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The effect of the initial precursor concentrations and temperature on the kinetics of formation
of bimetallic Ni—Fe nanoparticles (Ni,Fejg0—NPS) was investigated. It was shown that the kinetic
curves exhibit an S-shaped profile, indicating the autocatalytic nature of the process. It was
established that: (1) the nucleation and growth rates of NiyFeg0—NPs slightly increase with
decreasing nickel content in the reaction mixture from 100 to 80 % and decrease after the iron content
in the system reaches 25 %,; (2) the activation energy of bimetallic nanoparticle nucleation does not
depend on the fraction of iron ions in the reaction mixture and is almost twice as high as the
activation energy of NiFe;g0,—NPs growth. The elemental and phase compositions of the
NiyFeig0—NPs were examined. A formation mechanism for NiyFe;q0.,—NPs is proposed, involving
nucleation via partial dissolution of nickel hydroxide in the presence of hydrazine followed by the
formation of [Ni(N,H4).J*" complex, its decomposition, and the generation of zero-valent nickel;
catalytic decomposition of hydrazine yielding highly reactive intermediates; and nanoparticle growth
via decomposition of the nickel-hydrazine complex and interaction of hydrazine decomposition
intermediates with insoluble Fe(OH),.
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1. Introduction

The rapid development of radio-electronic technologies over the past decades has
led to an extremely high level of environmental pollution by electromagnetic radiation
(EMR). In particular, currently the level of electromagnetic radiation is millions of times
higher than the natural level that was established during the development of biosystems [1].
Such a high level of electromagnetic pollution of the environment affects not only the
performance of radio-electronic devices and appliances, but also negatively affects human
health [2]. Thus, reducing the harmful effects of EMF is a relevant interdisciplinary
problem today. In the last decade, a significant amount of research has been devoted to
protecting radio-electronic devices from the effects of high- and ultra-high-frequency
electromagnetic radiation. One of the most effective ways to protect against EMF is to use
special screens, in particular those based on polymer nanostructured materials. The
effectiveness of EMI shielding by such materials is determined by a complex of factors,
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among which the specific electrical conductivity and magnetic permeability of the fillers
play a key role. In particular, the penetration depth of an electromagnetic wave, at which its
intensity is decreased by approximately in 3 times, is inversely proportional to the specific
electrical conductivity and magnetic permeability of the material [3].

In this regard, promising fillers for composite materials for protective purposes are
electrically conductive and magnetically active nanostructured materials, primarily based
on metals and their alloys [4-8]. It is the nanoscale state of such fillers allows to combine
the high values of electrical conductivity and magnetic permeability with the possibility of
the formation of percolation networks in the polymer matrix at relatively low filler
concentrations. At the same time, nanostructures based on ferromagnetic metals, in
particular iron, cobalt, and nickel [9-13], are of particular interest, which is due to their
high values of magnetic permeability, which in some cases provide the EMF attenuation at
a level of up to 150 dB/mm [14]. Therefore, the search for new electrically conductive, in
particular nanostructured, fillers for composite materials is an urgent scientific and applied
problem.

A promising direction is the use of polymetallic, in particular bimetallic,
nanostructures, since the combination of two metals within one nanosystem makes it
possible to purposefully vary their electrical and magnetic characteristics, as well as
influence the morphology, particle size, and stability of properties in the composite. In
particular, bimetallic systems based on nickel and iron combine the high magnetic
permeability of iron with the good electrical conductivity and corrosion properties of
nickel, which makes them promising fillers for polymer materials for protective purposes.

An important stage in the development and optimization of methods for obtaining
the polymetallic nanopowders is the study of the kinetic patterns of the processes of
nucleation and growth of a new phase. Therefore, the purpose of this work stage was to
investigate the effect of initial precursor concentrations and temperature on the kinetics of
the formation of bimetallic nanosystems NiyFe;gg.x.

2. Materials and experimental methods

The kinetics of the reduction reaction of metal ions with hydrazine was studied by
the volumetric method, since the reduction of metal ions with hydrazine in an alkaline
medium is occurred according to the gross reaction (1), which is accompanied by the
catalytic decomposition of hydrazine (2, 3).

2M?* + 40H + NoH4 = 2M° + 4H,0 + N, 1)
M
N,H, — N,T + 2H,T )
M
3N,H, —— N T+ 4NH3T ©)

NiyFeigo«x nanoparticles (NiyFeio0x—NPs) of various compositions were synthesized
by the reduction reaction of a mixture of the corresponding salts with hydrazine in the
presence of sodium hydroxide in an ethylene glycol medium in a sealed quartz reactor with
a thermostatic jacket, equipped with a magnetic stirrer and an injector for adding the
reagents, which was connected to a bottle with a lower tube filled with water (Fig. 1). As a
result of the reaction, a gas mixture (N, + H,) is evaluated, which displaces water from the
system. Accordingly, the volume of evaluated gas was recorded by the volume of displaced
water.
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Fig. 1. Schematic diagram of the setup for studying the kinetics of bimetallic nanoparticles formation.
Here: 1 — circulation thermostat; 2 — reactor with thermostatic jacket and injector; 3 — magnetic stirrer;
4 — bottle with a bottom tube; 5 — electronic scale; 6 — personal computer

The completion of the reaction was indicated by the formation of a black precipitate. The
nanoparticles were separated from the reaction medium using a neodymium magnet,
washed with distilled water, and dried under reduced pressure.

The elemental composition of the synthesized nanoparticles was studied using
an EVO-40XVP scanning electron microscope (Carl Zeiss) equipped with an INCA Energy 350
energy-dispersive X-ray microanalysis system.

The structure of Ni,Fe;00.—NPs was studied by X-ray powder diffraction using DRON-3.0
and Aeris—Malvern Panalytical diffractometers (Cu—Kao. radiation).

3. Results and discussion

The study of the influence of the ratio of nickel and iron ions in the reaction mixture
on the kinetics of the formation of bimetallic Ni—Fe nanoparticles was carried out in
a water / ethylene glycol medium at their volume ratio of 1/5 under the following conditions:
t =70 °C, v(Ni+Fe) = 0.0025 mole, v(NaOH) = 0.05 mole, v(N,H,) = 0.2 mole, V = 60 ml,
mixer speed is 500 min™™.

It was found that the Kinetic curves of the process consist of 3 sections (Fig. 2, a):
1) induction period of the reaction; Il) rapid gas evolution via reaction (1), i. e. reduction of
metal ions — the growth process of Ni,Fe;g—NPs; 111) the decomposition of an excess of the
hydrazine, catalyzed by NiyFe;g0.—NPs.
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Fig. 2. Kinetic curves of the gas mixture evolution during the synthesis of Ni-NPs (a)
and NiFe;00,—NPs (b) for the Ni : Fe molar ratios in the reaction mixtures:
1-90:10;2-75:25;3-50:50

The process parameters were calculated from the kinetic curves: the duration of the
induction period (ti,q), which is inversely proportional to the nucleation rate, the rate of gas
evolution during the reduction of metal ions (dV/dt(max)), and the rate of catalytic
decomposition of hydrazine (dV/dt(N,H,)). The gas evolution rates at each stage of the
process were determined by the tangents of the angles of inclination to the straight-line
sections of the kinetic curves (Fig. 2, a). It should be noted that for each of the experimental
conditions, at least three Kinetic curves were recorded, and the calculated kinetic parameters
were averaged, which increased the reliability of the obtained results.

It was established (Table 1) that the duration of the induction period is slightly de-
creased with a decrease of the nickel content in the reaction mixture from 100 to 80 % at.
and is increased after reaching the Fe content in the system to 25 % at. The values
dV/dt(max) and dV/dt(N,H,) (Fig. 3, @) also is changed non-monotonously.

Table 1
Duration of the induction period and the values of the rate of gas mixture evolution at different stages
of NixFe;q0.,—NPs formation at different ratios of elements in the reaction mixture

Ni : Fe, % at. tinds S dVv/dt(max), mL/s dV/dt(N,Hg4), mL/s Wy, mL/s
100:0 46+5 0.7+0.2 0.17+0.02 0.53
90:10 45+5 1.2+0.2 0.36+0.09 0.84
80:20 30+6 1.8+0.1 0.7£0.1 11
75:25 32+3 1.7+0.2 0.8+0.1 0.9
70:30 45+ 15 1.8+0.1 1.1£0.1 0.7
60 : 40 50+5 1.3+0.1 1.1+0.1 0.2
50:50 80+ 20 0.73+0.04 0.6+0.1 0.13
40 : 60 140 £ 30 0.36+0.02 0.34+0.05 0.02
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As can be seen from Fig. 3, the rate of catalytic decomposition of hydrazine
monotonously is increased with an increase of the part of Fe in the system up to 30 %. This
may probably be due to the increased contribution of reaction (3) to the NyH,4
decomposition process.
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Fig. 3. Dependences of gas evolution rates during the reduction of metal ions
and catalytic decomposition of hydrazine on the part of Fe in the reaction mixture

Considering the methodology of kinetic studies, it should be noted that the value
of V, which is fixed experimentally, is the sum of the volumes of gases evaluated via
reactions (1)—(3). Thus, the value of dV/dt(max) inaccurately characterizes the growth rate
of NiFeio.—NPs. Accordingly, to estimate the growth rate (Wg) of NiFeie.—NPs, the
value of the gas evolution rate in section (II) of the kinetic curve (Fig. 2, a) was used
calculated via the equation.

W, = dV/dt(max) — dV/dt(N,H.,) (4)
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Fig. 4. Dependences of the nucleation rates (1/ti,q) and growth rates (W) of Ni,Fe;g0.,—NPs
on the part of Fe in the reaction mixture
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As can be seen from Fig. 4, the changes in the nucleation and growth rates of
Ni,Fe100—NPs correlate well with each other. With an increase in the Fe content till 20 %,
1/ting and Wy are increased slightly, and after an increase of the Fe content above 25 %, they
are decreased. This can probably be explained as follows. In the Fe-Ni system at low
(below 400 °C) temperatures, the formation of intermetallic compounds of the composition
FeNis, FeNi, and FesNi was detected. Moreover, according to “The Open Quantum Materials
Database (OQMD)” [15, 16], the value of the enthalpy of formation (AHy) of FeNis is the
lowest (Fig. 5) and is equal to —0.09 eV/at (—8.5 kJ/mol).
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Fig. 5. Dependence of the enthalpies of formation of Ni,Fe;n., 0n the composition
(according to OQMD data)

That is, it can be assumed that the nucleus of a new phase in this system will be the
FeNis phase.

In order to establish the activation parameters of the process, the effect of
temperature on the rate of formation of bimetallic nanosystems NiFeiqx Was investigated.
The study was conducted under the following initial conditions: v(Ni + Fe) = 0.0003 mole;
v(Ni + Fe) = 0.0003 mole; x = 100, 70, 30; v(NaOH) = 0.0125 mole; v(N,H,) = 0.05 mole; mix rate
— 500 min. Before adding the hydrazine, the reaction mixture was bubbled with nitrogen
for 15 min.
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Fig. 6. Kinetic curves of the gas mixture evolution during the synthesis of Ni-NPs
at different temperatures (a) and the dependencies of the rates of nucleation (b), growth of Ni—NPs (c)
and catalytic decomposition of hydrazine (d) on temperature in the Arrhenius coordinates
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Fig. 8. Kinetic curves of the gas mixture evolution during the synthesis of NisoFesq
at different temperatures (a) and the dependencies of the rates of nucleation (b),
growth of NisgFes (€) and catalytic decomposition of hydrazine (d)
on temperature in the Arrhenius coordinates

It was found (Table 2) that the values of the activation energies of nucleation (Ea(N))
and growth (EA(G)) of NiyFe g0« Nanoparticles for the all studied cases are practically the same,
which indicates the similarity of the mechanisms of these processes regardless of the part of Fe**
ions in the reaction mixture. At the same time, the activation energy of the catalytic
decomposition of hydrazine (Ea(N,H,)) is decreased with a decrease of the part of nickel ions in
the system. Thus, it can be assumed that the decomposition of hydrazine in the presence of
Niygo is occurred according to the reaction (2). Conversely, in the cases of Ni—Fe bimetallic
nanoparticles, the catalytic decomposition of N,H, is occurred according to the reaction (3).
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Table 2

Activation parameters of Ni,Fe;q.—NPs formation at different element ratios in the reaction mixture

Ni : Fe, % at. EA(N), kJ/mole EA(G), kJ/mole Ea(NyH,), kd/mole
100:0 81.5+25 52.7+6.7 92+ 13
70:30 82.9+8.9 59.4+11.3 540+ 1.4
50:50 772+7.1 53.6 +8.0 42.1+6.5

In order to establish the influence of synthesis conditions on the properties of the
obtained nanoparticles, the elemental and phase composition of individual NiyFe;go—NPs
samples was investigated.

It was found (Table 3) that the Ni : Fe ratio in the obtained NiyFeig—NPs is in
satisfactory agreement with the ratio of the elements in the initial reaction mixture. At the same
time, with an increase of the part of iron, an increase of the oxygen content is observed.

Table 3
Element composition of NiyFe;go.,—NPs
. Content, % at.
Ni : Fe, % at. Ni Fe 0
100:0 96.9 — 3.1
75:25 66.4 22.7 10.9
50:50 33.6 345 31.9

Using the X-ray powder diffraction method, it was established (Fig. 9) that the
obtained NissFexs—NPs and NisgFese—NPs contain an oxide phase of Fe;O,4 (spinel type) and
a metallic phase based on nickel and iron (Cu type).
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Fig. 9. XRD patterns of Ni;sFe,s—NPs (a) and NisgFese—NPs (b)

The obtained results indicate an oxidation of nanoparticles during the washing,
drying, and preparation of samples for research. The low corrosion resistance
of NiyFe;00x—NPs with a high iron content is also indicated by the change in the color of the
samples from black to brown-brown during their storage at room conditions.
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Considering that the solubility of freshly prepared Ni(OH), is an order of magnitude
higher than that of Fe(OH),, and the stability constants of [Ni(N,H4),]** complexes are
higher compared to those for iron [17], we can assume the following scheme of formation of
NiyFe100x—NPs. The formation of nuclei is occurred due to the partial dissolution of nickel
hydroxide in the presence of hydrazine and due to the formation of the complex
[Ni(N,H,)]** with subsequent decomposition of the complex and reduction of Ni%" to the
zero-valent metal. After the formation of nuclei, the decomposition of the “nickel-hydrazine”
complex and the catalytic decomposition of hydrazine is occurred in parallel, during which
highly reactive intermediate products are formed (reactions 5-9) [18], which can interact
with insoluble Fe(OH), with the formation of zero-valent iron.

N,H, —>2 NH," (5)
NH," + N,Hs — NH; + NoH,* (6)
2 NoH3" = NoH, + NoH, @)
2 NoH, — NoHg + N, (8)
2 NoH3* — NgHg — 2NH; + N, 9)

That is, it can be assumed that the obtained NiyFeig.x—NPs are heterogeneous and
a gradient of iron content can be observed in individual particles — from a low in the center
of the particle to high on the outside, similar to bimetallic Cu—Ni nanoparticles [19]. This
assumption is in good agreement with the results of elemental and phase analysis
of the samples: the XRD patterns lack peaks characteristic of nickel oxide, i. e. only
the iron is oxidized.

At the same time, the relatively low oxygen content in the Ni.sFeys sample may
support the assumption of the formation of nuclei of the FeNi3 phase composition, but this
assumption requires additional experimental confirmation.

4. Conclusions

It was found that the nucleation and the growth rates of Ni—Fe nanoparticles
(NiyFe1004—NPs) are slightly increased with a decrease of the nickel content in the reaction
mixture from 100 to 80 % and are increased after reaching the Fe content of 25 % in the
system. It was found that the activation energy of the nucleation of bimetallic nanoparticles
does not depend on the part of iron ions in the reaction mixture and is almost twice as high
as the activation energy of the growth of Ni,Fe;g—NPs. A scheme for the formation of
NiyFe100«—NPs is proposed, which includes the formation of nuclei due to the partial
dissolution of nickel hydroxide in the presence of hydrazine and the formation of the
[Ni(N,H,)4]** complex with its subsequent decomposition and the formation of zero-valent
nickel; catalytic decomposition of hydrazine with the formation of highly reactive
intermediate products; growth of nanoparticles due to the decomposition of the nickel-
hydrazine complex and the interaction of hydrazine decomposition intermediates with
insoluble Fe(OH)s,.
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BIMETAJIEBUX HAHOYACTHUHOK Ni-Fe
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IlepcriekTHBHIM  HampsMOM  3aCTOCYBaHHS OiMETaleBHX HAHOYAaCTHHOK Ha  OCHOBI
(hepoOMarHiTHUX METajliB € CTBOPEHHA KOMITOZWIIHUX MarepialliB g 3aXHCTy palioelIeKTPOHHHUX
3ac00iB BiJl eNEKTPOMArHITHAX BUIPOMIHIOBaHb BHCOKHX 1 HAJIBUCOKHX YaCTOT. 30KpeMa, OiMeTasieBi
HAHOCHCTEMH Ha OCHOBI HIKEJIO Ta 3ajli3a MOEJHYIOTh BHCOKY MarHiTHY NMPOHHUKHICT 3aii3a 3 JOOpUMH
SJIeKTPOTPOBITHUMH Ta KOPO3IHHOCTIHKUME BIIACTHBOCTSMH HIKEITIO, 10 3YMOBIIIOE 1X MEPCIEKTUBHICTh
SIK HAIIOBHIOBAYiB TOJIMEPHUX MaTepiaiB 3aXMCHOTO TPU3HAYEHHS. Y 3B’S3KY 3 IIUM aKTYaJIbHHM € PO3-
pOOJICHHST €KOHOMIYHO [OIJIbHAX METOiB CHHTe3y OimeraneBux HaHouacTuHOk Ni—Fe
MPOTHO30BAHOTO CKJIAJY.

BaxIMBHM ~ €TaroM CTBOPEHHS Ta ONTHMIi3allii METOHiB  OJep)KaHHS MOJIMETANEeBHX
HAHOYACTHHOK € JIOCII/PKEHHSI KIHSTHYHMX 3aKOHOMIPHOCTEH MPOIIECIB 3apODKEHHS Ta POCTY HOBOI
(hazu. [locrmipkeHo BIUTMB BHXITHUX KOHIICHTPAIliH MPEKYPCOpIiB 1 TeMIIepaTypH Ha KIHETHKY (pOopMyBaHHS
GimeraneBux HanodacTHHOK Ni—Fe (NiyFejg.,—NPS). TTokazano, mo kiHeTHYHI KpuBi X (OpMYBaHHS
MalOTh S-TIOAIOHMI XapaKTep, 10 CBITYHUTH PO aBTOKATATITHYHY IIPUPOY IIPOLIECY.
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3’s1coBaHo, I110:

1) mBuaKoCTi 3apomkeHHs Ta pocTy NiFeigp.—NPs Iemmo 3pocTaroTs 31 3MEHIIECHHSAM BMICTY
Hikemo B peakuiiHiit cymimi Bix 100 mo 80 % Ta 3HIKYIOThCS TCNIS JOCATHEHHS BMICTy 3aliza B
cucremi 25 %;

2) eHeprisi aKTUBAIlil 3apOJUKEHHST OIMETaIeBUX HAHOYACTHHOK HE 3aJICKUTh BiJl YaCTKHM 10HIB
3a]i3a B peakIiiHIi cyMmiml Ta € Maibke BABIYI BHINOIO, MOPIBHSAHO 3 €HEPri€l0 aKkTHBAIii pocTy
Ni,Fe100.—NPs.

Hocnimkeno eixemeHTHHH 1 (azoBuii ckinan NiyFe;g,—NPs. [loka3aHo, 1mo CIIiBBIIHOIIECHHS
Ni : Fe B omeprkaHNX HaHOMOPOIIKAaX 33[0BUIBHO Y3TODKYETBCS 31 CKIIAZOM BHXITHOI pEaKLiiHOI CyMilli.
BomHouac 3i 30UTBLIEHHSM YacTKU 3ajli3a MPOCTEKYETbCS 3POCTAHHS BMICTY KHCHIO, a c(hOpMOBaHi
NiFe100,NPs mictsite okcumHy (asy Fe;O, Ta MeraneBy (asy Ha OCHOBI HIKeNO Ta 3aiiza.
3anponoHoBaHo cxemy (opmysaHHs NigFe;00,~NPS, ska MIiCTHTh YTBOPEHHs 3apOJIKiB BHACIIIOK
YaCTKOBOTO PO3YHMHEHHS T1IPOKCHITY HIKENIO 32 HAIBHOCTI Tijipa3iHy 3 MOJAIBIINM YTBOPEHHIM KOMILIEKCY
[Ni(N,H,)]?", foro pos3Kiazom i popMyBAHHSM HyJTb-BaTGHTHOTO HIKIIO; KATAI THIHHMHA PO3KIIA IiAPasHHy
3 YTBOPEHHSIM BHCOKOPEAKILIHUX MPOMDKHHUX IPOAYKTIB, PICT HAHOYACTMHOK YHACIIIOK PO3KIany
KOMIUIEKCY “HiKenmb-TiZpa3uH” 1 B3aeMoAii iHTepMeZiaTiB po3KiIaxy TifpasHHy 3 HEPO3YHHHUM
Fe(OH),.

Knrouosi crnosa: KiIHETHKA, HAHOYACTHHKHY, HIKEIIb, 3aJ1i30.
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