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Abstract: Surfaces with super-amphiphilicity have attracted
tremendous interest for fundamental and applied research
owing to their special affinity to both oil and water. It is
generally believed that 3D graphenes are monoliths with
strongly hydrophobic surfaces. Herein, we demonstrate the
preparation of a 3D super-amphiphilic (that is, highly hydro-
philic and oleophilic) graphene-based assembly in a single-step
using phytic acid acting as both a gelator and as a dopant. The
product shows both hydrophilic and oleophilic intelligence,
and this overcomes the drawbacks of presently known hydro-
phobic 3D graphene assemblies. It can absorb water and oils
alike. The utility of the new material was demonstrated by
designing a heterogeneous catalytic system through incorpo-
ration of a zeolite into its amphiphilic 3D scaffold. The
resulting bulk network was shown to enable efficient epox-
idation of alkenes without prior addition of a co-solvent or
stirring. This catalyst also can be recovered and re-used,
thereby providing a clean catalytic process with simplified
work-up.

The wetting behavior of solid surfaces by a liquid represents
an important aspect of surface chemistry.' Surfaces that
possess super-amphiphilicity (that is, where contact angles for
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water and oil approach 0°) have a wide range of applica-
tions.'”! The current toolbox for the fabrication of amphi-
philic materials includes methods such as selective etching of
solid or polymer templates, self-assembly of block co-
polymers, photogeneration, and plasma treatment.!'”!
Although implemented in some studies, these methods have
limitations that are mainly due to the requirement for
multistep procedures for implementation, the poor resistance
to harsh conditions, or to limitations in substrate size.

Three-dimensional (3D) graphene-based materials with
tuned surface properties have drawn increasing attention for
catalysis, energy conversion, and environmental applica-
tions.[*1% The wettability of graphene assemblies play a critical
role in not only governing the interaction between graphenes
and their environment, but also directly impacting many of
their properties, such as wetting,[”"¥l adhesion,'” and elec-
tronic properties.’*?] Most 3D graphene assemblies are
based on the use of graphene oxide (GO),?**! which features
hydrophobic aromatic domains and hydrophilic domains
carrying various kinds of oxygen functions. However, owing
to its strong m-stacking and hydrophobic interactions, sheets
of reduced GO (rGO) tend to irreversibly form agglomerates
or even restack to form graphite. Thus, the assembly of GO
usually leads to hydrophobic or super-hydrophobic prod-
ucts."> To our knowledge, there is no report so far on
a super-amphiphilic 3D graphene-based architecture that
would show both super-hydrophilic and super-oleophilic
properties.

A major challenge in the design of amphiphilic 3D
graphene-based assembly requires a microstructure contain-
ing hydrophilic and oleophilic domains that form a network of
open super-wetting capillaries.'™” To impart 3D graphene
assemblies with wettability, we perceived phytic acid (myo-
inositol 1,2,3,4,5,6-hexakisphosphate, PA; Scheme 1) to be
a well-suited material. PA is eco-friendly, renewable, and an
abundant biomass that is readily obtained from grains.***°!
The six phosphate groups provide a variety of viable cross-
linking sites that may “stitch” two or more sheets of GO to
form 3D assemblies. Herein, we report a template-free,
single-step method for the scalable fabrication of 3D gra-
phene-based foam (PAGF) possessing super-amphiphilicity.

The preparation of the PAGF is outlined in Scheme 1. It
comprises the hydrothermal reaction” of GO with PA. In
this process, PA plays multiple roles in not only reducing the
twisted GO sheets to assemble into the compact 3D porous
foam with good structural stability, but also introducing many
new functional groups, such as inositol triphosphate and
phosphoric acid, which can act as hydrophilic functional
groups.
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Scheme 1. Fabrication of the 3D graphene foam (PAGF).

The interactions between GO sheets and PA molecules
are governed by various forces, but hydrogen bonding is likely
to play the main role. PA is viable for capturing the GO sheets
because its six phosphate groups are located on either side of
the cyclohexane ring. One on hand, the GO sheets can be
readily reduced to rGO with partial restoration of the
conjugated structure through hydrothermal reduction. On
the other hand, the obtained rGO are chemically modified by
PA. PA facilitates rapid proton transport through association
or dissociation,™ with the phosphate groups acting as either
proton acceptors or donors. This is highly beneficial in terms
of forming dynamic hydrogen bonds, and also increases the
probability of simultaneous interaction with several rGO
sheets. Figure 1a shows the morphology of the resulting
PAGF hydrogel containing 2 mgmL™"' of GO but varying
fractions of PA.
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Figure 1. a) Morphology of the products prepared using the hydro-
thermal reaction of GO dispersion (2 mgmL™") with a different initial
volume of PA (0-2 mL). b,c) SEM images of the PAGF in varying
magnification. d) 3D porous structure of the PAGF. e) TEM image of
the PAGF.

The volume of PAGFs increased as the fraction of added
PA was increased. However, if more than 3 mL of the PA
solution were added to the GO solution, the resulting mass
became soft and the GO/PA mixture did not form a stable
hydrogel (Supporting Information, Figure S1). This indicates
that the high coverage of the surface of GO with PA reduces
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the number of sites for cross-linking between GO sheets. The
microstructure of PAGFs fabricated by different ratios of PA
and GO are shown in Figure S2. Because the PAGF formed
by 0.5 mL of PA had the best adsorption capacity (see below),
the following PAGFs refer to the ones fabricated using 0.5 mL
PA unless otherwise specified.

Fortunately, PA is a readily available resource. This,
combined with the simplicity of the assembly process, allows
for easy control of the shape and size of the product. For
example, the PAGF cylinder of hydrogel can be sliced into
pieces to obtain a round disk shape for further use (Fig-
ure S3). Scanning electron microscopy (SEM; Figures 1b,c)
revealed the morphology of the 3D PAGF. The twisted
nanosheets were stacked and formed a rough network with
interpenetrated nano- and micropores, thus forming a “bird’s
nest”-like structure. Figure 1d provides an illustration of the
three dimensional porous microstructure of PAGEF. The
molecular building blocks (PA and GO) favor the formation
of interconnected network because each PA molecule can
interact with several rGO sheets to form a branched micro-
structure. Transmission electron microscopy (TEM; Fig-
ure le) further illustrated the wrinkled and even folded
structure of the 3D network.

Most surprisingly, however, is the finding that this PAGF
possesses a kind of super-amphiphilicity. Figures 2a-b dem-
onstrate its capability of absorbing both water solutions and
hydrophobic oil. This contrasts with previously reported 3D
graphene assemblies, which were either mono-hydropho-
bicl'™ or mono-hydrophilic.®!

When pushing pieces of the PAGF over drops of water and
oil (Figure 2a; Movie S1), it rapidly adsorbed both water and
oil (which was dyed with Sudan III for better visibility). For
comparison, Figure 2b shows complete sequential adsorption
of water and oil if a piece of PAGF was vertically pushed over
drops of water and oil, respectively (Movie S2).

The surface roughness of the PAGF also affects wettabil-
ity, and therefore the surface was analyzed using 3D laser
scanning confocal microscopy. Figure 2c revealed a rough
surface that consists of peaks and valleys. The high degree of
surface fluctuation led to a mean roughness (R,)***" of about
19.70 £ 0.3 um. Next, the chemical composition of the PAGF
was investigated. The Fourier transform infrared spectra
(Figure 2d) were different from those of graphene foam (GF)
and of GO in showing new bands peaking at 1161, 1057, 1003,
and 886 cm . These can be attributed to the stretching
vibrations of P=O, P-O—C (phosphate ester group), P—O, and
P-O-H, respectively.?"*! The peaks appearing around
510cm ™! were attributed to the deformation vibration of
PO,.” Compared to GF, the new strong peaks at around 3415
and 1610 cm ™' indicate the strong hygroscopic character of
PAGFs. The X-ray diffraction (XRD) pattern of the PAGF
showed a broad diffraction peak at 24.9°, which was assigned
to the (002) plane of stacked graphene sheets in the XRD
pattern (Figure S4). X-ray photoelectron spectroscopy (XPS)
revealed a graphitic Cls peak at around 284.8 eV and a strong
Ols peak at around 532.7 eV. This confirmed the presence of
hydrophilic oxygen-containing groups, such as hydroxy/epoxy
groups (Figure 2e). XPS also showed the characteristic P2s
and P2p peaks at 191 and 134.5eV, thereby providing
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Figure 2. Photos of a) the side-by-side simultaneous adsorption, and
b) the sequential adsorption of water and oil by the PAGF. Also see
Movies S1 and S2 in the Supporting Information. c) Determination of
the surface roughness of the PAGF. d) FTIR spectrum. e) XPS spec-
trum. f) Raman spectra of the PAGF with different initial amounts of
PA and the spectra of the GF, where D, G, and 2D denote the
characteristic D band, G band, and 2D band of graphene. g) Structural
model of GO sheets. h) Structural model of PAGF showing hydrophilic
PA molecules mostly attached at the edges of the modified graphene,
and graphitic domains on its basal plane.

evidence for the successful integration of PA. High-resolution
XPS of C, O, P, and their deconvolution is shown in Figure S5.
The Raman spectrum, in turn, revealed the typical G band at
about 1580 cm ™!, and the D band at about 1340 cm™' (Fig-
ure 2 f). The ratio of the intensities of the D and G bands
(Ip/I5) can be utilized 31 to gauge the degree of structural
disorder and defects. The relatively large amount of phos-
phate groups originating from PA reduce the relative number
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of six-membered aromatic rings, and thus increase the
intensity of the D band while decreasing that of the G band.
As a result, the ratio Ip/I; is enlarged by 10% (from 1.10 to
1.21). This suggests that by increasing the initial concentration
of PA, the number of phosphate groups can be increased
which would cause an increase in disorder. More information
about the structure and properties of the 3D PAGF studied by
the rheological measurements are shown in the Supporting
Information (Figure S6).

GO sheets are assumed to carry their carboxy groups at
the edges, while the epoxy and hydroxy groups and graphitic
domains reside in the basal plane (Figure 2g).”>* Upon
hydrothermal treatment, GO sheets are reduced to rGO
sheets that contain more hydrophobic domains.”*! Overlap-
ping (or even coalescent) rGO sheets are stabilized by the
presence of PA, most probably at the edges (Figure 2h). This
prevents the rGO sheets to irreversibly agglomerate or
restack. The large fraction of phosphate groups also compen-
sates for the loss of hydroxy groups that occurred as a result of
the reduction of GO. Therefore, the unique composition of
hydrophilic oxygenated functional groups and hydrophobic
aromatic domains of the PAGF endowed it with unique
amphiphilic properties.

The formation of a monolithic 3D interconnected and
rough network resembles a 3D capillary imbibition phenom-
enont’! of the spontaneous invasion of liquid into the
textured material. Figures 3a—c show a PAGF pellet that
was placed on the desk and then horizontally moved towards
a drop of water. The pellet virtually acts like a magnet by
attracting and adsorbing the water instantaneously, leaving
the side of the surface dry (Movie S3). This phenomenon is
also observed if the water drop is being replaced by a drop of
oil. Evidently, the amphiphilic structure endows the surface
with amphiphilicity, while the capillary forces cause a wicking
action. The combination of these two factors is assumed to
cause the observed super-wetting property of the PAGF.

To further examine the wettability of the PAGF, videos of
contact angle measurements were acquired at a capture speed
of 20 frames per second. A droplet of liquid was deposited on
the surface of the PAGF where it first rapidly spread over the
contact area, and then spontaneously penetrated into the
porous structure. Figures 3 d—e show how a droplet of water/
oil spread on the PAGF, while the water contact angle
approached 0° within 1.0s (Movie S4). Similarly, when
depositing an oil droplet, the contact angle approached 0°
within 1.2 s (Movie S5), again indicating the super-amphiphi-
licity of the PAGF. Water spread faster than oil, presumably as
a result of the difference in viscosities.

Water can be spread on the surface of only a few
nonporous materials. These include glass, gold, selected
oxides (TiO,, ZnO), selected self-assembled surfaces with
hydroxy functionalities (OH, COOH), and spreading only
happens if the materials are freshly fabricated and their
surfaces are very clean.*”! Their strong hydrophilicity is
usually a short-lasting effect” that is strongly compromised
by contaminants. In contrast, the PAGF presented here
retains its super-hydrophilicity even after storage in a glass
tube for a year. Moreover, even dehydrated PAGF can be
readily rehydrated (Figure 3 f).
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Figure 3. a—c) The imbibition of water into the PAGF (also see

Movie S3). d) The spreading process of a droplet of water (2 pL) on
the PAGF surface (Movie S4). e) The spreading process of a droplet of
oil (2 uL) on the PAGF surface (Movie S5). f) Photos of the PAGF and
its dehydrated form which can be switched during several turns of
dehydration and hydration. g) Photos of the adsorption process of
water by a-GF and a-PAGF (Movie S7).

The particular feature of this easily accessible and
ecofriendly material of soaking oils and water alike makes it
a superb sorbent for environmental remediation. The com-
parison among the adsorption capacity of PAGFs fabricated
by different ratios of PA and GO is shown in Figure S7, from
which we found the PAGF (0.5mL PA) has the highest
adsorption capacity towards both water and oil. The adsorp-
tion capacity and the recyclability of PAGF (0.5 mL PA)
towards various kinds of liquids (water, commercial petro-
leum products, fats, aromatic compounds, hydrocarbons, and
chloroform) are shown in Figures S8 and S9, and Movie S6.
We also tested whether the super-amphilicity, especially the
hydrophilicity of PAGFs, may be affected by temperature.
Conventional graphene foam becomes extremely hydro-
phobic after annealing it at 1000°C for 3 h (named “a-GF”).
It was found, however, that the PAGF after annealing (named
as “a-PAGF”) retains its strong affinity to water (Figure 3 g
and Movie S7).
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The amphiphilic character of PAGFs has an additional
attractive feature with respect to heterogeneous catalysis
where the immiscibility and thermal instability of catalytically
formed products can adversely affect work-up and yields.*>=*!
For example, the epoxidation of olefins with hydrogen
peroxide (H,0,) using heterogeneous catalysts is an environ-
mentally friendly route for preparation of epoxides.*** H,0,
is generally supplied as an aqueous solution, but this slows
down its transfer to hydrophobic olefins contained in an
organic phase. Commonly used catalyst particles in such
epoxidations include titanium silicalite-1 (TS-1),**I but they
do not interact well with water-immiscible substrates unless
modified in several chemical steps. We show here that the 3D
PAGF represents a powerful heterogeneous support system
for use in the catalytic epoxidation of alkenes with aqueous
H,O, without the need for a co-solvent. The catalyst TS-1 was
incorporated into the PAGF network already during its
hydrothermal preparation to obtain a catalytically active
graphene monolith (PAGF-TS). Neither the interconnected
porous structure nor the zeolite structure was destroyed
during the process (Figure S10).

The PAGF-TS was then used for catalytic epoxidation of
1-octene without adding a co-solvent. Figure 4a shows photo-
graphs of three pieces of PAGF-TS placed in a) 1-octene,
b) 30 % aqueous H,0,, and c) a biphasic system composed of

1,2-Epoxyoctane C
PAGF-TS
Octene’
o
H,0
d

PAGF-TS

Epoxidation
Octene
H,0,

Take out and wash

Figure 4. a) Photograph of the PAGF-TSs pellets suspended in octene,
aqueous H,0,, and at the octane/H,O, interface. b) The effect of
various reagents on the yield of epoxide. c) Proposed action of the
interface catalyst (PAGF-TS). d) Illustration of the reusability of the
PAGF-TS catalyst. The reactions were carried out with TS-1, PAGF-TS,
and recycled PAGF-TS.

1-octene and aqueous H,0,. The PAGF-TS pellets quickly
suspend themselves in octene and in aqueous H,O,. If placed
in the biphasic system, the PAGF-TS assume a position at the
interface between the two liquids. In comparison, the original
TS-1 particles remain dispersed in the aqueous phase, as can
be expected based on their hydrophilicity (Figure S11). In
a typical experiment, octene (4 mL), 30% aqueous H,O,
(2mL), and the catalyst PAGF-TS (TS-1; 50 mg) were
placed in a glass tube, and the reaction was performed with
or without stirring for 12 h at 60°C.
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GC-MS analysis indicates that 1,2-epoxyoctane is the sole
reaction product, and conceivable by-products such as 2-
octanone, 1-octanol, 2-octanol, or 1,2-octanediol were not
found (Figure S12). Evidently, the use of PAGF-TS enables
a clean catalytic process, with minimal formation of by-
products and simple work-up. It is noted that the TS-1 zeolite
was exemplary as an easily available catalyst, and that the
reaction conditions were not optimized. Further studies on
improving the catalytic activity by generating more effective
four-coordinated titanium species for use in the catalytic
system are underway.

Figure 4b shows that the yield of 1,2-epoxyoctane when
using PAGF-TS as a catalyst is much higher than when using
TS only, or comparable to previously reported yields. %]
Obviously, the use of PAGF-TS as a support increases the
interfacial area to result in a catalytic activity much higher
than that of parent TS-1. The course of reaction (Figure 4c¢)
may involve catalytic oxidation by H,O, in the hydrophilic
domains in aqueous solution, while the hydrophobic areas
favor the transport and availability of the organic component.
After completion of the reaction, the catalyst can be simply
taken out and recycled by washing and drying it (Figure 4d).
When re-used under the same conditions, it displays virtually
the same activity (Figure 4b).

In summary, we describe a facile route for the preparation
of 3D graphene-based foams possessing unique super-amphi-
philicity. The synergy resulting from interaction between the
highly hydrophilic PA (a biomass molecule) and the highly
hydrophobic graphene results in a surprisingly large effect on
surface wetting. The so-far unmatched amphiphilicity is
ascribed to a comparably rough surface with microstructured
domains consisting of hydrophobic aromatic and hydrophilic
phosphate nanodomains. By incorporating an epoxidation
catalyst as an additional functional element into the PAGF
network, a catalyst is obtained that freely positions itself at
the interface of an aqueous—organic binary system. This
catalyst can efficiently catalyze the epoxidation of octene
even without stirring or the need for a co-solvent to drive
phase transfer. The catalyst is also readily recycled and can be
re-used. In our view, this amphiphilic 3D graphene foam
represents a significant step forward in the design of new
heterogeneous catalysts. The unique super-amphiphilicity of
this 3D graphene-based assembly is likely to lend itself to the
design of multifunctional materials with improved perfor-
mance in environmental remediation, heterogeneous cataly-
sis, electro-wetting, and in chemical sensing and biosensing.
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