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Abstract:  Chitosan  (CTS)  is  considered  to  be  a  common  biomacromolecule/poly-cationic  compound
containing the potential functional groups that can be utilized as a feedstock for novel materials. In this
study, CTS/graphene oxide (CTS/GO, CG) mixtures were prepared at different conditions to confirm a
suitable hydrogel  formation, then applied to produce paper-like materials  with various thickness via a
simple casting method. As a result, the morphological structure finally yielded the paper-like materials
(CG2 papers with varying numbers of casting times) with the layer-by-layer structures instead of  the
tightly-sticky  paper-like  structure  (GO  paper).  Based  on  the  possible  interactions  between  the  CTS
molecules and GO nanosheets, the CG mixtures could also be determined by FTIR and Raman analysis;
concomitantly,  their  thermal  properties  reach  higher  than  that  of  the  pure  GO.  Notably,  the  strong
interactions and compatibility  of the CTS molecules and GO nanosheets revealed good dispersion and
interfacial adhesion, leading to significantly enhancing the mechanical properties of the CG2 paper-like
materials with increasing number of casting times or compared to GO paper. Therefore, the CG2 paper-like
materials  with  the  various numbers  of  casting times fabricated in  the present  study can expose new
approaches  for  the  design  and  application  of  future  foil/paper-like  materials,  as  well  as  the  desired
thickness of these foil/paper-like materials can be controlled easily. 
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INTRODUCTION

Polymeric  systems,  as  is  well  known,  have  been
widely used in various research fields and practical
applications  (1-5).  At  same  time,  the  most
remarkable  factors  of  a  polymeric  material  were
almost  entirely  physical,  chemical,  and  interface
properties.  Thus,  it  is  necessary  to  conduct
considerable modification methods that  can obtain
better  desired  results  corresponding  to  multiple
research studies. Especially, foil/paper-like materials
are  concerned  as  integral  parts  of  the  current
technological  development  owing  to  potential
characteristic  features  (i.e.:  protective  layers,

super-capacitors/electrical  batteries,  chemical
/physical filters, molecular storage, adhesive layers,
etc.) (5-10). Chitosan (CTS) is considered to be a
typical  biomacromolecule/poly-cationic  compound
with  excellent  properties  (i.e.:  low  toxicity,
antimicrobial  activity,  biocompatibility,  appreciable
biodegradability,  admirable  low  immunogenicity,
etc.)  that  has  been  utilized  widely  in  various
applications  (i.e.,  biomedical,  environmental,  and
food  fields,  etc.)  (11).  Basically,  CTS  is  an
extensively  classified  linear  copolymer  in  natural
material  sources,  especially  in  de-acetylation  of
chitin, which has become a potential candidate to be
applied in lots of different research fields (3, 12-14).
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Concomitantly, graphene oxide (GO) with potential
functional groups has originated from a chemically
modified  graphene  material,  which  can  be
incorporated  with  various  organic  macromolecules
(15-17).  Moreover,  the  GO  material  can  be
encouraged  to  fabricate  the  large-area  paper-like
materials  for  applications  of  thin-films/membranes
with  controlled  permeability,  super-capacitors,
anisotropic ionic conductors, and molecular storage,
etc.  Besides,  owing  to  the  available  hydrophilic
nature of GO nanosheets, their paper-like structure
can  be  used  as  a  carrier  substance  to  probably
produce  paper-like  hybrid  materials  containing
ceramics, polymers, or metals (11). More obviously,
Singh  et  al.  (18)  reported  a  facile  design  and
synthesis  of  magnetic  iron  oxide  incorporated
CTS/GO hydrogel nanocomposites by employing in
situ mineralization of iron ions in a hydrogel matrix,
which resulted in this material being able to enable
dye removal in a wide variety of solution conditions
and  offering  a  promising  platform for  sustainable
development  of  water  purification  technology.
Whereas, Lyn et al. (19) investigated the application
of active packaging from CTS incorporated with GO
to maintain the quality and extend the storage life
of  palm-oil-based  margarine.  More  notably,
Menazea  et  al.  (20)  studied  well  the  possible
interactions  between  some  divalent  heavy  metals
and  CTS/GO,  which  was  based  on  the  density
functional  theory  (DFT)  at  B3LYP  level  with
LANL2DZ  basis  set.  Nonetheless,  a  foil/paper-like
materials  from GO-like  structure  is  not  commonly
reported.  In  fact,  the  outstanding  chemical  and
mechanical  properties  can  yield  a  promising  GO-
based paper, as well as a paper-like material system
that can be applied effectively in various practical
applications.

In this study, the possible interaction mechanism of
the CTS/GO (CG) mixtures without any cross-linker
regarding CG hydrogel formation and damage was
conducted on investigations of different parameters
and  conditions  based  on  visual  observations  of
different CG mixtures, and the mechanism involving
thermo-induced  hydrogel  formation  was  explained
in detail as well. Then, a suitable CG mixture was
applied to produce paper-like materials with various

thickness via a simple casting method. In particular,
the  chemical  characterization,  thermal  properties
and morphological structure of finally yielded paper-
like  materials  were  confirmed  through  several
analysis  instruments  and  compared  with  those  of
GO paper. Interestingly, the mechanical properties
of the produced paper-like materials with increasing
number of casting times were investigated as well,
which revealed a dispersion and interfacial adhesion
between CTS molecules and GO nanosheets inside
the prepared CG mixtures. Hence, these paper-like
materials with various numbers of casting times can
expose new approaches for the design and desired
thickness control of future foil/paper-like materials,
as well  as this  paper-like material  can be applied
directly in various practical applications, i.e., heavy
metals  or  organic  dye  removal,  adsorption  or
filtration membranes, cell culture, super-capacitors,
sensors, etc.

MATERIALS AND METHODS

Materials
Aqueous acetic acid solution and CTS powder (DD =
~85%) were obtained from Sigma–Aldrich. Aqueous
GO  dispersion  was  purchased  from  a  Korean
company.  

Preparation of CG papers
CG mixtures at different conditions were prepared
by blending CTS solution (1.00 g of CTS in 100 mL
of  2.5%  acetic  acid  solution)  and  aqueous  GO
dispersion  (volume ratio  of  CTS/GO = 1/5,  1/10,
and 1/15,  v/v)  (Table  1).  The  CG mixtures  were
stirred overnight for 2 – 3 days and sonicated for 10
min.  The  gelation/hydrogel  formation  of  vials
containing CG mixtures at room temperature (~80
°C)  was  confirmed  via  visual  observation  with  a
tube  inversion.  Next,  the  CG  mixtures  (~2.00  g)
were cast on one substrate once, which was dried at
room  temperature.  After  that,  an  amount  of  CG
mixtures (~2.00 g) was continued to be cast on the
above  CG  paper  and  dried  at  room temperature,
which  was  conducted  until  2  –  5  times.  The
synthetic route of CG utilizing paper-like materials is
shown in Fig. 1.
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Figure 1: Synthetic route of CG utilizing as paper-like materials.

Table 1. Information of CGs.

Sample CG1 CG2 CG3

Volume ratio of
CTS/GO

1/5 1/10 1/15

Analysis instruments
SEM analysis
Morphological structures of the paper-like materials
(top-surface and cross-section) were measured by a
field-emission  scanning  electron  microscope
(FESEM)  (JSM-7600F,  JEOL)  at  different
magnifications. 

FT-IR and Raman analysis
The  chemical  characterization  of  the  paper-like
materials  was  analyzed  by  a  Fourier-transform
infrared  (FT-IR)  and  Raman  spectroscopies.  FT-IR
spectra  was  recorded  on  an  Nicolet  380  system
(Ietled  Co.) using  pellet  –  KBr  method  with  a
scanned  4000–400  cm–1  wavenumber.  Raman
spectra was scanned by an XperRam200 instrument
with a laser wavelength of 405 nm. 

Thermal gravimetric analysis
Thermal gravimetric analysis (TGA) was obtained on
a Seiko Exstar6000 instrument with an applied 30–
500 °C temperature  range /  10 °C min−1  heating
rate. 

Tensile analysis
Typical  stress–strain  curves  of  the  paper-like
materials (1 cm x 5 cm original size) were measured
by a universal tensile  machine (UTM model  5565,
UK) with 250 N of load cell at the pulling rate of 10
mmmin-1. Prior to the tensile test, the paper-like
materials  were  stored  for  more  than  one  day  at
room  temperature.  All  reported  results  for  the

tensile  tests  were  averages  of  three  measured
values.

RESULTS AND DISCUSSION 

General observation
As  known,  CTS  molecules  and  GO  nanosheets
contain  several  potential  functional  groups  to  be
favorable  in  noncovalent  interactions,  which could
operate a complex network formation between the
CTS  molecules  and  GO  nanosheets  to  create  a
hydrogel state for a suitable CTS/GO (CG) mixture
(11). In fact, these were also similarly presented in
several previous lectures (21-24), especially in Zeta
(ζ) potential of the CTS/GO composite (24). Basing
on visual observation of the prepared CG mixtures
under different conditions (Fig. 2), the CG2 mixture
(volume  ratio  of  CTS/GO  =  1/10,  Table  1)  has
formed  a  stable  hydrogel  state  at  both  room
temperature and ~80 °C (Fig. 2 B, E), as well as
that  hydrogel  formation  was  still  stable  until  be
cooled  to  room  temperature  (Fig. 2H).  The  CG1
mixture (volume ratio  of CTS/GO = 1/5, Table 1)
was in a sol state at both room temperature (Fig.
2A)  and  ~80  °C  (Fig. 2D)  regarding  deficient
interactions  between  the  CTS  molecules  and  GO
nanosheets,  while  the  sol  state  of  CG3  mixture
(volume  ratio  of  CTS/GO  =  1/15,  Table  1)  only
occurred at room temperature (Fig. 2C) and its gel
state was at ~80 °C (Fig. 2F). Especially, a thermo-
reversible  gelation  behavior  has  appeared  in  the
CG3 mixture at ~80 °C (Fig. 2F), which could return
to the sol  state  until  cooled to room temperature
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(Fig. 2I). Therefore, a damaged hydrogel state was
negotiated  through  a  gel−sol−gel  transition,  and
the  hydrogel  formation  could  be  renewed  to  its
origin state in the CG3 mixture (11). As such, the

CG2  mixture  is  seen  as  a  CG  mixture  that  has
obtained optimal  parameters  and conditions to be
applied to the next experiments.

Figure 2: CTS/GO mixtures at room temperature [CG1 – (A), CG2 – (B), CG3 – (C)] and at ~80 °C [CG1 –
(D), CG2 – (E), CG3 – (F)]. The CTS/GO mixtures [CG1 – (D), CG2 – (E), CG3 – (F)] are cooled to room

temperature [CG1 – (G), CG2 – (H), CG3 – (I)].

To understand further the hydrogel state of various
prepared  CG mixtures,  Fig.  3  shows  the  possible
interaction  mechanism  of  the  CG  mixtures  at
different  conditions  involving  the  CG  hydrogel
formation  and  damage.  Basically,  both  CTS
molecules  and  GO  nanosheets  contained  lots  of
potential  functional  groups  for  the  noncovalent
interactions that have occurred in the CG hydrogel
formation. Specifically, the noncovalent interactions
could operate a complex network formation between
the  CTS  molecules  and  GO  nanosheets.
Nonetheless, the mechanism regarding the thermo-
induced hydrogel formation is still unclearl. Herein,
the possible interactions in the CG mixtures could
be encouraged with H2O, CTS and GO (i.e.: FH2O−H2O,
FCTS−CTS,  FGO−GO,  FH2O−CTS,  FCTS−GO,  FH2O−GO);
concomitantly,  the  hydrogel  formation  has  limited
the  interactions  between  CTS  molecules  and  GO

nanosheets  with  H2O,  especially  at  high
temperatures.  Specifically,  the  CG mixtures  would
contain electrostatic attraction interactions between
the  CTS  molecules  and  GO  nanosheets  at  room
temperature,  as  well  as  the  CTS  chains  being
clustered because of a complexation in inter-/intra-
molecular hydrogen bonds. As the weak hydrogen
bonds among CTS chains increased, the interactions
between the CTS chain and GO nanosheets became
stronger with  regard  to  the  increase in  their  free
motion at high temperature. As such, the stretched
chains had lots of chances to interact with other GO
nanosheets, as well as the entanglement possibility
of CTS chains increased to form a complex network
formation  of  them  at  the  end.  Herein,  the  CG2
mixture is chosen to be a representative mixture for
the next analysis.
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Figure 3: Possible interaction of CTS/GO mixtures at different conditions. 

Chemical and thermal characterization of CTS/GO papers

Figure 4: Mechanism of chemical reaction between CTS and GO.

Fig. 4 shows that in the CTS/GO spectrum, the –
COOH  groups  of  GO  interacted  with  the  –NH3

+

groups of CTS, resulting in strong hydrogen bonds
and leading to a far more miscible CTS/GO mixture
(11).  The interfacial  interactions among them can
be very important to the corresponding properties of
the CTS/GO, especially for a stable hybrid network
structure  (25,  26).  More  specifically,  for  chemical
characterization  of  the  prepared  paper-like
materials,  FI-TR  spectra  were  employed  to
investigate, as shown in  Fig. 5 (A, B). In the pure
CTS spectra  (Fig. 5A),  the  characteristic  peaks of
symmetric/asymmetric  −CH  deformation,
symmetric/asymmetric C−C−O stretching and C−C
bending are observed at 1421.90 – 1383.03 cm-1,
1081.92 – 1029.02 cm-1 and 663.42 – 516.85 cm-1,
respectively (5, 27, 28). Besides, the various peaks

have also appeared at 1159.87 cm-1 (C−O−C) and
897.04  cm-1  regarding  the  available  saccharide
structure  of  CTS  (5,  28-30).  In  particular,  the
remaining  characteristic  peaks  at  1652.32  −
1598.32  cm-1 have  corresponded  to  −NH
stretching/bending  vibrations  in  −NH2  groups  (5,
27).  While  the  pure  GO spectra  has  revealed the
peaks at 1734.25, 1632.36, 1400.01, 1229.96 and
1053.03  cm-1 corresponding  to  C=O  carboxylic
group, C=C alkenyl group, −OH deformation, C−O
alkoxy  group,  and  epoxy  C−O−C  stretching,
respectively (31-33) (Fig. 5A). Especially, a broad
peak was observed at 3700 – 3000 cm-1  regarding
to –OH/−NH groups for all samples (Fig. 5B). In the
CG2 paper’s spectra, the peaks at 522.64 – 665.35
cm-1 and  1076.13  –  1019.96  cm-1 correspond  to
C−C  bending  and  symmetric/asymmetric  C−C−O
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stretching  vibrations,  respectively.  Interestingly,  it
also  revealed  that  the  characteristic  peaks  of
saccharide structure of CTS and –OH deformation of
GO  have  been  moved  to  higher  wavenumber
regions such as at 1176.37 cm-1 (C−O−C), 899.70
cm-1  (C−O−C  bridge)  and  1412.05  cm-1 (–OH),
indicating  possible  hydrogen  bond  formations
between  CTS  and  GO  contained  inside  the  CG
mixtures. Furthermore, the peaks at 1753.05 cm-1

(C=O  group)  and  1669.76  –  1561.24  cm-1

(−NH/C=C groups) of CG2 paper were induced from
the pure GO (C=O group, 1734.25 cm-1) and CTS
(−NH  group,  1652.32  −  1598.32  cm-1),
respectively.  However,  these  characteristic  peaks
have  been  not  only  moved  to  the  higher
wavenumber  regions  but  also  lower  intensities
compared  with  the  pure  materials,  mainly  due to
the  amide  linkage  formation  (1669.76  cm-1,
−CONH2) between carboxyl group (GO) and amino
group (CTS), as reported in detail by Zhang et al.
(25). 

Concomitantly,  two  characteristic  peaks  of  GO
nanosheets were observed at  1348 cm-1  (D band)
and 1605 cm-1 (G band) in both the pure GO and
CG2  paper  without  a  movement  (Fig.  5C).
Nonetheless,  ID/IG ratio  of the CG2 paper (0.997)
was higher than that of the pure GO (0.957) leading
to a rising defect density of the CG2 paper. In other
words,  this  increased  defect  could  contribute
significantly  to  the  possible  interactions  in  the
CTS/GO mixtures. Moreover, thermal properties of
the prepared paper-like materials were investigated
by TGA instrument (Fig. 5D). The first loss weight
occurred at ~50 °C regarding to the moisture loss
for all samples, while the second loss weight of the
CG2 paper was decomposed at 212.39 °C, as well
as its thermal stability was better than that of pure
GO (188.93 °C). Therefore, it  was concluded that
there  were  possible  interactions  (hydrogen  bond,
electrostatic  attraction,  and  amide  linkage
formation)  between  the  CTS  molecules  and  GO
nanosheets inside the CTS/GO mixtures (Fig. 3 and
Fig. 4) through the above-analyzed FT-IR, Raman,
and TGA results.

Figure 5: FTIR (A, B), Raman (C) and TGA curve of CTS, GO and CG2 paper.
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Morphological properties of CTS/GO papers
For morphological properties of the prepared paper-
like materials, SEM analysis was conducted (Fig. 6).
The  top-surface  image  of  GO  was  considered  to
have a sheet-like structure (Fig. 6A), while its cross-
sectional  image  was  observed  to  be  tightly-sticky
paper-like  structure  owing  to  the  available
hydrophilic nature of GO nanosheets (Fig. 6B). For
the  prepared  CG2  paper-like  materials  with  the
various numbers of casting times (Fig. 6 C – H), it
was  revealed  that  there  was  a  strong  network
structure contained inside the CG2 mixture through
the top-surface images of CG2 papers (Fig. 6 C –
E). Specifically, the surface structure of CG2 papers
(CG21 paper – CG2 paper with 1 casting time, CG23
paper – CG2 paper with 3 casting times, and CG25
paper – CG2 paper with 5 casting times) became
wrinkled  more  instead  of  the  sheet-like  structure
with  the  increasing  number  of  casting  times,
probably due to the contraction of CTS chains in dry
conditions.  Concomitantly,  the  CTS  particles  were
not  observed  in  these  top-surface  images,
suggesting that the CTS chains were well distributed

inside  the  CG2  mixture  as  well  as  on  the  GO
nanosheets. Moreover, the cross-sectional images of
CG2 papers (Fig. 6 F – H) showed that the amount
of CG2 mixture was supplemented further with the
increasing number of casting times, leading to being
deposited  and  stackedly-arranged  like  a  layer-by-
layer structure  instead of the tightly-sticky paper-
like structure, mainly due to the polymer backbone
length of CTS on the GO nanosheets. Thereby, the
strong  electrostatic  interactions  between  carboxyl
group  (GO)  and  amino  group  (CTS),  as  well  as
amide linkage formation (−CONH2) have effectively
occurred  in  the  CG2 mixture  (Fig.  3  and Fig.  4).
Overall,  the  simple  casting  method  could  be
considered as one of efficient methods to fabricate
various  foil/paper-like  materials,  as  the  desired
thickness  of  foil/paper-like  materials  can  also  be
controlled  easily.  Herein,  the  final  thickness  of
paper-like  materials  reached  about  4.750±0.132
μm;  5.125±0.441  μm;  6.625±0.205  μm  and
11.625±0.383  μm for  the  GO,  CG21,  CG23,  and
CG25 papers, respectively.

Figure 6: SEM images of GO [top-surface – (A) and cross-section – (B)]; various CG2 papers [top-surface:
(C – E), and cross-section – (F – H)]: CG21 (C, E), CG23 (D, G) and CG25 (E, H).
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Mechanical properties of CTS/GO papers
In addition to the above-mentioned characterization
and  morphological  properties,  the  mechanical
properties  are  also  considered  to  be  one  of  the
important features for the paper-like materials (GO,
CG2 papers with various numbers of casting times)
based  on  the  tensile  tests  at  room  temperature.
Typical stress–strain curves for GO paper and CG2
papers with various numbers of casting times are
shown  in  Fig.  7  [Digital  camera  images  of  CG2
paper − (A) and from tensile loading − (B)].  For
the  GO  paper,  its  tensile  strength,  elongation  at
break, and modulus (ɛ = ~0.5%) were lower than
those of CG papers (GO paper:  δ= 5.19 MPa,  ɛ =
2.36%, and E = 1.83 MPa) relating to the hydrogen
bond  and  van  der  Waals  forces  within  the  GO
nanosheets of the produced GO paper (34). While
the tensile strength and modulus (ɛ = ~0.5%) of CG
papers  increased  significantly  with  increasing
number of casting times (19.21 MPa & 1.95 MPa /
CG21 paper, 22.77 MPa & 2.55 MPa / CG23 paper,
and 26.81 MPa & 2.64 MPa / CG25 paper), there

was only a small decrease in the elongation at break
of CG23 paper (5.46% / CG21 paper, 4.94% / CG23
paper,  and  5.74%  /  CG25  paper).  Thereby,  the
enhancement of tensile strength and modulus of the
CG papers manifests good dispersion of  both CTS
molecule and GO nanosheets, as well as their strong
interactions  (hydrogen  bond,  electrostatic
attraction, and amide linkage formation) inside the
CTS/GO  mixtures.  Concomitantly,  the  increase  in
tensile strength and modulus of CG papers exhibited
stiffer  behavior,  implying  a  transition  in  their
intermolecular  interactions  with  increasing  CG2
loading.  In  other  words,  the  resultant  hydrogen
bond,  electrostatic  attraction,  and  amide  linkage
formation  between  the  CTS  molecules  and  GO
nanosheets have supported rearrangements in the
CG2 paper-like structures (layer-by-layer structure),
leading to increased steric hindrance and lowering
the  torsion  of  the  polymer  backbone,  as  well  as
strong interlayer interactions in the CG2 papers (35-
38).

Figure 7: Typical stress–strain curves of the paper-like materials (GO, CG2 papers with various number of
casting times). Digital camera images of CG2 paper (A) and paper from tensile loading (B). 

Overall,  good  dispersion  and  interfacial  stress
transfer  are  considered  significant  factors  in
preparing  the  mechanically  reinforced  paper-like
materials.  It  causes  a  more  uniform  stress
distribution as well as minimizes the presence of the
stress  concentration  center  (39).  As  mentioned
above,  the GO nanosheets with oxygen-containing
groups and negative charges can interact well with
the  CTS  molecules  –  poly-cationic  compounds
through hydrogen bond, electrostatic attraction and
amide  linkage  formation  (Fig.  3  and  Fig.  4).
Furthermore,  the contraction and backbone length
of the CTS chains on the GO nanosheets promote
stress  transfer  under  dry  conditions.  Additionally,

the  strong  interactions  and  compatibility  between
the CTS molecules and GO nanosheets significantly
increase  the  unidirectional  dispersion  of  GO
nanosheets  in  the  CTS  molecules  as  well  as  the
interfacial  adhesion,  leading  to  significantly
enhanced mechanical properties of the CG2 paper-
like materials.

CONCLUSIONS

A simple casting method has yielded the paper-like
materials  (CG2  papers  the  various  casting  times)
possessing layer-by layer structures instead of the
tightly-sticky  paper-like  structures  (GO  paper)
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based on the morphological properties (top-surface
and  cross-sectional  SEM  images).  Besides,  the
strong  interactions  (hydrogen  bond,  electrostatic
attraction,  and  amide  linkage  formation)  between
the CTS molecules and GO nanosheets have been
determined through the FTIR and Raman results, as
well as the thermal property has also become more
stable  in  the  prepared  mixture  with  the  CTS
molecules and GO nanosheets. Moreover, the strong
interactions  and  compatibility  of  them  indicated
good dispersion and interfacial adhesion, leading to
significantly enhancing the mechanical properties of
the  CG2  paper-like  materials  with  an  increasing
number of casting times or compared to GO paper.
Therefore,  the  CG2  paper-like  materials  with  the
various numbers of  casting times prepared in the
present  study  can  open  up  new  avenues  for  the
design  and  application  of  future  foil/paper-like
materials, as well as the desired thickness of these
foil/paper-like materials can be controlled easily. 
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