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Abstract

Optical properties of polymer-stabilized aqueous colloids of silver sulfide were studied. Nature and energies of optical transitions responsible
for the absorption of visible light by silver sulfide nanoparticles were determined. Catalytic propertieSafdgpparticles in methylviologen
reduction by sodium sulfide were examined. It was shown that this reaction is reversible, the equilibrium caused by a reverse reaction between
the product of direct catalytic process — sulfur (polysulfide anions) and cation-radical of methylviologen. It was found$haadaparticles
can catalyze reduction of Agons by various reductants, in particular, hydroquinone or sodium sulfite, with the formation of silver particles
having characteristic plasmon absorption bands in the visible spectral domain. Effect of the conditiorisaaftalgtic reduction on the
shape and intensity of plasmon resonance bands of metallic silver were studied, schematic mechanism of this reaction was proposed. It was
shown that at the irradiation of solutions containing.8ganoparticles, Agcations and a reducing agent with the light corresponding to
the fundamental absorption band of nanoparticulate silver sulfide, the rate"ataaglytic reduction increased whereas kinetic features of
catalytic reaction and characteristics of plasmon resonance absorption bands of silver nanoparticles changed. A mechanism of photochemical
activation of the catalytic reduction of silver ions with the participation ofganoparticles was proposed.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction nanoparticulate state can strongly affect in that way the func-
tioning of various light-sensitive systems. It was shown that
Synthesis, properties and application potential of semi- deposition of AgS nanoparticles onto the surface of elec-
conductor nanoparticles manifesting photocatalytic activity trodes made of porous titanium dioxide caused a shift of “red”
in various redox-processes have been and are the subject oédge of the photosensitivity of the substrate from 400 nm to
great interest to the present dey-9]. On the other hand  near infrared part of the spectryii]. It is known that sil-
nanoparticles of a large group of semiconductors, which havever sulfide can sensitize photographic matefib?513], form
not been yet used as photocatalysts or electrodes in photoself-assembled layers of nanopartidle$] and change lumi-
electrochemical systems remained to date virtually beyoundnescence properties of cadmium sulfide nanopartjt&sit
the scope of research. At the same time small particles orwas also noticed that silver sulfide can be potentially used for
monolayer fragments of the semiconductors of this group photography and photodetection in infrared redib@]. At
deposited on the surface of semiconductor photocatalysts arghe same time, among the numerous publications concerning
found to increase the photoactivity of the substrate or to ex- nanometer semiconductor particles including silver sulfide
pand its photosensitivity to visible domain of the spectrum nanoparticles we did not find examples of the possibility of
[1,10]. Silver sulfide is one of the semiconductors which in the participation of AgS nanoparticles in thermal (“dark”)
processes, i.e. in reactions not demanding the irradiation, es-
* Corresponding author. Tel.: +38 44 265 0270. peC|aIIy as a CataIySt' i i
E-mail addressesstroyuk@inphyschem-nas.kiev.ua, The subjects of the present paper are optical properties
photochem@ukrpost.net (A.L. Stroyuk). of AgzS aqueous colloidal solutions and catalytic activity
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of silver sulfide nanoparticles in two reactions proceeding thetic procedure and conditions of stabilization of colloidal
in the dark (without absorption of light quanta), namely, in silver sulfide, its absorption spectra in the 250—750 nm region
methylviologen and Ag ions reduction. It was shown that are represented by curves monotonously rising towards the
the efficiency of the second reaction can be substantially in- short-wave side. Absence of distinctly prononced edge of the
creased by the irradiation of reacting mixtures with the light, absorption bands as well as maxima or elbows on spectral

corresponding to the absorption band ob&ganoparticles.

2. Experimental

For the preparation of stock solutions we used commercial
silver nitrate, sodium sulfite, hydroquinone, methylviologen
dichloride (Aldrich) and sodium sulfide (Aldrich) of reagent
grade quality without additional purification. A§ nanopar-
ticles were synthesized via successive addition of aliquots of
silver nitrate and sodium sulfide stock solutions to a solution
of a stabilizer. Polyvinyl alcohol (PVA) and gelatine were
used as stabilizers. In a series of experimentsSAganopar-
ticles were synthesized without the addition of stabilizers.
At [Ag2S] < 1 x 10-3M such solutions are transparent, do
not scatter light and remain stable over many hours, while
in more concentrated solutions precipitation of silver sulfide

begins almost at once after the preparation of the colloidal ,

solution. Colloidal solutions of silver sulfide stabilized with
PVA or gelatine do not noticeably change their properties
while kept at room temperature for several months.

Kinetic measurements were conducted in thermostatically
controlled glass reactors at 20-25 in air-saturated solu-
tions. Reaction rates were determined from the absorption
spectra of the reacting mixtures.

3. Discussion

3.1. Optical properties of Ag5 nanoparticles

Absorption spectra of colloidal silver sulfide prepared at
various conditions are given Fig. 1 Regardless of the syn-

v'10'3, cm’

Fig. 1. Electronic absorption spectra of /Ajnanoparticles synthesized in
the absence of stabilizers (curve 1), in the presence of PVA, 2.5 mass%
(curve 2), in the presence of gelatine, 0.5 mass% (curve 3xJPAg 5 x

10~* M, optical pathl = 0.2 cm.

curves complicates extraction of the information about pho-
tophysical properties of Ag nanoparticles or their energetic
characteristics directly from absorption spectra. So, for the
elucidation of the nature of primary photoprocesses in\g
nanoparticles we performed an analysis of absorption spectra
of colloidal silver sulfide using the conceptions of the optics
of semiconductors.

According to the theory of optical transitions in semicon-
ductorq17], light absorption can lead both to direct (vertical)
interband transitions and indirect electronic transitions, the
latters occuring with the participartion of energy quanta of
lattice oscillations (phonons). Band gap of a semiconductor
(Eg), energy of light quanta,, ), absorption coefficients cor-
responding to direciy) and indirect &;) transitions as well
as corresponding absorption constar8g, B;) are related
with each other via following expressions:

_ By(Eny — Eg)%°

En 1)

Bi(Eh, — Eg)?
o= ————

En (2)

Lineariry of a spectral curve ina€En,)2 — Ep, coordi-
nates indicates direct interband optical transition whereas in
(«Eny)Y? — Ep, coordinates indirect transitions. Extrapola-
tion of linear section of the corresponding anamorphosis to
the abscissa axis gives the valueEf, = Eq = Eg in case

of direct transitions oEn, =E; = Eg + E in case of indirect
transitions (wher&; is the energy of phonon participating in

a transition).

We usedEgs. (1) and (2jor determination of type and en-
ergies of electronic transitions in synthesized colloidag &g
nanoparticles. Absorption coefficients (in ch were calcu-
lated using the following equation:

a = 2.303x 10°Dp(lc)~* ©)

whereD is the optical density of a solutiop,the density of
bulk AgxS (7.2 gcnt3), | the optical thickness of a cuvette
(cm), ¢ the concentration of a colloidal solution (g).
Energetic dependences of absorption coefficient, calcu-
lated for colloidal AgS solutions synthesized in different
conditions are shown ifrig. 2 It can be seen that in all
cases both direct and indirect electronic transitions can occur
at the photoexcitation of silver sulfide nanoparticles. From
the results of the calculation of transitions energies(e )
a number of additional conclusions about the primary pho-
toprocesses in synthesized semiconductor materials can be
derived. As can be concluded frorable 1 energies of opti-
cal transitions in AgS nanoparticles exceed the same values
of bulk crystals of silver sulfide (for bulk Ag Eq = 0.9eV
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Table 1

Energies of indirectH;) and direct Eq) optical interband transitions in A§ nanoparticles

No. [Ag2S] (M) Stabilization conditions Indirect transitions Direct transitions Eq — Ei (eV)
Ei (eV) Eq (eV)

1 1.0x 1073 Without stabilizer 1.00 2.66 1.66
1.36

2 5.0x 104 Without stabilizer 0.98 3.10 1.66
1.44 3.60

3 1.0x 1074 Without stabilizer 1.10 2.86 1.76
1.36 3.20 1.74

4 5.0x 1073 PVA, 2.5% 0.96
1.44

5 2.0x 1073 Without stabilizer 1.15 3.36 1.76
1.60

6 5.0x 104 Without stabilizer 0.96 3.34 1.68
1.66 3.68

7 2.0x 104 Without stabilizer 1.24 3.35 1.69
1.66 3.70

8 1.0x 104 Without stabilizer 1.10 3.28 1.70
1.58 3.78

9 7.0x 1075 Without stabilizer 1.54 3.20 1.66

4.04

10 6.2x 10°° Without stabilizer 1.10 3.32 1.72
1.60 4.00

11 5.0x 1073 Gelatine, 0.25% 1.00
1.60

12 1.0x 1073 Without stabilizer 1.18 3.50 1.74
1.76 3.96

13 5.0x 10~4 Without stabilizer 0.90 3.44 1.70
1.74

[18]). Hence, synthesized colloidal nanoparticles manifest solutions, analysis of absorption spectra revealed for each
quantum confinement effects lying in a variation of band gap sample the possibility of transitions that are also indirect but
of the semiconductor with a change in the size of nanocrystalshave lower energy. We suppose that these transitions corre-
[6-8]. These effects can be observed especially clearly in casespond to a fraction of colloidal Ag particles of the greatest

of high-energy indirect transition. Thus, in non-stabilized col- size. Absorption band of these nanopatrticles do not substan-
loidal solution (containing the biggest of all synthesized8g tially overlap with the band of adjacent fractions of nanopar-
particles), energy of indirect transitiok;{ was found to be ticles, so even at very small concentration of such particles it
closeto 1.4 eV (seBable 1 rows 1-3), while in case of PVA- s possible to observe distinct linear section @&, )2 —
stabilized solutions is close to 1.6 eVaple 1 rows 4-10). En, dependence and determifevalue (sed-ig. 2). The val-
Smaller AgS particles with more prononced quantum con- ues of the energies of these transitions listethible 1should
finement effectwhichhavg =1.70—1.76 eV canbe formed be considered as rough estimation since these values can be
in gelatine-stabilized solutiong#ble 1, rows 11-13). Con-  strongly distorted owing to very small content of such parti-
centration of solutions do not affect so strongly the process cles in solutions as well as light absorption due to intraband

of particles formation as the nature and concentration of a transitions.

stabilizer. Only in case of poorly stable solutions with the Analyzing the absorption spectra in UV region we found
concentration of AgS as large as 5 10-3M in the pres- that the majority of examined samples have one or two di-
ence of PVA we obtained the valueBf=1.44 eV {Table ] rect interband electronic transitions. At the examination of
row 4), which distinctly differs from the same value calcu- experimental resultsTéble ) our attention was drawn by
lated for the solutions with AgS concentrationinthe range of  direct transitions at 3.10-3.50 eV, the precise value of energy
7 x 107°t0 2 x 10~3 M, whereas in the presence of gelatine varying depending on the conditions of stabilization. In case
Ei =1.60eV (able 1 row 11). of non-stabilized colloids we obtained thg equal to 3.10
Along with discussed indirect transitions in silver sulfide and 3.20eV, for PVA-stabilized A& nanoparticles close
nanoparticles having average size and dominating in colloidal to 3.3 eV, and for gelatine-stabilized particles near 3.5eV.
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(a) En, €V t, min
(©En) 2102, eV'ecm” (©Fn)? 102, eVieem? Fig. 3. Kinetic curves of the accumulation of methylviologen cation-radical

(MV**) in solutions containing sodium sulfide in the absence of%\g
6.0 nanoparticles (1), in the presence of2#Sgnanoparticles (2), in the presence
10.01 ] of Ag,S nanoparticles and sodium polysulfide—pSg] = 4.0 x 103M

7 50 (3),5.0x 1073M (4), 8.0x 1073M (5). [Ag2S] = 5 x 104 M, [Na,S] =

3.0 1 x 1072M, [MV 2t] = 1 x 10~3 M. Concentration of PVA: 2.5 mass%.

4.0
6.0 ] '

3.0 3.2. AgS nanoparticles as the catalyst of
4.0 50 methylviologen reduction
2.0 . . . L

. 1.0 One-electron reduction of methylviologen bication results
1.0 2.0 3.0 4.0 5.0

in the formation of cation-radical M having absorption

12.07

(b) Epy, eV band in the visible spectral domaik{ax = 605 nm and molar
extinction coefficient in maximuraggs = 13,700 M1 ecm™1
©Fn)""10% ¢V ecm? (©En)*"10", eVieem? [1,19)). So, the process of reduction can be easily monitored
12.07 60 by the evolution of the absorption band of cation-radical. As
1001 1 can be seen ikig. 3, methylviologen reduction by sodium
5.0 sulfide which is quite slow process in aqueous solutions in the
8.0 ‘ 0 absence of additional catalysts, can be substantially acceler-
6.0 1 ated in the presence of silver sulfide nanoparticles. However,
3.0 high initial rate of the reaction observed after reagents mix-
4.0 1 ing rapidly decreases and after 5—10 min growth of the inten-
20 120 sity of the absorption band of M\ cation-radical becomes
' . 1.0 almost imperceptible. The concentration of cation-radical
10 20 30 4.0 50 reached at this stage do not change further at prolonged age-
(©) Ep, eV ing of reacting mixtures and is thereby very close to maximal.

Fig. 2. Dependenceati)/% — En, and 6En)? — En, for AgsS nanopar- ltwas glso found that the reaction do qotfinigh d_ue to full con-
ticles synthesized (a) i the absence of stabilizers ;iﬂg 5% 10 M, sumption pf reagents'but reach certain egumbrlum state. For
(b) in the presence of 0.25% gelatine, P& = 5 x 10~*M; (c) in the example, in case depicted by the curve &ig. 3 about 10%
presence of 2.5% PVA, [Ag] = 1 x 103 M. of MV 2+ and 0.2% of two-electron reductant (sodium sulfide)
were consumed before an equilibrium state was reached. The
equilibrium can be caused by the accumulation of a product

Comparison of these values with the energies of indirect tran- of the reduction, in particular, polysulfide-ions:

sitions in AgS nanoparticles of an average size showed that 4,2+ +HS — MV*t + HS® 4)
in all cases an energy gap between them remains virtually
constant, i.eEq — E; ~ 1.7 eV. It follows from this that tran- ~ MV2?* + HS* — Mv**+ + S0 + H* (5)

sitions of both types are excited in the same particles hav-
ing an average size. As can be seen froable 1(rows 1
and 3) the same values Bff — E; were obtained in case of As can be seen irFig. 3 (curves 3-5), addition of
the biggest nanoparticles formed in non-stabilized solutions. polysulfide ions to a reacting mixture actually causes both
Hence, quantum confinement effect in Z&gnanoparticles  fall of the rate of catalytic reduction of methylviologen and
apparently do not affect reciprocal disposition of energy lev- a decrease in the maximal yield of MV cation-radical.
els participating in these transitions. Recommencement of fast reaction at the introduction of

HS +(x— 1) —» S, +HT (6)
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D o — MV + 36 *([S")o + xeq ©)
1.0 _ - 0 2
([S*To — *e(IMV**]" — xeq)
0.81
wherex = ([MV **] — [MV **]0)/2, [MV**]o [S*71°, [S]o
0.67 are the molar concentrations of cation radical of methylvio-

logen, sulfide ions and elemental sulfur (in the form of poly-
sulfide ions) at the moment when the reduction st&itd,

0.2 the rate constants of the direct and reverse reactions corre-
spondinglyXeq thex value in an equilibrium state.

0.4+

07 . T . , . Values ofK calculated for the systems with different con-
0 10 20 30 40 centration of polysulfide-ions (s€&g&gy. 3) are listed inTable 2
t, min Calculations were performed with experimental valueggf

assuming [MV*]g = 0. In the experiments on the effect of

Fig. 4. Accumulation of methylviologen cation-radical in air-saturated so- . L . .
19 Lmiat yvio'og ! et in arsai polysulfide addition on the rate of catalytic reaction the fol-

lutions containing sodium sulfide and #§ nanopatrticles. Dotted lines cor-

respond to the moments of the stirring. /8] = 5 x 104 M, [NaS] = 1 lowing conditions were kept: f5]o > x, [MV _2+]0_?> X,
x 102 M, [MV 2+] = 1 x 10-3 M. PVA concentration: 2.5 mass%. [S%0 > xand [MV**]° = 0, soEq. (8)can be simplified as
follows:

additional amounts of N& or MV2t into the reacting dx
system where the accumulation of MV has previously ar
stopped, directly indicates that A§ nanoparticles do not

lose their ability to accelerate reduction, i.e. to be the catalyst

= ka[MV 2167182 1o — kax?[S"g (10)

In an equilibrium state the rate of direct and reverse reactions
are equal, so we can calculate the ratio of rate constants

of methylviologen reduction. andk; (seeTable 2:
At intense stirring of air-saturated solutions rapid decol-
oration is observed due to MV oxidation by Q, then kl[MV2+]02[SZ’]o = koxeq’[S%l0 (11)

reduction recommences agaifid. 4). Such cyclic MV**
reduction—-M\** oxidation can repeat many times. At that & [MV2+]02[82‘]0
redox-potential of M*/MV ** couple first approaches to  x, — W
redox-potential of ¥HS~ couple up to some equilibrium q
state and then, in the result of irreversible reaction betweenAS can be seen froffiable 2 the rate of a reaction between
the cation-radical and oxygen, rapidly returns to the initial €lemental sulfur and cation-radical of methylviologen is 3
value. Since the value d&(SHS") changes at that irre-  Orders higher than the rate of direct reaction. The value of
versibly due to the accumulation of% ions, both the rate  ¢an be calculated separatedly for initial stage of catalytic re-
and maximalyield of M+, as can be seenFig. 4, decrease duction of MV2* (first 4-5 min), when the contribution of the
at every regeneration of methylviologen bication. reverse reaction is negligibly small, i.eJafMV #+1o[S*"]o

The rate (a/dt) and equilibrium constant) of catalytic > k2x°[S°]o. Using calculated in that way values lef/ky
methylviologen reduction, which can be described by brutto- andk; we determined the rate constant of a reverse reaction
equation (7) can be determined from tEgs. (8) and (9) Kz (seeTable 2.
correspondingly:

12)

3.3. Catalytic reduction of silver cations over /%)

2MVZ 4 & & 2Mvet 4+ S0 (7) nanoparticles

e ) Upon addition of hydroquinone to a solution contain-

P k1([MV %+]o — x)°([S* 1o — %) ing silver nitrate and PVA, the mixture becomes pale-grey

coloured and a new wide band with a maximum around

—ka(IMV * ] + x)z([SO]O + x) (8) 420nm appears in its absorption spectrufig( 5a). This

Table 2

Kinetic parameters of the catalytic reduction of methylviologen bication

[S%]p x 10° (M) Xeq X 10° (M) K x 10° kolky x 1073 ki x 1002 (M~1s71) ke x 1074 (M~1s71)

25 5.0 1.3 1.4 2.0 7.0

4.0 4.6 1.1 1.2 2.0 6.0

5.0 4.2 0.8 11 1.9 6.0

8.0 3.0 0.3 1.3 2.0 6.5

Average 2.0 6.4

Notes [Ag2S] =5 x 1074 M, [NazS] =1 x 102M, [MV 2] =1 x 1063 M.
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(a) D (b)

A, nm

- ; . 0 r . :
400 500 600 400 500 600
A nm A nm

Fig. 5. (a) Temporal evolution of absorption spectra of solutions containing 2.5 mass% of PV, $4x 10~ M, [CeH402] =5 x 10~*M. Duration

of ageing of solutions is 20 min (1), 1.5h (2), 4 h (3), 21 h (4). (b) Temporal evolution of absorption spectrum of PVA-stabilized (2.5 mass%) cgi®idal A
solution (5x 10~* M) after an addition of AGN@ (1 x 10~* M) and NaSQs (1 x 10-2 M): (1) initial spectrum, (2) after an addition of AgNE(3-8) solution

2 after an addition of Neé5O; (duration of the ageing of solutions is (3) 0 min, (4) 30 min, (5) 60 min, (6) 90 min, (7) 120 min, (8) 200 min). (c and d) Effect

of nucleophilic agents:J(c) and HS (d) upon the parameters of plasmon resonance bands of silver. In case (c): (1) before an addition of nucleophilic agent,
(2) in the presence of & 103 M KJ, (3) solution 2 in 15 min, (4) the same at [KJ] =11072 M, (5) solution 4 in 75 min. In case (d): (1) before an addition

of nucleophilic agent, (2 and 3) after an addition ok110~4 and 5x 10~*M Na,S correspondingly, (4) solution 3 in 15 min, (5) in the presence ofd.5

10-3M NayS, (6) solution 5 in 15 min. Spectra in (a) were registered relatively to blank PVA solution, spectra in (b—d) relatively to the solutions containing
the stabilizer and 2.5 104 M Ag>S.

change in the absorbance is caused by the reduction of Ag fide nanoparticles indicating that the latter are not consumed
ions[3] and simultaneous stabilization of growing colloidal in the reaction.

particles of silver (A§), by PVA macromolecules. Similar According to the optics of ultradispersed metals (see, for
effects can be observed in solutions containing silver sul- example,[20,21]), light absorption by silver nanoparticles
fide nanoparticles, but in this case reduction proceeds with can in principle result in electronic transitions of three dif-
greater rate, distinctly prononced absorption band at 420 nmferent types. First of them—Ilow-energy intraband transitions
appearing at once after the mixing of reagents. The ability between occupied and vacant 5sp-orbitals. They occur with
of Ag2S nanoparticles to catalyze Agreduction is much  the participation of phonons and do not contribute substan-
more pronounced in solutions containing another reducing tially in the absorbance of metal nanoparticles in the visible
agent—sodium sulfitdg. 5b), which inthe absence of A§ spectral domain. The second type is transitions from occu-
nanoparticles very slowly reduces silver cations. It was found pied 4d to vacant 5sp-levels. Absorption bands correspond-
that in absorption spectra of solutions containing AgNO ing to such transitions have high intensity and are usually
NaSO; and a stabilizer at room temperature there are no located in UV-region at < 320 nm. Transitions of third type
visible changes during at least 2—-3 h even at 100-500-fold which can not be observed for individual atoms or bulk crys-
excess of a reductant, whereas in the presence of colloidaltals of a metal, results from collective resonance excitation
Ag>S particles absorption band of colloidal silver appears in of conductivity electrons within the surface layer of metal
10-20 min after the mixing of reagents. Evolution of the ab- nanopatrticles in the electromagnetic field of the light wave of
sorption band of a product of silver ions reduction both by a certain frequency. Resonances of that kind are called plas-
hydroquinone and sodium sulfide is not accompanied with a mon resonances or surface plasmons, while corresponding
change in the parameters of the absorbance band of silver sulabsorption bands are referred as plasmon absorption bands.
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The existance of plasmon resonance results from quantum-nucleophilic or electrophilic nature on the surface of metal
mechanical description of collective electron motion. At the nanoparticles which can alter the density of electron gas on
same time plasmon resonance and related optical propertieshe surface of particles, i.e. the value d§ and, as a con-
of metal nanopatrticles can be satisfactorily described by Mie sequence, position of the maximum and width of a plasmon
theory based of the conceptions of classical electrodynamicsband.
[2,20,22] Parameters of the absorption spectra of the products
Plasmon absorption bands of very small silver particles of Ag™ catalytic reduction correspond well to disscussed
are located in near UV domain, while at an increase in the above characteristics of absorption spectra of metallic sil-
size of the particles maximum of plasmon band shifts to the ver nanopatrticles. Indeed, in the course of silver reduction
long-wave section of the spectrum. Thus, for example, in the there appears additional absorbance<«B810 nm which can
presence of various stabilizers spherical particles of differ- be attributed to electronic 4d> 5sp transitions, while in

ent size €) can be obtained with plasmon resonance,aix the domain of 330—700 nnf{g. 5a and b) forms an absorp-
=380 nm @ = 1-10nm)[3,23], 395 nm ¢ = 5-20 nm)[3], tion band with high intensity peculiar to plasmon resonance
405nm @ = 15nm), 420 nmd = 22nm)[24], 425nm @ = bands. Additional confirmations of the fact that absorption

40nm)[23]. Position of the maximum of plasmon absorp- band of the products of catalytic reduction of Agre plas-
tion band is affected not only by the size of silver particles mon resonance bands of nanometer silver particles were sup-
but also by their shape, adsorption of molecules and ions of plied by the investigation of the effect of land HS™ ions,
various nature on the surface of the metal, interaction with having nucleophilic properties, on the parameters of these
a substrate, formation of dimers (polymers) with electrocon- bands. It is knowij20,21,31] that on the surface of metallic
ductive bridges or aggregates, in particular, fractal clusters silver are always present unsaturated valencies which can ac-
and otheff2,3,22,25-3Q] cept electronic density from nucleophilic agents. This results
Position of the maximum of plasmon absorption band of in chemosorption of the latters accompanied with a shift in
metal nanopatrticles\(haxy) depends on the optical properties Fermi energy of a metal to more negative values and subse-
of dispersive medium and a metal as well as on the density quentdecrease in the intensity of plasmon resonance band. As
of free electrons in metal nanoparticlég) and can be cal-  can be seen frorRig. 5, addition of Kl to the reacting mix-
culated, according to Mie theolf20], with the use of the  ture actually induces a fall of the intensity of the absorption

following basic expression: band of the reduction product which is the more prononced
) o2 the higher concentration of lis. In the presence of HSan-
2 (27mc)“me(e0 + 2n() (13) ions (Fig. 5d), which have stronger nucleophilic properties
472 Ne as compared with iodide, one can observe noticeably greater

decrease in the intensity of silver plasmon band and besides
some widening of the absorption band, the last being in accor-
dance with the properties of plasmon resonance absorption
[20,31,32]

Accelerating effect of AgS nanoparticles on the pro-
cess of the formation of metallic silver is apparently based
on the fact that the reduction of silver cations to atomic
metal which is an initial stage of the reduction, proceeds

(0 + 2n3)eme Ve on the surface of semiconductor nanoparticles. In the ab-
= W (14) sence of such surface necessary for the adsorption both of
Ag* and atomic silver and possibly also reducing agents
whereVE is the velocity of electrons on Fermi level (m]s) (HSG; ™, SO3%, CeH4(OH)O, C6H40227), on the ini-
which is equal to 1.4« 1P ms~? for silver [20]; 2R the tial stage form apparently corresponding salts, whose further
diameter of metal nanoparticles. redox-transformations are hampered. Thus, at the reduction

CombiningEgs. (13) and (14jve can obtain an expres- of Ag* by hydroquinone in the absence of £ right away

sion for the estimation dR basing only on the parameters of  after the mixing of reagents we observed an increase in op-

wherec is the light velocity in vacuum (ms), me, e the
rest mass and charge of electron (in kg and d§)a com-
ponent of dielectric constant of a metal independent of light
wavelengtimg the refraction index of dispersive medium.
Another important characteristic of a plasmon band—its
half-width on half-height in maximuma{ also depends on
Ne and is inversely proportional to the size of metal particles:

plasmon absorption band, i.e. the valuesafx andw: tical density within the wide spectral range of 330-700 nm
32 v (Fig. 5a) caused, as we suppose, by visually detected turbid-
R = Zmax'F (15) ity of the solutions in the results of the formation of poorly
2mew soluble salts—gH4(OH)OAg and (or) GH4O-Ag>. Growth

The values ofR calculated with the use of the expres- of the intensity of plasmon resonance absorption band in the
sion (15) should be considered as estimate, since this ex-spectra of such solutions developed slovig( 6, curve 1).
pression leaves out of account a number of the properties ofln contrast to this, in the presence of Agjnanopatrticles the
real colloidal solution of a metal, in particular, size distribu- process occurs with comparatively high rate and then, with
tion of metal particles contributing to experimental values of a decrease in Agconcentration, gradually slows down and
w, as well as the effect of the adsorption of substrates with comes to the end within 4-5 Fig. 6, curves 2 and 3).
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within 60 min formation of plasmon absorbance band was
practically finished.

The second peculiarity of the growth of silver nanoparti-
cles consists in the autocatalytic nature of this prodeigs 6,
curves 2 and 3), the factindicating that a product of the reduc-
tion (apparently, silver nanoparticles) can act as a catalyst.
Actually, it is well known that Ag clusters forming on the
surface of microcrystallites of silver halides at the exposure
of photomaterials can catalyze further reduction ofAg
the process of image developméh8]. On the other hand,
colloidal silver particles can adsorb AgCd?*, Ni2*, Hg?+
and other ions with partial shift of electronic density from
Ag particles to the ions resulting in the facilitation of the re-
duction of the latter§20,21] In particular, adsorbed Hg
ions can be reduced to Algven without special additions of
Fig. 6. Kinetics of the formation of Afyreduction products at the interaction a reductant due to silver oxidation, while @dions can be

of 1 x 1074 M AgNO3z and 1x 10~2M NapS0s: (1) in the absence of the . . . . .
catalyst, (2) in colloidal solution of silver sulfide at [48] =5x 1074 M, (3) converted into metallic cadmium via photochemical process

at [AgzS] = 1 x 10-3 M (concentration of reduction products is expressed 9N the surface of (Ag)particles[20,21,33] With these facts
in relative units proportional to optical density of a solution at 420 nmy); (2b  in mind we concluded that auto-acceleration of catalyti¢ Ag
and 3b) anamorphosis of curves (2) and (3) correspondingly in coordinates reduction Fig. 6, curves 2 and 3) is caused by the formation
lg(6/(1 - ) -t of additional catalyst—Agparticles growing on the surface
of AgzS.

Two peculiarities of the catalysis of silver reduction by
Ag>S nanoparticles draw special attention. First of them con- 3.4. Influence of the conditions of catalytic synthesis on
sists in the high sensitivity of Agreduction to the presence plasmon resonance of silver nanoparticles
of very small quantities of AgSS. Thus, without the catalyst at
the reduction of Ag by sodium sulfite at 25C, [AgNQOs] = 3.4.1. Concentration of silver sulfide
5x 1074 M, [Na2S0z] = 1 x 1072M and [PVA] = 2.5wt.% In a series of experiments performed to elucidate an ef-
we did not observe the formation of plasmon band in absorp- fect of AgS concentration on Ag reduction rate we used
tion spectra in the course of 2 h, whereas in the presence ofmixtures containing the same stabilizer (2.5% PVA) and
1 x 10-5M Ag>S with Ey=1.62eV it appears and reaches equal concentrations of reactants ([AgH@ 5 x 1074 M,
substantial intensity already in the first 15 min of the catalytic [Na;SOs] = 1 x 1072 M). In solutions containing silver sul-
reaction. Moreover, even at [A§] = 1 x 10~ M no longer fide nanoparticles (at [Ag] = 1 x 10-°M) in 30 min after
than in 30 min after the mixing of reagents we observed an the mixing of reagents we observed the rise of the absorbance
increase in the optical density of a solution in the spectral ati =400-500 nm and in 2 h wide plasmon band having max-
area corresponding to the maximum of plasmon band andimum at 450 nmFig. 7a). In 24 h reaction comes to the end
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Fig. 7. Effect of molar AgS and Ag- concentration on the parameters of absorption bands of reduction products (all spectra were recorded relatively to the
reference solutions of A): [AgNOz] =5 x 1074 M, [NaxSQs] = 1 x 1072 M; (a) [Ag2S] =1 x 10-® M, spectra 1-5 were registeredwat 0.5, 2, 3, 24 and

45 h correspondingly, = 3.0 cm (curves 1-3),= 1.0cm (curves 4 and 5); (b) absorption spectra were recorded ath with [Ag2S] = 1 x 1078 (1), 1 x

1075 (2), 5x 107 (3), 2.5x 1074 (4) and 3x 103 M (5), | = 3.0 (1-2), 2.0 (3), 0.3 (4) and 0.1 cm (5); (c) absorption spectra recorded in solutions with
[Ag2S] =2.5x 1074 M, [NaxSO3] = 1 x 1072 M at AgNOs concentrations: (1) & 1072, (2) 1 x 1074, (3) 2.5x 1074, (4) 5 x 10~4M, all solutions were

kept for 4 h; in case of (1-3)=0.5cm, (4) =0.1cm.
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and at further storage the absorption spectrum of a solutionstabilized A@S nanoparticles average size of Ag nanoparti-
with Amax=588 nm and a shoulder at 450 nm does not changecles is 3.5—-4.0 nm, whereas in the presence of PVA-stabilized
(Fig. 7a, curves 4 and 5). At an increase in the concentration Ag>S nanoparticles the average size of Ag particles amounts
of catalyst in the range of ¥ 1076 to 1 x 10~3M the rate to 5.0-5.5nm. Ag reduction catalyzed by non-stabilized
of catalytic reaction grows while the maximum of plasmon Ag>S nanoparticles witkg = 1.4 eV has two substantial dis-
bands shifts in the short-wave side of the spectrbig. (/). tictions. First, it has much greater rate as compared with the
Solutions with 1x 1076, 1 x 10%,5x 107>, 2.5x 104 polymer-stabilized solutions. Broad absorption band of silver
and 1x 103 M of Ag»S have plasmon resonance with the with indistinct maximum at 450 nm appears straight away
maxima correspondingly at 445, 440, 435, 425 and 415 nm. after the mixing of reagents. Second, in the course of the re-
duction we observed considerable growth of the absorbance

3.4.2. Concentration of Agy in the long-wave spectral domain and much more prononced
An increase in AgN@ concentration at constant concen-  shift of the maximum of the plasmon barféd. 8a, curve 3).

trations of NaSQOs and AgS leads to an increase in the rate In the second series of experiments we usedbSAg

of silver reduction and small hypsochromic shift of the max- nanoparticles synthesized in aqueous solutions without poly-

imum of plasmon bands. As can be seerfig. 7c, in 4h mers and then stabilized via an addition of PVA or gelatine.

after the mixing of reagents in the solution with [AghIG- Spectral changes observed in these solutions are shown in

5 x 10~*M we observed 30 nm hypsochromic shift of Ag Fig. 8 and c. It should be noticed that molar concentrations
plasmon band as compared to the solution with [AgN© of reagents and colloidal catalyst were kept the same as in

5x 107°M. the first series of experiments discussed abBig 8a). Dis-
tinction between the two series of experiments consists in the
3.4.3. Size and stabilization of A8 nanoparticles characteristics of AgS nanoparticles — in the first case we

The effect of these factors on the catalytic reduction of used AgS nanoparticles witlg = 1.6 and 1.7 eV, whereas
Agt was investigated in two series of experiments. One in the second — witliEg ~ 1.4 eV. As can be seen from the
of them was performed with A& nanoparticles having  Fig. 8a, slight effect of an increase in the average size of
Ey = 1.4eV and synthesized in aqueous solution without Ag>S nanoparticles on the position and the shape of absorp-
stabilizers as well as smaller nanoparticles synthesized in thetion bands of the products of Agreduction (some widening
presence of PVAEg = 1.6 eV) or gelatinelg = 1.7 eV). Dif- of the band and shift of the maximum to 435 nm) could not
ferent nature of spectral transformations progressing in the be compared with strong effect of the preserfeig.(8a) or
presence of these catalysts can be seen from the comparisothe absence~{g. 8b and c) of a stabilizer as well as its nature.
of Fig. 8a—c. Product of catalytic reaction with the participa- Thus, oppositely to the solutions containing PVA anc89
tion of the smallest gelatine-stabilized #8 nanoparticles  nanoparticles withEg ~ 1.4 eV, catalytic reduction in col-
has plasmon band with the maximum at 410 rfig( 8a, loidal solutions of AgS containing gelatine gives the prod-
curve 1). Inthe presence of bigger colloidal particles of silver ucts having two overlapping band with the maxima at 415
sulfide stabilized with PVA silver particles have plasmon and 510 nmItig. &).
band with the maximum at 425 nrkif). 8a, curve 2). With It should be noted that colloidal A& particles both cat-
the use ofEq. (15)it can be shown that in case of gelatine- alyze the reduction of Ag by sodium sulfite and stabilize
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Fig. 8. Effect of the stabilization method and size of colloidal particles of the catalyst on the absorption spectrarefidaion products ([AgN€} =5 x
1074 M, [Na;S0s] = 1 x 1072 M, [Ag2S] = 2.5x 10~* M; all spectra were registrated relatively to the solutions of silver sulfide witha$hg 2.5x 10~4 M):
(a) spectra of gelatine-stabilized solutions (1F, 0.5 cm, PVA-stabilized solutions (2)= 0.1 cm, non-stabilized solutions (3)= 0.5cm; (b) solutions of
non-stabilized AgS nanoparticles with an addition of PVA; (1) 30 min, (2) 45 min, (3) 60 minl & 0.5cm), (4) 21 hl(= 0.1 cm); (0) solution (c) with an
addition of gelatine:: (1) 45 min, (2) 60 min, (3) 75 min, (4) 90min, (5) 2 h, (6) 24k 0.5cm (1-5) and = 0.1 cm (6).
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forming particles of metallic silver. It was shown that the (E° =+0.799 V[36]). Partial compensation of unpaired elec-
mixing of reagents in the presence of non-stabilizedg3\g tron through adsorbtive interactions can also shift the redox-
nanoparticles leads to the formation of transparent solutionspotential of silver atoms to more positive valy8s34] and

with silver plasmon bands and prolonged aggregative stabil- facilitate in that way reduction of Ag. It appears that in

ity while the same operation performed in the absence of the presence of sodium sulfite having less negative redox-
colloidal AgS results in the precipitation of silver sulfite. potential than-1.8V (E° = —0.93V at pH > 7[36]), in the

It indicates that Ag nanoparticles forming on the surface of process ofthe reduction participate at first onlyZarisorbed

the catalyst do not diffuse in the bulk of a solution but re- on the walls of the reactor and possibly on colloidab&@s
main anchored to the surface of the semiconductor. The lastparticles. This reaction results in the formation of small clus-
fact can, as it was noticed before, affect some parametersters composed of several atoms and very small particles of
of plasmon resonance of silver nanoparticles. However, the metallic silver which are able to adsorb Agons from a so-
principle cause of the alteration of the parameters of plas- lution[3,35]and catalyze their reaction with a reductant with
mon band of Ag nanopatrticles is, in our opinion, a change subsequent addition of atomic silver to the growing metal
in the size of metal particles. Let us enumerate arguments inpatrticle.

favour of this suggestion: (i) in every case in the conditions  The principal distinction between non-catalytic reduction
of the reaction promoting an enlargement of,Agparticles and catalytic reduction of silver in colloidal solutions of sil-
bathochromic shift of the maximum of plasmon band is ob- ver sulfide consists apparently in adsorption of"Agn the
served (se€igs. 7 and B (ii) at a decrease in A% concen- surface of AgS nanopatrticles facilitating initial stages of re-
tration a number of surface catalytic centers also decreasesduction, i.e. formation of separate silver atoms, clusters and
So at constant concentrations of reagents on each particle ohuclei of silver.

silver sulfide bigger silver particles are formed and the max-  One of the features of n-type semiconductors including
imum of plasmon band, as can be seen figim 7, shifts to Ag>S [37] is the presence of electronodonor centers on the
longer wavelengths; (i) an increase in [Af[Ag2S] ratio surface of semiconductor crystdl]. These centers orig-
should lead to the formation of bigger Ag particles (since the inate from impurities and structure defects, in particular,
same quantity of catalytic centers takes part in the reductionvacancies—oxygen vacancies in case of oxides and sulfur
of Ag™ ions) and consequently should cause bathochromic vacancies in case of sulfides. Donor levels of these impuri-
shift of the maximum of plasmon band. As can be seen in ties and defects are located somewhat below the edge of the
Fig. 7c, an increase in AQ concentration at [AgS] = con- conduction band. The equilibrium between these levels and
stant actually causes a shift in the position of the absorption the conduction band is the factor determining the nature of
band of metallic silver; (iv) the same result can be achieved conductivity of given semiconductpf]. Authors of[5] found
when we use bigger particles of the catalyst at its constant mo-that in case of n-Ti@ donor defects caspontaneouslyi.e.

lar concentration, the fact equal to a decrease in the quantitywithout the participation of a reductant, irradiation or appli-
of catalytic centersKig. 8a). The position of plasmon band of cation of a potential, reduce a number of metal ions includ-
the forming silver nanopatrticles is strongly affected in some ing silver with the formation of surface atoms, clusters and,
unclear way the nature of a stabilizer. Thus, in solutions con- at high concentration of defects, nanoparticles of a metal.
taining gelatine and separatedly synthesized non-stabilizedBasing on these results we suppose that upon the addition
Ag>S nanoparticles, at the reduction of Agve observed  of AgNOs to a colloidal AgS solution some portion of Ag

two absorption bands (sé&ég. 8c), whereas in the presence undergoes reduction by surface donor defects of the semicon-

of PVA only one bandKig. 8b). ductor. This process is thermodynamically favourable since
conduction band of AgS nanoparticles (and therefore donor

3.4.4. A mechanism of catalytic action of2&g levels) has quite substantial negative poterfil while the

nanoparticles in Ag reduction potential necessary for the reduction of Agas was men-

In PVA solutions containing silver nitrate and sodium tioned above, shifts substantially to positive values due to
sulfite, visible changes indicating on the formation of’Ag  adsorption. Silver atoms transform in clusters which can act

nanoparticles can be observed only in a few hour’s time after as centers for subsequent adsorption and reduction &f Ag
reagents mixingKig. 5a). This is in good agreement with the  jons:

well-known fact that metals deposition from solutions in the

absence of catalysts or adsorbents is usually hind@@d  A9,/AJ2S+Ag" — Ag, 17 /Ad,S (16)
since “free” metal atoms forming on the initial stages of re- +

duction are strong reductants and readily undergo oxidation” 91 /AG2S + Red— Ag,.1/Ag;Sandsoon (17)
[3,34,35] Redox-potential of the couple Ag-Ag (E2g+/Ag) where Red is a reductant.

is very high (-1.8V versus NHH20]) due to the presence Forming clusters and silver nanopatrticles functionate as
of unpaired electron on the outer s-orbital of Ag atom (con- catalysts for further Ag reduction and therefore the whole
figuration 4d%5s'"). At the formation of Ag* cluster this  process of reduction has autocatalytic nature and is described
potential drops almost to zero and at further nucleation ap- by s-shaped kinetic curve&if. 6). Expression for the rate
proaches oscillatory to the electrode potential of bulk silver of autocatalytic reduction of silver can be written in the
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following way: catalytic reduction. Absorption spectra of the products of cat-
0 alytic reaction in solutions with different content of reactants
a[Ag] = k[Ag*][Ag] (18) are given inFig. 9a—c, while kinetic curves of Agaccumu-
d lation under the irradiation and in the dark are presented in
Letx =[Ag®] — M, whereM is the concentration of catalytic ~ F9- 1G. Examination of the curves shows that variations in
centers at the beginning of the processQ), £ = x/[Ag*], & the concentrations of reagents has different effect on dark and

= M/[Ag*]. In the systems under examinationtat O there photochemical processes. As can be seen atthe comparison of
is no metallic silver, s/ value corresponds to the concen- the curves 2 and 3 iRig. 10a with the corresponding curves
tration of active centers on the surface ofsSgnanocrystals N Fig. 6, efficiency of the catalytic process in the dark is
which can participate in the reduction of Agdonor defects).  Strongly affected by Ag concentration and weakly depends
Taking&o < 1, after substitution ok, & and&o parameters ~ onthe concgntration ofareductant_. T_h_isfact agrees well with
in the Eq. (18) integration, and conversion to decimal log- the conception of38,39]about the limiting role of the stage
arithms we obtain an expression for the calculation of the of generating of metallic catalytic centers on the surface of

quantity of reduced silver: colloidal AgS in the reduction of silver ions. Analysis of the
energetics of photogenerated in /&nanoparticles charge
§ _ + carriers (given in details ifiL]) shows that light absorption
'o (1 - g) = 1950 +0.43%[Ag s (19) produces conduction band electrons which can reduce silver

L o ) ions. Hence, at the irradiation of solutions resulting in the for-
As can be seen |ﬁ|g..6b, klnetlp curves of Ag catalytic mation of high quantities of metallization nuclei will change
reduction can be welllinearized in coordinated offttg (19)  reduction mechanism, the stage of primary nuclei formation
Ig(§/(1 — §)) — t. From the slope and its intersection with || |ose its limiting character and the basic influence on the
the axis of ordinates can be derived rate constant of silver cataiytic reduction will exert the concentration of a reductant.
reductionk = 1.6 x 10*s™! and concentration of catalytic Actually, as can be seen Fig. 10a (compare curves 1 and
centers on the surface of silver sulfide nanopartibles 3 3), at thé same concentration of Aghl@rmation of Ad in
x 10°°M (at[AgzS]=1x 10 °M)andM~3x 107 "M@t the solution with [NaSOs] = 5 x 10-2M proceeds much
[Ag2S] = 5 x 10~*M). Calculated value of rate constant of faster than in the solution with [N80s] = 1 x 10-2 M. We
Ag* catalytic reduction on the surface of ggnanoparticles  ghserved also an increase in the rate of photochemical pro-

is close to the values usually obtained in the processes of theass at an increase in AgN@oncentration (at [Ng50] =

development of photographic images,39]. constant).
Catalytic synthesis of silver nanoparticles progresses via
3.5. Photochemical activation of Agcatalytic consecutive acts of adsorption of A@n metallic catalytic
reduction in the presence of Ag nanoparticles centers, its reduction and addition of Agtom to growing
silver nanoparticles. One should expect that in conditions
Irradiation of the solutions containing A8 nanoparti- favouring to the formation of great quantity of such metallic

cles, Ag™ and reductants of various nature substantially ac- centers (including the irradiation), catalytic reduction would
celerates the growth of absorption bands of the products ofresults in smaller particles as compared with the reduction
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Fig. 9. (a—c) Absorption spectra of silver nanoparticles synthesized in various conditions in solutions w@h$/&g< 10~ M. (a) Spectra of the products of
reduction in irradiated solutions. Concentration of AgNi®starting solutions: (1) % 1075, (2) 1 x 1074, (4) 5 x 10~*M, [Na2;SQs;] = 1 x 102 M. In the

solution (3) [AgNGQ] =5 x 103 M, [NaS03] =5 x 1072 M. (b and ¢) Spectra of silver nanoparticles synthesized in solutions wig & = 1 x 1072 M

and 1x 1074 M (b), 5 x 104 M AgNO3 (c), in the dark during 45 min (spectra 2b and 2c), 17 h (5b) and 2 h (5¢), at the stationary irradiation during 10 min
(1b and 1c) and 45 min (4b and 4c), at the irradiation for 5 min with subsequent ageing for 40 min in the dark (curves 3b and 3c). Duration of the reaction in
minutes: (1) 60, (2) 90, (3) 20, (4) 30, (5) 45, (6) 60, (7) 90.
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Fig. 10. (a) Evolution of plasmon resonance absorption bands of silver nanoparticles at the ageing of colloidal solutions 8ith $4g10~* M under the
irradiation. In the solutions (1, 2 and 4) [b803] = 1 x 1072 M, [AgNO3] in (1) 5 x 107%; (2) 1 x 107%; (4) 5 x 10~*M, in the solution (3) [NaSQs] =

5 x 102M, [AgNO3] = 5 x 104 M. (b) Kinetic curves reflecting a change in the intensity of plasmon bands of silver nanoparticles at ageing of colloidal
solutions with [AgS] =5 x 104 M, [AgNO3] =1 x 1074 M and [N&S0s] = 1 x 1072 M in the dark (1), at the irradiation for 5min and subsequent ageing

in the dark (2), at the stationary irradiation (3).

in the dark. To verify this assumption we compared absorp- results in the acceleration of the subsequent dark reduction.
tion spectra of the corresponding solutions after completion In this case the rate of dark reduction is almost equal to the
of Agt reduction and found that at [A§] = 5 x 10~4M, rate of photochemical process at stationary irradiation.
[Nap;SOs]= 1 x 1072M and [AgNGs] =5 x 10°to 5 x It should be noted that at the same composition of react-
104 M products of the photoreaction have absorption bands ing mixtures silver deposition under the irradiation and in
with the maxima at 410-420 nm, whereas the products of the dark results in the formation of Ag nanoparticles having
the thermal process at 430-450 nm (Bég %a—c). Accord- absorption bands which differ not only in the position of the
ing to[20,21,30] a shift of plasmon band position to longer maximum but also in the shape (sEgy. % and c, curves
wavelengths can be induced by an increase in the size of4 and 5). The last fact can be explained by diverse effect
Ag nanoparticles. The same character of temporal transfor-of semiconductor matrix on the silver nanopatrticles forming
mations of absorption bands of the products of photochemi- in the course of the dark and photochemical processes. The
cal and dark reduction indicates that these products have thenature of this effect is usually determined by the nature of
same chemical nature (i.e. in both cases it is hanoparticu-electronic processes in the coupled “metal-semiconductor”
late silver on the surface of colloidal A§ nanoparticles) but ~ system. It is well known (see for examdk0]), that at the
differ in the quantity of silver atoms per particle. As can be establishment of a contact between these materials due to the
seen inFig. 9% and c, after 10 min irradiation of solutions difference in their work functions there always is some mi-
with the concentrations of AgN§equal to 1x 10~4 and 5 gration of electrons from a n-type semiconductor to a metal,
x 1074 M, the maxima of plasmon band are located corre- which can affect the electronic properties of both compo-
spondingly at 405 and 410 nm (spectra 1), while after 45 min nents. In[5,41,42]such reciprocal influence was observed
irradiation at 415 and 420 nm (spectra 4). Similar shifts can at the photodeposition of silver on the surface of ZnO and
be also observed at the ageing of colloidal solutions in the TiO [5]. In the system under investigation at dark reduc-
dark. Comparison of the spectra 2 and #ig. 9% shows that  tion metallization nuclei form apparently as a result of the
the absorption bands of the products of photochemical andinteraction of Ag™ ions with donor defects in the surface of
thermal (dark) reduction have identical maxima but strongly Ag,S nanopatrticles. Surface defect are oxidized by &ms,
differ in the intensity. This fact can be naturally explained growing Ag nanoparticles do not have electric contact with
in the following way. At low content of metallization nuclei the substrate (Ag5) and the semiconductor does not virtu-
on the surface of AgfS colloids kept in the dark as compared ally affect optical properties of metal nanopartidiels On the

with illuminated colloids quantity of Ag nanoparticlesis also contrary, under the irradiation the greater part of nucleiis gen-
low. At further ageing of these solutions catalytic reduction erated in photocatalytic process which does not chemically
goes on, the size of Ag nanoparticles grows and the inten-alter the surface of silver sulfide nanoparticles. As a result,
sity of silver plasmon band increases so its maximum shifts a contact between semiconductor and growing metal parti-
to 435-440nmKig. % and c, curves 2 and 5). Additional cles would remain undisturbed and the components of such
argumentation in favour of the proposed interpretation can binary system can interact. Hence, silver sulfide affects op-
be extracted from the experiments where solutions were ex-tical properties of Ag nanoparticles similarly to nucleophilic
posed to short-time irradiation and then aged in the dark. As agentq20,21] i.e. induces a widening of the plasmon bands
can be seen ifig. 1(b, generation of a substantial quantity and a decrease in their intensitlyig. % and c, curves 4

of catalytic centers in the course of first 5min of irradiation and 5).
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