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Abstract

Composite electrodeposited films fabricated from aqueous solution of electrolytes that contain ions of metals along
with carbon nanomaterial particles such as fullerene Ceéo were investigated. Results for the cathodic polarization
curve showed an increase in charge-transfer resistance. Phase composition analysis for metal films revealed the
presence of carbon nanoparticles (CNPs) inside the metal matrix and significant changes in the crystal lattice. As it
shown on microphotographies, addition of CNPs changes columnar growth patterns of metallic films to microlayered
structure due to passivation of the surface.

Density Functional Theory was used for calculation of thermochemical, electronic and structural properties of metal
ions complexes with CNPs. Calculated binding energies of the CNPs-Me2+* complexes suggests that an adsorption of
CoZ2+, Ni2*, Cu?+, and Zn2* ions on the surface of fullerene Céo and SWNT C48 is possible and thermodynamically
favorable. Binding affinity was found to be significantly stronger when the metal ion was adsorbed onto a surface of
SWNT C48, than adsorption to the fullerene Ceéo. With Cu2* complexes being the most thermodynamically stable,
binding affinities were increasing in a row Co2*<ZnZ+<Ni2*<Cu?*. Calculated free binding energies showed a good
correlation with the band gap, distances between metal ion and a surface of CNPs, dipole moments, delocalization of
natural bond orbital (NBO) charges, and second ionization potential of metal ions.

Keywords: Electrodeposition; Composite materials; Transition metals; Carbon nanoparticles; DFT.

AACOPBLIA UOHOB METAJIIB Co, Ni, Cu, Zn HA ®YJIEPEHI Cé0o I HA OAHOCTIHHIN
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AHoTanisa

JocaigkeHO KOMNO3UILifiHI NJIIBKY, ocajKeHi y BOAHMX PO3YMHAX €JIEKTPOJITIB, L0 MicTATh iOHM MeTaJsiB i
YacTUHKHM BYyIVIeleBUX HaHoMmaTepianaiB, Takux sk ¢yaepeH Ce0. Pe3ysbTaTH AOCHIAXKEHHA KaTOAHMUX
noJiApM3aniiHUX KPHMBHMX NMOKa3a/Ju 36UIbLIEHHA ONMOpy mepeHocy 3apsay. AHajiz ¢as3oBOro ckJjajy MeTa/eBHX
IUIIBOK NMOKa3aB HAaABHICTh ByrjeneBHMX HaHo4yacTUHOK (BHY) Bcepesuni mMeraseBoi mMaTpuui i 3HayHi 3MiHM y
KpucTadiyHiid pemirni. 3 pesysabraTiB AocaigxkeHHs Mikpodortorpadiii caigye, mo posaBanHa BHY 3miHioe
CTPYKTYPY POCTYy MeTaJ/IeBUX ILIIBOK BiJj CTOB6YaTOi 0 MiKpoliapyBaToi yepe3 nacuBallilo NoBepXxHi. Y AaHiil po6oTi
Teopia ¢yHkuionana ryctuHu (TPI) 6Gysna BuUKoOpuUCTaHA AJIA PO3PAaXyHKy TepPpMOXiMiYHMX, eJeKTPOHHHUX i
CTPYKTYPHHUX BJIaCTUBOCTEeH KOMIJIEKCiB ioHiB MeTaJ1iB 3 BHY. Pe3ybTaTH po3paxyHKiB eHeprii 3B'A3Ky KOMILJIEKCiB
BHY- Me?* m03BOJISAIOTh NPUNYCTUTH, IO ajcop6uisa iowie Co?*, Ni2*, CuZ* ta Zn2* Ha nmoBepxHi ¢ynepeny Ceo i
OAHOCTIHHOI Byr/ieneBoi HaHOTpy6ku (OBHT) C48 Moxk/IMBa i TepMOAMHAMIYHO BUTiAHA.
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Bys10 BUSIB/IEHO, 110 eHeprisi 3B'A3Ky Giibma y pasi agcop6uii iona Merany Ha noBepxHi OBHT C48, y nopiBHsAHHI 3
agcopo6uicio Ha ¢yaepeHi Ce0. OcKiIbKM KoMIiekcu Cu?+ 6y/iM HailGiIbII TepMOJgUHAMIYHO CTaGLILHUMHM, eHepris
3B'A3KYy 3pocTasia y Takiil mocaigoBHocti Co2*<ZnZ+<Ni2*<CuZ* Pe3y/ibTaTH PO3paxyHKIiB BUIbHOI eHeprii 3B'SA3Ky
NMOoKa3a/iu Xopouy KopeJiAlilo 3 IHUPUHOI 3a60pOHEHO0I 30HHU, BiAcTaHAMU MiK i0HOM MeTany i moBepxHeo BHY,
AUNOJBHUMH MOMEHTaMHU, AeJIOKaIu3ali€clo 3apsaay y MeToAi npupogHux opo6itasei (MIIO) i ApyruM noreHuiaiom
ionizanii ioniB mertasiB.
Katwuosi cnoea: enekTpooca/pkeHHs; KOMOO3UILIMHI MaTepiany; nepexifiHi MeTanau; ByrJeleBi HaHouyacTUHky; TOT.
AJACOPBLIMA UOHOB METAJIJIOB Co, Ni, Cu, Zn HA ®YJIVIEPEHE C60 U HA
OAHOCTEHHOMU YIJIEPOAHOU HAHOTPYBKE C48 KAK JIEMCTBYIOLIAA CUJIA
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AHHOTausa

HcciepoBaHbl KOMIO3UIMOHHBIE MJIEHKH, OCaXK/JeHHbIe U3 BOAHBIX PAaCTBOPOB 3JIEKTPOJIMTOB, COAEeP KalMX HOHBI
MeTa//IOB U 4YacCTHUIbl YIJIepOAHBIX HAHOMATEpPHA/JIOB, TaKUX Kak ¢ysaepeH Ceo. PesynabTaThl HMcC/ieJO0BaHUS
KaTOAHBIX NO/IIPU3aLlMOHHBIX KPHUBBIX I10Ka3a/I4 yBeJIMYeHHe CONPOTUBIEeHH NepeHoca 3apAaa. AHaau3 ¢pa3oBoro
cocTaBa MeTa/UVIMYeCKHX IMJIEHOK IOKasaJl Ha/Jludue yriaepoAHbIXx HaHodactun, (YHY) BHyTpuM MeTalindecKoi
MaTpunbl U 3Ha4YuTe/JbHble HM3MeHEeHUS B KPUCTa//IMUecKoil pemeTke. W3 pe3y/abTaTOB HCC/IeJ0BaHUSA
Mukpodororpaduii caeayer, uyTo go6aBieHue YHY usMeHseT CTPYKTypy pocTa MeTa/lJIMYeCKUX NJIEHOK OT
CT0/169aTOH K MUKPOC/JIOHUCTOH U3-3a NacCHBallMy MMOBEPXHOCTHU. B JaHHOM pa6oTe Teopust QyHKIMOHA/IA JIOTHOCTH
(T®II) 6b11a UCHONIb30BaHA JJIfAA pacyeTa TEPMOXUMUYECKHUX, 3IEKTPOHHBIX M CTPYKTYPHBIX CBOMCTB KOMIIJIEKCOB
HOHOB MeTa/I0B ¢ YHY. Pe3y/ibTaThl pacy eTOB 3HEPTUM CBSI3M KOMILIeKcoB YHY-MeZ+ m03BOJISIIOT MPEJI0I0KHUTb,
910 azcop6uus uoHOB Co%*, Ni2*, Cu2* m Zn2* Ha moBepxHocTH ¢y/iepeHa C60 M OZHOCTEHHOMN YIJIepOgHOM
HaHOTpYyO6KH (OYHT) C48 BO3MOKHA U TEPMOAMHAMUY €CKHU BbIrOJHA. Bbl/10 0GHAPYKEHO, YTO 3HEPTrUs CBA3M GoJiblIe
B CcjJydYae aJcop6uyy MOHAa MeTaJjja Ha noBepxHocTH OYHT C48, B cpaBHeHHMHU C aAcop6uueid Ha ¢ysiepeHe Ceo.
IMockonbKy KoMmaeKkchl Cu?* GblIM HanGosiee TepMOAWHAMUYECKHM CTAaGM/IBHBIMM, JHEPIrHsA CBA3U Bo3pacTajia B
Takoi mocsegoBaTeabHocTu Co2* < Zn2*<Ni2*< Cu2+*. Pe3y/JbTaThl pacieTOB CBOGOAHOW 3HEPruM CBA3H MOKa3aJu
XOpOWIYI0 KOPPeJIALUI0 C IIMPUHON 3anpelieHHONH 30HbI, PACCTOSHUAMH MeX/Jy HOHOM MeTaJlJla M OBEPXHOCTBIO
YHY, gunosibHBIMHA MOMEHTAMH, JeJiOKajau3anueld 3apsAaja B MeToAe ecTecTBeHHbIX op6urtaneid (MEO) u BTOpbIM
NOTEeHIMa/IOM MOHU3aL1 HOHOB MeTaJIJI0B.

Kniouesbvie cnosa: 3aeKTpoocaxeHre; KOMIO3ULMOHHbIE MaTepHasbl; IepexojHble MeTallIbl; yIepoJHble HAHOYACTHI|bl;
TOIL

Introduction

Currently, carbon nanoparticles are widely
used in material science as fillers for composite
materials [1; 2]. When CNPs are doped into a metal
matrix, it increases the hardness, durability and
corrosion resistance of a material [3-8]. These
unique properties are enhancing an interest in
development CNPs doped metallic composites.
However, the high costs of their production lead
scientists to investigate the materials hardened
only on the surface by covering it with metallic
films doped with CNPs. One widely used approach
for production of CNPs-metal films is a method
that utilizes steam condensation onto a substrate
surface [9; 10]. Another method is based on
electrodeposition of composite films from the
aqueous solution which contains both metal ions
and CNPs (co-deposition). This method allows one
to control the nucleation and growth of a
composite CNPs-metal film by applying different
impulse current, ultrasound, magnetic field, and
external laser radiation. The  unique

physicochemical properties of electrodeposited
filmslargely depend on the concentration of CNPs
in the metal matrix. Therefore, controlling the
CNPs’ content in composite metal films is crucial
for researchers. Despite that,the mechanism of co-
deposition of such films remains not fully
understood. A number of works suggested that the
transfer of CNPs to electrode surface occurs
exclusively by the convection flow, which is
created by metal ions in the electrolyte solution
[11; 12]. The other works [13; 14] proposed the
ideathatthe CNPs’are chargingin the electrolyte
solution and move towards cathode under the
influence of an electric field created by the
difference in potential between the anode and the
cathode.

Computational chemistry has a great potential
in the prediction and clarification of mechanisms
that are not proved experimentally [15]. Density
functional theory (DFT) has recently taken a place
as one of the most popular methods for calculating
the electronic structure of atoms, molecules,
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clusters, solids, etc. [16;17]. Popularity of DFT
grows, primarily, due to the combination of a
sufficient accuracy and very moderate
requirements for computational resources.
Relatively low computational time allows to
calculate systems consisting ofhundreds of atoms
that is necessary for a modern nanotechnology
[18]. Numerous  studies devoted to
characterization of molecules and clusters using
the DFT [19] have shown good results when
correct exchange-correlation functional has been
chosen. As noted in [20; 21], one of the most
suitable for calculating the structural and
thermochemical characteristics of metal
complexes is the three-parameter hybrid
functional B3LYP [22]. The density functional
theory using hybrid functionals makes it possible
to successfully calculate the structural and
electronic characteristics of transition and heavy
metals with acceptable computer time [23].

The possibility of metal atoms to be adsorbed
on CNPs’ surface has been previously studied
using DFT methods [24; 25]. There have been a
small number of investigations regarding a
mechanism of electrodeposition of CNPs doped
metal films. Valencia et al. [25] calculated the
binding energies between transition metals and
CNPs such as fullerene Csp and SWNTSs Cag using
DFT in order to explain the mechanism of metal
atoms' adsorption on the surface of CNPs in gas
phase. It was shown that the value of the binding
energy between CNPsand a metal adsorbed on its
surface varied in the range of 0.05 + 2 eV,
depending on the metal. Simulations were carried
out for adsorption of neutral atoms on a neutral
surface in vacuum.

In this work, an experimental study has been
combined with computational techniques aiming
the goal of characterization of electrodeposited
complexes and clarification of hypothesis
proposed here as for electrodeposition
mechanism. The phase composition analysis of
electrodeposited composite metal films has been
carried out as well as the cathode polarization
curves of an aqueous nickel and zinc plating
electrolyte solution with fullerene Cso NPs have
been reported. 3D structures of metal carbon
nanoparticle complexes have been proposed.
Quantum-chemical calculation have been carried
out for determination of complexes’ formation
thermodynamical properties (binding energies,
entropies, and free Gibb’s energies) for Css+Me2*
(Co, Ni, Cu, Zn) and Ceo+Me2+ (Co, Ni, Cu, Zn).

Theoryand Methodology

Experiment methodology. Composite metal
films have been precipitated from aqueous
solutions of electrolytes of the following
compositions (in g/1): Ni2SO4-7H20-300, H3BOs -
30, NazS04:10H20 - 50, Céo - 0.5 (pH 5.0);
ZnS04-7H20-250,NazS04- 75, Al2(S04)3 - 30, Ceo
- 0.5 (pH 4.0). Pure nickel (zinc) plate was used as
anode, which made it possible to maintain the
concentration of main metal salt unchanged and
had a positive impact on the repeatability of
experiments. The electrodes were placed parallel
to each otherin order to provide the uniformity of
the electricfield. CNPs were kept suspended in the
volume of an electrolyte solution using magnetic
stirring to prevent the particles from
conglomerating on the bottom of the electrolytic
cell. Electrodeposition of composite CNPs films of
nickel and zinc was carried out in a galvanostatic
mode at applied current density value 100 A/mz2
The same electrodeposition mode was used to
fabricate metal films from aqueous electrolyte
solutions that did not contain CNPs.

Potentiodynamic polarization experiments
have been performed using a P-5827M
Potentiostat at the scan rate of 10 mV/s. All the
measurements have been carried out in a three-
electrode electrolytic cell. A copper plate has been
used as the working electrode (cathode). A silver
chloride electrode has served as a reference
electrode, and a platinum electrode has been used
as anauxiliary electrode.

X-ray phase analysis of the films obtained with
the same electrolysis conditions have performed
on a DRON-2.0 Diffractometer using scintillation
counter for X-ray detection. Phase composition
determination of the films was carried out in
monochromatic Co-Ka radiation.

The microstructure of the films in the cross-
section was investigated using an optical
microscope "Neophot-21". Microsections for
metallographic studies were mechanically
polished and chemically cured in a 50% solution
of nitricacid for 10-15s.

Computational details. Some model
approximations have been considered for
calculation of the binding energy of metal ions
with CNPs:

[.  Adsorption occursin electrolyte solutions,
in particular in aqueous solutions, which requires
the choice of a solvent model. Polarizable
Continuum Model (CPCM) [26] with water has
been used as a solvation model.

[I. Complexes formed by adsorption of metal
ions on surface of CNPs must have a charge
equivalent toatotal charge of all ions absorbed.
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[II. Adsorption of metal ions on a surface of
CNPs occurs alternately. Each subsequent metal
ion is adsorbed on a CNP, which already has a
charge obtained by the previous adsorption.

Calculations of the binding energies for
transition metals were carried out using the
B3LYP functional. The choice of the basis set was
based on the fact that the calculation of energy and
thermodynamic quantities had been performed
for metals, for which the interaction of valence
electrons plays the most important role. Three
basis sets were used for a comparison, including
6-31G, extended 6-31-G(d), and 6-31-G(d,p). For
proper geometry optimization of the complexes,
we have also taken into account the dispersion
corrections [27; 28]. All calculations were carried
outusing the GAUSSIAN 09 program package [29].

Prior actual calculations optimization was
performed for compounds with different
multiplicitiesin order to verify which ground state
is more favorable. For complexes with an even
number of electrons (zinc and nickel containing
complexes) multiplicities 1, 3, and 5 were used,
while for the ones containing an odd number of
electrons (copper and cobalt complexes)
structures with multiplicities 2, 4, and 6 were
tested. The results of this test revealed that the
ground state of zinc is a singlet, and copper’s
ground state is a duplet. Higher multiplicities are
typical for complexes of cobalt and nickel, having
a quadrupletand triplet as a ground state, which
can be explained by their ferromagnetic
properties. Thus, all further calculations were
carried out with multiplicities 1, 2, 3,and 4 for Zn,
Cu, Ni, and Co, respectively.

The binding energies (AW) between the
adsorbed metal ion and CNP were calculated as
the difference between the total energy of the
complex with the adsorbed metalion (TEcnp-me?*)
and the sum of the energies of its constituent parts
(TECNP,TEMez"):

AW = TEcnp-me?* = (TEcnp + TEme?*)

Same principle was used for calculation of
enthalpies, entropies, and Gibbs free energies.

Gaussian NBO Version 3.1 was used for
calculation of Natural Bond Orbitals. HOMO and
LUMO orbitals and molecular -electrostatic
potential surfaces were visualized using
GaussView6 program package.

Results and discussion

Experimental part. Composite CNPs-metal films
have been deposited from aqueous solutions and
subjected to further investigation. XRD pattern of
composites CNPs-metal films based on nickel is
illustrated on Figure 1la. For comparison
diffraction pattern of the fullerene Ceo powder
without impurities and the one of pure nickel is
illustrated on Figures 1b and 1c, respectively. Both
XRD patterns of Ceo-Ni composite film and pure
nickel have five characteristic peaks 2.03Nj,
1.26Ni, 1.24Ni, 1.06Ni, and 1.01Ni, that are
corresponding to Miller indices (111), (200),
(220), (311), (222), respectively. However,
intensities ofthese peaks are varying significantly.
In case of pure nickel (Figure 1c) intensity
distribution is close to reference one. Maxima
intensity corresponds to (111) reflection, that
follows Bravais rule [30].Meanwhile, XRD pattern
of Ceo-Ni composite film (Figure 1a) has the
highest intensity peak corresponding to (220)
reflection. CNPs, presumably, are blocking the
active surface of the film preventing the further
growth and giving the way for new centers of
nucleation to appear. Faces that 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 process the most common directions
are the ones with high indices. That explains
redistribution of XRD peaks’ intensities.

Shifts on cathodic polarization curves might
give a better understanding on a charge transfer
mechanism. As it is seen from obtained cathodic
polarization curves in an aqueous nickel plating
(Figure 3-a) and zinc plating electrolyte (Figure 3-
b) solution, the addition of CNPs causes a shift of
the cathode potential to the electronegative
region, which indicates an increase in charge
transfer resistance. Charge transfer resistance,
presumably, changes due to the change of
particles’ speed. Complexes of metal-CNPs are
significantly larger in size than free cations, which
cause their speed to be lower, compare to ones in
the solution without CNPs. This observation
supports the idea about the formation of metal-
CNPs complexes in the solution with further
movement towards cathode, which explains the
formation of an axial growth pattern with large
crystallographicindices (Figure 1-a).
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Layered structure of a composite film can be
explained by formation of a passive layer on a
surface of cathode. In case when the energy of
charged CNP-metal complexes is not sufficient to
cross the passive layer, the formation of new
nucleation centers is becoming more favorable.
Nucleation centers are growing due to further
adsorption of complexes on it. Consequently, a
layered structure is formed by a Mechanisms of
Stranski-Krastanov growth [31].

Experimental characterization tells us about
presence of numerous nucleation centers, due to
disturbance of surface by CNPs, however, it cannot
give adescription ofhow CNPs are delivered to the
surface. section.

e ¥ &we
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Fig. 3. Microphotography of nickel (a) and Ni-Céo composite (b) films in cross section.
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Structures of CNP-Me?*complexes and their
thermodynamic properties. In order to prove the
hypothesis proposed here complexes of fullerene
Ceoand carbon nanotube SWNT Csg with Ni2+, Co?,
Cu?+,and Zn2* were optimized in aqueous solution
(Fig. 4). Minimum energy structures of Cso-metal
complexes in case of cobalt, zinc and nickel ions
had ion located above one of the carbon atoms.
While position of ion above the middle of a C-C
bond connecting Cs and Cs rings was the most
energetically favorable for C¢o-Cu2+ complex. More
complicated results were obtained for Css-metal
complexes. In this case Ni2* waslocated above the
middle of a C-C bond, Zn2* showed to be more
favorable in the middle of Ce cell, while Co?* and
Cu?+ position was above the Ce cell shifted towards
one of the bonds. Calculations usingall three basis
sets showed the same positions of the metal ions
on a surface of SWNT Cas, but for fullerene Ceo
results obtained by 6-31G basis set were

significantly different from the ones obtained by
more extended basis sets.

Optimized distances between transition metal
ions and CNPs' surface are significantly smaller in
case of SWNT Cass (Fig. 4) with the trend of
increasing optimized distance in a row
Cu<Co<Zn<Ni. Meanwhile for fullerene this trend
is different increasing in a row Cu<Zn<Ni<Co. As
for dipole moment in most cases its vector is
perpendiculartothe surface of CNPs and directed
through the metalion, except for C4s-Co2+and Cas-
Ni2+, Position of Ni2+ above the C-C bond directs
dipole moment from the middle of nanotube
towards one of nanotube’s sides, and
consequently causing localization of a charge,
making an opposite side being more negative.
Even though complex Cas-Co?+ visually look more
similar to the one of Css with Cu?2+, it’s
insignificantly shifted towards one of the sides
(with deviation 0.1 A), which leads to a similar
charge distribution asin case of C4s-Ni2*.
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Thermodynamic parameters calculated using
three different basis sets are collected in Table 1.
Itcanbe seen thatall ofthe metalions are strongly
bound to Csg and Ceo, since their binding energies
(AW) exceeds the thermal movement energy of
0.025 eV (0.58 kcal/mol). Results vary slightly for
minimal 6-31G basis set especially for Ceo
complexes. This fact suggests that minimal basis
set may not be enough accurate for description of
transition metal adsorption, since two d-orbitals
are not enough for a proper description of
partially filled d-orbital of these metal ions.
Binding energies calculated using extended 6-
31G(d,p) showed to decrease in a row
Co>Zn>Ni>Cu and Cso>C4s. Interestingly binding
energies of copper containing complexes are at
least twice larger by module thanthe ones of CNPs
complexes with nickel and other metals.

Since theoretically there is a possibility that
more than one metalion is adsorbed on a surface
of CNPs, we have taken into consideration models
with one fullerene Cso bound to up to six metal
ions.  According to approximation II from
Computational details section, with addition of
each new metal ion the charge of the system
should increase on 2e. Models of complexes with
1,2,3,4,and 5 bound metal ions that have charges
+2e, +4e, +6¢, +8e¢, and +10 e, respectively, were
proposed and optimized (Fig. 5). With the
sequential addition of metal ions to Ceo, binding
energies showed to decrease. One can see that
addition of a second Co?* and a second Ni2* ion
resulted in thermodynamically unstable structure
with 64.34 kcal/mol and 3.80 kcal /mol Gibbs free
energy, respectively. Addition of a second Zn?,

and Cu?+, meanwhile, yielded negative Gibbs free
energy values, despite the fact that they are
significantly higher compare to free energies of
first metal ion adsorption. Systems with total
charge +6e due to adsorption of a third metal ion
were stable for Cu2+and showed tobe unfavorable
for Zn2+* complex. In case of copper up to 5 ions can
be adsorbed on a surface of fullerene, with total
charge +10¢, while addition of the sixth ion is
thermodynamically unfavorable. Considering
extremely high affinity of copper ion to fullerene
nanoparticle, a model containing two fullerenes
and one Cu?* ion was simulated and resulted in a
stable complex with -24.48 kcal/mol Gibbs free
energy. Addition of the third fullerene
nanoparticle would make no sense, due to steric
clashesbetween nanoparticles.

To justify the difference in binding affinity an
investigation of an electronic structure was
performed. Molecular electrostatic potential
surfaces (MEPS)illustrated on Fig. 6 revealed that,
contrary to all the other CNP-Me2+ complexes,
complexes of copper characterized with a strong
delocalization of electron density, thus stabilizing
whole complex. Calculation of Natural Bond
Orbital (NBO) confirmed this observation,
showing that +2 positive charge was
compensated, yielding partial charges on CNPs
+0.93 and +0.77 and partial charges on copper
+1.07 and +1.23 for complex with C4s and Ceo,
respectively, (Table 3). Other metal ions
similarly to Cu showed strong acceptor
properties, though, delocalization in this case
was not that strong.

Thermodynamic parameters of CNP-Me2* complexes. rable
AW, kcal /mol AH, kcal /mol AS, cal/mol K AG, kcal /mol

Complex | 631G 6-31G(d) 6-31G(d,p) | 6-31G _ 6-31G(d) 6-31G(d,p) | 6-31G _ 6-31G(d) 6-31G(d,p) | 631G 6-31G(d) 6-31G(d,p)
C48+Co | -44.13 -47.73 -50.11 -42.82 -46.10 -48.59 -27.44 -26.27 -27.62 -34.64 -38.27 -40.35
C48+Ni -69.95 -74.78 -74.86 -68.77 -73.37 -73.47 -28.40 -29.24 -29.71 -60.30 -64.65 -64.62
C48+Cu (-155.14 -166.48 -166.51 [-153.62 -163.90 -163.95 -25.27 -31.08 -31.30 -146.08 -154.63 -154.61
C48+Zn | -56.80 -63.14 -63.17 -54.50 -60.35 -60.42 -29.36 -31.31 -31.28 -45.74 -51.02 -51.10
C60+Co | -56.75 -9.26 -8.93 -57.00 -8.94 -8.67 -30.26 -28.11 -27.31 -47.98 -0.56 -0.52
C60+Ni | -73.89 -8.33 -27.16 -74.11 -8.28 -26.82 -30.94 -25.74 -28.70 -64.88 -0.61 -18.26
C60+Cu |-133.38 -86.90 -98.42 -13498 -86.24 -98.99 -27.19 -27.28 -27.79 -126.87 -78.11 -90.71
C60+Zn | -66.05 -19.97 -19.97 -66.23 -19.46 -19.49 -28.67 -26.63 -26.62 -57.68 -11.52 -11.55
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Fig. 5. Models of: a - one carbon nanoparticles and several metal ions, and b - two carbon nanoparticles and one

metal ion.
Table 2
Stability of complexes containing one fullerene nanoparticle and several metal ions.
Complex of AG, kcal/mol

Ceo with 2e 4e 6e 8e 10e 12e
Co -0.52 >0 >0 >0 >0 >0
Ni -18.26 >0 >0 >0 >0 >0
Cu -90.71 -67.57 -53.29 -30.56 -10.97 >0
Zn -11.55 -5.57 >0 >0 >0 >0

Fig. 6. Molecular electrostatic potential surfaces. a - CNP; b - CNP-Co?+; ¢ - CNP-Ni2+; d - CNP-Cu?*; e - CNP-Zn2+,

When looking into a HOMO-LUMO gap, one
must take into account that only CNP-Zn2+is a
singlet, while in case of other complexes
introduced with higher multiplicities, both spin-
up (a) and spin-down (3) should be considered. In
case of the open-shell model (unrestricted DFT)
the term HOMO-LUMO gap is not applicable
anymore. Instead, one can look at two different
excitations: from singly occupied molecular
orbital to lowest unoccupied one (SOMO-LUMO
transition) characteristic for -spin, and HOMO-
SOMO transition or d-d transition, characteristic
for 3-spin. One can notice that the a gap values are
significantly smaller in case of metal ions

adsorbed on a surface of Css (Fig. 7), compare to
ones calculated for Ceo complexes (Fig. 8).
HOMO(SOMO)-LUMO gap appeared to be the
smallest for Cu?+* complexes with 0.0025 eV for
Css-Cu2+and 3.26 eV for Cso-Cu?2+. As expected, with
an increase of gap values the complexes are
becoming less stable. The only exception was
observed for fullerene complexes, where band gap
of fullerene bound with Ni2+islarger than the one
of Zn2+, The same orbitals are participating in this
transition for both complexes Cso-Ni2+* and Ceo-
Co2+, that results their band gaps being similar in
energy.
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Fig. 7. Visualization HOMO (SOMO) and LUMO for metal complexes with SWNT C48 and band gap values. a-stands for
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Fig. 8. Visualization HOMO (SOMO) and LUMO for metal complexes with fullerene Céo and band gap values. a-stands
for spin-up (SOMO-LUMO), and $-stands for spin-down (HOMO-SOMO transition)

Interestingly, copper is the only one metal ion,
orbitals of which do not participate in excitation of
a fullerene complex. As for the 8 spin excitations
only in case of C43-Co?+* complex d-d transition
occurred. Other excitations include transitions
from d-orbitals of a metal ion onto the other part
of a complex and vice versa, or do not include d-
orbitals atall (Ceo-Cu2+).

Not only the band gaps but also other
parameters including a distance between metal
ion and a surface of CNP (r), dipole moment (d)
and natural bond orbital (NBO) charge (q) have a

good correlation with free Gibb’s energies
(Table 3). Binding affinity showedtoincrease with
a decrease of distance between ion and a surface
of a nanoparticle, which provides abetter overlap
of orbitals. Higher binding affinities also
characterized by better delocalization of electron
density with metal ion being an acceptor and
conjugated m-system of nanoparticle being a
donor of electrons. Interestingly a good agreement
was observed between free binding energies and
a second ionization potential of metal (Fig. 9).
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Table 3
Other properties

Complex r,A d, Debye q (CNP), e q (Me), e HOMO(SOMO)-

LUMO gap, eV
C48+Co 1.51 18.68 0.52 1.48 6.51
C48+Ni 1.8 21.7 0.60 1.40 1.37
C48+Cu 1.36 4.66 0.93 1.07 0.00
C48+Zn 1.65 12.87 0.51 1.49 3.34
C60+Co 2.15 41.38 0.11 1.89 6.54
C60+Ni 2.05 38.61 0.16 1.84 6.29
C60+Cu 1.78 18.13 0.77 1.23 3.26
C60+Zn 2.02 38.14 0.15 1.85 5.95

R 0.8075 0.8757 -0.9486 0.9486 0.8803

Overall high values of binding energies
between metal ions and CNPs supports the idea of

cations being adsorbed on the surface of CNPs
before all complexes can move to cathode.

+C,e-Me?  mCy-Me?
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Fig. 9. Dependence of binding free energy (AG) on a second ionization potential (IP2).

Conclusions
Composite electrodeposited films were
fabricated and characterized. Results of

characterization have shown the increase in
charge transfer resistance due to change of
particles’ speed. Presumably, it can be caused by
an increase of particle mass. Microphotographies
of a Ceo-Ni2* composite film showed a layered
pattern of deposition. If the transfer would occur
exclusively by the convection flow, like it was
suggested before, structure of a deposit would be
more disordered. Thus, here we proposed a
mechanism of metal ions being adsorbed on a
surface of CNPs with further movement of the
charged complex towards cathode.

Stated hypothesis was tested computationally.
Comparison of calculated binding energies of the
CNP-Me2+* complexes with the energies of thermal
motion has showed that in an aqueous solution,

adsorption of Co2+, Ni2+, Cu2+, and Zn2+*ions on the
surface of fullerene Cso and SWNT Cas is possible
and thermodynamically favorable with the
formation of stable composite carbon-metal
complexes. Binding affinity showed to be much
stronger in case of an adsorption on a surface of
SWNT Cas, compare to fullerene Cso, and increase
in row Co2+<Zn2+<Ni2+*<Cu2+. Clear dependences
between free binding energy and different
parameters, such as a band gap, a distance
between metal ion and a surface of CNPs, dipole
moment, delocalization of natural bond orbital
(NBO) charge, and second ionization potential ofa
metal were observed. Both experimental and
computational studies support proposed here
hypothesis regarding a mechanism of CNPs co-
deposition.
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