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Received ooth January 2012, Layer-by-layer assembly, as a low-cost process to create high-performance coatings, has been widely

Accepted ooth January 2012 studied over the past 20 years. However, conventional layer-by-layer assembly is not well suited to

DO 10.2039/X0Xx00000X large-area, large-scale and rapid application because of the long time scale required to complete a

multilayer coating. Here, we develop a simple, water-based, rapid spray-on method to produce and
www.rsc.org/ prepare polyaniline/vanadium pentoxide layer-by-layer thin film cathodes for Li-ion batteries. This
method uses spray-assisted LbL assembly, which is suitable to coating over large areas rapidly. The
result is a water-processable hybrid cathode with high capacity (up to 232 mAh/g at a discharge current
of 5 uA/em?), specific energy (up to 650 mWh/g at a discharge current of 0.5 pA/cm?), specific power
(up to 3395 mW/g at a discharge current of 25 puA/cm?), and good cycle life. The performance is
dependent on thickness and discharge rate. Compared to the traditional polyaniline/vanadium pentoxide
prepared by dipping at a rate of 0.0373 nm/sec, sprayed electrodes grow at a significant high rate of 0.42

nm/sec — 11 times faster. This approach demonstrates the rapid layer-by-layer assembly of Li-ion battery

electrodes without sacrificing performance.

Introduction

New breakthroughs in electrodes are urgently needed in order to
develop high-performance Lithium-ion batteries," 2 especially with
regard to emerging applications such as thin film, paintable, or
flexible batteries. Layer-by-layer (LbL) assembly is a promising
processing technique in this arena because the resulting (LbL)
electrodes fit many potential needs (control over film thickness,
conformal deposition onto a variety of surfaces, molecular mixing of
dissimilar materials, etc.). Herein, we present the rapid fabrication of
LbL cathodes via alternate spraying of polyaniline nanofibers (PANI
NFs) and V,05 in a water-based process suitable for large-area
deposition. Up to now, PANI NF/V,05 LbL cathodes have been
assembled only via dipping, which is a slow, cumbersome process.
Importantly, it is not well established if these LbL electrodes made
via spraying are substantially different from those made via dipping.

Polyaniline (PANI), a p-type conjugated polymer, is a promising
cathode material for electrochemical energy storage because of its
relatively good processability, low monomer cost, and adjustable
chemical and physical properties. Nanostructured PANI (e.g.
nanotubes,'®  nanowires,!'  nanofibers,' nanospheres” and
nanodrites'*) and PANI-complexes, such as PANIpolyacid, have
received great interest.'” '® Charge is stored through reversible
doping and oxidation (or dedoping and reduction), yielding a
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theoretical capacity of 147 mAh g (excluding the dopant’s mass)
when switching between leucoemeraldine base and emeraldine salt
forms. PANI’s conductivity can be as high as 50-4200 S/cm,
depending on the preparation process.'” '* PANI NFs are particularly
interesting for battery cathodes because they offer conductivity as
well as porosity and high surface area.'?

V,0s5 is another interesting cathode material for Lithium-ion
batteries because of its high theoretical capacity of 511 mAh g
(assuming x = 4 for xLi" + xe” + V,05 > Li,V,05s). However, V,05
suffers from extreme volumetric expansion during cycling, slow ion
diffusion, and low electronic conductivity,w’ 20 which has limited its
practical application. Nanostructured V,05>" * has been proposed as
one means of addressing volumetric expansion. Different processes
towards the fabrication of PANI/V,0;s hybrid electrodes have been
proposed (in-situ polymerization,” ** casting,?> and LbL assembly®®"
3%, yielding varying degrees of success towards enhancement of
conductivity and ion transport.

Recently, we reported the synthesis of PANI/V,05 and PANI
NF/V,0s composite electrodes via dip-assisted LbL assembly," *?
which showed good performance as thin film cathodes. LbL
assembly is the sequential adsorption of oppositely charged materials
such as polyelectrolytes, organic, and inorganic colloids.* 3*
Positively charged PANI and negatively charged V,0s were
alternately adsorbed from water to a current collector to form a thin
film cathode via dipping. A film thickness of 1.2 pm yielded
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optimum results, with a discharge capacity and specific energy of
320 mAh/g and 886 mWh/g at a current of 0.5 pA/cm?, respectively,
as well as a specific power of 4000 mW/g at a discharge current of
25 pA/em?. This dip-assisted LbL process requires 30 minutes per
cycle, translating to a growth rate of 0.0373 nm/sec. Although
promising, it is desired to produce these electrodes more rapidly and
to increase the electrode’s thickness.

An alternative technique, automated spray-assisted LbL assembly,
has been developed to speed up the deposition of LbL thin films.>> %
Oppositely charged species are alternately sprayed onto a substrate.
The diffusion path of molecules from the solution to the substrate is
decreased by strong convection resulting from spraying, which leads
to a significant reduction in the contact time required to deposit
films.*” *® Since then, numerous research groups have explored this
alternative processing approach in many applications such as
antireflection coatings.*® *’ However, few studies have focused upon
energy storage using automated spray-assisted LbL assembly.'> **
Spraying is also of interest because it allows for the deposition of
battery electrodes onto unconventional substrates such as fabrics,
structural panels, windows, efc.

In this work, we demonstrate porous PANI NF/V,0s LbL
electrodes made via spray-assisted LbL assembly, Figure 1. Of
special interest is how these films compare against those made by
dip-assisted LbL assembly in terms of structure, properties, and
electrochemical performance. First, we present explore best practices
in translating this system from dip to spray, which yields a unique
challenge arising from difficulties in spraying nanofibers. Second,
the electrochemical performance of spray-assisted LbL electrodes is
quantified using cyclic voltammetry and galvanostatic cycling.
Lastly, electrodes made via spray are compared to those made via
dip. The work presented thus forth provides a framework for how to
translate an LbL system from dip to spray, how to address issues
with spraying nanoparticles, and how to fabricate sprayed electrodes
for energy storage.
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Figure 1. V,05 and PANI NF suspensions are alternately sprayed
onto a substrate to buildup a spray-assisted LbL electrode.

Experimental section

Materials: Aniline, ammonium peroxydisulfate, lithium perchlorate
and propylene carbonate were purchased from Sigma Aldrich.
Vanadium triisopropoxide oxide was purchased from Gelest, Inc.
Linear polyethylenimine (PEI, Mw~25,000) and poly(acrylic acid)
(PAA, Mw~50,000, 25% aqueous solution) were purchased from
Polysciences. Lithium foil was purchased from Alfa Aesar. Indium-
tin oxide (ITO)-coated glass (resistance <20 ) was purchased from
Delta Technologies. Molecular porous membrane tubing (Molecular
weight cut-off = 12-14,000 Daltons) was purchased from Spectrum
Labs. All materials were used as received.
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Polyaniline nanofiber synthesis and dispersion preparation: PANI
nanofibers were synthesized following a published procedure.!
Ammonium peroxydisulfate (0.915 g, 4 mmol) and aniline (1.49 g,
16 mmol) were dissolved in HCl solution (1 M, 50 mL),
respectively. Both solutions were purged using argon for 1 h at room
temperature. Then, these two solutions were rapidly mixed under
argon and stirred for 24 h at room temperature, resulting in a green
dispersion of PANI nanofibers. The dispersion was dialyzed in 18.2
MQ deionized water for three days; the water was changed twice
each day. The dispersion was then diluted with water to 400 mL, and
the pH value was adjusted to 2.5 using HCL. In order to stabilize the
PANI dispersion and reduce the aggregation of PANI nanofibers,
sodium dodecyl sulfate was added with a concentration of 0.05 wt%.
After 3 h sonication, the PANI nanofiber dispersion was ready for
use. Based on the yield calculated by Yun group,* this dispersion
had a concentration of 0.5 mg/mL.

Vanadium pentoxide synthesis and dispersion preparation: V,0s
was prepared using a published sol-gel method.® 3" ** Briefly,
vanadium triisopropoxide oxide (I mL) was added to 500 mL
deionized water. The mixture was concentrated to 250 mL using
rotary evaporation at 60°C, yielding an orange mixture of 0.022 M
elemental vanadium at pH 2.5. According to the phase diagram
reported by Livage group,* the vanadium species in this mixture is
mainly V10026(0H)24_.44

Preparation of PANI nanofiber/V,0s spray LbL films: Sprayed LbL
films were fabricated on ITO-coated glass using an automated spray-
LbL system (Svaya Nanotechnologies). ITO-coated glass substrates
were cleaned via sonication in dichloromethane, acetone, methanol,
and deionized water for 15 min each. After cleaning, all substrates
were dried in a convection oven at 50°C, followed by 5-min oxygen
plasma treatment (Harrick PDC-32G).* Two layer pairs of PEI and
PAA were sprayed onto the clean substrates to improve the growth
of LbL films.*® Briefly, 20 mM PEI solution with pH 4 was sprayed
for 10 s followed by spray-rinsing by water with pH 4 for 10 s, and
then the same process was performed with pH 4, 20 mM PAA
solution followed by the same rinsing step. Right after the deposition
of these prelayers, PANI nanofiber/V,0s LbL films were constructed
using the automated spray-LbL system. PANI nanofiber dispersion
was sprayed for 10 s followed by 1 min of blow-drying using air at
25 psi. The same procedure was then followed by exposure to V,0s
solution and blow-drying as before. All spray solutions were
delivered using air regulated to 25 psi. Films were designated as
(PANI nanofiber/V,0s),, where the subscript n denotes the number
of layer pairs. LbL films were dried in ambient air following
assembly.

Materials characterization: UV-Vis absorption spectra of PANI
nanofiber/V,0s spray-assisted LbL films on ITO-coated glass slides
were recorded using a Hitachi U-4100 spectrophotometer. Zeta
potential of PANI nanofibers dispersed in water was measured using
Nano ZS90, Malvern Instruments. The thickness of the sprayed films
was measured using a P-6 profilometer (KLA-Tencor). The
thickness of each sample was the average of at least ten
measurements. The mass growth of the sprayed films was measured
using a quartz crystal microbalance (Maxtek-RQCM, Inficon). X-ray
photoelectron spectroscopy (XPS), (Kratos Axis Ultra DLD) was
used to investigate the composition of the sprayed films’ surface.
The instrument used a monochromatic Al X-ray source at a pass
energy of 40 eV and a charge neutralizer. The analyzed area was
700x300 pm. The take off angle was 90 degrees, and the
acceleration voltage was 12 kV. The surfaces of the sprayed LbL
films and drop-cast PANI NFs was imaged using scanning electron
microscopy (SEM, JEOL JSM-7500F) and the morphology of drop-
cast V,0s films was investigated using transmission electron
microscopy (TEM, JEOL 2010).

This journal is © The Royal Society of Chemistry 2012
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Electrochemical characterization: Sprayed films were dried in air
for 24 h after they were fabricated. Then these films were dried
under vacuum for 10 min and immersed in electrolyte in the
glovebox for 1 hr prior to the electrochemical tests. Electrochemical
properties of PANI NF/V,0s spray-assisted LbL films were
investigated using either a three-electrode cell or a two-electrode
sandwich cell in an oxygen-free, water-free, argon-filled glove box
(MBraun). For the three-electrode cell, the sprayed film was the
working electrode, and two lithium ribbons served as counter and
reference electrodes. For the two-electrode cell, the sprayed film was
the working electrode, and lithium ribbon served as counter and
reference electrode. The electrolyte was 0.5 M LiClOy in propylene
carbonate. Cyclic voltammetry and galvanostatic charge/discharge
testing were performed at room temperature using a Solartron SI
1287 in a voltage range of 2~3.5 V (cyclic voltammetry) and 2.5~3.5
V  (charge/discharge testing) versus Li/Li". Electrochemical
impedance spectroscopy (EIS, Gamry) was carried out in a two-
electrode cell at 2, 2.75, and 3.5 V vs. Li/Li" between 1 mHz and
1000 mHz with an amplitude of 10 mV. Capacity, energy, and power
are reported on a basis of total electrode mass.

Results and Discussion

Spray-LbL assembly of PANI and V,05

The primary target of this work was to fabricate relatively thick
PANI/V,0s electrodes efficiently and rapidly using a scalable spray-
assisted LbL assembly process translated from dip-assisted LbL
assembly. Conventional dip-assisted LbL assembly proceeds at 30
min per layer pair for PANI-containing systems,*" ***” and relies on
diffusion of species from bulk solution to the substrate's surface. On
the other hand, spray-assisted LbL assembly significantly reduces
the diffusion path of the adsorbing species to that of the thickness of
the wetting layer that forms during spraying.*® For spray-assisted
LbL assembly, operation parameters such as spray distance, drain
time, blow-drying time, concentration, and pressure have significant
influence on the growth of LbL electrodes. Of these parameters, we
have found that blow-drying time and concentration are most
sensitive for the PANI/V,05 system.

PANI NFs and V,0;5 were alternately sprayed onto glass slides for
varying blow-drying times. Drop-cast PANI NFs, imaged using
scanning electron microscopy (SEM), were 30 to 50 nm in diameter
and 100 to 500 nm in length, Figure 2a. V,0s fibers, observed using
transmission electron microscopy (TEM), were 200 nm in diameter
and 1.5pm in length. Figure 2b.

Blow-drying increases convection, and reduces the thickness of
the wetting layer, leading to a reduced diffusion path. As the period
of blow-drying increases, water evaporates from the wetting layer,
further reducing the path. For example, if the blow-drying time was
increased from 30 sec to 1 min, the thickness of a sample with 50
layer pairs increased from 1 pm to 3 pum, Figure S1. However,
further increasing the blow-drying time did not appreciably affect
growth. The importance of blow-drying time highlights the general
difficulty in forming robust coatings via spraying, particularly for
high aspect ratio nanoparticles. Elsewhere, it has been illustrated that
the anisotropy of carbon nanotubes leads to minimal contact between
oppositely charged species, and the rigid nature of the nanotubes

This journal is © The Royal Society of Chemistry 2012
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impedes the translational and rotational movements and elastic
deformations that would otherwise promote contact.”® Blow-drying
time is a means of forcing adsorption to overcome slow translational
and rotational movement. Air pressure was also explored, but had
little effect on the growth rate.

Intensity (a.u.) Q_

st W

505 510 515 520 525 530
Binding Energy (eV)

Figure 2. (a) SEM image of drop-cast PANI NFs and (b) TEM
image of V,0s; (c) SEM of a (PANI NF/V,05)3, spray-assisted LbL
assembly; (d) XPS of a (PANI NF/V,05)3 spray-assisted LbL film
for the V2p region.

The effect of concentration on film growth and uniformity was
also explored, Figure S2. It has been shown for conventional dip-
assisted LbL assembly that increasing the polyelectrolyte
concentration (up to a certain point) decreases the adsorption time to
saturation. However, the opposite was found here for spraying of
polyaniline nanofibers. PANI NF/V,05 spray-assisted LbL samples
were made using a PANI NF suspension bearing concentrations of
either 0.5 or 1 mg/mL. We found that films assembled at the higher
concentration exhibited poor growth and uniformity. This
observation is tied to the aggregation of PANI NFs at higher
concentrations, which impedes LbL growth. By decreasing the
concentration of PANI NFs to 0.5 mg/mL, good film growth and
uniformity could be obtained. Because of their smaller diameter, we
have found that V,05 is much easier to spray and aggregation is far
less of an issue.

By selecting a blow drying time of 1 min and a concentration of
0.5 mg/mL PANI NF, sprayed electrodes grew at a significant higher
rate of 0.42 nm/sec, which is 11 times faster than conventional dip-
assisted LbL assembly. The surface of (PANI NF/V,05)3 spray-LbL
films with V,0;5 as the outermost layer is shown in Figure 2c, in
which the subscript “30” indicates that 30 layer pairs were deposited.
The morphology was similar to that of the drop-cast PANI NFs. Due
to the smaller size of V,0s relative to PANI NFs, it was difficult to
observe V,0s distinctly under SEM.

X-ray photoelectron spectroscopy was carried out to confirm the
existence of V,0s5 within the spray-assisted LbL assembly and to

J. Name., 2012, 00, 1-3 | 3
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Figure 3. (a) UV-Vis spectra of PANI NF/V,0s spray-assisted LbL films; (b) Absorbance at 825 nm as a function of number of layer pairs;
(c) Growth profile (thickness and mass) of PANI NF/V,0s spray-assisted LbL films measured using profilometry and QCM. Error bars

represent standard deviation across multiple measurements.

determine its relative abundance, Figure 2d. Two peaks at 517.4 and
524.7 eV were observed and assigned to the 2p;, and 2p;,, orbitals,
respectively, corresponding to the V>* oxidation state.”* The ratio of
V to N was 44:56 at the film’s surface, which translated to 54 wt%
V,0;5 and 46 wt% PANI NF.

As the number of layer pairs increased, the PANI NF/V,05 LbL
electrodes became darker and thicker, Figure S3 and Figure 3. UV-
Vis spectra were collected every ten layer pairs; peaks associated
with PANI were clearly visible, dominating over V,0s, as we have
observed before.*" * The characteristic peak of PANI’s emeraldine
salt oxidation state shifted to lower wavelengths from 900 nm (PANI
NF) to 800 nm (PANI NF in the spray-assisted LbL film) because of
strong interactions between PANI NFs and V,0s, Figure 3a. The
absorbance at 825 nm increased linearly with the increasing number
of layer pairs, Figure 3b. This linear growth was also confirmed
using profilometry (59 nm per layer pair) and quartz crystal
microbalance (1.2 pg cm™ per layer pair) (Figure 3c). The average
density of the LbL film, estimated from the mass and thickness
growth profiles, was 0.21 g cnt. This low density was indicative of
the very porous nature of the LbL film. From the density of
polyaniline (1.329 g/em™), V,05 (3.36 g/cm’®) and the polyaniline
nanofiber/V,05 LbL assembly, the porosity of the LbL film’s
porosity was estimated to be 90%. This value is slightly higher than
that ots"zanalogous films made via dipping, for which the porosity was
85 %.

Energy storage in PANI NF/V,05 LbL electrodes

The electrochemical properties of (PANI NF/V,0s), spray-
assisted LbL films were initially investigated using a three-electrode
cell. This system was subjected to cyclic voltammetry and
galvanostatic charge-discharge and cycling tests. PANI NFs are
oxidized/reduced between leucoemeraldine base and emeraldine salt
via doping and dedoping of anions, and V,0s undergoes
intercalation and deintercalation as charge is transferred.

Cyclic voltammetry

Cyclic voltammetry of (PANI NF/V,0s)3, spray-assisted LbL
films was performed in the voltage range of 2-3.5 V vs. Li/Li" at
scan rates varying from 1 to 20 mV/s, Figure 4a. Two

This journal is © The Royal Society of Chemistry 2014

oxidation/reduction pairs were present in anodic and cathodic scans,
Figure 4a inset. The symmetry of both peaks and their minimal drift
in potential with respect to scan rate was indicative of the chemical
reversibility of this hybrid system. In the anodic scan, the broad
shoulder centered around 2.68 V and the peak at 3 V was attributed
to V,05 and PANI NFs, respectively. As the scan rate increased, the
oxidation peak attributed to PANI NFs grew in dominance relative to
V,05’s oxidation shoulder. At higher potentials (3-3.5 V), a
capacitive plateau attributed to PANI NFs was observed. These
results indicate that both PANI NFs and V,0s are electrochemically
active within the thin film electrode. The peak current scaled with
the square root of the scan rate, indicative of a diffusion-limited
redox reaction.

To assess charge storage as it varies with electrode thickness,
electrodes of varying layer pairs were assessed at a fixed scan rate of
1 mV/s, Figure 4b. The low voltage peak, attributed to V,0s, grew in
dominance over the PANI redox peak as the number of layer pairs
increased, possibly because less PANI was participating in
reduction/oxidation as compared to V,0s. The peak current at 3 V
increased linearly with the number of layer pairs, Figure 4c, which
indicates electrochemical accessibility throughout the film for those
up to 3 pm thick. In contrast, analogous electrodes made via dip-
assisted LbL films demonstrated strong diffusion limitations for
thicknesses above 1.7 um, such that a significant portion of the
material was inactive. We attribute the superior response of the
spray-assisted LbL electrodes to its higher porosity.

As the electrode was reduced and oxidized, its color changed from
dark green to clear. To assess the electrode’s electrochromism, UV-
vis spectroscopy was performed over varying potentials, Figure S4.
UV-vis spectra indicate that the electrochromic activity was
dominated by PANI nanofibers, presumably because the extinction
coefficient of V,0s is much smaller than that of PANI over the
visible region.*” ** A spray-assisted LbL electrode held at 3.5 V vs.
Li/Li" had a broad peak at 850 nm, which disappeared for the sample
held at 2.0 V. Such behavior is typical for PANI, which is green as
emeraldine salt and uncolored as leucoemeraldine base for 3.5 and
2.0 V, respectively.

J. Name., 2014, 00, 1-3 | 4
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Figure 4. Cyclic voltammograms of (a) (PANI NF/V,0s);, spray-
assisted LbL electrodes with different scan rates and of (b) (PANI
NF/V,05), LbL films with varying number of layer pairs at a
constant scan rate of 1 mV/s; (c) current at 3 V versus layer pair
number using data from (b). Potential is vs. Li/Li". Electrolyte is 0.5
M LiClO, in propylene carbonate and all experiments performed
under inert atmosphere.

Charge/discharge testing

Galvanostatic charge/discharge testing was performed to
investigate the behavior of the spray-assisted LbL electrodes
between 2.5 and 3.5 V. A wider voltage range obviously increases
the capacity of these LbL film electrodes, but polyaniline
irreversibly oxidizes to pernigraniline base above 3.5 V and V,Os
irreversibly forms the y-Li,V,Os phase below 2 V.3' The
charge/discharge profile of (PANI NF/V,05);, spray-assisted LbL
films is illustrated in Figure 5a. The sloping discharge profile is
typical of a conjugated polymer.’As expected, the capacity increases
from 104 to 125 mAh g with decreasing discharge current from 20
to 5 pA cm™.

The capacity was found to increase substantially with thickness,
Figure 5b. The largest capacity of (PANI NF/V,0s), spray-LbL
films was 232 mAh/g at a current of 5 pA/cm” and #=50, which was
nearly 3 um thick. However, this capacity-thickness relationship is
contrary to that of the samples prepared by traditional dip-assisted
LbL assembly, in which capacity was limited for thicker
electrodes.”® Again, the higher porosity of spray-assisted LbL

This journal is © The Royal Society of Chemistry 2012
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assembly might explain its enhanced charge/discharge behavior
relative to analogous dip-LbL electrodes. By translating the PANI
NF/V,0s5 LbL system from dip to spray, performance is maintained
in electrodes twice as thick as compared to those made by dipping.

Cycling was performed to assess the cathode’s stability, Figure Sc.
The capacity of (PANI /V,05)3¢ LbL electrodes decreased 17% after
100 cycles. After cycling, UV-vis spectra of the sample
demonstrated that a small amount of pernigraniline base had formed,
which is a common mechanism of degradation associated with
polyaniline.*> We consider this electrode’s cyclability good
compared to our previous investigations, in which degradation
proceeded more rapidly. This good cycling behavior here is
attributed to the porous morphology, which alleviated volumetric
expansion and reduced the diffusion path of ions.
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Figure 5. (a) Galvanostatic charge and discharge profiles for (PANI
/V,05);30 spray-assisted LbL electrodes; (b) Capacity vs. discharge
current for spray-assisted LbL electrode of varying thickness; (c)
Capacity vs. number of cycles for (PANI /V,05)39 LbL electrodes.

Galvanostatic cycling at varying discharge currents was carried
out to estimate the rate capability of (PANI NF/V,0s)3;, spray-
assisted LbL electrodes, Figure 6a. A stable capacity of 189 mAh/g
was attained at a current of 0.5 pA/cm?. As the discharge current
increased to 25 uA cm?, the capacity decreased to 43% of its initial
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value, and the capacity recovered upon returning to 0.5 pA/cm?.
Compared to the (PANI NF/V,05),6 dip-LbL electrode, the (PANI
NF/V,05)3, spray-assisted LbL electrode has a better rate capability
as evidenced by Figure 6a in that its capacity is less sensistive to
discharge current.

a 500 # Spray (PANINFNV,0,),,
® Dip (PANINFNV,0,),.
_ 400
R 0.5 nA/cm? 0.5
= caso oestp
< 300t
£ 2
2 20F gy e oy
) m& 10 20 25
Q. 100 G080090000,
© 0000
O CIETY
0 0000000000
. . . . .
0 10 20 30 40
Cycling Number
10°
—&— Spray (PANINF/V,0,),,
g —e—Dip (PANINF/V,0,),,
EU’ 10*
— o *
Eé 10°k ﬁ”"o\\i
= °®
() A\
=
O 107} t,\
o e
9
=
5 1o
()
@
10° L
10° 10' 10° 10° 10

Specific Energy (mWh/g)

Figure 6. (a) Galvanostatic cycling and (b) Ragone plot of (PANI
NF/V,05)3, spray-assisted LbL electrodes and (PANI NF/V,05)6
dip-assisted LbL electrodes. The number of layer pairs was selected
such that the electrodes would bear similar thicknesses of 1.2 pm.

The specific power and energy were calcuated and summarized in
a Ragone plot, Figure 6b. At high discharge rates, the spray-assisted
LbL electrode possesed a higher specific energy and a similar power
as compared to the dip-assisted LbL electrode. This observation is
attibuted to the higher porosity of the spray-assisted LbL samples
(90%) as compared to that of the dip-assisted LbL samples (85%).%
For the spray-assisted LbL electrode, the highest specific energy
measured was 650 mWh/g at a discharge current of 0.5 uA/cm’® and
the highest specific power was 3395 mW/g at a discharge current of
25 pA/em?. In comparison, PANI NF/V,05 LbL electrodes prepared
by dipping achieved a specific energy of 867 mWh/g at a discharge
current of 0.5 uA/cm’® and a specific power of 2853 mW/g at a
discharge current of 25 pA/cm?.

The volumetric capacity, energy, and power were estimated from
the porosity and composition of the electrode.The spray-assisted
LbL electrode demonstrated higher capacities at lower discharge
currents (80 mAh/cm® at 0.5 pA/cm?), Figure S5. On the other hand,
the spray-assisted LbL electrode had better rate capability,
maintaining a capacity of 20-40 mAh/cm® over a broad range of
discharge currents (0.5 — 25 pA/cm?). These results are also reflected
in volumetric Ragone plots, Figure S6, in which the spray-assisted
LbL electrodes exhibit a higher power density relative to dip-assisted
LbL electrodes. These results confirm that a small increase in
porosity (from 85 to 90% for dip to spray) can have a large impact
on rate capability and power.
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Electrochemical Impedance spectroscopy

Electrochemical impedance spectroscopy was applied to
determine how the electrode’s conductivity varies as it is reduced
and oxidized, Figure 7. The conductivity of PANI NFs is determined
by the oxidation state and the degree of doping, which vary with
potential. As the (PANI NF/V,0s);, spray-assisted LbL film is
oxidized, the shape of the impedance spectra clearly changes,
especially in the low frequency region. At low voltages such as 2
and 2.75 V, PANI NFs were in the reduced state, leucoemeraldine
base; the corresponding Nyquist plots consisted of a semicircle in the
high frequency region, a distorted semicircle in the medium
frequency region, and a straight line in the low frequency region.”
Upon increasing the voltage to 3.5 V, PANI NFs oxidized to
emeraldine salt, and the distorted semicircle evolved into a distinct
semicircle; further, the straight line in the low frequency region
changed to a near-vertical line, indicating the electrode’s conductive
nature.*” In order to quantitatively analyze the impedance spectra of
the spray-assisted LbL electrodes, an equivalent-circuit model was
applied shown in Figure 7 inset. Similar models have been reported
by Hung er al. and Hu er al’* * The best-fit values for the
equivalent-circuit’s elements are shown in Table S1. R,, representing
the bulk electron-hopping resistance, decreased from 350.3 to 228.2
Q upon oxidation from 2.0 to 3.5 V, which corresponds into the
electrodes decreased resistance and increased conductivity.
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Figure 7. Nyquist plots of (a) (PANI NF/V,05);, spray-assisted LbL
electrodes at different voltages. Symbol: experimental values, Line:
fitting of the equivalent-circuit model to the data.

Conclusions

Sprayed hybrid PANI NF/V,0s5 LbL electrodes for
electrochemical energy storage were successfully fabricated in rapid
and scalable manner. It was found that blow-drying time and
concentration are most critical in translating the PANI NF/V,0s
system from dip to spray, as it controls the thickness of the wetting
layer and aggregation. The growth rate of the spray-assisted LbL
films was .42 nm/sec and 11 times faster than dip-assisted LbL
assembly. The porous morphology resulted in good rate capability,
cycle life, high specific power and energy. No discernable
drawbacks in performance were observed for spraying as compared
to dipping. For the spray-assisted LbL electrode, the highest specific
energy measured was 650 mWh/g at a discharge current of 0.5
pA/ecm’® and the highest specific power was 3395 mW/g at a
discharge current of 25 pA/ecm®. In comparison, PANI NF/V,05 LbL
electrodes prepared by dipping achieved a specific energy of 867
mWh/g at a discharge current of 0.5 pA/cm? and a specific power of
2853 mW/g at a discharge current of 25 pA/cm® Both PANI NFs
and V,0s participated in charge storage, and conductivity varied
with respect to PANI’s oxidation state.

This journal is © The Royal Society of Chemistry 2012
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In the future, we seek to further scale the spray-assisted LbL
assembly process to thicker electrodes, large surface areas,
unconventional substrates (textiles, flexible plastic, etc.) in the
pursuit of flexible or structural energy storage. LbL assembly may
be particularly important in this area of thin film batteries because it
allows the uniform deposition of electrode materials onto a variety of
surfaces.
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