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Direct TEM observation of the "acanthite a-Ag,S—
argentite B-Ag,S"” phase transition in a silver sulfide
nanoparticlef
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For the first time, the a-Ag,S (acanthite)-B-Ag,S (argentite) phase transition in a single silver sulfide
nanoparticle has been observed in situ using a high-resolution transmission electron microscopy
method in real time. Colloid solutions of Ag,S nanoparticles and nanostructured powders of silver sulfide
have been synthesized by one-stage chemical bath deposition from an aqueous solution of silver nitrate,
sodium sulfide and sodium citrate. Ag,S nanoparticles were heated to different temperatures directly in
an electronic microscope by regulating the energy of the electron beam. This allowed observation of the
transition of acanthite into argentite and the reversible transition of argentite into acanthite in real time,
and this phase transition to be filmed. Temperature dependence of the lattice constant a,.4 of argentite

R 4 13th N ber 2018 B-Ag,S in the temperature range 448-723 K is established by in situ high-temperature X-ray diffraction.

eceive th November . ) . ) - ) .

Accepted Sth February 2019 The orientation relationships between the monoclinic acanthite a-Ag,S and the body-centered cubic
argentite B-Ag,S are determined. It is shown that the possible distances between silver atoms in cubic

DOI: 10.1035/c8na00347e argentite, in contrast to those in acanthite, are too small for the positions of the metal sublattice to be
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Introduction

According to ref. 1 and 2, TEM has an extraordinary capability to
probe and manipulate complex nanomaterials both in real
space and in reciprocal space. Indeed, TEM studies of various
nanomaterials have developed greatly in the last decade.*” For
example, anisotropic nanocrystals (nanorods and nanowires)®°
and branched and core-shell nanocrystals'®* have been
investigated. The effects induced by an electron beam on
nanocrystals are very varied. Such effects include phase trans-
formation,>>** thermally activated cation exchange,*'>'¢
chemical transformations in inorganic nanocrystal films,”
morphological changes of nanocrystals,>”*® atom diffusion,
surface changes, etc. A lot of TEM studies of nanocrystals are
carried out by the scientific groups of Prof. L. Manna®**”* and
Prof. K. Terabe.">"?

Nanostructured sulfides are the most promising group of
nanostructured materials for various applications.’ Among
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T Electronic supplementary information (ESI) available: Experimental details of
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occupied by Ag atoms with a probability equal to 1.

nanostructured semiconductor sulfides, nanostructured silver
sulfide Ag,S has attracted special attention.

Silver sulfide Ag,S, which is a semiconductor below ~450 K
and a superionic conductor at T > 452 K, is one of the most
important sulfides.®® Application of nanostructured silver
sulfide holds much promise in microelectronics, where Ag,S/Ag
heteronanostructures and nanocomposites are used in
nonvolatile memory devices and resistive switches.”*® Their
action is based on the phase transition of acanthite a-Ag,S into
argentite B-Ag,S.">14*328

According to the phase diagram of the Ag-S system, silver
sulfide Ag,S has three polymorphic modifications. The low-
temperature semiconductor phase o-Ag,S (acanthite) with
a monoclinic crystal structure exists at temperatures below
~450 K. B-Ag,S (argentite) phase has a body-centered cubic (bcc)
lattice, exists in the temperature range 452-859 K, and
possesses superionic conductivity. High-temperature face
centered cubic (fce) y-Ag,S phase is stable from ~860 K up to
melting temperature.

The crystal structure of coarse-crystalline and nanocrystal-
line silver sulfide powders, synthesized by chemical bath
deposition from aqueous solutions of silver nitrate, sodium
sulfide and sodium citrate, has been refined recently.****
According to ref. 30, synthesized coarse-crystalline Ag,S powder
with an average particle size of about 500 nm has a monoclinic
(space group no. 14 - P2,/c (P124/c1)) 0-Ag,S acanthite-type
structure and is stoichiometric. Two Agl and Ag2 silver atoms
occupy the crystallographic positions 4(e). All details of the
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refinement of the synthesized artificial coarse-crystalline Ag,S
phase with a monoclinic (space group P2,/c) acanthite-type
crystal structure are given in the ESI (http://dx.doi.org/
10.1016/j.spmi.2015.03.024) of the article.*

Nanocrystalline silver sulfide powders with an average
particle size of 40-50 nm have the same monoclinic (space
group P2,/c) acanthite-type structure but the occupancy of
crystallographic positions 4(e) of the metal sublattice by Ag
atoms is equal to 0.96-0.97.*' (see also Table S1 in the ESIT).
This means that silver sulfide nanoparticles with a size of less
than ~50 nm are nonstoichiometric, have the composition
~Ag; 93S and contain vacant sites in the metal sublattice.®*

The unit cell of B-Ag,S argentite has a cubic (space group no.
229 - Im3m (I4/m32/m) (0y”)) structure. Two S atoms occupy
crystallographic positions 2(a) and form a bcc sublattice.
According to ref. 32 and 33, four silver atoms are statistically
distributed in 54 positions 6(b) and 48(j) (see also ESI, Table
S2+t).

When monoclinic a-Ag,S acanthite is heated above the
transition temperature Tiy.,s = 452 K under equilibrium
conditions, a polymorphous phase transformation takes place,
giving rise to cubic B-Ag,S argentite, and upon cooling of -Ag,S
argentite to below ~450 K, monoclinic a-Ag,S acanthite is
formed.>>*

X-ray diffraction (XRD) and electron microscopy are the two
main methods for determining the structure of solids. However,
XRD studies a sufficiently large volume of matter and gives
results averaged over a large ensemble of particles. Unlike XRD,
high-resolution transmission electron microscopy (HRTEM) is
a local method and allows one to study the structure of separate
nanoparticles. HRTEM is especially useful for studying changes
in the structure of a nanoparticle during phase transition.

In the present study, the direct in situ observation of the o-
Ag,S (acanthite)-B-Ag,S (argentite) phase transition in nano-
structured silver sulfide is carried out for the first time using
high-resolution transmission electron microscopy.

Experimental

Colloid solutions of Ag,S nanoparticles and nanocrystalline
Ag,S powders were synthesized by chemical deposition from
aqueous solutions of AgNO; Na,S and Naz;C¢H;O, with
concentrations of 50.0, 25.5 and 12.5 mmol L™", respectively
(see ESIt). The synthesis technique has been described
previously.****

In situ high-temperature XRD (HT-XRD) experiments were
performed with CuKa, radiation using an X'Pert PRO MPD
(Panalytical) diffractometer equipped with a Anton Paar HTK-
1200 Oven furnace. In addition, an in situ high-temperature
XRD study was carried out on a STADI-P (STOE) diffractom-
eter using Debye-Scherrer geometry. The diffractometer was
equipped with a quartz capillary furnace STOE. The diffraction
measurements were carried out with the use of a linear position-
sensitive detector, with continuous rotation of the capillary with
silver sulfide powder at a temperature from 295 to 773 K with
a step of ~25-30 K (see the experimental details of the HT-XRD
measurements in the ESIt). The determination of the crystal
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lattice parameters and final refinement of the structure of the
synthesized silver sulfide powders were carried out with the use
of the X’Pert HighScore Plus software package.**

The average particle size D in the synthesized silver sulfide
powder was estimated by XRD methods from the diffraction
reflection broadening (§(26) using the dependence of reduced
reflection broadening $*(26) = [B(26)cos 6]/ on the scattering
vector s = (2 sin 6)/A.** (see also ESIT).

The phase transition o-Ag,S (acanthite)-B-Ag,S (argentite) in
colloid silver sulfide nanoparticles was directly observed by an
in situ HRTEM method. The HRTEM images were recorded on
a JEOL ]JEM-2010 transmission electron microscope with
0.14 nm (1.4 A) lattice resolution (see ESI{). In all the experi-
ments, the standard TEM operating voltage was 200 kV, the
beam current was ~104 pA, the magnification was 600x, and
for TEM mode the aperture number and spot size number were
set as 3. For direct TEM observation of the phase trans-
formation, heating of an Ag,S nanoparticle with a size of
~50 nm was carried out for 10-15 s using an electron beam with
a size of about 30-40 nm. Standard TEM observations without
heating were performed at the beam current density 60 pA
cm 2. During heating, the current density was controlled from
120 to 140 pA cm 2, Experimental measurements at a current
density of more than 140 pA cm ™ led to radiation damage to
the nanoparticle. Previously a similar in situ HRTEM study
using electron beam irradiation to heat a Cu nanoparticle was
carried out by Chulin Chen et al.**

The heating temperature of the nanoparticles was estimated
indirectly by a variation in the interplanar distances and,
accordingly, the lattice constant, which was compared with the
temperature dependences of the lattice constants determined
by the XRD method.

The transmission electron microscope settings for observing
nanoparticles in TEM (HRTEM) mode and in diffraction mode
are different. The transition to the diffraction mode led to
a change in the experimental conditions and microscope
settings; therefore, the observed electron diffraction pattern did
not correspond to the HRTEM image observed at a given time.
For this reason, when observing a change in the crystal lattice in
real time, only Fast Fourier Transform (FFT) was used to obtain
the electron diffraction pattern.

The elemental chemical composition of Ag,S nanoparticles
was studied on the same microscope with the use of a Phoenix
(EDAX) Energy Dispersive Spectrometer with a Si(Li) detector
with an energy resolution of 130 eV. Colloid solutions of Ag,S
nanoparticles were placed on a copper grid for examination.
Ag,S nanoparticles were heated directly in an electronic
microscope by regulating the energy of the electron beam.

Results and discussion

TEM images of colloidal solutions of Ag,S nanoparticles with
different magnifications are shown in Fig. 1a and b. The average
size of the Ag,S nanoparticles is 15-25 nm, and the smallest and
largest sizes are 8-10 and 40-50 nm, respectively. TEM and
HRTEM images of an Ag,S nanoparticle with a size of ~10 nm
are shown in Fig. 1c and d.

This journal is © The Royal Society of Chemistry 2019
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Fig.1 TEM images (a and b) of colloid solutions of Ag,S nanoparticles
at different magnifications; TEM (c) and HRTEM (d) images of an Ag,S
nanoparticle (vectors [10—1], [01-2] and [11-3], normal to [10-1],
[01-2] and [11—3] atomic planes, are shown in (d)).

The rows of atoms observed on the HRTEM image (Fig. 1d)
form a regular grid with interplanar distances of ~0.417,
~0.338, ~0.284 and ~0.209 nm, characteristic of monoclinic a-
Ag,S acanthite. Indeed, the distance ~0.417 nm corresponds to
the interplanar distance between the [10—1] atomic planes of
acanthite, the distance ~0.338 nm is equal to the distance
between the [01—2] planes, the distances ~0.284 and
~0.209 nm are equal to the distance between the [11—3] planes
in the first case and the distance between the [20—2] atomic
planes in the second case. All these interplanar distances are
observed in the [121] plane of monoclinic a-Ag,S acanthite.

The XRD patterns of nanocrystalline silver sulfide Ag,S
powder recorded in situ at a temperature of 298 and 463 K are
shown in Fig. 2.

Comparison of the XRD pattern (Fig. 2a) of the synthesized
nanopowder with data® reveals that the observed set of
diffraction reflections corresponds to one-phase non-
stoichiometric silver sulfide with a monoclinic (space group no.
14 - P2,/c) acanthite-type structure. According to XRD data, the
average particle size of the nanopowder is equal to ~50 nm. The
quantitative refinement of the structure showed that the
degrees of occupation of the crystallographic positions 4(e) by
silver atoms Ag1 and Ag2 in the monoclinic unit cell are smaller
than 1, namely 0.97 and 0.96, respectively (see ESI, Table S17).
This agrees with the data.** Thus, silver sulfide nanopowder
with a size of less than ~50 nm has the composition ~Ag; ¢3S
and is nonstoichiometric.

The refinement of the silver sulfide nanopowder XRD pattern
collected at 463 K (Fig. 2b) showed that silver sulfide contains
one phase with a cubic (space group no. 229 - Im3m (I14/m32/m)
(0n?) structure of B-Ag,S argentite type.** According to the
present study, the atomic coordinates and occupation degrees
within the errors of measurements are the same as in ref. 33:

This journal is © The Royal Society of Chemistry 2019
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Fig. 2 The experimental (x) and calculated (=) XRD patterns of

nanocrystalline silver sulfide powder with a particle size of ~50 nm,
recorded in situ at a temperature of (a) 298 and (b) 463 K, respectively.
The difference (lops — lcaic) between the experimental and calculated
XRD patterns is shown in the lower part of the figures. The refinement
of the structure has shown that silver sulfide nanopowder at 298 K is
nonstoichiometric and has a monoclinic (space group P2,/c) a.-Ag1.93S
acanthite-type structure. The same silver sulfide nanopowder at 463 K
has a cubic (space group Im3m) structure of B-Ag,S argentite type.

four silver atoms are distributed in 54 positions 6(b) and 48(j) of
the considered structure with occupation degrees of 0.0978(7)
and 0.0711(0), respectively (see ESI, Table S21).

The effect of temperature on the evolution of the XRD
patterns of nanostructured silver sulfide is shown in Fig. S1-S3
(ESIt). Dependence of the lattice constant a,,(7), constructed
on the generalized data of high-temperature in situ XRD
measurements in the present study and the literature,*®?*° is
non-linear and curves weakly upward (see ESI, Fig. S471), and is
described by a polynomial in the interval 448-723 K

aarg(T) = dy + alT + a2T25 (1)

with a, = 0.48592 nm, a; = —1.0803 x 10 ° nm K %, and a, =
2.4879 x 10~ % nm K 2. This temperature dependence of the
lattice constant a,., of argentite B-Ag,S was used for an esti-
mation of the heating temperature of the Ag,S nanoparticle.
The accuracy of measurement of the lattice constant a, of
argentite -Ag,S is £0.0003 nm. For such measurement accu-
racy of the lattice constant a,. the estimation error of the
temperature of heating is equal £20 K.

Overall, in situ XRD study of silver sulfide revealed only
acanthite at 7= 433 K and only argentite at 7> 453 K. No other

Nanoscale Adv., 2019, 1, 1581-1588 | 1583
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phases were found. Taking this into account along with the
data,***”* when monoclinic acanthite «-Ag,S is heated to
a temperature of ~449-451 K, a polymorphic phase transition
occurs with the formation of bce -Ag,S argentite.

A scheme of the displacements of the S atoms from the
crystallographic positions of the bec argentite sublattice, and
also the monoclinically distorted sublattice of S atoms that was
constructed by taking into account the sulfur atom coordinates
in the monoclinic (space group P2,/c) o-Ag,S phase (see ESI,
Table S1t), is shown in Fig. S5 (ESIf). As a result of the
displacements of the S atoms from the 2(a) positions of the bce
argentite lattice, monoclinic translation vectors a, b, and ¢
appear. The directions of these vectors can be represented as
a combination of basic translational vectors of the bcc argentite
lattice: a||[11—1]pcc/2, b|[[1—10]pce and ¢||[[001]yc.. However, in
absolute values, monoclinic vectors |a|, |b| and |c| are slightly
more than +/3-(apee/2), V2 apee and 2apee. To explain this, we
consider interatomic distances in B-Ag,S argentite.

Interatomic (interstitial) distances for different coordination
spheres (CS) of the crystal structure of cubic (space group Im3m)
B-Ag,S argentite (Table 1) were calculated taking into account
the found lattice constant as well as the coordinates of silver
and sulfur atoms in argentite (see ESI, Table S27). Since the
occupation degree of the sites of the metal sublattice of argen-
tite by silver atoms is very small, it is more correct to talk about
the distances between the sites at which Ag atoms can be
located.

The use of the parameters of the crystal lattices of mono-
clinic acanthite and cubic argentite, determined from the
temperature dependences of the crystal lattice constants of
monoclinic acanthite and cubic argentite,*®** allows estimation
of the interatomic distances in these phases at temperatures
close to the temperature of the “acanthite - argentite” trans-
formation, Tians. In the crystal lattice of monoclinic acanthite o-
Ag,S at a temperature of 433 K, the smallest distances between S
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and Agl atoms are in the range of 0.2516 to 0.3066 nm, and the
smallest distances between S and Ag2 atoms are in the range of
0.2562 to 0.2950 nm. The distance between Ag1 and Agl atoms
in a-Ag,S acanthite at 433 K is 0.3353 nm, and the smallest
distances between Ag1 and Ag2 atoms are in the range of 0.3087
to 0.3205 nm. The radius of the Ag' ion is ~0.126 nm.* It is
clear that the atoms (ions) of silver in monoclinic acanthite are
located at sufficiently large distances from each other and
therefore occupy their crystallographic positions with a proba-
bility equal to 1.

In cubic argentite B-Ag,S, the possible distances between
sulfur and silver atoms and between silver atoms at a tempera-
ture of 453 K, close to 433 K, are much smaller (see Table 1).
According to the temperature dependence of the lattice
constant (1), constructed on the generalized data of high-
temperature in situ XRD measurements in the present study
and the literature,*®** the argentite lattice constant at 453 K is
equal to 0.4861 nm. In the crystal lattice of cubic argentite B-
Ag,S at a temperature of 453 K, the possible smallest distance
between Agl and Agl atoms is 0.2431 nm, those between Ag1
and Ag2 atoms are in the interval from 0.0927 to 0.3256 nm, and
the distances between Ag2 and Ag2 atoms are from 0.0561 to
0.3002 nm (Table 1). The sites of the silver sublattice, especially
sites 48(j), are so close to each other that the arrangement of the
Ag' ion in one of them makes it impossible to fill the nearest
neighboring site with another silver ion, since the diameter of
the Ag" ion is larger than the distance between these sites.
Indeed, the interatomic distances in cubic argentite are such
that, in the presence of a silver ion in site 6(b), another Ag" ion
can occupy one of sites 48(j) located only in the 4th or 5th
coordination sphere at a distance of 0.2945 or 0.2973 nm from
site 6(b). Similarly, if the Ag" ion occupies one of the sites 48(j),
then the other Ag" ion can be located at the site 48(j) located at
a distance of at least 0.252 nm from the first site, that is, not
closer than in the 14th coordination sphere.

Table 1 Interatomic (interstitial) distances d for cubic (space group Im3m) argentite B-Ag.,S at a temperature of 453 K

Distance Distance
d d
Pair of atoms (sites) “CS number (nm) Pair of atoms (sites) “CS number (nm)
Agl-S 1 0.24307 Ag2 - Ag2 5 0.15013
6(b) - 2(a) 48(j) - 48()) 6 0.16466
Ag2 - S 1 0.25691 7 0.17674
48(j) - 2(a) 2 0.26015 8 0.18543
Agl - Agl 1 0.24307 9 0.19607
6(b) - 6(b) 2 0.34376 10 0.22352
Agl - Ag2 1 0.09271 11 0.22732
6(b) - 48(j) 2 0.16630 12 0.24279
3 0.21670 13 0.25044
4 0.29451 14 0.25996
5 0.29734 15 0.26951
6 0.32561 16 0.28343
Ag2 - Ag2 1 0.05611 17 0.28570
48(j) - 48() 2 0.08530 18 0.29491
3 0.09893 19 0.29756
4 0.13112 20 0.30020

% CS is coordination sphere.
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Thus, in cubic B-Ag,S argentite, the possible distances
between silver atoms are very small, and this does not allow the
Ag atoms to occupy positions 6(b) and 48(j) with a probability
equal to 1. For this reason, the occupation degrees of the 6(b)
and 48(j) positions by Ag atoms (put another way, the proba-
bilities of finding Ag atoms in the 6(b) and 48(j) sites) are very
small, less than 0.1 (see ESI, Table S2}). Physically, this means
that 4 silver atoms in the cubic argentite lattice are in constant
motion over 54 possible crystallographic positions. It is this
constant motion of Ag atoms that provides the crystal lattice
stability of cubic argentite and its superionic conductivity.

Due to the monoclinic distortion of the lattice, the atoms
(ions) of silver in acanthite are at sufficiently large (larger than
in argentite) distances from each other and therefore occupy
their crystallographic positions 4(e) with a probability close to 1.

Let us consider the results of TEM observations of the
transformation of monoclinic acanthite to cubic argentite due
to the heating of a silver sulfide nanoparticle by an electron
beam.

The synthesized monoclinic a-Ag,S nanopowder was heated
directly in a JEOL-JSM LA 6390 microscope by the electron
beam. Heating silver sulfide nanoparticles up to different
temperatures was carried out by regulating the energy of the
electron beam. This allowed observation of the transition of
acanthite into argentite and the reversible transition of argen-
tite into acanthite in real time (see Movie-S1, available online in
the ESIt). This is the main achievement of our study.

A HRTEM image of an Ag,S nanoparticle heated by an elec-
tron beam to a temperature of ~448-449 K, close to the
temperature of the “acanthite-argentite” phase transformation,
is shown in Fig. 3a. Fig. 3b and ¢ shows a magnified HRTEM
image of the area highlighted by a square in Fig. 3a, and the
electron diffraction pattern of the same area obtained by Fast
Fourier Transform (FFT) of the magnified HRTEM image. The
magnified HRTEM image (Fig. 3b) shows atomic rows directed
from the upper left to the lower right corner of the image. The
successive alternation of three darker atomic rows separated by
a lighter row is visible in the central part of Fig. 3b. The
observed HRTEM image (Fig. 3b) corresponds to the formation
of a transition state between the structures of acanthite and
argentite. This is confirmed by the electron diffraction pattern
(Fig. 3c) obtained by FFT. The streaky reflections observed in the
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electron diffraction pattern (Fig. 3¢) correspond to the reflec-
tions of the distorted crystal lattices of monoclinic acanthite
and cubic argentite, between which transformation occurs.

Similar streaky reflections were observed during the phase
transition from a monoclinic to a body-centered cubic (bcc)
structure of Ag,Te nanowires.”

A HRTEM image of an Ag,S nanoparticle heated by an elec-
tron beam to a temperature of about 450-451 K is shown in
Fig. 4.

Near the edge of the nanoparticle, wavelike Moire fringes are
clearly visible. The appearance of the Moire fringes indicates
the strained structure of the lattice, i.e. the presence of micro-
distortions in the lattice. The Moire fringes are caused by the
formation of a state that is transitional between the equilibrium
structures of acanthite and argentite. Fig. 4b shows a magnified
HRTEM image of the area with Moire stripes highlighted by
a white square in Fig. 4a. Fig. 4c shows the electron diffraction
pattern obtained by FFT of the HRTEM image of the nano-
particle area highlighted by a yellow square in Fig. 4a. The
observed distance of ~0.308 nm corresponds to the distance
between the [110] planes of monoclinic acanthite. In addition,
in this region, judging by FFT (Fig. 4c), a local ordering of atoms
is also observed, leading to the formation of a superperiodic
lattice in the [111] direction of the monoclinic structure. The
distance, ~0.486 nm, of this locally ordered lattice is equal to
twice the [111] interplanar distance of monoclinic acanthite,
ie,2 x di;p = 2 x 0.245 nm. Apparently, the emergence of
superperiodicity indicates the beginning of the formation of
cubic argentite, the distance between the [100] atomic planes of
which is ~0.486 nm, while the argentite lattice constant @, is
~0.486 nm. In accordance with the found temperature depen-
dence a,,(7) (1), argentite has a lattice constant a,, =
0.486 nm at a temperature of 451-452 K.

When the Ag,S nanoparticle is heated from room tempera-
ture to ~450 K, the monoclinic structure remains unchanged
but the lattice constants increase. Heating up to 455-460 K is
accompanied by the lattice transformation of monoclinic
acanthite o-Ag,S into the cubic structure of argentite B-Ag,S.
Further heating leads to an increase in the lattice constant of
the cubic argentite. As the energy of the electron beam
decreases, the argentite lattice constant decreases, and at
a temperature of ~455 K a transition occurs from the cubic

Fig.3 HRTEM image (a) of an Ag,S nanoparticle heated by an electron beam to a temperature of ~448-449 K; (b) magnified HRTEM image of
the nanoparticle area highlighted by a white square in (a); (c) electron diffraction pattern of the same area obtained by Fast Fourier Transform
(FFT) of the magnified HRTEM image. Streaky reflections in the electron diffraction pattern (c) correspond to the reflections of the distorted

crystal lattices of monoclinic acanthite and cubic argentite.

This journal is © The Royal Society of Chemistry 2019
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0.308 nm
20,486 nm

Fig. 4 HRTEM image (a) of an Ag,S nanoparticle heated by an electron beam to a temperature T of about 450-451 K; Moire fringes are clearly
visible near the edge of the nanoparticle. (b) Magnified HRTEM image of the nanoparticle area, highlighted by a white square in (a), with wave-like
Moire fringes. (c) Electron diffraction pattern obtained by FFT of the HRTEM image of the nanoparticle area highlighted by a yellow square in (a).

structure of the argentite to the monoclinic structure of the
acanthite (see Movie-S1 in the ESIf).

TEM images of silver sulfide nanoparticles at room temper-
ature and at maximal heating are presented in Fig. 5 and 6.

Fig. 5a presents the HRTEM image of a silver sulfide nano-
particle before radiation heating. Fig. 5b presents a part of the
HRTEM image at larger magnification. HRTEM allowed the
selected areas of electron diffraction to be directly seen.
However, such direct electron-microscopic observation of
diffraction did not give a clear picture of diffraction reflections,
and changed the electron beam size. Therefore, to obtain an
electron diffraction pattern, Fast Fourier Transform (FFT) of the
original HRTEM image was used. Fig. 5c is an electron diffrac-
tion pattern obtained by FFT of the HRTEM image area in the
white square.

The comparison of the interplanar distances of 0.778, 0.697,
0.518, and 0.338 nm found in the electron diffraction pattern
(Fig. 5¢) with data® showed that the observed diffraction spots
can have the crystallographic indices (001), (010), (011), and
(012) of monoclinic (space group P2,/c) acanthite. The analysis
showed that these reflections are observed along the [100] zone
axis of monoclinic (space group P2,/c) acanthite a-Ag,S. The
observed angles of 41.7°,19.5°, and 29.1° between the (010) and
(011), (011) and (012), and (012) and (001) spots of monoclinic a-
Ag,S acanthite (see ESI, Fig. S61) coincide, within measurement
error, with the calculated theoretical values of 41.77°, 18.99°
and 29.24° of these angles. The method for calculating the
angles between electron diffraction spots of low-symmetry
structures is described in the literature.**** Thus, the

Fig. 5

electron diffraction pattern (Fig. 5c) confirms the monoclinic
structure of the Ag,S nanoparticle at room temperature.

A HRTEM image of the silver sulfide nanoparticle heated by
an electron beam to a temperature higher than the transition
temperature Tians iS shown in Fig. 6. According to literature
data [ref. 34, 36 and 38], the “acanthite-argentite” transition
temperature is ~449-452 K. It is clear that the Ag,S nanoparticle
with a cubic structure (see Fig. 6b and c) is heated to tempera-
tures higher than 452 K.

Fig. 6¢c represents a magnified part of the HRTEM image,
which is highlighted by a white rectangle in Fig. 6b. The elec-
tron diffraction pattern obtained by FFT of the HRTEM image
area in the white rectangle is shown in Fig. 6d. The comparison
of the interplanar distances of ~0.344, ~0.244, and ~0.199 nm
found in the electron diffraction pattern (Fig. 6d) with data®
showed that the observed diffraction spots have the crystallo-
graphic indices (110), (002), and (112) of cubic (space group
Im3m) argentite. Listed reflections are observed along the
[1—10] zone axis of cubic argentite B-Ag,S. Detailed crystallo-
graphic information on B-Ag,S argentite is presented as “Crystal
structure data” in the CIF-file (Crystallographic Information
File, https://summary.ccde.cam.ac.uk/structure-summary?
ccdc=1062400), attached to the article.®® The lattice constant
(g Of argentite PB-Ag,S heated by an electron beam to
a temperature above the transition temperature Tians iS
~0.4871 %+ 0.0003 nm. Taking into account the accuracy of TEM
and XRD measurements, a comparison of the observed inter-
planar distances (see Fig. 6) and lattice constant of argentite
with the temperature dependence a,.,(T) (see eqn (1)) shows

0.5184 nm
0.3384 nm

+

(a) HRTEM image of the Ag,S nanoparticle with a monoclinic (space group P2;/c) a-Ag,S acanthite structure; (b) a part of the HRTEM

image, isolated by a white square, at larger magnification; (c) electron diffraction pattern (the zone axis [100lp, c) obtained by FFT of the HRTEM

image area in the white square.
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Fig. 6

(a) TEM image of a separate Ag,S nanoparticle; (b) HRTEM image of the Ag,S nanoparticle with a cubic (space group Im3m) B-Ag.S

argentite structure; (c) a part of the HRTEM image, isolated by a white rectangle, at larger magnification; (d) electron diffraction pattern (zone axis
[1-10]/m3m) obtained by FFT of the HRTEM image area in the white rectangle.

that the observed lattice constant a,r, = 0.4871 £ 0.0003 nm
corresponds to heating of argentite up to ~530 £+ 20 K.

The Ag/S atomic ratio for silver sulfide nanoparticles was
determined by an EDS method. According to the EDS results,
the amounts of Ag and S for the nanoparticle before heating are
equal to ~86.7 £+ 0.4 and ~13.3 + 0.1 wt%, respectively, and for
the silver sulfide nanoparticle after electron beam heating with
a current density of 120 pA cm ™ they are ~86.9 + 0.4 and ~13.1
+ 0.1 wt% (see ESI, Fig. S71). It is seen that the Ag/S atomic
ratios for the silver sulfide nanoparticle before and after elec-
tron beam heating within the errors of measurements are
almost the same and correspond to a sulfide ~Ag; 94 1.08S-
Experimental measurements have also shown that a change of
the composition (the content of Ag and S) of the nanoparticles
and radiation damage of the nanoparticles are observed at
a current density of 140 pA cm ™2 and higher.

As noted, the monoclinic (space group P2,/c) structure of
acanthite a-Ag,S is the result of small displacements of sulfur
atoms from the positions of the body-centered cubic (space
group Im3m) lattice of argentite B-Ag,S. As a result of the
“acanthite-argentite” transition, the [010]p, /[|[020]p, . and
[001]p, . atomic planes of acanthite are transformed into
argentite [1—10];m3, and [221];.3, atomic planes. Between
these planes of acanthite and argentite, the following orienta-
tion relationships are satisfied: [010]p, /c[|[1—10]rm3m, [020]p2, /-
I[1—10] ., and [001]p, /c[|[221]7m3m, that correspond to the axis
orientation [100]p; /c||[110]pm3m-

The perfect atomic plane [0 — 11]2‘;?/ . of acanthite, in which
atomic displacements from positions of the argentite lattice are
not taken into account, is parallel to the [-3 1 3/2];.3, plane.
The real (taking into account atomic displacements) [0—11]p, /c
atomic acanthite plane passes through Agl atoms with coordi-
nates (0.0715 0.0151 0.3094) and (0.0715 0.4849 0.8094) (see ESI,
Table S1}) and similar atoms in neighboring unit cells; the
distance between the [0—11]p, , planes of acanthite is equal to
~0.517 nm. [0—11]p, . and [-3 1 3/2]p,3, atomic planes, as
a result of atomic displacements, turn out to be not parallel, but
directed relative to each other at a small angle of ~1.86°. The
[011]p, c atomic plane of acanthite passing through Ag2 atoms
with coordinates (0.7264 0.3240 0.4375) and (0.2736 0.6760
0.5625) and the same atoms in neighboring unit cells is parallel
to the [1 —3 3/2];m3m plane of argentite.

The [001]p,, /- atomic plane of acanthite passes through Ag2
atoms with the coordinate z = 0.0625 (ESI, Table S1t) in the

This journal is © The Royal Society of Chemistry 2019

neighboring unit cells and is therefore parallel to the [221],3
plane of argentite. The distance between the [001]p, /c planes is
~0.775 nm.

Conclusion

For the first time, the o-Ag,S (acanthite)-p-Ag,S (argentite)
phase transition in nanostructured silver sulfide has been
observed in situ using a high-resolution transmission electron
microscopy method in real time. Ag,S nanoparticles were
heated directly in an electron microscope by regulating the
energy of the electron beam.

The transformation of argentite to acanthite is accompanied
by a monoclinic distortion of the nonmetallic bec argentite
sublattice, due to which the distances between the silver atoms
(ions) increase compared with the interatomic distances in
argentite, and the occupancy probability of crystallographic
positions by Ag atoms reaches 1.

Despite the presence of displacements, some atomic planes
of acanthite remain parallel to the planes of argentite: [010]p,
cll[1=10]5m3m, [020]p2 /c||[1—10]1m3m, and [001]p, sc|[[221] 15 m-
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