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T
he target of achieving an ideal all-
solid polymer electrolyte with appre-
ciable Liþ-ion mobility has by far

remained elusive and one of the most
daunting challenges for researchers under
the global new energy outlook, which has
reintensified in recent years.1�4 Early con-
ceptualization by Wright5�7 and Armand8,9

is followed by several significant contribu-
tions over the years in the synthesis of
new matrices, understanding the complex
charge-transport properties, developing
physical/theoretical models, and strategies
to enhance material properties by notable
research groups.10�19 Nonetheless, the rea-
lization of a system that can provide ionic
conductivity comparable to that of a liquid

in an all-solid matrix has remained insur-
mountable. Overcoming the sluggish dy-
namics of macromolecular chains in ab-
sence of lowmolecular weight plasticization
remains themajor roadblock. One approach
successfully employed is nanostructuring of
the polymeric matrix using block copoly-
mers so as to provide enough ion chan-
nels.19�22 However, controlled synthesis of
block copolymers with designer architec-
ture for bulk usage do pose some applic-
ability issues. In recent efforts from our
group, a significant milestone in ionic con-
ductivity, σ ∼ 10�4 S cm�1 at ambient was
achieved for a new class of quasi-solid ran-
dom semi-IPN systems notably without any
external plasticization.23,24

* Address correspondence to
pratyay@iict.res.in,
pratyaybasak@gmail.com.

Received for review August 11, 2014
and accepted November 7, 2014.

Published online
10.1021/nn504472v

ABSTRACT Herein, we report on polymer-nanocomposites with

brush-like architectures and evaluate their feasibility as an all-solid

electrolyte matrix supporting Liþ-ion conduction. Showcased as a

first example in the domain of electrolyte research, the study probes

several key factors, such as (i) core morphology, (ii) surface

modifiers/functionality, (iii) grafting length, and (iv) density of the

brushes, and determines their role on the overall electrochemical

properties of these nanostructured organic�inorganic hybrids.

Nanostructured titania was synthesized via wet-chemical ap-

proaches using either controlled hydrolysis or hydrothermal methods. Exercising suitable control on reaction parameters led to well-defined

morphologies/phases, such as nanoparticles, nanospindles, nanourchins, nanorods or nanotubes, in either anatase, rutile or mixed forms. Covalent

anchoring on titania nanostructures was achieved using dopamine, gallic acid and glycerol as small organic moieties. A one-pot process of priming the

available surface functional groups postmodification with isocyanate chemistry was followed by grafting polyethylene glycol monomethyl ethers of desired

chain lengths. Finally, complexation with lithium salt yielded electrolyte compositions where the ethylene oxide (EO) fractions aid in ion-solvation with

ease. The synthesized materials were characterized in detail employing XRD, TEM, DRS-UV, FTIR, micro-Raman, TG-DTA and DSC at each stage to confirm the

products and ascertain the physicochemical properties. Comprehensive evaluation using temperature-step electrochemical impedance spectroscopy (EIS) of

these brush-like nanocomposites provided crucial leads toward establishing a plausible physical model for the system and understanding the mechanism of

ion transport in these all-solid matrices. The preliminary results on ionic conductivity (σ) obtained for some of the compositions are estimated to be within

the range of ∼10�4 to 10�5 S cm�1 in the temperature window of the study that holds excellent promise for further improvement.
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Of the alternate techniques to enhance ionic trans-
port, use of nanofillers that provide competitive inter-
actions within the polymer matrix have gained pop-
ularity.16,25�35 Yet, these nanocomposites impose the
usual limitations of matrix homogeneity, loading
amounts, agglomeration, and phase separation that add
to concerns regarding reproducibility. Functionalization/
surface modifications with small organic moieties like
catechol on nanomaterial fillers do help to address
few of the issues with a trade-off on the aspects of
competitive interactions.35 In concurrent research
efforts evolving in other fields, such as advanced drug
delivery, separation techniques, smart coatings and
sensors, polymer grafted brush-like nanocomposites
have shown very promising results.36�39 Confinement,
grafting density, brush length and molecule/ion diffu-
sion all are key parameters that define interesting
properties for such polymer nanocomposites
(PNCs).36,38 All these characteristics highlighted for
the PNCs also uniquely position them to provide for
an environment that is conducive for high segmental
mobility, low crystallinity and enhanced interfacial
interactions supporting fast ion-transport, envisaged
as the prerequisites for an electrolyte matrix. To the
best of our knowledge until date, however, this strat-
egy has not been exploited in the field of electrolyte
research. For the first time, we showcase the feasibility
of adopting this approach in designing all-solid elec-
trolyte matrices.
In the present investigation, we report on polymer-

nanocomposites with brush-like architectures as a new
class of an all-solid electrolyte matrix possessing rea-
sonable Liþ-ion conductivity. The study attempts to
probe several important factors that determine the
overall physicochemical and electrochemical proper-
ties of these nanostructured organic�inorganic hy-
brids and evaluate their feasibility. To extend the
proof of concept, these trials are restricted to the use
of titania as the inorganic core and polyethylene glycol
as the polymeric graft of our choice. Both the materials
possess remarkable properties and have attracted
immense attention owing to their unmatched indus-
trial potential and technological viability.11�13,40,41

Polyethylene glycol, by far, has the best ion solvation
capability,11�13 while titania in recent years has shown
great promise as an anode material.42,43 Key param-
eters explored herein, albeit with limited examples,
are (i) morphology of the nanostructured core, (ii)
chemistry of surface modifications (organic ligands/
anchors), (iii) chain length of the graft and (iv) grafting
density of the brushes. Well-defined nanoparticles,
nanospindles, nanourchins, nanorods and nanotubes
of titania were successfully synthesized to examine the
role of morphology. Dopamine, gallic acid and glycerol
were used as small organic moieties to achieve
covalent anchoring on the titania nanostructures as
well as generate reactive end groups on the surface.

The modification was followed by a one-pot process
of priming the surface with isocyanate chemistry
(urethenation) and grafting polyethylene glycol of
desired chain lengths. Finally, complexation with
lithium salt yielded the electrolyte compositions.
Throughout the effort, each step has been followed
by detailed characterizations employing several tech-
niques not only to confirm the formation of the
targeted product but also to provide pertinent clues
in understanding the overall behavior of these electro-
lyte matrices. The feasibility and potential of these
brush-like nanocomposites are evaluated comprehen-
sively employing temperature-step electrochemical
impedance spectroscopy. Some interesting observa-
tions and crucial results indicate great promise to look
beyond.

RESULTS AND DISCUSSION

The present report is an attempt to synthesize a new
class of organic�inorganic hybrid polymer nanocom-
posite electrolyte with brush-like architectures to
achieve an all-solid matrix possessing reasonable Liþ-
ion conductivity. A detailed evaluation of the physico-
chemical and electrochemical properties of these poly-
mer nanocomposite electrolyte brushes were initiated
with the idea to optimize electrolyte compositions as a
function of the nanostructure morphology, different
functionality and the molecular weight of the poly-
meric components in the nanocomposite matrix. Vari-
ables possible for the present study, though inten-
tionally kept limited within the large parameter space
available, assessment of the key factors, such as (i)
surface modifications/anchoring molecules, (ii) molec-
ular weight/chain length of polymeric grafts, and (iii)
role of morphology, all helped to understand the
overall aspects that govern ion-conductivity behavior
in these complicated systems.

Nanostructuring Titania. Synthesis of nanostructured
titania (TiO2), its crystalline phases (anatase, rutile,
brookite), their potentially diverse industrial applicabil-
ity and hence commercial importance are now well
documented in literature.41 With recent advances in
synthetic strategies, appreciable control on themateri-
al morphology and phases formed can be achieved via

relatively simpler wet-chemical routes notably even in
absence of templates. In the present study, titania
nanostructures of diverse morphologies and phase
compositions were realized to rationalize two key
factors, i.e., the role of morphology and phase compo-
sition on the physicochemical and electrochemical
behavior of the targeted hybrid nanocomposites as
electrolytes. Albeit, the synthesis of TiO2were achieved
employing some previously reported methodolo-
gies,44�48 the confirmation on formation of nano-
structures, phase and morphology desired was sub-
stantiated comprehensively before initiating further
chemical modifications. The significant observations
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and inferences drawn from the attempts are presented
in Figure 1 which undoubtedly ascertains that a con-
siderable control on the structure and phase can be
exercised depending on the reaction conditions and
the medium used. Typical X-ray diffraction patterns of
different titania (TiO2) phases synthesized is depicted
in Figure 1(a) with detailed discussion provided in the
Supporting Information. When the reaction medium is
kept acidic (pH < 3), with presence of excess chloride-
ions in the system, the synthesized phase is invariably
pure rutile,45,49 while the hydrazine monohydrate
approach has been demonstrated to yield phase-
pure anatase exclusively, even at room temperature.44

Average crystallite sizes as determined from the fwhm
of major peaks applying the Scherrer's equation for
rutile is ∼15�20 nm, while for anatase it is slightly
smaller (∼5�7 nm). Interestingly, the diffractograms
Figure 1(a) (iii�v) for the synthesizedmaterials showed
obvious peak shifts along with an unmistakable low
angle peak that indicated formation of layered sodium
hydrogen titanates (NayH2�yTinO2nþ1 3 xH2O).

50�56

Morphology of the synthesized nanostructures
were evaluated employing transmission electron mi-
croscopy. Representative electron microscopy images
for the five series of titania samples synthesized are
presented in Figure 1(b�f). Noticeable distinction in
the morphology achieved could be discerned with
appreciable specificity to the synthetic route adapted.
As evidenced, the morphologies observed relates well
to certain geometric forms and have been appropri-
ately coined as nanoparticles (Tnp), nanospindles (Tns),
nanourchins (Tnu), nanorods (Tnr) and nanotubes (Tnt).

Morphology of the final product is substantially de-
pendent on the nucleation and growth (see Support-
ing Information for detailed discussion on proposed
formation mechanisms).57 The hydrazine mono-
hydrate route leads to the formation of considerably
monodisperse nanoparticles with average size dis-
tribution in the range of ∼20�30 nm (Figure 1(b)).
A chloride-ion excess environment (acidic medium),
promotes preferential growth parallel to the c-axis,
[110] direction,45,49 facilitating the formation of rutile
in spindle like geometries with an average aspect
ratio of approximately (1:10) (Figure 1(c)). These rutile
spindles/needles so formed, during the process of
washing with basic aqueous solution, undergo partial
phase change and agglomeration through self-
assembly apparently seen as an overall urchin-like
formation as evident from Figure 1(d). The formation
of nanorods/nanotubes via a dissolution-reformation
mechanism have been discussed by many authors,56

and the aspect ratios for these nanotubes as seen in
Figure 1(e) and (f), respectively, are estimated to be >20.

Structural confirmation of these nanostructures and
morphologies was further substantiated employing
Raman spectroscopy.58�63 Figure 1(g) presents the
stack-plots of micro-Raman signals obtained for the
corresponding titania samples. The peaks at ca. 608,
440 and∼230 cm�1 in Figure 1(g):(i) could be assigned
to A1g, Eg and two photon scattering for the rutile
phase of titania. Presence of a peak at∼110 cm�1 and
a shoulder at ∼688 cm�1 are signatures ascribed to
A2u/B1u (optic mode acoustic vibrations) and A2g

(normally optically forbidden) modes, respectively,

Figure 1. Stack plots of typical X-ray diffraction patterns: (a) different phases of titania (TiO2) as synthesized (i) rutile,
synthesized under acidic conditions at 80 �C by hydrothermal route, (ii) anatase, synthesized using hydrazine monohydrate
(controlled hydrolysis) at room temperature, (iii) nanourchins (mixed phase) synthesized as in (i) followed by washing with
basic solution, (iv) nanorods (mixed phase), obtained following digestion of rutile TiO2 in 10 N NaOH autoclaved at 110 �C for
18h and (v) nanotubes (mixed phase), obtained following digestion of rutile TiO2 in 10 N NaOH refluxed at 110 �C.
Representative transmission electron microscopy images for different morphologies of nanostructured titania synthesized:
(b) nanoparticles (Tnp); (c) nanospindles (Tns); (d) nanourchins (Tnu); (e) nanorods (Tnr); (f) nanotubes (Tnt); and (g) the
corresponding Raman signals obtained for the samples in the same serial order confirming the formation and phases present.
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implying the significantly small particle sizes. The
peaks at 148 and 637 cm�1 are attributed to the Eg,
396 cm�1 to B1g and 516 cm�1 to A1g vibrational
modes of phase-pure anatase TiO2 in Figure 1(g):(ii).
The strong signal at 148 cm�1 also signifies formation
of ultrafine particles. In Figure 1(g):(iii�v), apart from
the identified peaks for anatase and rutile, indicating
formation of mixed phases, multiple vibrational bands
at ca. 276, 290, 672, 705, 830 and 920 cm�1 are also
prominently visible. These additional vibrational fre-
quencies could be related to the presence of both
sodium hydrogen titanate and hydrogen titanate
as also inferred from the X-ray studies. Bands around
920 and 830 cm�1 can be assigned to Ti�O�Na and
Ti�O�H symmetrical stretchingmodeswith very short
Ti�O distance in titanate structures.58,59 The broad
overlapped bands at ∼672 and ∼705 cm�1 can be
attributed to the octahedral distortion in TiO6

2�, as
proposed for entrapped structural water/-OH groups
during the dissolution-reformation mechanism.60,61

The duplet symmetric stretching bands at ca. 290
and 276 cm�1 are symmetrical stretching modes for
Ti�O�Na and Ti�O�H, respectively, indicating the
presence of a layered structure in the lattice.62,63 To
sum up, the XRD, TEM and Raman studies corroborate
each other significantly well and confirm the formation
of a series of nanostructures, phase and desired mor-
phology as targeted to initiate further chemical
modifications.

Surface Functionalization and Modification of Nanostruc-
tured Titania. A series of polymer nanocomposites
(PNCs) with brush-like architecture possessing titania
as the nanostructured core and polyethylene glycol
chains forming the bristles, were successfully synthe-
sized. Schematic illustration of the different stages
involved in a typical synthesis toward achieving the
same is provided as Figure 2. Stable anchoring of the
organicmodifiers preferably through covalent linkages
on the surface of nanostructures is a prerequisite
criteria to proceed forward. Enediol ligands can effec-
tively function as stable anchors on metal-oxides sa-
tisfying the considerable oxygen nonstoichiometry ex-
isting on the nanostructure surface. Low-temperature
route for in situ functionalization of transition metal
oxide via covalent linkage using a variety of enediol
ligands, such as ascorbic acid, catechol, dopamine,
alizarin, etc., has been previously reported by notable
groups.64�68 All of these studies have demonstrated
the effectiveness of surface functionalization on the
dispersion and colloidal stability of transition metal
oxides in a wide range of solvents. In the present
approach, we have effectively used a slightly modified
procedure to functionalize the surface of titania nano-
structures postsynthesis with three small organic moi-
eties having multiple functionality. While the diol/acid
groups are likely to anchor covalently on the metal
oxide surface, the additional amine, acid or alcohol

functionality is expected to be retained unbound and
available for further chemical modifications.

Realization of the chemical alteration and confirma-
tion for the nanostructures postfunctionalization was
evidenced from XRD, mid-FTIR, micro-Raman, DR-UV
and thermogravimetry studies. The details of the
observations are compiled in the Supporting Informa-
tion provided. The diffraction patterns for the titania
nanospindles postfunctionalization with dopamine,
gallic acid and glycerol show no perceptible changes
in either their crystallinity index or phase formed
(Figure S8). A favorable inference that could definitely
be drawn is that neither the refluxing temperature nor
the chemical attachments (new bonds) on the surface
alter the parent nanostructures. The presence of all
the signature peaks in mid-FTIR confirms covalent
attachment/anchoring of the organic moieties.69,70

Micro-Raman, however, generatedweak signals, which
were noticeably masked in the presence of metal-
oxide core. Diffused reflectance studies in UV�vis
region showed a considerable shift in the absorption
band edge and perceptible broadening for the func-
tionalized nanostructures.

Thermogravimetry studies (Figure S14) of function-
alized rutile nanospindles confirmed on the aspects of
both thermal stability as well as the approximate sur-
face coverage attained postmodifications. The tem-
perature onset (To) of thermal degradation is observed
to be ∼200 �C, which indicates substantial stability
of the bound organic components on the surface.
As could be ascertained from the corresponding dif-
ferential plots, apart from a negligible weight loss
(∼1�2 wt %) up to 180 �C presumably because of
moisture and/or boundwater, themajor loss of around
8�10 wt % is recorded within 200�400 �C. Attributed
to the degradation and charring of small organic
molecules, this stage also provides an estimation of
the surface coverage, i.e., grafting density achieved on
the nanostructure surface. Though a quantitative ther-
mogravimetric analysis on the products cannot be
claimed in absence of proper control for validation, a
fairly reasonable approximation within the error limits
was arrived at following repeated runs on sizable
number of samples. Estimates indicate that the or-
ganic functionalization achieved is in the range of
∼6 � 10�4 mol/g of titania with an error of (3%.
Considering prior reports of quantitative analysis,71,72

the results positively indicate that a substantially dense
coverage on titania nanostructures has been success-
fully achieved.

Grafting of Polymeric Chains on Modified Nanostructures.
Postfunctionalization and preliminary characterization
of the titania nanostructures with dopamine, gallic acid
and glycerol, free functional groups available on the
surface was primed following isocyanate chemistry.
Urethane chemistry has been successfully adapted in
our ongoing efforts to design several new classes of
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solid/quasi-solid matrices as electrolytes.23,24,35 The
strategy involves reacting diisocyanates/polyisocyantes
with reactive functional groups such as hydroxyls,
amines and acids available on the modified titania to
achieve an isocyanate terminated reactive shell. At this
stage, oligomers/polymers with monofunctional end
groups (-OH/-NH2/-COOH) can be made to react
with unreacted -NCO groups to obtain the desired
grafts as depicted in the scheme (Figure 2). Finally,

the polymer-nanocomposites were complexed with
lithium salt (LiClO4) to investigate the ion conduction
behavior in all solid-state. The grafted chains of our
choice in this present study are polyethylene glycol
monomethyl ether (PEGMME) that possess excellent
ion-solvation capability. Polyethylene glycols/poly-
ethers are one of the most studied systems in the
area of polymer electrolyte research and provides
well-documented literature support to validate and

Figure 2. Representative scheme illustrating the synthetic route to obtain titania nanostructures, followed by their surface
functionalization tethering dopamine, priming the surface with reactive isocyanate end groups using urethane chemistry,
anchoring of polymeric chains of polyethylene glycol monomethyl ether to form grafted brush-like architectures and finally
complexation with suitable lithium salts to achieve all solid organic�inorganic hybrid electrolytes.
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rationalize the findings. A range of molecular weight
was used to study the effect of chain lengths on the
physicochemical and electrochemical behavior of
these systems when complexed with lithium salts.

Progress of the urethenation reaction although
well-established is usually followed with mid-FTIR,
where disappearance of the free isocyanate peak at
ca. 2273 cm�1 is coupled with a concurrent appear-
ance of a shoulder at ca. 1725 cm�1.23 The absence of
the signature -NCO peak in the final products after
curing at 80 �C and vacuum drying confirms the
completion of the grafting reaction. Figure S17(A)
highlights the composite mid-FTIR spectra in the re-
gion 2000�400 cm�1 for some representative hybrid
systems complexed with LiClO4. The ether (C�O�C)
stretching region (1180�1000 cm�1) with its charac-
teristic band broadening owing to ion-complexation is
quite emphatically visible in all the samples. The other
noticeable bands observed are the urethane and ester
CdO stretch at ca. 1700 cm�1, free perchlorate anion at
∼637 cm�1, all C�H bending and deformation vibra-
tions along with the distinctive vibrational modes of
the anchored organic ligands as assigned in the pre-
ceding section.

Thermal properties of these synthesized compo-
sites are assessed employing differential scanning
calorimetry (DSC), Figure S17(B). The thermograms
reveal an appreciably low glass transition temperature
alongwith significant decrease in the degree of crystal-
linity for polyethylene glycol monomethyl ethers used
for grafting. Evaluation summary of select samples
used in the present study are provided in Table 1. For
rutile nanospindles, a marked difference could be
made out for the dopamine and gallic acid functiona-
lization for the same set of polyethylene glycol grafts.
A relatively higher Tg for dopamine functionalized
nanostructures is probably observed because of the
partial urchin-like self-aggregation for these nanospin-
dles that occurs after NaOH/MeOHwash. Self-assembly
can partly restrict the segmental motion of the grafted
polymeric chain segments. Interestingly, in each set,
cold crystallization and melting temperature peaks are
also evidenced with increase in the molecular weight
of the grafted polymers signifying minor presence of
crystalline domains. The shift in Tc and Tmpeaks toward
higher temperature is also quite noticeable, presum-
ably owing to the concomitant increase in intermole-
cular H-bonding. Effect of nanostructure morphology
on the thermal properties at similar grafting lengths is
also remarkable. The steady decrease in glass transition
temperature with change in morphology from parti-
cles, spindles to tubular geometry signifies more wrig-
gle room for the polymeric chain segments with
increase in the aspect ratio of nanocomposite core.
Evidently, the design strategy, synthetic approach,
core morphology, grafting density, salt solvation prop-
erties and the thermal characteristics all complement

each other satisfying some of the key prerequisites
demanded of an ionically conducting all solid-state
electrolyte matrix.

Electrochemical Behavior of Organic�Inorganic Hybrid Nano-
composites. Ionic conductivity, mechanism of ion-
conduction, relaxation times associated with ionic
hopping, activation energy and microscopic polariza-
tion processes involved for the synthesized brush-like
nanocomposites were assessed in considerable detail
employing temperature-step electrochemical impe-
dance spectroscopy (EIS). Prior inferences from exten-
sive studies in our group onpoly(ethylene oxide) based
systems indicates that ca. 20 units of ethylene oxide
(EO) accommodating one Liþ is usually optimal for
electrolyte compositions.23,24,35 In the present investi-
gation, we hence limit ourselves to the EO/Li mole ratio
of 20 with lithium perchlorate solvated as an electro-
lyte. Evaluation of electrochemical impedance (Z) and
the complex-plane Nyquist plots can be effectively
done by creating a plausible physical model using
a combination of distributed elements that best rep-
resents the real system under study.73�77 Software
simulations employing such models carried out on
experimental data can aid in extracting several key
information pertinent to the complex system response
generated under the application of a sinusoidal field.

The graphical abstract provided represents a car-
toon illustration of a realistic physical model of the all
solid hybrid nanocomposite matrix under this study.
The rationale for the model (see Supporting Informa-
tion, Figure S18(a)) is based on an assumption of at
least two microscopic domains (phases) that is be-
lieved to coexist: (i) the domains of grafted polymeric
chain segments in the vicinity of nanoparticle surface
(hard segments) and (ii) the domains of extended

TABLE 1. Evaluation Summary on the Thermal Character-

istics of the Various Hybrid Organic�Inorganic Polymer

Nanocomposites Synthesizeda

sample code

phase and morphology

of the nanostructured core

Tg

(�C)

Tc

(�C)

Tm

(�C)

Variation of Surface Functional Group and Grafted Chain Length of the Brush
Tns-DA-PEGMME-350 rutile, nanospindles �47.5 � �
Tns-DA-PEGMME-550 �57.4 �17.1 8.5
Tns-DA-PEGMME-750 �48.6 �2.6 17.6
Tns-Ga-PEGMME-350 �70.1 � �
Tns-Ga-PEGMME-550

b �48.9 � �
Tns-Ga-PEGMME-750 �62.1 �44.7 20.6

Variation of Nanostructured Morphology
Tnp-Ga-PEGMME-550 anatase, nanoparticles �41.2 � �
Tns-Ga-PEGMME-550

b rutile, nanospindles �48.9 � �
Tnt-Ga-PEGMME-550 mixed phase, nanotubes �55.3 �16.2 9.3

a The glass transition temperature (Tg), cold crystallization temperature (Tc) and
crystalline melting temperature (Tm), results were obtained by differential scanning
calorimetry and analyzed using the software Universal Analysis provided by the TA
Instruments. b The data has been reproduced in duplicate for ease of comparison.
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polymeric chain segments (softer flexible region).
The complexation of solvated Liþ-ions in these two
domains understandably experience moderately dif-
ferent ion-polymer interactions.35 Because of a possi-
bility of competitive polymer�nanoparticle and ion�
nanoparticle interactions, the transient Liþ-ion
mediated cross-links are presumed to be more labile
close to the nanoparticle surface. Nevertheless, the
pinned down polymeric grafts aided by aromatic
linkers (enediols and diphenyl diisocyanates) can pro-
vide considerable rigidity in and around this region.
A trade-off is hence quite likely, which is possibly
reflected in a slightly higher resistance observed at
the nanoparticle�polymer interface (denoted by R1).
The extended polymeric PEGMME chain segments are
comparatively more flexible and can provide for a least
resistive path for ion transport (R2). The associated
capacitance in these two regions are indicated by
two constant phase elements parallel to the resistors,
as Q1 and Q2, respectively. The SS-blocking electrodes
are aptly represented by a constant phase element,Qdl,
indicative of the double layer capacitance involved.
The experimental data collected for all samples were
normalized prior to the equivalent circuit fits for com-
parative appraisals.

Representative normalized complex-plane impe-
dance plots (Nyquist plots) for the synthesized polymer
grafted-nanotubes of TiO2, Tnt-Ga-PEGMME-550, nano-
composite matrices complexed with LiClO4 at different
temperatures are provided alongside the graphical
abstract and in Figure S18(b). A low frequency spike
in combination with a semicircular arc observed in the
mid/high- frequency region signifying the response of
electrode-material interface and material bulk, are
typical of such plots. Nonetheless, an apparently asym-
metric nature of the depressed semicircular arc lends
credence to our hypothesis that at least two micro-
scopic domains are present within the matrix bulk.
The signals are evidently merged presumably because
of a very similar relaxation time associated with the
ionic hopping events in both these domains. Software
simulated model fits generated are depicted in
the plots with overlapping solid red lines. The feasibility
of our model and goodness of these fits is quite evident
from the random distribution of residual data points
along with concurrent fits to the bode plots (see
Supporting Information, Figure S19 to Figure S22).
Isolated contribution of resistance for designated do-
mains estimated from these fits are provided in Table 2.
As expected, with increase in temperature, the ion
transport resistance in both the domains is seen to
decrease steadily indicating faster dynamics asso-
ciated with ionic hopping events.

Bulk resistance (Rb) of these hybrid nanocomposite
systems were estimated from the intercepts of semi-
circular arcs/spike on the real axis of the Nyquist plots.
Ionic conductivities determined for the systems as a

function of temperature are presented as typical
Arrhenius plots in Figure 3. Effects of molecular chain
length of the polymeric graft as well as the molecular
size/character of enediol ligand used are presented in
the same plot for ease of comparison within or among
the systems (Figure 3(a)). For all cases represented,
nanostructure morphology is assumed to remain the
same, i.e., nanospindles. In the case of gallic acid
anchored compositions, the bulk ionic conductivity
varies within the range of 10�8 to 10�5 S cm�1 and
an optimal graft length of polymeric brushes is demon-
strated with PEGMME, Mn = 550 showing the best
among the molecular weights 350, 550, and 750
studied. Interestingly, for the dopamine modified sys-
tem, the ionic conductivity is seen to progressively
increase with increasing chain length of the graft.
Nevertheless, an apparent proximity of the estimated
ion conductivity for Mn = 750 with that of Mn ∼ 550
indicates that the increase would not be indeterminate
and probably would show a critical molecular weight
beyond the range of this particular study. Temperature
dependence of ionic conductivity followed either
classical Arrhenius equation (σ = σ0 3 exp(�Ea/kT))
or the empirical nonlinear V�T�F expression (σ =
σ0T

�0.5
3 exp(�Ea/k(T � T0)) proposed by Vogel�

Tamman�Fulcher.12,13 The estimated ionic conductiv-
ities at room temperature and at ∼80 �C, activation
energies associated with ionic hopping, V�T�F fitting
parameters, temperatures where configurational en-
tropies are assumed to be zero, all are summarized in
Table 3. Overall, the electrolyte composition posses-
sing dopamine functionalized titania with a PEGMME
graft ofMn ∼ 750 showed a better conductivity profile
throughout the temperature window of study.

The inorganic core is expected to play an equally
critical role with respect to the grafting density, inter-
facial interactions, ion diffusion lengths, associated
H-bonding and crystallinity of the polymeric grafts.
The significance ofmorphology for the nanostructured
core selected on ionic conductivity of the system is
separately assessed (Figure 3(b)). Three separate mor-
phologyies, (i) nanoparticles, (ii) nanospindles and (iii)
nanotubes surface modified with gallic acid and
grafted with PEGMME, Mn ∼ 550, were evaluated to
demonstrate the rationale. Effect of grafting density is
quite evident from the appreciably higher conductivity
observed for nanoparticles and nanotubes. As inferred
from the partial quantitative analysis employing TG-
DTA (preceding section), the amount of organic com-
ponents (weight %) estimated for all samples remain
well within the limits of 8�10 wt % of titania. This
implies that the number of effective covalent grafts
almost remains unchangedwithin the acceptable error
limits of detection. However, both the smaller nano-
particles as well as the nanotubular morphology with
high aspect ratio arguably provides for higher surface
area compared to that of nanospindles. Taking the
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geometric considerations into account, this possibly
allows for additional wriggle room for the extended
polymeric chain segments grafted on these surfaces
alongside substantial ion�nanoparticle/polymer�
nanoparticle interactions, which is reflected in their
considerably higher ionic conductivities.

Noticeably for the systems, in particular gallic acid
modified compositions, a two stage Arrhenius profile is
observed with the second stage appearing beyond
50 �C. In absence of any evidence for the presence
of crystalline domains as indicated in their thermal
profiles (Figure S17(B) and Table 1), this transition
can probably be related to extensive disordered
H-bonding within the matrix. The assumption is

reasonable considering the presence of carboxylic
group of the small gallic acid molecule which may
interact with the neighboring EO units. The second
significant inference that can be drawn is the relatively
higher conductivity at ambient temperatures for the
surface grafted nanotubes and this may be attributed
to the highly anisotropic nature of the core. A longer
ion-diffusion length that can possibly be achieved on
the tubular surface has been proposed in several
studies albeit in a different context.78,79 The skin of
the nanomaterial-polymer domain can provide for a
comparatively well-oriented ion channels for the Liþ-
ions to skim through faster along the surface. With the
increase in temperature, however, this effect is seemed

TABLE 2. Estimated Values for Individual Contribution of Distributed Elements Representing theMicrophase Separation

Isolated by Equivalent Circuit Simulation of the Hybrid Electrolyte Compositionsa

equivalent circuit model power law fitting

temp (�C) R1 � 104 (Ω 3 cm) R2 � 104 (Ω 3 cm) Rb � 104 (Ω 3 cm) σ0(UPL) � 10�6 (S cm�1) τ(UPL) � 10�8 (sec) p(UPL)

Tns-DA-PEGMME-350, Nanospindles
24 1090 377 1487 0.06 988 1.22
31 883 275 1130 0.09 749 1.20
38 417 216 628 0.16 510 1.22
45 329 60.3 384 0.26 320 1.16
52 193 33.5 222 0.45 144 0.95

Tns-DA-PEGMME-550, Nanospindles

24 7.56 6.98 14.90 6.71 2.95 0.73
31 6.30 3.98 10.61 9.42 1.71 0.71
38 4.48 2.61 6.94 14.4 0.77 0.66
45 3.51 1.18 4.78 20.9 0.65 0.68
52 2.06 1.33 3.49 28.6 0.23 0.59

Tns-DA-PEGMME-750, Nanospindles
24 6.41 3.58 10.19 9.81 3.89 0.81
31 4.27 3.35 7.87 12.7 2.14 0.74
38 3.98 1.33 5.23 19.1 0.73 0.64
45 2.30 1.01 3.35 29.8 0.18 0.53
52 1.28 0.98 2.38 42.0 0.02 0.39

Tnp-Ga-PEGMME-550, Nanoparticles
27 14.3 13.0 28.32 3.53 23.4 0.67
34 9.19 7.82 17.69 5.65 15.0 0.72
41 2.78 6.70 9.61 10.4 9.48 0.80
48 2.92 2.30 5.37 18.6 4.79 0.77
55 2.66 1.01 3.73 26.8 2.97 0.77

Tns-Ga-PEGMME-550, Nanospindles
23 323 104 497.51 0.20 2160 0.50
30 126 76.9 229.35 0.44 691 0.50
37 63.5 34.5 107.29 0.93 236 0.54
44 31.1 23.3 57.47 1.74 105 0.59
51 18.7 12.5 32.89 3.04 54.7 0.57

Tnt-Ga-PEGMME-550, Nanotubes
27 10.5 2.38 13.26 7.54 0.053 0.34
34 8.21 1.59 9.95 10.0 0.33 0.51
41 4.79 2.41 7.19 13.9 0.016 0.32
48 4.73 1.33 6.21 16.1 0.007 0.29
55 3.97 1.54 5.71 17.5 0.019 0.34

a The resistive contribution of the hard and soft domains for different surface modifiers, polymeric graft length and nanostructure core morphology are obtained from the fits to
the experimental data collected at various temperatures.
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to be neutralized and a crossover can be observed
when compared to the profile of nanoparticle grafted
matrix. Understandably, with increasing temperature
the enhanced phonon vibrations along the nanotubu-
lar surface interferes with the channels orientation,
thus interrupting the ease of ion-diffusion.80,81 Above
ca. 50 �C, the conventional mechanism of ion- percola-
tion probably holds good and the smaller nanostruc-
tured core offers relatively lower resistance to ionic
charge transport.

The spectroscopic plots of imaginary impedance
as a function of frequency, conventionally called De-
bye plots, reveal information pertaining to the bulk
relaxation dynamics of the systems. As presented in
Figure 4(a), the single peak appearing at midfrequency
region indicates a singular bulk relaxation time asso-
ciated with ionic hopping. This lends support to the

heavily superimposed response observed for two
microscopic domains predicted in the Nyquist profiles.
At the Debye peak maxima, an empirical relation,
τω = 1, is satisfied and Lorentzian fits to these profiles
(as shown in red lines) yield the peak position, fmax. The
bulk relaxation times (τpeak) for a typical system, i.e.,
gallic functionalized titania nanospindles grafted with
PEGMME 550 as shown are estimated in the range of
10�5 to 10�6 seconds. For systems which show higher
bulk conductivities, the bulk relaxation dynamics are
almost three to 5 orders of magnitude faster (10�8 to
10�10 s). With increase in test temperatures the peak
position is observed to shift toward higher frequencies,
implying faster relaxation processes that indicate ions
are increasingly more labile and can follow the field
with relative ease. Figure 4(b) shows the variation of
real component of permittivity (ε0) as a function of

Figure 3. Typical log(σ) vs 1000/T Arrhenius plots depicting the dependence of ionic conductivity as a function of
temperature showing (a) the effect of different functional group and chain length of the brush with titania nanospindles
as the core, (b) the effect of different morphology of the titania nanostructures used. LiClO4 at EO/Li = 20 is solvated in the
composite electrolyte matrices. Dotted lines in the plot represents the extrapolated fits to the Arrhenius or Vogel�
Tamman�Fulcher equation as found suitable in each case. The suitability of fits were ascertained comparing the R2 and
χ-values postfitting. The slope yields information on the activation energies of ionic hopping and ion-percolation events.

TABLE 3. Electrochemical Evaluation Summary for the Various Compositions of Organic�Inorganic Hybrid Polymer

Nanocomposites Synthesizeda

sample code morphology σRT � 10�6 (S cm�1) σ∼80�C � 10�5 (S cm�1) Ea1
c (eV) log σ0

c Ea2
c (eV) log σ0

c log σ0(VTF)
d Ea(VTF)

d (eV) T0(VTF)
d (K)

Variation of Surface Functional group and Grafted Chain Length of the Brush, -NCO/-OH Mole Ratio = 1.25
Tns-DA-PEGMME-350 nanospindles 0.06 0.16 0.85 1.73 � � � � �
Tns-DA-PEGMME-550 7.94 7.94 � � � � 1.87 0.262 70.3
Tns-DA-PEGMME-750 9.33 12.59 � � � � 1.40 0.195 109.5
Tns-Ga-PEGMME-350 0.05 1.00 � � � � �4.80 0.019 245.4
Tns-Ga-PEGMME-550

b 0.26 1.21 1.19 6.07 0.93 3.41 � � �
Tns-Ga-PEGMME-750 0.01 0.01 � � � � 0.71 0.159 177.5

Variation of Nanostructured Morphology, -NCO/-OH Mole Ratio = 1.25
Tnp-Ga-PEGMME-550 nanoparticles 3.31 10.00 � � � � 0.97 0.139 166.7
Tns-Ga-PEGMME-550

b nanospindles 0.26 1.21 1.19 6.07 0.93 3.41 � � �
Tnt-Ga-PEGMME-550 nanotubes 7.94 5.62 0.54 0.55 1.12 5.636 � � �
a The bulk ionic conductivity at 27 and 80 �C, estimation of Arrhenius activation energies, as well as the fitting parameters for the Arrhenius and V�T�F equations are assessed
as a function of functional moiety used to anchor the brushes to the surface of nanostructures, the chain length of the grafted oligomer and the effect of different nanostructure
morphology on grafted density. b The data have been reproduced in duplicate for ease of comparison. c Ea1 and Ea2 are the activation energy from Arrhenius equation;
σ= σ0 3 exp(�Ea/kT) for two stage Arrhenius plots.

d log σ0(VTF), Ea(VTF) and T0(VTF) are parameters estimated from the V�T�F equation;σ=σ0 3 T
�0.5exp{�Ea/k(T� T0)}.
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frequency. As with any polar medium, the dielectric
permittivity is also seen to considerably increase with
increasing temperature. Unlike our previous studies,82

where two or more stages were observed, the present
system shows a steady decrease of ε0 with increasing
frequency indicating contribution from a single polar-
ization process. The low frequency domain is attribu-
ted to an electrode�electrolyte polarization contri-
buting to a double layer capacitance at the interface.
A steep fall in dielectric permittivity with increasing
frequency can be associated with the inability of
dipoles to rotate rapidly leading to a lag between the
frequency of an oscillating dipole and that of the
applied field. Thus, the flat response in the mid/high-
frequency domain indicates no additional polarization
processes, space-charge or otherwise arising within
the matrix bulk. This observation signifies an apparent
phase continuum with no charge build up at the
interfaces of hard and soft polymeric segments of
these nanocomposites and that the two identified
domains are almost inseparable.

The frequency response of conductivity (real com-
ponent) show a high degree of universality and can
provide important clues in elucidating ion transport
mechanisms as well as site-relaxation/reorganizations
processes involved in the matrix bulk. The real com-
ponent of conductivity, σ0(ω) was calculated from
the impedance data using the equation73,83 σ0(ω) =
Z0(ω)/k[(Z0(ω))2þ (Z00(ω))2], where k is the cell constant
in cm. Figure 5 shows real component of conductivity,
σ0(ω) as a function of log f at different temperatures for
two characteristic morphologies (nanoparticles and
nanospindles) of Tnx-Ga-PEGMME-550/LiClO4 at var-
ious temperatures. Three distinct zones can be clearly

identified in the plots: (I) a electrode�electrolyte inter-
face at low frequency, (II) the frequency independent
plateau inmidfrequency zone and (III) a high frequency
dispersion of σ0(ω). A steep increase in conductivity in
low frequency region is attributed to polarization
effects at the electrode and electrolyte interfaces,
where the double-layer capacitance drops very rapidly
with increase in frequency. In the intermediate range,
conductivity is found to be almost frequency indepen-
dent (the plateau region) and is equal to bulk dc-
conductivity (σ(0) = σdc). In high frequency region,
ion-conductivity progressively increases and shows
frequency dispersion beyond a critical percolation
frequency, ωc (where σ0(ω) = 2σ(0)), and is dependent
on the material and temperature. This steep increase
in σ0(ω) at high frequencies can be attributed to
correlated ionic motions in these all solid nanocompo-
site electrolytes.

For highly disordered systems such as glasses and
polymers this universality has been demonstrated very
effectively by several major groups, in particular by
Roling et al.,84,85 Furukawa et al.86,87 and Di Noto
et al.83,88,89 The jump�relaxation model proposed by
Jonscher that explains the transport phenomenon,
dielectric relaxation and their dependence on thermal
activation is universally applicable to a wide class of
materials.90 An equivalent expression of the power law
modified by Crammer et al.91 σ0(ω) = σ(0) 3 [1þ(τω)p]
helps explain the frequency dependence of ionic
transport process taking into account the coulombs
interaction between mobile ions. The power law ex-
ponent, “p”, denotes the ratio of initial site relaxation
time of ionic hopping, τ0 (= 1/rf, where rf is the rate
of forward jump) to that of back-hop relaxation time,

Figure 4. (a) Representative spectroscopic plot of imaginary impedance as a function of the log f (Debye plots) for the
synthesized polymer grafted-TiO2 nanocomposite electrolyte matrices, Tns-Ga-PEGMME-550 containing LiClO4 at EO/Li = 20.
The Lorenztian peak fitting function (red lines) is used to determine the Debye peak position where the empirical relation;
ωτ = 1 is satisfied and the estimated bulk relaxation time, τ indicates the time-scale of ion hopping events in the matrix.
As observed, the peaks shift toward higher frequency indicating that the ions follow the field better aided by faster chain
dynamics. (b) The permittivity of the sample at corresponding temperatures as a function of frequency indicating
electrode�electrolyte polarization process at low frequency domain. As typical of any polar medium, the dielectric
permittivity significantly increases with increase in temperature.
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τ* (= 1/rb, where rb is the back-hop rate) and can help
predict the nature of predominant charge carriers
associated with successful jumps,82,83,91 while the re-
laxation time, τ, is related to the initial site-relaxation
time (τ0) and signifies the bulk relaxation rate for the
system under study. The real components of conduc-
tivity data (σ0(ω)) for region II and III are fitted with the
modified power law expression as depicted by the red
lines in Figure 5 and the parameters generated are
summarized in Table 2. As can be compared, the
estimated σ(0) as well as τ-values are in good agree-
ment with the σRT determined from Nyquist plots and
bulk relaxation rates arrived at from the Debye plots
(τpeak). Dependence of log τ as a function of tempera-
ture (1000/T) is depicted in Figure S23(a). That the
relaxation process is thermally activated is quite evi-
dent from these plots. The trends show a steady
decrease indicating a faster relaxation kinetics aiding
the ionic transport at higher temperatures. However,
the most noticeable highlight of these simulated fits
are the estimated power law exponent, “p”. In general,
under an external field the process of chargemigration
depends on the rate of successful hop from the
occupied sites to an available empty site. The host
medium reorganization involves both the sites, i.e., the
one that was coordinating the ion as well as the site
that would possibly accept that ion. Thus, during an ion
hopping event, the correlated events will necessitate a
shift in the potential cage along with geometrical/
spatial rearrangement of the host. In most cases of
polymer electrolytes, the cations are usually coordi-
nated by transient cross-links, and hence the hopping

events are usually associated with the Liþ-ion. Anions
on the other hand remain in close proximity. Since,
p= τ0/τ* = back-hop rate (rb)/site-relaxation (rf), the fact
that “p” observed is <1 throughout the temperature
window of study for most compositions is quite sig-
nificant (Figure S23(b)). The ratio indicates that the rate
of successful jumps are appreciably high and the
charge transport for these hybrid nanocomposite sys-
tems are predominantly cationic in nature (tc > ta). That
the ions are the majority charge carriers (ti . te) is
evidenced directly from dc-polarization studies on
these system (see Supporting Information, Figure S24).

CONCLUSIONS

A series of organic�inorganic polymer-nanocompo-
sites with brush-like architectures were successfully
synthesized and evaluated for their Liþ-ion conductiv-
ity and showcase their feasibility as a new class of an
all-solid electrolyte matrix. The key factors investigated
to determine their role on the overall electrochemical
properties of these nanostructured organic�inorganic
hybrids are (i) core morphology, (ii) surface modifiers/
functionality, (iii) grafting length, and (iv) density of the
brushes. Titania nanostructures of diverse morpholo-
gies and phase compositions were realized to rationa-
lize two key factors, i.e., the role of morphology
and phase composition on the physicochemical and
electrochemical behavior of the targeted hybrid nano-
composites as electrolytes. Confirmation on formation
of nanostructures, phase and morphology desired
was substantiated comprehensively before initiating
further chemical modifications. Exercising suitable

Figure 5. Real component of conductivity, σ0(ω) as a function of log f at different temperatures: (a) nanoparticles,
Tnp-Ga-PEGMME-550 and (b) nanospindles, Tns-Ga-PEGMME-550 complexed with LiClO4 at EO/Li mole ratio = 20. Three
distinct zones can be clearly identified: electrode�electrolyte interface (I), the frequency independent plateau region (II) and
the high frequency dispersion due to correlatedmotions of ions alongwith the polymer-chain dynamics (III). Red lines are the
fit to the modified power law, σ0(ω) = σ0(1 þ (τω)p for the experimental data in the region II and III, where “τ” is the bulk
relaxation time for a successful hopping event and “p” is the power law exponent signifying the site-reorganization rates
related to backward/forward hop (p = τ0/τ* = rb/rf).
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control on reaction parameters lead to well-defined
nanostructured morphologies/phases, such as nano-
particles, nanospindles, nanourchins, nanorods or
nanotubes of titania in either anatase, rutile or mixed
forms, which was validated using XRD, TEM and micro-
Raman studies. Covalent anchoring on the titania
nanostructures postsynthesis was achieved success-
fully using dopamine, gallic acid and glycerol as small
organic moieties. While the diol/acid groups anchored
covalently on the metal oxide surface, the additional
amine, acid or alcohol functionality is retained un-
bound and available for further chemical modifica-
tions. The chemical attachment was confirmed using
FTIR, micro-Raman, DRS-UV and thermogravimetry. A
reasonable approximation within the error limits esti-
mates the organic functionalization achieved is in the
range of ∼6 � 10�4 mol/g of titania. A favorable
inference that could definitely be drawn is that neither
the refluxing temperature nor the chemical attach-
ments (new bonds) on the surface apparently alter
the parent nanostructures as confirmed from XRD
patterns. A one-pot process of priming the available
surface functional groups postmodification with iso-
cyanate chemistry was followed by grafting polyethy-
lene glycol monomethyl ethers of desired chain
lengths. Complexation with lithium salts yielded elec-
trolyte compositions where the ethylene oxide (EO)
fractions aids in ion-solvation. The progress of urethe-
nation reaction is followed usingmid-FTIR, and thermal
properties of these synthesized composites were as-
sessed employing DSC. A steady decrease in the glass
transition temperature with change in morphology
from particles, spindles to tubular geometry for similar
number of surface grafts signifies more wriggle room
for the polymeric chain segments with increase in the
aspect ratio of the nanocomposite core.

Comprehensive evaluation of ionic conductivity,
mechanism of ion-conduction, relaxation times asso-
ciated with ionic hopping, activation energy, micro-
scopic polarization processes involved for the syn-
thesized brush-like nanocomposites were assessed in
considerable detail employing temperature-step elec-
trochemical impedance spectroscopy (EIS). In-depth
analysis of the experimental data provided crucial
leads toward establishing a plausible physical model
of the system and understand the mechanism of ion
transport in these new class of all-solid matrices.
Bulk ionic conductivity (σ) obtained for some of the
organic�inorganic hybrid compositions are estimated
to be within the range of∼10�4 to 10�5 S cm�1 in the
temperature window of the study and holds excellent
promise for further improvement. Apparently, the
approach met two important objectives simulta-
neously, i.e., (a) covalent surface modifications with
good coverage, excellent anchoring and stability with
considerable ease and effectiveness of processing; (b)
the additional reactive functional groups facilitate
tethering polymeric grafts on the nanostructures as
the bristles. The architecture helps to retain the low
glass transition temperature and mechanical stability
desired of the polymers (polyethylene glycols in this
case) while increasing the amorphous nature of the
ion-conduction pathways within a solid matrix. Thus,
the design strategy, synthetic approach, coremorphol-
ogy, grafting density, salt solvation properties and
thermal characteristics all complement each other,
satisfying some of the key prerequisites and evidently
conducive to rapid ion-transport in an all solid-state
electrolyte matrix. To sum up, these reassuring and
encouraging results favorably indicate the potential of
nanostructured hybrid electrolytes and open up an
option to look beyond.

EXPERIMENTAL SECTION

Materials. Titanium tetrachloride (TiCl4) (Merck), ethanol
(EtOH) (SRL), hydrochloric acid (HCl) (Rankem), hydrazinemono-
hydrate (N2H4.H2O) (Rankem), sodium hydroxide (NaOH)
(RANKEM) and Milli-Q deionized water (18.2 MΩ) were used
for the synthesis of titania nanostructures. Dopamine hydro-
chloric acid (DA.HCl) (Aldrich), gallic acid (Aldrich), glycerol
(Aldrich), methanol (MeOH) (RANKEM), dichloromethane (DCM)
(RANKEM) and dimethylformamide (DMF) (RANKEM) were used
for surface functionalization of the synthesized titania nanostruc-
tures. Diphenylmethane diisocyanate (MDI) (Merck), polyethy-
lene glycol monomethyl ether (PEGMME, Mn = 350, 550, 750)
(Aldrich), N,N-dimethylaniline (DMA) (Sigma), tetrahydrofuran
(THF), and acetonitrile (AN), (RANKEM), lithium perchlorate
(LiClO4) (Aldrich), were used for further modification of the
funclionalized nanostructures to form the organic�inorganic
hybrid brushes and their electrolyte compositions. The PEGMME,
THF and acetonitrile used were dried prior to the synthesis of
nanocomposites.

Synthesis of Titania Nanoparticles. The synthesis of titania (TiO2)
nanoparticles in this attempt was achieved with slight modifi-
cation to a previously reported procedure from our group.44 In a
typical synthesis, 5 mL of titanium tetrachloride (TiCl4) was

dissolved in 10 mL of concentrated 11.6 N HCl to form a stock
solution. The solution was then slowly added to an ethanol�
deionized water (1:1 v/v) mixed solvent system (∼200 mL)
under stirring conditions over a period of 30 min. To this
reactant mix, an aqueous solution of hydrazine monohydrate
(NH2NH2.H2O)was addeddropwise fromaburet under vigorous
stirring to attain a final solution pH of ∼8. Initial formation of a
cloudy colloidal white precipitate followed by rapid dissolution
process finally transformed into a persistent white colloidal
suspension. The reaction mixture was left under stirring condi-
tion with intermittent addition of a drop or two of hydrazine
monohydrate solution to maintain the pH at ∼8, for another
12 h at room temperature and finally allowed to settle. The
solution was centrifuged to obtain the white precipitate, which
was resuspended in DI water followed by centrifugation. These
steps were repeated several times until the supernatant of
washing was found free of chloride ions. The material was
oven-dried at 60 �C and lightly grinded in a mortar to finally
obtain a powdery white product of titania nanoparticles as
inferred following routine characterizations. The materials so
synthesized are coded as “Tnp” in the text.

Synthesis of Titania Nanospindles45. In a typical synthesis, 2.5mL
of titanium tetrachloride (TiCl4) is added to 10 mL of

A
RTIC

LE



GOWNENI ET AL. VOL. 8 ’ NO. 11 ’ 11409–11424 ’ 2014

www.acsnano.org

11421

concentrated hydrochloric acid (11.6 N, HCl) to prepare an
acidic stock solution of titanium tetrachloride. The solution is
slowly added dropwise to 50 mL of deionized water, under
constant stirring over a period of 30 min. The transparent
solution was transferred into an autoclave and hydrothermally
treated at 80 �C for 6 h. After the completion of the reaction time
the autoclave was allowed to cool down to room temperature
to retrieve a milky white colloidal solution. The suspension was
centrifuged, and the white precipitate so obtained was resus-
pended in deionized water, centrifuged and decanted repeat-
edly until the washings were free of chloride ions. Finally, the
centrifuged product was oven-dried at ∼60 �C and lightly
grinded to obtain a fine white powder. The materials so
synthesized are denoted as “Tns” in the text. Detailed character-
ization employing XRD, Raman and TEM was carried out to
confirm the metal-oxide formation, phase and morphology.

Synthesis of Titania Nanourchins. In a similar approach as de-
scribed for the nanospindles, the precursor and reaction con-
ditions weremaintained the same. After completion of reaction,
however, the procedure for washing was slightly modified. The
white colloidal suspension obtained was washed with 0.1 N
aqueous NaOH followed by centrifugation to quickly neutralize
the excess acid. Finally, the product was washed with deionized
water until a neutral pH was attained for the washings. The
material dried at 60 �C is coded as “Tnu” in the text.

Synthesis of Titania Nanorods. The nanorodmorphologies were
achieved following a strategy reported recently by Armstrong
et al.46 In a typical procedure, 500 mg of preformed titania
nanospindles (Tns) synthesized as described in the preceding
section is digested in 10 N NaOH at 120 �C for 18 h under
hydrothermal conditions. Following the completion of reaction
time, the precipitate obtained was subjected through repeated
wash cycles using a 0.1 N aqueous HCl followed by centrifuga-
tion and finally deionized water until a neutral pH was attained
for the washings. The material dried at 60 �C is coded as “Tnr” in
the text.

Synthesis of Nanotubes. Following a procedure described by
Kasuga et al.,47,48 the nanospindles of titania were refluxed in
10 NNaOH solution for 48 h undermechanical stirring at 110 �C.
Subsequent to the digestion process the product was centri-
fuged and washed several times with 0.1 N aqueous HCl
followed by deionized water until a neutral pH was attained.
Finally, the product dried in oven at 60 �C and coded as “Tnt”was
characterized in detail to confirm the metal-oxide formation,
phase and morphology.

Dopamine Functionalization of TiO2 Nanostructures Postsynthesis.
Dopamine hydrochloride (DA.HCl) was used for surface function-
alization of the synthesized TiO2 nanostructures. In a typical
reaction, 1 g of TiO2 was vacuum-dried at 150 �C for 2 h to
activate the surface followed by a quick addition of 30 mL of
dimethylformamide (DMF) under warm conditions (∼60 �C) to
obtain a relatively homogeneous white suspension. Addition of
0.1 g of DA.HCl to this suspension showed an immediate change
in its color to brown. The reaction mixture was allowed to reflux
under continuous stirring for 24 h at 160 �C under nitrogen
atmosphere. The resulting brown suspension after aging was
repeatedly washed with 1.0 mM solution of sodium hydroxide in
methanol for several times to free the amine and centrifuged.
Finally, the material was washed with methylene dichloride
(DCM) twice to remove any physisorbed dopamine. The product
was left to dry at room temperature followed by oven drying at
60 �C and characterized. These dopamine functionalized titania
nanoparticles will be hereafter designated as “Tnx-DA” in the text.

TiO2 Nanostructures Functionalized with Gallic Acid/Glycerol. The
synthesis of gallic acid/glycerol functionalized titania nano-
structures was achieved following a similar protocol as
described in the preceding section. The resulting brown/white
suspension after agingwas centrifuged, and the precipitate was
thoroughly washed with only methylene chloride several times
and oven-dried at 60 �C before characterization. The products
are coded as “Tnx-Ga” and “Tnx-Gly” for the gallic acid and
glycerol functionalized titania nanostructures, respectively.

Grafting Polymeric Chains on Surface Modified Nanostructures. In a
slightly modified approach to our earlier reports,23,24,35 the free
amine/acid/alcohol functional groups available on the surface

modified nanostructures were primed with diisocyante using
simple urethane chemistry. In a typical reaction, 1 g of “Tnx-Y”
was reacted with ∼1.25 equiv of 4,40-diphenylmethane diiso-
cyanate (MDI) with respect to 1 equiv of functional groups in the
presence of a room temperature catalyst N,N-dimethylaniline
(DMA) in THF for 1 h under inert atmosphere to form an
isocyanate functionalized surface on the nanostructured core
of choice. At this stage, the reaction vessel was charged with
1 equiv of polyethylene glycol monomethyl ether (Mn ∼ 350,
550, 750 as desired), and the reaction was allowed to continue
for another 24 h. Finally, the THFwas evaporated under reduced
pressure, vacuum-dried, and the solid product so obtained was
allowed to cure at 80 �C for another 48 h. The products are
accordingly coded as “Tnx-Y-PEGMME-z” in the text, where “x”
hints the nanostructure morphology, “Y” is the ligand used for
covalent anchoring on titania surface and “z” is the molecular
weight of the PEGMME used.

Preparation of All-Solid Hybrid Nanocomposite Electrolyte Composi-
tions. To achieve electrolyte compositions, hybrid polymer-
nanocomposites synthesized were resuspended in a THF/AN
(1:1 v/v), and desired amount of lithium perchlorate was added
under inert atmosphere and allowed to solvate. The excess
solvent was evaporated under reduced pressure and vacuum-
dried at 80 �C prior to carrying out the physicochemical and
electrochemical characterizations. The LiClO4 concentration
was maintained at EO/Li mole ratio of 20 with respect to the
PEGMME used for grafting.

Characterization. The X-ray diffraction (XRD) patterns of the
synthesized materials were collected on a PANalytical Empyrean
equipped with Pixel 3D detector. Transmission electron micro-
scope (TEM) (Philips Tecnai FEI F12, operating at 120 kV) was
used to investigate the morphology of synthesized nanostruc-
tures. The micro-Raman and Fourier transform infrared (FTIR)
spectroscopy were performed on a Horiba Jobin-Yvon LabRam
HR spectrometer and Bruker ALPHA-T instrument, respectively.
Diffused reflectance spectra were recorded on a UV�vis�NIR
Varian Cary 5000 spectrometer while the thermal properties of
the functionalized nanomaterials were assessed using thermo-
gravimetry, TA Q50 analyzer and differential scanning calori-
metry, Q200 (TA Instruments). The alternating current (ac-)
electrochemical impedance spectroscopy (EIS) for the synthe-
sized organic�inorganic hybrid polymer-nanocomposite elec-
trolytes of various compositions was carried out on a Zahner
Zennium electrochemical workstation controlled by Thales
Operational Software. The data were collected following a
frequency sweep through 1 Hz to 4 MHz range at an alternating
potential with a RMS-amplitude of (10 mV across the OCV
of the assembled cells. The synthesized samples were invari-
ably vacuum-dried overnight and handled inside a JACOMEX
glovebox (Argon atmosphere) to assemble in spring loaded
Swagelok-cells for carrying out the measurements. Additional
details pertaining to the characterization protocols, sample
preparation techniques, experimental setup employed and
analysis are provided in the Supporting Information.
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discussions on the formation of nanomaterials/nanocomposites
probed by XRD, TEM, FTIR, micro-Raman, DSC, TG-DTA,
DLS particle size estimation, along with EIS studies, actual
equivalent circuit fittings of Nyquist/Bode plots, residuals ob-
tained postfitting, plots of relaxation time and power law
exponents as a function of temperature and dc-polarization
tests. This material is available free of charge via the Internet
at http://pubs.acs.org.
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