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Abstract: Synthesis and studies of graphite oxide started
more than 150 years ago and turned into a boom by the
measurements of the outstanding physical properties of
graphene. A series of preparation protocols emanated
trying to optimize the synthesis of graphene oxide in
order to obtain a less defective material, as source for
graphene. However, over-oxidation of the carbon frame-
work hampered establishing structure-property relation-
ships. Here, the fact that two different synthetic methods
for graphene oxide preparation lead to very similar types
of graphene oxide with a preserved graphene lattice is
demonstrated. Either sodium chlorate in nitric acid (similar
to Brodie’s method) or potassium permanganate in sulfu-
ric acid (similar to Hummers’ method) treatment are possi-
ble; however, reaction conditions must be controlled.
With a preserved carbon lattice analytical differences be-
tween the samples relate to the altered on-plane function-
ality. Consequently, terming preparation protocols “ac-
cording to Brodie’s/THummers” method” is not sufficient.

N

The scalable preparation of graphene from water-dispersed
precursors remains difficult because the quality of the pro-
duced graphene is usually very low and it is highly heteroge-
neous." Oxidation of graphite facilitates delamination by addi-
tion of oxo-addends to the graphene lattice to overcome the
attractive van der Waals forces. Thus, water-insoluble graphite
is transformed into water-dispersible graphene oxide (GO).
However, over-oxidation leads to a ruptured carbon-framework
and consequently an amorphous carbon lattice. The oxidation
process has been studied for over the last 150 years by many
pioneers in GO research, namely Schafhaeutl,”” Brodie,””’ Luzi,"!
Staudenmaier,” Charpy,® Kohlschiitter,”” Haenni,” Thiele,®
Hofmann,” Frenzel,'” Scholz,™ Boehm,"? Hummers and Offe-
man. All protocols have in common that a concentrated
strong acid is used along with an oxidizing agent, or electro-
chemical oxidation is applied."” However, GOs with undefined
concentrations of lattice defects and different degrees and
types of functionalization are obtained by those protocols,
making structure evaluation illusive.

Research on GO turned however into an outstanding
impact. The publication “Preparation of Graphitic Oxide" by Wil-
liam S. Hummers Jr. and Richard E. Offeman in 1958"% has at-
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tracted the scientific attention in recent years, which is reflect-
ed in >18000 citations recorded on Scopus. The described
method is termed Hummers’ method, or modified Hummers’
method, when graphite is pretreated."

A series of other oxidizing agents have been tested, such as
Ce", Co", NaOCl, (NH,),S,05 and 0s0,."® However, only two
methods lead to an utterly formation of GO and are therefore
mainly used. The first method has been described by Brodie in
1859.” Fuming nitric acid is dropped onto a physical mixture
of graphite and sodium chlorate at which only small amounts
of the oxidant are formed in situ. Delamination is only trig-
gered by the addition of a base for the deprotonation of less
acidic functional groups. For the second method, described by
Hummers and Offeman, potassium permanganate dissolved in
sulfuric acid is used to oxidize the graphite dispersed there-
in."® This GO spontaneously delaminates by osmotic swelling
in water even at low pH values due to a highly negative sur-
face potential in particular caused by organosulfates.!"”

Harsh reaction conditions usually lead to materials with dif-
ferent physical properties™® and a distorted carbon lattice due
to over-oxidation."” However, we demonstrated that by con-
trolling the temperature of the reaction the carbon framework
could be preserved."” This low-defect type of GO, which we
term oxo-functionalized graphene (oxo-G), can be converted
back to graphene by reductive defunctionalization.'” As a con-
sequence of a preserved carbon lattice the on-plane chemistry
could be studied.”™ Nevertheless, the question remains,
whether other methods can also prevent over-oxidation of the
carbon lattice. If so, properties could for the first time be clear-
ly related to the altered on-plane chemistry.

Here, we show that the oxidation of graphite by sodium
chlorate in fuming nitric acid can also be used to prepare GO
with a highly intact graphene lattice. The used protocol is very
similar to that published by Brodie.”’ We conclude that, al-
though different acids with different oxidants are used, the
products prepared are part of the same class of oxo-functional-
ized graphene materials, with oxo-addends attached to the
hexagonal carbon lattice and a predominantly preserved
carbon lattice. This observation allows for the unification of
the preparation methods of oxo-G for the first time and ren-
ders the understanding of the class of GO no longer elusive.

At first, oxo-G"™ was synthesized according to our previously
published protocol as the reference material (Figure 1).¥ Ac-
cordingly, graphite was dispersed in cold sulfuric acid (< 10°C)
and potassium permanganate was slowly added. The workup
procedure was accomplished by slow continuous addition of
water and hydrogen peroxide, also keeping the temperature
below 10°C, thereby controlling the microkinetics. Upon wash-
ing the ionic strength is reduced, which triggers delamination
of this oxo-G by osmotic swelling. In addition, oxo-G** was
synthesized from the intercalation compound graphite sulfate
and aqueous treatment.”” Oxo-G** possesses, to a first ap-
proximation, 4% of hydroxyl addends related to the number
of C atoms.”"*? Moreover, over-oxidized graphene oxide (GO*)
was prepared as described in the literature."

The oxidation protocol, according to Brodie, involves succes-
sive oxidation steps of graphite.” In each step, fuming nitric
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Figure 1. A) Reaction scheme of the oxidation of graphite by different proto-
cols, all leading to oxo-addends attached to the hexagonal carbon lattice,
termed either graphene oxide or oxo-functionalized graphene. B) and

C) —80 kV HRTEM images acquired with the C./Cs-corrected SALVE instru-
ment at atomic resolution depicting the hexagonal carbon lattice of gra-
phene (and amorphous carbon impurities) after the oxidation of graphite by
sodium chlorate in nitric acid and potassium permanganate in sulfuric acid,
respectively.

acid is dropped onto a mixture of graphite and potassium
chlorate. Thereafter, the reaction mixture is allowed to react
overnight and is then slowly heated to 60°C for the evapora-
tion of excess nitric acid. The reaction can be safely performed
in an open vessel preventing accumulation of evolving ClO,
(caution: accumulation of ClO, may lead to explosive decom-
position). Control of the oxidation and preventing over-oxida-
tion of the carbon lattice is achieved by macrokinetic control
of solid/liquid/gas phase interaction of gaseous ClO, in nitric
acid and graphite. The oxidation was repeated three times to
synthesize oxo-G®. Single layers were obtained after delamina-
tion and probed (Figure 1 and Figure 2). The yield of delamin-
able material exceeds 95%. Films of flakes were prepared by
using the Langmuir-Blodgett technique and optical micro-
scope images are depicted in Figure 2A,B. In addition, AFM
images corroborate the delamination of oxo-G® into single
layers with a measured height of about 1 nm (Figure S1, Sup-
porting Information).

Statistical Raman spectroscopy (SRS) of graphene allows for
the determination of the density of in-plane vacancy defects of
graphene.”® Therefore, the samples were reduced by hydro-
iodic acid prior to measuring Raman spectra. For all samples
the Ip/ly ratio was about 7, indicating mainly vacancy defects
and confirming a thorough defunctionalization by reduction.””
It is evident from the broad 2D band with a full width at half
maximum (I,p) of around 200 cm™' (Figure 2) that GO* pos-
sesses extended defects.”” In contrast, for oxo-G® the average
Iy, values are approximately 44 cm™' (Figure 2) with an aver-
age Ip/l; ratio of 2.7. The corresponding density of defects for
oxo-G® is about 0.07%. Such values indicate that the carbon
framework remains almost intact,”*?? which can be corrobo-
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Figure 2. Optical microscope images (differential interference contrast) of
films of flakes on Si/300 nm SiO, substrates of A) oxo-G™f and B) oxo-G®.
C) Plot of the statistical Raman spectroscopy data of oxo-G samples pre-
pared by different oxidation protocols. Samples oxo-G™, oxo-G**, oxo-G®
and GO* are compared.

rated as visualized in Figure 1B by using transmission electron
microscopy at atomic resolution.

Consequently, mainly functionalization of the graphene lat-
tice takes place. With each oxidation step, only a vanishing
amount of vacancy defects is introduced. The density of de-
fects for the reference samples oxo-G** and oxo-G™ are 0.02%
and 0.5 %, respectively.

Aberration-corrected high-resolution transmission electron
microscopy (AC-HRTEM) investigation provides direct probing
of the exceptional integrity of the carbon frameworks after
gentle electron-beam induced release of oxo-functionalities,
for both oxo-G® and oxo-G™, as depicted in Figure 1B,C. More-
over, Fourier-transformation of the HRTEM images reveal a hex-
agonal pattern confirming a long-range order of the graphene
lattice (Figures S2-S14, Supporting Information). The amor-
phous coverages on the surface are attributed to unspecified
adsorbates from sample preparation under ambient conditions.
Consequently, the carbon framework of oxo-G® is similar to
oxo-G™ (Figure 1C, Figures S15 and S16 in the Supporting In-
formation).

Moreover, the high sensitivity of X-ray diffraction to changes
in crystallinity allows for a well-defined analysis of the structur-
al integrity. The 001 reflection at 13.75° in the diffraction pat-
tern of oxo-G® corresponds to an interlayer distance of 0.64 nm
and it is in accordance with literature values (Figure 3).*” In
contrast, the interlayer distance of oxo-G™ is 0.86 nm, due to
the bulky organosulfate groups and physisorbed water (Fig-
ure S17, Supporting Information).

The broadening of this peak and the cancellation of the rest
of the 00/ series is due to a turbostratic ordering of the plate-
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Figure 3. X-ray diffraction pattern of oxo-G®.

lets, which is also the cause for the lambda shape of the hk
band at 41.95°.?% The hk band provides information about the
periodic arrangement of the atoms within the hexagonal lat-
tice. The sharp 10 band of a high intensity therefore corre-
sponds to an exceptionally high integrity of the graphene lat-
tice and is unprecedented up to now. An eightfold higher con-
centration of defects as in oxo-G™ results in a nearly complete
cancellation of this band (Figure S17, Supporting Information).

As evident from the combustion elemental analyses of oxo-
G derivatives (bulk analysis), the lowest C content was found
for oxo-G™f with a mass content of about 43%. However, this
value needs to be corrected in order to compare it to oxo-G°.
Oxo0-G™ bears about one organosulfate group with a hydroni-
um ion as counterion on 17 C atoms (Table 1), as we have de-

Table 1. Combustion elemental analysis data of oxo-G™, oxo-G™"*, oxo-
G,s, and oxo-G®.

C[% HI[% N[%] SI[%] O [%] calcd
oxo-G* 4336 229 - 6.67 47.68
oxo-G* 5717 216 - corrected (-OSO,H,0)  40.67
0x0-Gyy, 8572 101 - 1.59 11.68
oxo0-G? 5997 170 030 - 38.03

scribed in detail before."”®! Considering that one sulfur atom of

organosulfate in oxo-G™ is bound to four oxygen atoms and
one hydronium ion,"” a C content of 57% would be expect-
ed, if organosulfate and the counterion were cleaved
(ox0-G"™™). Consequently, the degree of oxidation is very simi-
lar for oxo-G™ and oxo-GE. In contrast, for oxo-G,,, the degree
of functionalization is only about 4%,?"**% and consequently
a C content of about 86% is found.

In addition, nuclear magnetic resonance spectra recorded in
the solid state (ssNMR) basically show four signals for oxo-G"'
and oxo-G® (Figure 4). At around 59 ppm, the signal of epoxy
groups resonates and at about 69-70 ppm the signal for hy-
droxyl groups is found. At 129-135 ppm signals from sp?
carbon atoms are found, in particular sp? carbon atoms in
proximity to epoxy groups (129-130 ppm) and hydroxyl
groups (133-135 ppm), respectively.?% To a first approximation,
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Figure 4. Nuclear magnetic resonance spectra measured in solids of oxo-G™f
and oxo-G®.

about 60% sp® carbon is found for oxo-G™ and oxo-G®, respec-
tively, and the ratio of hydroxyl to epoxy groups is roughly 1:1
(taking into account that the oxygen in the epoxy group is
bound to two carbon atoms).

Consequently, according to the quantitative bulk analysis,
the only major difference between oxo-G™ and oxo-G® is that
oxo-G™ bears organosulfate groups as a consequence of
esterification of hydroxyl groups in sulfuric acid. In contrast,
FTIR spectra of oxo-G® compared to oxo-G appears to be
complex, possibly due to the combination of vibrational
modes (Figure S18, Supporting Information). With the finding
that the carbon framework of both oxo-G™ and oxo-G® are
intact it is plausible to attribute the differences in delamination
behavior to organosulfate groups, which facilitate delamina-
tion in water for oxo-G™, whereas oxo-G® needs some base
treatment for efficient delamination.

With the synthesis of GO by Brodie’s method and proving
the integrity of the carbon framework, the mystery of different
methods for the synthesis of graphene oxide is more clarified.
Moreover, it is no longer elusive to determine structural prop-
erties of derivatives of GO. Preservation of an intact carbon lat-
tice of graphene and quantification of the residual density of
vacancy defects is, however, the basis to interpret spectroscop-
ic details.

The main differences between the produced oxo-G materials
are related to the degree of functionalization and elemental
analysis, thermogravimetric analysis and ssNMR spectroscopy
give information about major functional groups. In addition,
another difference between oxo-G™ and oxo-G® is that oxo-G®
is a priori free from manganese ions and sulfur species. Those
must be removed from oxo-G™ by washing procedures using
HCIL" The knowledge about minor impurities is important, for
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example, for cell applications, considering that the toxicity de-
pends on minor impurities and minor amounts of endoperox-
ides, or studies of catalytic activities, given that manganese
species may be catalytically active.®”

In summary, we have demonstrated that different oxidation
procedures can lead to oxo-G derivatives with the same highly
intact carbon lattice by controlling either the micro- or macro-
kinetics. This strengthens the need for the chemical analysis of
GO used in applications. We confirmed that oxidation proto-
cols, similar to those introduced by Brodie or Hummers and
Offeman, can lead to GO with an intact carbon framework,
which was not confirmed for the oxidation of graphite by
sodium chlorate in nitric acid before. These finding paves the
way to explore the full potential of oxo-G in high-tech applica-
tions in which the exceptional properties of a throughout
intact graphene lattice are essential, such as electronic devices,
thermally conductive materials, reinforcing filler in polymer
nanocomposites or gas barriers. Controlling the presence of
minor species, such as metal impurities, carbon-centered radi-
cals or endoperoxide groups,®" is important to facilitate appli-
cations in biological systems.*? However, our finding moreover
gives access to control the on-plane regiochemistry of oxo-G
and graphene, respectively, bearing assumedly a high potential
for advancing applications.>*
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