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In order to investigate a co-deposition mechanism of metal ions and ul-
tradispersed diamond (UDD) particles or molecule fullerene Cg,, the au-
thors propose quantum-mechanical models for formation of metal—carbon
complex. Adsorption properties of the nickel atoms on surface of UDD
particles or C4-fullerene molecule are studied by density functional theory
method using the BSLYP hybrid functional. Models of complexes of UDD
or Cgo-fullerene molecule with one, two, and three bound metal ions are
proposed and optimized. Calculations of complexes’ total energies in the
condensed state are carried out using the Gaussian 16 program package.
Obtained results for the binding energy of adsorbed nickel ions with
nanodiamond particle or Cg,-fullerene molecule prove that adsorption of
nickel ions on a surface of UDD particle or Cgy-fullerene molecule from
the aqueous solution of electrolytes is possible with formation of stable
metal-carbon-complexes’ nanomaterial. As assumed, the formed metal—
carbon complexes, because of the adsorption of metal atoms on the surface
of UDD particle or Cg,-fullerene molecule, gain a charge in the electrolyte
solution and move towards the cathode under the action of an electric
field created by the potential difference between the anode and the cath-
ode. Phase composition analyses for metal coatings, the results of SEM
studies of the surface, and metallography of end sections of electrolytic
nickel coatings confirm the assumption about the mechanism of co-
deposition of metal ions and UDD or Cgy-fullerene molecule on the cath-
ode. The presence of carbon-containing material in the composite nickel
coating is recorded as dark inclusions.

JJia mocrimikeHHS MeXaHi3My CIIIJIBHOTO OCaJKeHHsA HOHiB MeTasiB i uyac-

THHOK yJabTpagucnepcHux aiamautiB (YII) a6o moneryn dynnepery Cg,
aBTOPM 3alpPONOHYBAAM KBAHTOBO-MEXaHIiuHI MOZeJi yTBOPEHHS MeTaJl-
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BYTJIEIIEBOTO KOMILIEKCY. Ancopbiiifini BiractuBocti atromiB Ni Ha moBepxHi
yacTuHOK Y[ a6o moaexkynau dyaneperny Cq, TOCTIAKYIOTHCA METOAOM Te-
opil (QYHKIiOHANYy TYCTMHM 3 BHUKOPHUCTAHHAM TiOpuAHOTO (YHKIIiOHATY
B3LYP. 3ampomoHoBano ¥ omTHUMizoBaHO Mozesi KomiekciB Y[ a6o mo-
aeryau ¢yninepeny Cq, 3 OTHUM, JBOMA Ta TPbOMa 3B’A3aHUMU HOHAMHU Me-
rany. Po3dpaxyHKM TOBHHX €HEPrifi KOMILJIEKCiB y KOHIEHCOBAaHOMY CTaHi
IIPOBEZeHO 3a AOIIOMOroio mporpamuoro maxketry Gaussian 16. Oxpepskani pe-
3yJbTaTH MION0 eHeprii 3B’a3Ky amcopOoBaHUX HoHIiB Ni 3 yacTMHKOIO Ha-
HOAissiMaHTY abo Mosiekyiolo ¢yinepeny Cq, moBesu, 10 afacopOIlia IHoHIB
Ni Ha moBepxHi wactTuHOK YIII a6o momexkynu dyinrepeny Cg, 3 BOTHOTO
PO3UMHY eJEeKTPOJIITIiB MOKJIMBA 3 YTBOPEHHAM CTAa0iILHOTO HaHOMATEPiAIy
3 MeTaJ-ByrJIelleBUX KOMILIeKciB. MosKHa MPUIyCTUTH, 1[0 YTBOPEHI MeTaJ-
BYTJIeIleBi KOMIJIEKCH B Pe3yJbTaTi amcopOIrii aToMiB Merasy Ha HOBEPXHi
vyactuaku Y[ a6o moaerynu ¢ynnepeny Cg, HaOyBaOTH 3apAAy B PO3UMHI
eJIEKTPOJIITY Ta PYXalOThCA A0 KATOAU I Ai€l0 eJeKTPUYHOTO IOJA, CTBO-
peHoTo PiKHUIIEI0 IMOTEHIIAJIB MilK aHOMOI0 Ta KaTomoio. AHaisu (pas3oBo-
TO CKJIAAy MeTaJIeBUX IIOKPHUTTiB, pesyiabratu CEM-mociaimskeHb IIOBEpPXHi
Ta MeTajJorpadis TOpPIEeBUX AiMAHOK €JEKTPOJITUUYHUX HIKJEBUX IIOKPUTTIB
OiATBEPIKYIOTh IPUOYIIEHHA IPO MeXaHi3M CIiJBLHOTO OcCaaKeHHS HOHIB
merany # Y abo mosmerkynau dynnaepeny Cq, Ha Katoni. IIpucyrHicTs Kap-
GOHBMiCHOrO MAaTepiAly B KOMIIOBUTHOMY HiKJIeBOMY MOKPUTTI (iKcyeTbcsA
Y BUIVISIAI TEMHUX BKJIOUEHD.
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quantum-mechanical model, binding energy.
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1. INTRODUCTION

Creation of composite electrolytic coatings (CEP) is one of the topi-
cal directions of solid-state physics. The principle of preparation of
CEP is based on the fact that dispersed phase particles are co-
precipitated together with metals from aqueous electrolyte solu-
tions. Being included into coatings, the particles significantly im-
prove their operational properties (hardness, wear resistance, corro-
sion resistance) and give them new qualities (antifriction, magnetic,
catalytic) [1-6]. Due to their excellent mechanical properties, in-
cluding high strength, high ductility and low density, nanocarbons
such as graphene, fullerene, carbon nanotubes, and ultradispersed
diamonds (UDD) have become potential strengthening elements in
metal-matrix composites. This ensured that metal-matrix compo-
sites are widely used in various industries, and the development of
new types of composite coatings and the search for ways to control
their properties is an important scientific and applied task.



INVESTIGATION OF THE MECHANISM OF INTERACTION BETWEEN CARBON 1017

The efficiency of the use of CEP is largely determined by the na-
ture of the dispersed phase. Of particular interest as modifiers of
composite electroplating coatings are UDD particles, which belong
to the class of superhard materials [7—11]. In addition, a promising
dispersed material for composite coatings is C4,-fullerene, which has
a whole complex of unique chemical properties [12—-14].

The unique physical and chemical properties of electrodeposited
metal films depend largely on the concentration of carbon nano-
material particles (CNPs) in the metal matrix. Therefore, the con-
trol and management of the content of CNPs in composite metal
films has recently received special attention. The solution to such a
problem is impossible without studying the mechanism of structure
formation of carbon-containing composite metal coatings.

In recent years, a large amount of research has been focused on
the technology of obtaining and the mechanical properties of metal-
based composites reinforced with graphite and/or carbon nanotubes
(CNTs) [15—18]. Due to the complex composite structures and inter-
facial microstructures, there are great difficulties in determining
the structure—property relationships at the microlevel using exper-
imental approaches. At the same time, nanocarbon/metal interfaces
are also important for the mechanical performance of nanocarbon-
reinforced composites. Dislocations can be inhibited at grain bound-
aries or interfaces, and external loads can be transferred near the
interfaces from metal to nanocarbon, leading to strengthening ef-
fects of the metal matrix [19].

Atomic-scale modelling, including first principles, is suitable for
investigating the structure—property relationships of nanocarbon-
reinforced metal-matrix composites at the microscale. In recent years,
the development of methods of quantum mechanics, quantum chemis-
try, computational techniques and appropriate software makes it pos-
sible to calculate the binding energy in metal clusters, thus, increasing
the number of research works on atomic-scale modelling of composite
carbon-containing materials. Thus, the works [20—24] consider the
structural models of nanocarbon—metal interfaces constructed by
stacking graphite (Gr) or CNTs in a metal matrix. To evaluate the in-
terfacial bonding of Gr—metal and CNT—metal interfaces, bonding en-
ergies have been calculated using the density functional theory (DFT)
method. As shown, the value of the binding energy of Ni atoms ad-
sorbed on the Gr surface varies from 0.037 eV [23] to 0.133 eV [24].
However, these calculations were carried out for adsorption of atoms
in vacuum. To describe the mechanism of co-precipitation in aqueous
electrolyte solution of metal ions and CNPs on the cathode, it is neces-
sary to consider structural models consisting of CNPs and positively
charged metal ions.

In order to establish the mechanism of transfer of CNPs in the



1018 V. V. TYTARENKO and V. A. ZABLUDOVSKY

volume of electrolytic bath and the process of co-precipitation of
metal ions with UDD particles or fullerenes on the cathode, this
work proposes a mathematical model of metal-carbon complex for-
mation based on the results of calculation of binding energy.

2. MATERIALS AND METHODS

Electrodeposition of composite coatings was carried out from sul-
phate nickel-plating electrolyte of the following composition: 300
g/l of NiSO,-7H,0, 30 g/1 of H;BO,, 50 g/1 of Na,S0O,-10H,0, at pH
of 5. The concentration of UDD or Cg,-fullerene in the aqueous elec-
trolyte solution was of 2 g/l. Electrodeposition was carried using a
direct current at a density of 1 A/dm?.

The polarization dependences were recorded in the potentiody-
namic mode on a P-5827M potentiostat at a potential sweep rate of
10 mV/s. The measurements were carried out in a three-electrode
electrolytic cell. A copper plate was used as the working electrode
(cathode). The reference electrode was a silver-chloride electrode,
and the auxiliary electrode was a platinum electrode.

X-ray microanalysis was performed using a JSM-64901LV scanning
electron microscope (Japan). X-ray phase analysis of the films was
conducted on a DRON-2.0 diffractometer using scintillation detection
of x-rays. Shooting to determine the phase composition of nickel films
was carried out in monochromatic Cu and CoKa radiation.

The end sections for metallographic studies were mechanically
polished using optical microscope MIM-8. To reveal the cross-
sectional structure, the coatings were etched in 50% nitric-acid so-
lution for 10-15 s.

In order to establish the possibility of Ni**-ions’ adsorption on the
surface of UDD or fullerene in an aqueous electrolyte solution and the
formation of stable positively charged complexes, this work considers
a model problem, which investigates the interaction of Niions with the
crystal-lattice cell of diamond, corresponding to the point symmetry
group m3m (4/m -3 2/m), and a C60-fullerene molecule.

Some model approximations have been considered in order to cal-
culate the binding energy of metal ions with CNPs.

1. Adsorption occurs in electrolyte solutions, in particular, in aque-
ous solutions, which requires the choice of a solvent model. Polarizable
continuum model (PCM) [25] has been used as a solvation model.

2. Complexes obtained by an adsorption of metal ions on the sur-
face of the CNPs must have a charge of an original metal ion due to
the law of charge conservation.

3. Adsorption of metal ions on a surface of CNPs occurs alter-
nately. Each subsequent metal ion is adsorbed on a CNP, which al-
ready has a charge obtained by the previous adsorption.
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Calculations of the binding energy of adsorbed nickel ions with
the lattice cell of diamond and Cg, fullerene were carried out using
the DFT, which has recently firmly taken the place of one of the
most popular methods for calculating the electronic structure of at-
oms, molecules, clusters, solids, etc. [26, 27]. The growing populari-
ty of DFT is due, first of all, to the combination of a sufficiently
high accuracy of the obtained results, competing, in some cases,
with the accuracy of ab initio methods of electron-correlations’ rec-
ord, and to rather moderate requirements for computational re-
sources, allowing to carry out calculations of the systems consisting
of hundreds of atoms and being of interest for modern nanotechnol-
ogy [28]. In addition, the DFT method has been used to investigate
the adsorption characteristics of transition metals [29-31].

The choice of the basis set has been based on the fact that the
calculation of energy quantities had been performed for metal, for
which the interaction of valence electrons plays the most important
role. In order to describe such interactions, valence-split basis set
have been used. Basis set extended 6-31-G(d), which contains d-type
atomic orbitals for taking into account polarization of metals’ elec-
tron density, have been used to describe the interactions in many-
electron systems. Calculations of complexes’ total energies and their
structures in the condensed state have been carried out using the
Gaussian 16 program package [32]. The temperature and the pres-
sure have been chosen as 295 K and 105 Pa, respectively. The most
suitable for calculations of structural and thermochemical charac-
teristics of metal complexes is the three-parameter BSLYP hybrid
functional [33—35]. It should be taken into account that, in the
problem posed in this work, not absolute values of energies are
used, but their difference values.

3. RESULTS AND DISCUSSION

The analysis of cathodic polarization curves (Fig. 1) showed that the
presence of dispersed particles in the aqueous electrolyte solution leads
to a shift of the cathode potential to the electronegative region that in-
dicates an increase in the charge-transfer resistance. It can be assumed
that the CNPs move towards the cathode surface due to adsorption of
metal cations on their surface. Based on the solution of the Nernst—
Planck equation, the results of the study of the elemental composition
of coatings and the estimation of the concentration of dispersed phase
in the coating, we proposed in Ref. [36] a mathematical model that de-
scribes the kinetics of the cathodic process of joint electrolytic deposi-
tion of metal ions and UDD particles. Analysis of the results of calcula-
tions [36] showed that the main factor affecting the transport of CNPs
in the aqueous electrolyte solution is the potential gradient, and the
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Fig. 1. Cathodic polarization—E curves obtained for hydrosulphate-nickel
plating electrolyte: (1) without CNPs, (2) with presence of Cg, fullerene,
and (3) with presence of UDD.

contribution of the concentration gradient to the particle-flux den-
sity is insignificant.

Consequently, the transport of CNPs occurs mainly under the ac-
tion of electric field rather than by diffusion mechanism. It can be
assumed that the formed CNP-Me*" complexes, as a result of ad-
sorption of metal atoms on the surface of the CNP, acquire a charge
in the electrolyte solution and move to the cathode under the action
of the electric field created by the potential difference between the
anode and the cathode.

To investigate the adsorption properties of nickel atoms on the
surface of CNPs, we used the density functional theory method. In
the considered model problem, the binding energy (AW) of an ad-
sorbed metal ion with a diamond cell (Fig. 2) or with a Cq,-fullerene
molecule (Fig. 3) was determined as the difference between the total

energy of the metal ion—CNP compound (WC ) and the sum of

+Me?

the energies of its constituent parts (W¢, W, .. ):

AW =W

C+Me**

~ (W + W, .)

; (1)

where W, is the CNP energy, W

M82+
In the case of alternate adsorption of metal ions, the binding en-

is the metal-ion energy.
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Fig. 2. Location of adsorbed nickel ions on the surface of the diamond cell:
(a) diamond cell-Ni?" compound, (b) diamond cell-2Ni* compound, and (c)
diamond cell-3Ni?' compound.

ergy to the CNP was calculated as the difference between the total
energy of the CNP compound with one (WC+ e )» two (WC ) or
three (W, ..

uent parts, respectively:
the energy of the CNP (W) and the energy of 1 metal ion (W, ..),

+2Me?
) adsorbed metal ions and the energies of its constit-

Awfl = W/(HMeZ* - (ch + WMe2+) ; (2)
the energy of the CNP with 1 adsorbed metal ion (W, , .. ) and the
energy of 1 metal ion (W ..),

AW, =W e =W o + W 005 3)
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Fig. 3. Location of adsorbed nickel ions on the surface of the Cg, fullerene:
(a) Cgo-fullerene—Ni%" compound; (b) Cgo-fullerene—2Ni?" compound, and (c)
Cgo-fullerene—3Ni?* compound.

the energy of the CNP with 2 adsorbed metal ions (W, . ) and
the energy of 1 metal ion (W ,.),
AW, = VVC+3Me2* - (VVC+2Me2+ + WMe2+) . (4)

UDD-Ni and C4—Ni complexes were visualized using GaussView6
program package. For a clear representation of the model of the
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TABLE. Binding energies of UDD—-Ni and Cg—Ni complexes depending on
the number of nickel ions adsorbed.

CNP Number of Ni ions adsorbed (ion charge)

AW, oV 1 (+2e¢) 2 (+4e) 3 (+6¢)
Cgo fullerene 1.907 1.582 0.240

UDD 0.200 0.126 -0.114

CNP-nickel ion compound, covalent radii were chosen in Fig. 2 and
Fig. 3. The interatomic distances in the diamond cell and Cg4, fuller-
ene correspond to the experimental ones.

Since the surface of CNPs is large enough to host more than one
metal ion, we have taken into consideration models, when one nano-
particle binds up to three metal ions.

According to 2" approximation from computational details in
Sec. 2, with addition of each new metal ion, the charge of the sys-
tem should increase on 2e¢ (e is the elementary electric charge).
Models of complexes with 1 (Fig. 2, a and 3, a), 2 (Fig. 2, b and 3,
b), or 3 (Fig. 2, ¢ and 3, ¢) bound metal ions, which have charges of
+2e, +4e, and +6e, respectively, have been proposed and optimized.
The results of calculation of binding energy (AW [eV]) of adsorbed
nickel ions with CNPs are given in Table.

From the calculation results shown in Table, it can be seen that,
with the sequential addition of several metal ions, the binding en-
ergy with the CNP decreases. One and two nickel ions are firmly
bound to the CNP, since their binding energy is much higher than
the thermal-motion energy of 0.025 eV. A charge of +6e or more is
not retained on the UDD particle.

Comparisons of the obtained values of the binding energy of the
CNP-metal ion compound with the energy of thermal motion show
that, in the aqueous electrolyte solution, adsorption of Ni?*' ions on
the surface of CNP with the formation of stable CNP—Ni*" complex-
es is possible. Consequently, the transfer of CNPs from the volume
of aqueous electrolyte solution to the cathode surface is possible due
to the acquisition of a positive charge by the CNP—Ni?** complex.

To establish the presence of CNPs in the metal film, x-ray phase
analysis of composite electrolytic coatings was carried out.

XRD patterns of composite metal-CNP films based on nickel is
illustrated in Fig. 4, a and Fig. 5, a.

For comparison diffraction pattern of the one of pure nickel, the
Cqo fullerene and the UDD powder without impurities are illustrated
on Fig. 4, b, ¢ and Fig. 5, b, respectively. XRD patterns of Ni—Cs,
composite film, Ni-UDD composite film, and pure nickel have five
characteristic peaks 2.03Ni, 1.26Ni, 1.24Ni, 1.06Ni, and 1.01Ni,
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Fig. 4. XRD patterns of Ni—Cg, composite film (a), nickel (b), Cg, fullerene (c).

which are corresponding to Miller indices (111), (200), (220), (311),
(222), respectively. However, intensities of these peaks are varying
significantly. In case of pure nickel (Fig. 4, b), intensity distribu-
tion is close to reference one. Maxima intensity corresponds to (111)
reflection that follows Bravais rule. Meanwhile, XRD patterns of
Ni-Cq, (Fig. 4, a) and Ni—-UDD (Fig. 5, a) composite films have the
highest intensity peak corresponding to (220) reflection.

Presumably, CNPs are blocking the active surface of the film
preventing the further growth and giving the way for new centres
of nucleation to appear. Faces, which are parallel to internal planes
with the minimal speed of growth (111), are the most prominent in
case of equilibrium crystallization, while, during a nucleation pro-
cess, the most common directions are the ones with high indices.
That explains redistribution of XRD-peaks’ intensities.
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Fig. 5. XRD pattern for Ni-UDD composite film (a) and UDD (b).

Fig. 6. SEM microphotographs of the composite nickel-coating surface: (a)
Ni—UDD and (b) Ni—Cyy,.

SEM micrographs (Fig. 6) show images of the surfaces of compo-
site electrolytic nickel coatings containing inclusions of UDD parti-
cles with a concentration of 1.71 wt.% (Fig. 6, a) and Cg, fullerene
with a concentration of 1.43 wt.% (Fig. 6, b). The main amount of
CNPs in the coatings is recorded as dark inclusions.

Inclusion of CNPs in the coating composition complicates the
surface diffusion of metal adatoms and prevents the growth of crys-
talline-phase nuclei, as a result of which the composite coatings are
formed more fine-grained (crystallite size decreases from 104 nm
for pure nickel to 80—85 nm for composite nickel coating), and the
coating growth structure in the cross-section changes from colum-
nar structure (Fig. 7, a) to microlayered one (Fig. 7, b, c¢).
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Fig. 7. Cross-sectional structure of electrolytic coatings: (a) nickel coating,
(b) composite nickel coating Ni-UDD, (c¢) composite nickel coating Ni—Cg,.

In microphotographs of CEP sections (Fig. 7, b, c), light layers of
predominantly nickel with minimal content of CNPs’ inclusions al-
ternate with dark layers enriched with CNPs.

4. CONCLUSIONS

The proposed quantum-mechanical models of interaction of nickel
ions with the diamond lattice cell corresponding to the point sym-
metry group m3m (4/m-32/m) and Cg, fullerene have shown the
possibility of Ni*" ions adsorption on the surface of CNP in aqueous
electrolyte solution with the formation of stable CNP—Ni*" complex-
es. The transfer of CNPs from the volume of aqueous electrolyte
solution to the cathode surface is possible due to the acquisition of
a positive charge by the CNP-Ni?' complex.

The increase in the cathode overpotential indicates a decrease in
the area of the active surface of the cathode because of co-
precipitation of CNPs, the transfer of which in the aqueous electro-
lyte solution is carried out under the action of the electric field.
Studies of the phase composition of composite metal films show the
presence of CNPs in the metal matrix. The formation of axial tex-
ture with large crystallographic indices is explained by the increase
of cathodic overpotential, when UDD or Cg,-fullerene particles are
added to the aqueous electrolyte solution. UDD particles, reaching
the cathode surface, block the growth of crystalline-phase nuclei
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that leads to the formation of a more close-packed coating and
changes the growth structure in the cross-section from columnar
structure to microlayered one.
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