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In this paper, we describe the design features of carbon-silicon (Si@C) hybrid nanostructures. Initial sili-
con nanoparticles (Si NPs) were prepared by acid etching from powdered (80 % Al — 20 % Si) silumin alloy.
For preparing Si@C hybrid nanostructures, the use of standard thermal and chemical methods was pro-
posed. The recommended approach involves treatment of the oxidized surface of Si NPs with polyvinylpyr-
rolidone as a carbon-containing precursor compound. The resulting product should be subjected to further
carbonization. To prevent significant sintering of the components, Si NPs treated with polyvinylpyrrolidone
were placed in a fluidized bed furnace and calcined at 400 and 500 °C in an argon atmosphere for 4 h. Ac-
cording to the data of atomic force microscopy, scanning electron microscopy, transmission electron micros-
copy (TEM), and high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
imaging, we obtained the Si@C interface and the corresponding Si/C heterostructures. By using TEM and
HAADF-STEM imaging, we found that 2D carbon nanostructures are formed on the structured nanosilicon
surface as on the substrate. According to the visualization of the modified interface, carbon NPs are amor-
phous and semi-amorphous nanostructures. Carbon NPs, the Si@C interface, and the corresponding Si/C
heterostructures of Si@C hybrids can be prospective as probes for the development of new sensor devices.
Sensing responses of Si@C hybrid-based sensors to ammonia, methanol and ethanol vapors were measured
at room temperature and compared. Notably, hybrid-based sensors are highly sensitive with a selectivity of
up to 10 ppm of ammonia, contrasting to the response to 1,000 ppm of methanol and ethanol vapors. The
proposed hybrids have great potential to be used in adsorption semiconductor gas sensors to determine ana-
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lytes in vapors using nanocarbon bonded to silicon in hybrid nanostructures as a probe.
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1. INTRODUCTION

Nanosilicon and silicon nanoparticles (Si NPs) [1-4]
are the objects of increased scientific interest to be used
as new photonic and electronic materials [1, 5], for
example, in solar cells [2, 3], including the formation of
semiconductor-insulator-semiconductor heterojunction
solar cells [4]. Some valuable studies were performed to
measure photoluminescence induced by ultraviolet
irradiation and electroluminescence emission of Si NPs
[5-7]. Indeed, one can use these phenomena to be inte-
grated into photoluminescence/electro-luminescence
devices [6, 7].

These and similar properties of nanosilicon open up
broad prospects for its application in modern electron-
ics [8-11]. Besides, the same nanomaterials can be
integrated into light-emitting diodes, thermal detec-
tors, and light waveguides. They can be used for creat-
ing cascade systems, and subsequent signal transmis-
sion to devices for reading and processing information
is assumed and widely used [10, 14]. The latter is real-
ized by combining emitters with devices for processing
their electrical and optical signals, e.g., photocurrent,
when creating integrated microcircuits. Silicon na-
nopowders and membranes based on them [13 16] are
promising working elements for a wide range of chemi-
cal, biological, and gas sensors, electrochemical devices.
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The operation of these types of sensors is based on
the registration of changes in the conductive and photo-
luminescent properties recorded in the presence of
analyte molecules in the controlled environment [15-
20]. Recently, yolk-shell-structured Si@C nanocompo-
sites and core-shell yolk-shell Si@C@void@C nanohy-
brids have been prepared to be used as advanced anode
materials for lithium-ion batteries [9]. In general, Si
NPs are promising materials in various applications in
the fields of energy storage and sensors [15-17].

At present, modern materials scientists mainly deal
with laser ablation and plasma-chemical synthesis.
Much less attention is paid to obtaining porous silicon
or silicon nanowires using anodic electrochemical etch-
ing [1, 11, 14].

The existing methods for creating effective nano-
materials based on silicon-carbon hybrids have draw-
backs [18-20]. They are different for diverse methods.
For example, it is necessary to use complex equipment
within the framework of ablation and plasma-chemistry
routines. The operation of such equipment is often
characterized by a low productivity of nanopowders,
which leads to a high cost of the final nanohybrids.

As a prominent alternative to hybrids prepared us-
ing known ablation and plasma-chemistry routines, we
report the results of studying hybrids based on Si NPs

© 2021 Sumy State University


http://jnep.sumdu.edu.ua/index.php?lang=en
http://jnep.sumdu.edu.ua/index.php?lang=uk
http://sumdu.edu.ua/
https://doi.org/10.21272/jnep.13(5).05035
https://ufn.ru/ru/pacs/68.90.+g/
mailto:lisnyak@univ.kiev.ua

V.V. LisNYAK, G.K. MUSSABEK ET AL.

obtained by etching technique and modified with car-
bon. Here, we present the results of microscopic studies
of carbon surface layers on silicon NPs. This structural
information is of interest to researchers working on the
creation of silicon-based hybrids with special proper-
ties. The prepared Si@C hybrids were examined as
sensing materials to measure ammonia gas in the
presence of moister and alcohol vapors.

2. EXPERIMENTAL
2.1 Preparation

Silicon nanopowder was prepared by acid etching
from powdered (80 % Al — 20 % Si) silumin alloy, which
is considered as a starting material in the proposed line
of chemical and thermal methods for obtaining hybrids.
In a typical preparation route, the micropowder of si-
lumin alloy was dropped into a 15 % hydrochloric acid
solution for 8 h with continuous stirring until alumi-
num was completely leached into the solution. Then,
the resulting solid residue was filtered and washed
with deionized water. Finally, after being washed sev-
eral times using ion-free water, the resulting silicon
nanopowder was dried at 120 °C. The decoration of Si
NPs with carbon nanostructures was carried out within
the framework of the chemical method of surface modi-
fication. This chemical method aimed to create the
Si@C interface and the corresponding Si/C heterostruc-
tures. The recommended approach, in particular, in-
volves the reaction of the oxidized surface of Si NPs
and carbon-containing precursor compounds subjected
to further carbonization. This technique makes it pos-
sible to achieve a controlled (by carbonization tempera-
ture) decoration of Si NPs with carbon nanostructures.

In the framework of the considered approach, for
preparing Si@C hybrids, polycrystalline Si particles
weighing 100 mg were treated with polyvinylpyrroli-
done solution (1 g) in absolute ethanol (100 ml) under
mechanical stirring with additional sonication. The
excess solvent was removed on a rotary evaporator at
35 °C; the prepared powder was dried at 75 °C for 12 h
in an Abderhalden drying pistol. To obtain nanopow-
ders without significant sintering of the components,
the considered samples were placed in a fluidized bed
furnace and calcined at 400 and 500 °C in an argon
atmosphere for 4 h.

2.2 Characterization

The prepared Si@C hybrids were visualized by
atomic force microscopy (AFM). Samples for AFM stud-
ies were prepared by drying drops of a colloidal solution
on pure hydrophilic silicon substrates. The registration
was performed with a Nanoscope III (Digital Instru-
ments) in non-contact mode with Si cantilevers. Powder
X-ray diffraction (PXRD) studies were performed on an
automatic DRON-3M diffractometer (CuKa radiation,
A1=0.15418 nm). SEM observations were performed on
a Tescan Mira 3 GMU LV-FE-SEM scanning electron
microscope at an accelerating voltage of 15 kV. Ele-
ment mapping was carried out with an energy disper-
sive X-ray (EDX) spectrometer from Oxford Instru-
ments. To study the nanohybrids, we also used a high-
resolution JEOL JEM-3000F TEM microscope with an
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accelerating voltage of 300 keV [21]. High-angle annu-
lar dark-field scanning transmission electron microsco-
py (HAADF-STEM) imagining was done with a dJeol
ARMZ200F (200 keV) FEG-TEM/STEM instrument.

To characterize Si@C hybrids, their gas sensing pa-
rameters were evaluated in a homemade characteriza-
tion system operating by measuring the resistance of
the sensor [22]. Before testing, the corresponding na-
nopowder was deposited on the electrodes. Dry argon
gas was bubbled through flasks containing double dis-
tilled water and ammonia solution to generate ammo-
nia vapor and humidity. The produced moisture and
ammonia vapor flowed into the gas-sensing chamber
with argon as carrier gas. To get the desired concentra-
tion, we regulated the gas flow through the valves and
mass flow controllers, which was introduced into the
evacuated test chamber. 1,000 ppm of methanol and
ethanol (CH3OH and C2Hs0H) vapors were used to
measure response selectivity comparing with ammonia
(NH3) vapor. Using a sampling interval of 1 s, we col-
lected data on resistance changes and accounting for
relative humidity (RH). RH was measured with an RH
sensor installed in the chamber.

3. RESULTS AND DISCUSSION

Because of the use of polyvinylpyrrolidone surfac-
tant, large micelles were formed from pseudospherical
Si NPs (d <50 nm). The resulting colloids were centri-
fuged at 5000 rpm, and the resulting sediments were
dried at 120 °C for 12 h. Further, the claimed carboni-
zation of the precursor in an argon atmosphere was
carried out at a temperature of 400 °C. This heating led
to thermal decomposition of the ethoxylate shell, which
allows, through heat treatment, to form a body of Si@C
nanohybrids. It is clear that this technique makes it
possible to obtain relatively inexpensive nanopowders
of Si@C hybrids with a particle size of 5 to 100 nm.

Fig. 1 - SEM (a) and TEM (b) micrographs of Si@C hybrids

Fig. 1 shows typical SEM and TEM images for such
particles. From the SEM data, we observed the for-
mation of 100 nm aggregates (Fig. 1a). Dispersion of
the latter during sample preparation shows that they
are composed of smaller NPs with an average size from
20 to 50 nm. The morphological analysis of Si NPs
covered with a layer of unstructured carbon, the latter
forms stable layers on the surface of a crystalline na-
nosized grain, showed that the thickness of this carbon
layer ranges from 0.5 to 2 nm. It is typical for this type
of NPs that the carbon layer on silicon retains the crys-
tallinity and integrity of the original silicon nanograins,
which is consistent with the TEM data (Fig. 1b). For
structured Si NPs, the interplanar distances found in
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TEM micrographs (Fig. 1b) are 0.31 nm; they can be
attributed to the Si (111) plane. In Fig. 1b, nanocarbon
layers are shown. However, they are characterized by a
low degree of crystallinity. Therefore, 3D structuring of
thin nanocarbon layers at the Si/m-C interface is prob-
ably impossible. According to the TEM data, the for-
mation of a 2D silicon-carbon interface occurs for the
obtained pseudo-spherical nanoparticles (20 nm in
diameter). EDX data show the formation of a particle of
the core-shell type. In them, the silicon core is covered
by a multilayer carbon shell. According to microscopic
data, it is impossible to assert that the formation of
multilayers based on a 2D carbon nanostructure is
realized. These NP are likely to have a more complex
structure.
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Fig. 2 — PXRD patterns: Si NPs used as precursor (black line)
and Si@C hybrids (red line); points — before carbonization at
400 and 500 °C. Inserts are AFM images of Si NPs and Si@C
hybrids. Scale in micrometers

Fig. 2 shows PXRD patterns of agglomerated nano-
hybrids. They are characterized by a halo in the range
of 26 angles of 15-30°. Here diffuse reflections from the
amorphous component are observed, with an assumed
maximum at 25°. Such a wide peak in PXRD patterns
can be attributed to amorphous carbon in the annealed
agglomerates. For all patterns, the same features are
observed. They indicate the presence of both structured
and unstructured components in nanohybrids. After
carbonization, we observed narrow reflections of silicon
crystallites. PXRD patterns are characterized by peaks
at 28-30°, 46-48° and 53-55°, which correspond to crys-
tallographic reflections from planes (110), (220), (311),
(400), and (311) for the elementary silicon lattice.

Detailed information on the size distribution of na-
noparticles in nanohybrids was obtained by analyzing
TEM and AFM images (typical images are shown in
Fig. 2, Fig. 3). The particle size distribution (see AFM
in Fig. 2, obtained with about 100 particles for ensem-
ble images from different parts of the coordinate grid)
can be quite well represented as such, which is formed
by NPs with an average diameter of 20 to 40 nm, the
standard deviation of this estimate is about 1 nm.

Broadening of diffraction maxima (according to the
PXRD data) indicates the ultradispersed state of hy-
brids. The TEM micrograph of agglomerated hybrids
shows the formation of 2D carbon nanostructures
(Fig. 4). The formation of surface structures requires

J. NANO- ELECTRON. PHYS. 13, 05035 (2021)

the observance of some conditions that make it possible
either to select the experimental parameters, under
which 2D nanostructures become thermodynamically
advantageous, or, as implemented in the present study,
to limit the spatial growth of NPs, while ensuring a
high locality of the structure-forming precursor.

Fig. 4 — TEM and HAADF-STEM (insert) micrographs of Si@C
hybrid prepared at 400 °C

To avoid uncontrolled phase formation at 400 °C,
the implementation of fast pyrolysis by rapid heating to
500 °C allows one to regulate the formation of surface
structures, during which small clusters grow in size
with subsequent growth of large 2D nanostructures,
mainly as ellipsoids (Fig. 5). The insert in Fig. 5 shows
interplanar silicon distances in the structure-forming
nanostructures in the region of formation of a carbon
spacer. The HAADF-STEM micrograph shows the ad-
hesion of two SiNPs by the formation of a silicon-
carbon-silicon interface. As seen from Fig. 5, the sur-
face of silicon nanostructures is decorated with carbon
NPs, which are indicated by arrows in the TEM micro-
graph. According to the results, these carbon particles
are nanostructures with a size of about 5 to 7 nm.

Microscopic data (Fig. 5) show that these carbon NPs
are semi-amorphous; the thickness of their layer does
not exceed 1 nm and, probably, performs an auxiliary
function, regulating the size of NPs and preventing
their aggregation. A surface interface of this type per-
forms a passivation function, preventing deep amor-
phization during oxidation of carbon NPs [23], as a
result of interaction with the environment during the
operation of devices, and plays the role of a spacer
between carbon (amorphous) NPs and structured Si
NPs, forming the body and structure of nanohybrids.
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Fig. 5 — TEM and HAADF-STEM (insert) micrographs of Si@C
hybrid prepared at 500 °C
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Fig. 6 — Response to NHs (insert), comparison of responses at
2.5 to 20 ppm of NH3 vapor, and response of a sensor based on
Si@C hybrid prepared at 500 °C to alcohols versus ammonia
vapors (bar chart)

The large curvature of the surface of Si@C hybrids
could change the topology of atomic bonds on the sur-
face. This rearrangement of bonds will lead to a change
in their chemical potentials, as a result of which the
reactivity and catalytic ability of hybrids can increase
significantly. Upon exposure to NHs, the direct interac-
tion between 2.5 to 20 ppm of NHs vapor and the sur-
face of Si@C hybrids prepared at 400 and 500 °C leads
to a change in resistance of both studied sensors, see
white and black data points, respectively, in Fig. 6.

As a final point, we evaluate the selectivity of Si@C
hybrid-based sensors. The sensing responses of Si@C
hybrids prepared at 400 and 500 °C to exposure to
methanol and ethanol vapors at 1,000 ppm were meas-
ured at room temperatures and compared with those at
1 to 10 ppm NHs. Both Si@C hybrid based sensors are
more sensitive to exposure to NHs at 10 ppm than to
alcohol vapors at 1,000 ppm. The ratio of the selectivity
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V¥ craTTi Mu ommcyeMo 0coGJIMBOCTI OYI0BY TOPUIHMX HAHOCTPYKTYP ByrJeib-KpemHii (Si@C). Buximmi
KpemHieBl HaHouacTuHKH (Si HY) Gy oTprMaHi KUCIOTHUM TPABJIEHHAM 13 IIOPOIIKOIIONIOHOI0 CUITyMIHO-
Boro (80 % Al —20 % Si) cwraBy. Jla mpuroryBaHHA TiOpUAHUX HAHOCTPYKTYp Si@C Oyso 3ampomoHOBAHO
BUKOPHUCTAHHSA CTAHTAPTHAX TEPMIYHHUX Ta XIMIYHHX MeTomiB. PekoMeHmoBaHMi miaxig mepeadadae oOpoOKy
okwmcsiernol moBepxHi Si HY momiBIHUIMIPOJTIIOHOM, SIK CIIOJIYKOMO-TIOMEPETHUKOM, IO MICTHTEL BYIJIEIlh;
OTPUMAHUHA TPOIAYKT CJIL MIIABATH MOJAJBINN Kapbouisarii. Ja 3amobiranus 3HaYHOTO CIIIKAHHSI KOM-
mouenTiB, Si HY, 06pobiieHi mosiBiHLIIIIPOJTIOHOM, TIOMIMIAJM B MY 3 KAIJISYAM IIIAPOM 1 TIPOKAPIOBAIIA
mpu 400 Ta 500 °C B aTmocdepi aprosy mpoTsarom 4 roguH. 3a JaHWUMH aTOMHO-CHAJIOBOI MIKPOCKOITII, CKaHY-
10901 eJIEKTPOHHOI MIKPOCKOIIiI, TpaHcMiciiHOI esekTporHOI Mikpockomii (TEM) ra ckaryrouoi TpascMiciiHOL
€JIEKTPOHHOI MIKPOCKOITII 3 BHMCOKOKYTOBOIO KLIbIleBoo miarpamoro temuoro mossi (CTEM-BKJITII), mm
orpumasnu iuTepdeiic Si@C Tta Bigmoinai Si/C rertepocrpyrrypu. BuropucroByroun 3o6paskenus TEM Ta
CTEM-BKTII, mu Busasuiu, mo 2D Byriemesi HAHOCTPYKTYPH YTBOPIOIOTHCA HA CTPYKTYPOBAHIN MOBEPXHL
HAHOKPEMHI, AK Ha MAKJaai. 3rigHo Bisyasisaiii mogudikosasoro inTepdeiicy, Byriemesi HY e amopd-
HAMU Ta HamBamMopdHuME HaHocTpyKTypamu. Byriemnesi HY, inrepdetic Si@C Ta Bigmosimai Si/C rerepoc-
TpyKTypH TiopumiBs Si@C MoKyTb OyTH MEPCHEKTUBHUMH AK 30HIN IJIS PO3POOKH HOBUX CEHCOPHUX IIPHU-
cTpoiB. CeHCOpHI BIATYKHM JAaTUMKIB HA Ti6puaHii ocHoBl Si@C Ha mapu amiaKky, METAHOJIY TA €TAHOJY BHMi-
pIOBaJIM IPHU KIMHATHIN TeMmeparypi Ta mnopisHioBaiau. Cii 3a3HAYUTH, IO JATIYNKHA HA TIOPHUIHINA OCHOBI
MAalTh BUCOKY 4yTJIMBIiCThH Ta BUOIpKOBicTh A0 10 M. amiaky, Ha BiaMiny Bif peaxitii Ha 1000 mz. mapis me-
TAHOJIy Ta €TAHOJIy. 3aIlPOIIOHOBAHI TIOPHIM MAIOTh BEJIMKUIH ITOTEHITIAJ 1010 BUKOPUCTAHHS B aICOPOITii-
HUX HAIBIIPOBIIHMKOBUX ra30BUX JATYNKAX JJI8 BUSHAUECHHS aHAJIITIB y IMapax 3 BUKOPUCTAHHSIM HAHOBY-
TJIEITIo, 3B’ A3aHOI0 3 KPEMHIEM, Y TIOPUIHUX HAHOCTPYKTYPAX B AKOCT1 30H/IY.

Kmrouori cmosa: Hamocrpyrrypu, Kpemmiit Ta Byrirers, ['i6pumu.

05035-5


https://doi.org/10.1016/j.physe.2008.08.033
https://doi.org/10.1016/S1388-2481(00)00061-8
https://doi.org/10.1016/S1388-2481(00)00061-8
https://doi.org/10.1016/j.surfcoat.2006.07.098
https://doi.org/10.1016/j.surfcoat.2006.07.098
https://doi.org/10.1016/j.mseb.2010.03.030
https://doi.org/10.1016/j.mseb.2010.03.030
https://doi.org/10.1016/j.jpowsour.2016.12.094
https://doi.org/10.1016/j.jpowsour.2016.12.094
https://doi.org/10.3389/fchem.2018.00539
https://doi.org/10.1016/j.rinp.2020.103258
https://doi.org/10.1016/j.snb.2017.11.089
https://doi.org/10.1016/j.snb.2017.11.089
https://doi.org/10.1016/j.dyepig.2017.11.041
https://ueaeprints.uea.ac.uk/id/eprint/34984/1/NNTC_E-offprint_00039.pdf
https://ueaeprints.uea.ac.uk/id/eprint/34984/1/NNTC_E-offprint_00039.pdf
https://doi.org/10.1002/ange.201208357
https://doi.org/10.1021/acs.analchem.7b00521
https://doi.org/10.1021/acs.analchem.7b02791
https://doi.org/10.1021/acs.analchem.7b02791
https://doi.org/10.1002/anie.201506065
https://doi.org/10.1002/anie.201506065
https://doi.org/10.3390/nano10081443
https://doi.org/10.3390/nano10081443
https://doi.org/10.1021/acsnano.9b04610
https://doi.org/10.1007/s13204-021-01725-7
https://doi.org/10.1109/ELNANO.2019.8783787
https://doi.org/10.1109/ELNANO.2019.8783787
https://doi.org/10.1007/s13204-020-01277-2

