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Three-dimensional (3D) porous materials gain considerable attention in electronics and biomedical/
environmental engineering owing to their high porosity, large surface area, and controllable morpho-
logical and mechanical properties. In this work, reversibly compressible feather-like lightweight 3D
chitosan/graphene oxide (CS/GO) composite foams were prepared with varying the composition ratios of
CS to GO using a freeze-drying method. Their structure was obtained via amide linkage formation be-
tween the CS amine groups and GO carboxylic acid groups throughout the foam. Chemical analysis of the
foams was performed using Fourier-transform infrared spectroscopy, and their morphology was
analyzed by field-emission scanning electron microscopy and crosslinking density measurements. Their
mechanical features and static and dynamic viscoelastic properties were characterized by monotonic
compression, stress-relaxation, and frequency sweep tests using a custom-built micro-indenter and
dynamic mechanical analyzer. With increasing the CS concentration, their storage/loss modulus and
crosslinking density increased, while their tand decreased. Their viscoelastic properties predicted using
the proposed modified micromechanics models agreed with the experimental data. This study dem-
onstrates a simple strategy to produce lightweight porous 3D CS/GO composite foams with biocom-
patibility, electrical conductivity, and decent mechanical and viscoelastic properties regulated by the
composition. These foams are promising materials applicable in biomedical and environmental engi-
neering and electrical devices.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Three-dimensional (3D) hierarchical porous materials, such as
aerogels, hydrogels, foams, and sponges, receive significant atten-
tion in science and technological fields owing to their unique
network structure, low density, and highly developed internal
surface area able to provide specific functions [1]. Recently, envi-
ronmentally friendly, biodegradable, biocompatible, and renewable
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3D structural polymer materials have been intensively developed.
Synthetic polymers such as poly(vinyl alcohol) [2], poly(ethylene
glycol) [3], polyacrylamide [4], and polypeptide [5] and natural
polymers such as chitosan (CS) [6], collagen [7], gelatin [8], and
alginate [9] are commonly used in biomedical applications owing
to their biocompatibility. Among these, CS is a natural linear
polysaccharide composed of N-acetyl-p-glucosamine and glucos-
amine units linked with ($-(1—4) bonds and a product of chitin
deacetylation derived from the exoskeletons of crustaceans (i.e.,
crabs, shrimps, crayfishes, etc.) [10—12]. In addition, the polymer
chains of CS are easily connected with each other to form porous
structures. Moreover, CS has a large number of hydrophilic groups,
including amino and hydroxyl groups, which renders it with
valuable properties such as biodegradability, biocompatibility,
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renewability, nontoxicity, and high chemical resistance. Owing to
these advantages, intensive studies have been conducted to
investigate the CS-based materials for many applications, including
tissue engineering, environmental engineering, drug delivery,
wound healing, and biosensors [13—15].

However, the 3D-network structural porous materials consist-
ing of natural polymers, including CS, are typically very brittle and
mechanically weak owing to their structural inhomogeneity, which
restricts their applications in specific fields [ 16,17]. Accordingly, the
addition of a nano-reinforcement efficiently enhances the me-
chanical properties as well as physicochemical properties of ma-
terials comprising CS [11,12,16,18,19]. In addition, the
multifunctional groups (NH, and OH groups) in CS facilitate the
production of covalent bondings with the functional groups of the
reinforcing material [20], thus improving the mechanical strength
of the material. The mechanical properties of 3D structural mate-
rials depend to a significant extent on the polymer type, processing
method, composition, and crosslinking type. In general, their me-
chanical properties are enhanced by increasing the crosslinking
density (v;) or introducing nano-sized reinforcing agents (i.e.,
nanoparticles and nanofibers). For the fabrication of CS-based
composite foams, various nano-reinforcements such as carbon
nanotubes [21], graphene [22], silica [23], etc. have been employed,;
furthermore, the enhancement in their mechanical properties was
investigated. Note that the chemical modification of nano-
reinforcements is typically required to be uniformly dispersed in
the polymer matrices [24].

Graphene oxide (GO) that has attracted considerable attention
can be used as an ideal nano-reinforcement for polymers because it
can improve the chemical, mechanical, and electrical properties of
polymer matrices owing to its low density, large surface area,
inherent impermeability, high elastic modulus, and conductivity
[11,12]. GO is a single atom-layer 2D carbon material arranged in a
hexagonal lattice [25] and contains a large number of hydrophilic
groups, such as carboxyl, carbonyl, hydroxyl, and epoxy groups. The
carboxyl and epoxy groups on the surface of GO sheets facilitate the
insertion of small molecules or polymers between its layers via a
uniform and stable dispersion of GO in water through hydrogen
bonding and electrostatic interaction [12,26,27]. In addition, such
multifunctional groups on the surface of GO facilitate a reaction
with various polymers having functional groups [28], thus
providing a simple fabrication process and unique features such as
functionality and amphiphilicity, as compared to well-known
nano-reinforcements such as carbon nanotubes and graphene.
Moreover, GO has been reported to provide great biocompatibility
[29,30]. Therefore, owing to its ideal properties, GO is promising for
diverse biomedical applications in addition to electrical and elec-
tronic applications.

GO-incorporated CS composite foams were prepared in this
study, and the CS/GO foams exhibited an advantageous porosity,
structural interconnectivity, and decent mechanical and visco-
elastic properties that could be regulated by CS content. In our
previous study, we demonstrated the temperature-morphology
relationship of CS foams and optimized the synthesis conditions,
which facilitated the control of the porous structure of the foam, in
addition to focusing on the adsorption properties and bio-
compatibilities of the foams rather than on their mechanical
properties [31]. In this study, we focused on the compressive me-
chanical behaviors, including the monotonic stress-strain re-
sponses and viscoelastic properties of CS/GO composite foams
prepared with various compositions, and the relationship with
their morphologies was examined. Herein, the biocompatible nat-
ural polymer CS with multifunctional groups was used as a primary
structural component of the composite foams, while GO was used
as a nano-reinforcement to improve the mechanical properties of

the foams. A simple freeze-drying method involving a crosslinking
process was applied to minimize the chemical decomposition while
maintaining a fixed volume and shape of the foams. It was expected
that a stable 3D structure would be obtained via the formation of
amide linkages between the amine groups of CS and the carboxylic
acid groups of GO. Using a custom-built micro-indenter and dy-
namic mechanical analyzer (DMA), the monotonic compression
and static and dynamic viscoelastic properties of the CS/GO foams
were measured. The concentration of CS (5, 8,10, 15, 20, and 40 mg/
mL) was varied to investigate the concentration-dependent char-
acteristics of the CS/GO foams and the effect of the v, of the CS/GO
foams on their mechanical behaviors. By coupling the stress-
relaxation tests with the standard linear solid (SLS) model, the
static viscoelastic properties of the foams were quantitatively
characterized. In addition, frequency sweep tests were performed
using DMA to characterize the dynamic viscoelastic behaviors of
the foams. The 3D CS/GO composite foams exhibited the concen-
tration-dependent mechanical properties and static and dynamic
viscoelastic behaviors. Therefore, the results of this work suggest
that the porous CS/GO foams that have morphological and me-
chanical properties that are controllable and predictable by regu-
lating the foam composition are promising materials for
applications in biomedicine, environmental and tissue engineering,
and sensors with precise controls.

2. Experimental
2.1. Materials

A CS powder with a medium molecular weight (viscos-
ity =200—800 cps with 1% acetic acid and deacetylation de-
gree =75—80%) and acetic acid (ACS reagent; > 99.7%) were
purchased from Sigma Aldrich (St. Louis, MO, USA). The aqueous GO
dispersion with a concentration of 20mg/mL (N002-PS-1.0;
average thickness =1.0—1.2nm, average lateral dimension =
554 nm, and carbon content > 46%) was purchased from Angstron
Materials (Dayton, OH, USA). Deionized (DI) water was used as the
working fluid throughout all the experiments.

2.2. CS/GO foam fabrication

The CS/GO foams were fabricated using a simple freeze-drying
method. The CS solution was prepared by dissolving the CS pow-
der in an aqueous solution of 1 wt% acetic acid (the CS concentra-
tions of 5, 8, 10, 15, 20, and 40 mg/mL). The solution was
magnetically stirred until the CS was fully dissolved. The GO sus-
pension was prepared by sonicating a 1mg/mL aqueous GO
dispersion in DI water for 30 min. The CS/GO mixture was prepared
by adding the aqueous GO suspension into the CS solution in a
volume ratio (CS:GO) of 1:1, followed by sonication. The CS/GO
mixture was then poured into 10 mL vials and frozen in a refrig-
erator at —20 °C. Freeze-drying was then performed at —82 °C for
72 h to obtain the CS/GO foams. The resultant CS/GO foams were
weighed, and their densities were determined.

2.3. FT-IR spectroscopy and morphology characterization

A Fourier-transform infrared (FT-IR) spectroscopy analysis was
performed using an IR spectrometer (IFS-66/S, TENSOR27, Bruker,
MA, USA) to identify the chemical interactions between CS and GO.
The scanning was performed in the range of 4000—400 cm™! at a
relative scan rate of approximately 110 scan/s. The resolution and
wavenumber accuracy were better than 0.1 cm™! and 0.01cm™},
respectively. The morphologies of the CS/GO foams were analyzed
using field-emission scanning electron microscopy (FE-SEM, JSM-
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7600F, JEOL Ltd., Japan) at an acceleration voltage of 10 kV. The
foams were placed on carbon tapes and pre-treated using Pt plasma
before making observations. In parallel, their v values were also
determined to investigate their morphology using the following
relationship [32,33]:

G =vcRT (1)

where R and T denote gas constant and temperature, respectively.
G’ is the storage modulus, which is determined by DMA, which is
discussed in the subsequent sections more explicitly with respect
to the viscoelastic properties.

2.4. Mechanical and static viscoelastic characterization and
analytical model

Monotonic compression and stress-relaxation tests were per-
formed using a custom-built micro-indenter with a maximum load
cell of 10 Ib-f. The CS/GO foams were fabricated in cylindrical
shapes with average dimensions of approximately 18 mm (diam-
eter) x 13.5 mm (height). A CS/GO foam was placed between two
cylindrical indenters with smooth flat plates. The diameters of the
cylindrical indenter and chamber were 2.5 and 5 cm, respectively.
An initial preload of 0.01 N was applied to the CS/GO foam to ensure
full contact between the loading indenter and the foam. The orig-
inal height of the foam was measured after the application of the
preload. The monotonic compression tests were performed ac-
cording to the American Society for Testing and Materials (ASTM)
D1621-10 standard. The foam was compressed to a strain of 80%,
which is beyond the purely elastic region, at a loading speed of 10%
strain/min; the foam was held compressed for 30 min. The stress-
relaxation tests were performed based on the ASTM E328-13
standard. A constant strain of 30% was applied to the foam at a
ramp rate of 10% strain/min, and the foam was then held for 40 min.
The generalized SLS model, referred to as the generalized Maxwell
model, was applied to characterize the static viscoelastic behavior
of the foam under compression.

2.5. Dynamic viscoelastic characterization

To characterize the dynamic viscoelastic properties of the CS/GO
foams, a DMA 850 instrument (TA Instruments, DE, USA) was used.
A cylindrical foam with an average diameter and height of
approximately 18 and 6 mm, respectively, was mounted on the
DMA fitted with a platen having a diameter of 15 mm at 25 °C. An
initial preload of 0.01 N was applied to the foam in order to ensure
full contact between the loading platen and the top surface of each
foam. After the measurement of the initial height of the foam under
the preload, the foam was compressed to a mean strain of 3%, and
the crosshead oscillated in a sinusoidal motion. The strain ampli-
tude in the test was 1% while considering an oscillating strain in the
range of 2—4%. The strain was maintained in the linear viscous
region. Frequency sweep tests were performed for the various CS/
GO foams in the range of 0.1—-10 Hz.

2.6. Density measurement

The apparent density (p) of the CS/GO foam was calculated as
follows:

4w
P~ nd2h 2)

where d is the sample diameter (18 mm) and h is the original
height. The original height of the foam was determined at the

beginning of each measurement. The weight (W) of each foam was
measured using an AS 82/220. R2 analytical balance (RADWAG
Balances and Scales, Poland).

2.7. Statistical analysis

To evaluate the correlations between the viscoelastic properties
(equilibrium modulus, viscous modulus, relaxation time, storage
modulus, loss modulus, and loss factor) of the foams, the adjusted
R? of each calculation was determined, and the linear regression
analysis was performed. Outlying experimental data were elimi-
nated in each test. The statistical significance was P < 0.05. The p-
value of 0.05 (5%) and adjusted R? > 0.8 indicate that the data are
statistically significant.

3. Results and discussion
3.1. Fabrication of 3D CS/GO foams

CS has been extensively analyzed since it has been used as a
component of aerogels, hydrogels, scaffolds, foams, and sponges for
use in biomedical engineering that needs a porous structure and
biodegradability. To investigate the composition-dependent rela-
tionship between structure and property, the porous structure in
foams, which determines its ability to facilitate the permeation of
water or other fluids, was modulated by varying the CS concen-
trations (5, 8, 10, 15, 20, and 40 mg/mL) where the CS solutions
having varied concentrations were mixed with the GO suspension
having a fixed concentration of 1 mg/mL.

The fabrication procedure of the CS/GO foams is schematically
illustrated in Fig. 1. CS was first dissolved in a 1 wt% aqueous acetic
acid solution, thus preparing a uniform yellow solution (Fig. 1a). At
this time, various CS solutions having different CS concentrations
(5, 8, 10, 15, 20, and 40 mg/mL) were prepared; and the solution
became darker in color and thicker in viscosity as the CS concen-
tration increased. A dark brown uniform GO suspension was then
prepared by sonicating the GO dispersion in DI water (1 mg/mL)
(Fig. 1b). Various CS/GO mixtures were then prepared by adding the
aqueous GO suspension into the CS solution with different CS
concentration rather than adding the CS solution into the GO sus-
pension and sonicating it (Fig. 1c). This order of the mixing of the
solution and suspension is mandatory for the preparation of a
stable homogenous dispersion of CS and GO. The reversed order of
mixing results in an irreversible agglomeration of GO and is
referred to as “bridging” flocculation [34]. A homogeneous CS/GO
mixture was first frozen in a refrigerator at —20 °C and then freeze-
dried at —82 °C for 3 days (Fig. 1c), according to our previous study
[31]. Here, having good control over the freezing temperature is
important because the microstructure of the foam is temperature-
dependent [31]. This simple freeze-drying process produced the
CS/GO foam without damaging its porous structure while main-
taining its fixed volume and shape, as shown in Fig. 1.

3.2. Intermolecular interaction mechanism between CS and GO for
CS/GO foams

The reaction mechanism between CS and GO is shown in Fig. 2a.
The CS/GO foams possess an amorphous network structure that
was formed via a significantly strong interaction between CS and
GO due to multiple hydrogen and amide bondings [35—38]. When
the GO suspension was added to the aqueous solution of CS, the
amide covalent bonds were generated between the amino (—NH>)
groups of CS and the carboxyl (—COOH) groups of GO, by acetic acid
catalyzed condensation and amidation reactions, along with the
hydrogen bonds between hydroxyl and amino groups of CS and
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Fig. 1. Schematic of the synthesis procedure of the CS/GO foams: the preparation of the (a) CS solution and (b) GO suspension, and (c) the preparation and freeze-drying the CS/GO
mixture and the resulting CS/GO foam. (A colour version of this figure can be viewed online.)

oxygen groups of GO [39,40]. Because GO has the characteristics of
large surface area and abundant surface functional groups, even a
small amount of GO (1 mg/mL) provided enough functional groups
to interact with CS of which concentration increases from 5 to
40 mg/mL.

An FT-IR spectroscopy analysis was perfomed to identify the
reaction mechanism and characteristic chemical groups/bonds of
the CS/GO foams. The FT-IR spectra of pristine CS and various CS/GO
foams prepared with various CS concentrations (5, 8, 10, 15, 20, and
40 mg/mL) are compared in Fig. 2b. The pristine CS exhibits the two
characteristic transmittance peaks at 1654 and 1578 cm™! corre-
sponding to the C=O0 stretching vibration of —NHCO and N—H
bending of —NHjy, respectively. Various CS/GO foams show similar
IR spectra with characteristic peaks at identical wavenumbers
(Table S1). The broad peaks in the range of 3450 to 3356 cm ™ are
attributed to hydrogen bonds and overlap with the stretching vi-
bration peaks of O—H in hydroxyl groups and N—H in amino groups
of CS. The peaks at 2920, 2880, and 1404 cm™~! are associated with
C—H symmetric stretching vibrations. In addition, the trans-
mittance peaks at 1151, 1060, 1028, and 650 cm™~' correspond to
C—0—C, C—OH, C—-O0H, and C—0O—C symmetric stretching vibra-
tions, respectively. The comparison of the pristine CS and CS/GO
foams shows two notable features in the range of 1700 to
1450 cm™! after GO has reacted with the CS. Firstly, the trans-
mittance peaks at 1637 and 1548 cm™~! are respectively related to
the C=O0 stretching vibration and N—H bending vibration in the
amide bonds formed from the reaction of the primary amino
groups of CS with the carboxylic acid groups of GO. Secondly, the
characteristic peaks at 1654 cm~!(C=0 stretching vibration of
—NHCO) and 1578 cm~! (N—H bending vibration) of the CS shift to
1637 cm ! and 1548 cm ™}, respectively, for the CS/GO foams, which

also indicates the formation of new amide bonds between CS and
GO. Moreover, with increasing CS concentration, the intensity of
the N—H peaks at 1548 cm~! gradually increase relative to that of
the C=0 peaks at 1637 cm™ .

3.3. Morphology of the CS/GO foams

Fig. 3 shows the FE-SEM images and photographs of the various
CS/GO composite foams under consideration. The CS/GO foams
prepared with the CS concentrations of 5, 8, 10, 15, 20, and 40 mg/
mL are denoted as CS5/GO1, CS8/GO1, CS10/GO1, CS15/GO1, CS20/
GO1, and CS40/GO1, respectively (Table S2), and are cylindrical-
shaped and light brown. The foams fabricated with lower CS con-
centrations exhibit feather-like and more incomplete thinner cell
walls, resulting in a softer and more flexible structure with larger
porosities and a lower density. Due to the feather-like microstruc-
ture of the foams, the pore sizes for lower CS concentrations were
not able to measure. The higher CS concentrations yield thicker
walls and more homogeneous interconnected pores of the foams,
generating a more rigid and stronger structure with smaller po-
rosities, a narrow range of pore size, and a higher density. In other
words, the porosities, densities, and pore sizes of the CS/GO foams
decrease, increase, and increase, respectively, as the CS concen-
tration increases (Table S2). Therefore, it can be observed that the
CS concentration strongly influences the microstructure of the
foam.

In addition, the porous structure of the foam is closely associ-
ated with the v.. By varying the CS concentration, the foams having
different degrees of v, were obtained using equation (1). It was
observed that the G’ significantly increased as the CS concentration
increases, indicating a higher ».. This trend of the G’ suggests a more
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Fig. 2. (a) Schematic of the reaction mechanism between CS and GO to produce CS/GO composite foams. (b) FT-IR spectra of pristine CS and various CS/GO foams prepared with
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Fig. 3. FE-SEM images and photographs (inset) of the CS/GO foams prepared using various CS concentrations (5, 8, 10, 15, 20, and 40 mg/mL).
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compact network structure at higher CS concentrations. Moreover,
the porosity of the foams decreased with the increase in the ». and
CS concentration, in which case, the pore shapes were significantly
different among the foams. Furthermore, their apparent density
increased exponentially with the CS concentration. Therefore, the
v, apparent density, and porosity of the foams are strongly affected
by the CS concentration.

3.4. Compressive mechanical properties

A monotonic compression test was performed using a custom-
built micro-indenter (Fig. S1) to evaluate the influence of the CS
concentration on the compressive strengths and elastic moduli of
the CS/GO composite foams. The custom-built micro-indenter is
high-sensitive instrumentation controlling the distances and loads;
therefore, more accurate property data of the CS/GO foams can be
provided. Their stress-strain curves obtained via the excessive
monotonic compression tests in the strain range of 0—80% are
presented in Fig. 4.

Each CS/GO foam undergoes compression densification without
fracture, which is a typically seen in porous foam materials under
compression. The stress-strain curve can be classified into three
distinct characteristic regions (Fig. 4b): elastic, plateau, and densi-
fication regions, which is similar to the deformation behaviors of
other foam materials [41—43]. The elastic region corresponds to the
linear stress-strain response and elastic bending of the cell walls at
low stresses followed by a long collapse plateau and densification.
The plateau region represents the regime wherein the stress is
dissipated by the plastic deformation that starts and continues until
the collapse and buckling of the elastic cell walls. Herein, the en-
ergy absorbed per unit volume in the plateau region indicates the
energy dissipation capacity. The densification region, where the
stress increases sharply as the efficiency of energy dissipation due
to the plastic deformation decreases, corresponds to the compac-
tion of the foam. The elastic modulus (E), collapse modulus (E*),
densification modulus (E**), critical strain (€), densification strain
(&), and collapse strength (¢*) of the CS/GO foams, determined
using the corresponding stress-strain curves (Fig. 4), are presented
in Table 1. In addition, a schematic representation of the
compressive stress-strain curve of a foam material for defining the
six parameters is shown in Fig. S3.
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Table 1

Mechanical properties of the CS/GO foams, including the elastic modulus (E),
collapse modulus (E*), densification modulus (E**), critical strain (€), densification
strain (£**), and collapse strength (c¢*).

Sample a* (kPa) & (%) % (%) E (kPa) E* (kPa) E** (kPa)
CS5/GO1 0.1728 3.912 68.86 2.107 1.711 39.37
CS8/GO1 0.2312 10.55 68.23 6.835 4,194 110.5
CS10/GO1 0.3891 1720 67.86 7.931 7.334 193.9
CS15/GO1 7.780 1330 67.25 55.18 28.52 395.6
CS20/GO1 9.986 11.71 42.60 91.89 50.16 265.3
CS40/GO1 83.39 1.641 7.732 229.7 1754 673.3

2 For all of the mechanical properties, the regression analyses show a statistical
significance of P < 0.05.

The elastic moduli of the CS/GO foams CS5/GO1, CS8/GO1, CS10/
GO1, CS15/GO01, CS20/GO01, and CS40/GO1 were 2.107, 6.835, 7.931,
55.18, 91.89, and 229.7 kPa, respectively, while their compressive
strengths were 0.1728, 0.2312, 0.3891, 7.780, 9.986, and 83.39 kPa,
respectively. The comparison of CS5/GO1 and CS40/GO1 shows that
the elastic modulus and compressive strength exhibit a significant
increment of approximately 10,788% and 47,250%, respectively,
with the increase in the CS concentration from 5 to 40 mg/mL. This
is because CS40/GO1 has a stronger and more rigid microstructure,
which is most probably because of the higher CS concentration
results in the very strong interactions between CS and GO. From
these results, it can be inferred that the CS concentration effectively
influences the mechanical properties of the CS/GO foams. Here, a
regression analysis confirms the significant statistical difference in
the mechanical properties (elastic modulus, collapse modulus,
densification modulus, and collapse strength) between the foams
(P<0.05).

3.5. Static viscoelastic properties and analytical model

A stress-relaxation test was carried out to evaluate the static
viscoelastic behaviors of the CS/GO foams under a constant
compressive strain of 30% at 25°C. The typical stress-relaxation
responses of the foams prepared with different CS concentrations
(from 5 to 40 mg/mL) are presented in Fig. 5a. The stress gradually
decreases over time and finally reaches the equilibrium state,
which reflects the static viscoelastic properties. The equilibrium
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modulus, viscous modulus, and relaxation time were determined
by characterizing the stress-relaxation curves obtained using a
generalized SLS model. The SLS model was employed to charac-
terize the viscoelastic behaviors of the CS/GO foams under
compression. The Maxwell model is often used as an SLS model to
describe the stress-relaxation behavior, with a linear combination
of the elastic and viscous components represented by springs and
dashpots. In this study, the modified Maxwell model with four
springs and three dashpots in series (Fig. S2) was employed, which
is expressed as follows:

0(t)=Eo + Ere T +Eye” = + Ese (3)
where E, is the equilibrium modulus representing the elastic
modulus of the long-term spring element; E;, E;, and E3 are the
viscous moduli representing the elastic moduli of the springs; and
T, T2, and 73 are the relaxation times of the dashpots. The model
takes into consideration that relaxation occurs at a set of time
moments and not in a single time moment. It is clearly observed
that this modified Maxwell model fits the experimental data well
(Fig. 5a). The values of the equilibrium modulus (E), viscous
moduli (E;, E», and E3), and relaxation time (7, time constant where
the stress is relaxed to 1/e of the initial value) were determined by
using curve fitting (Fig. 5b—d), and the determined values are
presented in Table 2.

In general, when porous elastic materials such as foams,
sponges, and scaffolds are under compression, the air inside the
network is forced out during the deformation. Thus, the porous
elastic materials exhibit the flow-dependent viscoelastic behaviors
that are affected primarily by the interaction between the porous
solid network and the airflow [44,45]. The viscoelastic properties of
the CS/GO foams were correlated with their apparent density and
porosity, which was closely correlated with the CS concentration.
The determined viscoelastic properties of the CS/GO foams are
enhanced by increasing the CS concentration. Three significant
consequences are noticeable. Firstly, the equilibrium modulus,
indicating the stiffness, of the CS/GO foams increases as the CS
concentration increases. CS40/GO1 exhibits the highest equilibrium
modulus (57.11 kPa) as expected, and CS20/GO1, CS15/GO1, CS10/
GO1, and CS8/GO1 exhibit moderate values in the range of 11.89 to
1.688 kPa, while CS5/GO1 exhibits the lowest value of 0.5961 kPa.
Secondly, the higher CS concentrations resulted in a smaller
porosity in the foam owing to the larger friction force between the
solid network and air, thus inducing a higher viscous modulus. The
highest viscous moduli of the CS40/GO1 are most probably caused
by the relatively thicker and more rigid walls of the network cells
(refer to Fig. 3), which induces larger viscous friction forces be-
tween the airs or between air and the wall against the applied
compressive force. Furthermore, the lowest viscous moduli of the
CS5/GO1 are probably due to the relatively softer and more flexible
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Table 2

Equilibrium moduli (E,,), viscous moduli (E;, E, and E3), and relaxation times (74, 72, and 73) of the CS/GO foams prepared using various CS concentrations (5, 8, 10, 15, 20, and

40 mg/mL).
Sample E., (kPa) E; (kPa) E> (kPa) E3 (kPa) 71 (8) 72 (S) 73 (S) R
CS5/GO1 0.5961 0.1986 0.1132 0.2133 1343 33.82 33.82 0.9909
CS8/GO1 1.688 0.2714 0.4611 0.3101 52.28 8329 832.8 0.9985
CS10/GO1 2.062 0.9843 0.6024 0.5206 1896 110.0 1896 0.9964
CS15/GO1 4.748 3.308 1.657 0.5653 4443 4443 4443 0.9699
CS20/GO1 11.89 5.350 2.987 4372 1016 11.92 141.7 0.9999
CS40/GO1 57.11 15.26 16.38 20.53 124.4 19.69 966.7 0.9997

2 The adjusted R? is a statistical measure representing the percentage of variation attributed to only those independent variables that affect the dependent variable.

b All values were determined using a generalized Maxwell model.

wall of the cells (refer to Fig. 3), which result in smaller viscous
friction forces. Thirdly, the time required for the dissipation of the
air entrapped in the foams increases with the CS concentration,
which corresponds to longer relaxation time. CS40/GO1 exhibits a
significantly larger relaxation time than those of the other foams.
CS40/G01, CS20/G01, CS15/GO1, CS10/GO1, CS8/GO01, and CS5/GO1
exhibit relaxation times of 670.1, 98.25, 80.30, 76.26, 36.24, and
23.44 s, respectively. For the same applied strain, the built-up stress
level of CS40/GO1 increased, and thus, a significantly longer time
was required to release the step load.

3.6. Dynamic viscoelastic properties

In addition to the static viscoelastic properties of the CS/GO
foams, their dynamic viscoelastic properties were characterized by
DMA in a wide frequency range of 0.1—-10 Hz at 25 °C. Fig. 6a pre-
sents the G’ of the foams, which characterizes the ability of the
foam to store deformation energy in the elastic regime. The G’
slightly increases with increasing frequency in the range of
0.1-10 Hz. CS40/GO1 exhibits the highest G’ of approximately
1490 kPaat 0.1 Hz, and its G’ gradually increases up to 2618 kPa
with increasing frequency. In contrast, CS5/GO1 shows the lowest
G values of 8.810—12.84 kPa and moderately increases with fre-
quency. The G’ values of CS40/GO1 are two orders of magnitude
higher than those of CS5/GO1, which implies the CS concentration-
dependent elastic behavior.

Loss modulus (G”) that reflects the dissipated energy and
viscous response of material was examined for the CS/GO foams.
Fig. 6b shows the G” of the foams as a function of frequency. In
contrast to their G/, their G” slightly decreases with increasing
frequency. In general, when the elastic contribution (i.e., G') of a
material system increases, the system becomes less viscous and
dissipates a smaller amount of energy (i.e., smaller G”) with the
increase in the frequency. However, the G” and G’ of the CS/GO
foams increase with the CS concentration, meaning that the foams
become more elastic and concurrently dissipate more energy for
the higher CS concentration. CS40/GO1 exhibits the highest G” of
302.2 kPaat 0.1 Hz, which decreases to 166.8 kPaat 10 Hz, while
CS5/GO1 exhibits the lowest G” values of 1.112 to 0.8963 kPa. The G”
values of CS40/GO1 are two orders of magnitude higher than those
of CS5/GO1. These results confirm that the viscous feature of CS/GO
foams is concentration-dependent.

The loss factor (tand) of the foams, which is the ratio of the G” to
the G/, was also determined to characterize the viscous-to-elastic
behavior of the foams. In general, the intensity of the maximum
tané peak of polymers represents the extent of their mobility [46]; a
higher value of tané indicates their higher energy dissipation and
more viscous behavior whereas a lower value indicates their less
viscous and higher elastic behavior. Fig. 6¢ presents the tand value
of the maximum tané peak of the foams with increasing frequency.
The tand values decrease as the CS concentration increases, which

can be explained by the fact that a higher content of CS in the foam
probably produces a higher v, thus resulting in a greater restriction
in the mobility of polymer molecular chains.

The normalized G’ and normalized tané of the foams that were
determined as a function of the CS concentration at 1Hz to
normalize the G’ and tané without an apparent density effect are
presented in Fig. 6d. The tand decreases with the increases in the CS
concentration, while the G’ increases, which confirms that the foams
are more elastic than viscous upon the application of the load. It is
also implied that the foams are more likely to store the loaded en-
ergy than to dissipate it. The tand decreases from 17.75 to 4.162 cm?/
g with the increase in the CS concentration from 5 to 40 mg/mL. The
increase in the CS content in the foams restricts the molecular
movement of the polymer chains in the network, which results in
more elastic material response, and also causes tané to decrease,
which improves the dissipation capability of the CS/GO foam.

Fig. 6e shows that both the G’ and v increase with the increase
in the CS concentration. The increase in the CS concentration
strengthens the interaction among the CS and GO molecules, which
densifies the polymer network and enhances the mechanical
stiffness of the foam. The ». of the foams was determined according
to the direct relation of the G’ of the network materials with their v,
as represented in equation (1). The result that the increasing ten-
dency of the G’ and ». with the increase in the CS concentration are
the above relationship. CS40/GO1 shows the greatest ». and G
(mechanical rigidity). The fact that the G’ increases with the fre-
quency because polymer chains in the network have a shorter time
to relax the applied stress indicates that the most rigid CS40/GO1
foam requires a longer time to release the loaded stress.

According to the cumulative results, the dynamic viscoelastic
properties, including the G’, G”, and tand, and the morphology such
as v¢, which are dependent on the CS concentration, of the CS/GO
foams are illustrated in Fig. 6f. Their G/, G”, and v, increase with the
increase in the CS concentration, while their tané decrease. In
addition, the illustration of the foam network structure with lower
and higher v. demonstrates that the crosslinks formed by the
interaction between CS and GO become looser and denser,
respectively, for the lower and higher CS concentrations. Therefore,
similar to the static behaviors affected by the CS concentration, the
dynamic viscoelastic properties of the foams were also observed to
be dependent on the CS concentration.

4. Conclusions

Using a simple freeze-drying approach that induces a cross-
linking process, reversibly compressible feather-like lightweight 3D
CS/GO composite foams were fabricated by mixing a GO suspension
and a CS solution with varying CS concentrations. The CS concen-
tration had a significant influence on the network morphologies
(i.e., crosslinking density and pore structure) and mechanical and
viscoelastic characteristics of the CS/GO foams. The foams prepared
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with a lower CS concentration yielded a lower crosslinking density
and a softer and more flexible structure having a smaller elastic
modulus, while the foams prepared with a higher CS concentration
produced a higher crosslinking density and a stronger and more
rigid structure having a greater elastic modulus. The monotonic
compression responses of the CS/GO foams showed that their
elastic modulus and compressive strength were significantly
enhanced as the CS concentration increased, and the maximum

elastic modulus and compressive strength were measured as
229.7 kPa and 83.39 kPa, respectively, at the highest CS concen-
tration. Their stress-relaxation behaviors could be explained by the
generalized Maxwell model with four springs and three dashpots in
series. Moreover, the equilibrium moduli, viscous moduli, and
relaxation times increased with the increase in the CS concentra-
tion. With respect to the dynamic viscoelastic behaviors of the CS/
GO foams, the storage modulus gradually increased with the
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frequency in the range of 0.1-10Hz, while the loss modulus
decreased. The foams also exhibited the CS concentration-
dependent behaviors: the storage and loss moduli increased with
the increase in the CS concentration, while the value and intensity
of the maximum tand peak decreased with the increasing CS con-
tent. This study provides a strategy for the design and fabrication of
3D CS/GO composite foams, which possess biocompatibility and
electrical conductivity and desirable mechanical and viscoelastic
properties that can be regulated by the network structure and
composition, as promising materials for various applications
including intelligent materials, electrical devices, and biomedical
and environmental engineering.
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