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photocatalytic activity and low toxicological effects, were prepared, for the first time,
using electron beam irradiation. The remarkable advantage of this approach is that the
Ag nanoparticles/AgX composites can be easily prepared in one-step without the need
for high-pressure conditions, surfactants, ionic liquids, or reducing agents.
Furthermore, our method does not involve any toxic substances, which makes the as-
synthesized samples highly applicable for technological applications. The structure,
morphology and physicochemical properties of the Ag nanoparticles/AgX composites
were studied using various characterization techniques. Using first-principles
calculations based on density functional theory and the quantum theory of atoms in
molecules, we reveal how the concentration of excess electrons in the AgX materials
induces the formation of the Ag nanoparticles under electron beam irradiation. These
results extend the fundamental understanding of the atomic process underlying the
mechanism of Ag−X bond rupture observed during the transformation induced via
electron irradiation of the AgX crystals by increasing the total number of electrons in
the bulk structure. Thus, our findings provide viable guidance for the realization of new
materials for the degradation of contaminated wastewater with low toxicity.
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photocatalytic and low toxicological effects” for consideration for publication in the
Chemistry Select. The manuscript has been co-authored by Marcelo Assis, Francisco
Carlos Groppo Filho, Dayene Sousa Pimentel, Thaiane Robeldo, Amanda Fernandes
Gouveia, Tassia Flavia Dias Castro, Hirla Costa Silva Fukushima, Camila Cristina de
Foggi, João Paulo Campos da Costa, Ricardo Carneiro Borra, Juan Andrés, and Elson
Longo.
Novel Ag nanoparticle/AgX (X = Cl, Br and I) were prepared, for first time, using
electron beam irradiation. The remarkable advantage of this approach is that the Ag
nanoparticles/AgX photocatalysts can be easily obtained in one-step without the need
for high-pressure conditions, surfactants, ionic liquids, or reducing agents.
Furthermore, our method does not involve any toxic substances, which makes the as-
synthesized samples highly applicable for technological applications. The structure,
morphology and physicochemical properties of the Ag/AgX materials were studied
using various characterization techniques. The synergistic effect observed between the
plasmonic Ag nanoparticles and the AgX (X = Cl, Br and I) semiconductor enhances
the photocatalytic and toxicological activities. The new materials exhibit significantly
higher photocatalytic activity during the photodegradation of Rhodamine B and
toxicological activity toward zebrafish when compared with neat Ag nanoparticles and
AgX (X = Cl, Br and I). Density functional theory and quantum theory of atoms in
molecules calculations were employed to reveal the nature of the formation of the Ag
nanoparticles under electron beam irradiation. These results expand the fundamental
understanding of the atomic process underpinning the mechanism of Ag−X bond
rupture observed during the transformation process induced via electron beam
irradiation of the AgX crystals by increasing the total number of electrons in the bulk
structure. Combining these theoretical and experimental results, the highest activities
can be rationally ascribed to the optimum conduction band levels, which balance the
overall effects of the band gap and electronic coupling. This methodological exploration
of engineering the geometry and electronic properties of Ag nanoparticles/AgX (X = Cl,
Br and I) is a step toward the development of advanced materials and will shed light on
the construction of various semiconductor photocatalytic and toxicological systems. A
photocatalytic mechanisms has been proposed and reasons for the enhanced
photocatalytic activity are discussed in detail. Moreover, their good stability and easy
synthesis give them a special importance in the actual challenge for pollutant
elimination, energy saving, and earth preservation.
We are confident that our findings will be of interest to your readers. Therefore, the
Chemistry Select is our choice for manuscript submission owing to its extensive reader
community and coverage of a wide range of topics.
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ABSTRACT 

 

Periodic structures induced by electron irradiation are a unique phenomenon when 

electron beams irradiate on the surface of some materials. These periodic structures have 

potential for technological applications. However, the fuzzy nature of the electron-induced 

structuring hinders its further exploration in such applications. In this paper, novel Ag 

nanoparticle/AgX (X = Cl, Br and I) composites, with enhanced photocatalytic activity 

and low toxicological effects, were prepared, for the first time, using electron beam 

irradiation. The remarkable advantage of this approach is that the Ag nanoparticles/AgX 

composites can be easily prepared in one-step without the need for high-pressure 

conditions, surfactants, ionic liquids, or reducing agents. Furthermore, our method does 

not involve any toxic substances, which makes the as-synthesized samples highly 

applicable for technological applications. The structure, morphology and 

physicochemical properties of the Ag nanoparticles/AgX composites were studied using 

various characterization techniques. Using first-principles calculations based on density 

functional theory and the quantum theory of atoms in molecules, we reveal how the 

concentration of excess electrons in the AgX materials induces the formation of the Ag 

nanoparticles under electron beam irradiation. These results extend the fundamental 

understanding of the atomic process underlying the mechanism of Ag−X bond rupture 

observed during the transformation induced via electron irradiation of the AgX crystals 

by increasing the total number of electrons in the bulk structure. Thus, our findings 

provide viable guidance for the realization of new materials for the degradation of 

contaminated wastewater with low toxicity.  
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1. Introduction 

Over the past decade, semiconductor photocatalyst has played a pivotal role in the 

fields of solar energy harvesting, clean chemical synthesis, photocatalytic antibacterial 

agents, and environmental technology due to its advantages over conventional heat-

driven catalysis, which generally depend on high thermal energy that results in low 

product selectivity 
[1–7]

. Among the semiconductors reported to date, silver halides, 

AgX; (X = Cl, Br and I) are a family of materials, which display a wide range of 

applications as antimicrobial agents 
[8,9]

, catalysts for water oxidation 
[10,11]

, and 

photocatalysts for environmental remediation 
[12–15]

.  

When a metal nanoparticle is excited at its localized surface plasmon resonance 

(SPR), the generated plasmon waves can enhance the local field, and then, an increase 

not only the absorption processes but also the efficiency of light−semiconductor 

interaction, at the semiconductor placed close to the metal nanoparticle, take place. This 

effect is employed in both individual materials for device applications and a lot of 

research is going on to understand these mechanisms 
[16–18]

. Noble metal nanoparticles 

with SPR behavior have attracted a considerable amount of attention in the development 

of science and technology 
[19]

. When they are immobilized on semiconductor surfaces 

have gained importance because they exhibit increased stability and high surface areas, 

which enhance the local field energy under visible light excitation through the SPR 

effect to promote the dual capability of adsorption and photocatalysis 
[19]

 when 

compared with their corresponding single-component materials. In particular, Ag 

nanoparticles is a good choice for surface modification because the price of Ag is much 

lower than those of Au, or even Pt, and Pd, and have exceptional optical, electronic, 

catalytic, and antibacterial properties 
[20–27]

. Active materials decorated with Ag 

nanoparticles have shown superior performance in terms of their increased conductivity, 
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catalytic activity, and sensing properties 
[28–30]

. In particular, Ag nanoparticles deposited 

on the surface of wide band gap photocatalysts form metal/semiconductor materials and 

act as sensitizers to extend the light absorption region and enhance efficient charge 

separation, i.e. a Schottky barrier is formed at the interface of the two materials and 

electrons flow from one material to the other (from the higher to the lower Fermi level) 

to align the Fermi energy levels 
[31–36]

.  

Recent reports have shown that highly efficient plasmonic photocatalysts such as 

Ag/g-C3N4, Ag/TiO2, Ag/AgVO3, Ag/Ag3PO4, Ag/Ag2MoO4, and Ag/Ag2WO4 can be 

prepared 
[13,37–43]

 and their results indicate that Ag decoration can dramatically enhance 

the photocatalytic performance of the pure photocatalyst via the SPR effect. Recently, 

considerable efforts have been placed on the design and fabrication of heterojunctions to 

improve the applications of AgX-based materials 
[44–47]

. From the seminal work of 

Wang et al. 
[48]

, in which a Ag/AgCl junction was formed, several methods have been 

carried out to improve the photocatalytic efficiency and stability of AgX using Ag 

nanoparticles 
[49]

. Different Ag/AgX, X = Cl, Br and I based photocatalysts such as 

Ag/AgCl 
[50–54]

 and Ag/AgBr 
[55–57]

 have been prepared due to their excellent 

photocatalytic performance. 

Many growth techniques and methods have been applied toward the fabrication of 

Ag/AgX heterostructures. Ag nanoparticles decorated on the surface of semiconductors 

are mainly prepared using different methods depending on the source of Ag 

nanoparticle used and include: i) The colloid route, ii) the reduction of metal salts 

[38,58,59]
, iii) template-directed protocols using a surfactant or in situ self-assembly 

method 
[60–63]

, iv) chemical reduction 
[60]

, v) ultrasonic spray pyrolysis methods 
[64]

, and 

vi) thermal-or light-induced 
[61]

 reduction of AgX and to generate metallic Ag particles 

on the surface of the AgX substrate. Very recently, Mao et al. 
[64]

 have employed an 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



ultrasonic spray pyrolysis method to obtain Ag/AgX (X = Cl and Br) heterostructures. 

However, complex processes and harsh conditions are usually required using the 

methods mentioned beforehand. 

Electron beam irradiation in the transmission electron microscopy (TEM) can be 

used to produce and manipulate nanostructures 
[65–67]

. Our research group has presented 

an in situ method used to obtain Ag nanoparticles on the surface of a semiconductor, 

providing first principle calculations in conjunction with experiments and advanced 

characterization to gain a deep insight into the formation of Ag nanoparticles and the 

nature of the mechanisms provoked by electron beam irradiation 
[68–74]

. The formation 

process for Ag particles on AgCl crystals induced by electron beam irradiation has been 

previously reported 
[67]

, while Formo et al. have analyzed AgCl:Ag and AgCl 

mesocubes with edge lengths of up to 500 nm 
[75]

. Shi et al. have demonstrated that the 

growth of Ag nanoparticles is mainly related to the current density of the electron beam 

used 
[76]

. 

It is still a great challenge to obtain of Ag nanoparticle/AgX plasmonic 

photocatalysts via one-pot synthesis method. Making a breakthrough, it is essential to 

develop new techniques to produce metallic Ag nanoparticles on AgX materials in order 

to find new and innovative photocatalysis and ecofriendly agents. In this study, we 

present a complete new assessment of the formation of novel Ag nanoparticles/AgX (X 

= Cl, Br and I) composites using electron beam irradiation. X-ray diffraction (XRD), 

micro-Raman (MR) and ultraviolet-visible (UV-Vis) spectroscopies, photoluminescence 

(PL) emissions, together with field emission gun-scanning electron microscopy (FEG-

SEM), high resolution-transmission electron microscopy (HR-TEM), and energy 

dispersive X-ray spectrometry (EDS) were employed to characterize the as-synthesized 

samples. The photocatalytic performance during the photodegradation of Rhodamine B 
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(RhB) and toxicological activity of these composite materials against zebrafish have 

been investigated in detail. First-principles calculations, at the density functional theory 

(DFT) and quantum theory of atoms in molecules (QTAIM) levels, have been carried 

out to complement the experimental measurements. They were also performed in order 

to understand the chemical phenomena associated with the structural and electronic 

properties of Ag nanoparticles/AgX and, consequently, their photocatalytic and 

toxicological performance. In addition, the growth mechanism of the Ag nanoparticles 

on the surface of AgX has been discussed in detail. In particular, the main focus of the 

present work is three-fold: (i) to demonstrate that the synthesis of Ag 

nanoparticles/AgX (X = Cl, Br and I) composites, by electron beam irradiation, opens 

up the door to obtain, via a facile and one-pot synthesis novel, materials with enhanced 

photocatalytic and toxicological activity, (ii) to find a relationship among the 

photocatalytic and toxicological activity, and the structure, morphology and 

physicochemical properties of the Ag nanoparticles/AgX composites, and (iii) to 

propose a mechanism to explain and elucidate the photocatalytic activity and toxicity. 

This paper is organized as follows: In the next section, the synthesis, the 

characterization techniques, photocatalytic and biological measurements as well as the 

computational methods and model systems are described. Section 3 is devoted to the 

results and discussion. Finally, section 4 summarizes the results of the present work and 

draws conclusion. 

 

2. Experimental Section 

2.1. Synthesis 

AgX (X = Cl, Br and I) was prepared using a co-precipitation (CP) method. In a 

typical procedure two solutions were prepared: Solution (i) 110
−3

 mol of NaCl 
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(Aldrich, 99.0%), KBr (Aldrich, 99.0%), and NaI (Neon, 99.0%) dissolved in 40.0 mL 

of Milli-Q water in a beaker under magnetic stirring and solution (ii) 110
−3

 mol of 

AgNO3 (Cennabras, 99.8%) dissolved in 40.0 mL of Milli-Q water in a beaker. The 

resulting solutions were maintained at 30 °C and solution (ii) was added to solution (i) 

to form a precipitate. The precipitate was filtered, washed until pH neutral pH and oven-

dried at the synthesis temperature. The samples were irradiated with an electron beam 

using FEG-SEM Zeiss LEO 1550 at an energy of 5 kV for 5 min. 

2.2. Characterization techniques 

The samples were characterized using XRD on a D/Max-2500PC diffractometer 

(Rigaku, Japan) utilizing CuK α radiation (λ =1.54056 Å) in the 2θ range of 10–110° at 

a scan rate of 0.01° min
−1

. MR spectroscopy was carried out using an iHR550 

spectrometer (Horiba Jobin-Yvon, Japan) equipped with a charge-coupled device 

(CCD) detector and argon-ion laser (MellesGriot, USA) operated at 633 nm and 200 

mW. All spectra were measured in the wavenumber range of 50–400 cm
−1

. UV-Vis 

absorption spectra were recorded on a Varian Cary 5G spectrophotometer (USA) 

operated in diffuse reflection mode. PL spectra were measured using a Monospec 27 

monochromator (Thermal, Jarrel Ash, USA) coupled to a R446 photomultiplier 

(Hamamatsu Photonics, Japan). A krypton ion laser (Coherent Innova, 200 K, USA) (λ 

= 406 nm) was used as the excitation source with an incident potency of 44.5 mW. The 

morphology was analyzed using FEG-SEM on an FEI instrument (Model Inspect F50) 

operated at 5 kV. Microanalysis measurements were carried out in order to characterize 

the structural changes using high resolution-transmission electron microscopy (HR-

TEM) on a Jem-2100 LaB6 (Jeol) microscope operated at an accelerating voltage of 200 

kV coupled with EDS recorded on an INCA Energy TEM 200 (Oxford) instrument. 

2.3. Photocatalytic evaluation  
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The photocatalytic activity of the samples was tested during the degradation of 

Rhodamine B (RhB) (Aldrich, 95%) in an aqueous solution under visible light 

irradiation. First, 50 mg of each sample was dispersed in 50.0 mL of a 110
−5

 M RhB 

solution in a beaker and placed in an ultrasonic bath for 10 min (Branson, model 1510; 

frequency 42 kHz) to disperse the material into the solution. After this process, the 

solution was transferred to an open reactor with water circulation at a controlled 

temperature of 20 °C and left in the dark under stirring for 30 min to achieve an 

adsorption equilibrium. The solutions were then illuminated using six visible light 

lamps (Philips TL-D, 15 W) in a photocatalytic system and aliquots were withdrawn at 

predetermined times. The aliquots were centrifuged and the variation in the absorbance 

was recorded on a spectrophotometer (V-660 JASCO). 

2.4. Biological measurements 

Zebrafish (Danio rerio) were kept at approximately 28 °C with a 14h/10h 

light/dark photoperiod. The fish were fed twice-daily using dry commercial feed ad 

libitum and once daily with Artemianauplii. The embryos were supplied by Central 

Bioterio of the Federal University of São Carlos, where adult zebrafish were placed in 

breeding chambers using a female to males proportion of 1:2 the day before the 

embryos were needed 
[77]

. Spawning was induced in the morning when the light was 

switched on. The eggs were collected after 20 min of natural mating, and kept in Petri 

dishes with reconstituted water until the moment of exposure to the compound. 

The assay was based on the OECD Test Guideline 236 for Acute Toxicity in Fish 

Embryos 
[78]

. At 30 min post-fertilization time (hpf), the embryos were transferred to 10 

cm glass Petri dishes containing 25 mL of each treatment solution, corresponding to 

concentrations of 0.125, 0.25, 0.5, 1, and 2 mg/mL, respectively and then placed in an 

incubator at 28 ± 1.0 °C. After reaching 5 hpf, 20 viable embryos for each treatment 
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were selected and individually distributed in 24-well microplates (1 embryo/well) 

containing 1.0 mL of each test solution. In each plate, four wells containing 1.0 mL of 

culture medium and were used as an internal negative control. As the molecule was 

unstable in an aqueous medium, the medium was renewed daily. The embryos were 

observed after 5 hpf of exposure and then every 24 h under an inverted microscope 

ZEISS Primovert (Zeiss, MD, USA) when the following parameters were evaluated: 

Survival, somite formation, incidence of pericardial edema, cardiac, malformations 

(general, spinal, tail, and head), hatching, body length (total length: muzzle to tip of 

tail), yolk sac length, and developmental delay. The developmental delay was obtained 

by matching the stage of development of a given embryo with the stages of 

development defined by Kimmel et al. 
[79]

. 

2.5. Computational methods and model systems  

All calculations were carried out within the framework of density functional 

theory (DFT) as implemented in the Vienna Ab-initio Simulation Package (VASP) 
[80]

. 

The Kohn–Sham equations were solved using the hybrid functional proposed by 

Perdew, Burke, and Ernzerhof (PBE) and the electron–ion interactions described using 

the projector-augmented-wave pseudo potential 
[81]

. The plane-wave expansion was 

truncated at a cut-off energy of 520 eV and the Brillouin zones were sampled using 

Monkhorst–Pack special k-points grids to ensure geometrical and energetic 

convergence. The initial unit cell parameters and atomic positions were described 

according to the crystallographic information obtained from our experimental results. 

The AgX (X = Cl, Br and I) structures are formed from four units cell (Z = 4), 

with the exception of β-AgI, which is formed from two unit cells (Z = 2). In this way, to 

perform the electron addition study, it was necessary to normalize the number of 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



electrons per unit cell. Therefore, a 2 × 1 × 1 supercell model was constructed for the β-

AgI structure. 

The keyword NELECT was used to increase the number of electrons in the bulk 

structure and all the crystal structures were optimized after electron addition. The 

relationship between the charge density topology and elements of the molecular 

structure and bonding was developed by Bader through quantum theory of atoms in 

molecules (QTAIM) analysis, which is a well-recognized tool used to analyze electron 

density, describe interatomic interactions, and explain chemical bonding. 

 The different strong and weak interactions observed between two atoms can be 

determined unequivocally using QTAIM calculations. According to the standard 

QTAIM framework, concepts such as (3,−1) bond critical points (BCPs), their 

respective bond paths, and L(r) = −∇2ρ(r) maps can be used to reveal the nature of these 

interactions. 

 

3. Results and discussion 

3.1. X-ray diffraction (XRD) analysis 

The long-range structural order was investigated using XRD for all the samples 

studied. Figure 1 shows the XRD patterns of the samples synthesized via a CP method 

in water for AgCl, AgBr and AgI before and after electron beam irradiation. All the 

XRD patterns display well-defined peaks, indicating a high degree of crystallization and 

long-range structural order. 
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Figure 1. XRD patterns for the samples of (a) AgCl, (b) AgBr and (c) AgI before 

and after irradiation with electron beam. Index I refers to the irradiated material. 
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For AgCl, no long-range changes were observed to occur upon electron irradiation 

(Figure 1a). The samples have a cubic structure (a = 5.463 Å), belonging to the space 

group 𝐹𝑚3̅𝑚 with four molecules per unit cell (Z = 4), which was in accordance with 

the identification card in the Inorganic Crystal Structure Database (ICSD) (Nº 56538) 

[82]
. Similar behavior was observed for the AgBr samples (Figure 1b). It was observed 

that electron beam irradiation does not change the long-range behavior of the materials, 

which have a cubic structure (a = 5.772 Å) and belongs to the space group 𝐹𝑚3̅𝑚 with 

four molecules per unit cell (Z = 4). This was in accordance with the identification card 

in the ICSD (Nº 56546) 
[82]

. The cubic phase of both AgCl and AgBr were formed by 

octahedral [AgX6] clusters with coordination to six X = Cl and Br atoms, respectively.  

In the case of the AgI samples (Figure 1c), hexagonal (β-AgI) and cubic (γ-AgI) 

phases were observed, since β-AgI is only obtained in its pure form via compression of 

tetragonal or rhombohedral structured AgI 
[83]

. Both β-AgI and γ-AgI are made up of 

tetrahedral clusters with coordination to four I atoms [AgI4]. The hexagonal phase (a = 

4.592 Å and c = 7.510) belongs to the space group 𝑃63𝑚𝑐, with two molecules per unit 

cell (Z = 2), which was in accordance with the identification card in the ICSD (Nº 

15589) 
[84]

. The cubic phase (a = 6.499 Å) belongs to the space group 𝐹4̅3𝑚 with four 

molecules per unit cell (Z = 4), which was in accordance with the identification card in 

the ICSD (Nº 56552) 
[82]

.  

After electron beam irradiation, a decrease in the amount of the γ-AgI cubic phase 

and the disappearance of the [400] peak of the cubic phase were observed, while a 

higher intensity of the [11̅0], [11̅1], [012̅] and [103̅] peaks of the hexagonal phase (β) 

was also observed. This occurs because the electron beam can transfer energy to a given 

material, causing atomic displacements, the introduction of vacancies, defect formation, 

crystallization etc. to occur until stabilized phases are obtained under these conditions 
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due to a different arrangement of the atoms in the sample 
[68,85–88]

. In this case, the 

stabilization of the hexagonal phase with respect to the cubic polymorph was observed 

[89]
. It should also be noted that besides its high symmetry, the cubic phase is more 

compact than the hexagonal phase. The XRD results show that only a small region is 

irradiated by the electron beam, which causes the spontaneous displacement of the 

silver atoms, but does not destroying the long-range symmetry of the crystals. 

 

3.2. Micro-Raman spectroscopy 

MR spectroscopy was performed as a complementary technique to XRD in order 

to evaluate the short-range structural order/disorder in the samples. Figure 2 shows the 

MR spectra recorded for all the samples studied. It was observed that electron beam 

irradiation caused small deviations in the structure to occur over a short distance. In the 

AgCl structure, the Cl anions can be connected in two different ways, as bridging atoms 

linking two metallic atoms or as terminal atoms 
[90]

. For AgCl (Figure 2a), three Raman 

modes located at 60, 147 and 263 cm
−1

 were observed. The modes located at lower 

wavelengths (60 and 147 cm
−1

) are related to the Ag lattice vibrational modes 
[90,91]

. The 

mode located at 263 cm
−1

 is related to the stretching of the Ag−Cl bonds located at the 

terminal positions 
[90,91]

. Because it belongs to the same point group, the MR spectrum 

recorded for the AgBr samples is very similar to AgCl. Three modes were observed at 

63, 131, and 175 cm
−1

 for AgBr (Figure 2b). As-observed in AgCl, the low wavelength 

modes (63 and 131 cm
−1

) are related to the Ag lattice vibrational modes, and the mode 

at 175 cm
−1

 was related to the stretching of the Ag−Br bonds 
[91]

. 

Two Raman modes were observed at 83 and 103 cm
−1

 for the AgI samples 

(Figure 2c). These modes are associated with the β-AgI polymorph and related to its E2 

and A1 transitions, respectively 
[83,92]
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Figure 2. Micro-Raman spectra for the samples of (a) AgCl, (b) AgBr and (c) AgI 

before and after irradiation with electron beam. Index I refers to the irradiated material. 
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3.3. Optical properties: UV-Vis and photoluminescence spectroscopy 

The band gap energy (Egap) was calculated using the method proposed by 

Kubelka-Munk and Wood-Tauc 
[93,94]

. This principle is based on the transformation of 

diffuse reflection measurements and was used to estimate the Egap values with good 

accuracy within the limits of the premises when modeled in three-dimensions. The 

presence of the 4d levels of the Ag
+
 cations in the valence band (VB) causes a strong 

hybridization with the p levels of the halides (Cl and Br), resulting in an indirect gap 

transition with Egap values of 3.25 and 2.6 eV obtained for AgCl and AgBr, respectively 

[95]
. Differently from AgCl and AgBr, both AgI (β and γ) phases have a direct gap 

transition with Egap values of 2.91 and 3.69 eV obtained for β-AgI and γ-AgI, 

respectively 
[96]

. This happens because unlike AgBr and AgCl, AgI has a rock salt 

structure with a center of inversion of symmetry 
[96]

. 

The Egap values obtained for the samples are shown in Figure SI1 (see Supporting 

Information). It was observed that the Egap values obtained for the samples without 

electron beam irradiation are lower than those reported in the literature (2.83, 2.48, and 

2.71 eV for AgCl, AgBr, and AgI, respectively). This is due to a higher degree of 

structural disorganization in the materials prepared using the CP method. When the 

materials are subjected to electron beam irradiation, an increase in the Egap value of 

3.12, 2.67, and 2.97 eV for AgCl, AgBr, and AgI, respectively was observed, which is 

much closer to those reported in the literature 
[95,96]

. This increase was attributed to the 

higher degree of structural ordering in the materials, because when irradiated, the 

sample receives energy from the electron beam causing the electronic levels from 

defects in the prohibited band gap region to disappear, thus increasing the Egap value. 

These defects can be seen by the inclination of an Urbach tail 
[97]

 in the electronic 

transition, which is related to the distortions in the [AgXy] (X = Cl, Br and I, Y = 6 (for 
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Cl and Br) and 4 (for I)) clusters. In the case of AgI, the Egap value obtained for this 

sample is very close to that for the hexagonal phase (β-AgI) reported in the literature 

due to a decrease in the cubic phase (γ-AgI).  

PL measurements were performed in order to investigate the medium-range 

structural order and defects in the samples studied. Figure 3 shows the PL spectra of the 

irradiated and non-irradiated AgX (X = Cl, Br, and I) samples obtained using the CP 

method. For all the samples, a broad band emission in the visible light region was 

observed, which is typical for multiphonon processes. Therefore, the recombination 

process of the electron-hole (𝑒′- ℎ•) pairs occurs via several pathways due to the 

presence of intermediate energy levels within the band gap generated by the structural 

order-disorder effects, which are in a pre-excited state, leading to relaxation of the 

electron momentum via phonon emission on the lattice over a wide range of energy 
[98–

100]
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Figure 3. PL spectra for the samples of (a) AgCl, (b) AgBr and (c) AgI before and 

after irradiation with electron beam. Index I refers to the irradiated material. 
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For the irradiated samples, no change in the emission profile was observed in 

relation to the non-irradiated samples. Table 1 shows the relation of the deconvolution 

areas of the total emission curve using the Voight function. The AgCl samples were 

deconvoluted from the curves centered at wavelengths of 548.3, 601.8, and 653.3 nm; 

AgBr at 550.5, 601.0, and 646.0 nm; and AgI at 553.7, 608.2, and 646.0 nm. It was 

observed that the percentages of the deconvolution have small variations that are not 

significant, maintaining the permanence of the emission profile observed for the 

materials. A decrease in the intensity of the PL was observed when the sample was 

subjected to electron beam irradiation. Since the PL emission was attributed to the 

structural disorder, the decrease in the PL intensity is due to an increase in the degree of 

structural order, as observed by XRD and UV-Vis absorption spectroscopy. 

 

 Non-Irradiated Sample Irradiated Sample 

Wavelength (nm) λ = 548.3 λ = 601.8 λ = 653.3 λ = 548.3 λ = 601.8 λ = 653.3 

AgCl (%) 60.2 25.4 14.4 57.0 28.6 14.5 

Wavelength (nm) λ = 550.5 λ = 601.0 λ = 646.0 λ = 550.5 λ = 601.0 λ = 646.0 

AgBr (%) 50.6 29.7 19.7 57.6 25.9 16.5 

Wavelength (nm) λ = 553.7 λ = 608.2 λ = 646.0 λ = 553.7 λ = 608.2 λ = 646.0 

AgI (%) 56.7 27.9 15.4 57.6 27.8 14.6 

Table 1. Deconvolution of AgX (Cl, Br and I) samples irradiated and non-

irradiated with electron beam. 

 

3.4. Formation of Ag nanoparticles 

FEG-SEM was used to determine the morphology and structure of the samples. 

Figure 4 shows the SEM images obtained for the samples and their respective particle 

size distribution. It was observed that all the samples have deformed morphologies and 

exhibit a high degree of agglomeration, with only a small number of non-agglomerated 

particles. The particle size distribution shows that AgCl has a larger mean size of 1.013 

± 0.366 nm, followed by AgBr (0.653 ± 0.245 nm) and AgI (0.494 ± 0.157 nm).  
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Figure 4. FE-SEM images and size distribution for the (a-b) AgCl, (c-d) AgBr 

and (e-f) AgI samples. 

 

FEG-SEM was used to analyze the nucleation and formation processes of the 

metallic Ag nanoparticles in the different AgX (X = Cl, Br and I) samples. With the 

intention of uncovering the growth of the Ag
 
nanoparticles on the surface of the 

different materials, the interaction of a single particle with the electron beam was 

observed. Figure 5 shows this evolution from 0 to 5 min for the AgCl (Figure 5a–f), 

AgBr (Figure 5g–l) and AgI (Figure 5m–r) samples. The formation of small 

nanoparticles was observed for all the samples and was very similar to those obtained 

for silver oxides such as α-Ag2WO4 
[68]

, β-Ag2WO4 
[71]

, Ag2CrO4 
[101]

, β-Ag2MoO4  
[70]
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and β-AgVO3 
[102]

 when they come into contact with an electron beam at different 

voltages of acceleration. It is still possible to observe that the phenomenon is different 

for the three AgX materials studied. Due to the polarizing power of I
−
 being lower than 

Br
−
 and consequently Cl

−
, this causes the strength of the Ag−I bond to be weaker than 

that of Ag−Br and Ag−Cl. Thus, a smaller amount of Ag nanoparticles is observed on 

the surface of the AgCl sample, followed by AgBr, and the formation of Ag micro-AgI. 

It was also observed the number of Ag nanoparticles tends to increase with time due to 

the increased reduction of Ag
+ 

cations from the bulk to the surface and that all of the 

material is degraded during this process, forming the nAg/Ag1-nX (X = Cl, Br and I). 
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Figure 5. Growth of Ag nanoparticles under exposure to electron beam 

irradiation, at 5 kV in FE-SEM, during 1 to 5 minutes for the (a-f) AgCl, (g-l) AgBr and 

(m-r) AgI samples. 
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TEM-EDS was performed to characterize the Ag filaments. Figure 6 shows the 

results obtained for the AgCl (Figure 6a–c), AgBr (Figure 6d–f) and AgI (Figure 6g–

h) samples. The TEM images show that the formation of the Ag nanoparticles on the 

surface occurs after 30 s for all the materials studied. The time required to obtain the Ag 

nanoparticles during TEM analysis was lower because the acceleration voltage used in 

the equipment was significantly higher (200 kV). EDS analysis of the AgX materials 

(Figure 6c, 6f, and 6i) shows that the particles grown via electron beam irradiation are 

formed by Ag with only a few halides (Cl, Br and I) in their composition. This small 

concentration of halide is due to the interface formed between the Ag nanoparticles and 

the matrix. Therefore, as reported by Longo et al. 
[68]

, the formation of Ag nanoparticles 

occurs after electron beam irradiation of the AgX (Cl, Br and I) samples via the 

reduction of Ag in the semiconductor matrix. 
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Figure 6. TEM images of the growth of Ag nanoparticles under exposure to 

electron beam irradiation at 200 kV with EDS spectra for the (a-c) AgCl, (d-f) AgBr and 

(g-i) AgI samples. 

 

3.5. Theoretical results 

As mentioned previously, both AgCl and AgBr have a rock salt structure 

constructed from [AgX]6 (X = Cl and Br) clusters. γ-AgI is formed in a cubic form (zinc 

blend) and β-AgI in a hexagonal structure, both of which are composed of [AgI]4 

clusters 
[103]

. Figure 7 shows the AgX (X = Cl, Br and I) structures and it is important to 

notice that all of the structures are formed from four units cell, with the exception of β-

AgI, which is formed from two unit cells. 
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Figure 7. Unit cell representation for the rock salt structures of (a) AgCl and (b) 

AgBr, (c) the zinc blend structure of γ-AgI, and (d) hexagonal structure of β-AgI. 

 

Calculations on the electron injection were performed in order to understand the 

phenomenon caused by the electron beam on the AgX (X = Cl, Br and I) structures. For 

these calculations, up to 5 electrons were introduced into the [AgX]6 (X = Cl and Br) 

clusters and [AgI]4 clusters consisting of γ-AgI and β-AgI. The behaviors observed for 

the atomic charge, Ag−Ag and Ag−X (X = Cl, Br and I) bond lengths, and volume of 

the AgX (X = Cl, Br and I) structures as a function of the number of electrons (N) are 

illustrated in Figure 8. 
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Figure 8. (a) Atomic charge, q(Ω) (b) Ag−Ag and Ag−X (X = Cl, Br and I) bond 

lengths, and (c) volume of the AgX (X = Cl, Br and I) structures as function of the 

number of electrons (N). 
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An analysis of the Bader charge densities shown in Figure 8a reveals that both 

the Ag and X (X = Cl, Br and I) atoms have a tendency to receive electrons despite 

electron transfer occurring mainly on the Ag atoms. Therefore, at N = 3 the Ag atoms in 

the AgI structures are almost reduced (from 0.27e to 0.00e for γ-AgI and from 0.29e to 

0.01e for β-AgI), whereas the Ag atoms in the AgX (X = Cl, Br) structures exhibit a 

larger value of electron density (from 0.24e to 0.12e for AgCl and from 0.48e to 0.09e 

for AgBr). Figure 8b illustrates the evolution of the bond lengths observed for Ag−Ag 

and Ag−X (X = Cl, Br and I) as a function of N. These results show that the electron 

injection increases both bond lengths and, as a consequence, an expansion of the cell 

volume occurs, as illustrated in Figure 8c. From the Bader charge analysis, it was 

possible to calculate the charge of each [AgX6] cluster for AgCl and AgBr, and the 

[AgI4] cluster for γ-AgI and β-AgI; these values are shown in Table 2. 

 

N 
AgCl AgBr γ-AgI β-AgI 

[AgCl6] [AgBr6] [AgI4] [AgI4] 

0 -2,71 -2,41 -0,86 -0,86 

3 -5,10 -4,89 -3,00 -3,00 

5 -6,07 -4,08 -3,98 -4,01 

Table 2. Bader charge of the clusters into each AgX (X = Cl, Br, I) structure. 

 

From Table 2, we can see the [AgI4] clusters present a low electronic density 

during the neutral stage (N = 0), whereas the [AgCl6] and [AgBr6] clusters present a 

higher value of negative charge. The low electronic density in γ-AgI and β-AgI has, as a 

consequence, a higher hole density in their structure. So, the distribution of electron-

hole pairs in the structure is more efficient in this material, which will affect its 

properties, as will be shown below. 
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The calculation results for the charge density (ρbcp) at the (3,−1) bond critical 

points (BCPs), and the Laplacian of the charge density (∇2ρbcp) in the Ag−X bonds of 

the [AgX]6 (X = Cl and Br) and [AgI]4 clusters for β-AgI and γ-AgI are listed in Table 

3. The effect of electron injection to the AgX (X = Cl, Br, and I) structures produces a 

notable difference in the charge density values and Laplacian. Remarkably, the charge 

density and Laplacian values of the Ag−X bonds decrease when the electrons are 

injected into the structure, which indicates that these bonds become weaker, favoring 

the formation of metallic Ag from the clusters. This effect is more pronounced in the 

[AgI4] clusters of the γ-AgI and β-AgI structures, where the reduction process takes 

place first.  

 

 AgCl AgBr γ-AgI β-AgI 

 Ag−Cl Ag−Br Ag−I Ag−I 

N ρbcp ∇2ρbcp ρbcp ∇2ρbcp ρbcp ∇2ρbcp ρbcp ∇2ρbcp 

0 0.21 2.10 1.19 -15.68 0.71 -7.00 0.28 1.59 

3 0.03 0.24 1.20 -15.91 0.05 0.29 0.72 -6.66 

5 0.02 0.16 0.02 0.12 0.03 0.16 0.73 -7.84 

Table 3. Charge density at the (3,−1) bonds critical points (ρbcp) and its Laplacian 

(∇2ρbcp) in the Ag−X (X = Cl, Br, I) bonds as function of injection of electrons (N) into 

the structures. 

 

In this way, the electrons cause a structural change in all the AgX (X = Cl, Br and 

I) lattices and, as a consequence, the Ag−X (X = Cl, Br and I) bonds break and the 

clusters suffer distortions, generating ideal conditions for the growth of Ag 

nanoparticles on their surfaces. It is important to note that despite the structural 

differences in the γ-AgI and β-AgI polymorphs, both present the same behavior upon 

electron injection. Therefore, it is possible to conclude that the presence of the cubic 
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phase in the AgI sample does not affect the properties, despite the disappearance of the 

phase after electron beam irradiation, which was observed experimentally. 

Figure 9 presents the two-dimensional charge density maps associated with the 

interaction between the bonds of the Ag and X (X = Cl, Br and I) atoms in the AgX (X 

= Cl, Br and I) structures, considering the neutral state (N = 0) and the addition of 5 (N 

= 5) electrons. The isolines around the atoms specify the concentration of high and low 

charge density zones. From the analysis of the results displayed in Figure 9, it is 

possible to see that prior to electron injection (N = 0), the isolines are equally distributed 

between the atoms in all the structures, whereas after electron injection (N = 5), the 

same isolines are distributed more close to the Ag nuclei. This result confirms the Bader 

charge analysis. 
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Figure 9. 2D charge density maps obtained for the AgX (X = Cl, Br and I) 

structures as a function of the number of electrons (N), in which is illustrated the results 

for N = 0 and N = 5 for: (a) AgCl, (b) AgBr, (c) γ-AgI, and (d) β-AgI. 
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3.6. Photocatalytic property 

The photocatalytic activity of the non-irradiated AgX (X = Cl, Br and I) and 

irradiated AgX-I (X = Cl, Br and I) samples were investigated during the degradation of 

RhB under visible light irradiation. RhB shows a characteristic peak located at 556 nm 

relative to the xanthene ring, which is its conjugated chromophore 
[104]

 that under goes a 

hypochromic displacement of absorption due to the action of light via de-ethylation of 

the N,N'-diethylammonium functional groups 
[105]

. Aliquots were collected at different 

times (0, 2, 4, 6, 8, 10, 15, 20, 25, 30, 40, 50, 60, 75, and 90 min) during the exposition 

of visible light irradiation, which were analyzed using UV-Vis spectroscopy. The results 

are shown in Figure SI2. The variations in the concentration of RhB (C/C0) versus 

irradiation time when in contact with the samples and the –ln of the variation in the 

concentration (C/C0) of RhB versus irradiation time are shown in Figure 10, where C is 

the concentration at time t (min) and C0 is the initial concentration. 
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Figure 10. Relative concentration of RhB dye (C/C0) versus time (min) and 

reaction kinetics of RhB degradation -ln(C/C0) versus time (min) of the (a-b) AgCl, (c-

d) AgBr and (e-f) AgI sample. Index I refers to the irradiated material. 

 

For the non-irradiated materials, it was observed that the photocatalytic efficiency 

of AgCl was 61% and when irradiated with the electron beam this increased to 83%. 

Similar behavior was also observed for AgBr with the photocatalytic efficacy of the 
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material against RhB increasing from 68 to 85%. For AgI, the increase was not as 

significant (from 86 to 91%), since it already exhibits a very high photoactivation 

activity against RhB. An analysis of the results of Figure 10 renders that the rate 

constant, corresponding to the slope of –ln (C/C0) versus time for non- and irradiated 

samples, increases from 1.07×10
−2 

to 2.18×10
−2

 for AgCl and 1.14×10
−2 

to 2.09×10
−2

 

for AgBr, respectively, while increases slightly from 2.29×10
−2

 to 2.56× 10
−2

 at non – 

and irradiated sample of AgI. 

Many studies have shown that reactive oxygen species (ROS), such as hydroxyl 

radicals (OH
*
), singlet oxygen (

1
O2), and hydroperoxyl radicals (HOO

*
), are responsible 

for the photocatalytic activity of semiconductors, which are photo-induced by holes and 

electrons (ℎ• and 𝑒′, respectively) 
[106–108]

. According to Rehan et al. 
[109]

 and Ma et al. 

[110]
, silver halides have the capacity to produce all reactive oxygen species, in addition 

to their photo-inducers. Therefore, for these materials, the generation of oxygen species 

follows the mechanism shown below (eq. 1–3): 

[𝐴𝑔𝑋𝑦]
𝑜

𝑥
+ [𝐴𝑔𝑋𝑦]

𝑑

𝑥
→ [𝐴𝑔𝑋𝑦]

𝑜

′
+ [𝐴𝑔𝑋𝑦]

𝑑

•
     (eq. 1) 

[𝐴𝑔𝑋𝑦]
𝑑

•
+ 𝐻2𝑂 → [𝐴𝑔𝑋𝑦]

𝑑

𝑥
+ 𝑂𝐻∗ + 𝐻•     (eq. 2) 

[𝐴𝑔𝑋𝑦]
𝑜

′
+ 𝑂2 → [𝐴𝑔𝑋𝑦]

𝑜

𝑥
+ 𝑂2

′       (eq. 3) 

where X = Cl, Br, and I, and y = 6 for Cl and Br, and 4 for I. The superscripts means: 𝑥 

= neutral charge; ′ = electron and  = hole, according to the Kröger-Vink notation and 

the subscripts 𝑜 and 𝑑 means ordered and disordered, respectively. 

When metallic Ag nanoparticles are on the surfaces of the AgX materials, a 

Schottky barrier is established at the interface between Ag
 
nanoparticles and AgX. The 

Fermi level of the Ag
 
nanoparticles is higher than that of AgX 

[111]
. When the Ag/AgX 

photocatalyst is irradiated with visible light, the free electrons in the lowest unoccupied 

orbital of Ag
 
nanoparticles are excited to higher energy states due to the SPR effect  
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[112]
. Therefore, the free electrons can easily transfer to the CB of AgX and are then 

trapped by surface-absorbed oxygen molecules or water to form 
1𝑂2 or 𝑂𝐻∗ 

[113]
. 

Meanwhile, the ℎ• in the highest occupied orbital of Ag
 
nanoparticles

 
cannot only 

directly oxidize organic dyes such as RhB, but can also be transferred to the AgX 

surface and cause the oxidation of X
−
 to X

0
. Because X

0
 is a reactive radical species, 

RhB can be oxidized by X
0
 and hence it is reduced back to X

−  [48,55]
. Therefore, the 

Ag/AgX photocatalyst slows down the recombination process between the ℎ• and 𝑒′, 

maintaining the stability in the photocatalytic process. In summary, the SPR of 

uniformly distributed Ag nanoparticles, the quality of AgX, and well-defined interface 

between Ag
 
nanoparticles and AgX can be assumed to enhance the photocatalytic 

efficiency and stability.  

Based on the above analysis, we proposed the photocatalytic mechanism for the 

Ag nanoparticle/AgX materials using the Z-scheme shown in Scheme 1. The 

photocatalytic process can take a place in the three following steps; i) Firstly, the Ag 

nanoparticles generated upon electron beam irradiation absorb visible light for creating 

charge-separated  ℎ• and 𝑒′ via the SPR effect, and the energy of these electrons can be 

excited to ~2.95 eV above their Fermi level; ii) redox equivalents (mobile electrons and 

holes) are generated and subsequently migrate to catalytic centers. Then, the energetic 

electrons in the Ag nanoparticles overcome the Schottky barrier at the metal–

semiconductor interface allowing electron transfer to occur to the conduction band of 

AgX, leaving energetic holes in the Ag metal, i.e. the holes formed on the Ag
 

nanoparticles recombine with the photoinduced electrons from the AgX semiconductor. 

iii) redox equivalents which in turn interact with substrates at the reactive centers. Thus, 

the hot electrons in the semiconductors will drive the reduction reactions and the hot 

holes in the metal will drive the oxidation reactions. Then it could be ascribed that, an 
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excellent photocatalyst must be strong absorber of sunlight, exhibit a long lifetime of 

excited state, high yield of charge separated states, and characterized by good charge 

mobility. 

As shown in Scheme 1, there is an electron flow between the metallic Ag and the 

VB of AgX that combine with the holes in Ag. Therefore, a large number of electrons 

are accumulated on the surface of the Ag
 
nanoparticles and the photo-generated 

electrons capture 𝑂2 to generate 𝑂2
′ , i.e. the absorbed molecular oxygen can be easily 

reduced to 𝑂2
′  at the solid interface of the catalyst by the photo-generated hot electrons. 

Moreover, it also can be transformed into 𝐻2𝑂2 and then form into 𝑂𝐻∗ through multi-

step reduction reactions. The maintained photogenerated holes of the Ag nanoparticles 

with high oxidation ability can directly react to decompose 𝐻2𝑂 into 𝑂𝐻∗ and 𝐻•. The 

remaining holes can directly oxidize 𝑂2
′  into 

1𝑂2, which is crucial for the photocatalytic 

degradation process. Therefore, 
1𝑂2, 𝑂𝐻∗ and 𝐻• are responsible for the 

photodegradation processes of pollutants. The complete mechanism involving the 

different electron transfer processes of the hot charge carriers can be summarize as 

follows (eq. 4-10): 

𝐴𝑔𝑋 + ℎ𝜈 → 𝐴𝑔𝑋 (𝑒′ + ℎ•)       (eq. 4) 

Plasmonic Ag nanoparticles → Enhanced charge separation (e′ + h•) (eq. 5) 

𝑂2 + 𝑒′ → 𝑂2
′          (eq. 6) 

𝐻2𝑂 + ℎ• → 𝐻• + 𝑂𝐻∗       (eq. 7)  

𝐻• + 𝑂2
′ →  𝑂2𝐻∗        (eq. 8) 

𝑂2
′ + ℎ• → 1𝑂2          (eq. 9) 

𝑂2𝐻∗ + 𝑂𝐻∗+1𝑂2 + Pollutants → Degradation products                      (eq. 10) 

In general, the efficient Z-scheme heterojunction can optimize the redox ability of 

the photocatalyst and lead to superior photocatalytic performance 
[114,115]
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Scheme 1. Schematic energy band alignment diagram (within the Z-scheme) for 

the proposed photocatalytic mechanism of Ag nanoparticles/AgX (X = Cl, Br and I). 

 

In order to evaluate the photocatalytic stability against RhB, four photocatalytic 

cycles were performed reusing the materials. Figure 11 shows the results obtained. For 

all materials, irradiated or not, a decrease in the linear photocatalytic activity was 

observed, which was more pronounced for AgBr and AgCl. This decrease in the 

photocatalytic activity was due to the structural and morphological changes that occur in 

Ag-based materials due to the degradation in their composition during the formation of 

other species. This happens because semiconductors that present an Egap in the near-

ultraviolet region, which are more susceptible to photocorrosion, and causes the active 

sites of the materials to be covered by the new species produced during the 

photocatalytic process 
[116]

. 
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Figure 11. Recycling runs for RhB photodegradation over the (a) AgCl, (b) AgCl-

I, (c) AgBr, (d) AgBr-I, (e) AgI and (f) AgI-I samples under visible light irradiation. 

 

3.7. Zebrafish tests 

Fish models have been frequently used to test the toxicity and environmental risks 

of materials because they can be used to evaluate important parameters such as the 

mortality, compartment alterations, defects, and modifications in tissues, cells, and 

genetic material under controlled conditions, from which it is possible to predict their 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



adverse effects 
[117]

. As shown in previous work 
[118]

, some material characteristics, such 

as the particle sizes, morphology, and solubility, may be the main causes of the different 

forms of interaction with biological molecules, such as membrane proteins and genetic 

material. For this purpose, the toxicity of some materials has mainly been related to the 

dispersion capacity of Ag nanoparticles in an aquatic environment because at low doses, 

Ag nanoparticles can exhibit algicidal, fungicidal, and bactericidal properties 
[119]

. In our 

study, the AgCl, AgBr and AgI samples were tested because their widespread use by 

industry and discharge into the environment may have an impact on a wide variety of 

aquatic organisms as well as human health 
[120,121]

. 

In the present work, the toxicity of the non-irradiated and irradiated AgCl, AgBr 

and AgI samples were analyzed upon being exposed to zebrafish embryos for 120h at 

concentrations of 0.125, 0.25, 0.5, 1, and 2 mg/mL. The embryo survival data were 

recorded every 24 h of exposure to the samples and verified in the presence of the 

following morphological changes: Somite formation, the incidence of pericardial 

edema, heartbeat, malformations of the spine, tail, and head, body length from muzzle 

to the tip of the tail, yolk sac length, and developmental delay. 

For the AgCl (Figure 12a), AgCl–I (Figure 12b), AgBr (Figure 12c), and AgBr–

I (Fig. 12d) samples, the embryonic survival did not exceed the first 5 h of exposure, 

causing 100% mortality. When exposed to the AgI (Figure 12e) and AgI–I (Figure 12f) 

samples at all the concentrations tested, the embryos remained viable after 120 h of 

exposure, the survival rates were equivalent to the control group, and there were no 

morphological changes (Figure 13). 
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Figure 12. Impact on the development of zebrafish embryos exposed for 5 hours 

in the respective samples. (a) AgCl; (b) AgCl-I; (c) AgBr; (d) AgBr-I; (e) AgI; (f) AgI-I 

(g-h) control. 
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Figure 13. Development of zebrafish embryos exposed to higher concentrations 

of AgI and AgI-I at 24, 48, 72, 96 and 120 hours times, respectively. 
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The results obtained in relation to the survival rate of the embryos may be related 

to the solubility to the materials. According to Lee et al. 
[122]

, the high solubility of 

certain materials may lead to the release of Ag nanoparticles, which allows their entry 

through the channels of the chorion in zebrafish embryos and thus, produce detrimental 

effects on embryonic development. The AgCl and AgBr materials show high toxicity 

toward the embryos (100% mortality) because at low concentrations in water they 

display greater solubility when compared to AgI [AgCl (1.77  10
–10

) > AgBr (5.35  

10
–12

) > AgI (8.52  10
–17

)] 
[123]

, which was in accordance with the results obtained by 

Lee et al. 
[122]

. The results presented for the three samples are equivalent to the samples 

irradiated with electrons, suggesting that electron beam irradiation did not alter the 

effects caused by the materials analyzed. 

As shown in Figure 12a–b, AgCl in both its non-irradiated and irradiated forms 

showed toxicity toward the embryos. Groh et al. 
[124]

, also observed similar results when 

analyzing zebrafish embryo exposure under the influence of Cl
–
 on Ag

+
 availability. 

According to the authors, a high Cl
–
 content in the medium dramatically increased the 

toxicity of the sample, limiting the viability of the organisms studied. Recently, Iniyan 

et al. 
[125]

 also studied zebrafish embryos exposed to AgCl and demonstrated that a 

1000-fold lower dose of the concentration used in this study was able to cause 

neurological, cardiac, and yolk sac damage, which indicated that significantly smaller 

amounts of AgCl are sufficient enough to influence the development of the embryos. 

Although chlorine is present in the aquatic environment and exerts a number of 

biological functions, such as ion exchange through the chlorine channels in fish 
[126]

, 

increasing the concentration of chloride in the aquatic environment can result in osmotic 

stress 
[127]

 and, in turn, requires the excessive energy expenditure of organisms, which 

can lead to death. 
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In addition to AgCl, the AgBr samples showed highly toxic to zebrafish embryos 

(Figures 12c–d). Due to the lack of information in the literature on the analysis of this 

material in aquatic organisms, to the best of our knowledge, AgBr presents a biological 

action similar to that of AgCl, since both materials cause the mortality of zebrafish 

embryos in the first few hours of exposure.  

Our results suggest that AgCl and AgBr may affect the embryonic development of 

zebrafish. As both cause high embryo mortality in the first few hours of exposure, it is 

clear that preventive measures should be taken in relation to the release of these 

materials into the environment in order to avoid risks to wildlife and human health. 

Among the samples tested, AgI presents the lowest solubility in aqueous solutions 

[123]
 representing a source low in Ag

+
 and I

–
, making it biologically unavailable in the 

environment and therefore much less toxic or even non-toxic to a variety of species of 

terrestrial and aquatic animals 
[128,129]

. Since the AgI samples showed no toxicity to the 

zebrafish embryos, analyzes were required to obtain information on possible tissue 

damage caused by the sample. In the cell death assay using acridine orange and 

ethidium bromide (AO/EB), we observed that larvae obtained after 120 h of exposure to 

the AgI sample did not present tissue death due to apoptosis or necrosis (Figure 14). 

This result was in accordance with those previously reported 
[128]

, confirming that the 

AgI samples do not exhibit toxicity toward the embryos, since they were not able to 

cause damage to vital tissues and, consequently, to cause death.  
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Figure 14. Cell death assay (apoptosis and necrosis). The figure shows that 

exposure of (a) AgI and (b) AgI-I after 120 hours does not cause death to vital tissues in 

zebrafish larvae. (c) Presents a zebrafish larvae control. 

 

4. Conclusions 
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Manipulating the electronic structure of a semiconductor is an ideal approach for 

the exploration and development of new photocatalysis and low toxicity agents. In this 

paper, we report the synthesis of Ag nanoparticle/AgX (X = Cl, Br and I) composites by 

electron beam irradiation, which as far as we know is the first time this has been carried 

out. First-principles calculations, at the DFT and QTAIM levels, were employed to 

reveal the nature of the formation of the Ag nanoparticles under electron beam 

irradiation. From our calculations, a Z-scheme photocatalytic mechanism has been 

proposed based on photo-induced charge separation and transfer. By combining the 

experimental and theoretical results, an in-depth understanding of their photocatalytic 

performance during the photodegradation of Rhodamine B and toxicological activity 

against zebrafish is presented. The outstanding properties benefit from the high 

dispersion of Ag nanoparticles and enhanced interactions between the Ag nanoparticles 

and the AgX semiconductor. This work opens up a new avenue for the one-pot 

synthesis of new photocatalytic and low toxicity materials that are highly effective and 

yet not toxic to the environment, thus closing a sustainable cycle of the process of 

degradation of organic pollutants. It also provides a deeper insight not only allowing us 

to explain the mechanism of these activities, but also to contribute to the rational design 

of new materials for multifunctional applications. 
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