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Abstract—X-ray diffraction and thermal analyses, electron microscopy, and dynamic light scattering have
been employed to study silver bromide nanoparticles obtained by the mechanochemical exchange reaction
NaBr + AgNO; + zZNaNO; = (z + 1)NaNO; + AgBr in sodium nitrate matrix (diluent and side reaction
product) at z = z; = 8.06 and z = z, = 4.31. AgBr nanoparticles have been obtained in the free form by dis-
solving the matrix in water, and their activity in the photodegradation of methylene blue dye has been studied.

DOI: 10.1134/S1061933X16040190

INTRODUCTION

Nanoparticles of silver bromide (AgBr NPs [1—
17]) and a product of its partial reduction (AgBr@Ag
NPs [18—25]), nanocomposites based on them
(AgBr/Ag@C, where C = Ag;PO, [26—30], BiOBr
[31, 32], Bi,0,CO; [33], Bi,WO, [34], WO, [35, 36],
Fe(II1) [37], Fe;O, [38], ZnFe,O,4 [39], ZnO [40],
K4NbeO,; [41], K,Ti,Og [42, 43], TIO, [44—47], g-C;N,
[48—50], modifications of carbon [51, 52], and sili-
cates [53—55]), and hierarchical hybrid nanostruc-
tures (AgBr/Ag@C/S, where C/S = TiO,/apatite [56],
Ag;PO,/TiO, [57], Ag;PO,/Fe;0, [58], SiO,/Fe;0,
[59], SiO,/y-Fe,0; [60], and graphene derivatives
[61—63]) are promising materials to be used in differ-
ent fields of science and technology.

Their catalytic properties relevant to the redox pro-
cesses on interfaces (phenomena of plasmon [21, 22,
32, 63, 64] and semiconductor [21, 65—67] photoca-
talysis) are most in demand. They are used as catalysts
for photodegradation of methylene orange [11, 19, 25,
26,29-31, 35, 37, 38, 48, 50, 54, 57, 58], azo dyes [22,
44], methylene blue [24, 29, 33, 40, 53, 62], acid
orange 7 [27, 59, 60], rhodamine B [28, 30, 32, 33, 39,
41-43, 50, 68], reactive red 120 [46], phenols [27, 52],
organic contaminants [22, 63], human cancer cells
[45], and bacteria and microorganisms [22, 23, 34, 44,
47, 56]. Their application for hydrogen generation [9],
separation of gases [10], and CO, conversion into
hydrocarbons [28, 51] should also be noted. In addi-
tion, they are known to possess luminescent properties
[3, 61].

Almost all methods available for producing nano-
particles of AgBr and its derivatives are solution-based:
ion exchange accompanied by precipitation, copre-
cipitation, and reduction (AgBr to Ag). Silver nitrate

and bromides of alkali metals are, as a rule, used as ini-
tial reagents. In addition, the following compounds
are widely applied: cetyltrimethylammonium bromide
used as a source of Br~ ions and a surfactant [5—8, 11,
30, 45, 51]; other surfactants [4, 13]; polymers [2, 10,
23], including polyols [1, 18, 24] and polyelectrolytes
[11, 20]; and products obtained from tissues of animals
[4, 16] and plants [20]. “Nanoreactors” are frequently
used for realization of the solution-based methods.
Aqueous—organic microemulsions [7, 8, 48]; mem-
branes [10]; and meso- and nanoporous natural sili-
cates [53—55, 68], e.g., attapulgite [68], should be
noted as such systems. Moreover, the synthesis pro-
cesses are activated by heating under pressure (hydro-
and solvatothermal methods [22, 40, 49, 60]), electro-
chemical methods [4, 61], and ultrasonic [1, 12, 20,
52, 57] or microwave [20, 41, 42] radiation. Occasion-
ally, AgBr NPs are produced by reactions in suspen-
sions [16, 17], the sol—gel method [47], crystal grow-
ing [3], from films [14, 19], and via the solid-phase
synthesis [9, 25].

The AgBr NPs synthesized in the majority of the
cited works had spherical [6, 16, 17, 25, 30, 60] or
cubic [11, 15, 25, 29] shapes. However, such nanopar-
ticles and composite structures based on them may
also be produced as porous spheres [1, 16], plates [11,
18, 36], tubes [19], wires [11, 19], rods [6, 40, 57], and
magnetic particles [38, 39, 58—60].

As applied to the subject of this article, it should be
noted that, in contrast to silver chloride and iodide
nanoparticles, AgBr NPs have not been produced by
mechanochemical methods. Mechanochemical syn-
thesis of AgCl and Agl NPs has been described in
detail in [69, 70]. In particular, it has been shown that
they may be obtained by attrition in a mortar [69] and
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mechanical activation (MA) in ordinary [69] and
planetary-type [70] mills.

Asin [69, 70], the dilution method was used in this
work for mechanochemical synthesis of AgBr NPs via
reaction NaBr + AgNO; + zNaNO; = (z +
1)NaNO; + AgBr, while the values of dilution param-
eter z were calculated by the following formulas [71]:

z1 = pslpaM, —0.0937p,M,]/0.0937p,p, M5 = 8.06, (1)
2 =2.28p5(p, M, + piMy)/pipoM; =431, (2)

where M;and p; are the molecular masses and densities
of the reagents (i = 1, NaBr, M, = 102.89, p, =
3.21 g/cm?; i =2, AgNO,, 169.87, 4.35) and the dilu-
ent (i = 3, NaNO;, 84.99, 2.26). Formulas (1) and (2)
were derived based on the trimodal particle size distri-
bution and the hardness values of the reagents and the
diluent: the harder particles “cut” the softer ones,
thereby transferring them into the octahedral and tet-
rahedral cavities. When the diluent material is hardest,
the z value obtained by Eq. (1) must be used. When the
diluent material is softest, the z obtained by Eq. (2)
may be applied. Unfortunately, we had not found
AgNO; hardness in the literature; therefore, the
experiments were carried out at both z =z, and z = z,.

EXPERIMENTAL

MA was performed in a 2SL steel two-cylinder
water-cooled planetary-type mill (Russia) with a cyl-
inder volume of 250 cm?. Balls with a diameter of
0.673 cm and a weight of 1.245 g were used. Experi-
ments were carried out at z = z; and z = 2, in
cylinders 1 and 2, respectively. The weight (number) of
the balls and the weighed portions of the charge in the
cylinders after their balancing were as follows: for
no. 1, 280.15 g (225) and 10.013 g; for no. 2, 277.49 g
(223) and 8.024 g. The ratios between the weights of
balls and samples were 280.15/10.013 =~ 28 and
277.49/8.024 = 35 for cylinders 1 and 2, respectively.

The MA regime was as follows. MA was performed
for 7 min at a cage rotation rate of 210 and for 7 min at
280 rpm; then, the cylinders were opened and
recharged. After that, MA was carried out for 7 min at
350 rpm and 7 min at 420 rpm; then, samples were
taken. The total MA duration was 28 min.

The X-ray diffraction (XRD) analysis was per-
formed with a D8 ADVANCE diffractometer (Bruker
AXS) using monochromatic radiation of copper at a
scanning step of 20 = 0.02° and a data accumulation
time at one point of 1 s. The angular positions and
intensities of reflections, as well as the phase composi-
tions of the samples were determined by processing the
XRD data using the EVA.exe, RIR (Reference Inten-
sity Ratio), and PCPDFWIN software, as well as the
PGF-2 database (see also [69, 70]).

Thermal analyses (thermogravimetry (TG) and
differential scanning calorimetry (DSC)) were carried
out under nitrogen with a NETZSCH 449F3A-
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0372 M instrument at temperatures up to 1000°C and
a heating rate of 10 K/min.

The morphological features and sizes of nanoparti-
cles were determined using a JEM-1011 transmission
electron microscope (TEM) (JEOL, Japan) equipped
with a Morada digital camera (OLYMPUS). Samples
(10 mg) were placed into ampules with hexane (3 mL),
and one droplet of the resulting suspension was
applied onto standard collodion-coated copper grids.
TEM images were obtained with a resolution up to
5 nm at an accelerating voltage of 100 kV.

The size distribution of AgBr nanoparticles was
determined by dynamic light scattering (DLS) with a
Zetasizer Nano ZS90 instrument (Malvern, United
Kingdom). Powdered samples removed from the cyl-
inders after MA had been completed were studied.
Fairly well reproducible results were obtained when
1 mg of a powder was dispersed in 10 mL of water.

AgBr nanoparticles were separated from the diluent
(NaNO;) matrix by washing with water as follows:
samples (=500 mg) were dissolved in water (10 mL) in
glass centrifuge tubes. Powders resulting from triple
decanting were dried at 85°C.

The kinetics of methylene blue photodegradation
in the presence of the obtained powders was studied
spectrophotometrically by measuring the optical den-
sitie of dye solutions at a wavelength of 665 nm as a
function of the time of their irradiation by sunlight.

RESULTS AND DISCUSSION

Let us consider the properties and characteristics of
the products resulting from the mechanochemical
synthesis.

X-ray Diffraction Analysis

The results of the XRD analysis of MA products are
presented in Fig. 1. It can be seen that reactions (1)
and (2) have been completed, because only the lines
attributed to the desired product (AgBr) and diluent
(NaNO,) are present. The processing of the diffrac-
tion patterns has yielded the following data: at z = z;
(Fig. 1a), the sample contains NaNO; (82.1%) and
AgBr (17.9%), with the crystal size being L = 70 nm;
at z = z, (Fig. 1b), NaNO; (73.0%), AgBr (27.0%),
and L = 73 nm. The intensity ratio between the maxi-
mum reflection lines for NaNO; and AgBr in Figs. 1a
and 1b is close to the z,/z, ratio, as in [70].

Thermal Analysis

In addition to the XRD data, Fig. 2 shows the
TG/DSC curves for samples resulting from the MA
reaction. The analysis of the DSC curves demonstrates
that the samples exhibit the thermal effects of the same
two substances. AgBr is characterized by a phase tran-
sition at ~260°C and a melting temperature of
~425°C, while NaNOj has a melting temperature of
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~305°C. According to the TG data, a noticeable mass
loss begins to be observed above 500°C due to the
decomposition of NaNO; and evaporation of AgBr,
while, at 1000°C, it reaches 72.12% at z = z, (Fig. 2a)
and 57.75% at z = z, (Fig. 2b).

Let us perform some calculations. At z = z;, the
decomposition of NaNO; to Na,O and the complete
evaporation of AgBr would result in a mass losses of
58.62 and 19.61%, respectively, while, at z = z,, they
would be 51.50 and 29.38%, respectively. On the
whole, they come to 78.23% (z = z;) and 80.88% (z =
Zp)- In the first and second cases, the differences
between the calculated and experimental values are
78.23% — 72.12% = 6.11% and 80.88% — 57.75% =
23.13%, respectively. It is clear that sodium oxide
completely remains preserved in the crucibles because
of its high thermal stability. Hence, by analogy with
AgCl1[70], we may believe, that the excess mass loss of
the samples resulting from the MA reaction is due to
the evaporation of silver bromide alone: 72.12% —
58.62% = 13.5% (Fig. 2a) and 57.75% — 51.50% =
6.25% (Fig. 2b). The inflections in the TG curves also
confirm the existence of two mechanisms responsible
for the mass loss of the synthesized samples.

Transmission Electron Microscopy

TEM micrographs of the samples resulting from
the MA reaction are shown in Fig. 3. In the sample
synthesized at 7 = z;, the sizes of the majority of AgBr
nanoparticles lie in a range of 10—90 nm; however,
larger particles (up to 200 nm) are also present. The
nanoparticle size distribution of the sample synthe-
sized at z = g, is narrower and corresponds to a range
of 30—80 nm (see the fragment of the micrograph in
the insert to Fig. 3). At the same time, it can be seen
that the nanoparticles are almost spherical.

Dynamic Light Scattering

Figure 4 presents AgBr nanoparticle size distribu-
tion histograms obtained from the DLS data. These
histograms show the dynamics of variations in the dis-
tribution of the particles in their aqueous dispersion.
At 7 = z,, the average particle size at the initial moment
of measurements was 92 nm (Fig. 4a), while, already
in =2 min, it appeared to be 119 nm (Fig. 4b). At the
higher nanoparticle concentration (7 =z,), the average
particle size was 168 nm already at the initial moment
of the measurements (Fig. 4c). Note that, in order to
prevent nanoparticles from fast coagulation, the mea-
surements were carried out in highly diluted systems,
i.e., near the limit of the instrument sensitivity; there-
fore, nanoparticles with very small or large sizes
remained, possibly, unrecorded, if their contents
were low.
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Fig. 1. Results of XRD analysis of samples resulting from
MA performed in a range of 20 = 20°-50°: z; = (a) z; =
8.06 and (b) z, = 4.31. Reflection assignment: (/) NaNO;
(PDF 79-2056) and (2) AgBr (PDF 79-149).

Isolation of Free Nanoparticles

Figure 5a shows the XRD data on the sample
resulting from washing a product of the MA reaction
performed at z = z,. Only the AgBr phase can be seen
with crystallite size L = 63 nm (compare with the data
for reference AgBr in Fig. 5b). Nearly the same size
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Fig. 2. Results of thermal analysis for samples obtained by MA at z = (a) z; and (b) z,.

L = 60 nm has been obtained by processing the XRD
data on the sample synthesized at z = z;.

It may be stated that the sizes of the coherent-scat-
tering regions for free AgBr particles are comparable
with those for particles in the diluent matrix (Fig. 1)
and with the particle sizes in TEM micrographs
(Fig. 3), as well as those obtained by DLS (Fig. 4a).

When storing and studying the obtained samples,
we made efforts to prevent them from the action of vis-
ible light. However, according to the published data,
the photocatalytic activity of AgBr@Ag NPs is higher
than that of AgBr NPs. Therefore, AgBr NPs were fur-
ther washed without protection from sunlight. The
TEM micrograph of such AgBr NPs synthesized at z =
z; is shown in Fig. 6. It can be seen that nanoparticles
No. 4
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the inset. (b)
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Moreover, very small individual AgBr and Ag nano-
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have been reported in [22, 32, 48, 72—74].
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photocatalytic activity (the dye is completely decom-
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the same time (curve 7).
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CONCLUSIONS Fig. 4. AgBr nanoparticle size distribution histograms

. . plotted from the DLS data: (a) z =z, initial measurement,

The p.I‘OduCtIOI’l methoqs and properties of AgBr (b) measurement carried out in 106 s, and (c) z = z,, initial
nanoparticles and composites based on them have measurement.
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Fig. 5. Diffraction patterns measured for different silver bromide samples: (a) after washing with water a sample obtained by MA
at 7 = zp and (b) reference AgBr sample (PDF 79-149).

been briefly reviewed. It has, for the first time, been ACKNOWLEDGMENTS
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Silver bromide nanoparticles have been synthe-
sized via the NaBr + AgNO; + zNaNO; = (z +
1)NaNO; + AgBr reaction in a diluent (NaNO;)
matrix at two theoretically calculated values of dilu-
tion parameter z= z; = 8.06 and 7 = z, = 4.31 by
mechanical activation of mixed salts in a water-cooled
steel planetary-type ball mill.

X-ray diffraction and thermal analysys have been
used to prove that the reaction proceeds completely
and to determine the sample phase composition.
Coherent-scattering region sizes L(z;) = 70 nm and
L(z,) =73 nm have been calculated for AgBr nanopar-
ticles. As whole, the results obtained agree with the
data obtained for the studied samples by electron
microscopy and dynamic light scattering.

Synthesized silver bromide nanoparticles have
been isolated in the free form by washing out the
matrix with water, and their photocatalytic activity Fig. 6. TEM micrograph (x300000) taken from a sample
with respect to methylene blue has been studied. obtained by MA at z = z; and washed with water.
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