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Acid-less direct gram scale
exfoliation of graphite to partially
oxidized graphene

Julfikar Ali Sarkar, Mohd Salman Siddiqui & Mohammed Aslam™*

All methods to synthesize graphene oxide on a large scale utilize a strongly acidic medium. Graphene
oxide (GO) to reduced graphene oxide (rGO) conversion, i.e., obtaining widespread sp?-sp? hybridized
carbon allotropes is a laborious and tedious process. Herein, we report an innovative one-step method,
through which we fabricate ‘partially oxidized graphene’ on a gram scale directly from graphite
powder, without using any acids. The emergence of the (002) XRD peak, band gap (Eg ~1.42+0.01eV),
and carbon-to-oxygen (C/O) ratio of 3.67 validate the direct POG phase formation without any
reduction step. Raman (/I ~ 0.80+0.06) and AFM studies reveal the less defective and bi- to few-
layer character of POG sheets of thickness ca. 1.59 +0.14 nm. The measured conductivity of the POG
material (9.22 +0.04 S/cm) is found to be higher than the conductivity of the rGO using the standard
method (0.30+0.03 S/cm). The zeta potential study suggests a good stability of the POG aqueous
dispersion. Furthermore, the proposed method is efficient (2-3 h), safe, and renders a higher yield
(77%) than many conventional methods (40-70%) for GO preparation. This offers a promising source
for conductive electrodes, carbon paste, and more.
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Synthesis of graphene and its derivatives has received a lot of interest since its discovery in 20042, Formation of
graphene in derivative forms like graphene oxide (GO), reduced graphene oxide (rGO), and graphene quantum
dots (GQD) renders a peculiar change in their characteristics®=. For instance, graphene oxide has an intriguing
semiconducting nature, whereas, graphene quantum dots exhibit a high degree of emissivity®’. Similarly, rGO is
akin to few-layer graphene as the band gap shrinks noticeably after the reduction of GO prepared via chemical
exfoliation (or the so-called Hummers method)®. Single-layer graphene or few-layer graphene which is 1-2
atoms thick, an idealized sp? carbon structure with fewer defects offers low sheet resistance with a narrow
band gap (0.2-2 eV)°"!1. Fabrication of few-layer graphene (FLG) via CVD/PVD (chemical or physical vapor
deposition) or mechanical exfoliation techniques has proven to be extremely challenging, being non-economical
and poor in yield'?"'. For example, along with the other researchers, Maria Lozano-Chico et al. also reported
(2024) that the yield of the liquid-phase exfoliated graphene is around 10%'~'7. On the contrary, reduced
graphene oxide is particularly interesting because of its easily tunable band-gap and surface applicability for
composite formation with an ease of top-down fabrication which could be scaled to large quantities. Reduced
graphene oxide (rGO) has been obtained (from GO) via many reduction methods with a claim of properties
like FLG, however, among various properties, the electrical properties have also been found to be far from
graphene/FLG’~!!. To bridge the gap between the rGO and FLG properties, researchers have been concerned
with reducing the oxidation kinetics in graphene oxide to eliminate the oxygenated groups and defects generated
during oxidation.

Conventional processes (Brodie, Staudenmaier, Hummers, Tour etc.) to exfoliate graphite are highly oxidative
and render one-few layers of graphene oxide only!'®!®. The GO reduction is routinely performed employing
different chemical reagents (hydrazine, ammonia or ascorbic acid) to retrieve the graphene/FLG character?.
However, there is no uniformity in these processes (in terms of quality of the final product, processing time etc.)
and rGO obtained is found to be reduced at different scales?. Typically, the reduced graphene oxide obtained
so will have abundant pinholes and defects, which will have detrimental effects on its properties®!. Generally,
it is seen that the characteristic properties of graphene oxide are sensitive to the reaction conditions, specific
oxidants and precursors used??. For example, Kang et al. revealed that as the oxidation temperature increases
during the exfoliation, the C/O ratio and the average GO size are found to reduce?’. The work demonstrates
that at higher oxidation temperatures more functional groups and defect sites are produced, while the lower
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temperature leads to a larger size of GO?. Similarly, Zhang et al. illustrated that the size of the GO sheet varies
with a change in oxidation time/oxidant concentration. The size distribution is found to be broadened with
the reaction time and increased oxidant concentration?. It has also been reported by Qiang et al. that as the
concentration of H,SO, decreases in water, GO has lesser disruption in basal planes, with a less defective sp*
structure!®!. In terms of properties, it is worth noting that as compared to graphene/FLG (~5 to 10° S/cm), the
electrical conductivity for rGO is found to be in a range of 1073 S/cm to 21 S/cm!>-1425-39, All these reports?>~%°
are based on varying reduction methods (which include chemical, thermal, hydrothermal, microwave-assisted,
sonication, and laser-scribing) including green/ecologically friendly reducing agents. An ideal scenario would
be to exfoliate the graphite layers at a large scale without using any acids. This may assist us in having the sp?
structure intact at a larger scale. The presence of larger sp> domains with mild oxidation may directly yield
‘partially oxidized graphene’ (POG). A benign solvent route that can offer a larger lateral size of graphene layers
with a smaller amount of defects may provide a very good quality ‘partially oxidized graphene. Hence, new
synthesis methods and processing must be designed to enhance the qualities of rGO to realize its full potential.

In this study, we have developed a simple direct route to obtain partially oxidized graphene at the gram
scale from graphite. The ‘partially oxidized graphene” formation in an acid-free medium occurring at normal
temperature is found to be highly efficient (2-3 h). The as-synthesized ‘partially oxidized graphene” film (Eg ~
1.42+0.01 eV) shows conductivity of 9.22+0.04 S/cm, which is higher or in the comparable range of previously
reported conductivity values of rGO films of standard methods (considering the fact that we have not used any
reduction methods as well as any acids/harmful chemicals to obtain the POG from graphite)?5-3449-3, The I/
I ratio of 0.80 £0.06 and the appearance of (002) characteristic XRD peak at 26=21.79°, give a clear indication
of direct exfoliation of graphite to ‘partially oxidized graphene’ with fewer structural defects. The high carbon-
to-oxygen (C/O) ratio (3.67) and specific surface area (107.23 m?/g) verify the partially oxidized nature of the
as-prepared material. We hypothesize the mechanism of the ‘partially oxidized graphene” formation, stating
that the energized water molecules get intercalated between the graphite layers during the mild sonication
followed by insertion of NO; / Na* ions, which leads to swelling and exfoliation of graphite layers'”44-52, The
ultrasonication process initially can create some edge defects via bubble pressure to weaken the van der Waals
forces act between the graphite layers and the presence of Na*/NO;™ ions can provide an additional driving
force for the expansion process'”*4-2. To facilitate the mild oxidation process and to diminish the van der
Waals interaction between the layers, the addition of KMnO, is followed, and thus the complete exfoliation of
reduced graphene oxide-like sheets can be achieved. The as-prepared ‘partially oxidized graphene’ will be highly
beneficial for the design and development of electrodes, carbon ink, conducting paste etc.

Experimental section

Synthesis of the ‘partially oxidized graphene’ material

The direct but controlled synthesis of the ‘partially oxidized graphene’ material from the graphite powder was
performed in a water medium. As a first step, a solution of sodium nitrate (NaNO,) (0.625 g) in deionised (DI)
water was prepared under constant magnetic stirring (800 rpm). This is followed by the addition of 1.25 g graphite
powder (Sigma Aldrich, particle size<50 pm) while sonicating the dispersion to expedite the intercalation
process. Afterwards, to facilitate the exfoliation process, we introduced potassium permanganate (KMnO,)
(6.25 g, S. D. Fine-Chem Limited) slowly to the sodium nitrate aqueous solution. In a standard procedure%,
the required graphite to KMnO, wt% ratio is 1:3 to ensure the completion of the reaction. However, typically
an excess KMnO, is taken>*~%, since it has an optimum oxidizing capacity at higher concentrations®-®*, In the
next step, 50 ml of DI water was added drop-wise to the reaction solution under constant stirring (500 rpm)
and the mixture was heated at a temperature of ~70+5 °C for 50 min. Termination of the reaction was done
with the addition of deionized water/hydrogen peroxide (Honeywell). The obtained solution was kept overnight
at rest. Later, the supernatant was decanted and the obtained part was cleaned (8000 rpm) several times using
deionised water. The final dark-brown dispersion which contains rGO-like nano-sheets was achieved by the
ultra-sonication treatment of the cleaned sample.

For a clear comparison of the physicochemical properties of the obtained ‘partially oxidized graphene’
material with standard GO and rGO, we have also synthesized GO by the conventional modified Hummers
method and rGO using a standard hydrazine hydrate reduction process®*>*-%°. GO was prepared via modified
Hummers method using concentrated (99%) sulphuric acid (H,SO,), graphite powder, potassium permanganate,
and hydrogen peroxide®>=°. The reduction of the obtained GO was performed through chemical treatment
using hydrazine hydrate at a temperature of 100+ 5 © C for 24 h and dried the obtained clean product in an open
air environment®. We named our ‘partially oxidized graphene’ material POG, reduced graphene oxide of the
standard reduction method as rGO and graphene oxide of modified Hummers method as GO.

Characterization techniques

To analyse the absorbance and the bandgap of the exfoliated POG material, UV-visible spectroscopy
measurements were performed on a PerkinElmer UV/VIS Spectrometer (Model Lambda 950). The phase
and crystal structure of the acquired POG material were analysed by X-ray diffraction (XRD) experiments
on PANalytical (Empyrean, Netherlands) X-ray diffractometer using Cu Ka radiation (A ~1.5404 A). Surface
morphology and thickness of the as-synthesized POG material was investigated using Atomic Force Microscopy
(AFM, Multimode Nanoscope-IV) in a tapping mode, Field Emission Gun Transmission Electron Microscopy
(FEG-TEM, JEOL, JEM-2100 F) and Field Emission Scanning Electron Microscopy (FESEM, Zeiss/Ultra
55). Raman spectroscopic measurements were performed (HR800-UV confocal micro-Raman spectrometer)
to quantify the defect density and sp? domains in the material with an excitation wavelength of 532 nm. The
specific surface area (BET: Brunauer-Emmett-Teller) and pore size distribution (BJH: Barrett-Joyner-Halenda)
measurements of the POG sample were analyzed using the surface area analyzer: Quantachrome Autosorb AS-
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1Version-1.55. The surface elemental compositions and chemical states of the POG, rGO, and GO samples were
investigated via X-ray Photoelectron Spectroscopy (XPS - Kratos Analytical, AXIS Supra) operated using Al, Ka
(hv=1486.6 eV) radiation. The stability of the as-prepared POG water dispersion was analysed via zeta potential
and dynamic light scattering (DLS, Brookhaven Instruments) measurements. The presence of various oxygen
functional groups in the POG material was studied using Fourier Transform Infrared Spectroscopy (FTIR); 3000
Hyperion Microscopic spectrometer model from Bruker, Germany. Two probe current-voltage measurements
were recorded for the as-synthesized POG material, rGO, and GO samples using a dual-probe KEITHLEY, 2602-
A source meter. The error values included in the experimental data each performed at least three repeated times
are expressed as mean + standard deviation.

Probable mechanism of POG material formation

Firstly, an aqueous solution of sodium nitrate is prepared under constant magnetic stirring. At the time of
sodium nitrate addition, the pH of the solution mixture doesn’t change significantly; this is because when it
dissolved in water the Na*/NO, ions do not react with water molecules and the solution remains neutral with
no change in pH (pH ~ 7.3-7.5). This aqueous solution is kept in bath sonication (300 W) while adding graphite
in it (Fig. 1 step A). Typically, ionic solutions have surface energies (approx. 40-70 mN m~!) similar to that
of graphene and hence a suitable candidate to assist in sonication-based exfoliation®-%>. We believed that a
comparable surface energy of sodium nitrate solution to that of graphene (approx. 35-45 mN m™!) may provide
an energetically favourable ambience to assist in the first stage of exfoliation. Thermodynamically, a fine balance
between the surface energies of the ionic solvent (E,) with graphene (E) will only yield a minimal enthalpy of
sonication that is,

A
S~ 2 (VEs - VB g

Where V is the volume of the solution mixture, T is the thickness of the graphene sheets, and @, is the volume
fraction of the dispersed graphene. In earlier literature, researchers have used ionic liquids, surfactants, and
polymers to exfoliate graphite to graphene but such processes render a poor yield (less than 1%) and are
inefficient/laborious®®®’. In this work, we are relying on the assistance of NO3 / Na™ ions and water molecules
to intercalate through edges (via the assistance of mild sonication) and probably a mild oxidation via NOj
ions/water molecules!”*4-52, The polyatomic structure of nitrate ions in sodium nitrate aqueous solution may
increase the activity coefficient (via rate of increase in vibration) to normalize the E, to the level of E. Inaddition

DI water
Graphite
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C. Dropwise D. Heating, ~70 °C,
addition of 50 min
DI water, 50 ml
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Fig. 1. Schematic step-by-step view of the process for the exfoliation of POG material. NaNO, aqueous
solution is prepared under constant magnetic stirring, step A—addition of graphite under ultrasonication,
step B—addition of KMnO,, step C—addition of DI water, step D—providing some heat of 70 °C, step E—
supernatant collection, step F—centrifugation.
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to that, the cavitation induced via mechanical forces during bath sonication (with mild energy only) facilitates
easy swelling of the graphitic layers (Fig. 1 step A)!7*4->2 During this, to attain stable dispersion of the liquid
phase, the energized water molecules (with the help of its bubble pressure created by mechanical cavitation
events supported by the consistent acoustic flows) and the ions ( NO5 / Na*) will enter between the graphite
layers, which lead to a significant reduction of the interlayer binding strength!”*4-%°. However, the force applied
by the water molecules/ions (via sonication) is not strong enough to overcome the van der Waals interaction
completely. Therefore, we take a mild solution of KMnO, to minimally oxidize the layers which separates the
graphene layers in a short time to obtain partially oxidized graphene material (Fig. 1 step B). In this step, the
oxidation reaction is prompted and slightly increases the pH (pH ~ 8.40-8.80) of the solution. Towards the end,
we add DI water/H,0, to stop the oxidation reaction and hence remove metal ions and KMnO, impurities
(Fig. 1 step C). At this step, the reaction is exothermic and causes the pH to increase slightly (pH ~ 10.34-10.66).
In the final stage, the solution is washed multiple times with the help of deionized water to remove unreacted
residues and impurities. During each wash, the pH decreases gradually as the unreacted residues and impurities
are diluted and removed. The process continues until the pH of the solution becomes neutral (pH ~7.0-7.5),
ensuring the product is free from unwanted ions.

Results and discussion
The dispersibility and solubility of the as-prepared POG material have been studied with respect to GO, and
rGO obtained from the standard method. Figure 2 shows the gram scale suspension behavior and the solution
stability measurements in terms of absolute zeta potential of the as-synthesized POG material, rGO of the
standard reduction method, and GO of the modified Hummers method. During the synthesis process, we start
with 1.25 g of graphite powder (particle size <50 pm, Sigma Aldrich) and end up with ~0.96 g of partially
oxidized graphene, and the yield is found to be ~ 77%. Yield values of graphene exfoliated through different acid-
less processes are shown in supplementary Table 1 (SI file). The GO dispersion is light-brown in colour, while
the POG displays dark-brown colour (Figs. 2a; and Sla, b, Supporting Information). This kind of appearance is
because of the fewer n—m conjugations in GO than the POG and rGO, i.e. presence of a very small number of
oxygen functional groups in the POG as compared to the GO!®19:68:69,

Stability measurements (Fig. 2b) demonstrate the absolute value of the zeta potential of 39.38 mV, 42.63
mV, and 42.67 mV for the as-synthesized GO, rGO, and POG aqueous dispersions, respectively®-71. Usually,
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Fig. 2. (a) Digital photograph of POG material, rGO (standard reduction method), and GO (modified
Hummers method) water dispersion; all pictures were taken on the same day. (b) zeta potential values for
the fresh samples and after 3 months of storage time-duration. The POG material shows a good dispersion
behavior, similar to GO in water and exhibits long-term stability than rGO and GO. Few additional digital
photographs of the three suspensions are added in SI as Figure S1 (a, b).
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suspensions with absolute zeta potential values higher than 30 mV are physically stable, while suspensions below
20 mV have limited stability and suspensions below 5 mV face a rapid aggregation**®. It is interesting to note
that POG and rGO aqueous solutions have a higher initial absolute zeta potential value and even after 3 months
of storage in normal ambience these POG and rGO solutions maintained a value of 41.62 mV and 38.76 mV,
respectively®>*6%697172 These values of the zeta potential are also in good agreement with the reported zeta
potential values of GO and rGO**¢%%%71 This clearly indicates that the POG aqueous dispersion has better
stability than the aqueous solutions of both rGO and GO.

Figure 3a-c shows the UV-visible spectra of the as-synthesized POG, rGO, and GO. For UV-visible
spectroscopy measurements, the samples were prepared by using the aqueous dispersion of POG flakes and
quartz cuvettes to minimize interference from the container. It is evident that, the absorption spectrum of the
POG is red-shifted as compared to the spectrum of rGO. The absorption maxima for the POG, rGO and GO
are seen at ca. 282 nm, 272 nm, and 230 nm, respectively. The shift in spectra reveals higher n-m* conjugation in
the POG and rGO which is attributed to the better retention of graphitic cyclic alkene (C=C) rings in the basal
planes'®1%73-75 The n-m* electronic transition mode occurs when additional oxygen atoms are attached to the
graphitic basal plane of GO'#1%73-75 The blue-shifted absorption band in GO (230 nm) because of the n-m*
transition signifies the presence of a larger number of hydroxyl and epoxy groups in GO than in rGO and POG.
The absorption shoulder corresponding to n-mn* transition of C=0 bonds is observed at ca. 295 nm for GO
sample, while it is absent in both POG and rGO. When compared to the corresponding peak for GO (Fig. 3¢), the
UV-vis absorption spectrum of rGO exhibits a broad peak centred at 272 nm with steadily decreasing intensity
up to 800 nm, which is consistent with the restoration of the electronic conjugation in the graphene sheets upon
reduction’®””. However, for POG the peak is much broader (Fig. 3a) than rGO, which reveals the existence of a
higher conjugated electronic structure in the POG.

The optical band gaps calculated from the corresponding Tauc plots (Fig. 3d-f) of the POG, rGO and GO
are 1.42+0.01 eV, 1.66+£0.03 eV and 2.91 +£0.02 eV, respectively. The band gap value of the POG material is also
found to be lower than the reported band gap values of rGO?-3476-7°, The lower band gap (0.24 eV and 1.49 eV
than rGO and GO respectively) of the POG in comparison to the rGO and GO suggests better m-n* interaction
and absence of insulating functional groups in POG”*>77.

Primarily, X-ray diffraction analysis is performed to identify the structural alterations in the graphite flakes.
As can be seen in Fig. 4, an intense sharp peak corresponding to (002) diffraction in the graphite powder is
observed at 26 =26.33° (lattice spacing, d=3.4 A). The conserved and organised stacking along the c-axis is

282 nm (a) =——POG (d) ==POG

272 nm (b) =GO

T-T*

Absorbance (a.u.)
(ahv)”(1/2) (eVicm)~(1/2)

T 291V
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Wavelength (nm) hv (eV)

Fig. 3. UV-visible spectra (a—c) and their corresponding Tauc plots (d-f) for the POG, rGO, and GO samples,
respectively. The as-synthesized POG has a lower band gap (1.42£0.01 eV) than the rGO (1.66+0.03 eV). The
GO has an optical band gap of 2.91 +£0.02 eV.
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responsible for the strong and identifiable peak in the graphite XRD pattern®®8!. For the GO sample, the peak
shifts to a lower value of 26 =9.07°, suggesting the successful oxidation of graphene sheets with a wider d-spacing
of 9.8 A. The increase in lattice plane separation occurs due to the intercalation with water molecules and the
presence of epoxide and hydroxyl oxygen functional groups on the basal plane of the graphene layers!®1%80-82,
After hydrazine reduction (towards rGO from GO), the peak shifts to a higher 20 value (21.02°) with an
interlayer spacing of 4.2 A. It is observed from the POG XRD pattern in Fig. 4, the partial collapse of the long-
range ordered graphene layers in the graphite powder and simultaneous introduction of mild oxidation leads to
a decrease in the peak intensity (20 =21.79°) and peak broadening (FWHM =7.23+0.03°) for the POG sample.
The interlayer separation of the POG sample is estimated to be ~4.0 A. This value is slightly higher than the
natural graphite (3.4 A), but substantially lower than the GO precursor (~9.8 A).

The decrease in the interlayer spacing of POG, with respect to GO as well as rGO, indicates the presence of
higher sp? domains and less oxygenated functional groups in the POG material®*81:838¢ The lower percentage of
functional groups in the POG than that in GO and rGO samples causes lesser stretching between the crystallites,
which explains the smaller crystallite size and larger peak broadening in the XRD spectrum of POG®*-82, The
POG XRD spectrum also matches well with several XRD spectra of good quality rGO as has been demonstrated
in the existing literature!®1973-7580-84,

Figure 5a,b shows the atomic force microscopic images of the POG material at a scan size of 3 pm and 1 um,
respectively. For sample preparation, we used a Si/SiO, substrate cleaned with acetone-IPA-DI water, followed
by ten minutes of sonication in each case. Then, the POG sheets from an aqueous suspension were spin-coated
on the cleaned Si/SiO, substrates by a spin-coating technique and dried in a normal ambience. The POG sheet-
coated Si/SiO, substrates were used for AFM analysis. The calculated thickness of the flakes from the section
profile analysis (Fig. 5¢, d) (Figure S4, SI file) was found to be in the range of ca. 1.59+0.14 nm to ~5.0 nm
confirming the presence of bi-few layer graphene sheets in the as-prepared POG samples. This value of the flake
thickness is consistent with the typical two-few layer thickness reported for rGO?*3>-%”. However, the edge-to-
edge attraction generated by the hydrogen bonding between the very few oxygen functionalities might result in
the crumpling and aggregation of POG sheets (Figure S4a-d)3%8!.

Further, Fig. 6a—d shows the FEG-TEM images of POG material. The layer-like POG sheets are seen with
wrinkles and folds with high transparency indicating single/bi- to few-layer graphene (Figure S5c, d)%¥-°. The
SAED pattern (inset: Fig. 6d) consists of concentric rings which indicate the crystalline character of the POG
material. The HR-TEM image in Fig. 6d shows the well-defined lattice fringes. The (002) plane of the POG
material corresponds to the fringe width with an interlayer spacing of 0.4 nm (inset: Fig. 6d).

Figure 7 displays the Raman spectra of the POG, rGO, and GO samples, respectively. In the case of GO, the
well-ordered sp? hybridized carbon structure is responsible for the G-band at 1586 cm™!, and the structural
defects in the hexagonal graphitic structure are responsible for the D-band at 1345 cm™". The intensity ratio (I,)/
I;) of these bands is found to be ~ 1.0+ 0.03, which confirms the presence of numerous surface defects in the as-
synthesized GO sample®’. For the rGO sample, the removal of several structural defects causes the I /1, ratio to
reduce to 0.92+0.05. A much smaller I,)/1, value (0.80 +0.06) for the POG sample clearly indicates the existence
of lesser number of structural defects than the rGO and GO samples (Supplementary Table 4)°>~%7. The 2D band
observed at 2693 cm™! for the POG (Fig. 7), further supports the existence of graphene lattice with minimal
defect sites®2%6. Moreover, the scatter-plot data (Figure S9, SI file) confirm a clear trend between defect density
and I2D (FWHM—f{ull width at half maximum), suggests the presence of less disordered sp* conjugation in the
as-prepared POG, consistent with previous literature”. This result demonstrates that as-prepared POG material
is of higher quality than that of rGO and GO.
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Fig. 4. XRD patterns of graphite powder, POG, rGO, and GO. A minimal lower 26 shift (from 26.33 to 21.79°)
suggests the mild oxidation of the POG material.
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Fig. 5. AFM images of the POG sample at a scan size of (a) 3 um and (b) 1 pm. (c) and (d) are sectional or
height profile analysis at different sites of the same bi/multilayered POG. The as-synthesized POG material
contains bi to few-layer graphene sheets.

Fig. 6. TEM images (a-d) and SAED pattern (inset of d) of the POG material, illustrate proper exfoliation of
graphite to single-few layers graphene with good crystallinity behavior.

Field emission scanning electron microscopic observations were performed on the POG sample (Fig. 8)
(Figure S5 a, b). It is observed that the exfoliated few layer POG flakes are homogeneously distributed on the Si/
SiO, surface and may be covered by many other flakes, and are also folded at many places. Flake size distribution
of the as-prepared partially oxidized graphene shows that the average size of the as-prepared POG flakes is
~1.003+0.272 pum (Figure S8, SI file). It is believed that because of the less number of oxygen functionalities,
the stretching between graphene flakes decreases and the edge-to-edge attraction generated by the hydrogen
bonding between the few oxygen functionalities might result in the crumpling and aggregation of POG as well as
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Fig. 7. Raman spectra of POG, rGO, and GO samples. The lower I,,/I . value of ~0.80 suggests that the POG
material has lesser defects in the graphene lattice.

Fig. 8. FESEM images of the POG sample at different magnifications; illustrate the homogeneous wide area
distribution with aggregation and crumpling character of the few layer POG flakes.

rGO sheets®*81989° Furthermore, the overlapping of graphene or graphene oxide nanoplatelets gives rise to the
large number of folds in the samples®®819%190 This result indicates POG has a similar behavior as rGO, wherein,
the agglomeration of graphene or graphene oxide nanoplatelets is highly prominent®-1%,

Brunauer-Emmett-Teller (BET) surface analysis is a helpful measurement for the surface area of the prepared
material. Figure S6a shows the adsorption and desorption BET isotherms of the as-prepared POG sample under
nitrogen. The specific surface area of the POG sample is found to be 107.23 m?/g, which is in the range of
many reported specific surface area values of standard rGO'0-1%, This could be due to the agglomeration of the
graphenic sheets and overlap of the particularly smaller ones, reducing the surface area of the material!®1-1%3,
Nonetheless, there are still a lot of exposed surface regions due to the wrinkled three-dimensional structure of
the material. However, the BET isotherm curve suggests that the POG sample is porous in nature with hysteresis
phenomenon at the elevated partial pressures. Moreover, to assess the average pore volume and average pore
diameter of the fabricated POG sample, the BJH numerical integration method (Barrett-Joyner-Halenda) is
being utilised (Fig. S6b). The calculated average pore diameter and average pore volume of the POG sample are
25 A and 0.205 cc/g, respectively!1-193 These investigations of BET and BJH indicate the formation of partially
oxidized graphene.

X-ray photoelectron spectroscopy studies are conducted to comprehend the surface composition, quantitative
functional group investigation, and chemical states of the POG, rGO, and GO samples. Figure 9a,b shows the
high-resolution XPS spectra of the POG sample and Figure S2 explains the comparative survey spectra of the
as-obtained POG, GO, and rGO samples. The POG sheets from an aqueous suspension were drop cast on the
cleaned glass substrate and dried in a normal ambience. The thick POG material-coated substrates were used for
XPS analysis to ensure that the signal collected was free of other oxygen signals coming from the substrate!*.
However, the relative sensitivity factors were used in the determination of carbon-to-oxygen (%) ratios from the
survey spectra!®>-1%7 The Gaussian-Lorentzian function is utilised to deconvolute the C 1s and O 1s spectra into
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Fig. 9. High-resolution X-ray photoelectron spectra (a) C 1s, (b) O s of the POG sample. The sample exhibits
higher carbon-to-oxygen (C/O) ratio (3.67), which indicates the generation of partially oxidized graphene.

several peak components. From the deconvoluted C 1s spectra of the POG sample (Fig. 10a), the sp? hybridized
carbon (C=C) has a binding energy of 284.80 eV, whereas, the peak components at binding energies of 285.58 eV,
286.95 €V, 289.37 eV, 283.00 eV are associated with the sp* hybridized carbon (C-C), epoxy/hydroxyl group
(C-0, C-OH), carboxyl group (O-C=0), and hydrocarbon group (C-H) respectively®>34108109 The broad
C=C peak could arise from the heterogeneity of the sp> domains in POG, that is the fabrication process could
result in a mixture of larger and smaller sp? domains!!®!!. The C-H peak, while less commonly highlighted,
corresponds to edge hydrogenation or residual functional groups, as has been documented in reduced graphene
oxide studies'!'>!!%. In the O 1s spectra of the POG sample (Fig. 9b), the peak components at 529.70 eV,
531.80 eV, 532.60 eV, 533.88 eV are related with carboxyl group (O-C=0), carbonyl group (C=0), hydroxyl/
epoxy group (C-OH, C-0) and epoxide (C-O-C) group respectively'%®1%°, The XP spectra of the as-prepared
GO and rGO samples are analyzed in Figure S3 (a-d) (Supporting Information). The carbon-to-oxygen (C/O)
ratio of the obtained POG sample is found to be 3.67, which is higher than that of GO (0.87) as well as rGO (2.42)
(Supplementary Table 2). The higher carbon-to-oxygen (C/O) ratio suggests the formation of partially oxidized
graphene with a lesser number of defects.

The FTIR spectroscopic measurements shown in Fig. 10, provide qualitative information about the vibrational
properties of functional groups present in the graphite powder, POG, and GO samples. For FTIR spectroscopy
measurements, the powder samples were mixed finely with potassium bromide and pressed into pellets. The
broad absorption band located at ca. 3454 cm™! is attributed to the stretching of hydroxyl (-OH) groups present
in the samples!!*. This band is similar in shape and becomes sharp or less intense for the POG material than
the GO, however, the band shape changes and becomes much broader than that of the graphite powder. The
band located at 2357 cm™! arises due to the stretching of CO, groups'"®, and is similar in character for both
GO and POG, but different for graphite. This indicates the presence of oxygen functional groups attached in
POG basal planes. Moreover, the absorption bands located at 1728 cm~ !, 1628 cm™!, and 1048-1260 cm™!
are due to the stretching or bending of the ketonic group C=0, bending of hydroxyl group —-OH, and C-O
bonds, respectively!'!*. The bands for the oxygenated functional groups are found to be less intense for the POG
material than the GO sample, while these bands are completely suppressed in the spectrum of the graphite
powder. The FTIR spectrum of the POG material is also in good agreement with the reported FTIR spectra of
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Fig. 10. FTIR spectra of graphite powder, POG material, and GO. The weak absorption bands in the POG
spectrum illustrate mild oxidation character of the POG material.
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Fig. 11. Two-probe I-V measurements of POG, rGO, and GO drop casted thin films. The POG material has
higher conductivity (9.22+0.04 S/cm) than the rGO (0.30£0.03 S/cm), while GO conductivity is found to be
(24 0.28) x 1072 S/cm.

rGO»-347879,115-117 "This result gives a clear indication that the POG material is mildly oxidised with higher
graphenic domains.

The current-voltage measurements of the as-prepared air-dried samples at glass substrate are taken in the
-5V to +5 V range (Fig. 11). For the electrical conductivity measurements, films were fabricated on precleaned
glass substrates (cleaning process:- 10 min sonication in each case: DI water— acetone— DI water— IPA
— DI water; then dried the substrates in a hot air oven at 70 °C for ~45 min) by drop cast as well as spin
coat techniques using POG aqueous dispersion of 2 mg/ml concentration to create uniform thin films. The as-
fabricated films were dried in an open-air environment for a day. The device geometry was 1 x 1 cm?, with silver
metal contact pads at the corners of the films. The metal contact pads have been used as positive and negative
electrodes for the transport measurements, carried out using a KEITHLEY-2602 A source meter. The estimated
film thicknesses were 150.4+4.1 nm, 2.3+0.2 pm, and 28.5+1.0 um for the POG, reduced graphene oxide
(rGO), and graphene oxide (GO) films, respectively (Figure S7). The curves exhibit a linear current-voltage
relation, which suggests an ohmic behavior with R? values of 0.993, 0.994, and 0.971 for the POG, rGO, and GO,
respectively. The calculated conductivities of the POG, rGO, and GO samples were found to be 9.22+£0.04 S/
cm, 0.30+0.03 S/cm, and (2 + 0.28) x 1072 S/cm, respectively. The POG material demonstrates noticeably
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higher conductivity in comparison to both GO and rGO samples. The conductivity value of the POG material is
higher or in the range of the reported conductivity values of rGO (Supplementary Table 3)?>-39:42:43,

Conclusions

Partially oxidized graphene is exfoliated at a gram scale directly from graphite powder without using any acids.
The POG material phase formation (a peak at 20=21.79°) is confirmed by the XRD analysis. From the UV-
visible spectra, the lower band gap value (E, = 1.42+0.01 eV) suggests higher graphenic behavior of the POG
material in comparison to the rGO (E_ = 1.66+0.03 eV). FT1IR signal (of POG) with diminished intensity reveals
fewer oxygen functional groups on the surface of POG material. The bi-layer and few-layer characteristic (flake
thickness ~ 1.5 nm to 3.6 nm) along with folds or aggregation tendency of the POG material are supported
by the AFM, FEG-TEM, and FESEM analyses. The Raman spectra (I,/I, = 0.80+0.06) suggest that the POG
material is of higher quality with lesser number of defects. The XPS analysis (C/O=3.67) and BET-surface
study (107.23 m?/g) signify the exfoliated material is partially oxidized. Moreover, the conductivity of the POG
material (9.22£0.04 S/cm) is found to be higher than the rGO (0.30+0.03 S/cm). The zeta potential analysis
illustrates strong long-term stability (more than 3 months) of the POG water dispersion than that of GO and
rGO dispersions. This acid-less novel route to obtain the ‘partially oxidized graphene’ directly from the graphite
powder is a promising source of conducting electrodes for batteries or supercapacitors, carbon paste, etc.

Data availability
The data that support the findings of this study are available in the supplementary material of this article.
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