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Abstract: Graphene oxide (GO) has emerged as one of the most versatile two-dimensional materials
owing to its tunable structure and rich surface chemistry. However, the controlled synthesis of GO
with high oxygen functionality and desirable morphology remains a key challenge. In this work,
Graphene oxide (GO) was successfully synthesized from graphite using the modified Tour method.
The synthesis process, which required approximately 7 h, was followed by freeze-drying for 24 h to
obtain stable nanosheets. The structural and chemical features of the obtained GO were examined by
XRD, FTIR, and TEM analyses. XRD revealed a prominent diffraction peak at 20 ~ 11.2°,
corresponding to an interlayer spacing of ~0.79 nm, which is more than twice that of pristine graphite,
confirming efficient oxidation and intercalation of oxygen functionalities. FTIR spectra further
identified hydroxyl, epoxy, carbonyl, and carboxyl groups, providing strong evidence of successful
oxidation. TEM micrographs displayed thin, wrinkled sheets with transparent regions, characteristic of
few-layer GO. These findings demonstrate that the adopted synthesis route enables the production of
GO with expanded interlayer spacing, abundant active sites, and flexible sheet-like morphology. Such
properties make the material particularly attractive for energy-related applications, including
photocatalysis and hydrogen production under visible light.
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AnHotanusi: Okcup rpadena (GO) cran OIHUM U3 CaMBIX YHUBEPCAIBHBIX ABYMEPHBIX MAaTepUAIIOB
Omaromapss CBOeH HACTpawBaeMOW CTPYKType W OoraTtol mMOBepXHOCTHOM xumuu. OmHAKO
KOHTpoaupyeMblii cuHTe3 GO ¢ BBICOKOM KHCIOpOJHOW (DYHKIIMOHAJIBHOCTBIO U JKeJlaeMOH
MopdoJIoTHEel ocTaeTcs KIo4YeBoi mpoodsemoid. B atoit padorte okcun rpadena (GO) Obut ycremHo
CHUHTE3MPOBaH U3 rpadura ¢ ucnoiap3oBaHueM MoauduuupoBanHoro Mmerona Typa. IIpouecc cunresa,
KOTOPBIN 3aHST MPUOIU3UTENHLHO 7 YacOB, COMPOBOXKAAINCSA CYIIKON BHIMOpaXMBaHHEM B TedeHHe 24
YacoB i1 IOJNyuYeHUs CTAOWJIbHBIX HAHOJUCTOB. CTPYKTypHblE M XHUMHYECKHE OCOOEHHOCTH
nonydeHHoro GO Owutn uccienoBansl ¢ nmomomisio aHanu3oB XRD, FTIR u TEM. XRD BeisiBun
BBIPOKCHHBIN TU(PPaKIIMOHHBINA MUK MpHU 20 = 11,2°, COOTBETCTBYIOIMINIA MEXCIIOEBOMY PACCTOSHHIO ~
0,79 HM, yTO GoJee YeM B JBa pa3a OOJbIIe, YeM Y UCXOAHOTO rpaduTa, MOATBEpKAas d3PPEKTHBHOE
OKMCJICHHE Y MHTEPKAJSALMIO KUCIOPOIHBIX (PyHKIIMOHANBHBIX rpyni. Crnektpsl FTIR nononxnutensHo
UACHTUQUIMPOBAIN THIPOKCUIIbHBIE, STIOKCHJIHbIE, KapOOHUJIbHBIE U KapOOKCUJIbHBIE TPYIIIbI, YTO
NPEJOCTaBWIO  yOeIuTeNbHbIE JI0Ka3aTesIbCTBA  YCIEIIHOrO0 OKUCiIeHus. Mukpodororpaduu,
MOJIyYeHHbIE B  IPOCBEUMBAIOIIEM  JJIEKTPOHHOM  MHKPOCKOINE, JIEMOHCTPUPYIOT  TOHKHE,
MOPIIHWHUCTHIE CJIOW C TPO3PAYHBIMK OOJACTAMHU, XapaKTEPHBIE ISl MAIOCIOWHOTO OKCHAA TpadeHa
(GO). Otu pe3ynbTaThl MOKA3bIBAIOT, YTO BHIOpAaHHBIAH METOJ CHHTE3a MO3BoJseT moiaydath GO ¢
YBEJIMUYEHHBIM MEKCIOEBBIM DPACCTOSHUEM, OOWIMEM AaKTHUBHBIX LEHTPOB W THUOKOM JHCTOBOU
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Mopdonorueil. Takue cBoiicTBa Jiesar0T MaTepuall OCOOEHHO IPUBJIEKATEIbHBIM JUIsl SHEPTeTHUECKUX
MIPUIIOKEHUH, BKJIIOYast OTOKATAIN3 U MIPOU3BOJICTBO BOJOPO/Ia B BUUMOM CBETE.

KuroueBbie ciioBa: okcua rpadena (GO); MexcIoeBoe pacCTOSHUE; KUCIOPOIHbIE (DYHKIIMOHAIbHBIE
rpymnsl; GOTOKaTaIN3; BOJAOPOIHAS SHEPreTUKA
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Annotatsiya: Grafen oksidi (GO) sozlanishi tuzilishi va boy sirt kimyosi tufayli eng ko'p qgirrali
ikki o'lchovli materiallardan biriga aylandi. Birog, yuqori kislorod funksionalligi va kerakli
morfologiyasi bilan GO ning boshgariladigan sintezi asosiy muammo bo'lib golmoqgda. Ushbu ishda
grafen oksidi (GO) o'zgartirilgan Tur usuli yordamida grafitdan muvaffagiyatli sintez qilindi.
Taxminan 7 soat davom etgan sintez jarayoni bargaror nano-varaglarni olish uchun 24 soat davomida
muzlatish bilan quritilgan. Olingan GO ning strukturaviy va kimyoviy xususiyatlari XRD, FTIR va
TEM tahlillari yordamida tekshirildi. XRD 2th = 11,2 ° da sezilarli diffraktsiya cho'qqisini aniqladi, bu
gatlamlar orasidagi masofa ~ 0,79 nmga to'g'ri keladi, bu toza grafitdan ikki baravar ko'p, kislorod
funktsional guruhlarining samarali oksidlanishi va interkalatsiyasini tasdiglaydi. FTIR spektrlari
go'shimcha ravishda gidroksil, epoksi, karbonil va karboksil guruhlarini anigladi, bu muvaffagiyatli
oksidlanishning ishonchli dalillarini tagdim etdi. Transmissiya elektron mikrograflari bir necha
gatlamli grafen oksidi (GO) ga xos shaffof hududlarga ega nozik, ajin gatlamlarini namoyish etadi. Bu
natijalar shuni ko'rsatadiki, tanlangan sintez usuli gatlamlar oralig'ining ortishi, faol joylarning ko'pligi
va moslashuvchan varagga o'xshash morfologiyasi bilan GO hosil giladi. Ushbu xususiyatlar
materialni energiya uchun go'llash, jumladan, fotokataliz va ko'rinadigan yorug'lik vodorod ishlab
chigarish uchun jozibador giladi.

Kalit so'zlar: grafen oksidi (GO); qatlamlararo masofa; kislorod funktsional guruhlari;
fotokataliz; vodorod energiyasi.

Introduction. Carbon nanomaterials possess an exceptionally wide range of practical
applications, spanning from medicine[1] to electrochemistry[2]. Their multifunctionality primarily
arises from the peculiarities of their electronic structure, which enable the development of 2D and 3D
functional materials (such as graphene and multilayered structures) with unique physicochemical
properties[3]. Graphene is a two-dimensional, one-atom-thick allotrope of carbon, consisting of sp?-
hybridized carbon atoms arranged in a hexagonal lattice. Despite its outstanding properties, the
processability and large-scale production of highly exfoliated, pure graphene remain a significant
challenge, as this issue has persisted for a long time. Consequently, research efforts have increasingly
shifted toward alternative materials[4].

However, large-scale production of these materials remains challenging and costly. In this
context, reduced graphene oxide can serve as a cost-effective alternative to graphene, particularly for
the preparation of nanocomposite materials[5]. One of the closest alternatives to graphene is reduced
graphene oxide (RGO). Notably, RGO is a derivative of graphene, and its scalable production is
typically achieved through the exfoliation and subsequent reduction of graphene oxide (GO).

The most widely used methods for the synthesis of graphite oxide are the Brodie method[6],
Staudenmaier method[7], Hofmann method[8], and Hummers method[9], along with their various
modified and improved versions. In these approaches, graphite powder is first chemically treated with
acids, followed by the intercalation of alkali metals or their compounds into the graphitic layers, which
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facilitates the subsequent breaking of these layers into smaller fragments. During the oxidation
process, hydroxyl, epoxy, and carboxyl functional groups are incorporated onto the surface of
graphene layers, thereby improving the dispersibility of the material and creating favorable conditions
for subsequent chemical functionalization.

In the synthesis of graphene oxide, the Tour method was employed. While the Hummers method
is based on conventional oxidizing systems, the Tour method utilizes a combination of strong oxidants,
enabling the production of highly oxidized and well-dispersed graphene oxide. This approach
promotes the formation of a greater number of oxygen-containing functional groups in graphene oxide,
thereby enhancing its potential for subsequent chemical processing and broadening its application
prospects.

The Tour method employed for the synthesis of graphene oxide (GO) offers several advantages
over conventional approaches. The process was completed within only 7 hours, which is significantly
shorter compared to the traditional Hummers method (12—24 hours), thereby ensuring savings in both
time and energy. As a result of the synthesis, graphite residues were minimized, and highly oxidized
GO was obtained. During the drying stage, the use of a freeze-dryer prevented the restacking of GO
layers, thereby preserving the morphology and yielding a highly dispersible powder. Moreover, this
method helped maintain the stability of oxygen-containing functional groups.

Overall, the applied synthesis and drying conditions demonstrate superior efficiency, time
savings, and product quality compared to methods reported in the literature.

Experimental Section

Materials and chemicals

All chemicals used in this study were purchased from Sigma-Aldrich and used without further
purification. Graphite flakes [99.8%, natural graphite], sulfuric acid (98%), potassium permanganate,
ortho-phosphoric acid, hydrogen peroxide [30% (w/v)], hydrochloric acid, were used as starting
materials for the synthesis of GO by the Tour method.

Synthesis of Copper(l) Oxide Nanoparticles

In this study, graphene oxide was synthesized using the Tour method. The synthesis procedure
involved the following steps: Graphite was dispersed in a mixture of sulfuric acid (H2SO.) and
phosphoric acid (HsPO.) at a ratio of 9:1. Potassium permanganate (KMnQ.) was then gradually added
to the mixture at 0 °C (ice bath) under continuous stirring. After 3 hours of stirring, the reaction
mixture was heated in an oil bath to 50 °C and maintained at this temperature for 2 hours. Upon
completion of the oxidation process, hydrogen peroxide (H20:) was added to remove the excess
permanganate. The resulting product was repeatedly washed with hydrochloric acid solution (HCI,
5%) and deionized water until a neutral pH was obtained. The purified precipitate was filtered and
dried using a freeze dryer. X-ray diffraction (XRD) analysis confirmed the successful formation of
graphene oxide (GO). In addition, transmission electron microscopy (TEM) revealed the layered sheet-
like morphology of GO, while the FT-IR spectra clearly indicated the presence of oxygen-containing
functional groups. Together, these characterization techniques verify the successful synthesis and
structural integrity of graphene oxide. The synthesis process is illustrated in Figure 1
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Figure 1. Photographs describing the preparation process of GO by Tour’s method: (A) before
addition of potassium permanganate; (B) after oxidation; (C) after pouring on ice; (D) after addition of
H20..

Results and Discussion
X-ray diffraction (XRD) analysis

The crystalline structures of pristine graphite and graphene oxide (GO) were investigated by X-ray
diffraction (Fig. X). The diffraction pattern of graphite exhibits a sharp and intense peak at 26 ~ 26.4°,
corresponding to the (002) reflection, with an interlayer spacing of d(002) ~ 0.34 nm, as calculated by
Bragg’s equation. This value is consistent with the well-ordered, closely packed graphitic layers
reported in the literature.

In contrast, the diffraction pattern of GO shows the disappearance of the graphite (002) peak and the
appearance of a new reflection at 260 =~ 11.2°, which can be indexed to the (001) plane. The
corresponding interlayer spacing is calculated using Bragg’s law:

nd = 2dsin 8
where n is the diffraction order (taken as 1), 4 is the wavelength of the Cu Ko radiation (0.15406 nm),
and @ is the Bragg angle. For graphite, the calculated interlayer spacing is:

i 0.15406
d = = - #0.80 nm
U 2 sin 8 2 sin(5.6%)

This expanded interlayer distance, more than twice that of pristine graphite, is attributed to the
introduction of oxygen-containing functional groups (-OH, —COOH, —O-) and the intercalation of
water molecules between the graphene sheets during the oxidation process.

Thus, the disappearance of the characteristic (002) reflection of graphite and the emergence of the
(001) peak of GO provide clear evidence for the successful oxidation of graphite into graphene oxide.

In the literature, the interlayer spacing of GO samples synthesized by various methods is typically
reported to be in the range of 0.70-0.85 nm (based on the Hummers method and its modifications)[10,
11]. Our result fully corresponds to this range, indicating the successful synthesis of GO.
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Figure 2. X-ray structures of graphite and GO
FTIR Analysis:

The chemical structure of graphene oxide (GO) was investigated using FTIR spectroscopy (Figure 3).
The spectrum exhibited a broad peak at ~3200 cm™, corresponding to hydroxyl (—OH) groups and
adsorbed water molecules. A strong band observed at ~1720 cm™ was assigned to the C=0 stretching
vibration, indicating the presence of carboxyl and carbonyl groups. The peak at ~1620 cm™' was
attributed to the skeletal vibrations of aromatic C=C bonds. At lower frequencies (~1200—-1050 cm™),
absorption bands associated with C-O-C (epoxy) and C-O (alkoxy) stretching vibrations were
detected, while peaks around ~870-900 cm™ correspond to out-of-plane vibrations of aromatic C—H
bonds.

These results confirm the presence of hydroxyl, carbonyl, carboxyl, and epoxy groups in the GO
structure. This provides evidence of the successful oxidation of graphite and is consistent with the
XRD analysis, which revealed an expansion of the interlayer spacing due to the incorporation of
oxygen-containing functional groups and intercalated water molecules.
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Figure 3. FT-IR spectrum of graphene oxide (GO)

Morphological and Elemental Analysis
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The morphology and chemical composition of the synthesized graphene oxide (GO) were investigated
using transmission electron microscopy (TEM) and energy-dispersive X-ray spectroscopy (EDS). Fig.
4 (a) presents the TEM image of GO, which clearly shows thin, wrinkled, and semi-transparent sheet-
like structures, characteristic of exfoliated nanosheets. The darker contrasts correspond to overlapping
multilayers, whereas the lighter regions indicate few-layer or monolayer GO sheets. The nanosheets
exhibit lateral dimensions ranging from several hundred nanometers up to a few micrometers. The
observed wrinkles and folds are attributed to the disruption of the sp? carbon lattice by oxygen-
containing functional groups.

Fig. 4 (b) displays the EDS spectrum, which demonstrates dominant peaks corresponding to carbon (C,
~0.3 keV) and oxygen (O, ~0.5 keV). The quantitative results, summarized in Table 1, show high
atomic fractions of carbon (73.69%) and oxygen (18.37%), confirming the effective oxidation of
graphite and the successful formation of graphene oxide. Minor peaks of Si, S, and Cu were also
detected, originating from residual reagents or the supporting grid, but these do not belong to the
intrinsic composition of the material.

Overall, the combined TEM and EDS results verify that the obtained material consists of thin, layered
nanosheets with abundant oxygen functionalities, providing high surface area and active sites, which
make GO a promising candidate for photocatalytic and energy-related applications.
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Figure 4. a) TEM image of graphene oxide (GO) showing thin and layered sheet-like morphology, b)
EDS spectrum of GO showing dominant peaks of carbon (C, ~0.3 keV) and oxygen (O, ~0.5 keV),
confirming the successful formation of graphene oxide.

Table 1. Elemental composition obtained from EDS, showing high contents of carbon (C) and oxygen
(0), which are consistent with the structural characteristics of graphene oxide (GO).

Family Atomic  Fraction Atomic Emor Mass  Fraction MassEror (%)  Fit Error (%)
() (%) (%)

285 54.13 288 2.64
30 1708 3.03 .47

0.24 212 042 119
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Conclusion

Graphene oxide (GO) was successfully synthesized from graphite using the modified Tour method.
Structural analyses, including XRD, FT-IR, and TEM, confirmed the effective oxidation of graphite,
the incorporation of oxygen-containing functional groups, and the formation of layered nanosheets.
Compared to conventional methods, this approach offers shorter synthesis time, higher oxidation
efficiency, and better preservation of morphology through freeze-drying. In addition, energy-
dispersive X-ray spectroscopy (EDS) analysis further verified the chemical composition of the
synthesized GO. The spectrum displayed dominant peaks corresponding to carbon (C) and oxygen (O),
with atomic fractions of 73.69% and 18.37%, respectively. These results strongly confirm the presence
of oxygen functionalities within the carbon framework, supporting the structural features of graphene
oxide. Overall, the obtained GO, characterized by a large surface area, stable oxygen functionalities,
and high purity as confirmed by EDS, exhibits strong potential for energy-related applications such as
photocatalysis and hydrogen production.
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