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1. LiFePO4
p Grupo Espacial: Pnma

coating layer for LiFe0.99Co0.01PO4/C is thinner than in the
undoped sample. A possible explanation to the lower amount
of carbon in the cobalt-doped case could be associated to the
higher catalytic effect of cobalt in the calcination of the citric
acid precursor. It has been already studied that the presence of
transition metals leads to higher decomposition of citric acid
precursor and less carbon residuals after calcination [16, 17].
In the present case, the low amounts of cobalt in addition to
the presence of iron could be playing an extra catalytic effect
in the thermal decomposition of citric precursor, thus leading
to less carbon residuals after calcination. At T = 500–600 °C, a
small gain of ~ 1.0–1.5% in weight was observed for
LiFePO4/C and LiFe0.99Co0.01PO4/C samples. This could be
probably related to the oxidation of LiFe(II)PO4 in the pres-
ence of air to form Li3Fe(III)2(PO4)3 and Fe(III)2O3, as al-
ready observed in previous reports [18, 19] and also verified
by our X-ray diffraction and Raman spectroscopy analysis of
the corresponding calcination products, as discussed in
the supporting information section (Fig. S1). However, it
is important to remark that both carbon coating and oliv-
ine oxidative processes can be partially overlapped in the
T = 400–600 °C range and the carbon amount of both
samples determined by TGA curves could be possibly
not perfectly accurate.

X-ray powder diffraction

X-ray diffraction patterns and corresponding Rietveld refine-
ments for LiFePO4/C and LiFe0.99Co0.01PO4/C are shown in
Fig. 2. The presence of LiFePO4 and LiFe0.99Co0.01PO4 with
olivine structure was evidenced, and non-detectable amounts
of impurities were observed in both cases. Rietveld refine-
ments performed for a typical olivine orthorhombic structure
with Pnma space group [18, 19] yielded a good fitting. Only a

slight compression of the unit cell was detected by the
Rietveld refinements when dopingwith low amounts of cobalt
(Co/Fe molar ratio of ~ 0.01), as displayed in Table 1. Based
on the slightly smaller ionic radii of Co2+ (0.75 Å) respect to
Fe2+ (0.78 Å), the slight compression of the unit cell could be
suggesting the incorporation of lithium in the olivine structure,
as already observed [5, 20].

Moreover, the mean crystallite size domain (DC), estimated
using the Scherrer and from the Rietveld refinement, yielded
similar DC ~ 75–79 nm for both cases. Based on our results,
we can confirm that the cobalt doping only leads to the for-
mation of less carbon residuals, but no drastic changes were
evidenced in the intrinsic structure of olivine nanoparticles in
comparison with the undoped samples. Table 2 contains the
statistical parameters of Rietveld refinements.

Small angle X-ray scattering

Small angle X-ray scattering (SAXS) patterns collected in
transmission geometry and Beaucage fittings for LiFePO4/C
and LiFe0.99Co0.01PO4/C are shown in Fig. 3. The Beaucage
model is a unified equation consisting of a Guinier part at low
q-region basically describing the mean nanoparticle size and a

Fig. 1 Thermogravimetric analysis plots for LiFePO4 and
LiFe0.99Co0.01PO4 samples

Fig. 2 Rietveld refinements of X-ray diffraction patterns for a LiFePO4

and b LiFe0.99Co0.01PO4 samples
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Porod part at high region describing the dimensionality of the
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where q is the scattering vector (q = 4π sin θ/λ, being 2θ the
angle between incident beam and the detector and λ the X-ray
wavelength 1.5418 Å),G is the Guinier exponential prefactor,
RG is the gyration radius of the scatterer, B is the power law
scattering prefactor, and P is the Porod exponent [21]. The
Guinier part of SAXS curves at low q-region (q < 0.2 nm−1)
was only partially observed due to the relatively large mean
particle size (DP) whose rough estimation was DP ~ 70–75 nm
for both doped and undoped olivine nanoparticles [22].

On the other hand, the power law observed at high q-region
(0.2 < q < 1 nm−1) showed no drastic deviations from the typ-
ical I(q) ~ q−4 Porod law. It is well-known that the SAXS
scattering pattern of an ideal two-phase system with sharp
boundary and constant but different electron density in each
phase follows the Porod’s law [23]. This is suggesting that in
our samples, in both cases, the olivine nanoparticles and car-
bon coating layer present well-defined electron density edges
and overall smooth local interface roughness [23].

Scanning and transmission electron microscopy

Scanning electron microscopy (SEM) images collected in the
secondary electron imaging mode for LiFePO4/C and
LiFe0.99Co0.01PO4/C are shown in Fig. 4a and b, respectively.

At the × 30,000 magnification of SEM images collected in
the secondary electron imaging mode, shown in Fig. 4a and b,
the local microstructure of both cobalt-doped and undoped ol-
ivine samples seem to be very similar. The electron dispersive
spectroscopy (EDS) analysis obtained from the collection of
backscattered electrons showed the presence of typical emis-
sion lines of the constitutive elements of the samples. In the
order of increasing energy, peaks at ~ 0.28, 0.52, and

2.01 keV are attributed to carbon, oxygen, and phosphorus K-
alpha emission lines, respectively. Then, peaks at ~ 0.70, 6.39–
6.40, and 7.06 keVare attributed to iron L-alpha, K-alpha, and
K-beta emission lines, respectively. The inset in the graph is to
show the peaks located at ~ 6.92 and 7.65 keV, attributed to K-
alpha and K-beta emission lines of cobalt, respectively, which
are of low intensity due to the cobalt dilution but still detectable
to probe its presence in the LiFe0.99Co0.01PO4/C samples.
Transmission electron microscopy (TEM) images collected
for LiFePO4/C and LiFe0.99Co0.01PO4/C are shown in Fig. 5a
and b, respectively. The mean nanoparticle size in both cases
did not vary drastically from a quasi-spherical shape with DP ~
50–80 nm but the presence of a fraction of lower size nanopar-
ticles was also evidenced. Based on our estimation of mean
crystallite (DC ~ 75 nm) and particle size (DP ~ 75 nm) by using
XRD and SAXS techniques, respectively, and corroborated
with TEM images, we can assume that, in average, our nano-
particles are monocrystalline. The presence of the carbon coat-
ing was evidenced for undoped and cobalt-doped olivine sam-
ples, but in the last case, the carbon coating showed the pres-
ence of certain porosity, as depicted in Fig. 5b. The presence of
this porosity in the carbon coating of LiFe0.99Co0.01PO4/C sam-
ples could be related to the lower carbon content observed by
our TGA analysis. The formation of this porous channels in the
carbon coating could be originated by the production of gas-
eous species at the combustion stage and the presence of low
amounts of cobalt could be somehow favoring their formation,
as similarly observed for carbon-coated magnesium-doped ol-
ivine nanoparticles [11]. The presence of these porous channels
could be promising to enhance the intercalation and
deintercalation of lithium ions when used as a cathode material
for lithium-ion battery applications.

Confocal Raman spectroscopy and imaging

Confocal Raman spectra and image for olivine-rich and
carbon-rich zones in LiFe0.99Co0.01PO4/C samples are shown
in Fig. 5c. The Raman spectra of carbon-rich zone was mainly
composed of two typical broad peaks at ~ 1360 and
1600 cm−1, associated to the D and G bands of amorphous
carbon, respectively [24]. The ratio of the Raman intensity of
D and G bands (ID/IG) is slightly higher than unity, suggesting
the presence of defects in the carbonaceous structure, also in
agreement with the similar case for magnesium-doped
LiFePO4/C nanoparticles [11]. The Raman spectra of
olivine-rich zone showed the presence of the amorphous

Table 1 Rietveld refinement structural parameters for LiFePO4/C and LiFe0.99Co0.01PO4/C samples. The fitting errors are displayed in parenthesis

Sample a (Å) b (Å) c (Å) V (Å3) DC (nm)

LiFePO4/C 6.0061 (2) 10.3263 (4) 4.6920 (2) 291.00 (2) 75 (2)

LiFe0.99Co0.01PO4/C 6.0042 (2) 10.3221 (3) 4.6895 (1) 290.64 (2) 79 (2)

Table 2 Rietveld statistical parameters for LiFePO4/C and
LiFe0.99Co0.01PO4/C samples

Sample wRP RP χ2 Nobs R(F2)

LiFePO4/C 0.1199 0.0917 1.344 346 0.0923

LiFe0.99Co0.01PO4/C 0.1144 0.0851 1.653 346 0.0625
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2. SEM/EDX y TEM/SAED

carbon signals with the addition of a sharp peak at ~ 950 cm−1

and a smaller peak at ~ 1005 cm−1, associated to the phosphate
stretching modes of LiFePO4 with olivine structure [25]. The

sharp peak at ~ 950 cm−1 is attributed to the symmetric
stretching mode (ν1) and the lower intensity peak at ~
1005 cm−1 belongs to one of the asymmetric stretching modes
(ν3) of phosphate anion [25].

a b

Fig. 4 Scanning electron microscopy images collected in the secondary
electron imaging mode for a LiFePO4/C and b LiFe0.99Co0.01PO4/C
samples, together with their corresponding EDS analysis collected in
the backscattered electron mode. The inset in the graph is to show the
presence of cobalt emission lines in the EDS spectra

Fig. 3 Small-angle X-ray scattering patterns and Beaucage fittings of
LiFePO4 and LiFe0.99Co0.01PO4 samples. The I(q) ~ q−3.95 power law
observed in both cases evidenced no drastic apartment from the Porod
law. In the logarithmic scale displayed in the graph, the power law region
appears as a linear trend whose slope corresponds to the Porod exponent
(P), in this case P = − 3.95

Fig. 5 Transmission electron microscopy images for a LiFePO4/C and b
LiFe0.99Co0.01PO4/C samples. The inset shows a selected area electron
diffraction pattern for each case. c Raman microscopy spectra and image
(inset) corresponding to the olivine-rich and carbon-rich zones in the samples
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where q is the scattering vector (q = 4π sin θ/λ, being 2θ the
angle between incident beam and the detector and λ the X-ray
wavelength 1.5418 Å),G is the Guinier exponential prefactor,
RG is the gyration radius of the scatterer, B is the power law
scattering prefactor, and P is the Porod exponent [21]. The
Guinier part of SAXS curves at low q-region (q < 0.2 nm−1)
was only partially observed due to the relatively large mean
particle size (DP) whose rough estimation was DP ~ 70–75 nm
for both doped and undoped olivine nanoparticles [22].

On the other hand, the power law observed at high q-region
(0.2 < q < 1 nm−1) showed no drastic deviations from the typ-
ical I(q) ~ q−4 Porod law. It is well-known that the SAXS
scattering pattern of an ideal two-phase system with sharp
boundary and constant but different electron density in each
phase follows the Porod’s law [23]. This is suggesting that in
our samples, in both cases, the olivine nanoparticles and car-
bon coating layer present well-defined electron density edges
and overall smooth local interface roughness [23].

Scanning and transmission electron microscopy

Scanning electron microscopy (SEM) images collected in the
secondary electron imaging mode for LiFePO4/C and
LiFe0.99Co0.01PO4/C are shown in Fig. 4a and b, respectively.

At the × 30,000 magnification of SEM images collected in
the secondary electron imaging mode, shown in Fig. 4a and b,
the local microstructure of both cobalt-doped and undoped ol-
ivine samples seem to be very similar. The electron dispersive
spectroscopy (EDS) analysis obtained from the collection of
backscattered electrons showed the presence of typical emis-
sion lines of the constitutive elements of the samples. In the
order of increasing energy, peaks at ~ 0.28, 0.52, and

2.01 keV are attributed to carbon, oxygen, and phosphorus K-
alpha emission lines, respectively. Then, peaks at ~ 0.70, 6.39–
6.40, and 7.06 keVare attributed to iron L-alpha, K-alpha, and
K-beta emission lines, respectively. The inset in the graph is to
show the peaks located at ~ 6.92 and 7.65 keV, attributed to K-
alpha and K-beta emission lines of cobalt, respectively, which
are of low intensity due to the cobalt dilution but still detectable
to probe its presence in the LiFe0.99Co0.01PO4/C samples.
Transmission electron microscopy (TEM) images collected
for LiFePO4/C and LiFe0.99Co0.01PO4/C are shown in Fig. 5a
and b, respectively. The mean nanoparticle size in both cases
did not vary drastically from a quasi-spherical shape with DP ~
50–80 nm but the presence of a fraction of lower size nanopar-
ticles was also evidenced. Based on our estimation of mean
crystallite (DC ~ 75 nm) and particle size (DP ~ 75 nm) by using
XRD and SAXS techniques, respectively, and corroborated
with TEM images, we can assume that, in average, our nano-
particles are monocrystalline. The presence of the carbon coat-
ing was evidenced for undoped and cobalt-doped olivine sam-
ples, but in the last case, the carbon coating showed the pres-
ence of certain porosity, as depicted in Fig. 5b. The presence of
this porosity in the carbon coating of LiFe0.99Co0.01PO4/C sam-
ples could be related to the lower carbon content observed by
our TGA analysis. The formation of this porous channels in the
carbon coating could be originated by the production of gas-
eous species at the combustion stage and the presence of low
amounts of cobalt could be somehow favoring their formation,
as similarly observed for carbon-coated magnesium-doped ol-
ivine nanoparticles [11]. The presence of these porous channels
could be promising to enhance the intercalation and
deintercalation of lithium ions when used as a cathode material
for lithium-ion battery applications.

Confocal Raman spectroscopy and imaging

Confocal Raman spectra and image for olivine-rich and
carbon-rich zones in LiFe0.99Co0.01PO4/C samples are shown
in Fig. 5c. The Raman spectra of carbon-rich zone was mainly
composed of two typical broad peaks at ~ 1360 and
1600 cm−1, associated to the D and G bands of amorphous
carbon, respectively [24]. The ratio of the Raman intensity of
D and G bands (ID/IG) is slightly higher than unity, suggesting
the presence of defects in the carbonaceous structure, also in
agreement with the similar case for magnesium-doped
LiFePO4/C nanoparticles [11]. The Raman spectra of
olivine-rich zone showed the presence of the amorphous
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Abstract
Here, we report the preparation of carbon-coated cobalt-doped olivine nanoparticles (LiFePO4/C) by the citrate gel precursor
combustion method. The major contribution of this work is to reveal insights and side effects of cobalt doping, not only in the
structure, microstructure, and electrochemical performance of olivine nanoparticles, but also in the consequences on the carbon
coating characteristics. Our structural and microstructural studies by means of several instrumentation techniques revealed that
the presence of low amounts of cobalt during the synthesis leads to the apparent formation of more porous channels in the carbon
coating. In consequence, the electrochemical characterization showed an enhancement in the capacity and diffusion constants for
cobalt-doped LiFePO4/C samples in comparison with cobalt-undoped samples.

Keywords Cobalt-doped olivine . Carbon . Lithium . Cathode

Introduction

Since the first report of lithium iron phosphate (LiFePO4) with
olivine structure as promising cathode materials for lithium-
ion batteries due to its safety, low cost, and low toxicity [1],

several reports have focused in the optimization of its perfor-
mance [2–10]. Its relative intrinsic low electrical conductivity
and low working voltage were initially overcome by reducing
the size of nanoparticles using a coprecipitation synthesis [2]
and by obtaining a conducting amorphous carbon coating
using hydrothermal synthesis conditions [3]. Moreover, the
doping of LiFePO4 with a variety of transition metals such
as cobalt (Co2+), manganese (Mn2+), nickel (Ni2+), vanadium
(V2+), or magnesium (Mg2+) in the iron (Fe2+) site has been
also studied to improve its electrical conductivity and working
voltage [4–11]. One of the first evaluations of cobalt-doped
LiFePO4 performance as cathodes for lithium-ion batteries
was reported by Chen et al. [4], in which manganese and
cobalt multi-doping of LiFePO4 was prepared by the solid-
state route and yielded a high 3.72-V voltage and 140-
mAhg−1 capacity at 0.05-C rate. Then, Zhao et al. reported
the preparation of LiFe0.75Co0.25PO4 by the hydrothermal
method under reductive atmosphere yielding 3.5-V discharge
voltage and 170-mAhg−1 discharge capacity at 0.1-C rate [5].
However, lower cobalt-doping such as LiFe0.99Co0.01PO4 to
prevent destabilizing the host structure was prepared by an
oxalic acid–assisted sol-gel method yielding an enhancement
of the rate capability up to 115-mAhg−1 discharge capacity at a
high 10-C rate [6]. In addition, the preparation of
LiFe0.99Co0.01PO4 by the solvothermal method has yielded a
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Cátodo Aplicaciones
Lithium cobalt oxide (LiCoO2) cell phones, tablets, laptops, cameras

Lithium nickel manganese cobalt oxide (LiMnCoO2) Chevy Volt

Lithium iron phosphate (LiFePO4) Electric vehicle

Lithium nickel cobalt aluminum oxide (LiNiCoAlO2) Tesla
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Therefore, a PEO-based SPE is the most preferred polymer 
host in the research system due to its flexible backbone and 
ability to solvate lithium ions, with the coordination num-
ber dependent upon the salt concentration and identity of the 
anion.

The main advantage of a PEO is its high solvation power. 
Hence it can form a complex easily with many alkali salts 
and provides a direct path for cation migration due to the 
presence of (–CH2–CH2–Ӧ–)n in the polymer backbone. But 
the low conductivity value (10−7–10−6 S cm−1) and poor 
mechanical properties of PEOs at ambient temperatures limit 
their use in devices. In order to overcome this drawback, the 
most common approach is the altering of the morphology, 
using the nanofiller or plasticizer or ionic liquid and salt with 
large anions in the polymer matrix. Polymer blending is one 
of the best adopted techniques to improve the properties of 
the host polymer and is the physical mixing together of two 
individual polymers. This gives superior properties to those 
of an individual polymer and can be easily controlled by var-
ying the composition of the polymer used [14, 15]. The elec-
trical and mechanical properties can be further improved by 
the addition of nanofiller and plasticizer. Another approach 
is the use of organic solvents, but the resulting electrolytes 
film suffers from the high volatility and thus flammability 
of the solvent as well from its reaction with lithium metal 
electrodes; this restricts its use in efficient energy storage 
devices. The ability to control and enhance the mechanical 
strength independently, ionic conductivity, voltage stabil-
ity, and the thermal properties of an electrolyte are highly 

desirable in the development of electrochemical devices. 
Generally, in a polymer blend there are two phases present, 
with the first providing a conduction path to the ion and the 
later one providing mechanical stability to the electrolyte. In 
this review, first of all, the PEs are divided into their different 
parts, followed by a discussion of the principal requirements 
for the polymer host, salt, solvent, nanofiller, ionic liquid 
and nanoclay. Then the prep aration technique and charac-
terization techniques for PEs are described in a systematic 
manner. The reported results up to the present time, on PEO-
based systems with different modification approaches for 
improving their properties, are introduced. In the last sec-
tion, the proposed transport mechanisms of different systems 
of electrolytes are outlined.

2.1. Intrinsic properties of PEO

So far, PEO is the best polymer for the preparation of PEs for 
fast ion transport, due to its structure. Another main advantage 
of a PEO is its high solvation power, such that it can form a 
complex easily with many alkali salts and provides a direct path 

Table 1. General requirements for separators used in lithium ion batteries. Reproduced from [4] with permission of The Royal Society of 
Chemisty.

Parameter Requirement

Chemical and electrochemical stabilities Stable for an extended period of time
Wettability Wet out quickly and completely
Mechanical property >1000 kg cm−1 (98.06 MPa)
Thickness 20–25 µm
Pore size <1 µm
Porosity 40–60%
Permeability (Gurley) <0.025 s µm−1

Dimensional stability No curl up and lay flat
Thermal stability <5% shrinkage after 60 min at 90 °C
Shutdown Effectively shut down the battery at elevated temperatures

Figure 2. Revenue contributions by different battery chemistries. 
Reproduced with permission from [6].

Figure 3. Roadmap for the development of Li-ion conducting 
electrolytes for rechargeable lithium and Li-ion batteries, including 
liquid electrolytes, gel polymer electrolytes, ceramic electrolytes, 
solid polymer electrolytes and single lithium-ion conducting solid 
polymer electrolytes. The requirements of total ionic conductivity 
(σ) and individual Li+ conductivity (σLi+) for battery operation are 
shown as gray and pink dashed lines, respectively. Reproduced from 
[1] with permission of The Royal Society of Chemistry.

J. Phys. D: Appl. Phys. 50 (2017) 443002

Anil Arya and A L Sharma 2017 J. Phys. D: Appl. Phys. 50 443002 

1. Electrolitos Sólidos:

In the original run of devices, the battery, produced by a Samsung subsidiary, contained a design flaw that made electrodes 
on the top-right of the battery susceptible to bending. This weakened separation between positive and negative tabs of the 
battery, thus resulting in thermal runaway and short circuits
Some batteries were also missing insulation tape entirely. Samsung reported that these oversights resulted from the vendor's 
push to ramp up production of batteries for the replacement phones in order to meet demand.

Samsung Recall Note 7: 
Uso de electrolitos líquidos

https://en.wikipedia.org/wiki/Thermal_runaway
https://en.wikipedia.org/wiki/Short_circuit


6

2. Estrategia y Metodología
Estrategia
p Disminuir la viscosidad intrínseca del polímero

(Tg y Tm)
p Mejorar la afinidad entre el Li+ y el polímero
p Mejorar conducción catiónica Li+

p Bajar conducción aniónica (ej. ClO4
-)

Metodología
p Síntesis de nuevos Materiales y Nanomateriales
p Agregado de cargas (fillers):

n Modificación del Tg/Tm del Polímero
n Afinidad anión con la carga

p Caracterización Químico Estructural
p Caracterización y evaluación de 
desempeño Eléctrico

2. Nanotubos de HTNT como fillers
p ¿Por qué?
p Los nanotubos de HTNT poseen un área específica

importante.
p Se conoce la morfología y estructura de los nanotubos

(bloque de construcción)
p Tiene estructura bicapa, que permite alojar otros iones

When including water molecules to reach experimental composi-
tion, we obtained a cell parameter btheory = 22.39  Å, whereas the
experimental value is bexperimental = 18.03 Å. Thus, we think that the
water content early reported in literature for H2Ti2O5 !H2O [7] may
not be structural.

In the case of trititanate, the presence of water in the interlayer
region conducts to the a- and c-axis cell expansion. This will be
addressed in the following section.

4.2.4. Computational refinement: nanotubes models and XRPD
refinement

The influence of nanotubes dimensions and morphology on
XRPD is investigated by simulating powder patterns of tube
models. The periodic direction, exposed surface and wrapping
were chosen considering XRPD patterns and literature. The initial
values of mean diameter and wall thickness correspond to the
values observed by TEM (see the chart presented in Fig. 5 ). Tube

Fig. 4. Optimized structures of hydrated dititanates and scheme of [TiO6 ] octahedra layers stacking sequences. Note: two unit cells are shown in order to better visualize the
[TiO6 ] layered structures.

72 L. Fernández-Werner et al. / Journal of Energy Storage 12 (2017) 66–77
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5A

Síntesis
Caracterización: 

XRD, SAXS, Raman

Prototipos Modelado

Método hidrotermal 
bajo presión endógena

(Anatasa(A) , Rutilo(R), o A/R 50% p/p)

120° C <Tr<150°C
24h<tr<68h

NaOH(ac) 10M

Cálculos teóricos 
por primeros principios

2. Caracterización de HTNT:

[1] L. Fernández-Werner et al,  Journal of Energy Storage, 12 (2017) 66-77.
[2] F. Pignanelli et al, Mater. Res. Bull., 106 (2018) 40-48.

p NT de H3Ti2O7: Raman, BEM, TEM y XRD
p Espesor de 2 a 3 nm
p Diámetro medio de 9 nm
p Largo de 15 nm

(tangential direction) was also optimized, founding a contraction
up to 7.9  Å. Fig. 7 shows the final fitting results and Fig. 6(b–f)
presents the corresponding geometric parameters optimization for
H2Ti3O7.

Regarding water content, estimated by elemental analysis and
assuming structural water, the composition should be
H2Ti3O7!2H2O. However, it was observed that when two water
molecules were added per unit cell (corresponding to
H2Ti3O7!0.67H2O composition), the small angle signal in XRPD is

well represented. The addition of more water molecules in the
interlayer region, results in a separation of [TiO6] octahedral layers
with the subsequent shift of the corresponding diffraction peak
tolower2-theta values for the (200) reflection.

4.2.5. Computational simulation: Raman simulation for
H2Ti3 O7.0.67H2O by DFT calculations

The early procedure demonstrates how sensitive the XRPD can
be to help determine the main structural features of the TNT. Here

Fig. 7. Full pattern profile fitting for dititanates NTs: (a) H2Ti2O5!0.5H2O, (b) H2Ti2O5!H2O, (c) for double-walled H2Ti3O7 nanotube and (d) for double-walled H2Ti3O7.0.67H2O
nanotubes with: 62 nm in length, 4.6 nm of mean radius and 3.2 nm of wall thickness.

L. Fernández-Werner et al. / Journal of Energy Storage 12 (2017) 66–77 75

When including water molecules to reach experimental composi-
tion, we obtained a cell parameter btheory = 22.39  Å, whereas the
experimental value is bexperimental = 18.03 Å. Thus, we think that the
water content early reported in literature for H2Ti2O5 !H2O [7] may
not be structural.

In the case of trititanate, the presence of water in the interlayer
region conducts to the a- and c-axis cell expansion. This will be
addressed in the following section.

4.2.4. Computational refinement: nanotubes models and XRPD
refinement

The influence of nanotubes dimensions and morphology on
XRPD is investigated by simulating powder patterns of tube
models. The periodic direction, exposed surface and wrapping
were chosen considering XRPD patterns and literature. The initial
values of mean diameter and wall thickness correspond to the
values observed by TEM (see the chart presented in Fig. 5 ). Tube

Fig. 4. Optimized structures of hydrated dititanates and scheme of [TiO6 ] octahedra layers stacking sequences. Note: two unit cells are shown in order to better visualize the
[TiO6 ] layered structures.

72 L. Fernández-Werner et al. / Journal of Energy Storage 12 (2017) 66–77
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2. Selección del Sistema 
p Polímero: PAN
p Carga: H3Ti2O7 (HTNT)
p Sal: LiClO4

Se espera:
p Disociar la sal
p Li+ se asocie al PAN
p ClO4

- limitado en su movimiento 
¿asociado al HTNT?

3. Caracterización Estructural
p Small Angle X-ray Scattering (SAXS)
p XRD convencional
p DSC: calorímetra diferencialbonds with the acidic surface of the titanate nanotubes.

However, the lithium ion varies its relative position in a random
way, as it was observed for the C1 configuration.
We use the total energy as a criterion of stability for the

comparison of both configurations. At the beginning of the
simulation, after a geometric optimization, we observed that the

total energy was −2409.8781 AU for C1 and −2410.2582 AU
for C2. According to this, it is possible to confirm that the
geometry with perchlorate stabilized on the surface is more
favorable, being able to favor the dissociation of the lithium
perchlorate salt.

3.2. Small Angle X-ray Scattering (SAXS). Small angle X-
ray scattering (SAXS) curves for Li-PAN-HTNT-X with X = 0,
5, 10, 15 and pure HTNT samples are shown in Figure 3a.
SAXS pattern for the sample with no HTNT additions (X = 0)
showed two small peaks with maximum at qmax ≈ 4.7 and 3.1
nm−1, which can be roughly estimated as mean coherence
distance d = 2π/qmax ≈ 1.3 and 2.0 nm, probably ascribed to
polyacrilonitrile chains and fiber interdistances. These peaks
showed a progressive decrease in their relative intensities with
HTNT additions probably due to the decreasing concentration
of PAN or to the loss of coherence of PAN polymer chains due
to the presence of HTNT fillers. At mid-q region, a broad peak
emerge with increasing HTNT additions showing a maximum
at qmax ≈ 0.90−1.00 nm−1, which can be associated with a mean
correlation distance d ≈ 6−7 nm probably attributed to the
inner diameter of HTNT fillers, as already reported.22 The
bump observed at low-q region (q < 0.50 nm−1) could be
roughly ascribed to a small population of nanotubes with
lengths D > 40 nm, as also reported in our previous report.22

3.3. X-ray Powder Diffraction (XRD). X-ray powder
diffraction patterns for Li-PAN-HTNT-X with X = 0, 5, 10, 15
and pure HTNT samples are shown in Figure 3b. The XRD
pattern for X = 0 showed the presence of a well-defined peak at
2θ = 17° and a broad peak at 2θ ≈ 20−35° as typically
observed for semicrystalline PAN polymer.30

However, the absence of any additional sharp peaks is in
possible agreement with the dissolution and dissociation of
LiClO4 crystalline salt in the polyacrilonitrile matrix with no
appreciable precipitation. The XRD patterns showed a decrease
in the 2θ = 17° peak with increasing HTNT concentration (X >
0), suggesting the lowering of the polymer degree of
crystallinity. Moreover, a peak with low intensity emerged at
2θ = 48.5° and became more intense with increasing HTNT

Figure 2. (a) Perchlorate and (b) lithium ions distance from HTNT
surface in configurations 1 and 2 as a function of simulation time.

Figure 3. (a) Small angle X-ray scattering and (b) X-ray powder diffraction patterns for Li-PAN-HTNT-X with X = 0, 5, 10, 15, HTNT samples, and
crystalline LiClO4 reference.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b10725
J. Phys. Chem. C 2018, 122, 1492−1499
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surface with HTNT fillers, probably via hydrogen bonding, as
also observed by our molecular dynamics simulations.
3.6. Differential Scanning Calorimetry. Differential

scanning calorimetry (DSC) analysis for Li-PAN-HTNT-X
with X = 0, 5, 10, and 15 samples are shown in Figure 7 and

summarized in Table 2. In all cases, DSC profiles showed a
glass transition behavior at T = 40−50 °C and a sharp
endothermic peak at T = 161−174 °C that could be ascribed to
the melting process of the crystalline phase of PAN in the
nanocomposites.
No drastic variations in the melting temperature from T =

161−174 °C were observed for all nanocomposites, suggesting
that all nanocomposites exhibit a lower degree of crystallinity in
comparison with pure PAN polymer which typically shows a
melting temperature at ∼317 °C. The presence of lithium
perchlorate and titanate nanotubes could be responsible for the
lowering in the degree of crystallinity with respect to the
unloaded polymer.32,33

In addition, a remarkable decrease in the melting heat was
observed with increasing HTNT concentration, as shown in
Table 2. The drastic decrease in the melting heat could also be
associated with the lowering in the degree of crystallinity of the
polymer, strictly promoted by the addition of titanate
nanotubes. It is important to remark that the lowering in the
degree of crystallinity is also in agreement with the lowering
degree of coherence between PAN chains observed in XRD
analysis, as discussed above.
3.7. Electrochemical Impedance Spectroscopy. Elec-

trochemical impedance spectroscopy (EIS) data for Li-PAN-
HTNT-X with X = 0, 5, 10, and 15 samples are shown in Figure
8a and Figure 8b, respectively. The impedance data for lithium
polymer electrolytes are typically composed of a real and an

imaginary part, usually associated with resistive and capacitive
contributions, respectively, following the equation

= ′ − ″Z Z jZ

The representation of the impedance data displayed as
imaginary part versus real part (−Z″ vs Z′) (Nyquist plot)
and phase versus frequency (ϕ vs f) (phase plots) are shown in
Figure 8a and Figure 8b, respectively.
The equivalent circuit model used to describe EIS data is

shown in Figure 8a, inset, and is composed basically of the
parallel combination of a resistor (R) and a constant phase
element (CPE) as a nonideal capacitor defined by the
expression:

ω= π−Z
Q

1 en
j n

CPE
0

( /2)

where Q0 and n are frequency independent parameters. In
addition, an extra small resistance (Rs) and constant phase
element (CPEd) were also used connected in series with the
parallel R-CPE to describe the small resistance ascribed to the
wire connections (Rs) and the diffusion process (CPEd),
respectively. Nyquist plots consisted of a single semicircle arc

Figure 7. Differential scanning calorimetry profiles for Li-PAN-
HTNT-X with X = 0, 5, 10, and 15.

Table 2. DSC Analysis for Li-PAN-HTNT-X with X = 0, 5,
10, and 15a

X = 0 X = 5 X = 10 X = 15

Tm (°C) 161.2 169.7 173.4 173.9
ΔHm (J/g) 159.03 74.74 35.26 34.69

aMelting temperature (Tm) and heat (ΔHm) were obtained from DSC
analysis. Figure 8. Nyquist (a) and phase (b) plots and corresponding fittings

for Li-PAN-HTNT-X with X = 0, 5, 10, and 15. The inset of (a) shows
a zoom-in of Nyquist plots and the circuit model used for impedance
curve fittings. The inset of (b) shows the lithium ion conductivity
versus HTNT concentration (X).

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b10725
J. Phys. Chem. C 2018, 122, 1492−1499
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3. Caracterización Estructural
p FTIR y Raman

concentration. This peak can be easily associated with the
highest diffraction peak of pure HTNT, as shown in Figure 3b,
which is assigned to the HTNT axial direction.22 The presence
of this peak, at least for those nanocomposites with higher X, is
suggesting that the HTNT preserved its structural character-
istics after the nanocomposites preparation showing no
detectable thermal decomposition, but the high dilution of
HTNT in the sample prevents us from obtaining further
information from this technique.
3.4. Raman and FT-IR Spectroscopy. Raman spectra for

Li-PAN-HTNT-X with X = 0, 5, 10, 15 and pure HTNT
samples are shown in Figure 4a, and vibrational modes
assignments are summarized in Table 1. The sample with
zero HTNT additions (X = 0) showed Raman peaks at ∼260,
515, and 1070−1200 cm−1 ascribed to C2CN out-of-plane,
C−CN and C−C−C bending modes of PAN polymer,
respectively.31 In addition, other peaks at ∼670 and 700 cm−1

were ascribed to the C−S−C symmetric stretching mode of
DMSO plasticizer14 and the peak at ∼930 cm−1was associated
with the symmetric stretching of perchlorate anion in its
dissociated form.31 The appearance of peaks at ∼190, 280, and
458 cm−1 with increasing HTNT concentration is ascribed to
those observed in pure HTNT samples, as shown in Figure 4a.
These peaks were ascribed to Ti−O−Ti vibrational modes of
hydrogen titanate nanotubes, as extensively described using
DFT simulation in a previous article.22 The peak ascribed to the
symmetric stretching of perchlorate anion at ∼930 cm−1

showed no drastic modifications in wavenumber or relative
intensity with increasing HTNT concentration for X < 10. This
could be indicating that the lithium perchlorate is probably
dissociated in the vicinity of the HTNTs but the larger
proportion of the signal is mostly associated with those that are
less dissociated in the bulk of the polymer matrix. In this
scenario, no evident variations in the wavenumber position
from ∼930 cm−1 for X < 10 could be suggesting no extra
dissociation from HTNT unloaded sample (X = 0). However,
the appearance of peaks at ∼870−900 cm−1 for X > 10 could be
suggesting different levels of perchlorate dissociation evidenced
by the partial red shift of the perchlorate mode. It has been

already observed that the Raman shift to lower wavenumber of
the perchlorate symmetric stretching mode could be associated
with the enhancement of the ionic-pair dissociation of lithium
perchlorate salt.30 In our case, this effect could be promoted by
the increasing addition of HTNT due to the strong interaction
between the hydrogen atoms in the titanate surface with oxygen
atoms of perchlorate anion. FT-IR spectra of the same samples
are shown in Figure 4b. The samples with X > 0 present a
strong peak at ∼475 cm−1 as well as pure HTNTs spectra,
possibly ascribed to Ti−O−Ti vibrational modes of the
hydrogen titanate nanotubes. There is the strong peak at

Figure 4. (a) Raman and (b) FT-IR spectra for Li-PAN-HTNT-X with X = 0, 5, 10, 15 and pure NT. The arrows and asterisks indicate the presence
of HTNT and perchlorate modes, respectively.

Table 1. Experimental Infrared (I) and Raman (R)
Frequencies (cm−1) for Most Relevant Vibrational Modesa

0% 5% 10% 15% assignments

190w 190w HTNT mode [R]
261s 262s 265s 269s oop(C2C−N) [R]

280w 280w HTNT mode [R]
300m 300m 296m 292m oop(C2C−N) [R]
335m 335m 335w 339w oop(C2C−N) [R]

458w 458w HTNT mode [R]
477s 477s 477s HTNT mode [I]

524m 524m 528m 528m δ(C−CN) [R]
676s 676s 676s 676s νS(SC2) [R]
710w 710w 710w 710w νAS(SC2) [R]
931m 931m 931m 931m ν1(ClO4) [R]
954s 954s 954s 954s mixed [I]
1020s 1022s 1024s 1022s mixed [I]
1083m 1083m 1083m 1083m δ(C−C−C) [R]
1104m 1104m 1104m 1109m δ(C−C−C) [R]
1113s 1113s 1113s 1113s ν(SO) [I]
1312m 1317m 1317m 1317m δ(CH2) [R]
1455m 1455m 1455m 1455m δ(CH2) [I]
2243s 2243s 2243s 2243s ν(C−N) [I]
2870s 2870s 2870s 2870s ν(C−H) [I]
2928s 2928s 2928s 2928s ν(C−H) [I]

aExperimental FT-IR and Raman vibrational modes assignments were
compared to literature and DFT theoretical simulations.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b10725
J. Phys. Chem. C 2018, 122, 1492−1499
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3. Caracterización 
Estructural
p Confocal Raman

1113 cm−1 probably ascribed to the SO stretching mode of
DMSO plasticizer,14 and other peaks at 1050−1100 cm−1 can
be also attributed to the perchlorate stretching modes.
In the four samples, strong vibrational bands at 954 and

∼1020 cm−1 were also observed, corresponding to mixed
modes of polyacrylonitrile. In addition, peaks at ∼1455, 2243,
and 2870−2928 cm−1 were also observed, ascribed to the CH2
bending mode, nitrile stretching, and C−H stretching mode of
polyacrylonitrile, respectively. Table 1 shows a summary of the
main vibrational bands observed.
3.5. Confocal Raman Microscopy. Confocal Raman

microscopy images for Li-PAN-HTNT-X with X = 0, 5, 10,
and 15 samples are shown in Figure 5. Each of those images

was obtained by collecting 5476 Raman spectra in a 20 × 20
μm2 area of the samples. In order to obtain the contrast in the
images, we filter the intensity of the Ti−O−Ti mode at ∼456
cm−1 and the C−S−C symmetric stretching mode at 670 cm−1

in order to define HTNT-rich (red) and PAN-DMSO-rich
(blue) zones in the samples, respectively. In all cases, a good
homogeneity was observed for our nanocomposites indicating
the successful PAN and HTNT blending process. The sample
with zero HTNT additions (X = 0) showed good homogeneity,
and the peak ascribed to the symmetric stretching of
perchlorate anion at ∼930 cm−1 showed no relevant variations
in wavenumber or relative intensity for the whole analyzed
zone.
The samples with HTNT additions (X > 0) also showed

good homogeneity, especially X = 10, for which an excellent
degree of mixing was obtained for both PAN and HTNT
components. In order to study the perchlorate dissociation, an
additional confocal Raman microscopy image (Figure 6a) was
obtained for the nanocomposites with higher HTNT loadings
(X = 15). In this case, the HTNT-rich (blue), PAN-DMSO-rich
(orange), and perchlorate-rich (pink) zones in the image were
obtained by filtering the peaks at 456 cm−1 ascribed to TiO6
stretching, 670 cm−1 ascribed to C−S−C stretching, and 870−
930 cm−1 ascribed to ClO4 stretching modes, respectively. This
image showed the presence of a perchlorate-rich zone in the

vicinities of HTNT-rich zones, represented by pink and blue
pixels in the image, respectively. This is suggesting that the
perchlorate anions could be possibly interacting with the
hydrogen titanate nanotubes via hydrogen bonding. The
Raman spectra associated with HTNT-rich, PAN-DMSO-rich,
and perchlorate rich zones in the image are shown in Figure 6b.
The Raman spectra associated with PAN-DMSO-rich zone
showed the presence of peaks at ∼260, 670, and 1050−1250
cm−1 ascribed to C2CN out-of-plane of PAN, C−S−C
symmetric stretching of DMSO plasticizer, and C−C−C
bending of PAN, respectively. In addition, the peaks at ∼190,
280, and 458 cm−1 ascribed to HTNT and the peak at ∼930
cm−1 ascribed to perchlorate were also observed in the PAN-
DMSO-rich zone. On the other hand, the Raman spectra
associated with HTNT-rich and perchlorate-rich zones showed
a red shift in the symmetric stretching mode of perchlorate
from ∼930 to 870−900 cm−1 region. The red shift of the
perchlorate symmetric stretching mode is suggesting an
enhancement in the degree of dissociation of the lithium
perchlorate ionic pair, as discussed above. The presence of
hydrogen titanate nanotubes is probably interacting via
hydrogen bonding with perchlorate anions favoring the level
of dissociation in the nanocomposites. It could be interpreted
from the peaks at ∼930, 900, and 870 cm−1 marked with
asterisks in Figure 6b that there are, at least, three levels of
dissociation of perchlorate anions. First, those typically at 930
cm−1 could be ascribed to perchlorate interacting with the PAN
host at the bulk and those at 900 and 870 cm−1 could be
associated with perchlorate interacting at the interphase and

Figure 5. Confocal Raman microscopy images for Li-PAN-HTNT-X
with X = 0, 5, 10, and 15. The HTNT-rich (red) and PAN-DMSO-rich
(blue) zones in the image were obtained by filtering the peaks at 456
cm−1 ascribed to Ti−O−Ti and at 670 cm−1 ascribed to C−S−C
stretching modes, respectively.

Figure 6. (a) Confocal Raman microscopy images and (b) selected
area Raman spectra for Li-PAN-HTNT-X with X = 0 and 15. The
HTNT-rich (blue), PAN-DMSO-rich (orange), and perchlorate-rich
(pink) zones in the image were obtained by filtering the peaks at 456
cm−1 ascribed to Ti−O−Ti stretching, 670 cm−1 ascribed to C−S−C
stretching, and 870−930 cm−1 ascribed to ClO4 stretching modes,
respectively. The arrows and asterisks indicate the presence of HTNT
and perchlorate modes, respectively.
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1113 cm−1 probably ascribed to the SO stretching mode of
DMSO plasticizer,14 and other peaks at 1050−1100 cm−1 can
be also attributed to the perchlorate stretching modes.
In the four samples, strong vibrational bands at 954 and

∼1020 cm−1 were also observed, corresponding to mixed
modes of polyacrylonitrile. In addition, peaks at ∼1455, 2243,
and 2870−2928 cm−1 were also observed, ascribed to the CH2
bending mode, nitrile stretching, and C−H stretching mode of
polyacrylonitrile, respectively. Table 1 shows a summary of the
main vibrational bands observed.
3.5. Confocal Raman Microscopy. Confocal Raman

microscopy images for Li-PAN-HTNT-X with X = 0, 5, 10,
and 15 samples are shown in Figure 5. Each of those images

was obtained by collecting 5476 Raman spectra in a 20 × 20
μm2 area of the samples. In order to obtain the contrast in the
images, we filter the intensity of the Ti−O−Ti mode at ∼456
cm−1 and the C−S−C symmetric stretching mode at 670 cm−1

in order to define HTNT-rich (red) and PAN-DMSO-rich
(blue) zones in the samples, respectively. In all cases, a good
homogeneity was observed for our nanocomposites indicating
the successful PAN and HTNT blending process. The sample
with zero HTNT additions (X = 0) showed good homogeneity,
and the peak ascribed to the symmetric stretching of
perchlorate anion at ∼930 cm−1 showed no relevant variations
in wavenumber or relative intensity for the whole analyzed
zone.
The samples with HTNT additions (X > 0) also showed

good homogeneity, especially X = 10, for which an excellent
degree of mixing was obtained for both PAN and HTNT
components. In order to study the perchlorate dissociation, an
additional confocal Raman microscopy image (Figure 6a) was
obtained for the nanocomposites with higher HTNT loadings
(X = 15). In this case, the HTNT-rich (blue), PAN-DMSO-rich
(orange), and perchlorate-rich (pink) zones in the image were
obtained by filtering the peaks at 456 cm−1 ascribed to TiO6
stretching, 670 cm−1 ascribed to C−S−C stretching, and 870−
930 cm−1 ascribed to ClO4 stretching modes, respectively. This
image showed the presence of a perchlorate-rich zone in the

vicinities of HTNT-rich zones, represented by pink and blue
pixels in the image, respectively. This is suggesting that the
perchlorate anions could be possibly interacting with the
hydrogen titanate nanotubes via hydrogen bonding. The
Raman spectra associated with HTNT-rich, PAN-DMSO-rich,
and perchlorate rich zones in the image are shown in Figure 6b.
The Raman spectra associated with PAN-DMSO-rich zone
showed the presence of peaks at ∼260, 670, and 1050−1250
cm−1 ascribed to C2CN out-of-plane of PAN, C−S−C
symmetric stretching of DMSO plasticizer, and C−C−C
bending of PAN, respectively. In addition, the peaks at ∼190,
280, and 458 cm−1 ascribed to HTNT and the peak at ∼930
cm−1 ascribed to perchlorate were also observed in the PAN-
DMSO-rich zone. On the other hand, the Raman spectra
associated with HTNT-rich and perchlorate-rich zones showed
a red shift in the symmetric stretching mode of perchlorate
from ∼930 to 870−900 cm−1 region. The red shift of the
perchlorate symmetric stretching mode is suggesting an
enhancement in the degree of dissociation of the lithium
perchlorate ionic pair, as discussed above. The presence of
hydrogen titanate nanotubes is probably interacting via
hydrogen bonding with perchlorate anions favoring the level
of dissociation in the nanocomposites. It could be interpreted
from the peaks at ∼930, 900, and 870 cm−1 marked with
asterisks in Figure 6b that there are, at least, three levels of
dissociation of perchlorate anions. First, those typically at 930
cm−1 could be ascribed to perchlorate interacting with the PAN
host at the bulk and those at 900 and 870 cm−1 could be
associated with perchlorate interacting at the interphase and

Figure 5. Confocal Raman microscopy images for Li-PAN-HTNT-X
with X = 0, 5, 10, and 15. The HTNT-rich (red) and PAN-DMSO-rich
(blue) zones in the image were obtained by filtering the peaks at 456
cm−1 ascribed to Ti−O−Ti and at 670 cm−1 ascribed to C−S−C
stretching modes, respectively.

Figure 6. (a) Confocal Raman microscopy images and (b) selected
area Raman spectra for Li-PAN-HTNT-X with X = 0 and 15. The
HTNT-rich (blue), PAN-DMSO-rich (orange), and perchlorate-rich
(pink) zones in the image were obtained by filtering the peaks at 456
cm−1 ascribed to Ti−O−Ti stretching, 670 cm−1 ascribed to C−S−C
stretching, and 870−930 cm−1 ascribed to ClO4 stretching modes,
respectively. The arrows and asterisks indicate the presence of HTNT
and perchlorate modes, respectively.
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3. Caracterización de NT: 
Microscopia Raman

Ejemplo de Funcionamiento:

• Muestra de NT calentados a 
T=200ºC.

• Presencia de Nanopartículas
de Anatasa en muestra de NT .

3. Dinámica Molecular
3. RESULTS AND DISCUSSION
3.1. Pair Distribution Function (PDF). The Li−PEI−

PAN cluster model after MD simulation is shown in Figure 1.
The comparison of the PDFs obtained from the classical force
relaxation using MD and the geometry optimization using DFT
are shown in Figure 2. The different position of some peaks is

probably based on the fact that classical methods usually find
the local energy minima near the equilibrium values of bond
stretching and bending modes. However, in both cases, the
appearance of a peak at r ≈ 1.25 Å can be attributed to the
carbon−hydrogen (C−H) bond lengths, and the strong peak at
r ≈ 1.36 Å is probably associated with the carbon−carbon (C−
C) bond length in both PAN and PEI polymers. It is important
to remark that a shortened peak, typically r ≈ 1.5 Å,35 can be
associated with the presence of the strong polar nitrile (CN)
group. The peak at r ≈ 1.45 Å is probably ascribed to the
carbon−nitrogen (C−N) bond lengths of PEI polymer, as
already observed using theoretical simulations.36 In addition,
other peaks at r ≈ 1.81−1.92 Å could be associated with
hydrogen bonds (NH···O) between amine and perchlorate
groups. Finally, the presence of diffuse peaks at r ≈ 2.3−2.8 Å
can be associated with polymer backbone interchain
correlations. The lithium-to-perchlorate distances r(Li−
ClO−

4) for the Li−PEI−PAN model are summarized in
Table 1. Briefly, there are at least three well-defined populations
of lithium-to-perchlorate distances with r(Li−ClO−

4) ≈ 3.4,
5.3, and 8.3 Å, suggesting different levels of lithium dissociation

in the polymer blend. In order to have an idea of the degree of
dissociation, it is important to note that the r(Li−ClO−

4) mean
distance in the crystal system is about ∼3.3 Å.37 It is also
important to remark that both MD and DFT simulations
showed similar results, differing in a constant shift down to
∼0.1 Å, originating from utilization of different methodologies.
Nevertheless, these results allow us to validate and thus to
estimate the lithium dissociation in these systems.

3.2. X-ray Powder Diffraction (XRD). As mentioned
before, the simulation of the diffraction pattern was obtained
utilizing the Debye method for a 2 × 2 × 2 supercell of the box
shown in Figure 1. We observed that this number of atoms in
the box was large enough to have good statistics for mean
coherence distances in this polymer blend model. The
simulation of the diffraction pattern using the Debye method
showed excellent agreement with the experimental data, as
shown in Figure 3. Experimentally, the isolated polymer

references diffraction peaks were also analyzed in order to
evaluate the blending process. Pure PAN showed a sharp
diffraction peak at 2θ ≈ 17.0° associated with the (100) plane
of a hexagonal structure and a broad peak at 2θ ≈ 28.0°
ascribed to the amorphous region.38 On the other hand, pure
PEI showed sharp peaks at 2θ ≈ 13.5, 20.3, and 27.3°,
associated with its dihydrated crystalline form.39 The Li−PEI−
PAN polymer blend showed the presence of well-defined peaks
at 2θ ≈ 17.0, 18.0, 23.5, and 26° associated with mean
correlation lengths d ≈ 5.2, 4.9, 3.8, and 3.4 Å, respectively. The
latter three peaks are probably a consequence of the shifting of
the PEI peaks, suggesting that effectively the blending process
has taken place. However, it is important to remark that the
shifting of these PEI peaks has also been observed in the
recrystallization process using other solvents such as DMSO.39

In addition, two lower relative intensity peaks were observed at
2θ ≈ 29.0 and 32.0° associated with mean correlation lengths of
d ≈ 3.1 and 2.8 Å and a broad peak at 2θ ≈ 23° ascribed to the
amorphous zones of the polymer blend.

3.3. Raman and Infrared Spectroscopy. Experimental
Raman and FT-IR spectra for LiClO4, PEI, PAN, and Li−PEI−
PAN are shown in Figure 4. FT-IR spectra for the LiClO4
reference showed typical broad peaks at ∼1100 and 1650 cm−1,
attributed to stretching and bending modes of the perchlorate

Figure 2. Theoretical PDF [G(r)] for the Li−PEI−PAN model using
MD and DFT. The energy convergence for MD simulation is shown
in the inset.

Table 1. Theoretical Distance between the Lithium Cation
and Perchlorate Anion r(Li−ClO−

4) for the Li−PEI−PAN
Model Using MD and DFT Calculations

r(Li−ClO−
4) (Å)

a [OPLS-AA] [GGA-PBE]

Li-1 3.49 3.50
Li-2 3.36 3.33
Li-3 5.34 5.26
Li-4 5.33 5.45
Li-5 8.35 8.20

aThe theoretical distances between the lithium cation and perchlorate
anion r(Li−ClO−

4) were extracted as Li−Cl distances.

Figure 3. Experimental XRD patterns for LiClO4, PEI, PAN, and Li−
PEI−PAN and theoretical simulation of XRD patterns for Li−PEI−
PAN.
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3. Dinámica Molecular
p NVT a 300 K (3 ps polímero + 500 fs DFT sistema total)
p Econf1 – Econf2=5.0 eV

bonds with the acidic surface of the titanate nanotubes.
However, the lithium ion varies its relative position in a random
way, as it was observed for the C1 configuration.
We use the total energy as a criterion of stability for the

comparison of both configurations. At the beginning of the
simulation, after a geometric optimization, we observed that the

total energy was −2409.8781 AU for C1 and −2410.2582 AU
for C2. According to this, it is possible to confirm that the
geometry with perchlorate stabilized on the surface is more
favorable, being able to favor the dissociation of the lithium
perchlorate salt.

3.2. Small Angle X-ray Scattering (SAXS). Small angle X-
ray scattering (SAXS) curves for Li-PAN-HTNT-X with X = 0,
5, 10, 15 and pure HTNT samples are shown in Figure 3a.
SAXS pattern for the sample with no HTNT additions (X = 0)
showed two small peaks with maximum at qmax ≈ 4.7 and 3.1
nm−1, which can be roughly estimated as mean coherence
distance d = 2π/qmax ≈ 1.3 and 2.0 nm, probably ascribed to
polyacrilonitrile chains and fiber interdistances. These peaks
showed a progressive decrease in their relative intensities with
HTNT additions probably due to the decreasing concentration
of PAN or to the loss of coherence of PAN polymer chains due
to the presence of HTNT fillers. At mid-q region, a broad peak
emerge with increasing HTNT additions showing a maximum
at qmax ≈ 0.90−1.00 nm−1, which can be associated with a mean
correlation distance d ≈ 6−7 nm probably attributed to the
inner diameter of HTNT fillers, as already reported.22 The
bump observed at low-q region (q < 0.50 nm−1) could be
roughly ascribed to a small population of nanotubes with
lengths D > 40 nm, as also reported in our previous report.22

3.3. X-ray Powder Diffraction (XRD). X-ray powder
diffraction patterns for Li-PAN-HTNT-X with X = 0, 5, 10, 15
and pure HTNT samples are shown in Figure 3b. The XRD
pattern for X = 0 showed the presence of a well-defined peak at
2θ = 17° and a broad peak at 2θ ≈ 20−35° as typically
observed for semicrystalline PAN polymer.30

However, the absence of any additional sharp peaks is in
possible agreement with the dissolution and dissociation of
LiClO4 crystalline salt in the polyacrilonitrile matrix with no
appreciable precipitation. The XRD patterns showed a decrease
in the 2θ = 17° peak with increasing HTNT concentration (X >
0), suggesting the lowering of the polymer degree of
crystallinity. Moreover, a peak with low intensity emerged at
2θ = 48.5° and became more intense with increasing HTNT

Figure 2. (a) Perchlorate and (b) lithium ions distance from HTNT
surface in configurations 1 and 2 as a function of simulation time.

Figure 3. (a) Small angle X-ray scattering and (b) X-ray powder diffraction patterns for Li-PAN-HTNT-X with X = 0, 5, 10, 15, HTNT samples, and
crystalline LiClO4 reference.
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4. Caracterización Electroquímica
p Propiedades Eléctricas

surface with HTNT fillers, probably via hydrogen bonding, as
also observed by our molecular dynamics simulations.
3.6. Differential Scanning Calorimetry. Differential

scanning calorimetry (DSC) analysis for Li-PAN-HTNT-X
with X = 0, 5, 10, and 15 samples are shown in Figure 7 and

summarized in Table 2. In all cases, DSC profiles showed a
glass transition behavior at T = 40−50 °C and a sharp
endothermic peak at T = 161−174 °C that could be ascribed to
the melting process of the crystalline phase of PAN in the
nanocomposites.
No drastic variations in the melting temperature from T =

161−174 °C were observed for all nanocomposites, suggesting
that all nanocomposites exhibit a lower degree of crystallinity in
comparison with pure PAN polymer which typically shows a
melting temperature at ∼317 °C. The presence of lithium
perchlorate and titanate nanotubes could be responsible for the
lowering in the degree of crystallinity with respect to the
unloaded polymer.32,33

In addition, a remarkable decrease in the melting heat was
observed with increasing HTNT concentration, as shown in
Table 2. The drastic decrease in the melting heat could also be
associated with the lowering in the degree of crystallinity of the
polymer, strictly promoted by the addition of titanate
nanotubes. It is important to remark that the lowering in the
degree of crystallinity is also in agreement with the lowering
degree of coherence between PAN chains observed in XRD
analysis, as discussed above.
3.7. Electrochemical Impedance Spectroscopy. Elec-

trochemical impedance spectroscopy (EIS) data for Li-PAN-
HTNT-X with X = 0, 5, 10, and 15 samples are shown in Figure
8a and Figure 8b, respectively. The impedance data for lithium
polymer electrolytes are typically composed of a real and an

imaginary part, usually associated with resistive and capacitive
contributions, respectively, following the equation

= ′ − ″Z Z jZ

The representation of the impedance data displayed as
imaginary part versus real part (−Z″ vs Z′) (Nyquist plot)
and phase versus frequency (ϕ vs f) (phase plots) are shown in
Figure 8a and Figure 8b, respectively.
The equivalent circuit model used to describe EIS data is

shown in Figure 8a, inset, and is composed basically of the
parallel combination of a resistor (R) and a constant phase
element (CPE) as a nonideal capacitor defined by the
expression:

ω= π−Z
Q

1 en
j n

CPE
0

( /2)

where Q0 and n are frequency independent parameters. In
addition, an extra small resistance (Rs) and constant phase
element (CPEd) were also used connected in series with the
parallel R-CPE to describe the small resistance ascribed to the
wire connections (Rs) and the diffusion process (CPEd),
respectively. Nyquist plots consisted of a single semicircle arc

Figure 7. Differential scanning calorimetry profiles for Li-PAN-
HTNT-X with X = 0, 5, 10, and 15.

Table 2. DSC Analysis for Li-PAN-HTNT-X with X = 0, 5,
10, and 15a

X = 0 X = 5 X = 10 X = 15

Tm (°C) 161.2 169.7 173.4 173.9
ΔHm (J/g) 159.03 74.74 35.26 34.69

aMelting temperature (Tm) and heat (ΔHm) were obtained from DSC
analysis. Figure 8. Nyquist (a) and phase (b) plots and corresponding fittings

for Li-PAN-HTNT-X with X = 0, 5, 10, and 15. The inset of (a) shows
a zoom-in of Nyquist plots and the circuit model used for impedance
curve fittings. The inset of (b) shows the lithium ion conductivity
versus HTNT concentration (X).
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followed by a typical diffusion process for all cases, showing a
decrease in the real impedance with increasing HTNT
concentration being minimum for X = 10, as shown in Figure
8a. The phase plots showed ϕ ≈ −80° values at high
frequencies, suggesting a capacitive behavior, and a transition to
ϕ ≈ −20° with decreasing frequencies revealing a transition to
resistive behavior, as shown in Figure 8b.
The most relevant EIS fitting parameters for Li-PAN-HTNT-

X (with X = 0, 5, 10, and 15) are summarized in Table 3. The
lithium corresponding conductivities (σ) were σ = 1.63 × 10−6,
2.95 × 10−5, 3.95 × 10−4, and 1.26 × 10−4 S·cm−1 for X = 0, 5,
10, and 15, respectively. There is a clear increase in the lithium
conductivity with increasing HTNT concentration reaching a
maximum of ∼4 × 10−4 S·cm−1 for X = 10 with a 4 times
decrease for X = 15. These lithium conductivity values are
comparable and slightly higher than those reported recently for
lithium polyacrilonitrile based nanocomposites with LLTO
nanotubes21 and LLZO nanowires20 loadings. The increase in
the lithium conductivity with increasing HTNT concentration
for X = 0−10 could be explained based on the enhancement of
lithium perchlorate dissociation promoted by the acidic surface
of HTNT, as envisaged by our molecular dynamics simulation
discussed in the previous sections. Here, the hydrogen bonding
of the acidic surface of titanate nanotubes with the perchlorate
anions could be responsible for the enhancement in the lithium
perchlorate ionic-pair dissociation and thus in the lithium
conductivity. However, the slight decrease in the lithium
conductivity observed for X = 15 could be suggesting that the
presence of HTNT nanofillers above a critical concentration
leads to a declining of the lithium transport through the HTNT
overloaded PAN matrix causing extra resistance to the lithium
conduction pathway. The possible explanations to the
decreasing lithium transport for X = 15 could be based on
the increasing concentration of nanofillers above the
percolation threshold. Moreover, the increase of HTNT
nanofillers could also be leading to the agglomeration and
loss of homogeneity of the polymer electrolytes compromising
the lithium transport.

4. CONCLUSIONS
We report the enhancement of lithium-ion dissociation and
transport in poly(acrylonitrile) with the addition of hydrogen
titanate nanotube fillers for solid polymer electrolytes. Our
confocal Raman microscopy analysis showed experimental
evidence of lithium perchlorate dissociation due to the presence
of the acidic hydrogen titanate nanotubes embedded in the
polymer matrix. In addition, the large affinity of perchlorate
anions at the hydrogen titanate nanotube interface was
envisaged from the ab initio molecular dynamics simulations,
suggesting that this lithium perchlorate ionic-pair suppression
could be responsible for the enhancement of more than 2
orders of magnitude in the lithium conductivity reaching ∼4 ×

10−4 S·cm−1 for a 10% weight fraction addition of hydrogen
titanate nanotube fillers.
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5. Conclusiones Generales
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Enhancement of Lithium-Ion Transport in Poly(acrylonitrile) with
Hydrogen Titanate Nanotube Fillers as Solid Polymer Electrolytes for
Lithium-Ion Battery Applications
Fernando Pignanelli, Mariano Romero,* Ricardo Faccio,* Luciana Fernańdez-Werner,
and Alvaro W. Mombru ́
Centro NanoMat/CryssMat/Física, DETEMA Facultad de Química, Universidad de la Repub́lica, Montevideo, C.P. 11800, Uruguay

ABSTRACT: In the present work, we report the enhancement of
lithium-ion dissociation and transport in poly(acrylonitrile) host
promoted by the addition of hydrogen titanate nanotube fillers for
solid polymer electrolytes. We show experimental and theoretical
evidence of lithium perchlorate dissociation due to the presence of
the acidic hydrogen titanate nanotubes embedded in the polymer
matrix. We performed confocal Raman microscopy analysis to
reveal the presence of lithium perchlorate dissociation at the
interface of polymer and nanotube fillers. The large affinity of
perchlorate anions at the hydrogen titanate nanotube surface, as
envisaged from the ab initio molecular dynamics simulations, could
be responsible for the enhancement of more than 2 orders of
magnitude in the lithium conductivity, reaching ∼4 × 10−4 S·cm−1

for a certain amount of nanotube fillers addition.

1. INTRODUCTION
The high flammability of liquid electrolytes composed of a
lithium salt in a mixture of organic solvents is one of the current
issues of lithium batteries.1−3 For this reason, many efforts have
been made in the preparation of solid polymer electrolytes
(SPEs) as an alternative to liquid electrolytes for lithium ion
batteries due to the advantages of safer design, hermetic sealing,
flame-resistance, and shape suitability.1−3 In addition, there is
also a particular interest to substitute lithium tetrafluoroborate
(LiBF4),

4 lithium trifluoromethanesulfonate (LiCF3SO3),
5 and

lithium 4,5-dicyano-2-(trifluoromethyl)imidazolide (LiTDI)6

for other safer fluorine-free lithium sources.7,8 The use of
these lithium salts is to weaken the chemical bonds between the
anion and lithium ion to prevent ionic-pair formation, thus
enhancing the lithium ion mobility and thus its conductivity.
On the other hand, among all the polymers already tested as
hosts for solid polymer electrolytes,7 i.e., poly(methyl
methacrylate) (PMMA),8,9 poly(ethylene oxide) (PEO),5,10

the one that has shown an excellent affinity for lithium ion
through its nitrile group is polyacrilonitrile (PAN).11−14 In
order to combine the desirable mechanical properties and high
lithium ion conductivity in PAN polymer electrolytes, Wang
and co-workers have already tested several plasticizers such as
propylene carbonate (PC),11 ethylene carbonate (EC),12

dimethylformamide (DMF),13 and dimethyl sulfoxide
(DMSO)14 On the other hand, the addition of ceramic
nanofillers has shown excellent improvement in the lithium-ion
transport in solid polymer electrolytes up to 1 or 2 orders of
magnitude in reference to unloaded polymers, leading to
∼10−4−10−3 S·cm−1 lithium conductivities.15−21 For this

purpose, several nanofillers have been tested in polyacrilonitrile
such as silica,15 titania,16 alumina17 and more recently with
other nanofillers such as TiO2

18 nanoparticles, Li0.33La0.57TiO3
(LLTO) nanoparticles19 and nanotubes,20 and Li7La3Zr2O12

21

(LLZO) nanowires. Here, we present for the very first time, to
the best of our knowledge, the addition of hydrogen titanate
nanotubes (HTNTs) as fillers in polyacrylonitrile and its effects
on the lithium dissociation and transport in these solid polymer
electrolytes. We report joint experimental and theoretical
approach revealing evidence on the enhancement of lithium ion
dissociation and transport, favored by the presence of the large
acidic surface of hydrogen titanate nanotube fillers.

2. MATERIALS AND METHODS
2.1. Preparation of HTNTs Nanopowder. Titanate

nanotubes were synthesized via hydrothermal method using
commercial TiO2 anatase (Sigma-Aldrich, CAS no. 1317-70-0)
as the precursor material. The synthesis procedure is the same
as the one described in a previous work22 by our group. The
obtained HTNTs were extensively characterized in the same
previous report showing H2Ti3O7·nH2O formula with a 286
cm2 g−1 surface area, 6 nm inner diameter, 12 nm outer , and
∼100−200 nm length.22

2.2. Preparation of the Li-PAN-HTNTs Composites.
LiClO4 (99%) and PAN (99%) were provided by Sigma-
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