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Janus graphene oxide (GO) usually refers to a unique two-dimensional material with asymmetric surface
chemistries on opposite faces of the sheets. Herein, we propose a facile and efficient method to fabricate
Janus-like GO (JGO) with a novel asymmetric structure along the faces of the sheets. Unlike the tradi-
tional post-synthesis of double-faced Janus GO based on pre-prepared GO, the novel JGO with a
randomly distributed asymmetric oxidation structure along the sheet face can be achieved by a simple
ultrasonic treatment on partially oxidized graphene. The asymmetric oxidation structure along the sheet
face of our Janus GO was confirmed by confocal micro-Raman imaging and analysis of height profiles by
atomic force microscopy. Due to the asymmetric oxidation structure, the as-prepared JGO has amphi-
philic characteristics, with hydrophilicity on one side of the sheet and hydrophobicity on the other side,
leading to an eyelash-like liquid crystal alignment at the oil/water interface. The perpendicular align-
ment rather than the parallel orientation behavior of GO liquid crystals at the oil/water interface further
confirms the asymmetric structure of our JGO along the face graphene sheets. The simple approach and a
new class of JGO proposed herein provide a new insight into understanding the asymmetric chemistry of
graphene.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction face are capable of affecting the properties on the opposite face, and

this has been attributed to the extremely thin nature of the material

Janus particles, named after the double-faced Roman god due to
their two sides with different compositions or properties[1], have
attracted tremendous attention in recent years due to their asym-
metric structures, novel performances, and diverse potential appli-
cations [2—6]. Numerous multi-dimensional Janus nanomaterials
have been prepared in the last decade such as zero-dimensional
Janus spheres[7—9], one-dimensional Janus cylinders [10—12], and
two-dimensional (2D) Janus nanosheets [ 13—15]. Among the various
2D nanomaterials reported to date, graphene and its derivatives,
especially the water-soluble precursor, graphene oxide (GO), are
excellent candidates to prepare 2D Janus nanomaterials. This is
because of their unique 2D structures, large surface areas, and ad-
vantageous properties [16,17]. For example, graphene Janus sheets
exhibit unique properties where the chemical decorations on one
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[18].

To achieve asymmetrical modification on opposite faces of the
graphene sheets as illustrated in Scheme 1a, template-assisted
strategies have been used to isolate one face while protecting the
other; these methods allow chemical modifications to be applied
only on the exposed face of the sheets [19]. As an example, Zhang
et al. reported the first experimental realization of asymmetrically-
modified Janus graphene by a two-step surface covalent function-
alization assisted by a poly(methyl methacrylate)-mediated trans-
fer approach [18]. However, the yield of Janus nanosheets achieved
using this method was limited by the number of inert templates. To
address this efficiently, site-specific modification of Pickering
emulsions has been proposed to create Janus nanosheets due to the
facile preparation of Pickering emulsions and the fact that emulsion
droplets tend to have large surface areas [20,21]. In addition, Leon
et al. fabricated Janus nanosheets by combining a Pickering-type
emulsion and grafting from polymerization by atom transfer
radical polymerization [22]. More specifically, GO nanosheets were
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Scheme 1. Illustration of the different asymmetric chemical structures of (a) traditional Janus GO with different chemical natures on the opposite faces of the sheet, and (b) the new
type of Janus GO, exhibiting different chemical properties on opposite sides along the sheet.

initially assembled onto wax beads by Pickering emulsion, then
PMMA was grafted selectively from the exposed face [22]. Although
elaborate designs for the above template-assisted strategies are
known, they generally require complicated and tedious chemical
modification process to achieve asymmetrical functionalization on
opposite faces of the GO sheets The development of a facile and
efficient method for fabrication of the Janus GO nanosheets
therefore remains a challenge. Moreover, during chemical modifi-
cation, GO tends to aggregate due to the destruction of the elec-
trostatic interactions between sheets [23], thereby rendering the
preparation of monolayer Janus GO particularly challenging. We
also note that the majority of previous works have focused on
asymmetric surface chemistries on opposite sheet faces (Scheme
1a) [24—27], with asymmetric structures along the sheet faces
(Scheme 1b) having yet to receive attention. We therefore surmised
that if a Janus GO can be synthesized by regulating the degree of
oxidation on opposite sides along the sheet, then a monolayer Janus
GO with asymmetric amphipathy could be obtained without
further chemical decoration.

Thus, herein we demonstrate a rapid, facile, and efficient
method for the fabrication of an asymmetrically oxidized GO
exhibiting similar surface structure with that depicted in Scheme
1b. Owing to this method is based on a simple ultrasonic fracture
of partially oxidized graphene, the functionalized region of GO is
randomly distributed and could not be controlled precisely. We
therefore named it as Janus-like GO (JGO). The asymmetric
oxidation structure was verified on specific individual sheets
through height difference analyses with atomic force microscopy
(AFM) and confocal micro-Raman imaging technique. Interest-
ingly, the as-prepared JGO forms an eyelash-like liquid crystal
alignment at the oil/water interface. This work therefore dem-
onstrates the use of powerful characterization methods (i.e., AFM
height difference analysis and micro-Raman chemical imaging)
for direct confirmation of asymmetric oxidation in the monolayer
nanosheet. This novel asymmetric structure would be expected to
provide a new type of platform for future theoretical and exper-
imental studies of GO.

2. Experimental section
2.1. Synthesis of JGO and GO

The asymmetrically-structured JGO was synthesized through
low-dose oxidant peroxidation and strong sonication. More spe-

cifically, pre-oxidized graphite (POG) was obtained via a conven-
tional intercalation process using a strong acid and a strong

oxidizing agent. KMnOy4 (2 g, 1 wt equiv.) and natural graphite (1 g,
1 wt equiv., 180 mesh) were added to concentrated H,SO4 (2 L, 98%)
over a period of 6 h in an ice water bath. After the reaction, the
mixed solution was slowly poured into ice water (500 mL) to avoid
a sudden increase in temperature, and 30 wt% H,0, was added
dropwise until bubbles were no longer produced. The wet POG
powder was obtained after filtration with a 400 mesh press cloth
and washing until reaching a neutral pH. This wet POG powder was
then added to deionized water (400 mL), and the pH of the solution
was adjusted to 11 using ammonia water then subjected to soni-
cation for 5 min using an ultrasonic homogenizer with an output
power of 180 W (20 mm probe tip diameter, JY92-IIDN, Ningbo
Scientz Biotechnology Co. Ltd., China). A monolayer JGO suspension
was obtained via further dilution and centrifugation at 8000 rpm
for 10 min.

The GO was prepared from natural graphite with a particle size
of 180 mesh using the modified Hummers’ method [28]. The syn-
thesized GO was suspended in deionized water and subjected to
dialysis until a neutral pH was reached, and then gradient centri-
fugation was carried out at 9000 rpm for 30 min. The resulting
well-exfoliated GO sheets had a thickness of approximately 1.2 nm.
The purified GO suspension was then dispersed in water to a con-
centration of 0.2 mg/mL.

2.2. Procedure for preparation of the Pickering emulsion

The Pickering emulsion was prepared using JGO (5 mL) and an
equal volume of paraffin. The mixture was stirred for 2 min at 25 °C
using a magneton set at 2400 rpm. The pH of the paraffin—water
emulsion was controlled by adding 0.1 M HCl or NaOH. The
resulting Pickering emulsion was allowed to stand at ambient
temperature for at least 24 h. As a control, the Pickering emulsion
using GO was also prepared under identical conditions.

2.3. Characterization of JGO

AFM images were acquired using the appropriate probes (SCA-
NASYST-AIR) and a Dimension Icon instrument (BRUKER) under the
peak force tapping mode. Dilute JGO suspensions (~1 mg/mL) were
spin-coated on a mica substrate at 2000 rpm for 1 min prior to the
AFM and Raman measurements. Raman mapping was carried out
using an InVia Series Laser Confocal Micro Raman Spectrometer
(RENISHAW) using the following settings: 1 x 1 pm pixels,
100 x objective, 532 nm laser with 5% power, diffraction grating
of 1800 gr mm™, 3 s exposure time, 1 accumulation. Transmission
electron microscopy (TEM) images were obtained using a JEOL
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JEM-2200 FS electron microscope at 200 kV. The samples were
prepared on copper grids using Lacey Support Film by diluting the
emulsion to obtain a translucent drop.

UV—vis absorption spectra of the JGO suspension were collected
in the range of 200—800 nm using a UV—vis spectrophotometer
(Shimadzu UV-2550). X-ray photoelectron spectroscopy (XPS)
measurements were performed using a Thermo Scientific ESCALAB
250XI photoelectron spectrometer with Al Ke. radiation (1486.6 eV)
as the X-ray source. Wide-angle X-ray diffraction (XRD) patterns
were collected at 25 °C on a Rigaku UltimalV diffractometer with Cu
Ko radiation (A = 0.154 nm), and the diffraction signals were
recorded in the range of 20 = 5—40° at an interval of 0.05° and a
scan rate of 5° min~.

The Zeta potential of the JGO suspension was measured by dy-
namic light scattering (NanoBrook Omni, U.S.). Polarized optical
microscopy (POM) images were obtained using a Nikon H600L
polarized optical micro-scope equipped with a MD50 CMOS cam-
era. For the POM observations, the sample was dropped onto a glass
slide.

3. Results and discussion
3.1. Preparation of JGO

Fig. 1 shows a schematic illustration of the method of prepara-
tion employed for JGO, where the synthetic process can be seen to
consist of two major stages, i.e., partial oxidation (PO) and fracture
exfoliation (FE). In its XRD spectrum, pristine graphite shows a
strong peak at 26.3° corresponding to an interlayer distance of
approximately 0.33 nm (Fig. S1). This is supported by Raman
spectroscopy, where the Ip/Ig ratio region (0.07—0.12) of pristine
graphite is low due to the presence of intact - conjugated
structures (Figs. S2a and S2b). It is well known that oxidation
preferentially takes place on the edge and defect sites of graphite
due to their higher reactivity. In the PO stage, after low-
temperature (0 °C) and low-dosage oxidant (i.e., double the quan-
tity of graphite) treatment, the m-m conjugated structures of the
graphite edges were destroyed, and the interlayer spacing of the
partial oxidized graphite (POG) increased due to the production of
oxygen-containing functional groups. We note there that POG
shows a strong peak at 24.1° in the XRD pattern corresponding to
an interlayer distance of approximately 0.37 nm, while the weak
peak at 31° was attributed to the presence of KMnO4 and H,SO4
(Fig. S1). As shown in Figs. S2c and S2d, the Ip/Ig ratio of the internal
region of the POG (~0.77) is lower than that of the edges (~1).
Similar to the action of an inert template, the internal region of POG
is protected. The gradient of the degree of oxidation observed was
caused by the gradual depletion of the oxidant, from the edges to
the interior, during the process. In the following FE stage, the POG

was further broken, and was found to peel off under strong soni-
cation conditions. Due to the randomness of the fractures, a series
of JGO species with randomly distributed asymmetric oxidation
structure along the sheets was obtained. Some uniformly oxidized
layers could also be produced during the process of random
ultrasonic breaking. The proportion of sheets with different struc-
tures is analyzed in detail in section 3.2.

3.2. Characterization of JGO

3.2.1. Morphologies and asymmetric microstructure

The nature of the JGO prepared with an asymmetric degree of
oxidation was assessed by height difference analyses using AFM
and micro-Raman imaging. It is well known that oxygen-containing
functional groups increase the thickness of graphene nanosheets.
In general, the thickness of a monolayer graphene nanosheet is
approximately 0.6—0.8 nm due to the presence of few oxygen-
containing functional groups [29—31], while the thickness of a
monolayer GO nanosheet is approximately 0.9—1.3 nm due to the
presence of abundant oxygen-containing functional groups
[32—34]. To accurately determine the microscopic chemical struc-
ture of the prepared Janus GO, we selected two typical JGO nano-
sheets to characterize the oxidation degree distribution, and the
overall thickness of the isolated JGO was obtained from 4 AFM
height profiles. As shown in Fig. 2a—c, the JGO nanosheet showed a
significant height difference in the direction of oxidation due to
different degrees of oxidation, thereby confirming our previous
conjecture. We visually expressed the differences in oxidation de-
gree on the nanosheets as shown in the figure insets. In addition, as
can be seen in Fig. 2d, the asymmetric distribution of the oxidation
degree becomes more obvious by adjusting the height color scales
of the AFM images. In contrast, the overall thickness of the GO is
approximately 1.2 nm, indicating a uniform oxidation degree
(Fig. S3). It should also be noted that some sheets exist that possess
no obvious height difference during the ultrasonic process. Thus, to
further verify the asymmetric oxidation degrees of the nanosheets,
the JGO and GO samples were characterized by Raman imaging. It is
generally accepted that the intensity ratio between the D- and G-
bands indicates the structural disorder of the graphene layer
[35,36]. In this context, Ip/lg 2D mapping showed that the JGO
nanosheet differed significant from the GO sample, the latter of
which exhibits a uniform color (Figs. 2e, 2g, S4, and S5). In addition,
Fig. 2f and h indicate that the JGO had a low Ip/Ig ratio (~0.72) in the
blue area (low oxidation) and a high Ip/I; ratio (~1.07) in the red
area (high oxidation), which differs significantly from that of GO
(i.e., ~1.02 for the whole area). This is consistent with the obser-
vations from AFM measurements.

The asymmetric oxidation may endow the JGO surface having
both hydrophobicity and hydrophilicity. To identify the amphiphilic
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Fig. 1. Schematic illustration of the preparation of JGO. (A colour version of this figure can be viewed online.)
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Fig. 2. Morphology studies of JGO and its comparison with traditional GO. (a—d) AFM images of JGO (a) and corresponding height profiles (b, c). The inset diagrams shown in parts
(b) and (c) represent the asymmetric oxidation of JGO sheets 1 and 2 as indicated in (a), respectively. (d) The height chromatic aberration image of (a). (e—h) Raman mapping of a
JGO sheet (e) and GO (g) using the Ip/Ig ratio from the corresponding Raman spectra (f, h). (A colour version of this figure can be viewed online.)

characteristic of JGO, the interfacial behavior of JGO and traditional
GO in the toluene/water system was compared (Fig. S6). It was
found that the amphiphilic JGO accumulated at the toluene/water
interface while the traditional GO stayed only in the water phase
after ultrasonic pretreatment. This result indicated that our JGO
indeed has the amphiphilic character.

It should be noted that although long-term ultrasonication is
beneficial for sheet exfoliation, the reduction in sheet size cannot
be ignored. As shown in Fig. 3a—h, we investigated the lateral size
of JGO under a range of ultrasonication times, and statistical anal-
ysis of an average of 30 sheets shows that the lateral size decreased
upon increasing the ultrasonication time. Furthermore, we also
analyzed the height differences of 30 sheets to determine the
average degree of asymmetry (Fig. 3i—1, S7). By comparison, we

found that large layers tend to show high levels of asymmetry. As
the sizes of the sheets decrease, their asymmetric degree of
oxidation decreased gradually, which becomes more obvious with
an ultrasonication time of 10 min. After a comprehensive compar-
ison, we determined that the lateral size and levels of asymmetry
obtained upon ultrasonication for 5 min were relatively moderate.
Based on these observations, subsequent experiments were con-
ducted on ]GO fabricated under ultrasonication for 5 min.

3.2.2. Bulk chemical and physical properties

The composition and characteristics of the prepared JGO were
evaluated by XPS, UV—vis absorption spectroscopy, and XRD. To
obtain detailed information, we used GO for comparison. Thus,
Fig. 4a shows the fitted C1s spectra of the JGO and GO membranes.
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Fig. 3. Effect of sonication time on the size and asymmetric height difference of the as-prepared GO. (a—d) AFM images of the GO sheets obtained under different sonication times;
(e—h) Corresponding lateral size histograms, and (i—1) height difference histograms. (A colour version of this figure can be viewed online.)
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Compared with GO, the overall oxidation degree of JGO is reduced
due to the area of low oxidation on the isolated sheet. As a result,
the peak intensity corresponding to C—OH bonds (286.5 eV) for JGO
decreases. In addition, the full-width at half-maximum (FWHM) of
the sp [2] C bond peak decreases from 1.10 to 0.87 eV, thereby
confirming the presence of more ordered sp [2] C structures [37].
This is consistent with the UV—vis observations (Fig. 4b). Further-
more, GO presents a strong absorption peak at 228 nm (m-7*
transition of aromatic C—C bonds) and a weak shoulder peak at
~300 nm (n-7* transition of C=0 bonds). Moreover, the strong
absorption peak of JGO is up-shifted to 239 nm due to the presence
of a more ordered conjugated system [38]. The XRD patterns of JGO
and GO films (Fig. 4c) show peaks at 20 = 11.3° and 10.9° with
corresponding interlayer d-spacings of 0.78 and 0.82 nm, respec-
tively. This suggests that the JGO sheets are stacked more tightly
than the GO sheets. It should also be noted that the FWHM of JGO
increases from 1.24 to 2.15 eV. This wider FWHM compared to that
of GO confirms the disordered dispersion of JGO sheets originating
from the asymmetric degree of oxidation [39].

3.3. Interface self-assembly behavior of JGO

Pickering emulsions are solid colloidal emulsions stabilized by
solid particles in place of organic surfactants, and they can substitute
classical emulsions in the majority of emulsion applications, such as
in foods, cosmetics, and pharmaceuticals [40—44], and especially in
areas where hazardous organic surfactants are unwelcome. The as-
prepared JGO exhibits amphiphilic characteristics, with hydrophilic
properties on one side and hydrophobic properties on the other side.
Similar to conventional amphiphilic surfactants, these are also likely
to accumulate and self-assemble into ordered packing structures
perpendicular to the oil-water interface; this leads to the formation
of a structure with a hydrophilic side in the water phase and a hy-
drophobic side in the oil phase. In contrast, conventional GO sheets
should form stacked layers parallel to the oil-water interface in an
emulsion [45]. Thus, the different self-assembly orientation modes
for JGO and conventional GO are illustrated in Fig. 5a. To confirm this
speculation, high concentrations (2 mg/mL) of JGO and conventional
GO were used to stabilize a liquid paraffin-in-water mixture via
Pickering emulsions. These two types of emulsions were observed by
polarized optical microscopy (POM) between crossed polarizers
(Fig. 5a). For both cases, the self-assembled liquid crystal (LC) be-
haviors have been clearly observed at the oil/water interface. How-
ever, the orientation of the LC texture looks totally different. JGO
formed an eyelash-like liquid crystal alignment, while GO sheets
were self-assembled into the layered LCs around the oil/water
interface. In general, the layered LC texture observed by POM are
attributed to parallel orientation packing of GO along the oil/water

interface. Thus, the eyelash-like LC alignment may suggest that there
is vertical orientation for JGO at the oil/water interface. To further
clarify the vertical arrangement of the JGO at the oil-water interface,
a polyurethane-water Pickering emulsion was prepared using poly-
urethane as the oil phase and JGO as the emulsifier. Owing to the
good curing crosslinking capability of polyurethane, the self-
assembled structure of JGO at the oil/water interface was likely to
be preserved. As seen from TEM images (Fig. S8), the vertical
arrangement of JGO around the polyurethane particles could be
identified clearly. This observation confirmed that the eyelash-like
liquid crystal orientation of JGO was resulted from its vertical
orientation at the oil/water interface. In addition, the eyelash-like LC
orientation of JGO was greatly affected by the concentration (Fig. S9).
More specifically, upon increasing the concentration of JGO, the
behavior of the interfacial LC becomes more obvious.

To further study the interfacial LC behavior of JGO in emulsions
with different oil-water ratios, liquid paraffin-in-water emulsions
were prepared using the different oil volume fractions. As shown in
Fig. S10a, oil volume fractions (¢,) < 0.67 resulted in an increase in
the emulsion volume fraction, while an opposite trend was
observed with ¢, > 0.67. In all oil-water ratios, only the oil-in-water
emulsions and no water-in-oil can be formed as identified by the
dilution test [46]. We selected three typical oil-water ratios
(¢o = 0.2, 0.67 and 0.8) to investigate the interfacial self-assembly
behavior of JGO. It was found that JGO could form an eyelash-like
liquid crystal alignment at the oil/water interface in all cases
(Fig. S10b). We speculated that there are two reasons why JGO can
only form oil-in-water emulsion. On the one hand, the three-phase
contact angle of JGO film is ~70°, which is more hydrophilic and
tends to form oil-in-water emulsion. On the other hand, owing to
the difference in the thickness for the hydrophilic side (high
oxidized surface) and hydrophobic side (less oxidized surface) of
]GO, the interface perpendicular self-assembling of JGO in oil-in-
water emulsions with the thicker hydrophilic side pointing to
outside (water phase) and thinner hydrophobic side pointing to the
inside (oil phase) should form more stable and closely ordering
packing than the opposite case in water-in-oil emulsion as illus-
trated in Fig. S10c.

As shown in Fig. S11, the absolute value of Zeta potential of the
GO dispersion increased upon increasing the pH from 2 to 11 due to
ionization of the COOH groups, as described previously [37]. Owing
to its strong hydrophilicity in high-pH solutions, GO can only sta-
bilize Pickering emulsions at a pH of approximately 2. Compared
with GO, the absolute value of the Zeta potential of the JGO dis-
persions relatively decreases due to the decrease in hydrophilicity,
which indicates its suitability for stabilizing Pickering emulsions.
Finally, the optical micrographs show that JGO can stabilize Pick-
ering emulsions at pH values between 2 and 10.
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Fig. 4. Characterization of JGO and the conventional GO. (a) C1s XPS spectra of the JGO and GO films. (b) Ultraviolet—visible spectra of the JGO and GO suspensions. (c) Wide angle
X-ray diffraction patterns of the JGO and GO films. (A colour version of this figure can be viewed online.)
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20 pm

Fig. 5. (a) Schematic illustration of the formation of Pickering emulsion droplets of JGO and GO, and the corresponding POM images of the liquid paraffin-in-water Pickering
emulsions stabilized by JGO and GO sheets observed under crossed polarizers (GO and JGO concentrations: 2 mg/mL; oil/water ratio: 1:1; pH = 2). (b) Optical micrographs of liquid
paraffin-in-water Pickering emulsions stabilized by GO and JGO at different pH values after standing for 72 h (GO and JGO concentrations: 0.2 mg/mL oil/water ratio: 1:1). (A colour

version of this figure can be viewed online.)

4. Conclusions

In conclusion, we herein reported a simple, low-cost, and high-
efficiency method for the preparation of Janus-like asymmetrically
oxidized graphene by combining partial intercalation oxidation and
strong ultrasonic exfoliation. In contrast to the chemical modifi-
cation of the as-prepared graphene, the preparation and structural
regulation of JGO were carried out simultaneously, thereby effec-
tively avoiding the restacking of sheets during the modification
process. In addition, it was found that the JGO sheet bearing an
asymmetric degree of oxidation was thinner than symmetrically-
modified GO. Furthermore, the asymmetric surface chemistries of
the JGO nanosheets were confirmed by evaluating their chemical
compositions, morphologies, and structural properties. The pre-
pared JGO were also found to exhibit an excellent oil-water inter-
facial stability due to its unique amphipathicity. Moreover, for the
first time, we observed that JGO formed an eyelash-like liquid
crystal alignment at the oil/water interface. Since Pickering emul-
sions can be used as templates to design novel functional hybrid
materials [47], this distinct liquid crystal alignment at the oil-water
interface paves the way for constructing graphene-based functional
materials with novel nanostructures and microstructures.
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