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Abstract. Herein, we report interphase percolation phenomena in chitosan-graphene oxide (CS-GO) nanocomposites as a
function of water content. The dependencies of the DC conductivity and the static dielectric constant have been investigated
in a wide range of GO concentrations (0—12 wt%) and water contents (0, 4, 9, and 24%). Fourier-transform infrared spec-
troscopy (FTIR), Raman spectroscopy and X-ray diffraction (XRD) measurements reveal the presence of strong interaction
between the CS matrix and GO fillers. For annealed CS-GO films in a vacuum (no water content), the DC conductivity and
dielectric constant do not depend upon the GO concentration. When the water content increases, a percolation phenomenon
is now detected; by increasing water content, the percolation threshold shifts to a lower GO concentration. A three-phase
model which includes the conductivities of CS and GO, and an interphase layer fits well DC conductivity data; this model-
based analysis suggests that upon increasing the water content, the conductivity of the interphase layer is higher than the
one of both neat CS and GO. Water molecules at the interface drive a high-conductivity interfacial shell supporting a proton
transfer mechanism; this mechanism is a plausible scenario for percolation in wet CS-GO nanocomposites. Our results may
be of great importance in the applications of such nanocomposites in flexible electronics, biomedicine, proton exchange
membranes, and sensors.
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1. Introduction to negatively charged GO surfaces. Therefore, the
In the last decade, chitosan-graphene oxide (CS-GO)  surface groups of GO can interact with the CS matrix
nanocomposites have been extensively studied in  via hydrogen bonding and electrostatic interactions
different research fields for applications in biomed- to achieve good dispersion [9]. Both CS and GO are
icine [1], adsorption of various water pollutants [2],  hydrophilic materials with high proton conductivity
food packaging [3], biosensing [4], proton exchange  due to proton hopping among hydrogen-bonding net-
membranes [5], pharmacology [6], organic electron-  works along the adsorbed water via Grotthus and/or
ics [7], etc. Such wide applications are related to  vehicle mechanisms [9]. Moreover, the proton con-
good film-forming capability, biocompatibility, ex-  ductivity of GO can reach up to 102 S/cm [10]. Con-
cellent mechanical properties, and proton conductiv-  sequently, the addition of graphene oxide in a CS ma-
ity. Additionally, graphene oxide contains carboxyl trix tends to increase proton conductivity, and a
and epoxy groups that help GO disperse readily in  percolation effect may be observed as in the case of
aqueous media; its surface is negatively charged due  other GO-polymer based membranes [10-12].

to an apparent ionization of carboxylic acid and phe-  The conductivity percolation effect is related to an
nolic hydroxyl groups on the GO sheets [8]. When  abrupt increase in conductivity upon increasing fillers
CS dissolves in acids NH3* groups form and adhere  concentration and an eventual saturation. On the other
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hand, the dielectric constant € of a percolating system
increases before the percolation threshold according
to power-law dependence [13, 14]. However, in the
literature percolation effect has only been reported
for CS-poly(vinyl pyrrolidone)-polycarboxylate func-
tionalized graphene nanoplates with a percolation
threshold at 25 wt% of graphene nanoplates [15], CS-
polymetanitroaniline-functionalized graphene with
a percolation threshold at 3.5 vol% [16], and CS-GO
functionalized with sulphonic acid with a percolation
threshold at 0.49 wt% [17]. Conversely, in CS-bio-
functionalized graphene [18] and CS-sulfonated GO
[19] the percolation effect has not been observed.
Additionally, the values of dielectric constant (€) of
CS-GO nanocomposites reported in the literature ex-
hibit large dispersion. For example, at the frequency
of 1 kHz, in ref. [20] for CS-GO (with 4 wt% of GO)
g~ 1; in ref. [21] for 2 wt% of GO &€= 0.45 and in
CS-GO functionalized with sulphonic acid [16] for
0.08 volume fraction of GO ¢ can reach 3500.

It is well known that the conductivity and the dielec-
tric constant of CS-GO nanocomposites strongly de-
pend upon water content [19]. However, to the best
of our knowledge, in the literature, there are no re-
ports on how water content will affect the percolation
properties of CS-GO nanocomposites. The knowl-
edge about the influence of water on the percolation
properties of such nanocomposites plays an essential
role in a variety of applications, including the devel-
opment of proton exchange membranes, sensors, or-
ganic electronics, and in biomedicine; the conduc-
tivity and dielectric constant of nanocomposites
affect their biocompatibility [22].

Based on the above discussion, the aim of this work
is to investigate the percolation phenomena associ-
ated with CS-GO nanocomposites in a wide range of
GO concentrations and under different water content.
Additionally, Fourier-transform infrared spectro-
scopy (FTIR), Raman spectroscopy and X-ray dif-
fraction (XRD), weight, and dielectric spectroscopy
measurements were carried out to shed light on the
properties of wet CS-GO nanocomposites for many
different modern applications.

2. Experimental

Chitosan (CS, medium molecular weight, deacety-
lation 75-85%), acetic acid (99.7%), and graphene
oxide sheets dispersed in water were purchased from
Merck (Mexico). All the reagents were of analytical
grade.
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1 g of chitosan was dissolved in 99 ml of a 0.1 M
acetic acid solution with subsequent stirring to pro-
mote dissolution. Different amounts of colloidal GO
suspensions were sonicated (0—-12 wt% GO, CS dry
base) and dispersed in the CS solution by ultrasound
for 60 min. Nanocomposite films (with a thickness of
about 30—60 um) were prepared by the solvent cast
method by pouring the solution into a plastic Petri
dish and allowing the solvent to evaporate at 60 °C
for 24 hours. A thin layer of gold was sputtering onto
both sides of the film previously to electrical meas-
urements to serve as electrodes.

FTIR measurements were carried out on a Perkin
Elmer Spectrum spectrophotometer (USA) using an
attenuated total reflection (ATR) accessory in the
range 4000650 cm™! and with a resolution of 4 cm™.
Raman spectroscopic measurements were carried
out using a Dilor Labram II (USA) with an excitation
laser of 632.8 nm.

XRD measurements were performed using a Rigaku
diffractometer ULTIMA IV (Japan), equipped with
Cu K, radiation (/ = 1.5406 A).

Impedance measurements were carried out on films
with different water content in air and vacuum at
room temperature using Agilent 4249 A (USA) in the
frequency range 40 Hz—70 MHz with an amplitude
of AC voltage 100 mV. DC resistance R and capac-
itance C at the limit of zero frequency were calcu-
lated from fitting impedance spectra using ZView®
program (USA). Conductivity (o) and static dielec-
tric constant (&) (at the limit of zero frequency) were
calculated from the following relationship: ¢ =
d/(R-S), &5 = (C-d)/(gyS), where d and § are the thick-
ness and area of samples, respectively. Film thick-
ness was measured in each sample using a microm-
eter Mitutoyo (Japan) with a resolution of 1 pm.
The water content of CS—GO films was determined
by measuring the change in weight between the dry
and wet films using Sartorius AZ214 analytical bal-
ance (USA) with readability of 0.0001 gm. Weight
of dry films (W) was obtained on films annealing to
the temperature of 120°C in a vacuum cell for
1 hour, followed by cooling to room temperature for
further measurements. Due to water absorption, the
weight of CS—-GO films changes when compared
with those annealed. Moisture content (W [%]) was
calculated using the Equation (1):
Wo — Wy

Wi%l=""g

(1
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where W, is the sample weight measured after the
different treatments.

As the prepared films have a water content ca. 9%.
The nanocomposite films soaked in a vacuum at
25°C for 30 min. have a water content ca. 4%. For
higher water content, samples were placed in a home-
made water chamber bath with deionized water at
80 °C for 40 min — exposure time. This conditioning
time allows one to obtain ca. 24% of water.

3. Results and discussion

FTIR spectrum of GO [23, 24] and neat CS [25] are
consistent with previous reports in the literature.
Figure 1 shows the FTIR spectra of GO, neat CS
films, and CS-GO films with 7 and 12 wt% of GO.
For GO, observed broadband in the 3700-2300 cm™
corresponds to the stretching vibrations of structur-
al OH groups and water molecules. The peak at
1729 ecm™ is attributed to the presents of C=0 stretch-
ing vibration, and the peak at 163 cm™! can be as-
signed to the C—C stretching and absorbed hydroxyl
groups in the GO. In the case of chitosan, the char-
acteristic broadband peak centered at 3328 cm™! cor-
responded to the overlap of stretching vibration of
NH and OH groups. Additionally, it was observed
the characteristic peaks at 1647 (amide I group) and
1557 cm™! (bending vibrations of NH3). The change
positions of peaks in CS-GO films from 3328 to
3225 cm!; 1647 to 1625 em™!, and 1557 to 1545 em ™,
and the appearance of the weak peak of GO (at
1729 cm™) can be related to the synergetic effect of
electrostatic interaction between polycationic CS
and the negative charge on the surface of GO and
hydrogen bond between CS and oxygen-containing
functional groups in GO [20, 26].
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Figure 1. FTIR spectra of GO, CS, and CS-GO with 7 and
12 wt% of GO.
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Figure 2. Raman spectra of the GO and as-prepared CS-GO
films with 7 and 12 wt% of GO.

Raman measurements may be used to provide fur-
ther support for the relationship between CS and GO.
Figure 2 shows the Raman spectra of the GO and the
prepared CS-GO films with 7 and 12 wt% of GO.
The D-band (1330 cm™'), which may be attributed
to a defect or a disordered lattice, and the G-band
(1600 cm™"), which is the first order scattering of the
E2g mode of sp?> domains, are present in all spectra
[27]. Typically, the Ip/lg intensities ratio may be
used to gauge the severity of structural abnormality
[28]. The Ip/lg intensity ratio for tidy GO is 1.26. In
CS-GO films, this ratio rises to 1.35 for films with
7 weight percent of GO and 1.73 for films with
12 weight percent. Such a change in the D/G inten-
sity can be attributed to the destruction of the GO
layer structure and/or to the appearance of structural
defects due to the interaction of GO with CS side
groups [20, 27].

Moreover, the interaction between CS and GO has
been observed in XRD measurements. Figure 3 shows
XRD patterns of GO, neat CS, and CS-GO films
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Figure 3. XRD patterns of GO, CS, and CS-GO (with 7 and
12 wt% of GO) films.
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with 7 and 12 wt% of graphene oxide. The XRD pat-
tern of GO displays a single diffraction peak at 26 =
10.1° that corresponds to an interlayer spacing d =
8.747 A, characteristic of neat GO [29]. The CS typ-
ically has a wide diffraction peak at 20 = 11.5° and
20 = 21.5° due to a combination of amorphous and
crystalline phases [25, 30]. The incorporation of GO
affected the crystalline structure of CS and increased
the intensity of broad characteristic peaks of CS at
ca.21.5°. Additionally, in CS-GO films with 7 wt%
of GO, a weak GO peak at 26 = 9.1950 is observed,
which is attributed to increasing GO interlayer spac-
ing to d=9.61 A and in CS-GO with 12 wt% this
peak shift to 20 = 8.77° which corresponds to inter-
layer spacing 10.079 A. The increasing GO layer
spacing is related to the attachment of CS chains to
the surface of stacked graphene nanosheets, which
disrupts the van der Waals interactions and enlarges
the d-spacing of the nanosheets [31]. During of film
drying process, GO also affected the formation of
the CS hydrogen bond, which led to a change in the
crystalline structure of chitosan [30].

The results obtained from FTIR, Raman, and XRD
measurements suggest that there exist strong inter-
actions between the CS matrix and GO fillers which
allow for obtaining good dispersion of GO in CS
matrix.

Figure 4 illustrates the relationship between the imag-
inary part of impedance (Z") and the real part of im-
pedance (Z') (or impedance spectra) obtained on
films (containing 5 wt% GO) after annealing in a
vacuum cell for an hour, cooling to room tempera-
ture for measurements at 25 °C (0% water, indicated

CS-GO, 5 wt%

4107
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-2:107 4 Water, 0%

Water 5%
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2107

a) Z'[Q]

on the graph), and treatment in a water bath (ca.
24 percent of water). Insert displays the impedance
spectra of CS-GO film that contains 12 wt% GO and
24 weight percent water.

In dry CS—GO films (annealed before measurements
at 120°C), enough bonded water exists to support pro-
ton conductivity because complete removal of water
from CS is only possible by heating it to tempera-
tures ca. 200 °C, where CS irreversibly transforms
into an annealed polymorph [32].

As one can see, impedance spectra consist of a de-
pressed semicircle and growth part at the low-fre-
quency range which is related to contact and Maxwell—
Wagner—Sillars (MWS) effects. MWS mechanism
appears due to charge accumulation at the interface
of CS and GO, as the current could not flow freely
across it. As it is clear from Figure 4 that the frequen-
cy at which begin observed MWS effect dependent
on GO wt% and water content [7, 33]. Consequently,
measurements of dielectric constant ¢ at a fixed fre-
quency, often used in the literature, did not allow to
obtain real dependence of € on GO concentration.
Therefore, for separation of MWS and contact ef-
fects, we take into consideration only bulk properties
of nanocomposite which are related to a depressed
semicircle and fit the semicircle using the ZView
program to zero frequency to calculate DC resistance
and static dielectric constant at the limit of zero fre-
quency as was shown on Figure 4.

According to percolation theory [13, 14], the power-
law behavior of DC conductivity (opc) above (Equa-
tion (2)) and below the percolation threshold (Equa-
tion (3)) and static dielectric constant (&) (in the
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Figure 4. Impedance spectra of CS-GO films with 5 wt% of GO obtained on films with different content of water: a) with 0
and 5% of water, b) with 9 and 24% of water. Insert shows impedance spectra of CS-GO film with 12 wt% of GO
and 24% of water. Note: Spectra for water 24% has been increased 100 times for better visualization. Symbols
correspond to experimental points, and continuous lines represent the results of fitting using ZView program.
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limit of zero frequency) below the percolation
threshold (Equation (4)) can be obtained by a simple
power-law:

t
Opcx(p—p.) for p>p, )
opca(p—p)  for p<p, 3)
—S
g o(p.—p) for p<p, 4)

where ¢, g, and s are critical exponents which only
depend upon the dimension of the percolation sys-
tem and not on the details of cluster geometry, and
pc is the volume fraction of fillers at the percolation
threshold. Therefore, to convert the weight fraction
(W) of GO to volume fraction (), the Equation (5)
was used [34]:

V= ud
W, +52(1- W)

)

where pgo = 1.7 g/em? [35] and pcs = 1.4 g/em?[36]
are density of GO and CS respectively.

Figure 5 shows the DC conductivity (Figure 5a)
and dielectric constant in the zero-frequency limit
(Figure 5b) versus GO volume fraction and GO wt%.
In the case of CS-GO films, annealing before meas-
urements in vacuum DC conductivity (opc) and di-
electric constant (&) does not depend on the GO con-
centration. In samples with 4% of water with an
increasing GO content g riches a maximum at GO
vol. frac. ca. 9% (or ca. 11wt%), and opc increases
by a power law, which is typical for the percolation
effect. Figure 6a shows the log-log dependence of
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the dielectric constant of the CS-GO nanocomposite
films on log(p. — p) calculated from experimental
data (Figure 5), which according to Equation (4),
must exhibit linearity. The least-square fitting analy-
sis allows obtaining a percolation threshold of 9.2%
vol. frac. of GO (ca. 11wt%) and slope g = 0.71+0.08.
In films with 9 and 24% of water, the percolation ef-
fect was observed to be more apparent in conductiv-
ity (appear saturation) and dielectric constant (the
maximum is more pronounced).

The least-square fitting analysis of conductivity ac-
cording to Equation (2) for above the percolation
threshold gave p. = 4.5 vol% (or ca. 5.5 wt%) for
films with 9% of water and p. = 3.6 vol% (or ca.
4 wt%) for films with 24% of water and critical ex-
ponent ¢ =2.02+0.13 and # =1.98+0.16, respectively
(Figure 6b). The best fits of the dielectric constant
data below the percolation threshold (Equation (4))
gave the same values of p. as for conductivity (4.5
and 3.6% of GO volume fraction) and critical expo-
nent s = 0.624+0.021 and s = 0.64+0.058 for films
with 9 and 24% of water respectively (Figure 6a).
According to the percolation theory in three-dimen-
sional system values t =1.6-2.0 and s =0.7-1.0 [ 13,
14]. The values of critical exponent s obtained in CS-
GO films with high water content are a little lower
but are near that universal one. Therefore, it is likely
that wet CS-GO films exhibit a three-dimensional
percolation phenomenon.

The percolation phenomena can be observed in a
mixture of two materials with different conductivi-
ty, such as dielectric polymers, with the incorpora-
tion of different types of conducting fillers such as
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Figure 5. (a) Dependencies of conductivity (points-experimental data, continuous lines-fitting) and (b) dielectric constant
as a function of GO volume fraction and GO [wt%] for films with different water content indicate on graphs.
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Figure 6. log-log plot of a) the dielectric constant versus (p. — p) and b) DC conductivity versus (p — p.). Points are experi-

mental data, and lines are the results of the fitting.

metals, carbon fillers, conducting polymers, etc. In
graphene-polymers composites, the percolation ef-
fect has been observed, as a rule, in nanocomposites
with high conductivity graphene and its modifica-
tion: graphene nanoplatelets, reduced graphene
oxide, and doped GO [13]. However, to the best of
our knowledge, there are no reports on how water
content affects the percolation properties of CS-GO
nanocomposites.

Some studies proposed that water shell models
can explain the effect of water on the formation of
percolative paths through the overlapping of the
water layers (see, for example [37-40]), which pro-
motes the conduction of charge carriers. However,
these models predict only the percolation probability
but not the dependencies of conductivity (especially
in the saturation region) and the dielectric constant.
Moreover, model calculations showed that for perco-
lation networks, the thickness of the water shell must
be as high as ca. 60 nm [38, 40].

From another viewpoint, it is well known that poly-
mer matrices-nanofillers interphase interactions con-
stitute a significant parameter that highly affects the
nanocomposite behavior [37, 41-43], especially when
the nanocomposite moves from an insulative mate-
rial to a conductive because of the creation of a con-
tinual conductive network [37, 41]. The interphase
consists of layers with different electrical and chem-
ical structures distinct from the polymer matrix due
to changes in the local chain conformation [37].
According to FTIR, Raman, and XRD measure-
ments, there exist strong hydrogen-bonding interac-
tions between the CS matrix and GO fillers in CS-
GO films. Additionally, the water interaction in

34

CS-GO nanocomposites is higher than that of pure
chitosan [44] due to stabilized polymer chains [45],
formation of hydrogen bonds between water mole-
cules with side groups of GO, and hydroxyl groups
of CS [44, 46].

According to molecular dynamic simulation, the con-
ductivity of CS exhibits proton conductivity through
the Grotthus mechanism, which depends upon the
number of protons, hydronium ions, and water con-
tent. When the amount of water in the system in-
creased, the proton and hydronium ions were not
mainly located near the functional group of chitosan,
but they were diffused throughout the water clusters
[47]. The addition of GO in CS improves the proton
conductivity of nanocomposites due to the increasing

Cs

Interphase
‘ layer

\ GO

Figure 7. Schematic representation of the conductivity of
wet CS-GO nanocomposite. Here, red arrows
show the diffusion path of protons, and dash lines
show hydrogen bonds between CS, GO and H,O.
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number of protons from carboxyl groups of GO [§]
and the creation of some spatial channels; these
channels facilitate the diffusion of proton and hydro-
nium ions at the high-water content [48].

Based on the above, we can propose that the inter-
action of GO with CS and water molecules promotes
the appearance of a high-conductivity interphase
layer, as shown in Figure 7.

The protons appear from the NH3 group of CS [47]
and from carboxyl groups of GO [8] at the low water
concentration located near the functional group of
CS and GO. In the presence of water, the protons can
diffuse through water clusters, create spatial channels,
and form an interfacial layer with high conductivity
(as shown in Figure 7). With increasing water con-
tent, the thickness and conductivity of the interphase
layer increase due to the diffusion of proton and hy-
dronium ions at the high-water content [48]. There-
fore, the interphase provides a continuous channel
for proton hopping in hydrogen-bonding networks
along the adsorbed water, and it is responsible for
the percolation properties of wet nanocomposites.
Direct confirmation of the proposed model can be
the estimation of the conductivity and thickness of
the interphase layer surrounding the GO fillers with
different water content. For such an estimation, we
use the model proposed in ref. [49] based on average
field theory for calculating the effective conductivity
of polymer-carbon nanotube composites. This model
proposed that the electrical conductivity of compos-
ites depends on the concentration of fillers and the
conductivity of the interphase layer. The model pre-
dicts that the percolation threshold decreases with
interphase thickness and the conductivity in the sat-
uration region increase with the interphase layer’s
conductivity. With increasing fillers content, the elec-
trical conductivity of the interphase layer demon-
strates a higher contribution to the effective electrical
conductivity of the material.

The model has proposed that fillers can be regarded
as the same rotationally prolate ellipsoids with lon-
gitude L, diameter d, and thickness of interphase layer
t, which are related by the Equation (6):

_ LL
o= 3
(d+2t) (L+2¢)

and effective conductivity of nanocomposite can be
found from the Equation (7)) when d << L:

(6)

35

f> e~ On
3<1 ~a/20.,t0, +
33 11
+f Ge_ccom +4Ge_ccom_0
30 d( .33 _ 11
cje—i_ 0.14 L<0c0m Ge) Ge+0c0m
(7

where a is given by the Equation (6), 6., 61, 05, and
o, are the electrical conductivities of the fillers, the
matrix, the interphase layer, and the effective con-
ductivity of the composite, respectively; 63, and
ot are the longitude and the transverse conductiv-
ity, which in the case of GO are the same.
According to the scanning electron microscopic
(SEM) measurements, we estimated GO sheet di-
mension as L =3 pm and d =20 nm [50].

This model allowed us to fit not only the effective
conductivity of nanocomposite but also estimated
the thickness of the interphase layer, its conductivity,
and the percolation threshold.

The least-squares fitting of experimental data was
performed using standard genetic algorithm optimiza-
tion functions in the Scilab® [51] numerical compu-
tational package. The conductivity of CS-matrix
(ocs) has been obtained from measurements on neat
CS films with different water content, and the con-
ductivity of GO was taken as 10 S/cm [50]. The ad-
justable parameters are only the values of interfacial
conductivity (Ginter) and interfacial thickness (dinter).
Data fitting optimization parameters are presented
in Table 1.

Results of the referred fittings are shown in Figure 5a
as a continuous line. One can see that this three-
phase model fits well the experimental results. It is
noteworthy that the thickness of the interphase layer
obtained from fitting correlates well with the thick-
ness of the interfacial layer observed in other poly-
mer nanocomposites, which is in the range of
2-6 nm [42, 43].

Table 1 shows that when the water content in CS-GO
films rises, so do the conductivity and thickness of
the interphase layer.

Table 1. Results of fitting experimental conductivity of
CS-GO films with different water content.

o Gj d;
Wate;“;o(;ntent (experifnsental) (estill:lt;;ed) (estill;llt;:ed)
[S/ecm] [S/em] [nm]
4 1.18-10°% 9.72:10°8 0.82
9 3.06-10°8 9.58-10* 2.97
24 6.19-1077 4.80-1072 4.72
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Additionally, due to the rise in water content, the in-
terphase layer’s conductivity in films with 9 and
24 percent water is higher than that of CS and neat
GO (107* S/cm), increasing the thickness and con-
ductivity of the interphase and facilitating proton
transport at the high-water content. These findings
support the suggested model’s validity, showing that
the strong molecular interactions of GO with CS and
water molecules during the interphase between CS
and GO cause the interphase to be more conductiv-
ity-rich (compared to pristine CS and GO). The per-
colation properties of wet nanocomposites are attrib-
uted to proton transport via hydrogen-bonding net-
works, which this study supports.

This result supports proton transport across hydro-
gen-bonding networks, which gives wet nanocom-
posites their percolation capabilities. In addition, as
the model predicts, an increase in water content rais-
es the conductivity and thickness of the interphase
layer, which lowers the percolation threshold.

4. Conclusions

Chitosan-graphene oxide nanocomposite films were
synthesized with varying GO concentrations
(0-12 wt%). FTIR, Raman, and XRD measurements
have shown strong interaction between the CS ma-
trix and GO fillers which allows for obtaining good
dispersion of GO in the CS matrix.

DC conductivity and dielectric constant dependen-
cies in the zero-frequency limit have been investi-
gated versus GO concentration and water content. In
the case of CS-GO films annealing before measure-
ments in a vacuum, DC conductivity and dielectric
constant do not depend upon the GO concentration.
The percolation effect has been observed, for the first
time, at higher water content (4, 9, and 24%). The
values of critical exponents obtained in CS-GO films
with high water content allow us to conclude that
nanocomposites exhibit a three-dimensional perco-
lation system. Results of fitting DC conductivity
using a three-phase model, which includes conduc-
tivity of CS, GO, and interphase layer, showed that
by increasing water content in CS-GO films, the con-
ductivity and thickness of the interfacial layer in-
crease. Surprisingly, the conductivity of the interfa-
cial layer in films with 9 and 24% of water is higher
than the conductivity of both pristine CS and GO.
The thickness of the interfacial layer increases with
water content. A new percolation model for CS-GO
nanocomposites with high water content has been
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proposed to shed light on these new findings. In this
regard, we propose that due to the strong molecular
interactions of GO with CS and water molecules at
the interface between CS and GO, a high-conductiv-
ity interphase layer appears, which supports a proton
transfer mechanism among hydrogen-bonding net-
works. It is responsible for the percolation properties
of wet nanocomposites. Additionally, increasing water
content increases the conductivity and thickness of
the interphase layer, which leads to shifting the per-
colation threshold to lower GO concentration.

Our results here may be of great importance in the
applications of such nanocomposites in different
areas, not only for developing proton exchange
membranes, sensors, organic electronics, and bio-
medicine.
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