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Abstract

Using flake graphite as the raw material, graphene oxide (GO) was prepared via
a chemical intercalation oxidation-crushing method employing sulfuric acid and
potassium permanganate. The as-prepared graphene oxide was analyzed and
characterized by scanning electron microscopy (SEM), laser particle size analy-
sis, Fourier transform infrared spectroscopy (FT-IR), UV-Vis spectroscopy (UV-
vis), and atomic force microscopy (AFM). The results revealed that UV-Vis spec-
tra in the vicinity of 230 nm can distinguish graphene oxide from graphite oxide.
The findings demonstrate that UV spectroscopy can be utilized for both qualita-
tive and quantitative analysis of graphene oxide solutions. This method enables
the acquisition of optimal conditions for graphene oxide preparation. Mech-
anism analysis results indicate that the structural characteristic of graphene
oxide, primarily its discontinuous m-7* conjugated system, is responsible for
the generation of multiple absorption peaks with varying intensities near 230
nm in its UV spectrum.
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Abstract

Graphene oxide (GO) was prepared by chemical intercalation-oxidation and
sonicated crushing methods using flake graphite, sulfuric acid, and potassium
permanganate as raw materials. The prepared GO was characterized by scan-
ning electron microscopy (SEM), laser particle size analysis, Fourier-transform
infrared spectroscopy (FT-IR), ultraviolet-visible spectroscopy (UV-vis), and
atomic force microscopy (AFM). The results demonstrate that UV-vis spec-
troscopy around 230 nm can differentiate graphene oxide from graphite oxide.
The UV-vis spectra enable both qualitative and quantitative analysis of GO
solutions, thereby allowing optimization of GO preparation conditions. Mech-
anistic analysis reveals that the appearance of multiple absorption peaks near
230 nm in the UV spectra of GO originates from the distinctive structure of
discontinuous 7-7* conjugated systems in graphene oxide.

Keywords: inorganic non-metallic materials, graphene oxide, quantitative
analysis, UV-vis spectroscopy, mechanism

Introduction

Graphene is a novel two-dimensional material composed of carbon atoms ar-
ranged in a hexagonal honeycomb lattice through sp? hybridized orbitals, form-
ing a planar film only one atom thick [1]. To distinguish graphene from graphite,
materials with fewer than 10 layers of sp2-hybridized carbon sheets are gener-
ally termed graphene, while those with more than 10 layers are called graphite.
Graphene oxide refers to films where the graphite layers have been oxidized on
both surfaces and within the interlayers [2], yet still maintain fewer than 10
layers of sp2-hybridized hexagonal honeycomb structure.

Atomic force microscopy (AFM) or transmission electron microscopy (TEM)
can be used for qualitative analysis of graphene oxide, requiring transfer of
GO from solution to a substrate surface. Quantitative testing can only be per-
formed sheet-by-sheet, with GO quantity determined indirectly through statis-
tical methods. During quantitative measurement, only extremely small solution
volumes (typically microliter scale) can be used [3-6], and multiple GO sheets
may stack together, leading to highly inaccurate representation of solution con-
centration. Moreover, these methods are costly.
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Graphene oxide has extensive application potential. Investigating its prepara-
tion mechanisms, characterization methods, and physicochemical properties is
crucial for improving preparation techniques and deepening mechanistic under-
standing [7-10]. This paper focuses on the preparation of graphene oxide and
its qualitative and quantitative analysis.

1. Experimental Methods
1.1 Chemical Preparation of Graphene Oxide (GO)

Graphene oxide was prepared using a modified Hummers method [11]. In an ice-
water bath, flake graphite was slowly added to sulfuric acid and mixed uniformly.
Potassium permanganate was then added slowly under stirring, with the oxidant
amount calculated as multiples of graphite mass. Samples were prepared with
KMnO, at 12%, 50%, 100%, 200%, 250%, 300%, 350%, 400%, 450%, and 500%
of graphite mass. After complete addition, the mixture was continuously stirred
in the ice bath for 5 hours, followed by reduction with 5% hydrogen peroxide
for 1 hour. The product was washed repeatedly with water until pH 7, then
filtered and dried to obtain graphite oxide.

The graphite oxide was dispersed as a suspension and subjected to ultrasonic
crushing. After sonication, centrifugation was performed to remove thicker
graphite oxide from the bottom. The supernatant in the centrifuge tube was
the graphene oxide (GO) solution, designated as SK12, SK50, SK100, SK150,
SK200, SK300, and SK350 according to the KMnO, dosage.

1.2 Characterization of GO

UV-vis absorption characteristics were analyzed using a spectrophotometer
(Shanghai Jinghua, Model 754). AFM (Asylum Research Corporation, MFP-
3D-SA) was used to measure sheet thickness. Particle size was analyzed using
a laser particle size analyzer (Malvern, Zetasizer Nano-zs90). Microstructure
was observed via SEM (Hitachi, S4800). FT-IR analysis was performed using a
Thermo Electron Corporation NICOLET 380 spectrometer.

2. Results and Discussion
2.1 Qualitative UV-Vis Analysis of Graphene Oxide

UV-vis spectroscopy was used to analyze the absorption characteristics of GO
prepared with different KMnO, dosages, as shown in [Figure 1: see original
paper]. When the oxidant dosage exceeded 350% of graphite mass, the UV-
vis spectrum showed a strong absorption peak at 230 nm. At 300% and 200%
dosage, a prominent shoulder peak appeared at 230 nm. At 150% dosage, mul-
tiple lower shoulder peaks were observed, while at 100% dosage, no obvious
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absorption peak was detected at 230 nm. These results indicate that oxidant
dosage significantly affects the UV-vis spectra of GO solutions, with peak in-
tensity gradually decreasing as oxidant dosage decreases. The absorption peak
at 230 nm in the UV-vis region is characteristic of graphene oxide and serves as
an important indicator for GO detection and characterization.

AFM observations of GO under different oxidant dosages are shown in [Fig-
ure 2: see original paper]. The results demonstrate varying GO thicknesses
under different preparation conditions. As oxidant dosage decreased, GO thick-
ness increased progressively from approximately 0.8 nm (single layer) and 1.5
nm (double layer) to 4.5 nm (multilayer) and even thicker structures of several
tens of nanometers. This aligns with previous reports showing that chemically
exfoliated single-layer graphene thickness ranges from 0.7-1.6 nm [12]. Statisti-
cal analysis of GO with different layer thicknesses reveals that oxidant dosages
above 350% primarily yield single-layer GO; 300% dosage produces mainly 1-
3 layer GO; and 200% dosage results predominantly in GO with more than 4
layers [13]. When KMnO, dosage was only 12% of graphite mass, the post-
sonication supernatant was clear, and AFM observation revealed no GO-like
products, indicating that oxidant dosage plays a critical role in GO preparation
[14].

Particle size analysis of GO sheets using laser granulometry is presented in [Fig-
ure 3: see original paper]. As oxidant dosage varies, GO particle size changes
gradually. At 24% KMnO, dosage, the result showed a broad single peak. At
50% dosage, a small peak appeared on the left side of the broad peak. At 200%
dosage, this left-side peak became sharp and exceeded the intensity of the broad
peak, while the broad peak shifted leftward, indicating decreasing size. At 300%
dosage, the broad peak narrowed and continued shifting leftward by approxi-
mately 200-300 nm, with more concentrated size distribution. These results are
consistent with AFM observations, demonstrating that higher oxidant dosage
leads to smaller GO dimensions. However, the absolute sizes measured by laser
granulometry differ somewhat from AFM results, likely because laser granulom-
etry measures bulk properties while AFM characterizes individual sheets.

Morphological and structural analysis of graphite oxide is important since GO is
obtained through ultrasonic crushing of graphite oxide. [Figure 4: see original
paper] shows SEM images of graphite oxide prepared with different KMnO,
dosages. At 12% dosage, sheet thickness reached 5-6 m, while at 350% dosage,
thickness was only about 0.5-0.8 m. As KMnO, dosage increased, graphite
oxide sheets became progressively thinner. These dimensional changes before
and after sonication correlate with laser particle size analysis results, confirming
that oxidant dosage is a key factor for preparing single-layer graphene.

FT-IR spectra of GO under different oxidant dosages are shown in [Figure 5:
see original paper]. In the high-frequency region, the band near 3450 cm™*
corresponds to O-H stretching vibrations, while the broad peak at 3000-3700
em ! originates from water molecules adsorbed on GO. Peaks near 2925 and
2850 cm~! correspond to -CH,- bending vibrations. In the mid-frequency re-
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gion, the peak near 1718 cm~! belongs to carboxylic acid and carbonyl groups
at GO edges. The band at approximately 1635 cm~! corresponds to graphite
C=C bonds, while the peak near 1400 cm ! is attributed to C-O stretching
of edge carboxylic acids. The absorption around 1100 cm™! results from C-
OH stretching of alcohol groups [15]. The presence of these oxygen-containing
groups confirms graphite oxidation, and these polar groups, particularly surface
hydroxyls, facilitate hydrogen bonding with water molecules, explaining GO’ s
good hydrophilicity [16]. FT-IR results indicate that oxidation introduces var-
ious oxygen-containing bonds (C=0, C-O, etc.) onto the carbon atoms of the
large m-bond system, converting some sp? hybrid orbitals to sp3. Higher oxidant
dosage produces more pronounced oxygen group peaks, which only become con-
sistent when oxidant dosage exceeds 200% of graphite mass. During ultrasonic
crushing, the weak interlayer van der Waals forces, further reduced by interca-
lated species, allow shear forces to exfoliate single layers along the c-axis. The
size of these single layers is closely related to KMnO, dosage, sonication time,
power, and solvent.

2.2 Quantitative UV-Vis Analysis

2.2.1 Preparation of GO Standard Solutions and Calibration Curve
For quantitative analysis, SK350 graphite oxide was dispersed as a suspension
and ultrasonically crushed. After centrifugation, the thicker bottom deposit
was dried to obtain solid residue. The GO concentration was determined in-
directly by subtracting the dried residue mass from the initial graphite oxide
mass (weight difference method). This solution was diluted to 1/4 of its origi-
nal concentration as Standard 1. Portions of Standard 1 were further diluted to
1/2,1/4, and 1/8 of its concentration, designated as Standards 2, 3, and 4. The
absorbance of these standards was measured at 230 nm. Additionally, 200 mL
aliquots of each concentration were placed in pre-weighed 250 mL beakers and
dried at 80°C to obtain the mass of GO, from which mass concentrations (C)
were calculated as true values. A calibration curve was established by plotting
mass concentration versus absorbance at 230 nm, as shown in [Figure 6: see
original paper].

To validate the method, three freshly prepared GO samples (C1, C2, C3) were
prepared, sonicated, and diluted to measurable concentrations for UV analysis at
230 nm. Measured concentrations (X) were obtained from the calibration curve,
while true concentrations (T) were determined by evaporation and weighing.
Relative error was calculated as E = |X - T|/T x 100%. Results are listed in .
Three experimental trials demonstrated that UV spectroscopy can qualitatively
and quantitatively determine GO concentration at 230 nm with errors below
6%, which is acceptable for GO applications. This method is low-cost and
convenient.
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2.3 Application of UV-Vis Quantitative Analysis

Ultrasonic conditions are critical in GO preparation. [Figure 7a: see original
paper] shows the effect of sonication time on GO UV-vis spectra. As crushing
time increases, the absorption peak at 230 nm intensifies and becomes narrower
and more prominent, indicating that longer sonication facilitates GO production
and enhances UV absorption at 230 nm. No absorption peak appears when son-
ication time is less than 10 minutes, suggesting insufficient GO formation. After
20 minutes, the preparation effect stabilizes, with a measured concentration of
0.66 mg - mL~! based on the calibration curve.

The effect of ultrasonic power is shown in [Figure 7b: see original paper|. As
power increases, the 230 nm absorption peak intensity gradually rises, becom-
ing particularly prominent at 400 W, indicating that higher power yields higher
concentration and thinner GO sheets. The sample at 400 W showed a concen-
tration of 0.042 mg - mL~!. Therefore, using UV spectroscopy analysis based on
absorption near 230 nm, optimal GO preparation conditions were determined
to be: oxidant dosage at 350% of graphite mass, sonication time of 20 minutes,
and ultrasonic power of 400 W.

2.4 Mechanism of Peak Splitting

The peak splitting phenomenon observed near 230 nm in [Figure 1: see original
paper| and [Figure 7: see original paper| can be explained by GO structure.
During ultrasonic exfoliation, weak interlayer van der Waals forces, further di-
minished by intercalated species, allow shear forces to detach single layers along
the c-axis, forming single- or multi-layer GO structures. GO exhibits a struc-
ture dominated by discontinuous m-7* conjugated systems, which produce UV
absorption peaks near 230 nm [17,18]. The UV-vis spectra of GO primarily
relate to two conjugation effects: (1) Oxidation converts some sp? to sp® hybrid
orbitals, dispersing the conjugation of remaining sp? orbitals into multiple con-
tinuous or discontinuous large 7 bonds, as shown by red circles in [Figure 8: see
original paper|. This indicates that insufficiently oxidized GO exhibits distinct
localized state distributions with high disorder, resulting in multiple absorption
peaks at 100%-350% oxidant dosage in [Figure 1: see original paper]. (2) These
discontinuous large m bonds connect to C=0 and C-O groups on carbon atoms.
Different numbers of these groups cause varying degrees of bathochromic shift
and absorption intensity when attached to sp2-hybridized carbon atoms, lead-
ing to multiple absorption peaks with different positions and intensities. (3)
The bonding at junctions of discontinuous large 7 bonds is weaker than orig-
inal sp? bonds. As sonication time and power increase, these discontinuous
7w bonds gradually break, forming smaller GO sheets. The reduction of disor-
dered structures makes the UV absorption peaks smoother, with peak splitting
diminishing.

chinarxiv.org/items/chinaxiv-202303.00321 Machine Translation


https://chinarxiv.org/items/chinaxiv-202303.00321

ChinaRxiv [$X]

3. Conclusion

Graphene oxide can be prepared by chemical intercalation-oxidation and ultra-
sonic crushing using sulfuric acid and potassium permanganate. Based on the
UV absorption characteristics of GO, the peak at 230 nm in the UV-vis re-
gion serves as a characteristic feature for qualitative and quantitative detection,
with analytical errors below 6% in three experimental trials. Graphite oxidation
forms discontinuous large m bonds, giving GO distinct localized state distribu-
tions and high disorder, which produces multiple absorption peaks of varying
intensities in the UV region.
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