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ABSTRACT: The mechanism of oxidizing reaction in the
preparation of graphene oxide (GO) by a chemical oxidation
method remains unclear. The main oxidant of graphite oxide has
not been determined. Here, we show a new mechanism in which
Mn2O7, the main oxidant, is heated to decompose oxygen atoms
and react with graphite. The whole preparation process constitutes
of four distinct independent steps, different from the three steps of
literature registration, and each step has its own chemical oxidation
reaction. In the first step, concentrated sulfuric acid and nitric acid
are intercalated between graphite layers in the form of a molecular
thermal motion to produce HNO3−H2SO4−GIC. In the second
step, Mn2O7 is intercalated between graphite layers in the molecular
convection−diffusion to Mn2O7−H2SO4−GIC. In the third step,
Mn2O7 is decomposed by heat. Oxygen atoms are generated to oxidize the defects in the graphite layer to PGO. This discovery is the
latest and most important. In the fourth step, PGO is purified with deionized water, hydrogen peroxide, and hydrochloric acid to
GO. Optical microscopy, ultraviolet−visible spectroscopy, Fourier transform infrared spectroscopy, X-ray diffraction spectrometry,
and scanning electron microscopy analytical evidence was used for confirming Mn2O7 as the main oxidant and the structure of GO.
This work provides a more plausible explanation for the mechanism of oxidizing reaction in the preparation of GO by a chemical
oxidation method.

1. INTRODUCTION

Graphene oxide (GO), as a derivative of graphene, not only
has excellent shielding performance, high aspect ratio, ultrahigh
strength, ultrahigh thermal conductivity, high surface activity,
and other advantages, all of which are possessed by graphene,
but also has carboxyl group, hydroxyl group, epoxy group, and
other functional groups that can be prepared derivatives.
Studying its application in many fields such as electronics,
energy storage, catalysis, plastics, textiles, and coatings has
become a hotspot.1−6 The classic chemical oxidation methods
for the preparation of GO include those by Brodie,7

Staudenmaier,8 and Hummers.9 All of these methods take
graphite (GT) as the raw material for oxidation reaction with
different strong oxidants and then peel off to give GO.
Compared with the previous two preparation methods, the
Hummers method has a short reaction time, high efficiency,
and high safety, which bring promise for the industrial
preparation of GO. Therefore, researchers are actively seeking
some improved methods based on the Hummers method.
These methods mainly include preoxidation treatment,10

changing oxidation intercalation agent, electrochemically
assisted method, ultrasonic-assisted method, microwave-
assisted method, etc.11−14 However, a clear understanding of

the mechanism of the reaction would provide a powerful boost
to these efforts.
Unfortunately, most of the researchers’ works are focused on

the functionalization of GO, preparation of complexes, and
application research,15−24 and there are few studies on the
oxidation reaction mechanism.25,26 Especially, how does the
chemical reaction of the KMnO4−H2SO4 oxidation system
occurs in the Hummers method and which oxidizing substance
is oxidized with graphite are unknown. Fortunately, several
researchers have studied the mechanism of preparation of GO
by oxidizing intercalated graphite with oxidants, laying a
certain theoretical foundation. Yang et al.27 believed that
MnO4

− was the main oxidant during the oxidation of the C
C bond on graphite, and two oxidation groups, −OH and
−O−, were generated on the graphene surface. Dreyer et al.28

suspected in the review that Mn2O7 was used as an oxidant and
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the main oxidation reaction occurred with graphite in the
Hummers method. However, this conjecture was put forward
mainly based on Trömel’s work,29 who proved that Mn2O7 has
stronger oxidability than other manganese compounds in the
oxidation reaction with organic compounds. Dimiev et al.30

guessed that the main oxide in the pristine graphite oxide
(PGO) formation was MnO3

+ because MnO3HSO4 or
(MnO3)2SO4 existed in nonionic form in almost 100%
concentrated sulfuric acid at this time.31 However, these
oxidation reaction mechanisms of GO generation are all
conjectures based on the research results of other researchers
in other fields and have not been systematically studied.
In this work, we revealed the reaction mechanism of

oxidizing graphite oxide in the preparation of GO and
determined that Mn2O7 was the main oxidizing agent
combined with the reaction conditions and the process of
the Hummers method. Different from what was reported in the
literature, we determined that the process of GO preparation
by the Hummers method was divided into four steps. Among
them, the mass ratio of Mn2O7 produced by potassium
permanganate in the second step was 4 times that of graphite,
which reacted with concentrated sulfuric acid at low temper-
ature (0−4 °C). Mn2O7 intercalated between graphite layers in
molecular convection−diffusion, replacing some of the sulfuric
acid molecules, to form Mn2O7−H2SO4−GIC. Mn2O7 was
decomposed by heat in the third step. Oxygen atoms were
generated to oxidize the defects in the graphite layer to PGO.
This work provided a more plausible explanation for the
mechanism of oxidizing reaction in the preparation of GO by
the Mn2O7−H2SO4 oxidation method.

2. RESULTS AND DISCUSSION

2.1. HNO3−H2SO4−GIC was Formed by Molecular
Thermal Intercalation. The first step in the preparation of
GO by Hummers method is to add a certain amount of
NaNO3 (about 1/120 mass ratio to 98% sulfuric acid) into
98% sulfuric acid, completely dissolve it at room temperature

(20−30 °C), then cool the solution to 0−4 °C, add flake
graphite (about 1/60 mass ratio to concentrated sulfuric acid),
and stir and disperse for 30−40 min. As graphite is suspended
in concentrated sulfuric acid, the liquid mixture appears black
(Figure 1a); however, the graphite does not lose its metallic
luster as observed from the liquid surface (Figure 1b). A small
amount of mixed liquid (NML) is placed on a slide and
observed under an optical microscope at 500×. The entire
graphite sheet is black, indicating that the chemical electro-
motive force of concentrated sulfuric acid is weak and it is
difficult to oxidize graphite at low temperature. However, an
interesting phenomenon is that the originally dispersed
graphite sheets gradually gather into clusters (Figure 1c),
which indicates that the molecules of concentrated sulfuric acid
are not ionized and cannot prevent the positively charged
graphite sheets from gathering.32 After storing the mixture at
22 °C for 20 days (Figure 1d), the liquid in the bottle was
slightly light brown. Small pieces of graphite, observed with a
light microscope with 500× magnification, are oxidized to
golden color and the edges of large pieces of graphite are
oxidized to golden color, while the center is still black (Figure
1e). The UV−vis spectrum of the mixed liquid has a
characteristic peak at 263 nm, which may be the absorption
spectrum of HNO3 (Figure 1f). This new discovery indicates
that the NaNO3−H2SO4 oxidation system can oxidize
graphite, but the reaction rate is slow. Because concentrated
sulfuric acid can only show hydroscopicity and dehydration at
low temperature, it can only show strong oxidization when
heated and can be oxidized with carbon,33 while HNO3 only
needs light to decompose oxygen atoms. Therefore, in the first
stage at a low temperature, the oxidant that NaNO3−H2SO4
oxidation system can oxidize with graphite should be the
oxygen atom decomposed by HNO3. The reaction equations
are as follows

NaNO H SO NaHSO HNO3 2 4 4 3+ → + (1)

Figure 1. Photographs and UV−vis spectra of NaNO3−H2SO4−GIC. (a) Photographs of the liquid composed of concentrated H2SO4 + NaNO3 +
GT and stirred at 0 °C for 30 min. (b) GT on the surface of concentrated sulfuric acid with a metallic luster. (c) Optical microphotographs (500×)
of a graphite flake in concentrated sulfuric acid. (d) Photographs of a liquid composed of concentrated H2SO4 + NaNO3 + GT and stored at 22 °C
for 20 days. (e) Optical microphotographs (500×) of HNO3−H2SO4−GIC diluted with concentrated sulfuric acid and placed at 8 °C for 20 days.
(f) UV−vis spectra of HNO3−H2SO4−GIC diluted with concentrated sulfuric acid and stirred at 0 °C for 30 min.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c01963
ACS Omega 2022, 7, 23503−23510

23504

https://pubs.acs.org/doi/10.1021/acsomega.2c01963?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01963?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01963?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c01963?fig=fig1&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c01963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


4HNO 4NO O 3H O3
light

2 2 2⎯ →⎯⎯ + + (2)

C H SO CO 2SO 2H O2 4 2 2 2+ → + +
Δ

(3)

In this step, it is difficult to intercalate the H2SO4 molecule
into the graphite lamellar because the spacing between the
graphite lamellar layers is only 0.34 nm, while the H2SO4
molecule is about 0.39 nm in diameter and exists in the form of
a nonion. Therefore, NaNO3 needs to be added to react with
concentrated sulfuric acid to generate HNO3, then small
molecules of oxygen atoms are generated, carbon atoms at the
edge of graphite are oxidized, and the graphite lamellar channel
is opened and then diffused into graphite sheets by molecular
thermal motion to realize the intercalation of HNO3−H2SO4−
GIC. The intercalation interval is increased to 0.798 nm.34

This theory is consistent with the experimental results of the
preoxidation treatment.
2.2. Mn2O7−H2SO4−GIC Was Formed by Molecular

Convection−Diffusion. Potassium permanganate (4 times
the graphite mass ratios) was added to the reaction liquid in
the first step at 0−4 °C. After stirring for about 3−5 min, the
liquid turned dark green (Figure 2a). Thirty minutes later, the
mixed liquid (FLML) was formed and observed under an
optical microscope. It was found that the graphite sheet was
black-green. However, there was a special phenomenon that
the blended liquid sample was placed between two slides.
Different from NML, the graphite slices were dispersed from
each other without aggregation, and the concentration of the
dark green solution between the graphite slices was uneven. A
more noteworthy phenomenon was the continuous diffusion of
dark green liquid from the graphite layer to the surrounding
area of low concentration, resulting in the dark green material
around the graphite sheet (Figure 2b). This phenomenon
suggests that the dark green material in the mixed solution was
intercalated into the graphite sheet layer, and this intercalation
was reversible. When the concentration of dark green material
in the solution body is higher than the graphite sheet, it will
diffuse into the graphite sheet layer; on the contrary, it will
diffuse out from the graphite sheet layer. In the first step, when

HNO3−H2SO4−GIC was formed without potassium perman-
ganate, concentrated sulfuric acid was colorless and this
phenomenon could be easily observed. When the solution
sample was refrigerated at 8 °C for 12 days (Figure 2c), the
mixed liquid was still dark green and most of the graphite
sheets were still dark green. However, the center of the small
graphite sheet was yellow and transparent and the edge was
dark purple (Figure 2d). This phenomenon further indicated
that the oxidation reaction of HNO3−H2SO4−GIC occurred
at 8 °C, but the reaction speed was slow, and the rapid
oxidation of large graphite sheets could not be achieved. When
potassium permanganate was added, a dark green substance
was produced that did not oxidize with graphite at low
temperatures. The mixed liquid was characterized by UV−vis
spectra (Figure 2e). There was a strong absorption peak at 301
nm, a weak absorption peak at 460 nm, and the absorption
peak at 263 nm disappeared, as shown in Figure 1e.
Potassium permanganate in excess concentrated sulfuric acid

at a low temperature produced dark green Mn2O7 liquid, which
was also its preparation method.35 The reaction equation is as
follows

KMnO 3H SO K MnO H O 3HSO4 2 4 3 3 4+ → + + ++ + + −

(4)

MNO MnO Mn O3 4 2 7+ →+ −
(5)

Accordingly, we can think that 301 nm is the absorption peak
of Mn2O7. Because the interlayer distance of HNO3−H2SO4−
GIC is 0.798 nm and the molecular diameter of Mn2O7 is less
than 0.671 nm, Mn2O7 molecules can intercalate from the
external high-concentration liquid to the low-concentration
liquid between the graphite layers in the form of a molecular
convection−diffusion and replace part of the HNO3−H2SO4
mixture. A new Mn2O7−H2SO4−GIC compound is formed.

2.3. Oxygen Atoms Oxidize the Defects of the
Graphite Layer to Form PGO. After the intercalation of
Mn2O7 was completed to generate the Mn2O7−H2SO4−GIC
compound, the mixed solution was heated to 35−45 °C and
heat preservation, agitation, and the reaction continued. Figure
3 shows the color changes of the graphite layer tracked and

Figure 2. Photographs and the UV−vis spectra of Mn2O7−H2SO4−GIC. (a) Photographs of a liquid composed of concentrated KMnO4 + H2SO4
+ NaNO3 + GT and stirred at 0−4 °C for 30 min. (b) Optical microphotographs (500×) of a graphite flake in concentrated sulfuric acid. (c)
Photographs of liquid composed of concentrated KMnO4 + H2SO4 + NaNO3 + GT and stored at 8 °C for 12 days. (d) Optical microphotographs
(500×) of Mn2O7−H2SO4−GIC diluted with concentrated sulfuric acid and stored at 8 °C for 12 days. (e) UV−vis spectra of KMnO4 + H2SO4 +
NaNO3 + GT diluted with concentrated sulfuric acid and stirred at 0−4 °C for 30 min.
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characterized by an optical microscope at different time
periods of the reaction process, and UV−vis spectra of mixed
liquid (OHML). When the reaction continued for 120 min,
small pieces of graphite were completely oxidized to a yellow
transparent sheet. The center of the medium-sized graphite
sheet was dark green with a yellow and transparent
surrounding. Large sheets of graphite were almost dark
green, with very few edges oxidized to yellow (Figure 3a).
After 240 min, the mixed solution turned brown, and almost all
of the medium-sized graphite sheets were oxidized to yellow
transparent sheets, and the larger graphite pieces showed a
color from yellow to green to black-green from the edge to the
center (Figure 3c). At this time, in the UV−vis (Figure 3b)
spectrum of the mixed liquid, there was still a strong
absorption peak at 301 nm and a stronger absorption peak
at 245 nm, while the weak absorption peak at 460 nm

disappeared in Figure 2d. Part of the mixed solution was
diluted with concentrated sulfuric acid and stored at 22 °C for
12 days. Virtually all of the graphite sheets became yellow
transparent sheets (Figure 3e) and the supernatant turned
purple red (Figure 3d), which is the color shown by Mn7+ ions.
Therefore, it can be inferred that Mn2O7 decomposes and

generates oxygen atoms at 35−45 °C and then produces
oxygen and ozone to oxidize the graphite defects. Moreover,
Mn2O7 has strong oxidation C=C bond of graphene bond,
which will break and oxidize the graphene bond in the middle
of the graphene sheet. A high oxidation level is obtained by
oxidizing GO with ozone,36,37 which also indicates that ozone
can oxidize carbon on graphite sheets. The color gradient of
the graphite sheet from the edge to the center also indicates
that Mn2O7 is intercalated between the graphite layers. At the
same time, MnO2 is produced in this reaction, which continues

Figure 3. Optical microphotographs (500×) and UV−vis spectra of oxide reaction of Mn2O7−H2SO4−GIC at 35−45 °C. (a) Liquid composed of
KMnO4 + H2SO4+ NaNO3 + GT and stirred at 35−45 °C for 120 min. (b) UV−vis spectra of KMnO4 + H2SO4 + NaNO3 + GT diluted with
concentrated sulfuric acid and stirred at 35−45 °C for 240 min. (c) Liquid composed of KMnO4 + H2SO4 + NaNO3 + GT and stirred at 35−45 °C
for 240 min. (d) Mn2O7−H2SO4−GIC diluted with concentrated sulfuric acid and placed at 22 °C for 12 days. (e) Optical microphotographs
(500×) of Mn2O7−H2SO4−GIC diluted with concentrated sulfuric acid and placed at 22 °C for 12 days.

Figure 4. Ultraviolet−vis spectrum of manganese sulfate in OHML confirmed with the internal standard method.
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to react with excess concentrated sulfuric acid to produce
MnSO4, water, and oxygen. The water reacts with Mn2O7 to
produce permanganic acid, which is dissolved in sulfuric acid
and showed purplish-red color. The oxidation reaction
equation is as follows

Mn O 6MnO 3O O2 7 2 2 3→ + +
Δ

(6)

2MnO 2H SO 2MnSO O 2H O2 2 4 4 2 2+ → + + (7)

Mn O H O 2HMnO2 7 2 4+ → (8)

To further confirm the reaction mechanism, it is necessary to
verify the formation of MnSO4 in the mixed solution by UV−
vis spectroscopy. Figure 4 shows the UV−vis spectra of 2%
MnSO4 in concentrated sulfuric acid(MSCSA), the UV−vis
spectra of the mixed solution(OHML) after reaction at 35−45
°C and 240 min in third step process, the UV−vis spectra of

the mixed solution(OHML + MSCSA) by MSCSA was added
to OHML. The spectrogram of OHML+MSCSA is obtained
by adding MnSO4 content in OHML. Compared with OHML,
the absorption peak at 245 nm is stronger, and the absorption
peak at 301 nm is weaker, indicating that the absorption peak
at 243 nm in OHML is characteristic of MnSO4 and that at
301 nm is characteristic of Mn2O7. Therefore, this mechanism
of the chemical oxidation reaction is reasonable.

2.4. Purification of PGO to Obtain GO. After the
Mn2O7−H2SO4−GIC compound was completely oxidized to
yellow PGO, as observed using a light microscope, deionized
water was added to the mixed solution. At this time, the
solution (WGOML) turned from brown to brown-yellow and
the graphite oxide sheet turned brown or golden (Figure 5a).
The temperature of the reaction solution increased rapidly.
This phenomenon shows that water reacts with the remaining
Mn2O7 to generate permanganic acid, and concentrated

Figure 5. Optical microphotographs (500×) and UV−vis spectra of the process of GO from PGO. (a) Optical microphotographs (500×) of PGO
in WGOML. (b) Optical microphotographs (500×) of PGO in HGOML. (c) UV−vis spectra of MSAS, WGOML, and HGOML. (d) Filter cake
after washing with hydrochloric acid and vacuum extraction.

Figure 6. (a) SEM images, (b) FTIR spectra, (c) XRD data, and (d) EDS data for GO.
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sulfuric acid is a dilution process. A lot of heat is released
during the dilution process, so water is added fewer times to
prevent the temperature of the reaction system from rising too
fast. At the same time, water also participates in the reaction
with the CO bond on the graphite oxide layer to produce
oxygen-containing functional groups.38 Then, hydrogen
peroxide is added at about 90−95 °C to oxidize MnO4

− in
the solution (HGOML) to Mn2+ for subsequent washing.
Mn2+ is colorless, so the graphite oxide sheet is almost golden
yellow at this time (Figure 5b). After the temperature of the
solution is dropped to 60 °C, the solution is washed several
times with 5% hydrochloric acid with vacuum filtration (at this
time, there was a pungent smell of chlorine), and the filter cake
was golden yellow (Figure 5d). We believe that the principle of
washing the mixed solution with HCl in the fourth process is
to use Cl−, oxygen-free, and small molecular diameter, to
facilitate intercalation into oxidized graphite layers to replace
sulfate ions and manganese ions between graphite oxide layers,
which is conducive to vacuum extraction and filtration
separation. In the vacuum filtration process, the filtrate of
the mixture with hydrochloric acid passes through the cake
much faster than the mixture without hydrochloric acid. Then,
GO was diluted with deionized water, centrifuged, washed to a
pH of 5−6, and then dried into solid GO in a vacuum drying
oven at 65 °C. The reaction equation is as follows

2MnO 5H O 6H 2Mn 5O 8H O4 2 2
2

2 2+ + → + +− + +

(9)

2MnO 16HCl 6Cl 2Mn 5Cl 8H O4
2

2 2+ → + + +− − +

(10)

Figure 5c shows the UV−vis spectra of the MnSO4 aqueous
solution (MSAS), the mixed solution with added deionized
water (WGOML) after the complete oxidation of the Mn2O7−
H2SO4−GIC compound to PGO, and the mixed solution with

added hydrogen peroxide (HGOML). MSAS has no character-
istic absorption peak between 200 and 800 nm, while
WGOML and HGOML have an identical absorption peak at
225 nm, which should be the contribution of GO. At this stage,
all Mn7+ is reduced to Mn2+, and there is no absorption peak in
the aqueous solution. This phenomenon can confirm the
rationality of the reaction theory.
Figure 6 shows the SEM morphology, FTIR, XRD, and EDS

characterization data of GO prepared according to the
chemical oxidation reaction theory. The results show that the
SEM morphology shows that GO is a thin gauze film (Figure
6a). The FTIR spectrum (Figure 6b) shows a wider and
stronger absorption peak of GO near 3430 cm−1, which is
attributed to the stretching vibration peak of −OH. The peak
at 1725 cm−1 is the stretching vibration peak of CO on the
carboxyl group of graphite oxide. The peak at 1630 cm−1 is the
bending vibration absorption peak of C−OH. The peak at
1110 cm−1 is the vibration absorption peak of C−O−C. In the
XRD spectra, 2θ = 10.83° is the characteristic peak of GO
(Figure 6c). EDS data shows that the C/O ratio of GO is 2.18,
indicating a high oxidation degree (Figure 6d). These
characterizations indicate that the reaction yields ideal GO.
Figure 7 summarizes and schematically represents the four
steps constituting the process of conversion of bulk graphite
into GO and the chemical reactions in every step.

3. CONCLUSIONS

In general, different from previous research results, this paper
reveals that the preparation of GO by the Hummers method
involves four steps, and each step has an independent chemical
reaction. Mn2O7, the main oxidant, is heated to decompose
oxygen atoms and react with graphite. In the first step,
concentrated sulfuric acid and nitric acid are intercalated
between graphite layers in the form of a molecular thermal
motion to produce HNO3−H2SO4−GIC. In the second step,

Figure 7. Reaction mechanism of the conversion of flake graphite into GO by a chemical oxidation process.
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Mn2O7 is produced by the reaction of potassium permanganate
with concentrated sulfuric acid at low temperature (0−4 °C).
Mn2O7 is intercalated between graphite layers in molecular
convection−diffusion, replacing some of the sulfuric acid
molecules, to Mn2O7−H2SO4−GIC. In the third step, Mn2O7
is decomposed by heat, and oxygen atoms are generated to
oxidize the defects in the graphite layer to PGO. This work
provides a more plausible explanation for the mechanism of
oxidizing reaction in the preparation of GO by the Mn2O7−
H2SO4 oxidation method.

4. METHODS
4.1. Materials. The graphite flakes were obtained from

Qingdao Tianheda Graphite Co., Ltd. The concentrated
sulfuric acid, potassium permanganate, and concentrated
hydrochloric acid were from Tianjin Kemiou Chemical
Reagent Co., Ltd. The sodium nitrate was from Taicang
Hushi Reagent Co., Ltd. The hydrogen peroxide (30%) was
from Tianjin Zhiyuan Chemical Reagent Co., Ltd.
4.2. Hummers Method of GO Preparation. One gram

of sodium nitrate was slowly added to 70 mL of concentrated
sulfuric acid until complete dissolution. Then, 2.0 g of flake
graphite was added and stirred for 30 min at 0−4 °C in an ice
bath. Potassium permanganate (8.0 g) was added and stirred
for 30 min. Then, the temperature was increased to 35−45 °C
and stirred for 300 min. Two hundred forty milliliters of
deionized water was added several times and stirred at 65−75
°C for 120 min. After the mixture was heated to 95 °C for 5
min, 25 mL of (30%) hydrogen peroxide solution was added
and the solution was stirred for 30 min. Then, 40 mL of
hydrochloric acid solution was added in the mass ratio of 5%
and the mixture was stirred for 30 min. Afterward, vacuum
extraction and filtration were performed while hot. The filter
cake was then washed with deionized water and centrifuged
until the pH value of the GO solution became 5−6. Finally, the
solution was vacuum dried at 65 °C to obtain solid GO.
4.3. Monitoring the Oxidation Reaction by Photo-

graphs and UV−vis Spectra. To directly observe the
morphology of the reaction solution during the preparation of
GO, an optical camera was used to take photographs of the
reaction solution at each reaction stage and record the reaction
phenomena. A small amount of reaction mixture solution was
taken out and put on a glass slide. Then, this glass slide was
covered with another glass slide to ensure that the middle
liquid film was without bubbles. The film was immediately
observed under an optical microscope (500×) and recorded
with a camera. UV−vis was performed to characterize the
change in manganese ion in the solution. Two milliliters of the
mixture was taken at each reaction sampling point and diluted
to 100 mL with sodium nitrate/concentrated sulfuric acid
solution, 1 g of sodium nitrate/70 mL of concentrated sulfuric
acid, or deionized water, respectively. Then, scanning spectra
were performed within the wavelength range of 200−800 nm.
If the absorption peak intensity exceeded the instrument
measurement range, the solution was diluted to an appropriate
concentration using an appropriate diluent.
4.4. Instrumentation. Light micrographs shown in Figures

1−6 were acquired using a Nikon ECLIPSE CiPOL micro-
scope equipped with Nikon DIGITAL SIGHTDS-Fi1c. The
transmit mode was used with a white incandescent light
source. The lenses used were 50× objective lens and 10×/0.45
eyepiece. UV−vis spectra were acquired using a SHIMADZU
UV-2450 UV−vis spectrophotometer. XRD pattern was

acquired using a Bruker D8 Advance diffractometer with Cu
Kr radiation (λ = 0.15418 nm). SEM and EDS were acquired
using ZEISS Sigma 300. FITR spectroscopy was performed
using a Bruker Tensor 27 in situ infrared spectrometer and a
potassium bromide tablet.
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