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Spectral properties of composite materials based on matrices of high-silica porous glasses activated by silver ions

and lanthanum ions have been investigated. The optical density spectra (270−900 nm) and infrared transmittance

spectra (11000−9000 and 9000−4000 cm−1) of composite materials of different compositions subjected to heat

treatment according to one of three modes (120, 500 and 800◦C) have been considered. The synthesized composite

materials were investigated by X-ray powder diffraction method and energy-dispersive X-ray spectroscopy. The

analysis of optical spectra permitted to identify the formation of molecular clusters, clusters, dimers and silver

nanoparticles, as well as absorption bands related to charge transfer O2+
→ La3+ (282, 285, 300 nm) and to

lanthanum nanoparticles (282, 285 nm) under different conditions of synthesis of composite materials. It was found

that the change in the mode of thermal treatment of composites leads to changes in the IR spectra of composites,

and the change in their composition leads to the appearance of additional bands associated with the oxygen atom

of the OH-group, which can coordinate with several neighboring lanthanum atoms.
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Introduction

Materials activated by silver in the presence of/without

lanthanum can be applied as nanocatalysts and in sensor

applications as well (gas sensors, colorimetric sensors), in
nanophotonics, for solar cells, for optical devices, optical

memory [1–5]. The ion La3+ has an unfilled orbital

(4 f 05d06s0), thereby it is quite stable and captured holes

can be easily released [6]. This mechanisms can be

described by the following equations (1)–(4) (see the

equations (3), (5)−(7)) of the work [6]):

O2− + h+
→ O−, (1)

La3+ + O−

→ La4+ + O2− (2)

”
hole trap“,

La4+ + OH−

→ La3+ + OH (3)

”
hole release“,

2Ag0 + O2 → 2Ag+ + O2− (4)

”
electron release“.

It is known that La2O3 has a wide band gap (4.3 eV) [7,8],
while the edge of fundamental absorption is within the

region below 250 nm [9]. The work [8] has shown the

influence of an annealing temperature (from 400 to 800◦C)
on a structure and optical properties of the films La2O3,

and on their semiconductor properties as well (the band gap

increases from 4.17 to 5.11 eV with increase in the annealing

temperature). Our previous works [10–12] have shown that

thermal treatment of the composite materials (CMs), con-
taining ions, nanoparticles (NPs), molecular clusters (MCs)
of silver, in the presence/without ions of cerium or erbium

affects the concentration distribution of the elements along

the thickness of the CM samples (energy-dispersive X-ray

spectroscopy), the structure (IR spectroscopy within the

frequency region from 1100−400 cm−1) and the spectral

properties of the CMs (optical spectroscopy). The work [13]
has noted that thermal treatment (annealing) of the materi-

als, simultaneously activated by silver and lanthanum, leads

to the formation of the nanoparticles of La2O3 and silver,

which favourably affects the spectral-luminescent properties

of the materials (the photoluminescence intensity increases).

An important task of the present work is to select

temperature-time modes of CM synthesis in order to

effectively control the formation of the oxides of silver and

lanthanum, the nanoparticles and the molecular clusters of

silver in nanoscale structures, avoiding clusterization effects.

It has included investigation of the influence of the chemical

composition and the mode of CM thermal treatment on

their spectral properties in UV, visible and near IR ranges

of the spectrum.

Objects and methods of investigation

The investigated objects are the composite materials

based on high-silica porous glasses (PG-8V-NT-120) acti-

vated by the silver ions in the presence or without the
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lanthanum ions, which have been synthesized by single-

stage impregnation.

The PG-8V-NT-120 samples (the average pore diameter

within the range 3−5 nm, the porosity ∼ 30%) of the

thickness of 1.5± 0.15mm were produced as per the

procedure [14]. Analytical chemistry methods was taken

to determine the composition of the PG matrices (PG-8V-
NT-120) by the analysis (mas%): 0.30 Na2O, 3.14 B2O3,

0.11 Al2O3, 96.45 SiO2, as specified in [14]. The samples

of the PG matrices were impregnated in the aqueous salt

solutions AgNO3 with adding or without La(NO3)3 (the
weight ration of nitrates in the Ag/La solution was 1:1 and

10:1), with subsequent thermal treatment of the composite

materials in air atmosphere as per the specially developed

temperature-time modes with isothermal holding at the

temperature of Th.t. = 120, 500 and 800◦C in according to

a procedure used in [15]. It is known that thermolysis

of lanthanum nitrate at 780−800◦C results in formation of

lanthanum oxide La2O3 [15,16]. At the temperature above

300◦C, silver nitrate is decomposed to produce Ag0 [16],
while in according to data of the work [17] the thermolysis

of AgNO3 occurs at 360−515◦C. It should be taken into

account that La2O3 is crystallized in the air atmosphere

at 800◦C as per [7]. The synthesized samples 100Ag,

100Ag/10La, 100Ag/100La have been designated in accor-

dance with the concentration of impregnation solutions. The

solutions for the CM synthesis were prepared using such

reagents as silver nitrate AgNO3 (reagent grade, chemically

pure, 99.9%), 6-aqueous lanthanum nitrate La(NO3)3·6H2O

(reagent grade, chemically pure, 99.0%). In the composite

materials 100Ag, 100Ag/10La, 100Ag/100La, the content

of silver and alkali metals was determined using flame

photometry on the spectrophotometer iCE 3000 (Thermo

Fisher Scientific). It was (mas%) (0.14−0.20) Na2O,

(0.01−0.05) K2O, (0.60−0.79) Ag2O. The standard square

deviation for Na2O was 0.2−1.1%, so was for K2O —
0.1−0.5%, so was for Ag2O — 0.1−0.8%. Previously,

the IR spectroscopy (1000−400 cm−1) of [15] has been

used to investigate series of the samples 100Ag ad

100Ag/100La at 120, 500 and 800◦C. It found the bands

corresponding to the presence of Ag2O, La2O3 and to

vibrations of the bands Ag−O, Ag−O−Ag, O−Ag−O,

La−O−H and La−O. Using the energy-dispersive X-ray

spectroscopy, it was found that the content of silver in

CM 100Ag/100La (at 500◦C) changes along the thickness

of the CM samples within 1.15−4.45mas% (the aver-

age value of 3.40± 0.26mas%), and lanthanum is dis-

tributed quite evenly within 0.71−1.15mas% (the average

value of 0.85± 0.18mas%) except for the surface layer

(∼ 40−65 nm) [15].
The composite materials 100Ag, 100Ag/10La,

100Ag/100La as compared to PG-8V-NT-120 were

investigated using the near IR spectroscopy (Fig. 1−4) at

the room temperature by means of the spectrophotometer

FSM-2211 within the frequency region of 11000−9000

and 9000−4000 cm−1, with spectrum resolution of

2 cm−1. When operating in the spectrum range of

11000−9000 cm−1, a receiver is to be the Si photodiode,

so is within the range of 9000−4000 cm−1 — the InGaAs

photodiode. A radiation source is to be a halogen lamp. The

composite materials 100Ag, 100Ag/10La, 100Ag/100La

were investigated within the range of 270−900 nm (Fig. 5)
using the spectrophotometer SF-2000. With the least

spectral resolvable interval of 1 nm, the limit of allowable

value of absolute error of the unit was ±0.4 nm for the

spectrum range of 270−390 nm, so was ±0.8 nm for

390−900 nm. When operating in the spectrum range of

190−390 nm, the radiation source was a deuterium lamp,

so was a halogen lamp within the range of 390−1100 nm.

The spectra of transmittance and optical density were

measured at the room temperature on the samples of the

composite materials and PG-8V-NT-120 made as plane-

parallel plates of the thickness of 1.50± 0.15mm. X-ray

powder diffraction method of the CM powders was carried

out using the diffractometer Rigaku Ultima IV (Japan).
Copper anode radiation of λ(CuKα) = 1.5418 Åwas used.

The X-ray diffraction patterns were taken in the angle

range 2θ from 5 to 80◦ . The scanning rate by 2θ was

3◦/min. The ICDD PDF-2 (2022) diffraction database

was used to interpretation the diffraction reflexes. The

elemental composition of the composites was studied using

the energy-dispersive X-ray spectroscopy (EDX). The linear

profiles of elemental concentration were measured with an

increment of 35−47µm. The measurements were taken

on the scanning election microscope CamScan MX2500

equipped with the energy-dispersive spectrometer Link

Pentafet (Oxford Instruments, Si(Li)-detector with the

area of 10mm2 and the resolving power of 138 eV (for
Mn-Kα-radiation)). The CM samples were pressed into

polymeric washers, polished, and carbon was sputtered

to the surface. The measurements were performed at the

plane-parallel plates of the thickness of 1.50± 0.15mm.

Investigation results

Fig. 1−3 shows the IR spectra of transmittance (within

the frequency range of 11000−9000 and 9000−4000 cm−1)
for the composites of the composition of 100Ag,

100Ag/10La, 100Ag/100La, which have been produced by

thermal treatment at 120, 500 and 800◦C.

Fig. 4, a shows the IR spectra of transmittance for PG-8V-

NT-120 within the frequency ranges of 11000−9000 and

9000−4000 cm−1. Fig. 4, a clearly shows the absorption

bands at 10732, 10458, 8113, and at 7317, 7133, 6876,

5272, 4548 cm−1 as well.

Table 1 specifies the absorption bands detected in CMs

and PG-8V-NT-120 and the identification of the bands as

well. All the composites (regardless of the composition

and the mode of thermal treatment) and the PG-8V-NT-120

have detected four groups of the bands: at 10762−10730,

7335−7317, 5284−5267 and 4554−4523 cm−1. It has

established the influence of CM thermal treatment re-

sulting in appearance/disappearance of the bands. The

Optics and Spectroscopy, 2023, Vol. 131, No. 10
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Figure 1. Transmittance spectra of the composite material 100Ag

depending on the temperature of thermal treatment: a — 120◦C,

b — 500◦C, c — 800◦C.

composite materials (regardless of the composition), dried

at 120◦C, are characterized by additional bands in six fre-

quency regions: at 10513−10480, 8132−8104, 7133−7126,

6894−6870, 6060−6003, 5662−5627 cm−1. Besides, CMs

100Ag and 100Ag/10La (at 120◦C) have detected another

additional band each at 8717 and 9421 cm−1, thereby

indicating the influence of the CM chemical composition.

With the increase in the temperature of CM thermal

treatment (at 500◦C), the additional bands within the
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Figure 2. Transmittance spectra of the composite material

100Ag/10La depending on the temperature of thermal treatment:

a — 120◦C, b — 500◦C, c — 800◦C.

four frequency regions (at 10585−10504, 8123−8110,

7159−7155, 6880−6864 cm−1) remain at all the composite

materials (regardless of the composition), while the bands

at 6060−6003 and 5662−5627 cm−1 disappear. The com-

posite material 100Ag/100La (at 500◦C) has been found

two more bands: at 9295 and 9108 cm−1, thereby indirectly

indicating the influence of the chemical composition of

the composite material. The composite materials thermally

treated at 800◦C there’s a disappearance of the bands in

several frequency regions, but the additional bands have

Optics and Spectroscopy, 2023, Vol. 131, No. 10
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Figure 3. Transmittance spectra of the composite material

100Ag/100La depending on the temperature of thermal treatment:

a — 120◦C, b — 500◦C, c — 800◦C.

been found at all the composite materials, too (regardless of

the composition): at 7245−7244, 5085−5083, 4761−4753,

4189−4179 cm−1. The influence of the composition of

the composite material has also been established. For

the composite material 100Ag (at 800◦C), two additional

bands have been detected at 10622 and 9414 cm−1, so has

for the composite material 100Ag/10La (at 800◦C) — at

4913 cm−1.
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Figure 4. Spectra of transmittance (a) and optical density (b) for

PG-8V-NT-120.

It has established the substantial influence of the mode

of CM thermal treatment (120, 500 and 800◦C), which

exhibits in appearance/disappearance of the additional

bands. It is known that the following processes are

typical when heating the porous glasses (see review in [18–
22]). When Th.t. ≤ 200◦C, the physically adsorbed water is

removed. Within the temperature region of 200−600◦C, the

coordinatively-bound water is removed. At the temperatures

of 600−800◦C, the bound silanol groups are dehydroxylated

and softening of the silica framework. Further increase in

the temperature is accompanied by irreversible dehydroxyla-

tion and condensation of the silanol groups at the surface of

the adjacent walls of pores, thereby resulting in pore closure.

The influence of the chemical composition of the compos-

ite material shows up only in appearance of the additional

bands at 10622, 9421, 9414, 9295, 9108, 8717, 4913 cm−1,

which are typical for the individual composite materials. It

is known that La(NO3)3·6H2O and La2O3 are hygroscopic

substances, which increase the OH vibrations and increase

amount of water [23]. It is possible that the additional bands
appear at 9421, 9295, 9108, 4913 cm−1 due to possible

coordination of the atom of oxygen of the OH group to the

several adjacent atoms of lanthanum [23,24].

It should be noted that at 800◦C, all the CM series

demonstrate the decrease in the intensity of the absorption

Optics and Spectroscopy, 2023, Vol. 131, No. 10
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Table 1. Absorption bands (within the range of 11000−4000 cm−1) detected at CMs depending on the composition and the temperature

of thermal treatment, as compared to PG-8V-NT-120

Designation of the glasses and the composites, temperature of CM thermal treatment Assignment of the bands

Position of the absorption bands, cm−1

PG-8V- CM 100Ag CM 100Ag/10La CM 100Ag/100La

NT-120 120◦C 500◦C 800◦C 120◦C 500◦C 800◦C 120◦C 500◦C 800◦C

10732 10730 10752 10762 10730 10750 10750 10733 10750 10760 3ν(OHfree), ν(Si-OH), 3ν3OH
10622 10585

10458 10480 10525 10513 10552 10498 10504

9414 9421 2ν3(OH) + 2ν1(SiO4), the oxygen atom

9295 of the OH-group can coordinate to

9108 several adjacent atoms of lanthanum

8717 2ν3(OH) + 2ν1(SiO4)

8113 8104 8121 8132 8110 8116 8123 2ν(OHfree) + ν(Si-O), 2ν3(OH) + ν1(SiO4)

7317 7317 7330 7334 7317 7330 7335 7317 7329 7335 2ν3(OH), ν(Si-OH)

7244 7244 7245 ν(BIII
−OH), 2ν3(OH)

7133 7126 7155 7133 7159 7131 7156 absorption of the hydroxyl groups and

the water molecules adsorbed on the surface

6876 6894 6880 6884 6864 6870 6864 absorption of the capillary-condensed

water molecules

6003 6060 6032 νsym(OH)

5627 5628 5662 (δ + ν)(H2O)

5272 5268 5284 5277 5270 5284 5280 5267 5284 5280 absorption of the hydroxyl groups and

surface-absorbed molecules of

water, (δ + ν)(H2O)

5083 5085 5084 absorption of the water molecules coordinatively

bound to the impurity atoms of boron

4913 (δ + ν)(OH), ν(BIII
−OH), the oxygen atom

of the OH-group can coordinate to

several adjacent atoms of lanthanum

4754 4761 4753 ν(OH), ν(BIV
−OH)

4548 4523 4542 4542 4554 4540 4542 4539 4542 4542 δ(Si−OH), ν(OH), ν(Na−OH), (δ + ν)(Si−OH)

4189 4179 4189 ν(OH) with a low lattice vibration frequency

bands within the entire frequency range, while transmittance

within the frequency range of 11000−9000 cm−1 as com-

pared to CM (at 120 and 500◦C) significantly decreases. It

can indirectly indicate decrease in the number of the OH

groups and amount of water in CMs with increase in the

temperature of thermal treatment.

The observed weak bands at 10762−10730 cm−1

(∼ 929−932 nm), 10622−10458 cm−1 (∼ 941−956 nm)
can be assigned to the second overtone of stretch-

ing vibrations of the free OH groups (3ν(OHfree)),
to the second overtone of stretching vibrations of the

Si−OH-groups ν(Si−OH) and to vibrations of the OH

groups (3ν3(OH)) [25–27]. The additional bands of the

weak intensity at 9421−9414 cm−1 (∼ 1061−1062 nm),

9295 cm−1 (∼ 1076 nm), 9108 cm−1 (∼ 1098 nm) can

be related to a combination of the stretching vibrations

2ν3(OH) + 2ν1(SiO4) [26].

Now, let us consider the frequency region of

9000−4000 cm−1. The additional weak absorption band at

8717 cm−1 (∼ 1147 nm) observed at CM 100Ag only, can

be related to the combination of the stretching vibrations

2ν3(OH) + 2ν1(SiO4) [26]. The bands at 8132−8104 cm−1

(∼ 1230−1234 nm), which can be detected at PG-8V-

NT-120 and at all the CMs (regardless of the com-

position) at 120 and 500◦C, are, most likely, assigned

to the combination of the first overtone of the stretch-

ing vibrations of the free OH groups on the surface

of the porous glass and of the stretching vibrations of

Optics and Spectroscopy, 2023, Vol. 131, No. 10
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the Si−O-bonds 2ν(OHfree) + ν(Si−O) [25], and can be

related to the combination of the stretching vibrations

2ν3(OH) + ν1(SiO4) [26]. It is possible that the bands

at 7335−7317 cm−1 (∼ 1363−1367 nm) found at all the

CMs and PG-8V-NT-120, are probably related to the first

overtone of the stretching vibrations of the 2ν3 OH groups

and the ν Si−OH groups [10,25–27,28–30]. Thermal

treatment of CMs at 800◦C results in appearance of

the additional absorption bands at 7245 and 7244 cm−1

(∼ 1380 nm), which can be assigned to the vibrations of

the ν BIII−OH groups, where boron is in the trigonal

coordination [28–31], and to the overtone of the stretching

vibrations of the 2ν3 OH groups [26].
PG-8V-NT-120 and all the CMs (regardless of the com-

position) at 120 and 500◦C were found to have the bands at

7159−7126 cm−1 (∼ 1397−1403 nm) and the weak bands

at 6894−6864 cm−1 (∼ 1451−1457 nm). The first group

of the bands is, most likely, assigned to absorption of

the hydroxyl groups and the surface-adsorbed molecules

of water, so are the second weak bands — to absorption

of the capillary-condensed molecules of water [10,25,28–
31]. The additional bands of low intensity observed the

CMs at 120◦C at 6060−6003 cm−1 (∼ 1650−1666 nm)
and 5662−5627 cm−1 (∼ 1766−1777 nm) can be attributed

to the overtone of the symmetrical stretching vibrations

of the OH groups νsym(OH) and to the combination of

bending and stretching vibrations of water (δ + ν)(H2O,

respectively [30,32].
PG-8V-NT-120 and all the CMs were detected the

bands at 5284−5267 cm−1 (∼ 1893−1899 nm) and at

4554−4523 cm−1 (∼ 2196−2211 nm). The first group of

the bands can be assigned to absorption of the hydroxyl

groups and the surface-adsorbed molecules of water, to the

combination of bending and stretching vibrations of water

((δ + ν)(H2O)), so can the second group of the bands — to

the bending vibrations of the Si−OH-groups (δ(Si−OH)),
to the stretching vibrations of the OH groups (ν(OH)) and

the Na−OH groups (ν(Na−OH)), to the combination of

the bending and stretching vibrations of the Si−OH groups

((δ + ν)(Si−OH)), respectively [10,28–31]. Thermal treat-

ment of CMs at 800◦C (regardless of the composition) re-

sults in appearance of the additional absorption bands in the

three frequency regions: 5085−5083 cm−1 (∼ 1967 nm),
4761−4753 cm−1 (∼ 2100−2104 nm), 4189−4179 cm−1

(∼ 2387−2393 nm), and to the absorption band of weak

intensity at CM 100Ag/10La at 4913 cm−1 (2035 nm) as

well. The bands at 5085−5083 cm−1 can be attributed

to absorption of water molecules, coordinatively bound

to the impurity atoms of boron [29–31]. The bands at

4761−4753 cm−1 are, most likely, related to the stretching

vibrations of the OH groups (ν(OH)) and the BIV−OH

groups (ν(BIV−OH)), where boron is in the tetrahedral

coordination [33]. The bands at 4189−4179 cm−1 can

be related to the stretching vibrations of the OH groups

(ν(OH)) with the low lattice vibration frequency [29–
31,34]. The weak band at 4913 cm−1 can be attributed to

the combination of the bending and stretching vibrations of

the OH groups ((δ + ν)(OH)), to the stretching vibrations

of the BIII−OH groups (ν(BIII
−OH)), where boron is in

the trigonal coordination [33,34].

Previously, it had been established that the PG-8V-NT-

120 matrices were characterized by the edge of fundamental

absorption at 240 nm [28]. Fig. 4, b shows the optical

density spectrum of PG-8V-NT-120 within the range of

270−900 nm. No absorption band has been observed in

the specified range, but an edge of the strong UV band is

visible.

Fig. 5 shows the CM optical density spectra depending on

the composition (100Ag, 100Ag/10La, 100Ag/100La) and

the mode of CM thermal treatment (120, 500 and 800◦C)
within the range of 270−900 nm. Table 2 summarizes all

the data on the detected CM absorption bands and their

deciphering as per the literature data (see review in [11],
[35–53]).

The spectral dependencies of optical density for CMs

100Ag, dried at 120◦C, show weak absorption bands

at 400 nm (∼ 3.10 eV), 473 nm (∼ 2.62 eV), 739 nm

(∼ 1.68 eV). With introduction of lanthanum, CMs

100Ag/10La, dried at 120◦C, exhibit additional bands at

489 nm (∼ 2.54 eV) and 570 nm (∼ 2.18 eV), and the band

at 742 nm (∼ 1.67 eV) as well, and for CMs 100Ag/100La

at 120◦C the bands are detected only at 397 nm (∼ 3.12 eV)
and 740 nm (∼ 1.68 eV). It is evident that the CM com-

position absorption influences a shape of the spectra, the

intensity and the position of the absorption bands, and result

in appearance of the additional absorption bands as well

(489, 570 nm).

Thermal treatment of CMs at 500◦C results in further

change of the shape of the spectra, which appear as an

increase in the optical density intensity within the spectrum’s

UV region. For CM 100Ag, it has been established that it

had an additional UV absorption band of strong intensity

at 315 nm (∼ 3.94 eV) and the band remained at 734 nm

(∼ 1.69 eV). The CM 100Ag/10La is characterized by an

additional UV absorption band of strong intensity at 300 nm

(∼ 4.13 eV), too, and a band at 747 nm (∼ 1.66 eV).
With increase in the lanthanum concentration, an additional

band of weak intensity appears on the spectrum of CM

100Ag/100La at 535 nm (∼ 2.32 eV), so does a band at

745 nm (∼ 1.66 eV). It indicates that the CM composition

and the mode of thermal treatment effect on the appearance

of the additional absorption bands as compared to the dried

CM samples.

Further increase in the temperature of CM thermal

treatment (at 800◦C) results in abrupt increase in the optical

density intensity within the entire range (270−900 nm),
which is manifested, inter alia, by the increase in the

intensity of the absorption bands and the number thereof

as compared to the CMs thermally treated at 120 and

500◦C. The same nature of the spectra appear as for

all the CM series. Besides, thermal treatment of the

CM series 100Ag/10La and 100Ag/100La at 800◦C results

in substantial changes in the shape of the spectra as
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Figure 5. CM optical density spectra depending on the composition (a, b — 100Ag, c, d — 100Ag/10La, e, f — 100Ag/100La) and the

temperatures of thermal treatment: 1 — 120◦C, 2 — 500◦C, 3 — 800◦C.

compared to CM 100Ag at the same mode of treat-

ment.

For CM 100Ag (at 800◦C), the bands are found, with

the maxima at 286 nm (∼ 4.34 eV), 343 nm (∼ 3.62 eV),
388 nm (∼ 3.20 eV), 412 nm (∼ 3.01 eV), 431 nm

(∼ 2.88 eV), 449 nm (∼ 2.76 eV), 510 nm (∼ 2.43 eV),
569 nm (∼ 2.18 eV), 606 nm (∼ 2.05 eV), 664 nm

(∼ 1.87 eV). For CM 100Ag/10La (800◦C), the bands are

showing, with the maxima at 282 nm (∼ 4.40 eV), 343 nm

(∼ 3.62 eV), 368 nm (∼ 3.37 eV), 414 nm (∼ 3.00 eV),
429 nm (∼ 2.89 eV), 451 nm (∼ 2.75 eV), 465 nm

(∼ 2.67 eV), 504 nm (∼ 2.46 eV), 515 nm (∼ 2.41 eV),
541 nm (∼ 2.29 eV), 566 nm (∼ 2.19 eV), 670 nm

(∼ 1.85 eV), 735 nm (∼ 1.69 eV).

For CM 100Ag/100La (800◦C), the bands are visible,

with the maxima at 285 nm (∼ 4.35 eV), 341 nm

(∼ 3.64 eV), 353 nm (∼ 3.51 eV), 370 nm (∼ 3.35 eV),
376 nm (∼ 3.30 eV), 411 nm (∼ 3.02 eV), 430 nm
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Table 2. Absorption bands (within the range of 270−900 nm) detected at CM depending on the composition and the temperature of

thermal treatment

Designation of the glasses and the composites, temperature Assignment of the bands

of CM thermal treatment. Position of the absorption bands, nm

CM 100Ag CM 100Ag/10La CM 100Ag/100La

120◦C 500◦C 800◦C 120◦C 500◦C 800◦C 120◦C 500◦C 800◦C

286 282 285 MCs Ag4, clusters Ag
2+
4 and Ag2+8 , due to charge transfer

O2
→ La3+, Lanthanum NPs

300 MCs Ag1, MCs Ag4, MCs Ag9, neutral atoms Ag0,

due to charge transfer O2
→ La3+

315 molecular ions Ag+
2 , MCs Ag1

343 343 341 neutral atoms Ag0, MCs Ag6 and Ag7

353 MCs Ag3, La2O3

368 370 MCs Ag3, MCs Ag5 and MCs Ag+
5 , La2O3

376 MCs Ag5, La2O3

388 MCs Ag2, Ag3, Ag4 and Ag8

400 397 MCs Ag4, Ag6, clusters Ag
2+
8

412 414 411 MCs Ag2, silver NPs

431 429 430 MCs Ag4, silver NPs

449 451 453 MCs Ag3, silver NPs

473 465 475 dimers Ag+
−Ag+

489 MCs Ag3 and Ag4

504 503 MCs Ag5, silver NPs

510 515 515 MCs Ag3, silver NPs

535 533 MCs Ag7, silver NPs, silver clusters,

including Agn+
m (m ≥ 8, n ≤ 4)

541 541 silver NPs, silver clusters, including

Agn+
m (m ≥ 8, n ≤ 4)

569 570 566 566 silver NPs, silver clusters, including

Agn+
m (m ≥ 8, n ≤ 4)

575 silver NPs, silver clusters, including

Agn+
m (m ≥ 8, n ≤ 4)

606 603 silver NPs, silver clusters, including

Agn+
m (m ≥ 8, n ≤ 4)

664 670 silver NPs, silver clusters, including

Agn+
m (m ≥ 8, n ≤ 4)

739 734 742 747 735 740 745 748 silver NPs, silver clusters, including

Agn+
m (m ≥ 8, n ≤ 4)

(∼ 2.88 eV), 453 nm (∼ 2.74 eV), 475 nm (∼ 2.61 eV),
503 nm (∼ 2.47 eV), 515 nm (∼ 2.41 eV), 533 nm

(∼ 2.33 eV), 541 nm (∼ 2.29 eV), 566 nm (∼ 2.19 eV),
575 nm (∼ 2.16 eV), 603 nm (∼ 2.06 eV), 748 nm

(∼ 1.66 eV).

It should be noted that for all the CM series (100Ag,
100Ag/10La and 100Ag/100La) at 800◦C the absorption

bands are found, with the maxima at 282−286, 341−343,

411−414, 429−431, 449−453, 510−515, 566−569 nm.

The additional bands at 388, 510, 606, 664 nm (CM
100Ag), at 368, 465, 504, 541, 670, 735 nm (CM
100Ag/10La) and at 353, 370, 376, 475, 503, 533, 541,

575, 603, 748 nm (CM 100Ag/100La) directly indicate the

influence of the CM composition on the spectral properties.
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Now, let us describe the absorption bands found within

the range of 270−900 nm. The UV bands with the maxima

at 282−286 nm, observed at CMs at 800◦C, are, most likely,

related to MCs Ag4 and the clusters Ag2+4 and Ag2+8 [35–39].
Besides, the wide UV bands with the maxima at 282 and

285 nm can be assigned to charge transfer O2− → La3+, and

can be related to absorption of the lanthanum NPs. [40,41].
The additional UV absorption band at 300 nm, belonging

to CM 100Ag/10La (at 500◦C), can be due to formation

of MCs Ag1, MCs Ag4, MCs Ag9 and to the neutral

atoms Ag0 [35,42,43–45], and as well as due to charge

transfer O2− → La3+ [40]. For CM 100Ag (at 500◦C), we
observe the UV band at 315 nm, which can be attributed

to the molecular ions Ag+
2 and MCs Ag1 [11,43,44,46].

The UV absorption bands at 341−343 nm, observed for

CM at 800◦C, can be related to the neutral atoms Ag0

and MCs Ag6 and Ag7 [11,42,43,46]. The UV band at

353 nm can indicate formation of MCs Ag3 [42,44], so can

the UV bands at 368 and 370 nm — MCs Ag3, MCs Ag5
and MCs Ag+

5 [36,43], and so can at 376 nm — to MCs

Ag5 [42]. The absorption bands at 353, 368, 370, 376 nm

can be related to absorption of La2O3 [47]. The band

at 388 nm is, most likely, caused by formation of MCs

Ag2, MCs Ag3, MCs Ag4 and MCs Ag8 [42–45]. The

absorption bands of weak intensity for CM 100Ag at 397

and 400 nm and for CM 100Ag/100La at 120◦C can be

related to MCs Ag4, Ag6 and to clusters Ag2+8 [35–37,42].
The wide bands with the maxima at 411−414, 429−431,

449−453 nm are typical for the silver NPs with surface

plasmonic resonance (SPR) (see review in [11]), [35,46,48–
51]. Besides, the bands at 411−414 nm can indicate

formation of MCs Ag2 [43]. The bands at 429−431 nm

can be attributed to MCs Ag4 [43], so can the bands at

449−453 nm — to MCs Ag3 [44]. The absorption band

of weak intensity at 473 nm for CM 100Ag at 120◦C is,

most likely, assigned to the dimers Ag+−Ag+ [52], while

the band shift towards longer wavelengths (at 489 nm) for

CM 100Ag/100La at 120◦C may be related to formation

of MCs Ag3 and Ag4 [42–44]. The presence of the

additional absorption bands at 465 and 475 nm for CM

100Ag/10La and CM 100Ag/100La at 800◦C can occur

due to the dimers Ag+−Ag+ [52]. The wide bands with

the maxima at 503−504 and 515 nm for CM 100Ag/10La

and CM 100Ag/100La at 800◦C, and the band at 510 nm

for CM 100Ag at 800◦C can be related to the presence

of MCs Ag5 and MCs Ag3 , respectively, [36,43], and

to formation of the silver NPs with SPR [11,48]. The

additional absorption bands at 535 and 533 nm observed

at CMs 100Ag/100La at 500 and 800◦C can be attributed

to formation of the silver nanoparticles with SPR, to MCs

Ag7, and to various silver clusters, including Agn+
m (m ≥ 8,

n ≤ 4) [11,43,48,53]. The band at 541 nm, detected at

CMs 100Ag/10La and KM 100Ag/100La at 800◦C, can

be due to the presence of the silver nanoparticles with

SPR and various silver clusters, including Agn+
m (m ≥ 8,

n ≤ 4) [48,53]. The absorption bands at 566−570 nm,

which are typical for CM 100Ag/10La at 120◦C and for

all the CM series at 800◦C, are, most likely, related to

the presence of the silver nanoparticles with SPR, and

silver clusters, including Agn+
m (m ≥ 8, n ≤ 4) [11,39,48,53].

The presence of the additional absorption bands in the

samples thermally treated at 800◦C, at 606 and 664 nm

(CM 100Ag), at 670 nm (CM 100Ag/10La), and at 575

and 603 nm (CM 100Ag/100La), can also be related to

formation of silver nanoparticles (differently shaped) with

SPR and various silver clusters, including Agn+
m (m ≥ 8,

n ≤ 4) [11,39,48,53]. Regardless of the composition and

the temperature of thermal treatment, all the composite

materials (except for CM 100Ag at 800◦C) were found the

bands with the maxima at 734−748 nm, which can indicate

formation of silver clusters, including Agn+
m (m ≥ 8, n ≤ 4),

and the silver nanoparticles with SPR [11,38,39 48].
It has established the influence of CM thermal treatment

resulting in increase in the intensity of the absorption band

for CM at 800◦C. Besides, it should be noted that thermal

treatment of CM at 800◦C (for all the series) results in

the optical density spectra demonstrating a large number

of the absorption bands related to the presence of silver

MCs, silver clusters, including Agn+
m (m ≥ 8, n ≤ 4), and in

appearance of the strong wide absorption bands related to

the silver nanoparticles with plasmon resonance.

Fig. 6, a shows the X-ray diffraction patterns for CMs

100Ag, 100Ag/10La and 100Ag/100La after thermal treat-

ment at 800◦C. The X-ray diffraction pattern for CM

100Ag clearly shows multiple peaks at 2θ: 23.36◦, 26.62◦,

26.99◦, 30.90◦, 38.14◦, 38.55◦, 44.30◦, 45.26◦, 47.69◦,

55.66◦, 61.15◦, 62.90◦ , 64.37◦ , 69.78◦ and 77.40◦ . The

peaks observed at 2θ (h k l): 38.14◦ (111), 44.30◦ (200),
64.37◦ (220) and 77.40◦ (311) are typical for the cu-

bic modification of the metal Ag0 (JCPDS � 01-080-

4432) [54–56]. Reflections at 2θ (h k l): 26.62◦ (110),
38.55◦ (200), 47.69◦ (211) and 55.66◦ (220) are assigned

to the cubic modification of Ag2O (JCPDS � 00-043-

0997) [57,58]. Peaks at 2θ (h k l): 23.36◦ (4 0 2),
30.90◦ (3 1 4), 44.30◦ (-8 0 8), 45.26◦ (2 2 6), 47.69◦

(-5 1 11), 55.66◦ (1 3 1), 61.15◦ (1 3 6), 62.90◦ (1 3 7)
are related to crystallization of the monoclinic modifi-

cation of SiO2, tridymite (Tridymite-M, JCPDS � 00-

018-1170) [59,60]. The peaks at 2θ (h k l) are vis-

ible: 26.99◦ (100), 55.66◦ (202) and 69.78◦ (301),
which are assigned to the hexagonal modification Quartz

low HP (High-Purity Quartz), SiO2 (JCPDS � 01-

083-2470) [61]. CMs 100Ag/10La and 100Ag/100La

are characterized by a lesser number of the peaks

at 2θ: 38.04◦, 44.15◦ , 64.48◦, 77.31◦ and 21.24◦,

29.32◦, 38.02◦, 44.19◦ , 48.58◦ , 64.32◦ , 77.35◦, respec-

tively. The reflections observed for CMs 100Ag/10La and

100Ag/100La at 2θ (h k l) = 38.02◦ (111), 38.04◦ (111),
44.15◦ (200), 44.19◦ (200), 64.32◦ (220), 64.48◦ (220),
77.31◦ (311) and 77.35◦ (311) are assigned to the

cubic modification of metal Ag (JCPDS � 01-071-

4613) [62]. The peaks observed for CM 100Ag/10La

and CM 100Ag/100La at 2θ (h k l) = 29.32◦ (1 0 -1),
38.02◦ and 38.04◦ (1 0 -2), 44.15◦ and 44.19◦ (1 0 0)
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Figure 6. X-ray diffraction patterns for CMs at 800◦C depending on the composition (a) (1 — 100Ag, 2 — 100Ag/10La, 3 —
100Ag/100La). EDS data: concentration profiles of the elements along the thickness of the samples (b−d) and typical spectra of the

elemental composition of the central part of the CM samples (e−g) at 800◦C depending on the composition (b, e) — 100Ag, c, f —
100Ag/10La, d, g — 100Ag/100La).

are assigned to the hexagonal modification of La2O3

(JCPDS � 00-040-1279) [63]. The weak peaks for CM

100Ag/100La at 2θ (h k l) = 21.24◦ (-4 0 4), 29.32◦ (-6 0 4)
and 48.58◦ (-8 0 10) are related to the monoclinic mod-

ification Tridymite-M, syn SiO2 (JCPDS � 00-018-

1170) [59,60].

Using the energy-dispersive X-ray spectroscopy, the CMs

have been investigated depending on a composition thereof

(100Ag, 100Ag/10La and 100Ag/100La) after thermal

treatment at 800◦C. Fig. 6, b−d shows the concentration

profiles of the elements along the thickness of the CM

samples, so does Fig. 6, e−g typical spectra of the elemental

composition of the central part of the CM samples. It

should be noted that boron and nitrogen are not detected

using the energy-dispersive X-ray spectroscopy, as they

are light elements. Distribution of oxygen and silicon

is quite uniform along the entire depth of the CM

samples. The content of oxygen ans silicon for the CM

samples 100Ag is within 50.57−52.31mas% (the average

value: 51.61 ± 0.33mas%) and 44.23−45.84mas%

(the average value: 45.23 ± 0.30mas%), for CM

100Ag/10La — 51.52−52.86mas% (the average

value: 52.11 ± 0.33mas%) and 45.12−46.36mas%

(the average value: 45.69 ± 0.30mas%), for CM

100Ag/100La — 51.12−52.30mas% (the average value:

51.81 ± 0.34mas%) and 44.75−45.87mas% (the average

value: 45.40 ± 0.31mas%), respectively. The concentration

of sodium in all the samples was below a device’s sensitivity

level (we observe zero values along the entire depth of

the samples), while the concentration of lanthanum in CM

100Ag/10La and CM 100Ag/100La was also insufficient

(we observed zero values almost along the entire depth of

the samples) for determination of the concentration of the

element, which should be at least 0.1−0.2mas%.

Fig. 6, c, d clearly shows separate concentration
”
bursts“

of the lanthanum distribution for CM 100Ag/10La

at 0.27mas% and for CM 100Ag/100La within

0.25−0.58mas% (the average value of 0.20 ± 0.15mas%).

Silver is distributed unevenly along the thickness of the

samples of CM 100Ag and CM 100Ag/100La, while, on

the contrary, silver in CM 100Ag/10La is uniformly enough

distributed except for the surface layer of the samples

(∼ 100µm).

The content of silver in CM 100Ag changes along

the thickness within 0.00−2.60mas% (the average value:

1.11± 0.20mas%), so does in CM 100Ag/10La within

0.00−0.81mas% (the average value: 0.55 ± 0.17mas%),

so does in CM 100Ag/100La within 0.00−1.41mas% (the

average value: 0.78± 0.17mas%). The typical spectra of

the elemental composition of the central part of the CM

samples (Fig. 6, e−g) were found peaks, corresponding

to the main components (the strong peaks — Si, O), the

weak and strong peaks of lanthanum, the weak peaks of

silver. Similar data for location of the peaks of silver and

lanthanum were found in [1,64,65].
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Conclusion

The CM samples have been synthesized based on the ma-

trices made of the high-silica porous glasses activated by the

silver ions in the presence or without the lanthanum ions,

which have been thermally treated in the air atmosphere

from 120 to 800◦C. Using the X-ray powder diffraction

method, it has been established that CMs (at 800◦C) had

the crystals of the cubic modification of metal Ag0, the

cubic modification of Ag2O, the hexagonal modification of

La2O3, the monoclinic modification Tridymite-M and the

hexagonal modification Quartz low HP. Using the near IR

spectroscopy, CMs have been investigated to demonstrate

that CMs activated with the ions of silver and lanthanum

showed the additional bands due to the presence of the

OH groups, which can coordinate to the several adjacent

atoms of lanthanum. Using the optical spectroscopy, it has

been confirmed that in various conditions of the synthesis,

CMs were characterized by the presence of the absorption

bands, which were responsible charge transfer O2− → La3+

(282, 285, 300 nm) and for the lanthanum nanoparticles

(282, 285 nm).
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