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aracterization of novel stellate
sea-urchin-like silver particles with extremely low
density and superhydrophobicity†

S. I. Sadovnikov * and A. I. Gusev

Stellate sea-urchin-like silver particles with 24 to 56 rays of 30–50 mm in length have been synthesized by

chemical reduction of silver nitrate aqueous solution by thiocarbamide alkaline solution. The synthesis was

carried out under solar irradiation at room temperature. The stellate Ag particles are hydrophobic; their

relative density is smaller than that of water. By varying the pH and the ratio between the concentrations

of reagents, it is possible to produce fine-dispersed silver powders and films from stellate particles with

different ray lengths.
I. Introduction

Fine-dispersed silver powders are used in the production of
catalysts,1,2 chemical current sources3 and electrical contacts
and electrodes,4 for water treatment,5,6 as well as in biology and
medicine as a material exerting a bactericidal effect.7,8 Owing to
the combination of roughness and hydrophobicity, coating of
conduit walls with ne-dispersed silver powder may promote
fabrication of superhydrophobic surfaces9–11 and wall slippage
of chemically aggressive liquids in conduits, thus increasing
their service life. Protective silver coatings are most oen used
as thin Ag lms11,12 or polymer lms with Ag nanoparticles.13 In
addition, thin silver lms nd applications in microelec-
tronics.14 Among vapour deposition methods for thin Ag lms,
chemical vapour deposition has superior step coverage and can
be easily scaled up to deposit high purity lms on larger areas.12

Fine-dispersed silver powders are produced by different
methods, including polyol synthesis,4,15,16 chemical and photo-
chemical reduction1,17 hydro- and solvothermal synthesis,18,19

and green biosynthesis.20 Note that the formation of silver
particles as an impurity is oen observed during chemical
synthesis of silver sulde.21,22 Electrolysis is widely used in the
production of silver powders.23,24 Silver nanodendrites are
synthesized by electrodeposition25 and reduction from AgNO3.26

In physical processes, Ag particles are generally synthesized by
evaporation–condensation method or by laser ablation of
metallic bulk materials in solution.27–30

Silver nanoparticles usually have a spherical shape. In the
last decade a new trend appeared connected with the
nch of the Russian Academy of Sciences,

nikov@ihim.uran.ru
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production of non-spherical Ag particles of different
morphology (at triangles,31 plates,32 cubes,15 prisms,31 rods,33

wires,4,33 nano- and microdendrites,24–26 etc.).
The preparation of sea-urchin-like particles of copper,34

nickel,35,36 zinc oxide doped with iron,37 and silver38 by different
methods is described in the literature. To date, there are no
publications devoted to the synthesis and properties of stellate
Ag particles.

In this work, ne-dispersed powders of silver metal with
a specic morphology of stellate sea-urchin-like multi-ray
particles have been produced by a simple green method of
silver nitrate reduction.
II. Experimental details

For the synthesis of ne-dispersed Ag powders we used aqueous
solutions of silver nitrate AgNO3 and thiocarbamide (NH2)2CS
with concentrations of 0.05 and 0.05 mol l�1 and a 25% aqueous
solution of ammonia (ammonium hydroxide NH4OH with
a concentration of �10.0 mol l�1).

The pH value of the solutions was controlled by a pH/
conductivity/TDS Tester HI 98130 ionometer (Hanna
Instruments).

The synthesized deposits (powders) and lms were examined
using a Shimadzu XRD-7000 diffractometer and a STADI-P
(STOE) diffractometer in CuKa1,2-radiation in the angle
interval 2q ¼ 15–110� with a step of D(2q) ¼ 0.02� and a scan-
ning time of 10 s per point. The crystal lattice parameters were
determined and the nal structure renement was carried out
with the use of the X'Pert soware suite.39 The qualitative and
quantitative phase compositions were estimated by means of
the Match! Version 1.10 program package.40

The morphology of the synthesized ne-dispersed silver
particles was studied by scanning electron microscopy (SEM)
using a Jeol JSM LA 6390 microscope with a JED 2300 Energy
J. Mater. Chem. A, 2017, 5, 20289–20297 | 20289
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Dispersive X-ray Analyzer. The elemental composition of Ag
particles was carried out on the samemicroscope with the use of
EDX analysis.

The optical reectance spectra of the synthesized powders
were measured on a Shimadzu UV-2401PC spectrophotometer
and the optical absorption spectra of the synthesized lms were
obtained on an Edinburgh LP980 Fluorescence Spectrometer
spectrouorometer at 298 K.

The density rstell of the synthesized ne-dispersed silver
powders was determined on a Micromeritics AccuPyc II 1340
helium pycnometer.

The contact angle q was measured with a Dataphysics OCA20
contact angle system at 298 K. The average contact angle value
was obtained by this measurement at three different positions
of a water droplet on an Ag lm surface formed on the glass
substrate.
III. Results and discussion

The ne-dispersed Ag powders were synthesized by chemical
reduction of AgNO3 in alkaline medium.

Mixed solutions with pH values ranging from 9 to 10 were
prepared from the initial aqueous solutions of (NH2)2CS and
NH4OH. Mixed solutions with pH ¼ 9 were prepared by adding
0.005 ml of NH4OH solution to 100 ml of thiocarbamide solu-
tion. For the production of mixed solutions with pH > 9, 0.01 to
0.5 ml of ammonia solution was added to 100 ml of thio-
carbamide solution. In particular, the solution with pH ¼ 10
was prepared by adding 0.5 ml of NH4OH solution to 100 ml of
thiocarbamide solution. The concentrations of (NH2)2CS and
NH4OH in the mixed alkaline solution with pH ¼ 9 were 50 and
0.5 mmol l�1, and in the mixed solution with pH ¼ 10 they
amounted to 50 and 50mmol l�1 (Table 1). The concentration of
NH4OH in the mixed solutions with intermediate pH values (9 <
pH < 10) varied from 1 to 40 mmol l�1.

The ne-dispersed Ag powders were synthesized at room
temperature under solar irradiation in the following way:

10 ml of mixed alkaline solution was gradually added to
100 ml of the initial solution of AgNO3 with a concentration of
50 mmol l�1 at a rate of 0.005 ml s�1. The ratio of
Table 1 Composition of the aqueous solutions and reaction mixtures, m
Ag particles, relative density rstell and specific surface area Ssp of Ag pow

No.

Concentration of reagents in
aqueous solutions (mmol l�1)

pH of mixed
alkaline solution

Concentration
reaction mixtur

AgNO3

Mixed alkaline
solution

AgNO3 (NH2)(NH2)2CS NH4OH

1 50 50 0.5 9 50 5
2 50 50 20 9.5 50 5
3 50 50 50 10 50 5

a Estimated values of rstell for stellate Ag particles with core radius of 3 mm.
and rays of conical or trihedral pyramidal form.

20290 | J. Mater. Chem. A, 2017, 5, 20289–20297
concentrations of silver nitrate, thiocarbamide and ammonium
hydroxide [AgNO3] : [(NH2)2CS] : [NH4OH] in the reaction
mixtures with different pH values ranged from 1 : 0.1 : 0.001 to
1 : 0.1 : 0.1. The duration of synthesis was 30–60 min. The
synthesized solution was kept in sunlight for one day. As
a result, a layer of black deposit appeared on the bottom of the
glass with the synthesized solution, a black lm was formed on
the walls, and a pale-yellow lm emerged on the surface of the
solution. The lm collected from the surface of the solution was
dried in air at 313 K; as a result, a ne-dispersed powder was
obtained. The quantitative X-ray diffraction (XRD) analysis
revealed that this powder (or the pale-yellow surface lm) is
face-centered cubic (space group Fm�3m) silver Ag with prefer-
able orientation in the direction [111] (Fig. 1a). In addition,
a weak peak is observed in the XRD pattern of the Ag lm in the
angle interval 2q ¼ 34.1–34.5�; this peak corresponds to two
neighboring diffraction reections (�122) and (022) of impurity
monoclinic silver sulde.

The quantitative analysis of the XRD pattern of the black
deposit and the comparison with the XRD data41–43 showed that
the observed set of diffraction reections corresponds to
monoclinic (space group P21/c) silver sulde Ag2S (Fig. 1b). The
appreciable broadening of the silver sulde diffraction reec-
tions (Fig. 1b) is indicative of the small size of the Ag2S particles;
the evaluation of the nanoparticle size from the broadening of
non-overlapping reections gives the value D ¼ 50 � 8 nm. The
XRD pattern of Ag2S also contains weak reections of the
second phase, which is cubic metallic Ag. According to the
quantitative phase analysis data, the content of the metallic
silver phase is equal to �7.5 wt%.

For the second synthesis route, for the preparation of silver
lms we used a glass substrate. The synthesis was performed at
room temperature under solar irradiation by successive ionic
layer adsorption and reaction (SILAR). The substrate was
sequentially immerged in a vessel with deionized distilled
water, then into AgNO3 solution for 15 s, then again into
distilled water, and aer that into a mixed alkaline solution
(Fig. 2). This four-stage cycle was repeated from 15 to 30 times,
and aer each h cycle the vessels with water were changed for
vessels with fresh deionized distilled water. Silver particles were
aximum distance Lmax between the ends of the opposite rays of stellate
ders

of reagents in
es (mmol l�1) Stellate particles

2CS NH4OH
Lmax �5
(mm)

rstell �0.20
(g cm�3)

Calculation

rstell
a (g cm�3) Ssp

b (m2 g�1)

0.05 60 0.40 0.21 � 0.01 0.24–0.41
2.0 70 0.37 0.15 � 0.01 0.25–0.42
5 80 — 0.12 � 0.01 0.25–0.43

b Estimated values of Ssp for stellate Ag particles with core radius of 3 mm

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 (a) The XRD pattern of Ag film prepared on the surface of the
reactionmixture of AgNO3, (NH2)2CS and NH4OHwith concentrations
50, 50 and 0.5 mmol l�1, respectively. (b and c) XRD patterns of Ag2S
deposits prepared in the first and second synthesis routes on the
bottomof vessels with the reactionmixtures. The XRD patterns of Ag2S
contain weak reflections of silver metal; the relative content of the
metallic silver phase in the deposits (b) and (c) is �3.0 and �7.5 wt%.
The XRD patterns are recorded in CuKa1,2 radiation.

Fig. 2 The scheme of the second synthesis route by the SILAR
method: (a and c) deionized distilled water, (b) solution of AgNO3, and
(d) mixed alkaline solution.
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formed at the last stage of the cycle, when the substrate with
Ag2+ ions adsorbed on the surface was immerged into the
alkaline solution, where silver was reduced. The formation of
a thin layer of bright yellow particles was visually observed on
the “substrate–silver nitrate solution” interface. Aer 30 cycles,
a black deposit in the form of a lm appeared on the walls of the
vessel with AgNO3 solution, and upon exposure of this solution
to light for 1 day a yellow lm was formed on its surface. The
XRD patterns of the lm that emerged on the surface of the
solution and the lm that formed on the substrate are similar to
the XRD pattern in Fig. 1a and correspond to cubic Ag. The XRD
This journal is © The Royal Society of Chemistry 2017
pattern of the deposit (Fig. 1c) is identical to the XRD pattern
(Fig. 1b) obtained from the same deposit in the rst synthesis
option and corresponds to nanocrystalline monoclinic sulde
Ag2S with a small (�3 wt%) impurity of metallic Ag.

Silver, as the main product of the synthesis, is formed as
a result of several concurrent reactions.

The ammonia molecules bind Ag+ ions into complex ions
[Ag(NH3)2]

+. The thiocarbamide (NH2)2CS in the alkaline
aqueous solution is hydrolyzed with the formation of cyana-
mide N2H2C and S2� ions. The solubility product Ksp of silver
sulde is very small (Ksp ¼ 6.3 � 10�50 at 298 K),44 therefore the
silver sulde Ag2S is always formed in the presence of S2� ions
in the aqueous solution of AgNO3. With this in mind, the
deposition of Ag2S from AgNO3, (NH2)2CS and NH4OH solutions
take place through the following reactions:

AgNO3 + 2NH4OH / [Ag(NH3)2]NO3 + 2H2O (1)

(NH2)2CS + 2OH� / N2H2C + S2� + 2H2O (2)

2[Ag(NH3)2]NO3 + S2� / Ag2SY + 2NO3
� + 4NH3 (3)

Since our major task was to prepare a ne-dispersed silver
powder, we performed the synthesis using aminimal amount of
(NH2)2CS, which was insufficient for the deposition of all silver
in the form of sulde. In that case, the aqueous solution con-
tained a large quantity of free complexes [Ag(NH3)2]NO3, which
were reduced by cyanamide N2H2C to metallic Ag under solar
irradiation at room temperature:

2
�
AgðNH3Þ2

�
NO3 þ N2H2C þ 2H2O ���!hv 2AgY

þ 2NH4NO3 þ NH4CN þ 2NH2OH (4)

The scanning electron microscopy of the silver metal lm
revealed that it is formed of stellate sea-urchin-like
particles having from 24 to 56 pyramidal and wedge-shaped
rays 30–50 mm in length and a medium-sized core of 5–6 mm
(Fig. 3). Owing to the plasticity of silver, some rays were
J. Mater. Chem. A, 2017, 5, 20289–20297 | 20291
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Fig. 3 The SEM images (a–c) of stellate Ag particles and (d and e) their rays. (e and f) Area on which the EDX analysis of silver particles was
performed, and the results of the EDX analysis, respectively. According to the EDX data, the particles contain 99.9 � 0.1 wt% silver, i.e. they are
metallic Ag.
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distorted during sample preparation. Fig. 3e displays a micro-
photograph of a stellate Ag particle ray with an indication of the
scanning area on which the energy-dispersive X-ray (EDX)
analysis was performed. The cumulative elemental EDX analysis
is presented in Fig. 3f. According to the EDX data, the examined
lm contains 99.9 � 0.1 wt% silver, i.e. it is metallic Ag.

It can be supposed that the silver sulde nanoparticles
appearing at the initial stage of synthesis promote the deposi-
tion of Ag atoms, which form stellate silver particles during
subsequent growth. This can be conrmed by the presence of
a small amount of silver impurity on the XRD patterns of Ag2S
deposits. A similar effect of initially formed Ag2S clusters on
heterogeneous nucleation of silver nanoparticles in the form of
cubes was described in previous work.15

Gradual growth of silver rays in different directions (Fig. 3)
decreases the wettability of stellate particles since they repel
liquid as a result of air capture by the space between the rays, i.e.
the microscopic texture of the rough surface. Earlier it was
shown that multi-scale topography of the relief strengthens the
water repellency of surfaces (the so-called “lotus effect”).9,45

Theoretical analysis and model calculations of volume,
mass, relative density and specic surface area of stellate silver
20292 | J. Mater. Chem. A, 2017, 5, 20289–20297
particles depending on the size of particles, numbers and
lengths of rays are presented in the ESI le.†

The total real volume Vpart of a stellate particle is equal to the
sum of the volumes of its core and rays, i.e. Vpart¼ (4p/3)r2(r + h)
where r is the radius of the particle core and h is the length
(height) of ray (see ESI†). The volume Vnonwet of space occupied
by a stellate Ag particle in the case of nonwettability of its rays is
tens of times larger than the real volume Vpart of silver entering
into the particle. The relative density of stellate particles can be
theoretically determined as rstell ¼ (Vpart/Vnonwet)rAg, where
rAg ¼ 10.5 g cm�3 is the density of silver. For example, the
volume Vpart of a 32-ray particle with a core with 3 mm radius and
the maximal distance between the ends of oppositely directed
rays Lmax ¼ 27 mm is equal to �510 mm3. The volume Vnonwet of
space occupied by this particle with the assumption of partial
nonwettability of its rays is �5280 mm3 (Table S1, ESI†). Taking
this into consideration, the relative density rstell of stellate Ag
particles of such size is�1.01 g cm�3, i.e. slightly larger than the
density of water. As the ray length increases, the relative density
rstell of stellate Ag particles lowers. For example, the volume
Vpart of a 32-ray particle with the same core size but with the
maximal distance between the ends of oppositely directed rays
This journal is © The Royal Society of Chemistry 2017
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Fig. 5 SEM image of a film deposited on the glass walls. A dark-grey
film of Ag2S with light nuclei of silver particles and ingrown multi-ray
Ag particles are visible.
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Lmax ¼ 70 mm is equal to �1320 mm3. The volume V of space
occupied by this particle is equal to �91 950 mm3, and the
relative density rstell is only�0.15 g cm�3 (Table S1, ESI†). Thus,
as the ray length (height) increases, the relative density rstell of
stellate Ag particles becomes smaller than the density of
aqueous solution, and the particles come to the surface of the
solution. Indeed, a lm of stellate Ag particles does not appear
on the surface of the solution at once, but a day aer the
beginning of the synthesis. The model dependence of the
relative density rstell of stellate Ag particles on the core radius r
and length (height) h of the rays is displayed in Fig. 4.

Experimental measurements of the density of ne-dispersed
Ag powders prepared from the reactionmixtures (1) and (2) gave
values 0.40 � 0.20 and 0.37 � 0.20 g cm�3, respectively, which
satisfactorily agree with the estimated values of relative density
rstell (Table 1). A large measurement error is caused by the small
mass of powder studied. The measured low density of Ag
powder is its relative density rstell, the magnitude of which is
caused by the superhydrophobicity of the powder owing to the
almost full nonwettability of the surface. Earlier, the inuence
of superhydrophobicity of powders on reduction of their
measured density was explained in previous work.46

The coexistence of Ag and Ag2S particles both in the lm on
the glass walls and in the deposit at the bottom of the glass is
conrmed by the SEM data (Fig. 5 and 6).

Fig. 5 shows an SEM image of the lm taken from the glass
wall. Silver sulde is a semiconductor, and silver is a metal,
therefore during electron microscopy studies silver emits more
strongly than silver sulde. On the SEM image this manifests
itself in different color shades: silver looks more bright and
light, while silver sulde has a grey color. At rst, metallic silver
nuclei appear on the dark-grey lm of Ag2S, which are seen as
light spots. Then silver nuclei grow giving rise to cubic particles
of size 2–3 mm. Stellate silver particles with ingrown rays are
seen to the le of the center. The growth of rays in different
directions leads to the gradual formation of large stellate
particles.
Fig. 4 Relative density rstell of stellate Ag particles as a function of core
radius r and ray length (height) h. The density of the aqueous solution is
shown by the red line. (B) experimentally measured relative density
rstell of fine-dispersed Ag powders prepared from the reaction
mixtures (1) and (2).

This journal is © The Royal Society of Chemistry 2017
Silver sulde nanoparticles and ingrown silver rays in the
deposit taken from the glass bottom aer 1 day of exposure of
the solution to light are demonstrated in Fig. 6. The agglom-
erates formed by Ag2S nanoparticles less than 100 nm in size
resemble small blossom clusters. A compact bundle of long
silver rays is well visible in the center, and the same compactly
connected silver rays are seen at the top on the right. The silver
rays in the observed Ag particles grew only in opposite direc-
tions. The density of such Ag particles is greater than that of the
aqueous solution, and they do not come to the surface of the
solution, but remain in the deposit.

Four stages of silver particles growth from nucleation to
stellate Ag particles are shown in Fig. 7. Primarily, Ag nuclei
appear on the silver sulde lm. In the second stage, cubic Ag
particles with edge length 0.5–0.8 mm grow from the nuclei. In
Fig. 6 SEM image of deposit from the bottom of the glass. The
agglomerates resembling small blossom clusters are formed by Ag2S
nanoparticles. The long silver rays are united into compact particle
bundles having a large relative density; therefore, such Ag particles do
not come to the surface, but remain in the deposit.

J. Mater. Chem. A, 2017, 5, 20289–20297 | 20293
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Fig. 7 The sequence of silver particle growth from nuclei to stellate Ag
particles.

Fig. 8 The UV-vis spectra of (a) optical reflectance and (b) absorption
of fine-dispersed powders synthesized from reaction mixtures (1) and
(3) (Table 1).

Fig. 9 The UV-vis spectrum of optical absorption of film from stellate
Ag particles.
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the third stage, rays begin to grow at the vertices of the cubic
particles and the particle size becomes as much as 2–3 mm. The
last stage represents gradual growth of long rays and the nal
formation of large stellate sea-urchin-like particles.

The particles of metallic silver show a characteristic reec-
tance and absorption in the visible range of 390–450 nm of the
electromagnetic spectrum owing to surface plasmon resonance
(SPR). The position of the band caused by the SPR depends on
the size and the shape of the silver particles. For example, for
spherical Ag nanoparticles 30–140 nm in size, the band was
observed in the region of 400–460 nm,47 and for Ag nanobers
with a diameter of 12–20 nm, the absorption peak was observed
at 376 nm.48 Several bands can be observed in the absorption
spectra of larger particles of complex shape with sharp edges.
For example, for planar triangular Ag nanoprisms with edge
length of �200 nm and thickness of �20 nm, absorption
spectra display two peaks located at 342 and 932 nm.49

We measured the reectance spectra of synthesized ne-
dispersed powders from stellate Ag particles. In order to
transform the reectance spectra to the absorption spectra, the
reection function F(RN)¼ (1� R)2/(2R) is used. Function F(RN)
¼ (1 � R)2/2R is determined from the reectivity R, measured in
relative units, and is proportional to the absorption coefficient
s(u), i.e. F(RN)� s(u). UV-vis reectance and absorption spectra
of ne-dispersed powders from stellate Ag particles with Lmax ¼
60 and 80 nm, constructed in the coordinates “F(RN)–(l)”, are
shown in Fig. 8. These Ag powders were synthesized from
reaction mixtures (1) and (3) (Table 1).

The UV-vis reectance and absorption spectra of the powder
of stellate Ag particles contain an intense peak in the region of
300–315 nm and a weak line in the region of about 370 nm,
which correspond to metallic silver. In the UV-vis reectance
and absorption spectra of the Ag powder synthesized from
reaction mixture (3) and containing larger silver particles, the
most intense peak is observed at about 304 nm. For the Ag
powder with smaller particles synthesized from reaction
mixture (1), the intense peak is present in the UV-vis spectra at
�317 nm (Fig. 8).

Fig. 9 displays a UV-vis absorption spectrum of a lm of
stellate Ag particles on a glass substrate. Apparently, strong
absorption without separation into individual peaks is caused
by the sufficiently large lm thickness, which is more than
30 mm. A wide absorption band is present in the interval from
280 to 550 nm, an explicit maximum of absorption is observed
at �320 nm, and there is also a shoulder in the region of 450–
460 nm. The etching of Ag lm led to a general decrease in
absorption, but it was not possible to separate the individual
peaks.
20294 | J. Mater. Chem. A, 2017, 5, 20289–20297
The stellate Ag particles produced from the solution with
pH ¼ 10 have the largest ray length and the lowest relative
density (Table 1).

Silver powder with stellate particle morphology can be
synthesized only in reaction mixtures with the
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ta07158b


Fig. 11 A water droplet on the surface of the film of stellate Ag
particles. The contact angle q is equal to �156�.
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[AgNO3] : [(NH2)2CS] : [NH4OH] concentration ratio ranging
from 1 : 0.1 : 0.001 to 1 : 0.1 : 0.1. If the relative concentration
of ammonium hydroxide in the reaction mixture is less than
0.001, thiocarbamide does not dissociate with the formation of
cyanamide N2H2C, and silver is not reduced. If the relative
concentration of ammonium hydroxide in the reaction mixture
is larger than 0.1, the formation of silver sulde becomes the
main reaction. Silver sulde is also formed when the relative
concentration of thiocarbamide in the reactionmixture is larger
than 0.1.

On the one hand, the multi-ray silver particles have a dis-
torted shape resembling stellate polyhedra ranging from a great
20-ray stellate dodecahedron to a large 60-vertex stellate icosa-
hedron (17th stellation of icosahedron) (Fig. 10). The ray length
of stellate Ag particles is determined by the conditions of
synthesis and is not connected with the symmetry relations
typical of stellate polyhedra. On the other hand, the synthesized
silver particles with long thin rays resemble sea urchins.

The growth of rays can be owing to uneven distribution of
static charges on the nuclei surface. It is known that enhanced
charge is observed on sharp ends of solid particles. Apparently,
the growth of rays beginning at the vertices of cubic silver nuclei
is due to the negative static charge of vertices, to which Ag+

cations are attracted. The growth of rays in the direction from
the center to the vertices of the cubic nucleus corresponds to
successive occupation of (111) planes and equivalent planes
with the largest atomic density by silver atoms and is in
agreement with the presence of preferable orientation in the
direction [111] in the examined Ag particles as revealed with the
XRD method.

The synthesized ne-dispersed powder containing stellate
silver particles with the maximal distance between the ends of
oppositely directed rays Lmax ¼ 60–70 mm has a small relative
density of 0.21–0.15 g cm�3 (Table S1, ESI†), which is less than
the density of water. Due to this fact, as well as to low wetta-
bility, the synthesized powder comes to the surface of the
reaction solution in the form of a lm, which considerably
facilitates its removal from the mother solution. An important
advantage of the ne-dispersed silver powder is the low wetta-
bility of its particles, which serves as a prerequisite for potential
application of this powder or lms made thereof as super-
hydrophobic materials. The superhydrophobicity of a surface is
connected with its topology, texture and roughness, or the
roughness of its individual particles.50 Preliminary measure-
ment of the limiting wetting angle (or contact angle) q of the
synthesized silver lm wetted with distilled water (Fig. 11)
Fig. 10 The appearance of a 60-vertex stellate icosahedron, synthe-
sized stellate Ag particle and sea-urchin (from left to right).

This journal is © The Royal Society of Chemistry 2017
showed that the contact angle q is equal to 155–160�, whereas
that of ordinary silver is from 38 to 63�.

The combination of specic morphology and roughness with
low surface energy is responsible for the superhydrophobicity
and provides the stability of superhydrophobic surfaces.
Indeed, in the simple case, the wetting of a surface by a liquid is
determined by the energy of interaction of the liquid with this
surface and is characterized by a wetting angle q. Equilibrium
wetting angle depends on the surface tension at the interfaces
of liquid and solid phases. TheWenzel–Cassie model51,52 is used
for the description of superhydrophobic surfaces of nano-
powders, when the cavities of a surface texture are lled by air.

The contact angle of the Ag lm is�156� (Fig. 11). This result
indicates that the superhydrophobic lm from stellate Ag
particles has a high surface roughness due to the Ag particle
morphology and low surface free energy. The little shape
deformation of the water droplet observed under the inuence
of its weight also proves that the low surface energy of the Ag
lm studied is an important factor for its superhydrophobic
properties.

It should be noted that superhydrophobic stellate Ag parti-
cles are still a rather exotic material. Sponge-based materials
and mesh-based materials with soot, silica nanoparticles and
others are the most widespread superhydrophobic materials
(see, for example, a series of publications53–55 by Jian Li and co-
authors).

In the synthesized ne-dispersed silver powder, owing to the
particle morphology, the cavities of the surface texture are
occupied by air, which provides their nonwettability with any
liquids.

The specic surface area of stellate silver particles depends
on the number and length of rays (see Table S2 and Fig. S1,
ESI†). In Fig. S1,† the region between the surfaces I and II
corresponds to the specic surface area Ssp, which is an average
between the minimal (for stellate particles with conical rays)
and the maximal (for stellate particles with rays in the form of
a trihedral pyramid) specic surface area. For stellate Ag parti-
cles with core radius of 3 mm, the specic surface area ranges
from 0.25 to 0.44 m2 g�1 (Table 1). This is 3–5 times more than
the specic surface area of usual silver powders with average
particle radius of �3 mm.

Unlike other methods of synthesis of sea-urchin-like parti-
cles described in the literature,34–38 the specicity of preparing
stellate silver particles by the method of chemical reduction is
J. Mater. Chem. A, 2017, 5, 20289–20297 | 20295
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directly related to the participation of Ag in photochemical
reactions, which are the basis of the proposed method. We do
not exclude the possibility of synthesis of stellate particles of
other metals by the described method, but this is an indepen-
dent problem.

IV. Conclusion

The prepared ne-dispersed silver powder is a promising
material for application in various elds of engineering, elec-
tronics and medicine. Thanks to the unique morphology of Ag
particles, the synthesized powder possesses a reduced relative
density and a large specic surface area with a considerable
number of atoms located on the faces, edges and vertices of
particles. Owing to the high chemical resistance of silver to
alkalis and the low wettability of the produced ne-dispersed
powder, it holds promise as a material for coating conduit
walls in the chemical industry.

The location of a large number of atoms on the faces and
especially edges and vertices of the stellate particles make the
synthesized Ag powder an attractive material for application in
catalysis. On the one hand, it can be used directly as a catalyst
for hydrogen evolution from aqueous solutions under visible
light irradiation. On the other hand, owing to the large specic
surface area, the ne-dispersed Ag powder can serve as a cata-
lyst support.
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