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1. Introduction

Abstract. Silica-carbon with zinc (SiO,:C:Zn) nanocomposites obtained via infiltration
with aged luminescent zinc acetylacetonate (Zn(acac),) ethanol solution of two
concentrations (1 or 4%) into the fumed silica (SiO,) matrix have been studied using EPR
within the temperature range 6...296 K before and after thermal annealing. The EPR
spectrum of SiO,:C:Zn nanocomposites consists of three signals with the Lorentzian
lineshape corresponding to paramagnetic centers with S = 1/2, which are related to carbon
dangling bonds (CDB) (g = 2.0029(3)), silicon dangling bonds (g = 2.0062(3)) and oxygen-
centered carbon-related radicals (CRR) (g = 2.0042(3)). A small EPR linewidth (<1 mT)
observed for CDB and oxygen-centered CRR allows us to conclude that they are in the sp*-
hybridized state. It was found that the temperature dependence of the EPR signal integrated
intensity of the CDB and oxygen-centered CRR follows the Curie-Weiss law with a small
positive value of the Curie—Weiss constant, which indicates that the weak ferromagnetic
exchange interaction takes place in the spin system of CDB and oxygen-centered CRR. It
was supposed that the carbon-related centers are clustered in SiO,:C:Zn nanocomposites.
We assume that the oxygen-centered CRR in the sp-hybridized state are associated with
luminescent centers in previously reported aged Zn(acac),/C,HsOH solution.
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special physicochemical properties and the prospect of
developing new effective adsorbents, catalysts, energy

Nanostructured composites are known as perspective
materials for nanosized devices with multifunctional and
high operational characteristics. The development of
effective approaches to formation of the nanostructured
systems allows realizing principally new technological
solutions to the development of materials for nanosized
devices, ultra-compact sensors, catalyst carriers,
sorbents, and modern energy sources.

In recent decades, the synthesis of inorganic
nanocomposites is intensively developed, owing to their

sources, sensors, and composite materials on its basis.

The practical application of the nanocomposites
based on fumed silica (SiO,) and transition or rare-earth
metal oxides is defined both by their composition and
structure, including the particle size of metal-containing
phases and their bonding to the silica matrix [1]. The use
of the metal-organic salts, especially their hydrates, in the
chemical modification of fumed silica allows obtaining
the nanocomposites containing nanosized particles of
metal oxides distributed over the silica matrix [2].
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Chemical modification of the silica surface with
metal compounds is one of the synthesis stages of the
carbon-oxide nanocomposites C/M,0,/SiO,, where M is
the metal atom of modifying reagent [3]. During
pyrolysis of the organic compounds in the inert
atmosphere, the carbon structures are formed both inside
the pores and on the outer surface of silica particles. The
hybrid  carbon-oxide adsorbents have essential
differences from the mechanical mixture of individual
materials defined by formation conditions and
distribution of carbon components in nanocomposites
[4,5]. As a rule, the resulting carbon reveals high
density, low volume of micropores, and low specific
surface. The carbon, which was obtained by pyrolysis of
high-molecular compounds adsorbed on the silica matrix,
forms the structures determined by precursor structure
and synthesis conditions allowing variation of the struc-
tural properties inherent to the resulting materials [3].

The silica-carbon composites with the carbon
content of 6.5% and zinc concentration of 10.98% were
obtained by impregnation of silica gel by zinc
acetylacetonate (Zn(acac),) in [6]. It turned out that
during the Zn(acac), pyrolysis, the zinc silicate (Zn,SiO,)
along with carbon precipitate is formed. The zinc silicate
is formed on the silica gel surface, and carbon precipitate
is non-uniformly distributed over the surface.

As was found in [7], during the high-temperature
pyrolysis of Zn(acac)2 into the silica gel pores, the
hydrophilic properties of the surface suddenly disappear.
At the same time, the heterogeneous carbon layer is
located on the adsorbent surface, where the carbonized
fragments mainly consist of individual hydroxyl groups.
In the case of carbonization of Zn(acac), into the silica
gel pores, the hydration properties of the obtained silica-
carbon nanocomposites and initial silica are very similar.
This effect was explained by formation of the Zn,SiO,
layer on the surface. It was suggested that the carbon
component of the surface is mainly localized in the
narrowest pores of adsorbent that are unavailable for the
Zn(acac), molecules because of their geometrical sizes.

Recently, the clustering process of ZnO and
formation of nanoparticles in an ethanol solution of
Zn(acac), by the “natural aging” process at room
temperature without specific heating was reported in
[8,9]. The ethanol solutions of Zn(acac), of various
concentrations (0.4...10%) aged for three months were
investigated using the photoluminescence (PL) method.
During aging, the initial colorless solution gradually
changed its color to yellow. It should be noted that at a
high concentration of Zn(acac), (10%), this effect was
not observed. These changes were accompanied by
intense visible broadband PL within the spectral range
375...600 nm.  The  detailed study of PL
emission/excitation showed that the emission band
consists of two bands centered at 420...450 nm and
500 nm with corresponding excitation bands at 365 nm
and 420 nm. The infrared spectroscopy and PL analysis
allowed authors to assume that PL in aged
Zn(acac),/C,HsOH is related to the sub-nanometer
Zn:0:C clusters/agglomerates.

In this work, the electron paramagnetic resonance
(EPR) technique was applied to study the paramagnetic
centers present in SiO,:C:Zn nanocomposites with the
aim to find out the type of defect, which can be
responsible for the PL properties previously observed in
Si0,:C:Zn nanocomposites. To this end, we have
investigated the EPR spectra in the aged luminescent
Zn(acac), solution of various concentrations, which was
infiltrated into the fumed silica matrix.

2. Materials and methods

The initial fumed silica with a specific surface close to
295 m?/g and average particle size of 10...12 nm was
obtained from the State Enterprise “Kalush Test
Experimental Plant of Institute of Surface Chemistry,
National Academy of Sciences of Ukraine”. The silica-
carbon nanocomposites with zinc (SiO,:C:Zn) were
obtained using infiltration of aged luminescent zinc
acetylacetonate (Zn(acac),) ethanol solution of two
concentrations (1 and 4%) into the fumed silica matrix.
As a result, the silica-carbon SiO,:C:Zn samples with
Zn,Si0O,4 on their surface were prepared. The thermal
annealing of the samples was carried out at 600 °C in
air.

The EPR measurements were performed using the
Bruker ELEXSYS EPR E580 spectrometer with ER 4122
SHQE SuperX High-Q cavity in the X-band frequency
range (9.4 GHz). For the measurements within the
temperature range from 6 up to 296 K, the ER 4112HV
variable temperature helium-flow cryostat was applied.
The EPR experiments were carried out using the
following parameters: microwave power — 1.5mWw,
modulation frequency — 100 kHz, modulation amplitude
— 0.1...04 mT (depending on the EPR linewidth),
conversion time — 60...120 ms (depending on the signal-
to-noise ratio), and spectral resolution — 1024 points. We
have used 1.1-diphenyl-2-picrylnydrazyl (DPPH)
(g =2.0036) as a standard sample. The investigated
samples were placed into the tube with an outside
diameter of 4 mm made from synthetic silica to eliminate
E' center defects and other paramagnetic contaminations.
The EPR spectra were simulated using the EasySpin
5.2.28 software package [10].

3. Experimental results

No EPR spectra were detected in the initial fumed silica.
The EPR spectra were detected in SiO,:C:Zn samples
obtained with  Zn(acac), solution of various
concentrations shown in Fig. 1. However, in SiO,:C:Zn
samples obtained with 1% Zn(acac), the EPR spectra
were not detected before thermal annealing due to the
low spin concentration of paramagnetic centers
(Ns < 10° spins/mm®). After thermal annealing at 600 °C,
these samples revealed a weak EPR signal with an
overall spin concentration of about
Ns ~ 5.4-10° spins/mm?® at T = 296 K.
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Fig. 1. The EPR spectra measured in SiO,:C:Zn samples at
T=296 K obtained with 1% Zn(acac), after thermal annealing
at 600 °C (a) and 4% (Zn(acac),) before (b) and after thermal
annealing at 600 °C (c).

As can be seen from Fig. 1, in the SiO,:C:Zn
samples obtained with 4% Zn(acac),, the EPR spectra
were recorded both before and after thermal annealing
with an overall spin concentration estimated as
Ns ~ 3.1-10" spins/mm*®  before  annealing  and
Ns ~ 6.7-10" spins/mm® after thermal treatment at
T =296 K. Since the maximum spin concentration of
paramagnetic centers was found in SiO,:C:Zn samples
obtained with 4% Zn(acac),, the detailed analysis of EPR
spectra will be further focused on these samples.

The temperature behavior of EPR spectra measured
in Si0,:C:Zn samples obtained with 4% Zn(acac),
annealed at 600°C shown in Fig. 2 indicates that the EPR
spectra intensity increases with the temperature decrease.
The simulation of the EPR spectra measured at different
temperatures allowed us to distinguish three overlapping
signals in the EPR spectrum of annealed SiO,:C:Zn
samples obtained with 4% Zn(acac), as shown in Fig. 3.
Three EPR lines have Lorentzian lineshape and are
related to the paramagnetic centers with S = 1/2. The first
EPR signal labeled as 11 has g =2.0029(3), the second
EPR signal labeled as 12 has g = 2.0042(3), and the third
EPR signal with the lowest intensity labeled as I3 has
g=2.0062(3). The 11 and 12 EPR signals have
temperature-dependent linewidth and intensity in the
temperature interval from 296 down to 10 K, whereas the
I3 EPR signal has temperature-independent parameters.

The EPR signal 11 with g=2.0029(3) was
attributed to the carbon dangling bonds (CDB), which are
known to have the g-values within the range of
2.0022...2.0035 [11]. The g-value of the 12 EPR signal
(g = 2.0042(3)) fits well with the g-values of the carbon-
related radicals (CRR), which may vary between 2.0030
and 2.0042 depending on the presence of oxygen in the
nearest environment of CRD [12]. Therefore, 12 EPR
signal with g =2.0042(3) was assigned to the oxygen-
centered CRR (single electron “centered” on the oxygen:
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Fig. 2. The temperature dependence of EPR spectra measured
in the annealed SiO,:C:Zn samples obtained with 4%
Zn(acac),.

RO¢ or ROO¢, where R — hydrocarbon radical), which was
previously observed in SiO,:C nanocomposites [13, 14].

Following the conclusion made in [15-17], the EPR
signals from CRR with sp and sp*-hybridization exhibit
different EPR linewidth. For sp®-hybridized carbon
atoms, the EPR linewidth should be broader than 1 mT,
while for sp>-hybridized carbon bonds, the EPR
linewidth is usually narrower than 1 mT. Therefore, since
the CDB and oxygen-centered CRR centers have the
EPR linewidth narrower than 1 mT, we have attributed
them to the centers in a sp®-hybridized carbon state.

The weak 13 EPR signal with g = 2.0062(3) and the
linewidth close to 0.5 mT was attributed to the threefold-
coordinated silicon (Si) dangling bonds that can be
formed due to the oxygen presence and formation of
oxidized Si on the surface of the nanocomposites [18—
20]. We should note that no EPR signals corresponding
to paramagnetic centers generally observed in ZnO were
detected.

Fig. 4 represents the temperature dependence of the
integrated intensity of CDB and oxygen-centered CRR
signals was obtained by simulation of the EPR spectra,
which can be described theoretically by the following
equation:

1(T)=C/(T -9), @

where C is the temperature-independent constant, 6 is the
Curie—Weiss constant (in K) related to the interaction
between paramagnetic centers (generally exchange
interaction).

From the fitting of Eq. (1) to the experimental data
shown in Fig. 4, we have obtained the following values
of Curie-Weiss constant for CDB and oxygen-centered
CRR: 6=0.5K and 6 = 2.4 K, respectively. The positive
and small value of the Curie—Weiss constant hints at the
weak ferromagnetic interaction that occurred in the
system of CDB and oxygen-centered CRR.
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Fig. 3. Experimental (black lines), simulated components of EPR spectra (blue, green and magenta lines) and the sum of
simulated components (red lines) of EPR signals in the annealed SiO,:C:Zn samples obtained with 4% Zn(acac),. (a) — 7= 235 K,

(b) —100 K, (c) — 30 K, (d) —10 K. (Color online.)

Fig. 5 shows the temperature dependence inherent
to the EPR linewidth for CDB and oxygen-centered CRR
obtained from the EPR spectra simulation. The observed
increase of the EPR linewidth for CDB and oxygen-
centered CRR with the temperature decrease can be
explained by the influence of exchange interaction
between the spins in the system of carbon-related
paramagnetic centers [21-23].

Considering the low spin concentration of the
observed paramagnetic centers, the distance between
them in the case of homogeneous distribution should be
too large (R=0.55-Ns™® [24]), and the exchange
interaction can be questioned in our system. However, in
the case of clusterization of paramagnetic centers, the
exchange interactions between paramagnetic species
become increasingly effective [25]. Therefore, we may
suggest that the carbon-related centers are clustered in
Si0,:C:Zn nanocomposites confirming the assumption
about the sub-nanometer Zn:0:C clusters/agglomerates
in aged Zn(acac),/C,HsOH [8, 9].
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Fig. 4. Temperature dependence of the EPR signal integrated
intensity for CDB and oxygen-centered CRR obtained from the
simulation of EPR spectra in the annealed SiO,:C:Zn samples
obtained with 4% Zn(acac),. Dots — experimental data, lines —
fitting with Eq. (1).
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Fig. 5. The temperature dependence of EPR linewidth for CDB
and oxygen-centered CRR obtained from the simulation of EPR
spectra in the annealed SiO,:C:Zn samples obtained with 4%
Zn(acac),.

Taking into account that the carbon dangling bonds
act as nonradiative recombination centers in carbon-
containing materials [26], we may suggest that the
presence of the oxygen-centered CRR in the sp’-
hybridized state is responsible for the previously
observed PL in the aged Zn(acac),/C,HsOH solution.

4. Conclusions

Using the EPR technique, we have studied the SiO,:C:Zn
nanocomposites prepared using infiltration of fumed
silica with luminescent aged Zn(acac), ethanol solution
of various concentrations before and after thermal
annealing at 600 °C. We have found that the increase in
the concentration of Zn(acac), solution and thermal
annealing give rise to the increase in the spin
concentration of the paramagnetic centers in SiO,:C:Zn
nanocomposites. Using EPR spectra simulation, we have
distinguished three overlapping EPR lines in the
Si0,:C/Zn nanocomposites, which were attributed to the
carbon dangling bonds, silicon dangling bonds and
oxygen-centered carbon radicals. Weak ferromagnetic
exchange interaction in the system of carbon-related
centers was found. It was supposed that the carbon-
related centers are clustered in  SiO,:C:Zn
nanocomposites. The analysis of obtained results allows
us to conclude that the oxygen-centered carbon radicals
in the sp*-hybridized state should be related to light
emission centers in the Zn(acac),/C,HsOH solution.
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Hocainxennss meronom EITP napamarHiTHux neHTpiB y Hanokommno3surax Si0,:C:Zn, orpuMaHux
indinbTpauicio JrominecueHTHUM po3unHoM Zn(acac),

J.B. CaBuenko, B.C. MemoHn, A.B. Baciu, /I.B. Kuciab, A.B. PycaBcebkuii, O.I1. Ky3b, ®.M. I'apeeBa,
K.M. KanadyxoBa

Amnoranis. Kpemuesem-ByrienieBi HaHokomro3utd 3 nuHKoM (Si0,:C:Zn), orpumani uUUIIXoM iHGLIbTpalii
BUTPUMAaHHM €TaHOJOBHM PO3YMHOM alleTHJIALETOHATy IMHKY (Zn(acac)y) pizHoi konuentpauii (1% ta 4%) mo
Marpuui miporeHHoro kpemuesemy (Si0O,), BuB4anucs merogoMm EINP y TemneparypHomy iHTepBai Big 6 1o 296 K 1o
ta micast tepmivnoro Bigmany. Crektp EIP SiO,:C:Zn HaHOKOMITO3WTIB CKJIAMAETHCA 3 TPhoX cMmyr JlopeHieBol
(dopMu, MOB’S3aHMX 13 MapaMarHiTHUMH LEHTpaMH 3 S = '3, ski Oyno BijHeceHO 10 00ipBaHMX 3B’S3KiB BYIJIEILO
(CDB) (g =2.0029(3)), obipBanux 3B’s3kiB kpemHuito (g =2.0062(3)) Ta KHCHEBO-IEHTPOBAHUX BYIJIELHEBMICHUX
pamukanie (CRR) (g =2.0042(3)). Mana mmpuna minii EIIP (<1 MmT), mo cmocrepiranacs ais CDB ta kucueso-
nentpoBarnx CRR, 103BONMIA BifHECTH Wi LEHTPH 10 SP -riGpHMAM30BaHOrO CTaHy. BHABIEHO, IO TeMIepaTypHa
3aJIeXHICTP iHTerpanbHoi iHTeHcuBHOCTI curHaiiB EITP Big CDB Ta kucHeBo-ieHTpoBanux CRR omucyeTbes 3akoHOM
Kropi—Beiica 3 momatHuM 3HaueHHSM KoHcTaHTH Kropi—Belica mManoi BenmWYWHH, IO BKa3ye Ha Te, IO y CHiHOBIH
cucreMi CDB Ta xucheBo-mieHTpoBaHMX CRR icHye crmabka ¢epomarHitHa oOMiHHa B3aeMonis. BucynyTo
npunymeHss, mo y Si0,:C:Zn HaHOKOMITO3UTaX 3JIHCHIOETHCS KIACTEpPH3allisl BYIJICIIEBMICHUX LEHTPIB. 3po0iieHO
BHCHOBOK, 110 KHCHEBO-IleHTpoBati CRR y sp -riGpuan3oBaHoMy CTaHi BiATOBIZAIOTH 3a MOMEPEIHBO CIOCTEPEKEHY
IHTEHCHBHY (OTONFOMIHECIIEHLI0 po3unHy Zn(acac),/C,HsOH.

KaiouoBi cioBa: kpemHe3eM-ByrieneBi HaHOKOMIIO3MTH, BYIJICIIEBMICHI UEHTpH, oOipBaHi 3B’s3kM, OOMiHHA
B32€EMO/Iisl, €JIEKTPOHHUI NapaMarHiTHUI pe3oHaHC.
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