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1. ¿Qué es la Nanotecnología?
p Es el estudio y control de la materia, a una 

escala entre 1 y 100 nm

1 nm= 1/1 000 000 000 m 
1 nm = 1x10-9 m

La nanociencia es el estudio de fenómenos y
manipulación de materiales a escalas atómica,
molecular y macromolecular; dónde las propiedades
difieren significativamente de aquellas a gran escala.

La nanotecnología es el diseño, la caracterización, la
producción y la aplicación de estructuras, dispositivos y
sistemas para controlar la forma y tamaño a escala
nanométrica.



1. Dimensiones
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1.1 Conceptos:  ¡Las propiedades 
dependen del tamaño!
Un material nanométrico podrá tener propiedades 
físicas y químicas diferentes a las que tiene en 
volumen.

Fenómenos de superficie:
Ej. Catálisis



1.1 Conceptos:  Confinamiento 
cuántico

Nanocristal

Cristal 
micrométrico

Confinamiento cuántico
Propiedades ópticas

CdSe



1.1 Conceptos: Escalas
p Célula: 7000 nm 
p Molécula de H2O: 0.3 nm



1.2 Un poco de Historia
1959
Feynman: primera charla hablando de máquinas moleculares de precisión atómica.

1974
Taniguchi utiliza el término "nano-technology" en un paper de  ion-sputtering 

1977
Drexler genera el concepto de “molecular nanotechnology” MIT (Engines of Creation)

1981
Primer paper con ingeniería molecular y precisión atómica
Se inventa el STM

1985
Descubrimiento de los Buckyball (Fullerenos)

1986
Se publica el primer libro
se inventa el Microscopio AFM

1987
Primer experimento sobre conductancia cuantizada

1988
Primer curso Universitario



1.2 Un poco de Historia

Nanopartículas de Oro
Copa de Licurgo:

Oro y plata



Nanopartícula de Óxido de Zinc

Propiedades ópticas:
Absorben en el UV
Transparente en el Visible
Bloqueador Solar

1.3 Productos Comerciales
Nanopartículas de óxido de Zinc y de Titanio: ZnO y TiO2



Pendrives

Incremento en la capacidad y 
velocidad del almacenamiento de 
datos

1.3 Almacenamiento de Datos



Procesadores Intel

• Más rápidos
• Más eficientes
• Ecológicos
• Menor consumo 

energético

Intel 22 
nm

1.3 Procesadores



1.3 Nueva Serie de Pantallas LED

Nanotubos de Carbono



1.3 Tecnología de Pantallas
p LCD:

n Luz Azul de fondo con filtro 
de fosforo para regular la 
intensidad de cada color:

p QDLED:
n Mantiene la alimentación

trasera, pero no hay filtro
de fosforo.

n Llega más luz y cada diodo
emite más intensidad y a 
longitud de onda más
definida.

n Samsung HD TV quantum 
dot



1.3 Baterías de ion-Litio
n Mayor durabilidad
n Mayor Carga
n Carga más rápida
n Seguridad

9

XRD and SAXS techniques, respectively, and corroborated with TEM images, we can 

assume that, in average, our nanoparticles are monocrystalline. The presence of the 

carbon coating was evidenced for undoped and cobalt-doped olivine samples, but in this 

last case, the carbon coating showed the presence of homogeneous porous channels in 

between nanoparticles. This later observation could be a promising feature to enhance the 

intercalation and de-intercalation of lithium ions when used as a cathode material for 

lithium-ion batteries applications.

Fig. 4 – 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.



1.3 Aerogeles: Silicatos Porosos



LeGeros RZ. Chem Rev. 2008;108(11):4742–4753

1.3 Biomimética:

La naturaleza también usa la 
nanotecnología



1.3 Síntesis Biomimética: 
Nanocristales
La síntesis biomimética permite obtener
nanocristales de HAP, de tamaño similar al que se
presenta a nivel óseo.

p Largo: 30 - 50 nm
p Ancho: 20 - 25 nm
p Espesor: 1 – 4 nm

Condiciones biomiméticas:
37 ºC y  pH = 7



1.3 Más ejemplos:
Hierarchical spidroin micellar nanoparticles as the
fundamental precursors of spider silks
Lucas R. Parenta,b,c,1, David Onofreid,1, Dian Xue,f, Dillan Stengeld, John D. Roehlingg, J. Bennett Addisond,
Christopher Formana,b,c, Samrat A. Amine,f, Brian R. Cherrye,f, Jeffery L. Yargere,f, Nathan C. Gianneschia,b,c,2,
and Gregory P. Hollandd,2
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Many natural silks produced by spiders and insects are unique
materials in their exceptional toughness and tensile strength, while
being lightweight and biodegradable–properties that are currently
unparalleled in synthetic materials. Myriad approaches have been
attempted to prepare artificial silks from recombinant spider silk
spidroins but have each failed to achieve the advantageous properties
of the natural material. This is because of an incomplete understanding
of the in vivo spidroin-to-fiber spinning process and, particularly,
because of a lack of knowledge of the true morphological nature
of spidroin nanostructures in the precursor dope solution and the
mechanisms bywhich these nanostructures transform intomicrometer-
scale silk fibers. Herein we determine the physical form of the natural
spidroin precursor nanostructures storedwithin spider glands that seed
the formation of their silks and reveal the fundamental structural
transformations that occur during the initial stages of extrusion en
route to fiber formation. Using a combination of solution phase diffusion
NMR and cryogenic transmission electron microscopy (cryo-TEM),
we reveal direct evidence that the concentrated spidroin proteins
are stored in the silk glands of black widow spiders as complex,
hierarchical nanoassemblies (∼300 nm diameter) that are composed
of micellar subdomains, substructures that themselves are engaged
in the initial nanoscale transformations that occur in response to shear.
We find that the established micelle theory of silk fiber precursor
storage is incomplete and that the first steps toward liquid crystalline
organization during silk spinning involve the fibrillization of nano-
scale hierarchical micelle subdomains.

biomimetic materials | spider silk formation | hierarchical micelles |
natural protein nanostructures

The ability to replicate the natural silk spinning process with
an aqueous synthetic analog at bulk scale, to truly mimic the

properties of natural silks, holds tremendous promise for bio-
medical materials, architectural design, and civil and mechanical
engineering. However, to date, the development of synthetic silks
that exhibit the mechanical properties of the natural product has
been limited (1–5). Currently, we know the primary sequence of the
natural spider silk spidroins, and we have significant information on
the biochemical triggers of the spinning process and how to mimic it
(6–12). The gap in our knowledge involves the nanoscale processes
at work within the silk gland where the highly concentrated protein
precursor is stored and then on demand transformed into silk fibers
(2, 6–9, 12–16). Knowledge of this central part of the natural process
is critical to the development of synthetic analogs and key to
preparative methods, including microfluidics, for producing artifi-
cial fibers from recombinant proteins that exhibit the mechanical
properties of native silks (2–4, 6, 17–22). Beyond spider silks, analo-
gous mechanisms might be involved in the formation of protein
fibers generally, such as the detrimental nucleation and growth of
amyloid fibers from oligomers (23–25). Critical insights gleaned for
one fibrous protein system can potentially be translated more gen-
erally to further our understanding of how concentrated proteins are

stored and then assembled to yield structurally organized 3D
materials.
The dragline [major ampullate (MA)] silk-precursor dope

solution of Latrodectus hesperus, or black widow spiders, is pre-
dominantly composed of two proteins (spidroins) that are stored
in high concentration (26–28) (25–50 wt %) in the glands before
extrusion, acidification, and fiber formation in the duct (12).
These spidroins, MaSp1 and MaSp2, are large and highly repetitive
(250 and 312 kDa, respectively). In the gland environment, the re-
petitive core regions of the spidroins are predominantly unstructured
(26–29) (random coil), whereas the termini exhibit pH-sensitive he-
lical bundles (8, 14, 30). The pH sensitivity of the termini has been
implicated as an important characteristic for the assembly of spider
silk (8, 14, 30, 31). The hydropathy plots for the spidroins are roughly
sinusoidal in form, with rapidly alternating hydrophilic–hydrophobic
units (approximately +0.3 to −0.6; SI Appendix, Fig. S1) (10). The
C- and N-terminal domains contain the units with the highest hy-
drophilicity in each monomer, whereas the long, central, repetitive
domain is generally neutral and hydrophobic, giving these proteins
an amphiphilic character analogous to a complex block copolymer
amphiphile (32, 33). This amphiphilicity suggests, according to the
micelle theory of silk assembly (2, 6–9, 14, 16), that the concentrated
protein dope solution is composed of nanoscale assemblies (34)—the
essential starting structures needed for the formation of robust,
microscale silk fibers (7, 8, 14). Microscopic characterization of

Significance

The true physical form of the proteins within the silk glands of
spiders that permits storage at very high concentrations rather
than as precipitated material prior to being transformed into
solid silk fibers remains one of the fundamental mysteries that
has limited our ability to produce artificial silks of the quality of
natural silks. Here we determine that spider silk proteins are
stored as complex micellar nanoparticles composed of assem-
bled subdomains. When extruded during the silk spinning pro-
cess, these subdomains undergo fibrillization while remaining
assembled in micelles. Knowledge of the nanostructured protein
assemblies in the dope is critical to the basic understanding of
the spinning process and to our ability to mimic the natural
material properties in synthetic analogues.
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FEI (FEI Company) Polara cryo-TEM operating at 200 keV equipped with a
Gatan (Roper Technologies) K2 direct electron detector (FEG extraction,
4350 V; FEG emission, 110 μA; spot size 5, 70-μm objective lens aperture, 70-μm
condenser lens aperture). The Polara cryo-TEM is a cartridge-loaded microscope,
where the column is continually maintained at L-N2 temperature (less than −
175 °C). The grids that were prepared previously and stored in L-N2 were loaded
into the microscope’s cartridge while submerged in L-N2, and the cartridge with
grids was inserted into the microscope. The Polara was aligned for low-dose
imaging, measuring the dose rate on the K2 detector through vacuum (no grid
inserted). The dose rate used was 1.25 e−/Å2 s for high-magnification [50,000×
magnification (50 kx)] images (4.096-Å pixel size, 3,708 × 3,838 pixels; Figs. 2 B–E
and 3 B–E and SI Appendix, Fig. S4 B–D). The dose rate was not measured for the
low-magnification images (Figs. 2A and 3A and SI Appendix, Fig. S4A), because
the dose rate was orders of magnitude lower for those images (1-s exposure
time, 10.1034 nm pixel size, 1,852 × 1,918 pixels, binning 2). The high-
magnification images associated with tomography tilt series (Figs. 2 C–E and
3 C–E) were acquired using a 2-s exposure time (cumulative dose, 2.5 e−/Å2 per
image), and all other high-magnification images (not part of tilt series; Figs. 2B
and 3B and SI Appendix, Fig. S4 B–D) were acquired using a 3-s exposure time
(cumulative dose, 3.75 e−/Å2 per image). All imaging and tomography tilt
series acquisition was done using SerialEM software (bio3d.colorado.edu/
SerialEM/), which applies autofocusing on adjacent regions of the grid to
minimize dose on the sample and uses an automated cross-correlation drift/
shift correction during acquisition of tomography tilt series. Raw cryo-TEM
images were saved as .MRC stacks.

All cryo-TEM tomography tilt series were acquired using 3° tilt intervals.
For the tilt series in Fig. 2 C–H, the range covered was +49° to −59 (37 images
in the series), and the total cumulative dose experienced was ∼92.5 e−/Å2.
For the tilt series in Fig. 3 C–H, the range covered was +38° to −58 (33 images
in the series), and the total cumulative dose experienced was ∼82.5 e−/Å2.

Tomography Reconstruction of Cryo-TEM Tilt Series and 3D Rendering/
Visualization. The raw cryo-TEM tilt series images (.MRC stack) were manually
aligned (Movies S1 and S5) using IMOD software (bio3d.colorado.edu/imod/) (45).
The negative logs of the TEM intensities were used to form a pseudo–dark-field
image and convert the intensity of the object into a positive value, with the
background intensity close to zero. The total variation regularized discrete al-
gebraic reconstruction technique (TVR-DRAFT) tomography reconstruction al-
gorithm (39, 46) was downloaded fromGitHub (https://github.com/astra-toolbox/
ContributedTools) and was implemented to generate the reconstructions of the

protein nanostructures in Fig. 2 F–H (Movie S4) and Fig. 3 F–H (Movie S8). A value
of 50 was used for the lambda parameter to reduce noise contributions, and 100
iterations of the simultaneous iterative reconstruction technique algorithm were
usedwith three gray levels (object, background, and vacuum). After reconstruction,
a 3D Gaussian filter was applied to further reduce noise and remove isolated
voxels, and the objects were globally thresholded and visualized using FEI Avizo 9.0
software (FEI Company). Fig. 2 uses sigma relative (rel.) of 1, kernel size of 7, and
threshold value of 80 after the Gaussian filter was applied. Fig. 3 uses sigma rel. of
1, kernel size of 5, and threshold value of 100 after the Gaussian filter was applied.
Threshold values were applied using the magic wand tool, which only selects
connected pixels. Fig. 2F (Movie S2) and Fig. 3F (Movie S6) are isosurface renderings
of the reconstructions, and Fig. 2 G andH (Movie S3) and Fig. 3G andH (Movie S7)
are 1-voxel-thick orthoslice images (0.8 nm thick) from the reconstruction at various
z heights. Movies S2 and S6 show first the isosurface rendering as it is rotated
around the y axis (360°), andMovies S3 and S7 show the rendering of 1-voxel-thick
orthoslices sequentially, going down the z height of the rendered volume from the
top to the bottom.

Magnetic Resonance Imaging of Black Widow Spider. Gradient echo (GRE)-MRI
images of a black widow spider (Fig. 1A) were collected using an 18.8T magnet
(800 MHz) with a Varian VNMRS console and Doty Scientific 12 mm ID triple
axis MRI gradient probe capable of producing up to 300 Gs/cm PFG along each
axis. GRE-MRI images with 40 μm × 40 μm in plane resolution and 300-μm slice
thickness were collected using a 4-ms echo time and 50-ms repetition time.
Localized spectra utilized the STEAM2, a stimulated echo acquisition mode
localization scheme, with an echo time of 2.3 ms, a mixing time of 4.5 ms, and a
repetition time of 2 s. Additionally, outer voxel suppression pulses and variable
power radiofrequency pulses with optimized relaxation delays (VAPOR) water
suppression was employed (47). A 1.6-μL volume of interest was selected in the
interior of the MA gland using pilot gradient echo images.

PFG-STE NMR Acquisition and Analysis. NMR diffusion experiments (Fig. 2 and
SI Appendix, Figs. S2 and S8) were conducted using the same magnet as used
for GRE-MRI imaging (18.8T), and with an 800 MHz Agilent spectrometer
and a Doty diffusion probe using an STE pulse sequence with bipolar pulse-field
gradient pulses lasting 2ms (δ) with a 50-msΔ diffusion delay and a 10-s d1 recycle
delay (48, 49). To reduce the effects of eddy currents in the probe, a 2-ms delay
was added at the end of each phase of the bipolar gradient pulses. The diffusion
experiments were collected by incrementing the gradient magnetic field strength
in 10 steps. The probe gradients were calibrated using anhydrous glycerol sample.

Fig. 4. Graphical interpretation of the cryo-TEM and diffusion NMR data; illustrative scheme of the modified micelle theory. (A) Spidroin monomer at infinite
dilution [the building blocks for the nanoassemblies that form at native gland conditions (B)]. The C- and N-terminal domains (green and red) form helical structures,
and the long, central domain (blue and gray) is in the molten-globule state (rH ∼ 20–25 nm) (8, 26–29). (B) At neutral pH and native concentration within the MA
gland, the spidroin monomers assemble into small, flake-like subdomains (here shown composed of 12 monomers) that hierarchically assemble into larger, spherical
micellar structures (several hundred nanometers in diameter). (C) When sheared, the initial transformations occur at the subdomain level. Individual subdomains
transform into narrow, elongated fibrils that remain assembled (disordered and interwoven network) within the spherical hierarchical assemblies.
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1.3 Conceptos: Metodologías: Top-
Down & Bottom-Up 
p Top-down: 
Reducción de tamaño. Los mecanismos y las
estructuras se miniaturizan a escala nanométrica.
Este tipo de Nanotecnología ha sido el más
frecuente hasta la fecha.

p Bottom-Up: 
Auto ensamblado. Se comienza con una estructura
nanométrica como una molécula y mediante un
proceso de montaje o auto ensamblado, se produce
el crecimiento. Este enfoque, que algunos
consideran como el único y "verdadero" enfoque
nanotecnológico, ha de permitir que la materia
pueda controlarse de manera extremadamente
precisa.



1.3 Top-Down & Bottom-Up 



grafito
sp2

diamante sp3

2. Materiales de Carbono



2. Otras formas alotrópicas



Curl, Kroto y Smalleys son desbubiertos en 1985

Reciben el Nobel de Química en 1996

Domo geodésico diseñado por 
R. Buckminster Fuller

2. Fullerenos: C60, C70, etc.



E. Osawa, predijo la posibilidad de una molécula estable de C60 en 1970 
usando un simple modelo de Hückel. 

Fue su único artículo publicado en Japonés!

Russian quantum chemists D. 
Bochvar and E. Galpern predicted
the stability of C60 ”footballene” in 
1973 [Doklady Akademii Nauk
1972]
B 1973 году московские химики Дмитрий Бочвар и
Елена Гальперн подсчитали, что квантовая химия
теоретически допускает существование и некой новой
разновидности углерода, молекула которого должна
быть копией футбольного мяча: сфера, составленная из
шестигранников или пятигранников. 

2.¿Pero fueron los primeros?



Fullerenes in Space.

Maier JP, Campbell EK. Angew Chem Int Ed Engl. 2017 Apr 24;56(18):4920-4929.



2. Fullerenos: Aplicaciones

p Lubricantes: aditivito para 
aceites (Bardhal)

p Almacenamiento de 
Hidrógeno

p Aceptor para celdas solares
p Nanovehículo para 

liberación de principios 
activos



2. Nanotubos de Carbono:
"Helical microtubules of graphitic carbon", 

S. Iijima, Nature 354, 56 (1991)



(0,0)

Ch = (10,10)

Plegamiento quilaridad (10,10) SWNT

a1
a2

x

y

Animation: Shigeo Maruyama, Tokyo University

(n,n) son forma silla

(n,0) son zig-zag



2. CNT: Propiedades electrónicas



2. Tabla Periódica de los SWCNT



2. CNT: Aplicaciones
p Electrónica: pueden ser 

conductores y asilantes
p Refuerzo de polímeros: 

propiedades mecánicas.
p Sensores
p Transporte de Calor
p Fibras



2. Grafeno:
Premio Nobel de Física 2010
Novoselov, et al Science 306 (2004),666 



2. Grafeno:  Propiedades
p Copmortamiento fermiónico de masa cero
p Velocidad de portadores cercana a la de la luz
p Alta conductividad eléctrica
p Alta conductividad térmica
p Es el material con mayor dureza conocido hasta 

el momento



2. Microscopio de Fuerza Atómica

Contacto AC Mode



2. Microscopio Raman+AFM

Centro NanoMat, Facultad de Química. UdelaR



2. Grafeno: Microscopia de Fuerza 
Atómica (AFM)

Hoja de Grafeno preparada por mixer de alta velocidad y 
tensoactivos.



2. Grafeno: Puntos Cuánticos



2. Puntos Cuánticos de Grafeno
p Puntos cuánticos de grafeno (GQD)
p 60 nm de diámetro y 12 nm de alto



2. Zigzag graphene nanoribbons (ZGNR)



2. ZGNR: Prop. electrónicas
p H-ZGNR, N=4:  an AF-state

Faccio et al, J. Phys.: Condens. Matter 21 (2009) 285304



2. Half-Metal GNR

Y-W Son, M. Cohen & 
S. Louie, Nature 444,
05180 (2006)



2. Evidencia Experimental
LETTER

https://doi.org/10.1038/s41586-018-0154-7

Magnetic edge states and coherent manipulation of 
graphene nanoribbons
Michael Slota1,2, Ashok Keerthi3, William K. Myers2, Evgeny Tretyakov4, Martin Baumgarten3, Arzhang Ardavan2,5,  
Hatef Sadeghi6, Colin J. Lambert6, Akimitsu Narita3, Klaus Müllen3 & Lapo Bogani1,2*

Graphene, a single-layer network of carbon atoms, has outstanding 
electrical and mechanical properties1. Graphene ribbons with 
nanometre-scale widths2,3 (nanoribbons) should exhibit half-
metallicity4 and quantum confinement. Magnetic edges in 
graphene nanoribbons5,6 have been studied extensively from a 
theoretical standpoint because their coherent manipulation would 
be a milestone for spintronic7 and quantum computing devices8. 
However, experimental investigations have been hampered because 
nanoribbon edges cannot be produced with atomic precision and 
the graphene terminations that have been proposed are chemically 
unstable9. Here we address both of these problems, by using 
molecular graphene nanoribbons functionalized with stable spin-
bearing radical groups. We observe the predicted delocalized 
magnetic edge states and test theoretical models of the spin 
dynamics and spin–environment interactions. Comparison with 
a non-graphitized reference material enables us to clearly identify 
the characteristic behaviour of the radical-functionalized graphene 
nanoribbons. We quantify the parameters of spin–orbit coupling, 
define the interaction patterns and determine the spin decoherence 
channels. Even without any optimization, the spin coherence time is 
in the range of microseconds at room temperature, and we perform 
quantum inversion operations between edge and radical spins. 
Our approach provides a way of testing the theory of magnetism in 
graphene nanoribbons experimentally. The coherence times that 
we observe open up encouraging prospects for the use of magnetic 
nanoribbons in quantum spintronic devices.

Theory predicts that graphene nanoribbons (GNRs) can have mag-
netic edges6 that display ferromagnetism and excellent spin-filtering 
properties7, in addition to interesting quantum-coherence features8. 
However, most GNRs do not have atomically precise edges, and bare 
graphene terminations are very sensitive to chemical modification9, so 
the properties of magnetic edge states—and even whether they exist—is 
still uncertain. Previous results based on microscopy have been largely 
blind to the magnetic effects. We have developed a bottom-up molec-
ular synthesis, which allows for the fabrication of atomically precise 
GNRs with various structures that can be defined uniquely by the 
shape of molecular precursors10,11. We have previously synthesized 
pure zigzag GNRs with localized edge states in ultrahigh vacuum, but 
magnetic characterization was challenging owing to chemical instabil-
ity, so the spin properties of well-defined zigzag GNRs remain largely 
unexplored11,12.

We overcome these challenges by injecting a spin density into the 
edge states of stable molecular GNRs synthetized via solution-based 
bottom-up chemical methods, using nitronyl nitroxide (NIT) radi-
cals13 as magnetic injectors. The advantages of this approach are: that 
the groups introducing a magnetic functionality into the GNRs are well 
known13 and display interesting quantum propeties14; that we do not 
rely on unobserved chemistry to create edge states; that the sample can 
be mass-produced, instead of appearing on only one device; and that 
we can test the classical and quantum spin properties in bulk samples.

The synthesis of NIT-radical-functionalized GNRs (NIT-GNRs) 
starts with Diels–Alder polymerization of a bromo-functionalized  
tetraphenylcyclopentadienone-based monomer (1), yielding a bromo- 
substituted precursor polymer (2; Fig. 1a). Palladium-catalysed 
cross-coupling of 2 to triphenylphosphine-gold(i)-(NIT-2-ide) yields 
magnetic NIT-polyphenylene, which provides a non-graphitized  
reference material (Fig. 1b). Graphitization of 2 yields the bromo- 
substituted nanoribbons (3), which are magnetically functionalized to 
NIT-GNRs by partial bromine substitution via cross-coupling 
(Fig. 1c)15. Size-exclusion chromatography of 2 yields an average molec-
ular weight of 126 kg mol−1, which corresponds to an average nano-
ribbon length of ¯ >l 100 nm. Fourier-transform infrared, Raman and 
ultraviolet–visible spectroscopies corroborate the well-defined NIT-
GNR structure, as in previous reports15, without an appreciable pres-
ence of transition-metal magnetic impurities (Supplementary 
Information).

The unpaired electron of the NIT resides in a π orbital that extends 
over two N–O groups and a C atom and overlaps considerably with 
the π orbitals of the aromatic backbone; the resulting spin density 
is injected efficiently into aromatic substituents (Supplementary 
Information)16. Modelling of NIT-GNRs using density functional the-
ory reveals a sizeable spin density injected into the graphene backbone, 
which creates localized, non-dispersive states and a magnetic disper-
sive edge state, whereas the spins of the NIT-polyphenylene remain in 
completely localized states (Fig. 1b, c, Supplementary Information).

We can observe and manipulate the spin states directly using electron 
spin resonance17 (ESR), whereby the spin levels are split by a mag-
netic field and transitions are induced by microwave absorption. Static 
spectra at different frequencies (Fig. 2a) are reproduced using the spin 
Hamiltonian

= + + +H H H H HZ Hy D Ex

where the Zeeman term µ= B SH g iZ B  contains the effect of the mag-
netic field B on the ith spin Si via the Landé tensor g (with µB the Bohr 
magneton); = ∑ S IH Ai n i in nHy ,  is the hyperfine interaction between the 
electron spin Si and the spin of the nth nucleus In, mediated by the 
hyperfine interaction Ain; = ∑ ≠ S SH Di j i ij jD  is the dipolar coupling, 
with = − −

µ µ

π
D diag( 1, 1, 2)ij

g g

r4
i j

ij

0 B
2

3 , which contains the vacuum perme-
ability µ0 and the spin–spin distance rij; and = ∑ ≠ S SH Ji j i ij jEx  represents 
the exchange term produced by the exchange coupling J. The para-
meters that best reproduce all frequencies are: g = diag(2.0097(5), 
2.0060(4), 2.0026(1)); hyperfine coupling with the 14N atoms AN = 
diag(0.0, 3(2), 34(2)) MHz, tilted by ϕ = 9° in-plane relative to g; and 
D12 ≡ D1 = 11.0 ± 0.5 MHz and D13 = D23 ≡ D2 = 8.5 ± 0.5 MHz for 
the along- and across-edge interactions, respectively (Fig. 2b). Within 
error, the same results are obtained for the radicals on NIT-GNRs:  
g = diag(2.0098(5), 2.0059(5), 2.0026(1)), AN = diag(0.0, 5(2), 34(2)), 
D1 = 11.0 ± 0.5 MHz and D2 = 8.5 ± 0.5 MHz. The inter- and intra-

1Department of Materials, University of Oxford, Oxford, UK. 2Centre for Advanced ESR, University of Oxford, Oxford, UK. 3Max-Planck-Institut für Polymerforschung, Mainz, Germany. 4N. N. 
Vorozhtsov Novosibirsk Institute of Organic Chemistry, Novosibirsk, Russia. 5Clarendon Laboratory, University of Oxford, Oxford, UK. 6Quantum Technology Centre, Physics Department, Lancaster 
University, Lancaster, UK. *e-mail: lapo.bogani@materials.ox.ac.uk
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edge exchange interactions are J1 = −25 ± 5 MHz and J2 =  
12 ± 3 MHz, in agreement with the sign expected from theoretical 
predictions18 and Goodenough–Kanamori rules13. These signals are 
attributed to the spin density that is localized on the NIT radicals.

In addition to these signals, NIT-GNRs display the predicted edge 
state as a strong feature with uniaxial anisotropy: g|| = 2.0024(3), g⊥ = 
2.0041(2). Metallic impurities would produce ESR line widths of tens 
of millitesla, rather than the 1–2 mT observed. Metals and spin-bearing 
defects in the graphene backbone would have a different hyperfine cou-
pling from the NIT radicals and would not display all of the character-
istics of NIT radicals, and double electron–electron resonance (DEER) 
experiments would not be possible with randomly placed impurities 
(see below).

The shape and line width of the ESR signal rule out magnetic impu-
rities and are consistent with previous indications of delocalized spin 
states19, providing conclusive evidence for the existence of the edge 
spin states that have long been predicted for graphene nanoribbons4–7. 

Theory predicts that the honeycomb lattice of graphene introduces an 
axial spin–orbit effect, ∆SO, whereas the breaking of the mirror symme-
try of the plane produces a Rashba-type transverse term, ∆R, yielding 
the Hamiltonian

σ σ σ= ±∆ + ∆ ± −H S S S( )z z x x y ySO SO R

where ± denote the valley degrees of freedom, and Si and σi are the spin 
and pseudospin Pauli matrices8, respectively. ∆SO ≈ 15 µeV and ∆R ≈ 
1 µeV are extracted by considering that ∣ ∣∆ − = ∆E g g( ) 2i ie , where ge 
is the free-electron value, and perturbation theory is used to account 
for the effect of excited states at energy ∆E (available from the ab initio 
calculations). This constitutes direct experimental confirmation of 
tight-binding estimates of spin–orbit coupling in graphene20,21 and of 
its suppression compared to carbon nanotubes, as predicted by the 
lattice symmetry and the absence of curvature5,21. These observations, 
together with the fact that the static spectra are largely insensitive to 
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Fig. 1 | Functionalized graphene nanoribbons. a, Synthetic path to NIT-
polyphenylene and NIT-GNRs; spin-bearing radicals are shown in blue. 
b, NIT-polyphenylene and its local density of states E. The energy levels 
(as functions of the wavevector k times the repeating-unit length l) show 
no band structure and spins localized on the NIT groups. c, A NIT-GNR 

and its band structure, showing localized states and spin injection inside 
delocalized edge states. In b and c, densities calculated for different energy 
ranges are depicted as green, blue and orange shaded areas (see also the 
arrows); the blue dashed and red solid lines correspond to local densities of 
spin-up and spin-down states, for a given energy interval.

6 9 2  |  N A T U R E  |  V O L  5 5 7  |  3 1  M A Y  2 0 1 8
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.

LETTER RESEARCH

exchange interactions, indicate that the NIT-GNRs fall into a very inter-
esting regime, in which coherent manipulation of the spins is 
possible.

We therefore explore the quantum spin coherence using time- 
resolved ESR. The quantum evolution of a spin can be represented as a 
movement over the Bloch sphere, with zenith positions corresponding 
to pure |1/2〉 and |−1/2〉 states and all of their possible combinations 
mapped on the sphere (Fig. 3a). The spin relaxation time T1 represents 
spin flips (vertical displacement), whereas the phase memory time T2 
describes the evolution of the quantum phase information (azimuthal 
movement). We measure T1 using the ‘picket fence’ technique22 and Tm 
(a measure of the dephasing time) using the Hahn-echo decay. We fit 
the decay of the echo signal Y over time τ with an exponential function,

τ ωτ ϕ ω ϕ= + + + +τ− /Y Y k k( ) e [1 sin(2 ) sin(4 )]T
0

(2 )
1 1 2 2

x
m

which includes a signal at zero time Y0, modulation by the environ-
ment at a frequency ω (amplitudes k1 and k2 for first- and second-order  
effects), the phases ϕ1 and ϕ2, and a stretch parameter x (Fig. 3b). We 
always find x = 1, which indicates that the approximation of the relax-
ation time is good, that successive events are uncorrelated and that  
Tm ≈ T2, as traditionally defined23.

The T1 values (roughly 10−5 s) validate theoretical predictions24. The 
temperature dependence of 1/T1 (Fig. 3c) shows three main regimes: a 
linear one below 25 K, which is characteristic of spin–phonon energy 
transfer; a Raman region between 25 K and 200 K, in which relaxation 
happens via virtual states; and a room-temperature region in which 
local vibrational modes have a role, with the same characteristic energy 
(1,354 cm−1) for NIT-GNR and NIT-polyphenylene, which we tenta-
tively assign to the N–O stretching mode. Theories of low-temperature 
spin–phonon relaxation in graphene5,20 quantum dots consider a defor-
mation-potential mechanism, which is active for longitudinal acoustic 
phonons, and a bond-length-change mechanism, which is active for 
transversal and longitudinal acoustic modes. These mechanisms, in 
conjunction with the absence of Van Vleck cancellation20, are predicted 
to generate the linear dependence that we observe here at low fields. 
The other hypothesized mechanism—spin-state admixture5—can be 
ruled out by the temperature and field dependences that we observe 

and by the low value of the Rashba spin–orbit coupling, to which it is 
linked by symmetry selection rules5,20.

Even without any optimization, NIT-GNRs display Tm = 0.5 µs at 
room temperature and Tm = 1.1 µs at 85 K (Fig. 3c, Supplementary 
Information)—100 times longer than the 12 ns available in spintronic 
devices25. These high values are probably linked to the efficient sup-
pression of scattering in atomically regular edges. NIT-GNRs exhibit 
only a slight increase in Tm at lower temperatures, whereas NIT-
polyphenylene exhibits a minimum at 170 K and a broad maximum at 
60 K, attributable to the progressive freezing of the benzene–benzene σ 
bonds in the backbone. Although Tm for the localized radicals in NIT-
polyphenylene might be slightly longer, the NIT-GNRs enable us to 
validate theories of spin relaxation in graphene, have an edge state that 
is connected to transport and are promising for quantum operations.

We now determine the sources of decoherence in NIT-GNRs. 
The modulation of the Hahn-echo amplitude (Fig. 3b) at ω/(2π) =  
3.6 MHz—a frequency typical of 13C spin–nuclei interactions—suggests 
that hyperfine decoherence channels are important. Electron–electron 
double-resonance-detected nuclear magnetic resonance (EDNMR) 
allows us to deconvolute the different nuclear contributions16,23 
(Fig. 4a). 14N coupling is dominant, which confirms the analysis of 
continuous-wave spectra, but 13C, 1H single quantum transitions,  
14N, 13C double quantum transitions and nitrogen–carbon mixed tran-
sitions also have important roles. The coupling strength to the 13C of 
the graphene backbone (about 10 MHz) is considerably smaller than  
theoretical estimates for confined graphene dots5,26, in which anisotropic,  
Fermi-contact and nucleus–orbital interactions contribute to a total 
13C hyperfine interaction of about 70 MHz. These couplings suggests 
that nuclei could be used as computational resources27.

Finally, we consider the coupling between localized spins and the 
edge state. Information about electron–electron interactions is obtained 
by four-pulse DEER (Fig. 4b)17,22, whereby the system is initialized and 
probed at the gx resonance of the radicals and perturbed at the reso-
nance condition of the edge state. The resulting spectrum displays an 
intriguing slow oscillation that is overlaid by fast ones (Fig. 4c). The fast 
period corresponds to the D1 and D2 interactions, which are too strong 
for accurate resolution using DEER and are better appreciated via the 
continuous-wave spectra. Slow oscillations correspond to interactions 
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edge exchange interactions are J1 = −25 ± 5 MHz and J2 =  
12 ± 3 MHz, in agreement with the sign expected from theoretical 
predictions18 and Goodenough–Kanamori rules13. These signals are 
attributed to the spin density that is localized on the NIT radicals.

In addition to these signals, NIT-GNRs display the predicted edge 
state as a strong feature with uniaxial anisotropy: g|| = 2.0024(3), g⊥ = 
2.0041(2). Metallic impurities would produce ESR line widths of tens 
of millitesla, rather than the 1–2 mT observed. Metals and spin-bearing 
defects in the graphene backbone would have a different hyperfine cou-
pling from the NIT radicals and would not display all of the character-
istics of NIT radicals, and double electron–electron resonance (DEER) 
experiments would not be possible with randomly placed impurities 
(see below).

The shape and line width of the ESR signal rule out magnetic impu-
rities and are consistent with previous indications of delocalized spin 
states19, providing conclusive evidence for the existence of the edge 
spin states that have long been predicted for graphene nanoribbons4–7. 

Theory predicts that the honeycomb lattice of graphene introduces an 
axial spin–orbit effect, ∆SO, whereas the breaking of the mirror symme-
try of the plane produces a Rashba-type transverse term, ∆R, yielding 
the Hamiltonian

σ σ σ= ±∆ + ∆ ± −H S S S( )z z x x y ySO SO R

where ± denote the valley degrees of freedom, and Si and σi are the spin 
and pseudospin Pauli matrices8, respectively. ∆SO ≈ 15 µeV and ∆R ≈ 
1 µeV are extracted by considering that ∣ ∣∆ − = ∆E g g( ) 2i ie , where ge 
is the free-electron value, and perturbation theory is used to account 
for the effect of excited states at energy ∆E (available from the ab initio 
calculations). This constitutes direct experimental confirmation of 
tight-binding estimates of spin–orbit coupling in graphene20,21 and of 
its suppression compared to carbon nanotubes, as predicted by the 
lattice symmetry and the absence of curvature5,21. These observations, 
together with the fact that the static spectra are largely insensitive to 
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delocalized edge states. In b and c, densities calculated for different energy 
ranges are depicted as green, blue and orange shaded areas (see also the 
arrows); the blue dashed and red solid lines correspond to local densities of 
spin-up and spin-down states, for a given energy interval.
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2. GNR: rutas de síntesis

Bulk Production of a New Form of sp2 Carbon: Crystalline Graphene Nanoribbons.
Campos-Delgado et al, Nano Letters 8 (2008) 2773

Chemical derived, ultrasmooth GNR semiconductors
Xiaolin Li  et al, Science 319 (2008) 1229



2. ¿Propiedades Mecánicas?

Determination of the Young’s Modulus of Structurally Defined 
Carbon Nanotubes 

Yang Wu et al, Nano Lett. 8 (12), 4158-4161 (2008)



3. ¿ Experimentos?

“Strength of Monolayer Graphene Measurement of the Elastic 
Properties and Intrinsic”
Lee et al. Science 321, 385 (2008)



2. Propiedades mecánicas: H-ZGNR
p Esfuerzo vs. deformación
p Egap

p Determinación del modulo Young’s Modulus

xxsxxs
d0

h0



2. H-ZGNR, N=4



2. Mechanical Properties

Faccio et al, J. Phys.: Condens. 
Matter 21 (2009) 285304



2. Otros resultados

“Electromechanical Properties of Suspended Graphene Nanoribbons” 
O. Hod, G. E. Scuseria, Nano Letters 9 (2009) 2619



2. Polímero+GQD: Propiedades 
Eléctricas
p Modificación de propiedades eléctricas de 

polímeros conductores (PANI), con 
agregado de GQD.



2. Dinámica Molecular: PANI-GQD



3. Celdas Solares
Uso de Nanotubos de TiO2

Teoría y Experimento



fuente: http://www1.eere.energy.gov/solar/pv_systems.html
http://thomashawk.com/hello/209/1017/1024/Staring%20at%20the%20Sun.jpg

3.1 Energía Solar

p Energía producida 
por el sol

p Limpia y renovable
p Convertible y usable 

(electricidad)

Panel solar -
fotovoltaico



3.1 Celda Solar Convencional



3.1 Celda Solar Nano



3.1 Evoluació de las eficiencias 
solares en función de la Tecnología



• Funcionamiento equivalente 
a las de Si

• Los electrones se arrancan 
del colorante y se inyectan 
en TiO2, para transportarlo 
fuera de la celda 

• Los  “huecos” permanencen
en la tinta

• La separación hueco-electrón 
genera un voltaje y 
corriente.

fuente: http://nanosense.org/activities/cleanenergy/solarcellanimation.html

3.1 Celdas solares de sensibilización 
espectral (DSSC)



3.1 Celdas solares de sensibilización 
espectral (DSSC)

( )11% estándar AM 1.5h @
Foto-electrodo

- Conductor
- Semiconductor
- Colorante

Contraelectrodo
- Conductor
- Catalizador

Electrolito

•Grätzel M., Inorg. Chem. 2005, 44, 6841
•Faccio, R; Fernández-Werner, L.; Pardo, H.; W. Mombrú, A. Recent Patents on
Nanotechnology 2011, 5(1), 46-61.

Fase cristalina.
Cristalinidad.
Tamaño de partícula.
Estructura porosa.

TiO2
- Bajo costo
- Ampliamente disponible
- No tóxico
- Biocompatible



3.1 Primera Celda funcionando en el 
Centro NanoMat



3.1 Armado de Celdas: TNT



3. Eficiencias de las Celdas con NT
Curva J-V para el prototipo basado en NPs de Anatasa
Eficiencia de conversión:  5.96(5)%



3. Caracterización de NT: TEM

TEM
NT abiertos en 
ambos extremos

Dint=6(1) nm
Dext=12(1) nm

Dm≈9(1) nm y e≈3(1)nm  



3. Caracterización Estructural

p Microscopia Raman:
n Estructura local y 

extendida
n Muestras cristalinas y 

amorfas

p Difracción de Rayos X: 
n Orden de Largo Alcance
n Polimorfos de TiO2

n Tamaño de dominio cristalino
n Dispersión Debye 

p SAXS:
n Dispersión a bajo ángulo
n Contraste de densidad

electrónica. 
n Morfologia

p Microscopia Electrónica:
n Morfología
n Estructura cristalina local
n TEM
n HRTEM

Fernández-Werner et al. J. Energy Storage 12 (2017), 66-77 



3. Eficiencias de las Celdas: 
Anatasa versus NT de TiO2

Curva J-V para el prototipo basado en NPs de 
anatasa
Eficiencia de conv:  5,96% (Anatasa)

Curva J-V para el prototipo basado en NTs
de titanatos
Eficiencia de conv:  7,71% (TNT)



3. Eficiencias de las Celdas: 
Modelado y Estructura Electrónica

Superficies: H2Ti3O7 TiO2 (anatasa) Alineamiento de Bandas

El menor valor de Φ para H2Ti3O7 explica el aumento del Voc. 

F. Pignanelli, et al.,Mater. Res. Bull., 106 (2018) 40-48.

Egap(exp): 3.3 eV        Egap(exp): 3.2 eV



3. Conclusiones Parciales
p Importancia de la complementariedad de Técnicas de 

Caracterización Estructural.
p Interacción Teórico-Experimental para generar modelos 

estructurales completos, compatibles con XRD y Raman
p Entender y predecir resultados experimentales de forma integral.
p HTNT’s:

n Caracterización de NT de H2Ti3O7

n Muy buena eficiencia de conversión ~8%
n Resultados coherentes con Simulación Computacional

p Es posible extender la metodología a nuevas superficies, 
actualmente se trabaja con Li-TNT.

L. Fernández-Werner, R. Faccio et al. App. Surf. Sci. 290 (2014) 180–187
L. Fernández-Werner, R. Faccio et al. J. Energy Storage 12 (2017), 66-77 
E. Germán, R. Faccio & A. W. Mombrú. App. Surf. Sci. 426 (2017), 1182-1189.
E. Germán, R. Faccio & A. W. Mombrú. J. Phys. Comm. (2018), 55006 (1), 1-10.
E. Germán, R. Faccio & A. W. Mombrú. App. Surf. Sci. 428 (2018), 118-123.
F. Pignanelli, et al.,  Mater. Res. Bull., 106 (2018) 40-48.
M. Esteves, et al., Cer. Int. 2018 (en prensa)



4. Conclusiones Finales
p Nanotecnología ya está entre nosotros.
p La región cuenta con herramientas par para 

investigar en Nanociencia y desarrollarse  
Nanotecnología.

p Aspectos de Control y Regulación.
p Nanociencia: interacción teórica-experimental 

es clave
n Predecir el comportamiento de los materiales
n Entender el comportamiento de los materiales

p Nanotecnología: Existen recursos estratégicos 
en la región como para desarrollarse en la 
nanotecnología.
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1. Materiales para Almacenamiento 
de Energía: Baterías de Litio
p El litio es un material importante por su bajo peso y buen

desempeño.
p Recurso estratégico para la región: Argentina, Bolivia, Brasil

y Chile suman más del 50% de la producción de Litio a
nivel mundial.

p En el año 2010 el mercado de las baterías recargables de
ion-litio alcanzó los U$S 11000 millones.

p Demanda de baterías de litio dominada por los dispositivos
electrónicos portátiles; pero el emergente mercado de
aplicaciones para vehículos eléctricos (VE) y vehículos
híbridos (PHEV)



1. Materiales para Almacenamiento 
de Energía: Baterías de Litio

https://batteryuniversity.com/index.php/learn/article/global_battery_markets

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



1. Materiales para Almacenamiento 
de Energía: Baterías de Litio

Topical Review

4

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
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1. Electrolitos Sólidos vs Líquidos
p Ventajas

n Mayor Durabilidad
n Mayor Estabilidad Térmica
n Posibilidad de Miniaturización
n Mejor Seguridad
n Mayor Eficiencia
n Mejor trato del Medio Ambiente

p Desventajas
n Altas Energías de Activación
n Bajas Conductividades



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


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



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.
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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).
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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).

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b10725
J. Phys. Chem. C 2018, 122, 1492−1499

1497

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
p Se realizó la preparación de nanocompósitos polímero-nanopartícula
p Se caracterizaron de forma Químico-Estructural
p Se caracterizaron electroquímicamente, con valores en rangos 

aceptables, acorde al estado del arte. 𝜎#$#%&~3.95×10/0 𝑆 2 𝑐𝑚/5

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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5. Perspectivas
p Seguir con el trabajo con Fillers activos: 

n LiTNT y NaTNT

ionic-pair dissociation of lithium perchlorate salt in polyacrylonitrile-based polymer31. The 

presence of peaks in the 870–900 cm-1 region in relation to the interaction of perchlorate with 

HTNT fillers surface in polyacrylonitrile was also evidenced in a previous report20. In our present 

study, the LiTNT-rich zone showed the presence of a peak at ~ 890 cm-1 and the PAN-DMSO-

rich zone showed the presence of a peak at ~ 930 cm-1, suggesting that the perchlorate anion is 

strongly interacting with LiTNT surface. 

3.5- Impedance spectroscopy    

Impedance spectroscopy data and fittings are shown in Fig. 5. The impedance response is 
composed of a real and an imaginary part represent by the following equation: 

$ = $& − ($′′     (Eq. 1) 

The imaginary versus real impedance (–Z’’ vs Z’) plots; commonly known as Nyquist plots, and 

the phase versus frequency (φ vs f) plots; commonly known as Bode plots, are shown in Fig. 

5a,b. Nyquist plot for the unloaded lithium polyacrylonitrile sample, depicted in Fig. 5a-inset, 

consists of a large impedance semicircle arc followed by a quasi-straight line associated with a 

diffusion process.  

 
Fig. 5 – Impedance spectroscopy data and corresponding circuit model fittings displayed as Nyquist plots 

(a) and phase versus frequency (b) for Li-PT-X with X=0, 5, 10, 15 and 20. 

The additions of LiTNT lead to a drastic reduction of the impedance semicircle arc, up to almost 

four orders of magnitude for 15% LiTNT loadings, as displayed in Fig. 5a. The appearance of a 

second semicircle arc is evident for higher LiTNT loadings, especially for 15% and 20%, 

revealing an additional contribution to the ionic transport in our samples. The evidence of two 

contributions to the ionic transport is also clearly observed for X = 15 and 20%, in relation to the 

appearance of a second maximum at lower frequencies in the phase versus frequency plots, as 

shown in Fig. 5b.  

 

Fig. 6 – (a) Bulk (σLi+,Bulk) and LiTNT surface-mediated (σLi+,Surf) ionic conductivities for Li-PT-X with 
X= 0, 5, 10, 15 and 20. (b) Circuit model scheme used to fit impedance data for Li-PT-X with X= 5, 10, 

15 and 20 while the analogous with only the bulk contribution was used for the unloaded polymer sample 
(X=0). (c) Schematic representation of polymer bulk ionic transport (blue arrow) and LiTNT surface-

mediated ionic transport mechanism (red arrows). 
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