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ABSTRACT: Graphene oxide (GO) sheets have been
assembled into various three-dimensional porous structures
and composites, with potential applications in energy and
environmental areas. Here, we show the combination of GO
and chitosan (CTS) into inorganic−organic heterocomposites
as ∼3 mm diameter core−shell beads with controlled
microstructure. The spherical GO-CTS beads, made by a
two-step freeze-casting method, consist of a GO core wrapped
by a CTS shell with abrupt interface; both parts have high
porosities (94−96%) and mesopores volume (0.246 cm3/g)
yet with different pore morphologies. Incorporation of a GO
core into the CTS beads significantly improved the methyl orange adsorption capacity (353 mg/g at 318 K) compared with pure
CTS beads. Key factors such as the pH value, adsorbent dosage, concentration, time, and temperature have been studied in detail,
whereas adsorption isotherm and kinetic studies reveal a Langmuir model following the pseudo-second order.
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1. INTRODUCTION

Graphene is a two-dimensional nanoscale building block that
can be assembled into lightweight and highly porous bulk
materials.1−3 Various graphene-based aerogels, foams, net-
works, and fibers have been reported recently, with potential
applications in energy and environmental fields as well as
functional composites.4−11 Integrating graphene, an inorganic
nanostructure, with polymeric materials may enable hybrid
composites and further extend their applications into more
areas.12−16 Chitosan, a biocompatible polymer derived from
ocean plants, has found applications in adsorption, biosensing,
and immobilization.17−19 Graphene oxide sheets also have been
mixed into CTS to make composite yarns and aerogels with
improved mechanical strength and adsorption capacity.20−24 In
those composites, GO sheets as nanoscale fillers are uniformly
distributed through the CTS matrix, resulting in a homoge-
neous pore morphology that generally appears as an
interconnected three-dimensional (3D) network. Such uniform
distribution and homogeneous microstructure are important
factors for mechanical reinforcement and improved perform-
ance.25,26 In addition, most previous GO-based adsorbents are
in the form of bulk monoliths (e.g., cylinders) rather than
spherical shapes that have particular applications in flowing
liquid.
Here, we fabricate GO-CTS composite beads, not by

uniformly mixing those two, but to form a hierarchical
configuration that maintains the distinct microstructure of
each component. This is enabled by the fact that either GO or

CTS can be manufactured into 3D porous structures by similar
processes (e.g., freeze-casting). The challenge remains in how
to arrange different material components (inorganic versus
organic) into predefined hierarchical configurations and create
new functionality. As demonstration, we present a core−shell
GO-CTS bead containing a GO core and a CTS shell that are
integrated seamlessly with abrupt interface. These small beads
are very stable, containing two different porous structures
stemming from the GO and CTS part, respectively. This
unique inorganic−organic core−shell structure brings advan-
tages that individual components can hardly achieve. On one
hand, coating a CTS shell on GO changes surface wettability
and facilitates adsorption application in water. On the other
hand, the incorporation of a GO core into CTS significantly
enhances the adsorption capacity to dye molecules dissolved in
water. Finally, the adsorption mechanism of our core−shell
beads has been discussed by thermal dynamic and kinetic
studies.

2. RESULTS AND DISCUSSION
2.1. Composite Characterization. Our core−shell beads

were fabricated by a two-step freeze-casting process, in which
the graphene core and the CTS shell were casted separately, in
sequence, as illustrated in Figure 1a (see Experimental Section
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for details). Liquid nitrogen-assisted freeze-casting is a widely
used method to manufacture various porous structures from
biomaterials, polymers, and nanomaterials.27−30 Here, porous
GO beads were first made by dropping concentrated GO
solution as small droplets into liquid nitrogen. These GO beads
later became the core of the final core−shell structure, and also
acted as the template to support the formation of the CTS shell
in the second casting step. To make the CTS shell, a CTS
solution was pasted around the GO beads, which was immersed
in liquid nitrogen again for casting. Chemical reduction of GO
beads was performed to render the bead surface hydrophobic
and avoid infiltration of CTS into the GO pores. From Fourier
transform infrared spectroscopy (FITR) analysis, the peak
corresponding to CO stretching (1716 cm−1) has
disappeared after reduction, indicating that graphene oxide
has been completely reduced into rGO (Supporting Informa-
tion, Figure S1). Therefore, the CTS shell only covers on the
GO surface without entering the inside of the GO core. In
addition to the GO-CTS beads, a reversed structure (the CTS-
GO beads) can be fabricated by reversing the casting sequence
(Figure S2 in the Supporting Information). In principle, higher
level structures consisting of multiple GO and CTS layers are
also possible with this method.
Digital photos recorded during the fabrication process clearly

show the controllable structure evolution in each step (Figure
1b). As-synthesized GO beads (after hydrazine hydrate
reduction) have a spherical shape with diameters of 1.5−2

mm. After coating the CTS shell, the beads grow larger (3−3.5
mm in diameter, porosities of 94% ∼ 96%, and 0.246 cm3/g for
mesopore volume) and appear white color. The dark GO core
can still be seen through the outer shell. Cross-linking of the
CTS shell was performed to avoid detachment of CTS during
subsequent adsorption tests. The resulting core−shell beads,
which are highly porous, can be compressed into a cakelike
shape with a concave surface, indicating that the inner GO core
is softer than the CTS shell.
Cross-sections of the broken beads show the core−shell

structure in which a black core is surrounded by a white shell
(Figure 1c). This structure is in analogous to chicken eggs
consisting of egg york and white. Although bead samples with
the GO core locating at the center of the bead have been
obtained frequently, the manual pasting of CTS solution needs
be improved to ensure a uniform coverage of CTS around the
GO cores. These GO-CTS beads are rather stable in water; as
the CTS shell adsorbs water and changes to a semitransparent
hydrogel, the inside GO core with black color can be observed
(Figure 1c, right-most picture).
Scanning electron microscopy (SEM) characterization clearly

reveals the core−shell configuration of these GO-CTS beads, as
illustrated in Figure 2a. Openings with short-range orientation
appear on the bead surface; these are traces of negative replicas
coming from dendritic ice crystals formed when the precursor
droplets were immersed in liquid nitrogen (Figure 2b). In the
cross-sectional view of a bead (in which part of the CTS shell

Figure 1. Fabrication of GO-CTS composite beads. (a) Illustration of the two-step freeze-casting process to make GO beads and GO-CTS beads in
sequence. (b) Photos (from left to right) of GO beads, GO-CTS beads, cross-linked GO-CTS beads, and compressed GO-CTS beads. (c) Photos of
half-cut GO-CTS beads and chicken eggs (inset) showing similar core−shell structure, and photo of GO-CTS beads immersed in water clearly
revealing the GO core inside.
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has been removed), one can see the exposed graphene core
which is well-situated in the middle of the sphere (Figure 2c).
The diameter of graphene core is 1.2 mm, whereas the CTS
shell is about 0.6−0.8 mm thick. This leads to a core-to-shell
volume ratio of about 1:7, and a graphene loading (weight
percentage) of 3% in the entire bead. Close views of different
parts across the cross-section also reveal distinct morphologies.
In the CTS shell, there are long parallel channels extending
from the core surface to the external surface of the bead (Figure
2d, e). These channels are the places where ice crystals grew
and sublimed during the freeze-casting process. The widths of
channels are in the range of 10−15 μm, indicating previous
formation of uniform size ice crystals. In contrast, the inner
core shows a very different morphology in which only random
pores enclosed by GO sheets are present (Figure 2f). During
freeze-casting of the GO core, ice crystals cannot grow into
long straight channels (as in CTS) but rather form nearly
enclosed cells, resulting in an isotropic morphology. The results
also imply that GO sheets, being more rigid than polymer
chains, can disturb or block the continuous growth of ice
crystals. As a result, we obtain a hierarchical structure consisting
of an organic shell (with parallel channels) and an inorganic
core (with random cells); both are highly porous yet with
different pore morphologies.
We also fabricated composites beads with CTS of different

molar masses and concentrations in acid solutions, and
characterized the pore morphology under these conditions.
At the same CTS concentration (3 wt %), a lower molar mass

(100 kDa) resulted in relatively larger channel sizes and thinner
pore walls (Figure S3 in the Supporting Information). When
the CTS concentration was reduced to 1.5 wt %, the inner and
surface channel sizes increased further (up to 50 μm) (Figure
S4 in the Supporting Information). These results indicate that
the molar mass and concentration of CTS are two factors that
can tailor the pore size.
In our two-step freeze-casting process, the GO core and CTS

shell were formed separately, yet the core and shell adhere to
each other very well (Figure 3a). Although with entirely

different pore morphologies, the CTS shell and GO core have a
sharp interface; one can see that those parallel CTS channels
have terminated at the surface of the GO core (Figure 3b). One
might imagine that when the CTS-pasted GO droplets were
immersed in liquid nitrogen, straight needles of ice crystals
started to grow inward and penetrate through the CTS shell
until they arrived the GO core. Termination of ice growth is
due to that the GO core contains virtually no water at the
second freeze-casting step, as well as the higher resistance of
GO sheets against ice crystal penetration; both factors result in
the abrupt interface here. In addition, it is possible to remove
the entire GO core from the bead without disturbing the
aligned channels in the CTS layer (Figure 3c). This results in a
clean, self-supporting, spherical CTS shell (Figure 3d).
Thermogravimetric analysis (TGA) was taken to measure the
thermal stability of the CTS and GO-CTS beads in air
atmosphere (Figure S5a in the Supporting Information). The
CTS beads have a steep mass loss at 250 °C with no residue,
whereas the pure GO beads burns at temperature of 550−600
°C. In comparison, the GO-CTS beads show two consecutive
mass decrease stages including a temperature region of ∼250−
350 °C (burning of the outer CTS shell) and ∼350−600 °C
(burning of the GO core), respectively. The introduction of
GO inside CTS increases the thermal stability of the core−shell
beads with reduced combustion rate.
To analyze the chemical structure in detail, we performed X-

ray photoelectron spectroscopy (XPS) on the CTS shell, the
GO and reduced GO (rGO) core (Figure S6 and Table S1 in
the Supporting Information). The XPS results show the

Figure 2. Structural characterization of the GO-CTS beads. (a)
Illustration of the 3D core−shell structure. (b) SEM image of the
surface morphology in a GO-CTS bead. (c) Cross-section of a bead
showing a GO core embedded in the CTS shell. (d) SEM image of the
CTS shell showing parallel and uniform channels. (e) View of the
region between the GO core and CTS shell. (f) View of the GO core
showing enclosed pores.

Figure 3. Characterization on the GO-CTS interface. (a) SEM image
of the cross-section of a GO-CTS bead. (b) Close view of the interface
showing aligned CTS channels terminate at the GO core. (c)
Illustration on removal the GO core from the composite bead. (d)
SEM image of the self-supporting CTS shell after GO removal.
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existence of C 1s, N 1s and O 1s peaks in both the core and
shell parts. The oxygen-containing species of C−O (carbon in
epoxy group), CO (carbon in carbonyl group) and COOH
(carbon in carboxylic acid) decrease significantly, indicating the
removal of oxygen during reduction (from GO to rGO). In the
CTS shell, the N 1s content is much higher than that in the
rGO core. Fourier Transform Infrared Spectroscopy (FTIR) of
the CTS shell also show CTS-related peaks, including the C−O
stretching vibrations (1065 cm−1), C−H stretching vibrations
(2872 cm−1) and N−H bending of primary amine (1556, 1629
cm−1). Stretching peaks of saturated deformation vibration C−
H (1379 cm−1) appear in both the CTS shell and the GO core
(Figure S1 in the Supporting Information).
2.2. Sorption Results. To remove dye molecules from

solutions, methods such as adsorption by porous GO and
polymeric materials have been extensively studied.31−33 The
presence of CTS shells enables adsorption application in
aqueous environment. When the core−shell beads and pure
CTS beads (control sample) were placed in a methyl orange
(MO) solution, those beads quickly became wetting to water,
and sank into the solution. Efficient MO adsorption could be
observed from the concentrated yellow color on both types of
beads, and the weakening of solution color after a certain
period (Figure 4a). We find that a suitable environment for
adsorption is from acidic to weak alkaline (with adsorption
capacities of nearly 60 mg/g in a pH range of 5.04 to 9.08),
while in strong alkaline condition (pH up to 12.02) the
capacities dropped substantially (Figure 4b). The adsorption
capacity is defined as the removed MO mass relative to the

mass of total beads in the solution, determined by the initial
and final MO concentrations which can be calculated by the
change of optical absorption intensity at 465 nm (characteristic
band of MO) during tests. Meanwhile, at this relatively low MO
concentration (30 mg/L), the CTS and GO-CTS beads show
almost the same adsorption capacities, indicating that at this
stage it is the porous CTS (shell) being responsible for
molecular adsorption.
Certainly, the adsorption capacity depends on how much

beads have been placed in the solution (dosage). In general, the
adsorption capacity of GO-CTS beads to MO (at equilibrium)
decreases monotonically as the dosage increases; significant
capacity loss (from 103 down to 19 mg/g) accompanies a 6-
fold increase of dosage (from 0.25 to 1.5 g/L) (Figure 4c).
Meanwhile, the removal percentage of GO-CTS beads for MO
(adsorbed versus original amount) increases from 88% at a
dosage of 0.25 g/L to nearly 98% at higher dosages. Although a
higher dosage means more available adsorption sites provided
by the beads, the removal percentage finally stabilizes as most
of the MO molecules have been adsorbed.
Although their adsorption capacities are quite similar at low

initial MO concentration (30 mg/L), the CTS and GO-CTS
beads show some different behavior at high concentration
environment. For MO solutions with initial concentrations
(C0) of 30 to 210 mg/L and a fixed dosage of 0.5 g/L put in
each solution, we have measured the equilibrium concentration
(Ce) and the adsorption capacity (qe) after the solutions
reached equilibrium (Figure 4d). At the same C0 in this range,
the GO-CTS beads exhibit higher qe and correspondingly lower

Figure 4. Adsorption tests. (a) CTS and GO-CTS beads placed in MO solutions at initial stage and after 1 h adsorption, and the beads have turned
to yellow color. (b) Adsorption capacity at equilibrium (qe) versus MO solution pH values for CTS and GO-CTS beads, respectively (original MO
concentration is 30 mg/L). Inset, photos of MO solutions after adsorption at different pH conditions. (c) The qe (left coordinate) and clearance rate
(right coordinate) versus adsorbent dosage for CTS and GO-CTS beads, respectively (original MO concentration is 30 mg/L). (d) Equilibrium
isotherms for CTS and GO-CTS beads at 298 and 318 K, respectively.
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Ce than that of the CTS beads, and this difference becomes
larger with increasing C0 up to 210 mg/L. Furthermore, when
the temperature increases from 298 to 318 K, the adsorption
capacity also enhances and the equilibrium concentration
further decreases (Figure 4d). This indicates that the MO
adsorption on CTS surface is an endothermic process. At those
temperatures, the GO-CTS beads have higher qe (reaching 353
mg/g at 318 K) than CTS beads (317 mg/g); we think their
structural difference plays an important role here. First,
incorporation of a GO core has enlarged the specific surface
area of CTS beads (from about 5.1 to 26.7 m2/g) with
negligible additional weight (<3%) (Figure S5b in the
Supporting Information). Second, at lower MO concentration
(30 mg/L-60 mg/L), CTS dominates the adsorption process
therefore both CTS and core−shell beads have similar
performance (Figure 4b, 4c). Whereas at higher MO
concentration (90−210 mg/L), the GO core starts to play
effect by providing more adsorption sites. From SEM images,
the inside GO core may be accessible to liquid molecules
transported through the porous channels in the CTS shell and
enhance molecular adsorption. A summary of reported MO
adsorption capacities using various adsorbents is shown in
Table S2 in the Supporting Information. It is rather difficult to
directly compare the results due to different initial MO
concentrations. However, it can be seen that our GO-CTS
beads have relatively higher adsorption capacity at similar initial
MO concentrations among various composite materials
containing carbon nanotubes or GO. The adsorption capacity
might be further improved by tailoring the structure of GO
core and CTS shell.

2.3. Adsorption Isotherm and Kinetics. We have used
the Langmuir model to fit and analyze the adsorption isotherm
data presented in Figure 4d, by the following equation: (Ce/qe)
= (Ce/qmax) + (1qmaxKL), where qmax is the maximum
adsorption capacity and KL is the Langmuir constant
representing the affinity between the adsorbent and adsorbate.
This yielded correlation coefficients (R2) of 0.9864 and 0.9707
for the adsorption isotherm (at 298 K) of CTS beads and
core−shell beads, respectively (Figure 5a). The value of qmax

(∼316 mg/g) derived from the Langmuir equation is very close
to experimental measurement (∼310 mg/g). At the same time,
we also fitted the data by the Freundlich model, which
generated lower coefficients (R2 =0.8417 and 0.8729 for CTS
and core−shell, respectively) (Table S3 in the Supporting
Information). Furthermore, the adsorption isotherm at higher
temperature (318 K) also can be well-fitted by the Langmuir
model (Figure 5b, Table S4 in the Supporting Information).
The above results indicate that the monolayer MO adsorption
takes place on homogeneously distributed active sites among
the CTS channels by equivalent sorption energies, according to
the Langmuir model.34,35

We also studied the adsorption kinetics by measuring the
instantaneous adsorption capacity during the adsorption
process at an initial MO concentration of 30 mg/L, in which
the CTS and core−shell beads displayed similar behavior. At
the beginning (within 20 min), the process was fast with an
adsorption rate of 1.42 and 1.38 mg/(g min) for CTS and
core−shell beads, which then saturated until equilibrium
(Figure 5c). The adsorption rates over time can be well fitted
by the pseudo-second-order model, yielding correlation

Figure 5. Adsorption isotherms and kinetics of GO-CTS and CTS beads. Langmuir and Freundlich fitting of adsorption isotherms by GO-CTS and
CTS beads, respectively, at temperatures of (a) 298 K and (b) 318 K. (c) Adsorption capacity recorded during an adsorption period of 1500 min.
Inset, enlarged view of the beginning stage. (d) Pseudo-second order linear fitting of the curve (t/qt versus adsorption time) by the GO-CTS beads.
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coefficients of R2 = 0.9996 and 0.9995 for CTS and core−shell
beads, respectively, compared with the pseudo-first-order and
the Elovich models (Figure 5d). Also, the calculated
equilibrium adsorption capacities fit well with the experimental
data (Table S5 and Figure S7 in the Supporting Information).
The results indicate that the overall rate of adsorption process
appears to be controlled by the chemical process, which may
involve valency forces through sharing or exchange of electrons
between dye anions and adsorbent.36,37

3. CONCLUSION

We demonstrated controlled fabrication of graphene oxide and
CTS composite beads with a unique core−shell structure
integrating different pore morphologies. These composite
beads show enhanced molecular adsorption in water solution,
owing to the incorporation of a graphene core within the CTS
shell. Our method might be used to synthesize hierarchical
porous structures consisting of multiple inorganic and organic
layers with sharp interface and tunable layer thickness. Despite
their entirely different material properties and pore structures,
GO and CTS can be integrated into stable, hierarchical
configurations with extended applications than individual
components. Our highly porous graphene/chitosan beads
have potential applications in energy, environmental, and
biomedical areas.

4. EXPERIMENTAL SECTION
4.1. Materials. Graphene oxide sheets dispersed in water were

synthesized via the Hummers’ method.38 Chitosan with a higher molar
mass of ∼620 kDa (B.R. Sinopharm Chemical Reagent Co., Ltd.) had
deacetylation degree between 80% ∼ 90%, and chitosan with a lower
molar mass of ∼100 kDa (Zhejiang Golden-shell pharmaceutical Co.,
Ltd.) had deacetylation degree of 80%. Glacial acetic acid (A.R. Beijing
Chemical Works) was used to dissolve the chitosan powders and
epichlorohydrin (Beijing Yili Fine Chemicals Co., Ltd.) was used as
the cross-linking agent. Liquid nitrogen (−196 °C, degree of purity)
was cooling medium for freeze casting.
4.2. Synthesis of Graphene and Chitosan Composite Beads.

The GO-CTS beads were fabricated by a two-step freeze-casting
process. In the first step, an aqueous solution GO sheets with a
concentration of (about 8 mg/mL) was injected through a syringe
needle (0.7 mm in diameter) into liquid nitrogen (−196 °C) as small
droplets (1.5−2 mm in diameter), then the frozen GO-water droplets
were collected and freeze-dried to make porous GO cores. These GO
beads were reduced chemically by hydrazine vapor at 90 °C for 24 h.
In the second step, the chitosan powders were dissolved in 2% acetic
acid solution, following by magnetic stirring for 1 h. Then, the reduced
GO beads were wrapped by a CTS solution (3 or 1.5 wt %) uniformly
and placed into liquid nitrogen again to freeze the CTS shell. Dry and
porous GO-CTS beads were formed after freeze-drying and the
thickness of CTS shell could be changed by the CTS solution
concentrations. The GO-CTS beads were immersed in epichlorohy-
drin solution for cross-linking, heating in 50 °C water bath for 5 h. The
reversed structure (CTS wrapped by GO) and the control sample
(bare CTS beads) were fabricated using the same method.
4.3. Sample Characterization. SEM characterization was

performed on LEO-1530 field emission electron microscope. The
surface area and pore size distribution of GO-CTS and CTS beads
were analyzed by the Brunner−Emmet−Teller (BET) method and
Barrett−Joyner−Halen (BJH) method respectively using nitrogen
adsorption−desorption isotherm at 77 k on NOVA4000. TGA analysis
was carried out on TGA 2050 at temperature range from 30 to 800 °C
in air. XPS spectra were obtained using PHI Quantera SXM and FTIR
spectra were obtained using Nicolet 6700 FTIR. The XPS spectra were
calibrated to the C−C peak at 284.8 eV. UV−vis spectra were carried

out by Cary 5000 (Agilent Company) to determine the concentrations
of MO solutions.

4.4. Adsorption of Methyl Orange. Adsorption of MO was
conducted by adding certain adsorbents (GO-CTS and CTS beads)
into aqueous solution, and shaking the solution until the equilibrium
state. We studied the influence of pH on MO adsorption by varying
the solution pH from 5.04 to 12.02 adjusted by HAc or NaOH
solution, in C0 of 30 mg/L and a fixed dosage of 0.5 g/L, 298 K. Test
on the dosage (0.25−1.5 g/L) of adsorbents in MO solution was
conducted at neutral solution in C0 of 30 mg/L, 298 K. The adsorption
isotherm were studied in different C0 of 30−210 mg/L at both 298 and
318 K, and the adsorption kinetics were studied in C0 of 30 mg/L and
a fixed dosage of 0.5 g/L, 298 K. The concentration of MO was
analyzed based on the optical absorption intensity at 465 nm recorded
by Cary 5000 after certain adsorption period or at equilibrium. Then,
the adsorption capacity can be calculated as follows
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Where Ct (mg/L) is the concentration at predetermined time t, V
(mL) is the total volume of the aqueous solution, and m (mg) is the
weight of the adsorbent. The qt (mg/g) and qe (mg/g) is the MO
adsorption capacity at time t and equilibrium, respectively. C% is the
clearance rate.
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