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Optical and catalytic properties of Ag2S nanoparticles
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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 properties of Ag2S nanoparticles 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 that Ag2S nanoparticles
can catalyze reduction of Ag+ ions 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 conditions of Ag+ catalytic reduction on the
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hape and intensity of plasmon resonance bands of metallic silver were studied, schematic mechanism of this reaction was prop
hown that at the irradiation of solutions containing Ag2S nanoparticles, Ag+ cations and a reducing agent with the light correspondin
he fundamental absorption band of nanoparticulate silver sulfide, the rate of Ag+ catalytic reduction increased whereas kinetic feature
atalytic reaction and characteristics of plasmon resonance absorption bands of silver nanoparticles changed. A mechanism of ph
ctivation of the catalytic reduction of silver ions with the participation of Ag2S nanoparticles was proposed.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Synthesis, properties and application potential of semi-
onductor nanoparticles manifesting photocatalytic activity
n various redox-processes have been and are the subject of
reat interest to the present day[1–9]. On the other hand
anoparticles of a large group of semiconductors, which have
ot been yet used as photocatalysts or electrodes in photo-
lectrochemical systems remained to date virtually beyound

he scope of research. At the same time small particles or
onolayer fragments of the semiconductors of this group
eposited on the surface of semiconductor photocatalysts are

ound to increase the photoactivity of the substrate or to ex-
and its photosensitivity to visible domain of the spectrum

1,10]. Silver sulfide is one of the semiconductors which in
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nanoparticulate state can strongly affect in that way the f
tioning of various light-sensitive systems. It was shown
deposition of Ag2S nanoparticles onto the surface of e
trodes made of porous titanium dioxide caused a shift of “
edge of the photosensitivity of the substrate from 400 n
near infrared part of the spectrum[11]. It is known that sil
ver sulfide can sensitize photographic materials[12,13], form
self-assembled layers of nanoparticles[14] and change lum
nescence properties of cadmium sulfide nanoparticles[15]. It
was also noticed that silver sulfide can be potentially use
photography and photodetection in infrared region[16]. At
the same time, among the numerous publications conce
nanometer semiconductor particles including silver su
nanoparticles we did not find examples of the possibilit
the participation of Ag2S nanoparticles in thermal (“dark
processes, i.e. in reactions not demanding the irradiatio
pecially as a catalyst.

The subjects of the present paper are optical prope
of Ag2S aqueous colloidal solutions and catalytic acti

381-1169/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
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of silver sulfide nanoparticles in two reactions proceeding
in the dark (without absorption of light quanta), namely, in
methylviologen and Ag+ ions reduction. It was shown that
the efficiency of the second reaction can be substantially in-
creased by the irradiation of reacting mixtures with the light,
corresponding to the absorption band of Ag2S nanoparticles.

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. Ag2S 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 experiments Ag2S nanopar-
ticles were synthesized without the addition of stabilizers.
At [Ag2S] ≤ 1 × 10−3 M 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
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thetic procedure and conditions of stabilization of colloidal
silver sulfide, its absorption spectra in the 250–750 nm region
are represented by curves monotonously rising towards the
short-wave side. Absence of distinctly prononced edge of the
absorption bands as well as maxima or elbows on spectral
curves complicates extraction of the information about pho-
tophysical properties of Ag2S nanoparticles or their energetic
characteristics directly from absorption spectra. So, for the
elucidation of the nature of primary photoprocesses in Ag2S
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-
ductors[17], 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 (Eh�), absorption coefficients cor-
responding to direct (αd) and indirect (αi ) transitions as well
as corresponding absorption constants (Bd, Bi ) are related
with each other via following expressions:

αd = Bd(Eh� − Eg)0.5

Eh�
(1)
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hile kept at room temperature for several months.
Kinetic measurements were conducted in thermostati

ontrolled glass reactors at 20–25◦C in air-saturated solu
ions. Reaction rates were determined from the absor
pectra of the reacting mixtures.

. Discussion

.1. Optical properties of Ag2S nanoparticles

Absorption spectra of colloidal silver sulfide prepare
arious conditions are given inFig. 1. Regardless of the sy

ig. 1. Electronic absorption spectra of Ag2S nanoparticles synthesized
he absence of stabilizers (curve 1), in the presence of PVA, 2.5 m
curve 2), in the presence of gelatine, 0.5 mass% (curve 3). [Ag2S] = 5 ×
0−4 M, optical pathl = 0.2 cm.
i =
Eh�

(2)

ineariry of a spectral curve in (αEh�)2 − Eh� coordi-
ates indicates direct interband optical transition where
αEh�)1/2 − Eh� coordinates indirect transitions. Extrapo
ion of linear section of the corresponding anamorphos
he abscissa axis gives the value ofEh� = Ed = Eg in case
f direct transitions orEh� =Ei = Eg + Ef in case of indirec

ransitions (whereEf is the energy of phonon participating
transition).
We usedEqs. (1) and (2)for determination of type and e

rgies of electronic transitions in synthesized colloidal A2S
anoparticles. Absorption coefficients (in cm−1) were calcu

ated using the following equation:

= 2.303× 103Dρ(lc)−1 (3)

hereD is the optical density of a solution,ρ the density o
ulk Ag2S (7.2 g cm−3), l the optical thickness of a cuve
cm),c the concentration of a colloidal solution (g l−1).

Energetic dependences of absorption coefficient, c
ated for colloidal Ag2S solutions synthesized in differe
onditions are shown inFig. 2. It can be seen that in a
ases both direct and indirect electronic transitions can o
t the photoexcitation of silver sulfide nanoparticles. F

he results of the calculation of transitions energies (Table 1)
number of additional conclusions about the primary

oprocesses in synthesized semiconductor materials c
erived. As can be concluded fromTable 1, energies of opt
al transitions in Ag2S nanoparticles exceed the same va
f bulk crystals of silver sulfide (for bulk Ag2SEg = 0.9 eV
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Table 1
Energies of indirect (Ei ) and direct (Ed) optical interband transitions in Ag2S nanoparticles

No. [Ag2S] (M) Stabilization conditions Indirect transitions Direct transitions Ed − Ei (eV)

Ei (eV) Ed (eV)

1 1.0× 10−3 Without stabilizer 1.00 2.66 1.66
1.36

2 5.0× 10−4 Without stabilizer 0.98 3.10 1.66
1.44 3.60

3 1.0× 10−4 Without stabilizer 1.10 2.86 1.76
1.36 3.20 1.74

4 5.0× 10−3 PVA, 2.5% 0.96
1.44

5 2.0× 10−3 Without stabilizer 1.15 3.36 1.76
1.60

6 5.0× 10−4 Without stabilizer 0.96 3.34 1.68
1.66 3.68

7 2.0× 10−4 Without stabilizer 1.24 3.35 1.69
1.66 3.70

8 1.0× 10−4 Without stabilizer 1.10 3.28 1.70
1.58 3.78

9 7.0× 10−5 Without stabilizer 1.54 3.20 1.66
4.04

10 6.2× 10−5 Without stabilizer 1.10 3.32 1.72
1.60 4.00

11 5.0× 10−3 Gelatine, 0.25% 1.00
1.60

12 1.0× 10−3 Without stabilizer 1.18 3.50 1.74
1.76 3.96

13 5.0× 10−4 Without stabilizer 0.90 3.44 1.70
1.74

[18]). Hence, synthesized colloidal nanoparticles manifest
quantum confinement effects lying in a variation of band gap
of the semiconductor with a change in the size of nanocrystals
[6–8]. These effects can be observed especially clearly in case
of high-energy indirect transition. Thus, in non-stabilized col-
loidal solution (containing the biggest of all synthesized Ag2S
particles), energy of indirect transition (Ei ) was found to be
close to 1.4 eV (seeTable 1, rows 1–3), while in case of PVA-
stabilized solutions is close to 1.6 eV (Table 1, rows 4–10).
Smaller Ag2S particles with more prononced quantum con-
finement effect which haveEi = 1.70 – 1.76 eV can be formed
in gelatine-stabilized solutions (Table 1, rows 11–13). Con-
centration of solutions do not affect so strongly the process
of particles formation as the nature and concentration of a
stabilizer. Only in case of poorly stable solutions with the
concentration of Ag2S as large as 5× 10−3 M in the pres-
ence of PVA we obtained the value ofEi = 1.44 eV (Table 1,
row 4), which distinctly differs from the same value calcu-
lated for the solutions with Ag2S concentration in the range of
7 × 10−5 to 2× 10−3 M, whereas in the presence of gelatine
Ei = 1.60 eV (Table 1, row 11).

Along with discussed indirect transitions in silver sulfide
nanoparticles having average size and dominating in colloidal

solutions, analysis of absorption spectra revealed for each
sample the possibility of transitions that are also indirect but
have lower energy. We suppose that these transitions corre-
spond to a fraction of colloidal Ag2S particles of the greatest
size. Absorption band of these nanoparticles do not substan-
tially overlap with the band of adjacent fractions of nanopar-
ticles, so even at very small concentration of such particles it
is possible to observe distinct linear section of (αEh�)1/2 −
Eh� dependence and determineEi value (seeFig. 2). The val-
ues of the energies of these transitions listed inTable 1should
be considered as rough estimation since these values can be
strongly distorted owing to very small content of such parti-
cles in solutions as well as light absorption due to intraband
transitions.

Analyzing the absorption spectra in UV region we found
that the majority of examined samples have one or two di-
rect interband electronic transitions. At the examination of
experimental results (Table 1) our attention was drawn by
direct transitions at 3.10–3.50 eV, the precise value of energy
varying depending on the conditions of stabilization. In case
of non-stabilized colloids we obtained theEd equal to 3.10
and 3.20 eV, for PVA-stabilized Ag2S nanoparticles close
to 3.3 eV, and for gelatine-stabilized particles near 3.5 eV.



212 A.I. Kryukov et al. / Journal of Molecular Catalysis A: Chemical 221 (2004) 209–221

Fig. 2. Dependences (αEh�)1/2 −Eh� and (αEh�)2 −Eh� for Ag2S nanopar-
ticles synthesized (a) in the absence of stabilizers at [Ag2S] = 5× 10−4 M,
(b) in the presence of 0.25% gelatine, [Ag2S] = 5 × 10−4 M; (c) in the
presence of 2.5% PVA, [Ag2S] = 1× 10−3 M.

Comparison of these values with the energies of indirect tran-
sitions in Ag2S nanoparticles of an average size showed that
in all cases an energy gap between them remains virtually
constant, i.e.Ed − Ei ≈ 1.7 eV. It follows from this that tran-
sitions of both types are excited in the same particles hav-
ing an average size. As can be seen fromTable 1(rows 1
and 3) the same values ofEd − Ei were obtained in case of
the biggest nanoparticles formed in non-stabilized solutions.
Hence, quantum confinement effect in Ag2S nanoparticles
apparently do not affect reciprocal disposition of energy lev-
els participating in these transitions.

Fig. 3. Kinetic curves of the accumulation of methylviologen cation-radical
(MV•+) in solutions containing sodium sulfide in the absence of Ag2S
nanoparticles (1), in the presence of Ag2S nanoparticles (2), in the presence
of Ag2S nanoparticles and sodium polysulfide—[Na2Sx] = 4.0 × 10−3 M
(3), 5.0× 10−3 M (4), 8.0× 10−3 M (5). [Ag2S] = 5× 10−4 M, [Na2S] =
1 × 10−2 M, [MV 2+] = 1 × 10−3 M. Concentration of PVA: 2.5 mass%.

3.2. Ag2S nanoparticles as the catalyst of
methylviologen reduction

One-electron reduction of methylviologen bication results
in the formation of cation-radical MV•+ having absorption
band in the visible spectral domain (λmax= 605 nm and molar
extinction coefficient in maximumε605 = 13,700 M−1 cm−1

[1,19]). So, the process of reduction can be easily monitored
by the evolution of the absorption band of cation-radical. As
can be seen inFig. 3, methylviologen reduction by sodium
sulfide which is quite slow process in aqueous solutions in the
absence of additional catalysts, can be substantially acceler-
ated in the presence of silver sulfide nanoparticles. However,
high initial rate of the reaction observed after reagents mix-
ing rapidly decreases and after 5–10 min growth of the inten-
sity of the absorption band of MV•+ cation-radical becomes
almost imperceptible. The concentration of cation-radical
reached at this stage do not change further at prolonged age-
ing of reacting mixtures and is thereby very close to maximal.
It was also found that the reaction do not finish due to full con-
sumption of reagents but reach certain equilibrium state. For
example, in case depicted by the curve 4 inFig. 3, about 10%
of MV2+ 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
o
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M

H

f
p both
f nd
a .
R n of
f the reduction, in particular, polysulfide-ions:

V2+ + HS− → MV•+ + HS• (4)

V2+ + HS• → MV•+ + S0 + H+ (5)

S− + (x − 1)S0 → Sx
2− + H+ (6)

As can be seen inFig. 3 (curves 3–5), addition o
olysulfide ions to a reacting mixture actually causes

all of the rate of catalytic reduction of methylviologen a
decrease in the maximal yield of MV•+ cation-radical
ecommencement of fast reaction at the introductio
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Fig. 4. Accumulation of methylviologen cation-radical in air-saturated so-
lutions containing sodium sulfide and Ag2S nanoparticles. Dotted lines cor-
respond to the moments of the stirring. [Ag2S] = 5 × 10−4 M, [Na2S] = 1
× 10−2 M, [MV 2+] = 1 × 10−3 M. PVA concentration: 2.5 mass%.

additional amounts of Na2S or MV2+ into the reacting
system where the accumulation of MV•+ has previously
stopped, directly indicates that Ag2S nanoparticles do not
lose their ability to accelerate reduction, i.e. to be the catalyst
of methylviologen reduction.

At intense stirring of air-saturated solutions rapid decol-
oration is observed due to MV•+ oxidation by O2, then
reduction recommences again (Fig. 4). Such cyclic MV2+
reduction–MV•+ oxidation can repeat many times. At that
redox-potential of MV2+/MV•+ couple first approaches to
redox-potential of S0/HS− couple up to some equilibrium
state and then, in the result of irreversible reaction between
the cation-radical and oxygen, rapidly returns to the initial
value. Since the value ofE(S0/HS−) changes at that irre-
versibly due to the accumulation of Sx

2− ions, both the rate
and maximal yield of MV•+, as can be seen inFig. 4, decrease
at every regeneration of methylviologen bication.

The rate (dx/dt) and equilibrium constant (K) of catalytic
methylviologen reduction, which can be described by brutto-
equation (7) can be determined from theEqs. (8) and (9)
correspondingly:

2MV2+ + S2− ↔ 2MV•+ + S0 (7)

dx 2+ 2 2−

T
K n

[ k2/k1 ×
2 1.4
4 1.2
5 1.1
8 1.3

A

N .

K = ([MV •+]0 + xeq)
2([S0]0 + xeq)

([S2−]0 − xeq)([MV 2+]
0 − xeq)

2
(9)

wherex = ([MV •+] − [MV •+]0)/2, [MV•+]0 [S2−]0, [S0]0
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 starts,k1, k2
the rate constants of the direct and reverse reactions corre-
spondingly,xeq thex value in an equilibrium state.

Values ofK calculated for the systems with different con-
centration of polysulfide-ions (seeFig. 3) are listed inTable 2.
Calculations were performed with experimental values ofxeq
assuming [MV•+]0 = 0. In the experiments on the effect of
polysulfide addition on the rate of catalytic reaction the fol-
lowing conditions were kept: [S2−]0 � x, [MV 2+]0 � x,
[S0]0 � x and [MV•+]0 = 0, soEq. (8)can be simplified as
follows:

dx

dt
= k1[MV 2+]0

2
[S2−]0 − k2x

2[S0]0 (10)

In an equilibrium state the rate of direct and reverse reactions
are equal, so we can calculate the ratio of rate constantsk1
andk2 (seeTable 2):

k1[MV 2+]0
2
[S2−]0 = k2xeq

2[S0]0 (11)

A en
e is 3
o of
c c re-
d he
r
�
a ction
k

3
n

in-
i rey
c und
4

dt
= k1([MV ]0 − x) ([S ]0 − x)

− k2([MV •+]0 + x)
2
([S0]0 + x) (8)

able 2
inetic parameters of the catalytic reduction of methylviologen bicatio

S0]0 × 103 (M) xeq × 105 (M) K × 105

.5 5.0 1.3

.0 4.6 1.1

.0 4.2 0.8

.0 3.0 0.3

verage

otes: [Ag2S] = 5× 10−4 M, [Na2S] = 1× 10−2 M, [MV 2+] = 1 × 10−3 M
10−3 k1 × 10−2 (M−1 s−1) k2 × 10−4 (M−1 s−1)

2.0 7.0
2.0 6.0
1.9 6.0
2.0 6.5

2.0 6.4

k2

k1
= [MV 2+]0

2
[S2−]0

xeq
2[S0]0

(12)

s can be seen fromTable 2, the rate of a reaction betwe
lemental sulfur and cation-radical of methylviologen
rders higher than the rate of direct reaction. The valuek1
an be calculated separatedly for initial stage of catalyti
uction of MV2+ (first 4–5 min), when the contribution of t
everse reaction is negligibly small, i.e. atk1[MV 2+]0[S2−]0
k2x2[S0]0. Using calculated in that way values ofk2/k1

ndk1 we determined the rate constant of a reverse rea
2 (seeTable 2).

.3. Catalytic reduction of silver cations over Ag2S
anoparticles

Upon addition of hydroquinone to a solution conta
ng silver nitrate and PVA, the mixture becomes pale-g
oloured and a new wide band with a maximum aro
20 nm appears in its absorption spectrum (Fig. 5a). This
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Fig. 5. (a) Temporal evolution of absorption spectra of solutions containing 2.5 mass% of PVA, [Ag+] = 5 × 10−4 M, [C6H4O2] = 5 × 10−4 M. Duration
of ageing of solutions is 20 min (1), 1.5 h (2), 4 h (3), 21 h (4). (b) Temporal evolution of absorption spectrum of PVA-stabilized (2.5 mass%) colloidal Ag2S
solution (5× 10−4 M) after an addition of AgNO3 (1× 10−4 M) and Na2SO3 (1× 10−2 M): (1) initial spectrum, (2) after an addition of AgNO3, (3–8) solution
2 after an addition of Na2SO3 (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 1× 10-3 M KJ, (3) solution 2 in 15 min, (4) the same at [KJ] = 1× 10−2 M, (5) solution 4 in 75 min. In case (d): (1) before an addition
of nucleophilic agent, (2 and 3) after an addition of 1× 10−4 and 5× 10−4 M Na2S correspondingly, (4) solution 3 in 15 min, (5) in the presence of 1.5×
10−3 M Na2S, (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× 10−4 M Ag2S.

change in the absorbance is caused by the reduction of Ag+
ions[3] and simultaneous stabilization of growing colloidal
particles of silver (Ag0)n by PVA macromolecules. Similar
effects can be observed in solutions containing silver sul-
fide nanoparticles, but in this case reduction proceeds with
greater rate, distinctly prononced absorption band at 420 nm
appearing at once after the mixing of reagents. The ability
of Ag2S nanoparticles to catalyze Ag+ reduction is much
more pronounced in solutions containing another reducing
agent—sodium sulfite (Fig. 5b), which in the absence of Ag2S
nanoparticles very slowly reduces silver cations. It was found
that in absorption spectra of solutions containing AgNO3,
Na2SO3 and a stabilizer at room temperature there are no
visible changes during at least 2–3 h even at 100–500-fold
excess of a reductant, whereas in the presence of colloidal
Ag2S particles absorption band of colloidal silver appears in
10–20 min after the mixing of reagents. Evolution of the ab-
sorption band of a product of silver ions reduction both by
hydroquinone and sodium sulfide is not accompanied with a
change in the parameters of the absorbance band of silver sul-

fide nanoparticles indicating that the latter are not consumed
in the reaction.

According to the optics of ultradispersed metals (see, for
example,[20,21]), light absorption by silver nanoparticles
can in principle result in electronic transitions of three dif-
ferent types. First of them—low-energy intraband transitions
between occupied and vacant 5sp-orbitals. They occur with
the participation of phonons and do not contribute substan-
tially in the absorbance of metal nanoparticles in the visible
spectral domain. The second type is transitions from occu-
pied 4d to vacant 5sp-levels. Absorption bands correspond-
ing to such transitions have high intensity and are usually
located in UV-region atλ < 320 nm. Transitions of third type
which can not be observed for individual atoms or bulk crys-
tals of a metal, results from collective resonance excitation
of conductivity electrons within the surface layer of metal
nanoparticles in the electromagnetic field of the light wave of
a certain frequency. Resonances of that kind are called plas-
mon resonances or surface plasmons, while corresponding
absorption bands are referred as plasmon absorption bands.
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The existance of plasmon resonance results from quantum-
mechanical description of collective electron motion. At the
same time plasmon resonance and related optical properties
of metal nanoparticles can be satisfactorily described by Mie
theory based of the conceptions of classical electrodynamics
[2,20,22].

Plasmon absorption bands of very small silver particles
are located in near UV domain, while at an increase in the
size of the particles maximum of plasmon band shifts to the
long-wave section of the spectrum. Thus, for example, in the
presence of various stabilizers spherical particles of differ-
ent size (d) can be obtained with plasmon resonance atλmax
= 380 nm (d = 1–10 nm)[3,23], 395 nm (d = 5–20 nm)[3],
405 nm (d = 15 nm), 420 nm (d = 22 nm)[24], 425 nm (d =
40 nm)[23]. Position of the maximum of plasmon absorp-
tion band is affected not only by the size of silver particles
but also by their shape, adsorption of molecules and ions of
various nature on the surface of the metal, interaction with
a substrate, formation of dimers (polymers) with electrocon-
ductive bridges or aggregates, in particular, fractal clusters
and other[2,3,22,25–30].

Position of the maximum of plasmon absorption band of
metal nanoparticles (λmax) depends on the optical properties
of dispersive medium and a metal as well as on the density
of free electrons in metal nanoparticles (Ne) and can be cal-
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nanoparticles which can alter the density of electron gas on
the surface of particles, i.e. the value ofNe and, as a con-
sequence, position of the maximum and width of a plasmon
band.

Parameters of the absorption spectra of the products
of Ag+ catalytic reduction correspond well to disscussed
above characteristics of absorption spectra of metallic sil-
ver nanoparticles. Indeed, in the course of silver reduction
there appears additional absorbance atλ < 310 nm which can
be attributed to electronic 4d→ 5sp transitions, while in
the domain of 330–700 nm (Fig. 5a and b) forms an absorp-
tion band with high intensity peculiar to plasmon resonance
bands. Additional confirmations of the fact that absorption
band of the products of catalytic reduction of Ag+ are plas-
mon resonance bands of nanometer silver particles were sup-
plied by the investigation of the effect of I− and HS− ions,
having nucleophilic properties, on the parameters of these
bands. It is known[20,21,31], that on the surface of metallic
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cept electronic density from nucleophilic agents. This results
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max = (2πc)2me(ε0 + 2n2

0)

4π2Ne
(13)

herec is the light velocity in vacuum (m s−1), me, e the
est mass and charge of electron (in kg and K),ε0 a com-
onent of dielectric constant of a metal independent of
avelength,n0 the refraction index of dispersive medium
Another important characteristic of a plasmon band—

alf-width on half-height in maximum (w) also depends o
e and is inversely proportional to the size of metal partic

= (ε0 + 2n2
0)cmeVF

2Nee2R
(14)

hereVF is the velocity of electrons on Fermi level (m s−1)
hich is equal to 1.4× 106 m s−1 for silver [20]; 2R the
iameter of metal nanoparticles.

CombiningEqs. (13) and (14)we can obtain an expre
ion for the estimation ofRbasing only on the parameters
lasmon absorption band, i.e. the values ofλmax andw:

= λ2
maxVF

2πcw
(15)

The values ofR calculated with the use of the expr
ion (15) should be considered as estimate, since thi
ression leaves out of account a number of the propert
eal colloidal solution of a metal, in particular, size distri
ion of metal particles contributing to experimental value
, as well as the effect of the adsorption of substrates
ure actually induces a fall of the intensity of the absorp
and of the reduction product which is the more pronon

he higher concentration of I− is. In the presence of HS− an-
ons (Fig. 5d), which have stronger nucleophilic proper
s compared with iodide, one can observe noticeably gr
ecrease in the intensity of silver plasmon band and be
ome widening of the absorption band, the last being in a
ance with the properties of plasmon resonance absor

20,31,32].
Accelerating effect of Ag2S nanoparticles on the pr

ess of the formation of metallic silver is apparently ba
n the fact that the reduction of silver cations to ato
etal which is an initial stage of the reduction, proce
n the surface of semiconductor nanoparticles. In the
ence of such surface necessary for the adsorption bo
g+ and atomic silver and possibly also reducing ag

HSO3
−, SO3

2−, C6H4(OH)O−, C6H4O2
2−), on the ini-

ial stage form apparently corresponding salts, whose fu
edox-transformations are hampered. Thus, at the redu
f Ag+ by hydroquinone in the absence of Ag2S, right away
fter the mixing of reagents we observed an increase i

ical density within the wide spectral range of 330–700
Fig. 5a) caused, as we suppose, by visually detected tu
ty of the solutions in the results of the formation of poo
oluble salts—C6H4(OH)OAg and (or) C6H4O2Ag2. Growth
f the intensity of plasmon resonance absorption band i
pectra of such solutions developed slowly (Fig. 6, curve 1)
n contrast to this, in the presence of Ag2S nanoparticles th
rocess occurs with comparatively high rate and then,
decrease in Ag+ concentration, gradually slows down a

omes to the end within 4–5 h (Fig. 6, curves 2 and 3).
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Fig. 6. Kinetics of the formation of Ag+ reduction products at the interaction
of 1 × 10−4 M AgNO3 and 1× 10−2 M Na2SO3: (1) in the absence of the
catalyst, (2) in colloidal solution of silver sulfide at [Ag2S] = 5× 10−4 M, (3)
at [Ag2S] = 1× 10−3 M (concentration of reduction products is expressed
in relative units proportional to optical density of a solution at 420 nm); (2b
and 3b) anamorphosis of curves (2) and (3) correspondingly in coordinates
lg(ξ/(1 − ξ)) − t.

Two peculiarities of the catalysis of silver reduction by
Ag2S nanoparticles draw special attention. First of them con-
sists in the high sensitivity of Ag+ reduction to the presence
of very small quantities of Ag2S. Thus, without the catalyst at
the reduction of Ag+ by sodium sulfite at 25◦C, [AgNO3] =
5 × 10−4 M, [Na2SO3] = 1 × 10−2 M and [PVA] = 2.5 wt.%
we did not observe the formation of plasmon band in absorp-
tion spectra in the course of 2 h, whereas in the presence of
1 × 10−5 M Ag2S withEg = 1.62 eV it appears and reaches
substantial intensity already in the first 15 min of the catalytic
reaction. Moreover, even at [Ag2S] = 1× 10−6 M no longer
than in 30 min after the mixing of reagents we observed an
increase in the optical density of a solution in the spectral
area corresponding to the maximum of plasmon band and

F of abs vely to the
r 2 M; (a d
4 ); (b) a
1 ), 2.0 ( s with
[ ns: (1)
k

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 process (Fig. 6,
curves 2 and 3), the fact indicating 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 of Ag+ in
the process of image development[13]. On the other hand,
colloidal silver particles can adsorb Ag+, Cd2+, Ni2+, Hg2+
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 latters[20,21]. In particular, adsorbed Hg2+
ions can be reduced to Hg0 even without special additions of
a reductant due to silver oxidation, while Cd2+ ions can be
converted into metallic cadmium via photochemical process
on the surface of (Ag)n particles[20,21,33]. With these facts
in mind we concluded that auto-acceleration of catalytic Ag+
reduction (Fig. 6, curves 2 and 3) is caused by the formation
of additional catalyst—Ag0 particles growing on the surface
of Ag2S.

3.4. Influence of the conditions of catalytic synthesis on
plasmon resonance of silver nanoparticles

3
n ef-

f d
m and
e
[ l-
fi
t ance
a ax-
i nd
ig. 7. Effect of molar Ag2S and Ag+ concentration on the parameters
eference solutions of Ag2S): [AgNO3] = 5 × 10−4 M, [Na2SO3] = 1 × 10−
5 h correspondingly,l = 3.0 cm (curves 1–3),l = 1.0 cm (curves 4 and 5
0−5 (2), 5 × 10−5 (3), 2.5× 10−4 (4) and 3× 10−3 M (5), l = 3.0 (1–2

Ag2S] = 2.5× 10−4 M, [Na2SO3] = 1 × 10−2 M at AgNO3 concentratio
ept for 4 h; in case of (1–3)l = 0.5 cm, (4)l = 0.1 cm.
orption bands of reduction products (all spectra were recorded relati
) [Ag2S] =1× 10−6 M, spectra 1–5 were registered atτ = 0.5, 2, 3, 24 an
bsorption spectra were recorded atτ = 1 h with [Ag2S] = 1 × 10−6 (1), 1×
3), 0.3 (4) and 0.1 cm (5); (c) absorption spectra recorded in solution
5× 10−5, (2) 1× 10−4, (3) 2.5× 10−4, (4) 5× 10−4 M, all solutions were

.4.1. Concentration of silver sulfide
In a series of experiments performed to elucidate a

ect of Ag2S concentration on Ag+ reduction rate we use
ixtures containing the same stabilizer (2.5% PVA)
qual concentrations of reactants ([AgNO3] = 5 × 10−4 M,

Na2SO3] = 1 × 10−2 M). In solutions containing silver su
de nanoparticles (at [Ag2S] = 1× 10−6 M) in 30 min after
he mixing of reagents we observed the rise of the absorb
tλ = 400–500 nm and in 2 h wide plasmon band having m

mum at 450 nm (Fig. 7a). In 24 h reaction comes to the e
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and at further storage the absorption spectrum of a solution
with λmax= 588 nm and a shoulder at 450 nm does not change
(Fig. 7a, curves 4 and 5). At an increase in the concentration
of catalyst in the range of 1× 10−6 to 1 × 10−3 M the rate
of catalytic reaction grows while the maximum of plasmon
bands shifts in the short-wave side of the spectrum (Fig. 7b).
Solutions with 1× 10−6, 1 × 10−5, 5 × 10−5, 2.5× 10−4

and 1× 10−3 M of Ag2S have plasmon resonance with the
maxima correspondingly at 445, 440, 435, 425 and 415 nm.

3.4.2. Concentration of Ag+
An increase in AgNO3 concentration at constant concen-

trations of Na2SO3 and Ag2S leads to an increase in the rate
of silver reduction and small hypsochromic shift of the max-
imum of plasmon bands. As can be seen inFig. 7c, in 4 h
after the mixing of reagents in the solution with [AgNO3] =
5 × 10−4 M we observed 30 nm hypsochromic shift of Ag
plasmon band as compared to the solution with [AgNO3] =
5 × 10−5 M.

3.4.3. Size and stabilization of Ag2S nanoparticles
The effect of these factors on the catalytic reduction of

Ag+ was investigated in two series of experiments. One
of them was performed with Ag2S nanoparticles having
Eg = 1.4 eV and synthesized in aqueous solution without
s in the
p
f the
p arison
o pa-
t s
h
c ilver
s on
b
t ne-

F s of the
1 regist
( solutio f
n (2) 45 n
a 2 h, (6)

stabilized Ag2S nanoparticles average size of Ag nanoparti-
cles is 3.5–4.0 nm, whereas in the presence of PVA-stabilized
Ag2S nanoparticles the average size of Ag particles amounts
to 5.0–5.5 nm. Ag+ reduction catalyzed by non-stabilized
Ag2S nanoparticles withEg = 1.4 eV has two substantial dis-
tictions. First, it has much greater rate as compared with the
polymer-stabilized solutions. Broad absorption band of silver
with indistinct maximum at 450 nm appears straight away
after the mixing of reagents. Second, in the course of the re-
duction we observed considerable growth of the absorbance
in the long-wave spectral domain and much more prononced
shift of the maximum of the plasmon band (Fig. 8a, curve 3).

In the second series of experiments we used Ag2S
nanoparticles synthesized in aqueous solutions without poly-
mers and then stabilized via an addition of PVA or gelatine.
Spectral changes observed in these solutions are shown in
Fig. 8b and c. It should be noticed that molar concentrations
of reagents and colloidal catalyst were kept the same as in
the first series of experiments discussed above (Fig. 8a). Dis-
tinction between the two series of experiments consists in the
characteristics of Ag2S nanoparticles – in the first case we
used Ag2S nanoparticles withEg = 1.6 and 1.7 eV, whereas
in the second – withEg ∼ 1.4 eV. As can be seen from the
Fig. 8a, slight effect of an increase in the average size of
Ag2S nanoparticles on the position and the shape of absorp-
t + g
o not
b
t re.
T g
n l-
l d-
u 415
a

t-
a e
tabilizers as well as smaller nanoparticles synthesized
resence of PVA (Eg = 1.6 eV) or gelatine (Eg = 1.7 eV). Dif-

erent nature of spectral transformations progressing in
resence of these catalysts can be seen from the comp
f Fig. 8a–c. Product of catalytic reaction with the partici

ion of the smallest gelatine-stabilized Ag2S nanoparticle
as plasmon band with the maximum at 410 nm (Fig. 8a,
urve 1). In the presence of bigger colloidal particles of s
ulfide stabilized with PVA silver particles have plasm
and with the maximum at 425 nm (Fig. 8a, curve 2). With

he use ofEq. (15)it can be shown that in case of gelati

ig. 8. Effect of the stabilization method and size of colloidal particle
0−4 M, [Na2SO3] = 1 × 10−2 M, [Ag2S] = 2.5× 10−4 M; all spectra were
a) spectra of gelatine-stabilized solutions (1),l = 0.5 cm, PVA-stabilized
on-stabilized Ag2S nanoparticles with an addition of PVA,τ: (1) 30 min,
ddition of gelatineτ: (1) 45 min, (2) 60 min, (3) 75 min, (4) 90 min, (5)
catalyst on the absorption spectra of Ag+ reduction products ([AgNO3] = 5 ×
rated relatively to the solutions of silver sulfide with [Ag2S] = 2.5× 10−4 M):
ns (2),l = 0.1 cm, non-stabilized solutions (3),l = 0.5 cm; (b) solutions o
min, (3) 60 min (l = 0.5 cm), (4) 21 h (l = 0.1 cm); (0) solution (c) with a
24 h,l = 0.5 cm (1–5) andl = 0.1 cm (6).

ion bands of the products of Agreduction (some widenin
f the band and shift of the maximum to 435 nm) could
e compared with strong effect of the presence (Fig. 8a) or

he absence (Fig. 8b and c) of a stabilizer as well as its natu
hus, oppositely to the solutions containing PVA and A2S
anoparticles withEg ∼ 1.4 eV, catalytic reduction in co

oidal solutions of Ag2S containing gelatine gives the pro
cts having two overlapping band with the maxima at
nd 510 nm (Fig. 8c).

It should be noted that colloidal Ag2S particles both ca
lyze the reduction of Ag+ by sodium sulfite and stabiliz
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forming particles of metallic silver. It was shown that the
mixing of reagents in the presence of non-stabilized Ag2S
nanoparticles leads to the formation of transparent solutions
with silver plasmon bands and prolonged aggregative stabil-
ity while the same operation performed in the absence of
colloidal Ag2S results in the precipitation of silver sulfite.
It indicates that Ag nanoparticles forming on the surface of
the catalyst do not diffuse in the bulk of a solution but re-
main anchored to the surface of the semiconductor. The last
fact can, as it was noticed before, affect some parameters
of plasmon resonance of silver nanoparticles. However, the
principle cause of the alteration of the parameters of plas-
mon band of Ag nanoparticles is, in our opinion, a change
in the size of metal particles. Let us enumerate arguments in
favour of this suggestion: (i) in every case in the conditions
of the reaction promoting an enlargement of Ag2S particles
bathochromic shift of the maximum of plasmon band is ob-
served (seeFigs. 7 and 8); (ii) at a decrease in Ag2S concen-
tration a number of surface catalytic centers also decreases.
So at constant concentrations of reagents on each particle of
silver sulfide bigger silver particles are formed and the max-
imum of plasmon band, as can be seen fromFig. 7, shifts to
longer wavelengths; (iii) an increase in [Ag+]/[Ag2S] ratio
should lead to the formation of bigger Ag particles (since the
same quantity of catalytic centers takes part in the reduction
o + omic
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(E0 = +0.799 V[36]). Partial compensation of unpaired elec-
tron through adsorbtive interactions can also shift the redox-
potential of silver atoms to more positive values[3,34] and
facilitate in that way reduction of Ag+. It appears that in
the presence of sodium sulfite having less negative redox-
potential than−1.8 V (E0 = −0.93 V at pH > 7[36]), in the
process of the reduction participate at first only Ag+ adsorbed
on the walls of the reactor and possibly on colloidal Ag2SO3
particles. This reaction results in the formation of small clus-
ters composed of several atoms and very small particles of
metallic silver which are able to adsorb Ag+ ions from a so-
lution [3,35]and catalyze their reaction with a reductant with
subsequent addition of atomic silver to the growing metal
particle.

The principal distinction between non-catalytic reduction
and catalytic reduction of silver in colloidal solutions of sil-
ver sulfide consists apparently in adsorption of Ag+ on the
surface of Ag2S nanoparticles facilitating initial stages of re-
duction, i.e. formation of separate silver atoms, clusters and
nuclei of silver.

One of the features of n-type semiconductors including
Ag2S [37] is the presence of electronodonor centers on the
surface of semiconductor crystals[4]. These centers orig-
inate from impurities and structure defects, in particular,
vacancies—oxygen vacancies in case of oxides and sulfur
v puri-
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f Ag ions) and consequently should cause bathochr
hift of the maximum of plasmon band. As can be see
ig. 7c, an increase in Ag+ concentration at [Ag2S] = con-
tant actually causes a shift in the position of the absor
and of metallic silver; (iv) the same result can be achie
hen we use bigger particles of the catalyst at its constan

ar concentration, the fact equal to a decrease in the qu
f catalytic centers (Fig. 8a). The position of plasmon band

he forming silver nanoparticles is strongly affected in so
nclear way the nature of a stabilizer. Thus, in solutions

aining gelatine and separatedly synthesized non-stab
g2S nanoparticles, at the reduction of Ag+ we observe

wo absorption bands (seeFig. 8c), whereas in the presen
f PVA only one band (Fig. 8b).

.4.4. A mechanism of catalytic action of Ag2S
anoparticles in Ag+ reduction

In PVA solutions containing silver nitrate and sodi
ulfite, visible changes indicating on the formation of A0

anoparticles can be observed only in a few hour’s time
eagents mixing (Fig. 5a). This is in good agreement with t
ell-known fact that metals deposition from solutions in
bsence of catalysts or adsorbents is usually hindered[20]
ince “free” metal atoms forming on the initial stages of
uction are strong reductants and readily undergo oxid

3,34,35]. Redox-potential of the couple Ag+–Ag (E0
Ag+/Ag)

s very high (−1.8 V versus NHE[20]) due to the presenc
f unpaired electron on the outer s-orbital of Ag atom (c
guration 4d105s1). At the formation of Ag2+ cluster this
otential drops almost to zero and at further nucleation
roaches oscillatory to the electrode potential of bulk s
acancies in case of sulfides. Donor levels of these im
ies and defects are located somewhat below the edge
onduction band. The equilibrium between these levels
he conduction band is the factor determining the natu
onductivity of given semiconductor[4]. Authors of[5] found
hat in case of n-TiO2 donor defects canspontaneously, i.e.
ithout the participation of a reductant, irradiation or ap
ation of a potential, reduce a number of metal ions inc
ng silver with the formation of surface atoms, clusters a
t high concentration of defects, nanoparticles of a m
asing on these results we suppose that upon the ad
f AgNO3 to a colloidal Ag2S solution some portion of Ag+
ndergoes reduction by surface donor defects of the sem
uctor. This process is thermodynamically favourable s
onduction band of Ag2S nanoparticles (and therefore do

evels) has quite substantial negative potential[1], while the
otential necessary for the reduction of Ag+, as was men

ioned above, shifts substantially to positive values du
dsorption. Silver atoms transform in clusters which can
s centers for subsequent adsorption and reduction of+

ons:

gn/Ag2S+ Ag+ → Agn+1
+/Ag2S (16)

gn+1
+/Ag2S+ Red→ Agn+1/Ag2S and so on (17

here Red is a reductant.
Forming clusters and silver nanoparticles functionat

atalysts for further Ag+ reduction and therefore the who
rocess of reduction has autocatalytic nature and is desc
y s-shaped kinetic curves (Fig. 6). Expression for the ra
f autocatalytic reduction of silver can be written in
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following way:

d[Ag0]

dt
= k[Ag+][Ag0] (18)

Let x= [Ag0] −M, whereM is the concentration of catalytic
centers at the beginning of the process (t = 0),ξ = x/[Ag+], ξ0
= M/[Ag+]. In the systems under examination att = 0 there
is no metallic silver, soM value corresponds to the concen-
tration of active centers on the surface of Ag2S nanocrystals
which can participate in the reduction of Ag+ (donor defects).
Taking ξ0 � 1, after substitution ofx, ξ andξ0 parameters
in the Eq. (18), integration, and conversion to decimal log-
arithms we obtain an expression for the calculation of the
quantity of reduced silver:

lg

(
ξ

1 − ξ

)
= lg ξ0 + 0.434k[Ag+]t (19)

As can be seen inFig. 6b, kinetic curves of Ag+ catalytic
reduction can be well linearized in coordinated of theEq. (19)
lg(ξ/(1 − ξ)) − t. From the slope and its intersection with
the axis of ordinates can be derived rate constant of silver
reductionk = 1.6 × 104 s−1 and concentration of catalytic
centers on the surface of silver sulfide nanoparticlesM ≈ 3
× 10−6 M (at [Ag2S] = 1× 10−3 M) andM≈ 3× 10−7 M (at
[Ag2S] = 5× 10−4 M). Calculated value of rate constant of
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catalytic reduction. Absorption spectra of the products of cat-
alytic reaction in solutions with different content of reactants
are given inFig. 9a–c, while kinetic curves of Ag0 accumu-
lation under the irradiation and in the dark are presented in
Fig. 10a. Examination of the curves shows that variations in
the concentrations of reagents has different effect on dark and
photochemical processes. As can be seen at the comparison of
the curves 2 and 3 inFig. 10a with the corresponding curves
in Fig. 6, efficiency of the catalytic process in the dark is
strongly affected by Ag+ concentration and weakly depends
on the concentration of a reductant. This fact agrees well with
the conception of[38,39]about the limiting role of the stage
of generating of metallic catalytic centers on the surface of
colloidal Ag2S in the reduction of silver ions. Analysis of the
energetics of photogenerated in Ag2S nanoparticles charge
carriers (given in details in[1]) shows that light absorption
produces conduction band electrons which can reduce silver
ions. Hence, at the irradiation of solutions resulting in the for-
mation of high quantities of metallization nuclei will change
reduction mechanism, the stage of primary nuclei formation
will lose its limiting character and the basic influence on the
catalytic reduction will exert the concentration of a reductant.
Actually, as can be seen inFig. 10a (compare curves 1 and
3), at the same concentration of AgNO3 formation of Ag0 in
the solution with [Na2SO3] = 5 × 10−2 M proceeds much
f −2

o l pro-
c
c

s via
c
c
s ions
f llic
c uld
r ction
g+ catalytic reduction on the surface of Ag2S nanoparticle
s close to the values usually obtained in the processes
evelopment of photographic images[38,39].

.5. Photochemical activation of Ag+ catalytic
eduction in the presence of Ag2S nanoparticles

Irradiation of the solutions containing Ag2S nanoparti
les, Ag+ and reductants of various nature substantially
elerates the growth of absorption bands of the produc

ig. 9. (a–c) Absorption spectra of silver nanoparticles synthesized in
eduction in irradiated solutions. Concentration of AgNO3 in starting solut
olution (3) [AgNO3] = 5 × 10−5 M, [Na2SO3] = 5 × 10−2 M. (b and c) S
nd 1× 10−4 M (b), 5 × 10−4 M AgNO3 (c), in the dark during 45 min (
1b and 1c) and 45 min (4b and 4c), at the irradiation for 5 min with s
inutes: (1) 60, (2) 90, (3) 20, (4) 30, (5) 45, (6) 60, (7) 90.
s conditions in solutions with [Ag2S] = 5× 10−4 M. (a) Spectra of the products
) 5× 10−5, (2) 1× 10−4, (4) 5× 10−4 M, [Na2SO3] = 1 × 10−2 M. In the

of silver nanoparticles synthesized in solutions with [Na2SO3] = 1 × 10−2 M
2b and 2c), 17 h (5b) and 2 h (5c), at the stationary irradiation during

ent ageing for 40 min in the dark (curves 3b and 3c). Duration of the

aster than in the solution with [Na2SO3] = 1 × 10 M. We
bserved also an increase in the rate of photochemica
ess at an increase in AgNO3 concentration (at [Na2SO3] =
onstant).

Catalytic synthesis of silver nanoparticles progresse
onsecutive acts of adsorption of Ag+ on metallic catalytic
enters, its reduction and addition of Ag0 atom to growing
ilver nanoparticles. One should expect that in condit
avouring to the formation of great quantity of such meta
enters (including the irradiation), catalytic reduction wo
esults in smaller particles as compared with the redu
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Fig. 10. (a) Evolution of plasmon resonance absorption bands of silver nanoparticles at the ageing of colloidal solutions with [Ag2S] = 5× 10−4 M under the
irradiation. In the solutions (1, 2 and 4) [Na2SO3] = 1 × 10−2 M, [AgNO3] in (1) 5 × 10−5; (2) 1 × 10−4; (4) 5 × 10−4 M, in the solution (3) [Na2SO3] =
5 × 10−2 M, [AgNO3] = 5 × 10−4 M. (b) Kinetic curves reflecting a change in the intensity of plasmon bands of silver nanoparticles at ageing of colloidal
solutions with [Ag2S] = 5× 10−4 M, [AgNO3] = 1 × 10−4 M and [Na2SO3] = 1 × 10−2 M in the dark (1), at the irradiation for 5 min and subsequent ageing
in the dark (2), at the stationary irradiation (3).

in the dark. To verify this assumption we compared absorp-
tion spectra of the corresponding solutions after completion
of Ag+ reduction and found that at [Ag2S] = 5 × 10−4 M,
[Na2SO3]= 1 × 10−2 M and [AgNO3] = 5 × 10−5 to 5 ×
10−4 M products of the photoreaction have absorption bands
with the maxima at 410–420 nm, whereas the products of
the thermal process at 430–450 nm (seeFig. 9a–c). Accord-
ing to [20,21,30], a shift of plasmon band position to longer
wavelengths can be induced by an increase in the size of
Ag nanoparticles. The same character of temporal transfor-
mations of absorption bands of the products of photochemi-
cal and dark reduction indicates that these products have the
same chemical nature (i.e. in both cases it is nanoparticu-
late silver on the surface of colloidal Ag2S nanoparticles) but
differ in the quantity of silver atoms per particle. As can be
seen inFig. 9b and c, after 10 min irradiation of solutions
with the concentrations of AgNO3 equal to 1× 10−4 and 5
× 10−4 M, the maxima of plasmon band are located corre-
spondingly at 405 and 410 nm (spectra 1), while after 45 min
irradiation at 415 and 420 nm (spectra 4). Similar shifts can
be also observed at the ageing of colloidal solutions in the
dark. Comparison of the spectra 2 and 4 inFig. 9b shows that
the absorption bands of the products of photochemical and
thermal (dark) reduction have identical maxima but strongly
differ in the intensity. This fact can be naturally explained
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results in the acceleration of the subsequent dark reduction.
In this case the rate of dark reduction is almost equal to the
rate of photochemical process at stationary irradiation.

It should be noted that at the same composition of react-
ing mixtures silver deposition under the irradiation and in
the dark results in the formation of Ag nanoparticles having
absorption bands which differ not only in the position of the
maximum but also in the shape (seeFig. 9b and c, curves
4 and 5). The last fact can be explained by diverse effect
of semiconductor matrix on the silver nanoparticles forming
in the course of the dark and photochemical processes. The
nature of this effect is usually determined by the nature of
electronic processes in the coupled “metal-semiconductor”
system. It is well known (see for example[40]), that at the
establishment of a contact between these materials due to the
difference in their work functions there always is some mi-
gration of electrons from a n-type semiconductor to a metal,
which can affect the electronic properties of both compo-
nents. In[5,41,42]such reciprocal influence was observed
at the photodeposition of silver on the surface of ZnO and
TiO2 [5]. In the system under investigation at dark reduc-
tion metallization nuclei form apparently as a result of the
interaction of Ag+ ions with donor defects in the surface of
Ag2S nanoparticles. Surface defect are oxidized by Ag+ ions,
growing Ag nanoparticles do not have electric contact with
t rtu-
a
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a sult,
a arti-
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a nds
a 4
a

n the following way. At low content of metallization nuc
n the surface of Ag2S colloids kept in the dark as compa
ith illuminated colloids quantity of Ag nanoparticles is a

ow. At further ageing of these solutions catalytic reduc
oes on, the size of Ag nanoparticles grows and the in
ity of silver plasmon band increases so its maximum s
o 435–440 nm (Fig. 9b and c, curves 2 and 5). Addition
rgumentation in favour of the proposed interpretation
e extracted from the experiments where solutions wer
osed to short-time irradiation and then aged in the dar
an be seen inFig. 10b, generation of a substantial quan
f catalytic centers in the course of first 5 min of irradiat
he substrate (Ag2S) and the semiconductor does not vi
lly affect optical properties of metal nanoparticles[5]. On the
ontrary, under the irradiation the greater part of nuclei is
rated in photocatalytic process which does not chemi
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4. Conclusions

In the present paper we discussed the nature of primary
photoprocesses and quantum confinement effects in silver
sulfide nanoparticles, determined types and energies of op-
tical transitions responsible for light absorption by Ag2S
nanoparticles.

Catalytic properties of Ag2S nanoparticles in the process
of methylviologen reduction by sodium sulfide were inves-
tigated. It was shown that the catalytic reaction is an equi-
librium one due to a reverse reaction between the products
of catalytic process, elemental sulfur (polysulfide ions) and
methylviologen cation-radical.

It was found that Ag2S nanoparticles act as catalysts of
Ag+ ions reduction to nanoparticulate metallic silver by
reductants of various nature. The effect of the conditions of
catalytic reduction of silver ions on the shape and intensity
of plasmon bands of nanoparticulate silver was investigated.
A scheme of the mechanism of catalytic Ag+ reduction
was discussed. It was shown that the irradiation of solutions
containing Ag2S nanoparticles, Ag+ ions and a reductant
with the light corresponding to the absorption band of silver
sulfide leads to an increase in the rate of silver reduction,
a change in the kinetics of this process as well as param-
eters of plasmon resonance bands of silver nanoparticles
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