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ABSTRACT

Carbon coated copper nanoparticles, Cu,,/C nanocomposites, were synthesized using solid-phase pyrolysis in
solid solutions of copper phthalocyanine and metal free copper phthalocyanine, (CuPc)y(HzPc); _x where
0 < x < 1. The weight concentration of copper in percentages consistently varies from 0 to 12 wt% and the sizes
of copper nanoparticles in samples changes from 2 nm to 500 nm. Samples containing 8 and 12 wt% Cu have a
bimodal size distribution. The X-ray diffraction data and HRTEM images show a face-centered cubic structure of
Cu nanocrystallites that uniformly distributed in the carbon matrix. The temperature and field dependences of
the magnetization in all copper-containing samples exhibit both ferromagnetic and giant-paramagnetic prop-
erties in the measured temperature range of 10-300 K. The saturation magnetization of ferromagnetic nano-
particles falls in the range 0.2-1.5 emu/g and weakly depends on the temperature from helium up to the room
temperatures. The paramagnetic magnetizations in Cu/C nanocomposites at H = 50 kOe and T = 10K are
practically an order of magnitude higher in all the samples than the ferromagnetic saturation magnetizations.
The paramagnetic susceptibilities of the Cu,,/C nanocomposites at 10K are of the order of (0.3-1)10*emu/
gcuOe, which are one and a half to two orders of magnitude higher than the specific paramagnetic susceptibility

of the carbon matrix.

1. Introduction

In recent years the evidence of ferromagnetism at the nanoscale
level has been intensively studied in metals and/ or other compounds,
whose bulk (massive) samples are diamagnetic. These are primarily
gold nanoparticles (NPs) — Au, as well as other non-magnetic elements
such as Ag, Cu, Pd, and ZnO compounds with functionalized surfaces
and linear dimensions within the range of 2-10 nm [1-6]. Due to their
unique characteristics these nanomaterials have promising applications
for use in optics, spintronics, catalysis, biomedicine, antibacterial
therapy, sensing and nanoelectronic devices [7-9].

The magnetic characteristics of nanoparticles depend essentially on
the dimensions, as well as on the matrix in which they are implanted.
The range of magnetic behavior of these NPs is rather wide: from
(enhanced) diamagnetic [10,11] to (super) paramagnetic [12-14] and
even ferromagnetic, ranging from helium temperatures to room tem-
perature [1,2]. Several explanations for magnetism in these nanoma-
terials have been proposed, such as the competing magnetic contribu-
tions of the nanoparticle core and its surface [12], the formation of a
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magnetic moment due to the charge transfer at the nanoparticle-ligand
interface [1,2,14,15], induced large orbital angular moment driven by
the rotational motion of electrons close to the clusters inner surface
[16] and the emergence of self-sustainable (undamped) persistent
currents in metallic core [11].

However, until now the origin of this unexpected magnetism has not
yet been fully understood. Three important factors can contribute to the
magnetic properties of the material in the nanometric scale: quantum-
size, surface and ligand effects. As particle sizes decrease, electron
transfer without scattering becomes possible i.e. ballistic transport of
charge carriers takes place as well as quantum confinement, quantum
interference, and tunneling. The fraction of surface atoms with different
chemical and structural topologies increases with the decrease of par-
ticle sizes and contribution of surface states becomes significant. The
interaction with the atoms of the shell (ligand) leads to a charge re-
distribution followed by a change in physical properties - interface (or
ligand) effect. The contribution of surface atoms also significantly en-
hances the magnetic anisotropy parameter [17], K¢ = Ky + 6 Kg/D
where Ky and Ky are the constants of respective volume and surface
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Fig. 1. HRTEM micrographs (a, b) of Cu,/C sample shows the spherical shape Cu nanoparticles capped by the carbon shell and the corresponding particle size
distributions histogram (c). HAADF-STEM image (d) and elemental mapping data for C and Cu (e, f).

magnetic anisotropies. In addition, the exchange, electron-electron in-
teraction and spin-orbit interactions of the electrons are also important
factors contributing to magnetism. The ferromagnetic behaviour of
copper NPs has previously been investigated [2]. In the case of thiol-
capped Cu NPs, ferromagnetism was preserved up to the room tem-
perature, and in the case of amine-capped Cu NPs, a superparamagnetic
behavior has been revealed. In this paper we investigate the magnetic
properties of Cu NPs in carbon matrix, i.e., Cu/C nanocomposites. Cu
NPs encapsulated by graphite-like carbon shell show clear evidence for
hysteretic behavior and giant paramagnetism. Here we explore possible
approaches to explain the strong magnetism of prepared copper NPs
which bulk samples are non magnetic.

2. Experimental
2.1. Samples synthesis

To obtain very fine dispersed copper nanoparticles as well as to
study size effects, we first synthesized solid solutions of phthalocya-
nines: copper phthalocyanine (CuPc, Pc = Cs;NgHig), and metal free
phthalocyanine (H,Pc). Solid-phase pyrolysis of these solid solutions
(CuPc)4(HyPc); —x where 0 < x < 1 can be represented using the fol-
lowing chemical reaction:

Tpyr.toyrs,
[CuPel, [HyPcl_x —22272 cu + 32C
- 2

,—4N;

€9)

where T}, is the pyrolysis temperature 850 °C, t,,, is the pyrolysis time
3-15min and p is the pressure in a reaction ampoule and the value of x
isin the interval 0 < x < 1. It is also easy to obtain a relation that relates
the concentration of copper in the resulting compounds, expressed in
atomic percentages of Cu with the values of x appearing in reaction (1):

X
Cou = -100at. %
T R x ’ @)

We synthesized a set of stable samples with atomic Cu concentra-
tions equal to 0, 0.5, 1, 2, and 3 at.%. The weight percent corresponding
to these samples are 0, 2, 4, 8 and 12 wt% respectively. The studied
series of samples are indexed by weight percent Cu,,/C: Cuo/C, Cuy/C,
Cuy/C, Cug/C and Cu,,/C. The values of the copper concentration in
the carbon matrix were measured by X-ray fluorescence analysis,
which, with an accuracy of 10%, coincide with the calculated values
obtained according to formula (2). It is noteworthy to say that X-ray
fluorescence analysis and energy dispersive X-ray spectroscopy showed
no evidence for the presence of magnetic elements such as Fe, Co, Ni
etc. in the measured samples or their concentration must be less than

1 ppm.

2.2. Material characterizations

The elemental composition of the obtained samples was in-
vestigated by X-ray Fluorescence Spectrometer Thermo Scientific ARL
QUANTAX and Energy dispersive X-ray spectroscopy (EDS) using the
Bruker Super-X quad X-ray detectors, combined with high brightness X-
FEG (field emission gun). Morphology and sizes of prepared samples
were investigated using a FEI Talos F200X field-emission high resolu-
tion transmission electron microscopy (HRTEM) and scanning trans-
mission electron microscopy (STEM) at an accelerating voltage of
200 kV. The structure of the nanocomposites was determined using X-
ray diffractometer Bruker D2 Phase model # A26X1 (radiation of CuK,,
1.54060 A). Magnetic properties of Cu nanoparticles have been studied
using vibrating magnetometer (VSM, Quantum Design) in magnetic
fields to 50 kOe in a temperature range 10-300 K.
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3. Results and discussions
3.1. Structure investigations

The prepared samples are air-stable black powders consisting of a
carbon matrix with copper nanocrystallites.

The HRTEM image (Fig. 1a) of Cu/C nanocomposites with Cu
concentration of 2wt% (sample Cu,/C) clearly shows a uniform dis-
tribution of Cu nanoparticles in carbon matrix. The shape of nano-
particles is close to spherical. These nanocomposites have an apparent
core-shell structure where Cu nanoparticles coated with graphite-like
carbon shells (Fig. 1b) are analogous to the case of Ni/C nanocompo-
sites [18,19]. The carbon shell prevents Cu nanoparticles from further
oxidation and aggregation. Fig. 1d,e,f shows the HAADF-STEM image
and corresponding elemental data mapping. Using the data of HRTEM
and STEM measurements, the corresponding particle size distribution
histogram of Cu, nanoparticles in Cu,/C sample is constructed (see
Fig. 1c). The solid line represents the fitting curve assuming a Gaussian
function. The calculated average diameter (d) of the Cu nanoparticles
and the standard deviation (o) are 5nm and 1.5nm respectively. An
increase in the concentration of Cu in the carbon matrix leads to an
increase in the average diameter of the nanoparticles. In particular, in
the case of 4 wt% of Cu (sample Cu,/C) in carbon matrix, the average
diameter of Cu nanoparticles is 10 nm (Fig. 2a). It is interesting to note
that in the case of 8 and 12% Cu (samples Cug/C and Cu;,/C) we have a
bimodal size distribution. It should also be noted that small (fine) na-
noparticles (2-10 nm) are present in all samples. It is apparent, the mass
of these small nanoparticles in Cuy/C, Cug/C and Cu,,/C samples is
much smaller than in the Cu,/C sample. In addition, in Cug/C and
Cu;,/C samples, the number of large nanoparticles (average diameters
are 300-400 nm) is two orders of magnitude less than that of fine na-
noparticles (average sizes of 2-10 nm), while the mass of large nano-
particles is four orders of magnitude more than the mass of small na-
noparticles. This is also indicated by the intensity of the peaks of X-ray
diffraction spectra.

Fig. 3 represents X-ray diffraction spectra (XRD) of samples with
close masses recorded at room temperature, where one can see the peak
patterns from Cu and carbon. A broad-scale peak at about 25.5° cor-
responds to graphite-like carbon structures and other five narrow peaks
with angles 26 = 43.4° (111), 50.5° (200), 74.2° (220), 90° (311) and
95.2° (222) which correspond to copper nanoparticles with a face-
centered cubic (fcc) crystalline structure.

3.2. Magnetic measurements

The basic magnetic characteristics Cu,,/C are presented in Figs. 4-7.
Magnetic measurements were performed in a wide range of tempera-
tures (10-300K) and in external magnetic fields up to 50 kOe. Both
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Fig. 3. Room-temperature XRD patterns in Cu,,/C sample series show the peaks
of copper and carbon.

structural and magnetic data show that our samples are actually con-
sisting of single-domain ensembles of Cu nanoparticles embedded in a
carbon matrix.

The easy axes of magnetization in ferromagnetic nanoparticles are
randomly distributed within the sample. Fig. 4 shows the dependence of
magnetization on the magnetic field in Cu,,/C series at temperatures of
10 and 300K, respectively. In the presented curves, diamagnetism of
the sample holder is subtracted. The total magnetization of samples, M
(H,T), can be presented as a sum of ferromagnetic and paramagnetic
contributions: M(H,T) = M™(H,T) + x;,,(T) H. The hysteresis loops
measured at the same temperatures are shown on Fig. 5. It should be
noted that the ferromagnetic hysteresis loops are somewhat distorted
due to the paramagnetic contribution of x;,,(T) H in the samples,
especially at low temperatures.

Analysis of the curves in Fig. 4 lead to the following conclusions: a)
the paramagnetic magnetization at T = 10K is linear function of field
up to H = 50 kOe and it is far from saturation; b) paramagnetic mag-
netizations at H = 50 kOe and T = 10K practically in all the samples
are an order of magnitude higher than the corresponding value of sa-
turation magnetization of ferromagnetic fraction; c) the ratio of the
proportions of the paramagnetic fraction to the ferromagnetic fraction,
are approximately the same for all samples. Fig. 6 shows the depen-
dence of the paramagnetic susceptibility on the concentration of copper
mass (weight percentage), i.e., m (wt%). The paramagnetic suscept-
ibility values of a carbon matrix calculated per gram of the sample in
the absence of copper nanoparticles (x = 0, m = 0), and a nickel na-
noparticles in Ni,/C nanocomposites have been added in Fig. 6 for
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Fig. 2. Size distribution histograms of Cu nanoparticles in Cuy/C, CugC and Cu,,C series. The solid line represents the fitting curve by assuming a lognormal (Cu,4/C)

and Gauss function (Cug/C, Cu;,/C) distributions.
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Fig. 4. M versus H in series of Cu,,/C sample series (m = 0, 2, 4, 8 and 12wt%) at T = 10K (a) and 300K (b).

comparison. The increase in the paramagnetic susceptibility by one and
a half to two orders is observed in the Cu,,/C samples with respect to
the carbon matrix, as well as the surprising similarity of the magnetic
properties of the nanocomposites Cu,/C and Ni,/C, where the re-
spective average sizes 5nm and 4 nm of metal nanoparticles are ap-
proximately same. The similarity of magnetic properties of Cu,/C and
Niy/C is apparently due to the same nature of magnetism in these
samples. We assume a giant paramagnetism in Cu,/C and Ni,/C sam-
ples of quantum-dot dimension is caused by large orbital moments of
conduction electrons in ballistic regime [20].

In Fig. 7 the temperature dependences of the magnetization in series
of the Cu,,/C samples (m = 0, 2, 4, 8 and 12 wt%) are given, measured
in a magnetic field of 50 kOe. Samples in which there is no copper
nanoparticles (m = 0, x = 0) correspond to the pyrolysis of the non-
metal phthalocyanine. These samples exhibit only paramagnetic prop-
erties. The calculated concentration of paramagnetic centers of the
carbon matrix is 10’8 — 10! spin/g. The paramagnetism of the carbon
matrix is apparently due either to impurity nitrogen atoms or to the
electronic states in nanographites at the zig-zag edges. The magnetic
properties of the carbon matrix obtained after the solid-phase pyrolysis
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0,10 0,2
0,05 0,1
s S
3 @
£ 0,00 0,0 2
(3] c
s &
-0,05 -0,1
-0,10 -0,2
-0,15 -0,3
-0.4

-0,20
3

H, kOe

0.4 (b) i

of a metal free phthalocyanine were also studied in our previous works
[21,22]. In series samples with copper - Cu,,,/C, at temperatures < 50K,
paramagnetism prevails (see the inset in Fig. 7). At temperatures of
200-300 K, the magnetization varies insignificantly and, obviously, it is
mainly due to the ferromagnetic phase of copper nanoparticles in these
samples. Estimated values of the saturation magnetization in series of
the Cu,,,/C samples are 0.2-1.5 emu/gc,. The maximum value of the
saturation magnetization is observed in the sample is Cu,/C sample
with the average d = 5nm.

What is the nature of ferromagnetism and paramagnetism in the
copper NPs? There are a number of factors inherent to metallic nano-
particles, whose massive samples are classical diamagnets. The intrinsic
behavior of these nanoparticles within the 2-10 nm range is mainly
determined by surface, ligand and quantum-size effects. It is apparent
that for d < 10 nm, the fraction of surface atoms sharply increases and,
as noted in the introduction, the interaction of metal nanoparticles with
the ligand environment becomes substantial. In the earlier studied
Ni@C nanocomposites, we observed a sharp drop in magnetization with
a decrease in the size of Ni from 40 to 10 nm. The magnetization drop in
Ni@C composites results from interaction between Ni nanoparticles and
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Fig. 5. Hysteresis loops in Cu,,/C sample series (m = 2, 4, 8 and 12wt%) at T = 10K (a) and 300K (b).
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Fig. 6. Dependence of the paramagnetic susceptibility of Cu,,/C nanocompo-
sites on the concentration of copper in weight percentage — mc, wt% at
T = 10 K. Figure also compares the values of the paramagnetic susceptibility of
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Fig. 7. Magnetization M versus temperature in Cu,,/C sample series (m = 0, 2,
4, 8 and 12 wt%) at H = 50 kOe.

the graphite matrix. Apparently, a significant suppression of Ni local
magnetic moment in Ni@C nanocomposites occurs due to the electron
transfer from a carbon matrix to nickel. Transfer of electrons on one
hand leads to the formation of the “dead” layer consisting of diamag-
netic nickel ions described by the following reaction

Ni(3d%s!) + e — Nit=(3d04s?),
[FM (Ni) — Dia(Ni'7)] 3

On the other hand, according to the band model a transfer of
electrons on nickel in Ni@C composites leads to reduction of the

Journal of Magnetism and Magnetic Materials 488 (2019) 165336

density of states near the Fermi level.

In the case of Cu,/C nanocomposites, the values of the work func-
tion of electrons from either copper nanoparticles or a curved nano-
graphite structure are not known. We hereby consider two cases of the
charge transfers that induce magnetism. The first case is an electron
transfer from copper nanoparticles to the curved surface of nano-
graphite matrix. And second case is the reverse transfer. Charge
transfers which change the electron configuration of the ground state of
Cu can be presented as follows:

Cu(3d'%s') — e = Cu'*(3d°%4sh) (@]
Cu(3d4s') + e — Cul~(3d'%4sp) (5)

In the first case (Eq. (4)), we have surface and near-surface layers of
copper cations with the electron configuration (3d°4s'), which corre-
sponds to the electronic configuration of ferromagnetic nickel. The
possibility of occurrence of giant paramagnetism and ferromagnetism
in non-magnetic substances with dimensions less than 10 nm were
considered in [3,23]. Surface states and their corresponding atomic
orbitals with giant magnetic moments have been studied. The second
case, i.e. the electron transfer from nano-graphite to copper nano-
particles (Eq. (5)) corresponds to magnetism of delocalized conduction
electrons. These electrons form narrow impurity zones causing giant
paramagnetism as well as sp-ferromagnetism [24]. Condition for oc-
currence of ferromagnetism is given by the Stoner -criterion,
LyN (Er) > 1, where Ly is the exchange integral and N(Er) is the
density of states near the Fermi energy.

In order to understand the nature of giant paramagnetism and fer-
romagnetism in M/C nanocomposites, further studies of various dia-
magnetic metals with narrow size distributions in various ligand (ma-
trix) environments should be analyzed, as well as the application of
element-sensitive methods of investigation, along with stationary and
resonant magnetic measurements.

4. Conclusions

In the present work, solid solutions (CuPc)y(H,Pc);_x where
0 < x < 1, was synthesized using solid-phase pyrolysis which allowed
obtain copper nanoparticles in a carbon matrix. The dilution of copper
phthalocyanine with a non-metal phthalocyanine, as well as the var-
iation of the conditions of the solid-phase pyrolysis, provide samples in
which the weight concentrations of copper in carbon can be varied from
0 to 12wt%, and the nanoparticle sizes are from 2 to 500 nm. Our
structural studies show that copper nanoparticles form an fcc lattice
structure and that they are encapsulated in nano-graphite-like carbon
shells. Giant paramagnetism was detected in all Cu,,/C samples, whose
paramagnetic susceptibilities are one and a half to two orders of mag-
nitude greater than the paramagnetism observed in the carbon matrix.
The paramagnetic susceptibilities in Cup,/C nanocomposites are of the
order of (0.3 — 1)10~* emu/gc,Oe. In nanocomposite Cu,,/C, the room
temperature ferromagnetism is also found, which is apparent due to
small copper nanoparticles, the diameters of which are about 2-5 nm.
The saturation magnetization of ferromagnetic nanoparticles in the
studied samples are in the range 0.2-1.5emu/gc, and almost in-
dependent on the temperature between the helium and the room tem-
peratures. The maximum value of the saturation magnetization is about
1.5 emu/gc,, in the Cu,/C sample with average diameter, d ~ 5nm.
The various approaches were also considered arising from a charge
transfer from metal to matrix or visa-versa for interpreting our ex-
perimental results.
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