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The electronic structure of SiO2/TiO2/C nanocomposites was investigated using the ultrasoft X-ray
emission spectroscopy (USXES) method. The energy redistribution of valence electrons affected by compo-
sition of SiO2/Ti02/C hybrid materials was studied. The USXES SiL,, CK,- and OK,-spectra for the
Si02/Ti02 and SiO2/TiO2/C compounds were derived. It was revealed that almost all two-phase oxides pene-
trate to carbon pores in the ST65+C (50 wt. % C, 17.5 wt. % SiO2, 32.5 wt. % TiOs2) nanocomposite after
high-frequency vibration synthesis. It was shown that penetration of TiO2 to highly porous carbon is high-
er than SiOq. It was found that oxygen related to TiO2 does not form bonds with carbon atoms. It was re-
vealed that the contribution of s-states in ST20+C (50 wt. % C, 40 wt. % SiOs, 10 wt. % TiO2) nanocompo-
site increased as compared to ST20 (80 wt. % SiOz, 20 wt. % TiO2) owing to carbon Cs-states addition. It
was shown that SiC is formed in ST65+C nanocomposite owing to substitution of oxygen atoms by carbon
atoms in the presence of TiOz as a catalyst. Investigation of the electronic structure of SiO2/TiO2/C nano-
composites allows solving an important task of predicting their physical and chemical properties and syn-

thesising materials with necessary properties.
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1. INTRODUCTION

Carbon-oxide nanosystems attract attention of in-
vestigators due to the possible practical application as
new catalysts and adsorbents, anode for lithium-ion
batteries, high-performance supercapacitors [1-3] owing
to their unique properties. Nanocomposites functionali-
ty and properties exceed those of individual oxides. The
papers [4, 5] are devoted to the studies of the electronic
structure of silicon dioxide. According to the results of
[4], the valence band of silicon dioxide consists of two
sub-bands separated by an ionic band. The lower nar-
row band is formed of O2s states with an admixture of
Si3s and Si3p-states [4]. The works [6-9] relate to the
electronic structure of titanium dioxide. According to
the analysis of the density of states [8], there are pre-
dominantly O2p-like valence band states and Ti3d-like
conduction band states around the band edges.

Thus, the electronic structure of individual oxides of
titanium and silicon was fairly well studied in previous
years. However, the electronic structure of SiO2/Ti02/C
nanocomposites was not so far described in any works.
Since properties of materials are determined by their
electronic structure, it is important to investigate the
electronic structure of SiO2/TiO2/C nanocomposites.
Studies of the electronic structure of carbon-oxide
nanocomposites will allow synthesizing materials with
necessary properties.

In this work, a dependence of the energy redistribu-
tion of valence electrons in SiO2/TiO2/C hybrid materi-
als on the composition has been elucidated. A character
of the interatomic interaction in complex systems has
been determined.
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2. MATERIALS AND METHODS

Complex nanooxides were synthesized using a mix-
ture of metal chlorides by flame synthesis technique
[10]. Composition of nanooxide and nanooxide-carbon
mixed systems is presented in Table 1.

Initial carbon materials were synthesized by MAST
Carbon Technology Ltd., Guildford, UK. The average
size of SiO2 nanoparticles in A300 was 8.5 nm, and in
A500, it was 5 nm.

Table 1 — The composition of nanooxide and nanooxide-carbon
mixed systems

Sample Csioz, wt. % Crioz, wt. % Cc, wt. %
ST20 80 20 —
ST65 35 65 -
ST94 6 94 —

ST20+C 40 10 50

ST65+C 17.5 32.5 50

ST94+C 3 47 50

A300+C 50 - 50

A500+C 50 - 50
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X-ray emission SiL,, OK, and CK,bands were ob-
tained by means of the ultrasoft X-ray emission spectro-
scopy using X-ray spectrometer RSM-500 (Burevestnik,
St. Petersburg, Russia). The energy resolution of RSM-500
was AE = 0.2-0.3 eV for the OKq-spectra, AE = 0.2 eV for
the CK, and AE = 0.4 eV for the SiL,-bands. The oper-
ating conditions of the X-ray tube were: accelerating
voltage, Us=5kV and an anode current, I, =2.5 mA.
X-ray quanta were registered using a scanning detector
on basis of the channel electron multiplier KBL1505
(Dr. Sjuts Optotechnik GmbH, Germany). The energy
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positions of the OK,-, CK,- and SiL,,-bands in the sam-
ples were determined relative to that of CrLi-line of the
pure metal in the first order and ZrMgz-line in the second
order, respectively [11]. The powder samples were rubbed
directly onto the side of the distended copper anode, cooled
using running water at a temperature of 10-15 °C.

3. RESULTS AND DISCUSSION

The SiOz2 and TiO2 chemical bonds appear at synthe-
sis as well as at electron bombardment owing to interac-
tion between the surface layer and atoms diffused to the
near-surface layer. The interaction bet-ween highly
porous carbon materials and two-phase sys-tems should
be studied since some of the surface atoms that had
broken bonds in individual biphasic nanoparticles are
already involved in bonds. The dependence of profile
change on two-phase nanoparticle composition may be
defined since the OK_,-emission band appears in the
second order with the CK, emission band of highly po-
rous carbon. Ratio of intensity should be considered as
well as dependence of the OK,- and CK,-bands shapes
on nanooxide composition should be analyzed (Fig. 1).
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Fig. 1 — The USXES OK.,- and CKa-bands of SiOs/TiO2/C com-
posites compared to A300+C and A500+C

From Fig. 1, it is clear that in the ST20 band

Kk
@:1_4 that is less than in SiO2 (A300)+C composite,
18

but somewhat greater than in SiO2 (A500)+C. From the
shape of the OK,, it is obvious that the main contribu-
tion to its intensity is made by SiOgz, therefore the OK,
shape is similar to that obtained from the SiO:
(A300)+C composite.

Intensity of the OK,-band sharply decreases with
an increase in the TiO2 content in ST65+C composite
and %:0_2. The OKg-emission band widens to high-

18Kz
and low-energy branches and becomes similar to the
OKe-band shape in pure TiOs. Increase of TiOz content
up to 94 % leads to increasing intensity of the OK,-

k . . . .
band |8f<2:o.7 and its shape becomes similar to TiO2
18&

shape. It should be mentioned that shapes of the CK,-
emission bands obtained from ST20+C, ST65+C and
ST94+C composites are similar, because all the fea-
tures in these spectra are at the same values of photon
energy (hv).

A sharp decrease in the intensity of the oxygen
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emission band in the ST65+C composite indicates the
penetration of almost all two-phase oxides into carbon
pores after high-frequency vibrational synthesis. How-
ever, after the ST94+C synthesis the three-fold increase
in the intensity of the OK, obviously indicates that the
decrease in the SiOz content still leads to an increase in
the intensity of the OK,, apparently due to less ST94
penetration into the pores of carbon than ST65. Howev-
er, the number of ST94 nanoparticles unlocked in pores
is still 1.6 times less than that in the A500+C composite.
This fact indicates the higher penetration of TiO2 than
Si02 into highly porous carbon.

The CK,-emission bands of highly porous carbon
and ST20+C, ST65+C and ST94+C composites should be
compared on a common energy scale to determine the
nature of mechanical or chemical penetration of nano-
particles into carbon pores (Fig. 2).
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Fig. 2 — The USXES CK.-bands of highly porous carbon after
40 % burning off and of SiOs/TiO2/C composites: ST20+C (a);
ST65+C (b); ST94+C (c)

Comparison of the CK,bands (Fig. 2a) shows the
following result: the main changes are revealed at low-
energy part, where the low-energy profile shifts to the
short-wave range owing to the intensity decrease of the
composite CK,band that leads to spectrum narrowing
and to distinct expression of low-energy sub-band. The
largest intensity decrease of the CK,-band is observed
in 274.5-276 eV and 271.3-273 eV energy ranges lead-
ing to narrowing of the spectrum by 0.5-0.6 eV.

The significant decrease in the intensity of the low-
energy part of the CK,-band was observed when going
from highly porous carbon to ST65+C composite (see
Fig. 2b). The CK,-band intensity decrease is observed
in the whole long-wave part in the energy range 267-
275 eV. This effect leads to spectrum narrowing by 0.5-
1.2 eV. This is in accordance with a sharp decrease of
intensity of the OK, emission band. The CKq-spectrum
of ST65+C becomes broader due to increasing intensity
of the “f” peculiarity near emission threshold corre-
sponding to the top of valence band.

Considering the comparison of the CK,bands of
highly porous carbon and ST94+C composite (Fig. 2¢c),
one can assume that the differences between these
bands are much smaller than in Fig. 2b. The profile
narrowing is smaller than when comparing the CK,-
bands of highly porous carbon and ST65+C composite.

The shape changes of the OK-emission bands should
be carried out by means of peak reduction to the same
intensities for establishing shape dependence (Fig. 3).
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Fig. 3 — The USXES OK_,-bands of ST20+C, ST65+C, ST94+C
in the second order normalized to the same intensity

Taking into account that 80 % SiO: is present in
ST20 composite, one can assume that the main peak of
its OK,band is the narrowest. The OK,band of
ST65+C composite was found to be wider in both low-
and high-energy range and simultaneously is narrower
than the OK, band of ST94+C-composite. The fine
structure mainly changes in the low-energy part in case
of the OK,-band widening, and its shape approaches to
the OK_ band shape in pure TiO2 nanopowder. Such
changes of the OK,-bands of double phases indicate
that oxygen related to TiO2 may not be involved in the
formation of bonds with carbon atoms. To understand
the nature of the interaction of oxygen when forming
composites ST+C it is worth to compare the OK,-bands
of pure ST-systems and composites (Fig. 4).
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Fig. 4 - The USXES OK,-bands of pure matrices ST20 and
ST65 and Si02/Ti02/C composites ST20+C; ST65+C

Intensities of the OK-bands of pure ST65 and com-
posite are almost equal. Insignificant difference is ob-
served only in the low-energy part. Such results indi-
cate the weak interaction of oxygen in this composite
with highly porous carbon.

The OK,band of ST20+C composite is narrower
than the same band in pure ST20. Such effect may be
caused by impurities present in ST20. The OK,band
similarity of ST20+C and SiO2 confirms abovemen-
tioned assumption, since there is 80 % of SiO2 in ST20.
Therefore, the major changes in the CK, -band of compo-
site in comparison to those obtained from highly porous
carbon are due to the interaction of carbon with silicon.

The comparison of the X-ray SiL,-emission bands of
pure ST20 and ST20+C composites (Fig. 5a) reveals the
SiL,-band intensity increase in the region of minimum.
Above-mentioned effect indicates an increase in the

J. NANO- ELECTRON. PHYS. 11, 04001 (2019)

c ST20+C
! §T20
] F ST65+C
B ' ST65
i \ ¢ ST94+C
' sic
€ 1 : /; ‘ )
5 | ™~ ¥ &
£ w/" | T \
a 2l
© 1 S
‘? - e , |
5 b
g1 b .
= 1
1 C
80 85 90 95 100

Photon energy, eV

Fig. 5 — The USXES SiL,-bands of pure matrices ST20, ST65 and
Si102/Ti02/C composites ST20+C; ST65+C, ST94+C and SiC

contribution of s-state in this energy region owing to
carbon Cs-states addition.

When going to ST65, the shape of the SiL,-band
changes in the energy range corresponding to the min-
imum of this band in SiO2. The intensity of the SiL,-
band increases in the above-mentioned range and be-
comes greater than “a”’-peak intensity (Fig. 5b). Such
intensity increase is observed in the energy range
where the main maximum of the SiC SiL,-emission
band is located [12]. Such sharp increase of the SiL,-
band intensity is associated with SiC formation owing
to substitution of oxygen atoms by carbon atoms in the
presence of TiOz as a catalyst. The only one peak in the
range of photon energies, which corresponds to the
maximum “¢” of the SiL,-band in silicon carbide, ap-
pears in the SiLi,-spectrum of ST94+C-composite.

Since the content of SiOz2 in ST94 is very small,
some background enhancements at hv=85¢eV and in
the energy region hv = 95-100 eV can be considered as
the maxima "B" and "F" of the SiL., obtained from SiC
due to the fact that oxygen was replaced by carbon in
6 % of SiOs.

4. CONCLUSIONS

To conclude, we have investigated the electronic
structure of SiO2/TiO2/C nanocomposites using the ul-
trasoft X-ray emission spectroscopy (USXES) method.
Our study revealed the penetration of almost all two-
phase oxides into carbon pores in the ST65+C composite
after high-frequency vibration synthesis. It was found
that less ST94 penetrate into the pores of carbon than
ST65. We also revealed the higher penetration of TiOs
than SiO2 into highly porous carbon. Furthermore, we
found that oxygen related to TiO2 may not be involved
in the formation of bonds with carbon atoms. It was
shown that the contribution of s-state in ST20+C com-
posites increased as compared to ST20 owing to carbon
Cs-states addition. The SiC formation in ST65+C owing
to substitution of oxygen atoms by carbon atoms in the
presence of TiOz as a catalyst was revealed.
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Pentrenocnexrpannsue mociaigmeHas HaHOKOMIIO3UTIB Si02/Ti0:/C

B. Inmexis?, C. Ilerposcbral, A. 3aymmuanmii2

1 Hauionanvra axademin nayk Yepainu, Incmumym npobaem mamepianosnascmea im. 1. M. Opanuyesuua,
eyz. Kporwcuswcaniscoroeo, 3, 03142 Kuis, Yipaina
2 HauionanvHutli mexnivnuil ynisepcumem Yrpainu «KuiecoKuil nosimexHivHuil iIHCMmumymy,
ITnorcenepro-gpizuunuii gpaxynomem, gysa. Ionimexuiuna, 35, 03056 Kuis, Yrpaina

Esnerrponna crpykrypa Hanorommosutie SiOo/TiO2/C mocmimzreHa METOIOM yIBTPAM SIKOI PEHTI€HIBCHKOL
emicitinoi crmexrpockomii (YMPEC). Eneprermunwmii 1mepeposofiii BaJeHTHHUX €JIEKTPOHIB B TiOpHIHUX
Si0s/TiO2/C matepianax 0ys0 BEUBUEHO B 3ajesHocTi Bif ckiamy. Bymu orpumani YMPEC Sil,-, CK,- Ta
OK,-criexrpu Si02/TiOz ta SiO2/TiO2/C cmonyr. Byso BusiBieHo, mo maiitzke Bcl 1Bopa3HI OKCHIM IPOHUKA-
I0Th Y HOPH BYIJIEIO ITCJISI BHCOKOYACTOTHOrO BibparriiiHoro cuuTedy B Kommoauti ST65+C (50 mac % C,
17.5 mac % SiO2, 32.5 mac % Ti0O2). Bysno morasano, mo nponuksenas TiOz y BHCOKOIOpHCTHI ByIJels Oi-
apire, Hisk SiO2. Byso BusBieHo, 1110 KuceHb, skuii BimHocuThbesa 10 TiOs2, He yTBOpIoe 3B’A3KIB 3 AaTOMAMH BY-
riremo. Bysio BeraHoBieHOo, M0 BrJIAm s-craHiB B HaHorommoautTi ST20+C (50 mac % C, 40 mac % SiOs,
10 mac % TiO2) apocrae y mopisasanui 3 ST20 (80 mac % SiOsz, 20 mac % Ti0z) saBasaku nogasanuio Cs-cTraHiB
Byruertio. Byuto morkasaso, mo SiC dopmyersess B HaHorommo3uTi ST65+C 3aBasxu 3aMileHHIO aTOMIB KUCHIO
aTomamu ByrJieirio y mpucytHocti TiOz, ax karamizatopa. JocimiKeHHsS eJIeKTPOHHOI CTPYKTYPH HAHOKOMIIO-
autiB S102/Ti02/C 103B0sIsIe BUPIMINTH BAKJINBY 3aa4y IependadeHHs ix (i3UYHUX Ta XIMIYHUX BJIACTHBOC-
Tel Ta CHHTE3yBATU MaTepiaau 3 HeOOX1THIMH BJIACTHBOCTSIMHU.

Knrouori cnoea: Byrierns, Orcny kpemsio, Enexrporna crpykrypa, Yibrpam'sika peHTIeHIBChKA eMicifHa

CITEKTPOCKOITISA.
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