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Abstract: Colloidal cadmium selenide (CdSe) and zinc selenide (ZnSe) quantum dots with a
hexagonal structure were synthesized by irradiating an aqueous solution containing metal precursors,
poly (vinyl pyrrolidone), isopropyl alcohol, and organic solvents with 1.25-MeV gamma rays at a dose
of 120 kGy. The radiolytic processes occurring in water result in the nucleation of particles, which
leads to the growth of the quantum dots. The physical properties of the CdSe and ZnSe nanoparticles
were measured by various characterization techniques. X-ray diffraction (XRD) was used to confirm
the nanocrystalline structure, energy-dispersive X-ray spectroscopy (EDX) was used to estimate the
material composition of the samples, transmission electron microscopy (TEM) was used to determine
the morphologies and average particle size distribution, and UV-visible spectroscopy was used to
measure the optical absorption spectra, from which the band gap of the CdSe and ZnSe nanoparticles
could be deduced.
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1. Introduction

Over the past two decades, semiconductor nanoparticles or quantum dots with sizes between
1 and 20 nm, have received much attention because of the quantum confinement effect of their surface
electrons. In this dimension, the particles are in the transition between the bulk and molecular regimes
and contain hundreds to a few thousand atoms only. The electronic, optical, and magnetic properties
of quantum dots can be tailored by changing the material composition and varying the physical
size [1-3]. In particular, group II-VI compounds such as narrow band gap CdSe quantum dots and
wider band gap ZnSe quantum dots, have become intriguing materials prospects for the development
of electro-optical, optical, and biomedical devices, such as light-emitting diodes [4], photo detectors [5],
lasers [6], solar cells [7], and biomedical imaging applications [8,9].

The method of synthesis and, to some extent, the local environment can influence the particle
size and physical properties of quantum dots. An organic polymer containing hydrophilic functional
groups, such as poly(vinyl pyrrolidone) (PVP) or poly(vinyl alcohol) (PVA), is often used as a capping
agent to prevent uncontrolled growth and aggregation of the particles [10]. The particles are dispersed
and suspended homogeneously in the colloidal solution [11]. Some of the techniques associated with
the synthesis of colloidal CdSe and ZnSe quantum dots are chemical synthesis [12,13], photochemical
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synthesis [14], micro emulsion [15], low temperature methods [16], and sol-gel methods [17], among
others. Most of these methods have successfully produced particles with desired sizes or shapes and
electronic or optical properties. Colloidal CdSe nanoparticles synthesized using the micro emulsion
method have shown narrow particle sizes between 2.10 and 2.78 nm with band gaps of 2.8 and 1.8 €V,
respectively [18]. Particles in the size range of 2.8-3.0 nm with a band gap range of 2.76-2.95 eV
have been prepared by the chemical method [19]. The microwave radiation method can produce
larger particles in the size range of 10 to 19 nm with a narrow band gap of approximately 1.79 eV [20].
CdSe nanoparticles with sizes of 43 nm and a narrow band gap of 1.75 eV were prepared by the
hydrothermal method [21]. However, the narrow size ZnSe nanoparticles of approximately 4 nm
with a band gap of 3.3 eV were fabricated using the microwave method [20]. ZnSe nanoparticles
of 5.14 nm with a band gap of 3.2 eV have been prepared using the micro emulsion method [22].
Larger sized particles at 11.79 nm can be prepared by chemical methods with a band gap of 3.3 eV [23].
ZnSe nanoparticles with a size between 14.3 and 17.9 nm, and with a wider band gap up to 4.48 eV,
have been synthesized using hydrothermal methods [24].

The gamma radiolytic method is another technique that can be used to produce colloidal
nanomaterials [25-32]. This technique was originally used for the synthesis of colloidal silver
nanoparticles [25,26], colloidal platinum nanoparticles [27], and colloidal nickel-aluminum and
copper-aluminum alloy nanoparticles [28,29], where the particle size of metal nanoparticles was found
to decrease with increasing gamma radiation dose. This observation was explained by the competition
between the nucleation and aggregation processes, where higher-dose nucleation dominates over
aggregation, which allows for particle growth in which smaller particles are likely to be produce [30].
Recently, colloidal cadmium sulfide (CdS) and zinc sulfide (ZnS) quantum dots in aqueous PVA
solution were fabricated using the same method [31,32]. The particle size of colloidal CdS nanoparticles
was found to increase from 13.31 nm at 10 kGy to 21.07 nm at 40 kGy with band gaps of 3.15 and
3.03 eV respectively [31].The particle size of the colloidal ZnS nanoparticles was also found to increase
from 53 to 59 nm and the band gap decreased from 3.74 to 3.68 eV upon increasing the dose from
10 to 50 kGy [32]. The particle sizes of colloidal CdS and ZnS quantum dots appeared to increase with
increasing dose, indicating that at higher doses the aggregation process is favored over the nucleation
process, producing larger particle sizes.

In light of the above results, this report is aimed at creating colloidal CdSe and ZnSe quantum
dots via a gamma radiolytic technique. The motivation is that the method is simple and efficient at
producing quantum dots. The nucleation and aggregation processes can occur during the irradiation
time, normally lasting for several hours or even days depending on the dose and source strength.
The formation of quantum dots is immediately halted when the source is removed, resulting in very
good particle stability for further particle characterization over a several-day period [25-32].

2. Materials and Methods

The starting materials for the preparation of CdSe and ZnSe nanoparticles were cadmium sulfite
(CdS0O;3-8H20), Zinc sulfite (ZnSO3-8H,0), selenium powder (99.999%), ethylenediamine, isopropyl
alcohol (IPA) and polyvinyl pyrrolidone (PVP Mw = 10,000). Deionized water was also used as a
solvent. PVP was chosenas the polymer of choice in this work because of its good processability,
flexibility and high transmittance [10]. All of the materials mentioned above were purchased from
Sigma Aldrich (Darmstadt, Germany).

A single-step radiolytic technique based on ®*Co gamma irradiation was applied in the preparation
of CdSe and ZnSe nanoparticles. The first step was the dissolution of 2 g of PVP in 70 mL of deionized
water, which was constantly stirred for 120 min at 70 °C. The PVP solution was then enhanced with
0.4 mmol of cadmium/zinc sulfite with simultaneous stirring, and the obtained solution was subjected
to homogenization for half an hour. The subsequent step was the dissolution of 0.4 mmol of selenium
powder in 80 mL of ethylenediamine. The polymer solution was then enhanced with the selenium
solution and 2 mL of IPA, with continuous stirring until a homogeneous solution was obtained. Prior to
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irradiation at a dose of 120 kGy, oxygen was removed from the solution through nitrogen gas bubbling
for 3 h.

3. Characterization

XRD patterns were recorded on a Shimadzu X-ray diffractometer XRD-3A with Cu-K« radiation
(Shimadzu model 6000, Lelywegl, Almelo, The Netherlands), A = 0.15418 nm. Energy-dispersive
X-ray (EDX) spectroscopy was performed using an EDX spectrometer (7353, Oxford Instruments,
Oxfordshire, UK). TEM was performed using a JEOL-JEM 200CX instrument (JEOL TEM model
2010F UHR, Munich, Germany) and optical absorption spectra were recorded using a UV-Visible
spectrometer Shimadzu-UV1650PC (Shimadzu model UV-3600, Kyoto, Japan) in the wavelength range
of 250 to 400 nm.

4. Results and Discussion

4.1. Formation Mechanism of CdSe and ZnSe Nanoparticles

In general, 1.25-MeV ®'Co gamma rays interact with matter predominantly by absorption events
(photoelectric absorption and pair production) and scattering events (coherent Rayleigh scattering and
incoherent Compton scattering). These interactions result in the formation of secondary electrons in
aqueous solution, mainly originating from Compton scattering, which consequently induce among
others, hydrated electrons (e,,), hydroxyl radicals (OH"), and hydrogen radicals (H") by radiolysis of
water according to [25-32]:

HO — e, H', H;0~, H*, OH*, H, H,O, (Radiolysis of water) 1)

The hydrated electrons, e, are strong reducing agents, and reduce selenium into selenide (Se?™):
Se¥ + 2eq — Se?™ 2)

In the aqueous solution, cadmium sulfite or zinc sulfite can dissociate into positive Cd** or Zn?*

cations and negative SO3%~ anions:
CdsO; — Cd** + SO3*" or ZnSO; — Zn** + SOz*~ ®)

The Se?~ ions can be reacted with Cd?* or Zn?* ions to generate CdSe or ZnSe nanoparticles
throughout the reactant medium via the nucleation process:

Cd** + Se*~ — CdSe’ or Zn** + Se*” — ZnSe’ €Y
Individual CdSe or ZnSe compounds begin to grow in the following aggregation process:
CdSe? + Cdse’ — CdSe’s or ZnSe® + ZnSe? — ZnSe’, (5)

Cdse® + Cdse’, — CdSe’,.; or ZnSe® + ZnSe®, — ZnSe’i 6)

where 1 and m can be hundreds to a few thousand depending on the particle size.

Hydroxyl and hydrogen radicals (OH"* and H*) are also strong oxidizing agents in aqueous
colloidal solution. Therefore, to prevent their reactions, isopropanol (IPA) was added to the precursor
solutions [27]. All organics in the reactant medium including PVP and IPA, can scavenge OH" and H*
radicals and can simultaneously change into PVP and IPA radicals by the following reaction [33].

PVP + OH* — PVP* + H,O; PVP* + H* — PVP* +Hy; IPA* + PVP* — crosslinked PVP gel  (7)

IPA + OH* — IPA* + Hy,O; IPA* + H* — IPA* + Hj; IPA* + IPA* — crosslinked IPA gel 8)
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4.2. Structural Analysis (XRD)

The crystal structure and crystallite size of the synthesized nanoparticles were investigated by
generating diffraction patterns, XRD, from the crystalline powder samples at ambient temperature.

Figure 1 shows the XRD pattern of CdSe nanoparticles synthesized with a 120 kGy dose showing
the formation of the nanoparticles. The peaks observed in the XRD patterns at 26 value of 25.1, 26.5,
28.2,36.8,43.8,47.9,51.9, 54.6 and 72.4° nearly match with the (100), (002), (101), (110), (103), (200), (112)
and (211) crystalline planes, respectively, of the hexagonal CdSe structure reported in The International
Centre for Diffraction Data (ICDD) PDF 02-0330.
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Figure 1. X-ray diffraction pattern of CdSe nanoparticles.

From the width of the XRD peak, the mean crystalline size can be calculated using the
Debye-Scherrer equation [34]:
D = kA/Pcosb 9)

where k is a constant equal to 0.9, A is the wavelength of the X-ray radiation (0.1542 nm), 6 is the
diffraction angle, and { is the full width half maximum (FWHM). The average crystalline size of CdSe
nanoparticles was determined from the full width half maximum of the (002) reflection of the XRD
pattern using the Debye-Scherrer equation. The calculation showed that the average crystalline size
is 16.3 nm. Figure 2 shows the XRD pattern of ZnSe nanoparticles synthesized with a 120 kGy dose.
The strong and sharp peaks at 26 values of 26.40, 28.60, and 30.50° virtually match those of the (100),
(002) and (101) crystalline planes, respectively, of the hexagonal ZnSe structure reported in the ICDD
PDF 89-2940. Furthermore the peaks observed at 20 values of 34.9, 43.6, 47.2 49.3, 50.5, 51.9, 54.4,
57.7 and 60.4° were also assigned to the (102), (110), (103), (200), (112), (201), (004), (202) and (104)
crystalline planes of the hexagonal phase ZnSe, respectively. However, some extra peaks not identified
as ZnSe may be attributed to some impurity such as a zinc complex formed during the reactions.

The average crystallite size of the ZnSe nanoparticles was calculated to be 10.7 nm from the sharp
reflection peaks of (100) using the Debye-Scherrer equation.
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Figure 2. X-ray diffraction pattern of ZnSe nanoparticles.

4.3. Elemental Composition Analysis (EDX)
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Energy dispersive X-ray (EDX) analysis was performed to confirm the quantitative composition
of elements in the CdSe and ZnSe nanoparticles after irradiation with 120 kGy. The EDX patterns
are shown in Figures 3 and 4 and the related data are listed in Table 1. The host material of CdSe
nanoparticles exhibits four elemental peaks; three for cadmium located at ~0.4, 3.1 and 3.3 keV, and one
for Se located at 1.4 keV. For ZnSe nanoparticles, two elemental peaks related to Zn were found at
~1.0 and 8.6 keV, and one for Se at ~1.4 keV. The existence of a low intensity peak at ~0.3 keV in both
spectra is attributed to the carbon film used as a holder for the samples during EDX measurements.
Data analysis from EDX patterns (Table 1) confirmed the stoichiometric composition of elements in
the samples. One of the advantages of nanomaterials synthesized by the gamma radiolytic method
is that the particles produced are pure, as indicated by their elemental composition, which has been

established in previous works [25-32].
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Figure 3. Energy dispersive X-ray (EDX) compositional analysis of CdSe nanoparticles.

Table 1. Weight percentages of elements in CdSe and ZnSe nanoparticles samples.
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Figure 4. EDX compositional analysis of ZnSe nanoparticles.

4.4. Morphology and Particle Size

Figure 5 shows the TEM images and corresponding size distribution histogram of CdSe and
ZnSe nanoparticles. From the illustration, a uniform spherical morphology with a relatively narrow
homogeneous distribution was achieved for both the CdSe and ZnSe nanoparticles. The average
particle size of the CdSe nanoparticles was estimated to be 17.3 nm whereas the average particle size
of the ZnSe nanoparticles was found to be 11.2 nm. The average particle size obtained from TEM
images are in good agreement with the estimated crystallite size from the XRD profile results for both
CdSe and ZnSe nanoparticles (Table 2). At 120 kGy, the gamma radiolytic method produced CdSe
and ZnSe nanoparticles with larger particle sizes compared to those synthesized by microwave [20]
or hydrothermal [21,24] methods. The creation of hydrated electrons by gamma irradiation in the
colloidal solution is considered constant for formation of both CdSe and ZnSe nanoparticles, but the
particle size of CdSe nanoparticles is greater than that of ZnSe nanoparticles. The fundamental reason
for this difference is that the atomic size of Cd (atomic mass of 112.40) is greater than that of the atomic
size of Zn (atomic mass of 55.87). Another advantage of the gamma radiolytic method is that the
formation of CdSe and ZnSe nanoparticles ceases immediately after removal of the gamma ray source.
The formed nanoparticles remain stable (in our case for 7-10 days) prior to UV-Visible absorption and
TEM measurements. Similar findings have been reported in previous investigations [31,32].

Table 2. Crystal structure, size and optical band gap of CdSe and ZnSe nanoparticles.

Sample Crystal Structure Crystallite Size/nm Particle Size/nm Bandgap /eV
CdSe Hexagonal 16.3 17.3 2.87
ZnSe Hexagonal 10.7 11.2 3.58

The ZnSe and CdSe nanoparticles were found to increase in size with increasing dose [31,32].
However, increasing the molecular mass or concentration of PVP reduced the particle size of ZnSe
and CdSe nanoparticles as a result of the efficient capping mechanism making the individual particles
difficult to aggregate [10]. An increase in precursor concentration would increase the number of
nucleation processes of ZnSe and CdSe nanoparticles because of the increasing number of Cd, Zn,
and Se ions, thus enlarging the particle size [28].
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Figure 5. Transmission electron microscopy (TEM) for as prepared (a) CdSe and (b) ZnSe nanoparticles.

4.5. Optical Properties

The optical band gap energy of the CdSe and ZnSe nanoparticles was estimated through the Tauc
equation [35]:
(ahv)'/" = B (hv — Eg) (10)

where o is the absorption coefficient, hv is the photon energy of the incident light, Eg is the band gap
energy, B is a constant and n =1/2, 1, 3/2 or 2 for allowed direct, allowed indirect, forbidden direct
and forbidden indirect, respectively. The absorption band gap of prepared samples was estimated by
extrapolating the linear portion of (ahv)? as a function of hv. Then, the intercept of the extrapolated
line on the x-axis indicates the band gap energy of the sample. The values of (chv)? versus (hv) were
plotted using the UV-Visible spectra of the samples as illustrated in Figure 6. Straight lines were drawn
to fit the experimental band gap curves and were extended intersect the (hv) axis to determine the
optical band gap values of the CdSe and ZnSe nanoparticles.

Careful observation of Figure 6 shows that the band gap energy for the CdSe and ZnSe
nanoparticles can be extrapolated to 2.87 eV and 3.58 eV respectively. These results shows that
the magnitudes of the obtained band gap energies for both CdSe and ZnSe nanoparticles are higher
than the band gap energies of their bulk counterparts of 1.74 and 2.7 eV, respectively—the blue
shift phenomenon.
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Figure 6. Optical band gap energy for the as prepared (i) CdSe and (ii) ZnSe nanoparticle.

5. Conclusions

Colloidal CdSe and ZnSe quantum dots were synthesized using the radiolytic technique by
gamma irradiation in which the hydrated electrons that are generated in water are responsible
for the formation of CdSe and ZnSe nanoparticles. EDX was used to confirm the stoichiometric
elemental composition of Zn, Cd and Se in the samples. The X-ray powder diffraction patterns reveal
the hexagonal crystal structure of both CdSe and ZnSe nanoparticles and the average crystallite
sizes were calculated to be 16.3 nm and 10.7 nm, respectively, from Scherrer’s equation. The TEM
micrographs show that CdSe and ZnSe nanoparticles are spherical in shape with average diameter
of 17.3 and 11.2 nm, respectively. The optical band gaps of the samples, which were determined
from UV-Visible absorption spectroscopy were found to be 2.87 and 3.58 eV for the CdSe and ZnSe
nanoparticles, respectively.
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