within each particle. This transformation could take place
according to the following equation:

2Cu + 1/20, — Cu,O (8)
Similar oxidation of CuNPs in air was previously reported in

a study focused on the synthesis of CuNPs possessing a size
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of 2-65 nm in a silica matrix by a sol-gel technique.”* The
previous study highlighted the onset of the Cu,O NP band in
the absorption spectra of the samples annealed in air (450-475
nm), along with a surface plasmon resonance (SPR) absorption
peak, which was found to be blue shifted by lowering the
temperature from 293 K to 77 and 4.2 K. Their investigation
revealed that the nanoparticle size is influenced by annealing
conditions: small particles (2-15 nm) grow in samples annealed
in atmospheric air, medium-sized particles (15-40 nm) in
samples annealed first in air and then in molecular hydrogen,
and large particles (40-65 nm) in samples annealed in
molecular hydrogen. The feature of the Cu,O NP band was
found to be influenced by the size of the formed CuNPs. A
sharp peak was only observed in the presence of small CuNPs
formed during annealing in atmospheric air, while for larger
CuNPs, the band was barely detectable. It is worth mentioning
here that the kinetics of the oxidation process could be also
influenced by the size of CuNPs. Generally, the smaller the
CuNPs, the larger their surface area-to-volume ratio, which
could improve their reactivity and further facilitate the
formation of Cu,O nanoparticles.

The effect of irradiation on the optical absorbance of both
the G-Blank and G-EXC samples was also studied. Non-
bridging oxygen hole centers (NBOHCs) of types HC; and
HC, were detected at approximately 410 nm and 630 nm,
respectively (Fig. 3). The NBOHC defects are paramagnetic
and usually formed after exposure to ionizing radiation,
dominating the optical spectra of glass silicates. Indeed, the
formation of NBOHC defects in glass upon its irradiation
starts with the formation 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.*® The notable
decrease in the optical absorption response of the irradiated
glass could be explained by a significant decrease in the
amount of the formed NBOHCs. This decrease was
accompanied by the presence of an SPR peak, which was
already detected in the spectra of the Cu-exchanged and
annealed samples (Fig. 2 and 3). This finding is in agreement
with an earlier result in previous research by our group,*® in
which we showed a sharp decrease in the EPR signal of the
formed NBOHC (=Si-0°) defects, and thus upon Cu ion-
exchange. This decrease was accompanied by the appearance
of an intense signal related to Cu®" ions. This observation
confirms that copper was introduced into the glass
principally in the form of Cu’ ions, acting as an electron trap,
promoting the recombination of holes created by irradiation
by the rupture of the =Si-O-Si= bonds as follows:

gamma irradiation

=Si-0-Si= = =Si-0° + Si° (9)

Cu’ +=S$i-0° — Cu*" + =Si-0~ (10)

The optical absorption spectra of the Cu-exchanged glass
samples were investigated as a function of the absorbed dose
to understand the influence of dose variation on the

This journal is © The Royal Society of Chemistry 2025
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evolution of the SPR peak (Fig. 5). It was found that after the
irradiation of the Cu-doped sample with doses up to 100 kGy,
a notable increase in the NBOHC absorption band (410 nm)
as well as in the SPR peak intensity was detected. It is worth
noting that the higher intensity of the plasmonic peak
suggested a greater volume fraction of CuNPs embedded in
the glass matrix.”> This effect could be assigned to the
dominance of the conversions displayed in the following
equations:

gamma irradiation

glass - e +h' (11)
Cu”' +e — Cu’ (12)
Cu"+e — Cu’ (13)
mCu® — (Cu®)m (14)

However, when the exposure dose reached 1000 kGy, a
significant decrease in the SPR peak intensity was observed,
accompanied by a clear blue-shift of about 15 nm in the SPR
absorption peak. In another study, a similar shift of the surface
plasmon resonance peak was also reported towards a shorter
wavelength in their copper-doped samples by increasing the
ablation duration from 15 to 60 min at a fixed incident laser
energy.”’ This shift was attributed to a reduction in the size of
the formed nanoparticles as per transmission electron
microscopy analyses. This observation supports the decrease in
CuNPs size that was found in our study, as it significantly
decreases with increasing irradiation dose (Table 3).

Studies on metal nanoparticles, such as Ag nanoclusters,"®
have shown that metallic particles formed under irradiation
influence the local charge balance, promoting electron
capture and hole recombination, according to the following
reactions in the case of CuNPs:

NBOHC + e~ — NBO (15)
Cu® + NBOHC — Cu’ + NBO (16)

These reactions suggest that NBOHCs act as charge donors,
transferring electrons to CuNPs. This electron exchange
reduces the number of optically active NBOHC sites, leading
to a decrease in their optical absorbance as CuNPs grow.

However, in our present study, this expected suppression
does not immediately occur. When irradiating from 1 to 100
kGy, both the NBOHC band and the CuNP surface plasmon
resonance (SPR) band increase simultaneously. This suggests
that at these doses, CuNPs and NBOHCs coexist and grow
together, rather than CuNPs directly quenching the NBOHC
signal. It is only when the dose reaches 1000 kGy that both
bands begin to decrease, indicating that at this extreme dose,
CuNPs finally begin to suppress the optical signals from
NBOHCs likely due to a stronger charge transfer effect and
the saturation of defect formation.

This journal is © The Royal Society of Chemistry 2025
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In this study, isochronous annealing of the gamma-
irradiated sample at 100 kGy for 30 minutes at temperatures
ranging from 60 °C to 500 °C revealed significant changes in
optical absorption properties (Fig. 6). At lower annealing
temperatures (60 °C), a significant reduction in optical
absorption intensity of the HC;, HC, and SPR bands was
observed, indicating the initial relaxation of defects. As the
temperature increased to 300 °C, the absorbance continued
to decline, reflecting further defect stabilization within the
glass matrix. Beyond 300 °C, the optical absorption
plateaued, suggesting that the system reaches a thermally
stable state, where further annealing does not significantly
affect the optical properties. The CuNPs size exhibited a
characteristic growth trend (Table 4), reaching a maximum of
7.96 nm at 350 °C. However, beyond this point, a slight
decrease in size was observed (7.84 nm at 450 °C, 7.49 nm at
500 °C), suggesting a near-saturation in growth. Factors such
as particle coalescence, sintering, and matrix stabilization
likely contributed to this behaviour, preventing further
substantial size increases.

Indeed, when annealing the ion-exchanged samples, the
Cu® formed during the ion-exchange process itself and/or
after irradiation tended to coalesce and aggregate, forming
larger nanoparticles. This coalescence process consumed the
initially available number of Cu’, reducing the number of
distinct nanoparticles while increasing their average size.
This decrease in the total number of plasmonic oscillators
leads to lower SPR intensity, as fewer particles contribute to
plasmon resonance. Additionally, as particle size increases,
the mean free path of conduction electrons becomes longer,
causing broader and weaker SPR peaks, which dampens the
overall plasmonic response. This phenomenon is consistent
with previous studies on metallic nanoparticles embedded in
glass, such as those by Manikandan et al."?

A similar trend has been observed in
nanocomposites, where thermally-induced clustering reduces
SPR intensity."> This reduction is closely linked to structural
stabilization, as nanoparticles transition from a highly
dispersed state to larger, more stable aggregates.
Consequently, further nanoparticle growth is limited, and
their optical properties shift, making CuNPs less responsive
to plasmonic excitation at elevated temperatures.

Another contributing factor in the observed decrease in
SPR intensity was the recombination of NBOHCs, a well-
documented phenomenon in the literature at elevated
temperatures, according to the dominance of the
oxidation-driven reaction mentioned in eqn (10), which
became  dominant when further increasing the
temperature:>°

silver

NBOHC + Cu' — Cu*" + NBO

EPR analysis (Fig. 8) confirmed this trend, showing an
increasing Cu®* signal alongside a decreasing NBOHC signal.
This process consumes Cu’ ions, reducing their availability
for further Cu® formation and thereby slowing CuNP growth.

CrystEngComm, 2025, 27, 3444-3455 | 3451
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These findings indicate that the observed SPR intensity
decrease is driven not only by particle coalescence and
electron scattering effects but also by chemical interactions
within the glass matrix that influence the availability of Cu
species for plasmonic activity.

In our study, and in contrast to the usual correlation where a
blue shift is linked to a decrease in particle size, we observed a
blue shift despite an increase in NP size. This phenomenon can
be attributed to the significant decrease in full width at half
maximum (FWHM) values as the cluster size increases, as
detailed in Table 4. The reduction in FWHM with larger clusters
was well-documented in previous research® indicating a clear
size dependency of the plasmon resonance width. This decrease
in FWHM with increasing cluster size is primarily influenced by
the mean free path effect, which becomes prominent for
smaller clusters (R < 10 nm).

Building on the results from isochronous annealing, we
further explored the effects of isothermal annealing on the
gamma-irradiated samples (Fig. 8). By keeping the
temperature constant at 600 °C, while varying the annealing
durations (60-180 min), we investigated how the defects and
nanoparticles evolve over time under stable thermal
conditions. It was observed that this annealing approach
progressively reduces the SPR peak intensity while enhancing
the Cu,O NP band at 490 nm, with prolonged heating (up to
180 minutes) leading to the complete disappearance of the
SPR peak and stabilization of the Cu,O absorbance. This
indicates the full oxidation of CuNPs into Cu,O NPs.

Notably, high-dose irradiation generates a substantial
number of defects, such as oxygen vacancies and interstitials,
within the glass matrix and Cu NPs. These defects enhance
oxygen diffusion and Cu ion mobility, accelerating the oxidation
of metallic Cu to Cu,O. As Cu oxidizes, the metallic core,
responsible for the collective oscillation of conduction electrons
that produces the SPR band, is consumed. The resulting Cu,O
lacks the free electrons necessary to sustain plasmonic
resonance, leading to the disappearance of the SPR band.

In contrast, non-irradiated samples oxidize more slowly
through diffusion-driven mechanisms, allowing metallic Cu
to remain and sustain the SPR band for longer durations, as
observed in Fig. 3.

The saturation of the Cu,O band at 440 nm in irradiated
samples signifies the formation of a dense Cu,O layer that
limits further oxidation, aligning with the complete loss of
the SPR band due to the absence of metallic Cu.”

Additionally, the irradiation-induced energy deposition
also causes fragmentation and size reduction of the
nanoparticles.> Smaller nanoparticles, with their higher
surface area-to-volume ratio, oxidize more rapidly, further
accelerating the transformation into Cu,O. The interplay
between oxidation, fragmentation, and diffusion processes
ensures that the smaller Cu NPs are fully consumed,
stabilizing Cu,O as the dominant phase.

In a study from 2011, the synthesis of colloidal copper
nanocrystals and their solvent-dependent oxidation to form
Cu,O nanoparticles were investigated, in which an almost
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similar behavior of disappearance of the surface plasmon
resonance (SPR) peak and the dominance of Cu,O optical
features was observed.”® A rapid oxidation leading to a
reduction in the metal domain size (replaced by
semiconducting copper oxide shells) just occurred upon
removing the synthesized Cu nanocrystals from an oxygen-
free mixture and diluting them in an oxygenated solvent. The
plasmon intensity decreased during oxidation, disappearing
when the metal nanocrystals shrank below a few nanometers
(as such small particles do not exhibit plasmon responses).
This effect was only observed at longer oxidation times;
however, at the earlier stages of oxidation, an increase in
both the SPR and Cu,O bands was observed.

In our study, the annealing of an irradiated Cu-doped
sample (1000 kGy) at 600 °C for an extended duration (180 min)
results in the presence of only Cu,0O NPs, with a complete
disappearance of CuNPs. To our knowledge, this finding has
not been previously reported in the literature on copper-doped
glass silicates. The transformation from CuNPs to Cu,O alters
the material's properties significantly, influencing its potential
applications. The disappearance of surface plasmon resonance
(SPR) eliminates plasmonic effects that enhance light
absorption; however, the semiconducting nature of Cu,O still
facilitates efficient light capture. This aligns with the
assumption that Cu,O, as a p-type semiconductor with a band
gap of ~2 eV and a high optical absorption coefficient, is well-
suited for solar energy conversion applications.’*

Compared to CuNPs, which are easily oxidized, Cu,O
nanoparticles exhibit superior stability, making them more
environmentally friendly and chemically robust for long-term
use. Additionally, their compatibility with polymers enables
the fabrication of diverse composite materials.>® Therefore,
this transition from CuNPs to Cu,O NPs presents both
challenges and opportunities, particularly in fields such as
optoelectronics, photovoltaics, and sensor technology.”®>”

Conclusions

Copper doped glass was obtained by a Cu’-Na" ion-exchange
process. Glass samples were then subjected to gamma rays
and/or to thermal annealing in air. It was found that a small
fraction of the monovalent copper diffused ions were reduced
to Cu’ atoms during the ion exchange process, giving rise to
the appearance of a surface plasmon resonance (SPR) peak.
Increasing the post thermal annealing duration of the as-
exchanged glass samples led to an increase in the volume
fraction of the CuNPs in the glass matrix, as evidenced by the
increased SPR intensity. Thermally treated Cu'-Na’
exchanged glass samples at 600 °C resulted in the formation
of Cu,O NPs, with significantly higher absorbance intensity
observed in samples subjected to prolonged heat treatment
(180 min). Irradiating the Cu exchanged glass samples at
doses up to 100 kGy greatly enhanced the SPR peak intensity,
suggesting increased formation and volume fraction of
CuNPs. On the other hand, irradiation with higher doses
(1000 kGy) led to a significant decrease in SPR intensity and

This journal is © The Royal Society of Chemistry 2025
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a blue shift of ~15 nm, indicating a reduction in nanoparticle
size. Isothermal annealing of the already irradiated samples
at 1000 kGy reduces the SPR peak intensity while enhancing
the Cu,0 NP band, with prolonged heating (up to 180
minutes) leading to the complete disappearance of the SPR
peak and stabilization of the Cu,O absorbance. This indicates
that the full oxidation of CuNPs into Cu,O NPs occurs only if
the samples were irradiated before undergoing thermal
annealing. This study provides valuable insights into the
slight differences that could be introduced in the optical and
adsorption properties of Cu'-Na' exchanged glass through
controlled thermal annealing and irradiation. Particularly,
understanding  the relationship between treatment
parameters such as annealing duration, temperature, and
irradiation dose and their effect on nanoparticle formation
and plasmonic behavior is critical for advancing applications
in photonics, optoelectronics, and sensing technologies.
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