HERALD OF THE KAZAKH-BRITISH
No. 3(70) 2024 TECHNICAL UNIVERSITY

UDC 661.183.2
IRSTI 81.09.03

https://doi.org/10.55452/1998-6688-2024-21-3-236-247

'Aimaganbetov K.,
PhD, ORCID ID: 0000-0001-6367-9135, e-mail: k.aimaganbetov@sci.kz

12Abdrakhmanov K.,
PhD, ORCID ID: 0000-0002-7387-7191, e-mail:kairat.amangeldyuly@gmail.com
3Akatan K.,
PhD, ORCID ID: 0000-0002-3172-623X, e-mail: ahnur.hj@mail.ru
’Kuanyshbekov T.,

PhD, ORCID ID: 0000-0002-2336-3678, e-mail: kuanyshbekov 17@mail.ru
'Nurlan Almas,

PhD, ORCID ID: 0009-0009-7873-5457, e-mail: nurlanalmasov@gmail.com
'Kurbanova B.,

Researcher, ORCID ID: 0000-0003-0928-521X, e-mail: bayan.kurbanova@nu.edu.kz
“*Kemelbekova A.,
PhD, ORCID ID: 0000-0003-4813-8490, *e-mail: a.kemelbekova@sci.kz
STatishvili G.,
ORCID ID: 0009-0005-2000-0707, e-mail: tati@iice.ge

Institute of Hydrogen Energy, International Science Complex Astana,
Astana 010000, Kazakhstan
’Higher School of Natural Sciences, Astana International University,
Astana 010000, Kazakhstan
3Sarsen Amanzholov East Kazakhstan University,
Ust-Kamenogorsk 070000, Kazakhstan
“Satbayev University, The Institute of Physics and Technology,
Almaty 050000, Kazakhstan
>Thilisi State University (IICE of TSU), 0186, Tbilisi, Georgia

STUDY THE ELECTRICAL PROPERTIES
OF GRAPHENE OXIDE - NANOCELLULOSE COMPOSITE

Abstract

This study investigates the electrical properties of a graphene oxide (GO) and nanocellulose (NC) composite
using impedance spectroscopy, complemented by thorough characterization through Fourier-transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and scanning electron
microscopy (SEM). FTIR analysis revealed characteristic peaks corresponding to functional groups present in both
GO and NC, providing insights into their chemical composition. XPS spectra exhibited distinctive peaks indicative
of carbon and oxygen bonding states, elucidating the surface chemistry of the materials. Raman spectroscopy
provided information on the structural order and defects within the samples, particularly highlighting the graphitic
structure of GO. SEM images revealed the morphological features of the composite membrane, showcasing the
distribution of NC particles and structural modifications induced by their incorporation. Impedance spectroscopy
was utilized to investigate the electrical conductivity of the GO-NC composite. Results indicated a temperature-
dependent behavior, with an increase in conductance observed as the temperature rose within the operational range
of fuel cells. Remarkably, the addition of NC did not significantly alter the conductive behavior of the composite,
suggesting compatibility and stability. In summary, this comprehensive characterization using multiple analytical
techniques offers valuable insights into the electrical properties of the GO-NC composite. The findings suggest its
potential for various applications requiring enhanced electrical conductivity, particularly in fuel cell technology.

Key words: Proton Exchange Membrane, Graphene Oxide, Nanocellulose, Membrane Electrode Assembly,
Composite, Impedance Spectroscopy.

236



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 3(70) 2024

Introduction

In recent years, the scientific community has been captivated by the extraordinary properties
of graphene, graphene oxide (GO), and other carbon-based materials. These materials exhibit a
plethora of unique characteristics, including exceptional physical-mechanical attributes, electronic
properties, high thermal conductivity, hardness, and strength, along with remarkable adsorption
capabilities [ 1-3]. Particularly noteworthy is the widespread utilization of graphene oxide membranes
in the fabrication of sensors and supercapacitors sensitive to environmental factors such as moisture,
temperature, and organic gases.

Graphene oxide, derived from graphite, possesses a layered structure enriched with diverse
oxygen-based functional groups, distinguishing it from pristine graphene. Historically, the synthesis
of graphene oxide can be traced back to the 1859 work of Brodie, who chemically treated graphite
to produce monolayer sheets of graphene oxide. Since then, various methods for synthesizing GO
have been developed, with the modified Hammer method emerging as the most prevalent due to its
efficiency [2-5].

Activated carbon serves as a pivotal raw material for the synthesis of graphene oxide, owing to
its cost-effectiveness, high adsorption capacity, and ample surface area. Despite the universal appeal
of GO, its susceptibility to structural instability in humid environments poses a significant challenge.
Consequently, researchers have embarked on extensive modification efforts to enhance the stability
and functionality of graphene oxide through chemical treatments with substances like hydrazine
hydrate, dimethylhydrazine, hydroquinone, and NaBH, [4-9].

The recent surge in research endeavors has focused on the development of novel nanocomposites
by integrating graphene oxide with nanocellulose. Nanocellulose, derived from natural cellulose,
possesses remarkable physical, chemical, biological, magnetic, electrical, and optical properties at
the nanoscale [7—14]. The synthesis of nanocellulose involves several stages, including the extraction
of extractives/hemicellulose, separation of cellulose unit fibrils, and solvent removal, resulting in
a material akin to graphene in terms of size, surface area, mechanical and chemical properties,
crystallinity, biodegradability, and renewability.

The combination of nanocellulose with graphene oxide holds tremendous potential for the
development of functional hybrid composites, offering enhanced mechanical reinforcement,
biocompatibility, and environmental sustainability. Moreover, graphene oxide membranes have
emerged as promising candidates for water purification applications, demonstrating superior sheet
structure, efficient separation, and flexible fabrication methods [8—15]. Multilayer graphene oxide
membranes have been shown to effectively trap water contaminants, facilitating rapid water molecule
flow with minimal friction between layers.

The integration of carboxylmethylcellulose (CMC) into graphene oxide matrices further expands
the scope of potential applications, leveraging CMC's biocompatible and biodegradable nature, along
with its excellent film-forming properties [13—24]. The synergistic combination of graphene oxide
and carboxylmethylcellulose offers opportunities for tailored functionalization, improved mechanical
strength, flexibility, and stability, making it a promising candidate for various electronic devices and
Sensors.

In this work, we aim to investigate the electrical properties of the graphene oxide—
carboxylmethylcellulose composite using impedance spectroscopy. By elucidating the charge transport
mechanisms, dielectric properties, and interfacial phenomena within the composite material, we seek
to contribute to the advancement of graphene-based materials for diverse technological applications.
Through interdisciplinary research at the intersection of nanotechnology, materials science, and
electrical engineering, we aspire to unlock the full potential of graphene oxide composites for
addressing pressing societal challenges and fostering sustainable technological innovation.
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Materials and methodology

Two distinct samples, comprising graphene oxide (GO) and graphene oxide with nanocellulose
(GO+NC), were synthesized utilizing the Hammer method, where thickness of GO is 18.03-23.5
micron, while the thickness of GO+NC (1/1) is 12.36 micron. The morphology of the synthesized
samples was examined using a SEM Crossbeam 540 research instrument, with the results depicted
in Figure 1A-D.

Further characterization of the samples involved infrared (IR) spectroscopy, conducted utilizing
a Nicolet iS10 IR Fourier spectrometer (Figure 2A), and Raman spectroscopy (Figure 2B). These
spectroscopic techniques provided insights into the chemical composition and structural properties
of the synthesized materials.

Subsequently, X-ray photoelectron spectroscopy (XPS) was employed to analyze the spectra of
the GO and GO+NC samples, revealing variations in binding energy, as illustrated in Figure 3 (GO:
280-290 eV, GO+NC: 290-300 eV).

To investigate the electrical characteristics of the samples, impedance spectroscopy was
employed across various temperature ranges. The experimental setup utilized an HF, Impedance
Spectroscopy system from Zurich Instruments. To ensure reliable electrical contact, a copper element
was deposited onto the surface of each sample via magnetron sputtering, with a plasma power of 40
W and a deposition time of 30 minutes. Impedance measurements were conducted at a sinusoidal
voltage amplitude of 50 mV, spanning a frequency range from 10 Hz to 1 MHz.

The obtained impedance spectroscopy data, depicted in Figure 4, provided valuable insights into
the electrical properties of the graphene oxide—carboxylmethylcellulose composite. The measured
impedance spectra facilitated the analysis of charge transport mechanisms, dielectric properties,
and interfacial phenomena within the composite material, thereby contributing to a comprehensive
understanding of its electrical behavior.

Overall, thismethodology encompassed aseries of experimental techniques aimed at characterizing
the synthesized graphene oxide—carboxylmethylcellulose composite and elucidating its electrical
properties through impedance spectroscopy. Through systematic analysis and interpretation of the
obtained data, we aimed to advance the understanding of this composite material and its potential
applications in various technological domains.

Results and discussion

Figure 1 presents cross-sectional scanning electron microscope (SEM) images (Figure 1A, B)
showcasing the structural characteristics of both graphene oxide (GO) and graphene oxide with
nanoclay (GO+NC) samples. In terms of thickness, the measurements indicate a range between
18.03 to 23.5 microns for GO and a slightly reduced thickness of 12.36 microns for GO+NC [25].
This reduction in thickness hints at a potential compaction effect induced by the incorporation of
nanoclay into the composite membrane [25].

Analyzing the cross-SEM images of the GO/NC samples reveals distinct features, notably the
presence of compact lamellar structures compared to the initial GO membrane. The inclusion of
nanoclay seems to contribute to the densification of the membrane structure, leading to enhanced
compactness. Furthermore, a comparative assessment between the surface morphologies of the
original GO and GO/NC samples highlights significant differences.

In particular, the SEM images depict the presence of small nanoclay particles dispersed
throughout the GO matrix in the GO/NC samples. Additionally, there are observable surface wrinkles
in the GO/NC samples, suggesting some degree of aggregation. These surface features indicate a
structural modification induced by the incorporation of nanoclay, altering the surface morphology of
the composite membrane.

The presence of nanoclay particles and the observed surface alterations signify the successful
integration of nanoclay into the GO matrix. The slight aggregation observed may be attributed to
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the interaction between GO and nanoclay particles, leading to localized clustering. Overall, the
SEM analysis provides valuable insights into the structural characteristics of GO/NC composite
membranes, highlighting the impact of nanoclay incorporation on membrane morphology and
structure.

(A) B)

© (D)
Figure 1 — Cross- and top-SEM images of GO (A, C) and GO+NC (B, D) samples

The chemical structure of the samples was meticulously examined through Fourier-transform
infrared spectroscopy (FTIR), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS).
Each technique provides unique insights into the molecular composition and bonding characteristics
of the materials under study.

Inthe case of nanoclay (NC), FTIR analysis revealed characteristic peaks at specific wavenumbers:
3300 cm! corresponding to the stretching vibrations of O-H bonds, 1650 cm ! representing asymmetric
stretching vibrations of C=0 bonds, 1411 cm™ associated with the bending vibration of C-H bonds,
1344 cm™ indicating the bending vibration of C-O-C bonds, and 1004 cm™ attributed to specific
structural features [26]. These peaks provide crucial information about the molecular structure and
functional groups present in NC.

On the other hand, pure graphene oxide (GO) exhibited distinct spectral features in its FTIR
spectrum. Strong bands were observed at 3338 cm! corresponding to O-H stretching vibrations, 1721
cm indicative of C=0 stretching vibrations, 1610 cm™ representing C=C stretching vibrations, and
1004 cm™ associated with C-O-C bending vibrations [27-29]. These characteristic peaks elucidate
the chemical composition and bonding configuration of GO.

Upon combining GO with NC, FTIR analysis of the composite membrane unveiled a spectrum
with additional peaks and altered intensities. In the wavelength range of 3600—3000 cm!, prominent
O-H stretching vibrations were observed, indicating the presence of hydroxyl groups. A peak at
1610 cm™ suggested the existence of aromatic rings, while signals at 1249cm™ and 1054 cm™! were

239



HERALD OF THE KAZAKH-BRITISH
No. 3(70) 2024 TECHNICAL UNIVERSITY

attributed to C-O bonds, including epoxy and alkoxy groups, respectively. Notably, new ether bonds
(C=0) emerged at 1715 cm™, indicating a chemical interaction between GO and NC [30, 31].

Raman spectroscopy complemented the FTIR analysis by providing information about the
structural order and defects within the samples. XPS, on the other hand, offered insights into the
elemental composition and chemical states of the surface atoms. Through the combination of
these analytical techniques, a comprehensive understanding of the chemical structure and bonding
characteristics of the GO/NC composite membrane was achieved, laying the foundation for further
elucidating its properties and potential applications.

In a typical Raman spectrum (Figure 2B) of graphene oxide (GO), a prominent G band is
discernible. This G band manifests as a peak at 1605 cm’, representing the E,, phonon of the sp?
carbon atoms, indicative of the graphitic structure. Additionally, a characteristic D band appears at
1353 cm, corresponding to the disorder-induced point phonon K absorption mode of A, symmetry.
These spectral features are crucial for assessing the structural integrity and quality of GO materials.

Remarkably, upon comparison of the Raman spectra of GO and GO+NC samples, no noticeable
difference in the Raman shift was observed. This lack of distinction implies that the incorporation
of nanoclay (NC) did not induce significant alterations in the structural properties of GO as detected
by Raman spectroscopy. The consistent Raman features suggest that the introduction of NC did not
introduce detectable changes in the graphitic structure or the degree of disorder within the GO matrix.
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Figure 2 — FTIR (a) and Raman spectra (b) of GO, NC and NC+GO samples

The absence of discernible shifts in the Raman peaks between GO and GO+NC samples implies
that the addition of nanoclay did not induce substantial structural modifications at the molecular
level. This finding underscores the compatibility of nanoclay with the GO matrix, suggesting a
stable composite formation without significant disturbance to the intrinsic properties of GO. Overall,
Raman spectroscopy provides valuable insights into the structural characteristics and integrity of
GO and its composites, facilitating a comprehensive understanding of their properties and potential
applications.

Figure 3 presents both high and low-resolution X-ray photoelectron spectroscopy (XPS) spectra
of nanoclay (NC), graphene oxide (GO), and their composite (NC-GO) samples, offering valuable
insights into their elemental composition and chemical bonding states.

In the low-resolution XPS spectra (Figure 3A), characteristic signals of carbon (C 1s) at 284.6
eV and oxygen (O 1s) at 531.5 eV are evident across all samples. These signals serve as primary
indicators of the presence of carbonaceous and oxygen-containing functional groups, respectively, in
the analyzed materials.
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Figure 3 — General XPS spectra (A) and high-resolution C 1s spectra of NC(B),
GO(C) and GO+NC(D) samples

Further analysis through high-resolution XPS spectra of NC reveals distinctive features in the C
Is region (Figure 3B). The spectrum exhibits Gaussian peaks fitted with three components centered
at 284.6 eV, 286.3 eV, and 287.6 eV, corresponding to carbon-carbon (C-C/C-H), C-O, and C=0
groups, respectively. These peaks elucidate the chemical environments and bonding configurations
of carbon atoms within the NC structure.

Moving to the high-resolution XPS spectrum of GO (Figure 3C), the C 1s peak can be
deconvoluted into three discernible components centered at 284.3 eV, 286.6 eV, and 288.2 eV. These
peaks are attributed to sp? carbon (C sp2), C-O, and C=0 bonds, respectively. The presence of these
functional groups is consistent with the typical chemical composition of graphene oxide.

Upon analyzing the C 1s spectra of the GO-NC composite (Figure 3D), a complex pattern
emerges. Three main chemical environments of carbon are observed: a dominant peak at 286.8 eV
corresponding to C-O bonds, indicating the presence of oxygen functional groups; a peak at 284.7
eV attributed to C-C bonds, suggesting the presence of graphitic carbon; and a third peak around
287.7 eV indicative of O-C-O bonds, likely originating from carboxyl groups. Additionally, a minor
fraction at approximately 289 eV is detected, suggesting the emergence of carboxyl groups following
the modification process.

These XPS spectra provide detailed information about the chemical composition and bonding
states of carbon and oxygen within the analyzed samples. The distinctive peaks and their relative
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intensities offer insights into the surface chemistry and structural modifications induced by the
incorporation of nanoclay into graphene oxide. Such characterization is crucial for understanding
the interactions and compatibility between the constituents in composite materials, aiding in the
optimization of their properties for various applications ranging from catalysis to energy storage.

Figure 4 illustrates the disparity in impedance spectroscopy between graphene oxide (GO)
and GO+NC (graphene oxide with nanoclay) samples, shedding light on their electrical properties.
Additionally, the temperature dependence of these research samples was investigated, unveiling
intriguing insights into their conductive behavior under varying thermal conditions.

The impedance spectroscopy data reveals distinct characteristics between GO and GO+NC
samples. Notably, as depicted in Figure 4, the conductance of both materials exhibits a temperature-
dependent behavior. Interestingly, the conductance of graphene oxide appears comparable to that
of GO+NC across different temperature regimes. With increasing temperature, the conductance of
both samples demonstrates an upward trend. This observation suggests that temperature plays a
significant role in enhancing the electrical conductivity of these materials.
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Figure 4 — Impedance Spectroscopy data for (A) GO, and (B) GO + NC
242



KA3AKCTAH-BPUTAH TEXHUKAJIBIK
YHUBEPCUTETIHIH, XABAPIIBICHI Ne 3(70) 2024

Furthermore, the relevance of these findings in the context of fuel cell applications becomes
apparent through empirical studies. The operating temperature range of fuel cells typically falls
within 300-345 K, with an optimal temperature of around 350 K. The conducted research reveals that
the conductance of both graphene oxide and GO+NC samples experiences an increase within this
temperature range. Specifically, the conductance elevates from 10”7 to 10° S/cm? as the temperature
rises. This augmentation in conductance is particularly promising for fuel cell applications, as it
suggests improved electrical conductivity at the operational temperatures of fuel cells.

It's important to note that the frequency range considered in these studies spans from 10 to 10°
Hz. This frequency range is relevant for assessing the electrical properties of materials under varying
conditions, providing valuable insights into their conductivity across different frequencies.

The implications of these findings are significant in the realm of fuel cell technology. Fuel cells
rely on efficient ion conduction to facilitate electrochemical reactions, and materials exhibiting high
conductance at operational temperatures are highly desirable. The observed increase in conductance
with temperature suggests that both graphene oxide and GO+NC hold promise as potential candidates
for fuel cell applications.

Moreover, the incorporation of nanoclay into graphene oxide does not appear to significantly
alter the temperature-dependent conductive behavior, indicating the compatibility and stability of
the composite material. This suggests that the addition of nanoclay may enhance certain properties
without compromising the overall electrical conductivity of the composite.

The impedance spectroscopy data coupled with the temperature dependence studies provide
valuable insights into the electrical properties of graphene oxide and its composite with nanoclay.
The observed increase in conductance with temperature within the operating range of fuel cells
highlights the potential suitability of these materials for fuel cell applications, paving the way for
further exploration and optimization in this field.

Conclusion

The study focused on investigating the electrical properties of a graphene oxide (GO) and
nanocellulose (NC) composite using impedance spectroscopy, complemented by an in-depth
analysis of the material's chemical structure and morphology through Fourier-transform infrared
spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), Raman spectroscopy, and scanning
electron microscopy (SEM).

FTIR analysis revealed characteristic peaks corresponding to functional groups present in both
GO and NC, providing insights into their chemical composition. Similarly, XPS spectra exhibited
distinctive peaks indicative of carbon and oxygen bonding states, elucidating the surface chemistry
of the materials. Raman spectroscopy provided information on the structural order and defects
within the samples, particularly highlighting the graphitic structure of GO. SEM images revealed the
morphological features of the composite membrane, showcasing the distribution of NC particles and
structural modifications induced by their incorporation.

Impedance spectroscopy was employed to investigate the electrical conductivity of the GO-NC
composite. The results indicated a temperature-dependent behavior, with an increase in conductance
observed as the temperature rose within the operational range of fuel cells. Notably, the addition of
NC did not significantly alter the conductive behavior of the composite, suggesting compatibility and
stability.

Overall, the comprehensive characterization using multiple analytical techniques provided
valuable insights into the electrical properties of the GO-NC composite. The findings suggest that
the composite holds promise for various applications requiring enhanced electrical conductivity,
particularly in the realm of fuel cell technology. Further optimization and exploration of these
materials are warranted to unlock their full potential for practical applications.
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In conclusion, the study offers a thorough investigation into the electrical properties of the
GO-NC composite, providing a foundation for further research and development in this field. The
combination of impedance spectroscopy with FTIR, XPS, Raman spectroscopy, and SEM analysis
offers a comprehensive understanding of the material's structure, morphology, and electrical behavior.
This work contributes to the ongoing efforts to harness the unique properties of graphene-based
composites for advanced applications in various industries, including energy storage and conversion.
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I'PA®EH OKCUAIHIH - HAHOIEJIJIFOJIO3A KOMITO3NLIUACBIHBIH
IJEKTPJIIK KACUETTEPIH 3EPTTEY

AHaaTna

Byn 3eprrey @ypbe TypieHmipymni uHbpakb3eun crekrpockonus (FTIR), peHTreHmik (pOTO3IECKTPOHIBIK
cnekrpockonus (XPS), Paman cIeKTpOCKONHSACH JKOHE CKAHEPIEYITi AEKTPOHIB MUKpockonust (SEM) omictepi
apKbUIbl MYKHUST CHUNATTaJIFaH MMIIEJAHC CIIEKTPOCKONMUSICHIH KoyiaHa oTbIpbin, rpaden oxcuai (I'O) xone
Hanomneswmonosa (HL[) xommosummsimapbIHbIH anekTpiik Kacuertepin 3eprreiiai. FTIR tanmayst 'O xone HIJ
KypaMbIHIa OonarblH (YHKIMOHANIBIK TONTAapFa COHKEC KEJETIH CHMATTaMajbIK LIBIHAAP/Abl aHBIKTAAbI, Oy
OJIapJIblH XUMHUSUIBIK KYPaMbIH TyCiHyre MyMKiHIiK Oepai. XPS cnekrpiepi kemipTeri MeH OTTeriHiH OainaHbIC
KYHJIepiH KOpPCETEeTiH epeKIIe MBIHIAPIBI KOPCETTI, OYII MaTepHaIAapIbIH OCTTIK XMMHUSCHIH CHITATTayFa MYMKIHIIK
Oepai. Paman criekTpocKonusIChl YATUIEpiH KYPbUIBIMBIK PETI MEH aKkayliapbl Typaiibl aknapar oepin, acipece ['O-
HBIH IpaUTTIK KYpbUIBIMBIH epekire arar oTTi. SEM KeckiHaepi KOMITO3HIMSUIBIK MEeMOpaHaHBIH MOP(OJIOTHS-
JBIK epekiesnikTepin ambin, HIl GeniekrepiHiH TapallyblH )KOHE OJapliblH KOCBUTYBIHAH TYbIHIIAFAH KYPBLIBIM-
eIk Mopudukapsuapasl kepcerti. ['O-HL] KoMIIO3UIMSACHIHBIH 31EKTP OTKI3TIMITITIH 3ePTTEY YIIiH MMICIAHC
CHEKTPOCKOMHACH KOJAaHBUIABL. HoTmkenep Temmeparypara TOyeNli MiHE3-KYIBIKTBI KOPCETTi: OTKI3TIiIITIiK
OTBIH JIEMEHTTEPIHIH KYMBIC JHana30HbIHA TEMIIEpaTypaHbIH JKOFapbulaybIMeH apTThl. bip Kpi3wirbl, HI[ Kocy
KOMITO3HMIIMSHBIH OTKI3TIMITIK KACHETTEpiHE alTapibIKTail ocep eTmemi, Oy1 MarepraInapaslH YHISCIMIUTITT MEeH
TYPaKTBUIBIFbIH OOIDKalbl. KOPBITBIHBUIAN Kelle, KONTEereH aHATMTHKAIIBIK 9JIICTEPl KOJIIaHa OTBIPBII KacaJFaH
Oyt xaH-kaKThl 3eprrey ['O-HL] KOMIO3HIMSCHIHBIH AIEKTPIIIK KacHeTTepl Typaibl KYHIIBI MajiMeTTep Oeperti.
Hotmxkenep 6yJ1 KOMIO3UITUSHBIH MIEKTP OTKI3TIIITICH apTTRIPYIBI K&KET €TETiH dpTYpIi Koiaanbanapaa, acipece
OTBIH YSIIBIKTAPbl TEXHOJIOTUSICBHIH/IA SJIEYETTI KOJIJaHBLTYBIH KOPCETEII.

Tipexk ce3nep: [IpoTon aamacy MmeMOpaHachl, rpad)eH OKCHII, HAHOLEIUTION03a, MEMOPaHAIIBIK HIIEKTPOATap/IbI
KYPacThIPY, KOMITO3HT, KEAEPTi CIIEKTPOCKOMHSCHI
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U3YYEHUE SJEKTPUUECKHUX CBOMCTB KOMIIO3UTA
OKCHU/J I'PA®EHA - HAHOILEJIJIIOJIO3A

AHHOTAIUA

B sTOM HccnenoBanum SIEKTpHUECKIE CBOMCTBA KOMITO3uTa M3 okcuaa rpadena (OI') n mnanonemmtonossl (HII)
H3YYaroTCsl C IOMOLIBI0 UMIIEAHCHOM CIIEKTPOCKOINH, TONOJHEHHON TIIATEIBHON XapaKTEPUCTUKON C TIOMOILBIO
nHppaKkpacHO# criekTpockonmu ¢ npeodpasoBanreM Oypree (FTIR), peHTreHOBCKO# (HOTOIITEKTPOHHON CIIEKTPO-
ckorinu (XPS), pamMaHOBCKOH CIIEKTPOCKOIIMM U CKaHUPYIOUIEH 31eKTpoHHOW Mukpockoruu (SEM). MK-ananu3
BBISIBUII XapaKTepHbIC MTMKH, COOTBETCTBYIOIINE (yHKIIMOHAIBHBIM TpyIIaM, MpUcyTcTBytomuM kak B OK, Tak u
B HII, 4TO 1MO3BOIMIIO MOIYYHTh MPEACTaBICHHE 00 MX XUMUYeckoM coctaBe. CriekTpbl XPS mokaszanu xapakrep-
HBIC [TUKH, YKA3bIBAIOINE HA COCTOSIHUE YIIIEPOAHBIX U KHCIIOPOAHBIX CBSI3€H, UTO OOBSACHIET XMMUUECKUI COCTaB
MTOBEPXHOCTH MarepuasioB. CIIEKTPOCKONNsSI KOMOMHAIMOHHOTO PAcCEsTHUS MTO3BOJIMIIA MOTYYUTh HH(OPMAIIHIO O
CTPYKTYPHOM ITOpsiAKE U lepeKkTax B 00pasiax, 0CoOEHHO BbIIEUB IpaduTHyI0 cTpyKTYpy O COM-1300paskeHus
BBISIBUIIN MOP(OJIOTHYECKHE 0COOEHHOCTH KOMITO3UTHON MEeMOpPaHbl, IPOAIEMOHCTPUPOBAB PACIIPE/ICIICHUE YaCTUI]
HII u cTpykTypHBIC U3MEHEHUS, BBI3BAHHBIC UX BHEApPEHUEM. J[JIs MccaeJ0BaHUS 3JIEKTPOIPOBOJHOCTH KOMIIO3U-
ta OI'-HL] Obu1a Kcronb30BaHa UMITEIAHCHASI CIIEKTPOCKOIUsL. Pe3ynbraTsl oka3aiy, 4To MOBEJCHUE KOMIIO3HUTa
3aBUCHUT OT TEMIIEPATYPHI, IPU 3TOM C MOBBIIIEHHEM TEMIIEPaTypsl B Ipeenax padodero Anana3oHa TOIUIMBHBIX
3JIEMEHTOB HAOMIONAIOCH YBEINIEHHE HIEKTponpoBoaHoCcTH. [IpumedarensHo, uto nodasnenue HII cymecTBeHHO
HE U3MEHHJIO JIEKTPOIPOBOJTHOCTh KOMIIO3UTA, YTO CBUAETEILCTBYET O COBMECTHMOCTH M CTaOMIBHOCTH. Takum
00pa3oM, 3Ta BCECTOPOHHSISI XapaKTEPUCTHKA C UCIIOIB30BAHUEM MHOXKECTBA aHAJIMTHYECKHX METOAOB JAeT IICH-
HYI0 HH(pOpMauIo 00 anekTpudeckux ceorictBax komnosura OI'-HLI. [TonyueHHble pe3ynbrarbl CBUIACTENBCTBYIOT
0 €ro MoTeHIuale JJsl Pa3IMuHbIX MIPUMEHEHHH, TPEOYIOINX MOBBINIEHHOH 3JIEKTPOIPOBOIHOCTH, OCOOEHHO B
TEXHOJIOTHH TOTIJIMBHBIX JIEMEHTOB.

KaioueBble ciioBa: mpoToHO0OOMEHHast MeMOpaHa, OKCH rpadeHa, HaHOIEIUTI0N03a, MeMOPaHHO-3JIEKTPOIHBII
y3eI1, KOMIIO3UT, UMIEJaHCHAsI CTIEKTPOCKOIHSI.
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