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ABSTRACT 

 In recent years it has been reported that solid electrolytes may be considered promising materials for storing energy, due 

to their unique properties, such as high ionic conductivity, physical flexibility and their ability to provide good electrode / 

electrolyte contact. Compared to the liquid state, the production of leak and gas formation during the decomposition of the solvent 
is avoided, in addition to being compact, lightweight and safe.  

 In this work is reported the synthesis and the physical and electrochemical characterization of chitosan-starch polymers 

modified with carbon nanotubes and lithium. The structural and physicochemical properties of the polymers were characterized 

by Dynamical Mechanical Analysis, FTIR and Raman spectroscopy. The electrical and electrochemical properties were then 

determined by using Electrochemical Impedance Spectroscopy and Conductivity Measurements. The results obtained indicate that 
the polymeric material is a viable candidate to be used as electrolyte for lithium batteries. 
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1. Introduction. 

 A polymer electrolyte can be defined as a membrane having transport properties comparable with 

those of common ionic liquids solutions [1]. The electrolyte is the heart of a cell which separates the 

electrodes upon the occurrence of an electrochemical reaction through the conduct of an ion in specific 

from one electrode to another at high operating speeds in the cell, where transport should be fast and 

highly selective, but these properties are often in conflict with each other. Proton conductive materials are 

used as electrolyte fuel cells of low and medium temperature and are attracting great interest [2]. That is, 

the high ionic conductivity requires an electrolyte, but is often inversely proportional to its mechanical 

strength. This represents a challenging paradigm for the design of new multifunctional materials focused 

on engineering [3]. Complexes between lithium salt form classic examples used as electrolyte membranes, 

LiX, LiClO4 or LiN(CF3SO2)2 and a high molecular weight polymer containing groups coordinated with 

Li
+
. Examples of these polymers are: poly (ethylene oxide), poly (propylene oxide) poly (bis (methoxy 

ethoxyethoxide)-phosphazene), poly (dimethyl siloxane), poly (acrylonitrile), poly (methyl methacrylate), 

poly (vinyl chloride) and poly (vinylidene fluoride) [1,4]. All polymers referred above relate to 

monomeric chains that are difficult to degrade, causing a big problem of pollution to environment. For 

these reason it has been great interest to perform research on natural polymers (carbohydrates) that by 

their nature are naturally degraded to a certain time. Such polymers are commonly called biopolymers. 

 

 These biopolymers, according to a review on the use of these polymers as electrolytes a like to 

cellulose, starch, chitosan, agar, pectin and gelatin were used [5]. However, the use of chitosan an starch 

were studied for different authors [6–15], where the properties and characteristics are explained in detail, 

but only some papers have published their use as matrix in the carbon nanotube reinforcement[9,16–18], 

but the most important is know the use of the biopolymer like to electrolyte, where its use is currently very 

fertile field of research forward [5,19–22].  

2. Experimental. 

 Multiwalled carbon nanotubes (MWNTs) were obtained from Sun Nanotech Co., which produced 

them by chemical vapor deposition, with a diameter from 10 to 30 nm and 1 to 10 𝜇m long, with a purity 

>90% and surface area of 90 to 350 m
2
/g[23]. The other reactive were purchased from Sigma-Aldrich Co. 

LLC., and used without further purification.  

 

 Based on previous reports [24–29], the purification/oxidation of the MWNTs was achieved in 

liquid phase with a 3:1 mix of NHO3 (95%) and H2SO4 (98%) at 85º C for 3 h in a reflow process. The 

resulting material was vacuum-washed to a neutral pH with deionized water. For the lithiated-nanotubes, 

according to a report by The Naval Academy, Annapolis [30], the following method is proposed: 25 ml at 

6:1 w/w MWOHs to LiOH were mixed and reacted at reflux to 75º C by 2h (RLi) and sonicated by 2 h 

(SLi), respectively. On the other hand, according to previous research [7,10,22,31–34], experimental 

methodology suggested for the synthesis of starch-chitosan film (ChSt) to 1:1 at 2% m/v: the chitosan 

solution (2% m / v) was prepared by dispersing 2 g of chitosan in 100 ml of acetic acid solution (1% v / 

v), then stirred mechanically at 100 rpm. After the chitosan is completely dispersed, sonicated for 15 

minutes to break any air bubbles present, then allowed stand until homogenous solution. The aqueous 

starch solution (2% m/v) was prepared by heating above its gelatinization temperature[35], of 90 ± 2° C 
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by 20 min with mechanical stirring. During this time, the glycerin (1% v/v) was added to final cooling to 

room temperature with mechanical stirring. The films were dried chitosan-starch deposited on a 

polystyrene mold at room temperature in an extraction hood for 24 h. After this time, the corresponding 

characterizations were made. To reinforce the electrolyte: MWNTs (ChStMW), MWOHs (ChStOH), 

lithiated-nanotubes by reflux (ChStRLi) and sonicated (ChStSLi) were used with a 0.025% w/v with at 

biopolymer respect.  

 

 Infrared (FTIR) spectra were recorded in a Vector 33 Bruker spectrophotometer at 32 scans, with 

a resolution of 4 cm
−1

. Solid samples were embedded in KBr disks. Raman spectra were recorded in a 

Micro-Raman Dilor with a resolution of 515 cm
−1

, with a 514.5 nm laser with 15 s of integration time. The 

analyses X-ray Photoelectron Spectrometer (XPS) were performed with a JPS-9200 Photoelectron 

Spectrometer (ESCA). Dynamic mechanical analysis (DMA) were recorded in a TA instruments, RSA III 

model, were run using tweezers to tension in a temperature range from 30 ° C to 350 ° C. In all the 

samples using a frequency of 1.0 Hz. The electrical conductivity of the membranes was measured by a 

standard four-probe method on a milliohm-meter (Agilent 4338B Milliohm Meter 1kHz) at room 

temperature, where the equipment was calibrated with platinum and gold pure that knowing the theoretical 

resistivity of the two materials (10.6x10
-8

 Ωm and 2.44x10
-8

 Ωm respectively [36]), a geometric factor was 

obtained (1.063 a.u.). 

 

. The electrochemical measurements were performed using an EG&G PAR VersaSTAT 3 

Potentiostat/Galvanostat, where electrochemical impedance spectroscopy (EIS) experiments were carried 

out in the potentiostatic mode in the 1 MHz to 1Hz frequency range. The impedance spectra were 

registered with a logarithmic data collection scheme at 10 steps per decade at the open-circuit potential 

(0.22 V) with alternate signal amplitude of 10 mV. 

3. Results and discussion. 

 
Figure 01. FTIR of nanotubes oxidized and lithiated. 

 

 Regardless of the characteristic FTIR peaks of the carbon nanotubes, that describe at normal 

modes of vibration at ~1632 cm
-1

 for E1u and ~800 cm
-1

 for A2u in multiwall carbon nanotubes (MWNTs), 

confirmed by different authors[37–41] and increases in other bands that identify in the oxidation of 



XIV International Congress of the Mexican Hydrogen Society                                     

Cancun, Mexico, 2014
 

 
 
 
 
 
 
 

 
4 

 
  

multiwall oxidized carbon nanotubes (MWOHs) as between 1750—1550 cm
-1

 for v(C=O), 1466 cm
-1

 for 

δ(O-H) and between 1300—950 cm
-1

 for v(C-O) due to vibrations of the carboxyl groups, 3443 cm
-1

 for 

isolated surfaces of vs(OH)[41–44], the presence of lithium in the samples, was measured according to the 

interaction with the oxygen and carbon to generate electrostatic bonds with the metal, thus, according with 

some authors[45–50], The molecular vibration bands, suggest the presence of ROCO2Li, Li2O, Li2CO3, 

ROLi and LiOH are appreciated. For lithium hydroxide, is visible the O-H band at 3700-3100 cm
-1

, these 

bands are broader than MWOHs for the same range of wave number. For st(C-H) at 3000-2800 cm
-1

 and 

st(C-O) at 1064 cm
-1

, corresponding to ROCO2Li and ROLi respectively, where st(Li-O) of the Li2O is 

visible at 530 and 476 cm
-1

 too. In addition, the C-O band at 880 cm
-1

 of the Li2CO3, is caused by the 

intensity strong of the band like an arm weak. Finally, the bending vibrations CH2 at 1466 cm
-1

 and C=O 

like a symmetric at 1628 cm
-1

 and asymmetric at 1367 cm
-1

 vibrations, indicate the presence of ROCO2Li. 

In the Figure 01 shows the comparative, where all the vibrations of the nanotubes with lithium are present.  

 

 
Figure 02. FTIR of starch (St), chitosan (Ch) and chitosan-starch (ChSt). ChSt are reinforced with 

nanotubes oxidized and lithiated. 

 

 For the nanocomposites Chitosan-Starch as matrix and with different reinforcements (Carbon 

nanotubes with lithium), the FTIR spectrum is presented in Figure 02. For starch at 3274 cm
-1

 the st(O-H) 

of the glycosidic chains, are present. Addition to this band, at 2921 y 2926 cm
-1

 is because the st(CH) are 

associated with the ring methine hydrogen atoms [14,51–53]. For chitosan, at 3496 cm
-1

 is due to OH 

group (νOH), at 3345 cm
-1

 is due to NH group-stretching vibration (νNH), at 2926, 2873, 1421, 1322 and 

1249 cm
-1

 is due to symmetric or asymmetric CH2 stretching vibration attributed to pyranose ring (νCH), at 

1646 cm
-1

 is due to C=O in amide groups (amide I band), at 1593 cm
-1

 is due to NH2 bending vibration in 

amino group (δNH2), at 1421 and 1322 cm
-1

 is due to vibrations of OH, CH in the ring, at 1381 cm
-1

 is due 

to CH3 in amide group, at 1249 cm
-1

 is due to C—O group, 1156 cm
-1

 is due to —C—O—C— in 

glycosidic linkage, 1096 and 1030 cm
-1

 is due to C—O group (νC—O) in amide group and, 897 cm
-1

 is due 

to CH3COH group, are presents [54–56]. When mixing both polymers (Chitosan-Starch), there is a 

widening with respect to chitosan in the OH band due to the presence of starch, in addition to amide and 

amines groups, which characterize the chitosan [14,34,52,53]. Due to the very low concentration 

reinforcement in the matrix, the characteristics bands of carbon nanotubes with lithium are very weak, 
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however, come to appreciate some of them, like those that have been described to be characterized and 

discussed by this technique. 

 

 The Raman spectroscopy was used to characterize MWNTs, MWOHs and lithiated-nanotubes 

(RLi and SLi), where the graphic shows in the Figure 03 and tabulated in the same Figure. For many 

authors, Raman spectroscopy is considered as the fingerprint of carbon nanotubes[57–63], that’s why is 

very important make a deep analysis on the oxidation, purification and modification in the structure of the 

outer walls of carbon nanotubes. In Raman spectroscopy, the peaks to ~1570 cm
-1

 (G band), ~1340 cm
-1

 

(D band) and ~2684 cm
-1

 (G’ band) were studied and have been analyzed by different authors [43,61,63–

72]. To verify the oxidation/purification of the multiwall carbon nanotubes (from MWNTs to MWOHs), 

some publications [73,74] consider the G band (≈1590 cm
-1

) as an indicator of purity due to the excellent 

graphitic orientation that this represents in the carbonaceous materials by its sp
2
 hybridization, free of 

broken links or other hybridizations present including sp
3
, however, other papers[75,76], they evaluate the 

purity of carbon nanotubes with the D band (≈1350 cm
-1

), because it is sensitive to the carbonaceous 

impurities and structural defects in the graphitic sp
2
 networks samples (this contrary to the G band), 

therefore, we can conclude that the relationship between the intensities of these two bands is related to the 

purity of carbon nanotubes, but with the disadvantage, according to Anne C. Dillon[76], that only not the 

intensity is important, the full-width-at-half-maximum (FWHM) of the D band is much broader than that 

of the nanotube D-band, from 86 cm
-1

 a 57 cm
-1

 of graphite to 42cm
-1

 a 17 cm
-1

 of carbon nanotubes. The 

G’ band, according to Roberta A. DiLeo[77], its intensity is proportional to the purity of the multiwall 

carbon nanotubes due to the absence of nano-carbons (disordered phase) in the samples. For all the 

reasons described above, in this work, we related the areas of the G’/G, G’/D and D/G bands to find a 

relationship purity of carbonaceous material and presence of intercalated lithium. The dimensionless 

values areas of G, D and G’ bands and the relationship of them, suggest the carbonaceous purification of 

MWNTs at the oxidation with acids MWOHs due to the decrease in the ratio D/G and the increase in the 

ratio G’/D and low difference G’/G by the removal of carbonaceous material.  

 

 
Figure 03. Raman spectroscopy of nanotubes oxidized and lithiated with the relationship of the 

characteristic area bands of nanotubes oxidized and lithiated in Raman.  

 

 For the samples intercalated with lithium show a drop in G’/D regarding oxidized nanotubes due 

to the increased area of the G’ band because of the exfoliating action through basic lithium hydroxide 

which degrades carbonaceous materials[78,79], making more active nanotubes walls[80] but that also 

increases the band D for the lithium intercalated in the walls that in the center of the tube that is less 

favorable because of the strong core repulse between Li ions and carbon inner walls[81]. Furthermore, the 
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most important is the significant increase of the G, band that could be assigned to the lithiated carbon 

nanotubes, according to various publications [81–88]. 

  

 
Figure 04. XPS of MWNTs, MWOH, RLi and SLi samples of C1s (a), c), e) and g) respectively), O1s (b), 

d), f) and h) respectively) and Li1s in i) and j) of RLi and SLi, respectively.  

 

 X-ray photoelectron spectroscopy was used for quantify the lithium on multiwall oxidized carbon 

nanotubes with respect to carbon and oxygen. Binding energy ranges for carbon (C1s) at 295-281 eV, 

oxygen (O1s) at 540-528 eV and lithium (Li1s) at 61-57 eV were evaluated. For C1s and O1s there are 

different focus to determine the energy levels in which the molecules related to these two elements can 

occur. The deconvolution of C1s, O1s and Li1s peaks [48,89–92]. C1s peak at 284.5 eV shows sp2 

hybridization for CH3OLi, at 285.6 eV shows sp3 hybridization for CH3CH2OLi, at 286.6 eV shows the 

hydroxyl groups of oxidized carbon nanotubes with not relation with lithium, at 287.6 eV for carbonyl 

C=O in CH3OCO2Li, at 288.6 eV shows the carboxyl groups —COOH of oxidized carbon nanotubes with 

not relation with lithium, at 290 eV shows lithium carbonate and finally, at 290.9 eV shows electronic 

transitions π-π* with not relation with lithium but is a characteristic special in the walls of carbon 

nanotubes. O1s peak at 531.2, 532.1, 533.4, 534.3 and 535.5 eV correspond to LiOH, O=C of Li2CO3, 

O—C of ROCO2Li, C—O*-C=O and H2O respectively. Li1s peak at 51.5 eV and 53.7 eV for Li2O and at 

56 eV for lithium carbonate (Li2CO3). The Figure 04 shows the percent of deconvolution in each band. In 

C1s, the hydroxyl (—OH at 286.6 eV) and carboxyl (—COOH at 288.6 eV) band of lithiated nanotubes 

are higher than oxidized nanotubes, thus as the carbonate band (290.0 eV) probably to lithium carbonate 

on nanotube walls. The increase of the electronic transitions (π-π* at 290.9 eV) in oxidized carbon 

nanotubes suggests that there is to exfoliation walls due to acids[41], however, there is a decrease in the 

lithiated nanotubes suggests a non covalent interaction among them. Removing carbonaceous material is 

reflected in the hybridization of the carbon atoms of the nanotubes (sp
2
 at 284.5 eV and sp

3
 at 285.6 eV), 
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reflecting the same behavior as G and D bands Raman. In O1s, according is oxidized and lithium 

intercalates in the walls of carbon nanotubes, carboxyl, carbonyl and carbonate bands (—COOH at 531.2 

eV, O=C at 532.1 eV and C—O*—C=O at 534.3 eV) increases. The carbonate is confirmed in Li1s 

(Li2CO3 at 56 eV), however, the greater amount of lithium is manifested as a strong electrostatic 

interaction of lithium ions due to a decrease in the peak transitions in C1s (π-π* at 290.9 eV) and the 

increase in lithium ions band (51.5 eV)[89]. 

 

 Scanning electronic microscopy (SEM) and dynamic mechanical analysis (DMA), were used to 

characterize at the electrolyte with MWNTs and MWOHs as reinforcement, since the purpose of these 

characterizations, it is to know the ability of carbon nanotubes in the polymeric matrix for scattering, 

regardless of the lithiation of the carbon nanotubes. DMA can be categorized as a thermo-mechanical test 

because data are obtained corresponding to the viscoelastic nature of the material at different 

temperatures. Some of the general purpose DMA are determine the storage modulus and heat dissipation 

of viscoelastic materials over time spectrum (frequency) by temperature and strain, detecting transitions 

and change variables associated with each other in the viscoelastic properties to relate structure—property 

[93,94]. 

 

 
Figure 05. DMA of ChSt and nanocomposites reinforced with MWNTs and MWOHs. Also, the elastic 

modulus at different temperatures tabulated. 

 

 The graph of the elastic modulus E’, the material ability to store energy was evaluated at five 

different temperatures (35°, 100°, 150°, 200°, and 250° C) where the samples have a viscoelastic behavior 

to its degradation. The results are tabulated and showed in Figure 05, where is visible the ability of the 

MWOHs for increase the elastic modulus up to 445.4% to 35ºC, where still 200º C the elastic module up 

to 205.8% grater than with respect to the original matrix of chitosan-starch. With MWNTs, the elastic 

modulus of material is practically the same.  

 

 The loss modulus (E”) related to the liquid-like, reflecting the viscous behavior of the 

nanocomposite and the glass transition temperature of the material (tg), where in the same Figure 05 is 

evident the increase of the chitosan-starch film with multiwall oxidized carbon nanotubes reinforcement. 

Here is possible to view a null activity of MWNTs in the biopolymer matrix. 

 

 In the nanocomposite, the energy dissipation is manifested as an internal friction of the material, 

where a friction between the reinforcement and the matrix is developed. The internal friction can be 
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determined by the relationship between the loss and stored energy, known as tangent delta. The amount of 

internal energy dissipated in the interface depends on the degree of adhesion between the phases, where an 

adhesion charge/weak matrix promotes high internal friction which is reflected in higher values of delta 

tangent (Tang δ). 

 

 With Tang δ, suggest that the nanocomposite with MWNTs as reinforcement does not show a 

significant difference in the coefficient of dispersion, however, to oxidize (MWOHs) have a lower 

coefficient of dispersion. This infers that has a good interface between the materials, since the internal 

friction between polymer chains has greatly decreased due to the hydrogen bonds generated between the 

functional groups of the carbon nanotubes with the amino and hydroxyl groups of the chitosan matrix-

starch, which limits its mobility and, therefore, reduces its friction. Thus, not only nanotubes oxidized 

carbon help in the mechanical properties of the polymer, but also on its thermal properties, since the glass 

transition temperature is significantly increased from 272º C to 279º C, are 7° C improvement. 

 

 The electrical and ionic conductivity values are tabulated in the Figure 07. Is possible see that the 

electrical conductivity is affected by the reinforcement of the MWNTs and MWOHs, however, with the 

lithiated carbon nanotubes, the increase is insignificant, considering that there is a relationship 6:1 w/w of 

MWOHs with respect to LiOH and only there is a reinforcement of 0.025% m/v with respect to 

biopolymer. Perhaps electrical conductivity could be considered low, however, when compared with 

similar results, for example the use of reinforced polyaniline (semiconducting polymer) with amidized 

multiwall carbon nanotubes, one can see values of 0.73 S/m with relationship 1:120 of multiwall carbon 

nanotubes with respect to monomer[95]. For Starch–NH4NO3 electrolyte, was reported a conductivity of 

0.00283 S/m at room temperature[96].  

 

 
Figure 07. Nyquist plot of the membrane samples with fitted by trial and error, where is obtained   . 

Also, the electrical and ionic conductivity of the samples are showed in the same figure. 

 

 For the calculation of the ionic conductivity, the impedance spectroscopy has been widely used to 

characterize the nature of lithium-ion electrode processes and interfacial properties, as well as for 
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distinguishing individual contributions to overall cell impedance and resistivity[97,98]. From the 

impedance plot in the Nyquist format, the bulk resistance,    can be obtained at minimum Zim obtained by 

trial and error until the experimental plot is fitted and the ionic conductivity can be calculated by 

substituting    into the equation below:         ⁄  where   is the ionic conductivity,    is the bulk 

resistance,   is the thickness of the pellet and   is the cross sectional area. The bulk resistance was 

calculated from the high frequency intercept on the real impedance axis of the Nyquist plot[22] 

demonstrated in the Figure 07.  

 

 Is visible the decreasing the semicircle to be reinforced with carbon nanotubes MWNTs and 

MWOHs, however, with carbon lithiated nanotubes, RLi and SLi, the bulk resistance value is less. When 

the resistance value decreases accordingly, thus the conductivity increases when considering the cross-

sectional area and thickness of the samples are considered. The prolongation of the semicircles of Nyquist 

plot is plotted in Figure 07. At know the ionic conductivity values of the samples, is easy to distinguish the 

increase of its conductivity at reinforced with carbon nanotubes, but mainly carbon lithiated nanotubes, 

ranging from 0.000386 to 40.25 x         . 

 

4. Summary and perspectives. 

 

 Conjunction with the different XPS, FTIR and Raman spectroscopies, the carbon lithiated and 

oxidized nanotubes were confirmed, where the interaction of the OH of LiOH are bonded with the 

different groups of hydroxyls and carbonyls of oxidized nanotubes is satisfactory. For scanning electros 

microscopy and dynamic-mechanical analysis, the MWNTs and MWOHs behavior was studied on the 

biopolymer ChSt matrix, where is visible the capacity of this nanostructured of improve their mechanical 

properties, but are the carbon lithiated nanotubes (RLi and SLi) where the electrical and ionic conductivity 

are enhanced, mainly its high ionic conductivity that helps propose it as an electrolyte battery. 
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