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Abstract
Polymer membranes based on natural polymer chitosan (CH) and variable content of carbon nanotube-titanium dioxide (CNT-
TiO2) composites were prepared by solvent casting at room temperature. The interest in natural polymers is enormous due to 
the depletion of oil and natural gas resources. Furthermore, the use of biodegradable biopolymers reduces the environmental 
impact of the disposal and avoids the long-term degradation of synthetic polymers. The thermal, morphological and elec-
trochemical properties of the membranes were investigated by differential scanning calorimetry (DSC), thermogravimetric 
analysis (TGA), polarized optical microscopy (POM) and complex impedance spectroscopy. The obtained results revealed 
a predominantly semi-crystalline morphology and a satisfactory ionic conductivity. The sample with the highest conductiv-
ity was CH-20CNT-TiO2-0.05, which attained 1.22 × 10–4 S cm−1 at 90 ºC. The significant effect of glycerol as a plasticizer 
on the conductivity of the materials was studied. The combination of Pt-based catalysts with TiO2 led to a conductivity 
increase (90 × 10–3 S cm−1 at 90 °C). The conductivity measurements in the obtained composites allowed some evidence to 
be considered for the influence of CNT-TiO2 in the transfer of current through the CH matrix. The encouraging properties 
(conductivity, thermal behaviour, morphology) of the samples lead us to suggest the incorporation of these materials as 
electrolytes in solid electrochemical devices. Composite membranes that are environmentally friendly and have attractive 
properties are developed for energy conversion device applications.
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Introduction

The most attractive way to store energy to provide elec-
trical power is to convert chemical into electrical energy 
[1]. The electrolyte is an ionic conductor that ensures ion 
transfer between the cathode and the anode. Electrolytes 
can take several different forms and phases (e.g., liquid, 
solid, gel, etc.). In general, liquid electrolytes have low 
viscosity and high ionic conductivity. However, they have 
leakage problems. The electrochemistry of non-aqueous 
solvents became essential between the 1950s and 1960s 
with the concept of lithium batteries [2]. Several salt-sol-
vent combinations were explored over the years, and the 
maximum conductivity values were determined.

In this context, solid polymer electrolytes (SPEs) have 
been the focus of much attention as potential electrolytes 
of great technological relevance for solid-state electro-
chemistry, in particular, because of their practical appli-
cation in devices, such as batteries, super capacitors, fuel 
cells, smart windows, sensors, and solar cells. Several 
advantages are associated with SPEs and compared with 
liquid electrolytes, SPEs have higher safety and thermal 
stability since they can provide a physical barrier layer 
to separate positive and negative electrodes and prevent 
thermal runaway under high temperature or impact. In 
addition, solid electrolyte makes it possible to use a lith-
ium metal anode, due to the effective suppression of Li 
dendrite formation to promote long life time, low charge 
time and low internal corrosion. SPEs not only have excel-
lent electrochemical performance and high safety but are 
also good in flexibility and processability, which have high 
possibilities for use in next-generation of devices. In addi-
tion, SPE can be fabricated extremely thin, which would 
limit the problems associated with poor ionic conductiv-
ity [3] and contribute to a much higher energy density 
[4]. However, SPEs also present some limitations: (1) lack 
of sufficient ionic conductivity to work properly at room 
temperature; (2) the interfaces between the SPE and cath-
ode/anode, the stability during the charging process, the 
usage ratio of active material, and the interfacial resist-
ance/compatibility can influence the available capacity and 
cycling stability of devices; and (3) facing the problem of 
maintaining the structural integrity of the SPE when sub-
jected to stresses in the electrochemical cycling (cracks in 
the structure). SPEs for lithium-ion batteries applications 
should exhibit ionic conductivity values above 10–4 S cm−1 
at room temperature [5, 6]. However, for fuel cells, SPEs 
can exhibit the same value, but at high temperatures [7].

SPEs constitute a class of materials whose physical and 
electrochemical properties are different from those of liq-
uid electrolytes and conventional solids [8]. Since the pio-
neering studies of Wright et al. [9] and Armand et al. [10], 

polymer-based materials have been widely studied and 
continue to attract significant attention from researchers. 
Many systems involving several types of polymers, such 
as poly (propylene oxide) (PPO), poly (ethyleneimine) 
(PEI), and many doping salts, such as monovalent (Li+, 
Na+, Ag+, etc.), divalent (Cd2+, Ca2+, Zn2+etc.) and transi-
tion metals salts have been investigated. The structure of 
the polymers plays an important role in the properties of 
SPEs because they influence the conduction mechanism 
[11]. Natural polymers can be used as polymer host matri-
ces in electrolytes. They present many advantages, such as 
low cost, non-toxicity, abundance in nature, and are envi-
ronmentally friendly [12]. Several natural polymers have 
been used to prepare SPEs, such as starch [13], pectin [14], 
gelatine [15], cellulose [16], and chitosan (CH) [17–19], 
and etc.. CH can be prepared by deacetylation of chitin, 
one of the most abundant natural polysaccharides. The sol-
ubility of CH in common solvents largely exceeds that of 
chitin [20] due to the presence of NH2 and OH functional 
groups which can act as electron donors and interact with 
inorganic salts [21, 22]. A CH film shows low conductivity 
and a way to improve it is to add a plasticizer, like glycerol 
[23]. Glycerol has been used as a plasticizer because of its 
compatibility with CH, which stimulates better mechani-
cal properties. The plasticizer reduces the glass transition 
temperature and increases segmental motion, which results 
in an increase in conductivity [24–26]. The transport of 
the ions depends on several factors, such as the concen-
tration of dopant, the dielectric constant of the polymer, 
and the mobility of ions within the polymer chains [27]. 
Despite the advances in the development of SPEs, there is 
still a large space for improvement. They are formed upon 
dispersion of different (nano) fillers (inert oxide ceramic, 
molecular sieves, metallic, etc.) in the polymer matrix with 
the goal of improving the mechanical, thermal and/or elec-
trochemical properties [28]. In this way, the incorporation 
of suitable ionic liquids [29], nanoparticles (NPs) [30, 31], 
and fillers such as carbon nanotubes (CNTs) [32] into the 
polymer matrice has shown to be an interesting approach.

The most relevant properties of CNT are their high sur-
face area, high electrical conductivity, and excellent thermal 
and mechanical properties [33, 34]. CNT/polymer mem-
brane composites have been proposed for different purposes, 
such as filtration [35], sensing and monitoring systems [36]. 
In the particular case of batteries, CNTs have been mainly 
used for electrodes fabrication [37–39] and recently for bat-
tery separators. In the latter case, the CNT content must 
be below the electrical percolation limit, due to the need 
to obtain electronically insulator membranes with suitable 
ionic conductivity [40]. The successful use of fillers reported 
in our previous works [41, 42] reinforces the relevance of the 
present study aimed at investigating the effect of the CNT 
content and type on the polymeric matrix type, to prepare 
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membranes based on CH with enhanced properties. Fur-
ther, SPE filled with CNT can also improve compatibility 
with the battery electrodes due to the carbonaceous nature 
of some of them [43, 44]. Other authors reported the use of 
CH and CNT to make membranes for energy conversion 
devices [45–48].

In this work, we study the combined use of CNTs and 
titanium dioxide (TiO2), as dopants, to improve the conduct-
ing properties of the membranes. CNTs have a moderate 
stable morphology makes it possible to create proton transfer 
pathways. Moreover, nanocomposites of TiO2 with CNTs 
(TiO2-CNTs) are one of the most advanced nanomaterials 
that exhibit high performance and great flexibility [45, 49, 
50].

We report the preparation and characterization of SPEs 
based on CH as host polymer, glycerol as plasticizer, and 
CNT-TiO2 as filler. Moreover, we report the combination 
of Pt-based catalysts with TiO2 as the catalyst support to 
evaluate the potential advantages of these combined materi-
als for applications in fuel cells. In fuel cells, the SPE acts 
as a medium for proton exchange between electrodes. Fuel 
cells are promising technological alternatives to reduce our 
dependence on fossil fuels and emission of pollutants. Fuel 
cells are generally used for portable applications and trans-
portation because they hold several advantages over conven-
tional technologies, such as their high electrical efficiency, 
silence, no vibrations, and low or null pollutant emissions.

The thermal properties were evaluated by DSC and TGA, 
the morphological characteristics by POM, and the elec-
trochemical features were measured by complex impedance 
spectroscopy and cyclic voltammetry. The wettability of 
the samples was assessed by means of static contact angle 
measurements.

Experimental

Nanoparticles (NPs) preparation

CNT-TiO2 composites were prepared according to the pro-
cedure reported elsewhere [13]. For the synthesis of the 
CNT-TiO2 composites, both CNT (Shenzhen Nanotech Port 
Co., Ltd. 0.2, 0.1 and 0.01 g, respectively) and TiO2 (1.0 g 
Sigma-Aldrich 99.8% metal basis) were added simultane-
ously (one-pot) with 150 mL of nitric acid (HNO3, Sigma-
Aldrich 65% by wt) solution (functionalization of the CNTs 
with HNO3 solution). The suspension was heated to 140 ºC 
and kept under magnetic stirring for 3 h in a round bottom 
flask equipped with a condenser. After cooling, the suspen-
sion was washed several times with distilled water, until 
the rinsing water was neutralized. The recovered powders 
were dried overnight at 110 °C. The resulting composite 
materials (the NPs) were labelled as xCNT-TiO2, where x 

corresponds to the weight percentage of CNTs in the CNT-
TiO2composites (x = 1, 10 and 20%). The metal phase was 
loaded by incipient wetness impregnation from the aqueous 
solution of the platinum (Pt) salt (dihydrogen hexachloro-
platinate (IV) hexahydrate, H2PtCl6·6H2O). The Pt content 
was fixed at 1% (by weight). After impregnation, the sam-
ples were dried at 100 °C for 24 h. The catalysts were then 
heat treated under nitrogen flow for 1 h and reduced under 
hydrogen for 3 h at 200 °C. The temperatures were selected 
based on a preliminary “temperature programmed reduc-
tion” (TPR) analysis of given metal-loaded TiO2 materials, 
which revealed that Pt is reduced at 200 °C. The final mate-
rial was denoted as CNT/Pt-TiO2.

Sample preparation

The samples based on CH doped with NPs (CNT-TiO2) and 
(CNTPt/TiO2) were prepared by the solvent casting method 
using acetic acid (CH3COOH) as solvent.

The samples were denoted as CH-xCNT-TiO2-y-Gly, 
where Gly represents glycerol, x is the percentage of CNT 
in the CNT-TiO2 composite, and y refers to the mass in g of 
NPs used (CNT-TiO2) (mass of CNT-TiO2 is presented as 
supporting information, Table S1). The samples were pre-
pared according to the scheme presented in Fig. 1. Briefly, 
the appropriate amount of NPs was dispersed in 10 mL of 
1% CH3COOH (Sigma Aldrich) and put under ultrasound 
for 15 min to guarantee uniform distribution of the NPs in 
the solution, then mixed with 0.20 g of CH (Sigma-Aldrich, 
MMW, with a degree of deacetylation 75%). The solution 
was left overnight under magnetic stirring to allow the com-
plete dissolution of the polymer. Then, 0.2 g of Gly (Hime-
dia, 99.5%) was added and the resulting mixture was stirred 
for 30 min. When the solution became homogeneous, it was 
poured into a plastic Petri dish. The resulting film was sub-
jected to drying for about two days at room temperature. 
After this process, the thickness and the mass of the samples 
were measured using a micrometer (data are presented as 
supporting information, Table S1).

Characterization techniques

DSC analyses were carried out using a Mettler DSC 821e 
equipment under a flowing argon atmosphere between – 60 
and 300 °C, at a heating rate of 5 °C min−1.

TGA was performed using an STA 490 PC/4/H Luxx 
Netzsch thermal instrument, between 50 and 900 °C, at 
a heating rate of 10 ºC min−1 and under a nitrogen flow 
atmosphere.

The total ionic conductivity of the chitosan-based elec-
trolytes was determined using a constant volume support 
equipped with two gold blocking electrodes located within 
a Büchi TO 50 oven, and the temperature was measured 
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with a K-Type thermocouple localized close to the elec-
trolyte. The impedance measurements were made using 
an Autolab PGSTAT-12 equipment in a frequency range 
between 65 kHz and 500 mHz, during heating cycles, and 
over the temperature range of 19 to about 100 °C, and at 
approximately 7 ºC intervals.

The electrochemical stability window was evaluated 
using a two-electrode cell configuration: a 25 µm diameter 
gold microelectrode as a working electrode and a lithium 
disk (Aldrich, 99.9%; 19 mm diameter, 0.75 mm thick) as 
a counter and reference electrode. The cyclic voltamme-
try (CV) measurements were carried out under an argon 
atmosphere, at room temperature, within a Faraday cage 
and recorded by an Autolab PGSTAT-12 (Eco Chemie) at 
a scan rate of 100 mV s−1.

The polarized optical microscopy (POM) images 
were recorded using an OPTIKA B-600POL microscope 
equipped with an 8 M pixel Digital Photo Camera. The 
images were analyzed using the OPTIKAVision Pro 
software.

The wettability of the samples was assessed by means 
of static contact angle measurements using the sessile 
drop method. Contact angles were measured in a tem-
perature-controlled chamber at 25 ± 1 ºC using a Krüss 
DSA25S drop shape analyzer controlled by the software 
ADVANCE. The volume of the liquid droplets was kept 
constant at 5 μL. Contact angles were measured from 
digital images acquired by a video camera using the 
Young–Laplace fitting. The contact angle values were 
measured at 4 or 5 different spots. At each spot, 5 meas-
urements were performed. The reported results correspond 
to the average value of all the measurements. The error 
analysis of the data was implemented by the arithmetic 
mean of the root mean square error.

Results and discussion

Ionic conductivity

The choice of CNT was based on the electrical perfor-
mance evaluated in previous work [13]. In this work, the 
CNT content in the samples was below the percolation 
threshold to ensure that membranes are electrically insu-
lating. The electronic conductivity of CH-20CNT-TiO2-0.05 
was 6.6 × 10–11 S cm−1 at 30 ºC and 5.1 × 10–10 S cm−1 at 
30 °C for CH-20CNT-Pt/TiO2-0.05.

The complex impedance technique is useful for the 
characterization of ionic conduction processes and analy-
sis of the conductivity behaviour of materials. Typical 
plots of imaginary impedance (– Z’’) versus real imped-
ance (Z’) for the electrolytes with CH-1CNT-TiO2-0.05 at 
different temperatures and electrolytes with different CNT-
TiO2 amounts at the same temperature (~ 50 ºC) are shown 
in Fig. 2a and b, respectively.

Typically, the Nyquist plots show three characteristics 
parts: a semi-circle located in the high-frequency range 
which corresponds to the charge transfer process (bulk 
material properties) [51], a straight line at a lower fre-
quency which is related to the diffusion process, i.e. the 
sample/electrode interface and the transition between 
these phenomena [52, 53]. The impedance spectroscopy 
was analyzed by the equivalent electrical circuit similar 
to that used to describe gold electrode processes [54, 55]. 
This equivalent circuit was fitted to the impedance results 
of samples and showed a good agreement between the 
experimental results and the equivalent circuit.

The Nyquist plot of Fig. 2a shows a typical semi-cir-
cle. Generally, the radius of the semi-circles presented in 

Fig. 1     Scheme for the SPE 
preparation process
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Fig. 2a decreases at increasing temperature. This decrease 
in the resistive part (ionic resistance calculated in the Z’ 
axis) is due to the decreased bulk resistance, i.e., increase 
in the charge mobility. The complex impedance curve does 
not touch the real axis though it is close to it. In these 
cases, the complex impedance plot is extrapolated to its 
intersection with the real axis and the conductivity of the 
membrane is calculated using Osman’s method [56].

The linear region is not observed in low-frequency 
zone, which is probably due to the charge transfer pro-
cess which is most significant for theCH-1CNT-TiO2-0.05 
sample. It must be noted that in the inset of Fig. 2b the 
semi-circle is practically not observed due to the higher 
amount of CNTs in these samples. These Nyquist plots 
demonstrate that the inclusion of CNT attenuates the semi-
circle corresponding to the charge transfer process. This 
result indicates that the presence of the fillers facilitates 
the charge transfer process due to the increase in electrical 
conductivity [57].

The intercept of the semi-circle with the real axis gives 
the bulk resistance (Rb) of the material.

The Rb values were converted into the ionic conductiv-
ity (σ) of the electrolytes according to Eq. 1:

where, d is the thickness of the film and A is the contact area 
between the electrolyte and the electrode. The experimental 
values of Rb are dependent on the composition of the poly-
mer electrolytes and the temperature as shown in Fig. 2a 
andb and Table 1.

(1)� =
d

A × R
b

The transport property in composite materials is a com-
plex process, which is not well understood. It depends on 
several factors, such as dielectric constant of the host poly-
mer and the mobility of polymer chains. It is of interest to 
examine the case of CH. This polymer can act as a cationic 
polyelectrolyte because of its free amino groups [58]. With 
respect to its ionic properties, the CH membrane has been 
used for chloride-ions-conducting [59].

From the imaginary and real part plotting of the imped-
ance of CH-1CNT-TiO2-0.05 membranes, it is clear that the 
incorporation of the CNT-TiO2NPs induces changes in the 
conductivity characteristics of the membrane. Particularly at 
the highest temperatures, the low-frequency semi-circles of 
CH-1CNT-TiO2-0.05 membranes are much smaller, indicating 
an improvement of the conductivity and mobility process 
after hybridization with the CNT-TiO2 composite. On the 
other hand, Fig. 2a shows a semi-circle which may be due 
to the CNT-TiO2 interface [60].

Fig. 2   a Nyquist plots for the CH-1CNT-TiO2-0.05 membrane at  given  temperatures, and b Nyquist plots for CH-20CNT-TiO2-y at 50 ºC (■)  
y = 0.05; (●) y = 0.10;  (▲) y = 0.15

Table 1   Temperature 
dependence of the bulk 
resistance of CH-20CNT-
TiO2-0.05 and CH-1CNT-
TiO2-0.05

CH-20CNT-
TiO2-0.05

CH-1CNT-
TiO2-0.05

T ( °C)Rb (Ω) T ( °C) Rb 
(Ω)

21 11.88 32 2196.00
34 9056.20 34 1871.90
50 1683.00 49 1001.70
76 397.39 63 899.05
96 215.35 80 442.58
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The ionic conductivity in the temperature range from 25 
to 90 °C of samples prepared with CH as a natural matrix 
and CNT-TiO2NPs as dopants are presented in Fig. 3a–c.

 It should be noticed that Gly has a significant effect on 
the conductivity of electrolytes, promoting an increase from 
1.4 × 10–9 to 1.4 × 10–7 S cm-1 at 90 °C for the CH matrix. 
The marked increase of the ionic conductivity confirms the 
successful addition of Gly. A small quantity of CH3COOH 
may remain in the final materials, but due to its volatility 
it must have evaporated during the drying process. The 
residual minor amount of water present in the as-prepared 
samples is unknown. The amount of Gly would be expected 
to remain during the synthesis process. However, in these 
samples, Gly can coexist with the residual water.

As already shown else where Gly acts as a plasticizer 
and helps promote better conductivity values [61]. The co-
existence of Gly in the electrolyte media was beneficial, 
since this compound, not only plasticized the materials but 
also increased the concentration of available –OH groups 
which could also be involved in proton transport.

For electrolytes lacking Gly, the behaviour is quite dif-
ferent. The CH-1CNT-TiO2-0.05 electrolyte has a lower 
conductivity than the CH matrix, but for the CH-1CNT-
TiO2-0.01 electrolyte it is slightly higher, although the lat-
ter sample contains less CNT-TiO2 material. This behav-
iour may be due to the fact that the CH matrix has some 
impurities and as it does not have a plasticizing agent, 
higher amounts of CNT-TiO2 and other impurities can 
form some clusters and the consequence is a decrease in 
the conductivity[62]. On the other hand, for systems with 
Gly, the addition of CNT-TiO2NPs clearly increased their 
conductivity.

 Indeed, at 90 °C, the conducivity of CH-1CNT-TiO2-0.05 
sample increased from 1.4 × 10–7 to 4.7 × 10–5 S cm−1. As 
the temperature increased, the ionic conductivity increased 

as well. This increase may be due to the formation of free 
volume and unoccupied spaces for the migration of ions.

For the CH-20CNT-TiO2-0.05 sample (Fig. 3b), the addi-
tion of NPs improved the conductivity of the electrolytes 
from 1.4 × 10–7 to 1.22 × 10–4 S cm−1 at 90 °C.

The highest conductivity was achieved for a mass of 
0.05 g of 20 CNT-TiO2 (relative to 0.2 g of CH). When a 
mass of 0.10 g or more of 20 CNT-TiO2 was added, the con-
ductivity decreased, probably due to the agglomeration of 
the NPs. The conductivity values for the samples with 0.05, 
0.10 and 0.15 g of 20 CNT-TiO2 are very close, and probably 
within the experimental error (± 5%). This finding strongly 
suggests that the competition between the association and 
dissociation of NPs may occur with almost equal probability, 
leading to slight changes in conductivity.

Residual water remains inside the polymer. According to 
Abdulkareem [63], the water molecules absorbed into the 
CH chains can form hydrogen bonds, thus promoting proton 
transfer from amino groups to water molecules, accordingly 
giving rise to proton conductivity. In this work, the proton 
conductivity of CH films has been interpreted using Grot-
thuss “structural diffusion” mechanisms. In the Grotthuss 
mechanism, protons originating from the protonated amino 
groups can move along the hydrated molecule through 
hydrogen-bond network hopping process through the break-
ing/formation of hydrogen bonds, which are followed by a 
local molecular rearrangement, most often a rotation (“struc-
tural diffusion”). In CH films, a combination of both Grot-
thuss and vehicular mechanisms led to proton conductiv-
ity [64]. In summary, it was proposed that both Arrhenius 
(Grotthuss) and VTF (vehicular) mechanisms govern ionic 
conductivity in our samples. This approach requires further 
studies and clearly justifies which one is predominant and 
correlates with structure, constituents, and temperature.

Fig. 3   a Ionic conductivity as a function of the temperature of CH-
1CNT-TiO2-y for y = 0.05, and 0.01  g with and without Gly, b CH-
20CNT-TiO2 y for y = 0.05, 0.10, and 0.15 g with/without Gly, and c 

a comparison between CH Gly, CH-1CNT-TiO2-0.05-Gly, CH-20CNT-
TiO2-0.05-Gly and CH- 20CNT-Pt/TiO2-0.05-Gly. All the  conductivity 
values with an experimental error of ± 5%
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The ionic conductivity behaviour could be described by 
the free volume theory and by the Vogel-Tammann-Fulcher 
(VTF) equation (Eq. 2).

where �
0
 is constant, B is the pseudo energy of activa-

tion, and T
0
 is the temperature at which the configurational 

entropy of the polymer becomes zero and is close to the Tg.
Graphically, the ionic conductivity behaviour is described 

by the VTF equation when a curved correlation between 
log σ and 1/T is observed. However, in several polymeric 
systems the preferred path for ionic movement is a jump 
from one to another site of complexation (so-called Grot-
thuss mechanism). This model of ionic conductivity as a 
function of temperature is described by the Arrhenius equa-
tion (Eq. 3).

where �
0
 is constant, Ea is the energy of activation, R is the 

gas constant (8.314 J mol−1 K−1) and T is the temperature 
in Kelvin. Therefore, the energy of activation of the sample 
can be simply obtained from the slope of log σ versus 1/T 
when this plot is linear.

The experimental points of samples (CH-1CNT-TiO2-
0.05Gly, CH-20CNT-TiO2-0.05Gly and CH-20CNT-Pt/
TiO2-0.05Gly) were fitted with a straight line and all regres-
sion values are close to unity, suggesting that the variations 
of conductivity with temperature can be elucidated with 
Arrhenius rule.

Ea was calculated from the slopes of the logσ versus 
1000/T graphs, and values extracted from fittings. These val-
ues are 98.94 J.mol−1 for the more conductive sample (CH-
20CNT-Pt/TiO2-0.05Gly) and 208.68 and 311.77 J.mol−1 
for samples CH-1CNT-TiO2-0.05Gly and CH-20CNT-TiO2-
0.05Gly, respectively. Figure 3c presents a comparison of 
the conductivity curves between samples produced with the 
same amount of 1CNT-TiO2, 20CNT-TiO2, and 20CNT-Pt/
TiO2 composites (0.05 g). This graph reveals that the con-
ductivities of the samples with 20CNT-TiO2 and 1CNT-TiO2 
are very similar. Probably the increase of the CNT content 
facilitates the aggregation of the NPs and consequently the 
decrease of proton exchange.

When Pt was added to 20CNT- TiO2, the conductivity 
increased. Undoubtedly, the presence of Pt on the surface 
of 20CNT-TiO2-0.05 promoted the catalyst activity, thus con-
tributing to the improvement of the ionic conductivity. The 
ionic conductivity values increased from 1.2 × 10–4 to 1.9 
10–3 S cm-1 at 90 °C. Consequently, Pt could serve as a sup-
port to the interactions of the interface in the CNT and TiO2. 
Besides, it may improve the association between the NPs 
and CH and also improve the charge transfer in the interface. 

(2)�(T) = �
0
e

−B

(T−T0)

(3)�(T) = �
0
e

−Ea

RT

Normally, noble metals, such as Pt, induce enhanced change 
transfer. Platinum improves the catalyst properties [65, 66] 
and gives high specific activity for activity per surface area 
of the catalyst surface and in its practical applications. The 
amount of Pt used enhances the activity of electrocatalysts. 
In addition, carbon materials (CNTs) have high surface areas 
and suitable porosity, allowing for high dispersion of Pt and 
accelerated charge transfer in the electrolyte [67]. The com-
bination of Pt-based catalysts with metal oxide materials as 
catalyst supports (e.g., Pt/TiO2, Pt/CeO2, Pt/WO3) has been 
actively studied to discover the potential advantages of these 
combined materials for applications in direct methanol fuel 
cells [68]. We believe that the reports here open new oppor-
tunities for fundamental research and applications.

Cyclic voltammetry

Cyclic voltammogram of the CH-20CNT-TiO2-0.05 was reg-
istered over the potential range from -2.0 to 6.0 V at room 
temperature and at a scan rate of 100 mV s−1 (results not 
shown). The voltammogram shows that the sample is sta-
ble in the anodic region up to about 3.0 V versus Li/Li+, 
whereas in the cathodic region, it is stable as high as -1.0 V 
versus Li/Li+. This means that the overall redox stability of 
the sample spans about 4.0 V, an indication that these mate-
rials display an acceptable stability window for an applica-
tion in solid-state devices.

Thermal behaviour

The thermal behaviour of materials is a very important con-
dition that must be fulfilled to envisage possible practical 
applications. Thermal analysis provides important insights 
into the degree of crystallinity, melting point (Tm) and glass 
transition temperature (Tg) [69].

The DSC curves of CH electrolytes doped with differ-
ent amounts of CNT- TiO2 composites and containing Gly 
are shown in Figs. 4a–c. At around 100–170 ºC, the CH 
matrix sample shows a noticeable endothermic peak (Tm) 
that probably corresponds to the loss of absorbed water 
overlapped with its fusion. When CH/CNT-TiO2 samples 
are subjected to a temperature increase, absorbed water is 
released `at different temperatures from 90 to 170 ºC (peak 
position shifted), due to the different interactions of water 
with CH, CNT and TiO2. On the other hand, the Tg of CH is 
not detected. Tg of CH is usually estimated at about 203 ºC 
[70], but it is known that the addition of plasticizers such as 
Glycan leads to its decrease.

The onset of thermal decomposition was observed above 
260 ºC. The presence of CNTs was expected to interfere with 
the chain motion of the CH matrix. A difference between 
the Tonset of 1CNT-TiO2, 20CNT-TiO2, 20CNT-Pt/TiO2 and 
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the CH matrix (250 °C) was observed, suggesting a stabi-
lizing effect provided by the introduction of the CNT-TiO2 
materials.

The samples thermal stability was thoroughly evalu-
ated by TGA.  Fig.  5 displays the TGA thermograms 
obtained for the same samples included in this study and 
these results do not show a stabilizing effect upon intro-
duction of the CNT-TiO2 materials, as suggested by DSC 
(doped samples start their degradation at a higher tempera-
ture). All materials show two-stage degradation process 

probably due to the different interactions of Gly and the 
nanoparticles with the polysaccharide chain [71]. The first 
degradation starts at about 130–150 ºC, and the second 
step is about 240–300 ºC. In the case of the present study, 
beyond about 400 ºC the degradation process ends and the 
weight loss continues slowly as the temperature increases 
toward the maximum analyzed temperature of 800 ºC.

The decomposition temperatures obtained are con-
sidered acceptable for most of the envisaged practical 
applications.

Polarized optical microscopy (POM)

The POM images of selected samples (CH; CH-Gly) are 
shown in Fig. 6. These results prove that the electrolytes 
are birefringent. The anisotropy of these samples suggests 
that crystalline phases are formed at the submicrometer 
scale.

 Wettability 

The static water contact angle measured for CH was 
100.73 ± 12.93 º (Fig. 7 and Table 2), revealing the hydro-
phobic behavior of the CH matrix. After inclusion of Gly, 
the value of the contact angle decreased to 88.53 ± 3.63°, 
indicating an increase in the hydrophilicity of the CH-Gly 
film. The contact angle values obtained for membranes 

Fig. 4   a DSC thermograms of CH-Gly, CH-1CNT-TiO2-yGly for y = 0.05 and 0.01 g, b DSC thermograms of CH-20CNT-TiO2-yGly for y = 0.05, 
0.1, and 0.15 g, and c comparison of DSC thermograms of CH-1CNT-TiO2-0.05-Gly, CH-20CNT-TiO2-0.05-Gly and CH- 20CNT-Pt/TiO2-0.05-Gly

Fig. 5   TGA thermograms of selected samples

Fig. 6   POM images of SPEs: 
CH; CH-Gly
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progressively decreased upon further inclusion of the 
CNT-TiO2 hybrids, leading to the enhancement of the 
hydrophilicity of the materials. This result was somewhat 
expected, given the marked hygroscopic character of both 
the CNT and TiO2 phases.

Conclusion

New composites were prepared through solvent casting 
method using CH complexed with CNT/TiO2 and contain-
ing Gly. The purpose of using CNT/TiO2 nanocomposites 
was to improve the intrinsic properties (conductivity and 
mechanical) of the matrix considered. The presence of 
CNT significantly decreases the energy required for the 
conductive process and increases the free volume of the 
polymer, leading to higher ion mobility.

The highest ionic conductivity value of 1.96 × 10–3 S 
cm-1 at 90 ºC were obtained for the 20CNT-Pt/TiO2sam-
ple. The significant effect of Gly on the conductivity of 
the electrolytes is noteworthy. In addition, the presence of 
Pt improved clearly the charge transfer in the membrane 
electrolyte, hence leading to the increase in the conduc-
tivity. Furthermore, the conductivity measurements in the 
obtained composites allowed some evidence of CNT-TiO2 
influence in the transfer of current through the CH matrix.

The electrochemical stability evaluated by cyclic voltam-
metry revealed a stable window operation up to 4.0 V. These 
results imply that incorporating CNT into the CH matrix 
may provide a novel way to fabricate proton membranes for 
fuel cell applications.
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