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ABSTRACT

Proton exchange membranes (PEMs) that function at elevated temperatures surpassing 100°C
and exhibit exceptional mechanical, chemical, and thermochemical stability have garnered
significant interest. This is primarily due to their practical utility in proton exchange membrane
fuel cells (PEMFCs). In the present era, an extensive array of polymers and polymer-blended
membranes have been scrutinized for their applicability in this domain. Each of these materials
presents a set of advantages and disadvantages. However, the realm of PEMFCs is still in search
of the perfect membrane endowed with distinct properties. Graphene oxide, a two-dimensional
substance arising from the oxidation of graphite, has manifested itself as a promising candidate.
Oxygen (O) functional groups are incorporated within the sp? carbon (C) plane of the oxidized
graphite, forming graphene oxide. This material can be synthesized by exfoliating graphite oxide,
a three-dimensional carbon-based compound, into layered sheets using ultrasonic or mechanical
agitation. The presence of multiple reactive oxygen functional groups renders graphene oxide
suitable for a diverse array of applications, such as composite polymers, energy conversion
materials, environmental safeguards, sensors, transistors, and optical components. This
versatility is attributable to its outstanding electrical, mechanical, and thermal properties. Among
the various methodologies for graphene oxide synthesis, the modified Hammer method stands
out for its simplicity, cost-effectiveness, and high yield. This research delves into the structural
analysis of graphene oxide obtained through the Hammer method, utilizing commercially
available graphite. The study involves the creation of membranes based on
carboxymethylcellulose (NC) that integrate dispersed graphene oxide (GO) sheets. These novel
membranes, as well as pristine graphene oxide, were subjected to a comprehensive array of
analytical techniques including XRD, XPS, Raman, FTIR, and SEM microscopy. Additionally,
electrophysical characterizations were undertaken employing electrochemical impedance
spectroscopy (EIS) measurements. The investigation uncovered that the introduction of NC into
the graphene oxide matrix significantly enhances the electron conductivity of the composite
membrane. Simultaneously, the presence of graphene oxide contributes to the mechanical
robustness and thermomechanical stability of the membrane structure. The principal impetus
behind this article lies in furnishing vital insights into the physical and structural attributes of
graphene oxide membranes relevant to their deployment in hydrogen energy applications.

Keywords: Hammers method, graphene oxide, nanocellulose, XRD, XPS, IR Fourier spectroscopy,
impedance spectroscopy (EIS)

Almasov Nurlan Zhumabekovich

Information about authors:
PhD, International Science Complex ASTANA, 010000, Astana, Kazakhstan. Email:
nurlanalmasov@gmail.com

Kurbanova Bayan Amzekyzy

Master, International Science Complex ASTANA, 010000, Astana, Kazakhstan. Email:
bayan.kurbanova@nu.edu.kz

Kuanyshbekov Tilek Kuanyshbekuly

PhD, Sarsen Amanzholov East Kazakhstan State University, Ust-Kamenogorsk, Kazakhstan. Email:
kuanyshbekov_17@mail.ru

Akatan Kydirmolla

PhD, Sarsen Amanzholov East Kazakhstan State University, Ust-Kamenogorsk, Kazakhstan. Email:
ahnur.hj@mail.ru

Kabdrakhmanova Sana Kanatbekovna

PhD, Satbayev University, 050040 Almaty, Kazakhstan. Email: Sanaly33@mail.ru

Aimaganbetov Kazybek Pirzhanuly

PhD student, International Science Complex ASTANA, 010000, Astana, Kazakhstan. Email:
kazybek012@gmail.com

— 103—/—


mailto:kazybek012@gmail.comy
https://creativecommons.org/licenses/by-nc-nd/4.0/

Complex Use of Mineral Resources. 2024; 329(2):103-109

ISSN-L 2616-6445, ISSN 2224-5243

Introduction

Graphene oxide (GO) originates from the
exfoliation of graphite oxide, resulting in a layered
structure containing one or multiple carbon atom
layers, accomplished through ultrasonic or
mechanical processes [1]. These GO sheets are
mainly classified as chemically generated graphene,
displaying analogous characteristics to pristine
graphene. However, a fundamental distinction
exists between graphene and GO: while graphene
solely comprises sp? hybridized carbon atoms, GO
encompasses a carbon framework featuring diverse
oxygen based functional groups.

Back in 1859, Brodie labeled graphene oxide as
either graphite oxide or graphitic acid [2]. This was
achieved through the chemical treatment of
graphite using KCIO; and HNOs;. The subsequent
step involves the transformation of graphite oxide
into monolayer sheets of GO, a process that can be
accomplished using various thermal and
mechanical techniques [3]. In the current context,
the monatomic carbon stratum within graphite
oxide is recognized as graphene oxide (GO).

Four methods of GO synthesis are well known,
such as Brody's method [2], Staudenmaier's
method [4], Hammer and their modifications [[5],
[6]], and Tur's method [7]. At present, the synthesis
of GO by the modified Hammer method is
considered to be the most common method.

GO contains various functional groups of active
oxygen, and its polymer composites enable the
development of materials for energy conversion
and environmental protection [8].

In addition, GO can be used to produce
membranes for obtaining pure water. In recent
years, multilayer two-dimensional films for
purification and chemical separation of water have
been obtained from bilayer hydroxides (LDHs),
transition metal dichalcogenides (MoS,;, WS,),
transition metal carbides (MXene), and many other
materials based on graphene [[9], [10], [11], [12]].

Compared with other 2D membranes, graphene
oxide (GO) membranes have better sheet structure,
efficient separation, and flexible fabrication
methods. Studies have shown that GO multilayer
membranes can effectively trap  water
contaminants, and water molecules can quickly
flow between layers with virtually no friction [[12],
[13]].

Because cellulose is partially crystalline, it
comprises regions that are both crystalline and
non-crystalline [14]. The polymer's molecular and
intermolecular chemical constituents possess
distinctive characteristics, including hydrophilicity,
limited solubility in certain agqueous environments,
and a capacity for straightforward chemical
modification. Cellulose can be categorized into
different structural arrangements and transformed
from one configuration to another through either
chemical or thermal processes [15].

Nanocellulose (NC) exhibits superior physical,
chemical, biological, magnetic, electrical and optical
characteristics compared to some materials in their
nanoscale form [16]. Conceptually, NCs can be
obtained at different stages using hydrolysis
technique, i.e. (1) extraction of
extractives/hemicellulose using physicochemical,
biological or a combination of two or more
treatments, (3) separation of cellulose unit fibrils or
microfibrils to obtain nanofibers using different
substances and (4) solvent removal, ultrasonic
treatment, centrifugation, stabilization and drying
[[17], [18], [19], [20]].

As a natural nanomaterial, plant-derived
nanocellulose and natural cellulose have the same
properties as graphene, such as large size, specific
surface area, mechanical and chemical properties,
high crystallinity, biodegradability, and renewable
resource intensity [21]. Recently, many researchers
have been working on combining NCs with
graphene to create functional hybrid composites of
nanocellulose and graphene [[22], [23], [24]].

Experimental part
Two different graphene oxide (GO, GO+NC)

based samples were fabricated by the Hammers
method (Table 1) [[25], [26]].

Table 1 - Samples of graphene oxide

Name Thickness
1. GO 18.03 — 23.5 micron
2. GO+NC(1/1) 12.36 micron

The morphological structure of the samples
was determined using the SEM Crossbeam 540
research instrument. The results obtained are
shown in Figure 1.

— 104——



Intensity, counts

Transmittance, %

KomnnekcHoe McnonbaoBaHne MunepansHoro Coipbs. Ne2(329), 2024

ISSN-L 2616-6445, ISSN 2224-5243

(a)

Figure 1 - SEM images of samples of graphene oxide a)
(GO) and b) GO + nanocellulose (NC)

The spectra of GO, GO+NC were studied by X-
ray photoelectron spectroscopy. The results
obtained are presented in fig. 2. The spectra of the
two samples in the figure show the difference in
binding energy (GO = 280-290 eV, GO+NC = 290-
300 eV).

IR spectra were determined using a Nicolet iS10
IR Fourier spectrometer (Fig. 3-a) and the Raman
spectra were studied (Fig. 3-b).
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Figure 2 - X-ray photoelectron spectrum (XPS) of GO +
NC samples

Figure 3 - a) FTIR spectra and

b) Raman spectra of GO and GO + NC samples

The electrical characteristics of the samples
were studied in various temperature ranges by the
method of impedance spectroscopy (HF2
Impedance spectroscopy, Zurich). The copper
element was deposited on the surface of the
sample by magnetron sputtering to create an
electrical ohmic contact. Plasma power 40 W,
deposition time 30 min.

(b)

Figure 4 - a) the process of magnetron deposition and
b) the type of samples obtained

Impedance measurements were carried out at
a sinusoidal voltage amplitude of 50 mV in the
frequency range from 10 Hz to 1 MHz. On fig. 5
shows the measurement results.

Results and Discussion

As can be seen from the SEM images (Fig. 1),
the addition of nanocellulose to graphene oxide
leads to the formation of a composite material with
pores and folds.

On fig. 2 shows the C 1s XPS spectra for GO and
GO + NC. It can be seen that the spectrum of C 1s
GO has two peaks at 284.6 and 286.6 eV,
corresponding to the sp? and C-O carbon functional
groups, respectively. However, the addition of
nanocellulose led to an upward shift in the binding
energy and a twofold decrease in the overall
intensity. The peak shift is related to a change of
oxidation state of GO after adding NC, where the
higher binding energy shows higher oxidation state
[27]. The intensity is directly connected to the
number of atoms with respective oxidation state.
Thus, there is a certain degree on the amount of
oxidized atoms in GO+NC composite which is less
than the amount of non-oxidized atoms in pristine
GO without any addition. Also, the XPS spectrum of
graphen oxide showed there isn’t any elements
other than C and O, indicating the absence of
foreign impurities.

A typical Raman spectrum (Fig. 3b) of GO is
characterized by an approximate G band. The
Raman spectrum has a 1605 cm?® band
corresponding to the E2g phonon of the sp? C
atoms and a 1353 cm™ D band corresponding to the
point phonon K absorption mode of Alg symmetry.
Here, the graphene G band was observed at 1600
cm?, which was slightly shifted from the GO
position. There was no difference in the Raman
spectra of GO and GO + NC models.

In the FTIR GO spectrum (Fig. 3a), there is a
strong and broad elongated O-H vibrational band
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which occurs at 3410 cm™ from - due to oxidation.
In addition, the carboxyl at 1721 cmt hasa C=0
stretching band, an O-H deformation vibrational
band at 1404 cm™ and a C - O stretching band at
1087 cm™. The addition of nanocellulose resulted in
an increase in the total FTIR conductivity signal and
additional peaks.

— 300K
—315K|
— 330 K|
345K

11111
1E+07 N

16406 4

21, Ohm xcm
121, Ohm x cm
)

16404 4

1405 1E+06

101 1E02  1E%03  1E=04
fHz

(a) (b)

Figure 5 - frequency dependence of electrical resistance
with temperature change,
a) GO, B) GO + NC

In Figure 5, it can be seen the difference in the
electrical resistance of graphene oxide and GO + NC
samples. Temperature dependences of the
research samples were also revealed. The obtained
results show that at room temperature the
electrical resistance of graphene oxide is one order
of magnitude higher than GO+NC. As the
temperature increases, the resistance of both
samples decreases and the conductive property
increases. Whether these materials can be used as
a fuel cell is evidenced by actual studies.

Conclusions

Graphene oxide and GO + NC results obtained
by simple chemical wet process, XRD, FTIR, Raman,
SEM showed successful results. It was investigated
that the conductivity of the samples increased with
increasing temperature during operation using
electrochemical impedance spectroscopy (EIS)
measurements. XPS results showed that the
addition of NC to the GO leads to the increase of
oxidation degree of the whole membrane. GO with
elevated levels of oxygen content could make the
membrane significantly more hydrophilic. This
enhancement in hydrophilicity would lead to
improved membrane properties, such as a decrease
in biofouling processes and an increase in water
flux. Also, GO can be easily dispersed in water and
exfoliated in a wide range of solvents due to the
hydrophilicity. Graphene oxide plays an important
role in the development of science and technology
today. Studies show that graphene oxide can be
used for not only making battery and
supercapacitor cathodes, electrical sensors,
photovoltaic devices, electrochromic devices and
optical devices, but also for making membranes in
hydrogen energy. Many studies provide evidence
for the future utilization of graphene oxide, which is
an advanced technology based on graphene oxide.
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TYWIHAEME

ofapbl Temnepatypasa MYMbIC iCTEWTIH »KaHe Tamalla MeXaHMKaNblK, XUMWANbIK KaHe
TEPMOXMMUANBIK  TYPaKTbIIbIKKA Me MpOTOH asnmacy MmembpaHanapbl (PEM) npoToHAb!
membpaHanbiK oTbiH anemeHTTepiHae (PEMFC) npakTMKanbik KOoNAaHbIAYbIHA GainaHbICTbl Ken
Haszap ayaapyaa. Kasipri yakbiTTa ocbl MaKkcaTTap YWiH NOMMEPNEPMEH apanackaH KenTtereH
NOAMMEPAI KIHE dPTYpAi membpaHanap 3epTrenyae, onapAplH, 6apAbiFbIHAA aPTbIKLIbLIbIFbI
»KoHe KemLwiniktepi 6ap. [lereHmeH, PEMFC 6ipereii kacvueTtTepi 6ap ngeanapl membpaHanap ani
[e oK. FpadeH oKcUAiHIH KypaMblHAA 9PTYPAi PeaKTUBTI oTTeri GyHKLMOHaNAbIK TonTapsl bap,
6yn OHbIH Tamawa KacueTTepiHe 6aiNaHbICTbI OHbI MOAMMEP KOMMO3UTTEPI, SHEPruAHbI
TYPAeHAipyre apHanfaH matepuangap, KopliafaH opTaHbl KOpfay KongaHbanapbl, ceHcopnap,
TPaH3UCTOPNAPbI KIHE ONTUKANbIK KoNAaHbanap CUAKTbI KenTereH KongaHbanapaa aNekTpik,
MEXaHUKaNbIK KaHe XbINYMblK KacueTTepi Heris peTiHAe KongaHbinagpl. MpadeH oOKcuAiH
CUHTEe3Aey YWIH KeHiHeH KONAAHbINATbIH 3iC KapanaibiM NPoLecc, KyHbl TOMEH »KaHe XoFapbl
KipicTiniriHe 6ainaHbicTbl MognduKaumanaHFaH Xammep agici 6onbin Tabbinagbl. byn KymbicTta
6i3 KoMMmepUMANbIK rpaduTiH NanaanaHy apKblibl XaMmepc aicimeH anbiHFaH rpadeH OKCUAiHIH,
KYPbINbIMABIK  3epTTeynepi Typanbl 6asaHAalimbls. byn rpadeH OKCUAIHIH,  KypblnbiMAbIK
cunaTTamanapbiH 6epeTiH enlwey KypbinfbliapbiIMeH ap TYp/i CMEKTPOMETPAEepAiH, KemerimeH
KapacTbipblnagbl. [ucnepcTi rpadeH okeuai (GO) napakTapbl 6ap KapboKcMmeTMLEennonosa
(NC) Herizingeri membpaHanap PEMFC KongaHwb6anapbl ywiH acanbin, 3epTrengi. byn
membpaHanap meH rpadeH okcuai XRD, XPS, Raman, FTIR skaHe SEM MWKPOCKOMWACBIHbIH,
KOMOMHAUMACHI apKblabl 3epTTendi, an 3NeKTPOPU3IUKANbIK CUNATTay INEKTPOXUMUANDBIK
nmnegaHc cnektpockonusckl (EIS) enwempaepi apkpiabl opbiHganabl. GO-Fa CMC Kocy 6ykin
MeMbpaHaHbIH, 3N1eKTp  OTKI3riWTiriH  KofapblnaTtaTtbiHbl, an GO MmembpaHaHbIH,  ¥KaKCbl
MEXaHUKaNbIK KaHe TEPMOMEXaHMKaIbIK TYPAKTbIIbIFbIH KAMTaMacbl3 eTeTiHi aHbIKTanabl. byn
MaKanaHbl KasyablH, Herisri moTuBaumsacbl rpadeH OKCUAIHIH, cyTeri 3HepreTMKacbiHAA
KONAAHbINATbIH MemMbBpaHanap YWiH KaxeTTi GU3MKanbIK KypbUibIMAbIK cunattamanap bepy
60onbin Tabblnagpl.

TyiiiH ce3dep: Xammepc apici, rpadeH okcuai, HaHouennonosa, XRD, XPS, UK ®ypbe-
CMeKTpocKonua, umnegaHc cnektpockonusa (EIS)
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AHHOTALMUA

MpoToHoo6MeHHble membpaHbl (PEM), paboTatoLume npu BbICOKMX TemnepaTypax sbiwe 100 °C, ¢
NPeBOCXOAHON MeXaHUYEeCKOM, XMMUYECKOW U TePMOXMMMUYECKON CTabUAbHOCTBIO, NMPUBAEKAU
60/blIOE BHMMaHWE B CBA3U C WMX NPAKTUYECKMM MPUMEHEHMEM B TOMJIMBHbLIX 3/I@MEHTax C
nNpoToHoO6MeHHbIMU membpaHamu (PEMFC). B HactosAwee Bpems AN 3TOMO MPUMEHEHUs
MCCNep0BaHO OTPOMHOE KOIMYECTBO MONMMEPOB M Pa3/IMYHbIX NOMMEPHBLIX MeMbpaH, Bce U3
KOTOPbIX MMEIOT KaK MAOCbl, TaK U MUHYCbl. OfHAKO MAEANbHbIX MEMBPAH C YHWKAAbHbIMMU
csoictBammn ana PEMFC Bce ewe HeT. Okcup rpadeHa npeactaBnser coboit ABYMEpPHbI
maTtepuan, 06pa3oBaHHbIN U3 OKUCAEHHOrO rpaduTa ¢ GYHKLMOHANbHBIMM FPYNnamun Kucaopoaa
(0), 3aHumarowmMmmn naockocTb sp? yrnepoda (C). Okecua rpadeHa MOXKHO MOAYYUTb MyTEM
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paccnamBaHuA oKcuaa rpaduTa (OKMCNAEHHOTO TPEXMEPHOrO MaTepurana Ha OCHOBe yriepoaa) Ha
NaMUHUPOBAHHbIE  /IUCTbI € UCMO/Nb30BAaHWMEM  Y/NbTPA3BYKOBOTO WM  MEXaHU4YecKoro
nepemewwnBaHuna. OKeug rpadeHa coaepkuT pasnnyHble GyHKLMOHA/bHbIE TPYMMbl aKTUBHOTO
KMcnopopaa, UTO AenaeT ero OCHOBOM [ANA MHOTUX MPWIOMEHWI, TaKMX KaK NOAMMEpHble
KOMMO3UTbI, MaTepuanbl ANA NpeobpasoBaHUA SHEPrUM, NPUNOKEHUA ANA  3aLWMUTbI
OKpYy:KaloWwen cpeabl, AATYMKWM, TPAH3UCTOPbI M ONTUYECKME NPUNOXKEHUA 6narogaps ero
NPEBOCXOAHbIM  3/IEKTPUYECKUM, MEXAaHUYECKMM U TEPMMYEecKMm cBoicTBam. LLnpoko
MCNo/Nb3yemMmblM MeTOAOM CUHTe3a OKcuaa rpadeHa ABAAETCA MOAMPULMPOBAHHBIA MeTos,
Xammepca 13-3a ero NpocToro NpoLecca, HU3KoM CTOMMOCTU U BbICOKOTO BbIxoAa. B aToi paboTe
Mbl COOBLLAaEM O CTPYKTYPHbIX WCCNEAO0BAHUAX OKCMAa rpadeHa, MNOoNyYEHHOro MeToAOoM
Xammepca € UCNONb3OBaHMEM  TeXHUYECKOro  rpadurta. MembpaHbl Ha  ocHoBe
KapbokcumeTuauenntonossl (NC) ¢ auMcTamu AUCNEepCMOHHOrO okcuia rpadeHa (GO) 6bian
M3roToB/IEHbI U UCCNeA0BaHbl AnA npumeHeHna PEMFC. 3T membpaHbl 1 nepBuyHbili GO 6bi1n
M3y4eHbl ¢ nomolLlblo KombuHaumm XRD, XPS, Raman, FTIR n SEM-mukpockonuu, B To Bpems Kak
3NEKTPOPU3NYECKME XaPAKTEPUCTUKM OblaM  BbIMONHEHbI C  WCMO/Nb30BAHUEM W3MEPEHUN
3N1EKTPOXMMMYECKON MMneaaHcHoM cnekTpockonuu (EIS). BoisisneHo, uto gobasneHne NC k GO
NOBbILLAET INEKTPUYECKYID MPOBOAMMOCTb BCeil membpaHbl, a GO obecneumBaer xopoLuyto
MEXaHUYECKyl0 M TepMOMEXaHMYECKYl0 CTabunbHOCTb membpaHbl. OCHOBHOM MOTUBALMK
HanmucaHnA 3ToW cTaTbu ABnAeTcA obecrieyeHne HeoBXOAUMbIX OU3NUECKUX CTPYKTYPHBIX
XapaKTEPUCTUK ANa membpaH 13 okeuaa rpadeHa, UCnonb3yemMbix B BOAOPOAHOW SHEPreTUKeE.

Knrouesbie cnosa: meton Xammepca, okeug, rpadeHa, HaHouenntonosa, XRD, XPS, UK dypbe-
CMEKTPOCKONUA, MMNeaaHCHoM cnektTpockonuu (EIS)
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