Copyright © 2015 by American Scientific Publishers

All rights reserved.

Printed in the United States of America
AMERICAN

SCIENTIFIC
PUBLISHERS

Science of Advanced Materials
Vol. 7, pp. 1083-1089, 2015
(www.aspbs.com/sam)

Preparation and Surface Morphology Control of
Self-Assembled Graphene Oxide/Chitosan

Composite Membrane

Xiu-Fang Wen"*, Di Han"2, Hao Meng"?, Jiawei Zhang?*, Zhiqi Cai®, Yu Qian', and Tao Chen?*
"The School of Chemistry and Chemical Engineering, South China University of Technology,

Guangzhou, 510640, P R. China

2The Ningbo Institute of Materials Technology and Engineering of the Chinese Academy of Sciences,

Ningbo, 315201, P R. China

3Shaoguan Institute, Jinan University, Shaoguan City, 512026, P. R. China

ABSTRACT

Graphene oxide (GO)/chitosan composite membrane with a thickness of several hundred nanometers was
prepared through an interfacial self-assembly process. Thermogravimetric analysis (TGA), Fourier transform
infrared (FTIR) spectra and X-ray photoelectron spectroscopy (XPS) were employed to study the interactions
that induced the assembly of GO nanosheets and chitosan and identified that the results showed that the
major interactions were from electrostatic interactions. The surface morphology of synthesized membrane can
be further tuned by adjusting the concentration of the chitosan solution. This new method is very effective to
improve the GO/chitosan composite membrane production and may promote its broad potential applications in

battery industry and life sciences.
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1. INTRODUCTION

Membranes are fascinating and versatile functional mate-
rials with a wide range of potential applications in separa-
tion, catalysis, sensors and so on.! Compared to traditional
synthetic methods, self-assembly techniques such as layer-
by-layer (LbL) assembly, are convenient and effective to
construct multilayer thin film with predesigned compo-
sition and versatile functions.? Various structures includ-
ing films, fibers and capsules have been obtained by LbL
assembly processes.>”’

Graphene oxide (GO) sheets as new two-dimensional
(2D) material attract tremendous interests in the past
decade. The abundant oxygen-containing groups on their
basal planes and edges make them good candidate mate-
rials for electrostatic self-assembly like anionic polyelec-
trolytes. They showed great potentials as building blocks
with various functions and/or structures.®"'© Various types
of GO based membranes have been produced through
electrostatic self-assembly. For example, transparent thin
film with low oxygen permeability was produced by
alternatively depositing branched polyethylenimine (PEI)
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and GO.!"" Conductive composite film, as efficient micro-
electrodes for photodetector devices was obtained by a
combination of LbL assembly of GO nanosheets and
polyoxometalate clusters and subsequent UV reduction.'?
GO/chitosan composite layers with stacked structures were
synthesized using chemically exfoliated GO sheets (with
the lateral dimensions of ~1 um and a thickness of
~1 nm), and applied as antibacterial and flexible nanos-
tructured templates in stem cell proliferation.'®

Formation mechanism and interactions between build-
ing blocks are crucial to synthesize GO based materi-
als with excellent performance. In order to optimize the
design of GO paper, a semi-ordered accumulation mech-
anism for vacuum-assisted self-assembly was proposed.'*
The residual oxygen-containing groups on the reduced
graphene oxide (rGO) were investigated through molec-
ular dynamic simulations.’®> However, the electrostatic
interactions between GO and polyelectrolytes and their
self-assembly dynamics is seldom investigated, making it
difficult to provide guidelines in the design of GO based
composite materials, though they are widely produced
in this way. Herein, we investigated the formation pro-
cess of GO/chitosan nanomembrane through self-assembly
at the air-liquid interface. Thermogravimetric analysis
(TGA), Fourier transform infrared (FTIR) spectra and
X-ray photoelectron spectroscopy (XPS) were employed
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Fig. 1.

to study the interactions that induced the assembly of GO
nanosheets and chitosan. Based on our findings, the sur-
face morphology of the as-prepared membrane was fur-
ther tuned by adjusting the concentration of chitosan. Our
method is effective to improve the properties of GO/
chitosan composite membrane and may potentially pro-
mote its applications in battery industry and biology fields.

2. EXPERIMENTAL DETAILS

2.1. Materials

Styrene (St, AR) was purchased from Alfa Aesar. N,N-
dimethylaminoethyl methacrylate (DMAEMA, AR) was
purchased from Energy Chemical. Chitosan (AR), acetic
acid (AR) and toluene (AR) were purchased from
Sinopharm Chemical Reagent. Graphene oxide sheets
were prepared following a modified Hummer method. St
and DMAEMA were purified over Al,O; column and then
stored at low temperature prior to use. Other reagents were
used as received without further purification.

2.2. Preparation of GO Sheets

GO was prepared following a modified Hummers’
method.!® In a typical procedure, NaNO; (0.95 g) and

Fig. 2. Photograph of a GO/chitosan composite membrane.
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Schematic representation of fabrication for GO-chitosan nanomembrane.

graphite (1.0 g) were added into 46 mL concentrated
H,SO, (98%) under stirring. After 10 min, 6.0 g KMnO,
was added slowly. The mixture was then heated to 35 °C
and stirred for 6 hours. Subsequently, 80 mL water was
added dropwise under vigorous stirring, resulting in a
quick rise of the temperature to ~80 °C. The mixture
was further stirred at this temperature for 30 min. After-
wards 200 mL water and 6 mL H,O, solution were added
in sequence to dissolve insoluble manganese species. The
resulting graphite oxide suspension was washed repeatedly
by a large amount of water until the pH of the solution
reached a constant value at ~4.0, and finally the suspen-
sion was diluted to 600 mL with water. 200 mL of the
diluted graphite oxide suspension was transferred into a
500 mL conical beaker, and the suspension was gently
shaken in a mechanical shaker at a speed of 160 rpm for
~6 hours. To remove the small amount of unexfoliated
particles, the resulting viscous suspension was centrifuged

Fig. 3. AFM image of GO nanosheets and section curve of a single
layer GO sheet.
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Fig. 4. FTIR spectra of GO, chitosan and GO/chitosan membrane.

Table I. XPS analyses data of upper and lower surfaces of membrane.
Sample Bonded NH,(%)  Free NH,(%) N content (wt%)
Upper surface 51 49 3.43
Lower surface 28 72 5.45

at 2,000 rpm for 10 min, producing a brown, homogeneous
colloidal suspension of GO sheets. The colloidal suspen-
sion could be further concentrated by centrifugation at
8,000 rpm.

2.3. Fabrication of GO Membrane
GO/chitosan membrane was prepared by an early reported
approach with minor modifications.!>!® Acetic acid of
0.5 wt% was added into the aqueous solution to dissolve
chitosan and the pH value of the chitosan solution was
adjusted to around 4.0. GO suspension (1 mg/mL in 9:1
DMF/water mixture) was gently injected onto the surface
of the chitosan solution in glass Petri dishes using a plastic
pipette as shown in Figure 1.

Chitosan solutions of various concentrations were tested
to obtain GO/chitosan membrane with desired properties.
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After loading, GO gradually spread and formed a thin film
at the air-liquid interface. The membrane was transpar-
ent with a golden color (Fig. 2) and strong enough to be
handled with tweezers. It could be further transferred to
a silicon substrate and dried under ambient conditions to
obtain a free-standing sheet.

With abundant hydroxyl and carboxyl groups on plane
and edge, GO nanosheets behave like negatively charged
polyelectrolytes that can interact with positively charged
polyelectrolytes such as chitosan.!” When mixing the GO
suspension and chitosan solution, flocculation appeared
immediately. However, no obvious changes were observed
when GO solution is mixed with solution of negatively
charged polyelectrolytes, such as poly(acrylic acid) (PAA).
This suggests that the composite membrane is formed
through the electrostatic interactions between GO and
chitosan.

2.4. Characterization

Atom force microscopy (AFM) images were performed
on a CSPM 5500 scanning probe microscope system in
the tapping mode. Scanning electronic microscopy (SEM)
measurements were performed on a Hitachi S4800 field-
emission SEM system. Fourier transform infrared (FTIR)
spectra were recorded on a Thermo Nicolet 6700 spec-
trometer. Thermogravimetric analysis (TGA) was con-
ducted with a Mettler TG/DSC instrument with a heating
rate of 10 °C/min under N, atmosphere.

3. RESULTS AND DISCUSSION

3.1. Characterization of GO

The obtained GO sheets can be dispersed uniformly in
water for a long time, which demonstrates that graphite
is successfully exfoliated and the hydrophilic groups are
attained on exfoliated sheets. The presence of hydrophilic
groups including hydroxyl, epoxy, carbonyl and carboxyl
groups was verified by FTIR spectra (Fig. 4). The thick-
ness of GO sheets was determined to be 1.24+0.2 nm, and
their sizes ranged from 1 to several micrometers (Fig. 3).
Compared with graphene of a thickness of 0.34 nm,

Fig. 5. Nls spectra of the (a) upper surface and (b) lower surface of GO/chitosan membrane.
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Fig. 6.

the increased thickness of GO is ascribed to oxygen-
containing groups on plane and the value tells that single
layer GO sheets are obtained.

3.2. Interactions Between GO and Chitosan

In order to investigate the interactions between chitosan
and GO sheets, FTIR was performed. As shown in
Figure 4, spectrum of GO shows the stretching vibra-
tion of C=0 and C=C at about 1735 cm™' and
1627 cm™!, respectively.'® For chitosan, absorption bands
at 3432 cm™! are attributed to stretching vibration of
hydroxyl and amine groups, and the bands at 1655 cm™!
and 1605 cm™! are assigned to the -NH-CO- and NH,

Wen et al.

(a) Thermogravimetry (TG) and (b) differential thermogravimetry (DTG) curves of GO, chitosan and GO/chitosan membrane.

groups, respectively.'* Compared with GO and chitosan,
the characteristic peaks of C=0 at 1735 cm™! almost dis-
appears and a new peak appears at 1594 cm™!, in the spec-
trum of GO/chitosan membrane, indicating electrostatic
interaction occurs between GO and chitosan.

X-ray photoelectron spectroscopy (XPS) was employed
to further investigate formation of GO/chitosan membrane.
The maximum detectable depth of XPS is about 10 nm,
and the thickness of the composite membrane is about
600 nm. Therefore, both the upper and lower surfaces
of the composite membrane can be characterized with
XPS without much interference. The mass analyses for N
on upper and lower surfaces are determined to be about

Fig. 7. SEM images of (a) cross-section and (b) top-view of GO/chitosan membrane. (c) AFM image and (d) the selected corresponding height profile

of GO/chitosan membrane.
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Fig. 8. AFM image of morphology for GO casted on silicon wafer.

3.43% and 5.45% (Table 1), respectively, and it can be
figured out content of chitosan on lower surface is about
20% higher than that on upper surface as N is only con-
tained in chitosan. The N1s spectra of upper and lower
surfaces are exhibited in Figure 5. The Nls spectra are
deconvoluted into two component peaks. The peaks pre-
sented at about 402 eV and 399 eV in both spectra are
assigned to bonded NH, and free NH,, respectively.?®2!
As mentioned above, the hydrogen bond between NH, and
OH is not the major interaction to the allied membrane.
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Then the bonded NH, groups are mainly attributed to those
that electrostatically interact with COOH groups, which is
consistent with our FTIR result. Additionally, more chi-
tosan on lower surface than that on upper surface lead
to that larger ratio of NH, on upper surface complexes
with COOH on GO. The quantatitive result showed that
the ratio of bonded NH, on lower surface is only 28%
(Table I), which is much lower than that of the upper sur-
face (51%). This directly confirms that more NH, groups
on the upper surface interact with the oxygen-containing
groups of GO. The XPS results suggest chitosan gradually
spreads to the upper surface by penetrating into the gaps
among GO sheets and complexes with GO. Therefore,
electrostatical interactions between chitosan and GO sheets
are the major interactions during the composite membrane
formation.

3.3. Thermal Behavior of Composite Membrane

The thermal behavior of the membrane was investigated by
Thermogravimetric analysis (TGA). As shown in Figure 6,
there are two weight loss stages in the TG curve of
GO/chitosan membrane, one at about 180 °C is attributed
to chemical water loss of electrostatically bonded NH, and
COOH,"® and the other one is related to thermal degener-
ation of the composite membrane. The degeneration tem-
perature of the membrane is between those of GO and
chitosan, which implies strong intermolecular interactions
between GO and chitosan.

Fig. 9. AFM images of upper surfaces of GO/chitosan membranes prepared from chitosan solution with concentration of (a) 1 mg/mL, (b) 4 mg/mL,

(c¢) 7 mg/mL, (d) 10 mg/mL and (e) 15 mg/mL, respectively.
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3.4. Characterization and Regulation of Surface
Morphology

In order to investigate the structure and morphology of
the as-prepared membrane, scanning electronic micro-
scope (SEM) and atom force microscope (AFM) were per-
formed. As shown in Figure 7(a), GO sheets are closely
packed and stacked in lateral fashion. The surfaces of GO
sheets are rough due to the adsorption of chitosan. The
thickness of the composite membrane is determined to be
about 600 nm. SEM image of top-view of the composite
membrane shows many wrinkles are highly crumpled to
form some fiber-like structures (Fig. 7(b)), and these fibers
are crossed and disperse uniformly on the whole surface of
membrane. Compared with GO flakes which were casted
onto silicon wafer (Fig. 8), the “fibers” of GO/chitosan
membrane are much more crumpled which can ascribe
to the interactions between chitosan and GO. The AFM
image exhibits that there are different levels of wrinkles
dispersing uniformly on the surface of membrane which
is consistent with SEM results. The height of these wrin-
kles ranges from several tens to hundreds of nanometers
(Fig. 7(d)).

The distinct raised structures on the upper surface can be
tuned by adjusting the concentrations of the chitosan solu-
tion. Chitosan solutions with concentrations of 1 mg/mL,
4 mg/mL, 7 mg/mL, 10 mg/mL and 15 mg/mL were
employed as underlying subphase in the preparation of
composite membranes. When the concentration of chitosan
was 1 mg/mL, no obvious raised structures were observed
(Fig. 9(a)). When the concentration increased to 4 mg/mL,
there were many distinct raised structures with an average
size of dozens of nanometers on the upper surface, and the
raised structures were isolated to each other like islands in
the sea (Fig. 9(b)). The area of raised structures continu-
ously increased and the isolated raised structures merged
when the concentration increased to 7 mg/mL (Fig. 9(c)).
As concentration reaches 10 mg/mL, the raised area fur-
ther increased (Fig. 9(d)), and some textile-like structures
were observed when the concentration reached 15 mg/mL
(Fig. 9(e)). Since GO sheets are rigid and their conforma-
tions can’t be changed like chitosan, the raised structures
on upper surface are formed by chitosan molecules that
penetrated through interspace between GO sheets to the
upper surface. When the concentration of chitosan is low,
GO is excessive and chitosan molecules are complexed
when penetrating to surface. There is not enough chitosan
to form raised structures on the upper surface. As the
concentration of chitosan increases, more chitosan reaches
the upper surface and stacks as raised structures, which
increases with more concentrated chitosan solutions are
used. With the concentration of chitosan further increas-
ing, the excessive chitosan spreads on the upper surface
and form textile-like structures. Therefore, the morphology
of the upper surface can be regulated by adjust the con-
centration of chitosan. The TGA curves of membranes that

Wen et al.

Fig. 10. Thermal grametry curves of GO/chitosan membrane prepared
with chitosan solutions with different concentrations.

were prepared with different concentrations of chitosan
look similar (Fig. 10), indicating that the concentration of
chitosan does not influence the thermal behavior of the
composite membrane within the investigation range.

4. CONCLUSION

In summary, we have investigated the formation of
GO/chitosan composite membrane via self-assembly of
GO sheets and chitosan at the air-liquid interface. The self
assembly process is dominated by the electrostatic interac-
tions between GO sheets and chitosan molecules. Wrinkles
with heights ranging from tens to hundreds of nanometers
are widely distributed on the upper surface of GO/chitosan
membrane, and the raised structures on the wrinkles can be
tuned by adjusting concentrations of the applied chitosan
solution. Our findings may benefit the further study of
interactions between GO nanosheets and polyelectrolytes
and help design and produce composite membranes with
desired structures and functions.

Acknowledgments: We are grateful for the financial
support from the Chinese Central Government for Thou-
sand Young Talents Program, National Natural Science
Foundation of China (Grant Nos. 21176091, 51303195 and
21304105), team project of Natural Science Foundation
of Guangdong Province (Grant No. S2011030001366),
Ningbo Natural Science Foundation (2014A610127) and
Fundamental Research Funds for the Central Universities
2013ZZ074.

References and Notes

1. M. Ulbricht, Polymer. 47, 2217 (2006).

2. Y. Xu and G. Shi, J. Mater. Chem. 21, 3311 (2010).

3. G. S. Such, A. P. R. Johnston, and F. Caruso, Chem. Soc. Rev. 40, 19
(2011).

. X. Zhang, Acta. Polym. Sin. 10, 905 (2007).

. X. Zhang, H. Chen, and H. Y. Zhang, Chem. Commun. 14, 1395
(2007).

v &

I /R T|CLE

1088

Sci. Adv. Mater., 7, 1083—1089, 2015


http://www.ingentaconnect.com/content/external-references?article=0032-3861(2006)47L.2217[aid=8163022]

Wen et al.

Preparation and Surface Morphology Control of Self-Assembled Graphene Oxide/Chitosan Composite Membrane

6.
7.

11.

12.

13.

. D. Chen, H. B. Feng, and J. H. Li, Chem. Rev.

Y. Li, X. Wang, and J. Q. Sun, Chem. Soc. Rev. 41, 5998 (2012).
D. Decher and J. D. Hong, Makromol. Chem. Macromol. Symp.
46, 32 (1991).

112, 6027
(2012).

. G. Eda and M. Chhowalla, Adv. Mater. 22, 2392 (2010).
10.

K. P. Loh, Q. L. Bao, G. Eda, and M. Chhowalla, Nat. Chem. 2, 1015
(2010).

Y. H. Yang, L. Bolling, M. A. Priolo, and J. C. Grunlan, Adv. Mater.
25, 503 (2013).

H. L. Li, S. P. Pang, S. Wu, X. L. Feng, K. Miillen, and C. Bubeck,
J. Am. Chem. Soc. 133, 9423 (2011).

M. Mazaheri, O. Akhavan, and A. Simchi, Appl. Surface. Sci.
301, 456 (2014).

14.
15.
16.
17.
18.

19.
20.

21.

K. W. Putz, O. C. Compton, C. Segar, Z. An, S. T. Nguyen, and
L. C. Brinson, ACS Nano 5, 6601 (2011).

A. Bagri, C. Mattevi, M. Acik, Y. J. Chabal, M. Chhowalla, and
V. B. Shenoy, Nat. Chem. 2, 581 (2010).

X. Zhou and Z. Liu, Chem. Commun. 46, 2611 (2010).

J. L. Zou and E. Kim, ACS Nano. 6, 10606 (2012).

W. S. Jang, A. T. Jensen, and J. L. Lutkenhaus, Macromolecules
43, 9473 (2010).

D. L. Han and L. E. Yan, ACS Sustain. Chem. Eng. 2, 296 (2014).
P. Xiao, J. C. Gu, J. Chen, D. Han, J. W. Zhang, H. T. Cao, R. B.
Xing and Y. C. Han, Chem. Commun. 49, 11167 (2013).

R. G. Acres, A. V. Ellis, J. Alvino, C. E. Lenahan, D. A. Khodakov,
G. F. Metha, and G. G. Andersson, J. Phys. Chem. C 116, 6289
(2012).

Sci. Adv. Mater., 7, 1083-1089, 2015

1089

. 0] LY



