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ABSTRACT

The thermal stability of phase composition andiplartsize of nanocrystalline silver sulfide /&)
powder has been examined for the first timerbgitu high-temperature X-ray diffraction, scanning
electron microscopy and Raman spectroscopy metltoslas shown that in oxidizing environment
or in the presence of oxidizing impurities, heatofghanostructured silver sulfide is accompanied
by its decomposition (dissociation) with isolatioihmetallic silver. Reduction of silver sulfide par
ticles leads to decreasing the decomposition teatyer of AgS. The decomposition of A§ na-
nopowder with isolation of silver metal as a resilheating in air by high-power laser radiation
was confirmed by Raman scattering. In the absehogidizing environment, heating of silver sul-
fide does not lead to its decomposition and narmb@mgrowth up to the temperature of ~450 K.
The nanoparticle size increases as a result ofatingeat a temperature of 450-930 K correspond-
ing to the region of collective recrystallizatioh silver sulfide nanopowder. For nanostructured
silver sulfide, the activation ener@y of collective recrystallization in the temperatuasge 450-
900 K is ~0.12 eYatom".
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1. Introduction

Metal sulfide semiconductor nanostructures repiteshe most promising group of
nanostructured materials with excellent optical aeletttrical properties for various applications [1-
3]. Among them, much attention is drawn to nanastmed silver sulfide Agp [4-6], which is a
semiconductor below ~450 K and a superionic coratua(l > 452 K.

Silver sulfide AgS has three polymorphic modifications [6]. The lamperature mono-
clinic (space group 14PR2;/c) semiconducting phasaAg,S (acanthite) exists at temperatures to
~452 K. Argentite3-Ag,S has a body-centered cubic (space group 2288m) crystal lattice and
exists in the temperature interval 452-859 K. Thghtemperature face-centered cubic (space
groupNe 225 - Fm3m) phasepAg.S is stable at temperatures from ~860 K to meltémgpera-
ture.

Silver sulfide, as one of the most versatile sendemtors, can be used in photoelectro-
chemical cells, photocells, photoconductors anchrefl detectors [6-9].

Silicon and germanium containing semiconductorslaedbasis of modern electronic engi-
neering. The maximum operating temperature of geima devices does not exceed 323-330 K,
for silicon devices it increases to 400-430 K. &iti exhibits a better operation stability at high
temperatures. However, with further applicatiorSofand other accepted semiconductors, the im-
provement of the performance and stability of inégd circuits by increasing the operating clock
frequency and the number of transistors is becormmgver more complicated and expensive task.
The point is that the heat release of transistweeases exponentially as their switching speed in-
creases. Therefore, an important challenge is teriakne the regions of thermal stability of semi-
conducting compounds and materials that are patgnsiuitable for operation at elevated temper-
atures. One of such materials is nanostructuredrssulfide.

Potential application of nanostructured silver isielfholds much promise in micro- and
nanoelectronics, where A§/Ag heteronanostructures are used in nonvola@many devices and
resistive switches. Their action is based on redncif Ag" cations of silver sulfide to metallic Ag
atoms, transformation of acanthiteAg,S into argentitg3-Ag,S and appearance of a conducting
channel from Ag and argentif@Ag,S [10-15]. Hybrid heteronanostructures,8¢Ag exhibit en-
hanced efficiency in photocatalysis owing to theind structure peculiarities [16-18].

As a rule, microelectronic devices and photocatg)yisaving a nanostructured silver sul-
fide cell, operate in air at elevated temperatites-400-450 K), at which the growth and varia-

tion in the phase composition of /&g nanoparticles may take place, leading to theadiagion of



their electrical and optical properties. For examlccording to data [19], the fluorescence maxi-
mum of photoluminescence emission spectra chamges375 to 1175 nm when the size of,8g
quantum dots in colloidal solutions increases frddh to 7.0 nm; according to [5, 6], the same
shift of the fluorescence maximum from ~960 to ~@ hvh occurs when the size of Ajquantum
dots increases from 2.3 to 15.0 nm. The observdtishdue to the weakening of the quantum
confinement effect (quantum localization) and dasieg the band gaBy as a result of A
quantum dot growth. This agrees with the experialetdita [20] on the dimensional dependence
of the band gap of A& nanopowders.

The uncontrolled growth of quantum dot and,Bganoparticle dimensions results in the
instability and degradation of properties of desi@d compositions with nanostructured silver
sulfide.

When studying the thermal stability of nanostruetursilver sulfide, special attention
should be paid to the phase transformation of émicnductor monoclinic acanthiteAg,S to
the superionic cubic argentifeAg,S at a temperature of ~448-450 K. The cubic argefitAg,S
has a very high mobility of Agions. This is due to its crystal structure, in @hfour silver atoms
are statistically distributed in 54 positiondpand 48)) with probabilities 0.0978 and 0.0711, re-
spectively [6, 21].

The least distance between the Agl and Agl atomtiseircrystal lattice of monoclinia-
Ag,S acanthite at 433 K is equal to 0.3353 nm, anddast distance between the Agl and Ag2
atoms is in the interval from 0.3087 to 0.3205 2@, [23]. In cubig-Ag,S argentite, possible dis-
tances between silver atoms at a similar tempezaiuf53 K are much smaller. According to [22,
23], in the crystal lattice of cubiB-Ag,S argentite at 453 K the least possible distaneésden
the Agl and Agl atoms are equal to 0.2431 nm, miwlee Agl and Ag2 atoms the least distanc-
es lie in the range from 0.0927 to 0.3256 nm, agtsvben the Ag2 and Ag2 atoms the least dis-
tances are from 0.0561 to 0.3002 nm. The covabhts of Ag atom is ~0.146 nm, and ionic ra-
dius of Ad is ~0.126 nm. With that in mind, it is clear tiséliver atoms in monoclinic acanthite
are at rather large distances from each other lagr@fore they occupy their crystallographic sites
with probability 1. In cubigz-Ag,S argentite, the possible distances between silens are too
small for 6p) and 48j) positions to be occupied by Ag atoms with probgbi. For this reason,
the occupancies of thel§j(and 48J) positions by Ag atoms (put it otherwise, the @ioitities of
finding Ag atoms in the ®) and 48|) sites) are very small, less than 0.1 [6, 21, PBiysically,
this means that 4 silver atoms in the superionjemtite lattice are in continuous motion over 54

possible crystallographic positions. With time, ttmatinuous motion of Ag atoms (ions) can lead
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to AgS nanoparticles growth and to a decrease in thendiestability of devices based on
nanostructured silver sulfide operating at elevéteaperature.

There is scarcely any information in the literatwn the variation in the size and phase
composition of particles (grains) of nanostructusetfides with temperature and on their recrys-
tallization. We can mention only the work [24] agcrystallization of cadmium sulfide films, in
which the grain size variation was not discussad,tae study [25] devoted to recrystallization in
lead sulfide nanofilms.

As for nanostructured silver sulfide, the inforroatiabout its thermal properties is limited
to works [22, 23, 26-28] dealing with the effectAd,S particle size on the thermal expansion co-
efficient and heat capacity. Even the recent re\aeiele [5] devoted to nanostructured silver sul-
fide and monograph [6] contain no information abitt effect of temperature on the phase com-
position and size of silver sulfide nanoparticlesnited data on the effect of temperature on the
size of AgS nanoparticles and the recrystallization of silmgfide nanopowders are presented in
work [29]. Besides, the phase transformation ofm#ddte a-Ag,S into argentite3-Ag.S takes
place in silver sulfide at ~448-450 K. It is notokv how this phase transformation affects the re-
crystallization and the silver sulfide nanopartigtewth.

In this connection, in the present work the effgictemperature and phase transformation
“acanthite - argentite” on the particle size anadgghcomposition of nanostructured silver sulfide
was studied experimentally for the first time, d@hd regions of thermal stability and recrystalliza-
tion of AgS nanoparticles were determined.

2. Experimental details

Silver sulfide powders were synthesized by chendeglosition from agueous solutions of
silver nitrate AgNQ, sodium sulfide Ng& and sodium citrate NGsHsO;. The solubility product
Ksp Of silver sulfide AgS is very small (at 298 Ksp= 6.3-10° [6, 30]) and deposition of silver

sulfide occurs by the following reaction scheme

2AgNO; + NaS O M€ . AgsS| + 2NaNG. (1)
Ag,S powders with different particle size were predaf®m the same chemical reagents by
changing their concentration in the solution.

In this work, silver sulfide powders with the avgeaparticle size of less than 50 nm are
considered as nanocrystalline, while those with dlierage particle size of about 200 nm are
called bulk powders. The procedure of synthesisoairse- and nanocrystalline AZpowders is
described elsewhere [31, 32p¢ also Supplementary material for experimental details).

4



The high-temperatur situ X-ray diffraction (XRD) studies were carried out a STA-
DI-P (STOE) diffractometer in Debye-Scherrer geamelhe diffractometer was equipped with a
quartz capillary furnace STOE. For better determdmaaccuracy of lattice parameters, measure-
ments were performed in ®uan-radiation in angle interval @=20-55 with a step of
A(26) = 0.02 and scanning time of 50 s in point. The quartilizap was filled by a silver sulfide
powder, the diameter of quartz capillary was 0.3.rfilre diffraction measurements were carried
out with the use of a linear position-sensitiveededr while continuous rotation of the capillary at
a temperature from 295 to 773 K with a step of 3R%K.

In addition, the high-temperature situ X-ray measurements of A§ nanopowders were
conducted on an X Pert PRO MPD (Panalytichfiractometer in Bragg-Brentano geometry. The
diffractometer was furnished with a fast positi@msitive solid-state sector detector PIXCEL and
an Anton Paar HTK-1200 Oven providing heating ohgkes. The diffraction measurements were
carried out at a temperature from 295 to 398 K K&, »-radiation in the angle intervalg2= 20-
67.5 with a step ofA(26) = 0.026 and scanning time of 200 s in point.

The synthesized silver sulfide powders were alsorered on a Shimadzu XRD-7000 dif-
fractometer in CKa;-radiation in the angle intervalg2= 20-95 with a step ofA(26) = 0.02 and
scanning time of 10 s in point. The determinatibthe crystal lattice parameters and final struc-
ture refinement of the synthesized silver sulfidevgers were performed by means of the X'Pert
HighScore Plus software suite [33].

The nanocrystalline silver sulfide powders wereitaithlly annealed in vacuum 0.013 Pa
at 393, 423, 453 and 493 K for 2 h and heated e¢oatinealing temperatuiig,, at a rate of not
more than 1 Khin, as well as in argon atmosphere during heating2®K for 2 h at a rate of
1 Kimin'™.

The average sizB of particles (to be more precise, the average aiz®herent scattering
regions (CSR)), in the synthesized silver sulfid@aaopowders was estimated by the XRD method
from S(26) diffraction reflection broadening using the degemce of the reduced reflection broad-
ening 5 (26) = [B26cosdl/ A on the scattering vectar= (2sing)/A [34, 35] ee Supplementary
material). The diffraction reflections were desedbby the pseudo-Voigt function. The particle
size was found also from the value of specific @&efS,,, measured by the Brunauer-Emmett-
Teller (BET) method, and from scanning electronroscopy data.

The changes occurring during heating of silveridalpowders were observed directly us-
ing the scanning electron microscopy (SEM) metho@ dEOL-JSM LA 6390 microscope with a



JED 2300 Energy Dispersive X-ray Analyzer. The antal composition of A powders was
obtained on the same microscope by means of ED¥sisa

Nanostructured silver sulfide was examined by traasion electron microscopy (TEM)
method. The high-resolution TEM images were reedron a JEOL JEM-2010 transmission elec-
tron microscope with 0.14 nm (1.4 A) lattice resioln.

The Raman spectra were measured on a RENISHAW-{Re0ishaw plc., UK) micro-
scope-spectrometer with visible continuous radiatiothe “green” spectral region at wavelength
532 nm, and at radiation power to 40 mW in therir#e50-4000 crit. The measurement condi-
tions were as follows: spectrograph diffractiontijg with 1800 groov@nm™; exciting radiation
power on sample was from 0.4 to 40 mW; accumulafexposure) time of one spectrum was
from 10 to 30 s; and number of scans (number afadigccumulation cycles) was equal from 2 to
10 (see Supplementary material).

3. Results and discussion

The thermal stability of nanostructured silver gldfwas studied on powders with an aver-
age CSR size of about 45 and 85 nm (from XRD da&tegording to BET data, the particle size in
these powers is ~45 and ~163 nm. Comparison oicfgaizes determined by XRD and BET
methods shows that the coarser powder was aggltederBhe TEM image of A& nanoparticle

with a size about 40 nm of synthesized silver dalfianopowder is demonstrated in Fig. 1.

3.1. Decomposition of silver sulfidein oxidizing medium

The XRD patterns were recorded in Debye-Scherremgéry in air at a temperature from
295 to 773 K for AgS powder with CSR size equal to 85 nm. Film sinsitu XRD plots are
shown in Fig. 2, and their evolution in standardrdmmates “Z angle - intensity” is presented in
Fig. 3.

Full-profile structure refinement and comparisorihndata [31, 32] revealed that diffrac-
tion reflections of monoclinic (space grof2i/c) acanthitea-Ag,S are observed on the XRD
plots during heating up to 448 K (Fig. 2, 3). Atther heating from 453 to 623 K, the XRD plots
contain diffraction reflections of cubic (space gpol m3m) argentite3-Ag.S. Thus, the transfor-
mation of acanthite into argentite takes placed&0-K. At 673 K, along with argentite reflections,
diffraction reflections of cubic (space grolfm3n) Ag metal appear on the XRD pattern, while
at higher temperatures, 723 and 773 K, the XRDepadt contain only diffraction reflections of

silver. This is due to the following reasons.



The peculiarity of silver sulfide in comparison wibther sulfides is its stability to oxida-
tion because coarse-crystalline (bulk),Agloes not interact with oxygen during heatingiita
~770 K. Only as a result of calcinations in aieaemperature of >800 K, coarse-crystalline silver
sulfide with particle size of more than 261 is decomposed with isolation of silver metal ant
fur, which is oxidized to gaseous sulfur dioxidelfgrous gas):

Ag,S + G — 2Ag + SQ 1. (2)
A similar spontaneous isolation of silver in thenfioof whiskers during heating of Ag to 800-
900 K was noted in study [36]. The formation of/eil whiskers on the surface of pressedg.S
pellet heated in air up to 570 K was observed irkjj87].

In oxidizing medium, reduction of silver sulfiderpeles leads to lowering of its decompo-
sition temperature and to the appearance of methNier at lower temperature.

Indeed, heating of the synthesized silver sulfidaapowder at a rate of 5 K- rifirand
more in vacuum 0.013 Pa (1énm Hg) or in argon or helium atmosphere undergues1.0%10°
Pa t0=>623 K is accompanied by the formation of silver ahefFigure 4 shows as an example the
variation in the XRD plot of Ag5 nanopowder with particle size ~45 nm after hgatmargon
atmosphere to 623 K at a rate of 10 K-thiAccording to the XRD data, both 48 powders con-
tain monoclinic (space groug2;/c) acanthitea-Ag,S as basic phase (Fig. 4). The averageBize
of the coherent scattering regions of nanopowdeas estimated from the broadening of non-
overlapping diffraction reflections (1 1 0), (-13}, (-1 0 4) and (0 3 1). As a result of heatirng t
size of powder particles increased from ~45 to ~1d7 and about 3.5 wt.% silver metal appeared
in the powder.

The reason of isolation of metallic silver durirapid heating of the synthesized silver sul-
fide nanopowder in vacuum or argon is oxidatiosahe part of sulfur in the sulfide by oxygen or
moisture adsorbed by the nanopowder surface, rdnodwalfur in the form of gaseous $@nd,
as a consequence, liberation of some amount arsilv

Scanning electron microscopy of the synthesizegSAganopowder (Fig. Skee Supple-
mentary material) and the sample pressed fromahe owder and annealed for 2 h in vacuum at
773 K (Fig. 5) confirms the variation in the phasenposition as a result of isolation of metallic
silver whiskers. Figure Skde Supplementary material) demonstrates a SEM iméadieeainitial
Ag,S nanopowder and the size distribution of nanoglagiin this nanopowder. The average na-
noparticle size is ~45 nm. After heating to 773Kimerous silver metal whiskers Jséh in diam-
eter and 1 mm and more in length appeared on tifi@csuwof the pressed A§ nanopowder sample

(Fig. 5). Energy dispersive X-ray analysis of the surfatecompact sintered sample at point
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(001) has shown that the content of silver Ag anltls S is ~96.%0.4 and ~3.50.1 wt.%, respec-
tively (Fig. 3). The content of silver, which is almost 10 wt.&ger than in silver sulfide A§,
confirms the decomposition of silver sulfide. Inms® places, the whiskers form splices (aggre-
gates) to 4Qum in thickness (Fig.d. The isolation of silver metal on the surfaceompact sam-
ple sintered at 773 K is observed visually (Fig. 6)

In order to avoid, during temperature variatiom® koss of a part of sulfur caused by its
oxidation by adsorbed moisture and oxygen impwitelver sulfide nanopowders were prelimi-
narily annealed in vacuum 0.013 Pa{¥@m Hg). Slow heating in vacuum to the annealimg-te
perature 393 K was performed for 2 h at a rate.6fkOmin’, then the nanopowders were an-
nealed for 2 h at 393 K in vacuum. Heating of atetailver sulfide nanopowders did not lead to
the isolation of metallic silver. According to difential thermal analysis data, when annealed
Ag,S nanopowders were heated there is no loss of oidlssse nanopowders.

Ag,S nanopowder with the average particle size ~45va® also studied with the use of
Raman spectroscopy. Raman spectroscopy is a divaliteondestructive analytical method for the
identification of different silver compounds, whostbrational frequencies are in the near IR
range. Interfering impurities, such agHand CQ, have no effect on the Raman spectroscopy re-
sults.

Raman spectroscopy of A% at the maximal exciting radiation power of 40 npydévided
high intensity, but led simultaneously to photoioed decomposition of silver sulfide, which man-
ifested itself in the appearance of a very shagkm 1437 cil and strong peaks at ~490 and
~1250 cnit (Fig. Sb, see Supplementary material). According to [38, 39k #bserved strong
peaks at ~490, ~1250 and 1437 coorrespond to vibrations of metallic silver Ag aswifur ox-
ide compounds that are isolated during photoindusszbmposition of A¢gs in air. Indeed, the
observation of AgS powder by means of optical microscope after iataah and registration of
Raman spectra showed that the sample became Ibldbk irradiation region (Fig. 82 Supple-
mentary material). Even the registration of speatra decreased laser radiation power of 4 mW
(10 % of the maximal power) and with a small numifescans did not allow us to eliminate /g
decomposition completely and to get rid of decontmosrelated peaks at ~490, ~1250 and
1437 cnt.

At the background of strong peaks due to silvefidgeilphotodecomposition, the intensity
of bands related immediately to /&)is small.

The survey Raman spectrum of 2&gnanopowder recorded at exciting radiation power o
10 mW (25 % of the maximal power) and by only twarss of the sample is displayed in Fig. 7
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It is similar to the spectrum of fine silver suiggpowder with monoclinic acanthite structure re-
ported in work [38]. The Raman spectrumaefg,S nanopowder in the low-frequency range 210-
260 cn' is smeared and broadened. For more detailed asafjgs. B and Z show the spectra
of a-Ag,S nanopowder in the low-frequency region recordgdidin work [40] at 10-fold scan-
ning of the sample and radiation power of 10 ama\d, respectively.

The spectra (Figs.b7 7c) contain a series of bands in the interval 90-@60. Besides the
bands at 93 and 147 &mrelated to silver sublattice vibrations [38], ettbands are observed,
which are due to Ag-S bonds and symmetric Ag—S-ehgitudinal modes. This agrees with the
literature data [39, 41, 42], according to which Raman spectrum of acanthitéAg,S is charac-
terized by intense bands at ~93, ~122, 167-188,2835and ~430 cth According to [41-43], the
peak at ~430 crh corresponds directly to low-temperature monoclia@anthitea-Ag,S. The
presence of a broad band in the region 210-260 cemtered at ~240 chagrees also with the
data of work [44], in which the peak induced by.8ganoparticles is observed at ~220*ctm
the structure otr-Ag,S acanthite, the triatomic Ag-S-Ag chains are ringedr therefore the Ra-
man spectrum bands are related to the symmetriS-Agr longitudinal vibrational modes. In
study [44], AgS nanoparticles were modeled by a set of (Ag8)sters withn = 1-9 having the
minimal energy. Model clusters (AgS)ere formed by different numberof Ag-S pair bonds.
The simulation with the use of the Density Fundiioiheory approximation revealed that the
bands observed in the Raman spectrum eBAwanoparticles in the region of ~250 tare main-
ly due to the radial breathing modes of (Ag8luster, as well as (Ag&and (AgSy clusters
(Fig. 8) [44]. According to [43, 45], the fundamehmodes that are observed at ~220 and ~430
cm™ correspond to the first and second order longiaidoptical phonon modes in 48}, respec-
tively.

On the whole, Raman scattering confirmed that ®sied silver sulfide nanopowder has

a monoclinic structure of the-Ag,S acanthite type.

3.2. Thethermal stability of Ag,S nanoparticlesize

The effect of temperature on the nanoparticle wiae examined on preliminarily annealed
silver sulfide nanopowders that did not contain adgorbed moisture or oxygen impurities.

Thein situ XRD patterns of annealed nanocrystalline silvdfidey recorded at 295, 323,
348, 373 and 398 K in air (Fig. 9), contain an tit= set of broadened diffraction reflections cor-
responding to nonstoichiometric monoclinic (spaoaug P2;/c) acanthitea-Ag1.93.1.08 [4]. The

average siz® of coherent scattering regions in initial powdgegual to 486 nm, and it agrees
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with the size of nanoparticles according to the S#vh. Gradual heating of nanopowder to 398 K
did not lead, within the measurement error, to maotyceable narrowing of diffraction reflections,
I. e. it was not accompanied by an increase im#roparticle size, although the resolution of dif-
fraction reflections in the region ofdX< 28 weakened. The average CSR size in acanthite na-
nopowder was estimated is to bet86im at 398 K.

The silver sulfide nanopowder was additionally aiee in vacuum 0.013 Pa at the anneal-
ing temperaturd,n, equal to 393, 423, 453 and 493 K. Besides, a samas pressed from silver
sulfide nanopowder, which was annealed in vacuu88@atK. Heating to the annealing tempera-
ture Tannwas carried out for 2 h. The XRD plots of silvatfele nanopowder, measured after vac-
uum annealing at 393, 423, 453, 493 and 930 K &3gsee Supplementary material), contain the
diffraction reflections corresponding to nonstoahetric monoclinic (space groug2;/c) acan-
thite a-Ag1.95.1.08.

With allowance for errors oD size estimation, two-hour annealing at a tempegato
423 K did not lead to any size gain. A weak growftthe CSR size was observed only for the na-
nopowders annealed at 453 and 493 K (Fig. S3, oppitary material). An appreciable increase
in the CSR size to 260 nm was observed for the Eaammealed at 930 K (Fig. S3, Supplementary
material). The value of microstrains, which is ~%1lin the initial nanopowder, decreased to
~0.03-0.05 % as a result of annealing.

In the nanopowder annealed in argon atmospher23K@dor 2 h, the CSR size of mono-
clinic acanthitea-Ag,S was 14Z10 nm gee Fig. 4).

The variation in the Ag nanoparticle size vs the temperature of vacuuneaimg is
shown in Fig. 10. AfTann < 440 K, the nanoparticle size hardly changes witheasingT an, with
consideration for the measurement errors, therettoeetemperature interval 273-443 K can be
treated as the region of thermal stability of,8ghanoparticle size. The observed nanopatrticle
growth takes place a8t,,> 455 K, although even in the temperature range 38D K silver sul-
fide particles remain nanosized and do not reaehnticrometer dimensions. The temperature
range 460-930 K, in which the particle size bedmgrow appreciably and increases 3-6 times,
corresponds to the region of collective recrystation of silver sulfide nanopowder. Note that the
transition from the region of thermal stability &fj,S nanopatrticle size to the region of collective
recrystallization occurs at a temperature closeht temperature of the phase transformation
“acanthitea-Ag,S — argentitg-Ag,S” equal to ~450 K [23, 26]. The scanning electmnrosco-
py of AgS samples annealed at 623 and 930 K (Fig. 10,sirsethe right) confirmed the Ag

particles size found from XRD data.
10



The variation in the average particle (grain) sizeing collective recrystallization in na-
nomaterials is related to its duratibby the general rati¢D" — Dg') ~t, wheren = 1-4 [29, 46].

Grain growth (collective recrystallization) takelage as a result of chemical diffusion, when the
concentration gradient is absent, but there israzgwo gradient of chemical potential. The differ-
ence in the chemical potential between particlediféérent size is due to the contribution from the
surface energy to the total energy of particle. $imaller is the particle size, the larger is tHa-re
tive value of this contribution, therefore, undéneywise equal conditions, small particles possess
excess energy as compared with large particlescalieris clear that the thermodynamic reason of
spontaneous particle growth in polycrystalline sabse is reduction of the total energy of the sys-
tem in this process. If the particle growth is dudy to a decrease in the total surface energhef t
system as a result of diffusion, then the variatiothe particle siz® in the process of recrystalli-
zation is described by the expression

D?-D¢ =kt, (3)
whereDy is the initial particle (grain) size,is the duration of annealing, akds a coefficient ex-
ponentially depending on temperature.

However, recrystallization is a more complex precésn diffusion and it does not reduce
to the latter. Collective recrystallization is cheterized by the activation ener@y There is no
available information in the literature about tlatiaation energy of collective recrystallization in
sulfides, especially nanocrystalline ones. In wgda 48] it was shown by the example of urani-
um dioxide, aluminum nitride, titanium boride anither nanostructured substances and materials
that the variation in the grain sif®in the process of collective recrystallizatiordisscribed by

the expression
D® - Dg =kt expQ/RT), (4)
whereky is a normalizing factor. At equal annealing dumati expression (4) can be written as
D® - Dg = Ki=cong ©XPCQ/RT). (5)
From Eqg. (5) it follows that the larger is the aation energy, the smaller is the particle sizhept
factors being equal.
The dependence between the silver sulfide nancfedizeD and the annealing tempera-
ture, presented in Fig. 10, can be described irfitsieapproximation by function (5). In accord-

ance with the experimental data, the valuBg@ivas assumed to be 45 nm. Quantitative minimiza-

tion of theD(T) dependence by function (5) with accounDgf 45 nm [29] revealed that the acti-
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vation energyQ of collective recrystallization for nanostructurgitVer sulfide in the temperature
range 450-900 K is equal to ~33.6mkaI™* (~0.35 eV per AgS formula unit or ~0.12 edtoni).
Note that the thermal stability of A§ nanopatrticle size is smaller than that for Pla8 kulfide
nanoparticles [25]. The growth of A§ nanopatrticles begins at ~460 K, whereas PbS aainop
cles begin to grow at ~700 K. Apparently, the seralégion of the thermal stability of A§ na-
noparticle size is due to a smaller melting temijpeeaof silver sulfide et for bulk AgS and

PbS is 1115 and 1391 K, respectively). Anotheraedsr the smaller thermal stability of A9
nanoparticles can be the presence of a phasedraratfon in silver sulfide at ~450 K; there are
no polymorphic phase transitions in lead sulfileah be assumed that the transition of3\tp

the region of collective recrystallization is asated with a sharp spasmodic jump in the mobility

of silver atoms in the transformation of semicorntduacanthite to superionic argentite.

4. Conclusion

Heating of nanocrystalline silver sulfide powderain or in oxidizing media (moisture and
oxygen adsorbed by the nanopowder surface) leads ttecomposition with isolation of silver
metal. The reduction of silver sulfide particlesults in a decrease of the decomposition tempera-
ture and in the appearance of metallic silver welotemperature.

The Raman studies confirmed the decomposition gfSAganopowder with isolation of
metallic silver as a result of heating by high-poveser radiation.

The monoclinica-Ag,S acanthite-type structure of the synthesized rsgudide nanopow-
der was confirmed by Raman scattering. The obgervaf multiple resonant Raman peaks indi-
cated that the yielded A8 nanoparticles have good optical properties aystaliinity.

The absence of oxidizing impurities (adsorbed nuogstand oxygen) in silver sulfide na-
nopowder provides a stable phase composition andlibence of decomposition during heating in
vacuum or in protective atmosphere of inert gas.

The elevation of the annealing temperature of neystalline AgS powder from 300 K up
to ~450 K leads to an insignificant growth of naadjeles and to annealing of microstrains, which
allows one to consider this temperature range ta kegion of thermal size stability of nanocrys-
talline silver sulfide powder. It means that theotdonic devices based on nanostructured silver
sulfide may steadily operate in this temperatuterval. The temperature interval from 450 to 900
K, where the patrticle size increases 3-6 timegesponds to the region of collective recrystalliza-

tion of silver sulfide nanopowder.
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Figure captions for the paper
“Thermal stability of nanoparticle size and phasmposition of hanostructured A%
silver sulfide”
by S.I. Sadovnikov and E.G. Vovkotrub
Fig. 1. The TEM image of AgS nanoparticle with a size about 40 nm of syntleesizanostruc-
tured silver sulfide powder.
Fig. 2. The film strip plot ofin situ high-temperature XRD data for &g powder with particle size
about 85 nm recorded in Debye-Scherrer geometajiroat a temperature from 298 to 773 K.
Fig. 3. Evolution of XRD patterns of silver sulfide pogrdwith the average particle size of ~85 nm
during heating from 298 to 773 K in air. The yellbmes indicate the position of the main reflec-
tions of monoclinic acanthite (at 298-453 K) antbiclargentite (at 463-623 K). The intensity is
shown in logarithmic scale.
Fig. 4. XRD patterns of synthesized silver sulfide naveger with the average nanopatrticle size
of ~45 nm and the same powder after heating framrtemperature to 623 K in argon with the
heating rate 10 K-mih
Fig. 5. The SEM image of the surface of sample pressed &gS nanopowder and annealed for
2 h in vacuum at 773 Kaj metallic silver whiskers 1-gm in diameter and 1 mm and more in
length; p) elemental EDX analysis of the sample surfaceocatp(001) marked in Fig.& (c)
splices (aggregates) of metallic silver whiskers.
Fig. 6. Silver metal isolated on the surface of sampésged from AgS nanopowder after 2 h an-
nealing in vacuum at 773 K.
Fig. 7. Raman spectra of A§ nanopowder recorded at room temperature underefit scanning
conditions: &) the survey spectrum recorded at 2-fold scannfrigeosample at radiation power
10 mW, b) and €) the spectra in the low-frequency region recoraleti0-fold scanning of the
sample with different radiation power, 10 and 4 nrégpectively.
Fig. 8. Most probable (AgSQ)clusters (withn = 7-9) whose radial breathing modes determine pre-
dominately the bands observed in the®ganoparticles Raman spectrum near 256.%m
Fig. 9. In situ XRD patterns of nanocrystalline acanthit\g,S during heating from 300 to 398 K
in air. The insets on the right show the average sf the coherent scattering regions estimated
from the broadening of non-overlapping diffracti@flections. The XRD patterns are recorded on
an X Pert PRO MPD (Panalytical) diffractometer iragg-Brentano geometry.
Fig. 10. (a) The effect of the annealing temperature on theBiof nanoparticles of A% powder
(the vertical dash-and-dot line denotes the boynbatween the thermal stability region of silver
sulfide nanoparticle size and the region of colectecrystallization). The thermal stability regio
in the bottom inset is scaled-up. The insets onritjig show the SEM images of 4§ samples
after vacuum annealing d1)(623 and ¢) 930 K.
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Silver sulfide nanopowders are prepared by chemical deposition from aqueous solutions. e Ther-
mal stability of Ag,S particle size is estimated by in situ high-temperature XRD method. e Heat-
ing of Ag,S up to the temperature of 450 K does not lead to nanoparticle growth. e The nanoparti-
cle size increases as aresult of recrystallization at a temperature of 450-930 K. e For nano-Ag,S,

the activation energy of collective recrystallization is 0.12 eV @om™.



