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Abstract: Large graphene oxide (LGO) sheets have significant
advantages over smaller ones in various applications. However,
producing them by the Hummers-type oxidation of large natural
graphite flakes is challenging. The inherent limiting factors are
generally believed to be that large graphite flakes are both diffi-
cult to oxidize fully and prone to fragmentation during the pro-
cess. By in-situ monitoring the graphite oxidation, we observed
that, given sufficient time, large graphite flakes may be fully ox-
idized while still remaining largely intact. Graphite oxidation is
governed by diffusion of the oxidizer between the layers, and is
described by Fick’s law, where a high oxidizer concentration
gradient increases the diffusion rate. We therefore increased the
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oxidizer concentration by minimizing the amount of solvent (concentrated H,SO,), achieving full oxidation of gram-scale large

graphite flakes in a semi-solid state with significantly reduced reagent consumption. In addition, the reaction temperature was
adjusted to balance graphite oxidation and Mn(VII) self-decomposition. Using this approach, gram-scale 200-, 100-, and 50-
mesh natural graphite were all fully oxidized with a significantly reduced consumption of both H,SO, and KMnO,. A reduction
in size occurs during exfoliation, yielding LGO with average sizes of 27.3, 58.7, 116.2 pm, respectively. This study not only
provides a scalable and cost-effective strategy for LGO production but also advances the understanding of Hummers-type meth-

ods.
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The properties and applications of two-dimen-

sional (2D) materials are strongly correlated to their
lateral dimensions' . Graphene oxide (GO) is a cru-
cial precursor for scalable graphene production and
has great potential for numerous applications in nano-

U1 corrosion protection, biomedicine',

composites
energy storage and conversion devices'’, and thermal
management'” . The large-area GO (LGO) is particu-
larly desirable for assembling dense coatings, and

fibers or membranes with high mechanical strength,
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5771 However,

electrical and thermal conductivities
producing LGO through Hummers-type oxidation of
large-area natural graphite flakes has been considered
to be challenging especially in large-scale industrial
production, which results from 2 aspects: (1) The ox-

idation is typically considered to be controlled by dif-
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fusion of oxidizer from the edges of the graphite to the

corest' !

. When the size of the graphite flakes is
large, the diffusion path for oxidizer is long, often res-
ulting in flakes with oxidized edges but insufficiently

L1928 (2) The oxidation process in-

oxidized cores
volves the insertion of oxygen-containing functional
groups into the graphite lattice, which causes stress
build-up and disrupts the planar structure and leads to
the

pieces

fragmentation of large flakes into smaller

2,291

A number of studies have focused on the produ-
cing of LGO with the Hummers-type oxidation meth-
od, as summarized in Fig. S1. In many works, the ex-
cessive oxidizer (e.g. 6-12 : 1 for the mass ratio of
KMnO, to graphite) was used to enhance the oxida-
tion'>"""). Furthermore, researchers employed large
expandable graphite or expanded graphite as raw ma-
terials since highly accessible structures facilitate the
mass diffusion of oxidizer into graphene layers!'""' 1.
However, most strategies are not welcome in large-
scale production due to complex processes and heavy
consumption of oxidizer, intercalating agents, solvent,
thermal or electrical power.

In a typical Hummers-type method, graphite ox-
idation consists of three basic stages!'"'"*l. The first
involves converting graphite into a stage-1 graphite
intercalation compound (GIC). Under the action of
oxidizer, GIC gradually transforms into pristine
graphite oxide (PGO). Finally, PGO quickly trans-
forms into graphite oxide upon contact with water,
and then it is exfoliated into single-layered GO. The
transformation from GIC to PGO is a bottleneck pro-
cess. For the first time, this work conducts in-situ
monitoring of the oxidation process in large-area
graphite therefore enhancing understanding of its ox-
idation mechanism.

According to Fick’s law, increasing the concen-
tration gradient can enhance the diffusion driving

U1 Tt can be tuned by either changing the

force
Mn(VII) amount or the volume of the solution. This
work reduced the solvent amount to increase the oxid-
izer concentration and facilitated its diffusion, achiev-
ing complete oxidation of large-area graphite. The

temperature of the oxidation reaction of the Hummers
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process has been typically kept at 35 °C or higher to
promote oxidation'”>"). But high temperature also ac-
celerates the self-decomposition of Mn(VII), redu-
cing its utilization rate. Therefore, this work re-optim-
ized the reaction temperature to balance these 2 reac-

tions.

200-, 100-, 50-mesh natural graphites were pur-
chased from Aladdin. QD8 and QD9 natural graph-
ites were purchased from Qingdao Shengtengda.
H,SO, and HCI were purchased from Dongjiang,
while KMnO, was bought from Xilong. Na,C,0, and
H,0, (30%) were bought from Aladdin. All reagents

were used as received without any pretreatment.

KMnO, was slowly added to H,SO, and stirred at
8 °C for 2 h. Graphite was added to the dark green li-
quid and stirred for 1 h at 8 °C. Then the beaker was
transferred to a water bath at the oxidation temperat-
ure with stirring until it became viscous. After a peri-
od of time, the liquid in the mixture was quickly ex-
tracted using a stainless steel lemon squeezer, and the
Mn(VII) retention was determined by Na,C,0, titra-
tion. The remaining solid was dispersed into cold wa-
ter, heated to 90 °C for 30 min, filtered, washed with
dilute HCI and water, freeze-dried, and then tested by

an element analyzer for its oxygen content.

Graphite oxide was mildly dispersed in distilled
water, and the mixture was allowed to stand for 2 h
until the supernatant became clear, which was then
poured off. The precipitate was washed for 3 more
times through sedimentation to get purified expanded
graphite oxide. To produce single-layered LGO, wet
expanded graphite oxide was dispersed in distilled
water (with a concentration of around 5 mg/mL). The
obtained dispersion was mildly stirred at 200 r min”'
for 3 h and then sonicated for 10 min to obtain a
single-layered LGO dispersion. Dry LGO was then
collected through freeze-drying.
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The weight of graphite and dry GO was recor-
ded as M, and M, respectively. The yield of GO
(Y50) was calculated by Yo = (Mgo/Mg) x 100%.

In the Mn(VII) self-decomposition experiments,
KMnO, was dissolved in H,SO, in an ice bath and the
green solution was then divided into 3 equal parts.
They were placed in 35, 25 and 15 °C water bath. Ti-
tration was conducted after a certain time using
Na,C,0, to determine the residual content of oxidizer.
In detail, 100 pL of green solution was mixed uni-
formly with 10 mL of 5 °C deionized water and this
purple solution was titrated using a 75 °C 0.01 mol/L
Na,C,0, aqueous solution to determine the content of
Mn(VII). Three parallel titration experiments were
carried out with the same conditions. The reaction oc-
curring during the titration process is given as follows:

2MnO; +5C,02 +16H* — 2Mn**+10CO, 1 +8H,0

In the graphite oxidation experiments, 1 mL of
the sample was withdrawn from the reaction mixture
using a pipette, then quickly dispersed into 10 mL of
5 °C deionized water, and the solid substance was sep-
arated by filtration. This process was completed with-

in 5 min and the titration was then performed.

The oxidation process of graphite was monitored
by a Kenko STV-120M portable microscope. X-ray
diffraction (XRD) patterns were recorded on a Bruker
D8 Advance X-ray diffractometer (Cu Ko source, A4 =
1.54 A) with a scan rate of 20° min'. For observing
LGO sheets, samples were observed using a Murzider
M460 microscope. Atomic force microscopy (AFM)
was performed on Bruker Dimension Icon. Raman
spectra were obtained on the Horiba LabRam HR800
Raman system with an Ar laser source of 532 nm in a
macroscopic configuration. Fourier Transform in-
frared spectra (FTIR) were acquired on a Thermo Sci-
entific Nicolet iIS20 FTIR spectrometer. X-ray photo-
electron spectroscopy (XPS) spectra were collected
using a PHI 5000 VersaProbe II spectrometer, and the
raw data were calibrated using the standard C 1s peak
(284.8 V).
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There is currently no kinetic model that can per-
fectly simulate the graphite oxidation process. It is
commonly agreed that the oxidation starts at the edges
of the graphite flakes and proceeds toward the cores.
The reaction rate may depend on factors including ox-
idizer concentration, graphite size, graphite shape,
temperature and so on. To better understand the oxid-
ation process of graphite flakes, we conducted in-situ
monitoring of both Mn(VII) concentration and color
change of graphite flakes using optical microscopy
(OM). Three grams of KMnO, was dissolved into 1
mL of concentrated H,SO,, resulting in a dark green
liquid. We designed a thin flat glass container, in
which 0.1 g of 50-mesh natural graphite flakes was
put in it (inset in Fig. 1a). Half a milliliter of the above
liquid was dripped into the container and the oxida-
tion processed immediately at 25 °C. The color
changes of graphite near the liquid surface were ob-
served through a coverslip using a microscope. The
experiment was conducted multiple times, with the li-
quid being sampled at different times using pipettes,
and the concentration of Mn(VII) in it was measured
by titration using Na,C,0, solution. Mn(VII) comes
from KMnO, and exists as Mn,O, or MnO," in the ox-
idation process'' . At the beginning of the oxidation,
the concentration of Mn(VII) in the liquid was
1.46 mol/L. It gradually decreased over time, drop-
ping to 0.051 mol/L after 60 h, after which it became
too low to be measured by titration. Three typical
graphite flakes with diameters around 300, 500 and
1000 pm were monitored, and their changes were
tracked and photographed (Fig. 1b). Partially oxid-
ized graphite flakes exhibit a typical fried egg struc-
ture, where the core blue and peripheral white repres-
ent the intercalated unoxidized part and the oxidized
part, respectively. Three graphite flakes were com-
pletely oxidized after approximately 48, 60 and
72 h, respectively, demonstrating that under the same
conditions, larger graphite flakes have slower oxida-

tion kinetics. This aligns with previous understanding
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Fig. 1 (a) Monitoring of Mn(VII) concentration. In-situ monitoring oxidation process of (b) three graphite flakes with different sizes, and (c) graphite flake

with cracks, where oxidation also processes from the cracks. Inset illustrates the in-situ monitoring method

that for large graphite flakes, a longer period is re-
quired for the cores to be oxidized. However, it is dif-
ficult for us to summarize the quantitative relation-
ship between the time required for complete oxida-
tion and the size of the graphite flakes, as well as the
relationship between the concentration of oxidizer in
the solvent and the rate of oxidation. Surprisingly,
even after 60 h and with an extremely low concentra-
tion of oxidizer in the solvent, the oxidation reaction
still proceeds. It can be explained that the change in
graphite may lag behind Mn(VII) consumption due to
the multi-step reaction mechanism in the oxidation
process. Mn(VI1l) oxidizes graphite by generating re-
active oxygen species (O,, ‘O- and HO-)"™. At this
magnification, on most graphite flakes’ surface, we
didn’t observe new cracks formed during the entire
oxidation process. Specifically, if the graphite flakes
have inherent cracks, oxidation starts simultaneously
from the edges and the cracks, continuing until the en-
tire graphite is completely oxidized (Fig. 1c). Due to
the presence of cracks, the lateral size decrease from
graphite flakes to GO is usually significant. Strictly
speaking, it is hard to determine how many cracks are
generated during the oxidation process while how
many are inherent in the graphite flakes. It is easy to
speculate that in most Hummers-type methods, mech-

anical stirring may exacerbate the fragmentation of
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graphite flakes. Our monitoring indicates that in static
oxidation, most large graphite flakes (with lateral size
of up to 1 mm) can be completely oxidized while
maintaining integrity, which diverges from the under-
standing presented in the majority of previous literat-

ure.

Based on the above understanding, we further ex-
plored suitable conditions for the bulk oxidation of
graphite flakes. A typical experiment was conducted
at 25 °C using 100-mesh graphite with an average lat-
eral size of 194.0 um (Fig. S2). Increasing the concen-
tration of oxidizer may help facilitate the diffusion of
oxidizer inside the graphite flakes, which may be real-
ized by reducing the amount of solvent. However, a
minimal amount of solvent is also essential to ensure
mass transfer during the reaction. In order to study the
effect of concentrated H,SO, amount on graphite ox-
idation, the ratios of graphite mass (g), KMnO, mass
(g), and H,SO, volume (mL) were set to be 1 : 4 : 40,
1:4:30, 1:4:20 and 1

Mn(VII) concentration in H,SO, was monitored by ti-

14 : 15, separately.

tration. Meantime, partially oxidized graphite was
sampled from the solution and observed with OM.
These samples were then washed with cold water,
filtered, and dried. The oxygen content of the dried
samples was subsequently quantified using elemental
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analysis (EA). As shown in Fig. 2a, reducing the
amount of H,SO, leads to a higher initial concentra-
tion of Mn(VII), but the concentration decreases more
quickly, indicating that reducing the H,SO, amount
accelerates the consumption of Mn(VII). The oxygen
content increased rapidly initially and then slowed
down. Overall, the less H,SO, is used, the faster the
oxygen content in graphite increases, indicating that
reducing the amount of H,SO, accelerates graphite
oxidation. However, in the later period of the reaction,
the oxidation rate of the case with a raw material ratio
of 1 :4: 15 significantly lagged behind other cases.
After 48 h of reaction, the sample with a raw material
ratio of 1 :4 :20 had the highest oxygen content
(47.3%). The color of the graphite was observed at the
48 h (Fig. 2b-d). The sufficiently oxidized parts of the
graphite flakes appear white (or contaminated by
pinkish MnO,), while the insufficiently oxidized parts
appear blue!'"'"""!. In the cases of raw material ratios
of both1:4:40 and 1 : 4 : 30, insufficiently oxid-
ized areas were observed in the cores of the graphite
flakes. In the case of a raw material ratio of 1 : 4 : 20,
the graphite flakes were entirely white, indicating that
the graphite flakes had been completely oxidized. Due
to the small amount of H,SO,, the mixture quickly
turned into a semi-solid state after oxidation began
(Fig. S3). While in the case of a raw material ratio of
1:4:15, large insufficiently oxidized areas were

also observed (Fig. 2¢), indicating that to ensure com-
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plete oxidation of the graphite, there is a minimum
amount of H,SO, required. The above experiments
confirmed that by reducing the amount of H,SO, and
increasing the initial concentration of the oxidizer, the
diffusion driving force of the oxidizer within graphite
flakes is enhanced, promoting oxidation of the cores
of the graphite flakes. However, if the amount of
H,SO, is reduced to a certain extent, as the oxidation
reaction progresses, the graphite flakes swell and the
H,SO, will not be sufficient to fully infiltrate all the
graphite flakes, ultimately resulting in incomplete ox-
idation of graphite.

The consumption of the Mn(VII) comes from
both the graphite oxidation and the self-decomposi-
tion of Mn(VII). We determined the concentration
changes of Mn(VII) through titration experiments and
proved that the decomposition rate of Mn(VII) is
highly influenced by temperature (Fig. 2f). Although
it is commonly known that graphite oxidation rates in-
crease with temperature”>'*"l, the simultaneous en-
hancement of Mn(VII) self-decomposition at elevated
conditions complicates the process. The oxidation of
large-area graphite is a prolonged process, during
which the self-decomposition of Mn(VII) should not
be ignored. Experimental optimization of temperature
is crucial to balance these competing factors. A tem-
perature of 35 °C was first adopted, referring to the

36]

original Hummers method"). The concentration of

Mn(VII) decreased rapidly, while the oxygen content

Fig.2 (a) The change of Mn(VII) concentration and oxygen content of graphite over time with varying H,SO, amount. (b-e) OM images of mixtures with dif-

ferent H,SO, dosages at 48 h. (f) The self-decomposition rate of Mn(VII) in H,SO, under different temperatures. (g) The change in Mn(VII) concentration and

oxygen content of graphite over time under different temperatures. (h, i) OM images of mixtures (35 and 15 °C) at 48 h. (j) OM image of graphite oxide. The

parts outlined by the orange-red boxes are the insufficiently oxidized domains
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increased at a rate that was high initially but slowed
down in the later stages (Fig. 2¢g). This indicates that
in the later stage of the reaction, the oxidation drive
was insufficient due to the extremely low concentra-
tion of Mn(VII). After 48 h, many insufficiently oxid-
ized parts of the graphite were observed (Fig. 2h). To
suppress the self-decomposition of Mn(VII) and im-
prove its utilization on oxidation, lower temperatures
(25 and 15 °C) were adopted. Lower temperature
leads to slower consumption of Mn(VII) due to the
deceleration of both oxidation and self-decomposition.
As described earlier, graphite can be completely oxid-
ized within 48 h at 25 °C. In case of 15 °C, the con-
centration of Mn(VII) remained at the highest level,
but due to the weak graphite oxidation kinetics at
15 °C, the oxygen content has also remained at the
lowest level. After 48 h, many insufficiently oxidized
areas were observed (Fig. 21). The oxidation reaction
of graphite is a solid-liquid interface reaction driven
by the diffusion of the oxidizer, and the temperature
affects the reaction rate by influencing the diffusion
coefficient of the oxidizer between the graphite layers.
While the self-decomposition of Mn(VII) should be
regarded as a homogeneous reaction in the solution,
with the temperature directly affecting its reaction
kinetics. These two reactions, with their sensitivity to
temperature, compete and intertwine. Therefore, there
is an optimal reaction temperature to balance them,
which above experimental discussion suggests to be
25 °C. Overall, our experiments show that using a
minimal amount of H,SO, allows 100-mesh graphite
to be completely oxidized at 25 °C within 48 h. To
verify that all graphite flakes were completely oxid-
ized, we sampled at 20 points throughout the mixture
and observed no blue parts (Fig. S4, S5). After
aqueous workup and heating, the obtained graphite
oxide exhibits golden-yellow color and maintains its
large, intact flakes with average size of 160.1 pm,
slightly smaller than that of raw graphite flakes
(Fig. 2j, Fig. S6).

Due to the competition between the graphite ox-
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idation and the self-decomposition of Mn(VII), more
Mn(VII) may be wasted due to self-decomposition
when oxidizing larger graphite of the same weight.
Specifically, compared with 100-mesh graphite, oxid-
izing an equivalent mass of 200-mesh graphite re-
quires less Mn(VII), while oxidizing an equivalent
mass of 50-mesh graphite requires more Mn(VII). For
200-mesh and 50-mesh graphite (Fig. S7, average lat-
eral size 86.6 um and 0.65 mm), the mass ratios of
graphite and KMnO, were settobe 1 : 3.5and 1 : 4.5
to ensure that the Mn(VII) was in excess. Experi-
ments were conducted at 25 °C to determine their
minimum H,SO, amount required for complete oxida-
tion. For 200-mesh graphite, the ratios of graphite
mass (g) and H,SO, volume (mL) were set to be
1:28, 1:18 and 1 : 13, separately. Its oxidation
processes exhibited patterns similar to that of 100-
mesh graphite. As shown in Fig. S8, reducing the
amount of H,SO, accelerates consumption of Mn(VII)
and graphite oxidation. However, in the later period of
the reaction, the oxidation rate of the case of 1 : 13
lagged behind other cases (Fig. S8a). After 36 h of re-
action, the case of 1 : 18 had the highest oxygen con-
tent, which is 43.2%, while the graphite flakes were
entirely white, indicating that the graphite flakes have
been completely oxidized (Fig. 3a). In both cases of
1 :28 and 1 : 13, insufficiently oxidized arcas were
observed in the cores of the graphite flakes (Fig. S8b,
¢). For 50-mesh graphite, the ratios of graphite mass
(g) and H,SO, volume (mL) were set to be 1 : 45,
1 :35and 1 : 30, separately. Similarly, both Mn(VII)
consumption and graphite oxidation sped up with re-
ducing amount of H,SO, but the oxidation rate of the
case of 1 : 30 lagged behind other cases (Fig. S9a).
After 96 h of reaction, the case of 1 : 35 had the
highest oxygen content, which is 48.9%, while the
graphite flakes were entirely white (Fig. 3b) while in
both cases of 1 : 45 and 1 : 30, blue areas were ob-
served (Fig. S9b, c). Overall, 1 g of 200- and 50-mesh
graphite require minimum of 18 and 35 mL of H,SO,
to undergo complete oxidation. Our experiments in-
dicate that for graphite of the same weight, the larger
the size, the more H,SO, is required for undergoing
complete oxidation. It should be ascribed to that nat-
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Fig. 3 (a) Completely oxidized 200-mesh graphite at 36 h. (b) Completely oxidized 50-mesh graphite at 96 h. (c) OM image and size distribution histograms
of graphite oxide made from 50-mesh graphite. (d) Comparison of graphite oxide with different sizes. (¢) Comparison of this work with reported methods for

oxidizing large-area graphite in other literatures in terms of H,SO, and KMnO, dosage

urally stacked larger oxidized graphite flakes of the
same weight occupy a larger macroscopic volume
than smaller one (Fig. S10).

After aqueous workup, the obtained GO flakes
exhibit average size of 73.2 um and 0.46 mm, respect-
ively (Fig. S11, 3¢), close to those of raw graphite. In
general, by reducing amount of H,SO,, the oxidation
rate of graphite can be enhanced and complete oxida-
tion of most specification sizes of graphite can be

achieved. Macrophotographs also show that most

graphite oxide flakes remain intact (Fig. 3d), which
provides a basis for the subsequent preparation of
LGO. Another advantage is that amounts of H,SO,
and KMnO, consumed in this work are significantly
less compared with most methods reported in literat-
ures (Fig. 3e, Table 1)1 which reduces
costs and holds great significance for large-scale in-
dustrial production and environmental protection.

3.4 Exfoliation of graphite oxide to produce LGO

Graphite oxide was dispersed in water, allowed

Table 1 Comparison of this work with reported methods for oxidizing large-area graphite in other literatures in terms of H,SO, and KMnO, dosage

Mesh number of graphite Method /&i?g‘) K/?;;lg())“

This work 18 35

200 mesh Modified hummers!” 45 35
Safer modified hummers"”) 120 6
This work 20 4
Modified hummers"™’ 120 6
100 mesh Water-enhanced oxidation!™! 46 3
Pre-oxidation + Modified hummers'"” 45 5

Taylor vortex flow!*! 35.8 4.6

This work 35 4.5

Modified hummers!'”) 150 4
50 mesh Modified hummers™”! 48 6
Chemical expansion + Modified hummers'"! 120 4

Intercalation + Thermal expansion + Modified hummers'"”! 200 6

Vol. 41 | Issue 2 | Apr. 2026 | 342 New Carbon Materials
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to fully swell (Fig. S12), and then exfoliated into LGO
under gentle stirring''"""). LGOs obtained from 200-
mesh, 100-mesh, 50-mesh graphite exhibited the aver-
age sizes of 27.3, 58.7 and 116.2 um (Fig. 4a-c), re-
spectively. The AFM images (Fig. 4d-f) validated that
the thickness of LGOs is around 0.9 nm, indicating
PO The XRD patterns
showed characteristic peaks centered at 26 = 10.78°,
10.98° and 11.02° (Fig. 4g), corresponding to d-spa-
cing of 8.21, 8.06 and 8.03 A, respectively. As XRD
was obtained from dry LGO, which was the product

that they are single-layer

of restacking of LGO"”, the slightly decreasing d-spa-
cing implies a higher degree of restacking due to in-
creasing size'”'"). The 1,/I; values in Raman spectra of
LGOs from 200-mesh, 100-mesh, 50-mesh graphite
were 0.97, 0.95 and 0.92, respectively (Fig. 4h),
which should be ascribed to that larger GO has fewer
defects and higher carbon lattice integrity. In other lit-
eratures, the reported /,//; ratio range of GO is com-
monly 0.92-1.23"-"**]. In comparison, the 1,/I ratio
of GO in this work was at a relatively lower level, in-
dicating that the LGO prepared in this study did not
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Fig. 4 Characterization of dry LGO: (a-c) OM images (on SiO,/Si substrates), (d-f) AFM images (on mica substrates), (g) XRD patterns, (h) Raman spectra,

(i) FTIR spectra, (j) TGA spectra, (k) XPS spectra, (1) XPS Cls spectra, and (m) relative content of groups. (n) Comparison of this work with reported methods

for oxidizing large-area graphite in other literatures in terms of GO size and yield
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exhibit over-oxidation. The FTIR identified the exist-
ence of similar functional groups including C—O
(1045, 1250 and 1403 cm'), C=0 (1716 cm),
C—C/C=C (1608 cm™") and—OH (3250 cm') in

“I According to the thermo-

three samples (Fig. 4i)."'
gravimetric analysis (TGA) curves, LGOs synthes-
ized from 200-, 100- and 50-mesh graphite showed
similar thermal degradation curves between 50 and
800 °C (Fig. 4j), consistent with earlier EA data,
where graphite oxide from 200-, 100- and 50-mesh
samples showed oxygen contents of 43.2%, 47.3%
and 48.9% respectively. XPS revealed slight differ-
ences in the carbon-to-oxygen (C/O) atomic ratio,
measured at 2.13, 2.13 and 2.11,
(Fig. 4k). The XPS C 1s spectrum of LGO consisted
of three types of carbon bonds: C—C/C=C (284.8
eV),C—0(286.9¢eV)and C=0/0—C=0(288.6¢eV)
(Fig. 455471 The relative content of unoxid-
ized carbon (C—C/C=C) increased with the lateral
size of GO sheets, whereas the relative content of
edge functional groups (C=0/0—C=0)in GO de-

creased with the same (Fig. 4m), indicating that lar-

respectively

ger GO sheets exhibit higher carbon lattice integrity
and possess less edge functional groups'" . Fig. 4n
and Table 2 demonstrate that our work produced GO
with larger sizes are comparable with most reported
Hummers-type methods using graphite flakes of simil-
ar sizes, confirming its effectiveness in generating
LGO. Additionally, our approach achieved a 100%

conversion of graphite to GO and a yield exceeding

165%, of most

methods!

surpassing  values reported

P02 gpecifically, our method
produced the largest LGO among all reported meth-
ods that achieve 100% conversion of graphite to GO,
which eliminated the need to separate the incom-
pletely oxidized graphite from the product mixture by
centrifugation or filtration>""",

In the aforementioned experiments, the natural
graphite we used was sourced from the Aladdin brand,
with a purity of 99.95%, which is among the most
commonly employed natural graphite materials in sci-
entific research. To validate the applicability of our
method to natural graphite of varying purities and
sources, we applied it to two additional types from
Qingdao Tengshengda Carbon Co.: QDS (80% purity;
63.2 um average diameter) and QD9 (90% purity;
109.2 um average diameter) (Fig. S13). The ratios of
graphite mass (g), KMnO, mass (g), and H,SO,
volume (mL) were setat 1 : 3.5: 16 and 1 : 4 : 18.
After 30 and 44 h, respectively, both types of graphite
were fully oxidized, yielding graphene oxide with av-
erage lateral sizes of 16.9 and 21.8 um (Fig. S14).
This demonstrates the broad applicability of our meth-
od for oxidizing diverse types of graphite.

Moreover, our method is applicable not only to
the oxidation of large graphite flakes but also to that
of small graphite flakes. Generally, oxidizing small
graphite flakes can be easily achieved using the con-
ventional modified Hummers’ method. However, our

proposed approach offers significant cost reduction

Table 2 Comparison of this work with reported methods for oxidizing large-area graphite in other literatures in terms of GO size and yield

Mesh number of graphite Methods Size of GO/pm Yield/(%)

This work 27.3 167
200 mesh Modified hummers"”! ‘ 5.0
Safer modified hummers'™” 2.0

Modified brodie!™” 10.0 -

This work 58.7 165

100 mesh Chemical expansion + Modiﬁedw hummers!'"? 83.4 100

Modified hummers™’! 10.0 122

Chemical expansion + Modified hummers'™”! 36.0 98

This work 116.2 168

Modified hummers"™” 83.6 13

50 mesh Chemical expansion + Modified hummers'" 109.7 96
Intercalation + Thermal expansion + Modified hummers'"” 85.0

Modified hummers™"! 58.3 160
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while accomplishing the same process. To verify its
applicability, we applied this method to 325-mesh
graphite with an average lateral size of 28.5 um (Fig.
S15). The ratios of graphite mass (g), KMnO, mass
(g), and H,SO, volume (mL) were settobe 1 : 3 : 14.
After 24 h, the graphite was completely oxidized.
Upon exfoliation, GO with an average sheet size of
17.2 pm was obtained (Fig. S16), indicating that this
method is also suitable for oxidizing small graphite
and substantially reduces H,SO, consumption com-
pared with most reported methods™" """,

It should be noted that increasing the amount of
KMnO, can accelerate the oxidation process of graph-
ite and reduce the time required for complete oxida-
tion. Taking 100-mesh graphite as an example, when
the amount of KMnO, was increased to 6 times that of
graphite, with the ratios of graphite mass (g), KMnO,
mass (g), and H,SO, volume (mL) set to 1 : 6 : 20,
the complete oxidation time at 25 °C was shortened
to 30 h. However, due to the increased oxidizer con-
centration, the graphite flakes were more severely
etched, resulting in both graphite oxide and GO with
smaller average sizes of 107.8 and 39.8 um, respect-
ively (Fig. S17).

Although the oxidation process described in our
method took a prolonged time, it was processed static-
ally in a constant-temperature space with minimal en-
ergy input. Our method can be divided into 3 stages:
stirring, static reaction, and aqueous workup. In large-
scale production, these stages may be performed in 3
separate vessels: the stirring stage is conducted in a
large reactor at low temperature over a period of sev-
eral hours, the static reaction stage involves transfer-
ring the mixture into multiple portable small contain-
ers, which are then moved to a temperature-con-
trolled room and allowed to stand for dozens of hours,
and the aqueous workup stage is carried out by pour-
ing the mixture into a large reactor containing cold
water to complete the subsequent steps, a process that
also requires several hours. In large-scale continuous
production, 2 large reactors can be operated at full ca-
pacity by processing different batches of reactants in

sequence, thereby maximizing equipment utilization.
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Those vessels used may be steel containers equipped
with corrosion-resistant glass lining. Under such con-
ditions, the overall production efficiency is primarily
determined by the availability of adequate storage ca-
pacity rather than the duration of the reaction. Since
such factories are typically located in remote areas
where storage costs are relatively low, this proposed

method remains cost-effective overall.

Large-area graphite flakes possess a long dis-
tance from the edge to the cores, making it difficult
for oxidizer to diffuse, which leads to challenges in
achieving complete oxidation. This study provides the
first direct evidence that large graphite flakes (up to 1
mm) can be completely oxidized without fragmenta-
tion under static conditions, as shown by in-situ mon-
itoring. Reduction of H,SO, volume elevates oxidizer
concentration, facilitating Mn(VII) diffusion through
graphite interlayers and achieving complete oxidation.
For a given size of graphite flakes, a minimum
amount of H,SO, is required to ensure complete infilt-
ration and mass transfer during the entire oxidation
process. Moreover, this work optimizes the temperat-
ure to balance the self-decomposition of Mn(VII) and
the oxidation of graphite. Our experiments show that
complete oxidation of 100-, 200-, 50-mesh graphite
can all be achieved. Larger graphite flakes require a
greater dosage of H,SO, for complete oxidation be-
cause the naturally stacked volume in H,SO, in-
creases with size. Overall, LGO with average lateral
sizes ranging from 27.3 to 116.2 pm was produced
with conversion of 100% and yield over 165%. This
study not only deepens understanding of graphite ox-
idation but also sheds new light on the development of

LGO synthesis routes.
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