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Mono- and Bimetallic Silver-Containing Nitrogen-Doped Carbon Composites
and Their Electrocatalytic Activity

The N-doped metal-carbon composites based on the carbonized melamine-formaldehyde polymer (MFP) with
silver, silver-copper, and silver-cobalt particles were synthesized. Mono- and bimetallic silver-containing
composites were prepared by the reduction of metal nitrates with hydrazine hydrate in an aqueous ethanol
medium in the presence of carbon black particles obtained by the heat treatment of MF-polymer at
500 °C. The structural-phase changes before and after the use of metal-carbon composites as electrocatalysts
in the electrohydrogenation of p-nitroaniline (p-NA) were studied by X-ray diffraction analysis. The morpho-
logical features of the created MFBC + Ag, MFBC + (Ag+Cu) and MFBC + (Ag+Co) composites were stud-
ied by electron microscopy. It was established that the synthesized composites mainly contain crystalline
phases of the corresponding reduced metals or their alloys. The monometallic MFBC(1) + Ag(1) composite
contains reduced silver crystallites of various shapes and localization on porous MF carbon black particles.
Higher electrocatalytic activity of the synthesized Ag-containing composites in the p-NA electrohydro-
genation was shown in comparison not only with the electrochemical reduction of p-NA but also with MFBC
+ (Ag+Cu) composites with electrocatalytic hydrogenation of p-NA on Ag + Cu particles (without MFBC). It
was found that the use of the studied MFBC-composites increases the selectivity of the formation of the main
hydrogenation product (p-phenylenediamine) and decreases the yields of by-products.

Keywords: N-doped metal-carbon composites, silver, melamine-formaldehyde polymer, carbonization, bime-
tallic catalysts, Ag-Cu particles, Ag-Co particles, electrocatalytic hydrogenation, p-nitroaniline.

Introduction

Currently, much attention is paid to catalytic systems with metal nanoparticles (NPs) deposited on a
carbon carrier, metal-carbon composites with the distribution of metal NPs over the entire carbon matrix, as
well as metal NPs encapsulated in carbon, which exhibits catalytic activity in various chemical reactions
[1-3]. To create metal-carbon composites, modern carbon materials are used, such as carbon nanotubes
(CNTs), fullerenes, graphene, etc., which are subjected to oxidative treatment to form oxygen-containing
functional groups on their surface. The interaction of such groups with metal NPs promotes their confine-
ment in the carbon support. Also, for the same purpose, carbon-doped with nitrogen atoms (C—N) is pro-
duced [4-7]. Such metal-carbon N-doped (M/C-N) composites have improved the electrochemical, adsorp-
tion and catalytic properties.

Silver-containing carbon composites are of particular interest since, in addition to the listed properties,
they exhibit optical and antibacterial properties [8-10]. The methods for preparing Ag/C composites are gen-
erally similar to those described in the literature using carbon nanotubes [11, 12]. Among these are methods
of powder metallurgy, methods using melting and solidification, thermal spraying, electrochemical deposi-
tion and a whole group of methods, which includes the so-called molecular-level mixing method. Some pro-
cedures frequently used for the production of Ag/C composites belong to the method, and primarily it is the
chemical reduction of silver cations in the presence of suspended particles of a carbon material [8, 10, 13, 14].

One of the main methods for preparing nitrogen-doped metal-carbon composites is the carbonization of
a metal-organic compound or polymer structurally enriched in nitrogen [6, 7]. Acrylamide, cyanamide, mel-
amine, polyacrylonitrile, polyaniline, and other nitrogen-containing materials are often used as such sources
of C—N-carbon material, on which then (or in situ) metal NPs are deposited [15-17].

This work aims at the synthesis of mono- and bimetallic silver-containing composites based on carbon-
ized melamine-formaldehyde polymer (MFP) and the study of their structure and electrocatalytic activity in
the electrohydrogenation of p-nitroaniline (p-NA) as a model compound. It should be noted that there are
some studies in the literature devoted to the creation of various porous N-doped carbon materials based on an
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MF polymer as a carbon source with high nitrogen content [18—20]. However, there are no works on the cre-
ation of Ag/C-N composites based on them. Examples of such composites include a composite with silver
nanoparticles in the N/S doped carbon material (AgNPsS@NSC), which was produced by the hydrothermal
treatment at 700 °C of a silver polymer complex synthesized by the polycondensation of diphenylthiourea
with formaldehyde [21]. The authors of the article found that the highly porous nanocomposite
AgNPs@NSC shows excellent catalytic activity in the reduction of p-nitrophenol. A silver-containing N-
doped carbon nanocomposite was also prepared by thermolysis at 450 °C of the melamine with oxalic acid
complex, followed by the reduction of silver nitrate with sodium borohydride [22]. It is noted in many papers
that the metal NPs/N-doped carbon composites exhibit high catalytic activity, stability, and reusability due to
the interaction between metal nanoparticles including silver and nitrogen-containing groups. Furthermore,
the preparation of metal nanoparticles in the presence of carbon supports prevents particle aggregation and
increases catalytic activity.

Experimental

Mono- and bimetallic carbon composites based on a carbonized N-containing MF polymer and silver,
silver-copper, and silver-cobalt particles were created by chemical reduction of metal cations in an aqueous
ethanol medium in the presence of the carbonized MF polymer (MF-black carbon). Figure 1 demonstrates
the general scheme for preparing mono- and bimetallic silver-containing N-doped carbon composites.

Melamine Formaldehyde polymer
(MFP)

Thermal Treatment at 500°C

N-doped Melamine Formaldehyde Black Carbon
(MFBC)

Suspension of MFBC in Aqueous Ethanol Solution

Introduction Metal Salt to
Suspension

Reduction of Metal Cations
by Hydrazine Hydrate with
the Addition of NaOH

Filtration and Drying
of MFBC + Metal NPs
Composites

Composites: MFBC + Ag, MFBC + (Ag+Cu), MFBC + (Ag+Co)

Figure 1. General scheme for preparing mono- and bimetal silver-containing
carbon composites based on carbonized MF polymer

The MF polymer was synthesized by the polycondensation of melamine with formaldehyde in an alka-
line solution and the use of oxalic acid as a hardener [23]. The preparation and milling of MF polymer were
then thermally treated at 500 °C for 2 h under conditions with limited oxygen access in a high-temperature
chamber electric furnace (PL 5/12.5, Nakal, Russia). As a result, an MF soot (or black carbon) powder with a
loose structure was produced. Monometallic carbon MFBC + Ag composites were synthesized according to
the following procedure.
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A weighed amount of MF black carbon in the ratio of 1:1 and 2:1 (MFBC/silver) by weight was put into
a round-bottom flask (500 mL). 100 mL of water-ethanol solution was added (the ratio of distilled water and
ethanol was 1:1 by volume). The suspension was stirred at room temperature for 1 hour. Then, 3.15 g of sil-
ver nitrate AgNOs was added. Stirring was continued at 40 °C. Separately, the alkaline solution of hydrazine
hydrate was prepared by mixing 24 mL of 64 % N.H.-H.O and 20 mL of an aqueous solution of sodium hy-
droxide (content of NaOH was 1.60 g). This solution was added to the first reaction mixture by drops under
constant stirring and temperature of 40 °C. The obtained precipitate was separated and washed with distilled
water and ethyl alcohol that was heated to 40 °C. It was dried at 80 °C and at a pressure of 0.06 MPa.

The bimetallic MFBC + (Ag+Cu) and MFBC + (Ag+Co) composites were created by a similar proce-
dure with the use of both metal nitrates (with a ratio of Ag/M = 1:1) and the metals reduction at a higher
temperature: 60 °C for Ag+Cu and 70 °C for Ag+Co.

MFBC + Ag, MFBC + (Ag+Cu), and MFBC + (Ag+Co) composites were also prepared with the injec-
tion of the polyvinyl alcohol (PVA) into the reaction medium as a polymeric stabilizer. To reduce the parti-
cle size of the MFBC, the ultrasonic pre-treatment of the black carbon for 30 min was carried out, and then
MFBC + Ag + UST composites were also obtained.

The processes of metal cations reduction using hydrazine hydrate are described by the following reac-
tion equations [24, 25]:

4AgNO; + NoHs + 4NaOH — 4Ag°| + Np1 + 4NaNOj3 + 4H,0
2Cu(NOs3), + N2Hs + 4NaOH — 2Cu®| + N2t + 4NaNOs + 4H,0

2C0o(NOs3), + N2Hs + 4NaOH — 2Co°| + N2t + 4NaNOs + 4H,0

In the filtrates after the synthesis of MFBC + Ag, MFBC + (Ag+Cu), and MFBC + (Ag+Co) compo-
sites, the silver content was determined by the Mohr method, and copper and cobalt contents by the method
of complexometric titration [26, 27]. According to the titration results, the lack of metal cations in the pro-
duced transparent filtrates was established, which indicates their complete reduction.

The structure and phase constitution of the synthesized metal-carbon composites were determined by
X-ray diffraction analysis using a D8 ADVANCE ECO diffractometer (Bruker, Germany) with Cu-Ka. radia-
tion in the 15-80 2theta range. The morphological features of metal-carbon composites were studied by elec-
tron microscopy on the MIRA 3LMU scanning electron microscope (TESCAN, Czech Republic) using sec-
ondary (SE) and backscattered (BSE) electron detectors. The samples were analyzed with the deposition of a
conductive layer of carbon. Elemental analysis of the composites was performed using an energy dispersive
detector X-Act (Oxford Instruments) (EDS analysis).

The electrocatalytic activity of the prepared silver-containing N-doped carbon composites was studied
in the electrohydrogenation of p-nitroaniline. According to the procedure from our report [28], the experi-
ments were carried out in an alcohol-aqueous-alkaline catholyte of the diaphragm cell at a current of 1.5 A
and a temperature of 30 °C. The cathode was a copper plate tightly adjacent to the bottom of the electrolyzer,
on which the powder of composite was deposited as a catalyst (by a weight of 1 g), the anode was a platinum
gauze. The initial concentration of p-NA was 0.066 mol/L. The composite powders deposited on the cathode
were first saturated with hydrogen. Then, an organic compound was injected into the catholyte, and its elec-
trocatalytic hydrogenation was carried out. The volume of hydrogen absorbed (Vi, mL), the hydrogenation
rate (W, mL Ha/min), hydrogen utilization coefficient (1) and conversion of the hydrogenated compound (a)
were calculated from the volumes of gases (oxygen and hydrogen) evolved. The hydrogenation products
were extracted from the catholyte with chloroform, and the extracts were analyzed on a Kristallyuks-4000M
chromatograph (Meta-Chrom, Russia).

Results and Discussion

The phase constitutions of silver-containing carbon composites prepared based on the carbonized N-
reached MF polymer are determined after their thermal treatment and application in electrochemical experi-
ments. Figure 2 illustrates the X-ray diffraction (XRD) patterns of the monometallic MFCB(1) + Ag(1) com-
posite. As it follows from the XRD patterns, the composite contains crystalline phases of reduced silver, and
amorphous carbon is present. The intensity of its peaks is much lower than the intensity of the silver peaks
and therefore they are not visible on the XRD patterns. The sizes of Ag particles for the (111) phase with a
peak at a diffraction angle of 20 = 38.26° are ~20 nm. The particle sizes were calculated using the Scherrer
formula via the Bruker diffractometer software. It may be noted that the XRD patterns of this composite, as
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also of other monometallic composites, practically coincide after synthesis and electrochemical experiments,
indicating their stability in the aqueous-ethanol-alkaline medium of the catholyte.
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Figure 2. XRD patterns of MFBC(1) + Ag(1) composite before () and after (b) hydrogenation

The microscopic studies (Fig. 3) showed that the enlarged silver crystallites of two types are contained
in the MFBC(1) + Ag(1) composite after synthesis: some are located directly on the surface of the carbon-
ized polymer with a distance from each other and have rounded and other crystalline forms, their size chang-
ing within 50-220 nm. Their interaction with the carbon support probably occurs through nitrogen atoms in
the structure of MF polymer carbonization products. Others are located in the pores of the MFBC and repre-
sent an accumulation of interconnected rounded or elongated granules combined into short chains.

Figure 3. Micrographs of MFBC(1) + Ag(1) composite after synthesis

Figure 4 represents the X-ray patterns of bimetallic MFBC(1) + (Ag+Cu)(1) and MFBC(1) +
(Ag+Co)(1) composites. Their phase constitutions are also practically similar after syntheses and after appli-
cation in electrochemical experiments; therefore, they have been chosen with the best reproduction of reflec-
tions for crystalline phases.

According to the XRD pattern in Figure 4, a, the MFBC(1) + (Ag+Cu)(1) composite contains crystal-
line phases of both silver and copper metals reduced with hydrazine hydrate in the presence of MF black
carbon. Herewith, the intensity of the peaks corresponding to the crystalline phases of silver is noticeably
higher than copper. For the Ag (111) crystalline phase, the particles have sizes of ~39 nm, while Cu (111)
particles (at the angle of 20 = 43.5°) they are ~43 nm, according to calculations using the Scherrer formula.

In addition to the crystalline phases of both metals (Ag and Co) reduced, some peaks of which are local-
ized at the same diffraction angles, the MFBC(1) + (Ag+Co)(1) composite (Fig. 4, b) contains the crystalline
phases of cobalt hydroxide, B-Co(OH).. Its presence is explained by the incomplete reduction of cobalt cati-
ons during the synthesis of this composite. Probably, this was due to an unsuitable temperature regime for
the reduction of Co?" cations. In the case of using hydrazine hydrate as a reducing agent, the authors of the
research work [29] recommend temperatures of 90 °C for Co?* and 40 °C for Ag* cations. In the experi-
ments, the joint reduction of cations of both metals was carried out at 70 °C, which is indicated in the de-
scription of the procedure for synthesizing composites. From the XRD data, it was determined that the Ag
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(111) particle sizes in the MFBC(1) + (Ag+Co)(1) composite after electrohydrogenation are ~37 nm, parti-
cles of the joint crystalline phase of the Ag—Co alloy (at the angle of 20 = 44.5°) are ~31 nm.
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Figure 4. XRD patterns of MFBC(1) + (Ag+Cu)(1) composite (a) before
and MFBC(1) + (Ag+Co)(1) composite (b) after electrohydrogenation
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Figure 5. Micrographs of the MFBC(1) + (Ag+Cu)(1) (a) and MFBC(1) + (Ag+Co)(1) (b) composites
and EDS data for the surface of their particles

Microscopic studies and EDS analyses of the MFBC(1) + (Ag+Cu)(1) composite (Figure 5, a) revealed
that on the surface of the MF carbon black, the crystallites are formed, consisting almost entirely of silver or
copper, as well as crystallites with the joint presence of both metals (Spectrum 9). The joint chemical reduc-
tion of both metals is accompanied by the formation of bimetallic alloys particles in the MFBC(1) +
(Ag+Co)(1) composite, which follows from the EDS spectral data (Fig. 5, b). It is also evident from these
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data that the particles of bimetallic Ag-Co alloys are formed with different metal contents. Additionally,
these data confirm the relatively high nitrogen content in the MF black carbon composition.

The synthesized MFBC + Ag, MFBC + (Ag+Cu) and MFBC + (Ag+Co) metal-carbon composites
based on carbonized MF polymer were studied for the manifestation of electrocatalytic activity in the elec-
trohydrogenation of p-nitroaniline:

NH-} NH'E
+6H +6¢
—_—
NO, NH;
p-Nitroaniline (p-NA) p-Phenylenediamine (p-PDA)

The main product of the electrocatalytic hydrogenation of p-nitroaniline is p-phenylenediamine, which
is used in cosmetics for the production of permanent hair dyes and henna, in the synthesis of pharmaceuti-
cals, in industry for the production of Kevlar and Twaron synthetic fibers, as an analytical reagent for deter-
mining ozone in the air, hydrogen sulfide, chlorine, bromine, vanadium sulfides, in microscopy to detect ox-
idative enzymes of the oxidoreductase class, as well as antiozonants in the production of rubber products.

Table 1 presents the results of the experiments on the electrocatalytic hydrogenation of p-NA on silver-
containing composites deposited on the MFBC particles.

Table 1
Results of electrocatalytic hydrogenation of p-NA on silver-N-carbon composites
Metals content Electrocatalytic
in 1 g of compo- Hyd_rogen hydrogenation Composition products, %
. saturation stage ’
. site, g of p-NA
Composites
_ v W, m_L
Ag [Cu(Co)| t,min| " | Hamin | o, % |p-PDA |p-NA |by-products
mL
(a=0.25)

Cu cathode - 0 0.0 6.9 83.1 | 578 | 0.2 42.0

Ag 1.000 - 0 0.0 10,0 100.0 | 80.0 | 0.2 19.8
MFBC(1) + Ag (1) 0.498 - 0 0.0 8.6 954 | 925 | 0.1 7.4
MFBC(1) + Ag (1) + UST 0.508 - 0 0.0 9.0 100.0 | 97.2 - 2.8
MFBC(1) + Ag (1) + PVA 0.497 - 0 0.0 9.3 100.0 | 96.8 - 3.2
MFBC(2) + Ag (1) 0.341 — 0 0.0 8.6 100.0 | 91.6 — 8.4
Ag(1) + Cu(l) 0.500 | 0.500 20 17.4 9.0 100.0 | 845 | 0.1 15.4
MFBC(1) + (Ag+Cu)(1) 0.255 | 0.255 20 13.2 8.8 100.0 | 823 | 0.1 17.6
MFBC(1) + (Ag+Cu)(1)+ PVA | 0.251 | 0.251 | 20 | 175 9.2 995 | 832 | 0.1 16.7
MFBC(2) + (Ag+Cu)(1) 0.165 | 0.165 10 8.7 9.8 98.1 | 941 | 04 5.8
Ag(1) + Co(1) 0.500 | 0.500 20 17.5 8.3 98.7 | 91.8 - 8.2
MFBC(1) + (Ag+Co)(1) 0.231 | 0.231 20 30.0 8.2 96.0 | 99.0 | 0.1 0.9
MFBC(1) + (Ag+Co)(1)+ PVA | 0.224 | 0.224 10 8.7 6.5 916 | 96.2 | 0.2 3.6
MFBC(2) + (Ag+Co)(1) 0.156 | 0.156 20 17.4 5.0 82.7 | 955 | 0.2 4.3

A comparison of obtained results was done with data on the electrochemical reduction of p-NA on a
copper cathode under similar conditions. According to these results (Table 1), p-nitroaniline is electrochemi-
cally reduced on a Cu cathode at a high rate (6.9 ml Hx/min), and conversion of the initial substance of
83.1 % with formation of p-PDA (57.8 %). However, as it follows from chromatographic analyses, the elec-
trochemical reduction of p-NA is attended to with the formation of a rather large amount of side products
(42.0 %). Additionally, Table 1 shows the results of p-NA hydrogenation on the Ag, Ag-Cu and Ag-Co par-
ticles, prepared without the addition of MF black carbon. It should be noted that the hydrogenation of p-NA
using these particles occurs at high rates: 10.0, 9.0, and 8.3 mL Hx/min, respectively.
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The total content of metals in the created composites was calculated considering the titrimetric results
for determining metal cations amounts in the filtrates after the synthesis of these composites. The metal con-
tents in 1 g of the resulting composites were also calculated, which can affect the electrocatalytic activity of
the catalysts.

According to data in Table 1, almost all studied silver-carbon composites manifested the electrocatalyt-
ic activity in the electrohydrogenation of p-NA. Their use increases both hydrogenation rates and p-NA con-
version. The yields of the main product p-PDA increase with a sharp decrease in the formation of by-
products.

The hydrogen saturation of monometallic MFBC + Ag composites is not accompanied by hydrogen ab-
sorption, i.e., the silver cations were completely reduced during the synthesis of these composites (Fig. 2).
The application of ultrasonic treatment and the polymeric stabilizer improved the main characteristics of the
process of electrocatalytic hydrogenation of p-NA. A slightly higher hydrogenation rate was obtained in this
process for silver particles synthesized without MF black carbon compared to the MFBC + Ag composites.
However, according to Table 1, the silver content in 1 g of these particles is significantly higher than in the
Ag-carbon composites.

Bimetallic MFBC + (Ag+Cu) composites exhibited the similar and slightly higher electrocatalytic activ-
ity in the studied process as compared to monometallic Ag/C-N composites and even with bimetallic Ag+Cu
particles (without MFBC) with a high content of the metals (Table 1), showing the synergistic effect of two
metals in the composites. During the hydrogen saturation, these composites absorb the small volumes of hy-
drogen, which indicates the performing of additional electrochemical reduction of cations of both metals, or
copper cations from its oxides, which probably are present in the composites in small amounts and are not
indicated in X-ray patterns due to weak reflections of their crystalline phases (Fig. 4, a). A capacity of cop-
per and silver cations incorporated in polymer-metal composites for electrochemical reduction under similar
conditions was established by us earlier [30, 31].

In the bimetallic MFBC + (Ag+Co) composites, the silver cations are subjected to electrochemical re-
duction and cobalt cations to a lesser extent. At saturation of these composites with hydrogen, its absorption
occurs in small volumes, evidently with additional reduction of both metal cations (Table 1). These compo-
sites exhibited lower electrocatalytic activity in electrohydrogenation of p-NA among all silver-carbon com-
posites investigated, but with higher p-PDA vyields and less formation of by-products than at MFBC +
(Ag+Cu) composites application. Their lower activity is due to the presence of cobalt hydroxide in these
composites, which decreases the content of reduced cobalt catalyzing the electrohydrogenation process. In
addition, the resulting particles of silver and cobalt metal alloys in various ratios may have a lower electro-
catalytic activity than reduced metals.

Conclusions

Mono- and bimetallic N-doped metal-carbon composites based on carbonized melamine-formaldehyde
polymer with silver, silver-copper, and silver-cobalt particles were synthesized by the reduction of metal cat-
ions from their nitrates with hydrazine hydrate in an aqueous ethanol medium in the presence of dispersed
MF black carbon powder. MF carbon black was prepared by heat treatment of MF polymer at 500 °C. Ac-
cording to the X-ray diffraction analysis and microscopic studies, the resulting MFBC + Ag composites con-
tain crystalline silver phases with an average particle size of 20 nm, which form the larger crystallites with
different shapes and arrangements on the surface of the MF black carbon particles. Bimetallic carbon com-
posites contain crystallites of both individual metals and their alloys. The synthesized silver-containing
N-doped carbon composites were tested for the manifestation of electrocatalytic properties in the electrohy-
drogenation of p-nitroaniline. The investigations performed were established that almost all prepared MFBC
+ Ag, MFBC + (Ag+Cu) and MFBC + (Ag+Co) composites were electrocatalytically active in the process
under study, especially as to the increasing of p-nitroaniline conversion, the selective formation of p-
phenylenediamine, as the main product of the p-NA hydrogenation, and the decreasing of by-product con-
tents. The highest electrocatalytic activity in the electrohydrogenation of p-NA among all prepared silver-
containing composites was shown by MFBC + (Ag+Cu) composites. The hydrogenation rate of p-NA on
these composites exceeded its own value obtained by carrying out this process with the use of reduced
Ag+Cu bimetallic particles (without MF black carbon) with the increased metal content per 1 g of these par-
ticles used to activate the cathode. It can be concluded that the created silver-containing N-doped carbon
composites can be used as electrocatalysts or catalysts in various chemical catalytic processes.
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Kypambinaa kymic 0ap MoHO-x9He OuMeTa/1 N-KOoCIaJIaHFaH KOMIPTEKTI
KOMIIO3UTTEP KIHE 0JIAPJABIH JTEKTPOKATAINTHKAJIBIK 0esIceHiIiri

Kywmic, xymic—MbIC jxo0HE Kymic—KoOanbT OemmekTepi 6ap KeOMipTeKTi MelaMHH(OPMAaIbICTHATI IOIUMED
(M®II) wmerizinaeri N-KocranaHFaH METaJUI-KOMIPTEKTI KOMIO3UTTEp cuHTe3xenmdi. Kypameiana kymic Gap
MOHO- JkoHe OmMeraur Kommo3utTepi M®-mommmepin 500°C  TemmepaTypaia TEpMIBUIBIK OHACY
HOTIDKECIHJIE aJIBIHFAH Kyie OeNIIeKkTepiHiH KaThICYBIMEH CYyJBI—ITaHOJI OPTAachIHIA METall HUTPATTaphlH
THAPa3HHTUIPATIICH TOTBHIKCHI3NAHIBIPY apKbUIbl ajJbIHABL. 7 -HUTpoaHwInHAI (n-HA) snextporuapneyne
KaTau3aTop PpEeTiHAE METaUI-KOMIPTEKTI KOMIIO3UTTEpi KOJNJAHFaHFa JCUIHTI JKOHE OJaH KeHiHTi
KYPBUIBIMIIBIK-(Da3alIbIK @3repicTep peHTreHIiK (a3aiblk Tanaay apKbpuisl 3epTrenai. AnsiHFan MOC + Ag,
M®C + (Ag+Cu) xone MDPC + (Ag+Co) KOMIO3UTTEPiHIH MOP(OIOTHSIIBIK epEeKIISTIKTePl AIEKTPOH B
MHUKpOCKONIHS  oniciMeH 3eprrenai. CHHTE3IeNTeH KOMIO3WUTTEpIiH KypaMblHIa HETi3iHeH coifkec
TOTBHIKCBI3/IaHFAaH METaJapAblH HEeMece OJApJbIH KOPBITHATAPBIHBIH KPUCTAIABIK (ha3zamapsl OOIaTHIHBI
anpIKkTanael. MOC(1) + Ag(l) MoHOMETaT KOMIO3UTI KypaMbIHAAFbl keyekri M®d-kylie GemmexTepinme
SPTYpIIi MilIiHAep MEH JIOKaJIM3alMsFa M€ TOTBHIKCHI3NAHIBIPBUIFAH KYMICTiH Kpuctaumrrepi Oap. n-HA
ANEKTPOTHIPIICY MPOLECIHIE CHHTE3eIreH Ag-KypaMabl KOMIO3UTTEPIIH KOFaphl AMEKTPOKATATUTHKAIIBIK
6encenpiniri n-HA-HBIH 21€KTPOXUMHSUIIBIK TOTBIKCHI3IaHYBIMEH FaHa eMec, CoHbIMeH Katap M®OC+(Ag+Cu)
koMmmo3utTepiniH n-HA-HpiH Ag+Cu OeuiekTepiHie 3JCKTPOKATATUTHKAIBIK TuapieHyi (Md-kyitecis)
JKarmaibeiHAa a kepcerinreH. 3eprrenreH M®OC-KOMIO3UTTEPAiH KOJNAHY JKaFmaiblHIa HETI3ri Tuapiey
OHIMIHIH (n-QeHWICHOINAMUHHIH) TY3UIy CEJNEKTHBTLNII apTaThIHBI JKOHE IKaHAMa OHIMAEPIiH
MIBIFBIMIBUIBIFBl TOMEHICHTIHI aHBIKTAIIBL.

Kinm ce30ep: N-KocnamaHFaH METAI-KOMIPTEKTI KOMIIO3UTTEP, KYMiC, MeIaMIH()OPMAaIbICTHATI TTOJTHMED,
kapOoHu3anys, OuMeramn karanusaropiapbl, Ag—Cu Oemmekrepi, Ag—Co GenmiexTepi, MeKTPOKaTaIUTH-
KaJIbIK THPJICY, 1-HUTPOAHHJIHH.
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MoHno- u oumeTaInYeckne cepedpoconep:kamue N-10MUpoBaHHBIE
yrjiepoaHble KOMIO3UTHI H UX 3JIeKTPOKATAJIUTHYECKAS AKTHBHOCTH

Cunre3upoBaHsl N-IONHPOBAHHBIE METAIUIOYTIIEPOJHEIE KOMIIO3UTHI Ha OCHOBE KapOOHU3HPOBAaHHOTO Me-
JIaMIHO(OPMANBAETUIHOTO TIOJIMMepa ¢ YacTHLAaMu cepebpa, cepebpa—menu u cepebpa—kobaapra. MoHO- 1
OGuMeTaiuTYecKue cepedpocoepKalue KOMIIO3UThI ObUIH MOJIy4eHbl BOCCTAHOBICHUEM HUTPATOB METAJLIOB
THAPA3HHTUIPATOM B BOJHO-3TaHOJBHOI Cpele B NMPUCYTCTBHM YaCTHUIl CAXKH, NOJYYEHHOI B pe3ysbTaTe
Tepmudeckoil ob6pabotkn M®-nomumepa mpu 500 °C. MerogoM peHTreHo(a30BOro aHain3a H3y4YCHBI
CTPYKTYpHO-(ha30BbIC M3MEHEHHS 10 U IIOCIIe IPUMEHEHUS] METALI-YTIIEPOJHEIX KOMIIO3UTOB B KadecTBe Ka-
TaJIM3aTOPOB B IEKTPOTUAPUPOBAHHH n-HUTpoaHWIMHA (n-HA). Mopdonorundeckie 0cOOEHHOCTH MOy deH-
HBIX Kom1io3uToB MOC + Ag; MOC + (Ag+Cu) u MOC + (Ag+Co) ucciienoBaHbEl METOIOM HJICKTPOHHOMN
MHKPOCKOIIHH. YCTAaHOBJICHO, YTO B COCTaBE CHHTE3MPOBAHHBIX KOMIIO3UTOB, B OCHOBHOM, IIPHUCYTCTBYIOT
KpHCTAINTNIeCKHe (ha3bl COOTBETCTBYIOIINX BOCCTAHOBJICHHBIX METAJUIOB MIIM UX CIUIaBOB. B MoHOMeTaIm-
yeckoM komnoszute MOPC(1) + Ag(1l) comeprkaTcss KpUCTAJUTUTHI BOCCTAHOBICHHOTO cepedpa, UMEIoIIHe pas-
Hy!0 (OpMy M JIOKAJIM3aLHMIO0 HAa HOPHUCTHIX yacTuiax M®-caxu. ITokazaHa Gosee BBICOKas HIEKTPOKATAIIN-
THYECKasi aKTMBHOCTb CHHTE3MPOBAHHBIX Ag-COAEPXKALIUX KOMIIO3UTOB B IIPOLECCE NIEKTPOTHAPUPOBAHMS
n-HA 1o cpaBHEHHIO HE TOJBKO C 3NEKTPOXHMHUYECKHM BoccTaHoBieHHeM n-HA, Ho u B ciydae MPC +
(Ag+Cu) KOMIO3UTOB C DJIEKTPOKATAIUTHIECKUM TuapupoBanueM n-HA nHa dactumax Ag + Cu (6e3 M®-
caxxu). Y CTaHOBIICHO, YTO TIPH NMPUMEHEHUH HcciaenoBaHHEIX MO C-KOMITO3UTOB BO3PACTaeT CEICKTUBHOCTh
00pa30BaHUsI OCHOBHOT'O NMPOJYKTa THAPHPOBaHMs (n-heHWICHIMaMIHa) U CHIDKAIOTCS BBIXOZBI MOOOYHBIX
HPOJIYKTOB.

Knrouesvie crosa: N-monupoBaHHBIE METaIUI-yIJIEPOIHbIE KOMIIO3UTHI, cepebpo, MelIaMHHO(pOPMAIbICT U -
HBIH TonuMep, KapOoHM3aIms, Oumetamyeckue Karaau3atopsl, Ag—Cu gactunpl, Ag—Co 4acTHUIIBI, JJIeK-
TPOKATATUTHYECKOE THAPUPOBAHUE, -HUTPOAHUIIHH.
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